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Abstract 

 

The southern Benguela upwelling system (SBUS), located off the southwest coast of Africa, 

supports high rates of primary productivity that sustain important commercial fisheries. The 

exceptional fertility of this system is reportedly fuelled not only by upwelled nutrients, but also 

by nutrients regenerated on the broad and shallow continental shelf. We present the first nitrate 

nitrogen (N) and oxygen (O) isotope data (δ15N and δ18O, respectively) from the SBUS, 

generated for samples collected along four hydrographic lines in February (summer) and May 

(early winter) of 2017. During summer upwelling, a decrease in nitrate δ18O on the shelf reveals 

that on average, 30% of the subsurface nutrients derive from in situ remineralization of sinking 

phytoplankton biomass. In the more quiescence winter, an average of 35% of the on-shelf 

nitrate is regenerated, with the signal propagating further westward along the mid-shelf region 

such that the total regenerated nitrate burden is greater during this season. In both seasons, a 

shoreward increase in subsurface nitrate δ15N and decrease in N* (i.e., total dissolved nitrogen 

– 16 x phosphate + 2.9) suggests N loss to benthic denitrification coincident with the on-shelf 

remineralization, which implies that an even higher quantity of nitrate is regenerated than we 

calculate. Our data show that remineralized nutrients get trapped on the SBUS shelf in summer 

and early winter, enhancing the nutrient pool that can be upwelled to support surface 

productivity and decreasing bottom water oxygen concentrations. The proposed mechanism 

for this “nutrient trapping” involves upwelled nutrients being removed from surface waters and 

converted into organic biomass that is sequestered and remineralized on the shelf while the 

now nutrient-deplete surface waters are advected offshore by Ekman transport. This process is 

aided by a number of equatorward-flowing fronts that impede the lateral exchange of waters in 

the upper 200 m of the water column, increasing their residence time on the shelf. The extent 

to which remineralized nutrients are trapped on the SBUS shelf has implications for bottom 

water hypoxia. Trapped nutrients will be supplied to the surface during upwelling, supporting 

high rates of primary productivity and a large sinking biomass flux. The subsequent on-shelf 

remineralization of this organic matter has the potential to further decrease already-low bottom 

water oxygen concentrations. 
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1. Introduction and Literature Review 

 

1.1 The marine nitrogen cycle and the biological carbon pump 

 

Nitrogen is an important nutrient for the growth of phytoplankton in the euphotic zone (the 

upper sunlit layer) of the ocean. During photosynthesis, phytoplankton use light, carbon 

dioxide (CO2; a greenhouse gas), and macro- (mainly nitrogen and phosphorous) and 

micronutrients (e.g., iron) in order to build their biomass. On average across the global ocean, 

approximately 10% of the atmospheric CO2 that is fixed by phytoplankton is exported to the 

deep ocean through the sinking of particulate organic carbon (POC) that is subsequently 

remineralised back to dissolved inorganic carbon (DIC) in the ocean interior or stored in the 

sediments (Laws et al. 2000; Henson et al. 2011; Sigman and Hain 2012; Figure 1.1). This 

process of phytoplankton fixing CO2 and sequestering it in the deep ocean through their sinking 

biomass is termed the ocean’s “biological carbon pump” (Volk and Hoffert 1985; Falkowski 

et al. 1998). 

 

Bio-available nitrogen exists in various forms in the ocean. The most abundant species is nitrate 

(NO3
-), with ammonium (NH4

+) and nitrite (NO2
-) constituting the other major inorganic forms. 

The main external sources of nitrogen to the ocean are biological N2 fixation, atmospheric 

deposition and riverine inputs, while the removal of nitrogen is largely due to the processes of 

denitrification and anammox (Figure 1.1). These inputs and outputs directly control the total 

oceanic nitrogen budget, while nitrogen assimilation by phytoplankton, particulate organic 

nitrogen (PON) export, ammonification (the heterotrophic breakdown of PON to ammonium) 

and nitrification (the oxidation of ammonium to nitrite and nitrate by nitrifying bacteria and 

archaea) affect the distribution and form of the nitrogen species present in the ocean but do not 

alter the total inventory (Figure 1.1). 

 

The main “regenerated” form of nitrogen to phytoplankton is ammonium (Dugdale and 

Goering 1967), potentially augmented by dissolved organic nitrogen (DON) compounds such 

as urea (Bronk 2002). These forms of nitrogen are termed regenerated because they are 

recycled in the euphotic zone through heterotrophic metabolism. Nitrate, on the other hand, is 

mainly generated in the aphotic zone below the sunlit upper layer by nitrifying bacteria and 

archaea. This nitrate is then supplied to the euphotic zone by physical processes such as Ekman 
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upwelling or wind-driven mixing, providing phytoplankton with a “new” nitrogen source. 

Primary production fuelled by ammonium is termed “regenerated production” while that 

fuelled by upwelled nitrate is termed “new production” (Dugdale and Goering 1967). Over 

appropriate space and time scales, the rate of new production must be balanced by a downward 

flux of PON (and stoichiometrically-associated POC) out of the euphotic zone. We can thus 

use nitrate-based phytoplankton growth as a proxy for carbon export potential (Eppley and 

Peterson 1979), provided that a number of assumptions are not violated (Dugdale and Goering 

1967; Bronk et al. 1994; Yool et al. 2007). For example, if PON is remineralised and nitrified 

in the euphotic zone, carbon export may be overestimated. This is because euphotic zone 

nitrification yields regenerated rather than new nitrate, and its consumption by phytoplankton 

contributes to regenerated rather than new production (Dugdale and Goering 1967; Eppley and 

Peterson 1979; Dore and Karl 1996; Raimbault et al. 1999; Diaz and Raimbault 2000; Yool et 

al. 2007). Nonetheless, if fluxes such as regenerated nitrate production can be constrained, the 

coupling between new production and carbon dioxide drawdown allows us to use 

measurements of the nitrogen cycle to inform our understanding of the ocean’s carbon cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Representation of the marine nitrogen cycle, with the major inputs in blue (N2 

fixation and atmospheric nitrogen deposition) and the major outputs in yellow and orange 

(anammox and denitrification). Biological processes are shown in colour while physical 
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processes are shown in black. The dominant biological process occurring in the euphotic zone 

is phytoplankton assimilation of nitrate (NO3
-), nitrite (NO2

-) and ammonium (NH4
+), while 

the dominant biological process in the aphotic zone is remineralisation (ammonification) and 

nitrification of particulate organic nitrogen (PON) to ammonium, nitrite and nitrate. A brief 

overview of relevant co-occurring marine carbon cycle processes are also represented (dashed 

lines). Atmospheric carbon dioxide (CO2) dissolved in surface waters is “fixed” by 

phytoplankton during photosynthesis to produce biomass, supported by nitrate assimilation. 

Carbon dioxide is produced during heterotrophic activities such as the aerobic and anaerobic 

remineralisation of organic biomass, and consumed by chemoautotrophic bacteria during 

nitrification. The sinking of particulate organic nitrogen and carbon biomass (PON/POC) 

sequesters carbon dioxide in the deep ocean where it is stored for hundreds to thousands of 

years. Carbon dioxide may be brought to the surface again, along with nutrients and other 

dissolved gases, during an upwelling event [Adapted from Casciotti 2016].  

 

1.1.1 Quantifying the nitrogen cycle using nitrate isotopes  

 

The theory of nitrogen isotopes  

The isotopes of a given element have the same number of protons and electrons but varying 

numbers of neutrons, which causes them to have different atomic masses. For instance, 

nitrogen has two stable isotopes, 14N and 15N. 14N is the most abundant form and constitutes 

99.63% of all nitrogen on Earth, with 15N constituting 0.37%. The different masses of the 

nitrogen isotopes renders them a useful tool for tracking chemical and biological processes as 

the lighter isotope, 14N, is often preferentially reacted over its heavier counterpart, 15N (Mariotti 

et al. 1981). These reactions cause changes in the ratio of 15N/14N, quantified in delta notation 

(in permil (‰) vs. N2 in air) as:  

 

δ15N = ([(15N/14N)sample/(
15N/14N)standard]-1) x 1000             (1.1)  

 

Processes that alter the distribution of stable isotopes can be unidirectional, yielding kinetic 

isotope fractionation, or act in both directions, leading to equilibrium isotope fractionation 

(Sharp 2007). Biological reactions such as nitrogen assimilation are typically unidirectional 

(Mariotti et al. 1981). During nitrate assimilation, phytoplankton preferentially consume 14N-

bearing nitrate (14N-containing bonds are more easily broken), such that at any given point in 
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time, their PON biomass will be lower in δ15N than the nitrate being consumed. As 

consumption proceeds, the reactant nitrate pool becomes enriched in 15N, as does the PON 

produced, therefore increasing the δ15N of both pools. The extent of this isotope fractionation 

is described by the isotope effect (ε), which is approximated as:  

 

 ε (‰) = (1 - 15k/14k) x 1000 (1.2) 

 

where 14k and 15k are the rate coefficients of the light and heavy isotopes of nitrogen, 

respectively (Mariotti et al. 1981).  

 

Kinetic isotopic fractionation can be described by two simple end-member models, the 

Rayleigh and the steady state models.  

 

The Rayleigh model  

The Rayleigh model approximates a closed system (i.e., no inputs or outputs) wherein the initial 

supply of a reactant undergoes a unidirectional reaction with a constant ε (Figure 1.2; Mariotti 

et al. 1981; Sigman et al. 1999b; Sigman et al. 2009b). As the reaction evolves, the 

concentration of the reactant pool, in this case, the nitrate concentration, decreases and its δ15N 

(δ15Nreactant) rises due to isotope fractionation (Figure 1.2 solid black line). The δ15Nreactant under 

Rayleigh conditions is defined as:  

 

  δ15Nreactant = δ15Ninitial – ε (ln(f))             (1.3) 

 

where δ15Ninitial is the δ15N of the nitrate at the start of the reaction, ε is the isotope effect of 

nitrate assimilation and f is the fraction of nitrate remaining (i.e., [NO3
-]/[NO3

-]initial).  

 

As the reactant nitrate is converted into PON, the product of the reaction, its δ15N rises. The 

δ15N of the PON that is instantaneously produced at any point during the reaction, 

δ15Ninstantaneous (Figure 1.2 dashed black line), has a δ15N defined as:  

 

  δ15Ninstantaneous = δ15Nreactant – ε                                          (1.4) 

 

The δ15Ninstantaneous is therefore lower than the δ15Nreactant by the amount of the isotope effect 

(Figure 1.2 black arrow; Mariotti et al. 1981). The δ15N of the integrated product pool 
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(δ15Nintegrated; Figure 1.2 dotted dashed black line) increases more gradually as it is defined as 

the total accumulated product of the reaction. The δ15Nintegrated is defined as:  

 

      δ15Nintegrated = δ15Ninitial + ε ( 
𝑓

1−𝑓
 ) ln(f)        (1.5) 

 

At the end-point of the reaction (i.e., when [NO3
-] = 0), the δ15Nintegrated will be equal to δ15Ninitial 

(Figure 1.2) because, when f = 0, the entire reactant pool (14N and 15N) has been converted into 

product. 

  

When a mixing event occurs during nitrate assimilation, violating the Rayleigh model’s closed 

system criterion, the resultant water parcel will have a δ15N and nitrate concentration in 

between that of the newly supplied and partially consumed nitrate pools (i.e., between the 

Rayleigh end-members; Figure 1.3; Sigman et al. 1999a). The extent to which the mixing line 

differs from the Rayleigh model depends on the amount of substrate that had been consumed 

at the time of mixing. The greater the extent of the nitrate utilisation prior to mixing, the more 

the product of the mixing event will deviate in its nitrate concentration and δ15N from the 

relationship predicted by the Rayleigh model (Figure 1.3; Sigman et al. 1999a). In most ocean 

regions, the degree of nitrate utilisation in surface waters is high (Redfield 1958), such that 

violation of the Rayleigh model due to local mixing events is always a concern.  

 

The steady-state model 

The steady-state model approximates an open system (i.e., nitrogen is continuously supplied in 

order to balance its output by consumption and export, such that the gross supply of reactant 

equals the sum of the product and the residual reactant nitrogen that is exported) (Sigman et al. 

1999a; Hayes 2002). Similar to the Rayleigh model, as the steady-state reaction evolves and 

the nitrate concentration decreases, its δ15N increases, as does the δ15Nproduct (Figure 1.2 grey 

lines). At the end-point of the reaction (i.e., when [NO3
-] = 0), the δ15Nproduct is equal to the 

δ15Ninitial (Figure 1.2; Equation 1.7). In order to quantify the δ15N of the above-mentioned pools 

for a given ε and f, we use the formulae below (Sigman et al. 1999a): 

 

 δ15Nreactant = δ15Ninitial – ε (1 - f) (1.6) 

 δ15Nproduct = δ15Ninitial – ε (f) (1.7) 
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Figure 1.2 shows that at low degrees of nitrate utilisation, approximately <30%, the Rayleigh 

and steady-state models evolve similarly; therefore, in regions of the ocean where <30% of the 

nitrate supplied is utilised (e.g., the Antarctic Zone of the Southern Ocean), either model can 

be applied (Sigman et al. 1999a). This is not the case in most ocean regions, however, where 

surface nutrients concentrations are low (i.e., the degree of nitrate consumption is high). 

 

The equations given above for the Rayleigh and steady-state models are simplified, 

approximate forms of the full expressions. Moreover, neither model is truly representative of 

reactions taking place in the ocean, which is highly dynamic and where complications such as 

mixing are the norm. Nonetheless, these models provide a framework in which nitrogen isotope 

measurements can be interpreted in order to describe and understand chemical and biological 

processes in the ocean.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 The Rayleigh (black lines) and steady-state (grey lines) models of kinetic isotope 

fractionation showing the changes in the δ15N of the reactant (solid lines) and product pools 

(dashed lines) as the reactant is consumed. The fraction of reactant remaining (f) is quantified 

as [NO3
-]/[NO3

-]total. Both models assume a constant ε of 5‰. See text for details about the 

models represented here [Figure from Sigman et al. 2009b]. 
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Figure 1.3 Theoretical evolution of the δ15N of nitrate as a function of nitrate concentration 

(shown here as its natural logarithm) for different models of nitrate supply and consumption: 

the Rayleigh model (solid line), the steady-state model (dotted line), and the mixing of 

Rayleigh model end-members (dashed line). The δ15N/[NO3
-] relationship is shown assuming 

a) 35% utilisation of the initial nitrate pool and b) 70% utilisation of the initial nitrate pool. 

Initial conditions used in the model include source water with a nitrate concentration of 35 

µmol kg-1 and a δ15N of 4.8‰, and a constant nitrate assimilation ε of 5‰ [Figure from Sigman 

et al. 1999a]. 

 

The nitrogen and oxygen isotopes of nitrate 

Nitrate is comprised of two elements, nitrogen (N) and oxygen (O), each with their own stable 

isotopes. Oxygen has three stable isotopes 16O, 17O and 18O, with 16O constituting 

approximately 98.8% of all oxygen on Earth and the other two isotopes constituting 0.03% and 

0.2%, respectively (Baertschi 1976; Casciotti et al. 2002, 2016). As for the nitrogen isotopes, 

physical, chemical, and biological processes change the ratio of oxygen isotopes in the 

environment. The oxygen isotope ratio, 18O/16O, is quantified in delta notation (in permil (‰) 

vs. VSMOW) as:  

(A) (B) 
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δ18O = ([(18O/16O)sample/(
18O/16O)standard]-1) x 1000)                        (1.8) 

 

Until the development of the “denitrifier method” (Sigman et al. 2001; Casciotti et al. 2002), 

simultaneous measurement of the nitrogen and oxygen isotopes of nitrate in seawater was not 

possible. This method uses naturally occurring denitrifying bacteria that lack the nitrous oxide 

(N2O) reductase enzyme, the terminal enzyme in the denitrification reaction that reduces 

nitrous oxide to di-nitrogen gas (N2), to reduce dissolved nitrate to N2O by the following 

pathway: 

 

 

 

 

The quantitative reduction of nitrate by Pseudomonas chlororaphis and Pseudomona 

chlororaphis spp. aureofaciens (hereafter, P. aureofaciens) produces N2O with a δ15N that is 

the same as and a δ18O that is related to that of the initial nitrate. The nitrogen and oxygen 

isotopes of the N2O can then be measured using isotope ratio mass spectrometry (IRMS) 

(Sigman et al. 2001; Casciotti et al. 2002; McIlvin and Casciotti 2007; Weigand et al. 2016).  

 

Prior to the development of the denitrifier method, the δ15N of nitrate was measured using 

“passive ammonia diffusion” (Sigman et al. 1997). This method involves converting nitrate to 

ammonia using Devarda’s alloy and diffusing the ammonia onto a glass fibre disk that is then 

analysed using combustion IRMS. At best, this method allows for the measurement of the δ15N 

of seawater samples with [NO3
-] >2 µM (Sigman et al. 1997). It is also associated with a 

significant blank, requires a large sample volume, is very time time-consuming, and does not 

yield oxygen isotope data. The denitrifier method has therefore revolutionized the study of 

nitrate isotopes as it allows for the analysis of both nitrogen and oxygen isotopes at nitrate 

concentrations low as 0.3-0.5 µM (e.g., Fawcett et al. 2015), requires small quantities of sample 

(~10 nmoles), and is compatible with high sample throughput (~11-15 minutes per sample) 

(Sigman et al. 2001; Casciotti et al. 2002; McIlvin and Casciotti 2007; Weigand et al. 2016).  

 

Measurements of the dual isotopes of nitrate (i.e., δ15N and δ18O) are more powerful than using 

nitrate δ15N alone. This is largely due to the observation that some biological processes cause 

the N and O isotopes to change in unison (i.e., along a 1:1 line in δ15N vs. δ18O space) while 

2NO3
-
(aq) → 2NO2

-
(aq) → 2NO(g) → N2O(g)                              (1.9) 
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other processes act to decouple the isotopes (i.e., causing a deviation from the 1:1 line in δ15N 

vs. δ18O space; Figure 1.4A) (Granger et al. 2004; Sigman et al. 2005; Granger et al. 2008; 

Sigman et al. 2009; Granger et al. 2010; Rafter et al. 2013). For example, nitrate assimilation 

increases the δ15N and δ18O of the residual nitrate pool equally. Thus, nitrate samples will fall 

along a 1:1 line in δ15N vs. δ18O space if the nitrate pool is acted on by nitrate assimilation only 

(Figure 1.4). The rate at which 14N is utilised over 15N during nitrate assimilation is therefore 

similar to that of 16O over 18O, which means that 18ε/15ε ~1 (Granger et al. 2004; Granger et al. 

2010; Karsh et al. 2012). Denitrification (the step-wise reduction of nitrate to N2 gas by 

denitrifying bacteria) has also been observed to yield an equal rise in nitrate δ15N and δ18O 

(Granger 2006; Granger et al. 2008; Sigman et al. 2009; Figure 1.4). This similarity in 18ε/15ε 

for nitrate assimilation and denitrification is thought to derive from the same enzyme being 

used for both processes (Granger et al. 2008; Karsh et al. 2012; Treibergs and Granger 2016).  

 

The biological processes that consume nitrate in the ocean have similar effects on the δ15N and 

δ18O of the nitrate pool. This is not the case for the processes that produce nitrate, however. 

The remineralisation and nitrification of PON causes a decoupling of the δ15N and δ18O of 

nitrate, which leads to a deviation from the 1:1 assimilation/denitrification line in δ15N vs. δ18O 

space. This is because the δ15N of newly nitrified nitrate is set by the δ15N of the ammonium 

being nitrified and, by extension, the PON pool from which it is remineralised. By contrast, the 

δ18O of newly nitrified nitrate is set by the δ18O of seawater (Sigman et al. 2005; Sigman et al. 

2009a; Sigman et al. 2009c) because 5/6 of the oxygen atoms added during nitrification derive 

from seawater (Casciotti et al. 2002; Sigman et al. 2009a). The δ18O of newly nitrified nitrate 

has been shown to equal the δ18O of seawater (~0‰; Bigg and Rohling 2000) plus an ε ~1.15‰, 

producing nitrate with a δ18O of ~1.15‰ (Sigman et al. 2009).  

 

Because PON sets the δ15N of newly nitrified nitrate, there are a number of nitrogen cycle 

processes that, when followed by nitrification, can drive nitrate δ15N and δ18O to deviate from 

a 1:1 relationship. These include: 1) N2 fixation, 2) partial nitrate consumption, and 3) complete 

nitrate consumption (Sigman et al. 2005; Rafter et al. 2013).   

 

PON deriving from N2 fixation is low in δ15N as, by definition, N2 in air has a δ15N of 0‰. 

There is a small ε associated with the dissolution of atmospheric N2 in seawater and its 

subsequent fixation, which yields PON that is supported by N2 fixation with a δ15N of -2‰ to 

0‰ (Minagawa and Wada 1986; Carpenter et al. 1997). When this PON is remineralised and 
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nitrified, it produces nitrate with an equally low δ15N (-2‰ to 0‰) and, as described above, a 

δ18O ≥1.15‰. Thus, N2 fixation followed by nitrification causes a deviation above the 1:1 line 

in nitrate δ15N vs. δ18O space (Figure 1.4A and E; Sigman et al. 2005; Rafter et al. 2013).  

 

PON formed from the partial consumption of nitrate will have a δ15N that is lower than that of 

the nitrate supply due to isotopic fractionation (Equations 1.4 and 1.5). Upon remineralisation 

and nitrification, this PON will produce nitrate with a δ15N that is lower than the nitrate supply 

and the partially consumed nitrate pool, with the latter having increased in δ15N due to 

consumption. The δ15N of the combined nitrate pool (i.e., the partially consumed plus newly 

nitrified nitrate) remains unaltered, however, and assuming no gain or loss of nitrogen, will 

equal that of the nitrate supply (Sigman et al. 1999a). By contrast, the δ18O of the nitrate added 

during nitrification is high compared to that removed during consumption (≥1.15‰ vs. -3‰, 

assuming a deep ocean nitrate δ18O of 2‰ and an assimilation O isotope effect of 5‰) (Sigman 

et al. 2005; Granger et al. 2010; Buchwald and Casciotti 2012). The partial consumption of 

nitrate by phytoplankton coupled with nitrification therefore acts to raise the δ18O of the 

combined nitrate pool while its δ15N remains unchanged (Sigman et al. 2009; Rafter et al. 2013; 

Fawcett et al. 2015), thus driving nitrate above the 1:1 line in δ15N vs. δ18O space (Figure 1.4A 

and C).  

 

The remineralisation and nitrification of PON produced from complete nitrate consumption 

leads to a decrease in nitrate δ18O relative to its δ15N. This is because when the PON is nitrified, 

it produces nitrate with a δ15N equal to that of the nitrate supply that was consumed. By 

contrast, the δ18O is lowered relative to the source nitrate as the nitrification value is lower than 

the δ18O that was removed (typically ≥2‰) (Sigman et al. 2009a). The net result of complete 

nitrate consumption coupled with nitrification is thus a deviation below the 1:1 line in nitrate 

δ15N vs. δ18O space (Figure 1.4A and D; Sigman et al. 2009c) 

 

In some marine environments such as coastal systems where sedimentary processes are 

relevant to the upper water column, the dual isotopes can reflect additional overlapping 

processes. For example, on shallow continental shelves, coupled nitrification-denitrification in 

the sediments has been shown to raise the δ15N and lower the δ18O of the overlying nitrate 

(Granger et al. 2011). The 15N enrichment is due to the loss of low-δ15N nitrogen as N2 gas, 

which occurs as follows. Organic matter in the sediments is remineralized to ammonium that 
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is similar in δ15N to the PON from which it derives and that is subsequently released into bottom 

waters overlying the sediments. The partial nitrification of this ammonium, which occurs with 

a large ε (≥14‰; Casciotti et al. 2003), enriches the residual ammonium pool in δ15N and 

produces newly nitrified nitrate that is low in δ15N. The low-δ15N nitrate, in turn, becomes the 

substrate for sedimentary denitrification (Christensen et al. 1987; Seitzinger 1988; Devol 1991; 

Devol and Christensen 1993; Jahnke and Jahnke 2000), which produces isotopically light N2 

that represents a loss from the fixed nitrogen inventory (Brandes and Devol 1997). The net 

effect is thus to raise the nitrate δ15N above that of the PON that was remineralised. The δ18O 

of nitrate, on the other hand, is lowered during nitrification such that the net result of coupled 

nitrification-sedimentary denitrification is a deviation below the 1:1 line in δ15N vs. δ18O space 

(Granger et al. 2011). 

 

To further investigate and track the (de)coupling of nitrate δ15N and δ18O in the ocean, the 

tracer Δ(15-18) was defined (Sigman et al. 2005; Rafter et al. 2013):  

 

Δ(15-18) = δ15N –  δ18O              (1.10) 

 

Using the source nitrate δ15N and δ18O to a particular region, its Δ(15-18) can be calculated. 

The evolution of Δ(15-18) from the source water value, either with depth or laterally, allows 

us to disentangle the various nitrogen cycle processes influencing the biogeochemistry of the 

water column.  

 

Nitrate assimilation and denitrification act to raise the δ15N and δ18O of the nitrate pool in 

concert such that its Δ(15-18) remains unchanged even as the residual nitrate pool becomes 

enriched in both isotopes (Figure 1.4B; Granger et al. 2004; Sigman et al. 2005; Granger et al. 

2008; Rafter et al. 2013). A Δ(15-18) decline suggests that either N2 fixation or partial nitrate 

assimilation has previously occurred (Figure 1.4A, B and F; Sigman et al. 2000; Sigman et al. 

2009a; Rafter et al. 2013). We can distinguish between these two processes by also looking at 

the nitrate δ15N and δ18O data. The decrease in Δ(15-18) due to N2 fixation is driven largely by 

a decrease in the δ15N of the combined nitrate pool. This, as mentioned above, is due to the 

remineralisation of low-δ15N PON that yields newly nitrified nitrate with a similarly low δ15N 

(Sigman et al. 2000; Sigman et al. 2005; Rafter et al. 2013). On the other hand, the decline in 

Δ(15-18) due to partial nitrate assimilation is driven by a decrease in the δ18O of the combined 

nitrate pool while its δ15N remains largely unaltered (Sigman et al. 2009a; Rafter et al. 2013; 
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Fawcett et al. 2015). Finally, a rise in Δ(15-18) can be driven by either a decrease in nitrate 

δ18O or an increase in nitrate δ15N. Newly nitrified nitrate produced from the remineralization 

of PON deriving from complete consumption of surface nitrate has a δ15N that resembles the 

source nitrate and a δ18O  similar to seawater (i.e., lower than the δ18O of the nitrate that was 

consumed). This nitrate, when added to the subsurface nitrate pool, will lower its δ18O and 

increase its Δ(15-18) (Sigman et al. 2009a, c; Rafter et al. 2013). Coupled nitrification-

denitrification in the sediment will also increase nitrate Δ(15-18) in the bottom waters 

overlying the sediments, but in this case by increasing nitrate δ15N and decreasing its δ18O 

(Granger et al. 2011).  

 

The effects of many of the biological processes discussed above are clearly visible in Figure 

1.4F, which is shown as an example. Here, the Δ(15-18) of Circumpolar Deep Water nitrate is 

3‰ (i.e., δ15N = 5‰ and δ18O = 2‰). The modification of this nitrate due to organic particle 

remineralization and nitrification can be tracked through the changes in its Δ(15-18) as it 

circulates from the deep Pacific, through the surface waters of the Southern Ocean, and into 

the intermediate depth Pacific (Rafter et al. 2013).  
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Figure 1.4 Simple models for the modification of the dual nitrate isotopes by various biological 

processes occurring in the ocean. (A) Nitrate δ15N and δ18O evolve in a ratio of 1:1 during 

nitrate assimilation and denitrification. Low-δ15N nitrate is introduced through the nitrification 

of particles produced by N2 fixation or partial nitrate assimilation, driving a positive deviation 

from the 1:1 line, while low-δ18O nitrate is introduced through the nitrification of particles 

produced by complete nitrate assimilation, introducing a negative deviation from 1:1. (B) The 

A B 

C D E 
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change in Δ(15-18) due to the various biological processes represented in panel A. (C) Partial 

nitrate assimilation leads to an initial rise in the δ15N and δ18O of the residual nitrate pool (solid 

arrow) followed by a decrease in δ15N relative to δ18O due to organic matter remineralisation 

(dotted arrow). Mixing of the residual and remineralised nitrate produces a combined nitrate 

pool that is high in δ18O relative to its δ15N. (D) Where surface nitrate is completely consumed, 

remineralisation of particles produces regenerated nitrate with a δ15N that is equivalent to the 

source nitrate that was consumed while the δ18O of regenerated nitrate is set by the (low) δ18O 

of seawater. (E) N2 fixation produces particles that are low in δ15N. The nitrate resulting from 

the nitrification of these particles is similarly low in δ15N with a δ18O set by seawater, together 

driving a change in the isotopic composition of the combined nitrate pool in the direction of 

the dashed arrow. (F) The evolution of nitrate Δ(15-18) in the Pacific Ocean from a deep ocean 

value of ~3‰ due to the various biological processes represented in panels C-E [Figure adapted 

from Rafter et al. 2013]. 

 

1.2 The southern Benguela upwelling system 

 

Eastern boundary currents are some of the most productive ecosystems in the global ocean 

(Ryther 1969; Pauly and Christensen 1995). These regions occupy roughly 1% of ocean area 

while accounting for 20% of the world’s fish catches (Pauly and Christensen 1995). The 

Benguela Current is the eastern boundary current of the South Atlantic gyre and extends from 

Angola to the Agulhas bank (Figure 1.5; Peterson and Stramme 1991; Wedepohl et al. 2000). 

The Benguela upwelling system is unique in that it is bounded on either end by warm waters. 

The northern boundary is defined by the Angola-Benguela Front where the cool, equatorward 

flowing Benguela Current meets the warm, poleward flowing Angola Current. The southern 

boundary is defined by the position of the Agulhas Current retroflection (Shannon and Nelson 

1996; Veitch et al. 2009).  

 

1.2.1 Physical dynamics of the Benguela upwelling system 

 

The Benguela Current flows towards the equator along the eastern boundary of the South 

Atlantic gyre and is 200-300 km wide (Defant 1936). As the current flows northwards, it 

meanders along the coast. Upon reaching the Angola-Benguela Front at 20°S, the current is 
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forced to change direction and begins flowing in a westerly direction (Stander et al. 1969; 

Shannon et al. 1973; Harris and Shannon 1979; Nelson and Hutchings 1983). The mean annual 

transport of the Benguela Current has been estimated to be approximately 15 Sv, with the 

current typically flowing equatorward at speeds between 10-30 cm s-1 (Shannon 1985). 

 

The Benguela upwelling system (BUS) includes seven sites (“cells”) where wind-driven 

upwelling is most prominent. The most energetic site is the Lüderitz upwelling cell at 27ºS. 

Due to the intensity of this upwelling cell, it acts as a barrier that separates the northern BUS 

(NBUS) from the southern BUS (SBUS; Figure 1.5; Shannon 1985; Shannon and Nelson 1996; 

Hutchings et al. 2009b), hindering the transport of water masses, organisms, particles and 

nutrients. between the two subsystems (Shannon and Pillar 1986; Duncombe Rae 2005; Lett et 

al. 2007; Gibbons and Hutchings 1996). Three of the seven upwelling sites are located in the 

SBUS. Upwelling at these sites is influenced by a combination of the shelf width and coastal 

topography near Hondeklip Bay (Namaqualand cell), Cape Columbine (Columbine cell) and 

the west coast of the Cape Peninsula (Cape Point cell; Figure 1.5) (Nelson et al. 1983).  

 

Upwelling in the BUS is highly variable and seasonal, with the exception of at the Lüderitz cell 

where upwelling is perennial (Hutchings et al. 2009b). As in other wind-driven upwelling 

systems, when upwelling occurs in the BUS it is driven by equatorward winds that lead to the 

offshore Ekman transport of surface waters. This allows cool, nutrient-rich deeper waters to be 

upwelled to the surface to fuel primary productivity (Nelson and Hutchings 1983). The 

equatorward winds are associated with the position of the South Atlantic anticyclone (SAA; 

Shannon 1985). During summer, the increased heating of land induces low pressure systems 

that enhance the zonal gradient between the SAA and southern Africa, intensifying the 

southerly wind stress (Figure 1.6A and B; Nelson and Hutchings 1983). During winter, the 

SAA shifts northwards with the movement of the Intertropical Convergence Zone (ITCZ). This 

shift causes the NBUS to be dominated by southerly winds while the SBUS, south of St Helena 

Bay, is subjected to atmospheric frontal activity, particularly cold front systems, that induce 

westerly wind stresses (Figure 1.6C and D; Shillington 1998, Hardman-Mountford 2003). In 

the northern region of the SBUS, north of St Helena Bay, south easterly winds continue to 

dominate in winter, albeit not to the same extent as in the summer. This is due to a wintertime 

relaxation in the pressure gradient between the continent and ocean as a consequence of less 

continental heating (Figure 1.7B; Nelson and Hutchings 1983). The change in wind direction 

and strength leads to a dampening of upwelling in the SBUS during the winter. The SBUS 
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therefore experiences upwelling predominantly during the spring and summer (Hutchings et 

al. 2009a).  

 

The seasonality in SBUS upwelling is evident in the sea surface temperature gradients observed 

in the different seasons. During summer, the temperature gradient between the inshore and 

offshore waters is large, with inshore temperatures as low as 9°C and offshore temperatures 

reaching 22°C (Shannon 1966; Lamont et al. 2015). In the winter, the inshore-offshore 

temperature gradient is not as stark due to the decrease in upwelling favourable winds and 

offshore cooling. Andrews and Hutchings (1980) postulated that in winter, downwelling was 

induced in the SBUS by the prevailing northerly winds, leading to offshore surface waters 

being advected inshore. More recent studies have shown that during periods of quiescence (i.e., 

when upwelling favourable winds cease), the mean surface transport remains offshore with 

onshore advection rarely observed (i.e., the SBUS appears to never experience downwelling; 

Barange and Pillar 1992; Carr and Kearns 2003; Veitch et al. 2009). During periods of 

quiescence, the isopycnals outcrop at the inshore surface due to the nearshore bathymetry that 

forces on-shelf bottom waters to the surface. The isopycnal outcropping observed during 

quiescence is termed “quiescent upwelling” (Shannon 1985) and is the reason that the inshore 

SBUS waters do not warm up much in winter.  

 

In the SBUS, the Benguela Current is characterized by two flow paths traveling equatorward: 

the Benguela Coastal Current (BCC; Figure 1.5) and the Benguela Oceanic Current (BOC; 

Figure 1.5) (Veitch et al. 2010). The oceanic flow, i.e., the BOC and the portion of the current 

that is situated within the Agulhas eddy corridor, is induced by the Oceanic Front (OF) that 

separates the cool, inshore upwelling region from the warmer offshore waters of the South 

Atlantic subtropical gyre (Garzoli and Gordon 1996). The coastal flow, i.e., the BCC and the 

portion of the current present over the continental shelf, is steered by the shelf edge and induced 

by coastal upwelling (Veitch et al. 2010). North of Cape Columbine, where the continental 

shelf broadens, the Cape Jet (CJ), which originates on the western Agulhas bank (Bang and 

Andrews 1974; Shelton and Hutchings 1982; Boyd et al. 1992; Largier et al. 1992; Boyd and 

Shillington 1994; Boyd and Nelson 1998), branches into two flows that form the Columbine 

Front (CF) and the Shelf Break Front (SBF; Figure 1.5) (Shannon 1985; Shannon and Nelson 

1996; Veitch et al. 2010). The CF is induced by coastal, wind-driven upwelling and the SBF to 

its west is formed by cool waters that are upwelled due to the rapid shallowing of the 
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continental shelf (Shannon 1985). The bifurcation of the CJ is not a year-round feature. The 

CF and SBF have been observed to merge during periods of intense and quiescent upwelling, 

in both cases as a result of the erosion of the surface water temperature gradient between the 

fronts. This occurs when upwelling is so intense that the rapid supply of cold, deep waters 

removes the temperature gradient, and during quiescent upwelling periods, particularly in 

autumn and winter, when surface cooling from the atmosphere and decreased offshore 

advection of surface waters causes the temperature gradient to disappear (Figure 1.8; Nelson 

and Hutchings 1983; Shannon and Nelson 1996; Shannon 1985). 

 

The fronts that are present in the SBUS can be identified on the basis of their temperature and 

position on the shelf. Lamont et al. (2015) found that there are seasonal changes in the fronts 

along a hydrographic line extending offshore from St Helena Bay, termed the St Helena Bay 

monitoring line.  In late summer, all three fronts are present unless upwelling is extremely 

intense (see above). The CF, which is induced by coastal upwelling, occurs along the 200 m 

isobath and is identified by the 15ºC isotherm (Shannon 1985; Lamont et al. 2015). The SBF, 

which is induced by upwelling at the shelf break, is present along the shelf break (defined as 

the 300 m isobath) and identifiable by the 17ºC isotherm (Veitch et al. 2009; Veitch et al. 2010; 

Lamont et al. 2015). The OF is present in late summer only and is defined by the 18ºC isotherm, 

clearly separating Modified Upwelled Water from the warmer offshore Oceanic Surface Water 

(Lamont et al. 2015). In winter, the SBF and CF are observed to merge, as described above and 

this merged front is identified by the 14ºC isotherm. In sum, the fronts present in the SBUS 

vary seasonally along with changes in the upwelling dynamics, with implications for the 

residence time of surface (and possible subsurface) waters and the offshore advection of 

plankton and nutrients.  

 

The CJ is an important physical feature for South African fish stocks. Commercially important 

fish species such as anchovy spawn on the Agulhas bank and rely on the northward flowing jet 

to transport their eggs and larvae into St Helena Bay, the largest bay in the SBUS. The retention 

of the eggs and larvae in St Helena Bay provides the larvae access to sufficient resources to 

increase their recruitment (Shelton and Hutchings 1982; Parada et al. 2003). Due to the 

topography surrounding Cape Columbine and Cape Point, wind velocity is observed to 

decrease within St Helena Bay and Table Bay, north of Cape Columbine and Cape Point, 

respectively, which induces a cyclonic wind-stress curl. This results in the retention of 

upwelled waters in St Helena Bay and Table Bay (Kamstra 1985; Jury 1985) providing suitable 
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conditions for mass phytoplankton blooms, which in turn enhances the recruitment of 

commercially-important fish stocks (Andrews and Hutchings 1980; Shannon et al. 1984; 

Shannon 1985; Shannon 2003).  

 

The fronts of the SBUS also act as physical barriers to the offshore advection of surface waters 

(Barange et al. 1992). For example, Andrews and Hutchings (1980) deduced that when surface 

waters advecting offshore reach a front, they are subducted below it (Figure 1.8), evidenced by 

maximum chlorophyll concentrations occurring along the base of the thermocline (Andrews 

and Hutchings 1980). During both quiescent and intense upwelling, the merging of the CF and 

SBF allows inshore waters to be advected as far as the SBUS midshore (out to the shelf break), 

increasing the residence time of inshore surface waters and allowing phytoplankton to more 

completely consume the nutrients available in these waters (Barange and Pillar 1992).   

 

The SBUS is clearly a highly variable hydrographic region. In contrast to the fairly significant 

body of knowledge that exists regarding the physics of the SBUS, relatively little is known of 

its biogeochemistry. Seasonal variability is expected given the strong seasonality of the 

upwelling, and the character of this seasonality is likely to have implications for the biology of 

this commercially important region.  
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Figure 1.5 A map showing the Benguela upwelling system and relevant features of the 

southeast Atlantic Ocean including the surface currents (solid lines and arrows), the upwelling 

cells (grey circles), and the north and south frontal zones that border the Benguela upwelling 

system (the Angola-Benguela Front (ABF) and Subtropical Front (STF), respectively). The 

focus of this thesis is the region to the south of the Orange River outflow. Other relevant 

acronyms include AnC (Angola Current), SEC (South Equatorial Current), BCC (Benguela 

Coastal Current), BOC (Benguela Oceanic Current), STG (subtropical gyre), SAC (South 

Atlantic Current), AgC (Agulhas Current) [Figure from Hardman-Mountford et al. 2003]. 
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Figure 1.6 The position of the South Atlantic anticyclone (represented here as the large high 

pressure cell, H) and low pressure cells (L) over the South Atlantic and their influence on the 

local wind dynamics in the SBUS under different conditions. A) South Atlantic anticyclone 

established, coastal low at Lüderitz, southerly winds in the SBUS; B) South Atlantic 

anticyclone extends eastwards, coastal low at Lüderitz moves south, gale force winds in the 

SBUS; C) South Atlantic anticyclone weakens allowing the front to ridge, inducing westerly 

winds in the SBUS; D) South Atlantic anticyclone strengthens, southerly winds in the SBUS; 

E) Berg wind conditions: warm, dry offshore winds originating from the interior of South 

Africa [Figure from Nelson and Hutchings 1983].  
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Figure 1.7 A schematic of the mean wind speed vectors in A) summer and B) winter with the 

position of the Integrated Ecosystem Programme monitoring lines (see chapter 2) overlaid. 

These included, from north to south, the Kleinsee monitoring line (dark blue), Namaqualand 

monitoring line (light blue), St Helena Bay monitoring line (grey), and Scarborough monitoring 

line (black) [Figure adapted from Shannon 1985].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 A 3-dimensional representation of the cross-shelf circulation in the Benguela 

upwelling system. The positions of the various fronts are indicated by lines and text, and the 

(A) (B) 
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net direction of Ekman transport is shown by the solid arrows. The open arrows show the 

surface transport induced by the various fronts, with subsurface transport indicated by the 

transport dots (poleward currents) and crosses (equatorward currents) [Figure from Barange 

and Pillar 1992]. 

 

1.2.2 Biogeochemistry of the Benguela upwelling system and South Atlantic  

 

The SBUS is an important socio-economic region for South Africa as it sustains a large portion 

of the country’s commercial fisheries (Shannon et al. 2003). The biogeochemistry of the SBUS 

underpins its productivity and thus the food supply available to important marine resources. St 

Helena Bay, an important nursery ground for sardine and anchovy, has been the focus of 

numerous studies of primary productivity, as well as of seasonal changes in upwelling 

conditions and nutrients (e.g., Chapman et al. 1991; Hutchings et al. 2012; Lamont et al. 2015). 

However, less is known of the other upwelling cells and how they might influence the 

biogeochemistry and productivity of the greater SBUS.  

 

On-shelf processes 

The upwelling of nutrient-rich, deep water to the euphotic zone stimulates phytoplankton 

growth in the SBUS (Legendre 1981; Barber and Smith 1981; Mitchell-Innes and Walker 1991; 

Brown et al. 1991; Pitcher et al. 1992), as in all wind-driven upwelling systems. Inlets and bays 

located along the coastline of the SBUS act as upwelling shadows, retaining upwelled waters 

and allowing for the development of large phytoplankton blooms inshore (Graham et al. 1997). 

The death and subsequent sinking and remineralisation of the particulate organic matter 

associated with these large blooms often leads to events of hypoxia (and occasionally, anoxia) 

on the SBUS shelf (Pitcher and Calder 2000; Levin et al. 2009; Monteiro et al. 2011; Pitcher 

et al. 2014), the most frequent and intense of which are observed in St Helena Bay (De Decker 

1970; Bailey and Chapman 1985; Bailey 1991; Monteiro and van der Plas 2006; Hutchings et 

al. 2012). Changes in the dissolved oxygen concentration have been suggested as the 

environmental factor with the largest impact on marine resources in the region (Van der Lingen 

et al. 2006). For example, west coast rock lobster (Jasun Ialandii) have been observed to “walk 

out” of the ocean when oxygen in inshore SBUS waters declines to hypoxic levels. In one such 

event in February 2015, 200 tons of west coast rock lobster were stranded onshore causing the 

fishery to lose an estimated R114,000,000 (~$7,000,000; National Ocims 2018). 
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The remineralisation of particulate organic matter in bottoms waters on the shelf of the BUS 

has been documented in the literature since the 1960s (Hart and Currie 1960). This process has 

been shown to regenerate high concentrations of nutrients (mainly nitrate, phosphate and silicic 

acid) on the shelf in the NBUS and SBUS, at times leading to a higher nutrient burden on the 

shelf than the concentrations observed in the upwelling source waters available (Calvert and 

Price 1970).  

 

The regeneration of nutrients on the shelf of the BUS by heterotrophic bacteria leads to low 

oxygen concentrations in subsurface waters (Calvert and Price 1970). In regions of the NBUS 

where active upwelling does not occur, low to zero oxygen concentrations have been observed 

to be accompanied by low nitrate and high nitrite concentrations, interpreted as evidence of 

water column denitrification (Calvert and Price 1970). However, Kuypers et al. (2005) 

conclude that annamox rather than denitrification is the major pathway for nitrogen loss in the 

NBUS, and therefore could also be important within the SBUS. Neither denitrification nor 

anammox have ever been directly observed in the water column of the SBUS, which does not 

sustain anoxic conditions for extended periods (Pitcher and Weeks 2006; Hutchings et al. 

2009). Denitrification has however been identified in the sediments of the SBUS on the basis 

of porewater nitrate and ammonium concentration and the lower than Redfield N:P ratios in 

the overlying water column (Bailey 1987; Bailey and Chapman 1991; Tyrell and Lucas 2002), 

is supported by perennial anoxia and a near-constant supply of fresh organic matter from the 

overlying surface waters. Despite the implications of denitrification and annamox for 

regulating primary production, the effects of these processes have never been quantified.  

 

The BUS has been identified as the most productive of the four major upwelling systems based 

on satellite data and modelling studies (Carr 2001; Carr and Kearns 2003; Rossi et al. 2009; 

Lachkar and Gruber 2012). The largest compilation study of net primary productivity (NPP) in 

the SBUS to date (Brown et al. 1991) found that in situ rates of NPP were ~50% higher than 

those estimated by an ecosystem model presented in Field et al. (1991). NPP in the SBUS may 

be even higher than suggested by satellite data. Studies have suggested that the on-shelf 

regeneration of nutrients in the SBUS to concentrations exceeding those in the source waters 

may explain the high observed rates of NPP (Jones 1971; Bailey and Chapman 1985; Bailey 

1985; Probyn 1987; Waldron et al. 1992; Hutchings et al. 1995; Tyrell and Lucas 2002). The 

in situ sedimentation and remineralization of PON produced from the high rates of NPP has 

been shown to deplete bottom oxygen concentrations and further enhance the on-shelf 
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concentration of regenerated nutrients (Bailey and Chapman 1985; Bailey 1991). However, the 

mechanism(s) that sustain these high concentrations of nutrients on-shelf, and the extent to 

which their concentrations and distributions vary seasonally, remain unknown. 

 

Upwelling source waters 

In addition to the complex nutrient cycling occurring inshore of the Benguela Current, the water 

masses feeding the SBUS are integral to our understanding of the biogeochemistry of the 

region. The waters that upwell onto the shelf and into the euphotic zone will shape the marine 

community and control the extent of organic carbon production and net carbon dioxide removal 

as they replenish surface waters with nutrients and oxygen (Brown et al. 1991; Kampf and 

Chapman 2016). Previous studies have shown that the main water masses present in the SBUS 

are Upper Circumpolar Deep Water (UCDW), Antarctic Intermediate Water (AAIW), 

Subantarctic Mode Water (SAMW), South Atlantic Subtropical Mode Water (SASTMW), 

Modified Upwelled Water (MUW) and Oceanic Surface Water (OSW) (Figure 1.9; Donners 

et al. 2005; Duncombe Rae 2005; Lamont et al. 2015). SAMW is the major source of upwelled 

water to the shelf and inshore SBUS (Lamont et al. 2015).  

 

UCDW and AAIW are categorised as deep water masses in the SBUS. AAIW overlies UCDW, 

is present below 400 m off the shelf and does not upwell onto the shelf (Lamont et al. 2015). 

SAMW is present between 200-400 m off the shelf and is upwelled onto the shelf throughout 

the year (Figure 1.9; Lamont et al. 2015). SAMW upwells inshore of the CF, throughout the 

year, and inshore of the SBF during summer (Lamont et al. 2015). SASTMW overlays SAMW 

off the shelf and does not appear to upwell inshore of the CF (Figure 1.9; Lamont et al. 2015). 

Modified Upwelled Water (MUW) overlies SAMW and SASTMW and is present in surface 

waters inshore of the OF, with MUW occupying the thermocline (i.e., the upper 100 m of the 

water column) with increased vertical extent in winter; while Oceanic Surface Water (OSW) 

is present in the surface west of the OF (Lamont et al. 2015).   

 

The studies cited above characterized the oxygen concentration, salinity and temperature of the 

above-mentioned water masses; however, no study has yet characterized their nutrient 

concentrations and nitrate isotopic composition. Characterizing the seasonal changes in the 

nutrient concentrations and isotopic composition of SAMW and SASTMW on the shelf allows 

us to identify and disentangle the various biological processes ongoing in the surface and 
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subsurface of the on-shelf waters, with implications for understanding the drivers of primary 

production and oxygen dynamics in the SBUS.  

 

 

Figure 1.9 A climatology (2000-2012) of the vertical distribution of water masses along the St 

Helena Bay monitoring line in A) February and B) May. The inverted triangles indicate the 

climatology position of the Columbine Front (CF; blue triangle), the Shelf Break Front (SBF; 

grey triangle), and the Oceanic Front (OF; black triangle). The water masses present in the 

SBUS are Ocean Surface Water (OSW), Modified Upwelled Water (MUW), South Atlantic 

Subtropical Mode Water (SASTMW), Subantarctic Mode Water (SAMW), Antarctic 

Intermediate Water (AAIW) and Upper Circumpolar Deep Water (UCDW) [Figure from 

Lamont et al. 2015]. 

 

1.3 Nitrate isotopes in other upwelling systems 

 

Although measurements of the dual nitrate isotopes (i.e., δ15N and δ18O) had not been 

conducted in the SBUS prior to the present study, there have been nitrate isotope studies in 

other upwelling systems. Below, we focus on nitrate isotope data from the NBUS and 

California upwelling system as the NBUS forms part of the greater BUS while the California 

upwelling is the best studied of the four major upwelling systems and does not exhibit 

permanent oxygen-deplete conditions in the water column (Wankel et al. 2007; Bograd et al. 

2008).  
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The NBUS is characterised by very high rates of primary production and low oxygen 

concentrations that vary on a seasonal timescale (e.g., Monteiro et al. 2008; Louw et al. 2016). 

Using measurements of nitrate isotopes, Nagel et al. (2013) and Emeis et al. (2017) conclude 

that in the suboxic waters of the NBUS, heterotrophic denitrification takes place in the water 

column over the shelf and upper continental slope. The evidence presented to support this is a 

rise in nitrate δ15N and δ18O along a 1:1 line in δ15N vs. δ18O space along with a decrease in 

the nitrate concentration for samples collected in the subsurface (Emeis et al. 2017). In addition, 

the diatomaceous ooze found on the NBUS shelf has a δ15N (5-8‰), that is on average higher 

than that of South Atlantic Central Water, the source water mass to the NBUS surface waters. 

The authors interpret the elevated δ15N of the diatomaceous ooze as reflecting the assimilation 

of nitrate that is higher in δ15N than the source waters because of isotopic fractionation during 

local water column denitrification (i.e., after the source water had upwelled onto the shelf) 

(Emeis et al. 2009; Meisel et al. 2011; Nagel et al. 2016; Emeis et al. 2017).  

 

Another line of evidence for denitrification in the NBUS is that it hosts a nutrient N:P ratio that 

is lower than Redfield (i.e., lower than 16:1) (Dittmar and Birkicht 2001; Tyrrell and Lucas 

2002; Nagel et al. 2013; Emeis et al. 2017). It has been hypothesized that the decrease in the 

N:P ratio due to denitrification is further enhanced by phosphate efflux from the sediment under 

low oxygen conditions (Bailey 1987; Kuypers et al. 2005; Nagel et al. 2013). Interestingly, 

once the low N:P water is upwelled to the surface again, it apparently does not stimulate N2 

fixation in the NBUS as might be expected (Deutsch et al. 2007). Indeed, Wasmund et al. 

(2015) found almost no evidence for N2 fixation in the NBUS and adjacent ocean based on in 

situ rate measurements. A follow-up study attributed this to a lack of seeding populations of 

N2 fixing phytoplankton and bacteria in the region (Emeis et al. 2017). Nagel et al. (2013) 

conclude, using nitrate δ15N data, that no N2 fixation occurs in on-shelf surface waters of the 

NBUS. The authors also postulate, however, that N2 fixation may occur in the surface waters 

offshore, although contributing a small proportion of new nitrogen to the fixed nitrogen pool. 

In another study conducted in the region, the highest measured N2 fixation rate in the NBUS 

or adjacent South Atlantic gyre was < 8 nmol N L-1 d-1 (Sohm et al. 2011). This rate, while not 

insignificant, would contribute a very small quantity of fixed nitrogen relative to other available 

sources such as nitrate and ammonium. In addition, the average N2 fixation rate for the region 

was much lower than this (<3 nmol N L-1 d-1; Sohm et al. 2011). 
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The California upwelling system, like the SBUS, does not experience permanent low O2 

concentrations as observed in some of the other upwelling systems (e.g., Rosenberg et al. 

1983). In Monterey Bay in the California upwelling, Wankel et al. (2007) measured the dual 

isotopes of nitrate over an annual cycle and concluded that the euphotic zone hosts significant 

rates of partial nitrate assimilation followed by nitrification year-round. The evidence 

supporting this was an increase in nitrate δ18O that was consistently higher than the rise in 

nitrate δ15N (see section 1.1 above). They authors calculated that 15-27% of the nitrate 

assimilation occurring in the California upwelling is supported by euphotic zone nitrification 

and should be considered regenerated rather than new production.  Coupled nitrate 

assimilation-nitrification may also prove important in the SBUS, although as yet direct 

measurements of nitrification are scarce. Nonetheless, if nitrification is occurring in the SBUS 

euphotic zone at rates that are significant relative to that of upward nitrate supply, the 

implications is that existing estimates of new production and carbon export potential may be 

too high (Yool et al. 2007).  

 

1.4 Scope of thesis 

 

In this thesis, the first nitrate N and O isotope data for the SBUS are presented in the context 

of other biogeochemical and physical variables. The focus of this study was to use the stable 

isotopes of nitrate, along with nutrient and oxygen concentrations, derived biogeochemical 

tracers, and physical data to characterize the seasonal nitrogen cycle of the SBUS in order to 

better understand the productivity and oxygen dynamics of this economically- and 

ecologically-important region.  

 

First, the methods used for the collection and analysis of samples from the summer and winter 

of 2017 are described. Second, the results of these analyses are presented within the 

hydrographic context offered by four monitoring lines that cover the aerial extent of the SBUS 

and that were occupied in both seasons. Third, an overview is given of the concentrations and 

cycling of nutrients upwelled in SAMW and SASTMW, which strongly suggests that high 

quantities of nutrients are regenerated on the mid- and inshore shelf, raising the concentration 

of nutrients available for upwelling above that of the source waters. The proportion of nutrients 

regenerated in situ is quantified using the oxygen isotope ratios of nitrate. Along with the 

nitrogen isotope ratios, these data also provide insights into the changes in nitrogen cycling 
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between the intense upwelling period in summer and the period of quiescence in winter, 

particularly with respect to the addition and removal of on-shelf nitrate. The spatial evolution 

of numerous on-shelf biogeochemical tracers is examined in order to test the hypothesis that 

benthic recycling enhances the productivity of the SBUS. Finally, arguments are presented that 

the primary mechanism leading to on-shelf nutrient trapping involves the various northward-

flowing, seasonally variable fronts that characterise the SBUS. The features aid in the 

sequestration of sinking organic matter to the on-shelf benthos where it is regenerated. Seasonal 

shifts in the position of the fronts can explain the observed spatial changes in the on-shelf 

regenerated nutrient pool, with important implications for the intensity and aerial extent of 

oxygen-deplete bottom waters in the SBUS.  
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2. Methods  

2.1 Field methods 

 

Hydrographic stations in the SBUS were occupied in February, May and August 2017 aboard 

the FRV Algoa as part of the Department of Environmental Affairs’ Integrated Ecosystem 

Programme (IEP) surveys. During each cruise, samples were collected at 44 stations along 4 

transects located perpendicular to the shoreline between 29°38.38’S and 34°56.08’S (Kleinsee, 

Namaqualand, St Helena Bay and Scarborough monitoring lines), spanning the continental 

shelf and slope (Figure 2.1).  

 

Hydrographic measurements were made using a conductivity-temperature-depth profiler 

(CTD). The temperature and conductivity probes were calibrated by the manufacturer while 

the CTD oxygen sensor was calibrated against discrete seawater samples analyzed for 

dissolved oxygen concentration by Winkler titration (Carpenter 1965; Grasshoff et al. 1983). 

 

Discrete water masses were identified based on their temperature and salinity characteristics. 

Potential temperature, which normalises for the change in temperature with pressure, was 

plotted against absolute salinity, which cannot be directly measured and is derived from 

practical salinity. Potential temperature and absolute salinity were used to derive density. The 

formula for the conversion of temperature to potential temperature is derived from Poisson’s 

equation: 

 

 = T (p0/p)k                 (2.1) 

 

Where  is the potential temperature, T is the ambient temperature, p0 is the pressure at the 

surface, p is the pressure at the depth of interest, and k is 0.286.  

 

In order to convert practical salinity to absolute salinity, the Thermodynamic Equation of 

Seawater (TEOS-10) is used: 
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SA = (1.0047 x practical salinity) + δSA           (2.2) 

 

Where SA is absolute salinity and δSA is a correction for dissolved matter that does not 

contribute to conductivity.  

 

Density (sigma-theta) was derived from temperature, salinity and pressure based on the 

equation of state:  

 

      σθ = ρ (SA, , p) – 1000      (2.3) 

 

Where ρ is density, calculated as: 

 

ρ – ρ0 = a (T – T0) + b (S – S0) + kp     (2.4) 

 

Where a = 0.15 kg/m3/°C, b = 0.78 kg/m3/part per thousand and k = 4.5x103 kg/m3/decibar. 

 

At all stations, mixed layer depth (MLD) was determined from depth profiles of sigma-theta 

(σθ). The MLD criterion used was a threshold value of Δσθ = 0.03 kg. m-3 from the value at 10 

m depth (de Boyer Montégut et al., 2004).  

 

Seawater samples were collected at discrete depth intervals from the surface to the bottom 

using a tethered rosette holding twelve 6-L Niskin bottles. From each CTD station, nitrate 

isotope and nutrient samples were collected throughout the water column in 60 mL HDPE 

bottles. Each bottle was rinsed three times prior to being filled to just below the neck and 

immediately frozen at -20°C pending analysis. Prior to shipping and analysis, all nitrate isotope 

samples were filtered using a 0.2 µm syringe filter. 
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Water samples for bulk nitrogen isotopic analysis of particulate nitrogen (PON) were collected 

during two of the three cruises (February and May), predominantly from the ship’s underway 

system (intake at 5 m). Seawater was filtered through a pre-combusted GF-75 glass fibre filter 

(with a nominal pore size of 0.3 µm) using an inline filter when collected from the underway, 

and under gentle vacuum for the samples collected in Niskin bottles. After filtration, the final 

volume of water filtered was noted. The samples were then folded in half using ethanol-cleaned 

forceps and stored in ashed tinfoil envelopes at -80°C pending analysis.  

 

 

Figure 2.1 A map of the southern Benguela Upwelling System (SBUS) showing the four IEP 

monitoring lines. The coloured dots show the in situ sea surface temperature at each station 

during the time of sampling in A) February and B) May 2017. The fronts that occur in the 

SBUS during these seasons are identified on the figure. These include the Cape Jet (CJ; solid 

line), the Columbine Front (CF; dotted line), the Shelf Break Front (SBF; dashed line), and the 

Oceanic Front (OF; dashed-dotted line). The St Helena Bay and Scarborough monitoring lines 

are located at the Cape Columbine and Cape Peninsula upwelling cells, respectively, with the 

Kleinsee monitoring line situated north of the Namaqua upwelling cell and Namaqualand 

monitoring line situated south of this upwelling cell.  

A) February B) May 
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2.2 Laboratory methods  

1. Nutrient concentrations  

a. Analysis of nitrate and silicic acid concentrations 

 

Nitrate and silicic acid concentrations were measured on a Lachat QuickChem Flow Analysis 

platform following published auto-analysis protocols (Diamond 1994; Grasshoff 1976). Two 

channels were used for the nutrient analysis, one using the cadmium column method to reduce 

nitrate to nitrite and the other for the determination of silicic acid. The reduction of nitrate to 

nitrite by cadmium occurs as follows: 

 

NO3
- + H2O + EDTA + Cd0 → NO2

- + 2OH + Cd(EDTA)2-  (2.5) 

 

EDTA (ethylenediaminetetracetic acid) is added to bind the Cd2+; without the EDTA, Cd(OH)2 

would precipitate onto the cadmium column interfering with the flow of the sample through 

the column (Margeson et al. 1980). Once nitrate is reduced to nitrite, 0.1 mL of 0.2 N 

sulfanilimide and 0.004 N N-(1-naphtyl) ethylenediamine dihydrochloride mixed reagent is 

added in-line, resulting in the production of a coloured compound (Bendschneider and 

Robinson 1952). Sample absorbance at a wavelength of 543 nm is automatically measured and 

recorded. The measured nitrate concentration includes nitrite, and the nitrate concentration is 

obtained by subtraction.  

 

Samples with nitrate concentrations of less than 2 µM were calibrated against nitrate standards 

dissolved in seawater in lieu of Milli-Q to account for any matrix effects. The use of artificial 

seawater substantially decreased the matrix effect and allowed for a lower detection limit for 

nitrate.  

 

Silicic acid concentrations were determined using the colourimetric method of Grasshoff 

(1976). Silicic acid reacts with 0.2 mL of 0.2 N ammonium molybdate under acidic conditions 

forming a yellow beta molybdosilicic acid. The beta molybdoscilicic acid is then reduced with 

0.2 mL of 0.2 N ascorbic acid to form a blue compound. Prior to passing through the 
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spectrophotometric module, 0.2 mL of 1 N oxalic acid is added to the sample to reduce the 

interferences caused by ambient phosphate. The absorbance of the solution is then measured at 

a wavelength of 820 nm and automatically recorded.  

 

For both nitrate and silicic acid, standards were prepared daily, and a standard curve covering 

the range of expected sample concentrations was inserted at the beginning of each run of 

approximately 150 samples. Two reference materials of known concentration were run at the 

beginning of the run to ensure the accuracy of the standard curve (manufactured by the General 

Environmental Technos Co. Ltd; Lot. CG-0214 with [NO3
-] = 24 µM and [Si(OH)4] = 59 µM). 

Throughout the run, two to three “check standards” of concentrations covering the range of 

sample concentrations were run after every 10 samples to control for instrument drift; in the 

event that there was drift, it could be corrected using the “check standards”. Duplicate samples 

were measured for nitrate and silicic acid on different days, and the standard deviation for 

duplicates was <0.5 µM. The Lachat QuickChem Flow Autoanalysis platform configuration 

used here has a detection limit of 0.1 µM.  

 

b. Analysis of nitrite concentrations 

 

Nitrite concentrations were determined using the benchtop colorimetric Greiss reaction 

(Bendschneider and Robinson 1952; Parsons et al. 1984). 0.1 mL of 0.05 N Sulfanilimide in 

dilute acid and 0.1 mL of 0.004 N N-(1-naphtyl) ethylenediamine dihydrochloride were added 

to 5 mL of sample. Each sample was vortexed between the addition of each reagent and 

measured within two hours of reagent addition. Standards covering the range of expected 

sample concentrations were prepared daily from gravimetric stocks (10 mM) and were treated 

in the same manner as the samples. All samples were measured in duplicate on different days, 

and the standard deviation for duplicates was ≤0.1 µM. Absorbance was measured using a 

Thermo Scientific Geneysis 30 Visible spectrophotometer at a wavelength of 543 nm. The 

method has a detection limit of 0.05 µM.  

 

 



39 
 

c. Analysis of phosphate concentrations 

 

Phosphate was determined using the Strickland and Parsons colourimetric method (Strickland 

and Parsons 1968). The method requires 5 mL of sample to be transferred to a borosilicate test 

tube to which 0.5 mL of a mixed reagent containing 0.3 N ascorbic acid, 0.15 N ammonium 

molybdate, 8 N sulphuric acid and 0.002 N potassium antimonyl-tartrate solution is then added. 

Samples are vortexed, and absorbance is read within two hours of mixed reagent addition. 

Standards covering the range of expected sample concentrations were prepared daily from 

gravimetric stocks (10 mM) and were treated in the same manner as the samples. All samples 

were measured in duplicate on different days, and the standard deviation of duplicates was ≤0.1 

µM. Samples and standards were measured using a Thermo Scientific Geneysis 30 Visible 

spectrophotometer at a wavelength of 880 nm. The method has a detection limit of 0.05 µM.  

 

2. Analysis of nitrate N and O isotope ratios  

 

Nitrate N and O isotope ratios were measured using the “denitrifier method” (Sigman et al. 

2001; Casciotti et al. 2002; McIlvin and Casciotti 2011). Nitrate is added to active denitrifying 

bacteria that lack a terminal N2O reductase enzyme and convert aqueous nitrate quantitatively 

to N2O gas. The N and O isotope ratios of the N2O gas are then analysed by isotope ratio mass 

spectrometry (IRMS).  

 

Prior to isotopic analysis, samples collected from depths shallower than 500 m were divided 

into two aliquots. 15 mL of the summer samples and 20 mL of the winter samples were 

transferred to acid-washed 60 mL HDPE bottles. One of the aliquots was treated with sulfamic 

acid to remove nitrite (Granger and Sigman 2009). 10 µL of 2 N sulfamic acid was added for 

every 1 mL of sample to yield a pH of ~3. The samples were shaken vigorously and left to react 

for 10 minutes, then neutralised with 2 N NaOH to yield a pH of ~7.5. The samples were then 

frozen at -20°C until analysis.  

 

As mentioned in chapter 1, P. aureofaciens is one of the bacterial cultures used in the denitrifier 
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method. 500 mL bottles of autoclaved nitrate-containing growth media were inoculated with 

0.3 mL of concentrated P. aureofaciens seed culture. These cultures were grown over a 7-10 

day period, at which point the complete consumption of nitrate in the media was verified prior 

to harvesting. In the case where all nitrate was not utilised, the media was disposed of. This is 

important because incomplete nitrate utilisation is indicative of sub-optimal bacterial growth, 

which is likely to affect the conversion of sample nitrate to N2O gas. Healthy cultures were 

dispensed into 12 x 50 mL centrifuge tubes and centrifuged for 10 minutes at 7600 rpm using 

a fixed angle rotor. The spent medium was discarded and the pellet of P. aureofaciens was 

resuspended in approximately 25 mL of nitrate-free medium, supplemented with an anti-

foaming surfactant, and vortexed. The resuspended cultures were combined in a 125 mL 

Erlenmeyer flask and gently homogenized. Three mL of the resuspended culture was dispensed 

into 60 muffled 20 mL borosilicate vials. The vials were capped with a butyl septa and an 

aluminium crimp seal. Once crimped, a 1.5 inch long, 25-gauge venting needle was inserted 

into each vial and the vials were purged for 5 hours with either helium or nitrogen gas (10-20 

ml/min). The purging gas is introduced through a 26-gauge short needle inserted through the 

septum so as to bubble the medium. The vials were checked every 15 minutes to ensure that 

samples were bubbling. If not, the vials were not used as they may have been contaminated 

with air.  

 

Once the vials had undergone degassing, 20 nmoles of sample or standard nitrate was added to 

each vial. In the instance where the samples had a nitrate+nitrite concentration of <2 µM, only 

10 nmoles of sample or standard nitrate was added to minimize liquid volume in the vials. In 

order to calibrate the sample isotope ratios after IRMS analysis, certified nitrate isotope ratio 

reference materials dissolved in nutrient-free seawater were included in all batch analyses. 

These included IAEA-NO3
-, potassium nitrate with a δ15N and δ18O of 4.7 ± 0.2‰ vs. N2 air 

(Gonfiantini et al. 1995) and 25.6 ± 0.4‰ vs. VSMOW (Böhlke et al. 2003), respectively, and 

USGS34, potassium nitrate with a δ15N and δ18O of -1.8 ± 0.1‰ vs. N2 air and -27.9 ± 0.3‰ 

vs. VSMOW (Böhlke et al. 2003), respectively. These standards were inserted between every 

10 to 15 samples throughout a run. Nitrate standards in individual runs were diluted in nutrient-

free seawater to concentrations equivalent to those of the samples to minimize potential matrix 

effects on the δ18O of the nitrate measurements (Weigand et al. 2016). An internal standard, 

collected from the deep Atlantic, was analysed in duplicate in each run in order to evaluate the 

accuracy of the calibration between runs. Once all the vials contained sample, they were 
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incubated in the dark for 12 to 24 hours to allow the denitrification reaction to take place. In 

each run, two vials had no sample added to them and were used to determine any N2O blank.  

 

After incubation, samples were either frozen pending IRMS analysis, or analysed directly on a 

continuous flow ThermoFisher Delta V Advantage IRMS interfaced with a GasbenchII, gas 

chromatography-based device for N2O extraction, concentration, and purification (Casciotti et 

al. 2002; McIlvin and Casciotti 2011) and an GC PAL autosampler, and controlled using the 

programme Isodat. Prior to loading the samples into the autosampler rack, a few drops of 10 N 

NaOH were added to each sample to kill the bacteria and trap any CO2, which has a mass-to-

charge ratio identical to that of N2O.  

 

The isotope ratios of 15N/14N (δ15N) and 18O/16O (δ18O) measured by the IRMS are reported in 

delta (δ) notation in units of per mil (‰): 

 

X = ((Rsample / Rstandard) – 1) x 1000     (2.6) 

 

Where Rsample is the measured 15N/14N or 18O/16O of the sample and Rstandard is that of the N2O 

reference gas measured simultaneously by the IRMS. The IRMS software therefore reports 

values of 15N and δ18O relative to the reference gas being used by the instrument. From 

measurements of the certified nitrate isotope materials IAEA-NO3
- and USGS34, these 

instrumental  values are converted to 15N and δ18O relative to the universal standards using 

the following equation: 

 

X-B =  X-A + A-B + 0.001 X-AA-B     (2.7) 

 

Where X-B is the  value of the sample relative to the international standard (i.e., N2 in air for 

15N and Vienna Standard Mean Ocean Water (VSMOW) for 18O),  X-A is the  value of the 
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sample relative to the reference gas, in this case N2O, and A-B is the  value of the reference 

gas relative to the international standard (Sharp 2007).  

 

Values of nitrate δ15N are thus reported vs. N2 in air and δ18O are reported vs. VSMOW 

throughout this thesis, converted using equation 2.7. All samples were measured in triplicate 

in separate batch analyses. Sample standard deviations are reported in the results section below.  

  

3. Bulk PON δ15N 

 

The frozen filters were prepared for isotopic analysis as follows: the filters were dried in an 

oven for 24 hours at 45C then fumed in a desiccator in the presence of 12 N HCl for 24 hours 

to remove any residual calcium carbonate contained within the organic matter. The filters were 

then oven-dried again at 45C for 1-3 hours. The filters were folded in half and cored with a 

20 mm metal punch, and the cored subsamples (each comprising two 20 mm diameter filter 

fractions, one from each side of the folded filter) were placed in tin cups. The filters were folded 

in half in order to account for any transfer of particulate matter from the one side of the filter 

to the other prior to freezing. All surfaces and forceps were cleaned with ethanol between 

samples to prevent contamination with organic material.  

 

The filters were combusted in a Flash 2000 organic Elemental Analyzer and the isotope ratios 

of the resulting gases (N2) analysed with an in-line Delta V Plus IRMS via a Conflo IV gas 

control unit. A blank combustion followed every filter sample to ensure carry over from one 

sample to the next is reduced as much as possible. Three in-house standards were run at regular 

intervals: Merck Gel, a proteinaceous gel produced by Merck with a δ15N of 7.5‰, Valine, a 

branch chain amino acid with a δ15N of 12.1‰ purchased from Sigma, and an NH4Cl standard, 

with a δ15N of -0.6‰. These standards have been calibrated against IAEA reference materials. 

The samples were run in batches of 30-50 samples with standards run after every 10 samples.  
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The δ15N of PON on the filters was calculated using equation 2.6, with Rstandard being an N2 

reference gas in this gas. These  values were then converted to 15N vs. N2 in air using equation 

2.7.  

 

2.3 Derived variables 

 

Throughout the results and discussion of this thesis, various variables have been derived in 

order to assist with the interpretation of the measurements. These variables are defined below: 

 

a. Apparent Oxygen Utilisation 

 

Apparent oxygen utilisation (AOU; µM) is used to quantify the amount of oxygen added to or 

removed from a water parcel by biological activity since it last equilibrated with the 

atmosphere.  

AOU = O2’ – O2      (2.8) 

 

AOU is the difference between the oxygen concentration at saturation (O2’), which is 

controlled by the salinity and temperature of the water parcel, and the measured oxygen 

concentration (O2) (Redfield 1934, 1942; Redfield et al. 1963). If AOU is high, oxygen has 

been removed from a water parcel by biological activity. If, by contrast, AOU is negative, 

oxygen has been added to a water parcel by biological activity.  

 

b. N*  

  

N* (µM) is a tracer used to understand the changes in nitrogen relative to phosphorous in a 

nutrient pool, therefore providing information as to whether nitrogen is being added to or lost 

from the system (Gruber and Sarmiento 1997). N* is defined as: 
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N* = [Total dissolved nitrogen] – 16 x [PO4
3-] + 2.9    (2.9) 

 

Where total dissolved nitrogen is the sum of all dissolved nitrogen forms, i.e. nitrate, nitrite 

and ammonium, 16 is the stoichiometric N:P ratio observed during the remineralization of 

organic matter (Redfield et al. 1963; Gruber and Sarmiento 1997), and 2.9 is a constant that 

represents the observed mean global excess of phosphate relative to nitrate (Gruber and 

Sarmiento 1997).  

 

c. Si* 

 

Si* (µM) is used to track water masses, in particular Subantarctic Mode Water (SAMW), which 

is the source water mass that upwells onto the SBUS shelf, as well as to understand the nutrient 

requirements of specific phytoplankton species (Sarmiento et al. 2004). Si* is defined, based 

on the assumption that non-limited silicic acid-using phytoplankton (i.e., diatoms) consume 

silicic acid and nitrate in a ratio of ~1 (Ragueneau et al. 2000), as: 

 

Si* = [Si(OH)4] – [NO3
-]     (2.10)  

 

SAMW has a low Si* in its formation region (-10 µM to -15 µM; Sarmiento et al. 2004) and 

is therefore a good tracer of understanding any biological changes SAMW might have 

undergone on the shelf in the SBUS.  

 

d. ΔNO3
-, ΔSi(OH)4 and ΔPO4

3- 

 

ΔNO3
-, ΔSi(OH)4 and ΔPO4

3- (µM) are used to quantify the difference between the in situ 

nitrate, silicic acid and phosphate concentrations of a water parcel versus those present in the 

source water prior to upwelling (i.e., SAMW). If ΔNO3
-, ΔSi(OH)4 and ΔPO4

3- are positive, 

the implication is that post-upwelling processes occurring on the shelf are acting to raise the 

nutrient concentrations above those of SAMW. ΔNO3
-, ΔSi(OH)4 and ΔPO4

3- are defined as:  
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ΔX = [X]measured – [X]SAMW     (2.11) 

 

Where X is nitrate, silicic acid or phosphate, [X]measured is the in situ concentration, and [X]SAMW 

is the average SAMW concentration, calculated within the SAMW density range at the stations 

west of the OF. Here, SAMW is present below the mixed layer depth and euphotic zone.  

 

e. Regenerated nitrate from δ18O 

 

Regenerated nitrate is often defined as the stoichiometric-quantity of nitrate expected from 

AOU (i.e., regenerated nitrate = 16/138 x AOU; Redfield et al. 1963). However, in regions 

where nitrate may be lost from the water column/sediment-water interface by processes that 

are decoupled from oxygen (e.g., denitrification), this definition of regenerated nitrate is no 

longer appropriate. Using the measured δ18O of nitrate and a two end-member mixing model, 

the fraction of nitrate regenerated on the SBUS shelf can be calculated as follows:  

 

                              δ18Omix = δ18OA (fA) + δ18OB (1-fA)            (2.12) 

 

Where δ18Omix is the measured δ18O of nitrate, δ18OA is the δ18O of newly nitrified nitrate (δ18O 

nitrification, taken here to be ~1.4‰ given the observed range in δ18Oseawater (~0-0.5‰; Meredith 

et al. 1999) and the fact that δ18O nitrification = δ18Oseawater + 1.15‰ (Sigman et al. 2009; Buchwald 

et al. 2012)), δ18OB is the average δ18O of nitrate in SAMW (δ18Osource), and fA is the fraction 

of nitrate that is regenerated.  

 

f. N deficit 

 

The amount of nitrate lost from the system by denitrification (N deficit; µM) can be estimated 

using the equation below: 

 

N deficit = [NO3
-]expected – [NO3

-]measured   (2.13) 
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Where [NO3
-]expected was calculated using AOU in SAMW (i.e., [NO3

-]expected = AOU x (16/138) 

+ 10 µM, where 10 µM is the preformed nitrate present in SAMW before it upwells onto the 

shelf (i.e., the nitrate concentration measured in SAMW when AOU = 0 µM)).  

 

g. Δ(15-18) 

 

To further interpret the nitrate δ15N and δ18O data, we investigate the parameter ∆(15-18) (‰), 

a tracer of remineralization defined as:  

 

Δ(15-18) = δ15N – δ18O     (2.14) 

 

∆(15-18) remains unaffected by phytoplankton assimilation and therefore any deviations in 

∆(15-18) from the SAMW and SASTMW end-members is due to other potentially overlapping 

biological processes, as described in chapter 1 (Sigman et al. 2005; Rafter et al. 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 



47 
 

3. Results 

3.1. Water column hydrography 

 

The temperature and salinity sections along the four hydrographic lines surveyed in February 

(summer) and May (winter) 2017 showed seasonal features characteristic of the SBUS. Using 

the temperature data, four prominent fronts were identified in summer and three were apparent 

in winter (Figure 2.1 and 3.1). At Scarborough, the southern-most monitoring line, the 

equatorward Cape Jet (CJ; Shannon 1985) was identified by the 15ºC isotherm and 14ºC 

isotherm during summer and winter, respectively. The CJ separated the inshore station from 

the offshore regions. The CJ bifurcated north of Cape Columbine into two jets in summer 

(Shannon 1985): the Columbine Front (CF) which separated the inshore and midshore regions 

and was identified by the 15ºC isotherm (Lamont et al. 2015). The Shelf Break Front (SBF) in 

turn, separated the midshore from the offshore regions and was identified by the 17ºC isotherm 

and was situated along the 300 m isobath (Lamont et al. 2015). During the wintertime, the SBF 

could no longer be identified in the SBUS as it had merged with the CF, delineated by a 14ºC 

isotherm (Lamont et al. 2015). In both seasons, the Oceanic Front (OF) separated the upwelling 

zone inshore from the oceanic, subtropical gyre (Barange and Pillar 1992; Shannon and Nelson 

1996; Lamont et al. 2015). While the OF usually dissipates between April and August (Lamont 

et al. 2015), it was observed to persist during early winter in 2017, as evidenced by the 

distinctive 18ºC isotherm (Figure 3.1; Lamont et al. 2015). From here on, we refer to February 

2017 as the summer and May 2017 as the winter. 

 

In both summer and winter of 2017, colder sea surface temperatures (SST) were observed at 

the inshore stations along all monitoring lines compared to the stations further from the shore. 

The inshore stations were characterized by colder SSTs in summer compared to winter (10ºC 

vs. 13ºC), whereas the oceanic stations had warmer SSTs in summer compared to winter (21ºC 

vs. 18 ºC). The warmer offshore SSTs extended shoreward until the CF, therefore penetrating 

further inshore during winter, particularly along the Namaqualand monitoring line (Figure 

3.1F).  
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The mixed layer depth (MLD) decreased inshore in both seasons. A deepening of the MLD 

was observed westwards of each front, with the deepest MLDs occurring west of the OF. The 

shallow MLD observed at the inshore stations was due to the upwelling (active or quiescent) 

of cooler waters inshore, while offshore increased warming of surface waters and mixing of 

warmer waters laterally (now uninfluenced by upwelling) led to a deepening of the MLD, with 

the oceanic stations having the highest observed SST (Figure 3.1). A greater number of stations 

had deeper MLD in the winter compared to the summer, as indicated by warmer SSTs 

extending further inshore during the winter. 

 

During summer and winter, six water masses were identifiable in the SBUS on the basis of 

their salinity and temperatures characteristics (Figure 3.2 and 3.3). At depth, Upper 

Circumpolar Deep Water (UCDW; σθ >27.3 kg.m-3; Donners et al. 2005) was overlain by 

Antarctic Intermediate Water (AAIW; 27.0 kg.m-3 < σθ < 27.3 kg.m-3). Subantarctic Mode 

Water (SAMW; 26.6 kg.m-3 < σθ < 27.0 kg.m-3) off-shelf occurred between 200-600 m 

depending on the monitoring line. SAMW was present over the shelf break, and outcropped 

inshore in summer. SAMW has been identified as the source water mass that is upwelled to the 

surface inshore (Lamont et al. 2015). South Atlantic Subtropical Mode Water (SASTMW; 26.2 

kg.m-3 < σθ < 26.6 kg.m-3) overlays SAMW. It appeared to outcrop between SAMW and the 

CF front in summer, and directly inshore in winter. Modified Upwelled Water (MUW; 25.5 

kg.m-3 < σθ < 26.2 kg.m-3) extended from the surface at the inshore stations towards the OF in 

both seasons. MUW derived from upwelled SAMW and SASTMW that had warmed and been 

modified by evaporation, and potentially precipitation, at the surface (Donners et al. 2005; 

Figure 3.3). Warmer Oceanic Surface Water (OSW; σθ < 25.5 kg.m-3; Donners et al. 2005; 

Duncombe Rae 2005) extended beyond the OF. OSW originated from South Atlantic Central 

Water (SACW) that had warmed and been modified by evaporation (Donners, Drijfhout, and 

Hazeleger 2005).  

 

3.2. Chemical properties of the SBUS 

Nutrient concentrations  

In both seasons, nutrient concentrations at the off-shelf stations were elevated at depth and 

more deplete at the surface (Figures 3.4-3.6). The concentrations were highest in UCDW 
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followed by AAIW, decreasing in SAMW and SASTMW above, and were lower in surface 

waters, with nutrient deplete conditions observed west of the OF in all cases (MUW and OSW; 

Table 3.1).  

 

On-shelf, surface nitrate concentrations were highest at the inshore stations in summer, 

decreasing offshore (Figure 3.4A-D). Surface nitrate concentrations in winter were also 

elevated at the inshore stations, decreasing offshore (Figure 3.4E-H), with the exception of the 

St Helena Bay monitoring line where nitrate was low at the two most inshore stations (Figure 

3.4G).  

 

Subsurface nutrient concentrations along isopycnal surfaces inshore of the OF were generally 

greater than in the corresponding waters offshore. In summer, the average nitrate concentration 

in SAMW off-shelf was 21.3 + 5.4 µM (Table 3.1) and the on-shelf nitrate concentration was 

23.2 + 4.9 µM. The highest nitrate concentrations (> 30 µM) were observed inshore of the CF 

along the northern-most Kleinsee monitoring line, which is located where the continental shelf 

is widest (~200 km between the coast and the 300 m isobath; Figure 3.4A). Conversely, nitrate 

concentrations along the southern-most Scarborough monitoring line, which has the narrowest 

shelf area of the four monitoring lines (~40 km between the coast and the 300 m isobath; Figure 

3.4D), were most similar to the SAMW end-member, although concentrations reached 25 µM. 

There appears to be a small contribution of SASTMW to upwelling, at least at the most inshore 

stations of the Namaqualand and Scarborough monitoring lines. In summer, the average nitrate 

concentration in SASTMW off-shelf was 8.7 + 2.6 µM (Table 3.1) and the on-shelf nitrate 

concentration was 11.6 + 3.8 µM, with a maximum along the Namaqualand monitoring line 

([NO3
-] = 17.5 µM). Across the SBUS, the elevated sub-surface nitrate concentrations were 

apparent as far west as the SBF, with the highest concentrations observed inshore of the CF. 

 

The patterns in subsurface nitrate concentrations in winter were similar to the summer, with 

concentrations on-shelf increasing above those in the source waters. Concentrations in the 

SAMW density range increased from 21.3 ± 5.4 µM off-shelf to 22.4 + 4.8 µM on-shelf, with 

the highest concentrations observed at the midshore stations along the St Helena Bay 

monitoring line (Figure 3.4G). As in summer, nitrate concentrations along the Scarborough 
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monitoring line were not appreciably higher than those measured in SAMW offshore (Figure 

3.4H). In contrast to summer, the elevated on-shelf nitrate concentrations propagated as far 

west as the OF along the Kleinsee, Namaqualand and St Helena Bay monitoring lines in winter. 

The vertical extent of SAMW on the shelf, however, was lower in winter than summer (Figure 

3.2), although the vertically-integrated nutrient inventory was higher in winter. The inshore 

stations were characterised by nitrate concentrations above that of SASTMW, the water mass 

that appears to be upwelled to the inshore surface in winter. Off-shelf SASTMW had an average 

nitrate concentration of 8.7 + 2.6 µM, while inshore, the average nitrate concentrations were 

16.1 + 5.6 µM in the SASTMW density range, and were highest along the Kleinsee and 

Namaqualand monitoring lines (Figure 3.4E and F).  

 

As for nitrate, silicic acid and phosphate concentrations at the surface during the summer and 

winter decreased with distance from the coast (Figures 3.5 and 3.6). At depth, silicic acid and 

phosphate concentrations on-shelf were higher than those measured in SAMW off-shelf. In 

both seasons, the average silicic acid and phosphate concentrations in SAMW were 11.6 ± 5.7 

µM (Table 3.1) and 1.4 + 0.4 µM, respectively. In summer, the concentrations increased on-

shelf in the SAMW density range to 22.6 + 13.2 µM and 2.1 + 0.7 for silicic acid and phosphate, 

respectively. The highest concentrations were observed inshore of the CF along the St Helena 

Bay monitoring line for both nutrients ([Si(OH)4] ≤ 40 µM and [PO4
3-] ≤ 3.5 µM; Figures 3.5C 

and 3.6C). The lowest accumulation of silicic acid and phosphate was observed along the 

Scarborough monitoring line ([Si(OH)4] ≤ 20 µM and [PO4
3-] ≤ 2 µM; Figures 3.5D and 3.6D). 

Although the highest subsurface nutrient concentrations were observed inshore of the CF along 

all monitoring lines, the signal propagated as far west as the SBF; this was most clearly 

observed along the Kleinsee monitoring line (Figures 3.5A and 3.6A).  

 

Winter concentrations of silicic acid and phosphate were similarly elevated above those of the 

SAMW end-member on-shelf at the sediment interface. Unlike the nitrate concentrations, the 

highest silicic acid and phosphate concentrations were observed inshore of the CF along all 

lines (Figure 3.5 and 3.6; E-H only). The elevated concentrations extended west to the OF, as 

was observed for the wintertime nitrate concentrations. As per nitrate, the elevated silicic acid 

and phosphate concentrations did not extend as shallow in the water column as in summer, 

coinciding with the narrower vertical extent of SAMW above the shelf sediments. The highest 
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wintertime silicic acid concentrations were observed along the Kleinsee monitoring line (≤ 40 

µM; Figure 3.5E). The Scarborough monitoring line once again showed the lowest on-shelf 

increase in silicic acid concentration, with an average [Si(OH)4] of 20 µM (Figure 3.5H). The 

highest phosphate concentrations occurred along the St Helena Bay monitoring line (≤ 3 µM; 

Figure 3.6G). The lowest on-shelf phosphate concentrations were observed along the 

Namaqualand monitoring line (maximum [PO4
3-] of ~2 µM; Figure 3.6F), while the 

Scarborough monitoring line had an average phosphate concentration of 2.2 µM (Figure 3.6H).  

 

Oxygen concentrations and Apparent Oxygen Utilization 

Surface oxygen concentrations were at or in excess of atmospheric equilibrium at all but the 

inshore stations along the Kleinsee and St Helena Bay monitoring lines in summer (data shown 

in Appendix A; Figure A1). Subsurface oxygen concentrations were lowest at the inshore 

stations along the Kleinsee, Namaqualand and St Helena Bay monitoring lines. Oxygen 

concentrations below that of SAMW propagated as far west as the SBF for the Kleinsee, 

Namaqualand and St Helena Bay monitoring lines and to the 400 m isobath along the 

Scarborough monitoring line. During the winter, oxic conditions (i.e. oxygen concentrations > 

60 µmol.kg-1) were present throughout the water column at the inshore stations, with only the 

St Helena Bay monitoring line experienced oxygen concentrations below 60 µmol kg-1 (data 

shown in Appendix A; Figure A1). As in summer, oxygen concentrations along the shelf were 

lower than those measured in SAMW offshore, and the low oxygen concentrations propagated 

further west in winter, reaching the OF. West of the SBF in summer and the OF in winter, 

oxygen concentrations were indistinct from those in the off-shelf water masses.  

 

The corresponding AOU increased on-shelf compared to the SAMW end-member of 91.9 + 

28.3 µmol.kg-1 (Figure 3.7; Table 3.1). In summer, the highest AOU was observed along the 

St Helena Bay monitoring line inshore of the CF (< 220 µmol.kg-1; Figure 3.7C). AOU was 

lowest along the Scarborough monitoring line, with a maximum observed between the CF and 

OF (< 175 µmol.kg-1; Figure 3.7D). For all monitoring lines, AOU was highest inshore of the 

CF and this signal was observed to extend west to the SBF, similar to the on-shelf nutrient 

concentrations (Figure 3.7A-D). In winter, the highest AOU was once again observed inshore 

of the CF (Figure 3.7E-H). The St Helena Bay monitoring line experienced the highest AOU, 

with concentrations inshore of the CF reaching 250 µmol.kg-1 (Figure 3.7G). The lowest AOU 
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was observed along the Scarborough monitoring line (< 150 µmol.kg-1; Figure 3.7H), which 

also experienced the smallest increase in on-shelf nutrient concentrations above those of the 

SAMW end-member.  

 

The spatial distribution of AOU on-shelf in both seasons is similar to that of phosphate, with a 

linear relationship existing between phosphate and AOU concentrations in summer and winter 

seasons (Figure 3.8A and B). A similar relationship is evident between nitrate and AOU (Figure 

3.8C and D), and silicic acid and AOU (Figure 3.8E and F).  

 

N* and Si* 

N* is used to identify a loss or gain in nitrogen relative to phosphate. A positive N* indicates 

a gain in nitrogen over the mean ocean value, while a negative N* indicates a loss (Gruber and 

Sarmiento 1997). Surface N* west of the CF in summer were ~0 µM along all lines except the 

Kleinsee monitoring line where the surface values were ~-2.5 µM (Figure 3.9A-D). Inshore of 

the CF, N* values were -8.44 + 8.4 µM, with the lowest values observed at the inshore stations 

along the St Helena Bay monitoring line, -17.9 + 9.8 µM (Figure 3.9C), and the highest inshore 

values along the Namaqualand monitoring line, -5.7 + 6.5 µM (Figure 3.9B). Similar patterns 

were observed in winter. N* values of ~0 µM were observed west of the OF along all 

monitoring lines, with the lowest surface N* values observed inshore of the CF (Figure 3.9E-

H). The lowest inshore values were observed at the inshore stations of the St Helena Bay 

monitoring line (-24.4 + 15.5 µM; Figure 3.9G) while the highest values were observed along 

the Namaqualand monitoring line (14.9 + 12.5 µM; Figure 3.9F).  

 

In summer, SAMW off-shelf had a N* of -0.8 + 2.6 µM. On-shelf N* decreased within the 

SAMW density range to -7 + 8.7 µM. The lowest N* values were observed inshore of the CF 

along all monitoring lines (Figure 3.9A-D). The low N* values propagated until the SBF, 

whereby westwards of the SBF N* was indicative of SAMW. The lowest N* values were 

observed at the inshore stations along the St Helena Bay monitoring line (-10.2 + 12.4 µM; 

Figure 3.9C) while the highest values were observed at the midshore stations along the 

Namaqualand monitoring line (-1.4 + 3.7 µM; Figure 3.9B). The lowest values of N* coincide 

with the highest on-shelf concentrations of phosphate, silicic acid and AOU.  
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Subsurface values of N* in winter followed a similar trend as in summer. On-shelf N* 

decreased within the SAMW density range -9.4 + 8.6 µM (Figure 3.9E-H). The lowest N* 

values were, as in summer, observed inshore of the CF along all monitoring lines. Along the 

Scarborough monitoring line, however, the lowest N* values were observed between 200-400 

m at the midshore stations (-39.4 + 2.8 µM; Figure 3.9H) and at the insh39.4 ore St Helena Bay 

monitoring line stations (-17.4 + 9.5 µM; not all data shown). The low N* values propagated 

until the OF, and in certain instances N* values below the SAMW end-member were observed 

in off-shelf waters between 300-600 m (Figure 3.9E and F). The highest on-shelf values of N* 

were observed along the Namaqualand monitoring line, -5.4 + 5.6 µM (Figure 3.9F). The low 

on-shelf values of N* coincide with the highest on-shelf concentrations of phosphate, silicic 

acid and AOU, as in summer.  

 

Si* is used to identify changes in silicic acid relative to nitrate. A positive Si* indicates that 

there is more silicic acid present than nitrate while a negative Si* indicates the inverse 

(Sarmiento et al. 2004). Surface Si* values were ~0 µM westwards of the CF in both seasons, 

while inshore of the CF Si* was variable (Figure 3.10). In summer, positive Si* values of up 

to 20 µM, indicating excess silicic acid relative to nitrate, were observed at the inshore stations 

along the St Helena Bay monitoring line (Figure 3.10C), while negative values (-8.4 + 8.5 µM) 

were observed inshore of the CF along the Kleinsee monitoring line (Figure 3.10A). At the 

most inshore stations in winter, surface Si* was elevated at the Kleinsee, Namaqualand and St 

Helena Bay monitoring lines (Figure 3.10E-G), decreasing westward towards the CF, with the 

largest decrease observed along the Kleinsee monitoring line. Surface Si* values along the 

Scarborough monitoring line were similar during the two seasons (Figure 3.10D and H).  

 

In summer, on-shelf subsurface Si* concentrations varied relative to the SAMW end-member 

of -10 µM. Inshore of the CF, Si* concentrations within the SAMW density range were 

generally higher than that of SAMW with the highest concentrations observed along the St 

Helena Bay monitoring line (Figure 3.10C). Salient Si* concentrations (> 0 µM) were seen to 

extend as far west as the SBF along all monitoring lines, with a local Si* minimum (-20.9 µM) 

observed at the sediment-water interface at one station just east of the CF along the 

Namaqualand monitoring line (Figure 3.10B).  
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In winter, the on-shelf subsurface Si* concentrations followed similar trends to the summer. 

The highest Si* was once again observed inshore of the CF, with concentrations > 15 µM for 

all monitoring lines. The elevated Si* concentrations extended westwards to the OF, as with 

the higher-than-source nutrient concentrations. The highest Si* concentrations were observed 

along the Kleinsee monitoring line, with an Si* of 20 µM observed at all midshore and offshore 

stations (Figure 3.10E). The lowest Si* concentrations occurred along the Scarborough 

monitoring line (0 µM); however, they were still elevated above that of the SAMW end-

member (Figure 3.10H).  

 

3.3. Nitrate isotope ratios 

δ15N and δ18O of nitrate 

In both seasons, the nitrate N and O isotope ratios showed characteristic depth distributions at 

the off-shelf stations (Figures 3.11 and 3.12). Ratios were lowest in UCDW, 5.7 ± 0.3‰ and 

2.4 + 0.2‰ for δ15N and δ18O, respectively (Table 3.1; Figure 3.3). These increased 

characteristically in AAIW to 6.0 + 0.3‰ and 2.7 + 0.3‰, to 6.6 + 0.2‰ and 3.1 + 0.3‰ in 

SAMW and to 7.2 + 0.3‰ and 3.9 + 0.3‰ in SASTMW for δ15N and δ18O, respectively (Table 

3.1; Figure 3.3). In the surface layers (MUW and OSW) the nitrate isotope ratios were high 

due to isotopic fractionation during nitrate assimilation by phytoplankton (Mariotti et al. 1981) 

(Figure 3.3).  

 

Surface nitrate δ15N and δ18O were generally higher than in the subsurface reservoir, and 

typically lowest inshore where nitrate concentrations were elevated, increasing offshore to 

relative maxima at lower nitrate concentrations (Figures 3.11 and 3.12). Nitrate was absent 

throughout OSW at the oceanic stations during both seasons, with the exception of in the 

deepest MLD samples from the St Helena Bay monitoring line. West of the SBF and the OF, 

subsurface OSW and SASTMW were relatively elevated in δ15N and δ18O, particularly in 

summer, down to 150-200 m, well below the MLD (Figures 3.11C and 3.12C). One explanation 

for the elevated sub-mixed layer nitrate δ15N and δ18O is the downward mixing of the surface 

nitrate assimilation signal. However, this signal is held in a very low concentration of nitrate 

at the base of the mixed layer. A related and more likely option is that the high subsurface δ15N 

and δ18O is the remnant geochemical signal of phytoplankton nitrate assimilation in inshore 
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and midshore surface waters that has been subducted below the various fronts (Andrews and 

Hutchings 1980; Appendix D). At the Scarborough monitoring line in summer, nitrate δ15N 

nitrate was particularly high at the inshore station while its δ18O was only moderately elevated 

(Figures 3.11D and 3.12D). 

 

On-shelf, the nitrate isotopes were not conservative with respect to the source water masses in 

either season. Below the surface mixed layer, δ15N on-shelf in summer was slightly higher than 

the SAMW end-member, rising from 6.6‰ off-shelf to values between 6.7‰ and 7.1‰ on-

shelf along all hydrographic lines (Fig 3.11A-D). The high δ15N signal propagates west from 

the inshore stations to the SBF, with the highest values observed inshore of the CF and CJ. The 

increase in δ15N at depth on the shelf was most distinct along the Kleinsee monitoring line 

(Figure 3.11A), and least evident along the Namaqualand monitoring line (Figure 3.11B).  

 

Subsurface waters in winter showed an even higher on-shelf δ15N relative to SAMW than in 

summer, with values ranging between 6.7‰ and 8.3‰ (Figure 3.11E-H). The highest on-shelf 

δ15N was observed inshore of the CF and the CJ, coincident with the highest silicic acid and 

phosphate concentrations. The high on-shelf δ15N signal was evident as far west as the OF, thus 

propagating further along the shelf in winter than in summer. The high on-shelf δ15N was most 

apparent along the Kleinsee monitoring line (Figure 3.11E), and least so along the Scarborough 

monitoring line (Figure 3.11H).  

 

The corresponding δ18O of nitrate at the subsurface in summer was lower on-shelf relative to 

the SAMW off-shelf, decreasing from 3.1‰ in SAMW to values between 2.2‰ and 3.0‰ on-

shelf (Figure 3.12A-D). The on-shelf decrease appeared to coincide with the higher-than-

source water nutrient concentrations and AOU. The low δ18O signal extended along the shelf 

until the SBF and was lowest along the Kleinsee monitoring line (1.8 + 0.5‰; Figure 3.12A). 

Nitrate δ18O lower than SAMW was not evident along the Scarborough monitoring line (Figure 

3.12D). Along the Kleinsee and St Helena Bay monitoring lines, where the highest on-shelf 

nutrient concentrations were observed, the lowest δ18O values were measured between the CF 

and the SBF (Figure 3.12A and C).  
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In winter, on-shelf nitrate δ18O was also lower than that of SAMW off-shelf, ranging between 

1.9‰ and 3.0‰ (Figure 3.12E-H). The on-shelf average δ18O was slightly lower in winter 

compared to the summer, with an average of 2.5 + 0.3‰ in winter and 2.6 + 0.3‰ in summer. 

The low on-shelf δ18O signal was observed across the shelf inshore of the OF. The lowest on-

shelf nitrate δ18O was observed along the Kleinsee monitoring line (Figure 3.12E), with the 

smallest change in δ18O from that of SAMW observed along the Scarborough monitoring line 

(Figure 3.12H). Furthermore, the lowering of the on-shelf δ18O overlapped with the elevated 

on-shelf nutrient concentrations and AOU (Figure 3.13). 

 

In both seasons, the decrease in subsurface nitrate δ18O on the shelf coincided with an increase 

in AOU (Figure 3.13). The decrease in δ18O was greater in winter than summer (up to 1‰ 

lower than the SAMW end-member in winter and 0.8‰ in summer).  

 

Nitrate isotope ratios measured for sample nitrate+nitrite differed slightly from those measured 

for nitrate only (i.e., following nitrite removal). For the on-shelf summer samples, nitrate δ15N 

and δ18O throughout the water column decreased after nitrite removal. The surface values 

decreased by 0.4 + 1.0‰ and 0.5 + 0.9‰ for δ15N and δ18O, respectively, while subsurface 

values decreased by 0.2 + 0.5‰ and 0.3 + 0.9‰ for δ15N and δ18O, respectively. Off-shelf, 

nitrate-only δ15N and δ18O decreased by 0.3 + 1.2‰ and 0.1 + 0.7‰, respectively, relative to 

the corresponding nitrate+nitrite samples. Surface on-shelf winter values of δ15N decreased by 

0.1 + 0.6‰ and δ18O increased by 0.1 + 0.6‰, while subsurface average nitrate δ15N did not 

change (0 + 0.1‰) and δ18O increased by 0.1 + 0.3‰. Off-shelf, the average nitrate δ15N did 

not change (0 + 0.2‰) and δ18O increased by 0.1 + 0.4‰ (Appendix B; Figure B1-B4).  

 

Δ(15-18) of nitrate 

At the off-shelf stations, the ∆(15-18) of nitrate was 3.5‰ in SAMW and slightly lower in 

SASTMW at 3.3‰ (Table 3.1; Figure 3.14). On-shelf, subsurface ∆(15-18) values higher than 

the SAMW end-member were observed during both seasons (average of 3.8 + 0.4‰ in summer 

and 4.0 + 0.7‰ in winter). Larger excursions in ∆(15-18) coincided with the stations where 

nutrient concentrations and AOU were highest (Figures 3.4-3.7 and 3.14), with ∆(15-18) above 

that of the SAMW end-member extending west to the SBF in summer and the OF in winter. 
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Nitrate ∆(15-18) in summer reached 4.4‰ at the Kleinsee monitoring line, with values as high 

as 5.8‰ observed in winter. The on-shelf rise in ∆(15-18) above that of the source waters was 

due to both an increase in nitrate δ15N and a decrease in nitrate δ18O, with a more pronounced 

rise in δ15N and decline in δ18O relative to SAMW and SASTMW observed in winter.  

 

3.4. Particulate organic nitrogen isotopes 

 

PON was collected during both cruises, with wintertime samples constituting the majority of 

the data set. Figure 3.15 shows surface nitrate and PON δ15N (δ15NNO3 and δ15NPON, 

respectively) and nitrate concentration at nine stations sampled in the SBUS in the summer. 

On average, δ15NPON and the nitrate concentrations are higher inshore of the shelf-break (Figure 

3.15; vertical dashed grey line) than offshore. δ15NNO3 is also high inshore but could not be 

measured for the offshore stations because the ambient nitrate concentration was so low.  

 

In winter, surface δ15NNO3 increases from the inshore stations towards the shelf break, while 

δ15NPON remains fairly uniform and the nitrate concentrations decrease (Figure 3.16). Beyond 

the shelf break (Figure 3.16; vertical dashed grey line), the northern and southern lines appear 

to follow different patterns. The northern Kleinsee and Namaqualand monitoring lines show 

an increase in δ15NPON with a decrease in the nitrate concentration at the offshore and oceanic 

stations (Figure 3.16A and B), while at the southern St Helena Bay and Scarborough 

monitoring lines, a decrease in all three parameters is observed from the shelf break into 

offshore waters (Figure 3.16C and D). The difference between the δ15NPON and δ15NNO3 at all 

winter stations is 2-6‰, except at the inshore and midshore stations along the St Helena Bay 

monitoring line where δ15NPON is similar to δ15NNO3. Here, the inshore δ15NPON is the highest 

of all the stations sampled (Figure 3.16C). δ15NPON is lowest at the oceanic stations along the 

Scarborough line (Figure 3.16D).  

 



58 
 

 

Figure 3.1 Section plots of temperature for the summer (A-D) and winter (E-H) for (from 

north to south) A and E) Kleinsee monitoring line, B and F) Namaqualand monitoring line, C 

and G) St Helena Bay monitoring line and D and H) Scarborough monitoring line. The various 

fronts that occur in the SBUS are identified at the top of each of the contour plots. These include 

the Columbine Front (CF; blue triangle), the Shelf Break Front (SBF; green triangle), the 

Oceanic Front (OF; grey triangle) and the Cape Jet (CJ; black triangle). The SBF is not present 

during winter; however the summertime position is shown on the winter plots by the empty 

green triangle for context. The isotherms indicative of the positions of the fronts (14ºC, 15ºC, 

17ºC) are shown as black contours, with the 18ºC isotherm that characterizes the OF shown in 

white (Lamont et al. 2015; see text for details). The black dots show the position of the stations 

along each monitoring line. Note the changes in longitudinal scale between panels. 
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Figure 3.2 Potential density (σθ) section plots showing the vertical distribution of the water 

masses in the SBUS during summer (A-D) and winter (E-H) along the four IEP monitoring 

lines: A and E) Kleinsee monitoring line, B and F) Namaqualand monitoring line, C and G) St 

Helena Bay monitoring line and D and H) Scarborough monitoring line. The water masses are 

identified by their respective density ranges (UCDW - Upper Circumpolar Deep Water, AAIW 

- Antarctic Intermediate Water, SAMW - Subantarctic Mode Water, SASTMW - South 

Atlantic Subtropical Mode Water, MUW - Modified Upwelled Water and OSW - Oceanic 

Surface Water). The black dots show the position of the stations along each monitoring line. 

Note the changes in longitudinal scale between panels. 
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Table 3.1 Average values of select parameters for water masses off-shelf in the SBUS. 

Averages are calculated using all measurements that fall within the potential density ranges 

that characterize the various water masses (see text for details).  

 

Water mass 
Nitrate 

(µM) 

Silicic Acid 

(µM) 

AOU 

(µmol.kg-1) 

δ15N 

(‰) 

δ18O 

(‰) 

Δ(15-18) 

(‰) 

UCDW 33 + 1.3 55 + 1.7 148.8 + 7.8 5.7 + 0.3 2.4 + 0.2 3.3 + 0.5 

AAIW 27 + 3.5 23.5 + 9.6 106.2 + 10.3 6.0 + 0.3 2.7 + 0.3 3.3 + 0.5 

SAMW 21.3 + 5.4 11.6 + 5.7 91.9 + 28.3 6.6 + 0.2 3.1 + 0.3 3.5 + 0.5 

SASTMW 8.7 + 2.6 3.9 + 1.5 49.1 + 10.9 7.2 + 0.3 3.9 + 0.3 3.3 + 0.5 
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Figure 3.3 Conservative temperature (ºC) and absolute salinity (g.kg-1) plots with nitrate-only 

isotope data overlaid in colour. A) δ15NNO3 and B) δ18ONO3 in summer and C) δ15NNO3 and D) 

δ18ONO3 in winter. The water masses, identified according to Lamont et al. (2015) (see text for 

details), are indicated by the grey boxes and labeled on the plots: UCDW (Upper Circumpolar 

Deep Water), AAIW (Antarctic Intermediate Water), SAMW (Subantarctic Mode Water), 

SASTMW (South Atlantic Subtropical Mode Water), MUW (Modified Upwelling Water) and 

OSW (Ocean Surface Water).  
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Figure 3.4 Section plots of nitrate concentration ([NO3
-] (µM); colours) and potential density 

(σθ; contours) for summer (A-D) and winter (E-H) along (from north to south) A and E) 

Kleinsee monitoring line, B and F) Namaqualand monitoring line, C and G) St Helena Bay 

monitoring line and D and H) Scarborough monitoring line. Note the changes in longitudinal 

scale between panels. The positions of the fronts identified in Figure 3.1 are shown on each 

figure. The density contours denote the water masses identified in Figure 3.2. The black dots 

show the position of the stations and the depths at which discrete nutrient samples were 

collected along each monitoring line. Note the changes in longitudinal scale between panels. 
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Figure 3.5 Section plots of silicic acid concentration ([Si(OH)4] (µM); colours) and potential 

density (σθ; contours) for summer (A-D) and winter (E-H) along (from north to south) A and 

E) Kleinsee monitoring line, B and F) Namaqualand monitoring line, C and G) St Helena Bay 

monitoring line and D and H) Scarborough monitoring line. Note the changes in longitudinal 

scale between panels. The positions of the fronts identified in Figure 3.1 are shown on each 

figure. The density contours denote the water masses identified in Figure 3.2. The black dots 

show the position of the stations and the depths at which discrete nutrient samples were 

collected along each monitoring line. Note the changes in longitudinal scale between panels. 
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Figure 3.6 Section plots of phosphate concentration ([PO4
3-] (µM); colours) and potential 

density (σθ; contours) for summer (A-D) and winter (E-H) along (from north to south) A and 

E) Kleinsee monitoring line, B and F) Namaqualand monitoring line, C and G) St Helena Bay 

monitoring line and D and H) Scarborough monitoring line. Note the changes in longitudinal 

scale between panels. The positions of the fronts identified in Figure 3.1 are denoted on each 

figure. The density contours show the water masses identified in Figure 3.2. The black dots 

show the position of the stations and the depths at which discrete nutrient samples were 

collected along each monitoring line. Note the changes in longitudinal scale between panels. 
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Figure 3.7 Section plots of apparent oxygen utilisation (AOU (µmol.kg-1; colours)) and 

potential density (σθ; contours) for summer (A-D) and winter (E-H) along (from north to 

south) A and E) Kleinsee monitoring line, B and F) Namaqualand monitoring line, C and G) 

St Helena Bay monitoring line and D and H) Scarborough monitoring line. The positions of 

the fronts identified in Figure 3.1 are shown on each figure. The density contours denote the 

water masses identified in Figure 3.2. The black dots show the position of the stations along 

each monitoring line. Note the changes in longitudinal scale between panels. 
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Figure 3.8 AOU vs. phosphate (A-B), nitrate (C-D) and silicic acid (E-F) for all samples that 

fall into the SAMW density range for summer (A, C and E) and winter (B, D and F). The 

black circle represents the average the SAMW end-member values. The black dashed line 

shows the expected phosphate and nitrate concentrations for a given AOU if they evolve from 
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the SAMW end-member at a constant (Redfieldian) ratio (1:138 and 16:138 for 

phosphate:AOU and  nitrate:AOU, respectively). The grey dotted-dashed line shows the 

Redfield ratio for regeneration (i.e., assuming no preformed nutrients in SAMW, such that the 

starting ratios of phosphate:AOU and nitrate:AOU are 0:0). For silicic acid:AOU (panels E and 

F), a Redfield ratio of 16:138 is shown (grey dotted-dashed line), which assumes that nitrate 

and silicic acid are consumed and produced in a ratio of 1:1 (i.e., Si* = 0). For all panels, the 

coloured lines show the linear regressions for each of the monitoring lines and the blue area on 

panels C and D denotes the stations with a nitrate deficit (i.e., N deficit). 

 

 

Figure 3.9 Section plots of N* (colour) and potential density (σθ; contours) for summer (A-

D) and winter (E-H) along (from north to south) A and E) Kleinsee monitoring line, B and F) 
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Namaqualand monitoring line, C and G) St Helena Bay monitoring line and D and H) 

Scarborough monitoring line. The positions of the fronts identified in Figure 3.1 are shown on 

each figure. The density contours denote the water masses identified in Figure 3.2. The black 

dots show the position of the stations along each monitoring line and the depths at which 

discrete nutrient samples were collected. Note the changes in longitudinal scale between 

panels. 

 

Figure 3.10 Section plots of Si* (colour) and potential density (σθ; contours) for summer (A-

D) and winter (E-H) along (from north to south) A and E) Kleinsee monitoring line, B and F) 

Namaqualand monitoring line, C and G) St Helena Bay monitoring line and D and H) 

Scarborough monitoring line. The positions of the fronts identified in Figure 3.1 are shown on 

each figure. The density contours denote the water masses identified in Figure 3.2. The black 
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dots show the position of the stations along each monitoring line and the depths at which 

discrete nutrient samples were collected. Note the changes in longitudinal scale between 

panels. 

 

 

 

Figure 3.11 Section plots of nitrate δ15N (δ15NNO3; colour) and potential density (σθ; contours) 

for summer (A-D) and winter (E-H) along (from north to south) A and E) Kleinsee monitoring 

line, B and F) Namaqualand monitoring line, C and G) St Helena Bay monitoring line and D 

and H) Scarborough monitoring line. The positions of the fronts identified in Figure 3.1 are 

shown on each figure. The density contours denote the water masses identified in Figure 3.2. 
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The black dots show the position of the stations along each monitoring line and the depths at 

which discrete samples were collected. Note the changes in longitudinal scale between panels. 

 

 

Figure 3.12 Section plots of nitrate δ18O (δ18ONO3; colour) and potential density (σθ; contours) 

for summer (A-D) and winter (E-H) along (from north to south) A and E) Kleinsee monitoring 

line, B and F) Namaqualand monitoring line, C and G) St Helena Bay monitoring line and D 

and H) Scarborough monitoring line. The positions of the fronts identified in Figure 3.1 are 

shown on each figure. The density contours denote the water masses identified in Figure 3.2. 

The black dots show the position of the stations along each monitoring line and the depths at 

which discrete samples were collected. Note the changes in longitudinal scale between panels. 
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Figure 3.13 δ18O vs. AOU between 50-300 m in A) summer and B) winter 2017 at all on-

shelf stations (i.e., inshore of the 300 m isobath). The grey box indicates the δ18O range of 

SAMW nitrate (2.8‰ to 3.4‰) and dotted line indicates the average δ18O of SAMW nitrate 

(3.1‰). 

Figure 3.14 Section plots of nitrate Δ(15-18) (colours and contours) for summer (A-D) and 

winter (E-H) along (from north to south) A and E) Kleinsee monitoring line, B and F) 
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Namaqualand monitoring line, C and G) St Helena Bay monitoring line and D and H) 

Scarborough monitoring line. The positions of the fronts identified in Figure 3.1 are shown on 

each figure. The black dots show the position of the stations along each monitoring line and 

the depths at which discrete samples were collected. Note the changes in longitudinal scale 

between panels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Summertime surface δ15NNO3 (pink), δ15NPON (light blue) and [NO3
-] (dark blue) 

at select stations along Kleinsee monitoring line (squares; KML), Namaqualand monitoring 

line (triangles; NML), St Helena Bay monitoring line (circles; SHBML) and Scarborough 

monitoring line (crosses; SML). Normalised distance from the coast was determined by 

dividing the distance of each station from shore by the width of the continental shelf at the 

station latitude; higher distances indicate stations further offshore. The grey dotted line 

indicates the location of the shelf break at the 300 m isobath. Note the different left and right 

y-axes. The PON data shown constitute all the data collected during the February 2017 cruise. 

Where δ15NNO3 data are not shown, nitrate concentrations were <1 uM. 
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Figure 3.16 Wintertime surface δ15NNO3 (pink), δ15NPON (light blue) and [NO3
-] (dark blue) along (from north to south) A) Kleinsee monitoring 

line, B) Namaqualand monitoring line, C) St Helena Bay monitoring line and D) Scarborough monitoring line. Normalised distance from the coast 

is as described in Figure 3.15. The blue box highlights the stations inshore of the CF (i.e., the “inshore” stations), the grey box the stations between 
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the CF and the summertime position of the SBF (i.e., the “midshore” stations), the white box the stations between the SBF and the OF (i.e., the 

“offshore” stations) and the orange box stations west of the OF (i.e., the “oceanic” stations). Along the Scarborough monitoring line (D) only the 

CJ and the OF are present which is why there is no box denoting the midshore stations. The grey dotted line indicates the position of the shelf 

break at the 300 m isobath. Note the different left and right y-axes. The PON data shown constitutes all the data collected during the May 2017 

cruise. Where nitrate δ15N data are not shown, nitrate concentrations were <1 uM. 

 

 



75 
 

4. Discussion 

 

Hydrographic sections from the SBUS in the summer and winter showed salient features. The 

surface layer became progressively more nutrient-deplete from the inshore towards the 

offshore, with a coincident increase in nitrate δ15N and δ18O, which is characteristic of nitrate 

assimilation by phytoplankton. Relative to the winter, surface nutrients were more deplete at 

the inshore stations in the summer during the period of intense upwelling likely due to rapid 

uptake by phytoplankton. In the subsurface, the nitrate, phosphate and silicic acid 

concentrations on the continental shelf were higher than those in source waters off-shelf on the 

same isopycnals in both seasons, with the depth integrated on-shelf concentrations being more 

elevated in the winter. These elevated concentrations coincided with a slightly higher nitrate 

δ15N and a lower δ18O relative to SAMW off-shelf. The differences in δ15N and δ18O resulted 

in coincidently higher nitrate Δ(15-18) on the shelf  inshore of the SBF and the CF, which was 

most apparent in winter. The sum of these patterns suggests that nutrients upwelled to the 

SBUS surface in both seasons are assimilated into biomass that is subsequently exported to the 

shallow benthos, where its remineralization augments the nutrient reservoirs in the subsurface. 

This dynamic thus increases the concentration of nutrients that can be upwelled to the inshore 

surface waters. In order to support the hypothesis that benthic recycling in the SBUS enhances 

the concentrations of the nutrients available for upwelling relative to the SAMW source, the 

spatial evolution of the on-shelf biogeochemical tracers in relation to the seasonal physical 

dynamics is examined.  

 

4.1. Nutrients upwelled in the SBUS 

 

To a first approximation, nutrients upwelled in the SBUS should reflect the concentrations 

observed in source waters offshore. In summer, when upwelling in the SBUS is most vigorous, 

waters upwelled inshore at the Namaqualand, Cape Columbine and Cape Point upwelling cells 

derive from SAMW (Figure 1.5; Nelson and Hutchings 1983). Contrary to a priori 

expectations, however, summertime nutrients at the inshore and midshore stations in the 

density range of SAMW (26.6-27 kg.m-3) were elevated in comparison to in offshore SAMW 

(Figures 3.4-3.6). To illustrate this dynamic, the concentration difference of on-shelf nitrate 

relative to that in SAMW, ∆NO3
-, is derived (Equation 2.11). This parameter shows that in 

summer, on-shelf nitrate concentrations were upwards of 10 µM higher than SAMW inshore 

of the CF along the Kleinsee monitoring line, with an average ∆NO3
- concentration of 5.1 + 3 
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µM for all the monitoring lines (Figure 4.1A-D). The elevation of on-shelf nutrients above 

those of off-shelf SAMW is further evidenced by ∆Si(OH)4 (Equation 2.11; Figure 4.2A-D; 

Figure 3.10A-D). Silicic acid concentrations in summer were up to 25 µM higher than those in 

SAMW (e.g., at the inshore St Helena Bay monitoring line stations; Figure 4.2C), with an 

average ∆Si(OH)4 of 10 µM for all the monitoring lines (Figure 4.2A-D). The highest ∆Si(OH)4 

values were observed inshore of the CF, as was the case for ∆NO3
-. The elevated nutrient 

concentrations propagated westwards to roughly the SBF along the Kleinsee, Namaqualand 

and St Helena Bay monitoring lines and the OF along the Scarborough monitoring line (Figures 

4.1 and 4.2; A-D only).  

 

In winter, upwelling favorable winds persist north of the St Helena Bay monitoring line, with 

less defined winds in the southern region of the SBUS (Figure 1.7). Outcropping of the 

isopycnals contiguous with SASTMW suggests that surface nutrients in winter derived from a 

combination of SASTMW and SAMW (Figure 3.2). The nutrient concentrations below the 

surface on the shelf were in excess of both SASTMW and SAMW (Figures 4.1 and 4.2; E-H 

only) and as in summer, ∆NO3
- and ∆Si(OH)4 were highest inshore of the CF. These elevated 

concentrations extended further offshore in winter than in summer, as is evident along the 

Kleinsee and St Helena Bay monitoring lines where a positive ∆NO3
- and ∆Si(OH)4 propagated 

as far west as the OF, likely due to the dissipation of the SBF in this season.  

 

4.2. Origin of the excess nutrients on the SBUS shelf 

 

The on-shelf subsurface nutrient concentrations were in excess of those in SAMW and 

SASTMW in both summer and winter. Below, three mechanisms by which the excess nutrients 

could occur on the SBUS shelf are proposed: 1) Relatively elevated nutrient concentrations are 

entrained onto the shelf of the SBUS from the south by the CJ and the CF, 2) the nutrients are 

entrained onto the shelf from the north by the inshore poleward undercurrent, and 3) the 

nutrients are produced in situ by the remineralization of organic matter.  

 

The waters within the CJ, and the CF which derives from the CJ, derive from the western 

Agulhas Bank and the Agulhas Current (Bang and Andrews 1974; Shelton and Hutchings 1982; 

Boyd et al. 1992; Largier et al. 1992; Boyd and Shillington 1994; Boyd and Nelson 1998). The 

CJ flows from the Agulhas Bank northwards, bringing nutrients from the Agulhas Bank into 

the SBUS. The source water mass to the western Agulhas Bank is a combination of SAMW 
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and SASTMW, with maximum observed nitrate concentrations of 25 µM (Lutjeharms et al. 

1996). Nitrate concentrations in the CJ therefore cannot exceed 25 µM. The on-shelf nitrate 

concentrations observed in the present study were higher than this (> 30 µM; Figure 3.4), 

providing evidence that the elevated nutrient signals cannot be imported by the CJ and the CF. 

Furthermore, these fronts are confined to the surface and midwater layers (Shannon and Nelson 

1996), while the excess nutrients were observed at depths of up to 400 m. If a current had 

entrained the nutrients onto the shelf, it would therefore need to occupy depths of 50-400 m.  

   

The poleward undercurrent has been postulated as a mechanism by which chemical properties 

such as nutrients and low oxygen are transported southwards from the coastal interior of the 

SBUS towards Cape Point (Nelson and Hutchings 1983). The poleward undercurrent occurs 

along the inshore region throughout the SBUS during periods of wind relaxation, particularly 

in winter (Nelson and Hutchings 1983; Holden 1987; Nelson 1989; Nelson and Polito 1987). 

If the poleward undercurrent had transported excess nutrients onto the shelf, a north-to-south 

gradient in the nutrient and AOU concentrations would be expected. However, this is not what 

was observed. The elevated on-shelf nutrient concentrations were highest along the 

northernmost Kleinsee monitoring line and the St Helena Bay monitoring line but reached far 

lower concentrations at the Namaqualand monitoring line that lies between them (Figures 3.4-

3.7). Furthermore, previous studies have shown that the oxygen concentration, and therefore 

AOU concentration, of the poleward undercurrent is not distinct from that of the surrounding 

waters (Lamont et al. 2015). If the poleward undercurrent were responsible for transporting the 

observed excess nutrients onto the shelf, it would also have to transport low-oxygen water, for 

which there is no evidence. It is therefore unlikely that the poleward undercurrent is the 

mechanism by which elevated nutrient concentrations are introduced onto the shelf in the 

SBUS.  

 

 

The excess on-shelf nutrients are thus best explained as deriving from in situ remineralization. 

The low oxygen concentrations overlying the inshore and midshore shelf sediments (data 

shown in Appendix A; Figure A1) were likely locally produced by the in situ remineralization 

of organic matter. This is evidenced by the overlap in multiple chemical parameters with the 

apparent oxygen utilization (AOU). AOU was observed to increase towards the inshore along 

all monitoring lines, with the largest increase occurring during the summer due to the decay of 

spring and summer upwelling-driven phytoplankton blooms (Bailey 1991).  
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AOU is positively correlated with phosphate, nitrate and silicic acid (Figure 3.8), as is expected 

for remineralization. In theory, therefore, it should be possible to calculate the quantity of 

remineralised nutrients on the shelf from AOU. However, this is not feasible for phosphate and 

nitrate in the SBUS. Phosphate versus AOU on the continental shelf integrates the immediate 

remineralised nutrients, phosphate buffering by sediments and remineralization by other 

oxidants such as nitrate and sulphate (Rozan et al. 2002). Thus, in order to observe changes in 

phosphate above that of the SAMW end-member, the parameter ∆PO4
3- is used (Figure 4.3; 

Equation 2.11).  

 

The regenerated nitrate concentration cannot be accurately computed because some portion of 

the on-shelf nitrate is being lost from the system by denitrification (Calvert and Price 1971; 

Bailey 1987; Tyrell and Lucas 2002). ∆NO3
- is therefore used in order to show changes in 

nitrate above that of the SAMW end-member. Furthermore, if the theoretical regenerated 

nitrate concentration is calculated from AOU using the Redfield ratio of 16:138 (Redfield et 

al. 1963) then the difference between the theoretical regenerated nitrate concentration and 

∆NO3
- provides insight into the amount of nitrate lost to denitrification. This will be dealt with 

below in section 4.4. Finally, the amount of on-shelf nitrate that was remineralised in situ can 

be quantified using the O isotopes of nitrate. 

 

The on-shelf rise in Si* above that of SAMW (Figure 3.10) provides strong evidence for in situ 

nutrient regeneration given that SAMW is characteristically low in Si* across the global ocean 

(Sarmiento et al. 2004). In addition to supporting the case for regeneration as a persistent 

feature of the on-shelf SBUS environment, at least in summer and early winter, the high Si* 

also implies that the organic matter being remineralized must include a large quantity of 

diatoms, as these phytoplankton synthesize biogenic silica tests from dissolved silicic acid 

while most other phytoplankton have no silicic acid requirements. Diatoms are known to 

dominate in the SBUS (Pitcher et al. 1989; Pitcher et al. 1991) and the remineralization of their 

biomass would lead to a rise in the on-shelf silicic acid concentration. However, under 

conditions of non-limiting iron, as is generally expected for the SBUS, diatoms have been 

shown to take up nitrate and silicic acid in a ratio close to 1:1 (Ragueneau et al. 2000). The 

subsequent remineralization of their biomass, which should have an organic N:Si ratio close to 

1, would yield an equal rise in the subsurface nitrate and silicic acid pools, leading to no change 

in Si*. However, this is not the case for either summer or winter when the positive Si* suggests 
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that proportionally more silicic acid than nitrate has been remineralized. We propose that this 

is due to a number of (non-exclusive) reasons. First, SBUS diatoms may take up nitrogen and 

silicic acid in a ratio <1:1 despite not being iron-limited. Under conditions of light limitation, 

which occur in aged phytoplankton blooms due to self-shading (Brown and Field 1986), 

nitrogen and silicic acid have been shown to be consumed in a variable ratio (Ragueneau et al. 

2000; Sarmiento et al. 2002). Second, some portion of the remineralised nitrate has been 

denitrified at the sediment-water interface (see section 4.4 below), which would decrease the 

on-shelf nitrate concentration with no effect on the silicic acid. Finally, the remineralization 

length scales for nitrate and silicic acid are different, with organic nitrogen being more rapidly 

decomposed (Grill and Richards 1964). Nitrate remineralized at shallower depths than the 

silicic acid could thus more easily to lost to re-assimilation and/or advection, leading to an 

increase in the Si* of the regenerated nutrient pool at depth on the shelf.    

 

4.3. On-shelf nutrient regeneration in situ 

 

The in situ regeneration of nutrients in waters overlying the shelf is further evidenced by the 

decrease in subsurface nitrate δ18O below that of SAMW. This decrease is due to nitrification 

(i.e., nitrate regeneration; Sigman et al. 2009). When organic matter undergoes ammonification 

and nitrification, the newly nitrified nitrate will have a δ18O that is ~1.15‰ above that of 

ambient seawater – on the order of 1.15-1.65‰ for the SBUS given the reported δ18Oseawater 

values of ~0-0.5‰ (Meredith et al. 1999; Sigman et al. 2005; Buchwald and Casciotti 2012). 

The change in the on-shelf nitrate δ18O compared to SAMW provides insight into the extent of 

nitrification, where a lower nitrate δ18O indicates a greater fraction of newly nitrified nitrate.  

 

The lower on-shelf nitrate δ18O values coincide remarkably with the elevated nitrate 

concentrations and high AOU in both seasons (Figures 3.7, 3.12 and 4.1). During 

remineralisation and nitrification, AOU should increase due to an increase in oxygen 

utilisation. Figure 3.13 shows that with more remineralisation and nitrification (i.e., with 

decreasing nitrate δ18O), more and more oxygen is utilised. Indeed, nitrate δ18O values of up to 

1‰ lower than SAMW were observed, providing evidence for high proportions of the on-shelf 

nitrate reservoir being nitrified in situ. The data further suggest that relatively more nitrification 

occurs in the winter, as evidenced by the greater proportion of observations of low-δ18O nitrate 

and high AOU in Figure 3.13B compared to Figure 3.13A.  
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Using the nitrate δ18O and a two end-member mixing model, the fraction of nitrate regenerated 

on the shelf can be calculated (Equation 2.12). In summer, an average of 30% of the on-shelf 

nitrate was regenerated, with a maximum of 55% regenerated along the Kleinsee monitoring 

line. During winter, an even greater proportion of the on-shelf nitrate was regenerated, upwards 

of 70% along the Kleinsee monitoring line, with an average of 35% for all the monitoring lines 

(Figure 4.4). The average on-shelf regenerated nitrate was thus ~5% higher in winter than in 

summer. There was also a broader range in the fraction of the total nitrate reservoir that was 

regenerated in winter versus summer (0 to 0.75 versus 0 to 0.54). In both seasons, a similar 

linear trend was observed between AOU and regenerated nitrate at AOU concentrations below 

~180 µmol.kg-1 (Figure 4.4). The bottom waters at the most inshore stations deviated from this 

linear trend, however, with AOU concentrations above ~180-200 µmol.kg-1 but a lower fraction 

of regenerated nitrate (Figure 4.4). The nitrate δ18O in these bottom waters was higher than that 

at the depths above (Figure 3.12 and Figure 3.13), perhaps due to water column denitrification. 

During denitrification, 16O-bearing nitrate is preferentially reduced over 18O-bearing nitrate as 

it is more energetically efficient; thus, the δ18O of the residual nitrate pool rises. The isotope 

effect for denitrification is large (~20-30‰; Granger et al. 2008; Sigman et al. 2009a). It would 

therefore only take a small amount of water column denitrification to elevate the nitrate δ18O 

of the on-shelf bottom waters. Favourable conditions for denitrification were observed in these 

on-shelf bottom waters, with average oxygen concentrations of 47.2 + 9.1 µM (Figure A1), 

which are low enough to support denitrification (Nakajima et al. 1984). This likely explains 

why the fraction of regenerated nitrate was lower than expected in the highest-AOU samples. 

Rather than nitrate being solely produced, as was observed for the shallower depths, 

denitrification acted to remove nitrate from the system by reducing it to N2 gas. Therefore, the 

data suggest that under oxygen-deplete conditions, denitrification may occur in the water 

column of the SBUS. It will be limited in its extent by the occurrence of low oxygen 

concentrations and is likely to be confined to specific areas of the shelf (see section 4.7).   

 

Another consideration with regards to the quantity of on-shelf regenerated nitrate is that both 

SAMW and SASTMW can upwell at the surface at the inshore stations, particularly in winter 

(Figure 3.2; Lamont et al. 2015). The δ18O of upwelled water should therefore range from 3.1‰ 

to 3.9‰, depending on the relative proportions of SAMW and SASTMW (Table 3.1). It is 

possible, therefore, that by assuming SAMW nitrate δ18O alone to be the source water into 

which newly nitrified nitrate is added, the fraction of nitrate that is regenerated on the shelf is 

underestimated. In other words, if regenerated nitrate is added to a mixture of SAMW and 
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SASTMW in the waters overlying the shelf, which is mostly likely at the shallow, inshore 

stations, then δ18Osource (Equation 2.12) is actually higher than 3.1‰ and a greater fraction of 

regenerated nitrate is required to decrease the on-shelf nitrate δ18O to the observed values. 

However, this effect is fairly small. For example, if δ18Osource is set to the SASTMW end-

member (3.9‰), the fraction of regenerated nitrate increases by 10%. Thus, denitrification is 

still required to decrease the quantity of regenerated nitrate below that expected from AOU.  

 

The on-shelf regeneration of nutrients has been described previously for the SBUS and other 

upwelling regions (Hart and Currie 1960; Jones 1971; Calvert and Price 1971; Rowe et al. 

1975; Bailey and Chapman 1985; Bailey 1991). The first study to identify this phenomenon in 

the SBUS was conducted by Jones (1971). The author observed elevated concentrations of 

phosphate and silicic acid in the on-shelf bottom waters throughout the SBUS, which they 

attributed to in situ remineralization of organic matter on the shelf. Interestingly, Jones (1971) 

did not observe commensurately elevated concentrations of nitrate during their sampling, 

which they attributed to the varying rates at which these nutrients are regenerated (Grill and 

Richards 1964). Calvert and Price (1971) deduced that the changes nutrient ratios in the SBUS 

are due to the varying residence times of waters on the shelf. They observed the lowest N:P 

and Si:P ratios in offshore waters, with an increase in the ratios towards the coast. They 

concluded that the offshore waters represented more recently upwelled waters, while those 

further inshore were older, such that nutrient regeneration had likely progressed further at the 

inshore stations. Similar patterns were observed during our sampling, with the highest 

concentrations of regenerated nutrients measured at the inshore stations, decreasing offshore 

towards the shelf-break (Figure 4.1-4.3).  

 

4.4. On-shelf increase in δ15N above that of SAMW 

 

During both seasons, the subsurface nitrate δ15N on-shelf was slightly higher than that in 

SAMW along all monitoring lines, with the greatest difference observed during the winter 

(Figure 3.11). The on-shelf increase in nitrate δ15N is accompanied by a rise in the nitrate, 

silicic acid and phosphate concentrations, and, more importantly, by an increase in ΔNO3
-, 

ΔSi(OH)4 and ΔPO4
3- (Figures 3.4-3.6, 3.11 and 4.1-4.3). The elevation of on-shelf nitrate δ15N 

above that of SAMW may be due to three processes: 1) the incomplete remineralization of 

organic material, 2) the upwelling of SASTMW nitrate and the subsequent remineralization of 
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organic material derived from it and 3) isotopic N increase due to coupled nitrification-

denitrification in the sediments.  

 

The rise in nitrate δ15N above SAMW, particularly at the northern lines, cannot solely be due 

to incomplete remineralization and nitrification of organic matter. Surface PON along the 

Kleinsee and Namaqualand monitoring lines had an average δ15N below that of SAMW (Figure 

3.16A and B), and incomplete remineralization is unlikely to drive the δ15N of the regenerated 

nitrate to values as high as 8‰ (Figure 3.11E). In the case where consumption of the nitrate 

pool is complete, the δ15N of the phytoplankton will be equal to the source nitrate δ15N (6.6‰; 

Table 3.1). When this PON sinks and is remineralised and nitrified, the newly nitrified nitrate 

will also have a δ15N of 6.6‰. This appears to be the case in summer (Figure 3.15). Surface 

nitrate concentrations were depleted at all but the most inshore stations along all the monitoring 

lines, consistent with complete nitrate consumption. The weighted average δ15N of the surface 

PON, at stations where surface nitrate was depleted, was 4.9 + 0.7‰. In winter, however, the 

δ15N of on-shelf surface PON was higher than expected from the δ15N and concentration of the 

co-occurring nitrate (average surface nitrate δ15N of 9.5 + 2.3‰ and [NO3
-] of 6.1 + 6.1 µM 

for all lines; Figures 3.4 and 3.16). The weighted average δ15N of the on-shelf surface PON 

was 4.8 + 1.4‰, similar to that measured in summer, yet surface nitrate was not depleted in 

winter. This suggests that the PON was advected from inshore waters where it was generated 

during earlier (near)complete nitrate consumption. As the surface waters moved offshore, 

isotopically-light PON would have been initially remineralised (Saino and Hattori 1980; 

Altabet and McCarthy 1986). If the remaining PON was advected as far as the midshore before 

remineralization was complete, its δ15N would be elevated. The subsequent remineralization of 

this high-δ15N PON in the subsurface of the midshore region could then elevate the δ15N of the 

combined nitrate pool above the source value. The increase in surface PON δ15N from the 

inshore towards the midshore region is best illustrated by Figure 3.16C. Here, along the St 

Helena Bay monitoring line, the δ15N of surface PON rises from the inshore to the midshore 

stations. The δ15N of PON also increases with depth due to the preferential remineralization of 

14N over 15N (Saino and Hattori 1980). This shows that if incomplete remineralization occurred 

at the inshore stations and the remaining PON was advected offshore and sank out of the 

surface, the newly nitrified nitrate produced on the midshore shelf could be high in δ15N relative 

to SAMW.  
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It is still unlikely, however, that this process can explain the entire rise in subsurface nitrate 

δ15N relative to the SAMW end-member. The isotope effect associated with PON 

remineralization is small (~3‰; Möbius 2013), such that a large fraction of the PON pool 

would have to be remineralized in order for the remaining portion to reach a δ15N of 8‰. 

Moreover, such a rise in the δ15N of the residual PON pool should be accompanied by a 

significant decline in its concentration, which is not observed; if anything, the concentration of 

PON tends to rise from the inshore to the midshore (data not shown). Finally, the concomitant 

in situ production of PON in midshore surface waters (i.e., due to phytoplankton growth on 

nitrate and/or ammonium, with the former having a δ15N of ~6.6‰ and the latter inferred to be 

low in δ15N (<<6.6‰) due to isotopic fractionation associated with its production; Macko et 

al. 1986; Checkley and Miller 1989; Silfer et al. 1992) would add relatively low-δ15N PON to 

the partially-remineralized pool, effectively decreasing the δ15N of the combined PON pool 

available for export. This means that to drive the δ15N of subsurface nitrate to 8‰ through PON 

remineralization, the δ15N the advected PON would have to be >8‰, which is not supported 

by the available data and is difficult to achieve with such a small isotope effect.  

 

The higher subsurface δ15N for nitrate on-shelf than in SAMW offshore may be attributed to a 

greater proportion of PON deriving from SASTMW, which is upwelled at the inshore during 

winter and contains nitrate with a higher δ15N than SAMW (7.2‰ versus 6.6‰) (Figure 3.2 

and Figure 3.11). The δ15N of upwelled nitrate could therefore range from 6.6‰ to 7.2‰, 

depending on the relative proportions of SAMW and SASTMW. If only SASTMW were 

upwelled, the PON produced under conditions of complete nitrate consumption would have a 

maximum δ15N of 7.2‰. The incomplete remineralization and offshore advection of this PON 

could drive the δ15N of the regenerated nitrate as high as 8‰ (the highest nitrate δ15N observed 

during winter); however, in addition to the argument outlined above, it does not appear that 

SASTMW alone was upwelled to the surface. Thus, another process must be acting to raise the 

δ15N of the nitrate overlaying the shelf sediment above that of SAMW and SASTMW.   

 

The most plausible explanation for the increase in on-shelf nitrate δ15N above that of the source 

water is coupled nitrification-denitrification in the sediment followed by water column 

nitrification of ammonium released from the sediment (Granger et al. 2011, Brown et al. 2015). 

Coupled benthic nitrification-denitrification results in isotopically-light nitrogen being lost 

from the system, while the remaining isotopically-heavy nitrogen is nitrified in the oxygenated 

water column. When organic matter is exported to the sediments, it is decomposed by microbes, 
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producing ammonium. The ammonium is then nitrified to nitrite and nitrate at the surface 

sediment, in the presence of oxygen. The decay and nitrification of a large proportion of the 

exported organic matter leads to oxygen-deplete conditions in the sediments, which favour 

denitrification. The nitrate produced by nitrification in surface sediments can fuel this 

denitrification in the underlying, oxygen-deplete sediments (Christensen et al. 1987; Seitzinger 

1988; Devol 1991; Devol and Christensen 1993; Jahnke and Jahnke 2000). 

 

The biological oxidation of ammonium to nitrate (nitrification) is associated with a relatively 

large isotope effect, ranging from 14-38‰ for ammonium oxidizing bacteria (AOB) (Mariotti 

et al. 1981; Yoshida 1988; Casciotti et al. 2003) and 20-22‰ for ammonium oxidizing archaea 

(AOA) (Santoro and Casciotti 2011). This yields an average isotope effect of ~23‰ for AOB 

and AOA together. When ammonium is nitrified, the δ15N of the nitrate produced will thus be 

~23‰ lower than that of the nitrified ammonium. Given that ammonification is expected to be 

intense at the surface sediment (Prokopenko et al. 2006; Velinksy et al. 1991), the resultant 

ammonium pool will have a δ15N equivalent to that of the ammonified PON. Isotopic 

discrimination during ammonium oxidation in surface sediments will then increase the δ15N of 

the ammonium compared to the δ15N of PON, while producing relatively δ15N-deplete nitrate 

(Casciotti et al. 2003). This nitrate is then respired by denitrifying bacteria in underlying 

sediment, producing N2 gas that has a low δ15N in comparison to the bulk shelf δ15N (Brandes 

and Devol 1997). The isotopically-light N2 gas is lost from the system to the atmosphere. 

Ammonium in organic-rich sediments is effluxed from into the water column (Kemp et al. 

2005; McCarthy et al. 2008; Conley et al. 2007) where it is subsequently nitrified under 

oxygen-replete conditions, producing nitrate that is high in δ15N compared to the source waters 

(Figures 3.11). Figure 4.5 shows a schematic of the processes hypothesized to occur in the 

surface sediment and bottom waters of the SBUS midshore and inshore regions. The branching 

isotope effect results in low-δ15N nitrogen being subject to coupled nitrification-denitrification 

and the high-δ15N nitrogen undergoing water column nitrification.  

 

The argument above appears consistent with the observed N* values of subsurface nutrients on 

the shelf (Figure 3.9). During both seasons, N* is always less than zero on the shelf, with the 

greatest decrease in N* occurring in the winter, coincident with the highest nitrate δ15N (Figure 

3.11). Furthermore, the link between nitrogen loss and oxygen depletion is evident with the 

lowest values of N* occurring at the inshore stations and coinciding with the highest AOU 

(Figure 3.7). There are, however, additional processes that may be occurring simultaneously at 
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the inshore stations, acting to further lower N*. For example, not only is there a loss of nitrogen 

to denitrification but there is also a gain in phosphate from sedimentary organic matter 

remineralization and subsequent phosphate efflux. Under oxygen-deplete conditions, 

phosphate has been observed to efflux out of the sediments into the water column of the SBUS 

(Schulz and Schulz 2005; Bailey and Chapman 1991). The lowest values of N* overlap with 

the highest concentrations of ΔPO4
3-, consistent with a gain in phosphate (Figure 3.9 and 4.3).  

 

N* provides evidence that nitrogen loss is occurring in the SBUS in both summer and winter. 

A relationship between N* and δ15N is observed, with a rise in δ15N associated with a decline 

in N* (Figure 4.6A and B; highest N* = inshore St Helena Bay monitoring line). This supports 

the hypothesis of coupled nitrification-denitrification in the sediments, which can both raise 

the δ15N of the subsurface on-shelf nitrate pool and decrease N* due to a net loss of nitrogen 

to denitrification.  

 

Figure 3.8C and D clearly show the nitrate deficit in the SBUS at the time of sampling. For a 

given AOU, less nitrate is observed than is expected (with the dashed black line on the Figure 

panels representing the expected nitrate concentration for a given AOU). In AOU versus nitrate 

space, the starting ratio for AOU:NO3
- in SAMW is ~91.9:21.3 (Table 3.1; black circle in 

Figure 3.8C and D). During aerobic remineralization, the ratio of AOU: NO3
- should remain 

constant, with all data falling along the dashed line. However, all the inshore samples fall below 

this line, indicating nitrate concentrations that are anomalously low for the values of AOU. 

Using the difference between the expected and observed nitrate concentrations for a given 

AOU, the quantity of nitrate lost from the system by denitrification (i.e., the N deficit; Equation 

2.13) can be calculated.  

 

In summer, the N deficit was on average 7.1 + 6.3 µM and 3.9 + 2.4 µM at the inshore and 

midshore stations, respectively (Figure 4.6C). The greatest N deficit was observed at the 

inshore stations along the St Helena Bay monitoring line, as was the case for N* (Figure 3.9C). 

In winter, the N deficit was on average 7.5 + 4.9 µM and 3.9 + 2.5 µM at the inshore and 

midshore stations respectively, (Figure 4.6D). Again, the greatest N deficit was observed at the 

inshore stations along the St Helena Bay monitoring line (~28 µM), as was the case for N* 

(Figure 3.9G). The δ15N of nitrate increased in conjunction with both a decrease in N* and an 

increase in N deficit. There were, however, obvious differences between N* and N deficit. At 

the inshore St Helena Bay stations, N* and N deficit differed by 10 µM on average. This is 
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likely due to phosphate efflux at these stations, which has an effect on N* but not on the N 

deficit. Nonetheless, both N* and N deficit can be used as tracers for coupled nitrification-

denitrification in the sediments.   

  

4.5. Δ(15-18), a tracer of coupled nitrification-denitrification 

 

Changes in Δ(15-18) (Equation 2.14) above or below that of the source water (SAMW Δ(15-

18) ~3.5‰) allow us to identify overlapping biological processes such as nitrification and 

denitrification that alter the δ15N and δ18O of nitrate differently (Figure 1.4).  

 

A rise in ∆(15-18) to values above 3.5‰ at depth on the shelf (50-300 m) is apparent in both 

seasons (Figures 3.14). This rise is accompanied by an increase in the nitrate, silicic acid and 

phosphate concentrations (Figures 3.4-3.6) and more importantly, the ΔNO3
-, ΔSi(OH)4 and 

ΔPO4
3- concentrations (Figure 4.1-4.3). ∆(15-18) reaches values of up to 5.5‰ in winter, with 

maximum values of 4.2‰ in summer. In addition, the high-∆(15-18) signal propagates further 

along the shelf towards the offshore stations in winter but is retained inshore of the SBF in 

summer. The overlap between the rise in nitrate ∆(15-18) and the elevated regenerated nutrient 

concentrations suggests intense remineralization on the shelf plays a role in increasing ∆(15-

18).  

 

The rise in ∆(15-18) above that of SAMW in summer, and both SAMW and SASTMW in 

winter, is due to a decrease in nitrate δ18O and an increase in δ15N (Figures 3.11 and 3.12). The 

decrease in δ18O is driven by in situ nitrification, while the increase in δ15N can be explained 

by coupled nitrification-denitrification, incomplete remineralization, and the relative 

importance of the two source water masses (i.e., only SAMW in summer and a combination of 

SAMW and SASTMW in winter). The larger increase in ∆(15-18) in winter can be explained 

by a greater proportion of water column nitrification and less sedimentary nitrification (i.e., 

due to enhanced low-oxygen conditions driven by the remineralization of a large quantity of 

organic matter). More ammonium will be effluxed from the sediments when sedimentary 

nitrification is reduced, and it will be higher in δ15N than if more complete nitrification had 

occurred due to less of the 15N-ammonium being oxidized. A higher flux of ammonium out of 

the sediments in winter will lead, in turn, to increased rates of nitrification in bottom waters, 

which will lower the wintertime nitrate δ18O. In addition, the tight coupling between the 

decrease in N* and the rise in ∆(15-18), except at the inshore stations where phosphate efflux 
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likely occurs (Figures 3.9 and 3.14), provides evidence for coupled nitrification-denitrification 

in the sediments. This is because as ∆(15-18) rises due to both water column nitrification 

(which lowers nitrate δ18O) and coupled sedimentary nitrification-denitrification (which raises 

nitrate δ15N), N* decreases due to denitrification-driven fixed nitrogen loss. ∆(15-18) can 

therefore be used as a tracer for coupled nitrification-denitrification and in situ 

remineralisation.  

 

The process of coupled nitrification-denitrification in the sediments has previously been 

inferred for the SBUS (Calvert and Price 1971; Bailey 1987; Tyrell and Lucas 2002). Under 

oxic conditions, a nitrate maximum ([NO3
-] up to 200 µM) was observed in SBUS porewaters 

down to 2 cm deep, while under oxygen-deplete conditions, porewater nitrate concentrations 

were lower ([NO3
-] = 2 µM) (Bailey 1987). These data suggest that when there is high loading 

of organic matter to the sediments there will be: 1) increased nitrogen loss from the system by 

sedimentary denitrification and/or 2) lower rates of nitrification relative to the quantity of 

ammonium available for oxidation due to increased remineralisation and thus increased oxygen 

depletion. This is best observed at the inshore stations of the St Helena Bay monitoring line, 

particularly in winter. ΔNO3
- concentrations at the most inshore stations are < 1 µM (Figure 

4.1C), yet the highest ΔPO4
3- concentrations were observed at these stations (Figure 4.3C). In 

addition, the low ΔNO3
- concentrations overlap with low oxygen concentrations (Figure A1C). 

Although the water column throughout the SBUS does not experience anoxia at the time of our 

sampling, it is likely that the porewaters of the sediments do (Bailey 1991). Therefore, the low 

inshore ΔNO3
- concentrations can be attributed to a loss of nitrogen via the process of 

denitrification. The best correlation between N* and the high-δ15N nitrate in the subsurface is 

observed at these stations (Figure 4.6), likely because St Helena Bay monitoring line 

experiences the lowest oxygen concentrations that are near-permanently sustained (Lamont et 

al. 2015). 

 

4.6. On-shelf nutrient trapping and the importance of hydrographic fronts 

 

Our observations reveal that remineralised nutrients accrue inshore and on the shelf of the 

SBUS, increasing the nutrient pool that can be upwelled to the surface relative to the source 

waters offshore. The effective “trapping” of nutrients on the shallow shelf thus effects a 

positive feedback on shelf fertility. Inshore nutrient trapping in the SBUS has been invoked 

previously by Tyrell and Lucas (2002). As proposed therein, nutrient trapping occurs as PON 



88 
 

produced by primary production at the surface sinks to the benthos where it is remineralised. 

The nutrient-deplete surface waters that led to the production of the PON are advected offshore 

by Ekman transport (Figure 4.7), whereas nutrient-rich deep water from offshore can become 

further enriched in nutrients as it travels over the continental shelf sediments with their 

overlying burden of regenerated nutrients before upwelling to the surface.  

 

The spatial distribution of regenerated nutrients (and AOU) on the SBUS shelf provides 

additional nuance to the potential dynamics promoting nutrient trapping, intimating a role for 

the incident hydrographic fronts in retaining nutrients inshore and on the mid-shelf. In summer, 

a distinct bolus of regenerated nutrients appeared to be sequestered inshore of the CF, and 

another between the CF and the SBF mid-shelf (Figures 4.1-4.3; A-D only). In winter, the 

larger buildup of regenerated nutrients similarly occurred inshore of the CF at all hydrographic 

lines, whereas a second pool of regenerated nutrients midshore appeared to extend to the OF, 

especially along the Kleinsee and St Helena Bay monitoring lines (Figures 4.1-4.3; E-H only), 

in keeping with the wintertime dissipation of the SBF.  

 

The role of fronts acting as barriers to the transport of biological and chemical properties has 

been frequently documented in the SBUS. Multiple studies have identified the fronts as 

boundaries between the shelf and oceanic populations of organisms (Olivar 1987; 1988; 

Lleonart and Roel 1984; Mas-Riera et al. 1990; Barange et al. 1992). For example, a study 

conducted by Barange et al. (1992) found that different zooplankton communities inhabit either 

side of the SBF, and remain separated by this boundary. The SBF has also been documented 

as a boundary for fish larvae (Olivar 1987; 1988), demersal fish (Lleonart and Roel 1984; Mas-

Riera et al. 1990), and phytoplankton communities (Probyn 1985). Barange et al. (1992) 

concluded that the SBF acts as a boundary to water exchange for three reasons: 1) a strong 

longshore equatorward jet current is associated with the SBF (Bang and Andrews 1974; Nelson 

1989), which 2) gives way to a secondary upwelling at the shelf-break (Hart and Currie 1960), 

and to 3) downwelling along the inner boundary of the front (Figure 1.8; Hutchings et al. 1986). 

These observed features of the SBF are characteristic of areas of the Benguela that have a broad 

shelf and steep slope, namely, the Kleinsee, Namaqualand and St Helena Bay monitoring lines 

(Hart and Currie 1960; Bang 1971; Nelson and Hutchings 1983; Shannon et al. 1984; Shannon 

1985; Barange et al. 1992). Barange et al. (1992) deduced that due to the mechanisms involved 

in driving this boundary, it should remain present year-round with the movement in the front’s 

position based on the position of the OF (Barange et al. 1992). However, from April to August, 
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Lamont et al. (2015) observed the presence of the CF only. It is likely that under these 

conditions, the CF is the feature that separates the inshore and oceanic regions.  

 

Seasonal shifts in the position of prominent fronts may explain the spatial distributions of the 

regenerated nutrients in the SBUS inter-seasonally. In summer during peak upwelling, the 

regenerated nutrients in the subsurface were evidently trapped inshore of the CF, and mid-shelf 

between the CF and SBF. In winter, the offshore propagation of nutrients at the shelf bottom 

may be due to the dissipation of the SBF. In later winter (i.e., August) when both the SBF and 

OF were not present, we observed elevated on-shelf AOU and nitrate propagating even further 

offshore, as far as the CF (Figures 4.8 and 4.9; this is most apparent along the Kleinsee 

monitoring line). The remineralization signal thus extended further offshore on the shelf 

throughout winter, in keeping with the dissipation of the SBF, which shifts the frontal boundary 

westwards and allows inshore waters to be advected further offshore. The prominent fronts on 

the SBUS shelf may therefore trap the nutrients inshore, allowing them to accrue on-shelf rather 

than being advected off-shelf.   

 

Interestingly, the total remineralized nutrient burden in the SBUS was greater in winter in 

summer, implicating a longer residence time of bottom waters on the shelf in winter. Although 

confined to a narrower depth range above the sediments, depth integrated nutrients were higher 

in winter than summer. The average depth integrated nitrate concentration at all on-shelf 

stations in summer was 960 + 788 mmol m-2, while in winter it increased to 1160 + 1270 mmol 

m-2. The average depth integrated silicic acid and phosphate concentrations also increased from 

summer to winter, with concentrations of 1980 + 614 mmol m-2 and 76 + 30 mmol m-2 in 

summer and 2760 + 1760 mmol m-2 and 130 + 100 mmol m-2 in winter, respectively. 

Considering the greater aerial extent of the bolus of subsurface regenerated nutrients in winter 

combined with the higher depth integrated nutrient concentrations, the regenerated nutrient 

inventory was substantially larger during this season. That there is less net primary production 

in the SBUS in winter, evidenced by measured rates that are 1.5-2.4 times lower than in summer 

(Brown 1984; Barlow et al. 2009; Lamont et al. 2014; Flynn et al. 2018), suggests significant 

differences in the residence time of bottom waters between the two seasons. This is explained 

in part by greater recharge of bottom waters in summer due to more intense on-shore upwelling. 

Nonetheless, the rate at which the production and remineralization of sinking PON adds 

regenerated nutrients to the on-shelf subsurface must exceed the rate of upwelling in summer 
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in order that the upwelling of SAMW does not erase the elevated ΔNO3
-, ΔSi(OH)4 and ΔPO4

3- 

concentrations.   

 

The role of regenerated nutrients on the shallow shelf of the SBUS in increasing its fertility has 

been recognized previously (Bailey 1991; Waldron et al. 1992). The increased primary 

productivity of the BUS relative to the other major upwelling regions is explained by higher 

surface nutrient concentrations and the broad continental shelf (~200 km wide along the 

Kleinsee and Namaqualand monitoring lines; Patti et al. 2008; Lachkar and Gruber 2012). 

Surface nutrient concentrations are higher than in other upwelling regions because the BUS 

experiences high rates of nutrient trapping (Bailey 1991). Furthermore, the broader continental 

shelf increases the aerial extent over which this nutrient trapping can occur because it provides 

an increased opportunity for PON to sink to the benthos. On narrower continental shelves, such 

as those of the Canary and California upwelling systems, fewer nutrients are trapped on the 

shelf as PON is often advected offshore and lost to the open ocean (Patti et al. 2007; Lachkar 

and Gruber 2012). Similar loss processes are likely occurring along the Scarborough 

monitoring line where lower concentrations of AOU and regenerated nutrients were observed 

(Figures 3.7, 4.1-4.3, 4.8 and 4.9). Nutrient trapping therefore enhances the primary 

productivity of the SBUS, particularly in areas characterized by a broad continental shelf.   

 

4.7. Implications of nutrient trapping for on-shelf oxygen conditions 

 

Lower oxygen concentrations and elevated AOU were observed in the SBUS shelf bottom 

waters in both late summer and early winter. Hypoxic events are frequently observed in the 

SBUS, and in some instances have caused mass mortalities of commercially important species 

(Cockcroft 2001; Pitcher and Probyn 2011). St Helena Bay is the most extensively sampled 

region of the SBUS as it is an important nursery ground for various commercial fish species, 

such as anchovy and sardine (Cockcroft 2001; van der Lingen et al. 2006). This has, however, 

resulted in a deficit of data regarding the extent of hypoxia and its effects on marine organisms 

in the rest of the SBUS.  

 

Early work indicated that hypoxic events are driven by the entrainment of low oxygen waters 

into the SBUS from either the NBUS (De Decker 1970) or from the low oxygen waters of 

South Atlantic Central Water (Stander 1964) via a poleward undercurrent. More recent work, 

however, has established that the low oxygen bottom waters observed throughout the SBUS 
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are not due to the entrainment of low oxygen water, but instead derive from physical processes 

such as stratification, retention and advection, and biogeochemical processes (Bailey 1979; 

Bailey et al. 1985; Monteiro and van der Plas 2006). Specifically, low oxygen bottom waters 

evolve in situ due to the decay of large phytoplankton blooms at the inshore and midshore, 

throughout the SBUS, during the upwelling season (Pitcher and Probyn 2011). The organic 

matter delivery to the sediments and its subsequent remineralization depletes bottom water 

oxygen (Bailey 1987; Bailey and Chapman 1985), with persistent hypoxia observed in the 

inshore bottom waters along the St Helena Bay monitoring line (Monteiro and van der Plas 

2006; Lamont et al. 2015). 

 

Low oxygen concentrations persist at bottom depths year-round along the St Helena Bay 

monitoring line, particularly inshore of the CF (Jarre et al. 2015; Lamont et al. 2015). Shelf 

bottom waters are most oxygenated following the onset of seasonal upwelling in late winter, 

when oxygen-replete SAMW is entrained shoreward (Monteiro and van der Plas 2006; 

Duncombe Rae 2005; Pitcher et al. 2014; Lamont et al. 2015). This is apparent in our dataset, 

with the highest concentrations of AOU observed inshore of the CF in late summer and the 

lowest values in late winter (i.e., August) (Figures 3.7 and 4.8). Through spring and summer, 

oxygen concentrations progressively decrease in the bottom waters overlying the shelf during 

the period of intense upwelling, decreasing further through to autumn following the cessation 

of intense upwelling (Jarre et al. 2015, Lamont et al. 2015; Figure 3.7), with hypoxic conditions 

becoming most severe in autumn. In the winter, as the hydrographic fronts dissipate, MUW at 

the surface becomes contiguous shelf-wide, and occupies a larger depth range, oxygenating the 

surface to ~100 m depth, whereas bottom water oxygen concentrations remain depleted until 

recharge in late winter at the onset of upwelling (Lamont et al. 2015; Figure 4.8). 

 

Inshore along the St Helena Bay monitoring line (Lamont et al. 2015), the persistently low 

oxygen conditions are maintained by the cyclonic circulation in St Helena Bay and by a 

strongly stratified two-layer water column that is set-up by the cold upwelling waters overlain 

by warm surface waters (Pitcher and Nelson 2006). The subsequent remineralization of PON 

supplied from the surface (Bailey 1991), coupled with the strongly stratified water column, 

leads to the depletion of oxygen in the bottom waters (Bailey and Chapman 1991; Monteiro 

and van der Plas 2006). At the most inshore stations, winter mixing ventilates the bottom waters 

to 50 m, whereas bottom waters at deeper inshore stations are not ventilated during these 

events. 
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The propensity of subsurface waters to become severely hypoxic, particularly inshore of the 

CF, may result in part from the accumulated pool of remineralised nutrients in bottom waters 

that are upwelled to the surface. The greater the proportion of nutrients trapped, the more 

primary production that will be fueled in the subsequent upwelling (i.e., the nutrients trapped 

on-shelf condition the surface waters). A greater organic matter export flux, due to the increase 

in primary production, will result in proportionally greater oxygen consumption in bottom 

waters. Such a positive feedback would likely be modulated by physical and associated 

biogeochemical dynamics of the upwelling, including 1) the intensity of upwelling, 2) the 

degree of nutrient consumption and efficiency of organic matter export with respect to the 

position of fronts, and 3) the position of the fronts relative to the coast and shelf bathymetry.  

 

To a first approximation, increased upwelling increases the nutrient flux into the euphotic zone, 

supporting higher rates of primary production and export, thus increasing the concentration of 

remineralised nutrients at the shelf bottom, and coincident AOU. This scenario, however, is 

nuanced by the consideration that faster upwelling leads to a shorter residence time of bottom 

waters, thus leaving less time for them to accrue remineralised nutrients and AOU. 

Nevertheless, repeated cycles of upwelling and remineralization will ultimately result in the 

successive trapping of nutrients, increasing the remineralised nutrient pool throughout the 

upwelling season – eventually, the organic material generated from the consumption of the 

upwelled nutrients will exceed the oxygen available for remineralization at the subsurface. 

However, given relatively rapid upwelling, the phytoplankton may not have sufficient time to 

utilize all surface nutrients prior to the subduction of the Ekman layer at the hydrographic fronts 

(e.g, here (Figures 3.11 and 3.12) Lachkar and Gruber 2011, and Evans et al. 2015). In this 

respect, the CF and the SBF have been observed to merge during prolonged intense upwelling 

(Nelson and Hutchings 1983; Shannon and Nelson 1996; Shannon 1985). The merging of the 

fronts likely increases the residence time of surface waters as inshore waters are advected 

further offshore rather than being subducted below the CF (Andrews and Hutchings 1980). The 

increased surface water residence time in turn, allow for more primary production and 

consequent remineralization at the shelf bottom. However, sinking particles may be 

remineralised over a greater aerial extent of the shelf, moderating the oxygen drawdown. 

Indeed, Jarre et al. (2015) observed a parabolic relationship between upwelling strength and 

the areal extent of oxygen depleted waters on the shelf in summer and autumn throughout the 
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SBUS, which could be explained by this. Whether upwelling intensity is related to more severe 

hypoxia inshore, however, it is unclear. 

 

Thus, the position of the fronts relative to the upwelling center and to the intensity of upwelling 

may modulate the severity of shelf hypoxia. Conditions that promote high nutrient utilization 

and the subsequent export of organic material inshore of the CF will ostensibly result in severe 

hypoxia in this region. This is due to the smaller volume of water in which PON will be 

remineralised, relative to if the CF was further offshore. This smaller volume contains less 

oxygen available the breakdown of the PON, such that oxygen is depleted more rapidly (Bailey 

1991).  

 

Finally, shelf bathymetry is also an important factor influencing the propensity for seasonal 

hypoxia. The proportion of nutrients remineralised in situ among the monitoring lines appears 

to be correlated with the shelf surface area. The Kleinsee monitoring line has the broadest 

expanse of shallow continental shelf and showed both the highest concentrations of 

remineralised nutrients and the greatest spatial extent of elevated AOU in both summer and 

winter. In contrast, the Scarborough monitoring line, which has a narrow shelf and steep slope, 

had little evidence of in situ remineralised nutrients (Figures 4.1-4.3). This dynamic can be 

explained by the higher probability that PON from surface primary production will be retained 

along the shallower Kleinsee monitoring line, versus the propensity for more water column 

remineralization and PON export off-shelf along the Scarborough monitoring line, 

notwithstanding the potential differences in residence time of mid-shelf water at the 

Scarborough monitoring line (Hardman-Mountford et al. 2003). In this respect, shallow broad 

continental shelves are known to enhance nutrients from benthic-pelagic coupling and 

experience increased hypoxia in on-shelf bottom waters (Rowe et al. 1975; Bailey 1991; Tyrell 

and Lucas 2002). 

 

The intensity of coastal upwelling is predicted to increase globally with climate change (Bakun 

1990; Sydeman 2014). An increase in upwelling intensity could potentially enhance nutrient 

trapping and consequent shelf hypoxia. However, nutrient trapping is reliant on various 

overlapping conditions. The challenge moving forward will be to define the co-incidence of 

conditions that influence shelf oxygenation.  
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Figure 4.1 Section plots of ΔNO3
- (colours and contours) for summer (A-D) and winter (E-

H) along (from north to south) A and E) Kleinsee monitoring line, B and F) Namaqualand 

monitoring line, C and G) St Helena Bay monitoring line and D and H) Scarborough 

monitoring line. Note the changes in longitudinal scale between panels. The position of the 

fronts identified in Figure 3.1 are shown on each figure. The black dots show the position of 

the stations and the depths at which discrete nutrient samples were collected along each 

monitoring line. ΔNO3
- is calculated as [NO3

-]measured – [NO3
-]SAMW. Note the changes in 

longitudinal scale between panels.  
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Figure 4.2 Section plots of ΔSi(OH)4 (colours and contours) for summer (A-D) and winter 

(E-H) along (from north to south) A and E) Kleinsee monitoring line, B and F) Namaqualand 

monitoring line, C and G) St Helena Bay monitoring line and D and H) Scarborough 

monitoring line. Note the changes in longitudinal scale between panels. The position of the 

fronts identified in Figure 3.1 are shown on each figure. The black dots show the position of 

the stations and the depths at which discrete nutrient samples were collected along each 

monitoring line. ΔSi(OH)4 is calculated as [ΔSi(OH)4]measured – [ΔSi(OH)4]SAMW. Note the 

changes in longitudinal scale between panels.  
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Figure 4.3 Section plots of ΔPO4
3- (colours and contours) for summer (A-D) and winter (E-

H) along (from north to south) A and E) Kleinsee monitoring line, B and F) Namaqualand 

monitoring line, C and G) St Helena Bay monitoring line and D and H) Scarborough 

monitoring line. Note the changes in longitudinal scale between panels. The position of the 

fronts identified in Figure 3.1 are shown on each figure. The black dots show the position of 

the stations and the depths at which discrete nutrient samples were collected along each 

monitoring line. ΔPO4
3- is calculated as [ΔPO4

3-]measured – [ΔPO4
3-]SAMW. Note the changes in 

longitudinal scale between panels. 
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Figure 4.4 The fraction of regenerated nitrate (from nitrate δ18O) vs. AOU between 50-300 m 

in A) summer and B) winter 2017 at all the on-shelf stations. The symbol shapes represent the 

various monitoring lines and the colours indicate the in situ [NO3
-]. 

 

 

Figure 4.5 A schematic of the NO3
- sources and sinks in the SBUS. The black arrows represent 

physical dynamics, while the coloured arrows represent various biological processes. Note that 
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the NO3
- that is upwelled into the euphotic zone is a mixture of SAMW and on-shelf 

regenerated NO3
-. The branching isotope effect is identified, whereby low 14NH4

+ is initially 

nitrified in the sediments, enriching the δ15N of the NH4
+ pool. Upon the depletion of oxygen 

in the sediments, the isotopically-heavy NH4
+ is effluxed (i.e., it is not completely nitrified in 

the sediments). In the water column, the NH4
+ is nitrified, producing NO3

- with a δ15N above 

that of SAMW. In the oxygen-deplete sediments, some portion of the newly nitrified NO3
- is 

reduced to N2 as denitrifiers are the second-most efficient energy-extractors after nitrifiers 

(Knowles 1982). This N2 is ultimately lost from the system, representing a sink for low-δ15N 

nitrogen.  
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Figure 4.6 Bottom depth values only for N* (A-B) and N deficit (C-D) vs. the δ15N of nitrate 

for all inshore and midshore stations during A and C) summer and B and D) winter. The dotted 

line indicates the δ15N of SAMW (6.6‰), while the colours represent the bottom depth.  
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Figure 4.7 Schematic of benthic-pelagic coupling between organic-rich sediments of the mid-

shelf and the stratified euphotic zone [Figure adapted from Bailey 1991].  
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Figure 4.8 Section plots of apparent oxygen utilisation, AOU (µmol.kg-1), during August 2017 

along (from north to south) A) Kleinsee monitoring line, B) Namaqualand monitoring line, C) 

St Helena Bay monitoring line and D) Scarborough monitoring line The fronts identified in the 

SBUS during this season are the Columbine Front (CF; blue triangle) and Cape Jet (CJ; black 

triangle). The density contours denote the water masses identified in Figure 3.2. The black dots 

show the position of the stations along each monitoring line. Note the changes in longitudinal 

scale between panels. 
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Figure 4.9 Section plots of ΔNO3
- during August 2017 along (from north to south) A) Kleinsee 

monitoring line, B) Namaqualand monitoring line, C) St Helena Bay monitoring line and E) 

Scarborough monitoring line. The fronts present in the system in August 2017 are identified as 

in Figure 4.8. The black dots show the position of the stations along each monitoring line. 

ΔNO3
- is calculated as ([NO3

-]-[SAMW NO3
-]). Note the changes in longitude between panels. 
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5. Conclusions and future directions 

 

Measurements of nutrient and oxygen concentrations, physical properties of the water column, 

and the dual isotopes of nitrate along four monitoring lines in the SBUS during summer and 

winter reveal that on-shelf nutrient trapping is a persistent feature of this region, likely 

explaining its exceptionally high fertility. While nutrient trapping is evident in both summer 

and winter, there are important seasonal differences. In winter, the SBUS hosts significant rates 

of nutrient regeneration on the shelf, while in summer there is higher entrainment of deep water 

due to upwelling, which erodes some of the on-shelf remineralization signal and at least 

partially “resets” the biogeochemistry of the system. However, the on-shelf regenerated 

nutrient pool is not erased by summertime upwelling, suggesting that the rate of organic matter 

export and remineralization in summer exceeds the rate of upwelling of SAMW. As the winter 

season progresses, the concentration of regenerated nutrients remains elevated on the shelf, 

even increasing from early to late winter in regions where the continental shelf is broad and 

shallow. The increase in the nutrient burden throughout the winter is likely due to the westward 

shift of the CF and the dissipation of the SBF and the OF, which increases the residence time 

of the on-shelf waters. The accrual of on-shelf regenerated nutrients during winter may pre-

condition the following summer. This is because a greater proportion of nutrients regenerated 

during winter amounts to an increase in the nutrients available to support photosynthesis in the 

subsequent upwelling season. The on-shelf regenerated nutrients therefore enhance the fertility 

of the SBUS above that expected if offshore SAMW and SASTMW were the sole nutrient 

sources to the euphotic zone. The intensity of on-shelf nutrient regeneration also has 

implications for bottom water oxygen concentrations, with more nutrient trapping in winter 

potentially leading to more extreme hypoxia following the subsequent upwelling season.  

 

Using nitrate δ18O, the proportion of nitrate regenerated in situ can be quantified, with 

approximately 5% more nitrate regenerated on-shelf in winter than in summer. This is, 

however, an underestimate due to the fact that some portion of the on-shelf nitrate is lost from 

the system by denitrification, which occurs in the sediments and possibly sometimes even in 

the water column. The oxygen-deplete conditions observed on-shelf that favour denitrification 

are driven by the remineralisation of PON. As outlined above, on-shelf nutrient trapping has 

been implicated in oxygen depletion in inshore and midshore bottom waters, with implications 

for the success of commercially important marine species in the SBUS. Using the proportion 
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of regenerated nutrients that have accrued on-shelf throughout the winter, coupled with 

information about the physical character of the SBUS (e.g., frontal positions, upwelling 

intensity), future studies may be able to predict the extent of hypoxia that is likely to occur 

following the subsequent upwelling season. This will ultimately require both in situ 

observations and a numerical model developed to investigate the interplay between the physical 

and biogeochemical dynamics of the SBUS.  
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6. Appendices 

Appendix A: Oxygen concentrations 

The inshore St Helena Bay monitoring line stations were characterised by the lowest observed 

oxygen concentrations in the SBUS during summer and winter (Figure A1). Low oxygen 

concentrations were not restricted to the St Helena Bay monitoring line, however, during the 

summer, hypoxic waters, defined by [O2] < 60 µmol.kg-1 (Deuser 1975; Bailey et al. 1985), 

were also evident at the inshore stations of the Kleinsee and Namaqualand monitoring lines 

(Figure A1A and B). In the winter, hypoxic waters were only observed at the inshore stations 

along the St Helena Bay monitoring line (Figure A1G). At the time of sampling, it appears that 

no anoxic waters were present in the SBUS, with anoxia being defined as [O2] < 9 µmol.kg-1 

(Demaison and Moore 1980).  

Figure A1. Section plots of oxygen concentration, [O2] (µM), for summer (A-D) and winter 

(E-H) for (from north to south) A and E) Kleinsee monitoring line, B and F) Namaqualand 
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monitoring line, C and G) St Helena Bay monitoring line and D and H) Scarborough 

monitoring line. The positions of the fronts identified in Figure 3.1 are shown on each figure. 

Note the changes in latitudinal scale between panels. 

 

Appendix B: Depth profiles of nitrate δ15N and δ18O 

Figures B1-B4 show depth profiles of nitrate δ15N and δ18O for the inshore, midshore, offshore 

and oceanic stations in summer and winter 2017. Nitrate δ15N and δ18O increased from depth 

(50-150 m, depending on the station) into the surface, with the highest values observed in the 

mixed layer. At the offshore and oceanic stations between 200-600 m, depending on the 

monitoring line, the δ15N and δ18O of nitrate tended towards the SAMW end-member values 

of 6.6‰ and 3.1‰, respectively. This is best observed in Figures B3 and B4. 

 

The inshore stations followed similar trends in summer and winter, with the lowest nitrate δ15N 

and δ18O observed at the most inshore station, with values increasing towards the CF (Figure 

3.10). At the midshore stations, there is an apparent seasonal difference in nitrate δ15N and 

δ18O. Figure B2 shows higher surface values in winter compared to summer; with average 

surface values of 8‰ and 6‰ during summer and 12.5‰ and 7.5‰ during winter for nitrate 

δ15N and δ18O, respectively. A similar trend was observed at the offshore and oceanic stations. 
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Figure B1. Depth profiles of A) δ15NNO3 for summer, B) δ15NNO3 for winter, C) δ18ONO3 for 

summer and D) δ18ONO3 for winter at the inshore stations for all four monitoring lines. Data 

shown are the nitrite-removed values (down to 250 m, below which nitrite concentration ~0 

µM). Note the changes in the x-axis scale between the panels. The error bars indicate the 

measurement standard deviation (n ≥ 3). 
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Figure B2. Depth profiles of A) δ15NNO3 for summer, B) δ15NNO3 for winter, C) δ18ONO3 for 

summer and D) δ18ONO3 for winter at the midshore stations for all four monitoring lines. 

Data shown are the nitrite-removed values (down to 250 m, below which nitrite concentration 
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~0 µM). Note the changes in the x-axis scale between the panels. The error bars indicate the 

measurement standard deviation (n ≥ 3). 

Figure B3. Depth profiles of A) δ15NNO3 for summer, B) δ15NNO3 for winter, C) δ18ONO3 for 

summer and D) δ18ONO3 for winter at the offshore stations for all four monitoring lines. Data 

shown are the nitrite-removed values (down to 250 m, below which nitrite concentration ~0 
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µM). Note the changes in the x-axis scale between the panels. The error bars indicate the 

measurement standard deviation (n ≥ 3).  

Figure B4. Depth profiles of A) δ15NNO3 for summer, B) δ15NNO3 for winter, C) δ18ONO3 for 

summer and D) δ18ONO3 for winter at the oceanic stations for all four monitoring lines. Data 

shown are the nitrite-removed values (down to 250 m, below which nitrite concentration ~0 
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µM). Note the changes in the x-axis scale between the panels. The error bars indicate the 

measurement standard deviation (n ≥ 3) 

 

Appendix C: Depth profiles of nitrite δ15N 

A Monte Carlo simulation was run using measurements of the δ15N of the nitrate-only samples 

and the δ15N of the nitrate+nitrite samples in order to estimate the δ15N of nitrite for all samples 

with a nitrite concentration >1% of the nitrate+nitrite concentration. Figure C1 shows depth 

profiles of nitrite δ15N for all stations in summer and winter 2017. Nitrite δ15N was on average 

higher than 0‰ for all samples, which has implications for the nitrite-producing and consuming 

processes ongoing in the SBUS as the time of sampling.  

 

In short, an average nitrite δ15N >0‰ suggests that the primary nitrite source was 

phytoplankton efflux following incomplete nitrate consumption rather than ammonium 

oxidation. The δ15N of nitrite produced by ammonium oxidation is low due to the fairly large 

isotope effect associated with this process (Mariotti et al. 1981; Yoshida 1988; Casciotti et al. 

2003). The subsequent step in the nitrification pathway, nitrite oxidation, has an inverse isotope 

effect of -12.8‰ (Casciotti 2009). This means that 15N-bearing nitrite is preferentially oxidized 

over 14N-bearing nitrite, which further lowers the δ15N of the residual nitrite pool. Assuming a 

starting δ15N for the ammonium being oxidized of 5‰ (i.e., equivalent to the PON available 

for ammonification; Figures 3.15 and 3.16), the two steps of the nitrification pathway can yield 

nitrite with a δ15N as low as -12‰, which is much lower than observed. If ammonium is being 

assimilated by phytoplankton concomitant with ammonium oxidation, nitrite δ15N could be 

even lower (DiFiore et al. 2009; Smart et al. 2015; Kemeny et al. 2016).  

 

The high δ15N of nitrite likely derives from the efflux of nitrite by phytoplankton following the 

incomplete reduction of nitrate. Under stressful conditions such as light and iron limitation, 

phytoplankton have been observed to efflux nitrite (Milligan and Harrison 2000). This nitrite 

will have a δ15N that is similar to the nitrate transported into the cell. Although there is a large 

isotope effect associated with the nitrate reductase enzyme that catalyzes the reduction of 

nitrate to nitrite (~25‰; Granger et al. 2008; Karsh et al. 2012; Treibergs and Granger 2016), 

this acts to significantly raise the δ15N of the nitrate pool as it undergoes a high degree of 
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intracellular consumption, producing nitrite that, which much lower in δ15N than the residual 

nitrate, will be only slightly lower than the starting nitrate δ15N (SAMW with a δ15N of 6.6‰ 

in the case of the SBUS). Nitrite δ15N could be further raised if 14N-bearing nitrite is 

preferentially transported into the chloroplast and/or 14N-nitrite is preferentially reduced to 

ammonium within the chloroplast and some of the residual 15N-enriched nitrite is then effluxed 

out the chloroplast. This latter pathway is unlikely, however, as it would require nitrite to be 

effluxed across three membranes.   

 

 

Figure C1. Depth profiles of estimated δ15NNO2 for all samples with NO2
- concentration >1% 

of their respective NO3
-+NO2

- concentrations for A) summer and B) winter at all stations in the 

SBUS. Error bars indicate the standard deviation of 100,000 Monte Carlo iterations run for 

each sample. Grey symbols represent samples with [NO2
-] >10% of [NO3

-+NO2
-]. 
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Appendix D: Euphotic zone nitrogen cycle processes in the SBUS 

Euphotic zone nitrification and nitrate assimilation: inshore and midshore stations 

The δ15N and δ18O of nitrate rise from the mid-depths towards the surface (Figure B1-4). This 

rise in nitrate δ15N and δ18O was observed at all stations during both seasons (Figures 3.10 and 

3.11) and is coupled with a decrease in the nitrate, phosphate and silicic acid concentrations 

(Figures 3.3-3.5) and a rise in the oxygen concentrations (Figure A1). These changes are due 

to nitrate assimilation by phytoplankton in the euphotic zone (Granger et al. 2004; 2010). 

During nitrate assimilation, 14N- and 16O-bearing nitrate are preferentially taken up, enriching 

the residual nitrate pool in 15N and 18O and thus raising its δ15N and δ18O as nitrate is consumed.  

If nitrate assimilation is the only process acting on the nitrate pool, nitrate δ15N and δ18O should 

change along a 1:1 line in  δ15N versus δ18O space (Granger et al. 2004; 2010). However, in 

summer and winter, nitrate δ18O rises more than its δ15N in the surface at the inshore and 

midshore stations (Figures D1). This rise is more pronounced in the nitrate+nitrite data for both 

seasons. After nitrite removal in winter, the δ18O rise disappears at all but the inshore stations. 

In summer, while nitrite removal brings the data much closer to the 1:1 line in δ15N versus δ18O 

space , nitrate ∆(15-18) (symbol colour) indicates that a number of stations remain high in δ18O 

relative to δ15N in shallow waters, although this signal is still mainly observed inshore (Figures 

D1). The rise in nitrate δ18O relative to δ15N may be due to two processes: the nitrification of 

particles produced from 1) N2 fixation or 2) partial assimilation of nitrate (Granger et al. 2004; 

Sigman et al. 2005; Granger et al. 2011; Rafter et al. 2013; Fawcett et al. 2015).  

 

N2 fixation produces PON with a low δ15N of -2‰ to 0‰ (Minagawa and Wada 1986; 

Carpenter et al. 1997), introducing new low-δ15N nitrate compared to the source nitrate once 

these particles have been remineralised and nitrified (Sigman et al. 2005). The inshore stations 

along all the monitoring lines are characterized by nutrient N:P ratios of ~12 (data not shown) 

which is below the Redfield ratio of 16 (Redfield 1934). This is evident in the low N* at these 

stations (Figure 3.9). A low N:P ratio in upwelled waters might be expected to stimulate N2 

fixation, which requires phosphorous (Deutsch et al. 2007). However, the nitrate concentrations 

were never below detection in the inshore surface waters (Figure 3.4). Under these conditions, 

it is unlikely that N2 fixation would be favoured given that it requires more energy to convert 

N2 into ammonium, the nitrogen form which the cell uses to build proteins (Raven et al. 1992; 

Warburg and Nagelein 1920), than does nitrate reduction. Furthermore, if N2 fixation were 
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responsible for the low inshore nitrate ∆(15-18), why do we not observe the same signal 

elsewhere in the region? Indeed, the midshore, offshore and oceanic stations experienced more 

N-deplete conditions (Figure 3.4), which should favour N2 fixation more than at the inshore 

stations. The inshore station surface waters were also colder than those offshore, and N2 fixers 

have been observed to prefer warmer waters (Capone et al. 1997). Thus, if N2 fixation were to 

occur in the SBUS, it would be more likely further offshore. Finally, while N2 fixation and 

coupled partial nitrate assimilation-nitrification both yield a low ∆(15-18), this is driven by a 

decrease in nitrate δ15N in the case of the former and an increase in nitrate δ18O in the case of 

the latter. The data appear more consistent with a rise in δ18O (Figures 3.11, 3.12 and D1) The 

deviation from 1:1 in δ15N vs. δ18O space is thus unlikely to be due to N2 fixation. While there 

are no direct measurements of N2 fixation from the SBSU, this conclusion is in agreement with 

studies from the northern Benguela (where the N:P ratio is similarly low or even lower; Flohr 

et al. 2014; Deutsch et al. 2007; Knapp et al. 2016) that have consistently found little evidence 

of significant rates of N2 fixation (e.g., Sohm et al. 2011; Wasmund et al. 2015).   

 

A more likely explanation for the rise in nitrate δ18O relative to its δ15N is euphotic zone 

nitrification of PON produced from the partial assimilation of nitrate. This process acts to raise 

the δ18O of the combined nitrate pool (i.e., the partially consumed + newly nitrified nitrate) 

more than its δ15N. The δ18O of the O atoms incorporated during nitrification is ~1.15‰ higher 

(Sigman et al. 2005; Buchwald and Casciotti 2012) than that of seawater (~0-0.5‰; Meredith 

et al. 1999), producing nitrate with a δ18O ~1.15-1.55‰. The δ18O of SAMW nitrate is 2.8-

3.4‰. When this nitrate is assimilated, the δ18O of the nitrate consumed ranges from -2.2‰ to 

-1.6‰ (based a nitrate assimilation O isotope effect of 5‰). The δ18O produced by nitrification 

is therefore higher than that removed during assimilation (Sigman et al. 2009; Rafter et al. 

2013; Fawcett et al. 2015). The δ15N of newly nitrified nitrate, on the other hand, will equal the 

δ15N of the PON produced during partial nitrate assimilation, which, when ammonified, 

nitrified, and combined with the partially-consumed nitrate, will yield a combined nitrate pool 

with the same δ15N that is unchanged. (Sigman et al. 2005). In this way, partial nitrate 

assimilation followed by nitrification acts to decouple nitrate δ15N and δ18O, leading to samples 

that fall above the 1:1 line in δ15N vs. δ18O space and that have a low ∆(15-18) (Sigman et al. 

2000; Sigman et al. 2009a; Rafter et al. 2013)  
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The only nitrification data that exist for the SBUS were collected inshore and suggest that 

euphotic zone nitrate can be produced at rates of 4-9 nmol L-1 hr-1 (Rees et al. 2006). It is 

unclear exactly where in the SBUS the Rees et al. (2006) study was conducted, and the 

measurements are of ammonium oxidation, which usually occurs at a higher rate than nitrite 

oxidation (e.g., Ward and Zafiriou 1998; Dore and Karl 1996; Newell et al. 2013; Peng et al. 

2016), with this latter step controlling the rate of nitrate production. Nonetheless, euphotic zone 

nitrification may be important in the inshore and midshore SBUS, as has been shown for other 

upwelling regions. For example, studies conducted in Monterey Bay have found that on 

average, 15-30% of nitrate-based productivity in surface waters is fueled by nitrate regenerated 

in the euphotic zone (Ward 2005; Wankel et al. 2007).  

 

Figure 3.14 shows ∆(15-18) values of < 3‰ in the surface at the inshore and midshore stations 

along all the monitoring lines during both seasons, with a larger decrease in ∆(15-18) in 

summer. This may indicate that proportionally more nitrification is occurring in the euphotic 

zone in summer. However, it is also possible that in winter, the PON being remineralised is 

higher in δ15N due to the offshore transport of high-δ15N PON as discussed in section 4.4. In 

this cases, an equal or even higher rate of nitrification would lead to a smaller change in ∆(15-

18). A final possibility is that the δ15N of PON in summer is lower than that expected from 

fractionation during nitrate assimilation alone due to significant uptake of low-δ15N 

ammonium. The latter options seem unlikely as the inshore St Helena Bay monitoring line has 

a weighted average PON δ15N of 8‰ and 7.1‰ in summer and winter, respectively (Figures 

3.15 and 3.16). The average δ15N of PON for the summer may be biased towards higher values, 

however, as it is based only on data from two inshore stations. 

 

No evidence for euphotic zone nitrification at the offshore and oceanic stations 

The section plots of ∆(15-18) (Figure 3.14) show average surface values of 3‰ in summer and 

4‰ in winter at the offshore and oceanic stations, which can be explained largely by 

phytoplankton assimilation, which raises nitrate δ15N and δ18O in unison (Sigman et al. 2005; 

Rafter et al. 2013), with no room for subsequent euphotic zone nitrification, which would 

decrease ∆(15-18). The increase in ∆(15-18) from summer to winter may be due to the system 

being dominated by regenerated shelf-nitrate in the winter (Figure 4.1), which is both 

anomalously low in δ18O and at times high in δ15N, and propagates far further west in winter. 
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A second possibility is complete nitrate assimilation followed by surface nitrification, which 

acts to raise nitrate ∆(15-18) through the addition of newly nitrified nitrate that is lower in δ18O 

than the nitrate that was consumed (Rafter et al. 2013). However, the present study and previous 

work has shown that while the nitrate concentrations at the offshore stations are low, they are 

not zero (Flynn et al. 2018). Furthermore, if surface nitrification were occurring, one might 

expect the regenerated and observed nitrate concentrations to be higher in these waters (Figure 

3.4 and 4.1). In sum, while nitrate ∆(15-18) was slightly different in offshore and oceanic 

waters in winter relative to summer, the observed deviation from the 1:1 line in δ15N vs. δ18O 

space for surface waters was restricted to the inshore and midshore stations (Figure D1). This 

supports the hypothesis that euphotic zone nitrification is insignificant relative to autotrophic 

nitrate assimilation at the offshore and oceanic SBUS stations in summer and winter.  

 

 

A B 
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Figure D1. δ18O versus δ15N for A) nitrate-only samples in summer, B) nitrate+nitrite samples 

in summer, C) nitrate-only samples in winter, and D) nitrate+nitrite samples in winter. The 

colour bar indicates the ∆(15-18) for each sample, calculated as δ15N - δ18O. The grey lines 

have a slope of 1:1. The dashed black line also has a slope of 1:1, but passes through the source 

waters (SAMW) that have a ∆(15-18) of ~3.5‰. Grey symbols show samples with a ∆(15-18) 

>5.5‰ or <0.5‰. 

 

Subduction of surface waters below the fronts 

The rise in nitrate δ15N and δ18O extends down to 200 m in some regions, well below the mixed 

layer depth (Figures 3.11, 3.12 and 3.14). This was observed to the west of all the fronts and 

was likely due to surface waters being subducted below the fronts. The upwelling fronts are 

associated with strong, north-flowing jet currents that extend down to 200 m (Bang and 

Andrews 1974). Although the fronts are regarded as areas of uplift during upwelling (Shannon 

1966), Andrews and Hutchings (1980) observed maximum chlorophyll concentrations at the 

base of the frontal thermoclines. They attributed this to the subduction of coastal waters down 

the fronts and beneath the surface waters. The subduction of coastal surface waters below the 

fronts is to be expected for an upwelling system. The westward movement (i.e., offshore 

transport) of the coastal surface waters is induced by the Coriolis force. This transport tends to 

follow isopycnals, flowing along the thermocline where water is likely to be mixed into the jet 

currents (Andrews and Hutchings 1980). The subduction of surface waters below the fronts 

explains both the rise in the chlorophyll concentrations in the subphotic layer observed by 

Andrews and Hutching (1980) and the rise in nitrate δ15N and δ18O below the mixed layer 

depth, particularly at the stations immediately west of the fronts.  

 

Appendix E: Water mass properties 

The δ15N and δ18O of the mode and deep water masses present in the SBUS remain unchanged 

at all offshore stations in both seasons (Figures 3.11 and 3.12). Temperature and salinity (TS) 

plots for both seasons show the proportion of each water mass in the region and are overlaid 

with the δ15N and δ18O of nitrate in the mode and deep water masses (Figure 3.3). The average 

δ15N and δ18O of nitrate in SAMW was 6.6‰ and 3.1‰, respectively (Table 3.1). SAMW 

nitrate δ15N in the SBUS is slightly higher than that reported by Tuerena et al. (2015) at 40ºS 



118 
 

in the South Atlantic (6.2‰), while the average δ18O was slightly lower than the Tuerena et al. 

(2015) value (3.4‰). The change in the nitrate isotopes of SAMW in the SBUS compared to 

the South Atlantic may be due to modification by remineralization (see sections 4.3 and 4.4). 

SASTMW, the water mass overlaying SAMW, had an average δ15N of 7.7‰ and δ18O of 4.4‰ 

(only values reported to date). The average nitrate δ15N and δ18O in AAIW was 6.2‰ and 

2.8‰, respectively, while the average δ15N and δ18O for UCDW was 5.7‰ and 2.2‰, 

respectively (Figure 3.3; Table 3.1). The ranges reported here for both AAIW and UCDW in 

the SBUS are similar to those estimated by Tuerena et al. (2015) and Campbell (2016), the 

latter at 34.5ºS, for the South Atlantic. These studies reported a δ15N and δ18O for AAIW of 

5.9‰ and 3‰ (Tuerena et al. 2015) and 5.9‰ and 2.7‰ (Campbell 2016), respectively, and a 

δ15N and δ18O for UCDW of 5.4‰ and 2.4‰ (Tuerena et al. 2015) and 5.4‰ and 2.3‰ 

(Campbell 2016), respectively. The decrease in the δ18O of nitrate in this study and Campbell 

(2016) compared to Tuerena et al. (2015) is likely due to the modification of the deep water 

masses by remineralization as they move north in the South Atlantic gyre.  

 

The nitrate concentrations for the source and deep water masses are consistent with those given 

by Tuerena et al. (2015) and Campbell (2016). SAMW had an average nitrate concentration of 

21.3 + 5.4 µM in the SBUS (Figure 3.3; Table 4.1), with Tuerena et al. (2015) reporting the 

nitrate concentration at 40 °S to be ~23 µM (Tuerena et al. 2015). AAIW and UCDW have 

higher nitrate concentrations than the source water. The nitrate concentration of AAIW was 27 

+ 3.5 µM, consistent with Tuerena et al. (2015) estimate of ~26 µM and Campbell (2016) 

estimate of (30.2 µM). The nitrate concentration of UCDW was 33 + 1.3 µM, which is also 

consistent with the values of ~33 µM and 33.7 µM reported by Tuerena et al. (2015) and 

Campbell (2016), respectively.  
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