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The spatial distribution of nitrogen and phosphorus nutrients is a key factor regulating
the structure and function of marine ecosystems. As a typical monsoon-driven sea area,
the northwest Indian Ocean lacks systematic research on the distribution characteristics
and dominant controlling mechanisms of nutrients in the upper waters during the dry
season. From late December 2023 to mid-February 2024, an environmental survey was
conducted in the northwest Indian Ocean (0.5°N-18°N, 59.5°E-67.5°E) with 102 survey
stations set up. The seawater temperature, salinity, various forms of nitrogen and
phosphorus nutrients, and chlorophyll a content were determined to analyze their
horizontal and vertical distribution characteristics, and to explore the nutrient structure
and the main factors controlling the distribution. The results showed that all nutrients in
this sea area had clear spatial distribution patterns with significant vertical stratification.
A subsurface maximum of nitrite nitrogen appeared at 70 m, and ammonium nitrogen
was uniformly distributed in the upper water layer. The research results enrich the basic

data of nutrients in the northwest Indian Ocean during the dry season and provide
scientific support for understanding the biogeochemical processes and fishery resource

management in this sea area.

1. INTRODUCTION

Nutrients provide the material foundation for the survival
of aquatic species. Their distribution patterns and concen-
tration gradients directly impact important ecological pa-
rameters, including primary productivity, phytoplankton
community structure, biomass dynamics, and biodiversity
patterns.l'2 In the upper ocean, macronutrients such as
dissolved reactive phosphate, inorganic nitrogen, and sil-
icate, along with solar energy, serve as the foundation of
the food chain. Phytoplankton directly utilize these nu-
trients through photosynthetic mechanisms, whereas zoo-
plankton indirectly ingest them into organic matter and
pass them along the food chain. During the transport of

nutrients down the food chain via biological pumps, some
organic matter is degraded by bacteria and converted into
inorganic nutrient salts.3-5 The sunlit surface layer is the
most important region for primary production in the ocean,
and the abundance of nutrients here (mainly nitrate) deter-
mines the fertility of the surface ocean. After the utilization
and regeneration of nutrients mentioned above, oceanic
surface water is generally nutrient-depleted and experi-
ences a slight increase in nutrients as you move downward
through the photic zone. Biological remineralization within
the thermocline elevates nutrient concentrations sharply
beneath the euphotic layer.>:¢

The Redfield ratio of nitrogen to phosphorus in seawater
is a key indicator of potential marine fertility and environ-
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mental carrying capacity,”-8 and its numerical deviation can
directly reflect the type of nutrient limitation in the sea
area. Systematic research on nutrient distribution patterns
and cycling mechanisms is an important basis for analyz-
ing marine primary production processes, conducting fish-
ery resource assessment, and formulating marine ecological
protection plans.%10 Marine nutrient distribution is jointly
regulated by particle deposition, vertical mixing of water,
and the generation and decomposition of organic matter.
In middle- and low-latitude sea areas, nitrate and phos-
phate availability often limits primary productivity, and up-
welling of nutrient-rich deep water is an important path-
way for nutrient supplementation. In areas with significant
water stratification, surface nutrients are largely consumed
by phytoplankton and cannot be replenished in time by
upwelling, leading to oligotrophic conditions (Qu, 2025).
Under these circumstances, nutrient regeneration becomes
key to maintaining primary productivity, leading to signif-
icant regional heterogeneity in nutrient distribution laws
and dominant controlling mechanisms.!!

The northwest Arabian Sea is one of the most fertile
basins in the world’s oceans, and the Indian Ocean, the
third-largest ocean, has distinctive biogeochemical fea-
tures.12 The tropical Indian Ocean is a prominent monsoon
zone worldwide due to the notable land-sea thermal differ-
ential created by the Indian Ocean’s northern limit, which
ends near 24°N.13 The cold, dry wind across the eastern
continent caused strong convective mixing, thereby in-
creasing the density of surface water and accelerating evap-
oration.!4 The deeper mixed layer -125 m,!5 often deeper
than the seasonal nitracline, leads to entrainment of nutri-
ents into the homogeneous upper layer.!6 Meanwhile, the
annual wind-direction reversal of the Asian monsoon sys-
tem results in distinctive seasonal thermohaline variations
in the equatorial Indian Ocean (10°S-10°N). The combined
effects of the equatorial countercurrent, the North Equa-
torial Current and the North Indian Ocean circulation fur-
ther promote the migration and redistribution of nutrients
in the water body. As an important area for global ther-
mohaline circulation and the biogeochemical cycle of car-
bon and inorganic nutrients, the distribution of nutrients in
the northwest Indian Ocean is not only regulated by physi-
cal processes driven by monsoons, but also closely coupled
with biological processes such as biological metabolism and
microbial transformation, and its complex nutrient cycle
characteristics have become a research hotspot in marine
biogeochemistry (Schott & Jr. McCreary, 2001).

Although the ecological and oceanographic significance
of the northwest Indian Ocean has been widely recognized,
and existing studies have confirmed the important role of
monsoons in water movement and nutrient supplementa-
tion in this sea area, most of the current research focuses
on the overall nutrient characteristics during the monsoon
period, and systematic investigations on nitrogen and
phosphorus nutrients in the upper waters during the dry
season (the peak period of the northeast monsoon) are still
relatively scarce. At the same time, most existing studies
focus on the distribution description of a single nutrient in-
dex, and in-depth analysis has not been carried out on the
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coupled horizontal and vertical distribution characteristics
of various forms of nitrogen and phosphorus nutrients, as
well as the joint regulatory mechanism of multiple factors
such as thermohaline stratification, biological absorption
and microbial transformation on nutrient distribution, nor
have the regional characteristics of the nutrient structure
in this sea area been clarified. In addition, there is a lack
of basic data on nitrogen and phosphorus nutrients based
on large-scale and multi-station systematic investigations
for the key sea area of 0.5°N-18°N and 59.5°E-67.5°E in the
northwest Indian Ocean, which makes it difficult to support
the scientific decision-making of fishery resource develop-
ment and marine ecological protection in this sea area.

Based on this, this study takes the upper waters of the
northwest Indian Ocean in the dry season as the research
object. Through large-scale, comprehensive environmental
surveys, it systematically analyzes the compositional char-
acteristics of different forms of nitrogen and phosphorus
nutrients in this sea area, clarifies their horizontal and
vertical spatial distribution patterns, and explores the re-
gional characteristics of nutrient structure and the domi-
nant factors influencing them. It is expected to fill the gap
in the research on the distribution of nitrogen and phos-
phorus nutrients in the dry season of this sea area, deepen
the understanding of the marine nutrient biogeochemical
processes in the monsoon region of the northern Indian
Ocean, and provide basic data and scientific basis for the
fishery resource assessment and marine ecological protec-
tion in this sea area.

2. MATERIALS AND METHODS

2.1. SURVEY TIME AND STATIONS

The East China Sea Fisheries Research Institute of the Chi-
nese Academy of Fishery Sciences’ Lanhai 201 scientific re-
search ship carried out a thorough environmental survey
in the waters north of the equator of the northwest Indian
Ocean (southern Arabian Sea) between late December 2023
and mid-February 2024 (latitude 0.5°N-18°N, longitude
59.5°E-67.5°E). There were 102 survey stations in all (Fig.

D).
2.2. SAMPLING AND METHOD

Seawater temperature (T) and salinity (S) data at each sta-
tion were measured directly with the SBE 911plus CTD, and
water samples were collected using a Niskin water sampler
mounted on the CTD. Sampling levels were 5 m, 25 m, 50
m, 75 m, 100 m, 150 m, 200 m, and 300 m, for a total of 8
levels, used to analyze nitrogen and phosphorus nutrients
and chlorophyll a concentration in the water column. For
nutrient analysis, water samples were immediately filtered
through 0.45 pym cellulose acetate membranes (Whatman,
UK) and stored at —10°C to -20°C until analysis. Concentra-
tions of NHs" -N, NO3s~ -N, NOz~ -N, and PO43" -P were
determined using a DR3900 spectrophotometer (HACH,
USA) following the GB/T 12763.4-2007 Specifications for Ma-
rine Survey. Chlorophyll a (Chla) was extracted with 90%
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Figure 1. Map of sampling sites.

acetone for 24 h in the dark at 4°C and measured fluoromet-
rically (Turner Designs, USA). All analyses were performed
in triplicate, with a coefficient of variation < 5%.17

QUALITY ASSURANCE AND QUALITY CONTROL (QA/QC)

Detection limits (3x standard deviation of blank): NOz~ -N
0.03 pymol/L, NOz~ -N 0.02 ymol/L, NH4" -N 0.05 umol/L,
PO4*  -P 0.02 umol/L, Chla 0.01 pg/L.

Analytical precision (relative standard deviation, RSD)
for replicate measurements (n=6) of a mid-range standard:
<5% for all nutrients and <8% for Chla.

Parallel samples (duplicate collections from the same
depth at 10% of stations): coefficient of variation (CV)
ranged from 3% to 9% for nutrients and 6% to 12% for Chla.

Sample preservation: filtered samples were stored in
dark polyethylene bottles and frozen immediately; analysis
was completed within 1 month.

Contamination control: all glassware and filtration
equipment were acid-washed (10% HCIl) and rinsed with
Milli-Q water; field blanks were run daily to correct for pos-
sible contamination.

2.3. DATA ANALYSIS

SPSS 25.0 (SPSS Inc., USA) was used to conduct the corre-
lation analysis between environmental factors and nitrogen
and phosphorus nutrients. Data normality and homogene-
ity of variance were verified using Shapiro-Wilk and Lev-
ene’s tests, respectively, and one-way ANOVA was used to
compare the between-group differences, and Tukey’s post
hoc test was performed when the differences were signifi-
cant (p<0.05). Golden Software Surfer 25 (Golden Software,
USA) was used to complete the sample station map and the
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distribution map of these nutrients. Ocean Data View 5.6.7
was used to finish the cross-sectional distribution map of
the phosphorus and nitrogen nutrients (Alfred Wegener In-
stitute, Germany). The deficiency of nitrogen or phospho-
rus in the ecosystem is commonly indicated by the N/P
ratio, following the research methods described in the arti-
cle,!7 calculated as

N/P = DIN (Dissolved Inorganic Nitrogen)/DIP (Dissolved
Inorganic Phosphorus).

In the formula, DIN (umol/L) and DIP (umol/L) denote
the measured concentrations of DIN and DIP, respectively.

3. RESULTS

3.1. PRIMARY ENVIRONMENTAL PARAMETERS OF THE
NORTHWESTERN INDIAN OCEAN

Table 1 displays the primary environmental characteristics
of seawater in the various water layers of the Northwest In-
dian Ocean. The temperature variations between the vari-
ous water layers are substantial. The temperature steadily
drops with increasing depth. The salinity variations be-
tween the various water levels, are especially noteworthy.
As depth deepens, the salinity first rises and then falls. The
concentrations of NH,*-N, NOz-N, NO,-N and PO,>-P
varied considerably across different water layers in the
study area. Specifically, the NH4+N concentration increased
gradually from 5 m to 50 m, then decreased from 50 m
to 100 m, and finally rose again from 100 m to 300 m.
For NO;™-N, its concentration remained relatively stable at
depths above 50 m, and then increased steadily with in-
creasing water depth from 50 m to 300 m. NO, -N main-
tained a consistently low level throughout the surveyed
waters, with no obvious variation trend observed across
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different water layers. As for PO43‘-P, its average concen-
tration exhibited significant spatial variability in the shal-
low water layer above 100 m, whereas no distinct changing
trend was detected at depths below 100 m. The concentra-
tion of DIN showed no significant difference among differ-
ent water layers in the shallow sea area above 50 m, but
presented a notable increasing trend at depths below 50 m.

Chla concentrations in the Northwest Indian Ocean are
typically low, at less than 0.1 mg/m3. The Chla concentra-
tions in the 5 m and 25 m water layers do not differ signif-
icantly. However, there are notable variations in the Chla
content between the 50 m, 75 m, 100 m, and 150 m wa-
ter layers. The Chla concentration gradually increases with
depth, starting at the surface layer. It peaks at 75-100 me-
ters below the surface, with a maximum of 0.94 mg/m3.
The Chla concentration decreases rapidly as water depth
increases. The average Chla concentration has decreased to
0.04 mg/m3 in the water depth range of 150 - 200 m. With
an average of just 0.03 mg/m3, the Chla concentration is
much lower in the 200 - 300 m water layer.

3.2. HORIZONTAL DISTRIBUTION OF NUTRIENTS AND
ENVIRONMENTAL FACTORS

This study used three water layers (5 m ‘surface’, 50 m ‘sub-
surface’, and 150 m) to represent the environmental fac-
tors and nutrient properties of the upper seawater layer
(Figs. 2, 3, 4). First, temperatures and surface (5 m) salini-
ties differ between the northern and southern regions (Fig.
2). Due to water mass dynamics, the average surface salin-
ity was 34.85%0.25, with lower values in the southern area
and higher values in the northern area. The average tem-
perature of the surface layer was 29.44+0.28°C, showing
higher temperatures in the southern region and lower tem-
peratures in the northern region, influenced by latitude.
The surface layer had an average PO 43‘-P concentration of
32.84%37.14 ng/L. The southern region near the equator ex-
hibited a higher PO 43'—P level compared to the northern re-
gion, which had a lower concentration. High data variability
and an uneven distribution are indicated by the phosphate
content standard deviation, which is higher than the aver-
age. The sea area under study spans a wide range of lati-
tudes from north to south. A notable disparity in phosphate
content is caused by the comparatively high phosphate
content in the southern portion of the examined area and
the relatively low phosphate content in the northern por-
tion. The surface layer’s NO, -N level averaged 3.75%1.23
pg/L, with the highest values found in the northern region,
particularly in areas of high latitude. With an average of
58.38%26.22 pg/L of NO;™-N in the surface layer, the south-
ern area demonstrated the lowest content, while the north-
ern region showed the highest, especially in its eastern
half. The average NH,"-N content in the surface layer was
17.06%8.80 pg/L, without a clear distribution pattern. Over-
all, the content was generally higher in the southern region
than in the northern region. The average surface DIN con-
tent was 26.40£28.22 pg/L, and its distribution character-
istics aligned with those of NO;™-N, showing low values in
the southern region, high values in the northern region,
and a peak in the eastern part of the southern region. Sig-
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nificant data variability and an unequal distribution are in-
dicated by the high standard deviation of DIN content. The
wide latitude range of the investigated marine region from
north to south may be due to upwelling-induced local en-
richment. The average surface Chla content was 0.04+0.03
mg/m3, showing lower levels in the southern region, higher
Chla content in the northern high-latitude region, and
lower Chla levels in the low-latitude areas.

The subsurface (50 m) temperature and salinity distri-
bution characteristics were similar to those of the surface
layer (Fig. 3). The subsurface layer’s average temperature
was 28.24+1.14°C, and its average salinity was 35.55*0.32.
The relationship between surface salinity and temperature,
and subsurface salinity and temperature, differed signifi-
cantly. Although the subsurface’s average PO43‘-P content
was higher than the surface’s (38.71+62.45 ug/L), there was
no discernible difference. The parameters of the distribu-
tion aligned with those of the PO43‘—P content at the sur-
face. A significant degree of data variability and an un-
even distribution are indicated by the phosphate content
standard deviation, which is higher than the average value.
There are notable fluctuations in temperature and salinity
in the 50 m water layer, which lies within a thermohaline
transition zone. Here, mesoscale phenomena (such as vor-
tices) and the water mass barrier have a significant impact,
leading to a very high degree of spatial variation in the
phosphate concentration. With an average level of
3.71%1.50 pg/L, the subsurface layer’s NO,-N content re-
mained low and did not differ substantially from that in the
surface layer. The distribution characteristics aligned with
those of the surface NO,™-N content. The NO;-N content
of the surface layer and the subsurface layer did not differ
significantly. The subsurface layer had an average NO;™-N
content of 57.13+26.72 ug/L. The distribution properties of
NOz™-N in the surface layer and the subsurface layer were
in agreement. The amounts of NH4+N in the surface and
subsurface layers did not differ significantly. The subsur-
face had an average NH,"-N content of 20.33+12.84 nug/L.
The distribution properties of NH,*-N in the surface layer
and the subsurface were in agreement. The subsurface and
surface DIN contents did not differ significantly. The sub-
surface layer’s DIN distribution characteristics were compa-
rable with those of the surface layer, with an average DIN
content of 27.06£28.14 pg/L. The comparatively high DIN
content standard deviation suggests a high degree of data
variability and an unequal distribution. This could be be-
cause of the vortex’s substantial vertical and horizontal nu-
trient transfer at this depth, which causes a great deal of
spatial heterogeneity. Compared to the surface layer, the
subsurface layer’s Chla content was substantially different.
The subsurface layer’s average Chla content was 0.12+0.13
mg/m3. The subsurface layer’s Chla content distribution
features were high in the northern region and low in the
southern region.

In contrast to the surface and subsurface layers, the 150
m water layer exhibited distinct salinity and temperature
distributions (Fig. 4). The northern region had higher tem-
peratures, and the southern region had lower salinity. In
contrast to the surface and subsurface salinity, the average

125



Table 1. Main environmental factors of seawater in the north-west Indian Ocean waters.
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Parameters/Pelagic

5m

25m 50m 75m 100m 150 m 200m 300m
T/°C 29.44+0.282 29.35+0.262 28.24+1.14b 25.37+1.80¢ 21.23+1.87 15.66+0.92¢ 13.60+0.55f 11.68+0.388
S 34.85+0.25f 34.98+0.24¢ 35.55+0.32aP 35.65+0.292 35.45+0.19P 35.23+0.05¢ 35.18+0.04¢d 35.11+0.06¢
NH4*N/ (pg/L) 17.06+8.802 18.18+19.952 20.33+12.842 / 16.92+8.742 17.28+8.062 / 18.11+7.742
NOZ™-N/ (pg/L) 58.38+26.22d 51.53+22.874 57.13+26.724 / 130.31£39.25¢ 176.55+40.05P / 200.20+49.372
NO,™N/ (pg/L) 3.75+1.232 3.52+1.222 3.71£1.502 / 3.80+1.302 3.41+1.082 / 3.50+1.102
PO,3-P/ (pg/L) 32.84+37.14bc 26.52+32.10¢ 38.71+62.45bc / 50.87+36.823b 62.99+38.902 / 69.64+63.912
DIN/ (pg/L) 26.40+28.224 24.41+26.674 27.06+28.144 / 50.34+61.37¢ 65.75+82.02P / 73.94+94.022
Chla/ (mg/m3) 0.04+0.03¢d 0.05+0.05¢d 0.12+0.13P 0.19+0.132 0.08+0.05°¢ 0.04+0.054 0.03+0.02d 0.03+0.03d

Different letters indicate statistically significant differences between groups (p<0.05). All comparisons are based on Tukey’s post hoc test following ANOVA analysis.
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salinity of the 150 m water layer was 35.23%0.05. Further-
more, the eastern part of the northern region had a lower
salinity than the western part. In contrast to the surface
and subsurface temperatures, the average temperature of
the 150 m water layer was 15.66+0.92 °C. As depth in-
creased, the temperature dropped considerably. The dis-
tribution features were comparable with the distribution
characteristics of PO,3"-P content in the surface layer, and
the average content of PO43'—P in the 150 m water layer
was 62.99+38.90 ug/L, which was much greater than that
in the surface and subsurface layers. With an average level
of 3.41#1.08 ug/L, the NO,-N content in the 150 m water
layer remained low and did not differ significantly from that
of the surface and subsurface layers. The distribution char-
acteristics aligned with the surface layer’s NO,™-N content
distribution characteristics. The 150 m water layer had a
substantially different NO;™-N level than the surface and
subsurface layers. In the 150 m water layer, the average
NOz"-N content was 176.55£40.05 ug/L. In the 150 m water
layer, the NO;™-N distribution properties matched those in
the surface and subsurface layers. The NH,*-N concentra-
tion of the 150 m water layer did not differ significantly
from that of the surface and subsurface layers. The 150 m
water layer had an average NH,*-N content of 17.28+8.06
pg/L. The NH,*-N distribution properties in the 150 m wa-
ter layer were in agreement with those found in the sub-
surface and surface layers. Compared with the surface and
subsurface layers, the DIN content in the 150 m water layer
differed substantially. In the 150 m water layer, the average
DIN content was 65.75%¥82.02 pg/L. In the 150 m water
layer, DIN distribution characteristics matched those in the
surface and subsurface layers. The comparatively high DIN
content standard deviation suggests a high degree of data
variability and an unequal distribution. The marine anoxic
layer may affect the unusually high DIN concentration in
the 150 m water layer. Strong denitrification (removing in-
organic nitrogen and lowering concentration) and reminer-
alization (producing inorganic nitrogen and raising con-
centration) are occurring simultaneously at this level. The
overall impact of these two processes varies greatly in space
and is influenced by the microbial community, organic mat-
ter flux, and local oxygen content. The 150 m water layer’s
Chla concentration did not differ significantly from that of
the surface and subsurface layers. The average Chla content
was 0.04%0.05 mg/m3 in the 150 m water layer, and the dis-
tribution of Chla concentration showed higher values in the
north and lower in the south.

The summary of horizontal distribution patterns of key
nutrient environmental parameters across different water
layers is presented in Table 2.

3.3. VERTICAL DISTRIBUTION OF NUTRIENTS AND
ENVIRONMENTAL FACTORS

To examine the stratified distribution of environmental fac-
tors throughout the water column and the vertical fluctu-
ation of nutrients, a longitudinal transect at 64.5°E was
used (Fig. 5). The upper 0-50 m layer of the equatorial re-
gion had a relatively low salinity, whereas the salinity dis-
tribution between 50-300 m was more uniform and showed
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very little change. The highest salinity was recorded at 50
m in mid-latitude areas, most likely due to water mass dy-
namics. Temperature showed a distinctive vertical profile
over the 64.5°E transect, peaking at about 28°C at the sur-
face and gradually decreasing as depth increased, reaching
about 10°C at 300m.

In the equatorial zone, the vertical distribution of
PO,3--P along the 64.5°E transect showed a maximum con-
centration at 50 m, whereas in mid-latitude regions, no dis-
cernible variations were found across depth layers. Olig-
otrophic conditions with relatively low P043‘-P
concentrations were observed throughout the northwest
Indian Ocean. NO, -N content was low in equatorial waters
and rose with increasing latitude. The high-value area oc-
curred in the surface layer and at 100 m depth; around 100
m near 6°N, a noticeable peak in NO,-N was observed.
Surface waters had low NO;™-N concentrations, but they
steadily increased with increasing depth. Although there
were two distinct maxima in the surface layer and higher
concentrations between 1-3°N and at depths of 0-200 m,
the distribution of NH,*-N lacked a defined spatial pattern.

Because NOz™-N contributed more than any other ele-
ment to the DIN pool in the northwest Indian Ocean, the
vertical distribution of DIN closely matched that of NOz™-N.
While Chla concentration was low in other areas, it was
comparatively high in the 50-100 m depth range, with a no-
ticeable peak seen at 75 m close to 3.5°N.

4. DISCUSSION

4.1. CONCENTRATION AND DISTRIBUTION
CHARACTERISTICS OF NUTRIENTS IN THE
NORTHWESTERN INDIAN OCEAN AND COMPARISON
WITH OTHER TROPICAL OCEAN REGIONS

In this study, the average PO43'—P concentration was 45.52
pg/L, with a vertical range of 1-433 pg/L. PO43‘-P showed a
vertical distribution pattern in the upper water column that
was comparable to that of NO; -N. Concentrations were
quite low above 100 m, primarily due to the biological ab-
sorption of phytoplankton. A distinct vertical stratification
was evident below 100 m, and concentrations increased
progressively with depth, primarily due to mineralization
and oxidation of organic matter.!8 Furthermore, at a depth
of 50 m, PO43‘—P concentrations were significantly greater
on the western side of the transect, most likely due to equa-
torial currents.

In the vertical direction, the concentration ranges of
NO,™-N, NO3™-N, NH,*-N, and DIN were 1-30 pg/L, 25-582
pg/L, 1-155 pg/L, and 38-619 pg/L, respectively. NO;™-N
was the predominant component of DIN, accounting for
more than 60% of DIN in all strata from the surface to a
depth of 300 m.

The top water column of the northwest Indian Ocean
had comparatively low NO,™-N concentrations, which made
up a small portion of the DIN in this study. This area
showed a clear subsurface nitrite maximum (SNM), with
NO2-N concentrations peaking at a depth of about 70 m
at 8 ug/L. The concentrations were lower in the water layer
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Figure 3. Horizontal distribution of nutrients, Chla concentration, and environmental factors in the 50 m layer
(a) salinity, (b) temperature, (c) PO 43'-P, (d) NO,™-N, (e) NO5™-N, (f) NH,*-N, (g)DIN, (h) Chla

above 50 m and below 150 m. The oxidation of NH,*-N to
NO,™-N by ammonia-oxidizing bacteria or the buildup of
nitrite as a result of phytoplankton excretion could be the
cause of the SNM at 70 m deep.19:20

As an intermediate product in the mutual transforma-
tion between NO;~ -N and NH," -N, the dynamic fluctua-
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tions in NO,~ -N concentrations can provide vital insights
into marine biogeochemical processes.2! Nitrite concentra-
tions in stratified areas of both open oceans and coastal wa-
ters typically peak near the base of the euphotic zone, while
concentrations in shallower or deeper layers tend to be
close to zero.22 The subsurface nitrite maximum is a phe-
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nomenon that has been thoroughly investigated.23-25 Fan26
investigated the biological processes behind the SNM in the
shelf region of the East China Sea and found a substan-
tial correlation between spring and summer phytoplankton
biomass and nitrite concentrations. Nitrite concentrations
were still high in the fall, most likely as a result of deep
Taiwan Warm Current water upwelling along the continen-
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tal slope. Liu et al.2” investigated the vertical distribution
of NO2  -N and its controlling factors in the Shenhu Sea
area of the South China Sea, and revealed that nitrification
was more intense at around 100 m depth, where NO,~ -
N was in a more stable environmental condition Further-
more, certain dissolved oxygen, pH, and temperature con-
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Table 2. Summary of horizontal distribution patterns of key environmental parameters of nutrients in different

water layers

Subsurface (50 m) distribution

Parameter Surface (5 m) distribution rule rule 150 m layer distribution rule
High in south (equator), low in Consistent with surface, .
Temperature north weakened latitudinal difference Overall low, north slightly warmer
Salinit Low south, high north; max Salinity peak at mid-latitude Salinity decline, eastern north
Y 34.85+0.25 PSU 35.65+0.29 PSU lower salinity
a High equatorial south, low Same spatial trend, higher Markedly elevated, consistent
PO4*~-P : i
northern waters average concentration south-high pattern
NOs™-N & Low south, high northern high- Same gradient as surface, similar Sharply increased, north
DIN latitude; eastern north peak average value enrichment retained
NO2-N Slightly higher northern latitudes, Uniform low conc.entratlon No obvious spatial differentiation
overall low across basin
. No significant north-south Homogeneous horizontal Uniform distribution over study
NH4*-N . O
gradient distribution area
Chl-a Low equatorial south, high Basin-wide maximum average Return to low concentration,

northern waters

0.12 mg-m~°, north high

north-south trend unchanged

ditions can promote the development of nitrite maxima in
subsurface layers. SNM is widely found in oceanic habitats,
according to recent observational investigations.

The vertical distribution patterns of NO;~ -N and DIN
were highly similar, with both concentrations increasing
progressively with water depth, consistent with the general
distribution law of marine nutrients.3 At depths above 100
m, NO;™-N and DIN concentrations were low due to the
massive consumption by phytoplankton during growth and
reproduction. At depths below 100 m, their concentrations
increased gradually with water depth and exhibited obvious
vertical stratification; this was because metabolic excreta
and remains of dead organisms from the upper water col-
umn migrated downward, and were subsequently converted
back to inorganic nitrogen and released into the water body
through microbial mineralization and oxidation. The ver-
tical distribution of NH,*-N showed no discernible trend,
with concentrations mostly ranging from 1 to 50 pg/L, and
only relatively low levels were observed in the surface wa-
ters of the northern study area. NOz~ -N is the most stable
inorganic nitrogen species in seawater and the thermody-
namically preferred form of combined nitrogen, which is a
byproduct of the nitrification of organic nitrogen. Elevated
water temperatures can further facilitate the oxidation of
organic nitrogen and the subsequent oxidation of NO,™ -N
and NH,*-N.

The concentration ranges observed in this study are gen-
erally comparable to those reported for other tropical olig-
otrophic ocean regions. The average PO 43-P concentration
was 45.52 pg/L (range: 1-433 pg/L vertically), which falls
within the range reported for the western tropical Pacific.18
NOsz~ -N concentrations (25-582 pg/L) were similar to
those observed in the South China Sea basin,28 while DIN
concentrations (38-619 pg/L) were comparable to North
Pacific values but lower than North Atlantic values. This
may be related to increased phytoplankton production, wa-
ter-column stratification, and reduced nutrient inputs in
the northern Indian Ocean during the dry season.!!

4.2. DOMINANT FACTORS AFFECTING NUTRIENT
CONCENTRATION AND DISTRIBUTION
CHARACTERISTICS IN THE NORTHWESTERN INDIAN
OCEAN

The concentration and spatial distribution of nutrients in
marine ecosystems are jointly regulated by multiple
processes, including atmospheric deposition, horizontal
advection by ocean currents, vertical mixing of water
masses, and biogeochemical cycling,28-30 southern Indian
Ocean.3! This may be related to high phytoplankton pro-
duction, water-column stratification, and low nutrient in-
puts.

Phytoplankton are predominantly distributed in the eu-
photic zone, where sufficient light and suitable water tem-
perature are available, and they utilize nutrients via pho-
tosynthesis to provide energy for their growth and
reproduction.® Phytoplankton are predominantly distrib-
uted in the euphotic zone, where sufficient light and suit-
able water temperature are available, and they utilize nu-
trients through photosynthesis to provide energy for their
growth and reproduction.32 In addition, the El Nifio-South-
ern Oscillation (ENSO) regulates tropical cyclone activity in
the northern Indian Ocean by influencing convective forc-
ing, low-level cyclonic vorticity, and marine thermal poten-
tial.

Chla distribution and nutrient dynamics are drastically
changed by cyclonic systems. According to satellite data
from the Indian Remote Sensing Satellite-P4 (IRS-P4), the
main cause of summertime increases in Chla levels is cy-
clonically driven upwelling.33 After a cyclone passes over
open-ocean regions, upwelling facilitates the vertical ad-
vection of nutrient-rich subsurface waters to the photic
zone. This process works in tandem with solar irradiation,
leading to increased Chla concentration and phytoplankton
biomass.34 In 2007, for instance, a tropical cyclone caused
the highest bloom in the Arabian Sea, about 11 mg/m3.
In addition, lower storm magnitudes help winds stay over
the oceans for longer, resulting in sustained upwelling and
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blooms; the presence of cold eddies also contributes to phy-
toplankton blooms.

4.3. NUTRIENT LIMITATION BASED ON REDFIELD RATIO

The average N/P ratio (DIN/DIP) in the surface layer was
0.80+0.45, far below the Redfield ratio of 16, indicating
strong nitrogen limitation. This N-limitation became less
pronounced with depth: at 150 m, the N/P ratio increased
to 1.04+0.58, still below 16, suggesting that nitrogen re-
mains the primary limiting nutrient throughout the upper
300 m. This implies that primary productivity in this region
during the dry season is strongly constrained by nitrogen
availability rather than phosphorus.3°

Taken together with the horizontal and vertical nutrient
distribution patterns analyzed above, this work yields three
core innovative findings. First, we constructed a high-den-
sity nutrient dataset from 102 synchronous survey stations,
which fills the gap in large-scale field observation data for
the northwest Indian Ocean during the dry season. Sec-
ond, we quantitatively calculated the in situ N/P ratio and
systematically evaluated the nutrient-limitation status, re-
vealing unique nutrient-structural characteristics of upper
waters during the dry season. Third, we clearly identified
a shallow-subsurface nitrite maximum at 70 m, which is
closely coupled with the deep chlorophyll maximum and
monsoon-induced water-mixing processes.

4.4, LIMITATIONS AND UNCERTAINTIES

This study has several limitations. First, sampling was con-
fined to the dry season (northeast monsoon), limiting our
ability to assess seasonal variability. Second, only one lon-
gitudinal transect (64.5°E) was deployed for vertical profile
analysis, resulting in insufficient sectional coverage of the
study domain and an inability to fully reflect its sectional
characteristics. Third, only temperature, salinity and Chla
were synchronously measured. Dissolved oxygen, pH and
microbial community data were not synchronously mea-
sured, so the interpretation of microbial-mediated nutrient
transformation mechanisms is limited.

5. CONCLUSION

This study systematically investigated the spatial distribu-
tion characteristics of nitrogen and phosphorus nutrients
in the upper waters of the northwest Indian Ocean dur-
ing the dry season, clarified their concentration ranges,
horizontal and vertical distribution patterns, and analyzed
the key factors regulating nutrient distribution. The results
showed that in terms of horizontal distribution, P043‘—P
concentrations were higher in the southern waters near the
equator and lower in the northern waters; NO;™-N and DIN
showed an opposite pattern with higher concentrations in
the north and lower in the south; NO,™-N content was
higher in the northern high-latitude waters; and NH,*-N
had no obvious spatial distribution pattern. Vertically,
PO43'-P, NOz"-N and DIN all exhibited low concentrations
above 100 m, and increased with depth with significant
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stratification below 100 m. A subsurface maximum of ni-
trite nitrogen occurred at the 70 m water layer, while
NH,*-N was uniformly distributed in the upper waters. The
nutrient distribution in the study area was jointly regulated
by physical and biological processes: phytoplankton uptake
led to nutrient depletion in the surface layer, and microbial
mineralization and oxidation promoted nutrient enrich-
ment in the middle and deep layers; monsoon-driven water
mass movement, equatorial ocean currents, and upwelling
induced by cyclonic disturbances dominated nutrient trans-
port and supplementation, and water column stratification
further exacerbated the vertical differentiation of nutrients.
The results of this study enrich the basic data of nutrients
in the northwest Indian Ocean during the dry season and
provide scientific support for understanding the biogeo-
chemical processes and fishery resource management in
this sea area.
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