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Key Points

e Variations in nutrient distributions in upper ocean result from C/N/P of exported organic
matter, nitrogen fixation and air-sea CO; flux.

e Nutrient and trace element (TE) budgets yield estimates of the C/N/P/TE composition of
exported organic matter (OM) from surface ocean.

e Estimated C/N/P of exported OM has maxima in the subtropics well above Redfield
which agree with observations and modeling results.
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Abstract

Systematic regional variations in the ratio of nutrient depth gradients of dissolved inorganic
carbon (ADIC): nitrate (ANO3): phosphate (APOs) in the upper layer (300m) of the Pacific
Ocean are observed. Regional variations in the ADIC/ANO3/APQOy4 are primarily the result of
three processes, that is, the C/N/P of organic matter (OM) being exported and subsequently
degraded, nitrogen fixation and air-sea CO> gas exchange. The link between the observed
dissolved ADIC/ANO3/APO4 and the C/N/P of exported OM is established using surface layer
dissolved DIC, NOs and PO4 budgets. These budgets, in turn, provide a means to indirectly
estimate the C/N/P of OM being exported from the surface layer of the ocean. The indirectly
estimated C/N/P of exported OM reach maxima in the subtropical gyres at 177/22/1 that is
significantly greater than the Redfield ratio and a minimum in the equatorial ocean at 109/16/1
with both results agreeing with available observed particle C/N/P and ocean biogeochemical
models. The budget approach was applied to a bioactive trace element (TE) using the measured
dissolved Cadmium (Cd) to PO4 gradients to estimate the Cd/P of exported OM in the Pacific
Ocean. Combining the budget method with the availability of high-quality dissolved nutrient
and trace element data collected during the GOSHIP and GEOTRACES programs could
potentially provide estimates of the C/N/P/TE of exported OM on global ocean scales which
would significantly improve our understanding of the link between the ocean’s biological pump

and dissolved nutrient distributions in the upper ocean.

Plain Language Summary

Microscopic plants in the surface ocean called phytoplankton use photosynthesis to convert
carbon dioxide (CO.) into organic compounds like carbohydrates, fats and proteins. When
phytoplankton die or are eaten by small animals (zooplankton) most of these compounds are
consumed for energy. A small fraction of the organic compounds in phytoplankton escape
consumption and sink into deeper portions of the ocean. This sinking organic matter is
consumed as food by bacteria and ultimately released as inorganic compounds like COz, nitrate

(NOs3) and phosphate (PO4). The ratio at which CO2, NO3 and POs is released depends on the
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ratio of carbon (C):nitrogen (N):phosphorous (P) of the sinking organic matter and is a critical
factor in determining the distribution of nutrients (CO2, NOs, POs) in the upper ocean. However,
there are very few direct measurements of the C:N:P of sinking organic matter. In this study, a
new method is presented to estimate the C:N:P of sinking organic matter based on the observed
distributions of CO2, NO3 and PO4 in the upper ocean. This method can potentially estimate the
C:N:P of sinking organic matter on a global scale and improve our understanding of the

processes that control the distribution of nutrients in the ocean.

Keywords: nutrient cycling, carbon cycling, phytoplankton, trace elements.
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1. Introduction

The ocean’s biological pump describes the transfer or export of organic matter (OM) out
of the surface photic layer of the ocean into the deeper layers of the aphotic ocean. OM export
and its subsequent degradation in the aphotic ocean has a major impact on the depth distributions
of dissolved nutrients, oxygen, CO> and bioactive trace elements in the ocean. Furthermore, the
ocean’s biological pump is a means to sequester CO: in the deep ocean and thus is a key
component of the earth’s CO> cycle. Despite the importance of the ocean’s biological pump
surprisingly little is known about variations in the elemental composition of the OM being
exported which has often resulted in an assumption that the elemental ratio of exported OM has a
constant carbon (C): nitrogen (N): phosphorous (P) ratio following the classic Redfield C/N/P
ratio of 106:16:1 (Redfield, 1958). However, there have been an increasing number of ocean
biogeochemical modeling studies that indicate that the element composition of particles in the
surface ocean deviate significant from Redfield (e.g., Weber and Deutsch, 2010; Deutsch and
Weber, 2012; Teng et al., 2014, Wang et al., 2019). Yet, it has been difficult to validate these
model results for several reasons. First, regional coverage by existing data is poor with most of
the ocean being unsampled (e.g., Martiny et al., 2013). Second, a two-fold short term variability
of the measured C/N/P of suspended particles at sites is typical (e.g., Karl et al., 2001; Bishop
and Wood, 2008). Third, the C/N/P of suspended particles does not necessarily represent the
C/N/P exported OM because of differential sinking rates of particles and a significant fraction
(~20%) of the exported OM being in the dissolved phase (Hansell et al., 2007). Our current lack
of knowledge about the elemental composition of exported OM leaves a substantial gap in our
understanding of the ocean’s biological pump and its role in controlling dissolved nutrient

distributions in the mesopelagic zone (200-1000m) of the ocean.

Even with the limited data on the C/N/P of suspended particles in the surface ocean there
are some significant regional trends. Martiny et al. (2013) compiled ~5000 particle C/N/P
measurements and found the highest C/P of 170-230 and N/P of 25-37 occurred in the nutrient
depleted subtropical gyres and significantly lower C/P of 119-137 and N/P of 14-18 occurred in
the nutrient replete subpolar and equatorial regions. Martiny et al. (2013) concluded that this
spatial pattern is driven in large part by shifts in plankton assemblages with the cyanobacteria

that dominate the oligotrophic gyres having a substantially higher C/P (161-235) and N/P (25-
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35) than eukaryotes with C/N/P of 107/16/1 that are more dominant in nutrient replete regions.
Martiny et al. found an overall mean C/N/P for particles of 146:20:1which is significantly higher
than Redfield. As pointed out previously, the higher the C/N/P of exported OM the greater the
potential of the biological pump to sequester CO> from the atmosphere (e.g., Martiny et al.,
2013, Teng et al., 2014).

The greatest impact of OM degradation occurs in the shallowest layers of the thermocline
just below the photic layer where the OM flux is greatest and degradation rates are highest.
Vertical flux of sinking particles measured in the subtropical and subpolar N. Pacific Ocean
showed that 50-75% of particles were degraded within the upper 300m (Martin, 1987). Quay
and Wu (2015) showed that within the upper layers (<300m) of the N. Atlantic Ocean the slope
of nitrate versus phosphate concentrations (ANO3/APO4) was 16+0.2. However, deeper in the
thermocline (500-1500m) the ANO3/APO4 decreased to 14.6+0.2 and was close to the
ANO;3/APO4 expected by conservative water mass mixing between Mediterranean Water and
Antarctic Intermediate Water and at depths >2000m the observed ANO3/APO4 was 13+0.4 and
equaled the ANO3/APOs4 expected by conservative water mass mixing between North Atlantic
Deep Water and Antarctic Bottom Water with little apparent impact by in situ OM degradation.
The depth dependence of the along isopycnal ANO3/APOys slopes observed by Quay and Wu
(2015) illustrate a general trend that the impact of in situ OM degradation on dissolved nutrient
concentrations in the ocean decreases with increasing depth as the OM flux and degradation rates
decrease, water parcel ages increase and the impact of circulation and water mass mixing

increase.

It is important to distinguish between the ratio of dissolved nutrient gradients, i.e.,
ANO3/APO4, ADIC/APO4, ADIC/ANO; (where DIC = dissolved inorganic carbon) and the
stoichiometric ratio of nutrient concentrations measured in a water parcel. The latter
characteristic is a result of the all the inputs and losses of nutrients for a given water parcel (e.g.,
OM export, OM degradation, nitrogen fixation, denitrification, water mass mixing, CO gas
exchange, etc.). In contrast, the ratio of nutrient gradients represents the ratio of nutrient fluxes.
For example, the ratio of the depth gradients of ANO3/APO4 and ADIC/APO4 measured in the
upper 300m of the water column represents the ratio of NO3 to PO4 and DIC to PO,

respectively, being supplied to the surface layer from below by physical processes like turbulent



100  mixing, entrainment, upwelling, etc. There are significant differences between regional
101  variations in the measured ANO3/APO4 depth gradient ratio in the upper 300m of the Pacific
102 Ocean and the NO3/PO4 concentration ratio of water parcels in the surface layer and at 250m
103 (Fig. 1). The NO3/PO4 of water parcels ranges widely from 0 to 15 in the surface layer and from
104  6to 15 at 250m with minima in the subtropics. In contrast, the range in ANO3/APOs in the upper
105  300m is significantly higher and narrower at 13 to 19 and much closer to the Redfield ratio at 16.
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Fig 1. Regional trend in the ratio of the dissolved NO3 to PO4 concentration gradients (ANO3/APQy) in the upper 300m
compared to trends in the stoichiometric ratio of dissolved NO3/PO4 concentrations in water parcels from the surface layer and
250m along ~ 150°W in the Pacific Ocean and the Redfield ratio (16). Dissolved nutrient data (n=~5000) is from all GOSHIP P16
cruises based on GLODAP compilation (Olsen et al., 2016) and averaged on 5° latitude intervals.

106 There is a direct link between the ratio of nutrient fluxes (ADIC/ANO3/APOs4) and the
107  C/N/P of OM being exported. In the simplest situation where the vertical flux of dissolved

108  nutrients at the base of the photic layer is the sole source of nutrient input to the photic layer and
109  export of OM is the sole nutrient sink, then at steady-state the ratio of ADIC/ANO3/APO4 being
110  supplied equals the C/N/P of the exported OM. Although nitrogen fixation and air-sea CO>

111 exchange alter this simple situation, as discussed below, there is a clear dependence between the
112 ratios of dissolved nutrients being supplied and organic nutrients being exported. Estimating the
113 ratio of nutrient fluxes is significantly more robust than estimating the fluxes themselves because
114  the flux ratio only depends on the measured concentration gradients but not an estimate of the
115  rates of advection, turbulent mixing, entrainment, etc.
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In this study, the first objective is to establish the link between the C/N/P of exported OM
and the dissolved ADIC/ANO3/APOs depth gradient ratio in the upper layer (300m) of the Pacific
Ocean. The second objective is to demonstrate the means to estimate regional variations in the
C/N/P of exported OM based on observed dissolved ADIC/ANO3/APO4. To accomplish these
goals simple surface layer DIC, NO3 and PO4 budgets are used. We find regional trends in
observed ADIC/ANO3/APOs across the Pacific Ocean basin that yield systematic, but different,
regional trends in the estimated C/N/P of exported OM. The highest C/N/P for exported OM are
found in the subtropics and lowest ratios in the equatorial region that agree with available
observed particle C/N/P. We find that three factors primarily control the regional variations in
the ADIC/ANO3/APOg in the upper 300m of the ocean, i.e., the C/N/P of OM exported out of
photic layer and subsequently degraded, the fraction of exported organic nitrogen supported by
nitrogen fixation and fraction of exported organic carbon supported by net air-sea CO> gas
exchange flux. We extend this analysis approach to bioactive trace elements (TE) using the ratio
of measured depth gradients of dissolved Cadmium (Cd) and PO4 to estimate regional trend in

the Cd/P of exported OM.

2. Methods

2.1 Data Sets and ADIC/ANO3/APO calculation

The ratio of dissolved DIC, NO3, PO4 depth gradients (ADIC/ANO3/APO4) was
determined using data collected during several north-south cruises in the Pacific Ocean (P16
cruises occurred between ~70°S and 60°N along ~150°W) as part of the GOSHIP program and
compiled by the GLODAP program (Key et al., 2015; Olsen et al., 2016). The nutrient data (n ~
5000) was averaged over 25m depth intervals between 0 and 300m (12 layers) and over 5°
latitude bands from 60°S to 60°N. The ADIC/ANO3/APO4 was determined using a linear
regression of concentrations in the layers between the base of the mixed layer and 300m.
Determining the ADIC/ANO3/APOs for specific P16 cruises that occurred between 1991 and
2015 indicates that the regional trend in ADIC/ANO3/APOs is reproducible over decadal time
scales in the Pacific Ocean (Fig. S1) which illustrates, first, the robustness of this characteristic
and, second, that the uptake of anthropogenic CO- has no significant effect on the
ADIC/ANO3/APOs for the water residence times in the upper 300m. The measured DIC depth

gradient was corrected for CaCOs3 dissolution based on the observed alkalinity depth gradient.
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The alkalinity correction was only significant poleward of 55°S and 35°N where it accounted for
10-20% of the DIC gradient in the upper 300m. It is assumed that the corrected dissolved
ADIC/APO4 and ADIC/ANOs represent the effect of OM export and degradation processes.
Unless otherwise stated, ANO3/APO4, ADIC/APO4 and ADIC/ANO3 represents the ratio of the

vertical nutrient gradients measured over the upper 300m of the water column.

Additionally, the ratio of horizontal concentration gradients of dissolved DIC, NO; and
POs in the surface ocean was determined using gridded GLODAP data at 1° latitude by 3°
longitude resolution. The meridional and zonal horizontal surface layer nutrient gradients
[ADIC/ANO3/APO4]n were averaged between 180°W and 130°W and over 5° of latitude. The
horizontal surface [ADIC/APO4]n and [ADIC/ANO3]n gradients are much more variable than
[ANO3/APOg4]n especially in the subtropics where the NO3; and PO4 concentrations are low, i.e.,
~50% of the surface [ADIC/APQOs]n values were either negative or >300 whereas <20% of the
surface [ANO3/APOs]n values were either negative or >40. The higher variability of the surface
[ADIC/APOs]n and [ADIC/ANO:s]n gradients are in part a result of there being only half as much
DIC data as for NO3 and PO4 and the impact of air-sea CO> gas exchange on surface DIC

resulting from seasonal temperature variations (Takahashi et al., 2009).

Regional trends in the indirect estimates of the C/N/P of exported OM were compared to
observed trends in available particle C/N/P data from the Pacific Ocean (60°S to 50°N). The
primary source of particle data is the compilation by Martiny et al. (2014). We imposed a
constraint of a minimum particulate phosphorous (POP) concentration of 10 nM to eliminate
anomalously high N/P and C/P in the subtropical gyres. At the time-series Stn. ALOHA (23°N
153°W) this constraint reduced the mean C/P and N/P by 10% and simultaneously reduced the
variability (SD) by 30%. Particle data from coastal ocean sites were excluded from the Martiny
et al. compilation with the most notable sites being located in the California Current System and
on the Bering Sea shelf. The filtered data set had ~1700 measurements of C/P and N/P and
~6200 measurements of C/N for suspended particles. The spatial coverage in C/P and N/P is
limited to 30°S to 40°N with about half of the observations (~760) occurring at the time series
station ALOHA whereas the C/N data set expanded coverage to 60°S to 50°N. Additionally,
updated C/N/P data was added for suspended particles in the upper 100m (n=190) and sediment
trap material at 150m (n=160) collected at Stn ALOHA between 2000 and 2018 and at Ocean
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Station Papa (OSP, 50°N 145°W) between 1987 and 1996 (Wong et al., 1999) and suspended
material collected in the upper 100m using an in situ filtration method (MULVES) at Stn K2
(47°N 161°E) in the subpolar N. Pacific (Bishop and Wood, 2008). Particle C/P and N/P data
from HOT and SUPERHI sites measured between 2002 and 2012 were corrected for a particulate

phosphorous measurement method artifact (Fujeiki et al., 2015).

Dissolved cadmium (Cd) data measured on the GOSHIP P16 cruises in 2005-2006
(Landing et al., 2019) was used to determine the vertical ACd/APOs in the upper 300m.

2.2 Surface Layer Dissolved DIC, NO3 and POy Budgets

Surface layer nutrient budgets were used to link the C/N/P of exported OM and the
observed gradient ratios of ADIC/ANO3/APOq in the upper 300m. The budget terms included
nutrient input from the physical supply (from advection, mixing, entrainment, eddies, etc.) and
loss from exported OM which includes both particulate and dissolved OM. The NO3 budget had
an additional term representing inorganic nitrogen (N) input from N fixation. The DIC budget
had an additional term representing air-sea CO; exchange which could be either a DIC source or

sink. The expressions for these budgets are as follows.

Z*dPO4/dt = - Export_P + Supply POs (1)
Z* dNOs/dt = - Export N + Supply NOs + N fixation rate 2)
Z* dDIC/dt = - Export_C + Supply DIC + Air-sea CO> gas flux 3)

where ¢ is time, Z represents the surface layer depth, Export represents the export rate of OM and
Supply represents the supply rate of dissolved nutrients by physical processes. It is assumed that
Export N = Export P*(N/P)owm, Export C = Export P*(C/P)owm, Supply NO; =

Supply PO4*(ANO3/APO4) and Supply DIC = Supply PO4*(ADIC/APOs).

The NOs, PO4 and DIC surface layer budgets can be used to estimate the C/N/P of the
exported OM. At steady-state, the following relationships exist between ratio of dissolved
nutrients being supplied (ANO3/APO4, ADIC/APO4, ADIC/ANO3) and the N/P, C/P and C/N of

organic matter being exported.

(N/P)om = (ANO3/APOy) / (1-Fn) 4)
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(C/P)om = (ADIC/APOy) / (1-Fc) (5)
(C/N)om = (ADIC/ANO3) » (1-Fn) / (1-Fc) (6)

Fn equals the fraction of OM exported nitrogen supplied by N fixation and Fc is the fraction of
OM exported carbon supplied by CO; gas invasion (a negative value if CO; gas is evading from
the surface ocean). It is assumed that all other dissolved nutrient inputs and losses to the surface
layer are negligible compared to physical supply and OM export, respectively. Note that when
the N fixation and CO> flux rates are zero then the estimated N/P, C/P and C/N of exported OM
equals the observed supply ratio of ANO3/APO4, ADIC/APO4 and ADIC/ANO3, respectively.

Estimates of the regional trends in the N/P, C/P and C/N of exported OM were
determined from surface layer budgets for DIC, NO3z and PO4 based on equations 4-6. The mean
and standard deviation (SD) of the linear regression-based estimate of ANO3/APOs, ADIC/APO4
and ADIC/ANO;3 in the upper 300m was determined for each 5° latitude band. A random value
of ANO3/APQO4, ADIC/APO4 and ADIC/ANO3 was chosen based on the mean and SD and an
assumed normal distribution. A value for Fc and Fn was randomly chosen over possible range of
0 to 0.9 for each variable and then the N/P, C/P and C/N of export OM was calculated from
equations 4-6, respectively. This procedure was repeated 10,000 times. A subset of solutions
was selected that yielded N/P, C/P and C/N values within the ranges of 7 to 40, 40 to 270 and 5
to 14, respectively, which encompassed 95% (£2SD) of the ranges observed for particles in the
Pacific Ocean (Martiny et al., 2013a and 2013b). A mean and standard deviation for N/P, C/P
and C/N was calculated from the solution subset for each latitude band. Fn was assumed equal
to zero when N* (=NOs3 - 16*PO4 + 2.9) exceeded zero (Deutsch et al., 2001) which coincided
with surface NO; concentration exceeding ~0.3 umol/kg in a latitude band. Although the
possible range for Fn was 0 to 0.9 a maximum value of Fn ~ 0.6 was determined for the subset of
solutions in all latitude bands where N fixation was allowed to occur which agrees well with
inverse model results (Wang et al., 2019). Fc was assumed to vary between 0 and -0.9 between

10°S and 10°N as the equatorial Pacific is a region of CO; evasion (Takahashi et al., 2009).

The calculated C/N/P of exported OM is most sensitive to the observed
ADIC/ANO3/APO4 with the N/P, C/P and C/N equaling the observed ANO3/APO4, ADIC/APO4
and ADIC/ANOs, respectively, when Fc and Fn equaled zero. For latitude bands where Fn and
Fc exceeded zero then the N/P and C/P of the exported OM exceeded the ANO3/APO4 and

10
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ADIC/APOg4 respectively. Contrastingly, in the equatorial ocean the calculated C/P and C/N of
exported OM was less than the ADIC/APO4 and ADIC/ANO3, respectively, because of CO; gas
evasion. The imposed maximum and minimum limits of N/P, C/P and C/N further constrained
the subset of selected scenarios by essentially limiting the range in Fc and Fn. For example, if a
randomly picked value of Fc was 0.9 and the observed ADIC/APO4 was 100 then the calculated
C/P of exported OM for this scenario would equal 1000 and the imposed limit of 270 would
exclude this scenario from selection. The same limits on N/P, C/P and C/N of particles were

applied to all latitude intervals.
2.3 Vertical and Horizontal ADIC/ANO3/APQO4 and Nutrient supply

The ADIC/ANO3/APOy4 used to calculate the C/N/P of exported OM in equations 4-6
ideally represents all physical processes supplying nutrients to the surface layer, e.g. turbulent
mixing, upwelling, surface advection, eddies, etc. The relative importance of horizontal versus
vertical supply of nutrients to the photic layer of the ocean remains an open question. Letscher et
al. (2016) used output from a global biogeochemical model tuned to yield observed nutrient
distributions to indicated that one-third of the dissolved N and two-thirds of the dissolved P in
the surface layer of the subtropical N. Pacific are supplied by horizontal processes although the
circulation model was not eddy resolving. On the other hand, field observations based on
continuous float (Johnson et al., 2010) and seaglider (Nicholson et al., 2008) based O and NO3
data sets at Stn ALOHA indicate that vertical transport of NO3z and O2 by episodic isopycnal
uplift events associated with mesoscale eddies and Rossby waves are a primary mechanism
supplying nutrients to the photic layer in the subtropical ocean. Johnson et al. (2010) concluded
that episodic transport events could supply NOs to the photic layer at a sufficient rate (coupled
with N fixation) to support the observed OM export rate at Stn ALOHA and that within the water
column from the surface to 250m there is near equivalence between nutrient supply and demand.
In the subpolar N. Pacific at OSP Haskell et al. (2020) use multiyear (2009-2017) profiling float
and mooring based NOs, pCO2 and O2 measurements to conclude that turbulent diffusion rates at
the base of the photic layer estimated from heat budgets at OSP (Cronin et al., 2015) supplied
sufficient NO3 and DIC to support annual OM export. The increasing availability of continuous
T, S, NO3, Oz and pCO> measurements provided by floats, moorings and seagliders will

significantly improve estimates of turbulent mixing rates at the base of the photic layer (e.g.,

11



264
265
266
267

268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293

Cronin et al., 2015, Pelland et al., 2018), frequency of isopycnal displacement events (e.g.,
Nicholson et al., 2008; Johnson and Riser, 2010) and yield highly resolved vertical gradients of
NOs3, DIC and O in the upper ocean (e.g. Haskell et al., 2020) which together will help answer

the question about importance of vertical versus horizontal nutrient supply in the surface ocean.

The key issue is how well the ADIC/ANO3/APO4 determined from depth gradients in the
upper 300m represents all processes supplying dissolved inorganic nutrients to the surface layer.
If the ADIC/ANO3/APO4 measured on depth gradients in the upper 300m is similar to the
ADIC/ANO3/APO4 determined from horizontal concentration gradients in the surface layer, then
both horizontal and vertical processes supplying nutrients will be accurately represented in
equations 4-6. A comparison of nutrient gradient ratios focuses on ANO3/APO4 because of the
variability issues with surface ADIC/APO4 and ADIC/ANOj concentration gradients, discussed
above. The vertical [ANO3/APO4], over the upper 300m is determined by averaging nutrient
depth gradients measured during several P16 cruises over 5° latitude band (Fig. S1). The
horizontal meridional and zonal concentration gradient ratios in the surface layer [ANO3/APO4]n
are determined from observed NO3 and PO4 concentrations based on the GLODAP data
compilation (Olsen et al., 2016). A comparison between the observed [ANO3/APO4], and
[ANO3/APO4]n show clear regional trends (Fig. 2). One notable observation is that in the
subpolar and equatorial oceans where there are significant surface PO4 and NOs3 concentrations
the [ANO3/APOs]n at 164 1s indistinguishable from [ANO3/APQO4], at 17£1. This is important
because it implies that [ANO3/APO4], should adequately represent both vertical and horizontal
supplies of NO3 and POq to the surface layer in these regions. Another notable observation is
that the horizontal surface transport of PO4 (and NOs3) in the subtropics is near zero because of
the very low concentrations of dissolved PO4 (and NOs3) in the surface layer (Fig. 2). The
horizontal advective PO4 (and NOs3) transport in the surface layer was determined by multiplying
meridional and zonal components of advective velocities based on ARGO (2001-2013
climatology) by the meridional and zonal PO4 (and NO3) gradients from GLODAP climatology
and averaging zonally between 180°W and 130°W and over 5° latitude bands. The implication
is that vertical supply of nutrients by turbulent mixing, upwelling, and eddy pumping (as
discussed above) should dominate and be accurately represented by [ANO3/APQOy4]; in the

subtropics. That local vertical nutrient supply dominates over horizontal nutrient supply in the

12
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subtropical Pacific Ocean agrees with the field-based studies at Stn. ALOHA but not the

modeling results, discussed above.

Results and Discussion

3.1 Regional Trends in Dissolved ADIC/ANO3/APO4 and C/N/P of Exported Organic Matter

There are clear regional trends in the dissolved ANO3/APO4, ADIC/APO4 and
ADIC/ANO3 across the Pacific Ocean (Fig. 3). The ANO3/APO4 has minima (~14) in the
subtropics and maxima (~18) in subpolar regions. The ADIC/APO4 has minimum in the
subtropical N. Pacific (~80) and a maximum in the subtropical S. Pacific (~180) as does
ADIC/ANOs at ~5 and 12, respectively. There are clear regional trends in the budget-based
estimates of the N/P, C/P and C/N of exported OM yet they are distinct from the ANO3/APOs,
ADIC/APQO4 and ADIC/ANOs trends (Fig. 3). The estimated exported N/P ranges from ~16 to 22
with a minimum at the equator and maxima in the subtropics. Notably, the exported N/P

significantly exceeds the ANO3/APQOys in the subtropics but equals ANO3/APOs in the equatorial

20 . . 0.8

16 +¢ o \ s g s 0.6

0.2

ANO3/APO4
(mmolP/m2/d)

Surface PO4 (umol/kg) and Horiz PO4 Flux

0 - -0.2
60S 50 40 30 20 10 0 10 20 30 40 50 60N
Latitude

— = Depth ANO3/APO4 ® Zonal ANO3/APO4 Meridional ANO3/APO4
----- Surface PO4 Horix PO4 FIx

Figure 2. Regional trends in the mean observed vertical [ANOs/APQ4]. based on depth concentration gradients
in the upper 300m and horizontal surface [ANO3/APQa] based on meridional and zonal surface nutrient
concentration gradients using the GLODAP data compilation (Olsen et al., 2016) averaged between 170°W and
130°W and over 5° Iatitude intervals. Surface advective PO4 flux (mmol P/m?/d) is based on meridional and
zonal surface PO4 gradients and current velocities from a gridded ARGO data climatology.

and subpolar regions. The estimated exported C/P ranges from ~90 to 220 with maxima in the

subtropical S. Pacific and a minimum in the equatorial region and exceeds the ADIC/APO4
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everywhere except in the equatorial region. Similarly, the estimated exported C/N ranges from
~7 to 10 with maximum in the subtropical S. Pacific and a minimum in the equatorial region and
exceeds the ADIC/ANO; poleward of ~30°. The estimated exported N/P, C/P and C/N exceed
Redfield (106:16:1) everywhere except in the equatorial region.

The question arises why the budget-based estimates of exported N/P, C/P and C/N differ
from the observed ANO3/APOs, ADIC/APO4 and ADIC/ANO3 of nutrients supplied to the surface
layer, respectively. The simplest steady-state surface layer budget situation would be where the
supply of dissolved nutrients by physical processes is exactly balanced by the loss of those
nutrients in exported OM which would imply that the N/P, C/P and C/N of exported OM equals
the ANO3/APOs, ADIC/APO4 and ADIC/ANOs supplied, respectively. However, two processes
alter this simple situation and can cause the C/N/P of exported OM to differ significantly from
the ADIC/ANOs3/APOg4 supplied. First, nitrogen (N) fixation is a source of inorganic nitrogen.
Second, air-sea CO» gas exchange can be either a source (invasion) or sink (evasion) of DIC.
The occurrence of N fixation implies that the N/P of exported OM exceeds the ANO3/APO4
being supplied at steady-state. Similarly, air-sea CO; invasion (evasion) implies that the C/P of
exported OM is greater than (less than) the ADIC/APO4 being supplied. The quantitative
relationships between ADIC/ANO3/APO4 being supplied, C/N/P of exported OM, N fixation and
air-sea CO2 exchange are shown in equations 4 - 6. For example, if N fixation supplied an
amount of inorganic N equal to the NO3 being supplied by physical processes, then the N/P of
exported OM would be double the NO3/POg4 being supplied. Likewise, if air-sea COz invasion
contributed an equal amount of DIC as being supplied by physical processes then the C/P of
exported OM would be double the DIC/PO4 being supplied. To reiterate, the surface layer
nutrient budgets assume any sources or sinks of inorganic nutrients other than those related to
physical supply, N fixation and CO- gas flux are negligible in the upper 300m of the Pacific

Ocean.

To be clear the C/N/P of the exported OM controls the ADIC/ANO3/APO4 being
supplied, that is, the depth and horizontal surface gradient ratios for dissolved ADIC/ANO3/APO4
being supplied by physical processes adjust to the C/N/P of exported OM and the rates of OM
export, N fixation and air-sea CO» exchange. The C/N/P of the plankton can vary substantially
depending on the specific phytoplankton species, growth rates, growth limitations imposed by
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availability of NOs, POg, light, iron, etc., the abundances of macromolecules (proteins, lipids,
carbohydrates) required to support photosynthesis rates and for energy or nutrient storage, etc.
(e.g., Geider and La Roche, 2002; Agren, 2004; Klausmeier et al., 2004). The substantial
variability of particle C/N/P in the surface ocean is illustrated by the five-fold range observed in
C/P and N/P for suspended particles in the data set compiled by Martiny et al. (2014) and by the
two-fold range in N/P (15-30) and C/P (100-200) measured on suspended particles in the surface
layer at Stn. ALOHA over ~20 years (Fig. S2). The same overall mean C/N/P of 145/20/1 was
observed by Martiny et al. and at Stn ALOHA (2000-2018) which is significantly greater than
Redfield and underscores the point that the classical Redfield ratio does not represent an optimal
C/N/P of phytoplankton but an average composition. Because the C/N/P of plankton varies
substantially it is difficult to characterize the annual mean C/N/P of particles based on short-term
direct measurements especially in regions with strong seasonality in primary production rates,
nutrient availability, phytoplankton species, etc. A further complication is the role of exported
dissolved organic matter (DOM) which on average contributes about 20% of the exported OM
(Hansell et al., 2007). Because the DOM pool has both refractory and labile components the
C/N/P of the exported and subsequently degraded labile DOM in the upper 300m can differ
significantly from the C/N/P of bulk DOM in the surface layer (Hopkinson and Vallino, 2005).
Hopkinson and Vallino measured the C/N/P of the labile component of the DOM at three coastal
sites and at Stn ALOHA and found a consistent C/N/P of 199/20/1. A model-based study of the
C/N/P of labile DOM yielded a similar value of 225/19/1 for labile DOM needed to best match
the observed DOM distribution in the ocean (Letscher et al., 2015). If these results are
representative ocean-wide then the impact of labile DOM export on the C/N/P of exported OM
would be greatest in the subpolar and equatorial regions where the C/N/P of labile DOM differs
most from the C/N/P of the particles and least in the subtropical gyres where the C/N/P of labile
DOM is similar to the C/N/P of particles (Fig. 3), as discussed below.

There are several advantages of estimating the C/N/P for exported OM based on the observed
dissolved gradient ratio of ADIC/ANO3/APOys in the upper ocean. The ADIC/ANO3/APO4
integrate over the ventilation time of these shallow waters (a few years) and thus provide longer
term estimates of the C/N/P of exported OM which avoids the problem of temporal variability in
direct measurements of the C/N/P of OM. The estimate of exported C/N/P represent all
processes that export OM (e.g., particle sinking, transport of DOM, diel migration of
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zooplankton, etc.) and avoids the issue of whether the measured C/N/P of suspended particles
accurately represents the C/N/P of exported OM. The budget-based method relies directly on
observations and doesn’t require biogeochemical model output which avoids possible model
biases. Because high quality dissolved nutrient data is available on global scales through the
GOSHIP program the C/N/P of exported OM potentially can be indirectly estimated across all
ocean basins. Lastly, the same approach can be applied to bioactive trace elements being
measured by the GEOTRACES program to estimate the TE/C/N/P of exported OM, as illustrated

below.
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Figure 4. Regional trend in the fraction of exported organic nitrogen supported by nitrogen fixation determined
from the NOs budget (Fn in eq. 4) and nitrate concentration in surface layer along ~150°W in the Pacific Ocean.

3.2 Impact of N fixation and Air-Sea CO: Exchange on ADIC/ANO3/APQOy

N fixation in the subtropics causes the N/P of exported OM to exceed the ANO3/APOg4
being supplied. At Stn. ALOHA in the subtropical N. Pacific Karl et al. (1997) determined that N
fixation contributed 32-48% of exported organic N based on a NO3z budget approach and the
81N of exported particles. Using nutrient depth profiles measured monthly at Stn ALOHA
between 2010 and 2018 yields an observed ANO3/APOgs of 14.2+1.7 measured over 300m which
when combined with the measured N/P of 21+5 for suspended particles and 24+8 sediment trap
during the same time interval indicate that N fixation would support 33-43% of the exported
organic N in good agreement with the Karl et al estimate. Combining the budget based

estimated Fn of 0.38+0.11 and 0.30+0.08 for the subtropical S. and N. Pacific (Fig. 4),
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Figure 3. Regional trends in the observed ANO3/APO4 (top), ADIC/APO4 (middle) and ADIC/ANOs (bottom)
measured in the upper 300m, budget-based estimates of N/P, C/P and C/N for exported organic matter and
observed N/P, C/P and C/N for particles. Error bars represent +1 SD of mean values averaged over 5° latitude
bands. Particle data from global compilation (Martiny et al., 2014), samples collected at Stn K2 (Bishop and Wood,
2008) and multiyear samples collected at ALOHA and OSP (Wang et al., 1999).
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respectively, with observed OM export rates of ~1 and 2.5 mols C/m?/yr, respectively, for these
regions (Quay et al., 2020) and an average C/N of 8.0 for exported OM (Fig. 3) yields an
estimated total N fixation rate of 79+38 Tg N/yr for the Pacific Ocean which lies midway
between the independent estimates of 59+14 Tg/yr based on observed denitrification rate and
NOs depth distributions (Deutsch et al., 2001) and inverse model estimates of 101+30 Tg/yr
(Wang et al., 2019).

In all regions of the Pacific, except near the equator, the estimated exported C/P

significantly exceeds the ADIC/APO4 whereas near the equator the estimated C/P is lower than
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Figure 5. Regional trends in the fraction of organic carbon export supported by air-sea CO; flux (Fc in eq. 5).
A negative value occurs when there is net COz gas evasion from the surface ocean.

ADIC/APOQOq4 (Fig. 3). This regional trend is a result of air-sea CO2 gas invasion. Net CO; gas
invasion is observed for most regions of the Pacific Ocean except the equatorial region where net
CO; gas evasion is observed (Takahashi et al., 2009). The budget approach expresses air-sea
CO2> flux as a fraction of the exported organic C (Fc in eq. 5) and estimates of Fc are obtained
from the budget scenarios that yield the observed ADIC/ANO3/APO4 each latitude band, as
discussed above. There is a clear region trend in Fc with maxima in the subtropics at ~0.4 and
minima in the equatorial region at ~ -0.3 (Fig. 5). In the subtropical N. Pacific, where the
estimated C/P of exported OM at 160+42 exceeds the ADIC/APO4 being supplied at 91+6 and
requires a Fc of 0.43+0.11 which compares well to previous independent Fc estimates of 0.31-
0.43 at Stn ALOHA based on multi-year DIC budgets (Quay et al., 2003; Keeling et al., 2004).
In the equatorial region, in contrast to the subtropics, the observed ADIC/APOy4 at 134+8 being
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supplied is greater than the estimated exported C/P at 109421 which is a result of air-sea CO»
evasion and requires an Fc of -0.26+0.06. The regional trends in exported C/N and ADIC/ANO3
have similar patterns to those for C/P and ADIC/APO4 except in the subtropical S. Pacific, where
the estimated exported C/N is less the ADIC/ANO3 being supplied. In this region, the relative
impact of N fixation on N/P export (Fn=0.38) exceeds the relative impact of CO> invasion on
C/P export (Fc=0.24) which causes the ADIC/ANO3 being supplied to exceed the C/N of
exported OM (see eq. 6).

3.3 Comparison Between Budget Estimated and Observed C/N/P of Particles

Overall, the regional trend in the estimated N/P, C/P and C/N of exported OM agrees
with the available observed particle C/N/P which show subtropical maxima and an equatorial
minimum (Fig. 3). The estimated exported N/P and observed particle N/P have subtropical
peaks at 2246 and 21+4, respectively, that are primarily a result of the high N/P at 20-35 for
cyanobacteria including diazotrophs (Martiny et al., 2013; Letelier and Karl, 1998) and at 20 for
labile DOM (Hopkinson and Vallina, 2005). The estimated exported N/P and observed particle
N/P have equatorial minima at 16+1 and 1745, respectively. A similar subtropical maximum
and equatorial minimum for the N/P of exported OM was determined by Weber and Deutsch
(2010) based on model calculations which showed that high N/P (~20) in subtropics and low
values in equatorial (~16) and subpolar regions (~10) yielded a better match to observed NOs
distribution in ocean than a constant N/P at Redfield. The inverse relationship between
estimated N/P and surface NO; concentration is expected based on the theory that phytoplankton
should exhibit low N/P under optimal growth conditions and high N/P under limited growth
conditions (Klausmeier et al., 2004) and observations of Geider and La Roche (2002) that
phytoplankton exhibited the lowest N/P in nutrient replete conditions and highest N/P under

oligotrophic nutrient deficient conditions.

The estimated exported and observed particle C/P and C/N have maxima in the
subtropics and a minimum in the equatorial region (Fig. 3). In the subtropics, the estimated
exported C/P at 177440 agrees with the observed particle C/P at 157+40 as does the C/N for
estimated exported OM at 8.2+2.4 and observed particles at 7.6+1.9. The high C/N/P for
particles and exported OM is likely a result of the dominance of cyanobacteria in these nutrient

depleted subtropical regions. Martiny et al. (2013) measured a C/N/P for Prochlorococcus at
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235/35/1 and Synechococcus at 161/25/1 and Letelier and Karl (1998) measured a C/N/P at
271/42/1 for Trichodesmium. Similarly, the mean C/P of 145(£33)/21(+5)/1 is measured for
suspended particles (<100m) at Stn ALOHA (2000-2018) where Prochlorococcus dominates
(Campbell and Vaulett, 1993). It is worth noting that the C/N/P of material collected in sediment
traps at ~150m at Stn ALOHA (2000-2018) at 190(£62)/25(£8)/1 is significantly higher than the
C/P of suspended particles. This observation raises the question of how well the elemental
composition of suspended particles in the photic layer represents exported particles. A C/N/P of
154/18/1 was measured for labile DOM in the surface layer at Stn ALOHA (Hopkinson and
Vallino, 2005). In the equatorial region the estimated exported C/N/P of 109(£21)/16(%1)/1 is
and observed C/N/P for particles at 126(+36)/17(%5)/1 are significantly lower than in the
subtropical gyres, closer to the Redfield ratio and likely a result of increased contribution to

exported OM by eukaryotes for which Martiny et al. (2013) measured a C/N/P of 107/16/1.

The largest discrepancy between budget-based C/N/P of exported OM and observed
C/N/P of suspended particles possibly occurs in the subpolar N. and S. Pacific. Unfortunately,
there are no particle C/P or N/P data for the nutrient replete subpolar S. Pacific (south of 40°S)
and all the particle data north of 40°N is from the Bering Sea shelf region (<100m) based on the
data compiled by Martiny et al. (2014). Studies in the Gulf of Alaska have shown clear
differences in phytoplankton community structure, growth rate, cell size and species composition
between on- and off- shelf regions that are consistent with a gradient in iron availability (e.g.,
Strom et al., 2006). For this reason the particle data from the Bering Sea shelf region, where the
mean C/N/P is 86/11/1, may not be representative of the particle C/N/P in the subpolar Pacific
Ocean south of the Aleutian Islands where the budget based C/N/P of exported OM was
estimated and iron limitation of productivity is important (Harrison et al., 1999). However, there
are a few possible factors to explain why the C/N/P of exported OM would be significantly
greater than the C/N/P of suspended particles in the subpolar N. Pacific. First, the C/N/P of the
exported particles may be different from the suspended particles as Wong et al. (1999) observed
at OSP (50°N 145°W) where the C/N of organic material collected in sediment traps (150-200m)
at 9.5 was significantly higher than the C/N measured on suspended particles in the surface layer
at 6.2 based on data collected over multiple years. Second, exported DOM could significantly
increase the C/N/P of exported OM as Hopkinson and Vallini (2005) measured a consistent
C/N/P of 199/20/1 for labile DOM at both coastal and oligotrophic sites. In nutrient replete
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regions where fast sinking diatoms or coccolithophores are a significant component of the
exported particles the impact of their degradation on the ADIC/ANO3/APOs in the upper 300m
would be reduced. In this situation, the export and degradation of labile DOM in the upper 300m
would be more important and shift the observed ADIC/ANO3/APO4 towards 199/20/1. Haskell
et al. (2020) came to a similar conclusion at OSP, based on multiyear (2009-2017) float and
mooring based photic layer NO3; and DIC budgets, that an observed decrease in the C/N of
exported OM with increasing depth was likely the result of a shift from DOM to particle
degradation. Haskell et al. estimated that a C/N of 8.843.5 for exported OM from the photic
layer was needed to explain the observed annual cycles of DIC and NO3 at OSP which
significantly exceeded the C/N of 5.5+0.2 measured for suspended particles at OSP.

The situation in the subpolar S. Pacific is different from the subpolar N. Pacific. The
estimated mean exported C/N/P at 145/17/1 south of 40°S (Fig. 3) is significantly greater than
the C/N/P for particles of 73/13/1 collected in the subpolar (40°-60°S) Indian Ocean (Martiny et
al., 2014). Although the explanations for the difference between estimated and observed C/N/P
discussed above for the subpolar N. Pacific could apply in the subpolar S. Pacific there is an
alternative explanation that seems more likely. If the majority of nutrients supplied vertically in
the subpolar S. Pacific are not consumed by OM export but are removed by surface advection of
dissolved nutrients, then the C/N/P of exported OM would be poorly constrained by the observed
ADIC/ANO3/APQO4. Support for this explanation comes from the magnitude of estimated
horizontal advective transport of dissolved NOs in the surface layer in the subpolar S. Pacific
(mainly equatorward) which at 3.0+0.4 mmol N/m?/d represents a ~4x greater loss than the
organic N export rate estimated at ~ 0.8+0.3 mmol N/m?/d in this region (Arteaga et al., 2019).
In this situation the budget approach applied here would not yield useful estimates of the C/N/P
of exported OM because the impact of the C/N/P of exported OM would have only a minor
effect on the vertical (and horizontal) ADIC/ANO3;/APO4 gradient ratio. Thus, the subpolar S.
Pacific appears to be a region where the observed dissolved nutrient distributions (even in the
upper 300m) are minimally affected by degradation of OM matter exported locally and instead
are largely controlled by external processes, i.e., nutrient composition of upwelling water. The
situation in the subpolar N. Pacific is different because of the horizontal surface advective flux of
NOs at 0.1+1.1 mmol N/m?/d is lower than the estimates of OM export at ~0.6:0.2 mmol N/m?*/d
(Haskell et al., 2020). Thus, in the subpolar N. Pacific the dominant nutrient loss term should be
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OM export and the budget-based method should provide useful estimates of C/N/P. A
difference between the estimated C/N/P of exported OM and observed particle C/N/P in the

subpolar N. Pacific would require other explanations, as discussed above.
3.4 Variability in C/N/P of the ocean’s biological pump

The appropriate C/N/P to describe the ocean’s biological pump depends on the depth
horizon of interest. If one is interested in the OM being exported at the base of the photic or
mixed layer then there are large regional variations in the C/N/P. A consistent result in the
subtropical Pacific Ocean is that the C/N/P of exported OM based on nutrient budgets (mean of
177/22/1) and observed suspended particles (mean of 157/21/1; Martiny et al., 2014)
significantly exceed Redfield (106/16/1) (Fig. 3). The likely reasons are the dominance of
cyanobacteria and diazotrophs in these regions of the Pacific Ocean with both species having
high C/N/P in the 160/25/1 to 240/40/1 range (e.g., Martiny et al., 2013; Letelier and Karl, 1998)
and the contribution by exported labile DOM with a C/N/P of ~200/20/1 (Hopkinson and Vallini,
2005). In the equatorial Pacific the estimated C/N/P of exported OM at 109/16/1 and observed
particle C/N/P at 126/17/1 is significantly lower than in the subtropics and closer to Redfield. In
nutrient replete regions a higher proportion of the phytoplankton pool is comprised of eukaryotes

with a lower C/N/P of ~ 107/16/1 (Martiny et al., 2013).

As the depth horizon of interest gets deeper the regional variations in the C/N/P of the
biological pump decrease for a couple of reasons. First, the contribution of small phytoplankton
with slow sinking rates and labile DOM with short turnover times and high C/N/P to the
degrading pool of OM decreases with depth whereas the contribution of larger and faster sinking
particles with lower C/N/P increases. This trend increases the weighting of the C/N/P of OM
being degraded to nutrient replete regions where larger phytoplankton were exported as depth
increases. This effect was observed during VERTEX where at the subtropical Stn. ALOHA
~75% of the particles were degraded in the upper 300m whereas at subpolar Stn. K2 this fraction
decreased to 50% (Martin et al., 1987). Similarly, inverse model results indicate that the fraction
of surface particle flux present at 1500m is 3-4x greater in the subpolar regions compared to
subtropical regions with the primary controlling factor being particle size (Weber et al., 2016).
Second, the effects of water mass mixing increase with depth as water parcels ages increase.

Along isopycnal mixing integrates regional variations in C/N/P of exported OM on the dissolved

22



530
531
532
533
534
535
536
537
538

539

540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559

nutrient distribution and expands the spatial extent of the impact of degradation of OM exported
from nutrient replete (equatorial and subpolar) regions across the main thermocline of the ocean.
In this sense, the Redfield ratio yields a large phytoplankton and nutrient replete regionally
biased view of the ocean’s biological pump which represents the exported OM reaching the main
thermocline (500-1500m) but does not accurately represent the C/N/P of OM being exported
from the photic layer. The shallow recycling of OM with high C/N/P has a potentially important
impact on CO; sequestration. Although a high C/N/P of exported OM increases the efficiency of
carbon sequestration, the shallow degradation of this OM (<300m) and short ventilation times of

this surface layer would significantly shorten the time scale of the CO» sequestration gain.
3.5 Applying the Budget Approach to Trace Element Composition of Exported OM

To evaluate whether the principle of a budget-based approach could be used to establish
the link between the bioactive trace element composition (TE/C/N/P) of exported organic matter
and the dissolved trace element gradients in the upper ocean it was applied to Cadmium (Cd).
The ratio of dissolved Cd to PO4 depth gradients in the upper 300m (ACd/APOs) was determined
based on dissolved Cd and PO4 measurements during GOSHIP P16 cruises in 2005/6 (70°S to
60°N along ~150°W) in the Pacific Ocean (Landing et al., 2019). The vertical dissolved
ACd/APQg4 is assumed to represent the physical supply ratio to the photic layer analogous to
ADIC/ANO3/APOs. If there were no other significant sources of Cd or PO4 to the surface ocean
(e.g., atmospheric deposition) and exported OM was the only sink for dissolved Cd and PO4 then
the Cd/P of exported OM would equal the ACd/APO4 being supplied at steady-state, i.e,
analogous to the situation where the estimated N/P of exported OM equals the dissolved ANOs/
APO4 being supplied when Fn=0 (see eq. 4). There are clear regional trends in the dissolved
ACd/APO4 with subtropical minima and equatorial and subpolar maxima (Fig. 6) that are similar
to the trends observed previously (Quay et al., 2015). Assuming any external sources of Cd and
POy are negligible in the upper 300m then the meridional trend in dissolved ACd/APOg4
represents the trend in Cd/P of exported OM and this trend can be compared to the observed
Cd/P of particles measured in the photic layer using samples collected by the MULVFS method
at a few sites in the Pacific Ocean (Bourne et al., 2018). The observed particle Cd/P shows a
subtropical minima and equatorial and subpolar maxima similar to the estimated Cd/P of

exported OM trend with values that agree well in the subtropics. The higher particle Cd/P
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observed in nutrient replete regions has been previously reported and attributed to several
mechanisms (e.g., species composition, Fe limitation, phytoplankton growth rate, Zn availability,
etc., see Bourne et al., 2018). However, the observed particle Cd/P data are significantly higher
than the budget-based estimated Cd/P of exported OM in the nutrient replete regions. There is a
tendency for the large particles (>51um) to have lower Cd/P which agrees better with the
dissolved ACd/APOs and raises the question of how well the Cd/P of total suspended particles
represents the Cd/P of exported organic matter. One explanation of the difference in Cd/P for
suspended particles versus exported OM would require preferential recycling between particulate

and dissolved Cd compare to phosphorous within the euphotic zone. Another possible factor is
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Figure 6. Regional trends in the dissolved ACd/APOQ4 depth gradient ratio (nM/uM) in upper 300m based on
measurements during GOSHIPS P16 cruises along 150°W (2005-06) by Landing et al. (2019) and measured
Cd/P (nmol/umol) of particles (<51u and >51y size classes) in upper 100m collected by the MULVFS method
in the Pacific Ocean (Bourne et al., 2018).

the potential impact of exported DOM which could contribute to a difference between the Cd/P
of exported OM and suspended particles. It is worth reiterating that estimating the TE/P of
exported OM from the observed dissolved ATE/APQOs, as done here for Cd/P, has the advantage
of providing a multi-year estimates and avoiding the issue of temporal variability in particulate
TE/P which makes it difficult to use single cruise measurements of particulate TE/P to accurately
represent the mean value for a region. Additionally, for bioactive TEs that can have external
inputs to the surface ocean then a significant difference between measured TE/P of exported OM

and supplied ATE/APO4 could be used to constrain the magnitude of the external inputs.
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3. Conclusions

The scarcity of measurements of the elemental composition of exported organic matter
from the surface ocean yields a substantial gap in a fundamental characteristic of the ocean’s
biological pump and our understanding of how the dissolved nutrient and trace element
distributions in the upper ocean are impacted by organic matter export and degradation. Here a
new approach based on surface layer DIC, NO3z and PO4 budgets was used to establish the link
the C/N/P of organic matter being exported and degraded and the measured distributions of
dissolved nutrients in the upper 300m of the Pacific Ocean. The nutrient budgets provide a
means to estimate the C/N/P of exported organic matter indirectly based on the ratio of measured
gradients of dissolved nutrients which potentially could overcome the lack of measured organic
matter composition data. The surface layer nutrient budgets indicate that three primary factors
controlling regional variations in the dissolved DIC, NO3 and POj distributions in the upper layer
of the ocean, that is, the C/N/P of exported organic matter, presence of nitrogen fixation and air-
sea CO> gas exchange. Using the same approach, a surface layer budget for the bioactive trace
element Cd was used to estimate regional trends in the Cd/P of exported OM based on the trends

in the ratio of measured dissolved Cd and PO depth gradients in the upper layer of ocean.

The generally good agreement between the regional variations in budget-based estimates
of the C/N/P for exported OM and available particle C/N/P measurements in the Pacific Ocean
encourages application of the method to other ocean basins using the availability of high-quality
nutrient and trace element data provided by the GOSHIP and GEOTRACES programs. The
observed regional trends in the dissolved ATE/ADIC/ANO3/APOs in the upper ocean should be a
useful metric for evaluating the parameterization of organic matter export and degradation in
ocean biogeochemical models. The observation-based results presented here for the Pacific
Ocean support the findings of several modeling studies and underscore the importance of
regional variability in the C/N/P of exported OM as a fundamental characteristic of the ocean’s
biological pump that has a major impact on regional variations in the dissolved nutrient

distributions in the upper ocean.
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Figure S1. The regional trends in ratio of concentration depth gradients of ANO3/APO4 (top), ADIC/APO4
(middle) and ADIC/ANO3 (bottom) in the upper 300m using dissolved nutrient data from the reoccupation of
individual GOSHIP-P16 cruises (along ~150°W) between 1991 and 2015. Black line is average of all cruises.
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Figure S2. The N/P (top) and C/P (bottom) measured on suspended particulate organic matter collected in the
upper at 100m at Stn ALOHA (23°N 153°W) between 1992 and 2018 and sorted by month. Particle elemental
data for Stn. ALOHA was obtained via the Hawaii Ocean Time-series HOT-DOGS application.

32




