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Abstract Diapycnal mixing supplies nutrients to the euphotic zone, which in oligotrophic regions may
substantially support rates of new production. However, the consensus view that diapycnal nutrient fluxes
support new production within the entire euphotic zone is challenged by deep living autotrophs that likely
consume some, if not all, of the diapycnal flux at depth. Quantifying how much of the diapycnal nitrate flux is
trapped by biological consumption immediately above the nitracline remains challenging and the implications
of nutrient trapping for comparisons of cross-nitracline diapycnal fluxes with euphotic zone integrals of new
production remains unclear. It is increasingly important therefore to determine where in the euphotic zone the
diapycnal flux has impact. In this study, a simple assessment is presented of the strength of the “nutrient trap,”
which is attributed to picoeukaryotes, a widely distributed group of autotrophic picoplankton found in the
subtropical and tropical ocean. This study finds significant potential for the total consumption of diapycnal
nutrient fluxes within a few meters of the nitracline, thus largely negating the significance of vertical diffusive
fluxes for processes occurring at shallower depths. These results suggest that the significance of diapycnal
nutrient fluxes for integrated productivity estimates is lower than generally assumed. Yet, although diapycnal
fluxes cannot be entirely discounted from nutrient budgets due to seasonality in the consumption of such fluxes
at depth, this likely makes harder current modeling efforts to constrain future ocean productivity where
predictions of increased stratification generally favor greater reliance upon the diapycnal pathway to support
production.

Plain Language Summary The study of nutrient supply pathways to surface waters of the remote
tropical and subtropical ocean assumes a background contribution from diffusion, though the magnitude and
variability of this process remains insufficiently quantified. Some studies argue that weak vertical nutrient
gradients preclude diffusivity as a contributor to upper ocean nutrient pools leading to questions over where in
the surface ocean diffusive nutrient supplies have their greatest impact. Here, we demonstrate that this
speculative assumption may be correct and that picoeukaryotes, a widely distributed group of photosynthetic
organisms known to favor conditions of low light and moderate nitrate concentrations are capable of consuming
(“trapping”) diffusive nutrient fluxes at depth isolating surface waters from deeper ocean nutrient reservoirs.
That picoeukaryotes emerge as having a controlling influence on diffusive nutrient fluxes to overlying waters
and at times completely consuming them is significant because numerical model-based predictions of future
ocean productivity suggest increased reliance upon diffusion as other nutrient supply pathways are weakened by
increased stratification in a warmer world. However, higher temperatures also increase metabolic processes and
may influence picoeukaryote nutrient demand further impacting deeper nutrient gradients, picoeukaryote
demand for nitrate, diffusive flux magnitudes, and ultimately productivity trends in subtropical waters.

1. Introduction

The diapycnal flux of nutrients across the oceanic nutricline into the euphotic zone is often considered to be a
continuous nutrient supply pathway supporting new production yet the magnitude and variability of this supply
term is still poorly known (Fernandez-Castro et al., 2014; Mourifio-Carballido et al., 2021). Under steady-state
assumptions, and within experimental errors, diapycnal nitrate fluxes in low-latitude regions may balance
phytoplankton nitrate demand across the euphotic zone (Lewis et al., 1986). Although the wider applicability of
this broad equivalence for new production estimates has weakened with time particularly given the identification
and significance of alternative nutrient supply pathways (nitrification (Clark et al., 2008, 2022; Yool et al., 2007),
nitrogen fixation (Mahaffey et al., 2005; Moore et al., 2009), atmospheric deposition (Baker et al., 2003, 2006,
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2007, 2013; Jickells et al., 2016)), more recent studies have instead emphasized that nitrate fluxes remain a critical
factor controlling picoplankton community structure (Mourifio-Carballido et al., 2016; Otero-Ferrer et al., 2018;
Villamaia et al., 2019).

Yet, it has still to be determined where in the euphotic zone diapycnal nutrient fluxes have their greatest impact
and for the subtropical ocean whether comparison to nutrient uptake rates integrated across an oligotrophic water
column is valid. Indeed, Karl (2010) noted that “the near-zero nutrient concentration gradient observed in the
upper 100 m of the water column suggests that continuous vertical nutrient flux cannot be the primary source of
dissolved nutrients to the upper euphotic zone.” One interpretation of this statement is that diffusive fluxes are
vertically limited in their impact. Separately, observations of a seasonal oscillation in the depth and gradient of the
oceanic nitracline in response to changes in irradiance (Letelier et al., 2004) are suggestive of a controlling
biological mechanism operating in the vicinity of the nitracline. This oscillation of the nitracline depth upwards
toward the sea surface in winter and downwards away from the sea surface in summer with corresponding
changes to the nitracline gradient (weaker in winter, stronger in summer) and coincident movement of the deep
chlorophyll maximum (Karl et al., 2021) suggests a role for autotrophic organisms in the movement of the
nitracline and thus in the consumption of nitrate at depth. Recently, Xing et al. (2023; and references therein)
highlighted the dual roles of irradiance and nitracline depth in influencing the depth and picoplankton community
diversity of the deep chlorophyll maximum, a ubiquitous feature of the subtropical ocean (Robinson et al., 2006),
closely implying that there are ecologically significant feedbacks associated with the irradiance-driven seasonal
movement of the nitracline and associated change to diapycnal nutrient fluxes that likely impact nutrient supply to
the upper euphotic zone.

It follows therefore that changes to NO5;~ consumption must occur if the nitracline depth moves vertically and if
the nitracline gradient changes. High resolution observations of NO;™ uptake at the nitracline however remain
limited but appear to show that rates exceed in situ productivity requirements implying that nitrogen and carbon
assimilation are decoupled with the potential for a nitrate sink at the base of the euphotic zone (Painter et al., 2007)
potentially driven by autotrophic picoeukaryotes (Painter et al., 2014). Picoeukaryotes are notable for displaying a
deep abundance maximum in subtropical waters and can make significant contributions to the deep chlorophyll
maximum (Zubkov, Sleigh, & Burkill, 2000; Zubkov, Sleigh, Burkill, & Leakey, 2000 Tarran et al., 2006).
Picoeukaryotes (most likely heterotrophic) are also distributed widely throughout the deep ocean (Giner
et al., 2020; Junger et al., 2023). As picoeukaryotes respond strongly to nitrate availability (Fernandez-Gonzalez
et al., 2022), have high affinity for NO;~ (Fawcett et al., 2011; Flombaum et al., 2020), and have previously been
implicated in nitrate uptake deep in the euphotic zone (Painter et al., 2014), they are therefore a key group to
consider when assessing whether deep-living phytoplanktons have the potential to trap or significantly modify
diapycnal nutrient fluxes, thereby impacting productivity in the waters above. Previous studies have indicated that
it is both feasible and highly likely that phytoplankton associated with the deep chlorophyll maximum consumes
the cross-nitracline nitrate flux severing the link between deeper oceanic nutrient reservoirs and the upper
euphotic zone (e.g., Anderson, 1969; Banse, 1987; Jamart et al., 1977). This premise, however, has never been
satisfactorily investigated in an empirical sense and it remains unclear if the biological nutrient trap is an efficient
and absolute sink for diapycnal nutrient fluxes, invalidating the diffusive flux as a critical source of nitrate to the
upper euphotic zone (Karl, 2010), or whether the biological nutrient trap is inefficient or “leaky” allowing a
proportion of the cross nitracline flux to potentially reach the upper ocean where it remains relevant for new
production (Lewis et al., 1986).

The objectives of this study are to provide a simple proof of concept that biological regulation of diapycnal
nutrient fluxes is significant and to also quantify the magnitude of the nutrient trap, which is suspected to be
operating within the lower euphotic zone of the subtropical ocean by focusing upon the deep-living communities
of picoeukaryotes present across the subtropical ocean.

2. Methods
2.1. Data Sources and Overview

Upper ocean (0-300 m) hydrographic profiles (temperature, salinity, and density), macronutrient measurements
(total nitrate (NO;~ + NO, "), nitrite (NO, ™), phosphate (PO43_) and silicate (Si0,)), and flow cytometry ob-
servations of pico- and nanoplankton abundances collected during 18 cruises of the Atlantic Meridional Transect
(AMT) program form the basis for this analysis (Table 1 and Tables S1-S3 in Supporting Information S1) (Aiken
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Table 1
Summary of AMT Cruises Used in This Analysis Including Cruise Dates, Departure/Arrival Ports, Direction of Travel
Northwards (N) or Southwards (S) Through the Atlantic Ocean and the Number of Sampled Stations

Cruise Start date End date Departure Arrival Direction No. Stns
AMTI12 12/05/2003 17/06/2003 Port Stanley UK N 69
AMT13 10/09/2003 14/10/2003 UK Port Stanley S 76
AMT14 26/04/2004 02/06/2004 Port Stanley UK N 89
AMT15 17/09/2004 29/10/2004 UK Cape Town S 105
AMT16 19/05/2005 29/06/2005 Cape Town UK N 68
AMT17 15/10/2005 28/11/2005 UK Cape Town S 59
AMT18 03/10/2008 10/11/2008 UK Port Stanley S 100
AMTI19 13/10/2009 01/12/2009 UK Chile S 119
AMT20 12/10/2010 15/11/2010 UK Chile S 88
AMT21 29/09/2011 14/11/2011 UK Chile S 73
AMT22 10/10/2012 24/11/2012 UK Chile S 74
AMT23 07/10/2013 08/11/2013 UK Falklands S 65
AMT24 21/09/2014 06/11/2014 UK Chile S 70
AMT25 11/09/2015 04/11/2015 UK Falklands S 73
AMT26 20/09/2016 04/11/2016 UK Falklands S 72
AMT27 21/09/2017 05/11/2017 UK Falklands S 79
AMT28 23/09/2018 30/10/2018 UK Falklands S 62
AMT?29 13/10/2019 25/11/2019 UK Chile S 55

& Bale, 2000; Rees et al., 2015, 2024; Robinson et al., 2006, 2009). Since 1995, the AMT program has conducted
repeated large-scale (>10,000 km long) surveys of the open waters of the Atlantic Ocean between the UK and
destinations in the South Atlantic including South America, the Falkland Island and South Africa (Figure 1). We
focus here on nutrient and picoplankton community data from AMT cruises 12-29, which cover the period 2003—
2019, with earlier cruises (AMT1-11) omitted due to irregular sampling of the picoplankton community. A total
of 1,121 nutrient profiles and up to 1,099 flow cytometry profiles (species dependent) were analyzed.

Nutrient concentrations were obtained from discrete water samples collected via CTD casts with between 12 and
24 depths sampled per cast providing a vertical sampling resolution of <5 to 20 m around the nitracline (cruise
dependent). Samples were always analyzed on-board using a segmented flow colorimetric autoanalyzer. Meth-
odologies typically followed Brewer and Riley (1965) for nitrate, Grasshoff (1976) for nitrite, and Kirk-
wood (1989) for phosphate and silicate except for nutrient data from AMT28, which used methodologies by
Armstrong et al. (1967) for nitrate, nitrite, and silicate, and Bernhardt and Wilhelms (1967) for phosphate.
Concentrations are reported in units of pmol L™" in the source data files with typical detections limits of 0.02-0.05
pmol L™" for total nitrate (nitrate + nitrite), 0.01-0.05 pmol L™" for nitrite, 0.004-0.02 pmol L™" for phosphate,
and 0.05 pmol L™ for silicate. High sensitivity nanomolar measurements for nitrate, nitrite, and phosphate were
not included in this analysis as such data have not been collected routinely on all AMT cruises. The absence of
such data does not influence the conclusions of this study as the focus is on the various nutriclines, which are
adequately resolved via traditional analytical techniques.

The flow cytometry data sets for each cruise typically contained abundances (cells per mI™") of 6 phytoplankton
groups identified as Prochlorococcus, Synechococcus, picoeukaryotes (<2 pm), cryptophytes, coccolithophores,
and other nanoeukaryote phytoplankton (2—12 um). Samples were collected via CTD cast with between 12 and 24
depths sampled across the upper 300 m of the water column. All samples were analyzed with consistent protocols
using a Becton Dickson FACSort flow cytometer. Further analytical details are provided by Zubkov, Sleigh, and
Burkill (2000), Zubkov, Sleigh, Burkill, and Leakey (2000), Zubkov et al. (1998), and Tarran et al. (2006). The
number of usable abundance profiles varied by phytoplankton group and ranged from 849 (cryptophyes) to 1,099
(Synechococcus).
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Figure 1. Cruise transects for Atlantic Meridional Transect cruises 12-29 (2003-2019).

2.2. Data Analysis
2.2.1. Data Handling

The individual cruise nutrient and flow cytometry cell count data sets were merged before being interpolated to a
1 m vertical grid to match the resolution of the hydrographic data. Interpolated profiles were used to calculate
vertical gradients for all variables (nutrients and cell counts) based on the slope of depth versus concentration and
using the central finite difference method before the maximum gradient and depth of the maximum gradient were
identified within each profile. A visual examination of each profile was performed to ensure that nitrate con-
centrations and picoeukaryote abundances were correctly interpolated and that vertical gradients were robustly
estimated.
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Figure 2. Example profile (AMT22 CTDO051, 18.5298°W 25.1015°S). Gray shaded regions indicate where the maximum gradient in nitrate concentration and in
picoeukaryote abundance were identified. Panel (a) the measured nutrient profile (black circles) and the interpolated nutrient profile (red line), (b) the vertical nutrient
gradient profile, (c) the measured picoeukaryote (PEUK) cellular abundance (black circles) and the interpolated picoeukaryote cellular abundance (red line), and (d) the
vertical picoeukaryote cellular abundance gradient profile.

2.2.2. Calculation of Vertical Gradients
2.2.2.1. Nutrients

The nitracline, phosphocline, and silicicline are defined here as the depth of the maximum vertical gradient in
nitrate, phosphate, and silicate concentrations, respectively (Figure 2). This definition side-steps the subjective
practice of using a predefined concentration (e.g., 100 nmol L™" or 1 pmol L™") or analytical detection limit to
define a particular nutricline, which can introduce ambiguities into definitions, artificial offsets between the major
nutricline depths, inconsistencies between studies or forcibly define a feature using biologically inaccurate criteria.
It is presumed that the various nutriclines can and do differ in depth as a result of differences in in situ nutrient
demand, remineralization, and dissolution rates that is, P > N > Si (Hopkinson & Vallino, 2005; Hopkinson
et al., 2002, 1997; Lonborg, 2009). Although the maximum gradient approach is arguably more biologically
relevant than a fixed concentration approach, as it is related to the true vertical nutrient gradient that autotrophic
organisms encounter (as opposed to a fixed nutrient concentration that may be above or below half-saturation
constants or be above or below critical irradiance thresholds), the maximum gradient approach is not immune
from subjectivity as the maximum gradient can be influenced by vertical sampling resolution and may be found
over arange of (usually contiguous) depths rather than at one single depth. In such circumstances, an average depth
for the maximum gradient was calculated.

2.2.2.2. Phytoplankton Groups

The six phytoplankton groups resolved by flow cytometry (Prochlorococcus, Synechococcus, picoeukaryotes,
cryptophytes, coccolithophores, and other nanoeukaryote phytoplankton) have different distributions, abun-
dances, and nutritional strategies. Under stratified and quiescent conditions, these phytoplankton groups, and
even individual species, can exhibit clear vertical zoning with peak abundances located at different depths in the
water column in response to local irradiance, nutrient availability, or other environmental conditions (Latasa
etal., 2017; Poulton et al., 2017; Tarran et al., 2006; Zubkov, Sleigh, & Burkill, 2000; Zubkov, Sleigh, Burkill, &
Leakey, 2000). Maximum vertical gradients rather than maximum cellular abundances were used to define the
depth at which phytoplankton groups responded strongest to in situ conditions (Figure 2). Under this interpre-
tation, the depth range where abundances changed fastest rather than the single depth where abundances were
greatest was chosen to signify the key depth horizon for the distribution of individual phytoplankton groups. This
interpretation assumes that the depth of maximum abundance represents the depth of optimal environmental
conditions (i.e., light vs. nutrient), whereas the depth of maximum gradient is a region with a strong biological
response (e.g., rapid changes to growth or uptake rates (Glibert, 2024) due to rapidly changing environmental
conditions such as increased nutrient availability.
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2.2.2.3. Calculation of Nutrient Fluxes

Vertical diffusive nutrient fluxes were calculated using Fick's first law, which requires coincident estimates of the
vertical nutrient gradient (0N,/dz), where N, is a generic nutrient, and z is the depth interval as well as an estimate
of the turbulent diffusivity (Kz) (Equation 1).

Flux = —Kz oN; )
0z

In this study, the maximum vertical nutrient gradient in nitrate, phosphate, and silicate concentrations is used to
provide a per profile estimate of dN/dz. Due to the time constraints imposed on cruise sampling activities, the
estimates of Kz have only rarely been measured directly during an AMT cruise. To retrospectively determine
diffusive fluxes along each transect, we adopted a two-tier approach to estimating turbulent diffusivities. To
begin, a typical oceanic background value of 1 X 107> m?s™~! (0.1 cm? s™!; Waterhouse et al., 2014) was used to
provide approximate estimates of cross-nutricline nutrient fluxes. Although this background value is comparable
257! Ledwell et al., 1993), it is also lower than
the mean value reported by Lewis et al. (1986) (3.7 x 107> m?s~' = 0.3 cm®s™") and does not capture the spatial
variability reported by in situ studies (e.g., 0.035-0.187 cm® s~' by Painter et al. (2013); 0.1-5 cm® s™' by
Mourifio-Carballido et al. (2011); 0.3 + 0.5 cm* s™! by Mourifio-Carballido et al. (2021)) with the result that
nutrient fluxes calculated using a fixed value for Kz are approximate only (Franks & Inman, 2024; Franks
et al., 2021).

to some estimates of open ocean diffusivity (e.g., 0.11 = 0.02 cm

To improve upon use of a fixed diffusivity value, Kz was also derived from the local density gradient using the
method of Gargett (1984) (Equation 2). This approach has been used successfully in a number of studies for
comparable purposes of estimating nutrient fluxes (e.g., Li et al., 2012; Ramsing et al., 1996). Turbulent diffu-
sivity is estimated as

1
Kz =aq ¥ @)

[N

Where N is the Brunt-Viisild buoyancy frequency (Equation 3)

N= |89 3)

Here, the constant a,, represents the energy input via internal waves and is set equal to 0.001 cm? s~ for open
ocean conditions (Gargett, 1984), g is the gravitational acceleration constant (9.81 m s™2), p is the density at a
given depth, and Z—i is the density gradient over a finite depth interval. Profiles of Kz were calculated using in-
dividual density profiles for every CTD cast available from cruises AMT12 to AMT29 (n = 1,396; Table 1).
Nutrient fluxes were then estimated using the value of Kz coincident with the vertical nutrient gradient.

2.2.2.4. Consumption of Cross-Nitracline Diffusive Flux (Picoeukaryote Nitrate Uptake)

To estimate where the diffusive nitrate flux is consumed in the euphotic zone, several assumptions related to the
consumption of the flux are introduced. First, based upon the phytoplankton distributions (see Section 3), we
assume that picoeukaryotes represent a significant proportion of cells located at and above the nitracline and are
therefore a significant nitrate consumer.

Second, to estimate picoeukaryote nitrate uptake for a particular depth horizon through which the cross-nitracline
flux would pass we assume that this uptake occurs only over the depth interval corresponding to the region of
greatest change in abundance (the maximum gradient) and not to the wider depth interval associated with the
abundance distribution. We note that cellular abundances appear asymmetrically distributed around the abun-
dance maximum and are rarely distributed with a smooth Gaussian peak. Our assumption implies that only a
variable proportion of the picoeukaryote community usually associated with the upper, shallower, part of the
abundance peak lying above the nitracline is therefore tasked with consuming the cross-nitracline flux whereas
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the lower, deeper, and broader part of the abundance maximum, which lies within the nitracline is excluded
(Figure 2). The rationale for this approach is that the lower part of the abundance distribution lies typically within
the nitracline and thus lies deeper than the originating horizon used to calculate the nitracline flux.

Third, uptake rates are estimated by taking the interpolated abundances over the maximum gradient depth range,
converting abundances from cells ml™' to cells m™ and multiplying abundances by a cellular uptake rate of
0.6 fmol N cell™" h™" (Painter et al., 2014). Picoeukaryote cellular nitrate uptake rates remain poorly constrained
with reported half-saturation constants in the range of 150-184 nmol N L™ (Letscher et al., 2023; Painter
et al., 2014) and estimates of cellular N uptake ranging 7-fold from ~0.3 to ~2 fmol N cell™! h™' (Kang
etal., 2017; Painter et al., 2014). Notably, picoeukaryote cellular nitrate uptake rates have been shown to increase
with depth (as a function of concentration) from 0.27 fmol NO;™-N cell™' h™" in nitrate-poor waters above the
nitracline to 1.96 fmol NO;™-N cell™' h™' within the nitrate-rich waters of the nitracline itself (Painter
et al., 2014). Although rare, estimates of picoeukaryote cellular NO; ™ uptake appear broadly comparable across
environments with the subtropical rates of 0.27—1.96 fmol NO;™-N cell™" h™" reported by Painter et al. (2014)
comparable to rates of ~0.3—1.4 fmol NO,-N cell ™' h™" reported by Kang et al. (2017) from the coastal waters of
Long Island, USA, at which time surface NO;~ concentrations were 0.25-0.35 pmol L™" and picoeukaryotes
accounted for the majority of NO5;~ uptake by picoplankton. We do not account for variability in the cellular
uptake rate, presuming that the rate reported by Painter et al. (2014) represents an appropriate low to mid-range
rate under mildly eutrophic conditions (Kang et al., 2017; Painter et al., 2014). Conversion to daily uptake rates
was based on the number of daylight hours calculated for each station using the NOAA Solar Calculator (https://
gml.noaa.gov/grad/solcalc/), an assumption due to limited available information about the diel periodicity of
picoeukaryote NO;~ uptake, though diel cycles in nutrient uptake are common in phytoplankton and bacter-
ioplankton species (e.g., Cochlan et al., 1991; Kuipers et al., 2000; Probyn et al., 1996). Uptake rates were in-
tegrated over the depth range of the maximum picoeukaryote gradient to provide a measure of the daily integrated
nitrate demand by that fraction of the picoeukaryote community lying just above the nitracline.

Finally, the efficiency by which picoeukaryotes consume the cross-nitracline flux (the nutrient trap) was esti-
mated simply as the percentage of the diffusive flux consumed within the maximum picoeukaryote gradient depth
range.

This approach provides a simple estimate of the magnitude of the nutrient trap based solely upon measured
picoeukaryote cellular abundances, an assumed cellular uptake rate, measured local nutrient gradients and derived
estimates of local diffusivity and nutrient fluxes.

2.2.2.5. Long-Term (2003-2019) Mean Results

To obtain mean results for the 2003—-2019 period (i.e., the long-term mean), all cruise profiles were binned by
latitude into 5-degree latitudinal bins to account for the large spatial sampling scales between stations before
being averaged to provide estimates of long-term mean values for the Atlantic Ocean. No consideration was made
for zonal (east-west) differences in station position, which may contribute to the range of standard errors reported
in the results.

3. Results
3.1. Diffusivity Field

Latitudinal cross sections of turbulent diffusivity are shown in Figure 3. Notable features common to all cruises
include: (a) high diffusivities (>1 cm® s™") at the southern end of most cruise transects and usually in the upper
100 m, (b) a broad subsurface zone of low diffusivity (<0.1 cm?s™h extending from 50°N to ~15°S during boreal
autumn cruises that deepen toward the south, (c) the reversal and appearance, or possible latitudinal extension, of
a similar zone of low diffusivity across the South Atlantic during boreal spring cruises (AMT12, 14, 16), and (d)
elevated diffusivities (>0.5 cm? s™') across near-surface depths (<50 m) but discontinuously distributed (i.e.,
patchy) and most likely attributable to air-sea interactions (Kantha, 2005; D’ Asaro, 2013; Thorpe, 2005). Closer
examination of the individual sections indicates that the subsurface zone of low diffusivity (Kz < 0.1 cem?s7h
observed at ~100 m depth may oscillate seasonally between the hemispheres. During boreal spring cruises (e.g.,
AMT12, AMT14, AMT16), the region of low diffusivity shifts or extends southwards across the South Atlantic,

whereas during boreal autumn cruises, the zone of low diffusivities is more prevalent across the North Atlantic.
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Figure 3. Latitudinal sections of upper ocean (0-200 m) turbulent diffusivities for AMT cruises 12-29. Colored contours
denote diffusivities of 0.1 (black), 0.2 (green), 0.5 (white), and 1 (red) cm? sl
This seasonality, most likely driven by seasonal temperature changes, will ultimately impact diapycnal nutrient
fluxes, but the data are temporally inadequate to properly establish formation or destruction of this zone of low
diffusivity. Overall, the cross sections indicate a largely quiescent environment with diffusivities that range from
0.06 to 0.35 cm” s™" and average 0.17 + 0.09 cm” s™" at the nitracline (Table 2). Comparable diffusivities are
found at both the phosphocline and silicicline (Table 2). The results are consistent with general assumptions over
the typical magnitude of open ocean diffusivities (e.g., Ledwell et al., 1993; Waterhouse et al., 2014) and with
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Figure 4. Observed subsurface gradients in (a) nitrate, (b) phosphate, and (c) silicate at the respective nutriclines. Centre panel (d) shows the molar N:P ratio of the
vertical diffusive nutrient flux if turbulent diffusivity is assumed constant (Kz = 0.1 cm?s™Y). Lower panel (e) shows the molar N:P ratio of the vertical diffusive nutrient
flux when turbulent diffusivity is allowed to vary (Kz values calculated following Gargett, 1984; see Section 2.2). Both fixed and variable diffusive flux estimates reveal
a latitudinal gradient with higher molar N:P flux ratios in the North Atlantic. The solid red line represents the fit to the data, the equation of which is presented in the
relevant subpanel. The dashed blue line represents the mean global N:P ratio of 16:1.

direct measurements of in situ diffusivities obtained using microstructure shear probes across subtropical regions
(e.g., Mourifio-Carballido et al., 2021).

3.2. Nutricline Gradients

Latitudinally binned mean nutricline gradients are presented in Table 2. The general pattern indicated that gra-
dients varied from minima in the center of the subtropical gyres to maxima at the equator with intermediate
gradients observed at the northern and southern limits of the transects, a pattern consistent for the individual
nitracline, phosphocline, and silicicline gradients (Figure 4). Gradient minima were 85.9 # 80.3 mmol NO; ™ m ™,
4.9 + 6.9 mmol PO,”~ m™*, and 21.8 + 29.6 mmol Si m™* in the North Atlantic (25-30°N) and 87.8 + 67.1 mmol
NO,” m™, 6.1 & 5.4 mmol PO, m™, and 27.9 + 32.1 mmol Si m™ in the South Atlantic (20-30°S). The
largest scatter in gradients was located around the equator suggesting significant environmental variability most
likely in response to the time-varying intensity of the equatorial upwelling and equatorial current and counter-

currents.

3.3. Nutrient Fluxes

Nutrient fluxes mirrored the latitudinal distribution of nutricline gradients with low mean nutrient fluxes in the
subtropical gyres and higher nutrient fluxes across the equatorial region (Table 2). Typical minimum fluxes within
subtropical latitudes were <170 pmol NO; ™ m~2d~!, ~10 pmol PO43_ m~2d~!, and 40-50 pmol Sim™>d~! but
fluxes increased significantly at the northern and southern ends of the transect.

The corresponding N:P molar flux ratios were more consistent averaging 17.7 + 8.3 mol:mol between 50°N and
50°S but a statistically significant latitudinal gradient was evident (Figure 4). Consequently, the average N:P ratio
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Figure 5. Relationship between the phytoplankton groups resolved by flow cytometry and the nitracline. Top row shows the depth of maximum gradient in
phytoplankton abundance (colored dots) and depth of maximum nitrate gradient (black dots). Lower row shows simple regressions between the two variables shown in
the top row. Also shown are the 1:1 line (blue dashed line) and a linear fit (black line). Inset equation is for the linear fit.

PEUK

of the diffusive flux was higher in the North Atlantic (19.3 £ 8.6) than in the South Atlantic (16.6 £ 7.8). Notably,
the mean N:P molar flux ratio along much of the transect was close to the Redfield ratio suggesting balanced
provision of nutrients via the diffusive pathway.

3.4. Phytoplankton Group Distributions

The vertical gradients associated with each phytoplankton group and their typical association with the nutriclines
can be described with one of three distribution types (Figures 5 and 6). For the picoeukaryotes, there was a clear
association between the depth of the maximum gradient in abundance and the nitricline with a marginally stronger
association to the depth of the maximum phosphate gradient than to the depth of the maximum nitrate gradient
(slope was closer to 1). In the lower latitudes, there were typically no surface or intermediate depth gradients in
picoeukaryote distributions signifying an almost universal deep association with the nutriclines. Maximum
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Figure 6. Relationship between the phytoplankton groups resolved by flow cytometry and the phosphocline. Top row shows the depth of maximum gradient in
phytoplankton abundance (colored dots) and depth of maximum nitrate gradient (black dots). Lower row shows simple regressions between the two variables shown in
the top row. Also shown are the 1:1 line (blue dashed line) and a linear fit (black line). Inset equation is for the linear fit.
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Table 3 picoeukaryote abundances along each transect ranged from 1.3 x 10*

Mean Nutrient Concentration at Depth of Picoeukaryote Gradient Maximum
Averaged by Latitude Based on AMT Data for the Period 2003-2019

(AMT17) to 8.7 x 10* cells ml™' (AMT19), but in the maximum gradient
region, abundances were lower and ranged from 1.2 x 10’ to 8.4 x 10°

-1
Latitude band NO,~ (uM) PO~ (uM)  Si(uM)  NO,” (uvy ~ cellsml .
45-50°N 1.1 +205 014+0.15 0.82+075 0.02+0 For Prochlorococcus and Synechococcus cyanobacteria, the gradient distri-
40-45°N 061 +1.13 008+008 075+041 0.06 + 005 butions indicated a surface to intermediate depth distribution that was
35_40°N 026 + 052 0044003 0734035 005+ 007 vertically decoupled from the major nutricline gradients. This was particu-
B B B B larly evident in the lower latitudes suggesting weaker reliance upon the flux
30-35°N 009 +0.1 0.03x+0.01 0.78+0.16 0.04+0.04 . .
of those nutrients from below. Maximum Synechococcus abundances ranged
25-30°N 009+0.14 003+£001  08£03  003+003  fom 3.1 x 10* (AMTI2) to 4.6 X 10° cells mI~' (AMT27) and for Pro-
20-25°N 0.72+435 005+005 0.73+034 0.02=+0.01 chlorococcus the maximum abundances ranged from 1.8 x 10° (AMT12) to
15-20°N 045075 0.1=x0.09 1.02x046 0.03*0.02 6 x 10° cells mI™! (AMT25).
10-15°N 237+298 022+019 202+£0.73 0.05+007 Lastly, for the nanoplankton, coccolithophores, and cryptophytes, there was
5-10°N 148 £259 016021 208+091 0.09=+0.1 an intermediate distribution with some groups being partly associated with the
0-5°N 131 £253 0.17+0.2 1.68 £0.87 0.09+0.09  nutriclines and some with shallower intermediate or surface depths. This is
0-5°S 22 +341 031 +027 1.8+ 1 0.08 = 0.09 interpreted as a mixed response by members of these groups that split between
5.10°S 048+ 079 02+012 126+032 008 +0.06 those species favoring an upper ocean high-light low-nutrient regime and
those favoring a low-light, high(er)-nutrient regime. Such a distribution is
10-15°S 022+056 02009 1.09+0.17 0.06 = 0.07 . _ . . . . .
consistent with the presence of “shade-flora,” “upper,” and “lower” euphotic
52 Llosslizg G2eslily LlE==el TR =S Las zone distributions or other such nomenclature used to separate these groups
20-25°S 0.18£0.54 0.16+0.07 123£027 0.03+0.02  particularly coccolithophores. Fundamentally, however, it demonstrates that
25-30°S 0.16 £ 046 0.15 +0.12 1.3+031 0.02 +0.02 a bulk assessment of flow cytometry abundances fails to clearly separate
30-35°S 026 + 048 0.14 + 0.08 13+064 002+ 002 important ecological traits within these groups. Based on the data available, it
35-40°S 181 + 175 027 +017 136+043 0.03 + 0.03 is not possible to further segregate these phytoplankton groups into high-light
or low-light members. Along the transect maximum nanoplankton abun-
40-45°S 588 +3.01 061 +032 153£093 0.1 %008 2 2 " .
dances ranged from 1.8 X 10° cells ml™ (AMT25) to 1.4 X 10™ cells ml
Gl lSlEs0f) IS0 atd em il W25 WL (AMT21), maximum coccolithophore abundances ranged from 52 cells m1~"
50-55°S 2438 £2.53 1.63+0.25 2877 £13.58 0.29+0.1

(AMT25) to 1,360 cells ml™' (AMT21) and maximum cryptophyte abun-
dances ranged from 144 cells ml™! (AMT29) to 1,066 cells mlI~! (AMT16). In

the following, we exclude a role for the deep living members of these groups due to their low abundances in the
depth interval of the maximum picoeukaryote gradient (cryptophytes 50 + 20 cells ml™', coccolithophores
20 + 10 cells ml™", and nanoflagellates 822 + 260 cels ml1™").

Between 50°N and 50°S, the average nutrient concentrations associated with the maximum gradient in picoeu-
karyote abundance were 1.04 + 1.42 pmol NO;~ L™, 0.17 + 0.14 pmol PO,*~ L™, 1.26 + 0.43 pmol Si L™, and
0.06 + 0.04 pmol NO,™ L™! illustrating that picoeukaryotes generally respond to mesotrophic conditions and
preferentially lie outside the oligotrophic region of the upper ocean (Table 3). Within the gyres, the associated
concentrations were generally lower than the transect averages. For the North Atlantic gyre (20-35°N), the
associated concentrations were 0.34 + 0.3 pmol NO;~ L™, 0.05 + 0.01 pmol PO,*~ L™, 0.83 + 0.03 pmol Si
L™, and 0.03 £ 0.01 pmol NO,~ L~!. The mean molar N:P ratio was therefore 6.8. For the South Atlantic gyre
(15-30°S), the concentrations were 0.16 = 0.01 pmol NO;™ L™',0.18 £ 0.03 pmol PO,*~ L™', 1.2 + 0.09 pmol Si
L™, and 0.02 + 0.01 pmol NO,™ L™'. The mean molar N:P ratio was ~0.9. Thus, in the South Atlantic
picoeukaryote abundances begin to increase at lower in situ nitrate and higher in situ phosphate and silicate
concentrations and are associated with considerably lower N:P values than is the case for the North Atlantic.
Outside of the gyre latitudes, the associated concentrations are broadly consistent with the average derived for the
whole cruise data set (Table 3) except for extreme southern latitudes where the associated concentrations
increased rapidly.

3.5. Picoeukaryote Nitrate Uptake

Picoeukaryote nitrate uptake across the abundance maximum gradient region is shown for each cruise in
Figure 7 and in aggregate in Figure 8. Maximum volumetric uptake rates per cruise ranged almost 3-fold from
157 pmol NO;~ m*® d™' (AMT17) to 453 pmol NO;~ m® d™' (AMT22), but across all cruises, uptake rates
were typically <10 pmol NO,~ m® d™' in the North Atlantic subtropical gyre and between 5 and 15 pmol
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Figure 7. Latitudinal sections showing picoeukaryote nitrate uptake across the region of maximum gradient (picoeukaryote abundance). Whilst this approximation
excludes picoeukaryote cells above and below the maximum gradient depth interval, it provides a boundary through which the diapycnal flux originating from the
maximum nitrate gradient (black line) must pass and hence a means of estimating the trapping effect.

NO;~ m® d™! in the South Atlantic subtropical gyre. Higher rates exceeding 50 pmol NO;~ m® d~' were
obtained for equatorial waters and particularly for the region 10-12°N where uptake appeared to regularly
exceed 100 pmol NO,~ m® d™' (Figures 7 and 8). NO,~ uptake rates integrated across the abundance
maximum gradient region ranged from a maximum of 0.9 mmol NO;™ m™2 d™' (AMT23) to 4.6 mmol NO;~
m~2 d~' (AMT12) but across subtropical latitudes were consistently <0.5 mmol NO;~ m™2 d~' (Figure 8).
The depth interval for these integrations (i.e., the thickness of the picoeukaryote maximum gradient region)
was <30 m for 96% of profiles with the majority (65%) being <10 m.
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Figure 8. (a) Volumetric picoeukaryote nitrate uptake rates across the abundance maximum gradient region and (b) integrated

rates across the abundance maximum gradient region.

3.6. Nutrient Trap

The mean picoeukaryote nutrient trap efficiency is shown for 5° latitudinal bands alongside the mean diffusive

nitrate flux and the mean picoeukaryote nitrate demand in Figure 9. Between 50°N and 50°S, the mean nutrient
trap shows spatial variability ranging from 65% (15-20°N) to 261% (30-35°S) and averaged 135 + 65%
(Figure 9). This suggests a widespread though variable trapping effect is present throughout the subtropical and
tropical latitudes with picoeukaryote nitrate demand likely to regulate, if not inhibit, diapycnal nitrate fluxes to

shallower surface waters. Across the North Atlantic subtropical gyre (15-35°N), the trapping efficiency averaged
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Figure 9. Comparison of the diapycnal NO;™ flux (blue, right axis), picoeukaryote NO;™ uptake (black, right axis), and the

trapping efficiency (bar charts, left axis) averaged for 20032019 (AMT12-AMT29).
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99 + 12% but ranged from 86% to 110% of the diffusive flux across gyre latitudes. In the South Atlantic, larger
differences between the diapycnal flux and picoeukaryote demand were evident, and across the South Atlantic
subtropical gyre (15-30°S), the trapping efficiency averaged 175 + 37% but ranged from 137% to 211% of the
diffusive flux. Further south (30-35°S), the trapping efficiency reached a transect maximum of 260% of the
diffusive flux before decreasing toward the Southern Ocean. The larger trapping effect in the South Atlantic was
driven by larger average nitrate demand compared to the North Atlantic (217 vs. 160 pmol NO;~™ m™2 d~!
respectively) against comparable mean diffusive fluxes in the South Atlantic gyre compared to the North Atlantic
(140 vs. 162 pmol NO;™ m™2 d™', respectively; #-test, p > 0.05). With respect to the seasonal timing of the
underlying cruise observations increased nitrate demand in the South Atlantic coincided with austral spring when
irradiances increase toward the summer maximum.

4. Discussion
4.1. Evaluating the Nutrient Trap

The aim of this study was to determine whether autotrophic organisms could capture and remove a significant
proportion of the vertical diapycnal nitrate flux thus limiting the significance of this nutrient supply mechanism
for productivity across the wider euphotic zone of the subtropical and tropical ocean. More specifically, we asked
the question could nitrate-consuming picoeukaryotic phytoplankton, which live at the base of the euphotic zone
be significant in isolating the shallower waters of the upper euphotic zone from deep ocean nutrient reservoirs?
Based on the analyses presented here the answer is yes: nitrate consumption by only a fraction of the picoeu-
karyote community may be of sufficient magnitude to consume, and ‘trap’, most if not all the diffusive nitrate flux
at depth (Figure 9). The implications of this are that diapycnal nutrient fluxes are less relevant (or even irrelevant)
for supporting productivity and nitrate uptake taking place within waters of the upper euphotic zone several tens
of meters above the nitracline. This study complements several previous studies demonstrating that the sub-
tropical euphotic zone is strongly divided into a surface layer with low rates of NO;~ driven new production and a
lower layer with high rates of NO5;™ driven new production (e.g., Coale & Bruland, 1987; Eppley et al., 1988) by
illustrating how even the background diffusive nutrient supply pathway can be restricted from reaching surface
waters.

Previous investigations have repeatedly shown the widespread occurrence of nanomolar concentrations of nitrate
in the subtropical surface ocean (e.g.,Rees et al., 2006; Woodward & Rees, 2001). This persistent state, coupled
with near-zero vertical nitrate gradients, has been interpreted as indicating a lack of significant supply from depth
(Karl, 2010). Nutrient supply via N, fixation is a significant source of new N to the surface ocean (e.g., Benavides &
Voss, 2015; Shao etal., 2023; Zehr & Capone, 2021), and it has been demonstrated that in situ nitrification rates are
more than capable of accounting for the low nitrate concentrations observed in the surface ocean (Clark et al., 2008,
2021, 2022). This further removes the need for an additional nutrient supply from depth to explain observed nitrate
concentrations. In contrast, however, are the growing number of nitrate isotopic observations which consistently
indicate that the deep ocean (i.e., sourced from beneath the nitracline) remains the major source of nitrate to the
surface ocean (Fripiat et al., 2021; Rafter et al., 2019). This inconsistency is currently unexplained.

Mean picoeukaryote nitrate consumption rates were broadly comparable to estimated NO;~ fluxes with spatial
variability in that balance reflecting known oceanographic and seasonal features (Figure 9). In the South Atlantic,
there was a broad region (25-50°S) where picoeukaryote demand exceeded the diffusive supply. As this region
was predominantly sampled in austral spring and was therefore likely to be experiencing seasonal deepening of
the nitracline due to seasonal increases in irradiance at depth (Letelier et al., 2004), the imbalance between supply
and demand most likely drives a seasonal deepening of the nitracline. In the North Atlantic (during boreal
autumn), picoeukaryote demand also appeared higher than the diapycnal flux between 35 and 50°N, which may
signify the influence of alternative nutrient supply pathways, such as the breakdown of the seasonal thermocline,
or an overestimation of the picoeukaryote uptake.

4.2. Limitations and Caveats

Whilst this study has demonstrated that a nutrient trap due to biological consumption at depth can be a significant
sink for the diapycnal nitrate flux with implications for marine productivity, the results are nevertheless sensitive
to several underlying assumptions.
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First, the estimates of in situ diffusivity are derived from profiles of density following the method of Gar-
gett (1984) and do not derive from microstructure shear measurements as has become standard practice. Although
the resulting turbulent diffusivities are comparable in magnitude to studies reporting direct observations, it must
be acknowledged that the resulting nutrient fluxes can be modified by even slight changes to the diffusivity term.

This can be illustrated by use of a “typical” background diffusivity value of 1 X 107> m? s~

, which produces
nutrient fluxes 25% higher than those derived using a variable diffusivity term calculated from the local density
field. Notably, several studies have now demonstrated that this background value for mean open ocean diffusivity
is often higher than in situ estimates suggesting that its adoption here is unwarranted and that the lower and
spatially variable diffusivity values we have calculated, particularly between 25°N and 25°S (Table 2), are more
appropriate (e.g., Mourifio-Carballido et al., 2011, 2021; Painter et al., 2013). Alternative approaches to obtain
more nuanced predictions of diffusivity in unsampled areas, such as via General Additive Models, indicate that
generalized approaches are a promising approach but ultimately still struggle to constrain in situ diffusivity
estimates in poorly sampled regions (Mourifio-Carballido et al., 2021). In reality, the diffusivity term is not
constant, and whilst efforts to model this term in the absence of in situ observations are developing (Fernandez-
Castro et al., 2014; Mourifio-Carballido et al., 2021), it suggests that correct representation of diffusivity in ocean
models may be critical for estimating weaker nutrient fluxes. Furthermore, it should be self-evident from
Equation 1 that if the diffusivity term is held constant then any diffusive nutrient flux is solely dependent upon the
vertical nutrient gradient term. Somewhat unexpectedly, under the scenario of a fixed diffusivity, the stoichi-
ometry of the resulting diffusive nutrient flux was broadly equivalent to the Redfield ratio, whilst also simul-
taneously exhibiting a latitudinal gradient of increasing N:P flux stoichiometry from south to north (Figure 9).
This latitudinal gradient in flux stoichiometry is in turn driven by the vertical gradients in nitrate and phosphate
with indications that it is the proportionately larger reduction in phosphocline gradient (~18%), rather than the
nitracline gradient (~2%), between the South and North Atlantic that is responsible for this gradient (as estimated
from gradient minima shown in Table 3). The presence of this latitudinal gradient implies more N than P (relative
to Redfield) is supplied to the North Atlantic, which agrees with the broad consensus that the North Atlantic is
more strongly P-limited than the South Atlantic (Mather et al., 2008; Moore, 2016; Moore et al., 2013).

Second, a simplistic scaling argument was adopted to estimate picoeukaryote nitrate demand from picoeukaryote
cellular abundances. Estimates of the picoeukaryote half saturation constant for N are limited but appear
comparable (150-184 nmol; Letscher et al., 2023; Painter et al., 2014). Under mesotrophic conditions, cellular
NO;™ uptake was reported to average 0.6 fmol N cell™" h™' (Painter et al., 2014). Here, this scaling factor of
0.6 fmol N cell™' h™' was used to convert cellular abundances to in situ NO;™ uptake under the assumption that
the cellular N uptake rate remained constant. A focus on that fraction of the picoeukaryote community lying
above the nitracline and within a narrow depth range (typically <30 m thick) designated by where the greatest
change in abundance occurred (the maximum gradient), limited the potential overestimation of picoeukaryote
NO;™ uptake by omitting picoeukaryote cells living deeper within the eutrophic nitracline or higher within the
oligotrophic water column. Logically, although the assimilatory actions of cells within the nitracline influence
the local nitracline gradient, ultimately controlling the magnitude of the diffusive flux, they do not subsequently
consume any nutrient flux that leaves the nitracline region, which can only be consumed by cells living at
shallower depths. For reasons of simplicity, the region of the maximum gradient in abundance was chosen rather
than considering the entire picoeukaryote community found above the nitracline because observations suggest
that cellular uptake rates remain depressed away from the nitracline and begin to increase as the nitracline is
approached (Painter et al., 2014) most likely as a function of nutrient affinity (Fawcett et al., 2011; Flombaum
et al., 2020). More simply, as the nutrient trap can be conceptualized as being due to the actions of cells acting on
the vertical flux passing into a defined layer of the water column, it follows that cells outside of this zone
contribute less (or nothing) to that estimate of consumption. To assess the sensitivity our results to the choice of
cellular uptake rate, we examined scenarios where a lower rate of 0.3 and an upper rate of 2 fmol N cell™" h™"
were used with these rates representing the lower and upper limits reported by Painter et al. (2014) and Kang
et al. (2017). For a lower cellular uptake rate of 0.3 fmol N cell ™! h™!, the trapping efficiency decreased to ~50%
along the transect between 15°S and 50°N and to ~100% between 15°S and 50°S. Along much of the transect
therefore the diffusive NO;™ flux exceeded the cumulative picoeukaryote uptake rate leading to a net flux to the
upper surface ocean. For the upper rate of 2 fmol N cell™' h™!, the trapping efficiency exceeded 200%
everywhere reaching over 700% at 35°S. Uptake therefore grossly exceeded the diffusive NO;~ flux. This
suggests that a trapping efficiency of 50%-100% can be expected even under conditions of low picoeukaryote
cellular uptake (0.3-0.6 fmol N cell ™" h™"). For the chosen cellular rate of 0.6 fmol NO,~ cell hr™", we find that
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uptake broadly balances the flux with a trapping efficiency of ~100% along much of the transect except for the
far southern end (Figure 9). At its simplest a rate of 0.6 fmol NO;™ cell hr™" leads to an efficient nutrient trap.

Third, although the results indicate a consistent environment across multiple years with mean diffusivity rates
(0.17-0.20 cm?s™"), diapycnal fluxes (140-162 pmol N m~?d ™), and uptake rates (160217 pmol NO; " m=2d™")
resulting in significant trapping (99%—175%) in the central gyre regions, the inter-gyre differences evident in the
results represent mean seasonal conditions only due to the limitations of cruise timings. True seasonality is not
captured via annual cruises and the expected seasonal changes in nitracline depth and gradient within a gyre
(Letelieretal.,2004) is not evident here. This means that the results are reflective of the boreal autumn period for the
North Atlantic and austral spring for the South Atlantic during which time picoeukaryotes in the South Atlantic
appear to trap a greater proportion of the nitrate flux than in the North Atlantic. Consequently, the greater magnitude
of the trapping effect reported for the South Atlantic (>100% of the diffusive flux) cannot be considered repre-
sentative of annual conditions and it is highly likely, though not demonstrated here, that the trapping efficiency in
the South Atlantic reduces in magnitude during the austral autumn months as irradiance weakens at depth thus
allowing more nutrients to diffuse upwards toward the surface. This “see-saw”” motion of the nitracline has been
demonstrated from long-term observations at a fixed location in the North Pacific (Letelier et al., 2004) but not yet
atbasin scales. Itis likely to become increasingly apparent, however, with the growth of the BioGeoChemical-Argo
array (Biogeochemical-Argo Planning Group, 2016) and increased observations of the nitracline region will likely
resolve this key seasonality of the subsurface nitrate gradients (Johnson et al., 2010, 2013).

Fourth, the picoeukaryote group, defined operationally as eukaryotic cells <2 pm in size, consists of multiple
taxonomic groups (e.g., Prasinophyceae, Pelagophyceae, Cryptophyceae, Prymnesiophyceae; Worden &
Not, 2008), each with their own particular environmental requirements. Current flow cytometry methodologies do
not discriminate these taxonomic identities, but detailed genetic sequencing indicates changes to picoeukaryote
diversity and trophic function with depth and a prevalence for the autotrophic Pelagophyceae, Mamiellophyceae,
Cryptomonadales, and heterotrophic Telonema groups at the deep chlorophyll maximum (Giner et al., 2020).
Recognition of, and accounting for, this taxonomic diversity when estimating the nutrient trap effect is outside of
current capabilities but should be explored in future. The inclusion of a specific picoeukaryote group in Earth
System Models is not yet widespread whilst inclusion of taxonomic diversity is beyond current model capabilities
but may be a promising developmental step.

4.3. Implications

Efforts to understand how changes in nutrient supply in a warming world may impact low-latitude productivity
have highlighted the role of stratification (Bopp et al., 2013). Whist predictions of a warmer more stratified ocean
are broadly linked to reduced nutrient supply and to a long-term decrease in subtropical ocean productivity, there
is no clear inclusion of a biological trapping effect in such predictions. This is significant because whilst increased
temperatures will increase stratification with the potential to reduce nutrient fluxes, higher temperatures also
enhance metabolic processes, which, in the case of picoeukaryotes, may result in increased demand for nitrate and
higher overall productivity. It is notable that one recent study has already highlighted that the global fraction of net
primary production occurring at depth is increasing (Silsbe et al., 2025). High nitrate uptake potential at depth
directly shapes the local nitracline gradient, ultimately impacting the magnitude of diapycnal nutrient fluxes.
Furthermore, high uptake potential also increases the consumption of the cross-nitracline flux further restricting
the significance of diapycnal nutrient fluxes to a lower subsection of the water column immediately above the
nitracline, thereby reducing supply to the entire water column with implications for the association between
diapycnal fluxes and new or primary production generally. As models currently consider diffusive nutrient fluxes
into the euphotic zone as an important factor supporting productivity, omitting or poorly representing this strong
biological control on the diapycnal flux likely means that such fluxes are overestimated in significance and
impact. Finally, Although it is now recognized that zooplankton grazing rates are increased by warming tem-
perature trends, thus contributing to the decline in low-latitude marine productivity (Laufkétter et al., 2015), the
explicit inclusion of other biological processes sensitive to ambient temperatures and impacting productivity
rates, such as picoeukaryote growth rates, are not explicitly resolved in many models. Such temperature-sensitive
processes may also contribute significantly to projected trends in primary production.
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5. Conclusions

A test of the nutrient trap hypothesis finds that (a) demand for nitrate in the waters immediately above the
nitracline traps the diapycnal flux at depth, thereby greatly reducing the relevance of diapycnal fluxes for pro-
ductivity across the wider euphotic zone, and (b) diapycnal nutrient fluxes are influenced by phytoplankton
demand for nitrate at the nitracline, which shapes local nitracline gradients and hence controls the magnitude of
diapycnal fluxes. It is suggested that diapycnal nutrient fluxes are only weakly relevant to global model pro-
jections of how primary production may change in the low-latitude ocean under a warmer, more stratified, future.
Such projections typically consider the whole euphotic zone and improvements in tracking where nutrients are
consumed within subsections of the euphotic zone may lead to greater insight into how future ocean productivity
may be shaped by warmer waters.
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2020c, 2020d, 2020e, 2020f, 2020g, 2020h, 2020i), Tarran et al. (2020), Thomas (2016, 2017a, 2017b, 2021),
Woodward and Beesley (2022), Woodward and Harris (2015, 2019a, 2019b, 2022a, 2022b, 2022c), and
Woodward et al. (2018, 2021).
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