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Abstract Net primary production (NPP) fueled by nitrate is often equated with carbon export, providing
a metric for CO2 removal to the deep ocean. This “new production paradigm” assumes that nitrification, the
oxidation of regenerated ammonium to nitrate, is negligible in the sunlit upper ocean. While surface
layer nitrification has been measured in other oceanic regions, very few data exist for the Southern Ocean.
We measured NPP, nitrogen (N) uptake, and nitrification in the upper 200 m across the Atlantic Southern
Ocean in winter and summer. Rates of winter mixed‐layer nitrate uptake were low, while ammonium
uptake was surprisingly high. NPP was also low, such that NPP and total N (nitrate+ammonium) uptake
were decoupled; we attribute this to ammonium consumption by heterotrophic bacteria. By contrast, NPP
and total N uptake were strongly coupled in summer except at two stations where an additional
regenerated N source, likely dissolved organic N, apparently supported 30–45% of NPP. Summertime nitrate
uptake rates were fairly high and nitrate fueled >50% of NPP, indicating the potential for significant
carbon export. Nitrification supplied <10% of the nitrate consumed in summertime surface waters, while in
winter, mixed‐layer nitrification was on average 16 times higher than nitrate uptake. Despite the
near‐zero nitrification rates measured in the summer mixed layer, the classically defined f ratio does not
well‐represent Southern Ocean carbon export potential annually. This is because some fraction of the nitrate
regenerated in the winter mixed layer is likely supplied to phytoplankton in summer; its consumption
cannot, therefore, be equated with export.

1. Introduction

Biological carbon production in oceanic surface waters followed by organic carbon export to the deep ocean
(i.e., via the “biological pump”) is a major contributor to the Southern Ocean's carbon dioxide (CO2) sink,
removing an estimated 3 Pg of carbon from surface waters south of 30°S annually (~33% of the global ocean's
organic carbon flux) (Schlitzer, 2002; Takahashi et al., 2002). This mechanism, combined with physicochem-
ical processes, makes the Southern Ocean the most important oceanic region for natural and anthropogenic
CO2 removal (Caldeira and Duffy, 2000; Devries, 2014; DeVries et al., 2017; Frölicher et al., 2015; Sabine
et al., 2004). Much uncertainty remains in our ability to quantify the Southern Ocean CO2 sink, however
(e.g., Gray et al., 2018; Landschützer et al., 2015; Takahashi et al. 2009), in part due to a poor understanding
of the role of primary production. Phytoplankton never fully consume the macronutrients (nitrate and phos-
phate) available in Southern Ocean surface waters due to a combination of light and iron (and at times, sili-
cate) limitation (Brzezinski et al., 2003; Martin, 1990; Nelson & Smith, 1991; Sunda and Huntsman 1997).
This amounts to a “leak” in the global ocean's biological pump, since more complete consumption of
Southern Ocean surface nutrients could theoretically lower atmospheric CO2 (Sarmiento &
Toggweiler, 1984; Sigman & Boyle, 2000).

In the open ocean, carbon export can be estimated by quantifying key processes in the nitrogen (N) cycle.
The “new production paradigm” defines nitrate (NO3

−) as a “new” nutrient source to phytoplankton
because it is mainly transported into the euphotic zone from depth through physical processes such as
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upward vertical mixing (Dugdale & Goering, 1967). Ammonium (NH4
+), by contrast, is considered a “regen-

erated” nutrient as it is produced in the euphotic zone through recycling (e.g., as a by‐product of hetero-
trophic metabolism or a consequence of grazing). At an ecosystem level, the relative importance of new
versus regenerated N uptake can be quantified by the f‐ratio, a measure of the proportion of phytoplankton
growth supported by deep NO3

− relative to that fueled by NO3
− + NH4

+ (Eppley & Peterson, 1979). Over
appropriate timescales (i.e., annually), the upward flux of N into surface waters must be balanced by an
equivalent N loss, such that the consumption of NO3

− by phytoplankton can be used to estimate the down-
ward flux of organic carbon (“export production”), assuming that carbon and N are incorporated into bio-
mass in a known ratio (Dugdale & Goering, 1967; Eppley & Peterson, 1979).

Using the new production paradigm as originally defined to infer export production relies on the follow-
ing assumptions: (1) The oceanic system is in steady state, meaning that any N loss from the euphotic
zone through grazing and/or organic matter sinking is balanced by the input of new N; (2) there is no
long‐term storage of N in the euphotic zone; (3) there is little to no contribution of N2 fixation, atmo-
spheric N deposition, or dissolved organic N (DON) to N uptake; and (4) the rate of nitrification (the
oxidation of NH4

+ to nitrite [NO2
−] and then NO3

−; see below) is low compared to NO3
− uptake in

the euphotic zone. Violation of one or more of these assumptions can render the new production para-
digm an inadequate framework for understanding and/or quantifying biological carbon export (Bronk
et al., 1994; Dugdale & Goering, 1967; Eppley & Peterson, 1979; Fernández and Raimbault, 2007;
Yool et al., 2007).

Nitrification is the chemoautotrophic process by which heterotrophically regenerated NH4
+ is oxidized

to NO2
− and NO3

−. NH4
+ oxidation is performed by ammonia‐oxidizing archaea and bacteria (AOA

and AOB) while NO2
− oxidation is conducted by nitrite‐oxidizing bacteria (NOB). Nitrification was long

considered insignificant in euphotic zone waters due to nitrifier light inhibition (Hooper & Terry, 1974;
Horrigan et al., 1981; Olson, 1981b; Schön & Engel, 1962) and competition with phytoplankton for
NH4

+ (Smith et al., 2014; Ward, 1985, 2005; Zakem et al., 2018). However, numerous studies have
demonstrated that significant rates of nitrification can occur in the euphotic zone, particularly near
its base (e.g., Beman et al., 2012; Dore and Karl, 1996; Peng et al., 2015; Ward et al., 1989; Yool
et al., 2007). In these cases, some fraction of the NO3

− consumed by phytoplankton constitutes a regen-
erated rather than a new N source and should thus be subtracted from estimates of new production to
avoid overestimating carbon export potential.

Direct measurements of euphotic zone nitrification are extremely limited in the Southern Ocean (Bianchi
et al., 1997; Cavagna et al., 2015; Olson, 1981a). The only two studies that have directly measured nitrifica-
tion in the open Southern Ocean were conducted in early spring (Olson, 1981a) and autumn (Bianchi
et al., 1997), with no data available for the winter or summer. In the winter, a role for surface water nitrifica-
tion in replenishing nutrients has been hypothesized (Sanders et al., 2007) given the low light levels and deep
mixed layers (Buongiorno Nardelli et al. 2017; Mitchell & Holm‐Hansen, 1991; Sverdrup, 1953). NO3

− iso-
tope measurements from the polar Southern Ocean support this hypothesis, suggesting significant rates of
mixed‐layer nitrification in winter (Smart et al., 2015). In addition, most Southern Ocean N uptake studies
were conducted during spring and summer (e.g., Cavagna et al., 2015; Joubert et al., 2011; Lucas et al. 2007;
Mengesha et al., 1998; Sambrotto & Mace, 2000; Savoye et al., 2004; Thomalla et al., 2011; Tripathy
et al., 2017; Waldron et al., 1995) with very few in winter (Cota et al., 1992; Philibert et al., 2015). Since it
is the proportion of nitrification relative to autotrophic NO3

− uptake that matters for estimates of carbon
export potential, this paucity of data prevents us from fully understanding the seasonality of the upper
Southern Ocean N cycle and its implications for atmospheric CO2 drawdown.

Multiple physical processes supply NO3
− to the Southern Ocean euphotic zone, including vertical mixing,

Ekman upwelling, lateral advection, and enhanced advection and mixing associated with small‐scale
dynamics (Carranza & Gille, 2015; Hense et al., 2003; Meskhidze et al., 2007; Moore et al., 2004; Swart
et al., 2015). In the Antarctic Zone (AZ) south of the Polar Front (PF), surface cooling and brine rejection
during sea ice formation in winter deepen the mixed layer, importing subsurface NO3

− into surface waters.
This is augmented by perennial Ekman upwelling of NO3

−
‐rich deep waters driven by the circumpolar wes-

terly winds (Gordon et al., 1977). During spring and summer, sea ice melt and surface warming shoal the
mixed layer, and phytoplankton encounter sufficient light to begin consuming the available NO3

−. The
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water underlying this spring/summer mixed layer, which was part of the preceding winter mixed layer,
retains the low temperatures (<1.2°C) of the winter AZ surface, forming the summer subsurface
temperature minimum layer (Tmin layer) (Gordon et al., 1977; Toole, 1981). The Tmin layer, taken to
represent the initial state from which the surface ocean evolves in spring/summer (Altabet &
Francois, 2001), exchanges water with both the overlying summer mixed layer and the high‐NO3

−

Circumpolar Deep Water (CDW) below (Difiore et al., 2010; Whitworth & Nowlin, 1987). In the more
northerly Polar Frontal and Subantarctic Zones (PFZ and SAZ, respectively), winter heat loss and
summer heat gain result in seasonal changes in mixed layer depth that drive upward vertical mixing of
thermocline NO3

− into surface waters (McCartney, 1975). In addition, large‐scale Ekman circulation
drives net equatorward surface flow into the PFZ and SAZ, transporting AZ NO3

− northward (Gordon
et al., 1977). Seasonal N cycling in the upper AZ may thus be important for the chemistry of surface
waters north of the PF.

To evaluate the new production paradigm as a framework for quantifying the cycling of N and carbon in the
Southern Ocean during winter and summer, we directly measured carbon fixation, N uptake, and nitrifica-
tion across the Atlantic sector in both seasons. Rates of net primary production (NPP), NH4

+ and NO3
−

uptake, and NH4
+ and NO2

− oxidation were quantified along the GoodHope repeat hydrographic line
between South Africa and Antarctica, which traverses all the major zones of the Southern Ocean
(Ansorge et al. 2005). With the resultant data, we attempt to address the following questions: (1) How do
the rates of NPP, N uptake, and nitrification differ between seasons? (2) Are NPP and N uptake coupled,
and if not, why not? (3) How important is mixed‐layer NO3

− regeneration (i.e., nitrification) relative to auto-
trophic NO3

− assimilation in both seasons and annually? (4) What are the implications of the above for esti-
mates of Southern Ocean carbon export?

Figure 1. Map showing the location of the stations sampled between Cape Town and Antarctica along the GoodHope
line overlain on summertime surface nitrate concentration ([NO3

−]) climatology (WOA18). Stations 1–4 were
sampled in winter and summer while the South Georgia (SG) and Ice Shelf (IS) stations were sampled only in summer.
The mean positions of the major fronts, identified according to Orsi et al. (1995), are indicated by the horizontal black
lines (STF, Subtropical Front; SAF, Subantarctic Front; PF, Polar Front; SACCF, Southern Antarctic Circumpolar
Current Front) and the major Southern Ocean zones relevant to this study are labeled (SAZ, Subantarctic Zone; PFZ,
Polar Frontal Zone; AZ, Antarctic Zone). The dashed white line indicates the northern extent of the sea ice encountered
during the winter cruise. Figure made using Ocean Data View (Schlitzer 2015).
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2. Materials and Methods
2.1. Sampling Location

Sampling was conducted aboard the R/V SA Agulhas II along the GoodHope line, with four stations
(Stations 1–4) sampled on a winter cruise (W15; July to August 2015) between Cape Town and 56°S (the
northern extent of the winter sea ice) and six stations (Stations 1–4, a station near South Georgia island
(SG), and an Ice Shelf station (IS)) sampled during a summer cruise (SANAE55; December 2015 to
February 2016) between Cape Town and Antarctica (Figure 1). On both cruises, Stations 1–4 were sampled
within a 2‐week period, in July 2015 and January 2016, respectively, while SG was sampled at the end of
December 2015 and IS was sampled at the end of January 2016.

2.2. Shipboard Incubation Experiments

Seawater was collected using a CTD‐rosette equipped with 24 × 12 L Niskin bottles and transferred into
acid‐washed polycarbonate Nalgene bottles following 200 μm prefiltration to remove large grazers.
Samples were collected from depths representing 55%, 30%, 10%, and 1% of the available photosynthetically
active radiation (PAR), as well as from 200 m (hereafter, “dark”). In winter, samples were also collected at
the mixed layer depth (MLD), approximated from the CTD temperature profiles measured on the downcasts
as the shallowest depth at which temperature changed by 0.2°C relative to a reference depth of 10 m (de
Boyer Montégut et al., 2004). MLDs calculated from potential density after the cruise yielded similar values
to those estimated during sampling. Hereafter, we use the temperature‐derived MLDs because these are the
depths from which samples were collected in winter. The winter temperature‐derived MLDs were always
deeper than 1% PAR but shallower than 200 m (Figure 2; Table 1). A separate MLD sample was not collected
in summer because the mixed layer was either shallower than the base of the euphotic zone (Stations 1, 4,
SG, and IS) or fairly similar to it (Stations 2 and 3). The dark and MLD incubation bottles were covered with
opaque black plastic prior to filling to prevent light penetration.

From each depth, duplicate bottles were amended with 15NO3
− to measure NO3

− uptake (final tracer con-
centration of 2.05 μmol L−1). An additional set of duplicate bottles was amended with 15NH4

+ to measure
NH4

+ uptake and oxidation (final tracer concentration of 0.2 μmol L−1). The NH4
+ bottles from the 1% light

depth, MLD, and 200 m were also amended with 14NO2
− (0.2 μmol L−1) to act as an “isotope trap” for the

NH4
+ oxidation experiments given the low ambient NO2

− concentrations. Duplicate bottles from four light
depths (55%, 10%, 1%, and dark) were amended with 15NO2

− in order to measure NO2
− oxidation. From all

NH4
+ and NO2

− incubation bottles, initial (T0) subsamples (50 ml) were collected immediately after the
addition of 15NH4

+ + 14NO2
− and 15NO2

−, and final (Tf) subsamples were taken upon incubation termina-
tion. Subsamples were stored frozen at −20°C until analysis. All incubation bottles were also amended with

Figure 2. CTD‐derived temperature profiles for all stations sampled in (a) winter and (b) summer. The horizontal black
lines represent the temperature‐derived MLDs.
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H13CO3
− (final tracer concentration of 100 μmol L−1) so that NPP could be measured concurrently with N

uptake.

Sample bottles were incubated in custom‐built on‐deck incubators equipped with neutral density screens
and supplied with running surface seawater to simulate in situ light and temperature conditions.
Incubations lasted 24 hr to ensure sufficient transfer of the isotope tracer to the product pool that was ulti-
mately measured; this is particularly relevant for the NH4

+ andNO2
− oxidation experiments and possibly for

N uptake in winter, which we expected to be slow. However, the long incubation period means that our N
uptake rates may be underestimated due to the potential loss of 15N through its release by phytoplankton
into the dissolved organic N (DON) pool (Bronk et al., 1994) and/or the dilution of the 15NH4

+ pool by
the ammonification of unlabeled particulate organic N (Glibert et al., 1982) (see section 3.3 and Text S1
for a discussion of NH4

+ isotope dilution). The uptake experiments were terminated by filtering the incu-
bated water through precombusted 0.7 μm Whatman glass fiber (GF/F) filters to collect the particulate
organic biomass. The GF/Fs were oven‐dried shipboard at 45°C for 24 hr, fumed with hydrochloric acid
for 24 hr inside a desiccator to remove inorganic carbon, further oven‐dried for 3 hr, then pelletized into
tin cups and stored in a desiccator until analysis.

Table 1
Winter and Summer Surface Layer‐Integrated Rates Measured at All Stations

Station 1 Station 2 Station 3 Station 4 South Georgia (SG) station Ice shelf (IS) station

Winter
Latitude 42°S 45°S 50°S 55°S
MLD (m) 140 140 150 130
1% PAR (m) 83 83 115 115
NPP (mmol C m−2 day−1) 7.08 5.93 6.49 4.38
ρNO3

− (mmol N m−2 day−1) 0.39 0.54 0.21 0.13
ρNH4

+ (mmol N m−2 day−1) 4.34 6.46 9.47 3.50
f ratio 0.10 0.11 0.03 0.04
NH4

+
ox (mmol N m−2 day−1) 1.96 3.20 9.87 1.61

NO2
−
ox (mmol N m−2 day−1) * 5.56 6.90 6.53

NH4
+
ox/ρNO3

− 5.07 5.98 46.6 12.7
NO2

−
ox/ρNO3

− 25.2 2.80 12.6 15.8
f ratio(corrected) (NH4

+
ox) −0.33 −0.38 −1.00 −0.41

f ratio(corrected) (NO2
−
ox) * −0.72 −0.69 −1.77

NH4
+
ox/ρNH4

+ 0.45 0.50 1.04 0.46
Summer
Latitude 42°S 45°S 50°S 55°S 55°S 70°S
MLD (m) 50 108 67 30 42 40
1% PAR (m) 83 80 48 55 55 70
NPP (mmol C m−2 day−1) 31.4 44.8 57.3 40.8 48.0 20.7
ρNO3

− (mmol N m−2 day−1) 1.70 2.30 3.46 3.89 6.95 2.85
ρNH4

+ (mmol N m−2 day−1) 1.57 5.60 1.34 1.15 1.07 0.81
f ratio 0.52 0.29 0.72 0.77 0.87 0.78
NH4

+
ox (mmol N m−2 day−1) 0.08 0.12 0.03 0.04 0.16 0.08

NO2
−
ox (mmol N m−2 day−1) 0.16 0.18 0.05 0.03 0.50 0.03

NH4
+
ox/ρNO3

− 0.05 0.05 0.01 0.01 0.02 0.03
NO2

−
ox/ρNO3

− 0.10 0.08 0.01 0.01 0.07 0.01
f ratio(corrected) (DON) 0.52 0.29 0.40 0.55 0.87 0.78
f ratio(corrected) (NH4

+
ox) 0.50 0.28 0.72 0.76 0.85 0.76

f ratio(corrected) (NO2
−
ox) 0.47 0.27 0.71 0.77 0.80 0.77

NH4
+
ox/ρNH4

+ 0.05 0.02 0.02 0.04 0.15 0.10

Note. In winter, rates were integrated to the MLD, while in summer, rates were integrated to the base of the euphotic zone (1% PAR) at Stations 1, 4, SG, and IS
and to the MLD at Stations 2 and 3 (see section 2.7 for details). For the “MLD” and “1% PAR” rows, the bold text indicates the surface layer over which the rates
were integrated. The asterisk (*) symbol indicates that no data are available. In summer, the value of the “f ratio(corrected)” shown in bold text indicates our most
conservative estimate of the seasonal f ratio after urea assimilation and nitrification (using the higher of the NH4

+
ox versus NO2

−
ox rate) have been accounted

for. We note that ρNH4
+ does not take into account possible isotope dilution due to NH4

+ regeneration. Experiments were not conducted at the SG or IS stations
in winter.
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2.3. Nutrient Concentrations

Seawater samples were collected at regular intervals through the upper 200 m for analysis of nutrient con-
centrations. In winter, nutrient samples were analyzed shipboard for NO3

− + NO2
− and NO2

− concentra-
tions, while samples for NH4

+ concentrations and all summer nutrient samples were immediately frozen
at −20°C until analysis on shore directly following the cruises. The concentration of NO3

− + NO2
− was

determined using a Lachat QuickChem® flow injection autoanalyzer in a configuration optimized for high
concentrations (detection limit of 1.3 μmol L−1 and precision of ±0.26 μmol L−1). Ambient NO2

− concentra-
tions were measured manually using the colorimetric method of Grasshoff et al. (1983) (detection limit of
0.004 μmol L−1 and precision of ±0.002 μmol L−1). NH4

+ concentrations were analyzed using the fluoro-
metric method of Holmes et al. (1999), as updated by Taylor et al. (2007) (detection limit of 0.05 μmol L−1

and precision of ±0.02 μmol L−1).

2.4. Carbon and N Biomass Concentrations and NPP and N Uptake Rates

The concentration and isotopic composition of particulate organic carbon (POC) and N (PON) on the GF/F
filters was analyzed using a Delta V Plus isotope ratio mass spectrometer (IRMS) coupled to a Flash 2000 ele-
mental analyzer, with a detection limit of 2 μg C and 1 μg N and precision of ±0.005 At% for both C and N.
The rates of carbon fixation (i.e., NPP) and NO3

− and NH4
+ uptake were calculated according to the equa-

tions of Dugdale and Wilkerson (1986) as follows:

ρM¼ PM½ � × At%finalð Þ
At%initial − At%natural abundanceð Þ × T

(1a)

where

At%final¼ At%measured − At%natural abundanceð Þ (1b)

and

At%initial¼
M½ �ambient × At%natural abundanceð Þ þ M½ �tracer × 99%

� �

M½ �initial
� � (1c)

Here, M refers to the species of interest: C, NO3
−, or NH4

+; ρM is the transport rate of that species
(μmol L−1 day−1); [PM] is the concentration of POC or PON (μmol L−1) collected at the end of each incu-
bation; At%natural abundance is 1.07% for 13C and 0.365% for 15N; [M]ambient is the water column concentra-
tion of dissolved inorganic carbon (DIC), NO3

−, or NH4
+ (μmol L−1) at the time of sampling, measured at

the surface for DIC (Bakker et al., 2016) and at all experiment depths for NO3
− and NH4

+ (Figures 3a–3d);
At%measured refers to the % 13C or 15N measured in the PM by IRMS while At%final corrects this value for
the % 13C or 15N initially present (taken to be At%natural abundance); At%initial refers to the % 13C or 15N in
the incubation seawater directly following tracer addition; [M]tracer is the concentration of 13C or 15N tra-
cer added; [M]initial = [M]ambient + [M]tracer; and T refers to the incubation length (days).

Specific uptake rates (VM; d
‐1) were calculated by normalizing ρM to the ambient [PM] (i.e., VM = ρM/PM)

and used to calculate the f ratio according to Eppley and Peterson (1979) as

f ratio¼ VNO3

VNO3 þ VNH4
(2)

2.5. Ammonium Oxidation

Using the azide method of McIlvin and Altabet (2005) as amended by Peng et al. (2015), NO2
− produced

from NH4
+ oxidation was converted to N2O gas that was then measured by IRMS. In brief, a 1:1 fresh mix-

ture of 2 mol L−1 sodium azide and 20% acetic acid buffer was prepared daily and purged with helium gas
(He) for 20 min to remove any N2O produced from NO2

− in the reagents. Samples were aliquoted into
gas‐tight vials that were purged with He for 10 min, after which 0.4 ml of sodium azide/acetic acid buffer
was added to each vial. Vials were incubated for 1 hr at room temperature, and sample pHwas then adjusted
to >12 via the addition of 0.3 ml of 10 mol L−1 sodium hydroxide (NaOH).
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The concentration of N2O and ratio of 45N2O/
44N2O (where 45N2O derives from 15NO2

−, the latter produced
from the oxidation of 15NH4

+) weremeasured using a Delta V Plus IRMSwith a custom‐built purge‐and‐trap
front end (McIlvin & Casciotti, 2011). This configuration yields a detection limit of 0.2 nmol of N with a pre-
cision in δ15N of 0.2‰ (δ15N, in‰ vs. air, = (15N/14Nsample/

15N/14Nair – 1) × 1,000). The δ15N of NO2
− was

calculated from 45N2O/
44N2O according to Peng et al. (2015).

The rate of NH4
+ oxidation (NH4

+
ox; nmol N L−1 day−1) was calculated following Peng et al. (2015) as

NHþ
4 ox¼

Δ 15NO2
−ð Þ

f 15NH4
× T

(3)

Where Δ(15NO2
−) is the change in the concentration of 15NO2

− (nmol L−1) between the start and end of
the incubation due to 15NH4

+ oxidation, calculated as the difference in the measured δ15N of NO2
−

between the Tf and T0 samples, f 15NH4
is the fraction of the NH4

+ substrate labeled with 15N at the start

of the incubation, and T is the incubation length (days). All 15NO2
− produced during the incubations

was assumed to derive from 15NH4
+ oxidation. The detection limits for winter and summer NH4

+
ox rates

ranged from 0.02 to 1.87 nmol N L−1 day−1 and 0.02 to 4.61 nmol N L−1 day−1, respectively. While not
discussed here, specific NH4

+ oxidation rates (λNH4_ox = NH4
+
ox/[NH4

+]) are included in the data product
associated with this study.

2.6. Nitrite Oxidation

The denitrifier‐IRMS method (McIlvin & Casciotti, 2011; Sigman et al., 2001) was used to measure the δ15N
of NO3

− produced from 15NO2
− oxidation. Prior to isotope analysis, samples were treated with sulfamic acid

(15 mmol L−1) for 1 hr to remove any NO2
− remaining at the end of the experiments, after which sample pH

was adjusted to ~7–8 via the addition of 2 mol L−1 NaOH. To account for inefficiencies in NO2
− removal,

both Tf and T0 samples were treated with sulfamic acid and analyzed for δ15N‐NO3
− (more accurately,

δ15N‐NO3
− + NO2

−), with the difference between them taken as the 15NO3
− enrichment due to NO2

−

Figure 3. Upper water column (0–200 m) concentrations in winter and summer of (a and b) NO3
−, (c and d) NH4

+, (e and f) NO2
−, and (g and h) POC, as well as

biomass C:N ratios (i and j).
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oxidation (Peng et al., 2015). International reference materials (IAEA‐N3, USGS 34, and USGS 32) were used
for calibration of the measured δ15N‐NO3

−.

The rate of NO2
− oxidation (NO2

−
ox; nmol N L−1 day−1) was calculated following Peng et al. (2015) as

NO−
2 ox ¼

Δ 15NO3
−ð Þ

f 15NO2
× T

(4)

where Δ(15NO3
−) is the change in the concentration of 15NO3

− (nmol N L−1) between the start and end of
the incubation due to NO2

− oxidation, calculated as the difference in the measured δ15N of NO3
− between

the Tf and T0 samples, f 15NO2
is the fraction of the NO2

− substrate labeled with 15N at the start of the incu-

bation, and T is the incubation length (days). Detection limits for NO2
−
ox rates ranged from 0.1 to

2.17 nmol N L−1 day−1 and 0.24 to 2.68 nmol N L−1 day−1 for winter and summer, respectively. While
not discussed here, specific NO2

− oxidation rates (λNO2_ox = NO2
−/[NO2

−]) are included in the data pro-
duct associated with this study.

2.7. Choice of Upper Layer Integration Depth

Summertime rates (NPP, ρNO3
−, ρNH4

+, NH4
+
ox, and NO2

−
ox) were typically trapezoidally integrated to

the base of the euphotic zone, assuming that phytoplankton would have been active wherever the light levels
were ≥1% PAR. Exceptions to this were Stations 2 and 3, at which the MLD was deeper than the base of the
euphotic zone (Table 1). Here, phytoplankton would have been regularly mixed out of the euphotic zone,
such that a more appropriate integration depth is the base of the mixed layer. Incubation experiments were
not conducted at the MLD at Stations 2 and 3, however, so MLD rates were approximated by linearly inter-
polating between the rates measured at 1% PAR and 200 m (Peng et al., 2018). The wintertime rates were
integrated to the MLD, which was always deeper than the euphotic zone (Table 1). Hereafter, we use “sur-
face layer‐integrated” to refer to either euphotic zone‐ or MLD‐integrated rates, depending on which surface
layer boundary was deeper.

3. Results
3.1. Hydrography and Nutrient Concentrations

Temperatures over the upper 200 m were generally lower in winter than summer, with deeper mixed layers
computed for the winter (average of 140 m) than the summer (average of 56 m) and deeper MLDs in the SAZ
than the AZ in both seasons (Figure 2). The winter MLDs were similar to the maximum values expected for
the Atlantic sector (typically≤200 m in the SAZ and≤150 m in the PFZ and AZ; du Plessis et al., 2017; Sallée
et al. 2010). Below themixed layer, the Tmin was evident at the PFZ/AZ stations (3, 4, and SG) in summer and
a Tmax layer was apparent at the SAZ stations (1 and 2) in winter.

The winter stations were characterized by mixed layers that were deeper than the base of the euphotic zone
(average depth of 99 m; Table 1), yielding an almost homogenous vertical distribution of NO3

− in euphotic
zone waters (Figure 3a). In summer, most stations were characterized by MLDs shallower than 1% PAR
(average depth of 65 m) and NO3

− showed a more nutrient‐like profile (Figure 3b). There was almost no
winter‐to‐summer difference in the average mixed‐layer NO3

− concentration at each station, possibly
because the winter sampling occurred before the period of maximum NO3

− recharge and/or the summer
sampling before the period of maximumNO3

− drawdown (Johnson et al., 2017). Surface layer NO3
− concen-

trations increased with increasing latitude, with the exception of the southernmost IS station in summer
where the intermediate NO3

− concentration of Lower CDW (LCDW) was observed (Figure 3b). In winter,
NH4

+ concentrations in the upper 200 m ranged from below detection to 1.63 μmol L−1 (Figure 3c), showed
no robust trend with depth and were significantly higher at Station 3 (average of 1.00 ± 0.40 μmol L−1) than
at the other stations (average of 0.57 ± 0.25 μmol L−1). Summertime NH4

+ concentrations were lower than
in winter (average of 0.13 ± 0.03 μmol L−1; range of below detection to 0.84 μmol L−1) and generally reached
amaximum near the base of the euphotic zone (Figure 3d). NO2

−was present throughout the upper 200m at
similar concentrations in both seasons, averaging 0.16 ± 0.02 μmol L−1 in winter and 0.23 ± 0.01 μmol L−1 in
summer (Figures 3e and 3f).
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3.2. Particulate Organic Carbon Concentrations and Rates of NPP

In winter, all the stations were characterized by a low and roughly homogenous vertical distribution of POC
in the mixed layer (ranging from 1.41 to 6.69 μmol L−1; average of 3.06 ± 0.24 μmol L−1) (Figure 3g), and no
robust relationship was observed between latitude and POC. The wintertime biomass C:N ratios were also
fairly invariant throughout the upper 200 m (range of 7.4 to 10.4; seasonal average of 8.4 ± 0.6)
(Figure 3i). Summertime surface layer POC concentrations at Stations 1–4 were on average higher than in
winter, ranging from 3.16 to 10.65 μmol L−1 (seasonal average of 7.85 ± 0.58 μmol L−1) (Figure 3h). The ver-
tical POC distribution appeared to follow the light curve, with higher concentrations in surface waters that
decreased with depth to a minimum below the euphotic zone. Stations 1–4 and SG were characterized by
similar levels of biomass accumulation (surface layer averages ranging from 5.70 ± 0.40 μmol L−1 to
8.57 ± 1.45 μmol L−1), while maximum concentrations were observed at the IS station (euphotic zone aver-
age of 11.96 ± 1.82 μmol L−1). The summertime C:N ratios were fairly constant throughout the surface layer
(range of 4.8 to 8.8; seasonal average of 6.9 ± 0.2), with slightly higher C:N ratios at Station 1 and IS (average
of 8.3 ± 0.3 and 8.1 ± 0.6, respectively) (Figure 3j).

Rates of NPPmeasured during winter were extremely low and roughly invariant throughout the mixed layer
at all stations, with a seasonal average of 44 ± 1.6 nmol C L−1 day−1 (mixed‐layer averages of 40 ± 2.2 to
47 ± 3.5 nmol C L−1 day−1). Summertime rates weremuch higher, with a seasonal average of 674 ± 260 nmol
C L−1 day−1 (surface layer averages of 320 ± 20 to 1,064 ± 187 nmol C L−1 day−1), and generally decreased
with depth as light levels declined. NPP in summer was higher to the south (Stations 3, 4, and SG), with the
highest rates observed at Station 3 (surface layer average of 1,044 ± 205 nmol C L−1day−1) (Figures 4a, 4f, 5a,
6a, 7a, and 7d).

3.3. Nitrogen Uptake Rates

The winter stations were characterized by low euphotic zone NO3
− uptake rates (ρNO3

−) averaging
1.52 ± 0.24 to 9.02 ± 2.42 nmol N L−1 day−1 (seasonal average of 4.81 ± 1.49 nmol N L−1 day−1)
(Figures 4c, 4h, 5c, and 6c). The rates tended to decrease slightly with depth and were two‐ to threefold

Figure 4. Upper water column (0–200 m) rate measurements at Stations 1 (SAZ; 42°S) and 2 (SAZ; 45°S) in winter and summer. Station 1: (a) NPP, (b) ρNH4
+,

(c) ρNO3
−, (d) nitrification (NH4

+
ox and NO2

−
ox) in winter and (e) nitrification (NH4

+
ox and NO2

−
ox) in summer. Station 2: (f) NPP, (g) ρNH4

+, (h) ρNO3
−,

(i) nitrification (NH4
+
ox and NO2

−
ox) in winter, and (j) nitrification (NH4

+
ox and NO2

−
ox) in summer. For panels (d) and (i), the x axis to the left of the dashed

gray vertical line has been expanded to better show the rates lower than 100 nmol L−1 day−1. Blue and red symbols represent winter and summer, respectively.
On all panels, the MLD is shown by the dotted horizontal line and the euphotic zone depth by the solid horizontal line, in blue for winter and red for
summer. Error bars indicate the standard error of replicate experiments, each measured at least twice. Where error bars are not visible, they are smaller than the
data markers. We note that ρNH4

+ does not take into account possible isotope dilution due to NH4
+ regeneration.
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higher in the SAZ than the PFZ and AZ. No relationship was observed between ρNO3
− and NO3

−

concentration (Figure 8a). The NH4
+ uptake rates (ρNH4

+) were about tenfold higher than ρNO3
−, with

mixed‐layer averages of 45.7 ± 24.4 to 115.8 ± 70.1 nmol N L−1 day−1 (seasonal average of
66.6 ± 14.4 nmol N L−1 day−1) (Figures 4b, 4g, 5b, and 6b). These elevated values of ρNH4

+ were
generally higher in the surface than at depth and appeared to co‐vary with the ambient NH4

+

concentration (Figure 8b). No relationship was evident with latitude.

In summer, surface layer‐averaged ρNO3
− at Stations 1–4 was an order of magnitude higher than in winter,

ranging from 30.3 ± 7.5 to 61.9 ± 8.8 nmol N L−1 day−1 (seasonal average of 45.6 ± 6.8 nmol N L−1 day−1)
(Figures 4c, 4h, 5c, and 6c). The rates decreased with depth along with the decline in light availability.
Integrated ρNO3

− increased from north to south, as did the contribution of ρNO3
− to total N uptake

(Table 1). The IS station was characterized by similar ρNO3
− to Stations 1–4 (Figure 7e) while ρNO3

− at
the SG station was significantly higher (surface layer average of 81.3 ± 30.7 nmol L−1 day−1 and euphotic
zone‐integrated rate of 7.0 mmol m−2 day−1; Figure 7b). In general, all the summer stations were character-
ized by lower ρNH4

+ than ρNO3
−, except Station 2 where ρNH4

+ was twice ρNO3
−. The maximum surface

layer‐integrated ρNH4
+ was observed at this station (5.6 mmol N m−2 day−1; Figure 4g).

We note that our estimates of ρNH4
+ were not corrected for possible NH4

+ regeneration in the incubation
bottles, which can dilute the 15N‐NH4

+ substrate pool during tracer experiments, potentially yielding under-
estimates of ρNH4

+ if not accounted for (Glibert et al., 1982) (see Text S1). However, the ambient euphotic
zone NH4

+ concentrations were relatively high (Figures 3c and 3d), which buffers ρNH4
+ against isotope

dilution to some extent. In addition, using the only available estimate of NH4
+ regeneration for the open

Southern Ocean (50 nmol N L−1 day−1; Goeyens et al. 1991), we calculate that ρNH4
+may have been under-

estimated by a factor of 1.09 to 1.24 (1.19 on average). Such underestimation, while not insignificant, does
not change the general trends that we observe. For example, the ratio of ρNO3

− to ρNH4
+ remains >1

(i.e., ρNO3
− dominates) in all cases where it was >1 when NH4

+ regeneration was assumed to be zero.
Finally, the 13C‐enrichment of the DIC pool will not be altered by regeneration rates on the order of
50 nmol N L−1 day−1 (~330 nmol C L−1 day−1 equivalent assuming Redfield stoichiometry) because of

Figure 5. Upper water column (0–200 m) rate measurements at Station 3 (PFZ; 50°S) in winter and summer. Panels and symbols are the same as in Figure 4.

Figure 6. Upper water column (0–200 m) rate measurements at Station 4 (AZ; 55°S) in winter and summer. Panels and symbols are the same as in Figure 4.
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the high ambient DIC concentrations (≥2,000 μmol C L−1). Thus, if ρNH4
+ were greatly underestimated, VC

should be higher than VNH4 + VNO3 (i.e., VC:(VNH4 + VNO3) > 1:1). This is the case only at Station 3 and pos-
sibly Station 4, where other factors could explain the carbon and N decoupling (see section 4.1.3). We con-
clude that ignoring NH4

+ regeneration had a fairly minor effect in this study; however, our estimates of
ρNH4

+ should nonetheless be considered potential rates.

3.4. Nitrification Rates
3.4.1. Ammonium Oxidation
In winter, the average mixed‐layer NH4

+ oxidation rates (NH4
+
ox) at Stations 1–4 ranged from 10.7 ± 4.0 to

92.6 ± 54.0 nmol N L−1 day−1 (seasonal average of 38.9 ± 15.9 nmol N L−1 day−1) and NH4
+
ox was measur-

able in euphotic zone waters at all stations (Figures 4d, 4i, 5d, and 6d). The rates rougly covaried with ambi-
ent NH4

+ concentrations ≤0.7 μM, above which there appeared to be no relationship of NH4
+
ox with NH4

+

concentration (Figure 8c).

Figure 7. Summertime upper water column (0–200 m) rates measured at the SG station (55°S) of (a) NPP, (b) ρN (i.e., ρNO3
− and ρNH4

+), and (c) nitrification
(NH4

+
ox and NO2

−
ox), and at the IS station (70°S) of (d) NPP, (e) ρN, and (f) nitrification. The MLD is shown by the dotted horizontal line and the euphotic zone

depth by the solid horizontal line. Error bars indicate the standard error of replicate experiments, each measured at least twice. Where error bars are not visible,
they are smaller than the data markers. We note that ρNH4

+ does not take into account possible isotope dilution due to NH4
+ regeneration.
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In summer, Stations 1–4 were characterized by NH4
+
ox rates that were ten‐ to 100‐fold lower than those

measured in winter. NH4
+
ox was low or below detection in the surface layer (seasonal average of

1.1 ± 0.3 nmol N L−1 day−1), increasing slightly at 200 m (Figure 4e, 4j, 5e, and 6e). Similar NH4
+
ox rates

were observed at the IS station (range of below detection to 6.0 nmol N L−1 day−1), with the highest rate
at the base of the euphotic zone (Figure 7f). The SG station was characterized by the highest summertime
rates, three‐ to twelvefold higher than those measured at the other stations (range of 0.7 to
30.1 nmol N L−1 day−1; Figure 7c). The SG station also showed a clear increase in NH4

+
ox with depth, with

the maximum rate observed at 200 m.
3.4.2. Nitrite Oxidation
Wintertime mixed‐layer NO2

− oxidation rates (NO2
−
ox) at Stations 1–4 averaged 54.8 ± 17.0 to

98.4 ± 69.8 nmol N L−1 day−1 (seasonal average of 81.7 ± 19.2 nmol N L−1 day−1) and were highest near
the base of the mixed layer (Figures 4d, 4i, 5d, and 6d). In summer, the NO2

−
ox rates at Stations 1–4 were

low in the surface layer (station average of 0.7 ± 0.1 to 2.6 ± 0.8; seasonal average of 1.3 ± 0.4 nmol N L−1

day−1) and reached a maximum at 200 m (range of 8.7 to 32.0 nmol N L−1 day−1; seasonal average of
18.3 ± 4.4 nmol N L−1 day−1) (Figures 4e, 4j, 5e, and 6e). While the IS station showed similar NO2

−
ox rates

to Stations 1–4 (Figure 7f), the SG station was characterized by relatively high rates, both within the euphotic
zone (range of 10.9 to 24.0 nmol N L−1 day−1) and at 200 m (36.8 nmol N L−1 day−1) (Figure 7c); these were
the highest NO2

−
ox rates measured for the summer.

3.5. f Ratio Estimates

The surface layer depth‐weighted average f ratios, calculated using Equation 2, were very low in winter
(range of 0.03 to 0.11; seasonal average of 0.07) and generally decreased from north to south (Table 1). In
summer, the f ratios were much higher (range of 0.29 to 0.87; seasonal average of 0.66) and increased south-
wards, with the highest f ratio computed for the SG station.

4. Discussion
4.1. Seasonal Trends in NPP and N Uptake Across the Atlantic Southern Ocean
4.1.1. Rates of Carbon Production in the Context of Earlier Measurements
The summertime surface‐integrated rates of NPP, ranging from 31 to 58 mmol C m−2 day−1, are similar to
rates measured previously in the PFZ near South Georgia Island (34 to 45 mmol C m−2 day−1) (Gilpin et al.
2002) where productivity is expected to be high due to an enhanced input of iron (Korb et al., 2005) and pos-
sibly silicate (Whitehouse et al. 2000). In a late summer study conducted along the GoodHope line, Joubert
et al. (2011) did not measure NPP directly, but the total carbon production implied by their N uptake rates is
consistent with our measurements (~44 ± 19 mmol C m−2 day−1 assuming an NPP:N uptake ratio of 106:16;
Redfield, 1934). Our rates are double those measured in the open Atlantic Southern Ocean during spring
(17–25 mmol C m−2 day−1; Jochem et al., 1995) and late summer (4–22 mmol C m−2 day−1; Froneman

Figure 8. Relationship between the measured rates of (a) NO3
− uptake and the ambient NO3

− concentration, (b) NH4
+ uptake and the ambient NH4

+

concentration, and (c) NH4
+ oxidation and the ambient NH4

+ concentration. Blue symbols represent winter and red symbols represent summer. In panel (a),
the left‐hand y axis (red) applies to the summer data and the right‐hand y axis (blue) to the winter data.
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et al., 2001), possibly because our sampling occurred after the mixed layer had shoaled sufficiently to relieve
phytoplankton from light limitation (as might have been experienced in spring) but before the onset of
extreme iron deficiency (as likely occurred in late summer). We observe no clear latitudinal gradient in
summertime NPP, with the maximum rate occurring in the PFZ (Station 3). This, too, is consistent with
earlier work from the Atlantic sector showing similar rates of NPP across the SAZ and AZ and elevated
production in the PFZ (Froneman et al., 1995, 2001). Station 3 was located very close to the PF where
surface divergence drives the upward supply of nutrient‐rich (including iron and silicate) waters to the
euphotic zone (Hense et al., 2000; Tremblay et al., 2002), which likely explains the higher productivity of
this station.

MLD‐integrated NPP (4 to 7 mmol C m−2 day−1) is significantly lower in the winter and similar to the lone
existing measurement from the wintertime Southern Ocean south of Africa (~11 mmol C m−2 day−1 in the
SAZ; Froneman et al., 1999), as well as to winter data from the AZ off the West Antarctic Peninsula
(1 ± 0.4 mmol C m−2 day−1; Kottmeier & Sullivan, 1987). Our NPP data are thus consistent with previous
characterizations of the Southern Ocean as productive in summer and largely biologically dormant in winter
(Heywood and Whitaker 1984; Smith & Nelson, 1986). This is supported by the higher biomass C:N ratios
observed in winter (8.4 ± 1.2) versus summer (6.7 ± 0.6), which suggest a role for heterotrophic degradation
in autumn/early winter, driving the preferential remineralization of organic N over C (Schneider et al., 2003),
and the dominance of balanced phytoplankton growth in summer that yields biomass with a C:N ratio simi-
lar to the Redfield ratio of 6.63:1 (Martiny et al., 2013; Redfield, 1934).
4.1.2. Potential Drivers of Nitrate Versus Ammonium Uptake
On average across the transect, summer is characterized by higher depth‐integrated ρNO3

− than ρNH4
+

(except at Station 2), yielding f ratios >0.5 (Table 1). We note that while ρNH4
+ may be underestimated

due to NH4
+ isotope dilution (Glibert et al., 1982) leading to overestimates of the f ratio, accounting for a rea-

listic rate of NH4
+ regeneration (~50 nmol N L−1 day−1; Goeyens et al. 1991) does not change this general

trend (see section 3.3. and Text S1). The apparent preference of phytoplankton for NO3
− over NH4

+ may
be due to the greater than tenfold higher concentration of NO3

− than NH4
+, as well as the higher light avail-

ability characteristic of the summer. While surface NO3
− concentrations are perennially high across the

summertime Southern Ocean, phytoplankton need a great deal of energy to reduce NO3
− during assimila-

tion (Syrett, 1956, 1981; reviewed by Glibert et al., 2016); thus, ρNO3
− will decrease under low light condi-

tions regardless of NO3
− availability (Dortch, 1990) (Figure 8a). By contrast, NH4

+ is less energetically
expensive to assimilate but is present in summertime surface waters at relatively low concentrations, such
that NH4

+ availability likely constrains ρNH4
+ (Figure 8b). Plotting surface layer‐integrated ρNO3

− as a
function of MLD/euphotic zone depth shows that ρNO3

− increases as the surface layer shoals (Figure 9a),
confirming an important role for light in driving phytoplankton reliance on NO3

−. A light‐related control

Figure 9. Summertime surface layer‐integrated rates of nitrate uptake (ρNO3
−; black symbols) as a function of (a) mixed layer or euphotic zone depth (1% PAR)

and (b) latitude. In panel (b), the measured surface layer‐integrated silicate (Si (OH)4) concentration is also shown (gray symbols). “Surface layer” is the euphotic
zone at Stations 1, 4, SG, and IS and the mixed layer at Stations 2 and 3 (Table 1; see section 2.7 for details).
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on NO3
− versus NH4

+ uptake is further supported by the observation that at all summer stations, ρNO3
−

decreases with depth while ρNH4
+ is often constant or even higher toward the base of the euphotic

zone/mixed layer.

While light availability seems to exert a dominant control on the seasonal cycle of NO3
− assimilation in the

Southern Ocean (Hu & Smith, 1998; Olson, 1980; Sambrotto & Mace, 2000), it is unlikely to be the only
explanation for the summertime variability in ρNO3

−, with iron and silicate availability, as well as phyto-
plankton community composition, also playing a role (Gandhi et at. 2012; Hutchins et al., 2001; Tagliabue

Table 2
A selection of previously measured N uptake rates (ρNO3

−, ρNH4
+, and ρUrea) and f ratios for the Indian, Atlantic, and Pacific sectors of the open Southern Ocean

Region and season ρNO3
− ρNH4

+ ρUrea ρN f ratio Incubation (hrs) Reference

Atlantic sectora (winter, July 2015
GoodHope line)

24 This study

SAZ (42–45°S) 0.47 5.40 5.87 0.11
PFZ (50°S) 0.21 9.47 9.68 0.03
AZ (55°S) 0.13 3.50 3.63 0.04
Atlantic sectora (winter, July 2012
GoodHope line)

24 Philibert et al. (2015)

SAZ (42–45°S) 1.02 32.9 33.92 0.03
PFZ (50°S) 1.92 10.02 11.94 0.16
AZ (55°S) 5.08 12.46 17.54 0.29
Atlantic sector (summer, January 2016
GoodHope line)

24 This study

SAZb (42–45°S) 2.00 3.59 5.59 0.41
PFZc (50°S) 3.46 1.34 4.80 0.72
AZa (55°S) 3.89 1.15 5.04 0.77
South Georgiaa (PFZ; 50°S; 33°W) 6.95 1.07 8.02 0.87
Ice shelfa (70°S; 07°E) 2.85 0.81 3.66 0.78
Atlantic sector (summer, March 2012
GoodHope line)

24 Joubert et al. (2011)

SAZ (42–44°S) 5.11 0.92 4.31 10.34 0.49
PFZ (45–50°S) 1.97 1.16 2.13 5.26 0.41
AZ (51–57°S) 3.39 1.27 2.86 7.51 0.45
Atlantic sectorc (summer, March 2013
GoodHope line)

12 Philibert et al. (2015)

SAZ (43°S) 0.27 6.02 6.29 0.04
Indian sectorc (late summer,
April/May 1999)

10–24 Thomalla et al. (2011)

SAZ (41–46°S) 0.94 5.26 6.48 12.67 0.09
Indian sectorc (late summer,
February–March 2006)

4–6 Prakash et al. (2015)

SP4_SAZ (43°S) 1.58 0.99 0.48 3.05 0.52
SP3_PFZ (58°S) 0.92 0.58 0.22 1.72 0.53
Indian sectorc (summer,
February–April 2009)

4 Gandhi et al. (2012)

Transect A (35–66°S) 0.6–2.4 (1.3d) 0.8–1.6 (1.1d) 0.9–1.8 (1.3d) 0.2–0.5
Transect B (35–65°S) 0.3–4.1 (1.7d) 0.8–1.5 (1.1d) 0.9–2.2 (1.3d) 0.1–0.7
Indian sectore (spring,
October–December 2001)

12 Savoye et al. (2004)

SAZ/STF (49–51°S) 4.40 0.53
PFZ (54–57°S) 5.60 0.56
AZ 9.60 0.61
Pacific sectorc (summer,
December/February 1997)

3–24 Sambrotto and
Mace (2000)

PFZ (57–61°S) 2–5 (2.3d) 0.05–0.48

Note. Rates are reported as depth‐integrated values (mmol m−2 day−1). Only studies that sampled throughout the mixed layer/euphotic zone are included here.
ρN indicates the sum of the N uptake rates measured in each study (i.e., some combination of ρNO3−, ρNH4+, and ρUrea). We note that ρNH4+ does not take
into account possible isotope dilution due to NH4+ regeneration.
a

Integrated over the MLD.
b

Average of two stations, 42°S integrated to MLD, 45°S integrated to euphotic zone depth (see text for details).
c

Integrated over the
euphotic zone.

d

Averages of ranges.
e

Integrated over the upper 70 m of the water column.
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et al. 2012). Intracellular NO3
− reduction has a fairly high iron requirement (Sunda, 1989) such that ρNO3

−

is reduced under low iron conditions. In a compilation of thousands of dissolved iron measurements from
the Southern Ocean, Tagliabue et al. (2012) found that surface waters in the Atlantic SAZ/PFZ and AZ in
summer are characterized by similar iron concentrations (averages of 0.30 ± 0.55 and
0.47 ± 0.69 nmol L−1, respectively), which suggests that latitudinal differences in iron availability do not
explain the tendency for higher NO3

− drawdown to the south (Figure 9b). That said, we do not know
whether the iron concentrations varied across the different zones at the time of our sampling. In the PFZ
and AZ, high surface silicate concentrations favor the growth of diatoms (Franck et al., 2000; Le Moigne
et al., 2013), a group of phytoplankton considered NO3

− specialists (Fawcett & Ward, 2011; Litchman
et al., 2006); the higher silicate availability in the AZ may thus favor higher ρNO3

− (Figure 9b). Given the
relationship of upper Southern Ocean silicate concentrations to latitude, however (Demuynck et al., 2019;
Read et al., 2002; Sarmiento et al., 2004), which also affects light (and perhaps iron) availability, it is impos-
sible to disentangle a potential silicate control on ρNO3

−.

We attribute the general preference for NO3
− over NH4

+ across the summertime Southern Ocean to the alle-
viation of light and iron limitation of phytoplankton since sampling took place late enough in the season for
stratification to have set in but prior to the exhaustion of iron. This should favor the proliferation of larger
NO3

−
‐consuming phytoplankton including diatoms in regions with adequate surface silicate. In addition,

the north‐south increase in both ρNO3
− and the f ratio can be explained by the combined influence of light,

iron, and silicate, and possibly also phytoplankton community composition. Finally, we note that surface
layer‐integrated ρNH4

+ is both proportionally and absolutely higher at the SAZ stations, particularly at
Station 2, even though the ambient NH4

+ concentration is low. This may indicate enhanced recycling and
a phytoplankton community dominated by smaller cells in the SAZ (Froneman et al., 2001) where mixed
layers are deeper (i.e., potentially driving some degree of light limitation; du Plessis et al., 2017; Sallée et al.
2010) and silicate concentrations are lower (Sarmiento et al., 2004). Our summertime rates of NO3

− and
NH4

+ uptake are broadly consistent with previous work in all sectors of the Southern Ocean (Table 2;
Gandhi et al., 2012; Joubert et al., 2011; Prakash et al., 2015; Savoye et al., 2004), although higher rates of
NH4

+ than NO3
− uptake have also been observed. For example, Philibert et al. (2015) measured rates of

NH4
+ uptake >10 times higher than coincident ρNO3

− in the SAZ along the GoodHope line. However, they
sampled in late summer (late February/early March) when iron and silicate limitation are expected to be
highest (Hutchins et al., 2001; Tagliabue et al. 2012), N recycling should be enhanced (Hutchins et al., 2001;
Timmermans et al., 1998), and the phytoplankton community is more likely to be dominated by smaller cells
(Gandhi et al., 2012).
4.1.3. Additional Sources of N to Phytoplankton
Above and in our f ratio calculations (Equation 2), we equate ρNH4

+ with regenerated production, which
may underestimate this flux because it does not consider the possibility of DON uptake by phytoplankton
(i.e., compounds such as urea and cyanate; Bronk, 2002; Widner et al., 2016). Urea is a highly labile form
of DON with a turnover time of minutes to days (Bronk et al., 1998) that has been shown to contribute sig-
nificantly to regenerated production in the Southern Ocean in late summer (Gandhi et al., 2012; Joubert
et al., 2011; Prakash et al., 2015) and early autumn (Thomalla et al., 2011). Additionally, while measure-
ments of cyanate uptake are scarce, this N species has been estimated to support as much as 10% of total
N uptake in the oligotrophic North Atlantic (Widner et al., 2016), with lower contributions measured in
coastal waters (Widner & Mulholland, 2017) and the eastern tropical north Pacific (Widner et al., 2018).
To our knowledge, there are no measurements of cyanate uptake from the Southern Ocean, although a gene
encoding cyanate acquisition (the transporter cynA), typically associated with surface cyanobacteria, has
been found in the Amundsen and Bellinghausen Seas (Kamennaya & Post, 2013). Ignoring phytoplankton
consumption of urea and possibly cyanate (or indeed, any form of labile DON) during midsummer may thus
lead to an overestimation of carbon export potential (Bronk et al., 1994; Fernández and Raimbault 2007;
Peng et al., 2018). To address this, we plot the specific rates of N uptake versus C fixation (i.e., VN_total

(= VNO3 + VNH4) vs. VC) (Figure 10a). In theory, if all surface layer productivity is supported only by
NO3

− and NH4
+, then VN_total and VC, averaged over the MLD/euphotic zone, should fall along a 1:1 line.

This proves to be the case for Stations 1, 2, SG, and IS. The implication is that, at least at the time of our
sampling, summertime NPP was supported near‐exclusively by NO3

− and NH4
+ at these stations, while

at Stations 3 and 4, 45 ± 28% and 30 ± 16% of carbon production was fueled by an alternative N source.
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The most obvious candidate for this “missing”N is some form of regenerated DON, which, if it fueled all the
NPP not accounted for by ρNO3

− and ρNH4
+, would significantly decrease carbon export potential at

Stations 3 and 4. Alternatively, the “missing” N source could have been new rather than regenerated, which
would increase carbon export potential. The only available N2 fixation data from the open Southern Ocean
(measured southwest of the Kerguelen Plateau) suggest an average mixed‐layer rate of <0.005 day−1

(González et al., 2014), which is an order of magnitude too low to account for the “missing” N consumption
implied by Figure 10a (0.044 ± 0.012 day−1 and 0.022 ± 0.004 day−1 at Stations 3 and 4, respectively).
Moreover, given the evidence that low temperature (Moore et al., 2004; Staal et al., 2003), low iron
(Berman‐Frank et al., 2001; Kustka et al., 2003; Paerl et al., 1994), and/or high NO3

− (Holl &
Montoya, 2005; Knapp et al., 2012) are unfavorable for N2 fixation, this process is unlikely to ever be signif-
icant in Southern Ocean surface waters. In addition, modeling studies suggest virtually no atmospheric N
deposition to the Atlantic Southern Ocean, particularly south of 50°S where Stations 3 and 4 are located
(Jickells et al., 2017; Kanakidou et al., 2012). Thus, it is most likely that the “missing” N source was regen-
erated, implying that we may have underestimated regenerated production and overestimated the f ratio at
these two stations.
4.1.4. Evidence for Heterotrophic Bacterial Ammonium Uptake in Winter
Winter is characterized by a MLD‐integrated ρNH4

+ that is ten‐ to seventyfold higher than ρNO3
−. This

trend has been observed previously in the winter Southern Ocean, with similar findings reported for the
Weddell/Scotia Sea (Cota et al., 1992) and GoodHope line (Philibert et al., 2015). One possibility is that
the low light available to phytoplankton during winter driven by the deep MLDs and low insolation favor
NH4

+ over NO3
− consumption (Dortch, 1990; Syrett, 1981). Indeed, previous observations of the apparent

preference of Southern Ocean phytoplankton for NH4
+ in winter have been explained thus (Cota et al., 1992;

Philibert et al., 2015). However, our concurrent measurements of NPP and N uptake show that a significant
fraction of the NH4

+ consumption occurs without the rate of carbon fixation expected if the NH4
+ were con-

sumed by phytoplankton. Instead, a comparison of VN_total and VC reveals that NPP and N uptake are
strongly decoupled during winter (Figure 10b), with as much as 10 times more N consumed (mainly in
the form of NH4

+; Table 1) than carbon fixed. We note that ρNH4
+ can be overestimated from isotope tracer

experiments when ambient NH4
+ concentrations are so low that the addition of 15N‐NH4

+ stimulates
uptake (Lipschultz, 2008). However, in part due to the relatively high winter mixed‐layer NH4

+ concentra-
tions, our 15N‐NH4

+ additions were always ≤10% of the ambient pool. We thus attribute the high measured
ρNH4

+ to high rates of NH4
+ assimilation by heterotrophic bacteria, which would yield no carbon fixation.

Figure 10. Specific uptake rates of carbon (VC) versus nitrogen (VN_total = VNO3 + VNH4) for (a) summer and (b)
winter. Colored symbols show the rates at the individual incubation depths, and the corresponding black symbols
represent the 0–200 m‐weighted average rates at each station. Integrating to the base of the mixed layer or euphotic zone
rather than 200 m makes little difference to the averages because the specific rates at 200 m are very low. The solid
black line represents VC:VN_total = 1:1, which is expected for balanced phytoplankton growth assuming that the only N
forms being assimilated are NO3

− and NH4
+.
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There are very few direct measurements of heterotrophic bacterial N uptake in the Southern Ocean, with no
studies conducted in winter. For summer, the only available data are from coastal waters near the Antarctic
Peninsula where the bacterial NH4

+ demand was ~17% of the total community NH4
+ uptake rate (Tupas &

Koike, 1990, 1991). Cochlan and Bronk (2001) report similar potential ρNH4
+ by heterotrophic bacteria in

the summertime Ross Sea. The paucity of Southern Ocean data notwithstanding, marine heterotrophic bac-
terial uptake of inorganic N is well documented, with bacteria showing a strong preference for NH4

+ over
urea and NO3

− (Allen et al., 2002; Bradley et al., 2010; Kirchman et al., 1991; Kirchman et al., 1994). For
example, a study conducted in the Arctic during autumn measured rates of NH4

+ uptake by heterotrophic
bacteria that were 43–80% higher than those attributed to phytoplankton (Fouilland et al., 2007). The low
light availability that characterizes the wintertime Southern Ocean makes it difficult for phytoplankton to
thrive (Smith and Sakshaug, 1990). This, coupled with the relatively high ambient NH4

+ concentrations that
appear to typify the winter mixed layer, may favor bacterial NH4

+ consumption. For the AZ south of Africa,
Smart et al. (2015) hypothesized that autumn/early winter surface waters are characterized by intense N
recycling. Heterotrophic bacteria must play a central role in such recycling, possibly in both the production
and consumption of NH4

+.

One implication of heterotrophic bacterial NH4
+ consumption is that previous winter (and possibly even

summer) studies of N uptake that did not include synchronous measurements of NPP may have overesti-
mated autotrophic productivity. For example, if the high winter mixed layer‐integrated ρNH4

+ reported
by Philibert et al. (2015) were solely due to phytoplankton, NPP would need to be higher than is typically
measured in summer (i.e., ≥60 mmol C m−2 day−1, assuming a C:N uptake ratio of 106:16). For the
Atlantic Southern Ocean during late summer/early autumn, Probyn and Painting (1985) attributed 75% of
the measured NH4

+ assimilation to “picoplankton”. Some portion of that NH4
+ may have been consumed

by heterotrophic bacteria given that they overlap in size with picophytoplankton (<1 μm). Without cooccur-
ring measurements of NPP and ρNH4

+, the heterotrophic contribution to NH4
+ uptake cannot

be quantified.
4.1.5. Carbon and Nitrogen Cycling in Potentially Naturally Iron‐Fertilized Regions
Southern Ocean NPP is not limited by N but by a combination of iron (Martin, 1990; Smetacek
et al., 2012) and light availability (Nelson & Smith, 1991), with silicate playing a role in SAZ waters
(Hutchins et al., 2001; Pollard et al. 2002). However, there are naturally iron‐fertilized regions of the
Southern Ocean (Ardyna et al., 2019, and references therein) that have been shown to support high
rates of NPP and NO3

− uptake (yielding high estimates of carbon export potential), such as the waters
near Subantarctic islands (Blain et al., 2007; Cavagna et al., 2015; Korb et al., 2005; Seeyave et al. 2007)
and associated with melting sea ice and ice shelves (Wang et al., 2014) (Text S2). Iron concentrations
were not measured in this study so iron limitation of phytoplankton (or the extent of its alleviation)
cannot be directly evaluated. However, two of our summer stations are located in regions that may
experience less iron‐limited conditions – near the island of South Georgia (55°S; 33°W) and at the
Fimbul Ice Shelf (70°S; 07°E) (SG and IS; Figure 1).

The SG station is characterized by a higher ρNO3
− and f ratio than all the other stations, and a higher rate

of NPP than all but Station 3 (Table 1). In addition, the NO3
− concentration gradient between the Tmin and

the surface is steeper at SG (8.6 μmol L−1) than at the other stations at a similar latitude (1.5 μmol L−1 at
Station 4; 1.1 μmol L−1 at Station 3), indicating a higher degree of seasonal NO3

− drawdownsta. Likewise,
the Tmin‐to‐surface gradient in silicate concentration is 17.9 μmol L−1 at SG and only 4.2 μmol L−1 at
Station 4 (not shown, although Figure 9b shows that the surface layer‐integrated silicate concentration is
significantly higher at Station 4 than at SG). Thus, silicate also suggests higher seasonal productivity at
SG, and further implies that NPP is driven largely by diatoms, a group considered disproportionately impor-
tant for carbon export (Buesseler, 1998). Our observations can be explained by the alleviation of phyto-
plankton iron limitation, which enhances NO3

− reductase activity (Timmermans et al. 1994) and may
increase the affinity of diatoms for silicate (Brzezinski et al., 2005; Mosseri et al. 2008). Indeed, elevated dis-
solved iron concentrations have been measured in the upper 200 m around South Georgia in summer (as
high as 7.70 nmol L−1, versus <0.4 nmol L−1 in the open Atlantic sector; Nielsdóttir et al., 2012;
Tagliabue et al. 2012; Schlosser et al., 2018) and large, long‐lasting phytoplankton blooms are regularly
observed downstream of the plateau (Atkinson et al., 2001; Borrione & Schlitzer, 2013; Korb et al., 2004).
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In contrast to SG, there appears to be no stimulation of productivity at the IS station where wemeasured low
rates of NPP and N uptake (Table 1). Interestingly, the f ratio at IS was higher than at all the other summer
stations except SG. Numerous studies have observed elevated biological activity near ice shelves, which is
typically attributed to the alleviation of iron limitation due to local iron inputs associated with melting sea
ice (Aguilar‐Islas et al., 2008; Gerringa et al. 2012; 2015; Herraiz‐Borrenguero et al. 2016; Tovar‐Sánchez
et al., 2010). That this was not the case at IS probably because we sampled too late in the season to capture
the period of intense sea ice melt. In other words, by the time of our sampling in late January, any iron sup-
plied from melting sea ice to the waters near the ice shelf had already been consumed by an earlier phyto-
plankton bloom. This is consistent with the observation that POC concentrations were highest at IS while
NPP was lowest. We attribute the high f ratio at IS to the fact that the MLD was significantly shallower than
the euphotic zone, allowing enough light into the mixed layer to favor NO3

− consumption even though total
N uptake was low. The implication is that iron (rather than light) exerted the dominant control on produc-
tivity at the Fimbul Ice Shelf at the time of our sampling, but by limiting rather than stimulating phytoplank-
ton growth.

In sum, our data show that, unsurprisingly, the Southern Ocean is more productive in summer than winter
in terms of NPP and carbon export potential (the latter inferred from ρNO3

−). However, the new production
paradigm as a framework for computing the potential for export production is ill‐suited for the wintertime
Southern Ocean because of the high proportion of NH4

+ uptake that occurs in the absence of carbon fixa-
tion. The new production paradigm may adequately describe new and regenerated N uptake and carbon
export potential in summer, with the caveats that (1) regenerated DON consumption cannot be ignored
and (2) the rate of euphotic zone nitrification must be low relative to ρNO3

−. This latter requirement is
examined in detail below.

4.2. The Seasonal Cycle of Nitrification in the Southern Ocean Surface Layer

We observed rates of surface layer nitrification that were low in summer and high in winter, consistent with
expectations for a region governed by high hydrographic seasonality. In winter, the mixed layer is deep (up
to 150–200 m) relative to the base of the euphotic zone (<100 m; Table 1) and incident radiation is low. This
means that light inhibition of nitrifying microorganisms (Guerrero & Jones, 1996; Horrigan et al., 1981;
Merbt et al., 2012; Olson, 1981b; Qin et al., 2014) is alleviated and phytoplankton spend long periods in
the dark, rendering them far less competitive for NH4

+ (Smith et al., 2014; Ward, 1985, 2005; Wan et al.
2018). Despite our observation of elevated NH4

+ oxidation in winter, NH4
+ uptake (likely by heterotrophic

bacteria) occurs at double the NH4
+
ox rate at three out of four stations (Table 1). This suggests that the NH4

+

regeneration fluxmust be high in autumn following the period of high NPP and/or high in winter (i.e., at the
time of our sampling) in order to support significant rates of NH4

+ uptake and oxidation and still yield a rela-
tively high mixed‐layer NH4

+ concentration. When the mixed layer shoals in summer, surface layer nitrifi-
cation is no longer favorable because nitrifiers are more likely to experience light inhibition and
phytoplankton, now released from light limitation, will outcompete the slow‐growing nitrifiers for NH4

+.
Indeed, the surface layer‐integrated NH4

+ uptake rates are 6–50 times higher than the concurrently mea-
sured NH4

+ oxidation rates in summer.

Direct measurements of nitrification south of 40°S are limited, with only two studies focused on the open
Southern Ocean (Bianchi et al., 1997; Olson, 1981a). Nonetheless, our summer rates (0.7 to
30.1 nmol N L−1 day−1 for NH4

+
ox and 0.3 to 36.8 nmol N L−1 day−1 for NO2

−
ox) fall within the range

reported previously for the open and coastal Southern Ocean and other high‐latitude regions. For example,
Olson (1981a) measured low rates of NH4

+ oxidation (6 to 8.9 and 0 to 12.9 nmol N L−1 day−1) during mid-
summer and spring in the Ross and Scotia Seas, respectively, and Tolar et al. (2016) report average summer-
time mixed‐layer NH4

+ oxidation rates of 13 ± 3 nmol N L−1 day−1 for experiments conducted on the
continental shelf and slope west of the Antarctic Peninsula. Similarly, low summertime NH4

+ oxidation
rates (0–30 nmol N L−1 day−1) have been measured throughout the euphotic zone of the Pacific Arctic
Ocean (55°N to 68°N) (Shiozaki et al., 2016) and in the surface of the Chukchi and Beaufort Seas
(0–11 nmol N L−1 day−1) (Baer et al., 2014; Christman et al., 2011). In contrast, Cavagna et al. (2015) mea-
sured mixed‐layer nitrification rates of 0–3,000 nmol N L−1 day−1 in the spring on the Kerguelen Plateau
(although most values were <1,000 nmol N L−1 day−1 and almost all the higher rates occurred below the
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euphotic zone). However, given that this region is highly iron (and silicate) fertilized and characterized by
elevated productivity (Blain et al., 2007, 2001; de Baar et al., 1995), the high rates of NO3

− production are unli-
kely to be representative of the open Southern Ocean.

There are no direct measurements of nitrification from the open Southern Ocean in winter with which we
can compare our data (0.7 to 334 nmol N L−1 day−1 for NH4

+
ox and 0 to 342 nmol N L−1 day−1 for

NO2
−
ox). Tolar et al. (2016) report NH4

+ oxidation rates from the upper 150 m off the West Antarctic
Peninsula in late winter (September) of 62 ± 16 nmol N L−1 day−1, but given the coastal nature of this sam-
pling site, the rates cannot be taken to reflect the open Southern Ocean. Bianchi et al. (1997) measured NH4

+

and NO2
− oxidation across the Indian open Southern Ocean in autumn (April and May) and report rates

over the upper 100 m of 24–84 and 9.6–72 nmol N L−1 day−1, respectively. These are within the range of
the winter rates measured here, albeit at the low end. The lower rates may in part derive from the fact that
Bianchi et al. (1997) only sampled the upper 100m of the water column, yet themixed layer would have been
deeper than this at many of their stations (Dong et al., 2008; Sallée et al. 2010) and nitrification rates tend to
be higher toward the base of the mixed layer. Another possibility is that in autumn, phytoplankton, now
iron‐limited and unable to efficiently consume NO3

− (Hutchins et al., 2001; Tagliabue et al. 2012) but still
experiencing sufficient light levels to photosynthesize, assimilate predominantly NH4

+ (El‐Sayed, 1987;
Goeyens et al., 1995; Jacques, 1991; Priddle et al., 1998), largely outcompeting nitrifiers for this substrate.
In any case, the available data (including those reported here) suggest that low light and reduced competi-
tion for NH4

+ create conditions in the Southern Ocean's winter mixed layer that favor nitrification. In the
summer by contrast, light inhibition and rapidly growing phytoplankton allow for rates of surface nitrifica-
tion that are insignificant relative to both wintertime nitrification and summertime autotrophic NO3

− con-
sumption. This seasonal pattern is also evident in the available Southern Ocean NO3

− isotope data that show
assimilation to be the major biological process acting on the surface NO3

− pool in summer (DiFiore et al.
2009; Fripiat et al., 2019; Kemeny et al., 2016) with nitrification dominating in winter (Smart et al., 2015).

The NO2
− concentrations over the upper ~200 m of the water column show no trend with depth and are

similar in summer and winter (~0.2 μmol L−1) despite the large seasonal differences in NH4
+
ox and

NO2
−
ox (Text S3). This has been observed previously in high‐latitude surface waters (Fripiat et al., 2019;

Zakem et al., 2018) and is in contrast to the oxygenated oligotrophic ocean where NO2
− builds up at the base

of the euphotic zone as a primary NO2
− maximum (Lomas & Lipschultz, 2006; Ward, 2008). The accumula-

tion of NO2
− throughout the upper water column poleward of 45° has been explained as deriving from the

upwardmixing in winter of NO3
−+NO2

− that cannot be depleted by phytoplankton due to iron and/or light
limitation and that is then available to nitrifying organisms (Zakem et al., 2018). In other words, NH4

+ and
NO2

− oxidizing organisms should coexist in Southern Ocean surface waters with iron/light‐limited phyto-
plankton. Our data suggest that the situation is more nuanced than this. Open Southern Ocean phytoplank-
ton always experience some degree of iron limitation (Moore et al. 2007; Tagliabue et al. 2012), which
becomes more pronounced over the growing season (Mtshali et al., 2019; Ryan‐Keogh et al., 2018;
Tagliabue et al. 2014). Despite this, we measure insignificant rates of nitrification relative to autotrophic
NO3

− and NH4
+ uptake in the euphotic zone in summer, with higher rates observed only in the dark sub-

euphotic zone waters. By contrast, in winter when the mixed layer deepens below the base of the euphotic
zone, phytoplankton growth is minimal despite the entrainment of iron from the subsurface (Mtshali
et al., 2019; Tagliabue et al. 2014) and nitrification rates are high. These observations suggest that light exerts
a stronger control than iron on potential phytoplankton‐nitrifier co‐existence in Southern Ocean
surface waters.

4.3. Estimates of the f Ratio and Implications for the New Production Paradigm

Southern Ocean f ratios calculated previously from 15N uptake experiments range from 0.03 to 0.70, with
similar values reported for the Indian, Atlantic, and Pacific sectors, and most of the available data generated
for the summer (Table 2). Using Equation 2, we calculate relatively high summertime surface
layer‐integrated f ratios (range of 0.29 to 0.87, average of 0.66 if all stations are considered and 0.58 if only
Stations 1–4 are considered). Taken at face value, these f ratios imply that ~60% of summertime NPP is avail-
able for export into the ocean interior. However, the AZ rate data suggest that a form of regenerated DON
may support as much as 30–45% of NPP. Accounting for this decreases the Stations 3 and 4 f ratios to
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0.40 ± 0.24 and 0.55 ± 0.28, respectively (f ratio(corrected) (DON) in Table 1), significantly reducing the carbon
export potential implied by the AZ measurements of NO3

− and NH4
+ uptake alone.

We calculate very low wintertime f ratios (0.03–0.11) driven by NH4
+ uptake rates that are 11 to 45 times

higher than the coincident ρNO3
−, in line with previous winter estimates for the same region (0.03–0.29;

Table 2). These latter values were interpreted as indicating that most wintertime NPP in the Southern
Ocean is regenerated. However, as discussed above, our winter rates of NH4

+ uptake (and those of Cota
et al., 1992 and Philibert et al., 2015) are anomalously high and almost entirely decoupled from concurrently
measured rates of NPP, which is best explained as reflecting high rates of heterotrophic bacterial NH4

+

uptake. Given the available data, it is not possible to disentangle the relative contribution of heterotrophs
versus autotrophs to NH4

+ assimilation in the winter Southern Ocean. Even if we assume that NPP and
autotrophic N uptake are tightly coupled such that any NH4

+ consumption in excess of the stoichiometric
quantity required to support NPP (minus the contribution from NO3

− uptake) is due to heterotrophic bac-
teria, we do not knowwhether phytoplankton consume some quantity of DON during the winter and/or het-
erotrophic bacteria are responsible for some portion of the measured NO3

− uptake (Fouilland et al., 2007;
Kirchman, 1994; Kirchman & Wheeler, 1998). The implication of these uncertainties is that wintertime
NH4

+ consumption in the Southern Ocean cannot be equated to regenerated production, and any calcula-
tion of the f ratio predicated on this assumption will be inaccurate.

Euphotic zone nitrification represents an additional complication to calculations of the f ratio, and not
accounting for it can yield significant overestimates of this parameter and the carbon export flux (Yool
et al., 2007). Unlike in the case of DON, the in situ production of NO3

− in surface waters would not be detect-
able as a “missing”N source because phytoplankton do not distinguish between new and regenerated NO3

−

during assimilation. However, our concurrent measurements of N uptake and NH4
+ and NO2

− oxidation
can be used to estimate the fraction of NO3

− consumption deriving from surface nitrification, and the f ratio
(Equation 2) can be corrected for nitrification following Fernández et al. ( 2005):

f ratio correctedð Þ¼
VNO3 − Vnitrification

VNO3 þ VNH4
(5)

One might assume that the best approximation of Vnitrification (i.e., the rate of nitrification) is NO2
−
ox, as

this is the step in the nitrification pathway that actually produces NO3
−. However, while NO2

− oxidation
appears to be rate‐limiting for nitrification in winter, the situation is less clear in summer; NH4

+
ox may

thus be an equally good indicator of the in situ nitrification rate (Yool et al., 2007). We therefore correct
the f ratio using both NH4

+
ox and NO2

−
ox in order to yield the broadest possible range of corrected values

(Table 1). We further note that subtracting measured nitrification from nitrate uptake may not yield the
most accurate estimates of the f ratio(corrected), particularly at high rates of nitrification (Yool et al., 2007).
However, it is the best option available to us given the data we have in hand. Moreover, we measure high
rates of surface layer nitrification in winter only and ultimately conclude that the f ratio cannot be com-
puted with any confidence for this season (see below), regardless of how one corrects for nitrification.

In summer, surface‐integrated NH4
+
ox and NO2

−
ox are low at all stations, but they are not zero. The f ratios

decline by 0.9–5.2% (average of 2.8 ± 1.8%) using NH4
+
ox and 0.8–9.4% (average of 4.6 ± 3.9%) using NO2

−
ox

as a proxy for nitrification. This is in keeping with Southern Ocean NO3
− isotope studies that have estimated

surface layer nitrification to account for <10% of the NO3
− consumed by phytoplankton during summer

(Trull et al. 2008; DiFiore et al. 2009). To a first approximation, therefore, equating NO3
− uptake to new

(and export) production appears to be reasonable for the Southern Ocean in summer, although regenerated
DON assimilation requires consideration. Indeed, accounting for the possibility of DON uptake in summer
decreases the f ratio far more than does in situ nitrification at Stations 3 and 4. The combined effect of DON
consumption and surface nitrification is to decrease the fraction of NPP potentially available for export in the
summer from 66 ± 21% to 54 ± 21% if all stations are considered, and from 58 ± 22% to 42 ± 12% if only
Stations 1–4 are included.

For winter, a comparison of mixed layer‐integrated NH4
+
ox and NO2

−
ox with ρNO3

− suggests that on aver-
age, 16 ± 14 times more NO3

− is regenerated than is consumed by phytoplankton (18 ± 14 times if NH4
+
ox

and 14 ± 9 times if NO2
−
ox is used as a proxy for nitrification; Table 1). This suggests that, from a mass
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balance perspective, none of the carbon produced in Southern Ocean surface waters in winter is exported
into the ocean interior (Dugdale & Goering, 1967; Eppley & Peterson, 1979). Moreover, that nitrification
can account for >100% of ρNO3

− at all stations, coupled with the evidence for heterotrophic bacterial
assimilation of NH4

+, renders wintertime calculations of the f ratio meaningless. In Table 1, we present f
ratios that have been “corrected” for nitrification according to Equation 5 (f ratio(corrected) (NH4

+
ox) and f

ratio(corrected) (NO2
−
ox)). However, for winter, this exercise is intended only to illustrate the failure of the

new production paradigm as a framework for understanding carbon production and export; the winter f
ratios(corrected), which are all negative, have no quantitative meaning.

Based onmeasurements of NO3
− isotope ratios, Smart et al. (2015) concluded that the AZwinter mixed layer

is conducive to nitrification because of the highly seasonal nature of these polar waters. Our data set extends
this characterization to include the PFZ and SAZ. Indeed, it is the strong seasonal cycle—a discrete summer-
time period of mixed‐layer NO3

− drawdown followed by a low‐light winter period characterized by high
rates of mixed‐layer nitrification and little NO3

‐ uptake—that appears to render the new production para-
digm appropriate for estimating carbon export potential in summer. However, this is complicated in the
AZ by the fact that the winter mixed layer, in the form of the Tmin, is an important NO3

− source to surface
waters in summer (Difiore et al., 2010; Smart et al., 2015). While the Tmin continuously exchanges NO3

−with
underlying deep waters (i.e., CDW, with NO3

− originating from this deep water mass being truly “new” to
the surface layer), our data and those of Smart et al. (2015) suggest that a significant fraction of the Tmin

NO3
− pool is produced in the winter mixed layer. The implication is that summertime phytoplankton

growth is fueled, at least in part, by NO3
− regenerated in surface waters in winter. Similarly, an uncertain

quantity of the NO3
− in the upper SAZ is sourced via equatorward Ekman transport from the AZ (DiFiore

et al., 2006; Gordon et al., 1977; Lourey & Trull, 2001; Sigman et al., 1999; Wang et al. 2001), such that N
cycling in the AZ mixed layer, including nitrification, may affect the carbon budget of the SAZ.

So far, we have examined N cycling in the summer and winter Southern Ocean separately, estimating carbon
export potential and the f ratio for each season in isolation. In addition, we have relied on the original new
production paradigm assumption that fluxes into and out of the euphotic zone can be used to constrain new
and export production (Dugdale & Goering, 1967). However, CO2 regenerated from organic matter that is
exported from the summer euphotic zone and remineralized above the depth of deep winter mixing will
have the opportunity to escape back to the atmosphere in winter, thus not constituting export on an annual
basis. Moreover, nitrate produced via nitrification in the winter mixed layer that is then supplied to the sum-
mertime surface (e.g., from the Tmin) cannot be considered truly “new,” nor can its consumption be taken as
indicative of carbon export potential. Accounting for these complications in order to estimate annual export
production from our data is not straightforward given (1) the uncertainty surrounding the quantity of NO3

−

supplied to AZ surface waters from the Tmin versus CDW, which is complicated by the fact that the Tmin is
constantly exchanging with CDW, (2) the uncertainty associated with NO3

− transport from the AZ to the
SAZ, and (3) how little we know about the upper Southern Ocean N cycle in the "transition seasons" ‐ late
summer, autumn, and early spring.

Integrating our summer and winter rate data to the maximum depth of winter mixing yields annual esti-
mates of the f ratio(corrected) of ≤0 at all but Station 4, where the calculated value is 0.19. We include only
Stations 1–4 in this exercise as we have no winter data for the SG and IS stations. A major weakness of this
approach, as evidenced by the fact that it suggests the Southern Ocean supports no carbon export on an
annual basis, is that it assumes that the periods dominated by mixed‐layer NO3

− uptake versus nitrification
are of equal length and well‐represented by our data. This is highly unlikely. NO3

− uptake could be higher in
spring and early summer when the mixed layer first shoals and iron becomes available to phytoplankton –

that is, we may not have captured the period of maximum NO3
− drawdown. By contrast, we may have

sampled the interval of maximum nitrification in winter given that the MLD at all stations was very similar
to the maximum expected depth (du Plessis et al., 2017; Sallée et al. 2010) and solar radiation was near its
lowest. Without a more highly temporally resolved data set, we cannot address these uncertainties.

If we instead set the wintertime f ratios to zero and average over summer and winter, we calculate annual f
ratios of 0.26, 0.15, 0.36, and 0.39 for Stations 1 through 4, respectively. These values might be considered an
upper bound on the annual f ratio since they do not account for mixed‐layer nitrification rates that are higher
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than (rather than equal to) ρNO3
− in winter. They are nonetheless comparable to annual average estimates

of the export ratio computed using empirically derived algorithms that require only NPP and SST data – 0.11‐
0.32, 0.14–0.36, 0.19–0.41, and 0.19–0.42 for Stations 1 through 4, respectively (e.g., see Equations 2 and 3 in
Laws et al. (2000) and Equation 2 in Henson et al., 2011). Our crude f ratio estimates are also similar to
annual values derived from a variety of geochemical measurements for the region south of 40°S (0.28–
0.43; DiFiore et al., 2006; Emerson, 2014; Johnson et al., 2017; Lourey & Trull, 2001; Reuer et al., 2007).

The exercise above is not intended to yield an “accurate” estimate of the annual f ratio for the Atlantic
Southern Ocean, but instead to highlight the difficulty of extrapolating 15N‐based measurements of new
and regenerated production beyond the specific temporal and environmental conditions that they represent.
Averaging over summer and winter, while an improvement, does not solve this problem since it assumes
that the annual cycle is well‐represented by two snapshots of upper Southern Ocean N dynamics.
Moreover, the biogeochemical implications of one season for another (e.g., nitrification in the winter mixed
layer, which becomes the summertime Tmin layer) are difficult to constrain without additional seasonal data
and improved estimates of NO3

− exchange between the Tmin and CDW in the AZ/PFZ, the SAZ summer
mixed layer and thermocline, and the AZ and SAZ surface layers. Nonetheless, measurements of N uptake
and nitrification such as those presented here provide important insights into the fertility and biogeochem-
ical functioning of the upper Southern Ocean ecosystem on a seasonal basis. In this regard, and given the
severe paucity of such data, our winter measurements are particularly important.

5. Conclusions and Implications

Rates of NPP, N uptake, and nitrification were investigated across the Atlantic Southern Ocean in winter and
summer. Midsummer was characterized by relatively high rates of NO3

−
‐fueled primary production, with a

minimal contribution of nitrification to the surface NO3
− pool. Comparison of the specific rates of carbon

and N uptake reveal the possibility of regenerated DON consumption in summer, at least in the PFZ and
AZ. The winter was dominated by high rates of heterotrophic NH4

+ consumption and nitrification in the
mixed layer. During this season, low light availability, driven by both a decrease in solar radiation and deep
mixing, limits phytoplankton growth and renders nitrifiers and heterotrophic bacteria more competitive.
Despite the clear temporal separation of NO3

− assimilation and regeneration in the Southern Ocean mixed
layer, we ultimately conclude that the new production paradigm (and associated f ratio) as a framework for
estimating new production and carbon export potential, which considers fluxes into and out of the euphotic
zone, should be applied with caution.

Interpretation of our data relies heavily on knowledge of the degree of coupling between NPP and N uptake
in surface waters, highlighting the value of parallel carbon and N cycle measurements. Our cogenerated NPP
and N uptake data show that the upper ocean N cycle is dominated by heterotrophic NH4

+ uptake (and nitri-
fication) in winter, which has implications for the rate and seasonality of NH4

+ regeneration. Summing the
average rates of NH4

+ consumption and oxidation across the study region yields a daily surface layer NH4
+

demand of 23.5 mmol N m−2 (or ~170 nmol N L−1 day−1, assuming an average MLD of 140 m). In addition,
the ambient NH4

+ concentration in winter is high relative to the summer and to other open ocean regions
(mixed‐layer average of 663 nmol L−1). Combined, these two observations imply that NH4

+ regeneration
occurs at an elevated rate, either concurrently with the high rates of wintertime NH4

+ uptake and oxidation
or prior to this in late summer and/or autumn. Under these conditions, the Southern Ocean mixed layer
likely becomes net heterotrophic and thus a source of CO2 to the atmosphere.

It seems unlikely that there is sufficient high‐quality biomass available in winter to yield the NH4
+ regenera-

tion rates required to support our measurements of NH4
+ uptake and oxidation. For a start, the rates of auto-

trophic productivity are low in winter, which means that little fresh organic matter is being generated.
Indeed, the elevated C:N ratio of winter biomass indicates that the organic material is fairly degraded.
Moreover, the fact that heterotrophic bacteria have turned to NH4

+ to support some fraction of their N nutri-
tion may be indicative of the poor quality of the organic matter available to them. We thus hypothesize that
much of the NH4

+ available in winter is regenerated prior to this season, likely following the period of ele-
vated phytoplankton growth. This is consistent with studies of NO3

− and PON isotopes, which suggest that
intense N recycling is pervasive in the late summer/autumn (Lourey et al., 2003; Smart et al., 2015; Smart
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et al. 2020). If the NH4
+ available in winter is mostly produced prior to this season, one would expect NH4

+

to accumulate in Southern Ocean surface waters in autumn. While there is some indication from late sum-
mer studies that this may be the case (Bianchi et al., 1997; Kemeny et al. 2018; Koike et al., 1986; Owens
et al., 1991; Sambrotto & Mace, 2000), the seasonally resolved data set required to test this hypothesis, as
for the annual cycle of new and regenerated production, currently does not exist.

Data Availability Statement

The data in this manuscript are available at DOI: 10.5281/zenodo.3744478.
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