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Abstract

The Southern Ocean accounts for >30% of the global ocean’s sink of atmospheric COz,
removing it through the solubility and biological pumps. To investigate the biological pump
near the understudied Larsen C Ice Shelf (LCIS) in the western Weddell Sea of Antarctica, we
measured the concentrations of nutrients, the nitrogen (N) and oxygen (O) isotope ratios (§°N
and §80) of nitrate, and the §°N of ammonium and particulate organic N for samples collected
in mid-summer 2019. From these data, we quantify carbon export potential by computing
seasonal nitrate drawdown and the f-ratio (i.e., the fraction of primary production supported by
new N, which is closely linked to the fraction of primary production that sinks into the ocean
interior, removing CO2). We calculate a mean f-ratio of 0.81 + 0.18 using the N isotope data
and show that of the seasonal decrease in nitrate concentration, 38 + 15% had been exported
from the mixed layer as organic N by time of sampling. Our N isotope-derived f-ratio is higher
than the available incubation-based summertime f-ratio estimates measured at LCIS on the
same cruise (<0.5). This apparent discrepancy is likely due to the time scales over which the
different methods integrate and the greater reliance of phytoplankton on regenerated nutrients
later in the growing season. Nonetheless, our data suggest a high potential for carbon removal
at LCIS, which we attribute largely to the effect of ice melt on stratification and iron supply.
Carbon removal in the past can also be evaluated using the biological N cycle, with the §°N
of buried organic matter representing a proxy for past biological pump strength, provided the
nitrate assimilation isotope effect (*°¢) is well-constrained. We calculate a mean ¢ near LCIS
of 4.1 £ 0.7%o, which is slightly lower than previous (albeit limited) estimates from the
Antarctic Zone but within the reported uncertainty. Along with showing that the present-day
Weddell Sea adjacent to LCIS hosts a strong biological pump, this study provides a new

estimate of 1°¢ for the coastal Antarctic.
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1 Introduction

The global ocean absorbs ~25% of the atmospheric CO2 produced by humans, accounting for
a removal of more than 2 PgC/yr (Friedlingstein et al., 2022; Watson et al., 2020). Through the
solubility and biological pumps, this COz2 is injected into the deep ocean where it is stored for
hundreds to thousands of years (Khatiwala et al., 2012). The solubility pump operates through
thermodynamics and physical mixing (Toggweiler et al., 2003), with increased solubility of
CO: at colder temperatures. The biological pump, on the other hand, refers to the mechanism
by which photosynthetically-produced organic matter sinks out of the sunlit surface layer (the
“euphotic zone”) to be remineralised at depth (Volk & Hoffert, 1985).

The Southern Ocean is an important region for both the solubility and biological pumps,
characterised by cold surface temperatures and incomplete consumption of surface nutrients
by phytoplankton. Incomplete surface nutrient consumption is driven by iron and light
limitation (Coale et al., 1996; Martin et al., 1990; Martin & Fitzwater, 1988; Mitchell et al.,
1991; Sunda & Huntsman, 1997), and represents a missed opportunity for CO2 removal by the
biological pump (Sarmiento & Toggweiler, 1984; Sigman & Boyle, 2000). Ice shelves can aid
in reducing both light and iron limitations through their supply of meltwater. Meltwater helps
stratify the water column, reducing light limitation, and supplies iron to the surface ocean,
directly through the input of dissolved iron in meltwater, and indirectly by influencing the
coastal circulation, which can assist in transporting iron-rich deep waters to the surface (Arrigo
et al., 2015; Dinniman et al., 2020; Klunder et al., 2014; St-Laurent et al., 2017). Ice shelves
can, thus, facilitate a greater degree of nutrient drawdown and a stronger biological pump in
the waters adjacent to them (Hoppema et al., 2000; Jennings et al., 1984). In addition, through
interactions with sea ice and ice shelves, the Southern Ocean is the source region for some of
the world’s densest waters, with these waters equilibrating with the atmosphere prior to
subducting (Muench & Gordon, 1995; Talley et al., 2011).

Future warming, however, is threatening the stability of ice shelves, with modelling studies
showing that Larsen C Ice Shelf (LCIS) is particularly vulnerable to disintegration at an
atmospheric warming of 4°C (Gilbert & Kittel, 2021). This warming, in conjunction with the
calving of a ~6000 km? iceberg (A-68) from LCIS in July 2017, the collapse of the Prince
Gustav and Larsen A ice shelves in 1995, and the collapse of Larsen B ice shelf in 2002,

indicate the possibility of a further major collapse in the near future (Etourneau et al., 2019).



LCIS is a known formation site of the parent waters to Antarctic Bottom Water (AABW) (Kerr
et al., 2018; Nicholls et al., 2004; van Caspel et al., 2015), the deepest, densest water mass
found throughout much of the world’s oceans. Were LCIS to disintegrate, not only would it
impact the formation of AABW, but it would have wide-ranging consequences for both the
solubility and biological pumps in the region. Due to the harsh ice conditions surrounding
LCIS, only two direct studies have been conducted on the strength of the regional biological
pump (Flynn et al., 2021; Hoppema et al., 2000), with neither making use of natural abundance
isotope ratios to investigate the nitrogen and carbon cycles. In order to provide a new,
independent estimate of the biological pump strength for the region, we report the
concentration and nitrogen isotopes of nitrate + nitrite (NOs+NO2’), particulate organic
nitrogen (PON), and ammonium (NHa4*), as well as the oxygen isotopes of NO3s+NO2 for
samples collected throughout the water column from 16 stations adjacent to LCIS in January
(i.e., austral summer) of 2019 during the Weddell Sea Expedition (WSE).



2 Literature review

2.1 Southern Ocean circulation and water masses

The Southern Ocean is found around the Antarctic continent up to approximately 30°S, in the
most inclusive definition (Chapman et al., 2020; Talley et al., 2011). This circumpolar ocean,
which connects the Atlantic, Indian and Pacific Ocean basins, is dominated by the Antarctic
Circumpolar Current (ACC), which encircles the globe and is formed through the changing
wind fields of the Antarctic (Talley et al., 2011). The Southern Ocean can be divided into
several zones. Furthest north, the Subantarctic Zone (SAZ) is found between the Subantarctic
Front and Subtropical Front, between 42°S and 52°S (Talley et al., 2011). This is a region of
Antarctic Intermediate Water and Subantarctic Mode Water (SAMW) formation. Further
south, one finds the Antarctic Zone, which can be divided into the Open Antarctic Zone (OAZ),
which is permanently ice-free, and the Polar Antarctic Zone (PAZ), which experiences seasonal
sea-ice cover. The boundary between the OAZ and PAZ can be approximated by the
northernmost extent of the winter sea ice, or the southernmost extent of Upper Circumpolar
Deep Water (Orsi et al., 1994; Talley et al., 2011).



Latitude
Latitude

\\

67°S T -

62°W  61°W  60°W  59°W
Longitude

60°W 40°W 20°W 0°
Longitude

Fig. 2.1: Oceanographic circulation of (a) the Southern Ocean, (b) the Weddell Gyre, and (c) the waters adjacent
to Larsen C Ice Shelf (LCIS). In (a), the thin line that follows the continental slope represents the westward-
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flowing Antarctic Slope Front (ASF). The eastward-flowing Antarctic Circumpolar Current (ACC) is composed
of the Southern Boundary (SB), Southern ACC Front (SACCF), Polar Front (PF) and Subantarctic Front (SAF).
The northern boundary of the Southern Ocean’s oceanographic region is denoted by the Subtropical Front (STF)
(Orsi et al., 1994). The major recurrent polynyas are represented by the dark grey patches. Panel (a) is taken from
Descriptive physical oceanography, Chapter 13, page 438 (Talley et al., 2011). Panels (b) and (c) show stations
sampled during the Weddell Sea Expedition of 2019 (green and grey dots, numbered in panel (c)). The general
Weddell Sea circulation is depicted in (b) with the dashed blue arrow representing the Antarctic Slope Current
and dashed black arrows showing the flow of the parent water masses of Antarctic Bottom Water (Gordon et al.,
1993; Schodlok et al., 2002; Schroder et al., 2002). In (b), shading represents sea ice concentration from 31
January 2020 (taken from ftp://ftp-projects.cen.uni-hamburg.de/seaice/ AMSR2/3.125km) while in (c), shading
shows bathymetry (ETOPO1 — NOAA National Geophysical Data Center, 2009) with the hypothesised local
circulation shown by the dashed light blue arrow (Hutchinson et al., 2020; Nicholls et al., 2004).

The Weddell Sea, on the eastern side of the Antarctic Peninsula, is characterised by a large-
scale clockwise circulation pattern forming the Weddell Gyre (Fig. 2.1). Regional water
masses, defined by their temperature and salinity ranges, are formed and transformed through
interactions with ice shelves and the atmosphere. Circumpolar Deep Water of the ACC enters
the Weddell Sea at approximately 30°E and is renamed to Warm Deep Water (WDW) (Deacon,
1979; Orsi et al., 1994; Robertson et al., 2002; Weppernig et al., 1996). WDW forms a
temperature and salinity maximum a few hundred meters below the surface, cooling and
forming modified warm deep water (MWDW) as it progresses through the gyre by mixing with
colder waters (Gordon, 1998; Robertson et al., 2002; Schroder & Fahrbach, 1999; Weppernig
et al., 1996). In winter, near the LCIS and Filchner-Ronne Ice Shelf, Antarctic Surface Water
(ASW) interacts with the atmosphere and ice shelves. It cools, becomes more saline, and loses
buoyancy through the formation of marine ice, leading to the development of High Salinity
Shelf Water (HSSW) (Hutchinson et al., 2020; Lange et al., 1990; Nicholls et al., 2009, 2012).
The wind-driven offshore export of fresh water as sea ice from the ice front polynyas on the
continental shelf leaves cold, saline HSSW behind (Haumann et al., 2016; Nicholls et al.,
2009). The dense, cold, saline HSSW circulates beneath the ice shelf (Fig. 2.2), interacting
with it and resulting in high basal melting due to the depression of the freezing point of water
at high pressure (Fofonoff & Millard, 1983; Nicholls et al., 2009; Rignot et al., 2013). This
interaction leads to the formation of less dense Ice Shelf Water (ISW), which has a potential
temperature below the surface freezing point (Nicholls et al., 2009, 2012). Once ISW exits the
ice shelf cavity and is advected down the continental slope, approximately 80% of it mixes
with WDW or MWDW, forming Weddell Sea Deep Water (WSDW), which can be further
mixed in the Scotia Sea to the north of the Antarctic Peninsula to form Antarctic Bottom Water
(AABW) (Robertson et al., 2002; Weppernig et al., 1996). During winter, the relatively fresh

ASW cools and increases its salinity due to sea-ice formation, resulting in a 100-200 m thick
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surface mixed layer of Winter Water (WW) (Nicholls et al., 2009). During summer, the surface
WW is diluted by meltwater, transforming it back to ASW, although WW can still be detected
50-100 m below the surface as a temperature minimum layer (Nicholls et al., 2009; Weppernig
etal., 1996).

Due to the remote location of LCIS, very little is known about its regional circulation. Existing
literature suggests MWDW is advected onshore towards the ice shelf along the north-facing
slope of the Jason Trough (Nicholls et al., 2004), a remnant depression in the continental shelf
caused by the flow of a paleo-ice stream. Here, MWDW is suggested to cool through mixing

with shelf water masses such as ISW (Hutchinson et al., 2020).

T oo
R

Marine ice ~—

Fig. 2.2: Schematic of melting and freezing in a cold cavity ice shelf that leads to high rates of basal melting. High
Salinity Shelf Water (HSSW) and Ice Shelf Water (ISW) circulation is represented on the diagram. Figure from
Nicholls et al., (2009).

2.1.1 The importance of ice shelves
But let’s take a step back, what are ice shelves? As land-bound ice sheets and glaciers flow into

the ocean, they form ice shelves — large tongues of floating ice that have detached from the
ground beneath. Antarctic ice shelves make up approximately 75% of the coastline of the
continent and cover 1.5 million km?, about 11% of the continents total area (Rignot et al.,

2013). Ice shelves are fed by grounded continental ice sheets, surface accumulation due to
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snowfall, and freezing of marine ice on their underside, while they are ablated through melting
and the calving of icebergs (Nicholls et al., 2009; Rignot et al., 2013).

Ice shelves act to buttress the land-bound ice upstream, stabilising its discharge into the ocean
(Dupont & Alley, 2005; Etourneau et al., 2019; Liu et al., 2015; Pritchard et al., 2012). Ice
shelf thinning and grounding line retreat, which reduce the lateral and basal traction of the ice
shelf respectively, decrease this buttressing effect, allowing for an accelerated seaward flow of
land-bound ice (Shepherd et al., 2004). This accelerated flow leads to thinning of the grounded
ice sheets upstream, while the increased discharge into the ocean results in global sea level rise
(Dupont & Alley, 2005; Shepherd et al., 2004).

Physical ice shelf-ocean interactions are further vital for the formation of ISW (Nicholls et al.,
2009, 2012), a precursor of AABW. As a result, understanding the processes that occur near
the shelf break helps us understand the initial conditions of these dense water masses, and
indicates that any CO2 contained in these waters is likely to be advected down the continental
slope and stored at depth. It is thus important to characterise and quantify the biological
processes and determine the strength of the biological pump in ice-shelf-adjacent waters, as

they will, in part, determine the chemical composition of these source waters.

2.2 Estimating the strength of the biological pump and export
flux

The strength of the biological pump is directly related to net community production (NCP), the
difference between net primary production (NPP) and respiration in the euphotic zone
(Emerson, 2014). NCP is represented by the export flux, the fraction of NPP that escapes
surface remineralisation and is exported into the deep ocean. Organic matter is exported
through three main processes; the sinking of organic particles, the mixing down of dissolved

organic carbon (DOC), and transport by animals (Emerson, 2014).

Annual net community production (ANCP; NCP over the annual cycle) is limited by the rate
of supply of preformed nutrients (as opposed to regenerated nutrients, see section 2.2.2 below)
such as nitrogen, phosphorus, and iron to the surface ocean and the efficiency with which they

are taken up by phytoplankton and exported back to deeper waters (Emerson, 2014; Eppley &
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Peterson, 1979). This efficiency of export is in part determined by the rate at which organic
material sinks, (Armstrong et al., 2002; Francois et al., 2002; Henson et al., 2012; Klaas &
Archer, 2002), as well as the mean respiration depth. Deeper respiration leads to increased
drawdown of atmospheric pCO2 (Kwon et al., 2009), with the compensation depth — the depth
where net organic matter production gives way to net respiration — depending on light
penetration and nutrient availability. Below the compensation depth, the rate of respiration
decreases exponentially as evidenced by both the oxygen utilization rate (Jenkins, 1998; Martz
et al., 2008; Stanley et al., 2012) and direct measurements of the organic carbon flux captured
in sediment traps, which collect less sinking organic matter at depth (Buesseler & Boyd, 2009;
Martin et al., 1987). For ANCP, the depth of the base of the wintertime mixed layer is vital, as
organic matter respired above this depth will be returned to the surface during winter mixing
(Kortzinger et al., 2008). In some cases, however, the winter mixed layer is not fully ventilated
(Emerson, 2014; Stanley et al., 2012), complicating the choice of the depth below which
organic matter can be considered sequestered.

2.2.1 How do we measure ANCP

The strength of the biological pump has previously been estimated using global climate models,
satellite products, sediment traps, and the mass balances of nitrate (NO3), oxygen (O2) and the
stable carbon isotopes of dissolved inorganic carbon (Emerson, 2014 and references therein).
Satellite products yield a measure of ANCP by relating ocean colour and particle backscatter
to infer NPP (eg: Behrenfeld et al., 2005; Behrenfeld & Falkowski, 1997; Westberry et al.,
2008), which is then multiplied by the euphotic zone respiration efficiency (NCP : NPP)
derived from observations and models (Dunne et al., 2005, 2007; Emerson, 2014; Laws et al.,
2000). Direct flux measurements, such as from sediment traps, can provide a measure of the
sinking particle flux but fail to capture the DOC and animal transport fluxes, which can be
significant in some regions, resulting in an underestimation of ANCP (Emerson, 2014).
Biogeochemical proxies can help to solve this problem by inferring surface carbon export
through examining dissolved chemical species, a technique that captures all modes of export
flux. This technique is not perfect, however, as it often requires applying a mass balance
approach to the surface ocean and assuming the ratio at which different elements occur in
biological matter (Anderson, 1995; Hedges et al., 2002; Redfield et al., 1963).
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Examining NO3s~ mass balance specifically, Johnson et al. (2017) estimated ANCP for the
Southern Ocean using Southern Ocean Carbon and Climate Observations and Modeling
(SOCCOM) float data. The authors compared the highest mixed-layer NOs concentrations
measured in winter with the lowest concentrations of summer and by assuming mass balance
and integrating to a depth below the summertime mixed layer, estimated the amount of N
removed from the surface ocean during the summer growth period. Subsequently, they
converted this N export into an amount of carbon using the Redfield ratio of 106 C : 16 N,
ultimately providing an ANCP estimate for the Southern ocean as a whole of between 1-4 mol
C / m?/yr, with the highest estimates found between 40 and 50°S. This technique assumes that
preformed NOs is the only source of ‘new’ N to the euphotic zone (section 2.2.2 below),
implying that there is no surface di-nitrogen (N2) fixation which would add additional ‘new’ N
to the surface ocean. Assuming negligible rates of N2 fixation is fair for the Southern Ocean
given the incomplete surface N drawdown and cold temperatures observed (Holl & Montoya,
2005; Knapp et al., 2012; Staal et al., 2003). Additionally, this technique assumes that very
little N remains in the winter mixed layer as particulate organic nitrogen (PON), dissolved
organic nitrogen (DON), ammonium (NH4*) or nitrite (NO2"). Regardless of these assumptions,
the Johnson et al. (2017) estimates fall within the range of ANCP derived by other techniques,
with satellite and model derived ANCP estimates falling between 0.5 and 5 mol C / m? / yr
(Bopp et al., 2001; Dunne et al., 2007; Emerson (2014) and references therein, Laws et al.,
2011; Munro et al., 2015). As mentioned earlier, this ANCP equates to the export of new or

preformed (as opposed to regenerated) nutrients from the surface ocean.

2.2.2 New and regenerated production

New production is phytoplankton growth supported by nitrogen (N) sources that are ‘new’ to
the euphotic zone (e.g., NOs” mixed up from the subsurface) while regenerated production
refers to phytoplankton growth on recycled N forms (e.g., ammonium (NH4*) and urea)
(Dugdale & Goering, 1967; Eppley & Peterson, 1979). On an annual basis, new production
must be balanced by the export of organic matter from the euphotic zone (i.e., export
production). As such, the rate of NOs™ consumption by phytoplankton can be used as an
estimate for carbon export potential, provided that euphotic zone nitrification (which yields
regenerated NOz’) is minimal (Clark et al., 2008) and that carbon and N are incorporated into
biomass in a known ratio (Johnson et al., 2017, 2022; Redfield et al., 1963).
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The ratio of new to total production is often reported as the f-ratio (shorthand for “flux ratio”;
Eppley & Peterson, 1979), with a higher f-ratio indicating a system primarily supported by new
production with a high carbon export potential, while lower f-ratios indicate increased reliance
on regenerated production with lower export potential. The f-ratio has previously been
estimated using '°N-tracer uptake rate experiments (e.g., Asper & Smith, 1999; Elskens et al.,
2002; Mdutyana et al. 2020; Flynn et al., 2021) and stable N isotopes (e.g., Fawcett et al.,
2011). Previous open Southern Ocean estimates of the f-ratio fall between 0.08 and 0.78, with
the majority falling at the lower end of this range (Elskens et al., 2002; Mdutyana et al., 2020).
By contrast, the highly productive ice-shelf-adjacent waters generally have a higher f-ratio,
with previous estimates from incubation experiments indicating an f-ratio ranging from 0.44 to
0.89 for the Ross Sea (Asper & Smith, 1999) and 0.47 + 0.08 for the waters adjacent to LCIS
in the western Weddell Sea (Flynn et al., 2021). These estimates indicate that the ice shelf break
hosts a greater degree of new production, and thus a stronger biological pump, in comparison
to the open Southern Ocean. The f-ratio of the Southern Ocean has so far not been estimated

using stable N isotopes.

2.3 N isotopes in the ocean

2.3.1 Kinetic isotope effect:

NOz" is comprised of N and O atoms, where N has two stable isotopes (**N and *N), and O
has three (*°0, 7O and *80). N exists primarily as N (99.63%), with 0.36% existing as *°N,
while the majority of O on Earth exists as 60 (99.76%), with 0 making up 0.20% and 'O
the remaining 0.04% (Rohling, 2013; Sigman & Fripiat, 2019). The measured ratios of these
isotopes are reported in delta notation (in parts per thousand (per mille, %o), Eq 2.1), as §*°N
vs atmospheric N2 for N and 5§80 vs Vienna Standard Mean Ocean Water (VSMOW) for O.

SX gampte = (~mpietstendard) . 10 Eq2.1

Rstandard

Here, X represents the heavy isotope, while R represents the heavy/light ratio of any two
isotopes (e.g., X = N and R = N/*N for §1°N, while X = 20 and R = 80/*0 for §'80). A
positive 6Xgqmpe indicates a sample that is enriched in the heavy isotope relative to the

standard, while a negative §X,qmp. indicates a depletion in the heavy isotope. The heavy and
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light isotopes of NOs are discriminated by physical, chemical, and biological processes
(Casciotti, 2016). In most biogeochemical reactions, the reaction rate of the substrate bearing
the light isotope (**N or Q) is slightly higher than that for the same substrate with the heavy
isotope (*°N or *80) (eg., Casciotti et al., 2003; Granger et al., 2004; Knapp et al., 2018; Mariotti
etal., 1981; Sigman et al., 1999; Waser et al., 1998b). This results in the lighter isotope being
preferentially consumed by biogeochemical reactions, leaving the substrate pool enriched in
the heavy isotope. If first-order dependence on the substrate concentration characterises the
unidirectional reaction rate, the Kinetic isotope effect, &, can be defined as (%o) = ("19"k/meavyk
—1) - 1000%o, where k represents the unidirectional reaction rate of the light (**N and °0) and
heavy (**N and *80) isotope, and ‘°¢ and 8¢ represent the isotope effect associated with the N

and O isotopes, respectively (Mariotti et al., 1981).

If consumption of a reactant pool occurs with a constant isotope effect and the reactant pool is
constantly supplied, partially consumed, and the residual pool exported, the steady-state model
is most appropriate to describe the isotope dynamics (Eq 2.2a and Eq 2.2b; Fig. 2.3, green lines)
(Sigman & Fripiat, 2019). Under the steady-state model, the delta values of the reactant
(6Xreactant, EQ 2.23, Fig. 2.3 solid green line) and product pools (6X,;quct, EQ 2.2b, Fig. 2.3
dashed green line) can be calculated, with X representing **N and 80 for changes in §'°N and
580 respectively, and f the degree of consumption of the reactant pool (Sigman & Fripiat,
2019).

0Xreactant = 0Xinitiat + € (1 —f) Eq2.2a
SXproduct = 0Xinitim — € f Eq 2.2b
If, however, consumption proceeds with no significant nutrient resupply and with a constant

isotope effect, the reaction is best described by the Rayleigh model (Fripiatetal., 2019; Mariotti
etal., 1981; Sigman et al., 1999).

2.3.2 Rayleigh model
The Rayleigh model can be used to calculate the §X of the reactant pool (Eq 2.3a and Eq 2.3b,

Fig. 2.3 solid black line), the instantaneous product (Eq 2.3c, Fig. 2.3 dot-dashed black line)

16



and the accumulated product (Eq 2.3d, Fig. 2.3 dashed black line) of the reaction in the case
where consumption proceeds with minimal resupply and with a constant isotope effect
(Mariotti et al., 1981).

In(6Xreqctant + 1) = —¢ - In([reactant]) + In(6X24a  +1) + & -

In([reactant]nitia) Eq2.3a

Eq 2.3a (Fripiat et al., 2019) is a modified form of the reactant equation, with X representing
5N and 80 for the 6N and 880 of the reactant pool, respectively, [reactant] the
concentration of the reactant pool, and the sub/superscript “initial” representing the initial

values of the reactant pool prior to consumption. Eq 2.3a can be approximated by Eq 2.3b,

i i - tant
where f is the fraction of reactant remaining (% .
initial

0Xreactant = 5X7l;1e1¢i1tcigc£nt —¢e-In(f) Eq 2.3b

The difference between the §X of the Rayleigh reactant and its instantaneous product can be
approximated by € when & <1000%o0 (Eq 2.3c) (Mariotti et al., 1981).

6Xinstantaneous = (SXreactant — € Eq 23C

The accumulated product, which represents the cumulative total §X removed from the reactant

pool since consumption began, can be represented by Eq 2.3d (Mariotti et al., 1981).

6Xaccumulated = 5X7l’re}(lztclgént +e€ 1-(f) Eq 2.3d
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Fig. 2.3: Two theoretical models, the Rayleigh model (black) and steady-state model (green), show the changes
in the N isotope ratios as a reactant pool is consumed by a single unidirectional reaction. f represents the fraction
of the initial reactant concentration remaining. The Rayleigh model is appropriate for a closed pool with no
nutrient resupply, while the steady-state model is appropriate in the case of continuous nutrient supply. The two
models have been plotted using the same parameters, an initial 8N of 5%o (represented by the horizontal dotted
grey line) and an isotope effect (*°c) of 5%o. The isotope effect, °¢, approximates the difference between the
initial 8'°N of the reactant and its product (instantaneous product for the Rayleigh model). Figure from Sigman &
Fripiat, (2019).

Two key parameters in the Rayleigh model are the isotope effect () and the initial §X of the

reactant pool (Sigman et al., 1999).

2.3.3 Organic nitrogen sources and sinks:

2.3.3.1 Sources:
N2 fixation, the primary process by which bioavailable N is added to the ocean system, is the

process by which N2 is converted to NH4* by specialized phytoplankton called diazotrophs,

which is subsequently consumed to form biomass (Burris, 1956). N2 fixation ultimately leads
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to the formation of biomass with a 6'°N between -2%o and 0%o (Carpenter et al., 1997;
Delwiche et al., 1979; Hoering & Ford, 1959), which is low in comparison to the deep ocean
NOz §1°N of ~5%o (Fripiat et al., 2019, 2021; Sigman et al., 2000, 2009). Atmospheric N
deposition and terrestrial runoff can also provide biologically available N to the surface ocean,
where atmospheric deposition is associated with the input of low §*°N N (-2.8%o in the north
Atlantic; Altieri et al. (2021) and references therein), while the §'°N of river input is ~4%o
(Brandes & Devol, 2002 and references therein; Gaye-Haake et al., 2005), similar to that of
deep ocean NOgz". The fluxes of atmospheric N deposition and riverine input are low (39 Tg
N/year and 34 Tg N/year, respectively) compared to N2 fixation (164 Tg N/year) and most

strongly influence the coastal oceans (Jickells et al., 2017).

2.3.3.2 Sinks:
Denitrification, anammox, and burial at the seafloor are the primary processes responsible for

the removal of biologically available N from the ocean. During burial, organic matter, and the
SN it has, is directly removed from the water column. Denitrification, which occurs in low
oxygen environments where NOgs™ is used as an electron acceptor in lieu of Oz, preferentially
consumes NOs™ containing *4N and 60 with a strong isotope effect (e ~ 8¢) of between 10%o
and 25%o (Granger et al., 2008; Kritee et al., 2012). This isotope effect is likely associated
with the NOs- reduction step within the denitrifier cell, with unconsumed high-§'°N internal
NOs" effluxing out from the cell and allowing for the expression of the enzyme-level isotope
effect in the surrounding water column (refer to section 2.3.4 below). Water column
denitrification in oxygen-deficient zones occurs with the (near-) full expression of the
denitrification isotope effect (Altabet et al., 1999; Brandes et al., 1998; Cline & Kaplan, 1975;
Liu & Kaplan, 1989; Sigman et al., 2003; Voss et al., 2001). This leaves the remaining NO3s
in the water column enriched in N and 80, increasing its §°N and &%*0. Sedimentary
denitrification results in almost complete NO3™ consumption within the sediment pore waters.
This high degree of consumption, coupled with minimal escape of isotopically-enriched
residual NOs™ to the overlaying water column, yields a low apparent isotope effect, on the order
of 1.5%0 (Brandes & Devol, 1997, 2002; Lehmann et al., 2007). The N isotope effects of
anammox are similar to that of denitrification and are thus likely well represented by canonical

denitrification (Brunner et al., 2013).
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Deep ocean NOs", which has a §*°N of ~5%;, develops this signal through a balance between
N2 fixation and denitrification, the ultimate primary source and sink of biologically available
N. N2 fixation adds low 6°N to the system, water column denitrification preferentially removes
low §'°N N, and sedimentary denitrification removes N with little preference expressed in the
water column. As water column denitrification removes N with a §'°N lower than that added
by N2 fixation, it drives up the 6*°N of the N remaining in the ocean. Internal N cycling is
responsible for the distribution of isotopes among the different N pools but does not influence

the total 61°N of the ocean.

2.3.4 NOs3™ assimilation:

During the assimilation of NO3™ by phytoplankton, **N and 6O are preferentially consumed
(Granger et al., 2004; Montoya & McCarthy, 1995; Sigman et al., 1999, 2000; Wada & Hattori,
1978). Laboratory studies have shown a wide range of N and O NOs" assimilation isotope
effects (*°¢ and 8¢ respectively), ranging from 0-20%o, with most estimates converging around
5%o0 (Granger et al., 2004, 2010; Karsh et al., 2012, 2013; Needoba & Harrison, 2004). This
isotopic fractionation leaves the unconsumed NOs enriched in N and 80O (Casciotti et al.,
2002; Sigman et al., 1999). Granger et al. (2004) found a strong coupling between the relative
change in the §*°N and 60 of NOs™ during assimilation, with °¢ ~ 8¢, regardless of the
magnitude of the isotope effect, culture conditions or species, a finding corroborated and
slightly complicated by later studies (Granger et al., 2010; Karsh et al., 2012, 2013). NOs’
assimilation by phytoplankton, as in plants, takes place through several steps (Fig. 2.4); first,
the NOs™ is transported into the cell by cell surface active transporters. The NOs™ is then reduced
to NOz by the assimilatory nitrate reductase (NR) enzyme in the cytoplasm (reviewed by
Tischner, 2000). Subsequently, the NO2 is reduced to NH4" by nitrite reductase in the
chloroplasts, where this NH4* is then incorporated into amino acids (reviewed by Tischner,
2000). The rate-limiting step of NOs™ assimilation appears to be the reduction of NO3z™ to NO2
, catalysed by the NR enzyme (Berges & Harrison, 1995). This is supported by the fact that
NOz2" rarely accumulates within the cell, indicating that the steps following NOs" reduction are
unlikely to limit assimilation. Millimolar concentrations of NO3s™ can accumulate in the cells of
certain algal strains, reportedly to maximise the activity of the NR enzyme (Granger et al.,
2004; Karsh et al., 2013; Needoba et al., 2004; Needoba & Harrison, 2004).
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Fig. 2.4: Schematic representation of how unicellular algae fractionate NO3™ isotopes during assimilation (Granger
et al., 2004; Karsh et al., 2013). NO3™ reduction by the nitrate reductase (NR) enzyme is the rate-limiting and first
irreversible step during NO3 assimilation. NR involves catalytic bond breaking, which imparts an enzymatic
isotope effect (*eng = Beng = 26.6 + 0.2%o0 (Karsh et al., 2012)) that fractionates the N and O isotopes equally,
leading to a A8 80 : A§™N of ~1. The resulting *°N- and ¥0-enriched internal NO3™ pool can be expressed in the
surrounding medium by the efflux of NO3™ from the cell. NO;3 transport (uptake and efflux) imparts smaller isotope
effects of Beuptake = 2.0 + 0.3%o0, Beetiux = 1.2 + 0.4%o0, and Beyprake = Beerriux = 2.8 = 0.6%0 (Karsh et al., 2013).

Intracellular NOs §1°N has been found to be elevated when compared to the external medium
(Granger et al., 2004; Needoba et al., 2004; Needoba & Harrison, 2004). Karsh et al. (2013)
showed the N and O isotope effects associated with the transport of NOs™ into (uptake) and out
of (efflux) the cell are low with Pgyptake = 2.0 = 0.3%p0, Peefriux = 1.2 + 0.4%o0, and Beyptake =
Beefriux = 2.8 £ 0.6%o0. The NR enzyme, however, appears to impart an isotope effect of enr
= 18enr = 26.6 £ 0.2%0 (Karsh et al., 2012), preferentially reducing **N and €O, lowering the
51N of the organic matter produced, and increasing the §'°N of the remaining internal NOs-
pool (Granger et al., 2004; Needoba & Harrison, 2004). The only way for the isotope effect of
NR to be the primary driver of the cellular level isotope effect (i.e., that expressed in the
environment), however, is for there to be significant efflux of NOs™ from the cell (Granger et
al., 2004). This efflux would allow for a portion of the internal high-6*N NO3" pool to be
expressed in the environment. This idea seems counterintuitive given the fact that energy is
spent during NOs™ transport, making the efflux of NOs™ appear detrimental to the cell. Further,
it is unclear whether the efflux of NOs" is a result of passive leakage or a strictly controlled
reverse flow. If passive leakage were responsible for the efflux of NO3™ from cells, smaller
cells, which have a larger cell surface area-to-volume ratio than larger cells, should efflux a

larger proportion of their NOs™ and thus be associated with a higher isotope effect (Granger et
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al., 2004). However, no relationship is seen between the magnitude of the isotope effect and
differences in cell volume (either within or among species) (Granger et al., 2004), indicating
that cells control the balance between NO3s™ uptake, enzymatic NOs™ reduction, and cellular
efflux (Granger et al., 2010).

Xg organism = Xguptake + R(Xg NR — Xg efflux) Eq 24

The equation above relates the expressed organism isotope effect to the ratio of efflux : uptake
(R), as well as to the uptake, enzymatic, and efflux isotope effects. X represents 15 or 18, for

the changes to §*°N and 680, respectively.

Needoba et al. (2004) found that the intracellular NO3™ pool has a higher concentration and
SN than the surrounding medium. Given that both *euptake and Xenr have a positive isotope
effect (they increase the §°N of the source pool and lower that of the product pool), the high
SN of the intracellular NO3™ pool indicates that in a steady state case where there is no efflux
(i.e., the rate of net uptake is equal to that of reduction), the isotope effect of NOs" reduction is
greater than that associated with uptake. This further supports the idea that NOs reduction is
the primary fractionating step in the NOs™ assimilation pathway, with the degree of efflux of
the internal N-enriched pool relative to the rate at which it is reduced accounting for variations
observed in the cellular level isotope effect (Granger et al., 2010; Karsh et al., 2013). This
explanation is also consistent with the observations that the ratio of AN : A§*®0 of the
external NOs™ pool, even over a wide range of N isotope effects, conforms to 1 : 1 (Granger et
al., 2004). As different processes are likely to impart differing ratios of fractionation to N and
O (i.e., different °¢ : 8¢ ratios), the consistency of the A§*°N : A§*80 ratio suggests that the

15N and 80 enrichment of the external NOz is driven by a single process (Granger et al., 2004).

The rate of cellular NOs™ efflux in the open ocean appears to be low and consistent (Granger et
al., 2004), as evidenced by the relatively low organism-level isotope effects relative to the NR
isotope effect (e.g., Altabet & Francois, 2001; DiFiore et al., 2006, 2009, 2010; Fripiat et al.,
2019; Karsh et al., 2003; Sigman et al., 1999). In culture experiments, light limitation has been
found to increase NOs efflux from cells, thereby leading to a greater expression of the enzyme
level isotope effect (Needoba & Harrison, 2004). Under light limitation, a decrease in the

activity of the NR enzyme, and thus NOs reduction rate, without a corresponding decrease in
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the NOs™ uptake rate, leads to the accumulation of a large intracellular NO3™ pool (as has been
found for some diatom species). This can ultimately lead to a greater fraction of the imported
NOs™ being effluxed back into the external pool (Needoba & Harrison, 2004). Cells are
hypothesised to accumulate NOs™ during light limitation in preparation for rapid growth should
that limitation be suddenly lifted. Such rapid changes in light availability can occur in the
turbulent open ocean (DiFiore et al., 2010; Needoba & Harrison, 2004). Changes in other
culture conditions, such as iron limitation, mixing (which increased growth rate but not %¢),
temperature, and cell volume do not appear to have a strong or consistent impact on the rate of
NOs efflux from the cells and thus on the expressed isotope effect (Granger et al., 2004;
Needoba & Harrison, 2004).

Granger et al. (2010) found that three cultivated cyanobacteria strains express an °¢ and 8¢
<5%eo. This is a restricted range when compared to eukaryotes, which express an ¢ and 8¢
that ranged from 5-8%eo. It is suggested that vacuoles within eukaryote cells could be used to
store internal NOgz", thereby allowing NO3™ uptake to continue and a large intracellular pool to
accumulate during times of limited NOs™ reduction (Needoba & Harrison, 2004). This would
allow for increased efflux, and thus, a greater expression of the NR isotope effect. Prokaryotes,
which lack vacuoles, may therefore need to impose a stricter balance between NO3s™ uptake and
reduction, resulting in greater consistency in the efflux : uptake ratio, which could explain the

narrower range of isotope effects observed in prokaryotes by Granger et al. (2010).

In the case where there is no NOs efflux from the cell (R=0 in Eq 2.4), the first irreversible
step in NOs" assimilation would be NO3™ uptake, which would then be the only step that could
impart an isotope effect on the surrounding medium (Granger et al., 2010). NOgs™ transport is
associated with a small isotope effect, with Peuptake <'Bcuptake (Karsh et al., 2013), meaning the
O atoms of NOs" experience greater fractionation than the N atoms during transport. This means
as the proportional influence of NO3s uptake increases (R<<1 in Eq 2.4), we expect a
decoupling in the 1 : 1 ratio of O versus N isotope effects (Granger et al., 2010; Karsh et al.,
2013). This mechanism was invoked by Granger et al. (2010) to explain their observed A§'80
: A6N of ~2 in heterotrophic prokaryotes, which expressed an organism N isotope effect as
low as 0.4%o. The authors suggested that this low value indicates minimal expression of the
nitrate reductase isotope effect caused by minimal NOs" efflux. The isotope effect associated

with transport (into the cell) was thus proposed to be the primary contributor to the isotope

23



effect expressed at the organism level (Granger et al., 2010). As transport has a very small
isotope effect in comparison to NOs™ reduction, it will only be observed when cellular efflux is
minimal (i.e., the organism-level isotope effect is low). Thus, if assimilation is the only process
acting on the NOs™ pool, deviations from the A§*80 : A6°N of 1 are only detectable when the
organism-level isotope effect is very low (¢ =~ 2%, (Karsh et al., 2013)). The isotope effect
associated with the entire phytoplankton community likely reflects the weighted average of the
isotope effects of all NOs -using species. Thus, at the isotope effects generally measured in the
surface ocean (~5%o, DiFiore et al., 2009; Fripiat et al., 2019; Sigman et al., 1999), the
transport isotope effects are too low to detectibly alter the observed A§*0 : A6™N (Granger et
al., 2010).

Denitrification fractionates the °N and 80 of NOs™ equally with an isotope effect expressed in
the environment of between 10 and 25%o0 (Granger et al., 2008; Kritee et al., 2012). This
suggests that the A6*80 : AS'®N ratio of 1 : 1 observed during NO3 assimilation may be
intrinsic to the reduction of NOs". The higher organism-level isotope effect of denitrifiers may
be explained if they permit NOs™ to rapidly efflux from their cells (R = 1, Eq 2.4), thereby
allowing for the isotope effect associated with the NR enzyme to be nearly fully expressed
(Granger et al., 2004). Marine denitrifiers may exhibit this more open system behaviour
because ambient NO3™ concentrations are generally high in regions where denitrification is
favoured, thereby decreasing the competitive advantage of NOs™ storage (Granger et al., 2004,
2008)

2.3.4.1 Degree of NO3s™ consumption
Partial consumption of the water column NO3™ pool by phytoplankton, as observed in the

Southern Ocean, occurs where growth is limited by light (Mitchell et al., 1991) and/or iron
(Martin et al., 1990). As phytoplankton preferentially consume *N and %0, the remaining
unconsumed NOs™ pool is enriched in N and 0, increasing the §°N and %0 of water
column NOs". Within the framework of the Rayleigh model (Fig. 2.3, black lines), under partial
NOs™ consumption (0<f<1), the accumulated particulate organic nitrogen (PON) biomass will
have a §*°N that is lower than that of the NOs- originally supplied to the mixed layer. The §°N
of the PON varies as a function of the degree of NO3s™ consumption, for as the supplied NOs" is
consumed, the remaining pool becomes progressively more enriched in *N, increasing the

5N of newly formed (instantaneous) PON biomass (Sigman et al., 1999). As the NOs™ pool
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tends towards being completely consumed (f =~ 0), the accumulated PON biomass &N

converges on the initial 5*°N of the NOs™ supply (Sigman et al., 1999).

2.3.5 PON 6*°N set by source N consumed by phytoplankton
The §'°N of PON is set by the §°N of the N consumed during biomass formation (Altabet,

1988, 1989; Fawcettetal., 2011, 2014; Lourey et al., 2003; Treibergs et al., 2014; van Oostende
et al., 2017). Where NOs" is consumed to form PON, the §*°N of the PON produced depends
on the §'°N of the NOs" supplied, the degree of NOs~ consumption, and the ¢ at which NOz"
consumption occurs Mariotti et al., 1981; Sigman et al., 1999). Partial NOs™ consumption is
associated with the production of PON with a §%°N lower than the NOs~ supplied, while
complete NOs™ consumption leads to the formation of PON with a bulk §*°N that is equal to
the NO3z" 6°N supplied to the surface ocean. PON can also be formed through the consumption
of recycled nutrients in the surface ocean, such as NH4*, which have a low §**N compared to
the NOs" supplied to the surface ocean (<0%o; Checkley & Miller, 1989; Macko et al., 1986).
The low §°N of recycled nutrients develops as a result of the & associated with the degradation
of PON, as well as the preferential export of high §*°N from the surface ocean (see section
2.3.7 below (Altabet, 1988, 1989; Lehmann et al., 2002)). The knowledge that the §*°N of the
N source consumed determines the §°N of the PON produced has previously been used to
study the sources of N to different size classes of phytoplankton (Fawcett et al., 2011, 2014;
Treibergs et al., 2014). In the Sargasso Sea, a region that experiences complete surface NO3’
consumption, prokaryotes have been shown to have a low §'°N, indicative of their reliance on
recycled N forms, while eukaryotes have a higher §'°N, indicating a greater affinity for NOs-
assimilation, though upon the depletion of NOs", their §*°N decreases as they become more
reliant on recycled N forms (Fawcett et al., 2011, 2014; Treibergs et al., 2014). The §'°N of
PON in the Southern Ocean, which experiences incomplete surface NOs™ consumption, can
similarly be used to determine the N sources consumed by phytoplankton. In the early to
midsummer Southern Ocean, PON &N is primarily controlled by NOs~ consumption, while
late summer and winter PON §°N indicates a greater reliance on recycled N (Lourey et al.,
2003; Smart et al., 2020).
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2.3.6 Remineralisation

When phytoplankton die and decompose, their PON biomass is largely broken down into NH4*,
which is then oxidised to NO2" and NOgz™ by nitrifying microorganisms. During this process,
the N atoms that eventually form NOs are sourced directly from the PON. Thus, the §*°N of
the newly-formed NOs™ is dependent on the §*°N of the PON being remineralised.

2.3.6.1 N isotope remineralisation signals

: 0%eo

5%o

Ammonification
5%

T — — +
0—20%0 NH,

1

[ ]

]

1

1

1

1

|

]

1

]

1

]

]

1

1

1
1
L]
L]
1
1
)

\)

*
.

_ e S Nitrification

0
NO.- Nitrification 15%s
3 —13%o0

Fig. 2.5: Isotope effects (*°¢) associated with internal N cycling in the ocean. Dashed arrows represent assimilation
into PON, while solid arrows represent the remineralisation process. For the NH4* pool, complete consumption
during nitrification in the ocean interior or assimilation in the surface leads to the associated isotope effects having
little impact on the N isotope distributions. When NH,* assimilation and nitrification co-occur, however, the §*°N
of the respective products, PON and NOg, will be affected by the isotope effects. During nitrification, ammonia
(NHs) not ammonium (NH4*) is oxidised, yet NH4* is the dominant form in the ocean. There is an isotope effect
associated with NH4* - NH3 equilibrium, with the values presented here calculated for the consumption of NH,*
and thus taking this equilibrium into account. (Casciotti, 2009; Casciotti et al., 2003; Knapp et al., 2018; Mobius,
2012; Sigman & Fripiat, 2019; Vo et al., 2013; Waser et al., 1998). Figure from Sigman & Fripiat (2019).
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In the case where the PON is completely remineralised and nitrified, as occurs below the
euphotic zone, the §*°N of the newly nitrified NOz" is equal to the §*°N of the PON, regardless
of the isotope effects imparted by the steps involved in remineralisation (Rafter et al., 2013).
As such, the low-5'°N NOgz" that was removed from the NOs™ pool and incorporated into PON
during assimilation is returned to the water column, effectively reversing the NOsz~ §°N
increase and NOs™ concentration decrease associated with NOs assimilation (DiFiore et al.,
2009). Traditionally, nitrification was thought to only occur in the sub-euphotic zone, as
nitrifying microorganisms are impeded by light (Guerrero & Jones, 1996a, 1996b; Hooper &
Terry, 1974) and out-competed by NH4* assimilating phytoplankton (Smith et al., 2014). This
meant that one could assume that growth supported by the assimilation of NOs™ (or N2 fixation)
could be termed new production, growth supported from an N source that is external to the
euphotic zone. If one were to then assume that the biomass in the euphotic zone is in a steady
state, this biomass produced through externally sourced N (new production) would be available
for export (Casciotti, 2016; Eppley & Peterson, 1979).

It, however, has been shown that nitrification can occur in the euphotic zone, particularly near
its base or under conditions of deep mixing (e.g., Clark et al., 2008; Dore & Karl, 1996; Ward,
2005; Ward et al., 1989; Mdutyana et al. 2020; Wallschuss et al. 2022). This allows for the
assimilation of regenerated NOs™ in the euphotic zone, which would complicate the new
production paradigm, as NOs" assimilation could no longer be equated to new production
(Smart et al., 2015; Mdutyana et al. 2020; Yool et al., 2007). This calls for the use of a tracer
that can identify remineralisation and reveal an assimilation signal that has been subsequently

overprinted.

2.3.6.2 O isotope remineralisation signal
During remineralisation, the O atoms of the newly formed NOs" are sourced from both ambient

seawater (H20) and dissolved oxygen (O2). During nitrification of NH4* to NO2z’, one of the O
atoms is sourced from the ambient H20, while the other is sourced from dissolved O:2
(Andersson & Hooper, 1983). The oxidation of NO2" to NOs™ adds an O atom that is sourced
from the ambient H20 (Kumar et al., 1983). The addition of these O atoms occurs with an
associated isotope effect, such that the 680 of the O atoms added depends not only on the 520

of the ambient H20 and Oz, but also the isotope effect associated with their incorporation
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(Boshers et al., 2019; Buchwald et al., 2012; Buchwald & Casciotti, 2010; Casciotti et al.,
2010). In addition, it has been shown that the intermediate, NO2, undergoes equilibrium
exchange with H20 at an associated isotope effect (Buchwald & Casciotti, 2013; Casciotti et
al., 2002, 2007) and that there is an isotope effect associated with the oxidation of NO2" to NOs
(Boshers et al., 2019; Buchwald & Casciotti, 2010).

) 185k,Noz
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0, H,O H,O H,0O

Fig. 2.6: A schematic of nitrification, showing the fractionations associated with the incorporation of O atoms.
For NH,* to NO, oxidation, the O atoms are sourced from both O, and H,O with potential isotope effects of gy o,
and 8gy 20,1, respectively. NOy can undergo equilibrium exchange of O atoms with the ambient water associated
with an isotope effect of 18e.q and with Xno representing the fraction of NO,” O atoms that have equilibrated with
H,0. NO; oxidation to NOs™ occurs with a potential O isotope effect of e, no2, While the additional O atom is
sourced from ambient H,O with a potential incorporation isotope effect of 8ex 0. (Boshers et al., 2019;
Buchwald et al., 2012; Buchwald & Casciotti, 2010, 2013; Casciotti et al., 2007, 2010). Figure from Boshers et
al. (2019).

Estimates of ‘8ek 02, 8ek H20,1 and 8ex H20,2 range between 0 and 40%o (Boshers et al., 2019;
Buchwald et al., 2012; Buchwald & Casciotti, 2010; Casciotti et al., 2010). This means that
160 is preferentially incorporated from the ambient O2 and H20 pools. NO2~ oxidation to NOz"
is thought to be associated with a slightly negative kinetic isotope effect, meaning that 20-
bearing NOz2" is preferentially oxidised to NOs™ (Boshers et al., 2019; Buchwald & Casciotti,
2010). In the case where oxidation is the only process acting on the NO2 pool and all the NOz

is oxidised to NOs", however, the impact of this isotope effect can be neglected.

NO2" undergoes both abiotic and biologically-facilitated exchange of O atoms with H20
(Casciotti et al., 2002, 2007; Garber & Hollocher, 1982; Ye et al., 1991). The isotope effect
(*8eeq) associated with this equilibrium exchange is temperature dependent, with 8¢, =
—0.12- T + 48.79 for T between 277-306K (Buchwald & Casciotti, 2013), which yield a value

of '8, of ~13%o at room temperature (Boshers et al., 2019; Casciotti et al., 2007). This
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means that as the fraction of NO2~ O atoms that have undergone equilibrium exchange with
H20 increases (as Xno2 approaches 1 in Fig. 2.6), §*0Ono2 = §'80H20 + 13%o (Buchwald &
Casciotti, 2013; Casciotti et al., 2010). The degree of abiotic exchange depends on both the
rate of equilibration between NO2™ and H20, and the residence time of the NO2", with longer
residence times allowing for a higher degree of exchange (Buchwald & Casciotti, 2013). The
rate at which abiotic equilibrium exchange occurs appears to be a function of both temperature
and pH, with complete equilibration taking on the order of weeks to months under neutral pH
conditions, but hours to days under acidic conditions (Buchwald & Casciotti, 2013).
Biologically mediated O exchange occurs at four times the rate of abiotic exchange and has
been linked to the rate of NHs oxidation. This increased biologically mediated rate may stem

from the acidic conditions found in the periplasm of the cell (Boshers et al., 2019).

Within the ocean, a balance between the O isotope effects associated with the incorporation of
O atoms from H20 and Oz, equilibrium exchange between NO2" and H20 and the oxidation of
NO2 to NOs" leads to the newly nitrified NOs™ having a §'80 that is ~1.1%o higher than the
50 of the H20 it was remineralised in (i.e., §*®0nos = §'80r20 + 1.1%0; Boshers et al., 2019;
Buchwald et al., 2012; Casciotti et al., 2008; Sigman et al., 2009). This means that during
nitrification, the 6180 of the NOs is ‘reset’ and its value, unlike the §°N of NOs", does not

depend on the isotopic composition of the PON/NH4* that is being nitrified.

2.3.6.3 Coupled N and O isotope remineralisation signals

A nitrogen atoms in marine nitrate B oxygen atoms in marine nitrate
N, fixation
Noo &€= = 55N = -2 - 0%
?/tr/f/ca tion nitrate
. n|tr e assimilation of ammonium  assimilation
nitrification = 5-9%, 8180 =~ 1.1% 18¢ _15¢

\ j denitrification \ j denitrification
NO,; ™ = = 15¢ = 13 - 25% NO, = =) 18 =15¢

Fig. 2.7: Nitrogen (a) and oxygen (b) isotope dynamics associated with the cycling of marine NOjz. (a) 8*°N and
N isotope effects (*°¢), reported relative to atmospheric N, for N, fixation (Carpenter et al., 1997; Delwiche et
al., 1979; Hoering & Ford, 1959), NOs™ assimilation (DiFiore et al., 2010; Fripiat et al., 2019), and denitrification
(Granger etal., 2008; Kritee et al., 2012). In most of the ocean, the NH4* released from PON is completely oxidised
to NOg, negating the uncertain and potentially large isotope effects associated with nitrification. (b) %0 and O
isotope effects (*¢), reported relative to VSMOW (Boshers et al., 2019; Casciotti et al., 2002; Granger et al.,
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2004, 2008, 2010). The &8'°N of deep ocean NOs is determined by a balance between N, fixation and
denitrification, the ultimate source and sink of oceanic N, while the §'80 of deep ocean NOs™ is determined by the
balance between nitrification, assimilation, and denitrification. Figure from Rafter et al. (2013).

From the perspective of the NOs" N atom (Fig. 2.7A), N2 fixation and denitrification are the
ultimate sources and sinks, while NOs™ assimilation and nitrification are part of the internal
cycling of fixed N. From the perspective of the O atom of NOs™ (Fig. 2.7B), however,
nitrification is the absolute source, while NO3™ assimilation and denitrification are the absolute
sinks (Fawcett et al., 2015; Sigman et al., 2005, 2009). Because the §*80 of NOs is reset during
nitrification and, unlike the §*°N of the newly nitrified NOs", does not depend on the NH4* that
is being nitrified, co-occurring NOs™ consumption and nitrification decouple the §*°N and §20
of NOs (Fawcett et al., 2015; Sigman et al., 2005, 2009). As NOs assimilation and
denitrification are associated with 1°¢ = '8¢, (Granger et al., 2004, 2008; 2010), the remaining
unassimilated NOz” moves up a 1 : 1 line in §'80 vs §'°N space. Where NOs™ regeneration is
coincidentally significant, however, the §*80 of NOs” may deviate from this 1 : 1 line (Casciotti,
2016; Rafter et al., 2013; Sigman et al., 2005, 2009).
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Fig. 2.8: (a) NOs 8'°N and concentration ([NOs]), (b) NOs~ 80 and [NOz7], and (c) NOs &80 vs §°N,
illustrating the impact of marine processes on the NO3™ pool. Each process (represented by the arrow trajectories)
is plotted using the & estimate represented on the figure, an initial NOs™ concentration, §'°N, and §*0 of 30
pmol/kg, 5%o, and 2%o, respectively, and by assuming a 30% change in NOs™ concentration. Solid arrows denote
processes that are responsible for the internal cycling of fixed N (assimilation and nitrification), while dashed
arrows represent processes that add or remove biologically available N from the ocean (N fixation and
denitrification). The 8N of regenerated NO3™ (solid green arrows) varies (green shading) as it is dependent on
the 8°N of the organic matter being remineralised, which can range in §'°N. The §*0 of regenerated NO3' is
primarily controlled by the §'80 of ambient seawater. In (c), a 1 : 1 relationship between §'80 and §'°N during
NOs assimilation and denitrification can be seen. Deviations from the 1 : 1 relationship develop as a result of N
fixation (which adds low 8'°N N to the system) and through the remineralisation of organic matter. Remineralising
organic matter formed through partial NO3™ assimilation adds NOs~ with a 880 that is higher than the §%0
removed during assimilation, while the remineralisation of organic matter formed through complete NOs
assimilation produces NO3~ with a 280 lower than that removed during assimilation, resulting in deviations from
the 1 : 1 relationship in NO3™ §'80 vs §'°N space. Figure adapted from Sigman & Fripiat, (2019).
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Nitrification of PON formed through NO3™ assimilation results in a deviation from the 1 : 1 line
in 6180 vs 61°N space, as the 6§80 of the newly nitrified NO3™ is reset. The §*°N of the newly
nitrified NOz" is equal to the 6*°N of the PON that is being remineralised, therefore, should this
PON have formed locally through NOs™ assimilation, its remineralisation would return the §1°N
consumed from the NOs™ pool (~0%o in the case of partial consumption, and 5-7%o in the case
of complete consumption). The addition of this low §°N newly nitrified NOs™ to the °N
enriched NOs pool acts to erase the NOz  assimilation &N signal. In the case of
remineralisation following partial NOs~ consumption, the §'20 of the newly nitrified NOs™ is
higher than the §'80 that was removed during NO3™ assimilation (~1%o versus -3 to 0%o,
respectively) (Fawcett et al., 2015). The remineralisation of PON formed through partial NOs
assimilation results, therefore, in the addition of NOs- with a higher than expected §'80, driving
the NOs~ above the 1 : 1 line in %0 vs §°N space (DiFiore et al., 2009; Fawcett et al., 2015;
Wankel et al., 2007). The overall effect of nitrification would still be to lower the §°N and
5180 of the NOs", however, meaning that mixed layer nitrification would partially overprint the
assimilation signal in both the N and O isotope profiles (Smart et al., 2015). In the case of
remineralisation following complete NO3s™ consumption, the 620 of the newly nitrified NO3"
is lower than the 680 removed during NOs™ assimilation (~1%o versus ~2%o, respectively),
driving the NOs™ below the 1 : 1 line in §*0 vs §'°N space. Deviations from the 1 : 1 line in

NOz 680 vs §°N space can, therefore, be used to identify nitrification in the water column.

N2 fixation adds new N with a §*°N of ~-1%. to the N cycle (Carpenter et al., 1997; Delwiche
et al., 1979; Hoering & Ford, 1959). The nitrification of PON formed from newly fixed N,
therefore, adds NOs~ with a lower than expected §'°N, driving the NOs™ left of the 1 : 1 line in
NOz 680 vs §1°N space.

In the case, however, where there is a significant difference in the §*°N of the PON that is being
remineralised and the NOs that is formed, the NOz™ §'°N vs §%0 signal could become
significantly more complex (DiFiore et al., 2009). This could occur in the case where there is
incomplete remineralisation of the PON, or where assimilation, nitrification and other
processes are acting simultaneously on the same N pool. If multiple processes with different &

acton an N pool, the process with the largest € will dominate the resulting isotopic distribution.
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2.3.7 Degradation of organic matter
Bacterial degradation of PON to NH4* occurs with a net isotope effect of ~3%o, leading to NH4*

having a comparatively low §*°N (Lehmann et al., 2002). In the case where not all the PON is
remineralised within the euphotic zone, isotopic fractionation occurs, with lower §'°N N being
preferentially remineralised and retained within the euphotic zone while the higher §1°N
organic matter is exported from surface waters (Mdbius, 2012). This effect is compounded by
zooplankton, which release low §*°*N NH4*, making their solid waste and tissue from higher
5N N (Altabet & Small, 1990; Checkley & Miller, 1989). This leads to the higher §*°N N
being preferentially exported from the surface as sinking particles, while low §**N N is retained
as NH4" in the surface ocean. The subsequent consumption of the NH4* by phytoplankton
results in the formation of similarly low-6>N PON (Altabet, 1988, 1989). Continued
assimilation of this low §*°*N NHa4* by phytoplankton, followed by partial remineralisation of
the PON produced could act to compound this effect, producing suspended PON with a §°N
as low as -5%o (Lourey et al., 2003; Smart et al., 2015).

2.3.8 Concurrent NH4" assimilation and oxidation
In the case where NH4" is both assimilated and oxidised simultaneously, one can no longer

assume that the §°N of the newly nitrified NOs- is equal to that of the NH4* being nitrified.
Nitrifiers, which are impeded by light (Guerrero & Jones, 1996a, 1996b; Hooper & Terry,
1974; Vanzella et al., 1989), greatly reduce, although do not completely halt their activity when
exposed to elevated light (Clark et al., 2008; Dore & Karl, 1996; Smith et al., 2014; Ward,
2005; Ward et al., 1989). Additionally, nitrifiers are out-competed for NHs4" by NHa*
assimilating phytoplankton (Smith et al., 2014). These factors combine to give phytoplankton
a competitive advantage over nitrifiers in the euphotic zone, leading to the surface system being
dominated by photoautotrophic NH4" assimilation (Smith et al., 2014; Ward, 1985). In the case
of deep mixed layers or at/near the base of the euphotic zone, however, the mean light
experienced by phytoplankton decreases, reducing their activity and leading to the potential for

simultaneous NH4* assimilation and nitrification (Smith et al., 2014; Ward, 1985).

Ammonium assimilation (AmA) by phytoplankton has an associated enzymatic isotope effect
of between 0 and 27%o., (Hoch et al., 1992; Liu et al., 2013; Pennock et al., 1996; Vo et al.,
2013; Waser et al., 1998a). At the low NHa4* concentrations that are typical of the ocean, we
expect minimal cellular efflux of NH4*, leading to a negligible expressed cellular isotope effect
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(eama) (Hoch et al., 1992; Liu et al., 2013). Ammonium oxidation (AmOx), on the other hand,
generally expresses a cellular isotope effect (eamox) of between 14 and 19%o. (for saltwater
cultures; Casciotti et al., 2003, in reality, ammonia (NHs), not ammonium (NH4") is oxidised,
with there existing an NH4* - NHs3 equilibrium isotope effect, the values presented here are
calculated for the consumption of NH4*, thus taking this equilibrium into account). As eamox
> eama, the simultaneous nitrification and assimilation of NH4* leads to low &N being
directed into the NO2" pool, while the §*°N of the organic matter would increase (DiFiore et
al., 2009).

The final distribution of the isotopes depends on the relative rates of AmA and AmOx (DiFiore
et al., 2009; Kemeny et al., 2016; Smart et al., 2015). Near the base of the euphotic zone, it is
expected that AmOX is the dominant process, with AmA only accounting for a small fraction
of NH4* consumption (Smith et al., 2014; Ward, 1985). The §'°N of the NO2 produced under
these conditions will be approximately equal to the §*°N of the NH4* supplied (DiFiore et al.,
2009). This is because even though §°NNo2 instantaneous = G°NINH4 - & amox, Which leads to an
initially low §'°N for the instantaneously produced NO2", the progressive oxidation of 4N-
NH4* drives up the 6%°N of the remaining NH4* pool. While AmA, which operates with a
negligible isotope effect at concentrations relevant to the ocean, consumes NHa4* at the §1°N it
exists, which results in AmA consuming some of the higher §°N NH4*. This means that as the
NH4* pool approaches complete consumption, its §*°N increases strongly. At the same time,
the 61°N of the accumulated NO2 pool approaches the original 6*°N of the NH4* substrate,
while the PON produced by AmA will have a §*°N that is considerably higher than the initially
supplied NH4*.

In contrast to the base of the euphotic zone, AmA is expected to be the dominant process in
well-lit surface waters, with AmOXx only accounting for a small fraction of NH4™ consumption
(Smith et al., 2014; Ward, 1985). Under these conditions, the NO2" that is produced will have
a 6N that is 14-19%o lower than the source NH4* (Kemeny et al., 2016). This is because,
assuming no resupply to the NH4* pool, as the NH4* is consumed, AmOx forms NO2" with a
61N NO2 instantaneous & G°NNH4 - €amox. AS € amox = 14 - 19%o, low 6°N N is preferentially
removed from the NH4* pool by AmOX, slightly increasing the §*°N of the remaining NH4".
As AmA is the dominant process and has a negligible isotope effect, it will consume N with
the same §'°N as that of the NH4* pool. As such, the §*®N of the NH4* pool will remain
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relatively stable as it is consumed. The resulting accumulated NO2" pool will, therefore, have a
&1°N that is much lower than the initial 5°N of the NH4* pool, while the PON produced through
AmA will have a 6N that is approximately equal to, if not slightly higher than, the initial
NH4* §°N (DiFiore et al., 2009).

2.3.9 NO2 - NOs" interconversion
When light-impeded marine nitrifiers are mixed up or added to the well-lit surface waters, the

activity of the nitrite oxidoreductase enzyme (NXR), used by some nitrifiers, decreases, thereby
decreasing the rate at which NOz is oxidised to NO3™ (Smith et al., 2014; Vanzella et al., 1989;
Ward, 1985). It has been suggested that under these stressed conditions, in addition to oxidising
NOz2 to NOgz", the NXR enzyme can also catalyse the reduction of NOs to NO2 (Buchwald &
Wankel, 2022; Kemeny et al., 2016). The reversibility of the NXR enzyme can, at times, allow
for the full expression of a NO2™ - NOs' interconversion N isotope effect of between ~51 and
90%o (Buchwald & Wankel, 2022; Casciotti, 2009; Kemeny et al., 2016; Wunderlich et al.,
2013). The expression of this equilibrium N isotope effect does not require net oxidation or
reduction at either the organism or enzyme level (Brunner et al., 2013) but nonetheless causes
15N to accumulate in the NOs™ pool, which increases its §*°N, while the NO2" pool becomes
depleted in N (Casciotti, 2009), which can lead to it having a §'°N as low as -90%. (Fripiat
et al., 2019; Kemeny et al., 2016). Throughout this process, the §'°N of the NO2" + NO3™ pool
remains unchanged (Fripiat et al., 2019; Kemeny et al., 2016).

The impact of interconversion on the 60 of NO2+NOs™ is complex, but appears to result in a
net decrease in NO2+NOz §180 (Buchwald & Wankel, 2022). This decrease is driven by the
open system incorporation and loss of O atoms as well as abiotic exchange between seawater
and NOz2 (Boshers et al., 2019; Buchwald & Casciotti, 2013; Buchwald & Wankel, 2022).

The isotopic differences between NOs  and NO2', whether due to NO2 - NOs" interconversion
or simply a balance between NH4* assimilation and oxidation, have led previous studies to
wonder whether it is most appropriate to examine the NO3+NO2 pool, or NOz™-only pool when
investigating surface NOs™ cycling. In the subtropics (e.g., at BATS; Fawcett et al. (2015)) NO2
removal was necessary to return the §'°N and §'80 datato a 1 : 1 line, while in the Southern
Ocean, Fripiat et al. (2019) and Kemeny et al. (2016) recommend considering the NO3+NO2’

pool.
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The isotopes of N and O across the dissolved N pools in the ocean can thus provide insights
into and constraints on the overlapping N cycle processes occurring in a region. In this thesis,
| report concentration and isotope data for the ammonium (NH4*), particulate organic nitrogen
(PON), and nitrite + nitrate (NO2"+NO3") pools adjacent to Larsen C Ice Shelf in the Western
Weddell Sea for summer 2019. To evaluate the processes occurring in this region, an overview

of the isotopic landscape of the Southern Ocean is required.

2.4 Previous Southern Ocean NOs™ assimilation isotope effect
estimates

During summer in the Southern Ocean, macronutrients such as NOs™ and phosphate in the
surface mixed layer are not completely consumed. This is thought to be the result of combined
iron and light limitation of phytoplankton, where iron is a vital micronutrient required for
phytoplankton growth (Coale et al., 1996; Martin et al., 1990; Martin & Fitzwater, 1988;
Mitchell et al., 1991; Sunda & Huntsman, 1997). The main sources of iron to the ocean are
sediment resuspension, atmospheric deposition of continental dust, hydrothermal, and river
inputs (Sedwick et al., 2000; Tagliabue et al., 2009). As the Antarctic is far removed from large
continental dust sources, the supply of dust is minimal. The well-stratified shallow summer
mixed layer further inhibits the upwelling of resuspended iron, leading to the region being iron
limited. As a result, the degree of phytoplankton productivity in the Southern Ocean depends
on the availability of micronutrients, rather than on macronutrient availability, as is the case in
much of the lower latitude ocean (Moore et al., 2013). Sea ice can act as a store of iron, with
summer melting supplying it to the surface ocean, alleviating some of the micronutrient
limitation at the sea ice margins (Janssens et al., 2016; Lannuzel et al., 2008, 2016; Sedwick &
DiTullio, 1997). This results in these areas being more productive than the open Southern
Ocean, allowing for a greater degree of macronutrient consumption (Sedwick & DiTullio,

1997) and thus a stronger biological pump (Johnson et al., 2017).

The partial consumption of NOs™ by phytoplankton, as occurs in the Southern Ocean, results in
the expression of the NOs™ assimilation isotope effect. As phytoplankton preferentially remove
NOs" containing 1N, this leaves the unconsumed NOs™ pool high in §°N. The ¢ associated

with NOs™ assimilation has been shown to be variable across the Southern Ocean, ranging from
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1.6%o to 9%o, with generally higher values in Subantarctic than Antarctic waters, and the lowest
values estimated in winter (Altabet & Francois, 2001; DiFiore et al., 2006, 2009, 2010; Fripiat
et al., 2019; Karsh et al., 2003; Sigman et al., 1999; Smart et al., 2015). The 8¢ of NOs
assimilation across the Southern Ocean shows a more restricted range of 3%o to 7%o, with a
less pronounced latitudinal and seasonal variation (DiFiore et al., 2009; Fripiat et al., 2019;
Smart et al., 2015). For the Antarctic, a recent metanalysis showed that the °¢ associated with
the consumption of NO3+NOz2" in the summer is relatively constant at 5.5 + 0.6%o (Fripiat et
al., 2019). The authors attribute this consistency in their ¢ estimate to it being derived from
the NO3+NOz" as opposed to the NOs—only pool, with them positing that the NO3"+NO2" pool
more accurately represents the N available for consumption (producing PON) and is
independent of NOs-NOz" interconversion or any other process that differentially alters the

isotopic compositions of NOs  and NO2™ (Fripiat et al., 2019; Kemeny et al., 2016).

In the Southern Ocean, PON §°N tends to track the §°N of NOs+NOz2", with a higher §1°N
indicating a stronger degree of NO3"+NO2" consumption (Altabet & Francois, 2001; Altabet &
McCarthy, 1985, 1986; Sigman et al., 1999). This relationship arises as NOs+NO2 is
assimilated with an associated °¢, leading to the accumulated PON produced through NO3z-
+NOz2" assimilation having a §*°N lower than the source NO3s+NOz2, with the PON §*°N rising
as NOsz+NOz assimilation progresses. As a result, if the §*°N of the source NOs+NO2 is
known, the mean 6*°N of buried PON can be used to reconstruct the degree of NOs+NO2
drawdown, and thus the strength of the biological pump, in the past ocean (Altabet & Francois,
1994, 2001; Francois et al., 1992, 1997; Martinez-Garcia et al., 2014; Studer et al., 2015). Of
vital importance in this past reconstruction, however, is a reliable estimate of the NO3+NOz
assimilation ¢, as well as an understanding of the internal N cycling (especially nitrification),

which may act to disconnect NOs+NOz2" assimilation from N export.

Nitrification, which decouples NOz+NO2" §*°N and §*80, has been shown to be minimal in
the surface summer Southern Ocean, accounting for a maximum of 6% of the NO3~ assimilation
rate (DiFiore et al., 2009). DiFiore et al. (2009) observed a strong coupling between the §°N
and 680 of NOsz", with the data falling along a 1 : 1 line in NO3z™ §'80 vs 6°N space as is
expected if assimilation is the primary process acting on the NOs™ pool (Granger et al., 2004,
2010). In addition, when considering interconversion, Fripiat et al. (2019) found no deviation

in NO3+NO2 6§80 vs §*°N space from the 1 : 1 line, once again indicating minimal surface
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nitrification across the summer Southern Ocean. The winter Southern Ocean, however, shows
clear evidence of surface nitrification, with the data deviating from the 1 : 1 line in NO3+NOz
5180 vs 55N space (Smart et al., 2015). As a result of the nitrification of low §'°N PON, low
55N NOs+NOz is produced, leading to a lower than expected *°¢ of between 1.6%o and 3.3%o
being calculated from the winter data (Smart et al., 2015). The 8¢ derived from winter data
falls in line with summer estimates of between 3%o and 7%. (DiFiore et al., 2009; Fripiat et al.,
2019; Smart et al., 2015). Nitrification in the surface Southern Ocean, therefore, appears to
only be a primary process during winter, with the summertime surface ocean showing evidence

of minimal surface nitrification.

Kemeny et al. (2016) suggested that NOs-NOz" interconversion occurs in the Southern Ocean
during periods of mixed layer deepening, at the end of summer (late March to early April)
during the deepening of the summer mixed layer. They proposed that this mixed-layer
deepening allows for the entrainment of nitrifiers into the euphotic zone, where they experience
light stress. Fripiat et al. (2019) subsequently suggested that short-term variability in the
Southern Ocean mixed layer depth could entrain sub-mixed layer nitrifiers into the euphotic
zone at any point during the summer. This would allow for NO3-NO2" interconversion to occur
throughout summer and autumn in the Southern Ocean, raising the §*°N and likely lowering
the 5180 of NOz™-only, while not changing the §'°N and possibly lowering the 6§80 of the NO2"
+NOs" pool. Isotope effects derived for the assimilation by phytoplankton from these pools will
display a similar pattern, with interconversion acting to increase the °¢ derived from NOs™-
only and lower the 8¢ of both NOz-only and NO2+NOs", while leaving the 1°¢ of NO2+NOz"
unchanged (Fripiat et al., 2019). For this reason, we have chosen to focus on the §°N and §0
of the NO2+NOs" pool (rather than NO3s™-only) in this thesis.
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3 Thesis scope

The hostile, inaccessible, and seasonal nature of the Antarctic environment makes it a very
challenging place in which to conduct research. The harsh sea ice conditions surrounding LCIS
make it even more challenging to study, with only two direct studies having been conducted
on the strength of the regional biological pump (Flynn et al., 2021; Hoppema et al., 2000). In
this study, we provide a new, independent estimate of the biological pump strength by reporting
the measured concentration and 6*°N of the nitrate + nitrite (NOs+NO), particulate organic
nitrogen (PON), and ammonium (NH4*) pools as well as the §'80 of NOs+NOz collected from
16 stations adjacent LCIS in January of 2019. The central goal of the work detailed in this
thesis is to provide a new characterisation of biological pump strength for the waters adjacent
to LCIS in the western Weddell Sea. Using the isotopes of the N pools allows for a somewhat
time-integrated (at least on a near seasonal cycle scale) view of the biological pump, and allows
for potentially overlapping N cycle processes (such as NOs+NO2z assimilation and
nitrification) to be identified. In addition, the NO3s+NOz2" isotope data detailed herein allow for
a new estimation of the N and O isotope effect (*°¢ and 8¢, respectively) associated with NOs"
+NOz2 assimilation in the coastal Antarctic. Such values are important because in order to
reconstruct the degree of NOs+NO2" drawdown, and thus biological pump strength in the past
from buried organic matter, a reliable estimate of the NOs+NO2" assimilation ¢ is required.
The following section in which these results are presented is structured as a single chapter, as

it is intended to be submitted to a scientific journal.
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4 Nitrogen cycle-based estimates of carbon export
potential in the waters adjacent to Larsen C Ice Shelf in
the western Weddell Sea, Antarctica

4.1. Introduction

Atmospheric CO: is transferred to the deep ocean via the biological pump, the mechanism by
which photosynthetically-produced organic matter sinks out of the sunlit surface layer
(euphotic zone) to be remineralised at depth (Volk & Hoffert, 1985). Biological pump strength
can be assessed by the fraction of new to regenerated production, where new production is
phytoplankton growth supported by nitrogen (N) sources that are “new” to the euphotic zone
(e.g., nitrate (NOs") mixed up from the subsurface) while regenerated production refers to
phytoplankton growth on recycled N forms (e.g., ammonium (NH4*) and urea) (Dugdale &
Goering, 1967; Eppley & Peterson, 1979). On an annual basis, new production must be
balanced by the export of organic matter from the euphotic zone (i.e., “export production”). As
such, the extent of phytoplankton NO3s~ consumption can be used to estimate carbon export
potential, provided that euphotic zone nitrification (i.e., the oxidation of recycled NH4*" to
nitrite (NO2") and then NOgz", which yields regenerated NOz") is minimal (Dugdale & Goering,
1967; Mdutyana et al., 2020; Yool et al., 2007) and that carbon and N are incorporated into

biomass in a known ratio (Redfield et al., 1963).

Across much of the Southern Ocean, the biological pump is weaker than expected based on the
upward supply of NOs™ (Sarmiento & Toggweiler, 1984). This weakness, which is largely due
to iron and light limitation of phytoplankton (Martin et al., 1990; Strzepek et al., 2019; Sunda
& Huntsman, 1997), manifests in high concentrations of the macronutrients NOs  (and
phosphate) left unconsumed in surface waters. In coastal Antarctic waters, seasonal ice melt,
sediment resuspension, and coastal runoff can, at least partly, alleviate phytoplankton iron
limitation (e.g., Dinniman et al., 2020; Janssens et al., 2016; Lannuzel et al., 2008, 2016). A
flux of low-density meltwater into the euphotic zone also increases surface stratification,
shoaling the mixed layer and thus helping to alleviate the light limitation of phytoplankton
(Arrigo et al., 1999; Sedwick & DiTullio, 1997). As such, Southern Ocean waters near
Antarctica are often highly productive in spring and summer and characterized by significantly
greater NOs” drawdown than the offshore waters to the north (Flynn et al., 2021; Li et al., 2016).

Stratified, iron-rich waters and their associated elevated rates of primary productivity have been
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observed at Antarctic ice shelf breaks, including adjacent to Larsen C Ice Shelf (LCIS) in the
western Weddell Sea, which is the focus of this study (Flynn et al., 2021; Hoppema et al.,
2000).

LCIS is, in addition, a formation site of Ice Shelf Water, a water mass with a potential
temperature below the surface freezing point (Nicholls et al., 2009, 2012), that is advected
down the continental slope and is a parent water mass to Antarctic Bottom Water (Nicholls et
al., 2009; Robertson et al., 2002; Weppernig et al., 1996). The offshore advection and descent
of this cold, dense water transports the CO: it contains into the deep ocean, storing it in some
of the world’s densest water masses. Organic matter that has remineralised and released its CO2
into this dense water prior to its advection offshore will, therefore, be acting to directly inject
COz into the deep ocean. It is, thus, important to characterize the amount of organic matter that
sinks from the mixed layer adjacent to LCIS, as it has the potential to be transported into some

of the world’s densest water masses.

Export production and biological pump strength can be approximated by measurements of net
community production (NCP), which quantifies the net export of biomass from the surface
ocean through particle sinking, downward mixing of dissolved organic matter, and transport
by animals (Emerson, 2014). NCP has previously been estimated from sediment traps, global
climate models, satellite-based products, oxygen mass balance, surface NO3z™ drawdown, and
carbon isotope mass balance (Emerson, 2014 and references therein; Johnson et al., 2017).
NCP in the Southern Ocean has previously been calculated using NOs™ mass balance by
subtracting the lowest summer mixed layer NOs™ concentration from the highest winter mixed
layer NOs™ concentration and integrating the quantity of nitrogen (N) removed to a depth below
the base of the summertime mixed layer (Johnson et al., 2017). This quantity of N, which
equates to the amount of organic N exported during the spring and summer growth period, can
subsequently be converted to carbon export using the molar C : N ratio of marine biomass,
which is typically on the order of 106 C : 16 N (Anderson, 1995; Hedges et al., 2002; Johnson
etal., 2022; Redfield et al., 1963). For the Southern Ocean, this approach yields an estimate of
NCP of 1 to 4 mol C / m? / yr (Johnson et al., 2017), similar to satellite- and model-based
estimates of NCP for the same region (Bopp et al., 2001; Dunne et al., 2007; Emerson, 2014

and references therein; Laws et al., 2011; Munro et al., 2015).
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The strength of the biological pump can also be evaluated through measurements of N isotopes.
In the environment, N exists primarily as 4N (99.63%), with 0.37% existing as *°N. Measured
ratios of these isotopes are reported in delta notation as §'°N, in %o versus N2 in air, =
(*>N/**Nsampte)/ (**N/*Nair) — 1) - 1000. During most biological reactions, 14N reacts faster than
15N, such that the product pool is lower in §*°N than the reactant pool. The extent to which a
particular reaction discriminates against °N is quantified by the isotope effect (*°¢), which, in
%o versus N2 in air, = (1 — k/**k) - 1000, where '°k and 4k are the rate constants for the 1°N-
and *N-bearing reactions, respectively (Mariotti et al., 1981; Sigman & Fripiat, 2019). As the
reaction proceeds, this isotopic fractionation causes the §'°N of both the reactant and product
to rise until, upon exhaustion of the reactant, the §*°N of the product converges upon its initial
SN (Mariotti et al., 1981).

The isotope effect associated with NOz assimilation by phytoplankton (*°sassim) has been
shown to be variable across the Southern Ocean, ranging from 1.6%o to 9%, with generally
higher values in Subantarctic than Antarctic waters (Altabet & Francois, 2001; DiFiore et al.,
2006, 2009, 2010; Fripiat et al., 2019; Karsh et al., 2003; Sigman et al., 1999; Smart et al.,
2015). For the Antarctic, a recent metanalysis showed that the eassim associated with the
consumption of nitrate + nitrite (NO3+NOy) is relatively constant at 5.5 + 0.6%. (Fripiat et al.,
2019), although this average includes very few data from coastal waters. Coastal values of
Beassim have been challenging to estimate due to the low degree of NOs™ consumption observed
in these waters in previous studies, leading to a very small increase in §*°N from the source

waters into the surface, which is close to the analytical precision (Fripiat et al., 2019).

Using eassim and the §'°N of NOs+NO2", one can calculate the §*°N of particulate organic
nitrogen (PON) that will be generated from NO3+NO2" consumption using the Rayleigh model,
provided assimilation is the only process acting on the NOs+NO2 pool (i.e., a closed system
with no in situ nitrification or mixing) and that assimilation proceeds with a constant ®&assim.
NH4* can also be consumed to form PON, the §'°N of which will equal that of the NH4* since
the 1°¢ associated with NH4* assimilation appears to be negligible at the NH4* concentrations
typical of the ocean (i.e., <5 uM) (Hoch et al., 1992; Liu et al., 2013; Pennock et al., 1996; Vo
et al., 2013; Waser et al., 1998b). The §1°N of NH4" in the euphotic zone should be lower than
that of NO3+NO2" mixed up from depth because of isotope fractionation associated with NH4*
production (Altabet, 1988; Lehmann et al., 2002; Mébius, 2012). As such, one can use the §°N
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of PON, NO3+NO2", and NH4* to quantify the relative contributions of new and regenerated N

to PON formation, and by extension, derive an estimate of the strength of the biological pump.

Here we use new measurements of NO3+NOz", PON, and NH4" concentration and §*°N to
estimate the relative importance of new (versus total) production (Fawcett et al., 2011) in the
waters adjacent to LCIS in the Weddell Sea during the summer of 2019. Our results indicate
that LCIS waters host a strong biological pump with the potential to sequester a large quantity
of atmospheric CO2. Moreover, it appears that new production is highest in the early summer
and declines as the growing season progresses, with phytoplankton shifting to relatively higher
dependence on recycled NH4*. We also use our NOs+NOz2" isotope data to estimate Peassim for
coastal Weddell Sea Waters, which we find to be consistent with previous estimates from the

Antarctic Zone of the Southern Ocean.

4.2. Methods:
4.2.1 Field sampling

The data presented in this thesis were collected in the vicinity of Larsen C Ice Shelf (LCIS)
between the 10 and 24" of January 2019 during the Weddell Sea Expedition (WSE) onboard
the R/V SA Agulhas Il (Fig. 4.1). Hydrographic data from 16 stations were collected using a
SeaBird conductivity-temperature-depth (CTD) profiler (SeaBird SBE 9/11 plus). The CTD
was equipped with an oxygen sensor in addition to sensors to measure pressure, conductivity,
and temperature, which were used to derive depth (m), absolute salinity (g/kg), conservative
temperature (°C), and potential density anomaly (kg/m3; = potential density — 1000 kg/m?,
reported as sigma theta (a,)). Derivations were made using Ocean Data View (Schlitzer, 2018),

which relies on the TEOS-10 equations of state.

Seawater samples were collected during each CTD cast from between 13 and 19 discrete depths
per station with a vertical resolution of 3-25 m in the surface (0-60 m) and 10-123 m at depths
>60 m using 12L Niskin bottles attached to the CTD rosette. Samples for direct measurement
of salinity and dissolved oxygen were collected at 3-5 depths from each cast and analyzed
shipboard using a Portasal 8410A salinometer and Ocean Scientific International Ltd (OSIL)
standards (salinity) and Winkler titration (oxygen; Strickland & Parsons, (1972)) to calibrate
and verify the accuracy of the CTD sensors (Hutchinson et al., 2020). Samples for the
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concentrations of nitrate + nitrite (NO3+NO2), nitrite (NO2’), and urea-N were collected at
each Niskin depth in 50 ml centrifuge tubes that were rinsed with sample prior to filling. The
NO3+NO2 and urea-N samples were immediately frozen, while the NO2 samples were
measured shipboard. Ammonium (NH4") samples were collected in duplicate in “aged” high-
density polyethylene (HDPE) bottles and frozen prior to analysis, which occurred within 24

hours.

Samples were collected at each Niskin depth for NOs+NO2 §'°N and §80 in acid-washed
HDPE bottles that were copiously rinsed with sample water prior to filling, then stored frozen
at -20°C. Seawater samples for NHs* §°N analysis were collected in sample rinsed 250 ml
low-density polyethylene (LDPE) bottles and fixed with 0.1 ml of 2 mol/l HCI to achieve a
final pH of ~4 prior to freezing at -20°C until analysis on land. Particulate organic nitrogen
(PON) was collected from 3 to 5 depths in the upper 100 m of the water column by filtering
200-4000 ml of seawater onto pre-combusted (450°C for 5 hours) 0.3 um glass fibre (GF-75;
Sterlitech) filters. The filters were wrapped in combusted (450°C for 5 hours) foil and stored at

-80°C until later analysis on land.

4.2.2 Nutrient concentrations
Seawater NO3+NOz2 concentrations were measured using a Lachat QuickChem flow injection

analysis platform following published protocols (Grasshoff, 1976) in the Marine
Biogeochemistry Lab at the University of Cape Town (UCT-MBL). The detection limit for this
configuration was 0.5 umol/Il, with duplicate measurements of the same sample on different
days yielding a precision of <0.5umol/l (Flynn et al., 2021). The NO2 concentrations were
measured manually onboard using a standard benchtop colourimetric method (Bendschneider
& Robinson, 1952; Strickland & Parsons, 1972) and a Thermo Scientific Genesys 30 Visible
spectrophotometer. The detection limit was <0.05 umol/l, with a precision for duplicate
samples of <0.05 umol/l. Aliquots of a certified reference material (CRM; JAMSTEC, lot CG)

were run during the autoanalyzer and manual batch runs to ensure measurement accuracy.

The NH4" concentrations were measured onboard using the fluorometric method of Holmes et
al. (1999) and a Turner Designs Trilogy fluorometer equipped with a UV detection module
(see Smith et al. (2022) for more details). The detection limit was <0.05 ymol/l with a precision

for duplicate samples of <0.05 umol/l. The matrix effect resulting from the use of Milli-Q
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standards to calibrate seawater samples was calculated via the standard addition method
(Saxberg & Kowalski, 1979). All samples were corrected for the matrix effect (Taylor et al.,
2007), which was always <10% and typically <5%.

Urea-N concentrations were measured in the UCT-MBL via the colourimetric method (Revilla
et al., 2005) using a Thermo Scientific Genesys 30 Visible spectrophotometer equipped with
either a1 cm or 5 cm pathlength cell. The detection limit was 0.05 umol/l and the precision for

duplicate samples was <0.05 umol/l. Hereafter, we use “urea” when referring to urea-N.

4.2.3 Bulk PON concentration and 6°N
At the UCT-MBL, filters containing PON were dried for 24h at 40°C and a subsample was

cored and packaged into a tin cup for analysis. Samples were measured using a Delta V Plus
isotope ratio mass spectrometer (IRMS) coupled to a Flash 1112 Series Elemental Analyzer
with a detection limit of 0.07 pmoles N. Unused pre-combusted filter blanks were included in
each run. The PON concentrations were derived from daily standard curves of IRMS voltages
versus known N masses, which yields N content that was subsequently normalized to filtration
volume. The PON 6N measurements were referenced to N2 in air using internal laboratory
standards that had been calibrated against International Atomic Energy Agency (IAEA)
reference materials and that were measured after every five to seven samples. The pooled

standard deviation for the internal standards was 0.05%o for Choc and 0.34%o for Valine.

4.2.4 NOs+NO2 §°N and §80

To prepare the samples for analysis, they were defrosted, shaken to homogenise the contents,
and filtered to remove organic matter. During filtration, a 50 ml syringe with a detachable 0.2
um filter was rinsed three times with Type 1 Milli Q water, rinsed twice with a small volume
of sample, and then used to filter the sample. Aliquots of the filtered samples were stored in
acid-washed HDPE bottles at -20°C and sent to the UC Davis Stable Isotope Facility for isotope
analysis using the “denitrifier method” (Sigman et al., 2001).

Briefly, the denitrifier method is used to measure the 6*°N and 680 of NO3+NO2 using a
strain of denitrifying bacteria that lacks an active nitrous oxide (N20) reductase enzyme

(Pseudomonas chlororaphis f. sp. Aureofaciens). Under anoxic conditions, P. aureofaciens
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quantitatively converts seawater NO3+NO2 to N20 gas, which is then extracted and purified
using a ThermoFinnigan GasBench plus PreCon trace gas concentration system interfaced with
a ThermoScientific Delta V Plus IRMS (Casciotti et al., 2002; Sigman et al., 2001; Mcllvin
and Casciotti 2007). The samples were calibrated against certified reference materials (CRMSs)
IAEA NO3 (3N = +4.7 £+ 0.2%o versus N2 in air and §*%0 = +25.6 + 0.4 versus Vienna
Standard Mean Ocean Water (VSMOW)) and United States Geological Survey (USGS) 34
(85N = -1.8 = 0.2%o versus N2 in air and §180 = -27.9 £ 0.6 versus VSMOW) (Bohlke et al.,
2003; Gonfiantini et al., 1995). As such the sample §'°N and §80 are reported versus Nz in air
and VSMOW, respectively.

The NO3+NOz2 isotope data undergo two methodological corrections. The first is related to
the bacterial blank, with the data corrected for any N2O produced by the bacteria in the absence
of sample seawater; these bacterial blanks were assessed in every IRMS batch run. The second
correction is applied to the §*80 data only and is required when the seawater sample contains
a measurable concentration of NO2". The NOz™ correction is necessary because during bacterial
conversion of sample NO3s+NO2 to N20, NOs loses a larger proportion of its O atoms than
NO2" (2NO3; — N,0 + 50 versus 2NO; — N,0 + 30; 5/6 O atoms are lost from NOs
compared to 3/4 from NO2’). The O isotope effects associated with the loss of these O atoms
are accounted for in the case of NOs™ by the fact the data are standardised using NOs" reference
materials (i.e., IAEA NO3 and USGS 34). For NO2", however, the §*80 of the N2O produced
by the denitrifier method is ~25%. lower than that produced from NOs™ with the same starting
580 (Casciotti et al., 2007). To counteract this methodological bias, the measured 680 of the
NO3+NO2 pool must be increased in proportion to the fraction of NO2" in each sample (i.e.,
580corrected = §180measured + 25%o - [NO2]/[NO3+NO2]) (Fawcett et al., 2015; Kemeny et al.,
2016). All the NO3+NO2" §'80 data reported hereafter have undergone this correction. The
precision for duplicate measurements of NOs+NO2" §'°N was 0.08%o with a pooled CRM
standard deviation of 0.15%., while NOs+NO2 6§80 samples had a precision for duplicate

measurements of 0.15%. and pooled CRM standard deviation of 0.32%o.

4.2.5 NHs* §%N analysis

NH4* 51N was measured in the Department of Marine Science at the University of Connecticut
for samples with NH4* concentrations >0.8 umol/l. The NH4* was quantitatively oxidized to
NOz2" using hypobromite (Zhang et al., 2007), with the NO2" subsequently reduced to N2O using
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a 1: 1 sodium azide and acetic acid buffer solution (Mcllvin & Altabet, 2005). Samples were
then transferred to combusted glass vials with the volumes adjusted to ensure a quantity of 12.5
nmoles of sample N in each vial. The N20 §'°N was measured using a modified GasBench II
in-line with a Thermo Delta VV Advantage IRMS (Sigman et al., 2001; Mcllvin and Casciotti
2007). Individual N20 isotope ratios were referenced against N2O from a pure gas cylinder and
then standardised by comparison with three international CRMs. The CRMs used were IAEA-
N1 (3N = +0.4 + 0.2%o versus N2z in air), IAEA-N2 (§'°N = +20.3 £ 0.2%o versus N2 in air),
and USGS-25 (8*°N = -30.4 £ 0.4%o versus Nz in air) (Bohlke et al., 1993), which were diluted
with low NH4" deep Atlantic (~4000 m) seawater and run at regular intervals throughout the
run. The full NH4* to N20 reaction blank (prepared in deep Atlantic seawater) was 6.00 £ 0.21
nmol N. All samples were run in duplicate batch runs with a pooled precision of 0.2%.. The
pooled averages and standard deviations for all measurements of IAEA-N1, IAEA-N2, and
USGS-25 (n=35, n=36, and n=10) were +0.4+0.1, +20.3£0.2, and -30.3+0.2%o, respectively.

4.3 Results:
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Fig. 4.1: Maps of (a) the Weddell Gyre and (b) the study site showing the locations of CTD stations adjacent to
the Larsen C Ice Shelf (LCIS) (green circles) that were occupied during the Weddell Sea Expedition of 2019. The
general Weddell Sea circulation is depicted in (a), with the dashed blue arrow representing the Antarctic Slope
Current. The input of modified water masses from the Filchner-Ronne Ice Shelf and LCIS are indicated by the
dashed black arrows (Gordon et al., 1993; Schodlok et al., 2002; Schrdder et al., 2002). Shading shows the sea ice
concentration for 31 January 2020 (ftp://ftp-projects.cen.uni-hamburg.de/seaice/AMSR2/3.125km). In panel b,
the green station markers indicate non-upwelling stations L2-L4 and L6-L16 while the grey markers indicate
upwelling stations L1 and L5 (see text for details); the numbers refer to the stations (i.e., 1 is station L1). The
surface colour shows the oxygen concentrations, measured by the CTD oxygen sensor which was calibrated to
direct measurements via Winkler titration (Hutchinson et al., 2020). Also shown is the position at the time of our
sampling of iceberg A68 (6000 km?) that calved off LCIS in July 2017.
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4.3.1 Hydrographic context
At the stations adjacent to LCIS, we observed strong gradients in density (0.14 kg.m-

3</A0<0.22 kg.m®) between the surface mixed layer and the underlying source waters (Fig.
4.2a). Two notable exceptions were shelf-break stations L1 and L5 (open grey symbols in Fig.
4.1b) where weaker density gradients (4doy <0.11 kg.m3) were evident. Here, we define the
surface mixed layer as the depth interval over which a NO3s+NO2 assimilation signal is
apparent (i.e., NO3+NO2  6°N rises as its concentration declines; Fig. 4.3 green symbols,
Table 4.1). The source water is Winter Water (WW), the remnant wintertime mixed layer that
is found directly beneath the summer mixed layer. WW has a temperature of between -1.85°C
and -1.6°C and salinity between 34.65 g/kg and 34.70 g/kg (Hutchinson et al., 2020; Nicholls
et al., 2004; Robertson et al., 2002; Weppernig et al., 1996) and is found between 48 m and
297 mat LCIS (Fig. 4.2, purple shading). The depth of the surface mixed layer ranged from 50
m to 161 m and averaged 99 + 34 m for stations L2 to L4 and L6 to L16, while at stations L1
and L5, the mixed layer depth was 125 m and 151 m, respectively (Table 4.1).
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The shallowest measured oxygen concentrations (~1 m) ranged from 364 umol/l to 389 umol/I
(98% to 107% saturation) at all but the two shelf break stations (L1 and L5) where lower
surface oxygen concentrations were measured (315 umol/l and 316 umol/l, respectively, 84%
saturation in both cases; Fig. 4.1b). Since oxygen equilibrates rapidly with the atmosphere,
undersaturated surface concentrations indicate recent (possibly ongoing) upwelling of lower-
oxygen subsurface waters, which is consistent with the weak density gradients observed at
stations L1 and L5 (Fig. 4.2a). By contrast, the other 14 stations were characterized by a
strongly stratified upper water column and no evidence in the oxygen data of upwelling at the

time of our sampling.

4.3.2 Nutrient concentrations and isotopes
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Fig. 4.3: Vertical profiles of the measured a) concentration and b) §!°N of PON (black), urea N (red), NH,* (blue),
and NO3s+NOy (green) at all stations sampled adjacent to Larsen C Ice Shelf. Also shown is c¢) the §'80 of NO3z-
+NO;". We do not distinguish among stations here as we observe no coherent trend between station hydrography
or biogeochemistry and distance from the shelf or latitude. In the text, we instead report the regional average
parameters, taking the different stations to represent varying degrees of consumption of the same NO3+NO_
source. The exception to this is upwelling stations L1 and L5, which are shown by the open grey symbols; these
stations are not included in the regional averages.

The nutrient concentrations presented here were first reported by Flynn et al. (2021). At stations
L2 to L4 and L6 to L16, the mixed layer NO3s+NO2" concentrations ranged from 16.4 umol/I
to 23.7 umol/l (averaging 20.3 + 2.3 umol/l; n = 14 stations), which amounts to a decrease of
3.7 umol/l to 11.1 umol/l (average of 7.1 + 2.6 umol/l; n = 14 stations) relative to the

concentrations measured in the underlying WW (average NO3z+NOz2 concentration of 27.4 +
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1.1 umol/l across the sampling region; Fig. 4.3a green symbols, Table 4.1). Coincident with
the subsurface-to-mixed layer decline in the NO3s+NO2" concentrations, NOz+NO2" §'°N
increased between 0.60%o and 2.23%o (1.10 + 0.45%o on average; n = 14) and §80 increased
between 0.31%o and 2.51%o (1.09 £ 0.57%0 on average; n = 14) relative to the source WW
where NO3+NO2 §°N and 6*80 averaged 5.21 £ 0.12%o and 3.01 £ 0.20%o, respectively (Fig.
4.3b and c, green symbols). Stations L1 and L5 showed weaker gradients, with an average
source-to-mixed-layer decrease in the NOs+NOz2" concentration of 3.6 = 1.4 umol/l and
increase in the §*°N and 680 of 0.47 + 0.13%o and 0.28 + 0.35%, respectively (n = 2). At all
stations, NOz+NO2 §*°N and 680 increased approximately in unison from the WW to the

surface, with a A580 : AG™N ratio of approximately 1.17:1 (Fig. 4.4).

Fig. 4.4: NO3+NO2 80 versus §'°N with
9 |2 the 1:1 (solid line) and 1.17:1 (dashed line)
A relationships plotted. The data largely fall

8 on the 1.17:1 line, a relationship that can
be explained by NO3s;+NO; assimilation
7 by phytoplankton. This relationship further

indicates that the NO3z+NO, 8§80 versus
8N data show no evidence of surface-
layer nitrification.

7 8 9 10 11
81N (%)

The NOz2" concentrations were low throughout the mixed layer across the study region (average

4 5 6

of 0.04 £ 0.02 umol/l, reaching a maximum of 0.16 £ 0.13 umol/l at station L6 (5 m); data not
shown). Since the mixed-layer NO3+NO2" concentrations averaged 20.3 = 2.3 umol/I, reaching
a minimum of 8.3 £ 0.1 umol/I at station L16 (5 m), NO2" accounted for an average of 0.2 £
0.1% (maximum of 1.0 = 0.2%) of the NO3+NOz" pool. This result indicates that for NO2" to
have a noticeable impact on the isotopic composition of the NO3+NOz" pool, it would have to
be extremely low in 6N and/or §'80. Since the §'°N of NO2™ in the Antarctic Zone of the
Southern Ocean has been estimated to range from -80%o. to -20%. (Fripiat et al., 2019; Kemeny
et al., 2016; Smart et al., 2015), we cannot rule out an influence of the low measured NOz
concentrations on the §°N of NOz+NOz2". Extremely low NO2" §°N is hypothesized to result
from an equilibrium N isotope effect between NO3s+NO2 that is expressed during enzymatic
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NO3s — NOz" interconversion (Buchwald & Wankel, 2022; Kemeny et al., 2016). This process
concentrates °N in the NOs™ pool, strongly decreasing the §'°N of the NO2" pool but leaving
the 6N of the NO3z+NO2 pool unchanged (Kemeny et al., 2016). The impact of
interconversion on the 680 of NO2+NOz" is complex, but appears to result in a net decrease
in NO2'+NOs" 6180 (Buchwald & Wankel, 2022) driven by the open system incorporation and
loss of O atoms as well as abiotic exchange between seawater and NO2" (Boshers et al., 2019;
Buchwald & Casciotti, 2013; Buchwald & Wankel, 2022). Building on the work of Kemeny et
al. (2016), in a recent analysis of data from all sectors of the Antarctic Zone of the Southern
Ocean, Fripiat et al. (2019) concluded that isotopic changes to the NO3+NOz2" pool better
record phytoplankton nitrate assimilation than do the isotopes of NOs™ only. As such, we focus

here on the combined NO3+NOz2 pool.

The mixed-layer NH4* concentrations ranged from 0.1 to 4.0 umol/l, averaging 0.91 £ 0.29
umol/l (Fig. 4.3a blue symbols and Table 4.1; n = 14 stations). In all profiles, the NH4*
concentration typically reached a maximum near the base of the mixed layer before declining
to values <0.35 umol/l by 250 m. Surface mixed-layer concentrations of urea were lower than
NH4*, averaging 0.20 + 0.06 gmol/l, with a maximum of 0.48 umol/l measured at 5 m and 10
m at stations L1 and L15, respectively (Fig. 4.3a). The urea concentrations showed no
distinctive pattern with depth in or below the mixed layer, remaining consistently low and
averaging 0.25 umol/l by 250 m. Where measurable, NH4* §*°N ranged between -4.0%o and
2.5%o, averaging -0.9%o £+ 0.3%o (std error) with a median of -1.1 £ 0.1%0 when the four
measurements of NHa4* §1°N <-5%o. are excluded (Fig. 4.3b, blue symbols; see section 4.4.2.2
below). There was no clear pattern in NHs* §°N with depth, with fairly homogenous values
observed throughout the mixed layer. Stations L1 and L5 showed a less significant NH4*
concentration decrease into the surface than the other LCIS stations, while their urea
distributions were similar to the other stations. Additionally, the NH4* §'°N at L1 appeared
marginally less variable than at the non-upwelling LCIS stations (NH4* §*°N was not measured
for station L5; Appendix Fig. Al to Fig. A16).

The PON concentrations at stations L2-L4 and L6-L16 increased from an average of 0.35 +
0.05 umol/l in the WW to a mixed-layer average of 3.05 = 0.83 umol/l (range of 0.3 to 6.5
umol/l, median of 3.2 umol/l; Fig. 4.3a, black symbols). By contrast, the 6N of PON

decreased towards the surface, from an average of 8.5 = 0.3%o in the source WW to 3.8 + 1.3%o
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in the mixed layer. Stations L1 and L5 had a much lower mixed-layer PON concentration, of
1.29 £ 0.64 umol/l, and a higher average PON §*°N, of 4.2 + 0.2%o.

The physical and biogeochemical properties of stations L1 and L5 clearly differ from the rest
of the stations, with the upper water column characterized by weak WW-to-mixed-layer density
gradients, unsaturated surface oxygen concentrations, minimal NOs+NO2" drawdown, high
mixed-layer NH4" concentrations, and low mixed-layer PON concentrations. These traits are
consistent with stations L1 and L5 having undergone recent upwelling and/or mixing along the
shelf front (as was also concluded by Flynn et al. (2021)), possibly as a result of wind-driven
Ekman suction. By contrast, we see no evidence of upwelling or vigorous mixing at stations
L2-L4 and L6-L16 where the surface oxygen concentrations were fully saturated and the mixed
layer was strongly stratified. Additionally, we observe no coherent trend between the properties
of stations and their distance from the ice shelf or latitude. We have, therefore, chosen to treat
stations L2-L4 and L6-L16 as representing varying degrees of consumption of the same NO3-
+NOz2" source (i.e., WW), supplied prior to our sampling and subsequently isolated below the
mixed layer by the strong pycnocline. As such, unless otherwise stated, all averages reported
in the Discussion refer to stations L2-L4 and L6-L16.

4.4 Discussion:

At the 14 stratified stations occupied in the waters adjacent to LCIS in mid-summer 2019, we
observed clear evidence of photosynthetic NO3+NO2 drawdown in the strong decrease in NO3
+NOz2" concentration and increase in NOz+NO2" §*°N and 680 between the source WW and
the surface (Fig. 4.3, green symbols). On average, mixed-layer NO3+NO2" concentrations
declined by 7.1 umol/l relative to the concentration that would have been supplied by
convective mixing in winter. This decrease is far larger than that observed during the same
cruise in the offshore Weddell Sea (0.4 £ 0.3 umol/l; Flynn et al. (2021)) and on the higher end
of previous Polar Antarctic Zone (PAZ) observations (2 —9 umol/l; DiFiore et al., 2009; Fripiat
et al., 2019). In addition, the mixed layer PON concentrations (which averaged >3 umol/Il
across the region) were high relative to summertime measurements from the open Weddell Sea
(0.7 £ 0.3 umol/l; Flynn et al. (2021)) and the PAZ north of the Coastal and Continental Shelf
Zone (2.2 £ 0.2 umol/l; DiFiore et al. (2009)). Our data thus indicate that the sunlit surface

waters adjacent to LCIS support high rates of summertime phytoplankton productivity, and
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relatedly, a strong biological pump. Below, we use our data to quantify the strength of the LCIS

biological pump.

4.4.1 The seasonal cycle of NOs+NO2" supply and consumption near
LCIS

The seasonal cycle of perpetually sunlit summers and dark winters heavily impacts the
Southern Ocean upper water column structure. In winter, the upper water column of the western
Weddell Sea is covered by sea ice (Vernet et al., 2019) and characterized by deep mixed layers
and low productivity due to light limitation of phytoplankton (Mitchell et al., 1991; Nicholls et
al., 2009). During this season, deep on-shelf convection introduces high subsurface NO3+NOz
concentrations into the mixed layer (Hoppema et al., 2007). In spring and summer, with surface
warming and the influx of relatively warm and fresh meltwater, a shallow mixed layer stratifies
out of the winter mixed layer (Nicholls et al., 2009; Weppernig et al., 1996). As such, a remnant
winter mixed layer is preserved directly beneath the summer mixed layer (i.e., the so-called
WW layer), which archives the physical and biogeochemical conditions present at the

beginning of the spring growing season following wintertime NOs+NO2" recharge.

The N sources consumed by phytoplankton also shift with the changing seasons. In the winter
Southern Ocean, iron and extreme light limitation result in the near cessation of photosynthetic
NO3+NOz2 uptake (Mdutyana et al., 2020), with the primary biological processes instead being
ammonification and nitrification of PON and regenerated N forms (i.e., NH4*) that remain from
the previous autumn, along with slow assimilation of regenerated N (Mdutyana et al., 2020,
2022a,b; Philibert et al., 2015; Smart et al., 2015; Smith et al., 2022). Ultimately, NH4*
assimilation and oxidation during winter and early spring lead to very limited availability of
regenerated N in spring and early summer (Smith et al., 2022). Coupled with enhanced iron
availability following winter mixing, this condition renders NOs+NO2" the primary N source
to phytoplankton at the start of the growing season. As light returns in spring, phytoplankton
begin to assimilate NO3+NOz2" to produce biomass, a process that likely began for our sampling
region with the opening of a polynya at LCIS on the 30" of November 2018, roughly two
months prior to sampling (Flynn et al., 2021). The removal of sea ice through the opening of
the polynya would have increased the light available to phytoplankton (by reducing shading,
combined with a melt water-driven shoaling of the mixed layer), causing biological production

to ramp up. As the growing season continues, biomass (i.e., PON) concentrations increase, with
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some organic matter sinking into the subsurface and some accumulating in the mixed layer. In
both cases, the biomass is consumed by heterotrophic organisms (e.g., bacteria and
zooplankton), resulting in the production of NH4* and dissolved organic N forms that fuel
nitrification at depth and support further phytoplankton growth in the surface. As such, we
expect the proportion of primary production fueled by regenerated N to rise as the growing
season progresses, particularly as NH4* concentrations increase and iron is depleted (Goeyens
et al., 1995). With such a transition to proportionally more regenerated production, the
phytoplankton community will likely change from one dominated by large, ballasted diatoms
that are strong vectors for carbon export, to one dominated by smaller and/or less dense
phytoplankton, including mixotrophs, that contribute significantly less to carbon export
(Deppeler & Davidson, 2017; Goeyens et al., 1995; Karsh et al., 2003; Koike et al., 1986;
Lomas & Glibert, 1999; Petrou et al., 2016; Probyn & Painting, 1985; Wright et al., 2010).

4.4.2 Quantifying carbon export potential using N isotopes
Biological pump strength can be assessed by quantifying the amount of organic matter exported

out of the mixed layer. Assuming that the surface ocean is in a steady-state over an annual
cycle, the strength of the biological pump can be approximated by the f-ratio (shorthand for
“flux ratio”; Eppley & Peterson, 1979):

new production

f —ratio = Eq4.1

new+regenerated production
As per the original formulation of the new production paradigm (Dugdale & Goering, 1967),
new production is the phytoplankton growth supported by subsurface NO3s+NO2" mixed up
into the surface layer, and regenerated production is the phytoplankton growth supported by
recycled N, which we take to be well represented by NH4* (see section 4.4.2.2 below).
Together, these N forms are used to build biomass (PON) with a §*°N that is set by the fraction

of NOs+NOz2 (fNOs’) versus NH4* (fNH4") consumed by the phytoplankton, along with their

respective §°N values (6*°Ny o3 consumea @A 8 ° Ny 4 consumed, F€Spectively).

615NP0N = fNOS’_ (615NN03 consumed) + fNHI (515NNH4 consumed) Eq 4.2a

where
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fNO; + fNH} = Eq4.2b

such that
615NP0N = fNOS_ (515NN03 consumed) + (1 - fNOL%_)((SlsNNHAL consumed) Eq 4.2¢

Provided mixed-layer nitrification is negligible (see section 4.4.2.3.1 below), NO3+NO2
consumption in the mixed-layer near LCIS should approximate new production because other
potential sources of new N (i.e., atmospheric N deposition, riverine N inputs, and N2 fixation
(which is reduced at cold temperatures or if ambient NO3™ is present (Holl & Montoya, 2005;
Knapp etal., 2012; Staal et al., 2003))) are negligible in the Antarctic Zone (Jickells et al., 2017
and references therein). As such, fNOs" in Eq 4.2c is equivalent to the f-ratio and can be

computed following Fawcett et al. (2011) as:

; 8™ Npon—6°NnHa d
f —ratio = — v Eq4.3
61°NN0o3 consumed—0'°NNH4 consumed

Below, we discuss each of the terms in Eq 4.3 and then solve for the f-ratio at LCIS.

4.4.2.1 §®Npon
The concentration and §*°N of the particles measured in the mixed layer (PONmeasured) represent

the sum of a dominant growing PON component (PONgrowing) and a minor recalcitrant
(“background”) component (PONbackground). The PONbackground iS highly decomposed material
that was present in the surface waters at the beginning of the growing season, remaining
following in situ wintertime ammonification and/or mixed-up during winter convection from
the subsurface (along with NO3+NO2") where it would have been strongly decomposed by
heterotrophic bacteria. We suggest that PONbackground Can be approximated by the PON
measured in the source WW, which has a concentration and §'°N of 0.35 + 0.05 umol/Il and
8.50 + 0.35%o, respectively. These values are consistent with previous wintertime surface PON
concentrations of 0.2 to 0.5 umol/l in the PAZ (Smith et al., 2022). Additionally, Smart et al.
(2020) showed for the Polar Frontal Zone of the Southern Ocean that PON §*°N can rise by as
much as 8%o (mean of ~5%0) between summer and late winter as its concentration declines,
which the authors attributed to net heterotrophic degradation in winter. Finally, our measured
WW PON 6N is similar to the theoretical value of 6.45 + 1.60%. that we calculate by
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degrading the average mixed layer PONmeasured (cOncentration = 3.05 + 0.83 umol/l and §*°N
= 3.8 + 1.3%o) to the deep concentration of 0.35 umol/l using the steady state equation (i.e.,
51NPON degraded = G *°NPON measured + 1> €ammonification * (1 — f), where f is the degree of consumption
Of PONmeasured; Sigman & Fripiat (2019)) and a ‘°cammonification of 3.0 + 0.1%0 (Lehmann et al.,
2002; Mdbius, 2012).

PONgrowing can be calculated by removing PONbackground from PONmeasured, Which yields an
average mixed layer PONgrowing concentration and 6*°N of 2.70 £ 0.83 umol/l and 3.2 + 2.3%o,
respectively (versus 3.05 £ 0.83 umol/l and 3.8 £ 1.3%o0 for PONmeasured). Mixed layer
PONmeasured is thus clearly dominated by PONgrowing, With the low concentration and high §°N
of PONbackground Only making up a small fraction (on average 0.11 + 0.04) of the mixed layer
PONmeasured. Supporting this notion is the biomass C : N ratio measured at LCIS at the time of
our sampling (average of 7.4 + 1.9; Flynn et al. (2021)), which is indistinguishable from that
expected for non-limited phytoplankton (6.63; Redfield et al. (1963)), indicating that the
measured PON pool is largely the result of active and balanced phytoplankton growth (Hupe
& Karstensen, 2000; Kértzinger et al., 2001; Osterroht & Thomas, 2000; Thomas et al., 1999).
Additionally, data collected coincident with our sampling show that the rates of primary
productivity at LCIS were extremely high, and that the upper-ocean ecosystem was dominated
by rapidly growing phytoplankton taxa such as Phaeocystis antarctica and the centric diatom,
Thalassiosira sp. (Flynn et al., 2021). Since PONgrowing, despite being similar to PONmeasured in
the mixed layer, more accurately represents the concentration and 6°N of the biomass formed
through N consumption during the growing season, all use of mixed-layer PON hereafter refers

to PONgrowing, Unless otherwise noted.

4.4.2.2 515NNH4 consumed
At the concentrations of NH4* measured in our study, the available data suggest that its

consumption by phytoplankton will occur with negligible isotopic fractionation (Hoch et al.,
1992; Liu et al., 2013); thus, the PON produced through NH4* assimilation will have a §'°N
that is the same as the §*°N of the NH4* pool present at the time of sampling. Here, we directly
measured the §'°N of NH4*, which is unusual for open ocean studies given the detection limit

of the available method.
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The method used to measure the §*°N of NH4* is tricky and can produce strongly negative
values if NH4" conversion to NO2z is incomplete (Zhang et al., 2007). We observe four
anomalously low NH4* 8N values, between -9.5%o0 and -5.1%o, at stations L13 and L14.
Before discounting these values as methodological artefacts, we must first consider whether
there exists an in-situ mechanism (or combination of mechanisms) that could generate such
low-6°N NHs*. NH4* assimilation appears to occur without significant isotopic fractionation
at NH4™ concentrations <5 umol/l (Hoch et al., 1992; Liu et al., 2013; Pennock et al., 1996),
and so should not change the §*°N of NH4" in the water column. By contrast, marine ammonia
oxidation occurs with a strongly positive isotope effect ranging from 14-19%, (Casciotti et al.,
2003) which would act to increase, rather than decrease, the 6*°N of the NH4* pool being
oxidized. The only process that lowers the §'°N of NH4* is the ammonification of organic N,
which occurs with a small isotope effect of ~3%o. (i.e., producing NH4* that is ~3%o lower in
6°N than the PON being ammonified; Lehmann et al. (2002); Mobius, (2012)). This
mechanism has previously been invoked to explain the production of low-§'°N NH4* in the
late summer/autumn Southern Ocean, where partial remineralisation of euphotic zone PON
followed by export of high-6*°N PON results in low 6N NH4* being retained in the surface
layer (Mobius, 2012; Smart et al., 2015). Repeated cycles of these processes can significantly
lower surface NH4* §'°N (Lourey et al., 2003; Smart et al., 2015). However, for this mechanism
to yield 6N NH4* values of -9.5%o to -5.1%o would require the PON being remineralised to
have a 61°N of -6.5%o to -2.1%o (i.e., §*°N NHa4* plus an isotope effect of 3%o), which we do
not observe in our mixed-layer measured PON §°N data that average 3.8 + 1.3%o (minimum
measured value of -1.5%o at 2 m at station L3, with the next lowest measured PON §°N being
2.1%o at 10 m at station L13). Thus, a far more likely explanation of the four very low NH4*
515N values is that they derive from the incomplete conversion of NH4* to NO2 during analysis
(Zhang et al., 2007). Removing these methodological outliers yields a regional average NH4*
61°N of -0.9 + 0.3%o (n = 7 stations).

We apply the regional average NH4* §°N to all stations in our analysis as only samples with
an NH4* concentration >0.8 umol/l could be analyzed for §'°N (i.e., we do not have NH4* §*°N
data from all stations and depths). Nonetheless, all our measured values of NH4* 6°N are
similar, which suggests that applying the regional average to all stations is reasonable. NH4* is
not the only recycled N form available to phytoplankton, however, with growth supported by

urea also constituting regenerated production. Urea was unlikely a primary N source to
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phytoplankton at the time of our sampling as the urea concentrations were low, averaging 0.20
+ 0.06 umol/l, and showed no clear pattern with depth, either within or below the mixed layer
(Fig. 4.3a). While low urea concentrations do not necessarily indicate a low urea flux, the lack
of a clear pattern with depth to 200 m indicates that in net, urea assimilation was not
significantly depleting the surface urea pool. This notion is supported by direct rate
measurements of urea and NH4* uptake made at 10 of the LCIS stations at the same time as our
sampling (Flynn et al., 2021). The regionally averaged, euphotic zone-integrated rates of NH4*
uptake (2.6 = 1.3 mmol/m?/d) were far higher than those of urea uptake (0.6 + 0.3 mmol/m?/d),
demonstrating that NH4* was the primary regenerated N source to phytoplankton, at least at the
time of our sampling. In any case, even if urea did support significant regenerated production
at LCIS (e.qg., prior to our sampling), we expect it to be similarly low in §*°*N to NHs* because
of the similar isotope effects associated with its production (Macko et al., 1986; Silfer et al.,
1992). Additionally, as urea assimilation appears to occur with no isotope effect (Waser et al.,
1998b), urea-fueled PON would have a low §*°N, similar to that resulting from the assimilation
of NH4*. Within our analytical framework, this low-5°N PON would be characterized as
regenerated production, regardless of whether it was fueled by urea or NH4*. We thus conclude
that regenerated production is reasonably represented by §'°NNH4 consumed (i.€., the mean NH4*
SN of -0.9 £ 0.3%o).

4.4.2.3 515NNO3 consumed
The §'°N of new production is significantly more complicated to calculate than the §*°NnHa

consumed @S We must account for isotopic fractionation during NOs+NO2" assimilation given that
the mixed layer NO3+NO2" concentrations were non-zero across the study region. Since the
upper water column was well stratified at the time of our sampling, we can use the Rayleigh
model to estimate both eassim and the §°N of the PON that would be produced from the

consumption of NO3+NO2" (i.e., new production; §*°Nnos consumed).

4.4.2.3.1 The N and O isotope effects of NOs+NO, assimilation
The Rayleigh model (Mariotti et al., 1981) describes a unidirectional transformation (in this

case, NOs+NO2" assimilation into PON) that proceeds with a constant isotope effect (*°¢assim)
under conditions where the reactant (NO3s+NOz2’) is neither resupplied (e.g., by mixing) nor

lost (e.g., via sinking) by any mechanism other than the unidirectional transformation
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(assimilation into PON). The Rayleigh model-derived relationship between the §N and
concentration of the reactant pool, as well as the isotope effect associated with its consumption,
is represented by Eq 4.4 (Fripiat et al., 2019; Mariotti et al., 1981)

[NOF +NO; ]
515NN03—+N02— = 515N1303—+N02— — Pegssim  In (m) Eq4.4

Where [NO3 + NO3 ] is the NO3+NO2 concentration and the sub/superscript “0” denotes the
source water values. Eq 4.4 can be rearranged to allow for the calculation of the isotope effect

(158assim)2

15, _ 8Nyozinoy ~ 8 NRozino;
asstm = n([No3 +N051) — In([NO3 +NO; 1,)

Eq 4.5

The isotope effect can thus be determined from the negative slope of the relationship between
the §°N of NOs+NO2 and In([NOs+NO27) (Fig. 4.5). Applying the Rayleigh model to the
data available over the depth of the NO3+NO2" assimilation signal at all our non-upwelling
stations (L2-L4 and L6-L16), we calculate a mean ®eassim of 4.1 + 0.7%o (Fig. 4.5a; n = 14
stations; estimates of cassim for each station in Appendix Fig. Al.1 to Fig. A1.16). Upwelling
stations L1 and L5 show a much lower degree of NOs+NO2 drawdown (Fig. Al.1 and Fig.
A15), with a Pgasim of 3.6 = 0.6%0 and 2.4 + 1.4%o calculated for stations L1 and L5,
respectively (Fig. 4.5c).

The O isotope ratio of NO3+NO2 (*80/*€0, reported as §'80 versus VSMOW) can also be
used to calculate the NOs+NO2 assimilation isotope effect (‘8eassim), by substituting
§'%0yoz+n0; fOr 8" Nyp-ynos in EQ 4.5. Using the measured 6%0 of NOs+NOz, we
calculate a mean 8eassim of 4.7 + 0.8%o for stations L2-L4 and L6-L16 (Fig. 4.5b; n = 14
stations; estimates of '8eassim for each station in Fig. Al.1 to Fig. A1.16) and 4.7 + 0.6%o and
5.0 £ 0.6%. for stations L1 and L5.
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Fig. 4.5: NOs+NO; a) 6N and b) 80
plotted against In(NO3z+NOy) (i.e,
“Rayleigh space” plots) and c) Beasim
Versus Peasim. The regional average isotope
effect derived from a single Rayleigh model
analysis of all the mixed layer
measurements from stations L2-L4 and L6-
L16 (*S€assim = 4.1 + 0.1%o0 and Beagsim = 4.7
= 0.1%0) is indicated by the black line
(panels a and b), and black dot (panel c).
Panel c additionally shows the individual
station-derived Beassim and eagsim, With
Beassim > Peassim, falling roughly along the
1.17:1 line in most cases. The non-
upwelling station (L2-L4 and L6-L16)
average is plotted in red (Pgasim = 4.1
0.7%o (standard error of 0.2%o) and ®eassim
= 4.7 * 0.8%o (standard error of 0.2%o),
while upwelling stations L1 and L5 are

shown in grey. Error bars represent + 1 standard deviation. The introduction of NO3+NO;" to the mixed layer via
upwelling or mixing violates the conditions of the Rayleigh model, artificially lowering the calculated *&asim and
Be.sim (Sigman et al., 1999); L1 appears to fall in line with the mean regional estimate and only eusim is lower

than expected at L5.

Atall stations, the derived Bassim is either statistically indistinguishable from, or slightly higher

than, the coincident estimate of eassim (Fig. 4.5¢). Stations L2 and L6 are characterized by an

unexpectedly low Peassim of 2.8 +0.2%o and 3.2 + 0.5%o, respectively, and Bsassim of 3.4 + 0.4%o

and 3.4 + 0.5%o (Fig. 4.5¢). These lower values of Pgassim and Beassim may result from water
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column mixing, which would violate the closed system Rayleigh model through the addition
of deep, high-concentration low-6*N and 680 NOsz+NO2 to surface waters (Sigman et al.,
1999). The addition of this deeper NO3+NO2" lowers the shallow NOz+NO2" §°N and §80
to a greater degree than it increases its concentration, in net lowering the calculated *gassim and
Beassim (Appendix Fig. A2.1.1). However, there is no hydrographic evidence for upwelling or
mixing at stations L2 and L6, which both have strong density gradients of Agy > 0.16 kg/m?®
between the mixed layer and the waters beneath (Fig. 4.2). That said, mixing may have
occurred prior to our sampling, with the surface layer subsequently stratifying following its
cessation even as the §'°N (and 620) of NO3+NOz2 versus In([NOs+NOz27) relationship was
altered. Stations L1 and L5 do show hydrographic evidence for upwelling and mixing (Fig. 4.1
and 4.2), with L5 having a low sassim and L1 a comparable ®eassim to the mean value derived
for stations L2-L4 and L6-L16. Were mixing responsible for the low °cassim at L5, we would
expect Beassim to be similarly low (Fig. A2.1.1). However, the eassim at station L5 is high (5.0
+ 0.6%o0) and indistinguishable from that estimated for the non-upwelling stations, suggesting
that a process other than mixing may be responsible for decoupling the §'°N and 620 of NO3z-

+NOz2" (and thus eassim and 8eassim) at station L5.

Mixed-layer nitrification, which represents a source of regenerated NO3z+NO2 to
phytoplankton, violates the closed-system Rayleigh model and, if it occurred coincident with
NO3z+NOz2 assimilation, would decouple NO3+NO2 §°N and 680 (and thus 'Seassim and
Beassim). This decoupling results from ammonification+nitrification returning low-5'°N N to
the NOs+NO2" pool, thereby (partly) erasing the signal of assimilation in NO3+NO2" §'°N. At
the same time, the 620 of newly nitrified NO3+NO2" is higher than the §'80 removed during
assimilation (~1%o versus -3.1 to 0.2%o, respectively), such that the co-occurrence of NOs
+NOz assimilation and nitrification raises the 620 but not the §*°N of the combined (i.e.,
partially assimilated plus newly-nitrified) NOs+NO2 pool (Appendix Fig. A2.2.1; Fawcett et
al., 2015; Sigman et al., 2009; Smart et al., 2015; Wankel et al., 2007). Plotting NO3+NO2
5180 versus 61°N for the LCIS stations reveals no evidence of mixed-layer nitrification as all
the data fall roughly along a 1.17:1 line (Fig. 4.4), which is the relationship expected for NO3-

+NO2 assimilation alone (see below).

During assimilation of NO3™ by phytoplankton, as in plants, NOs™ is transported into the cell

and reduced to NO2, which is then transported into the chloroplast and further reduced to NH4*
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that is subsequently incorporated into amino acids (reviewed by Tischner, (2000). The rate-
limiting step in this sequence is intracellular NOs reduction to NO2, with millimolar
concentrations of NOs™ frequently accumulating inside the cell (Berges & Harrison, 1995;
Granger et al.,, 2004; Needoba & Harrison, 2004). The NOs reductase enzyme (NR)
responsible for reducing NO3z to NO2 has a large isotope effect of °enr = 8enr = 26.6 + 0.2%0
(Granger et al., 2004; Karsh et al., 2012), such that NOs™ reduction leaves the cell’s internal
NOz pool strongly enriched in §'°N and §'®0. Apparently regardless of the surrounding
environmental NOs~ concentration, a portion of this high-concentration, high-6*°N and §80
NOs" is effluxed from the cell during NOs™ assimilation, causing partial expression of the NR
isotope effect in the surrounding water column (Granger et al., 2004, 2010). The ratio of NOs
efflux to NOs™ uptake largely determines the expression of °enr (and 8engr) in the environment
(i.e., at the whole organism level). This organism level isotope effect (defined here as °cassim
and 8gassim) can be calculated as the sum of the isotope effects associated with NOs™ transport
(uptake and efflux) and NOs" reduction, weighted (in the case of reduction and efflux) by the
efflux to uptake ratio (Granger et al., 2010; Karsh et al., 2012):

Xgassim = Xguptake + R(XENR - Xgefflux) Eq 4.6

where X represents 15 or 18 and R is the NOz3™ efflux to uptake ratio. According to the literature,
Beuptake = 2.0 £ 0.3%o0 (Karsh et al., 2013), eerfiux = 1.2 £ 0.4%o (Karsh et al., 2013), Beuptake
= Beetfux = 2.8 £ 0.6%o0 (Karsh et al., 2013), and °enr = 8enr = 26.6 £ 0.2%0 (Granger et al.,
2004; Karsh et al., 2012). From our derived organism-level ®eassim of 4.1 + 0.7%, we use Eq
4.6 to calculate R = 0.08 £ 0.03 (i.e., NOs efflux is 8 £ 3% of uptake), which we can then use
to compute a theoretical organism-level ¥eassim of 4.8 + 1.0%0 and an 8¢/*%¢ of 1.17 + 0.36.
This theoretical '8assim is statistically indistinguishable from our data-derived 8gassim of 4.7 £
0.8%o, and the theoretically derived '8¢/*¢ ratio is also in line with our observations (Fig. 4.5).
Thus, the N and O isotopes of NO3s+NOz2" indicate that mixed-layer nitrification was negligible
at LCIS in mid-summer and that photosynthetic assimilation was the dominant process acting
on the NO3z+NO2 pool.

Further evidence in support of negligible mixed-layer nitrification is the lack of an observed
rise in NH4* 6°N at the base of the euphotic zone. Nitrifiers greatly reduce, although do not

completely halt, their activity when exposed to elevated light levels (Guerrero & Jones, 1996a,
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1996b; Hooper & Terry, 1974; Vanzella et al., 1989) such as those that characterize the
summertime euphotic zone at LCIS (Clark et al., 2008; Dore & Karl, 1996; Smith et al., 2014;
Ward, 2005; Ward et al., 1989). Additionally, nitrifiers are strongly outcompeted by
phytoplankton for NH4* in the euphotic zone (Smith et al., 2014; Ward, 1985), leading to well-
lit surface waters being dominated by NHa* assimilation, with nitrification becoming
potentially more important at the base of the euphotic zone. Provided the available NH4* is not
completely oxidized to NOz, nitrification considerably increases NH4* §°N as it occurs with
an isotope effect of 14-19%. (Casciotti et al., 2003) By contrast, NH4* assimilation occurring
at the base of the euphotic zone would have little effect on the NH4* §'°N because of its
negligible isotope effect (DiFiore et al., 2009; Hoch et al., 1992; Liu et al., 2013). As such, the
coincidence of NH4" oxidation and NH4* assimilation would yield a strong increase in NH4*

51N at the base of the euphotic zone (Appendix Fig. A2.2.3), which we do not observe.

Finally, direct nitrification rate measurements made at the same time as our sampling show that
mixed-layer nitrification was extremely low (averaging 1.3 £ 1.0 nmol/day and always below
3.8 nmol/day; Flynn et al. (2021)). The absence of mixed-layer nitrification during the growing
season at LCIS means that NO3+NO2 assimilation can be directly equated to new production.
It also means, however, that another process is likely responsible for the decoupling of *&assim

and 18eassim observed at station L5.

Surface meltwater input could influence the apparent (i.e., calculated) values of ®gassim and
8¢assim as both sea-ice- and ice-shelf-melt are characterized by low- to near-zero concentrations
of NO3+NOz (Fripiat et al., 2017; Vincent & Howard-Williams, 1994). The influence of ice
melt can be determined at each depth in the mixed layer by comparing its salinity to the salinity
of the underlying WW (i.e., the source water). WW has a salinity of 34.68 + 0.01 g/kg (Sww),
while LCIS mixed-layer salinity ranges from 34.21 to 34.54 g/kg (Smeasured), and ice melt will
have a salinity ranging from ~0 g/kg for ice-shelf melt and precipitation to ~6 g/kg for sea ice
(Smert), albeit with a considerable range (Eicken, 1992; Potter et al., 1984). Using a linear
mixing model (Eq 4.7a), we can solve for fmert, the fraction of meltwater present at every depth

in the mixed layer:

Smeasured = Tmelt * Smelt + (1 — fmelt) - Sww Eg4.7a
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Varying Smeit from 0 to 6 g/kg and solving for fmeit indicates that ice melt contributes an average
of 1.1 £ 1.0% (maximum of 4.1%) of the water in the mixed layer adjacent to LCIS (Appendix
Fig. A2.3.1). Removing the effect of ice melt on the measured NO3s+NO2" concentrations can

be achieved through another linear mixing model (Eq 4.7b), solving for [NO3+NO2 ]melt removed:

[NO3+NO2 |measured = fmelt -+ [NO3+NO2 Jmeit + (1 — fmeit) - [NO3+NO2 ]melt removed
Eq4.7b

Similarly, the effect of ice melt on the §'°N and 680 of water column NO3+NO2 can be

removed using Eq 4.7c, solving for §Xmelt removed, Where X represents 1°N or 180:

[NO3+NOz2 |measured © O Xmeasured = Tmelt + [NO3+NO2 ] meit - 6 Xmeit + (1 — fmelt) -
[NOB""NOZ']meIt removed * & Xmelt removed Eq4.7c

Varying the ice-melt salinity from 0 to 10 g/kg, [NO3+NO2 ]meit from 0 to 10 umol/l, and
5 °Nice meit and §80ice meit from 0 to 10%o yields a minimum and maximum °&melt removed OF 4.1
+ 0.7%o and 4.4 £ 0.7%o, respectively, and minimum and maximum *8emeit removed Of 4.6 + 0.8%o
and 4.9 £ 0.8%o, respectively (Appendix Fig. A2.3.2a and b). These values fall within the
uncertainty of our original derived *®cassim 0f 4.1 + 0.7%o and *eassim Of 4.7 + 0.8%o, indicating
that ice melt has very little power to alter the apparent NO3s+NO2" assimilation isotope effects.
We can thus be confident in our data-derived estimates of ®cassim and *eassim for the coastal
Antarctic, which fall within the 4 to 9%o range (albeit at the low end) of previous summertime
estimates for the pelagic Antarctic Zone of the Southern Ocean (Altabet & Francois, 2001,
DiFiore et al., 2006, 2009, 2010; Fripiat et al., 2019; Karsh et al., 2003; Sigman et al., 1999).

Our derived Beassim of 4.1 £ 0.7%o is slightly lower, but within the uncertainty of the *&assim of
4.7 £ 0.8%0 computed for the L2-L4 and L6-L16 station average, driven by the greater isotopic
fractionation experienced by O atoms compared to N atoms during transport of NO3™ into and
out of the cell (Granger et al., 2010; Karsh et al., 2013). The difference between ®&assim and
Beassim at station L5 cannot be explained by mixing, nitrification, or meltwater input, making
the most likely explanation the fact that this station is characterized by less NO3+NO2
drawdown than the other LCIS stations (2.9 = 1.7 umol/l versus 7.1 £ 2.6 umol/l). The apparent

WW-to-mixed-layer changes in §1°N and 5§80 were thus near the analytical limit, making them
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more uncertain. This issue has been invoked previously during attempts to estimate °gassim and
Beassim in regions of the coastal Antarctic characterized by a very low degree of NO3+NO2
drawdown (Fripiat et al., 2019). In contrast to L1 and L5, our measurements from stations L2-
L4 and L6-L16 do not suffer from this issue as the mixed layer was strongly stratified at these

stations and a high degree of NO3s"+NO2" consumption was observed.

4.4.2.3.2 §™Nnos consumed 1S best approximated by the integrated-instantaneous
product of NO3+NO>" assimilation
Using the Rayleigh model, with the derived value of cassim, the §*°N of the PON produced

from the assimilation of NO3s+NO2" (i.e., §*°Nnos consumed) Can be calculated. The Rayleigh
model yields two different estimates of PON §*°N, and thus of §*°Nnos consumed (Fig. 4.6a): 1)
the instantaneous product and 2) the accumulated product. The instantaneous product of NO3"
+NOz2" assimilation (§*°NNo3 consumed instantaneous) represents the §'°N of the N removed from the
NOs+NO2 pool at each moment of consumption and can be approximated by the §°N of the
NOs+NOz pool at that degree of consumption minus ®gassim (for P eassim <<1000%0) (Mariotti
etal., 1981) (Eq 4.8a). Writing this in terms of the source NO3+NO2 (sub/superscript “0”) by
substituting Eq 4.4 into Eq 4.8a, yields Eq 4.8b, which represents a more general solution for
SONNO3 consumed instantaneous.  The accumulated product of NOsz+NO2 assimilation (6§'°Nnos
consumed accumulated) represents the 6°N of all the N removed from the NOs+NO2" pool since
consumption of the source NO3+NO2 began (Eq 4.9) (Mariotti et al., 1981).

15 — 515 15
5 NN03 consumed instantaneous — 5 NN03_+N02_ - €assim Eq 4.8a
15 — £15p0 15 . _ 15
6 NN03 consumed instantaneous — g NN03‘+N02‘ - €assim In (f) €assim
Eq 4.8b
15 — S15p0 15 fin(f)
g NN03 consumed accumulated — 5 NN03_+N02_ + €assim 1-(f) Eq 4.9
NO3z +NO,
where f = 103 tN02]
[NO3+NO; ],

To determine whether the instantaneous or accumulated product best represents the §°Nnos3

consumed at LCIS (Eq 4.2c), we consider the extent to which newly produced PON has been

65



exported from the mixed layer. If a significant quantity of PON produced from the assimilation
of the NO3+NOz2" supplied during winter was exported by the time of our sampling, then the
51N of the PON remaining in the mixed layer cannot be approximated by the accumulated

product equation (Eq 4.9).

At LCIS, the concentration of mixed-layer PON was significantly lower than the total amount
of N consumed since the beginning of the growing season, indicating that the measured PON
51N cannot be approximated by the §*°N of the accumulated product (Table 4.1). As outlined
previously, the summertime mixed layer shoals out of the winter mixed layer, leaving the
remnant WW layer as a record of the conditions present at the beginning of the growing season
(Flynnetal., 2021; Goeyens et al., 1995; Hoppema et al., 2007; Jennings et al., 1984). At LCIS,
WW has a mean NO3+NOz2 concentration of 27.4 + 1.1 umol/l, while the surface mixed layer
at stations L2-L4 and L6-L16 has an average NO3+NOz" concentration of 20.3 = 2.3 umol/l,
amounting to an average NO3+NOz decrease (i.e., due to consumption) of 7.1 = 2.6 umol/I
(Table 4.1). The mixed-layer PON pool at these stations has an average concentration of 3.1

0.8 umol/l, which accounts for less than half of the NO3+NO2 consumed.

However, PON is not the only N pool present in the mixed layer that ultimately derives from
NO3+NOz2 supplied by winter mixing (i.e., [NO; + NO;],). The mean concentration of the
non-NOs+NOz2" N pools (i.e., PON + NH4" + urea) in the mixed layer is 4.2 + 1.0 umol/l, which
is also insufficient to account for all the NOs+NO2" drawdown since the beginning of the
growing season. Assuming mass balance (Eq 10), we calculate that an average of 3.0 £ 1.9
umol/l of N was exported from the mixed layer during the growing season prior to our

sampling.

[NO; + NO3;], = [NO3 + NO3] + [PON] + [NH]] + [urea] + N export
Eq 4.10

While the §1°Nno3 consumed cannot be estimated from the accumulated product equation, it also
cannot be derived from the instantaneous product equation. This is because there has clearly
been some accumulation of PON in the mixed layer, even as a significant quantity has been
exported. The instantaneous product, by definition, provides the §*°*NNo3 consumed at the moment

of consumption (Eq 4.8b). Consider an example case of the sample from 25 m at station L15:
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here, the NO3+NO2" concentration and 6'°N were 15.5 + 0.1 umol/l and 7.9 * 0.2%,
respectively. Using the [NO5; + NO; |, and 615N,305+N02— of WW (27.4 £ 1.1 umol/l and 5.21

+0.12%o), eassim 0f 4.1 £ 0.7%o, and f (= 15.5 £ 0.1 umol/l / 27.4 + 1.1 umol/l) of 0.57 £ 0.02,
we calculate an instantaneous §*°NNo3 consumed Of 3.4 % 0.3%o. This 6*°N value applies to the
PON produced instantaneously at the time of sampling. However, the concentration of the PON
pool at 25 m at station L15 was 6.1 umol/l, which means (assuming all the PON is derived,
directly or indirectly (i.e., through regenerated N) from the assimilation of NO3+NO2’) that it
would have begun to accumulate when the NOs+NO2" concentration was 15.5 + 0.1 umol/l +
6.1 £ 0.1 umol/l = 21.6 £ 0.1 umol/l. Using Eq 4.8b we calculate that this PON would have
had a 6*°N of 2.1 + 0.3%o as it began to accumulate, a value that is significantly lower than the
515N predicted for the instantaneous product at the time of our sampling. Additionally, even at
the highest rate of NOs™ uptake of 0.27 umol/l/day measured directly at LCIS at the time of our
sampling (Flynn et al., 2021), it would take ~24 days to produce 6.1 umol/l PON, an amount
of time that cannot be described as “instantaneous”. This exercise confirms that the

instantaneous product is not an appropriate estimation of the §*°Nnos consumed.

Instead, we propose that the §*°Nnos consumed Can be estimated by integrating the instantaneous
product over the concentration of PON + NH4" + urea remaining in the mixed layer at the time
of sampling. Even though some of that PON would have been produced from the assimilation
of recycled N, the recycled N would have ultimately derived from the NO3+NO2" supplied
during winter mixing (i.e., neither NH4* nor urea is mixed up into surface waters from below).
As such, by mass balance, the concentration of mixed-layer PON + NH4* + urea represents the
product of NOz+NOz2 consumption that has not been exported. Calculating the §*°Nno3 consumed
by integrating over this quantity of N yields a theoretical §*°N for PON produced exclusively

from the assimilation of NO3+NO2". The calculation is as follows:

From Eq 4.4:

15 — S15n0 15 .
5 NN0§+N02_ start integrating — 9 NNO3_+N02_ — Eassim

[NO3 +NO3 ]+[PON]+|NH}|+[urea]
In ( [NOF+NO3 ], )

Eq4.11
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Where 6'°Nyo-+no; start integrating 1S the theoretical §1°N of the NOs+NOz pool at the

concentration of total N (i.e., NO3+NO2 + PON + NH4* + urea) present in the mixed layer at

a particular station;

From Eq 4.9:
fin(f)
615NN03 consumed — 515NN03_+N02' start integrating + 15 assim 1-(f) Eq 4.12
_ [NO3+NO5]
where f = [NO3 +NO; |+[PON]+[NH |+[urea]

Substituting Eq 4.11 into Eq 4.12 and simplifying (see Appendix A3.1) yields:

15 — £15,70 15, [NO3+NO; o
6" Nno3 consumea = 0 NN0§+N02— + &ussim <1n ([N037+N02‘]+[P0N]+[NHI]+[urea]) +
[NO3 +NO5 | ) [NO3 +NO3 ]
[PON]+[NH[}|+[urea] In ([N03—+N02—]+[PON]+[NH;]+[urea]> ) Eq4.13

4.4.2.4 Calculating the f-ratio
Using Eq 4.3, with the §*°Npon, §*°NNH4 consumed, and §*°Nnos consumed represented by §°Npon

growing, the regionally-averaged measured NH4* §°N, and the integrated instantaneous product
of NOs+NO2 assimilation (Eq 4.13), respectively, we calculate a regionally averaged N
isotope-derived f-ratio of 0.81 + 0.18 (Fig. 4.6b and 4.8). This value indicates that NO3+NO2
is the dominant N source to phytoplankton at LCIS, accounting for ~80% of the N consumed
over the past 0.5 — 1.5 months (at the average NOs™ uptake rate of 0.11 + 0.07 pumol/l/d
measured adjacent to LCIS (Flynn et al., 2021), the average PON concentration of 2.70 £ 0.83

umol/l would take 1 + 0.5 months to accumulate).
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Fig. 4.6: Rayleigh model plots showing 8*°N versus the fraction of the NOs+NO, pool remaining (i.e., the
measured NO3s+NO;" concentration divided by the source (i.e., winter water; WW) NO3+NO, concentration).
The black lines show the output of the Rayleigh model run with ®eassim = 4.1 £ 0.7%o and initial NO3+NO2 §°N
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=5.21£0.12%o (i.e., the mean value calculated for the WW), with the theoretical NO3+NO §*°N (i.e., substrate)
shown by the solid black line, the instantaneous product by the dot-dashed black line, and accumulated product
by the dashed line. In all cases, the grey shading indicates + 1 standard deviation. Also shown are our measured
NH.* (blue; with the blue horizontal line showing the regional average + 1 standard error (blue shading)),
PONgrowing (black), and NO3+NO; (green) data. Panel b) additionally shows the §*Nno3 consumed €nd member (red),
calculated using the instantaneous product integrated over the PON + NH4* + urea concentration measured at each
depth/station (Eq 4.13). Panel a) shows all mixed layer PON data while panel b) shows only the data used to
calculate the f-ratio (i.e., where 8°Nnna consumed<S**Npon<8*°Nno3 consumed and the derived f-ratio has a standard
deviation <0.25).

The regional f-ratio is derived by averaging individual f-ratios calculated at each station and
depth where §*°NNH4 consumed<8*°NPoN<E°NNo3 consumed and the individual f-ratio is associated
with a standard deviation <0.25. These criteria ensure that the f-ratio falls between 0 and 1 and
is robust (see Appendix A3.2). We have confidence in the derived regional f-ratio, although it
is still important to characterize the sensitivity of this value to the various terms in Eq 4.3. As
such, we performed a sensitivity analysis by varying §*°NnHa consumed, §*°NNo3 consumed (through
varying the source water NO3+NO2 concentration and §'°N, &assim, and the PON + NH4* +
urea concentration that is integrated to yield 6*°Nno3 consumed), and 8§'°Npon (by varying the
PONbackground concentration and §*°N). Varying each of these parameters over a realistic range
(vertical dashed grey lines in Fig. 4.7) shows that their respective uncertainties are more than

accounted for in the reported uncertainty associated with our mean f-ratio.
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Fig. 4.7: Exploring the sensitivity of the derived f-ratios to variations in a) the source WW NO3z+NOz
concentration, b) the source WW NO3+NO; 8N, ¢) the NO3+NO, N assimilation isotope effect (Peassim), d)
the fraction of the PON + NH,* + urea concentration that is integrated over to derive 8**Nno3 consumed, €) the source
WW PON concentration, f) the source WW PON &N, and g) the NH;* 8'°N. The horizontal dashed lines
represent the average regional f-ratio (black dashed line) + 1 standard deviation (grey dashed lines) of 0.81 + 0.18.
The vertical dotted lines represent the regional average value of each parameter (black) + 1 standard deviation
(grey). The f-ratios plotted in this figure are the regional averages, calculated for individual points that meet the
criteria of 8°NnHs consumed<8'°Npon<8""Nno3 consumed, With the individual f-ratio characterized by a standard
deviation <0.25. We performed a second test (Appendix Fig. A4.1) of the sensitivity of the derived f-ratio using
the original 22 points only (i.e., the selection criteria are not applied because the 22 data points are already
selected). For both sensitivity tests, varying each parameter within a reasonable range (vertical dotted grey lines)
yields respective uncertainties in the f-ratio that are more than accounted for in the uncertainty of our reported f-
ratio.

The sensitivity analysis further shows that the lowest possible f-ratio that can be derived from
our isotope data is 0.75 = 0.17 if the Rayleigh instantaneous product is used to represent the
51°NNo3 consumed €nd member. However, as outlined in section 4.4.2.3.2, it is inappropriate to
use the instantaneous product to represent §*°Nno3 consumed Since a considerable portion of the
PON produced from the consumption of NO3z+NO2 remains in the mixed layer adjacent to
LCIS. Varying 6*°NnHa consumed Within a realistic range has the largest impact on the calculated
f-ratio, driven primarily by the uncertainty associated with the measurements of NH4* §°N;
however, even the effect of varying the NH4* §*°N by =+ 1.5%o is more than accounted for by
our reported f-ratio standard deviation. The results of the sensitivity analysis increase our
confidence in the regional average f-ratio of 0.81 + 0.18 that we derive for the waters adjacent
to LCIS. This f-ratio indicates that phytoplankton growth was fueled primarily by the
consumption of NO3+NO2, as opposed to NHs4" or urea. Moreover, since mixed-layer
nitrification was negligible, the NO3+NO2" consumption was the consumption of preformed
nutrients, indicating that new production accounts for 81 + 18% of total production and that

the potential for carbon export from the surface waters adjacent to LCIS was high.
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Fig. 4.8: Estimates of the f-ratio at each station, derived from a) measurements of the N isotopes, (b) the fraction
of NO3+NO; consumed that had already been exported from the mixed layer (Table 4.1), and (c) direct uptake
rate experiments (Flynn et al., 2021). The station L2-L4 and L6-L16 regional average is plotted as the horizontal
red line. Upwelling stations L1 and L5 (grey) are excluded from the regional average.

While we are confident that our isotope-derived f-ratio is robust, it is very high compared to
other estimates from the region. For example, on the same cruise as our sampling, Flynn et al.
(2021) estimated an f-ratio of 0.47 + 0.08 (Fig. 4.8) from direct (i.e., instantaneous, *°N-tracer
based) measurements of NO3+NOz and regenerated N uptake. So why do these two different
methods yield such divergent estimates of the f-ratio? The most likely explanation is that the
isotope-derived f-ratio integrates over a considerable portion of the growing season while the
Flynn et al. (2021) estimate quantifies the behaviour of the phytoplankton community at the
moment of sampling (i.e., the experiments conducted to quantify N uptake last less than six
hours) and can be taken as representative of a few days at most. Moreover, one would expect
the f-ratio estimated from direct rate measurements made in mid- to late-summer to be lower
than that estimated from the N isotope changes occurring over all of the growing season prior
to this date. This is because, as mentioned above, the concentrations of organic matter and
regenerated N are very low in spring when the growing season commences, so NO3+NO2
consumption (i.e., new production) supports almost all phytoplankton growth. As summer
approaches, however, more and more of the phytoplankton biomass is consumed and/or
decomposed, releasing NH4*. Thus, as the growing season progresses, we expect more NH4*
to become available to phytoplankton, increasing the relative importance of regenerated
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production. At the same time, the surface-layer iron concentrations decline, rendering NOs-
reduction less favourable (Einsle & Kroneck, 2004; Morel & Price, 2003; Timmermans et al.,
2004) and further enhancing phytoplankton reliance on regenerated N. This explanation is
consistent with our findings, with our partially time-integrated isotope-derived f-ratio of 0.81
+ 0.18 indicating NO3+NOz2" as the primary source of N to phytoplankton for the 0.5 — 1.5
months prior to sampling, with near-exclusive NOs+NO2 consumption likely occurring earlier
in this period. By contrast, the increased availability of regenerated N and decreased
availability of iron by the time of our sampling explains the lower f-ratio of 0.47 + 0.08
estimated by Flynn et al. (2021). We expect that in the weeks following our sampling, the f-
ratio would have continued to decline as regenerated production increased and new production

declined.

4.4.3 NOs drawdown-based estimates of net community production
While the f-ratios discussed above provide a normalized measure of carbon export potential,

they do not yield an estimate of NCP, which is a measure of the amount of carbon exported
from the surface ocean (i.e., the rate of export production). One way of estimating NCP
involves measuring net NOs+NO2" drawdown over the entire growing season and converting
that to carbon using an appropriate C : N ratio (Johnson et al., 2017, 2022; Redfield et al.,
1963). To estimate the amount of NO3+NO2 exported from the mixed layer by the time of our
sampling, we use the L2-L4 and L6-L16 average mixed-layer N export estimate of 3.0 + 1.9
umol/l (Eq 4.10; Table 4.1). Integrating this concentration over the depth of the mixed layer
and multiplying by the C : N ratio derived for the Antarctic Zone of the Southern Ocean from
float data (6.3 = 0.5 for 65 to 70°S (Johnson et al., 2022), which is indistinguishable from 6.63
(Redfield et al., 1963)) yields an estimate of carbon export of 1.7 + 0.9 mol C/m?. In addition,
we calculate that of the quantity of NO3s+NOz2" consumed prior to the time of sampling, an
average of 38 £ 15% had already been exported from the surface ocean adjacent to LCIS (Fig.
4.8).
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Cast  |Depth of base ML ave. MLave. |MLave. |MLave. [RegenN [TotalN ML ave. NO;-+ [MLN Fraction NO;" + C exported from ML
assim. signal [NO;" + NO, INH/* urea PON NO, consumed [exported |NO, consumed that|(assume C:N=6.3+0.5
(m) (uM) (M) (eM) (uM) (uM) (M) (uM) (uM) has been exported |(mol/m?)
'Winter Water (WW)  [27.44 + 1.12 |0.63 £0.27 [0.19 +0.09 |0.35+0.05 |1.18 +0.29 [28.61 + 1.15
L1 125 2326 +£1.34 |1.21£0.12 0.32+0.1 |1.74+0.29 3.27+0.33 [26.53 +1.38 4.18 + 1.74 0.91+1.78 0.22+0.43 0.72+ 1.4
L2 120 22.78 £3.42 10.92+0.23 0.2£0.06 [2.6+0.73 [3.72+0.77 26.5+3.51 K4.66+3.6 0.94+3.68 [0.2+0.81 0.71 £2.79
L3 161 20.05+5.6 [0.79+0.42 0.19+0.13 345+ 0.55 4.43+0.71 4.48+5.64 [7.39+5.71 2.96+5.75 (0.4+0.84 3+5.84
L4 81 16.49+5.19 [0.97+0.7 [02£0.06 [4.14+0.68 [5.31+0.98 21.8+528 [10.95+5.31 5.64 + 539 0.52+0.55 2.88 +2.76
LS 151 24.51 £ 1.26 10.93 £0.16 [0.22 +0.09 [0.83 £0.05 |1.99+0.19 [26.5+1.27 [2.93 + 1.68 0.94+1.69 [0.32+0.61 0.9+ 1.61
L6 120 23.16 £3.98 10.93+0.29 0.2+0.06 [2.33+0.94 3.45+0.98 26.61+4.1 (4.28+4.14 0.83+£4.25 [0.19+1.01 0.63 +£3.21
L7 50 16.38 £ 6.34 0.74 £ 0.54 [0.07 £0.05 [2.45+ 1.84 [3.26+1.91 [19.64 +6.62 |11.06 + 6.44 7.8+6.71 0.71£0.73 2.46 £2.12
L8 100 23.24 £5.71 10.49+0.14 02+0.06 |1.72+0.99 R4+£1 25.64+58 K4.2+5.82 1.8+591 043+1.53 1.13+3.72
L9 100 19.22+5.77 [1.18 £0.74 [0.2£0.06 [4.08+0.94 [546+12 [4.68+59 [8.22+5.88 2.76 + 6 0.34 +0.77 1.74 £ 3.78
L10 120 20.29 £3.97 10.95+0.65 0.2+0.06 [2.42+1.38 [3.56+1.52 [23.86+4.25 [7.15+4.13 3.58+4.4 (0.5+0.68 2.71+3.33
L11 151 20.06 £5.92 |1.37+0.85 [0.22+0.1 [2.98+1.38 W4.57+1.63 [24.63 +6.14 [7.38 + 6.02 2.81+6.24 10.38+0.9 2.67 £5.94
L12 100 20.13 +7.36 10.97 +0.67 [0.2+0.04 [2.98+0.85 W4.15+1.08 [24.28 +7.44 [7.31 +7.45 3.16+7.53 (0.43+1.12 1.99 +4.74
L13 |61 23.7+£4.9 0.63+0.38 |0.22£0.06 [2.52+2.06 [3.37+2.09 [27.07 +5.33 [3.74 £ 5.03 0.37+545 [0.1+1.46 0.14 +2.09
L14 (61 20.83 £5.16 10.66 +0.27 [0.24+0.09 2.6 +1.74 [B.5+£1.76 [24.32+5.45 [6.61 +5.28 3.12+5.56 [0.47+0.92 1.2+2.14
L15 61 18.79£6.14 10.6+0.45 (0.24+£0.2 [4.22+1.91 [5.06+1.97 [23.85+6.44 [8.65 £ 6.24 3.59 +6.54 [0.42+0.81 1.38 +£2.52
L16 100 1895+73 |[1.48+1.2502£0.06 [4.28+1.37 [5.95+1.85 24.9+7.53 [8.49+7.38 2.54+7.61 [0.3+0.93 1.6+4.8
All station mean 20.74 £2.5 0.93+0.28 [0.21 +£0.06 2.83 1 3.97+1.1 P4.7+193 [6.7£2.5 2.73+1.93 [0.37+0.15 1.62 £ 0.91
L2-L4 & L6-L16 mean 20.29 +£2.32 [0.91 £0.29 0.2+ 0.06 [3.05+0.83 ©4.16+1.01 [24.45+1.93 [7.15+2.32 2.99+193 (0.38+0.15 1.73 £0.92
L1 & L5 mean 23.89+0.88 [1.07+0.2 [0.27+0.07 |1.29+0.64 [2.63+0.91 [26.51 +0.02 [3.55 + 0.88 0.93 +0.02 0.27 +0.07 0.81+0.13

Table 4.1: Mixed layer (ML) average (+ 1 standard deviation) values of NO3+NO;", NH4*, urea, and PON concentrations for stations L1-L.16 adjacent to Larsen C Ice Shelf.
Blue highlighted cells indicate that no urea measurements are available, in which case the L2-L4 and L6-L16 ML average is used. The ML average concentrations of regenerated
N (NH4* + urea + PON) and total N (NO3+NO; + NH4* + urea + PON) are listed for each station. The ML NO3z+NO," consumed is calculated by subtracting the ML NO3
+NO;y concentration from that of the source WW (NO3+NO;" concentration = 27.44 + 1.12 umol/l), while the N exported from the ML is calculated by subtracting the ML
regenerated N from the ML NO3+NO; consumed. The fraction of the NO3+NO; consumed that was exported by the time of our sampling is calculated by dividing the ML N
exported by the ML NO3z + NO, consumed. Finally, carbon (C) export from the ML is calculated by multiplying the ML N export by the depth of the ML (i.e., to yield a ML
integrated value) and then by a C : N ratio of 6.3 £ 0.5. The ML average across all stations, L2-L4 & L6-L16, and L1 & L5, are reported at the bottom of the Table, with stations
L1 and L5 (grey highlight) singled out due to the evidence for recent upwelling and/or mixing, which violate the Rayleigh model. Using the concentrations of the various N
pools, we can determine the fraction of NO3+NO; consumed at the non-upwelling stations since the beginning of the growing season that had been exported (i.e., NCP) prior
to our sampling (0.38 + 0.15), which, when integrated over the ML depth, equates to 1.7 + 0.9 mol C / m?.
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Our calculation above indicates that the minimum annual NCP for the waters adjacent to LCIS
is 1.7 + 0.9 mol C/m? since as the growing season continues, carbon exported will increase, as
is required by mass balance. Indeed, additional NO3+NO2" consumption had already occurred
but the produced PON (and C) had not yet been exported from the mixed layer. Additional
NO3z+NO2" would likely also have been consumed following sampling, although we
hypothesize that the rate of NO3+NO2" consumption would have slowed given the transition
of the upper ocean ecosystem towards regenerated production. Previous estimates of annual
NCP for the open Southern Ocean range from 0.5 to 5 mol C/m? (Bopp et al., 2001; Dunne et
al., 2007; Emerson, 2014 (and references therein); Johnson et al., 2017 (and references therein);
Laws et al., 2011; Munro et al., 2015), with NCP for the Antarctic shelf falling between 1 and
~6 mol C/m? (Li et al., 2016). Our results are in line with these earlier open ocean estimates,
but at the low end of existing shelf estimates, presumably due to our measurements capturing
only the first part of the growing season. By the time of our sampling, the total amount of NOs
+NO2 consumed following winter recharge was 7.2 £ 2.3 umol/l. Integrating this value over
the depth of the mixed layer and multiplying by the Johnson et al. (2022) float-derived C : N
ratio yields an estimate of NCP of 4.3 + 1.7 mol C/m?. This value, while more consistent with
the higher NCP previously reported for the Antarctic shelf, is likely also an underestimation of
annual NCP at LCIS, however, as NOs+NO2" consumption would have continued, albeit at a
decreasing rate, for some time following our sampling. One consequence of an absolute and
relative decline in NOs+NO2" consumption is that the f-ratio would have decreased even as
NCP increased (i.e., the two parameters are decoupled on the timescale of the growing season

although not over the annual cycle).

4.5 Conclusion

In this study, we estimate the strength of the biological pump in the waters adjacent to LCIS
by calculating the f-ratio from the N isotope ratios of the NO3+NO2", NH4*, and PON pools
present in the mixed layer in mid-summer. This partially time-integrated f-ratio of 0.81 + 0.18
indicates that most of the productivity near LCIS was as new production, which by mass
balance, leads to carbon export (Dugdale & Goering 1967; Eppley & Peterson, 1979). Of the
amount of NO3+NO2 consumed by the January / February time of sampling, we estimate that
38 £ 15% had already been exported from the surface mixed layer, equating to 1.7 + 0.9 mol
C.m? (Table 4.1). At the same stations, Flynn et al. (2021) derived an f-ratio of 0.47 + 0.08
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using direct rate measurements, indicating that at time of sampling, the ecosystem had shifted
towards a greater reliance on regenerated production than implied by our isotope-derived f-
ratio. From the net amount of NO3+NO2" consumption that occurred after winter mixing and
before our sampling (7.2 = 2.3 umol/l), we calculate that NCP for the region adjacent to LCIS
would have been at least 4.3 + 1.7 mol C/m?. Annually, this value is likely higher given that as
the growing season continued beyond our sampling, phytoplankton would have continued to
consume NO3+NOz2 even as regenerated production became progressively and proportionally
more dominant. In summary, we show that the waters adjacent to the LCIS in the western
Weddell Sea of Antarctica are highly productive, hosting a strong biological pump with a large

carbon export potential.

While the focus of our study was on the biological pump adjacent to LCIS, we were also able
to use our new measurements of the 6'°N and &0 of the NO3+NO2 pool to derive NOs-
+NO2 assimilation N and O isotope effects (*®cassim and *gassim) 0f 4.1 +0.7%o and 4.7 + 0.8%o,
respectively. These values represent some of the only robust ®cassim and ®eassim available for
the coastal Antarctic. We further showed no evidence of mixed-layer nitrification in
summertime LCIS waters, with the A60 : A§'°N of the NO3s+NOz pool increasing in the
ratio of 1.17:1 expected for NO3+NO2" assimilation as the NO3+NO2" concentration declined.
As such, NO3+NO2" consumption over the growing season at LCIS (at least until the time of

our sampling) can reliably be used to estimate regional carbon export and the f-ratio.
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Appendix

The supporting information presented here provides additional details relating to the (Al)
isotope effect and f-ratio derived for each station, (A2) impact of mixing, remineralisation, and
meltwater on the isotope effect, (A3) data selection criteria for calculation of the f-ratio, (A4)

f-ratio sensitivity analysis, and (A5) theoretical nitrogen (N) isotope fractionation model.

Al: Station data

Fig. Al1.1 — A1.16 (a-c) Physical and chemical depth profiles, (d) NO,+NO3z 80 versus §*°N, (e) N and O
isotope effects, and (f) f-ratios for each station L1 (Fig. Al1.1), L2 (Fig. A1.2), L3 (Fig. A1.3), ..., L16 (Fig.
Al1.16). For Fig. Al.1to AL.16, (a) shows depth profiles of conservative temperature (°C; blue), absolute salinity
(9/kg; red), and oxygen (umol/kg; green), (b) shows depth profiles of the concentrations (umol/l) of NOy+NO3
(green), PON (black), NH4* (blue), and urea-N (red), and (c) shows depth profiles of the §*®N of NO,+NOs’
(green), PON (black), and NH4* (blue) and the 80 of NO,+NOjs (orange). The depth of the mixed layer is
represented by the horizontal dashed black line in plots (a-c). (d) NOy+NOj3 880 versus §*5N with the 1:1 (solid
black line) and 1.17:1 (dashed black line) relationships plotted. () §°N and &80 vs In([NO,+NOs]) (i.e.,
“Rayleigh space”), with station-specific isotope effects calculated over the mixed layer samples (blue dots), while
deeper samples are shown in grey. The N and O isotope effects are represented by the negative gradient of the
regression line over the mixed layer 8N (*®cassim, green dotted ling) and 880 (*esssim, Orange dotted line) vs
In([NO2+NO3]) samples, respectively. Represented on the plot are the equations for the regression line and their
r?, in green for Bessim and orange for Be,im. (f) 5°N versus the fraction of the NO2+NOjs™ pool remaining (i.e.,
the measured NO2+NO3" concentration divided by the source NO,+NOgz concentration). The black lines show
the output of the Rayleigh model run with Sgssim = 4.1%o and initial NO;+NOj3 §*°N = 5.21%o (i.e., the mean
value calculated for winter water; WW). The theoretical NO;+NOs™ 8N (i.e., substrate) is shown by the solid
black line, the instantaneous product by the dot-dashed black line, and the accumulated product by the dashed
line. Also shown are the measured NH.* (blue; with the blue horizontal line showing the regional average + 1
standard error (blue shading)), PONgrowing (black squares), NO2+NOj3™ (green), and 8**Nnos consumed €Nd member
(red), calculated using the instantaneous product integrated over the PON + NH4* + urea concentration (Eq 4.13).
For PONgrowing, 0pen black squares indicate that the selection criteria (i.€., 3**NnH4 consumed <8 >Npon<6°*Nno3 consumed
and the derived f-ratio has a standard deviation <0.25; see A3.2) are not met for that sample, while filled black
squares meet the criteria and are included in the regional f-ratio estimate.
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A2: Peasim and Beassim, the impact of mixing, remineralisation
and meltwater

A2.1 Mixing

During the mixing of low concentration, high §'°N and 60 NOz+NO surface waters with
upwelled source waters (which have a high NO3+NO2 concentration and lower §°N and
5180), the resulting mixture has a §°N and 680 that is lower than expected for its
concentration. This is because the higher concentration, low §'°N and §'80 source waters
exercise the primary control on the §'°N and §80 of the resulting mixture. The artefactually
low §'°N and 680 of the combined NO3s+NO2 pool will yield an artificially low calculated

Beassim and 8eassim (i.€., because the Rayleigh model has been violated; (Sigman et al., 1999)).

a) b)
10 { &,
1% o0y 8
9 {source *s,
T water “ou, 2 1.17:1 line
o i o 6
s £
8 7 99% <
source
6 water 4
5
2.2 2.4 2.6 2.8 3.0 3.2 5 6 7 8 10
c) In(NO;+NO,) d) SN (%o)
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—~ |water ™
e 18 ys5im = 4.8%o £
o6 g4
] W
o 99% 8
source
4 water 3
22 24 26 28 30 32 20 25 30 35 40 45

In(NO;+NO,) Ve o
Fig. A2.1.1: Theoretical model illustrating the effects of mixing between source water (NO3+NO; concentration,
8N, and 880 of 27.44 umol/l, 5.21%o, and 3.02%. respectively) and water containing partially-assimilated NO3’
+NO; on the concentration, §*°N, and §*80 of NO3+NO;, and isotope effect derived from the resulting mixture.
The assimilated NOs+NO, concentration, §*°N, and 820 are calculated by consuming 70% of the source water
NO3;+NO; (i.e., 30% reactant remaining) with an eassim 0f 4.1%o and *8easim 0f 4.8%o (as theoretically derived in
section 4.4.2.3.1 of the main text). During mixing of these waters, the concentration of the resulting mixture is
calculated by [NO3z+NO; |mix= F*[NO3+NO2source + (1-)*[NO3+NO; Jassimitated, While the §X of the resulting
mixture is calculated by solving for §Xmix in [NO3+NO2 Jmix*6Xmix = F*[NO3+NO2 Jsource*8Xsource + (1-F)*[NO3”
+NO; Tassimitatea™ S Xassimilated, Where X represents °N or 80 for changes to §°N and 880, respectively, and f the
fraction of source water in the resulting mixture. In plots (a-c), the source water is represented by the large blue
dot, the water containing partially assimilated NO3+NO;" by the large red dot, and the result of mixing between
the two by the smaller coloured dots, with cooler colours showing a greater contribution of source water. (a) and
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(c) show &N versus In(NO3s+NOy") and 880 versus In(NOz+NO5), respectively, with the black line representing
the assimilation signal with a gradient equal to -‘®assim and -‘8eassim. (€) shows NOz+NO;™ §'80 versus §'°N with
the 1.17:1 line plotted in black (see section 4.4.2.3.10f the main text for details). (€) shows Beasim Versus Peassim
with the 1.17:1 relationship indicated by the black line. The ®easim and Be,ssim 0f the mixed waters are calculated
by performing a regression between the source and mixed water at each degree of mixing. The original
assimilation isotope effect used in the theoretical model (*®gassim = 4.1%0 and ¥e,ssim = 4.8%o) is represented by the
large red dot.

A2.2 remineralisation

o
()

515N (%o)

1.17:1 line

o
(=)
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5.5

2.8 2.9 3.0 31 3.2 3.3 6.0
c) In(NO+NO,) d) 15N (%o)

1.17:1 line
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In(NO;+NO,") 158 gssimm
Fig. A2.2.1 Theoretical model illustrating the effect of remineralisation on the NO3+NO," concentration, §*°N,
80, and derived isotope effects following partial NO3+NO; assimilation. In plots (a-c), source water (NO3z
+NO; concentration, 8'°N, and 680 of 27.44 umol/l, 5.21%., and 3.02%o. respectively; represented by the large
blue dot) is assimilated with an ®gasim 0f 4.1%0 and ®easim Of 4.8%o, and 40% of the source NOs+NO; is
consumed (i.e., 60% reactant remaining) to derive the partially assimilated value (large red dot). The smaller
coloured dots represent the effect on the partially assimilated NOs+NO;" of differing degrees of remineralisation.
(a) shows 8N versus In(NO3+NO;"), with the black line representing the assimilation signal with a gradient
equal to -easim. The 8N added during remineralisation is set by the accumulated product removed from the
NO;+NO; pool during assimilation. (b) shows &0 versus In(NO3+NO;), with the black line representing the
assimilation signal with a gradient equal to -*e,sim. The §'80 added during remineralisation is set to the §*20 of
seawater + 1.1%o (i.e., ~-0.3%o + 1.1%0 = 0.8%o for the waters adjacent to LCIS) (Boshers et al., 2019; Buchwald
et al., 2012; Casciotti et al., 2008; Mirkin et al., 2019; Sigman et al., 2009). (c) shows &0 versus §'°N with the
1.17:1 line plotted in black. (€) shows Beagsim Versus eassim With the 1.17:1 relationship indicated by the black line.
The Beasim and 8es5im are calculated by performing a regression between the source and final NO3+NO;™ at each
degree of remineralisation. The isotope effects of assimilation in this theoretical model (*°cassim = 4.1%o and e assim
= 4.8%o) are represented by the large red dot.
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Fig. A2.2.2 Theoretical model illustrating the effect of remineralisation on the NO3+NO; concentration, §*°N,
880, and derived isotope effects following near-complete NO3+NO;" assimilation. In plots (a-c), source water
(NO3+NOy concentration, §°N, and 880 of 27.44 umol/l, 5.21%o, and 3.02%. respectively; represented by the
large blue dot) is assimilated with an eassim 0f 4.1%0 and 8eassim Of 4.8%o, and 85% of the source NOs+NO; is
consumed (i.e., 15% reactant remaining) to derive the nearly completely assimilated value (large red dot). The
smaller coloured dots represent the effect on the nearly completely assimilated NO3+NO; of differing degrees of
remineralisation. (a) shows 8N versus In(NOs+NO5), with the black line representing the assimilation signal
with a gradient equal to -easim. The 8°N added during remineralisation is set by the accumulated product
removed from the NO3+NO; pool during assimilation. (b) shows 880 versus In(NOs+NOy), with the black line
representing the assimilation signal with a gradient equal to -*®gasim. The 80 added during remineralisation is
set to the 880 of seawater + 1.1%o (i.e., ~-0.3%o + 1.1%0 = 0.8%o for the waters adjacent to LCIS) (Boshers et al.,
2019; Buchwald et al., 2012; Casciotti et al., 2008; Mirkin et al., 2019; Sigman et al., 2009). (c) shows §'80 versus
8N with the 1.17:1 line plotted in black. (€) sShows 8eassim Versus °eassim With the 1.17:1 relationship indicated by
the black line. The e,sim and Be,ssim are calculated by performing a regression between the source and final NO3”
+NO; at each degree of remineralisation. The isotope effects of assimilation in this theoretical model (*gassim =
4.1%o and Beassim = 4.8%o) are represented by the large red dot.
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Fig. A2.2.3 Theoretical model illustrating the impact of simultaneous NH4* production (through ammonification)
and consumption (through nitrification) on NH4* 8N in the case of (a-c) equal rates of ammonification and
nitrification and (d-f) where the rate of ammonification is twice that of nitrification. The values shown here are
calculated using a forward-stepping model (see A5 below) over 100 steps and initialised with an infinitely large
PON pool with a 8N of 0%o, a gammonification of 3%o (Lehmann et al., 2002; Mdbius, 2012), NH,* starting
concentration and 8'°N of 1 umol/l and -1%., respectively, and a Peqivification of 15%0 (Casciotti et al., 2003). (a)
and (d) show ammonification where the black line represents the rate (umol/l/step) and the blue line the §°N of
the instantaneous product (i.e., = PON 8N - Beammonification; %o). (c) and (f) show nitrification with the black line
representing the rate (umol/l/step) and the blue line the §'°N of the instantaneous product (i.e., = NH4* 8°N -
Benitiication). (0) and (e) show the concentration (black line; umol/l) and 8*°N (%o) of the NH4* pool (blue line)
resulting from the combined influence of ammonification and nitrification, with the NH4* 8*°N levelling off from
steps ~60-100. Panels (b) and (e) show that with higher rates of nitrification (b), the NHs* 8*°N levels off at a
higher value than at lower rates of nitrification (), illustrating that increased nitrification drives up the NH4* §*°N.
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A2.3 Meltwater input
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Fig. A2.3.1 Fraction of ice melt (fyer) in the upper 100 m
calculated for stations L1-L16. The fraction of ice melt is
calculated by solving for fmer: in Eq 4.7a with a Sww = 34.68
+ 0.01 g/kg, Smet = 6 g/kg, and Smeasured €qual to the
measured salinity at each station and depth. Dot colour
represents the station number as in Fig. 4.1.
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Fig. A2.3.2 Effect of melt removal on (a) °assim and (b) Beassim calculated using the melt removed NO3s+NOy
concentration ([NO3+NOz Imeit removed) aNd 8X (8Xmert removed), Where X represents (a) *°N for changes to §°N and
(b) 180 for changes to §'80. Melt salinity, used to derive the fraction of ice melt (fmer; Eq 4.7a), is varied between
0 and 10 g/kg and plotted on the z-axis. Ice-melt NOs+NO," concentration is varied between 0 and 10 pmol/l (x-
axis) and used to solve for [NO3z+NO2 Jmelt removed iN EQ 4.7b. Finally, ice melt NO3+NO2 §X is varied between 0
and 10%o (y-axis), With 8Xmeit removed Calculated from Eq 4.7c. The 3D plot that results is coloured by the derived
regionally-averaged () *eassim, With grey denoting the easim reported in text (4.1 £ 0.7%o), and (b) Beassim, With
grey denoting the 8eassim reported in text (4.7 + 0.8%o). Warm colours represent a higher isotope effect and cool
colours a lower isotope effect compared to that reported in the text.
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A3: f-ratio
A3.1 Deriving >Ny 3 consumea (EQ 4.13)

15 — S15p70 15 .
6 NN0§+N02_ start integrating — s NNO—;+N02‘ — Eassim
[NO3 +NO3|+[PON]+[NH} |+[urea]
In Eq 4.11
[NO3+NO; ]o 9
15 — 815 15 fin ()
6 NN03 consumed 6 NN0§+N02‘ start integrating + assim 1-(f) Eq 4.12

[NO3+NO3 ]

where f = [NO; +NO; |+[PON]+[NH}+[urea]

Substituting Eq 4.11 into Eq 4.12 and simplifying yields:

[NO3+NO3 ]+[PON]+[NHI]+[urea])

15 — £15770 15 .
§ NNOBconsumed =4 NN03_+N02__ €assim ln( [NOF+NO3 ],

[NO3+NO3]
15 [NO3 +NOZ1+[PON]+[NH] | +[urea] [NO3+NO5]
€assim * —NO- “In — — ¥
i [NO3+NO3] [NOJ +NO;|+[PON]+[NH |+[urea]
[NO3 +NO31+[PON]+[NH} ] +[urea]

[NOF +NO; |+[PON]+[NH ]+[urea])

15 — £15p750 15 .
6°°Nyo3 consumed = 0 NN03‘+N02‘ — "“Eassim ln( [NO; +NO5 1,

[NO3+NO3Z]

15 . [NO3+NO31+[PON]+[NH] | +[urea] ‘In [NO3+NO3]
assim - {Noz+NOZ}+[PONI+[NHF|+[ureal—{NOZ+NOZ} [NO3 +NO3|+[PON]+[NH] |+ [urea]

[NO3 +NOZ |+[PON]+[NH]]+[urea]

- - +
15 o150 15 _ [NO3 +NO3 |+[PON]+[NH} |+[urea]
5 NN03 consumed — 5 NN0§+N02_ - Eassim In ( [NO3 +NO3 o +
15, . [NOg +NOz]  proganor 3
asstm THNOT - [PON]+[NH}]+[urea]

In ( [NOF +NO5 ] )
[NOF +NO3]+[PON]+[NH] |+[urea]
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15

[NOF+NO3]+[PON]+|NH} |+ [urea])

15 — £15p70 _ .
6 NNOSconsumed_8 NN0;+N02‘ Eassim ln( [NO3+NO5 ],

15, . [NO3 +NOS] ) n( [NOZ +NO5 ] )
assim  [poN)+[NH]|+[urea] [NO7 +NO;]+[PON]+[NH] |+[urea]

NO3z +NO; ]
SI5N — §ISNO _ 4 15, [NO3 +NO, )
NO3 consumed NO3 +NO, assim [PON]+[NHI]+[urea]

1 [NO3 +NO5] _1 ([N05+N02‘]+[P0N]+[NH;{]+[urea]))
[NOF +NO3]+[PON]+[NH] |+[urea] [NOF+NO3 ],

From log law 2,
In (%) = In(a) — In(b); therefore —In (5) = In (2)

Mechanism: —In (g) = —(In(a) — In(h)) = In(b) — In(a) = In (Z)

NO3 +NO; ]
SI5N — SN0 _ 4 15. (] [NO3+NO; o
NO3 consumed NO3 +NO, assim [N03‘+N02‘]+[P0N]+[NHI]+[urea]

[NO3 +NO5 ] _ [NOF +NOS]
[PON]+|[NH] |+ [urea] n ([NO;+N02‘]+[P0N]+[NH;{]+[urea]) ) Eq4.13

A3.2 f-ratio selection criteria
The regional f-ratio was derived by averaging the individual f-ratios calculated for each depth

at each station if those f-ratios meet three criteria. Firstly, a measured data point was only
considered if §*°Npon>6"NNHa consumed, secondly if 5°Npon<E*°Nno3 consumed, and finally if the
calculated f-ratio at that point had a standard deviation <0.25. Twenty-two data points meet
these criteria (Fig. 4.6b), with their average providing the mean isotope-derived f-ratio for the

waters adjacent to LCIS (as reported in the main text).

The first two criteria are selected to ensure that the calculated f-ratio falls between 0 and 1. A
fundamental assumption of Eq 4.2c, which is rearranged to Eq 4.3 and used to derive the f-
ratio, is that the PON is formed from the consumption of NH4" and NO3s+NO2" and therefore

has a 61°N between these two end members. Here, we explore three main clusters where PON
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515N falls outside the two end members; (1) at a low degree of nutrient consumption, (2) at a
high degree of nutrient consumption where §*°Npon > §°Nnos consumed, and (3) at a high degree

of nutrient consumption where §*°Npon<&°NNH4 consumed.

(1) At a low degree of nutrient consumption (high fraction of reactant remaining), the §°Nron
is generally high and variable. This variability derives from two sources; firstly, at low degrees
of nutrient consumption the PONmeasures COncentration is generally low with a high (but
variable) 61°N, likely because it is mainly recalcitrant PON (i.e., PONbackground). This leads to a
second source of variability, where to isolate the PONgrowing Signal, we remove PONbackground,
which, in the case of low PON concentration data is the primary signal. Thus PONbackground

removal leads to greater variability.

(2) The second scenario outside the two end members occurs where the §*°Npon is higher than
the 6'°NNo3 consumed at high degrees of nutrient consumption (low fraction of reactant
remaining). The PON concentrations of these samples can be high, with a §°Npon falling
above the Rayleigh instantaneous product in four cases. In another five cases, the §°Npon falls
between the 8'°Nnos consumed and Rayleigh instantaneous product. In both scenarios, the
5'°Npon is higher than expected were NHs* and NOz+NOz2" assimilation the only processes
affecting the PON pool. Removing PONbackground from PONmeasured lowers the §*°Npon signall
by removing the low concentration, high §'*N PONbackground pool, such that this high §°Nron
is not an artefact of PONbackground removal. Instead, NH4* and NO3+NO2™ assimilation may not
be the only processes acting on the PON pool. Were ammonification, which occurs with a
15 gammonification of 3.0 £ 0.1%o0 (Lehmann et al., 2002; M&bius, 2012) also acting on the surface
PON pool, it would increase its 6'°N. However, it is challenging to quantify the extent of
surface ammonification as the NH4* pool is consumed nearly instantaneously after production,
so the ambient NH4* concentration cannot be used to quantify the degree of ammonification
that has occurred. The only constraint we can place on the system is through our robust
knowledge of the N sources supporting PON production in this region, and with the knowledge
that if the PON 6°N cannot be explained by NHs* and NOs+NO2" assimilation alone, there
may be other processes affecting it. This explanation, however, raises the question of whether
all our PON data may have undergone ammonification, at least to some degree, acting to raise
the 6*°Npon, which would artificially increase the calculated f-ratio. This is not possible to

disprove, although is unlikely to have been significant given the near Redfieldian biomass C :
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N ratio of 7.4 = 1.9 (Flynn et al., 2021), indicating active, balanced growth with minimal
evidence of ammonification (Hupe & Karstensen, 2000; Kortzinger et al., 2001; Osterroht &
Thomas, 2000; Thomas et al., 1999). Furthermore, even if ammonification were occurring in
the surface ocean of our study region, the only process that consumes NH4" in these waters is
NH4" assimilation (we have shown surface nitrification to be insignificant in our study region;
section 4.4.2.3.1). As a result, NH4" produced through ammonification is either accumulating
in the surface pool or being reassimilated, with the reincorporation of NH4* into the PON pool
largely eliminating the ammonification signal on the §°Npon. This indicates that §'°Npon is
generally representative of the NH4" and NOs+NOz2 assimilation signals alone, allowing for

the derivation of a reliable f-ratio.

(3) The final case where PON &N falls outside the two end members is relevant to a single
data point at a high degree of NO3+NO2" consumption that has a §'°N below the §*°NnHa
consumed. ThiS is not an artefact of PONbackground removal as this sample has a relatively high PON
concentration and the 6*°NpoN measured iS also low. The only mechanism to produce a §*°*Nron
this low is for it to be formed almost entirely through NH4* assimilation with an associated
NH4" assimilation isotope effect. This seems unlikely given the available evidence that NH4*
assimilation occurs with negligible isotopic fractionation at concentrations relevant to the open
ocean (Hoch et al., 1992; Liu et al., 2013; Pennock et al., 1996). A perhaps more likely
explanation of this single data point is that it is an outlier with an erroneously low §'°N and

should be ignored.

The final criteria used to select the data over which the f-ratio should be averaged is that the
derived f-ratio standard deviation must be <0.25. The f-ratio standard deviation is calculated
using a Monte Carlo simulation. A Monte Carlo simulation uses repeated, random sampling
from a normal distribution to solve deterministic problems (Mooney, 1997). Using the mean
and standard deviation of the known values in Eq 4.3 (6*°NNH4 consumed, 6*°NNO3 consumed, and
51°NPron growing) We derive a normal distribution for each that is then sampled randomly 100 000
times. This random sampling allows us to calculate 100 000 different f-ratios for each data
point, with each representing a possible combination given the means and standard deviations
of §NNH4 consumed, 6*°NN03 consumed, and §*°Npon growing. The standard deviation across these
100 000 different f-ratios is then taken to derive the standard deviation of the f-ratio at that

point. The standard deviation of the regionally averaged f-ratio, as well as that of §'°Nnos
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consumed (EQ 4.13) and the Rayleigh equations (Eq 4.4, Eq 4.8b, and Eq 4.9), are similarly

calculated in this way.

The criterion that the sample-derived f-ratio must be <0.25 is used to increase the
reproducibility of the regional f-ratio average. Instituting this criterion prevents seven data
points, all found at a fraction of reactant remaining >0.75, from being included in the regional
f-ratio average. The increased f-ratio standard deviation at these points derives from two
sources; (1) the Rayleigh instantaneous and accumulated products have a higher standard
deviation at higher fractions of reactant remaining (seen in Fig. 4.6a) and (2) at higher fractions

of reactant remaining, §*°NNo3 consumed and §*°NNHa consumed are more similar (seen in Fig. 4.6a).

(1) The standard deviation of the Rayleigh instantaneous and accumulated product increases at
higher fractions of reactant remaining (low degrees of consumption) due, primarily, to the
standard deviation associated with the isotope effect. The standard deviations of the source
NOz+NOz2 concentration and 6*°N together result in a consistent standard deviation across the
entire Rayleigh reactant, instantaneous, and accumulated product curves, shifting them left and
right in the case of concentration, and up and down in the case of §*°N. The impact of the
isotope effect standard deviation on the Rayleigh reactant, instantaneous, and accumulated
product depends on the fraction of reactant remaining. As the fraction of reactant remaining
approaches 1 (no NOs+NO2 consumption), the standard deviation associated with the reactant
pool is minimal, while the §*°N of the Rayleigh instantaneous and accumulated product (Eq
4.8b and Eq 4.9) tend to the same value with a large standard deviation. As the fraction of the
reactant pool remaining decreases (consumption begins), the standard deviation associated
with the Rayleigh reactant pool begins to increase, while that of the Rayleigh instantaneous
product decreases to a point and then increases, and the Rayleigh accumulated product standard
deviation decreases (Fig. 4.6a, shading). Ultimately, the higher Rayleigh instantaneous and
accumulated product standard deviations at higher degrees of reactant remaining increase the
standard deviation associated with §'°Nnos consumed fOr these points, increasing the standard

deviation of the calculated f-ratio.

(2) At higher fractions of reactant remaining, the §*°NNo3 consumed and §*°NNHa4 consumed are closer

together, meaning that along with the standard deviation of §*°Nnos consumed being larger, the
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515N range over which the f-ratio is calculated is smaller, leading to even higher derived f-ratio

standard deviations.

The criterion that the f-ratio standard deviation must be <0.25 results in the removal of seven
data points with f-ratio standard deviations that are consistently high and vary each time the
Monte Carlo simulation is run. Such a high and variable standard deviation indicates that the
uncertainties associated with §*°NNH4 consumed, 6*°NNO3 consumed, and &1°Npon growing for these
points overlap too significantly to allow for a reliable f-ratio to be calculated. The standard
deviations vary between runs as a result of the Monte Carlo random selection from a normal
distribution, with the model sometimes choosing data that yield a greater spread in the
calculated f-ratio, and other times a smaller spread, ultimately indicating that the f-ratios
derived from these seven data points are not reliable. The standard deviations associated with
the f-ratios of the 22 data points over which the regional f-ratio is calculated are consistent
between model runs, indicating the f-ratios derived from these data points are robust. If we
were to nonetheless include the seven questionable f-ratios in our regional f-ratio average, they
would have no meaningful effect on the calculated regional f-ratio, producing a mean value of
0.79 and a standard deviation that constantly varies, ranging from 1.06 to 21.46 after running
the Monte Carlo simulation five different times. Using the criteria that the f-ratio at a point
must have a standard deviation <0.25 is correct, allowing us to trust the f-ratio for each data

point and leading to the production of a consistent regional f-ratio.
Filtering our f-ratios using the three criteria yields 22 reliable data points over which to

compute the regional f-ratio (Fig. 4.6b). The average of these 22 data points provides a robust

average isotope-derived f-ratio for the waters adjacent to LCIS of 0.81 £ 0.18.
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Ad4: f-ratio sensitivity analysis
a)1.5 b)1.5

f-ratio

0'022.5 25.0 27.5 30.0 32.5 00 475 500 525 550 5.75

WW NO," concentration (umol/l) WW NO; §¥°N (%)
¢)1.5 : d)L.5 :
o 1.0
=
o
yl
0.5 :
0.9% 3 4 5 6 %90 05 10 15 20
15g (%) Fraction PON+NH,*+urea integrated over
e)L.5 . f)1.5 :
o 1.0
Jé — - —
(N
0.5
00.00 025 050 075 1.00 %0 7 8 9 10
WW PON concentration (umol/I) WW PON &N (%o)
g)L.5 :

f-ratio

0.0

50 -25 0.0 25
NH,* 515N (%o)

119



Fig. A4.1 Exploring the sensitivity of the derived f-ratios to variations in a) the source WW NO3+NO
concentration, b) the source WW NO3s+NO; §°N, ¢) the NOs+NO; N assimilation isotope effect (*°eassim), d)
the fraction of the PON + NH,* -+ urea concentration that is integrated over to derive 8*°Nnos consumed, €) the source
WW PON concentration, f) the source WW PON §%°N, and g) the NH4* 5!°N. The horizontal dashed lines represent
the average regional f-ratio (black dashed line) £ 1 standard deviation (grey dashed lines) of 0.81 + 0.18. The
vertical dotted lines represent the regional average value of each parameter (black) + 1 standard deviation (grey).
The f-ratios plotted in this figure are calculated over the same 22 data points (the points over which the f-ratio
reported in text is calculated). VVarying each parameter within a reasonable range (vertical dotted grey lines) yields
respective uncertainties in the derived f-ratio that are more than accounted for in the uncertainty associated with
our reported f-ratio.

A4.2 Sensitivity analysis results
In all cases, varying the parameters resulted in a consistent impact on the calculated f-ratio,

showing either a positive (increased parameter equates to an increased f-ratio) or negative

(increased parameter equates to a decreased f-ratio) correlation.

5'°NNH4 consumed Shows a negative correlation, increasing the f-ratio as G*°NNHa consumed
decreases. This is an expected result as the lower the §*°NnH4 consumed €nd member, the further
it is from 6*Npon. This greater distance to the end member results in a lower calculated
contribution of NH4* consumption to biomass production and thus, a higher f-ratio. The
negative correlation indicates that even if the four low NH4* §'°N values excluded from the
S1°NNH4 consumed average in section 4.4.2.2 (of the main text) were included, the lower resulting
51°NNH4 consumed OF -1.8 + 0.5%o would lead to a marginally higher calculated f-ratio of 0.83 +
0.16. Additionally, while all the evidence suggests that NH4* assimilation occurs with a
negligible isotope effect at open ocean concentrations (Hoch et al., 1992; Liu et al., 2013), even
if it were associated with a small isotope effect, this would lower the 6*°NnH4 consumed €nd
member, increasing the calculated f-ratio. As such, with regards to §*°NNH4 consumed, the reported

f-ratio errs on the conservative side, potentially underestimating the amount of new production.

We turn now to the first two parameters that influence §*°Nnos3 consumed, the concentration and
5N of the source WW NO3z+NO2", which are both weakly negatively correlated with the
derived f-ratio. Artificially increasing the concentration of the source water NO3+NO2 moves
the Rayleigh reactant, instantaneous and accumulated plots to the right, while artificially
increasing the source water NO3+NO2 §*°N moves them vertically upwards in NOz+NO2
51°N versus fraction of NOs+NO2 remaining space (Fig. 4.6a). Both of these actions increase
the §°N of the Rayleigh reactant, instantaneous product, and accumulated product at a

particular degree of consumption, increasing the calculated 6*°Nnos consumed. The increased
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515NNo3 consumed Moves the end member further away from the 6'°Npon, leading to a lower
calculated f-ratio. Varying the source water NO3™+NOz2" concentration and §*°N has a relatively
weak impact on the calculated f-ratio and is more than accounted for in our reported f-ratio

uncertainty.

Varying eassim has a positive correlation with the calculated f-ratio, due to the interplay of two
impacts of the isotope effect. A higher isotope effect lowers the instantaneous and accumulated
Rayleigh product §'°N at high degrees of reactant remaining, but also causes a steeper, more
rapidly increasing Rayleigh reactant, instantaneous product, and accumulated product §°N
with decreasing fraction of reactant remaining (Fig. A4.3). This means that as &assim increases,
the calculated §°Nno3 consumed decreases at higher degrees of reactant remaining, while it
increases at lower degrees of reactant remaining, with the point of inflection being found at e
L or ~0.368 fraction of reactant remaining (Fig. A4.3). As the data in our region are generally
associated with higher degrees of reactant remaining (i.e., lower degrees of NO3z+NO2z
consumption), an increased °sassim results in, on average, a decrease in §**Nnos consumed, driving
this end member closer to §'°Npon and resulting in an increase in the calculated f-ratio. We
derive a mean Peassim of 4.1 + 0.7%o in section 4.4.2.3.1, which is consistent with, though on
the slightly lower end of previous summer Southern Ocean estimates (Altabet & Francois,
2001; DiFiore et al., 2006, 2009, 2010; Fripiat et al., 2019; Karsh et al., 2003; Sigman et al.,
1999). This indicates that for our region, and the Southern Ocean as a whole, which generally
experiences <63.2% NOs+NO2 drawdown, a higher °cassim would yield a higher f-ratio, again

indicating that our f-ratio estimate errs on the conservative side.

The final parameter that influences the §°NNos consumed €nd member is the PON + NH4* + urea
concentration over which the integrated-instantaneous product is integrated (Eq 4.13). To
quantify this effect, we vary the fraction of the PON + NH4* + urea concentration that is
integrated over (i.e., (concentration integrated over) = (fraction PON + NH4* + urea integrated
over) X (PON + NHas* + urea concentration)). A fraction of 0 equates to integrating over a PON
+ NH4* + urea concentration of 0, equivalent to the Rayleigh instantaneous product (Eq 4.8b),
a fraction of 1 to the concentration of PON + NH4* + urea, and a fraction >1 to more than the
concentration of PON + NH4" + urea. Varying this fraction results in a positive correlation with
the calculated f-ratio. This is an expected result, for as the concentration integrated over

decreases (as it does when moving from a fraction of 1 to 0), the §*°NNo3 consumed increases,
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moving further from 6%°Npon and decreasing the calculated f-ratio to 0.75 + 0.17 where the
fraction = 0 (which is equivalent to calculating the f-ratio using the Rayleigh instantaneous
product; Eq 4.8b). Using the instantaneous product for the §'°Nnos consumed Yields the lowest
possible f-ratio. As the fraction of the concentration integrated over increases (fraction >1), the
f-ratio rises as a result of the increased degree of integration leading to a lowering of §'°Nnos
consumed, bringing it closer to 6*°Nron. By using the integrated-instantaneous §°NNos consumed
end member, we do not derive the most conservative f-ratio possible, but as shown in the main
text (section 4.4.2.3.2), this end member is most appropriate for the study region, allowing for

the derivation of a regional f-ratio.

5Nron is influenced by the concentration and §'°N of the PONbackground removed from the
51°NPoN measured Signal. Both the PONbackground concentration and §*°N are negatively correlated
with the derived f-ratio. For all data points over which the regional f-ratio is calculated,
removing the high §°Npon background Signal lowers the §°Npon measured t0 isolate the §°Npon
growing (6*°Npon) component of the PON pool, driving §'°Npon away from the §*°Nno3 consumed
end member and lowering the derived f-ratio. At lower §*°Npon background, the §°Npon decreases
less, increasing the calculated f-ratio. Artificially decreasing the concentration of PONbackground
increases the §1°Npon as less §°Npon background is being removed, driving §*°Nron closer to the
S°NNo3 consumed €nd member and increasing the calculated f-ratio. If the PONbackground Signal
were not removed (i.e., the WW PON concentration =0 umol/l), we would derive an f-ratio of
0.88 +0.11.
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Fig. A4.3 Plot of 8N versus the fraction of reactant remaining (f), with the Rayleigh reactant (solid line),
instantaneous product (thick dot-dashed line) and accumulated product (dashed line) calculated using a Yeassim Of
4.1%o (black), 8% (red), and 2% (blue). In all cases, the source NO3+NO, §'°N is 5.21%o (horizontal solid green
line). The vertical green dashed line denotes where the fraction of reactant remaining is 1/e (~0.368), representing
the point at which the Rayleigh instantaneous products derived using any two values of g,im intersect. This
indicates that at a higher °,ssim, the calculated §°Nnos consumed decreases at fractions of reactant remaining greater
than 1/e, while it increases at lower fractions of reactant remaining.

A5: Theoretical N isotope fractionation model
The ocean nitrogen cycle comprises many processes with different isotope effects, as evidenced

by Fig. 2.5. In an effort to understand how these processes interact, we created the Ocean
Isotope Model™ to simulate simultaneous processes acting on multiple N pools at the same
time. The model is constructed on the foundational assumptions of conservation of mass,
Rayleigh dynamics, and concentration-weighted mixing. Over short time scales, even in the
case where multiple processes act on a single pool, the Rayleigh equations are a good
approximation of the instantaneous product due to the short-term closed system nature of these
pools. The Rayleigh model is used to calculate the isotopic distribution during the consumption

of a pool with a given isotope effect, and is represented by

[reactant]sinq >

S5N.. = 85N, ... —15:.]p
final initial [reactant]initia
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where [reactant] indicates the concentration of the reactant pool. The concentration-weighted

isotope mixing equation, represented by

8" Nrina[reactant] ping
= 85 Niicia [Teactant]iniria + 6°N; [reactant], + §*°N,[reactant],

+ -+ §¥° N, [reactant],,

is then used to determine the concentration and 6*°N of the reactant pool. The final reactant
concentration and §*°N are calculated by taking the initial concentration and §*°N of the
reactant pool and adding/subtracting the concentration and §'°N of all the processes that are
simultaneously acting on that pool. The use of the Rayleigh equation is appropriate in this case
as each step is small, so even if the reactant pool is not a closed system, this will have little
impact on the instantaneous calculation and will be accounted for in the next iterative step. The
model considers the concentration and §'°N of five ocean N pools, particulate nitrogen (PN;
which is equivalent to particulate organic nitrogen (PON) used throughout this thesis), labile
dissolved organic nitrogen (DON), ammonium (NHa4*), nitrite (NO2) and nitrate (NOsz"). For

NOz and NOz2, the §*80 is additionally calculated.
|
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Fig. A5.1: Graphical user interface of the Ocean Isotope Model™. The black boxes represent the N pools (PN,
labile DON, NH4*, NO2, and NOs") and sources and sinks of N and O (N fixation, denitrification, dissolved O,
and seawater H,O). The colourful boxes represent processes acting on the N and O pools, with green boxes
representing processes that produce PN (N fixation, labile DON assimilation, NH4* assimilation, and NO;+NOs’
assimilation), red boxes show processes that consume PN (degradation and ammonification) or remove N from
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the system (denitrification), orange boxes represent remineralisation (labile DON ammonification, nitrification 1,
and nitrification 2), and the purple box shows the equilibration between the O atoms of NO, and H0.

The model is capable of accounting for 11 separate processes acting on the ocean N pools.
Each process has an associated rate and isotope effect. The uptake rate can be set in two ways,
either as a direct rate (umol/l/step) or as a fraction of the source pool (f*(concentration of the
source pool) = umol/l/step). The N isotope effects associated with each step is represented by
15¢, while the O isotope effect is represented by . The information relating to each process
can be found in the colourful boxes. Each process occurs at a specific rate and with a particular

isotope effect, with the rate at each step calculated as follows:

If rate > ([reactant]initia):
rate = [reactant]initial

([reactant]final) = ([reactant]initial) — rate

Because the rate is calculated in this way, the source pool is never driven to negative
concentrations. One potential complication, however, occurs when a process consumes a pool
at a higher rate than that pool is resupplied. This scenario results in the depletion of the pool,
setting the consuming process rate to 0. The process adding to the pool is still operating,
however, meaning that following the depletion, the pool will increase its concentration. The
Ocean Isotope Model™ is designed for use in a steady-state system or in the case where a
single pool is being consumed by one or more processes. Analysing the system in a steady state
would require that the rates adding N to each pool match the rates coincidentally removing N.
In the case of single pool analysis, multiple processes can act on the same pool at different
rates, but the pool either cannot be replenished during its consumption or must be replenished
at a rate equal to or greater than its consumption. If the model is pushed beyond these

constraints, it begins to break down and the results become unreliable.

The processes accounted for in the Ocean Isotope Model™ are:
e N2 fixation: the production of NH4* from di-nitrogen (N2) gas, this NH4* is subsequently
consumed to form PN.
e NO2 and NOs™ assimilation: the uptake of NOs  and NOz" to produce PN. If we assume
the surface NOs" transporters of phytoplankton are incapable of distinguishing between
NO2 and NOs, it implies that NO2 and NOs™ will be taken up in proportion to their
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concentrations. We, however, created an allowance for the transporters to have
preferential uptake, reported here as X, which represents the relative preference for
NO2 over NOs. When X is set to 0.5, it is assumed the phytoplankton have no
preference and will therefore consume NO2 and NOs™ at a rate that is dependent on
their relative abundance. When X >0.5, NOz" is preferentially consumed, while when
X <0.5, NOs is preferentially consumed. The rates of NO2 and NOs" uptake are
calculated mathematically as follows:

(NOz uptake rate) = (NO3+NO2" uptake rate) * ([NO27] * X) / (([NO27] * X) + ([NOs]
* (1 - X))) and (NOgz™ uptake rate) = (NO3+NO2 uptake rate) - (NO2" uptake rate)

e NHa4* assimilation: the uptake of NH4* to produce PN. The isotope effect is proportional
to the NH4* concentration (¢ = k*[NHa4*], where k can be varied).

e Labile DON assimilation: the uptake of DON to produce PN.

e Degradation: the breakdown of PN to DON.

e Ammonification 1: the breakdown of PN to NH4*.

e Ammonification 2: the breakdown of DON to NHa4*.

e Nitrification 1: the oxidation of NH4* to NO2z". This process incorporates one O atom
from dissolved O2 and one from the H20 pool (Andersson & Hooper, 1983).

e NO2 - H20 equilibration: the process whereby the O atoms of NO2" equilibrate with
those of seawater with a temperature-dependent isotope effect (Buchwald & Casciotti,
2013). This process is measured as a percentage equilibration rather than a rate. To
practically incorporate this process into the model, it has been assumed that the NO2
pool has already undergone equilibration to the given percentage. As a result, the NO2
added during NH4* to NO2™ nitrification must be equilibrated prior to being added to
the NO2" pool. This construction was chosen over a set equilibration rate for simplicity,
as to construct it with a set rate would result in a varying percentage of NO2
equilibration.

e Nitrification 2: the oxidation of NO2" to NOs". This process introduces an O atom from
the H20 pool (Kumar et al., 1983).

e Denitrification: the reduction of NOs to N2 gas, removing bioavailable N from the

system.

The output of the model is comprehensive, giving the concentrations, §'°N, and 680 (where
appropriate) of all the pools as the model progresses. The rates and instantaneous products of

each process acting on the various N pools are also recorded and can be displayed. This allows
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the true power of the model to be unleashed, in helping to understand the isotope system
dynamics when multiple processes act simultaneously on multiple N pools. One example of
this might be if NOs", NO2" and NH4" assimilation were to occur simultaneously, each with a
different isotope effect, to produce PN, which is coincidentally being remineralised to produce
new NHs*. To determine the impacts that each of these processes will have on one another is

impossible without a model.
The Ocean Isotope Model™ should be taken as a helpful theoretical tool to explore the impact

of different processes on the isotopic distribution across the ocean N pools and allows for the

rapid testing of hypotheses that may explain observational data.
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