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Abstract

Nitrification, a central process in the marine nitrogen cycle, produces regenerated nitrate in the euphotic zone
and emits N, O, a potent greenhouse gas as a by-product. The regulatory mechanisms of nitrification in the
Southern Ocean, which is a critical region for CO, sequestration and radiative benefits, remain poorly understood.
Here, we investigated the in situ and dark nitrification rates in the upper 500 m and conducted substrate kinetics
experiments across the Indian Sector in the Cosmonaut and Cooperation seas in the late austral summer. Our
findings indicate that light inhibition of nitrification decreases exponentially with depth, exhibiting a light
threshold of 0.53% photosynthetically active radiation. A positive relationship between dark nitrification and
apparent oxygen utilization suggests a dependence on substrate availability from primary production.
Importantly, an increased NH, supply can act as a buffer against photo-inhibitory damage. Globally, substrate
affinity (o) increases with depth and transitions from light to dark, decreases with increasing ambient NH;", and
exhibits a latitudinal distribution, reflecting substrate utilization strategies. We also reveal that upwelling in
Circumpolar Deep Water (CDW) stimulates nitrification through the introduction of potentially higher iron and
deep diverse nitrifying microorganisms with higher a. We conclude that although light is the primary limiting
factor for nitrification in summer, coupling between substrate availability and CDW upwelling can overcome this
limitation, thereby alleviating photoinhibition by up to 45% + 5.3%.
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1 Introduction

The Southern Ocean plays a crucial role in global carbon se-
questration and climate change mitigation through the primary
production of phytoplankton (DeVries, 2014; Gruber et al., 2023).
However, nitrification releases N,0, a potent greenhouse gas that
counteracts the carbon sink effect in the ocean (Law and Ling,
2001). In classical nitrification, ammonia-oxidizing archaea
(AOA) and ammonia-oxidizing bacteria (AOB) convert ammoni-
um into nitrite, which is subsequently oxidized to nitrate by ni-
trite-oxidizing bacteria (NOB). Their activity in the euphotic zone
directly influences the composition of inorganic nitrogen and the
production of regenerative nitrate for phytoplankton assimila-
tion, thereby affecting the strength of marine biological pumps.
Elucidating the magnitude and environmental regulation of nitri-
fication rates is critical to understanding carbon and nitrogen
cycles in the Southern Ocean fully.

Studies on nitrification in the Southern Ocean are limited
(summarized in Table S1) and focus on areas north of 60°S
(Olson, 1981; Bianchi et al., 1997; Mdutyana et al., 2020, 2022a,
2022b; Raes et al., 2020), in the Antarctic coastal waters (Tolar et
al., 2016b; Alcamdn-Arias et al., 2022), and in naturally iron-fertil-
ized areas (Cavagna et al., 2015; Fripiat et al., 2015), which are not
representative of the open Southern Ocean. Owing to diverse re-
search objectives and early technical constraints, studies have

mainly focused on the different steps of nitrification, such as the
total nitrification rate (NR, oxidation of NH; to NO; ) or indi-
vidual steps (NH/ _and/or NO, , ). Decoupling may occur
between NH/ and NO, _due to different light sensitivities
(Guerrero and Jones, 1996; Merbt et al., 2012), posing challenges
in direct comparison of reported nitrification rates. An enhanced
resolution and understanding of complex nitrification interac-
tions with physicochemical factors in the Southern Ocean are ne-
cessary.

The debate on light inhibition of nitrification continues. The
consistent finding of higher nitrification rates at the base of the
euphotic zone has led to a growing acceptance that light suppres-
sion is responsible for the reduced nitrification in the epipelagic
zone (Shiozaki et al., 2019; Lu et al., 2020), although whether this
photoinhibition to nitrifiers is direct (Qin et al., 2014) or indirect
via photochemical production of H,0, (Kim et al., 2016) remains
to be resolved (Hollibaugh, 2017). The notion of photoinhibition
is further supported by the potential competition of phytoplank-
ton for NH; under light conditions (Smith et al., 2014b; Wan
et al., 2018), along with the lack of competitive advantage for iron
in AOA (Shafiee et al., 2019). However, the elevated abundance of
nitrifying microorganisms, particularly Nitropumilus and Ni-
trosopelagicus (Sow et al., 2022; Gwak et al., 2023), at shallower
depths in the polar seas (Shiozaki et al., 2016; Sintes et al., 2016)
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compared to the peak abundances in the mesopelagic zone in
low-latitude oceans (Santoro et al., 2019) may indicate that the
Southern Ocean plays a unique role in global nitrification. The
biogeochemical results highlight the importance of summer ni-
trification in the Southern Ocean, as demonstrated by field-
measured nitrification rates (Tolar et al., 2016b; Alcamén-Arias
et al., 2022) and isotopic signals of nitrate (Fripiat et al., 2015) and
nitrite (Chen et al., 2023). Furthermore, evidence indicates that
some shallow-water AOA groups (WCA) (Francis et al., 2005)
have strong potential for antioxidation and resistance to pho-
todamage (Luo et al., 2014; Santoro et al., 2015) and remain act-
ive at high irradiance levels (Smith et al., 2014b). These findings
contradict the conventional view that light inhibits nitrification.
Currently, no study has measured both light and dark nitrifica-
tion rates in the Southern Ocean to quantitatively assess the de-
gree of light inhibition of nitrification and whether alleviation
mechanisms for photoinhibition exist.

Nitrification is typically modeled as a linear function of the
ambient ammonium (NH/,_, ) concentration (Vichi et al.,
2007;Yool et al., 2007). However, field-derived nitrification rates
often lack correlation with NH]_ . Previous research has shown
that NH,* , decreases with depth, following a power-law distribu-
tion similar to that of particulate organic carbon (Smith et al.,
2016; Santoro et al., 2021), which suggests that the relationship
between nitrification and depth probably reflected the NH; sup-
ply, not just [NH; |. Regions with high organic matter export and
NH; supply fluxes are expected to have a greater abundance of
nitrifying microorganisms, such as equatorial upwelling zones
(Santoro et al., 2019). The only substrate kinetics study of nitrific-
ation in the Southern Ocean was performed under dark condi-
tions in winter surface waters with steps NH;fOX and NO;
(Mdutyana et al., 2022a, 2022b). However, studies on substrate
kinetics at varying depths in summer and the effect of light on
substrate affinity («) in the Southern Ocean are still lacking.

As important areas in East Antarctica, the Cosmonaut and
Cooperation seas are located south of the Polar Front [PF, the
center of the Antarctic Circumpolar Current (ACC)] and serve
as natural laboratories for nitrification. The region is character-
ized by the upwelling of Circumpolar Deep Water (CDW), which
is an important source of nutrients, specifically iron, from
the deep ocean to the surface (Tagliabue et al., 2012). Moreover,
the Southern Boundary of the upper CDW (SB front) in the
Cosmonaut and Cooperation seas is closest to the Antarctic
shore. High nitrification rates of up to 400 nmol/(L-d) (in terms of
N) have been observed in well-known upwelling zones of low-lat-
itude oligotrophic seas (Rees et al., 2006; Fernandez et al., 2009;
Beman et al., 2012; Fernandez and Farias, 2012). These high rates
are often attributed to enhanced primary production spurred by
nutrients provided by upwelling. However, for the NO; replete
high-latitude Southern Ocean, the impact and driving mechan-
ism of physical events such as CDW upwelling on nitrification
have not yet been reported.

To uncover the biogeochemical mechanisms driving nitrifica-
tion and their role in the dynamic Southern Ocean, we conduc-
ted nitrification and substrate kinetic experiments in both light
and dark incubations using the >N tracer method in the Cosmo-
naut and Cooperation seas south of 60°S. Our study aimed to (1)
assess the extent and trend of light inhibition on summer nitrific-
ation; (2) examine the response of substrate kinetics and the in-
teraction between light inhibition and substrate supply to sub-
strate affinity («); and (3) explore the regulatory role and distinct
mechanism of CDW upwelling in nitrification. We propose that in
the Southern Ocean during summer, nitrification rates are en-

hanced by alleviated photoinhibition through the coupling of
ammonium availability and upwelling events.

2 Materials and methods

2.1 Sampling and hydrochemical measurements

Seawater samples were collected from the Cosmonaut and
Cooperation seas in the Indian sector of the Southern Ocean
aboard R/V Xuelong 2. The sampling time was from December 4,
2019, to January 7, 2020, during the 36th China Antarctic Re-
search Expedition (Fig. 1). Detailed descriptions of sampling loc-
ations, procedures for oceanographic measurements for temper-
ature, salinity, dissolved oxygen (DO), dissolved inorganic nitro-
gen (NH;, NO, , and NO3 ), chlorophyll a (Chl-a), primary pro-
duction (PP), NR, substrate kinetics of nitrification are given in
Materials and methods S1.

2.2 Incubation experiment 1: NR in situ and under dark condi-
tions

The in-situ light NR (denoted as NR;,, ;,,,) in the water column
above 500 m at 18 sites was measured using a >N-spike incuba-
tion under simulated field conditions (yellow dots in Fig. 1). Sea-
water samples collected from 100%, 50%, 10%, 1%, and 0.1% sur-
face photosynthetically active radiation (PAR) depths and two
deep layers in darkness (corresponding to depths of 0 m, ~25 m,
~50 m, ~100 m, ~200 m, 300 m, and 500 m) were pre-filtered
through a 200 pm pore size sieve to remove macrozooplankton.
The PAR at each depth was determined from the light transmis-
sion using a standard Secchi-disc with a diameter of 30 cm, as-
suming that the light intensity decays exponentially with depth.
After transferring the samples to 500 mL acid-washed, sample-
rinsed clear polycarbonate bottles, 1°N-labeled (NH,),SO, tracer
(15N abundance > 98% (atomic percent), Sigma-Aldrich, USA)
was added to obtain a final '5NH, concentration of approxim-
ately 50 nmol/L (Ward, 2011b; Tolar et al., 2016b; Raes et al.,
2020). The amount of added tracer ranged from 5% to 40% of the
NH; ., content, with a median of 16%. No significant correla-
tion was observed between the NR,,, ;,,, and SNH; enrichment
factors (R2 = 0.007, p = 0.396 9, n = 108), indicating that the added
tracer did not affect the accuracy of the NR measurements. The
15N-labeled samples were placed on the deck and incubated for
approximately 24 h (22.5-29.5 h) under in situ light conditions
simulated by a neutral density screen, maintained at a constant
temperature with flowing surface seawater [(-0.89 + 0.36) C].
Pre- and post-incubation samples were filtered through pre-
cleaned cellulose acetate membranes (47 mm diameter, 0.22 pm
pore size). The 100 mL filtrate was collected in a 180 mL high-
density polyethylene (HDPE) bottle and stored at -20°C for sub-
sequent concentration and isotopic measurements of NO,
(NO; +NO; ).

The NRs of the samples in darkness between 0 m and 200 m
were also determined (denoted as NR,, ). After the samples were
transferred to bottles and the same amount of 1°N tracer was ad-
ded, the bottles were covered with a completely opaque black
cloth and incubated under simulated field conditions. The incub-
ation of NR,;, ,;,,, at depths of 300 m and 500 m was identical to
that of NR, ... No significant correlation was observed between
NR,,, and 'NH;" enrichment factors (R2 = 0.007, p = 0.396 4, n =
109). The subsequent experimental procedure was the same as
that used for NR;,, ;...

Time-series experiments in situ and under dark conditions
were performed at Sites C9-05 and C8/09-10 to verify the linear
increase in §'SNO; during incubation (Fig. S1) excluding the ef-
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Fig. 1. Sampling locations, bathymetry, and circulation in the Indian sector of the Southern Ocean, 62°-68°S and 30°-80°E. Sections
C3, C4, C5, C6, and C7 are located in the Cosmonaut Sea, and Sections C8, C9, and P1 are located in the Cooperation Sea. All dots rep-
resent CTD observation and nutrient sampling sites. Yellow dots indicate nitrification rate measurements in situ and in the dark. The
two yellow underlines indicate sites where substrate kinetic experiments for nitrification under light and dark conditions were per-
formed. Oceanographic features highlighted include the Southern Antarctic Circumpolar Current Front (SACCF, 1.8°C isotherm,
brown line), the Southern Boundary of the upper CDW (SB, 1.5°C isotherm, red line), and the Antarctic Slope Current (purple line)
(Orsi et al., 1995). Dark blue circular arrows indicate the Antarctic Divergence zone (AD) between the SACCF and SB, with a large
number of mesoscale eddies (Talley et al., 2011). The eastern boundary of the Weddell Gyre is marked by a green line with an arrow.
The Prydz Bay Gyre is marked by a gray dashed circle (Heywood et al., 1999). The location of the Cape Darnley Polynyas (CDP) is
marked off the Mawson Coast. The isobaths at 500 m, 1 000 m, 3 000 m, and 4 000 m are represented by khaki, black dashed, tur-

quoise, and blue lines, respectively.

fects of biological fractionation and isotopic dilution. Detailed
procedures are provided in the Materials and methods S1.

2.3 Incubation experiment 2: Substrate kinetics in light and dark

incubations

“val"" kinetic experiments were performed under different
light and nutrient levels to reveal the dependence of nitrification
on substrate concentration and the effect of light on substrate
kinetics. Seawater samples collected near the deep chlorophyll
maximum and from the bottom of the euphotic zone at Sites
C9-09 (60 m and 200 m) and C9-05 (25 m and 200 m) were trans-
ferred to incubation bottles. Different amounts of 15N-labeled
(NH,),SO, ['*N abundance > 98% (atomic percent), Sigma-Ald-
rich, USA] were added to the bottles such that the final concen-
trations of ""NH; in the medium were 34 nmol/L, 55 nmol/L, 103
nmol/L, 207 nmol/L, 620 nmol/L, and 1 580 nmol/L. Immedi-
ately after the tracer was added, approximately 100 mL of the
sample was filtered through a cellulose acetate membrane (47
mm diameter, 0.22 pm pore size) without incubation to repres-
ent initial conditions. The remaining samples were incubated 24
h, following the same procedure described above. The post-in-
cubation filtrate was collected by filtration through a cellulose
acetate membrane (47 mm diameter, 0.22 pm pore size) for NO;
concentration and isotopic measurements.

2.4 Nitrogen isotope analysis of NO,

515N in NOF was quantitatively converted to N,O using the
denitrifier bacterial method (Sigman et al., 2001) and determ-
ined using a GasBenchlI-coupled DELTAP''S XP mass spectro-
meter (GC-IRMS) (Thermo Finnigan, USA). Briefly, the bacterial
strains Pseudomonas chlororaphis subsp. aureofaciens (ATCC No.
13985) lacking N, O reductase were harvested by centrifugation at

18°C (5 600 r/min, 10 min) after 6-7 d of culture in the dark at
controlled temperature (24-26C). The dense pink bacteria were
concentrated 4- to 10-fold by resuspending the cells in a fresh ni-
trate-free medium. Samples containing ~20 nmol N were injec-
ted into 20 mL muffled headspace vials prefilled with concen-
trated bacteria, followed by purging with ultrapure He (0.1-0.2
L/min) for 3 h to remove background N,O. The samples were
kept in the dark for 12 h to quantitatively convert NO_ into N,0,
and subsequently 0.2 mL of 10 mol/L NaOH was added to ter-
minate the reaction. The produced N,O was introduced into the
GC-IRMS for nitrogen isotopic composition measurements us-
ing an online N, O extraction and purification system. Five ni-
trate isotopic reference standards (IAEA N3: §'°N = 4.7%o, USGS
34: 315N = -1.8%o, USGS 32: 815N = 180%o, and two laboratory ref-
erence materials: 315N = 14.6%o and 31°N = 89.3%o) were meas-
ured at routine intervals interspersed with the nitrification
samples to calibrate the measured 3!5N values in NO; . §!°N
measurement accuracy was better than 0.2%o.

2.5 Calculations

2.5.1 NR
The NR was calculated using the following equation (Tolar
etal., 2016b):

Ci-ni—Cy-no
NR= ——F7F7—7—, 1
T (M)
where NR represents the total nitrification rate [nmol/(L-d), in
terms of N|; C, and C, are the NO_ concentration at the end and
beginning of the incubation, respectively (nmol/L, in terms of N);
n.and n, (%) are the atomic percent 5N of NO; at the end and
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beginning of the incubation, respectively; f1° is the faction of
I5NH; tracer in the initial ambient NH; substrate, and T'is the
incubation time (h). Three times the standard deviation of the
NO; standards (i.e., 0.6%o) was used as the threshold for the
presence or absence of SN enrichment at the end compared with
the initial value (Wan et al., 2018; Shiozaki et al., 2019). The de-
tection limit of NR varied from 0.08 nmol/(L-d) to 0.32 nmol/(L-d)
(in terms of N), which was sensitive to the NO; concentration,
and f!° at the end of the incubation. To achieve greater spatial
and depth resolutions, we sacrificed parts of the parallel samples
of NR;, ;;, and NR_ ... By comparing in situ and dark incubations
to controls in the substrate kinetics experiments, we achieved an
acceptable level of consistency with a standard deviation of 0.03
to 0.06.

2.5.2 Photosensitivity index (PI)
PI was used to evaluate the effect of light intensity on the NR
and was defined as follows:

pr — Rdark ©)
NRin situ

PI values greater and less than 1 represent negative and posit-
ive light effects, respectively. The greater the deviation of the PI
value from 1, the higher the photosensitivity of the nitrifying mi-
croorganisms.

The Michaelis-Menten (M-M) equation (MacIsaac and Dug-
dale, 1969) was used to establish the relationship between the PI
and PAR (%), from which the maximum photosensitivity index
(P1,,,,) and half-saturation constant of light intensity (K; ) were
estimated as follows:

Plnhax - PAR
pl= & " 3)
K;, + PAR

The estimated PI_, and K| values were used to reflect the
light tolerance and photosensitivity of the nitrifiers. Furthermore,
the light threshold can be derived from the M-M curve at PI =1.

The following equation was used to quantify the photoinhibi-
tion effect at each depth:

(NRdark - NRin situ)

Light inhibition =
NRgark

x 100%. @)

The profile of light inhibition (%) reflects the variation in the
extent of photoinhibition on nitrification.

2.5.3 Substrate kinetic parameters

The M-M equation (Maclsaac and Dugdale, 1969) was used to
estimate the substrate kinetic parameters from the data obtained
in situ and the dark in '>NH; enrichment experiments:

®)

where NR represents the measured nitrification rate [nmol/(L-d),
in terms of NJ, V_, is the maximum rate at the substrate satura-
tion concentration [nmol/(L-d), in terms of NJ], K, is the half-sat-
uration constant of the substrate at (1/2) x V. (nmol/L), and S
is the total NH4+ concentration (NH;L amb T 15N tracer, denoted as
TNH;" ) (nmol/L). Here, K, values were also used to calibrate NR
and assess possible overestimation by tracer addition, despite the

potentially large error in correcting the rate over the entire re-
gion from limited K, values (Materials and method S1).

The substrate affinity coefficient («) is a good indicator of
competitiveness for the substrate and can be estimated from the
initial slope of the M-M curve at low substrate concentrations
(Healey, 1980; Martens-Habbena et al., 2009):

Vmax 24
= o o 6
T Kn ©

where a (d™!) is substrate affinity coefficient (x10-*h-1), and V,,,
and K, are derived from Eq. (5). This method was used to calcu-
late o values for nitrification in the global ocean, as detailed in the
Dataset S1.

2.5.4 NH] turnover time by nitrification

Here, we assumed that nitrification occurs at different rates
during a 12 h light and dark cycle, and the nitrification-driven
NH; turnover time (7, unit: d) can be calculated using the fol-
lowing formula [modified from Xu et al. (2019)]:

S S
T12- V412V 12-(ap-S)+12-(ap-S)
1
, 7
12'(0EL+OED) @

where S represents the substrate concentration (nmol/L), and
the subscripts L and D represent V, ,  [nmol/(L-d), in terms of N]
or a (h-1) under light and dark conditions, respectively. This
method incorporated the influence of light on substrate turnover,
better than previous approaches that relied solely on dividing the
NHI concentration by dark rate to estimate 7' (Tolar et al., 2016b).

2.5.5 Upwelling intensity indicators

To assess the relationship between upwelling and NRs, we
employed several indicators reflecting upwelling strength, in-
cluding potential temperature (6), salinity, and nitrate anomalies.
These indicators were derived by identifying the positive anom-
alies for each parameter referenced to the mean value at 100 m
for the open ocean sites on each meridional transect (Williams
et al., 2010). A more pronounced positive anomaly indicated
stronger upwelling, whereas a negative anomaly indicated no up-
welling.

3 Results

3.1 NR

The comprehensive characteristics of water masses are depic-
ted in Fig. 2a and explained in the Text S1. In water masses above
500 m, Winter Residual Water (WW) and Thermocline Water
(TCW) contributed to the highest NR;, ,,, each averaging ap-
proximately 30 nmol/(L-d) (in terms of N) with substantial vari-
ability (Fig. 2b). In contrast, the mean NR,, ;,,, in Antarctic Sur-
face Water (AASW) situated above the WW was reduced by a
factor of 8.8, despite the generally high NH;{amb and NO, con-
centrations between 0 m and 50 m (Figs 3b and c). The mean
NR,, ,ir,, in the CDW located below the WW declined by a factor of
3.9. Notably, NR,, ;,,, in Low Salinity Shelf Water (LSSW) at shelf
Site P1-11 was significant with an average of (49.7 + 32.9) nmol/(L-d)
(in terms of N). The most striking feature of the NR,, ;,, profile
was the single peak observed between 100 m and 200 m, just be-
low the layer interval with the largest gradient of increasing ap-
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Fig. 2. In-situ nitrification rates in different water masses above 500 m depth. a. Potential temperature () versus salinity at sampling
sites. The light grey curves represent the contours of potential density anomalies referenced to zero pressure (kg/m?3). The dashed red
lines along the x- and y-axes represent the surface freezing point (-1.89°C) and the salinity 34.65 contours. The water masses in the up-
per 500 m include Antarctic Surface Water (AASW), Winter Residual Water (WW), Thermocline Water (TCW), Circumpolar Deep Wa-
ter (CDW), and Low-Salinity Shelf Water (LSSW). The characteristic range of potential temperature and salinity for each water mass is
marked with black rectangles and lines. The detailed information and classification of water masses are given in the Text S1. b. The in
situ nitrification rate [NR,;, ;;,,, nmol/(L-d), in terms of N] in each water mass, its average + standard deviation (SD) is shown in the up-

per left corner.

parent oxygen utilization (AOU) (Fig. 3a). This peak in NR;, ;,,
varied from 9.3 nmol/(L-d) to 118.7 nmol/(L-d) (in terms of N)
with an average of (55.2 + 31.4) nmol/(L-d) (in terms of N), which
corresponds to the layers of 1%-0.1% PAR (yellow area in Fig. 3e).
At Site P1-11, high NR,, .;,,, persisted from 100 m to nearly 500 m
at the bottom of the shelf (Fig. 3e). The depth profile of NR,
was similar to that of NR;, ;. However, the maximum NR,, , ex-
hibited a broader distribution, spanning 40-200 m (yellow area
in Fig. 3f), in contrast to the narrow interval of the NR,,, ;,, peak.

Regionally, the maximum NR along each meridional section
in the open areas appeared near the SB front. The distribution
of NR in Section SB (Fig. S2a) showed that the sites with higher
NRs correspond to the rising of deep nitrate, such as Sites C8-
06 and C9-03 in the Cooperation Sea and Site C4-04 in the Cos-
monaut Sea. The maximum NR;, ;,, at these sites ranged
between 83.3 nmol/(L-d) and 118.7 nmol/(L-d) (in terms of N),
corresponding to NR,,, between 101.8 nmol/(L-d) and 217.8
nmol/(L-d) (in terms of N) (Figs S2e-g). The lowest NR occurred
at Section C7 northeast of Cape Ann, where NO; concentrations
are low. More detailed features of the AOU, NHI, NO; , and
NO, can be found in Text S2.

3.2 Substrate effect

We investigated the effect of substrate concentration on NRs
in situ and under dark conditions by adding different amounts of
isotope-labeled substrates to samples at different depths at two
sites (C9-09 and C9-05). In each case, both NR;, ;;,,, and NR,, in-
creased with the total ammonium (*N tracer plus NH, ., de-
note as TNH ) until saturation, conforming to the M-M curve
(Fig. 4). The only exception occurred for NR;, ;;,,, at 25 m (50%
PAR) from Site C9-09, where NR;, ;,, displayed a linear increase
over a range of TNH; concentrations between 368 nmol/L and
1 913 nmol/L (Fig. 4a, red dashed line) and reached a low NR

in situ

of 7.9 nmol/(L-d) (in terms of N) with the highest tracer addition,
although this layer had the highest NH;, . of 333.3 nmol/L
among the four depths. Overall, the incubation experiments
showed three other features of the influence of substrate on nitri-
fication. First, NR, , was consistently higher than NR;, ;. and re-
sponded faster to substrate supply, regardless of the initial sub-
strate level, PAR, and Chl-a. Secondly, the difference between
NR;, i, and NR,, ; at 200 m was much lower than that in the sub-
surface layers. Third, the NR at 200 m (0.1% PAR and dark) at Site
C9-09 was markedly higher than that at 25 m (10% PAR and
dark), showing an increase with depth; at Site C9-05, NR;, ;...
(10% PAR) and NR i, at a shallow depth of 60 m exceeded 200 m
(0.1% PAR and dark) when the TNH] concentrations were great-
er than 790 nmol/L and 280 nmol/L, respectively (Fig. 4b).

4 Discussion

4.1 Light inhibition of nitrification

Nitrification was photoinhibited at our study sites. The spa-
tial distribution of the average NR,, ;,,, and NR, , at each site is
shown in Fig. 5a. Site P1 values, obtained by comparing site aver-
age-NR in darkness and in situ light [Eq. (2)], ranged from 1.1 to
2.3, with an average of 1.6 + 0.4. Culture experiments have sug-
gested that photoinhibition results from light-induced damage to
electron transport systems and ammonia monooxygenase (AMO)
in nitrifying microorganisms such as AOB, while this physiologic-
al mechanism in AOA remains unclear (Lu et al., 2020). More-
over, AOA is susceptible to indirect photoinhibition in surface
water (Kim et al., 2016; Tolar et al., 2016a) with H,0, toxicity thres-
hold ranging from 10 nmol/L to 300 nmol/L (Tolar et al., 2016a;
Horak et al., 2018). We cannot differentiate the relative contribu-
tions of direct and indirect photoinhibition on nitrification,
where AOA dominates in the Southern Ocean (Kalanetra et al.,
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2009; Sow et al., 2022). However, reported H,0, concentrations in
upper waters near our study area are low at 5-32 nmol/L (Sarthou
et al., 2011; Morris et al., 2022). Nitrification may experience a
more fundamental inhibition directly from light irradiation
rather than H,0, toxicity in open ocean regimes (Horak et al.,
2018), which needs to be confirmed. In our study, significant dif-
ferences in light and dark NR were observed at light intensities
above 1% PAR (p = 0.024 4, n = 67). After accounting for all

depths, the PI ranged from 0.1 to 17.1 (mean 2.5 + 2.9), showing
greater variation across depths than those in between sites.
Above PI data do not consider the case in which NR,,, ;,,, is below
the detection limit, which results in a mathematically infinite PI.
The PI values available for comparison in the literature are lim-
ited. The maximum PI of 17.1 in this study fell between the repor-
ted summer maximums of 5.5 and 48.9 (Tolar et al., 2020; Proctor
etal., 2023).
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Fig. 4. Nitrification rate as a function of total N HI concentration in substrate enrichment experiments at Sites C9-09 (a) and C9-05
(b). The samples for nitrification incubation at Site C9-09 were collected from 25 m (open square) and 200 m (solid square), and those
at Site C9-05 were collected from 60 m (open square) and 200 m (solid square). The red and black dots and lines represent data ob-
tained in situ [50%, 10%, and 0.1% photosynthetically active radiation (PAR)] and in the dark, respectively. The dashed and solid
curves represent the fitting results of the M-M equation at p < 0.05 level for the data of 25 m/60 m and 200 m, respectively. Note that

NR

in situ

at 25 m from Site C9-09 does not fit the Michaelis-Menten (M-M) curve, but is linearly positively correlated (slope = 0.005 1,

R?=0.98, p=0.000 2), reflecting the unsaturated state of the substrate.

The photoinhibition of nitrification follows an exponential
decay pattern with depth. The percentage of nitrification inhib-
ited by light at each depth [Eq. (4)] is shown in Fig. 5b as blue ho-
rizontal bars. The strongest photoinhibition (ca. 72%) occurred at
0-25 m (100%-50% PAR); however, most NR;, ;.. in this depth in-
terval remained above the detection limit with a mean value of
(2.6 +3.1) nmol/(L-d) (in terms of N). For NR,, in the 0-25 m
depth interval, most NR,, , did not increase significantly [mean
(5.2 £ 4.9) nmol/(L-d), in terms of N] compared with that of
NR;, ;i despite having the highest [NH], | [mean (0.42 +
0.24) pmol/L]. This suggests that full recovery after intense light
damage may take longer than 24 h (incubation time) or may re-
quire additional substrates. Culture experiments have shown that
90% of the photo-inactivated AOB cells require 6 h to recover
NH; . activity (Hooper and Terry, 1974), and some AOA strains
exhibit slow or no activity during the dark phase after exposure to
intense light (Merbt et al., 2012). These studies support the most
irreversible photodamage observed at depths of 0-25 m (100%—
50% PAR). In deeper waters, the inhibition of nitrification by light
decreased from 55.6% at 50 m to 10.8% at 300 m (Fig. 5b).
Moreover, the photoinhibition of nitrification in the upper 500 m
decreases with depth according to the following exponential
equation: Light inhibition = 2.9 + 74 x e(—086%%) (R2 = 0.93,
p =0.030 2). Overall, our results suggest that light inhibits nitrific-
ation in the euphotic zone, but not completely, consistent with
previous culture and field results (Guerrero and Jones, 1996; Qin
etal., 2014; Peng et al., 2016).

NR and light inhibition followed a predictable pattern, and
the impact of diurnal phytoplankton competition for NH} on
nitrification was minor in our study. Despite the variations in
NR,, ., and NRy, , across sites and depths, a robust positive cor-
relation was observed between them with a slope of 1.22 (Fig. 5c,
dark red linear fitting line, p < 0.001, R? = 0.80). Thus, local nitrify-
ing microbial communities may have adapted to the recurring di-
urnal fluctuations in conditions such as light intensity, nutrient
availability, and temperature (Bianchi et al., 1997; Baer et al.,
2014). The competition of phytoplankton for NH;™ under light ex-
posure (Smith et al., 2014b; Wan et al., 2018) may also have pro-

duced this relationship. To avoid this effect, we excluded samples
with high Chl-a levels (>0.08 pg/L), and also found a linear cor-
relation between NR,;, .;,, and NR,, with a slope of 1.13 (Fig. 5c,
blue linear fitting line, p < 0.000 1, R? = 0.71), which is a better
representative of the unique photoinhibition effect. The small
difference in the two slopes (A slope = 0.09) and because the data
points that deviated the most from the fitted line mostly oc-
curred within 50%-100% PAR suggest a negligible effect of com-
petition from phytoplankton. Additionally, the lack of correlation
between Chl-a, PAR, and light inhibition (Fig. S3) further sup-
ports the idea that phytoplankton in productive coastal waters do
not have a significant negative effect on nitrification in summer
(Alcaman-Arias et al., 2022). The high nitrate concentrations pre-
valent throughout the water column may also reduce the com-
petition for NH;” between phytoplankton and nitrifiers, allowing
them to coexist in the sunlit layer of the Southern Ocean (Wan et
al., 2018; Zakem et al., 2018), a scenario distinct from oligotroph-
ic seas

However, the light threshold for nitrification remains poorly
understood, with the reported threshold at about 0.22%-0.54%
PAR in the Arctic shelf (Shiozaki et al., 2019) and between 0.2%
and 2% PAR in coastal Southern California (Olson, 1981). Most
studies have only described the PAR% values at which the nitri-
fication peaks, with early studies at 5%-10% PAR (Ward, 2011a)
and recent reports at approximately 1% PAR (Peng et al., 2018;
Clark et al., 2022). We treated the PAR as a variable and calcu-
lated the average PI (PI,,) for each PAR group. The relationship
between PI,,, and PAR followed an M-M curve with a maximum
PI(PI ) of 3.4 + 0.6 and a light saturation constant (K;) of 1.3%
+ 1.4% PAR [Eq. (3), Fig. S4, p < 0.05, R? = 0.54]. The PI_,, value
exceeds the slope of the linear fit between NR,, ;;,, and NR ., by
1.22. These results may indicate two things. (1) The effects of
photoinhibition on nitrification, in the context of global climate
warming and reduced sea ice, follow a first-order reaction, as ob-
served in the Arctic (Shiozaki et al., 2019); and (2) the photo-
sensitivity of nitrification may be saturated in the more distant
future. Nitrifying AOAs are diverse (Francis et al., 2005; Santoro
etal., 2019), and some members may have significant physiolo-
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gical diversity, including light tolerance (Kalanetra et al., 2009;
Martens-Habbena et al., 2009; Smith et al., 2014b) and unique ge-
netic traits associated with reduced photodamage (Luo et al.,
2014). Specifically, a high abundance of ammonia-oxidizing or-
ganisms in the epipelagic zone accounts for 45%-100% of the
prokaryotes in the Southern Ocean (Alonso-Saez et al., 2011; Kim
etal., 2014; Raes et al., 2018, 2020; Sow et al., 2022), with high
transcription levels of AOA, AOB, and extremely high NR;, ;..
[68.3 nmol/(L-d), in terms of N] observed in Antarctic coastal sur-
face waters in summer, possibly due to metabolic light adapta-
tion of nitrifying microorganisms (Alcaman-Arias et al., 2022).
The light threshold for nitrification in our study area ob-
tained from the M-M curve (when PI = 1) was 0.53% PAR, which
falls within the reported range of 0.2% to 2% PAR (Olson, 1981;
Shiozaki et al., 2019). To the best of our knowledge, this is the first
study to quantify light-sensitive parameters of summer nitrifica-
tion in the Southern Ocean, including PI_,,, K|, and light
threshold, based on field measurements. As surface light intens-

ity and its attenuation with depth vary seasonally and regionally,
future studies will benefit from the relationship between PI and
PAR (or absolute light intensity) established by paired light-dark
NR experiments. This approach allows for a more intuitive com-
parison of the spatiotemporal variability in light inhibition and
provides insights into future trends in photoinhibition tolerance.

4.2 Substrate effect and its buffering against photoinhibition
Ammonium is a crucial substrate for nitrification and an en-
ergy source for nitrifiers. We found no correlation between NR
and [NH; ] (p > 0.1). Nevertheless, an exponential trend was ob-
served between NR,,, and AOU in the top 100 m (Fig. 6a, dark
red circles), where the AOU gradient was most pronounced
(Fig. 3a). In addition, a linear positive correlation was found
between primary production (PP, data shown in Dataset S2) and
depth-integrated nitrification rate (DINR) under in situ (slope =
0.25, p=0.002 9, R?=0.44) and dark conditions (slope = 1.06, p=0.014 4,
R? =0.32) (Fig. 6b). The decrease in NR at depths of 200-500 m
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may be attributed to the decrease in NH; flux with increasing
depth. These results suggest that the maximum nitrification ca-
pacity is mainly controlled by the availability of NH, from the re-
mineralization of organic matter synthesized from primary pro-
duction, which is consistent with the results of other studies (Bi-
anchi et al., 1997; Shiozaki et al., 2016; Mdutyana et al., 2020) and
model predictions (Zakem et al., 2022). Additionally, NR and
[NHIamb] remained consistently high near the bottom of the
shelf Site P1-11, suggesting that sediment resuspension may have
facilitated nitrification by providing NH; . In the Indian sector of
the Southern Ocean (41°S-51°S), high sediment NH; _and
NO; ,, at the water-sediment interface were found to be closely
related to [NH;, , ]in interstitial water (Bianchi et al., 1997). The
increasing trend of NR with NH; observed in our substrate kinet-
ic experiments (Fig. 4) also confirms the dependence of NR on
the NH; supply.

Nitrification is regulated by both the substrate and light;
however, light inhibition becomes the primary limiting factor for
summer nitrification at local NH; levels in the epipelagic zone.

This was confirmed by the vertical variation of NR, with NR;, .,
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values being low at 100% and 50% PAR; increasing below 10%
PAR, and peaking at 1%-0.1% PAR. Even at the same TNH, con-
centration, NR;, . in the epipelagic zone was lower than that at
the base of the euphotic zone (Fig. 7a, solid symbols). Further-
more, although some of the higher NR,, appeared at shallower
depths than the corresponding NR;, ;,,, their distribution pat-
terns were similar to those of NR,, ;;,,, suggesting residual pho-
toinhibition under stronger illumination (Fig. 7a, open symbols).
The long-term light-dark cycle that regulates the depth distribu-
tion of nitrifier populations could be an additional explanation
for this phenomenon (Peng et al., 2016). Thus, nitrification in the
upper waters of the Southern Ocean during summer was more
strongly influenced by photoinhibition than by NH; availability.
This is consistent with the lower NH; regeneration flux and the
higher NRs observed in the western Antarctic Peninsula (WAP)
continental shelf waters in winter (Tolar et al., 2016b).

The primary role of light inhibition was further validated by
substrate kinetics experiments. For the 25 m sample (50% PAR) at
Site C9-09, NR; did not fit the M-M curve, showed minimal

in situ
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b 50
B €9-09-25 m, dark vs. 50% PAR
[ 9-09-200 m, dark vs. 0.1% PAR
40 1 ) €9-05-60 m, dark vs. 10% PAR
k| 1 €9-05-200 m, dark vs. 0.1% PAR
g
30 -
£
<
B
L
2 2
8=
=
oy
10 4
=
0 @

0 400 800 1200 1 600

SNHj tracer addition/(nmol-L™")

Fig. 7. Lightis the primary limiting factor for nitrification compared to ammonium in the epipelagic zone. a. Relationship between ni-
trification rate (NR) and total NH; concentration under different photosynthetically active radiation (PAR). Data obtained at different
light intensities are represented by different colors. b. The change of photosensitivity index (PI) value with tracer addition at Sites C9-
09 and C9-05. The data at 25 m and 200 m at Site C9-09 are represented by solid pink squares and hollow squares, respectively. The
data at 60 m and 200 m at Site C9-05 are represented by solid yellow circles and hollow circles, respectively. The pink arrow marks the
most significant decrease in PI values under dark and 50% PAR conditions.
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Fig. 4a) and had the highest PI at low tracer addition (pink solid
squares in Fig. 7b). The linear fit indicated a substrate threshold
of 305 nmol/L. Notably, V.. under dark conditions was restored
to fit the M-M curve despite being the shallowest of the four
depths in the substrate kinetic experiment. Accordingly, we sug-
gest that nitrifier communities need a substrate threshold higher
than the survival threshold (10 nmol/L, Martens-Habbena et al.,
2009) to cope with intense light-induced stress and perform nitri-
fication under photoinhibition greater than 50% PAR. In contrast,
the strong response of NR;,;, at 60 m from Site C9-05 may have
benefited from the reduction in photoinhibition at 10% PAR,
thereby allowing a greater proportion of the substrate to be used
directly for nitrification.

Changes of photosensitivity parameters and NRs in substrate
enrichment experiments suggest enhanced photoinactivation
under low-substrate conditions and buffered photodamage un-
der high-substrate conditions, even at the maximum PAR%
(Dataset S3). Specifically, across a tracer gradient from 34 nmol/L
to 1 580 nmol/L, the photoinhibition of nitrification decreased
from 100% to 59.2% at 25 m (50% PAR vs. dark conditions) and
from 22.5% to 4.8% at 200 m (0.1% PAR vs. dark conditions) at
Site C9-09; decreased from 43.2% to 30.2% and from 14.0% to 0%
at 60 m (10% PAR vs. dark conditions) and 200 m (0.1% PAR vs.
dark conditions) at Site C9-05, respectively. The extent of pho-
toinhibition reduction varied from 30% to 100%, which represen-
ted the degree of relief from photoinhibition by substrate enrich-
ment. In addition, the mean light inhibition at each depth was
strongly negatively correlated with the ambient AOU (slope =
-0.90, p = 0.039 5, R2 = 0.92), and the PI value decreased with in-
creasing substrate concentration, with the most apparent de-
crease at 25 m at Site C9-09 decreasing from 40.7 to 2.5 (Fig. 7b).
Studies have shown that new AMOs are essential for AOB recov-
ery after photoinactivation and that NH; replenishment acceler-
ates AMO synthesis (Hooper and Terry, 1974; Fukushima et al.,
2012), thereby providing a buffer mechanism against light-in-
duced damage (Lu et al., 2020). In the AOA-dominated Southern
Ocean, an increased substrate supply indeed reduces PI and light
inhibition and enhances NR. A mechanism similar to NH} -buf-
fered photoinhibition might operate for AOA, although its exact
metabolic pathways remain unresolved. This phenomenon im-
plies that nitrification in the upper Southern Ocean in summer
may not be negligible because of the intensive feeding activities
of zooplankton, such as krill releasing pulses of dissolved organic
nitrogen (DON) and NH; (Cavan et al., 2019), thereby alleviat-
ing the photoinhibition of nitrification.

4.3 Controlling factors of global a

Currently, substrate kinetic parameters for nitrification have
been obtained primarily from dark incubations in limited mar-
ine environments, with most studies focusing on the Northern
Hemisphere. More attention was given to comparing the values
of K, and/or V, with their influencing factors. This comparis-
on is of limited significance because the data are from different
depths and lack normalization for nitrifying microbial abund-
ance (Smith et al., 2014a; Mdutyana et al., 2022b). In addition, a
smaller K, (generally considered to indicate a higher substrate
affinity) does not necessarily correspond to a larger V,_,_ value,
and vice versa (Dataset S1). The reported V, , values for NR or
NH;fOX varied from 0.5 nmol/(L-d) to 98.4 nmol/(L-d) (in terms of
N) (Horak et al., 2013; Wan et al., 2018; Xu et al., 2019; Zhang
et al., 2020; Mdutyana et al., 2022b) at K, values similar to those
of the marine representative strain SCMI-AOA [K,, = (133
38) nmol/L (Martens-Habbena et al., 2009)]. Although Peng et al.

(2016) and Liu et al. (2023) reduced the K, value of NH; _to
8-27 nmol/L (in terms of N), the V_,, value was only 5-25
nmol/(L-d) (in terms of N). Healey (1980) pointed out that com-
paring K and/or V. alone to understand competitive advant-
age among taxa, conditions, or processes is neither scientific nor
robust. Here, the ratio a of V, to K [Eq. (5)] was introduced as
an index to compare the substrate affinity for nitrification in dif-
ferent regions, depths, and seasons. A higher a value means that
nitrifying microorganisms have a greater substrate competitive
advantage at lower substrate concentrations. We estimate for the
first time the substrate kinetic parameters for nitrification in the
Southern Ocean in situ and under dark conditions in summer
and integrate the reported K, and V. values to calculate o val-
ues to investigate the mechanism regulating substrate affinity in
the global ocean (Dataset S1).

The a4,y and ayg;,, values at Sites C9-09 and C9-05 ranged
from (0.8x 103) ht0 (9.9 x 103) h and (0.2 x 10¥) h" to (7.6 x 103) -,
respectively (Fig. 8a). The reported a4, changed between (0.05 x
10-3) h-! and (50.7 x 10-3) h-! (Horak et al., 2013; Newell et al.,
2013; Peng et al., 2016; Wan et al., 2018; Xu et al., 2019; Zhang et
al., 2020; Mdutyana et al., 2022b) and the reported a;,;, changed
between (0.01 x 10-3) h-1 and (1.5 x 10-3) h~! (Xu et al., 2019).
These «a values cover differences in NH _and NR, euphotic
zone and seasons, and more (details in Dataset S1), reflecting the
broad variability in the substrate kinetics of pelagic nitrification
(Fig. 8). Multiple factors may regulate the variability of a values.

Light is the first factor affecting the substrate kinetics of nitri-
fication. In this study, we found that a values increased with
depth (PAR decay) and were higher under dark conditions. The
deep ayq, and ag,,y values were 2.2 times to 17.3 times and 1.4
times to 7.0 times than that of the shallower layer at the same site,
respectively. In contrast, at the same depth, a,,, was 1.3 times to
3.9 times higher than oy, (Fig. 8a). A negative correlation was
observed between a value and PAR% (slope = -0.12, R>=0.66, p =
0.014 5). Interestingly, a positive linear relationship was ob-
served between oy, and ay,,, with a slope of 1.20 (R?=0.94, p <
0.05, red squares with a red solid fitting line in Fig. 8b), which was
closely related to the positive slope between NR;, ;,, and NRy,
(Fig. 5¢), suggesting that light inhibition has an equally negative
effect on a. The results of the spring western North Pacific Ocean
and the East China Sea showed that a;,;, decreased by 1.5-30.8
times compared with a4, , when light intensity varied from 1.5%
to 48% PAR (Xu et al., 2019), and a positive trend was found
between ay;g,, and ay,, as well (green symbols in Fig. 8b). The
profile of a in the global ocean also shows an increasing trend
with depth, although some fluctuations are observed due to re-
gional and seasonal variations (Fig. 8c). Given that most sub-
strate kinetic parameters are only obtained under dark condi-
tions, quantifying the specific impact of PAR on global « is diffi-
cult. However, light inhibition may be one of the reasons for this
depth change because the residual effect of photoinhibition in-
fluences a4, In our light-dark pairing experiments, both K, and
V. ax Showed changes within less than 24 h of incubation at differ-
ent PARs (Dataset S1), illustrating that light disrupts the compet-
itiveness of nitrifiers for NH; and limits the achievable V, ,,,
which is particularly pronounced under intense light conditions.

The second factor affecting the substrate kinetics of nitrifica-
tion is substrate concentration. We found a negative correlation
between o and [NH;, ] on a global scale, implying an en-
hanced adaptation of nitrifiers to substrate depletion (Fig. 8d).
Remineralized NH; flux was the main factor leading to the sep-
aration of the WCA and WCB niches at depths (Santoro et al.,
2017), with WCA and WCB having low and high «, respectively
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Fig. 8. Nitrification substrate affinity () and its variation in our study sites and the global ocean. a. Comparison of a values under light
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same layer marked with blue arrows and numbers. A negative correlation was observed between « and photosynthetically active radi-
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dark green open triangle, respectively. Linear fit lines and their 95% confidence are plotted, with red and dark green lines for our study
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(Sintes et al., 2016; Santoro et al., 2019). This correspondence  in summer (Wan et al., 2018, and this study), winter (Newell
provides an additional explanation for the increase in a with et al., 2013; Peng et al., 2016; Mdutyana et al., 2022b), and South-
depth, namely, that it is associated with a decrease in NH; flux. ern Hemisphere oceans (Peng et al., 2016; Mdutyana et al.,
In addition, the slopes of the linear fit between NH; ,  and a4, 2022b, and this study) are -0.090 0, —0.085 1, and —0.077 7, re-
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spectively (Fig. 8d). Similar slopes emphasize the key role of
NH; in regulating variations in a4, across global scale. There-
fore, the value of ay,,, can be used to predict the native NH; level
and the possible response of a to changes in NH, providing new
insights into nitrification kinetics.

In addition, the a4, value seems to have a latitude effect, de-
creasing from low to high latitude seas (Fig. 8e), with a larger ab-
solute slope value in the linear fit between a,,, and latitude in
the Northern Hemisphere (0.89) than the Southern Hemisphere
(0.56). This latitude effect may be related to changes in temperat-
ure, and the composition of the nitrifying microbial community,
which deserves further study.

Light and substrate availability coregulate NR and « values,
therefore the estimation of NH4+ turnover times (7) contributed
by nitrification should consider these two factors. Our estimates
[based on Eq. (7)] indicated that T values at 25 m and 200 m at
Site C9-09 were 80.3 d and 8.8 d, respectively; at 60 m and 200 m
at Site C9-05 were 8.0 d and 2.8 d, respectively. These T values are
greater than the 0.6-5.0 d reported for the WNP euphotic zone in
spring, which included the contribution of NH; assimilation by
phytoplankton (Xu et al., 2019). The longest T(80.3 d) at 25 m at
Site C9-09 was plausible because NR was not detectable in the
control treatment, and substrate saturation was not reached with
the addition of tracer, reflecting considerable photoinhibition.
Thus, the nitrification-driven NH] turnover time in the Cosmo-
naut and Cooperation seas is on a monthly scale in surface wa-
ters and on a weekly scale at the base of the euphotic zone dur-
ing summer.

In summary, we describe patterns of  variation in the global
ocean, confirm that a4, is also affected by the residual effects of
high PAR inhibition, and reveal the survival strategies of nitrify-
ing microorganisms in response to photoinhibition and sub-
strate limitation. Conducting experiments under light and dark
conditions simultaneously is necessary to reveal the substrate
kinetics of nitrification more accurately.

4.4 Upwelling effect on nitrification

Our results showed that at 100 m, the spatial variation of
NR,, ., and NR, , fits well with the distribution of upwelling in-
dicators such as anomalies of nitrate, potential temperature (6),
and salinity (Figs 9a-e). The linear positive correlation between
NR;, in» NR g, and nitrate anomaly at 100 m (in situ: slope = 5.1,
R?=0.35, p=0.015 7; in dark: slope = 4.2, R?=0.34, p = 0.017 8;
Fig. 9h) confirms that upwelling promotes nitrification. The
mean maximum NR;, ;,, reached (97.8 + 18.5) nmol/(L-d) (in
terms of N) at Sites C4-04, C8-06, and C9-03, where the strongest
upwelling was observed (nitrate anomalies at 5.5, 5.4, and 4.3,
respectively). The mean value of maximum NR,, ;;,,, decreased to
(50.5 £ 25.9) nmol/(L-d) (in terms of N) for Sites C9-05, P1-07, C7-
05, C9-09, and P1-11 with weak upwelling (nitrate anomaly bet-
ween 1.1 and 3.9), and further decreased to (38.6 + 18.1) nmol/(L-d)
(in terms of N) at non-upwelling sites (nitrate anomaly < 0). Sim-
ilar to NR,, ;;,» NRy, 4 €xhibited a decreasing trend with decreas-
ing upwelling intensity. Upwelling increased the mean maxim-
um NR by approximately 8-fold, both in situ and in the dark,
compared to non-upwelling sites. This phenomenon is similar to
that observed in the Benguela, Chilean, and Peruvian upwelling
systems, where the maximum NH/ _and NO, ,_ reach up to
84-400 nmol/(L-d) and 200-384 nmol/(L-d), in terms of N, re-
spectively (Rees et al., 2006; Ferndndez et al., 2009; Fernandez
and Farias, 2012; Fiissel et al., 2012); and in upwelling zones off
the eastern Hainan Island, where the average of maximum NR

was 14.3 times higher than that in the non-upwelling site (Liu
etal., 2022). Therefore, the higher NR;, ;;,,, and NR ;,, values near
the SB of the ACC in the Cosmonaut and Cooperation seas re-
flect the effect of upwelling (see also Figs S2e-g).

Two main hypotheses have been proposed to explain the en-
hancement of nitrification via upwelling in oligotrophic seas.
First, upwelling or mesoscale eddies provide nutrients and pro-
mote the primary production and regeneration of NHJ, thereby
enhancing nitrification (Clark et al., 2016, 2022; Liu et al., 2022).
Second, upwelling causes changes in AOA communities (Dam-
ashek et al., 2017; Liu et al., 2022) or shifts in the dominant spe-
cies of phytoplankton due to nitracline variations (Wan et al.,
2018). However, unlike low-latitude oligotrophic seas, the upper
waters of the Southern Ocean are rich in nitrate (e.g., the surface
concentration is as high as approximately 17 pmol/L) and the nitracline
is relatively inconspicuous (Fig. 3d). Only a weak linear positive
relationship was found between NR and NO; concentrations
(in situ: slope = 1.09, p = 0.021 2, R = 0.05; in the dark: slope = 1.86,
p =0.007 8, R2=0.06, Fig. 9g). In addition, the dominant species
of phytoplankton in the Antarctic Zone, particularly in the up-
welling zone in summer, are diatoms (Davidson et al., 2010; Pet-
rou et al., 2016; Feng et al., 2022), which mainly assimilates NO3
(Lomas and Glibert, 2000; Glibert et al., 2016) and have little
competition of NH; with nitrification. Our assessment also ruled
out primary production as a major cause for the differences in
photoinhibition and NR between the upwelling and non-up-
welling sites (Text S3, Fig. S5). Therefore, the mechanisms by
which upwelling near the SB front in Cosmonaut and Coopera-
tion seas lead to enhanced nitrification must be determined.
Here, we propose that the CDW upwelling increases NR by
providing nitrifying microorganisms with greater diversity and
higher a to the upper water column as well as by providing iron.

The CDW is a hotspot for archaeal richness and diversity. In
the Amundsen and Ross seas, the relative abundance of Marine
Group I (MGI) with ammonia oxidation function in the CDW was
3.2-30.7 times higher than that in the upper waters (Alonso-
Séez et al., 2011). The diversity of Nitrosopumilus (represented by
SCMI-AOQA) in the Indian Ocean sector (48°-65°S, 71°-99°E),
mesopelagic and abyssal in summer was higher than that on the
surface (<200 m) (Sow et al., 2022). Second, the transport of CDW
allows the dispersal of archaea to Antarctic shelves and other
oceans (Murray et al., 1999; Alonso-Séez et al., 2011; Sintes et al.,
2016). The higher NRs measured in this study appeared in Sec-
tions C8, C9, and P1, which were areas where CDW rose and
mixed with dense shelf water to form Antarctic Bottom Water
(Gao et al., 2022), reflecting the promotion effect of rising CDW
on nitrification. The highest deep NR,, was 141.7 nmol/(L-d) (in
terms of N) at 200 m from slope Site P1-09 (Fig. 3f), which was
comparable to the maximum NHIOX( dark) 1 the CDW of the shelf
and slope regions of the WAP in summer [144.5 nmol/(L-d) (in
terms of N)| (Tolar et al., 2016b). Thus, the rising CDW may bring
nitrifying communities with higher diversity and higher a value
(Fig. 8a) to the upper water column, where they buffer photoin-
hibition and increase NRs through their competitive advantage
for substrates. This was confirmed by observations in the sub-
polar North Atlantic (~ 60°N) and the core of the Ross Sea Gyre
(61°S), where cyclonic eddy-induced vertical displacement of ni-
trifying communities in the sub-euphotic zone enhanced eu-
photic nitrification (Painter, 2011; Kemeny et al., 2016).

Higher DFe provided by the CDW upwelling may alleviate the
limitation of iron on nitrification in the upper water. The key en-
zymes in nitrifying microorganisms have high iron requirements
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(Arp et al., 2002; Liicker et al., 2010; Shafiee et al., 2019). The con-
centration of DFe in the mixed layer of the Southern Ocean is typ-
ically lower than 0.2 nmol/L (Tagliabue et al., 2012), which is
much lower than the requirement of AOA. Studies of the surface
layer in the Indian Ocean sector of the Southern Ocean have
shown that iron is the main factor constraining V.. in winter
(Mdutyana et al., 2022b). In the waters off the Kerguelen Plateau
(marked in Fig. 1), bathymetry-induced CDW increased the iron

supply, resulting in an NR of up to 3 000 nmol/(L-d) (in terms of
N) in the mixed layer (Cavagna et al., 2015). Additionally, CDW
rose strongly near the SB (approximately 65°S) of the ACC, affect-
ing up to 100 m in our cruise (Zu et al., 2022). These findings
provide theoretical support for our observation of higher NRs at
100 m [up to 83.3-146.6 nmol/(L-d) (in terms of N)] at sites with
the strongest upwelling in the open area (Sites C4-04, C8-06, and
C9-03, Fig. 9).
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The continental shelf is another main source of DFe- and Fe-
binding ligands in the Southern Ocean (Herraiz-Borreguero
et al., 2016; Smith et al., 2021, 2022), therefore the intrusion of
CDW onto the shelf and the offshore transport of Fe-rich shelf
waters potentially benefit nitrification. This shelf effect may be
reflected at shelf Site P1-11 (bottom depth 505 m, nitrate anomaly
1.1), where the NR;, ;,,, at the depth of 50-470 m increased signi-
ficantly [20.1-60.6 nmol/(L-d), in terms of N], the mean NR,,
at the depth of 25-300 m was as high as (81.8 + 9.2) nmol/(L-d)
(in terms of N), indicating that sufficient Fe promoted the recov-
ery of NRy, ;. The slope Site P1-09 had a higher [NH}, ] buta
negative nitrate anomaly (-3.05), and its NR,, ;;,, and NR,,, at
50 m were 3.9 times and 4.2 times lower than those at Site P1-11,
respectively, indicating a limited supply of Fe to the upper
layers. However, the higher NR at 200 m from Site P1-09
[108.8 nmol/(L-d) (in terms of N) in situ and 141.7 nmol/(L-d) (in
terms of N) in the dark] may have been due to stronger upwelling
from the adjacent southern shelf Site P1-10 (nitrate anomaly 2.5;
Fig. 9a).

4.5 Assess the alleviation of photoinhibition

Upwelling-induced iron may alleviate photoinhibition and
enhance the NR in the upper water. This was well represented by
the difference in NR response to substrate enrichment (Fig. 4b).
At Site C9-05, strongly affected by CDW upwelling (nitrate anom-
aly 3.91), NR at 60 m responded much faster to substrate supply
than at Site C9-09 (nitrate anomaly 2.21, and negative values at
surrounding sites, Fig. 9a) at 25 m. In the field, both NR,;, ;,,, and
NR, .« responded to upwelling and substrate enhancement, their
responses may have differed slightly. The alleviation of light in-
hibition in NR;, ;,, likely depends mainly on the NH{ supply,
which is related to the lower affinity of AOA for DFe under light
conditions (Shafiee et al., 2019). Residual photoinhibition of
NRg, . was further diminished by CDW upwelling coupled with
NH;, leading to a more rapid and comprehensive dark recovery,
resulting in an increased ANR (NR,,,, minus NR;,, ;) (Fig. 9f).
Laboratory culture experiments have shown that an increase in
chelated iron decreases the photosensitivity of AOB during the
stationary growth phase (Hooper and Terry, 1974). The vertical
variation in the mean value of percentage photoinhibition at the
upwelling and non-upwelling sites fitted the following equations:

Upwelling sites: Light inhibition = [72 - e(=09%%") 4 0.4]x
100% (R?=0.95, p=0.013 4).

Non-upwelling sites: Light inhibition = [86 - e(~°%%") — 10]x
100% (R?=0.96, p=0.028 7).

Comparing the two fitting equations, the photoinhibition at
the upwelling site decays faster with depth, whereas the photoin-
hibition at the non-upwelling site is stronger. The profiles of the
mean NR values at the upwelling and non-upwelling sites are
shown in Fig. 10. The peak values of NR;, ;;,, and NR, , at 100 m
at the upwelling sites were 3.1 times and 2.9 times higher than
those at non-upwelling sites, respectively. NR values in up-
welling sites at 75 m were comparable to those at 100 m, in con-
trast to non-upwelling sites, where NR values at 75 m were re-
duced by 1.9 times compared to those at 100 m. The difference in
the percentage of photoinhibition at each depth between the up-
welling and non-upwelling sites reflected the degree of photoin-
hibition alleviation caused by the CDW upwelling. A simple es-
timate showed that the alleviation to light inhibition varied from
2.2% + 2.5% to 45.4% * 5.3%, with the highest at 75 m (45.4% +
5.3%), followed by 100 m (36.4% + 2.6%) (Fig. 10). Therefore,
CDW upwelling alleviated photoinhibition in the euphotic zone,
thereby improving NR.

Alleviation of photoinhibition/%
0 20 40 60 80 100

—h— upwelling-NR;, g,

300 —@— non-upwelling-NR,, ,
—af—. upwelling-NRy,,
400 ——6—— non-upwelling-NRyu
500 | — zlbltevia‘l)ion of photoinhi-
ition/%
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Depth-mean NR/(nmol-L™'-d™") (in terms of N)

Fig. 10. Depth-averaged profiles of nitrification rate in situ light
(NR,, ;) and in darkness (NRg,,,) and photoinhibition allevi-
ation between upwelling and non-upwelling sites. NR,,, ;,, for up-
welling and non-upwelling sites are indicated by solid pink tri-
angles and solid blue circles, respectively. NR, , for upwelling
and non-upwelling sites are indicated by open triangles and
circles, respectively. The percent alleviation from photoinhibi-
tion calculated from the difference between the percent inhibi-
tion of upwelling and non-upwelling sites is represented by green
horizontal bars with dark green error bars. Note that a break is set
at a depth of 122 m for better visualization.

5 Conclusions

Light inhibition is the primary limiting factor for nitrification
in the Southern Ocean during summer. However, we reveal a
mechanism for alleviating photoinhibition on nitrification. First,
NH; supply from primary production and subsequent reminer-
alization can buffer photoinhibition, thereby decreasing photo-
sensitivity and inhibition levels, as suggested by substrate kinet-
ics experiments. Global substrate affinity suggests that nitrifying
microorganisms adopt a substrate utilization and survival
strategy of increasing a when faced with attenuated light expos-
ure, increased depth, and limited substrate. Second, the mean
maximum NR in the upwelling sites was approximately 8-fold
greater than that in the non-upwelling sites, which can be attrib-
uted to CDW upwelling introducing diverse nitrifying communit-
ies with higher a and higher iron. The up-down coupling of
biogeochemical and physical processes alleviated photoinhibi-
tion and facilitated summer nitrification, with a maximum over-
lapping effect between 75 m and 100 m.

Our study breaks the previous notion that summer epipelagic
nitrification in the Southern Ocean is unimportant due to pho-
toinhibition. The euphotic zone in the Southern Ocean is a feed-
ing hotspot for zooplankton and has been identified as a signific-
ant source of DON, NHI, and Fe (Valdés et al., 2018; Cavan et al.,
2019; Hubot et al., 2021), providing exogenous substrate for nitri-
fication that may buffer against photodamage. Global warming
leads to an increasing trend of Fe (Petrou et al., 2016), and the
strengthening of western winds causes a southward expansion
and upwelling of CDW (Zu et al., 2022), which allows more iron
availability for nitrification. Additionally, each mole of N,0 is
equivalent to a radiative energy of 300 mol of CO, (Masson-Del-
motte et al., 2021). The enhanced nitrification could produce
more active N,O by-products, which may be released into shal-
lower layers through CDW upwelling ventilation, potentially off-
setting some of the radiative benefits of biological carbon export
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(Law and Ling, 2001; Wan et al., 2023). The conceptual diagram
for the mechanism of photoinhibition alleviation and nitrifica-
tion promotion is shown in Fig. 11. Our study demonstrates the
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Fig. 11. Conceptual diagram for the mechanism of photoinhibition alleviation and nitrification promotion in the summer Cosmo-
naut and Cooperation seas of the Indian Sector in the Southern Ocean.
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