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ABSTRACT 

 

The Bioavailability of Seasonally Accumulated Dissolved Organic Carbon and its 

Contribution to Export in the Western North Atlantic 

by 

 

Nicholas Q. Baetge 

 

Phytoplankton blooms are major sources of net community production (NCP) in the 

Western North Atlantic and represent important sinks for atmospheric CO2, influencing the 

balance of carbon between the ocean and atmosphere. The organic matter produced by these 

blooms are subject to a variety of food web processes that dictate the partitioning of organic 

carbon into the particulate and dissolved phases. Some of the dissolved organic matter 

(DOM) is used to fuel instantaneous bacterial carbon demand (BCD) for biomass production 

and respiration. The DOM that resists or escapes rapid bacterioplankton utilization can 

accumulate, of which a fraction can persist. This persistent DOM is subject to being 

exported to depths below the sunlit ocean due to winter convective mixing and thus, can 

represent an important export pathway for carbon produced by phytoplankton blooms.  This 

dissertation seeks to clarify the magnitude and divers of surface DOC accumulation over the 

course of the annual phytoplankton bloom in the Western North Atlantic, the contribution of 

DOC to annual vertical carbon export (aka biological carbon pump) via deep convective 

overturn, and the fate of surface accumulated DOC following physical export. 
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The work described here is centered on the NASA interdisciplinary field program, the 

North Atlantic Aerosols and Marine Ecosystems Study (NAAMES), which was designed to 

resolve the dynamics and drivers of the annual phytoplankton bloom and their subsequent 

impacts on the atmosphere.  The work I describe here was supported by an independent 

companion grant from the National Science Foundation.  As a part of the science program, I 

collected microbial and geochemical data from four 26-day repeat meridional ship transects 

in the Western North Atlantic, spanning different seasons over four years.   

In Chapter II, I combined autonomous float and ship-collected data to constrain the 

fraction of NCP that was partitioned into seasonally accumulated DOC. This analysis 

allowed estimation of the export potential of DOC and its contribution to the biological 

carbon pump in this Western North Atlantic. The results also revealed seasonality in the 

partitioning of NCP, with an increased contribution of accumulated DOC further from the 

peak of the annual phytoplankton bloom. In addition, results suggested that non-siliceous 

picophytoplankton can serve as species indicators for the partitioning of NCP, which helps 

to narrow future research seeking to elucidate controls on DOC accumulation.  

Chapter III describes the microbial remineralization experiments conducted aboard 

three of the cruises which demonstrate seasonality in the bioavailability of accumulated 

DOC to the heterotrophic microbial community. Empirically derived estimates of 

bacterioplankton growth efficiency from these experiments allowed for the estimation of 

gross bacterioplankton production, constraining the flux of labile DOC (i.e., BCD) through 

bacterioplankton. Many previous studies have investigated either BCD or the seasonal 

accumulation of a persistent pool of DOC. This work is unique in that it evaluates both 

fluxes in order to better resolve how heterotrophic bacterioplankton mediate carbon cycling 
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in the Western North Atlantic. Results indicated that while the BCD became more strongly 

coupled to the source of NPP as seasons transitioned from high to low productivity, a larger 

fraction of the DOM production accumulated and persisted.  

Finally, Chapter IV describes a rare field opportunity to observe how microbes 

respond to organic matter exported from the euphotic zone into the mesopelagic zone 

following deep convection. In May of 2016, we occupied a retentive anticyclonic eddy over 

three days and track the temporal evolution of phytoplankton and bacterioplankton processes 

as the mixed layer shoaled from ~250 m upon arrival on station to < 25 m over three days. 

This chapter reports rapid changes in bacterioplankton carbon and carbon demand 

throughout the water column, but relatively smaller and more gradual changes in community 

composition in response to physical stratification following deep convection. 
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I. Introduction 

  The Western North Atlantic Ocean is a region where winter-time convective overturn 

drives deep water formation  (Dickson and Brown, 1994) and initiates massive annual 

phytoplankton blooms (Behrenfeld, 2010). Winter-time convective overturn deepens the 

mixed layer and dilutes encounter rates between phytoplankton and their predators, allowing 

phytoplankton division to exceed loss rates. As deep convection subsides into the spring, the 

shoaling mixed layer shoals increases encounter rates between phytoplankton and their 

predators. However, the increased light availability and continued nutrient availability in the 

euphotic (sunlit) zone accelerates phytoplankton division, which can continue to outpace 

herbivory long enough for phytoplankton to bloom (Behrenfeld and Boss, 2018). By 

consuming CO2 and elemental nutrients while simultaneously generating oxygen and new 

organic matter, these phytoplankton blooms provide the energy and carbon that support 

oceanic food webs and are central to biogeochemical cycling in regions including the 

Western North Atlantic (Duursma, 1963; Lochte et al., 1993; Sieracki et al., 1993; Carlson 

et al., 1998; Falkowski et al., 1998; Behrenfeld, 2010).  

The organic matter (particulate [POM] and dissolved [DOM]) produced by these 

blooms is subject to three export pathways that can transport organic carbon to depths where 

a portion can remain sequestered from the atmosphere for decades to centuries (Ducklow et 

al., 2001b). These pathways together represent the biological carbon pump and include the 

passive sinking flux of POM (McCave, 1975) physical deep mixing of DOM (Copin-

Montégut and Avril, 1993; Carlson et al., 1994) or suspended POM (Dall’Olmo et al., 2016; 

Lacour et al., 2019), and zooplankton-mediated transport by vertical migration (Steinberg et 

al., 2000). The magnitude of phytoplankton blooms as well as the strength of the biological 
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carbon pump affect the ability of the oceans to absorb atmospheric CO2 and mitigate the 

accelerating pace of global climate change.  

Globally, phytoplankton account for less than 0.2% of Earth’s photosynthetic biomass, 

but are responsible for nearly half of the planet’s annual net primary production (NPP)(Field 

et al., 1998). NPP in the global oceans results in the production of approximately 50 Pg C y-1 

in the form of POM and DOM (Dunne et al., 2007; Carlson and Hansell, 2015). Apart from 

the direct extracellular release of DOM by phytoplankton, a variety of food web processes 

following NPP also control the production of DOC including viral-induced or auto-lysis of 

phytoplankton cells, grazing activity (i.e., sloppy feeding, excretion, and egestion by 

herbivores), and solubilization of organic particles (see review in Carlson and Hansell, 

2015). DOM is operationally defined as the fraction of organic matter that passes through a 

submicron filter and can, as a result, constitute a myriad of compounds depending on the 

filter type or pore size used (Repeta, 2015). There is no universal standard filter used to 

distinguish POM from DOM due to differences in methodological and analytical 

requirements, but filter pore sizes typically range between 0.2 and 0.7 µm. Consequently, 

the DOM pool can include truly dissolved chemical species, viruses, bacteria-sized particles, 

and colloidal organic matter (Repeta, 2015). 

 Regardless, the production of DOM in the global oceans (3 – 20 Pg C y-1) supports 

marine heterotrophic bacterioplankton, which are small in size, ranging from 0.2 –  0.6 µm 

in diameter, but numerically abundant, ranging from 104 to > 106 cells ml-1 (Azam et al., 

1983). In fact, the combined biomass of heterotrophic bacterioplankton is estimated to 

exceed that of the ocean’s fishes and zooplankton (Pomeroy et al., 2007).  Heterotrophic 

bacterioplankton rapidly recycle DOM as a source for energy and biomass synthesis (Azam 
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et al., 1983) and those living in the ocean’s surface waters are responsible for remineralizing 

a majority of newly produced DOM (Azam et al., 1993), making them a dominant 

mechanism of nutrient cycling within the ocean’s water column. 

Oceanic DOM is conceptually separated into multiple carbon pools (dissolved organic 

carbon, DOC) defined by their bioavailability to heterotrophic bacterioplankton as well as 

their intrinsic turnover times (Carlson and Hansell, 2015). With turnover time of centuries to 

millennia, refractory DOC pool comprises up to 70% of the global DOC.  In fact, the mean 

age for DOC in the interior of the North Pacific was radiocarbon dated to be 6240 years 

which is six times the estimated turnover time for global ocean circulation (Williams and 

Druffel, 1988; Hansell and Carlson, 1998a). This refractory pool, while representing an 

important reservoir of reduced carbon, does not contribute significantly to export flux nor 

does it support biological productivity. On the other extreme, the labile DOC pool is present 

at low concentrations (nM to a few µM) and is made up of organic monomers and polymers 

that are used to support the energy and nutrient requirements of heterotrophic microbes. 

While important to microbial ecology and the rapid cycling of elemental nutrients, the low 

concentration of the labile DOC pool combined with its high turnover rates (minutes to 

days) preclude it from being an important contributor to export flux. The semi-labile and 

semi-refractory DOM pools are dynamic pools with turnover rates of months to decades.  

The chemical composition of these pools remains largely uncharacterized but can include 

compounds like humic substances  and carboxyl-rich aliphatic matter (CRAM) (Hertkorn et 

al., 2006) that can supplement heterotrophic metabolism, but are inherently resistant to rapid 

biological degradation and thus, less energy yielding (Moran and Hodson, 1990, 1994; 

Amon and Benner, 1994; Repeta, 2015).  
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Labile and semi-labile DOC together represent bioavailable DOC (BDOC), and their 

concentration can be operationally determined as the amount of carbon removed over 

various time scales in microbial remineralization incubation experiments.  In these 

experiments, the growth of a naturally-occurring bacterioplankton populations are monitored 

simultaneously with changes in bulk DOC and associated specific compounds (i.e., neutral 

aldoses or amino acids) over time scales of days to weeks. DOC remineralization is 

generally characterized by an initially fast decay rate, followed by a decreasing rate that 

reaches an asymptote over time. The difference between the DOC concentration at the 

initiation of the experiment and the DOC concentration at the incubation’s asymptote is used 

to operationally define BDOC (Carlson and Ducklow, 1996; Halewood et al., 2012; Wear et 

al., 2015a).  

Net heterotrophic bacterioplankton production (BP) is the primary conduit for the 

uptake of BDOC and its passage to higher trophic levels, a key carbon-flow pathway that 

defines the microbial loop and shapes the ocean carbon cycle (Azam et al., 1983; Azam, 

1998). Net BP has been shown to be positively correlated with NPP and chlorophyll a 

standing stock. It ranges from 0.03 – 12.75 µmol C L-1 d-1 and generally comprises 15 – 

20% of local NPP, suggesting that it is modest in comparison to NPP (Cole et al., 1988; 

Ducklow et al., 2000). However, estimates of carbon flux through heterotrophic bacteria 

based solely on net BP are underestimated. Gross bacterioplankton production, also termed 

bacterioplankton carbon demand (BCD), provides a more accurate estimate of the 

cumulative energy and carbon flux through bacterioplankton. BCD can be estimated as the 

sum of net BP and the carbon that is respired as CO2 or the division of net BP by a 

bacterioplankton growth efficiency (BGE) (Ducklow et al., 1999, 2002).  
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BGE represents the assimilation efficiency of bacterioplankton, i.e., the amount of 

bacterial biomass produced per unit DOC consumed. (Del Giorgio and Cole, 1998; Carlson 

et al., 2002; Carlson and Hansell, 2015). A bacterioplankton community with a low BGE 

implies that its constituents are diverting more energy to respiration and cell maintenance 

than to reproduction and biomass accumulation. BGE in the oceans is generally < 50%, 

ranging from < 10% in oligotrophic systems to > 20% in eutrophic coastal systems (Del 

Giorgio and Cole, 1998) and has been shown to be affected by the concentration and 

composition of organic matter, the composition of the heterotrophic community, nutrient 

availability, temperature, pH, and UV irradiation (Carlson and Hansell, 2015).  With 

microbial remineralization experiments, BGE is determined empirically as the ratio between 

change in bacterial carbon biomass and the change in DOC concentration over time (Carlson 

et al., 1994, 2004; Wear et al., 2015a). By applying empirically derived BGE estimates with 

in situ observations of BP, one can estimate the gross flux of carbon through the 

bacterioplankton community using the following formula: 

 BCD = BP/BGE                                              (Eq. 1)  

Comparing BCD to NPP provides a useful index for evaluating the degree to which 

NPP can support BCD (BCD:NPP) (Cole et al., 1988; Ducklow, 2000), allowing 

identification of  regions of net heterotrophy where the net out-gassing of CO2 can occur 

(Hoppe et al., 2002). Reported values of BCD:NPP have been as low as 0 (Pomeroy and 

Deibel, 1986; Pomeroy and Wiebe, 2001), indicative of net autotrophy, and have also 

exceeded 1 (Duarte and Agustí, 1998; Hoppe et al., 2002), indicative of net heterotrophy. 

The BCD:NPP ratio can also serve as a prelude to DOC accumulation on diel to seasonal 

time scales. For instance, over three bloom seasons in the Sargasso Sea, DOC consumption 
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was unable to match the rate of DOC release (i.e., low BCD:NPP), resulting in nearly half of 

the seasonally-produced DOC escaping rapid microbial to accumulate (Carlson et al., 1998). 

The condition where BCD:NPP is low has been termed the “malfunctioning microbial 

loop” (Thingstad et al., 1997) and can lead to DOC accumulation over timescales of days to 

years. The factors that control this accumulation of DOM remain largely unconstrained, but 

a number of scenarios have been proposed. Some suggest that DOM is physically, 

chemically or biologically altered to a molecular structure that appears to "shield" the labile 

components from biological oxidation (Benner et al., 1992; McCarthy et al., 1996; Borch 

and Kirchman, 1997). Thus, DOC compounds resulting from NPP and subsequent food web 

processes can accumulate because they are intrinsically resistant to or slowly degraded by 

heterotrophic utilization (Hansell, 2013; Shen and Benner, 2020). Indeed, phytoplankton 

have been observed to directly produce of recalcitrant compounds (Aluwihare et al., 1997) 

or precursors to recalcitrant compounds (Arakawa et al., 2017).  Additionally, labile DOC 

can be altered to recalcitrant compounds by heterotrophic microbes or phototransformation 

(Kieber et al., 1997; Benner and Biddanda, 1998; Ogawa et al., 2001; Gruber et al., 2006; 

Jiao et al., 2010). It has also been proposed that the shear molecular diversity of the DOC 

pool precludes any one individual compound from existing at concentrations detectable to a 

heterotrophic bacterium; thus, the encounter rate is low between an individual compound 

and a microbe with appropriate uptake mechanism (Kattner et al., 2011). The accumulated 

DOC pool thus reflects the sum of these low-concentration compounds (Kattner et al., 2011; 

Dittmar, 2015).  

It can be argued that DOC accumulates not because it is chemically resistant to 

degradation but because the energetic costs of oxidizing particular compounds outweigh the 
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nutritional and metabolic benefits to the microbe directly exposed to the compounds 

(Carlson et al., 2009; Treusch et al., 2009; Giovannoni, 2017; Landry et al., 2017; Saw et al., 

2020). Nutrient limitation (Zweifel et al., 1995; Cotner et al., 1997; Church, 2008) or 

accelerated predation (Thingstad et al., 1997) on BCD have been proposed as controls of 

DOC accumulation. BCD may more closely track grazer or viral-mediated release of DOM 

instead of instantaneous phytoplankton production (Kirchman et al., 1994). Lastly, some 

BCD may be supported by volatile organic compounds which are not captured in estimates 

of NPP measured by contemporary methods (Davie-Martin et al., 2020; Moore et al., 2020). 

A disconnect between BCD and NPP can arise from the combined effects of any or all of 

these mechanisms, which together describe the functional recalcitrance of DOC to microbial 

consumption. The magnitude of this functional recalcitrance, or how much the supply of 

DOC outpaces microbial consumption, leads to seasonal accumulation DOC in the surface 

waters of the ocean (Zakem et al., 2020).  

Throughout the global ocean, the resistance of the semi-labile and -refractory DOM 

pools to rapid microbial remineralization allows them to accumulate to appreciable 

concentrations that can create vertical gradients of up to 40 µM from the surface sunlit 

ocean to the dark deep ocean (Duursma, 1963; Eberlein et al., 1985; Carlson et al., 1994; 

Hansell and Carlson 2009). The elemental stoichiometry of this seasonally accumulated 

DOM does not adhere to the canonical Redfield ratio of 106C:16N:1P, instead having mean 

values of 199C:20N:1P in both coastal and offshore regions of the North Atlantic and North 

Pacific central gyre (Hopkinson and Vallino, 2005).  The C-rich character of seasonally 

accumulated DOM suggests that semi-labile and -refractory DOM can play important roles 

in the downward vertical export of atmospheric CO2  (i.e., the biological carbon pump) if 
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they persist long enough to be physically redistributed to depth by mixing or subduction 

(Carlson et al., 1994; Børsheim and Myklestad, 1997; Hansell et al., 1997b, 1997a). 

Studies have observed that the accumulation of organic carbon in the DOM pool can be 

greater or equal to that of the POM pool over the course of a phytoplankton bloom, 

supporting the importance of DOM to the biological carbon pump  (Duursma, 1963; Ittekkot 

et al., 1981; Carlson et al., 1994; Williams, 1995).  During the JGOFS 1989 North Atlantic 

Bloom Experiment (NABE), investigators reported that the DOC pool in the surface 80 m 

was, at times, ten times greater than the POC pool without apparent seasonal changes 

(Lochte et al., 1993). This finding, however, was shrouded in controversy due to uncertainty 

around the measurement of seawater DOC concentrations via the high-temperature 

combustion (HTC) technique (Sharp et al., 1993). By contrast, other studies suggested that 

the contribution of DOC to carbon export is minimal in the North Atlantic. During the 2008 

North Atlantic Bloom Experiment (NAB08), a study of the temporal evolution of a single 

phytoplankton patch using a suite of autonomous instruments in a Lagrangian framework, 

investigators used profiling floats to estimate the O2:NO3 ratio, a proxy for the net 

production of nitrogen-deficient DOM. They found that the ratio was close to the canonical 

Redfield ratio and concluded that carbon export via DOM was likely minimal in the region 

as the accumulation of C-rich DOM was absent during their study (Alkire et al., 2012). It is 

possible that the productive water mass sampled by the study may represent an anomalous 

feature relative to the mean biological climate of the North Atlantic. 

DOC distributions along meridional transects in the North Atlantic reveal enhanced 

DOC concentrations in the mesopelagic and bathypelagic zones at latitudes poleward of 

40˚N (Carlson et al., 2010). Coupled to data of CFC-derived water mass ventilation ages, 
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these distributions suggest that accumulated DOC in the epipelagic is entrained to depth by 

physical mixing in the North Atlantic (Hansell et al., 2009; Carlson et al., 2010). It was 

estimated from these data that approximately 0.081 Pg C of DOM are exported out of the 

upper 100 m of the water column annually, indicating that the North Atlantic is indeed a 

quantitatively important region of DOC export (Carlson et al., 2010). While it is clear that 

DOM can accumulate and be physically entrained to depth in the North Atlantic, it remains 

unclear how the annual phytoplankton bloom and its associated food web processes drive 

that accumulation or how DOM export varies in differing regions of the North Atlantic.   

Additionally, the fate of accumulated DOM after being exported to depth remains 

unresolved. It has been observed that accumulated DOC resistant to rapid microbial 

utilization at one geographical location or depth can be readily used at another (Carlson et 

al., 2011). Surface-accumulated DOC delivered by wintertime convective overturn can 

support net heterotrophic processes in the ocean interior. Indeed, absolute bacterioplankton 

abundance in the upper mesopelagic at BATS has been observed to increase in the weeks 

following deep convection (Carlson et al., 2009), with increases in relative abundance by 

certain bacterioplankton taxa like SAR11 subclade II, OCS116, SAR202, and marine 

Actinobacteria (Morris et al., 2005; Carlson et al., 2009; Treusch et al., 2009; Vergin et al., 

2013; Liu et al., 2020a). However, the magnitude and rate at which mesopelagic 

bacterioplankton respond to the export of surface-accumulated DOC on shorter timescales of 

hours to days remains unclear. Understanding the role of DOM in the biological carbon 

pump requires not only constraining the magnitude and drivers of DOC accumulation, but 

also the fate of accumulated DOC following physical export on various timescales.  
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This dissertation seeks to clarify the magnitude and divers of surface DOC 

accumulation over the course of the annual phytoplankton bloom in the Western North 

Atlantic, the contribution of DOC to annual vertical export via deep convective overturn, 

and the fate of surface accumulated DOC following physical export. Chapters II – III 

describe field and experimental work conducted as a part of the NASA North Atlantic 

Aerosols and Marine Ecosystems Study (NAAMES), a program designed to improve 

understanding of the annual phytoplankton bloom and its impacts on the atmosphere. This 

program, detailed in Behrenfeld et al (2019), was comprised of four field campaigns in the 

Western North Atlantic involving repeated meridional ship transects between 39˚N and 

56˚N latitude and -38˚W to -47˚W longitude. Each cruise accordingly took place at a 

different time of the year at four different phases of the annual phytoplankton bloom cycle. 

NAAMES 1 occurred in the early winter (“winter transition”: November - December 2015), 

NAAMES 2 in the late spring (“climax transition”: May 2016), NAAMES 3 in the early 

autumn (“depletion phase”: September 2017), and NAAMES 4 in the early spring 

(“accumulation phase”: April 2018). The design of the NAAMES study provided an ideal 

framework to explore the cumulative influence of microbial processes on the accumulation, 

bioavailability, and persistence of DOC across a large latitudinal range and over different 

phases of the annual phytoplankton bloom. In addition, NAAMES 2 afforded a rare 

opportunity to track and observe microbial and geochemical processes in the mesopelagic 

zone following a deep convection event.  Together, the chapters presented here help to 

further elucidate the biogeochemical role of DOC in the biological carbon pump in the 

Western North Atlantic. 



 

 11 

II. Net Community Production, Dissolved Organic Carbon 

Accumulation, and Vertical Export in the Western North Atlantic 

Reprinted From: N Baetge, JR Graff, MJ Behrenfeld, CA Carlson. 2020. Net Community 

Production, Dissolved Organic Carbon Accumulation, and Vertical Export in the Western 

North Atlantic. Frontiers in Marine Science. 7, 227. DOI: 10.3389/fmars.2020.00227 

Abstract 

The annual North Atlantic phytoplankton bloom represents a hot spot of biological 

activity during which a significant fraction of net community production (NCP) can be 

partitioned into dissolved organic carbon (DOC). The fraction of seasonal NCP that is not 

respired by the heterotrophic bacterial community and accumulates as seasonal surplus DOC 

(∆DOC) in the surface layer represents DOC export to the upper mesopelagic zone, and in 

the North Atlantic this is facilitated by winter convective mixing that can extend to depths 

>400 m.  However, estimates of ∆DOC and vertical DOC export for the western North 

Atlantic remain ill-constrained and the influence of phytoplankton community structure on 

the partitioning of seasonal NCP as ∆DOC is unresolved. Here, we couple hydrographic 

properties from autonomous in situ sensors (ARGO floats) with biogeochemical data from 

two meridional ship transects in the late spring (~ 44 – 56˚N along ~ -41˚W) and early 

autumn (~ 42 – 53˚N along ~ -41˚W) as part of the North Atlantic Aerosols and Marine 

Ecosystems Study (NAAMES). We estimate that 4 – 35% of seasonal NCP is partitioned as 

∆DOC and that annual vertical DOC export ranges between 0.34 – 1.15 mol C m-2 in the 

temperate and subpolar North Atlantic. Two lines of evidence reveal that non-siliceous 
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picophytoplankton, like Prochlorococcus, are indicator species of the conditions that control 

the accumulation of DOC and the partitioning of NCP as ∆DOC.  

Introduction 

Phytoplankton blooms spanning the subtropical to the polar latitudes of the North 

Atlantic occur annually and are central to biogeochemical cycling in the global ocean 

(Duursma, 1963; Lochte et al., 1993; Sieracki et al., 1993; Carlson et al., 1998; Falkowski et 

al., 1998; Behrenfeld, 2010). These blooms are net autotrophic events initiated by an 

imbalance between phytoplankton division and loss rates, created by favorable abiotic 

conditions for incident sunlight and subsurface attenuation, surface mixing layer dynamics, 

nutrients, and temperature(Behrenfeld and Boss, 2018).  

When photoautotrophy exceeds net heterotrophic processes within the surface layer, the 

seasonal net community production (NCP, moles C per unit volume or area per time) can be 

estimated from the biological production of oxygen (Plant et al., 2016) or the net drawdown 

of total carbon dioxide or nitrate as it is fixed to organic matter (Codispoti et al., 1986; 

Hansell et al., 1993; Hansell and Carlson, 1998b).  Organic matter resulting from NCP has 

three main fates: (1) accumulation as particulate organic carbon (POC) in the surface layer 

followed by export via the passive sinking flux (McCave, 1975), (2) export from the surface 

layer via vertical migrating zooplankton (Steinberg et al., 2000) and (3) accumulation as 

suspended organic matter (i.e. dissolved organic carbon (DOC) and suspended POC (POCs)) 

in the surface layer followed by export via physical transport (Carlson et al., 1994; Hansell 

and Carlson, 1998b; Sweeney et al., 2000; Dall’Olmo et al., 2016). The present study 

examines the third fate, focusing on the accumulation and subsequent vertical export of 
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DOC. We refer to the seasonal accumulation rate of surplus surface layer DOC as ∆DOC 

(vertically-integrated moles C m-2 time period-1 or moles C L-1 time period-1). 

∆DOC has been reported to represent a significant fraction of NCP in a variety of 

environments and ecological states (Carlson et al., 1998; Hansell and Carlson, 1998b; 

Romera-Castillo et al., 2016; Bif and Hansell, 2019). For example, Hansell and Carlson 

(1998) reported that as much as 59% - 70% of NCP was partitioned as ∆DOC shortly 

following a spring bloom in the Sargasso Sea. More recently, Romera-Castillo et al. (2016) 

analyzed data from seven US Repeat Hydrography cruises (currently  called GO-SHIP) and 

three Spanish cruises (OVIDE, Good Hope, CAIBOX) and found that ∆DOC:NCP largely 

ranged between 0.10 and 0.40 throughout the Atlantic basin, with an average ∆DOC:NCP of 

0.17 for the basin. The ratio was then applied to climatological nitrate data to model ∆DOC 

throughout the region. While extensive hydrographic data were used in this analysis, there 

was a paucity of data from the temperate and subpolar western North Atlantic. Furthermore, 

the data used did not permit the authors to diagnose seasonal variability in ∆DOC:NCP. 

Seasonal measures of NCP and ∆DOC for the western North Atlantic may help to constrain 

estimates of NCP partitioning and consequently, outputs from models seeking to predict 

changes in ∆DOC. Constraining estimates of ∆DOC is necessary to improve evaluations of 

vertical DOC export in the western North Atlantic. 

A variety of food web processes can lead to the production of DOC, including passive 

and active dissolved organic matter (DOM) release by phytoplankton, grazer-mediated 

release and excretion, viral cell lysis, and particle solubilization (see review by Carlson and 

Hansell, 2015).  Controlling factors that result in ∆DOC in the surface layer remain 

unknown but have been linked to nutrient limitation (Cotner et al., 1997; Thingstad et al., 
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1997), the direct production of recalcitrant compounds by phytoplankton (Aluwihare et al., 

1997; Wear et al., 2015b),  the alteration of labile DOM by heterotrophic microbes or 

phototransformation to recalcitrant compounds (Kieber et al., 1997; Benner and Biddanda, 

1998; Fukuda et al., 1998; Gruber et al., 2006; Jiao et al., 2010), and the composition and 

metabolic potential of the extant microbial community (Carlson et al., 2004; Morris et al., 

2005; DeLong et al., 2006a).  

In addition, because different phytoplankton species release different quantities and 

qualities of DOM, the identity of the dominant phytoplankton in a community may regulate 

the magnitude of ∆DOC (Conan et al., 2007; Wear et al., 2015b). For example, the 

dominance of large eukaryotic phytoplankton has been linked to the production of 

bioavailable DOC that can lead to limited variability in the bulk DOC pool (Carlson et al., 

1998; Wear et al., 2015a, 2015b), while the dominance of picophytoplankton in tropical and 

subtropical systems has been linked to elevated ∆DOC (Hansell and Carlson, 1998b; Hansell 

et al., 2009). Blooms of large eukaryotic phytoplankton relative to picophytoplankton may 

reflect conditions that favor the production of more bioavailable DOC that has a low 

potential to accumulate as ∆DOC (Carlson et al., 1998). If distinct phytoplankton species or 

group can be linked to ∆DOC or ∆DOC:NCP, they may be useful indicators for the 

conditions that control DOC production and accumulation. Absolute cell abundance data or 

sequencing data can be used to reveal phytoplankton community structure at the time of 

sampling; inorganic nutrient drawdown ratios provide information that integrates a previous 

community’s activity and how that community affects nutrient pools. In the Ross Sea, 

Sweeney et al., (2000) used ∆SiO4:∆NO3 ratios to distinguish phytoplankton populations 

dominated by diatoms from those dominated by non-siliceous species, with greater ratios 
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indicative of a greater relative importance of diatoms. These metrics of phytoplankton 

community structure can all be used to explore whether distinct species or groups can be 

used as indicators for the conditions controlling ∆DOC and ∆DOC:NCP. In the North 

Atlantic where massive spring blooms have been associated with diatoms and the depletion 

of silicate relative to nitrate  (Sieracki et al., 1993), one might expect diatoms to 

disproportionately contribute to NCP but also produce DOC with high bioavailability, 

leading to low ∆DOC. Understanding the role of diatoms in the partitioning of NCP may be 

important in elucidating the mechanisms and conditions that regulate ∆DOC and 

∆DOC:NCP.  

Regardless of the controls on DOC production and accumulation, ∆DOC in the surface 

layer has been observed throughout the global ocean (Duursma, 1963; Eberlein et al., 1985; 

Carlson et al., 1994; Børsheim and Myklestad, 1997; Hansell and Carlson, 1998b; Halewood 

et al., 2012). ∆DOC resisting or escaping rapid microbial degradation is available for 

horizontal or vertical export via physical processes (Hansell et al., 1997b). Seasonal deep 

convective overturn mixes ∆DOC into the ocean’s interior, where it can support net 

heterotrophic processes (Carlson et al., 1994, 2004). It is estimated that approximately 0.081 

Pg C of DOM are exported out of the upper 100 m of the water column annually in the 

North Atlantic basin, making this region a quantitatively important location for vertical 

DOC export (Carlson et al., 2010). However, refining estimates of local ∆DOC and vertical 

DOC export in the western North Atlantic remains difficult because of limited DOC 

observations under deeply mixed conditions and the necessary assumptions to approximate 

those conditions (Hansell and Carlson, 1998b; Romera-Castillo et al., 2016). 
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Here we present a seasonal composite of local ∆DOC and NCP based on shipboard and 

ARGO float data collected in the temperate and subpolar western North Atlantic as a part of 

the ARGO and NASA North Atlantic Aerosols and Marine Ecosystems Study (NAAMES) 

programs. The repeated meridional ship transects and the extensive spatiotemporal coverage 

of the deployed floats provide a unique opportunity to examine DOC dynamics in the 

context of the annual plankton cycle.  Here, we 1) consider the relationship between 

seasonal NCP and the partitioning of the resulting organic matter into the dissolved pool in 

the context of both space and time, 2) estimate vertical DOC export, and 3) examine the 

∆DOC:NCP as it relates to variability in environmental conditions and phytoplankton 

community composition.  

Materials and Methods 

Study Region 

The NAAMES program, detailed in Behrenfeld et al (2019), was designed to resolve the 

annual dynamics and drivers of the North Atlantic phytoplankton bloom and its subsequent 

impact on the atmosphere.  It was comprised of four field campaigns from 2015 to 2018, 

each involving coordinated ship, aircraft, remote sensing, and autonomous in situ sensing 

(ARGO and Biogeochemical-ARGO floats) measurements during transects between 39˚N 

and 56˚N latitude and -38 to -47˚W longitude (Figure 2.1).  Here, we focus on two 

NAAMES campaigns at extreme ends of the seasonal cycle, NAAMES 3 in September 2017 

(early autumn) and NAAMES 4 in April 2018 (early spring), respectively. The stations 

occupied during these campaigns were classified into subregions defined by Della Penna 



 

 17 

and Gaube (2019). The present study represents an ancillary companion project seeking to 

resolve temporal and spatial DOC dynamics in the western North Atlantic Ocean.   

Environmental Data 

NAAMES field campaign data are available through NASA’s Ocean Biology 

Distributed Active Archive Center (OB.DAAC). Conductivity-temperature-depth (CTD), 

discrete inorganic nutrient, and flow cytometry data used here were retrieved from the 

SeaWiFS Bio-optical Archive and Storage System (SeaBASS; 

https://seabass.gsfc.nasa.gov/). All CTD casts and seawater samples were collected on the 

R/V Atlantis using a Sea-Bird Scientific SBE-911+ CTD outfitted with a Wet Labs ECO-

AFL fluorometer and 24 ten-liter Niskin bottles in a typical rosette mount. Chlorophyll 

Maxima (CMs) were estimated for each profile using downcast data from the CTD 

fluorometer.  

Inorganic nutrient concentrations (µmol N or Si L-1) were determined for 15 depths over 

the surface 1500 m at each station (nominally 5, 10, 25, 50, 75, 100, 150, 200, 300, 400, 

500, 750, 1000, 1250, and 1500 m). Samples were gravity filtered directly from the Niskin 

bottles through in-line 47 mm PC filtration cartridges loaded with 0.8 µm polycarbonate 

filters into sterile 50 mL conical centrifuge tubes. Resultant samples were then stored at -

20˚C for later analysis using the Lachat QuickChem QC8500 automated ion analyzer at the 

University of Rhode Island Graduate School of Oceanography Marine Science Research 

Facility (GSO-MSRF). Precision for nitrite + nitrate and nitrite analyses are ~0.3 µmol L-1, 

while precision for silicate analysis is ~0.1 µmol L-1.  

DOC concentrations (µmol C L-1) were determined from replicate samples at the same 

15 depths where nutrient samples were collected. Samples were gravity filtered directly 
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from the Niskin bottles into pre-combusted (4 h at 450°C) 40 mL EPA borosilicate glass 

vials. Filtration was performed using 47 mm PC filtration cartridges loaded with pre-

combusted (4 h at 450˚C) 0.7 µm GF/ F filters. Filters were flushed with ~100 mL of sample 

water before collection. Vials were rinsed three times with sample water before being filled. 

All DOC samples were acidified to a pH of 2 by adding 50 µl DOC-free 4N HCl to 35 ml of 

sample immediately after collection.  Samples were stored at ~ 14 ˚C in an environmental 

chamber free of volatile organics until analysis at the University of California, Santa 

Barbara. 

DOC concentrations were measured in batches on  Shimadzu TOC-V or TOC-L 

analyzers using the high-temperature combustion technique (Carlson et al., 2010). Each 

batch analysis was calibrated using glucose solutions of 25 – 100 µmol C L-1 in low carbon 

blank water. Data quality was assessed by measuring surface and deep seawater references 

(sourced from the Santa Barbara Channel) after every 6 – 8 samples as described in Carlson 

et al., (2010). Precision for DOC analysis is ~1 µmol L-1 or a CV of ~2%. Local seawater 

reference waters were calibrated with DOC consensus reference material provided by D. 

Hansell (Hansell, 2005). All DOC data for the NAAMES project are available in the 

SeaWiFS Bio-optical Archive and Storage System (SeaBASS; 

https://seabass.gsfc.nasa.gov/). 

Phytoplankton concentrations (cells L-1) were determined for 6 depths over the surface 

100 m at each station (nominally 5, 10, 25, 50, 75, and 100 m) within hours of collection. 

Samples were analyzed using a BD Influx Flow Cytometer to estimate phytoplankton 

concentrations for four major groups (Prochlorococcus, Synechococcus, Picoeukaryotes (< 

3 µm), and Nanoeukaryotes (3 - ~10 µm) (see methods in Graff and Behrenfeld, 2018). The 
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Phytoplankton Abundance Maximum (PAM) for each profile was defined as the depth 

where the sum concentration of the four major groups was greatest.  

Concentrations for nutrients, DOC, and phytoplankton measured at 5 m were assumed to 

be equivalent to surface concentrations (0 m) as the mixed layer depth was greater than 5 m 

for all stations and all cruises (Figure 2.2). All profiles were averaged for each station 

containing multiple casts (Appendix Figures 2.1 – 2.3, 2.7).  

Maximum Mixed Layer Depth Calculations from ARGO Floats 

We used temperature, salinity, and pressure data provided by Biogeochemical-ARGO 

and ARGO (hereafter both referred to as ARGO) profiling floats to determine the maximum 

annual mixed layer depths in the vicinity of stations sampled during the ship campaigns. To 

match float profiles with station data, the NAAMES region was subdivided into 1˚ 

latitudinal bins. Stations and float profiles were binned to the nearest half degree based on 

their latitudinal coordinates. For example, a station location of 47.49˚N and a float location 

of 46.50˚N were both assigned to the 47˚N bin (Figure 2.1, Table 2.1).  

ARGO float data were retrieved from the NAAMES data page 

(https://naames.larc.nasa.gov/data2018.html). All ARGO floats used were located in the area 

of study and were either deployed during the NAAMES campaigns or previously by the 

ARGO or the remOcean programs in support of NAAMES (n = 18). Float data spanned 

from May 5, 2014, to December 2, 2018, and encompassed 2425 unique profiles.  

Mixed layer depths (ZMLD) were determined for each float profile using a threshold of 

the Brunt-Väisälä buoyancy frequency, N2, which was calculated using the function swN2() 

from the package oce (v 1.0-1) in R. Following Mojica and Gaube (in review), ZMLD was 

defined as the depth below 5 m at which N2 was greater than its standard deviation: 
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Z!"# =	Z$!%|	(	)$!*|	 (2.1) 

 

The deepest ZMLD, including its corresponding month and year, recorded for each 1˚ 

latitudinal bin throughout the float sampling period was reported as that bin’s annual 

maximum mixed layer depth, ZMax MLD (Figure 2.1, Table 2.1).  

Seasonal Nitrate Drawdown and NCP Calculations  

Estimates of surface layer-integrated NO3 drawdown (∆NO3, mol N m-2 t-1) between 

deep mixed and bloom or post-bloom stratified conditions have been used to determine 

seasonal NCP for a variety of ecosystems (Codispoti et al., 1986; Takahashi et al., 1993; 

Yager et al., 1995; Bates et al., 1998; Hansell and Carlson, 1998b; Siegel et al., 1999; 

Sweeney et al., 2000).  The challenge with this approach is capturing the surface layer NO3 

distribution during deep winter convective mixing when nutrients from depth are 

redistributed to the surface.  In the absence of direct measurements of NO3 during deep 

convection, we devised an approach to approximate the NO3 profiles at the time of 

convection (NO3 Mixed) for each 1˚ latitudinal bin around each NAAMES station. 

Specifically, each station’s NO3 profile measured during the post-bloom stratified condition 

was integrated to the corresponding ZMax MLD of its latitudinal bin. The integrated NO3 stock 

was then depth-normalized to the ZMax MLD; thus, providing a volumetric estimate of mixed 

NO3 concentrations for that station (vertical dashed line in Figure 2.2a). In cases where 

latitudinal bins contained stations from both the late spring and early autumn campaigns (44, 

48, and 50˚N), the NO3 Mixed profile generated from the early autumn profiles was applied to 

the late spring campaign. In cases where latitudinal bins only contained stations from the 

late spring (54 and 56˚N), NO3 Mixed profiles were generated from the late spring profiles. 
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Depth-integrated NO3 drawdown (∆NO3100 m, mol N m-2 t-1) over the surface 100 m (Figure 

2.3a) from the time of deep convection to the time of observation (t) were calculated for 

each profile as: 

∆NO+	,--. =
∫ (NO+!/012)dz −	∫ (NO+34516712)dz

,--
-

,--
-

t  (2.2) 

 

The drawdown was then converted to seasonal net community production (NCP100 m, 

mol C m-2 t-1) by employing the C:N ratio from Redfield (1963) as done by previous studies 

(Hansell et al., 1993; Yager et al., 1995; Romera-Castillo et al., 2016; Bif and Hansell, 

2019).    

NCP,--	. = ∆NO+ × 	6.6 (2.3) 

 

Seasonal depth-integrated NCP was also calculated for the depth horizons of the 

chlorophyll maximum (CM) and the phytoplankton abundance maximum (PAM) to examine 

how it changed over various depths within the surface layer. 

∆DOC and Export Calculations 

Seasonal depth-integrated ∆DOC (∆DOC100 m, mol C m-2 t-1) over the surface 100 m 

from the time of deep convection to the time of observation (t), shown in figure 2.3b, was 

calculated for each profile, as follows: 

∆DOC,--	. =
	∫ (DOC34516712)dz −	∫ (DOC!/012)dz

,--
-

,--
-

t  (2.4) 

 

∆DOC100 m at each station from the time of deep convection to early autumn stratified 

period provides an approximation of the magnitude of annual DOC export from the surface 

layer (Carlson et al., 1994; Hansell and Carlson, 2001b).  Demarcating the surface layer at 
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100 m is consistent with previous studies that have used the same depth horizon to define 

DOC export from the surface layer into the mesopelagic (Sweeney et al., 2000; Carlson et 

al., 2010; Hansell et al., 2012). Thus, annual DOC export out of the surface 100 m 

(DOCExport 100 m, mol C m-2 t-1) was calculated as the difference in the integrated DOC stocks 

(100 m to the maximum MLD for each station) between the mixed and the early autumn 

stratified condition (Figure 2.3b), as follows: 

DOC809:6;	,--	. =
	∫ (DOC34516712)dz −	∫ (DOC!/012)dz

!<0	!"#
,--

!<0	!"#
,--

t  
(2.5) 

 

We acknowledge that ∆DOC is subject to surface circulation and can be advected to a 

location with enhanced, dampened, or negligible vertical mixing. Because we do not have an 

explicit means to constrain lateral advection with the available data, the DOC export values 

reported here assume a static view of the system and represent local vertical export.  

The partitioning of seasonal NCP into ∆DOC was calculated as the ratio between ∆DOC 

and NCP (Figure 2.4c, Appendix Figure 2.6).  To examine how ∆DOC and ∆DOC:NCP 

changed over various depth horizons within the surface layer, they were estimated within the 

surface 100 m, the chlorophyll maximum (CM), and the phytoplankton abundance 

maximum (PAM). 

Seasonal Silicate Drawdown Calculations 

The depth-integrated seasonal drawdown of SiO4 (∆SiO4 100 m) relative to ∆NO3 100 m was 

used as an index of the relative importance of diatoms in NO3 drawdown, as opposed to 

other phytoplankton groups. Greater ∆SiO4:∆NO3 ratios indicate the greater relative 

importance of diatoms in contributing to NCP100 m (Sweeney et al., 2000).  ∆SiO4 100 m was 

calculated following the same approach described above to determine ∆NO3 100 m. 
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Statistical Analyses 

Model I linear regressions were used to assess the comparability of ∆DOC:NCP 

estimates as well as latitudinal trends in those estimates. Regressions were computed using 

the function lm() from the package stats (v 3.5.1) in R (v 3.5.1). Model fits with p-values £ 

0.05 are described herein as ‘significant’, while those with p-values £  0.01 are described as 

‘highly significant’. T-tests were used to determine if slopes were different from 0, with p-

values £ 0.05 indicating significant likelihood. The Breusch-Pagan test against 

heteroskedasticity was performed on each model using the function bptest() from the 

package lmtest (v 0.9-37) with the argument studentized set to TRUE in R (v 3.5.1). From 

this test, p-values £  0.05 suggest heteroskedasticity and indicate that the spread of the 

residuals is not constant with the fitted values.  In this case, the regression model’s ability to 

predict a dependent variable is not consistent across all values of that dependent variable. 

Standardized (reduced) major axis model II linear regressions were used to explore 

relationships among deep mixed conditions, NCP, ∆DOC:NCP, ∆DOC, inorganic nutrients, 

and broad phytoplankton groups. As with the model I linear regressions, model fits with p-

values £  0.05 are described as ‘significant’ and those with p-values £  0.01 are described as 

‘highly significant’. A Welch Two Sample T-test was performed to compare ∆DOC:NCP 

between seasons using the function t.test() from the package stats (v 3.5.1) in R (v 3.5.1). 

Results 

ARGO Float-Based Maximum Mixed Layer Depth Estimates 

A total of 2425 profiles were recorded in the NAAMES study region between May 5, 

2014 and December 2, 2018. The minimum and maximum number of profiles for each 1˚ 
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latitudinal bin within the NAAMES study region were n = 17 (40˚N) and n = 375 (53˚N), 

respectively, with a mean of n = 127 and the median of n = 92. Figure 2.1 illustrates the 

temporal coverage obtained by combining data from the ARGO floats in the vicinity of each 

station (within 1° latitudinal bin).  The maximum MLD (ZMax MLD) determined for each 1˚ 

latitudinal bin in the NAAMES region occurred between the months of November and April 

and ranged from 110 – 508 m. A total of 1491 profiles were recorded during this period, 

with a minimum, maximum, mean, and median number of profiles for each 1˚ latitudinal bin 

at 5 (57˚N), 274 (52˚N), 78, and 49, respectively (Table 2.1). The range, mean, and median 

of ZMax MLD was greater than the mixed layer depths recorded for all cruises within the 

NAAMES campaign, which ranged between 6 and 214 m (Figure 2.2), indicating that 

conditions reflecting deep convection were not captured during the NAAMES occupations.  

 ZMax MLD determined for each bin was then used to reconstruct mixed nutrient and DOC 

profiles required to calculate seasonal NCP and ∆DOC.  

NCP, ∆DOC, and Vertical DOC Export 

Estimates of seasonal NCP from the mixed condition to the early autumn stratified 

period ranged between 1.67 and 6.70 mol C m-2, with a median of 4.69 and a mean of 4.29 

mol C m-2 (Table 2.2).  ∆DOC:NCP over the same period ranged from 0.14 to 0.35, with a 

median and mean of 0.17 and 0.20, respectively (Table 2.2).  

Vertical profiles of volumetrically-estimated NCP (difference between NO3 Mixed and 

NO3 Observed at each depth x 6.6) and ∆DOC (difference between DOC Observed and DOC Mixed  

at each depth) show that NCP and ∆DOC were both most pronounced within the shallowest 

depth horizons of the surface layer (Figure 2.4, Appendix Figures 2.4 – 2.5). ∆DOC:NCP 

estimates were similar whether calculated for the upper 100 m, to the depth of the 
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chlorophyll maximum (CM), or the depth of the Phytoplankton Abundance Maximum 

(PAM) (Appendix Table 2.1).  

Using the local ZMax MLD for each station, we estimated annual DOC Export 100m for each 

station along the NAAMES meridional transect (42˚N – 53˚N) to range between 0.34 and 

1.15 mol C m-2 (Table 2.2), with a mean of 0.77 mol C m-2. DOC Export 100m is purposely not 

reported in table 2.3, which represents data from the late spring. It would be inappropriate to 

calculate DOC export in the late spring due to its timing being far removed from the timing 

of deep convection. It is the bulk DOC pool during the stratified condition, just before the 

late autumn/winter, that will be subject to deep convection. Mesopelagic DOC 

concentrations in the early autumn were observed to be lower than those of the mixed 

condition (Figure 2.3, Appendix Figure 2.2), suggesting that after DOC is exported, it is 

remineralized by the mesopelagic community (Carlson et al., 2004, 2011). Vertical DOC 

export was observed to increase in magnitude with increasing NCP (Figure 2.6b). 

∆DOC:NCP over a range of NCP magnitudes was observed to be significantly greater in the 

early autumn (mean 0.20 ± 0.06) than the late spring (mean 0.11 ± 0.06) (Table 2.2, 2.3, 

Figure 2.5, 2.6a).  

Partitioning of NCP 

∆SiO4:∆NO3 in the early autumn generally increased with increasing latitude and ranged 

from 0.36 – 0.70, which would suggest that 36 – 70% of phytoplankton biomass in the 

region was represented by diatoms or other siliceous phytoplankton like silicoflagellates. 

∆DOC:NCP displayed a strong and highly significant negative relationship with 

∆SiO4:∆NO3 (Figure 2.7). ∆DOC:NCP also showed significant moderate to strong direct 

relationships with Prochlorococcus abundance within the depth horizons of the CM and 
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PAM (Figure 2.8). When compared to flow cytometry cell abundance estimates of other 

broad phytoplankton groups (Synechococcus, picoeukaryotes and nanoeukaryotes), the 

∆DOC:NCP ratio only demonstrated a weak negative relationship with picoeukaryotes over 

the PAM depth horizon (Appendix Table 2.2).   

Discussion 

Of the ~9 Pg C of global annual carbon export to the ocean interior by the biological 

carbon pump (DeVries and Weber, 2017), approximately 1.27 Pg C are exported in the 

North Atlantic alone, indicating that the biological carbon pump in the North Atlantic is an 

important component of the global carbon cycle (Sanders et al., 2014). The biological 

carbon pump is driven by a complex set of processes, including a passive sinking flux of 

organic particles (McCave, 1975), an active transport of organic carbon and CO2 by 

vertically migrating zooplankton (Steinberg et al., 2000), and the physical transport of 

dissolved and suspended organic matter by subduction and convective mixing (Carlson et 

al., 1994; Hansell et al., 2009; Dall’Olmo et al., 2016).  To predict changes in the North 

Atlantic biological carbon pump under different climate scenarios, it is necessary to reduce 

the uncertainties in the magnitude and contribution of these different pathways (Sanders et 

al., 2014; Siegel et al., 2016).  

Although contributions by passive fluxes and vertical migrating organisms to carbon 

export can be obtained on individual research campaigns, assessing the contribution of the 

vertical redistribution of suspended particulate or dissolved organic carbon (POCs and DOC, 

respectively) to carbon export requires an understanding of the interplay between the 

seasonal net production of POCs and DOC and the extent of physical convective mixing at 

any given location. By combining ARGO float data with satellite estimates of POC, one 



 

 27 

study demonstrated that the seasonal accumulation and physical removal of total POC in the 

North Atlantic could account for 23 - >100% of the carbon export flux into the mesopelagic  

(Dall’Olmo et al., 2016). Applying this  approach to estimate the contribution of DOC to 

vertical carbon export would be difficult without a remote-sensing proxy for the bulk DOC 

pool in the open ocean. Direct measurements of DOC at regular temporal intervals over 

numerous annual cycles at time-series study sites is arguably the most powerful approach to 

resolving the contribution of DOC to vertical carbon export (Copin-Montégut and Avril, 

1993; Carlson et al., 1994; Børsheim and Myklestad, 1997; Hansell and Carlson, 2001b). 

This approach, however, is only feasible at a limited number of locations.  

Constraints on Post-convection Conditions Challenges Estimations of ∆DOC and NCP   

Studies that make direct DOC measurements at the time of deep convection and during 

stratified periods (i.e. post-bloom) can provide estimates of seasonal DOC accumulations 

(∆DOC). Concomitant measurements of TCO2, inorganic nutrients, or oxygen between those 

periods permit estimates of net community production (NCP) (Codispoti et al., 1986; 

Hansell et al., 1993; Bates et al., 1998; Plant et al., 2016). Combining the corresponding 

∆DOC and NCP estimates provides insight into how much of NCP becomes seasonally 

accumulated DOC (∆DOC:NCP), thereby providing constraint on vertical DOC carbon 

export estimates (Hansell and Carlson, 1998b; Carlson et al., 2000; Sweeney et al., 2000; 

Hansell and Carlson, 2001b). A major challenge to estimating ∆DOC:NCP is being able to 

capture direct measures of DOC and inorganic nutrients at the time of deep mixing when 

their respective concentrations are homogenously distributed throughout the deep mixed 

layer.  Measures of DOC and inorganic nutrient profiles during both seasonally vertically 

stratified and maximally mixed conditions allow for the calculation of net DOC production 
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from NO3 drawdown (estimates of NCP). However, capturing maximal deep convective 

mixing events is difficult at best.  

In the absence of direct measurements, previous studies have defined criteria to predict 

pre-bloom nutrient and surface DOC concentrations. In their study of upwelling-driven 

phytoplankton blooms in the northwestern portion of the Santa Barbara Channel, California, 

Wear et al. (2015a) used nutrient and salinity fields to characterize recently upwelled water 

at 5 m and then identified waters meeting those nutrient and salinity conditions as “pre-

bloom” source waters, reflective of initial mixed conditions. DOC values in these source 

waters were used as background concentrations from which ∆DOC values were calculated. 

In Romera-Castillo et al (2016), the authors applied a representative ∆DOC:NCP value 

derived from cruise-based estimates to climatological nitrate data to model ∆DOC 

throughout the Atlantic. They calculated ∆DOC and NCP as the difference in DOC and 

nitrate concentrations, respectively, between the surface and underlying source waters, 

which varied with latitude. In the North Atlantic, mixed condition values for DOC and 

nitrate concentrations were taken from 200 m with the reasoning that winter vertical mixing 

commonly reaches that depth. Here, we used ARGO float observations to retrieve the 

maximum MLDs measured in 1˚ latitudinal bins in the NAAMES study region (Figure 2.1, 

Table 2.1). We then redistributed early autumn stratified DOC and NO3 profiles over their 

corresponding local maximum MLD to estimate DOC Mixed and NO3 Mixed concentrations 

(Figure 2.3), allowing estimations of ∆DOC and NCP at occupied stations.   

Leveraging ARGO Datasets Empower Analysts to Simulate Pre-bloom Conditions 

With a current global fleet of over 3900 autonomous floats, the ARGO program has 

made great contributions to improving our understanding of physical and biogeochemical 
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variability in the oceans (Riser et al., 2016; Claustre et al., 2020). Probing the rich dataset 

generated by these floats can provide reasonable estimates of annual maximum MLDs 

across expansive areas of the ocean at 1˚ latitudinal resolution (Figure 2.1, Table 2.1). These 

estimates of annual maximum MLDs can then be used to simulate the redistribution of DOC 

and nitrate profiles observed during the early autumn stratified periods and allow 

approximate reconstructions of the mixed profiles for each variable (Figure 2.3). Combining 

ARGO data collected in the NAAMES region with profiles collected during the early 

autumn stratified period, we were able to estimate mixed DOC and nutrient concentrations 

in the absence of direct measurements.  

As these estimates were the foundation for calculating approximate ∆DOC, its 

contribution to NCP, and potential DOC export flux in western North Atlantic (Table 2.2, 

Table 2.3, Figure 2.3), we sought to compare them against wintertime (January – March) 

data from two publicly available data products, the Global Ocean Data Analysis Project 

version 2 2019 (Gv2_2019) and the World Ocean Atlas 18 (WOA18) (see analyses in 

Appendix). Unfortunately, these two data products contained limited wintertime data for the 

NAAMES study region and the available data displayed relatively shallow winter MLDs 

compared to our maximum MLD estimates. For these reasons, using Gv2_2019 and 

WOA18 data to constrain the conditions under deep convection for the NAAMES region 

was problematic and made comparisons with this study’s data equivocal. However, 

interrogating these publicly available data products did underscore the difficulty in defining 

the magnitude and conditions of deep mixing for the western North Atlantic, even with 

extensive, historical datasets. Data from the ARGO program, as used in this study, can help 

to hone estimates of the maximal extent of deep convective mixing, critical to constraining 
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∆DOC, its contribution to NCP, and potential DOC export flux. However, this is not an 

infallible approach either. 

Our approach to capturing deep convective mixing over a wide range of latitudes at 1˚ 

resolution using ARGO float data can also be limited by sampling resolution (i.e., number of 

floats, profiling frequency). While the float data for most of the latitudinal bins in the 

NAAMES region contain mixing estimates deeper than 200 m (Table 2.1, Figure 2.2), it is 

possible that the ARGO floats missed deeper mixing events at or near our station locations, 

leading to underestimates of local deep mixing. However, the ARGO-based maximum 

mixed layer depths presented here are deeper than the winter mixed layer depths from the 

Gv2_2019 and WOA18 data products, from wintertime ARGO climatological data, as well 

as those observed on the late autumn NAAMES campaign (i.e., closest campaign to the 

timing of deep convection (November 2015))  (see analyses in Appendix, Appendix 2.12). 

Regardless, the derived variables (i.e., ∆DOC, NCP, and vertical DOC export) presented 

here are realistically constrained but should be considered conservative estimates. Other 

caveats with the approach have been noted in previous studies that have calculated NCP 

from nutrient deficits and are summarized below. 

Caveats Limit Approximations of NCP from Nitrate Drawdown  

NCP derived from nitrate drawdown is taken as an approximation of new production, 

that is, the net production utilizing inorganic nitrogen provided from outside sources such as 

deep mixing and/or upwelling (Dugdale and Goering, 1967). This approximation ignores the 

contributions of new nitrogen from atmospheric deposition, river inputs, and nitrogen 

fixation, which may lead to underestimates of NCP. Recent convergent estimates from an 

inverse biogeochemical and a prognostic ocean model suggest that the input of newly fixed 
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nitrogen from microbial fixation, atmospheric deposition, and river fluxes can account for 

up to 10% of carbon export in the NAAMES region (Wang et al., 2019).  In addition, 

nitrification within the surface layer can lead to underestimates of new production (Santoro 

et al., 2010). Though direct measures of nitrification rates are scarce, previous studies have 

demonstrated that nitrification can be an insignificant source of nitrate in the euphotic zone 

of the subarctic North Atlantic and the Sargasso Sea (Fawcett et al., 2015; Peng et al., 2018). 

The approach used here does not allow us to constrain the contributions of new nitrogen 

from the processes described above, thus nitrate drawdown was our best approximation of 

NCP.  

Redfield stoichiometry (C:N = 6.6) is commonly used to convert nitrate drawdown to 

NCP in carbon units (Hansell et al., 1993; Yager et al., 1995; Romera-Castillo et al., 2016; 

Bif and Hansell, 2019). We recognize that DOM production and accumulation in the surface 

layer can be C-rich relative to Redfield stoichiometry, having C:N ratios ranging from 12-15 

in surface waters  (Williams, 1995; Hansell and Carlson, 2001b; Hopkinson and Vallino, 

2005), and that these values may change over the course of a phytoplankton bloom 

(Sambrotto et al., 1993; Bury et al., 2001; Körtzinger et al., 2001).  Using Redfield 

stoichiometry to convert NO3 drawdown to NCP may underestimate true NCP if a 

significant fraction of organic matter production was C-rich relative to Redfield 

stoichiometry, ultimately leading to slight overestimates of ∆DOC:NCP.  While Laws  

(1991) argues that applying the Redfield ratio to seasonal nitrate drawdown can 

underestimate NCP by as much as 15-30%, other studies have demonstrated that the 

seasonal drawdown of TCO2 relative to NO3 drawdown is close to 6.6 in some high latitude 
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systems (Yager et al., 1995; Bates et al., 1998). Thus, employing Redfield stoichiometry is a 

useful approach when comparing ∆DOC:NCP with previously published studies. 

∆DOC:NCP Linked to Ecosystem State 

The range of ∆DOC:NCP reported here is comparable to those previously reported from 

a variety of locations in the North Atlantic under different ecological states and NCP 

magnitudes (Hansell and Carlson 1998; Romera-Castillo et al., 2016 and references therein). 

∆DOC:NCP increased from late spring to early autumn and vertical DOC export increased as 

seasonal NCP increased into the early autumn (Table 2.2, Table 2.3, Figures 2.5, 2.6). This 

may reflect changes in both ecosystem state (i.e. nutrient availability) and plankton 

community composition (Hansell and Carlson, 1998b; Carlson et al., 2000). Differences in 

predominant phytoplankton community members might lead to differences in the magnitude 

of DOM accumulation, perhaps due to differences in the quantity and quality of the DOM 

produced (Conan et al., 2007). We observed a seasonal progression in the partitioning of NCP 

into ∆DOC, with ∆DOC:NCP increasing between the late spring and early autumn (Figure 

2.5). This finding is consistent with previous bloom observations in the Ross Sea (Carlson and 

Hansell, 2003). Prior studies have shown phytoplankton bloom progression is coincident with 

increases in DOC production and accumulation, which could be in part due to nutrient 

limitation (Duursma, 1963; Ittekkot et al., 1981; Eberlein et al., 1985; Billen and Fontigny, 

1987; Carlson et al., 1994; Williams, 1995; Wear et al., 2015a), but these relationships are not 

universal (Carlson et al., 1998). While some studies have demonstrated increases in DOC 

concentrations with increases in Phaeocystis primary production and biomass (Eberlein et al., 

1985; Billen and Fontigny, 1987), Carlson et al. (1998) observed little change in the bulk DOC 

pool during the early phase of an Antarctic Phaeocystis bloom. The authors reported low total 
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DOC production (0.44 mol C m-2) in the Antarctic relative to the oligotrophic Sargasso Sea 

(1.7 mol C m-2). Also, the authors observed that while ~50% of the newly produced DOC in 

the Sargasso Sea escaped microbial consumption and instead accumulated as ∆DOC, only 

~28% accumulated as ∆DOC in the Antarctic, indicating that newly produced DOC in the 

Antarctic was largely bioavailable to the extant heterotrophic microbial community and was 

largely removed prior to deep convective mixing. These observations led to the hypothesis 

that the low seasonal production of DOC and its high bioavailability in the Ross Sea may have 

been tied to the size structure and composition of the phytoplankton community there.  

Blooms of large eukaryotic phytoplankton relative to picophytoplankton may reflect 

conditions that favor the production of more bioavailable DOC that has a low potential to 

accumulate as ∆DOC (Carlson et al., 1998). Wear et al. ( 2015a, 2015b) demonstrated in 

field and experimental work at a coastal upwelling site that, as diatom dominated blooms 

transition from a nutrient-replete to a Si-stressed state, there were corresponding increases in 

the fraction of bloom-produced DOC that is bioavailable to heterotrophic bacterioplankton. 

Comparatively in tropical and subtropical systems, the dominance of picophytoplankton 

appears to lead to greater DOC accumulation (Carlson et al., 1998; Hansell and Carlson, 

1998b; Hansell et al., 2009). It is important to emphasize, however, that the relative 

contribution of a phytoplankton size class does not necessarily dictate the magnitude of 

∆DOC and the fractionation of NCP into ∆DOC. Rather, their relative abundance may be 

indicative of the environmental conditions that control the net partitioning of NCP as 

∆DOC. For instance, higher ∆DOC:NCP ratios may reflect greater extracellular DOC 

release from primary production due to differences in cell surface area: volume ratios (Karl 

et al., 1996). In hydrographically stable conditions, elevated ∆DOC:NCP ratios may reflect 
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the increased transformation of labile DOM to more recalcitrant compounds due to  nutrient 

limitation of heterotrophic bacterioplankton production, physical separation of 

bacterioplankton assemblages capable of using recalcitrant DOM, or further transformation 

by by phototransformation (Cotner et al., 1997; Kieber et al., 1997; Benner and Biddanda, 

1998; Jiao et al., 2010). Conversely, cell physiological stress in response to physical mixing 

may also lead to the increased production of DOC, resulting in higher ∆DOC:NCP ratios 

(Hansell and Carlson, 1998b).  

The contribution of larger phytoplankton, like Phaeocystis and diatoms, may also 

illuminate what conditions drive NCP partitioning.  For example, the larger contribution of 

Phaeocystis relative to picoeukaryotes observed by Carlson et al. (1998) may reflect 

conditions that favor the production of more bioavailable DOC that has a low potential to 

accumulate as ∆DOC. In support of this, the authors noted that the increased production of 

bioavailable DOC in SiO4-limited conditions may be an adaptive strategy by diatoms to 

promote heterotrophic remineralization of dead diatom frustules to dissolved SiO4. Thus, in 

waters where silicate drawdown exceeded nitrate drawdown, we may infer that they were 

not only occupied by silicifying phytoplankton like diatoms but also that those 

phytoplankton may have become Si-limited over time, producing bioavailable DOC 

inconsequential to carbon accumulation and vertical export. Indeed, the ratios of nutrient 

deficits, particularly ∆SiO4 and ∆NO3, and NCP have been used to provide a crude signature 

of the composition of the community that may have been responsible for NCP and ∆DOC 

(Sweeney et al., 2000; Carlson and Hansell, 2003). With knowledge of either or both 

phytoplankton community composition and signatures of nutrient limitation, we can glean 

the environmental conditions that control the partitioning of NCP into ∆DOC.  
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∆DOC:NCP and Vertical DOC Export Reflect Conditions Favoring Non-Siliceous 

Phytoplankton 

To determine whether linkages could be made between the observed partitioning of NCP 

and distinct ecosystem states, we explored the relationships between ∆DOC:NCP, 

∆SiO4:∆NO3, and distinct phytoplankton groups along the NAAMES meridional transect. 

Because the North Atlantic spring bloom has been associated with diatoms and the depletion 

of silicate relative to nitrate (Sieracki et al., 1993), we expected elevated ∆SiO4:∆NO3 ratios 

where diatom blooms might disproportionately contribute to NCP. However, because DOC 

produced by diatoms has been shown to be characterized by high bioavailability under Si-

stress (Wear et al., 2015b), we also expected that in locations with elevated ∆SiO4:∆NO3, 

∆DOC would be low. We found that ∆SiO4:∆NO3 increased at the higher latitudes, 

suggesting a higher frequency or magnitude of blooms by silicifying phytoplankton like 

diatoms in the northern section of the NAAMES region (Figure 2.7). However, the model 

regression between ∆SiO4:∆NO3 and latitude was heteroskedastic, suggesting that latitude 

alone is not a good predictor for silicate versus nitrate drawdown. ∆SiO4:∆NO3 ranged from 

0.36 to 0.70, indicating that phytoplankton communities comprised of siliceous 

phytoplankton like diatoms and silicoflagellates were responsible for 36 – 70% of SiO4 and 

NO3 drawdown.  The ratio displayed a strong and highly significant inverse relationship 

with ∆DOC:NCP (Figure 2.7), consistent with previous field and culture reports (Wear et 

al., 2015a, 2015b). An alternate interpretation is that the inverse relationship between 

∆SiO4:∆NO3  and ∆DOC:NCP indicates when Si drawdown is low and where the 

phytoplankton community is dominated by functional groups other than siliceous 
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phytoplankton (e.g. picoeukaryotes and cyanobacteria) there is a larger partitioning of NCP 

into ∆DOC.  

We did not find significant relationships between ∆DOC:NCP and the abundance of 

Synechococcus or nanoeukaryotes (3- ~10 µm) (Appendix Table 2.2) .  However, we did 

find that the abundance of Prochlorococcus was a moderate to strong indicator of 

∆DOC:NCP and DOC accumulation within both the depth horizons of the chlorophyll and 

phytoplankton abundance maximums (Figure 2.8). This relationship, in combination with 

those of the nutrient deficits aforementioned, is intriguing. Together, they suggest that in 

stratified waters with a higher presence of Prochlorococcus, DOC accumulation and 

∆DOC:NCP are elevated.  

It is not clear in our study if elevated Prochlorococcus concentrations lead to the direct 

production of recalcitrant DOC or if the group simply represents an environmental indicator 

of other physical and / or food web interactions that result in ∆DOC. It has been proposed 

that Prochlorococcus may disproportionally contribute to the enhanced concentrations and 

long-term stability of DOC in the oligotrophic ocean (Braakman et al., 2017). The 

correlations between elevated Prochlorococcus, reduced ∆SiO4:∆NO3, increased DOC 

accumulation, and increased ∆DOC:NCP reported here is consistent with this hypothesis. 

The linkages made here may be important to understand the specific mechanisms that drive 

the partitioning of NCP and the accumulation of ∆DOC and would benefit from future 

experimental work targeting the role of Prochlorococcus in these processes.   
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DOC is an Important Vertical Export Term in Temperate and Subtropical Western North 

Atlantic 

In this study, we have estimated that 20 ± 6% NCP accumulated as ∆DOC by early 

autumn in the western North Atlantic region occupied by NAAMES (Table 2.2). Applying 

this estimate to a climatological model like that of Romera-Castillo et al. (2016) may help 

constrain estimates of ∆DOC throughout the western North Atlantic at a higher resolution. 

An annual DOC export of 0.34 – 1.15 mol C m-2 (mean 0.77 mol C m-2) out of the surface 

100 m indicates that physical mixing of DOC is an important component of the biological 

carbon pump for this portion of the North Atlantic. Because the ARGO floats used here may 

not have captured the deepest local mixing event at any given station location, our estimates 

of annual ∆DOC are considered conservative.  Similar to previous studies we calculate 

∆DOC in the surface 100 m to be equivalent to vertical DOC export (Hansell and Carlson, 

2001b; Romera-Castillo et al., 2016; Bif and Hansell, 2019). However, a fraction of ∆DOC 

could be laterally transported and/or remineralized by heterotrophic bacterioplankton, thus 

becoming unavailable to downward mixing by convective overturn. We may further 

constrain our estimates of DOC export  by distinguishing horizontal from vertical transport 

and also accounting for the bioavailable fraction of DOC that is rapidly remineralized by 

microorganisms (Copin-Montégut and Avril, 1993; Carlson et al., 1994; Børsheim and 

Myklestad, 1997). DOC bioavailability and its impact on vertical DOC export for the 

NAAMES study region will be discussed in a subsequent manuscript. Finally, our data 

suggest that in conditions resulting in low Si-drawdown, Prochlorococcus or the conditions 

they reflect may play a significant role in the accumulation of annual ∆DOC and the 
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partitioning of NCP, providing a framework for future investigations of the mechanisms 

driving these processes.  
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Figure 2.1. Geographical map of the NAAMES study region (left), with station locations 
for the late spring and early autumn cruise designated as circles and squares, 
respectively.  Stations are colored by subregional classification based on Della Penna and 
Gaube (2019). Gridded box displays the bounds of the in 1˚ latitudinal bins from which 
float data were available. Displayed on the right is an example composite of float data 
from the 52˚ latitudinal bin. Black points denote when water column data were collected 
by an ARGO float. The white points and dashed line mark the depth of the mixed layer 
(n = 348). Zmax MLD for this latitudinal bin was recorded as 330 m. Interpolated 
temperature data from the corresponding float profiles are shown in the background. 



 

 40 

 

 
Figure 2.2. The average mixed layer depth between all CTD casts at a station is 
represented by an individual circle, the color of which represents the season when that 
mixed layer depth was observed. Error bars represent standard deviations.  Yellow 
squares represent the maximum mixed layer depths measured by the NAAMES ARGO 
floats for each latitudinal bin. 
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Figure 2.3. Early autumn nitrate (A) and DOC (B) profiles from station 5 at 51.7˚ N and 
-39.5˚W. The maximum MLD (ZMax MLD) at the 50˚ latitudinal bin recorded by ARGO 
floats was 330 m and is shown as the blue dotted line. The black dotted line indicates the 
100 m depth horizon, used as a benchmark for the euphotic zone as in previous studies. 
The vertical black dashed line represents the redistribution of the observed profiles to the 
maximum MLD (integrated and depth-normalized to maximum MLD), simulating the 
“mixed” condition reflective of winter / spring deep convection. The red shaded areas 
within the surface 100 m represents (A) the nitrate drawdown and (B) the accumulation 
of ∆DOC between the time of mixing to the early autumn stratified period in mol N m-2 
and mol C m-2, respectively. The purple shaded area below the 100 m depth horizon 
indicates the magnitude of DOC export in mol C m-2. 
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Figure 2.4. Vertical profiles of volumetrically-estimated (A) NCP (difference between 
NO3 Mixed and NO3 Observed at each depth × 6.6, (B) ∆DOC (difference between 
DOCObserved and DOCMixed at each depth), and (C) subsequent ∆DOC:NCP. The NO3 and 
DOC profiles used to make these estimates were taken from station 5 at 51.7˚ N and -
39.5˚W. The green dotted line denotes the chlorophyll maximum (CM), and the blue 
dotted line demarcates the phytoplankton abundance maximum (PAM). 



 

 43 

 

 

 

Figure 2.5. Box and whisker plots comparing ∆DOC:NCP integrated over the surface 
100 m between the late spring and early autumn. Circles indicate data points. Diamonds 
represent the mean of the data. 
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Figure 2.6. (a) Variability of ∆DOC:NCP over the range of seasonal net community 
production (NCP). (b) Standard major axis model II regressions for NCP and annual 
DOC export. Each point represents estimates for a station during the early autumn cruise. 
Points are filled by the subregional classification of the station as described in Figure 1. 
NCP and ∆DOC:NCP represent values integrated to 100 m. Annual DOC export 
represents values integrated from 100 m to the maximum mixed layer depth. 
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Figure 2.7. Model regressions comparing the ∆DOC:NCP in the surface 100 m; (a) 
model regression for the ∆SiO4:∆NO3 ratio versus latitude and  (b) standard major axis 
model II regression for ∆DOC:NCP versus ∆SiO4:∆NO3 ratio. Each point represents 
estimates for a station on the early autumn cruise. Points are filled by the subregional 
classification of the station as presented in Figure 1. 
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Figure 2.8. Standard major axis model II regressions comparing the ∆DOC:NCP ratio 
with the absolute abundance of Prochlorococcus, integrated to the chlorophyll maximum 
(CM) (a) and the phytoplankton abundance maximum (PAM) (b) for each station. Each 
point represents estimates for a station on the early autumn cruise. Points are filled by the 
subregional classification of the station as presented in Figure 1. 
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Table 2.1. Annual maximum mixed layer depths (ZMax MLD), estimated from ARGO profiles. 
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Table 2.2. Seasonal net community production (NCP) and its partitioning into DOC in the 
upper 100 m as well as DOC export out of the upper 100 m for the early autumn campaign. 
CM refers to the chlorophyll maximum and PAM refers to the phytoplankton abundance 
maximum. Mixed NO3, DOC and SiO4 are estimates of the “mixed” condition reflective of 
winter / spring deep convection, estimated by redistributing the early autumn observed 
profiles to the maximum MLD. ∆NO3, ∆DOC, and ∆ SiO4 are depth-integrated NO3 
drawdown, DOC accumulation, and SiO4 drawdown over the surface 100 m from the time of 
deep convection to the time of observation. DOC Export refers to DOC export out of the 
surface 100 m, calculated as the difference in the integrated DOC stocks (100 m to the 
maximum MLD for each station) between the mixed and the early autumn stratified 
condition. 
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Table 2.3. Seasonal net community production (NCP) and its partitioning into DOC in the 
upper 100 m as well as DOC export out of the upper 100 m for the late spring campaign. CM 
refers to the chlorophyll maximum and PAM refers to the phytoplankton abundance 
maximum. Mixed NO3, DOC and SiO4 are estimates of the “mixed” condition reflective of 
winter / spring deep convection, estimated by redistributing the early autumn observed 
profiles to the maximum MLD. Stars (*) indicate latitudinal bins where only late spring data 
were available. In those cases, mixed conditions were estimated from the late spring profiles. 
∆NO3, ∆DOC, and ∆SiO4 are depth-integrated NO3 drawdown, DOC accumulation, and 
SiO4 drawdown over the surface 100 m from the time of deep convection to the time of 
observation. 
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Appendix Figure 1. Average nitrate profiles for each station the late spring (top) and early 
autumn (bottom) campaigns. Error bars indicate the standard deviations. The upper label of 
each facet denotes the latitudinal bin in which the profile was observed and the lower label 
indicates the station number. Horizontal black dotted lines indicate the depth of 100 m and 
the horizontal blue dotted lines indicate the maximum mixed layer depth. Vertical dashed 
lines represent the simulated mixed condition.  
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Appendix Figure 2. Average DOC profiles for each station the late spring (top) and early 
autumn (bottom) campaigns. Error bars indicate the standard deviations. The upper label of 
each facet denotes the latitudinal bin in which the profile was observed and the lower label 
indicates the station number. Horizontal black dotted lines indicate the depth of 100 m and 
the horizontal blue dotted lines indicate the maximum mixed layer depth. Vertical dashed 
lines represent the simulated mixed condition. 
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Appendix Figure 3.  Average silicate profiles for each station the late spring (top) and early 
autumn (bottom) campaigns. Error bars indicate the standard deviations. The upper label of 
each facet denotes the latitudinal bin in which the profile was observed and the lower label 
indicates the station number. Horizontal black dotted lines indicate the depth of 100 m and 
the horizontal blue dotted lines indicate the maximum mixed layer depth. Vertical dashed 
lines represent the simulated mixed condition. 
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 Appendix Figure 4. NCP profiles for each station the late spring (top) and early autumn 
(bottom) campaigns. The upper label of each facet denotes the latitudinal bin in which the 
profile was observed and the lower label indicates the station number. Horizontal blue 
dashed lines indicate the depth of chlorophyll maximum (CM) and the horizontal orange 
dotted lines indicate the depth of the phytoplankton abundance maximum (PAM). 
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Appendix Figure 5.  ∆DOC profiles for each station the late spring (top) and early autumn 
(bottom) campaigns. The upper label of each facet denotes the latitudinal bin in which the 
profile was observed and the lower label indicates the station number. Horizontal blue 
dashed lines indicate the depth of chlorophyll maximum (CM) and the horizontal orange 
dotted lines indicate the depth of the phytoplankton abundance maximum (PAM).  
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Appendix Figure 6. ∆DOC:NCP profiles for each station the late spring (top) and early 
autumn (bottom) campaigns. The upper label of each facet denotes the latitudinal bin in 
which the profile was observed and the lower label indicates the station number. Horizontal 
blue dashed lines indicate the depth of chlorophyll maximum (CM) and the horizontal 
orange dotted lines indicate the depth of the phytoplankton abundance maximum (PAM).  
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Appendix Figure 7. Density profiles for each station the late spring (top) and early autumn 
(bottom) campaigns. The upper label of each facet denotes the latitudinal bin in which the 
profile was observed and the lower label indicates the station number. Error bars indicate 
the standard deviations. 
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Comparisons of Derived Estimates with Publicly Available Datasets 

Methods 

NAAMES ARGO-based estimates of maximum mixed layers were contextualized 

with the mixed layer climatology and database described by Holte et al (2017), available 

online (http://mixedlayer.ucsd.edu). Maximum mixed layer climatology was restricted to 

the months of November to April, the months in which the NAAMES ARGO-based 

maximum mixed layers were observed (Table 1). Standard deviations of the 

climatological maximum mixed layers for those months provided insight into 

interannual variability of maximum MLD estimates.   

The NO3 Mixed and SiO4 Mixed profiles as well as ∆NO3 100 m and NCP100 m estimates 

were validated against constituent and climatological data provided by the freely 

available World Ocean Atlas 2018 (WOA18, https://www.nodc.noaa.gov/OC5/woa18/, 

last access: January 10, 2020) and the Global Ocean Data Analysis Project version 2 

2019 (Gv2_2019, https://www.nodc.noaa.gov/ocads/oceans/GLODAPv2_2019/, last 

access: January 10, 2020) data products. Any wintertime (January-March) NO3 and SiO4 

profiles from Gv2_2019 as well as constituent and climatological data from WOA18 (1˚ 

grid, statistical mean and objectively analyzed mean, respectively) that were co-located 

in the NAAMES study region were compared with the NO3 Mixed and SiO4 Mixed profiles 

generated in this study.  

NO3 and temperature climatology (objectively analyzed mean, 1˚ grid) from the 

WOA18 data product were used to calculate seasonal nitrate drawdown and 

subsequently NCP from the winter (January-March) to the spring (April-June) and 

summer (July-September). To do so, the temperature climatology was used to estimate a 
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mixed layer depth climatology using the ∆0.2˚C criteria defined by de Boyer Montégut 

et al (2004). Climatological winter nitrate concentrations over these mixed layer depths 

were assumed to be representative of the mixed NO3 condition. Depth-integrated NO3 

drawdown (mol N m-2 t-1) over the surface 100 m from the time of deep convection to 

the spring or summer were calculated for each 1˚ latitudinal bin within the NAAMES 

region using equation 2. Seasonal depth-integrated nitrate drawdown was then converted 

to seasonal depth-integrated NCP by employing the Redfield C:N ratio using equation 3. 

Additionally, direct calculations of NCP100 m were computed using TCO2 and 

temperature data from GLODAPv2_2019 using the same approach described for the 

WOA18 climatological data.  

Maximum Mixed Layer ARGO Climatology 

ARGO-climatology maximum mixed layer depths between the months of November 

and April in the NAAMES study region were also shallower relative to ZMax MLD, with 

monthly means ranging between 10 and 122 m and medians ranging between 10 and 108 

m (Appendix Figure 2.10).  Standard deviations around the ARGO-climatology monthly 

maximum mixed layer depths, an indication of interannual variability, ranged on average 

around 10 – 40 m, but could be as great as 336 m (Appendix Figure 2.10). 

Mixed Conditions and NCP 

Reconstructed mixed nitrate and silicate profiles were validated against profiles 

available from the GLODAPv2_2019 (Gv2_2019) data product as well as against 

constituent (statistical mean) and climatological (objectively analyzed mean) data from 

the World Ocean Atlas 2018 (WOA2018) data product. Mixed layer nitrate 
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concentrations from reconstructed profiles (NO3 Mixed) from the current study moderately 

but significantly correlated with those calculated from the Gv2_2019 and WOA18 data 

products. NO3 Mixed values were, however, largely elevated, differing from the Gv2_2019 

and WOA18 winter mixed layer concentrations by a mean of 31% (range 0.3 – 74%, 

median 29%, Appendix Figure 2.11). Similar results were attained for mixed layer 

silicate concentrations (SiO4 Mixed), with a mean and median observed difference of 43% 

and 18%, respectively (range 1 – 319%, Appendix Figure 2.11). The elevated NO3 Mixed 

and SiO4 Mixed concentrations in the reconstructed profiles likely reflects the 

predominantly deeper maximum mixed layers recorded by the NAAMES ARGO floats 

relative to both cruise and climatological datasets (Figure 2.2, Appendix Figure 2.10).  

Comparison of seasonal NCP estimates between the NAAMES, Gv2_2019, and the 

WOA18 datasets reveals that the NAAMES estimates are generally elevated, with 

notable exceptions of estimates generated using Gv2_2019 TCO2 data (Appendix Figure 

2.12).  

Discussion 

We sought to compare NO3 Mixed and SiO4 Mixed concentrations in our reconstructed 

profiles against wintertime (January – March) data from two publicly available data 

products, the Global Ocean Data Analysis Project version 2 2019 (Gv2_2019) and the 

World Ocean Atlas 18 (WOA18). Unfortunately, these two data products contained limited 

wintertime data for the NAAMES study region. The Gv2_2019 data product, encompassing 

840 scientific cruises in the global ocean between 1972 and 2019, only included two nutrient 

profiles within the NAAMES study region, one of which was omitted from the present 

analysis because it displayed a mixed layer uncharacteristic of deep convection (32 m) 
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(Olsen et al., 2016, Appendix Figure 2.8). The WOA18 statistical mean data product 

included just four nitrate values within the NAAMES study region, all of which were at 0 m 

(García-Martín et al., 2019). Because the WOA18 objectively analyzed climatology nitrate 

product for the NAAMES study region are interpolated based on these four nitrate values, 

conclusions drawn from comparisons with the WOA18 product should be taken with 

caution.  

Mixed layer depths for both WOA18 data products were shallower relative to the 

maximum mixed layer depths estimated from the NAAMES ARGO floats (Appendix Figure 

2.9), leading to lower wintertime mixed layer nutrient concentrations than those reported in 

this study. Seasonal NCP estimates calculated from WOA18 climatology-based nitrate 

drawdown were also reduced relative to those calculated using NAAMES data, likely due to 

differences in wintertime mixed layer depths (Appendix Figures 2.9, 2.10).  Comparatively, 

a seasonal NCP estimate calculated from Gv2_2019 TCO2 uptake was enhanced by as much 

as 456% relative to estimates calculated using both WOA18 and NAAMES data (Appendix 

Figure 2.12). While the reason for this discrepancy is unclear, the separation of time 

between the Gv2_2019 data used may play a role: winter TCO2 profiles were taken in 2004 

while the summer profiles were taken in 1972 and 1999. It is also possible that the NCP 

estimates based on nitrate drawdown are underestimates as the ratio of carbon and nitrogen 

fixation by autotrophs could be in excess of the Redfield ratio (Laws, 1991). Regardless, the 

lack of wintertime data and the relatively shallow winter mixed layer depths in both the 

Gv2_2019 and WOA18 data products for the NAAMES region are problematic to 

constraining the conditions under deep convection, rendering comparisons with this study’s 

data equivocal.  
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Appendix Figure 8. All Global Ocean Data Analysis Project (Gv2_2019) winter profiles of 
nitrate (top) and silicate (bottom) from the NAAMES region. The upper label of each facet 
denotes the latitudinal bin in which the profile was observed. Both profiles originated from 
a cruise conducted in 2004. Mixed layer depths were calculated to be 32 m and 445 m for 
the profile taken at 39˚N and the profile taken at 42˚N, respectively.  
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Appendix Figure 9. Standard major axis model II regression for NAAMES ARGO 
maximum mixed layer depths compared to winter mixed layer depths from the Global 
Ocean Data Analysis Project (Gv2_2019), the World Ocean Atlas 2018 constituent data 
(statistical mean, WOA18_AN), and the World Ocean Atlas 2018 climatological data 
(objectively analyzed mean, WOA18_MN). The solid black line indicates the 1:1 line. 
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Appendix Figure 10. Box and whisker plots comparing maximum mixed layer depths 
estimated from ARGO climatological data (yellow), NAAMES cruise data (purple), and 
NAAMES ARGO data (blue).  
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Appendix Figure 11. Standard major axis model II regression for NAAMES reconstructed 
mixed conditions compared to those estimated from the from the Global Ocean Data 
Analysis Project (Gv2_2019), the World Ocean Atlas 2018 constituent data (statistical 
mean, WOA18_AN), and the World Ocean Atlas 2018 climatological data (objectively 
analyzed mean, WOA18_MN). Solid black lines indicate the 1:1 line. 
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Appendix Figure 12. Standard major axis model II regression for NAAMES late spring and 
early autumn NCP estimates compared to those estimated using TCO2 data from the Global 
Ocean Data Analysis Project (Gv2_2019) and nitrate data from the World Ocean Atlas 2018 
constituent (statistical mean, WOA18_AN) dataset. Solid black lines indicate the 1:1 line. 
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III. The Seasonal Flux and Fate of Dissolved Organic Carbon through 

Bacterioplankton in the Western North Atlantic 

Reprinted from: N Baetge, MJ Behrenfeld, J Fox, KH Halsey, KD Mojica, A Novoa. BM 

Stephens, CA Carlson. 2021. The Seasonal Flux and Fate of Dissolved Organic Carbon 

through Bacterioplankton in the Western North Atlantic. Frontiers in Microbiology. DOI: 

10.3389/fmicb.2021.669883 

Abstract  

The oceans teem with heterotrophic bacterioplankton that play an appreciable role in the 

uptake of dissolved organic carbon (DOC) derived from phytoplankton net primary 

production (NPP). As such, bacterioplankton carbon demand (BCD), or gross heterotrophic 

production, represents a major carbon pathway that influences the seasonal accumulation of 

DOC in the surface ocean and subsequently, the potential vertical or horizontal export of 

seasonally accumulated DOC. Here, we examine the contributions of bacterioplankton and 

DOM to ecological and biogeochemical carbon flow pathways, including those of the 

microbial loop and the biological carbon pump, in the Western North Atlantic Ocean (~39 – 

54˚N along ~40˚W) over a composite annual phytoplankton bloom cycle. Combining field 

observations with data collected from corresponding DOC remineralization experiments, we 

estimate the efficiency at which bacterioplankton utilize DOC, demonstrate seasonality in 

the fraction of NPP that supports BCD, and provide evidence for shifts in the bioavailability 

and persistence of the seasonally accumulated DOC. Our results indicate that while the 

portion of DOC flux through bacterioplankton relative to NPP increased as seasons 

transitioned from high to low productivity, there was a fraction of the DOM production that 

accumulated and persisted. This persistent DOM is potentially an important pool of organic 
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carbon available for export to the deep ocean via convective mixing; thus, representing an 

important export term of the biological carbon pump.  

Introduction 

Phytoplankton are prolific in the world’s oceans and are recognized to be a critical 

source of fresh organic matter for marine food webs and subsequently play a key role in the 

biogeochemical cycling of elements. Despite representing less than 0.2% of Earth’s 

photosynthetic biomass, marine phytoplankton have rapid turnover times and consequently 

are responsible for nearly half of the planet’s annual net primary production (NPP), 

consuming CO2 and elemental nutrients while generating oxygen and new organic matter 

(Field et al., 1998). The organic matter that is produced is partitioned as particulate organic 

matter (POM) and dissolved organic matter (DOM). This partitioning has a profound impact 

on the fate and contribution of organic matter to the biological carbon pump.  

The biological carbon pump represents a combination of processes that spatially 

separate organic matter (particulate and dissolved) production from its remineralization 

(Passow and Carlson, 2012; Boyd et al., 2019), including the passive sinking flux of 

particulate organic matter (McCave, 1975), physical deep mixing of DOM (Copin-Montégut 

and Avril, 1993; Carlson et al., 1994) or suspended POM (Dall’Olmo et al., 2016; Lacour et 

al., 2019), and zooplankton-mediated transport by vertical migration (Steinberg et al., 2000). 

These three export pathways can transport organic carbon to depths where a portion remains 

sequestered from the atmosphere for decades to centuries (Ducklow et al., 2001b).  

Food web processes that control the production of DOM include direct extracellular 

release by phytoplankton, viral-induced or auto-lysis of phytoplankton cells, grazing activity 

(i.e., sloppy feeding, excretion, and egestion by microzooplankton grazers), and 
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solubilization of organic particles (see review in Carlson and Hansell, 2015). Heterotrophic 

bacterioplankton production (BP) is the primary conduit for the uptake of bioavailable DOM 

and its passage to higher trophic levels or remineralization, processes key to defining the 

microbial loop as an important carbon-flow pathway that can modify the ocean carbon cycle 

(Azam et al., 1983; Azam, 1998). 

The cumulative organic carbon flux through heterotrophic bacterioplankton, or gross 

bacterioplankton production [also termed bacterioplankton carbon demand (BCD)], can be 

estimated as the sum of net bacterioplankton production (BP) and the carbon that is respired 

as CO2 (Del Giorgio and Cole, 1998; Ducklow et al., 2000; Carlson and Hansell, 2015). 

Comparing BCD to NPP provides a useful index for evaluating the degree to which NPP can 

support BCD (BCD:NPP) (Cole et al., 1988). Reported values of BCD:NPP have been as 

low as 0 (Pomeroy and Deibel, 1986; Pomeroy and Wiebe, 2001) and have also exceeded 1 

(Duarte and Agustí, 1998; Hoppe et al., 2002). The BCD:NPP ratio is an important index 

that can be used to identify regions of net heterotrophy, where the net out-gassing of CO2 

can occur (Hoppe et al., 2002), and it can also serve as a harbinger of DOC accumulation on 

diel to seasonal time scales. For instance, the enhanced primary production during a 

phytoplankton bloom in the Antarctic Ross sea was matched by an increase in BCD, which 

limited DOC accumulation during the phase of the bloom when phytoplankton division 

outpaced loss rates (Carlson and Hansell, 2003). Conversely, over three bloom seasons in 

the Sargasso sea, nearly half of the seasonally-produced DOC escaped rapid microbial 

degradation (i.e. low BCD:NPP), resulting in DOC accumulation (Carlson et al., 1998).  

The condition where BCD:NPP is low (i.e., DOC consumption is unable to match the 

rate of DOC release) has been termed the “malfunctioning microbial loop” (Thingstad et al., 
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1997). This ‘malfunctioning’ can arise for a number of reasons. It can result from 

phytoplankton growth exceeding the metabolic capacity of heterotrophic consumption 

(Ducklow et al., 1993), the production of recalcitrant compounds (Aluwihare et al., 1997) or 

precursors to recalcitrant compounds (Arakawa et al., 2017), or the inability of a 

bacterioplankton assemblage to grow on specific types of organic matter due to community 

composition or gene expression (Teeling et al., 2012). It can also result from 

bacterioplankton-phytoplankton competition leading to nutrient limitation on BCD (Zweifel 

et al., 1995; Cotner et al., 1997; Church, 2008) or from predation limiting bacterioplankton 

production (Thingstad et al., 1997). It is also possible that BCD may more closely track 

grazer or viral-mediated release of DOM instead of instantaneous phytoplankton production 

(Kirchman et al., 1994). Lastly, some BCD may be supported by volatile organic 

compounds which are not captured in estimates of NPP measured by contemporary methods 

(Davie-Martin et al., 2020; Moore et al., 2020). A disconnect between BCD and NPP can 

arise from the combined effects of any or all of these mechanisms and can lead to the 

seasonal accumulation of DOC in the surface waters; i.e., the accumulation of DOC in the 

euphotic zone that is greater than the annual minimum concentration observed during deep 

winter mixing. If the fraction of accumulated DOC that is produced as, or transformed into, 

recalcitrant compounds persists long enough to be vertically exported to depth during the 

next winter’s convective mixing event, it can represent an important pathway of the 

biological carbon pump in systems that experience deep convective mixing or subduction 

(Carlson et al., 1994). 

The Western North Atlantic Ocean is a region characterized by both massive seasonal 

phytoplankton blooms (Behrenfeld, 2010) and deep convective overturning events that can 
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physically deliver dissolved and suspended organic matter to depth (Carlson et al., 1994; 

Dall’Olmo et al., 2016; Baetge et al., 2020). The bloom conditions in the Western North 

Atlantic provide an ideal system to explore the cumulative influence of microbial processes 

on the accumulation, bioavailability, and persistence of DOC, and ultimately, on the 

biogeochemical role of DOC in the biological carbon pump. Here we present data collected 

over a seasonal cycle as a part of the NASA North Atlantic Aerosols and Marine 

Ecosystems Study (NAAMES). We combined observations from in situ bacterioplankton 

measurements and experimental DOC remineralization experiments with estimates of NCP 

partitioned as DOC (Baetge et al., 2020): (1) examine the efficiency at which 

bacterioplankton use DOC, (2) examine seasonal variability in the fraction of NPP 

supporting BCD, (3) assess the bioavailability of the seasonally accumulated DOC, and (4) 

evaluate how export potential of seasonally accumulated DOC varies over a bloom cycle in 

the Western North Atlantic.   

Materials and Methods 

Study Region 

The NAAMES program, detailed in Behrenfeld et al (2019), was comprised of four 

field campaigns in the Western North Atlantic involving ship transects between 39˚N and 

56˚N latitude and -38˚W to -47˚W longitude all aboard the R/V Atlantis. NAAMES was 

designed to resolve the dynamics and drivers of the annual phytoplankton bloom and their 

subsequent impacts on the atmosphere. Each cruise accordingly took place at a different 

time of the year at four different phases of the annual phytoplankton bloom cycle. NAAMES 

1 occurred in the early winter (“winter transition”: November - December 2015), NAAMES 

2 in the late spring (“climax transition”: May 2016), NAAMES 3 in the early autumn 
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(“depletion phase”: September 2017), and NAAMES 4 in the early spring (“accumulation 

phase”: April 2018). Station locations for all cruises are overlayed on a map of 8-day 

composite chlorophyll data from NASA’s Moderate Imaging Spectroradiometer (MODIS) 

collected during May 2016 (Figure 3.1). These data (ID: erdMH1chla8day) were retrieved 

from NOAA’s ERDDAP servers 

(https://upwell.pfeg.noaa.gov/erddap/info/erdMH1chla8day/index.html) using the package 

rerddap (v 0.7.4) in R (v.0.4.0).  

In situ Environmental Data 

All processed data, analyses, and code presented here are available on GitHub 

(https://github.com/nbaetge/naames_bioav_ms). NAAMES field cruise data are available 

through NASA’s SeaWiFS Bio-optical Archive and Storage System (SeaBASS; 

https://seabass.gsfc.nasa.gov/naames) and the Biological & Chemical Oceanography Data 

Management Office (BCO-DMO, DOI: 10.26008/1912/bco-dmo.824623.1). All seawater 

samples were collected on the R/V Atlantis from 24 10-L Niskin bottles affixed to a Sea-

Bird Scientific SBE-911+ Conductivity-Temperature-Depth rosette.  

Bacterioplankton Abundance  

BA (cells L-1) were determined over 4 – 8 depths throughout the euphotic zone, which 

ranged from 52 m to 236 m. Cells were enumerated via flow cytometry on NAAMES 1 and 

via epifluorescence microscopy on the remaining cruises. Whole seawater was collected into 

sterile conical centrifuge tubes. Flow cytometry samples (2 mL) were preserved with 40 µL 

of 8% paraformaldehyde (Electron Microscopy Sciences) added to each sample to a final 

concentration of 0.2%. Samples were then mixed by inversion, flash frozen with liquid 

nitrogen, and stored at -80˚C until analysis (Halewood et al., 2012). Microscopy samples 
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were preserved with certified ACS formalin to a final concentration of 1% (vol:vol) and 

stored at 4˚C until slide preparation within 36 hours of collection. These preserved samples 

were filtered under gentle vacuum (~34 kPa) onto 25 mm 0.2 µm polycarbonate (PC) 

membrane filters stained with Acid Black 107 (Irgalan Black) (Hobbie et al., 1977). Cells 

were stained with 4’,6-diamidino-2-phenylindole dihydrochloride (5 mg mL–1, DAPI) under 

minimal lighting according to Porter and Feig (1980). Filters were mounted onto slides with 

high viscosity immersion oil (Thermo Scientific Richard-Allan Scientific Resolve) and 

stored at –20˚C until enumeration at sea and at a shore-based laboratory. An Olympus 

BX51epifluorescence microscope with ultraviolet excitation at 1000X magnification was 

used to enumerate bacterioplankton cell abundances following Parsons et al. (2012).  

Briefly, 12 fields-of-view were counted for each slide and, on average, 50-60 cells were 

counted for each field-of-view.  

Flow cytometry was performed following Halewood et al (2012) using an LSR II 

equipped with a 488 nm blue laser and a high throughput sampler (Becton Dickinson (BD) 

Biosciences). Upon analysis, the LSR II was prepared according to the manufacturer's 

guidelines. Spherotech Rainbow calibration beads (RCP-30-5) were used according to 

manufacturer's recommendations to diagnose cytometer laser detection performance. 

Samples were processed in batches of 45, which were thawed, vortexed, transferred to a 96-

well plate and stained with SYBR-Green (100x dilution of commercial stock, Molecular 

Probes, Inc.) to a final concentration of 1:10,000 (vol:vol). To ensure complete staining of 

bacterioplankton cells, the plate was incubated for 15-30 minutes in darkness prior to 

analysis on the LSR II. Each well was analyzed for up to 90 seconds, with the minimum 

green FITC (fluorescin isothiocyanate) threshold set to 200 nm. The population of 
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bacterioplankton cells (events) on the flow cytograms was interactively defined with a gate 

based on the relationship between side-scatter and FITC fluorescence using FACSDiva 

software (BD Biosciences). Bacterioplankton abundance was calculated from the volume 

analyzed and the number of events in the gate. Internal references, consisting of a 5-point 

serial dilution (dilution factor of 0.5) of surface Santa Barbara Channel seawater, were used 

to diagnose machine performance prior to staining NAAMES samples.  This dilution series 

was prepared using whole seawater and 0.2 µm filtrate  and each dilution was enumerated 

via both flow cytometry and microscopy at the time of preparation, Several hundred 2 mL 

aliquots of the dilution series were fixed with 40 µl 8% paraformaldehyde and frozen at -

80˚C. Enumeration of these archived samples provided a means to assess daily machine 

performance such that large deviations between cell counts of original and archived samples 

indicated potential issues with machine fluidics or lasers. The slope (0.8) between the flow 

cytometry counts of these internal references at the time of sample analysis and the 

corresponding microscopy counts attained at the time of collection were used as a correction 

factor to align counts from the two enumeration methods.  BA was integrated and 

normalized to the depth of the euphotic zone (i.e., 1% light level) for each station to obtain 

mean volumetric values.   

Net Bacterioplankton Production 

Net BP rates were estimated by 3H-leucine (3H-Leu) incorporation using a modified 

version of the microcentrifuge method (Smith and Azam, 1992). For each depth, a killed 

control (killed immediately with 100 µL of 100% TCA) and replicate 1.6 mL seawater 

samples were spiked with 3H-Leu (20 nM; specific activity 50.2-52.6 Ci/mmol; Perkin 

Elmer, Boston, MA) and incubated for 2-3 h in the dark at ± 2°C of in situ temperature. 
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Incubations were terminated by adding 100 µL of cold 100% trichloroacetic acid (TCA) and 

were subsequently spun on a microcentrifuge at 20,800 g for 7 min. Supernatant from each 

incubation tube was decanted, leaving a pellet that was then resuspended in 1.6 mL of 5% 

TCA. A second 7 min centrifugation step was performed, the supernatant again decanted, 

the remaining pellet resuspended in 1.6 mL of 80% ethanol (vol/vol), and centrifuged a final 

time as described in Ducklow et al. (2001a). Ethanol was decanted and 1.6 mL of Ultima 

Gold scintillation cocktail added to each tube. Radioactivity was measured using a Hidex 

300 Scintillation Analyzer and was corrected for quenching using an external gamma source 

and a quench curve. The coefficient of variation (CV) of assays performed following this 

protocol were generally 1-15% for replicate incubations, however the deep samples 

generally had lower incorporation rates and CVs were often between 20-30%. 3H-Leu 

incorporation rates were converted to carbon units (µmol C L-1 d-1) using a conversion factor 

of 1.5 kg C (mol leucine incorporated)-1 (Simon and Azam, 1989). BP was integrated and 

normalized to the depth of the euphotic zone for each station to obtain mean volumetric 

values.  

Net Primary Production 

NPP values (µmol C L-1 d-1) were determined using the Photoacclimation Productivity 

Model (PPM) as reported in Fox et al (2020). The PPM is based on quantitative understanding 

of shifts in phytoplankton chlorophyll synthesis in response to available light and nutrients 

(Behrenfeld et al., 2016). These photoacclimation responses were used to estimate depth-

resolved phytoplankton growth rates and NPP at each NAAMES station. The PPM results 

exhibited strong agreement with 24 h 14C-uptake measurements of NPP determined at all 

stations occupied during the NAAMES campaign (Fox et al., 2020).  NPP was integrated and 
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normalized to the depth of the euphotic zone for each station to obtain mean volumetric rate 

values.   

DOC Remineralization Experiments 

At each station, experiments were conducted to determine the magnitude and rate of 

DOC remineralization using water collected from within the surface 10 m (see Figure 3.2 for 

experimental design and sampling scheme). Data from DOC remineralization experiments 

are available from BCO-DMO (DOI: 10.26008/1912/bco-dmo.824623.1). Water was gently 

gravity-filtered through 142 mm PC filtration cartridges (Geotech Environmental 

Equipment, Inc.) loaded with either a 1.2- or a 0.2-µm mixed cellulose ester membrane filter 

(EMD Millipore). The 1.2 µm filtrate was retained as a bacterioplankton inoculum and the 

0.2 µm fraction was retained as particle-free media. The 1.2 µm filtrate retained on average 

78 ± 16% of the bacterioplankton population in whole seawater (Appendix Table 3.1). When 

possible, the filter cartridge was attached directly to Niskin bottles with platinum-cured 

silicone tubing and the filtrate was collected into PC carboys. Otherwise, unfiltered water 

from the Niskin was first drawn into an acid-washed (10% HCl) and sample-rinsed PC 

carboy and then filtered into another acid-washed and sample-rinsed PC carboy. Each 

experiment was initiated by combining the 1.2 µm filtrate (inoculum) with the 0.2 µm 

filtrate at a 3:7 ratio. A pair of acid-washed PC incubation bottles (modified 5 L Nalgene 

Biotainer, Appendix) were then rinsed with this water and subsequently filled. All carboys, 

tubing, and filtration rigs were rinsed with 10% HCl, then with Nanopure water, and finally 

with sample water three times before use. Membrane filters were flushed with a minimum of 

1 L of Nanopure water followed by 0.5 L of sample water prior to collecting filtrate to 

minimize DOC leaching from the filters.  
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Experiments incubated in the dark and within ± 1.5°C of in situ temperatures using 

refrigerated incubators (Fisherbrand Isotemp BOD). On NAAMES cruises 3 and 4, pre-

combusted (4 hours at 450˚C) 40 mL and 60 mL borosilicate glass incubation vials (Thermo 

Scientific) were also rinsed and filled with initial incubation water and served as parallel 

incubations to monitor changes in organic carbon. After returning to port, the vials were 

shipped overnight in coolers to UC Santa Barbara, transferred to incubators at in situ 

temperatures, and periodically sampled for up to 110 days  (TEnd) after the initiation of the 

experiment. 

Throughout the duration of each experiment, samples for BA, bacterioplankton 

organic carbon (BOC), total organic carbon (TOC), and dissolved organic carbon (DOC), 

were collected using positive pressure displacement system (Supplementary Material; Liu et 

al., 2020). While at sea, Bacterioplankton abundance samples were monitored daily, BOC 

samples were collected at the initiation time for each experiment (T0) and during the 

stationary phase (TStationary) of the bacterioplankton growth curve, and TOC and DOC 

samples were collected three to six times within the first 14 days. DOC samples were also 

collected after returning to port from NAAMES 2 and 4 at the one-, two-, and three-month 

marks. TOC samples were collected at the one-, two-month marks after returning to port 

from NAAMES 3 and after the one-, two-, and three- month marks after NAAMES 4. 

Bacterioplankton abundance and BOC were not collected after returning to port from the 

different cruises.  

For each experiment, BOC samples were collected from the 1.2 µm filtrate (inoculum) 

at T0 and from each incubation bottle at TStationary of the bacterioplankton growth curve. T0 

BOC samples were collected from the 1.2 µm filtrate instead of from the mixed 
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experimental water (3:7 inoculum: particle free water) to ensure that enough cellular 

material was collected for later CHN analysis, described below. Thus, T0 BOC in the 

incubation bottles was estimated as 30% of the BOC measured from the 1.2 µm filtrate. For 

each BOC sample, one liter of seawater was drawn from a Biotainer and filtered through a 

polypropylene inline filter cartridge (Cole-Parmer) loaded with two combusted Advantec 

Grade 25 mm 0.3 µm glass fiber filters (GF75) (Stephens et al., 2020). Two filters were used 

to increase cell retention (mean 78 ± 9%). Each filter was folded twice, with the sample 

material on the inside, placed into separate pre-combusted (450˚C for 4 h) 20 mL 

borosilicate glass vials (Wheaton) and frozen at -20˚C. Filters were analyzed on a Costech 

ECS 4010 CHNS-O elemental analyzer by Bigelow Analytical Services, which has a 

detection limit of 0.1 µg C (Bigelow Laboratory for Ocean Sciences, Maine). At each station 

of NAAMES 2 and 4, 1 L of either 0.2 µm or 30 kDa tangential flow filtration (TFF, EMD 

Millipore) 10 m seawater filtrate was also filtered through a pair of stacked GF75s. The TFF 

filtrate did not contain any particles greater than 30kDa; thus, any organic matter retained on 

the GF75 filter after passing 1 L of TFF filtrate through it was considered absorbed DOC. 

There was no significant difference between absorbed DOC estimates from filters treated 

with 0.2 µm or 30 kDa TFF seawater (Wilcoxon p = 0.1). The average absorbed DOC 

estimate, 2.7 µg, was used as a universal blank. For reference, the average carbon value on 

the second (i.e., bottom) GF75 filter of the experimental samples was 5.1 ± 3.5 µg, 

indicating the utility of using two GF75 filters to increase the retention of cell carbon.  

Both a filtered DOC and a TOC sample, were collected to monitor changes in organic 

carbon over the course of each experiment. TOC samples were corrected by the contribution 

of BOC at T0 and TStationary, hereafter referred to as DOC* (Stephens et al., 2020; Wear et al., 
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2020). BA was observed to fall to low densities by TEnd (Appendix Figure 3.1) so we 

considered TOC and DOC to be interchangeable by TEnd. In the absence of BOC collections 

after TStationary, we did not calculate DOC* at TEnd because doing so may have artificially 

enhanced estimates of DOC removal.  On NAAMES 2, filtered DOC samples were 

displaced by positive pressure from each 5 L Biotainer through an inline set of two pre-

combusted GF75 filters and into two pre-combusted 40 mL borosilicate glass vials. The 

collected volume was then immediately fixed by adding 50 µL of DOC-free 4N HCl to a pH 

of ~3. We observed relatively clean sampling of DOC filtered directly from the Biotainers 

during NAAMES, but also found greater variability in the temporal trends of DOC 

concentration when the incubation water volume was less than half of the original 

incubation volume, after large volumes were removed for DNA and BOC samples at 

TStationary (Appendix Figure 3.2).  In order to address this issue and reduce potential 

contamination by handling on subsequent cruises (NAAMES 3 and 4), parallel 40 and 60-

mL borosilicate glass incubation vials were added to monitor changes in bulk TOC and 

DOC. Not only did the adoption of these vials help address potential contamination from 

handling, it also permitted the long-term monitoring of DOC removal as vials were sampled 

periodically until TEnd (Stephens et al., 2020). A direct comparison conducted on both 

NAAMES 3 and 4 indicated that the filtered DOC concentrations and corresponding DOC* 

estimates were within 10% of one another, with a systematic positive bias of the filtered 

DOC measurements relative to DOC* (Appendix Figure 3.3). On NAAMES 4, 

bacterioplankton abundance and DOC estimates from the large-volume Biotainer and the 

parallel vials at corresponding timepoints were within 7% and 5% of one another, 

respectively, indicating that both incubation containers tracked similar microbial dynamics 
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(Appendix Figure 3.4). Thus, all analyses described below used filtered DOC for NAAMES 

2 experiments and DOC* for NAAMES 3 and 4 experiments.  

Organic carbon concentrations were determined via the high temperature combustion 

method using modified Shimadzu TOC-V or TOC-L analyzers as described in Carlson et al. 

(2010). Concentrations were quantified using standard solutions of glucose and ultra-pure 

(low carbon) water. All samples were systematically referenced against surface (5m) and 

deep (<2000 m) Atlantic seawater that were calibrated against consensus reference material 

(Hansell SSR Lot#08-18) and run every 6 - 8 samples (Hansell and Carlson, 1998b). Typical 

run sizes were kept under 35 samples to reduce salt accumulation and instrument drift. The 

precision of the Shimadzu analyzers for surface samples was within 2% CV.   

Calculations of Derived Variables 

Seasonally Accumulated DOC Bioavailability and Persistence 

The microbial dynamics and DOC bioavailability detailed in this manuscript are placed 

in the context of seasonally accumulated DOM for each station and cruise. The magnitude of 

DOC that accumulated in excess of the annual DOC minimum that corresponded to the 

maximal deep winter mixing was determined for each station and is referred to as seasonally 

accumulated DOC (DOCSA).  The annual DOC minimum was approximated for each 1˚ 

latitudinal bin of the NAAMES study region according to and as reported by Baetge et al 

(2020). Briefly, observed profiles of DOC concentration at each station were redistributed 

over their corresponding local maximum MLD that were retrieved from ARGO float 

observations between 5 May 2014 and 2 December 2018 (Table 3.1). For each DOC 

remineralization bioassay, DOCSA, µmol C L-1 was then calculated as the difference between 

the initial DOC concentration and the annual DOC minimum. Bioavailable DOC (∆DOC) for 
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each DOC remineralization experiment was calculated as the total removal of DOCSA over 

the short-term (T0 – TStationary) and long-term (T0 – TEnd), expressed as both concentration 

(µmol C L-1) and percentage of initial DOCSA. ∆DOC removal rates (µmol C L-1 d-1) for the 

DOC remineralization experiments were calculated as ∆DOC divided by the number of 

elapsed days. DOCSA that persists was calculated as concentration (µmol C L-1) and percent 

of DOCSA remaining at TEnd. It is important to note that DOCSA may be comprised of DOC 

compounds that had accumulated in previous seasons. Thus, DOC removal observed in the 

early autumn experiments may have reflected the removal of DOC that had accumulated 

earlier in the spring, not necessarily solely DOC produced in the autumn.  

Bacterioplankton Growth Efficiencies 

Bacterioplankton growth efficiency was determined by assessing changes in BOC 

from T0 to TStationary relative to the drawdown of DOC over the same time frame in each 

DOC remineralization experiment. Bacterioplankton growth efficiency (BGE) was 

determined by the following equation: 

BGE =
BOC=;<;/:><6? −	BOC@>/;/<A
DOC@>/;/<A −	DOC=;<;/:><6?

	 (1) 

where the difference in BOC between the T0 and TStationary (∆BOC) was calculated as the 

change in the total carbon concentration captured on the GF75 filters divided by the 

simultaneous change in DOC or DOC* (∆DOC). The change in BOC (∆BOC) was not 

calculated for experiments conducted at Station 3 in the late spring because of a lack of a 

BOC sample at TStationary. BGEs are highly sensitive to changes in DOC and can be 

artificially inflated when ∆DOC is small, thus we chose to be conservative by only 

calculating BGEs for experiments where the removal of DOC was greater or equal to 2 

µmol C L-1.  
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Bacterioplankton Carbon Demand 

For each cruise, BCD (µmol C L-1 d-1) was calculated as integrated, depth-normalized 

in situ BP divided by the campaign-wide mean BGE (0.26) calculated from all cruises. The 

fraction of in situ NPP that can potentially support in situ BCD is expressed as BCD:NPP. 

Statistics 

All statistical analyses were performed using packages in R (v 4.0.0). Bland-

Altman/Tukey Mean-Difference) analyses were used to assess the agreement between 

corresponding experimental measurements of DOC and DOC* as well as the dynamics 

between experimental incubation containers. Agreement statistics were computed using the 

function blandr.statistics from the package blandr (v 0.5.1). The correlation between these 

measurements was also evaluated using standardized (reduced) major axis model II linear 

regressions. Standardized (reduced) major axis model II linear regressions were also used to 

explore the relationship between BCD and NPP.  Regressions were computed using the 

function lmodel2 from the package lmodel2 (v 1.7-3). Model fits with p-values > 0.05, ≤ 

0.05, or ≤ 0.01 are described as ‘not significant’, ‘significant’ and ‘highly significant’, 

respectively. 

A non-parametric Kruskal-Wallis test (one-way ANOVA on ranks) was performed on 

each bacterioplankton growth metric, as well as on NPP, to assess if means across all 

seasons were equivalent. If they were not equivalent, a non-parametric Wilcoxon tests was 

then performed post hoc to assess whether means between two seasons were equal. Kruskal-

Wallis and Wilcoxon tests were both performed using the compare_means function in the 

package ggpubr (v 0.3.0). For both tests, group means that were likely equal, significantly 
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different, or highly significantly different are indicated by p-values > 0.05, ≤ 0.05 to 0.01, 

and ≤ 0.01, respectively.  

Results 

Bacterioplankton and DOM Dynamics in the Remineralization Experiments  

Bacterioplankton generally followed the logistic model of growth (Figure 3.3a). While 

bacterioplankton cell production was highly variable within each season, the general trend 

indicated a greater change in cell abundance in late spring relative to the other seasons.  It is 

notable, however, that the change in BOC measured from T0 – TStationary was not statistically 

different between seasons (Table 1, p = 0.44). This may result from differences in cell size 

(not measured) or carbon per cell between different seasons.  

DOC remineralization was also variable within each season and between seasons 

(Figure 3.3b).  Total short-term DOC removal, between T0 and TStationary (5 – 10 days of 

incubation) in each experiment, was limited to a range of 2.1 – 4.3 µmol C L-1 across all 

seasons (Figure 3.3b), with no statistical difference in the mean magnitude of DOC removed 

between seasons (Figure 3.3b, Table 3.1, Kruskal-Wallis p = 0.13).    

The Bioavailable Fraction of Seasonally Accumulated DOC from DOC Remineralization 

Experiments   

On average, the magnitude of DOC above annual surface minimum DOC 

concentration (i.e., DOCSA) increased as stratification of the water column intensified from 

the early spring (2.9 ± 1.4 µmol C L-1), to late spring (6.3 ± 2.9 µmol C L-1), and to early 

autumn (13.3 ± 3.6 µmol C L-1) (Table 3.1). Here, we used the DOC removal from 

remineralization experiments to assess the bioavailable fraction of this surface accumulated 

pool (∆DOC, Figure 3.3b). Over the spatial extent of the NAAMES study region and the 
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temporal period between the early spring and early winter, the magnitude of short-term 

∆DOC (i.e., short-term DOC removal within 10 days) lacked any clear seasonal trends, as 

noted above. Latitudinal trends in short-term ∆DOC were also absent within individual 

seasons (Kruskal-Wallis p = 0.22 [early spring], p = 0.68 [late spring], p = 0.19 [early 

autumn]). Long-term ∆DOC (T0 – TEnd, 13 – 110 days) for the spring averaged 3.4 ± 0.9 and  

4.8 ± 1.0 µmol C L-1 for early autumn (Table 3.1). The long-term ∆DOC was not 

significantly different from spring to autumn; however,  there were large seasonal 

differences in proportion of the ∆DOC relative to the amount of accumulated DOC 

(∆DOC:DOCSA). ∆DOC in the short-term was greatest in the early spring, representing on 

average 211 ± 197% of the DOCSA pool, before decreasing to 50 ± 24% in the late spring 

and then to 29 ± 10% in the early autumn. Over the long-term, a similar trend was observed 

in the incubations whereby the percentage of DOCSA that was bioavailable was greatest in 

early spring (>140%) and lowest (~40%) in early autumn (Table 3.1).  ∆DOC greater than 

100% in our experiments indicated that the responding heterotrophic bacterioplankton 

community was not only able to degrade all of DOCSA, but was also able to remove some 

fraction of the presumably lower quality background DOC pool represented by the annual 

DOC minimum. It should also be noted that, DOC contamination during post-cruise 

sampling in several of the late spring (NAAMES 2) experiments precluded accurate 

resolution of long-term DOC removal in four of the six sets of experiments for that cruise 

(Table 3.1). The source of DOC contamination in the long-term incubations remains unclear 

but may be related to the increase in container surface area to seawater volume ratio as 

incubation volume was drawn below 50% of initial volume (Appendix Figure 3.2). 

Regardless, the trend of decreasing ∆DOC:DOCSA from the early spring to the early autumn 



 

 86 

is evident from both the short-term and long-term estimates of DOC removal within the 

remineralization experiments.  

The seasonal progression of the relative percentage of DOCSA that was bioavailable or 

that persisted was best exemplified at latitude 44°N, which was occupied for each of the 

early spring, late spring, and early autumn cruises (Figure 3.4). The initial condition of these 

experiments demonstrates the increasing magnitude of the total DOCSA pool as well as the 

∆DOC fraction from spring to early autumn. As described above, however, the relative 

contribution of ∆DOC was greatest in early spring and decreased by late spring and early 

autumn. Conversely, the fraction of the DOCSA pool persisting after ~ 60 days increased 

from spring to early autumn. In many cases, all of the DOCSA determined in  the spring was 

bioavailable on the time scales of the remineralization experiment, whereas up to 73% of the 

DOCSA pool determined for early autumn persisted over the experimental incubation period. 

(Table 3.1). 

Bacterioplankton Growth Efficiencies  

The ratio of the change in BOC from T0 to TStationary to the corresponding change in 

DOC over the time frame of the short-term incubations was used to derive estimates of 

bacterioplankton growth efficiencies (BGE) for each experiment (Figure 3.5, Table 3.1). 

Although there was considerable variability in BGE within and between seasons, ranging 

from 0.13 to 0.52 with a mean of 0.26, no significant difference in BGE was found between 

seasons (Kruskal-Wallis p = 0.37) or latitudinal range (Kruskal-Wallis p = 0.15).  

In Situ Net Primary Production and in situ Bacterioplankton Growth Metrics 

Average net primary production rates estimated over the euphotic zone, ranged from 

0.11 – 3.34 µmol C L-1 d-1 and declined significantly from late spring to early winter (Figure 
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3.6, Table 3.2). Metrics of bacterioplankton abundance and production over the euphotic 

zone demonstrated similar seasonal trends, such that the range of variability and the 

magnitude of rates or cell densities were greatest in late spring and lowest in autumn/winter. 

Significant temporal differences in each of the bacterioplankton growth metrics were 

primarily driven by the decline of those parameters from the spring to the early autumn. 

Bacterioplankton abundance ranged from 3.04 x 108  – 2.12 x 109 cells L-1, increasing from 

the early to late spring before decreasing in early autumn (Figure 3.6). Net BP, ranging from 

0.015 – 0.155 µmol C L-1 d-1, never exceeded NPP and overall net BP represented 3 – 25% 

of NPP (Figure 3.6, Table 3.2).  

BCD was calculated for each station by dividing measurements of net 

bacterioplankton production by the campaign-wide mean BGE of 0.26. The seasonal change 

in the magnitude of BCD rates exhibited similar patterns as NPP where rates were greatest 

and most variable in the spring compared to autumn/winter (Table 3.2, Figure 3.7, 3.8). 

BCD ranged from 0.06 – 0.60 µmol C L-1 d-1 and never exceeded NPP (0.11 – 3.34 µmol C 

L-1 d-1). However, BCD:NPP significantly differed between seasons (Kruskal-Wallis p < 

0.01), being driven by significant decreases from the maximum of 70 ± 14% in early winter 

to 19 ± 5% in early spring (Wilcoxon p = 0.05) and to 22 ± 10% in the late spring (Wilcoxon 

p = 0.01). 

Discussion 

This work evaluates both the ecological and biogeochemical contribution of DOM 

over the progression of a composite annual phytoplankton bloom cycle in the Western North 

Atlantic. Of ecological interest is the instantaneous flux and fate of the most labile 

constituents of DOM through the bacterioplankton community, whether incorporated into 
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new biomass with potential for trophic transfer or respired into inorganic constituents. Of 

biogeochemical interest is the portion of DOM that is produced as or transformed into more 

recalcitrant compounds that can persist and potentially be exported via mixing or 

subduction. Many previous studies have investigated either the instantaneous flux of DOC 

(e.g. Teira et al., 2003; Alonso-Sáez et al., 2007) or the seasonal accumulation of a persistent 

pool of DOC (e.g. Copin-Montégut and Avril, 1993; Carlson et al., 1994; Børsheim and 

Myklestad, 1997). This study is unique in that it evaluates both fluxes in order to better 

elucidate and link how heterotrophic bacterioplankton mediate carbon cycling in the 

NAAMES study region. 

Assessment of Bacterioplankton Growth Efficiency in the Western North Atlantic 

After DOC is assimilated by bacterioplankton, a fraction is used to fuel anabolism 

while the rest is catabolized used to generate the ATP necessary for the remaining cellular 

energetic demands, such as membrane transport, cellular maintenance, and motility.  The 

efficiency by which  natural bacterioplankton assemblages repackage DOC into cells and 

transfer energy to higher trophic levels is partially controlled by BGE (Del Giorgio and 

Cole, 1998; Carlson and Hansell, 2015). The greater the BGE, the greater the trophic link, 

the lower the BGE, and the greater the energetic sink within the  microbial food web 

(Ducklow et al., 1986) 

BGEs used to estimate gross bacterioplankton production are either empirically 

determined as changes in DOC and cell biomass (e.g., Carlson et al., 1999; Lønborg et al., 

2011; Halewood et al., 2012; Wear et al., 2015)  or from measures of bacterioplankton 

production and respiration (e.g., Reinthaler and Herndl, 2005; Alonso-Sáez et al., 2008; Del 

Giorgio et al., 2011; Lønborg et al., 2011), adopted from the literature (Marañón et al., 
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2007), or derived from empirical models (Del Giorgio and Cole, 1998; Rivkin and 

Legendre, 2001; Hoppe et al., 2002). Empirically determined BGE calculations often 

necessitate the use of carbon conversion factors (CCFs) to express changes in 

bacterioplankton cell abundance as changes in cell carbon or O2 consumption as CO2 

production. Converting cell abundance to biomass CCFs previously reported for open ocean 

bacterioplankton range from 5 – >20 fg C cell-1 (Lee and Fuhrman, 1987; Fukuda et al., 

1998; Gundersen et al., 2002). The calculation of BGE is sensitive to the CCF chosen to 

estimate cell carbon (Alonso-Sáez et al., 2007) and it can be problematic to apply a single 

CCF across all data within a DOC remineralization experiment, such as those presented 

here, as cell sizes can change with cell growth (e.g., Liu et al., 2020; Stephens et al., 2020). 

Thus CCFs are a significant source of uncertainty for budgets of ocean carbon flux that rely 

on constrained estimates of BGEs (Lochte et al., 1993; Burd et al., 2010). Here we 

circumvent the need for CCFs by directly measuring the change in bacterioplankton carbon 

(BOC) collected on GF75 (nominal 0.3 µm cutoff, mean cell retention 78 ± 9%) between the 

initiation of the experiment (T0) and stationary phase (TStationary) of growth in each of the 

DOC remineralization experiments.  

The BGEs empirically determined here occupied a small range, with a mean of 26 ± 

10% across three different seasons and the broad spatial range of the NAAMES study region 

(Table 3.1). These BGEs fall within the range reported for the open ocean (1 – > 60%, Del 

Giorgio and Cole, 1998) and from previous phytoplankton bloom studies (5 – 62%, (Carlson 

and Hansell, 2003; Wear et al., 2015a). In the Ross Sea, Carlson and Hansell (2003) 

reported that BGEs increased from ~5% during the early phase of a phytoplankton bloom to 

30 – 40% in the late stage of phytoplankton bloom senescence, leading the authors to 
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hypothesize that the bioavailable fraction of DOM near the end of the bloom is of a quality 

that readily meets the metabolic demands of the responding in situ bacterioplankton 

community. Comparatively, BGEs in the southern North Sea were reported to decrease from 

25% in the spring and summer to 14% in the fall and 5% in winter (Reinthaler and Herndl, 

2005). The authors hypothesized that the corresponding decreases in BGE and NPP was due 

to a coincident decrease in DOM lability from spring to winter. BGEs in the NW 

Mediterranean, ranged from 3 – 42% and were highest in the winter and spring when 

chlorophyll a concentrations and rates of NPP were elevated, suggesting that relatively high 

primary productivity was a source of sustained flux of bioavailable DOM (Alonso-Sáez et 

al., 2008). Wear et al. (2015a) also observed a similar relationship between the physiological 

state of a phytoplankton bloom and BGE variability in the coastal upwelling system of the 

Santa Barbara Channel (CA, USA). BGEs were observed to be low (min 17%) in early 

bloom and then increase later (max 62%) as phytoplankton became Si stressed.  Over the 

same time period, in situ DOC concentrations, DOC bioavailability, and DOC persistence 

increased.  

In contrast to the previous studies discussed above, our estimates of BGE over the 

entire study region in the Western North Atlantic did not reveal a statistically significant 

seasonal pattern (i.e., early spring [27 ± 5%], late spring [22 ± 1%] and early autumn [30 ± 

15%]; Figure 3.5, Table 3.1). It is possible that the heterogeneity of the physical and 

chemical environment over the large geographical realm of the NAAMES region obscured 

linkages between BGE dynamics and phytoplankton bloom stages and their associated 

processes. In other words, the spatial heterogeneity of the NAAMES region may overwhelm 

seasonal differences. Thus, seasonality in BGE may have been more pronounced if the 
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empirical determinations were focused on temporal dynamics within narrower geographic 

regions, each of which may be characterized by differences in DOM availability and 

bioavailability, community composition (both phytoplankton and bacterioplankton), and 

nutrient availability. We were not able to resolve significant seasonality in BGE at ~44˚N 

(21%), the one station occupied in early spring, late spring, and early autumn. Due to 

logistical limitations, we do not have a similar seasonal DOM remineralization experiments 

at other latitudinal regions. Thus, there are insufficient data in this study to directly assess 

seasonal changes in BGEs for other localized regions or mesoscale features (e.g., eddies) of 

the Western North Atlantic, a topic for future investigation. 

Seasonality in BCD and BCD:NPP Reflect Changes in the Accumulated DOM Pool 

Due to the narrow range of empirically derived BGE estimates during the NAAMES 

cruises, we adopted a universal campaign mean BGE of 26% to estimate BCD. We 

acknowledge that the application of a universal BGE oversimplifies estimates of BCD and 

can affect the interpretation of ocean carbon cycling and budgets (Ducklow et al., 2002; 

Marañón et al., 2007; Burd et al., 2010).  Furthermore, our use of a theoretical leucine-to-

carbon conversion factor to estimate BP also neglects variability in the fate of incorporated 

leucine in bacterioplankton cells, whether used for biomass production or respiration (del 

Giorgio et al., 1997). Despite these caveats, we consider our estimates of BCD to be 

conservative yet realistic of the flux of the most labile DOM required to support gross 

bacterioplankton production for the NAAMES campaign.  

Over the composite annual cycle of the broad NAAMES study region, 

bacterioplankton abundance, production, and BCD were positively correlated with seasonal 

variability in NPP (Figure 3.6, 3.7b, 3.7c, 3.8; Table 3.2).  However, while the rates of NPP 
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and BCD were each greatest in the spring, a relatively smaller fraction of NPP was diverted 

to labile DOM flux compared to autumn, as revealed by the lower BCD to NPP ratio in the 

spring (Figure 3.7b, 3.7c, 3.7d; Table 3.2). Interestingly, the spatial variability in the scaling 

of BCD:NPP showed a marked decrease as NPP increased northward in the early autumn 

(Figure 3.7c, 3.7d; Table 3.2). This pattern may be due to a general timing phenomenon 

where blooms peak and decline earlier in southern latitudes than northern latitudes (Bolaños 

et al., 2021). Living phytoplankton cells can release up to 80% of their primary production 

as DOM via direct extracellular release, though most studies report that extracellular release 

ranges between 5 – 20% of NPP (Nagata, 2008; Carlson and Hansell, 2015). If extracellular 

release truly falls between 5 – 20%, then food web interactions and DOM production 

processes other than direct phytoplankton release are sources of organic matter that support 

heterotrophic demand on rapid timescales. Thus, although the organic carbon available for 

heterotrophic bacterioplankton production was largely constrained by NPP, it is important to 

recognize that there are many food web processes that result in the production of DOC 

(Carlson and Hansell, 2015) and volatile organic compounds (Buchan et al., 2014); thus, 

instantaneous measures of BCD may lag the instantaneous measures of NPP (Billen, 1990; 

Ducklow et al., 2002). 

The greater overall rates of net BP and BCD as well as the elevated bacterioplankton 

abundances observed in the spring periods indicate that there was a greater flux of labile 

DOM to bacterioplankton at that time. However, the corresponding low BCD:NPP suggests 

that a greater fraction of bloom produced organic matter was either partitioned as POM or 

was exported from the euphotic zone with a smaller fraction accumulating as DOM. During 

post-bloom periods (autumn/winter), both NPP and BCD rates decreased yet the ratio of 
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BCD:NPP increased, indicating that the flux of the most labile DOC became more strongly 

coupled to NPP.  

Seasonality in DOCSA Bioavailability and its Implications 

The fraction of primary production partitioned as DOC that is not readily available for 

rapid consumption by the existing heterotrophic community can accumulate and persist over 

time. The seasonal accumulation of this DOC, termed DOCSA, represents a portion of net 

community production (NCP, i.e., export production) and as such, represents the DOC that 

is potentially available for vertical or horizontal transport (Hansell et al., 1997b; Carlson et 

al., 1998; Hansell and Carlson, 1998b). As previously described for the NAAMES study 

region, the fraction of NCP represented as DOCSA increased from late spring to early 

autumn. This seasonal change in DOCSA:NCP indicates that a smaller fraction of NCP is 

partitioned as DOC during the bloom condition (~11%) and becomes greater under the non-

bloom condition (~20%) (Baetge et al., 2020). 

The successional pattern from bloom to non-bloom states demonstrates that while 

there was a consistent flux of labile DOM to fuel heterotrophic bacterioplankton production, 

there were other components of the bulk DOC pool that were produced but remineralized on 

longer timescales, and subsequently accumulated over time. The present study shows that as 

DOCSA:NCP increased from the “climax transition” to the “depletion phase” of the 

phytoplankton bloom cycle in the NAAMES study region (Baetge et al., 2020), the 

proportion of ∆DOC:DOCSA decreased and led to the buildup of a semi-labile DOC pool 

(Figure 3.4, Table 3.1). From a biogeochemical perspective, it is this semi-labile DOC pool 

that resists or escapes microbial degradation on short time scales and persists long enough to 

be mixed or subducted from the epipelagic to the mesopelagic during annual deep 
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convective mixing at some latitudes that represents a DOC export pathway of the biological 

carbon pump (Copin-Montégut and Avril, 1993; Carlson et al., 1994; Børsheim and 

Myklestad, 1997; Hansell and Carlson, 2001a; Baetge et al., 2020).  

The factors that regulate DOC accumulation and its persistence remain elusive in 

DOM biogeochemistry (Benner and Amon, 2015; Carlson and Hansell, 2015). One 

hypothesized factor is the “malfunctioning microbial loop” in which heterotrophic DOC 

consumption is unable to match DOC release due to inorganic nutrient 

limitation/competition or from predation (Cotner et al., 1997; Thingstad et al., 1997). The 

production and release of recalcitrant DOM compounds that are intrinsically resistant to 

heterotrophic utilization by eukaryotes (Aluwihare and Repeta, 1999; Mitra et al., 2014) and 

prokaryotes (e.g. McCarthy et al., 1998; Kawasaki and Benner, 2006) is another way that 

DOC can accumulate. The microbial carbon pump posits that as labile DOC compounds are 

utilized by heterotrophic bacterioplankton, recalcitrant DOM byproducts are produced and 

accumulate (Jiao et al., 2010; Benner and Herndl, 2011). However, DOC may accumulate 

not just because of its intrinsic resistance to biological uptake and oxidation, but also 

because the “economics” of oxidizing a compound may vary depending on the community 

structure of the heterotrophic community (Carlson et al., 2009; Treusch et al., 2009; 

Giovannoni, 2017; Landry et al., 2017; Saw et al., 2020) and the growth factors required to 

optimize hydrolytic enzyme production or transport regulation (Reintjes et al., 2020; Arnosti 

et al., 2021). The alternative “molecular diversity hypothesis” proposes that it is not the 

inherent stability of a DOC compound that results in its accumulation but rather that any one 

of the millions of DOM compounds is maintained at a concentration too low for a microbe 

to detect or invest in uptake mechanisms for, consequently allowing the compound to 
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accumulate (Arrieta et al., 2015). The vast diversity of DOM molecules may control the 

accumulation of otherwise bioavailable compounds, precluding any individual molecule 

from approaching the chemoreceptive threshold of prokaryotes (Kattner et al., 2011), 

facilitating low encounter rates between substrate and bacteria via molecular diffusion 

(Stocker, 2012), and/or demanding more energy from heterotrophs to acquire a particular 

substrate than they may receive from that substrate (thermodynamic inhibition) (LaRowe et 

al., 2012). Whatever the mechanisms, ∆DOC:DOCSA  for the NAAMES campaign decreased 

from spring to early autumn and resulted in the accumulation of a DOC pool that persisted, 

potentially becoming available for vertical export during deep winter convective mixing 

(Baetge et al., 2020) and episodic deep mixing events (Omand et al., 2015; Lacour et al., 

2019).  

Conclusions 

This study allowed us to resolve the fate of DOM production in in the western North 

Atlantic over various temporal scales. By combining field observations of net BP and DOC 

variability (Baetge et al., 2020) with DOC remineralization experiments, we demonstrated 

seasonality in the BCD:NPP ratio as well as changes in the magnitude and bioavailability of 

the seasonally accumulated DOC pool. On shorter timescales, the flux of the most labile DOC 

compounds that supported instantaneous BCD rates was greatest in the spring despite a lower 

BCD:NPP ratio. During periods of low productivity (i.e., early autumn “depletion phase” and 

early winter “winter transition”), rates of NPP and BCD decreased yet a greater fraction of the 

daily NPP supported BCD. Our results also demonstrated that during the high productivity 

periods (i.e., early spring “accumulation phase” and late spring “climax transition”) of the 

phytoplankton bloom, a relatively smaller fraction of NCP was partitioned as DOCSA. 
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However, the DOC that did accumulate had a larger bioavailable fraction than the DOCSA 

present during periods of low productivity.   

 

 

 

 

 

 

Figure 3.1.  Station locations for all cruises are overlain on a map of 8-day composite log-
transformed chlorophyll data from NASA’s Moderate Imaging Spectroradiometer (MODIS) 
collected during May 2016. NAAMES 1 occurred in the early winter (“winter transition”: 
November - December 2015, orange points), NAAMES 2 in the late spring (“climax 
transition”: May 2016, green points), NAAMES 3 in the early autumn (“depletion phase”: 
September 2017, red points), and NAAMES 4 in the early spring (“accumulation phase”: 
April 2018, blue points). 
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Figure 3.2.  Schematic of the initiation and incubation conditions of the DOC 
remineralization experiments conducted on NAAMES 2 – 4, detailed in section “DOC 
Remineralization Experiments”. Also included is a table of the sampling frequency for the 
incubations, in which bacterioplankton abundance is denoted by “BA”, bacterioplankton 
organic carbon by “BOC”, total organic carbon by “TOC”, and dissolved organic carbon by 
“DOC”. “T0” refers to the initial condition of the experiment while “TStationary” refers to the 
stationary phase of cell growth determined by the bacterioplankton abundance curve. Note 
that T0 BOC was collected from the inoculum while TStationary BOC was collected from the 
bottle incubations. 
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Figure 3.3. Time series of station mean log10 cell abundance (a) and DOC/TOC (b) from 
DOC remineralization experiments. Data represent the change in bacterioplankton log10 cell 
abundance from T0 up to 17 days or change in DOC concentration throughout the long-term 
incubation of up to 110 days. Late spring organic carbon data are from filtered DOC 
samples, while early spring and early autumn organic carbon data are from unfiltered TOC 
samples. Error bars indicate the standard deviation between the means of replicated 
experiments. 
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Figure 3.4. Bioavailability and persistence of seasonally accumulated DOC (DOCSA) at the 
44˚N latitudinal bin of the NAAMES study region based on DOC remineralization 
experiments. Experiments were conducted at two different stations corresponding to 44˚N in 
the early spring and are denoted by the solid (station 3) and dashed lines (station 4). Data 
represent measurements for each incubation bottle, with error bars representing the standard 
deviations. The horizontal line intersecting the y-axis at 0 represents the baseline after the 
annual minimum DOC concentration corresponding to the maximal deep winter mixing 
(Baetge et al. 2020) has been subtracted from the measured surface DOC concentration for 
each season. 
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Figure 3.5. Bacterioplankton growth efficiency (BGE) estimates derived from the DOC 
remineralization experiments. Filled circles represent individual incubations and fill color 
represents station where experiment was conducted (see Table 1 for corresponding station 
latitudes). Boxes represent the 1.5 interquartile range, with the internal solid line 
representing the median. p-values are reported for the non-parametric Kruskal-Wallis test 
(one-way ANOVA on ranks), which tests if the means of all groups are equal. 
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Figure 3.6. Averages of net primary production (NPP, a), bacterioplankton production (BP, 
b), and bacterioplankton abundance (c) within the euphotic zone for each station. Boxes 
represent the 1.5 interquartile range, with the internal solid line representing the median. 
Circles represent data points. p-values are reported for the non-parametric Kruskal-Wallis 
test (one-way ANOVA on ranks), which tests if the means of all groups are equal. Level of 
significance is also reported for the non-parametric two sample Wilcoxon test, which tests 
whether the means between two groups are equal. 
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Figure 3.7. Seasonally accumulated DOC from the initial condition of the DOC 
remineralization experiments, which were conducted using water from the surface 10 m (a). 
BGEs were applied to in situ measurements of net bacterioplankton production to estimate 
bacterioplankton carbon demand (BCD, b) and the fraction of NPP it represents (c, d). Error 
bars represent standard deviations. 
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Figure 3.8. Standardized (reduced) major axis model II linear regression between NPP and 
BCD. Dotted grey lines indicate the 2.5% and 97.5% confidence intervals. 
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Table 3.2. NPP, BP, and BCD. Station: where experiments were conducted; Latitudinal 
Bin: stations were binned to the nearest degree based on latitudinal coordinates; MLD: mixed layer 
depth;  Euphotic Zone Depth: 1% light level; Temperature: CTD-recorded temperature integrated 
and normalized to the depth of the euphotic zone; Chl a: chlorophyll a estimated from CTD 
fluorescence, integrated and normalized to the depth of the euphotic zone; NPP: net primary 
production integrated and normalized to the depth of the euphotic zone; BP: net bacterioplankton 
production integrated and normalized to the depth of the euphotic zone; BP:NPP: the ratio of BP to 
NPP; BCD: bacterioplankton carbon demand or gross bacterioplankton production integrated and 
normalized to the depth of the euphotic zone. BCD:NPP: the ratio of BCD to NPP. Data represent 
means of estimates from multiple profiles with error representing standard deviations. 
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Appendix 

Positive Pressure Incubation Bottles 

5 L Nalgene Biotainer PC bottles were used as the incubation vessels. To sample an 

incubation, a bottle was pressurized using filtered air, displacing the water volume through a 

sample line. 

Bottle caps were modified to accommodate for sampling via positive pressure. Each cap 

was fitted with two 0.25” (~6.4 mm) Nalgene polypropylene barbed bulkhead fittings, one 

of which would accommodate a water sample line while the other an air-intake line. A 3.5 

mm length of 1/8” ID x 1/4” OD (~3.2- x 6.4 mm) platinum-cured silicon tubing was affixed 

to the top of each bulkhead fitting.   

For the sample line, a 325 mm length of 1/16” ID x 1/8” OD (~0.06- x 3.2-mm) PTFE 

tubing was passed through one bulkhead fitting to the bottom of the bottle. Another 7.5-mm 

length of 1/8” ID x 1/4” OD (~3.2- x 6.4-mm) platinum-cured silicon tubing was inserted to 

the top-end of the PTFE tubing. Inserted between the platinum-cured silicon and PTFE 

tubing were 1-mm lengths of 1/16” ID x 1/8” OD (~0.06- x 3.2-mm) platinum-cured silicon 

tubing, which helped to keep the cap air-tight. Attached to the top end of the sample line 

were both a polypropylene flow-control clamp and a polycarbonate male Luer lock ring x 

1/8” (3.2 mm) hose barb adapter. A polycarbonate female Luer lock ring x 1/8” (3.2 mm) 

hose barb adapter was attached to the second port, which would accommodate the air-intake 

line.  
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Positive Pressure Air Manifold and Sampling 

Ambient air was pumped at < 24 kPa using a Fluval Q2 aqurium pump through a Restek 

refillable hydrocarbon trap. A length of 1/8” ID x 1/4” OD (~3.2- x 6.4 mm) platinum-cured 

silicon tubing and 1/16” ID x 1/8” OD (~0.06- x 3.2 mm) PTFE tubing was used as the 

airline. At the end of the airline was a polycarbonate male Luer lock ring x 1/8” (3.2 mm) 

hose barb adapter, which could be connected to the port of an incubation bottle cap.  

Bottles to be sampled were first mixed gently by swirling. After being pressurized with 

filtered air, ~25 mL of sample is passed through the sample line and discarded. Samples 

were then collected, in order, for bacterioplankton abundance, total organic carbon (TOC), 

dissolved organic carbon (DOC), bacterioplankton carbon, and bacterioplankton community 

composition. Samples requiring filtration were filtered inline by attaching a filter holder or 

cartridge directly to the sample line. 

When a bottle was not being sampled, its sample line was connected to its air-intake 

port, sealing the bottle from atmospheric contamination. 
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Bacterioplankton Abundances during DOC Remineralization Setup

 

 

 

 

 

 

 

 

 

Appendix Table 3.1. Bacterioplankton abundances estimated by epifluorescence microscopy in 
whole water (in situ), inoculum (1.2 µm filtrate), and the 3:7 inoculum: particle free-water 
experimental mix at the start of each DOC remineralization experiment. On average, 78 ± 16% 
of the bacterioplankton population in whole seawater passed through the 1.2 µm filter, but in 
some cases (n = 4, stations marked with “*”) was near or above 100% indicative of poor 
filtration or potentially, errors in the abundance estimates. The whole water bacterioplankton 
abundance estimate for NAAME 3 Station 2 was anomalous and was not used in calculations. 
The initial condition of the experiments contained on average 27 ± 5%, suggesting that our 
dilution was close to the targeted 3:7 ratio of inoculum: particle free-water.    
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Long-term Bacterioplankton Abundance in DOC Remineralization Experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 3.1. Time series of bacterioplankton abundance in DOC remineralization 
experiments conducted on all stations of NAAMES 4, displaying marked decrease in abundances 
after 20 days. Data prior to 20 days represent estimates from incubation bottle samples while 
data at and beyond 20 days represent estimates from incubation vials. 
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NAAMES 2 DOC Remineralization Contamination 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 3.2. DOC remineralization experiment from NAAMES 2 Station 4 
displaying marked increase in DOC from day 7 to 8, following removal of large volumes 
of incubation water for BOC and DNA sampling.  The day after drawing large volume 
samples, DOC increased 2.8 µmol C L-1 (5.2%) and continued to increase throughout the 
post-cruise shore-based incubation and sampling period (98 days), casting uncertainty in 
our ability to observe long-term trends after removing large volumes of incubation water. 
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DOC versus DOC* Comparison 

A direct comparison between filtered DOC concentrations and corresponding DOC* 

estimates from experiments conducted on both NAAMES 3 and 4 showed that the data were 

significantly and highly correlated. Filtered DOC concentrations were on average 1.6 µmol 

C L-1 higher than DOC*, a difference near the threshold of analytical resolution, with 95% 

limits of agreement at 4.1 and -0.9 µmol C L-1. While the stacked GF75 filters retained 78 ± 

9% of cells on average, the remainder that passes through the filters may account for some 

of the systematic positive bias of the filtered DOC measurements relative to DOC*.  

Because of the observed agreement between the incubation container measurements as well 

as the availability of data, the present analyses used filtered DOC for NAAMES 2 

experiments DOC* for NAAMES 3 and 4 experiments to maximize the use of available data 

and minimize measurement error due to sample handling.  
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Appendix Figure 3.3.  Standardized (reduced) major axis model II linear regression (a) and 
Bland-Altman/Tukey Mean-Difference plot (b) between DOC concentrations measured filtered 
samples and estimated by subtracting estimates of bacterioplankton biomass (i.e. BOC) from 
corresponding measurements of TOC (DOC*). Solid and dashed lines in panels a represents the 
identity and regression lines, respectively. In panel b, the solid line represents the no-bias line, 
the dashed line represents the mean-difference or bias line, and the dotted lines represent the 95% 
limits of agreement. 
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Incubation Vessel Comparison 

Single samples for bacterial abundance and replicate DOC samples were drawn over 

time from both incubation containers over several experiments during NAAMES 4. 

Measured bacterioplankton abundances and filtered DOC concentrations between the vessel 

incubations were highly and significantly correlated, with a slight bias towards bottle 

incubation measurements which were higher by 2.4 x 106 cells L-1 and 0.39 µmol C L-1 for 

bacterial abundance and DOC, respectively. The 95% limits of agreement were at 3.4 x 108 

and -3.4 x 108 cells L-1 for the bacterial abundance measurements and at 2.6 and -1.8 µmol C 

L-1 for the DOC measurements, indicating that both incubation containers tracked similar 

microbial dynamics.  
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Appendix Figure 3.4. Standardized (reduced) major axis model II linear regression 
(a, c) and Bland-Altman/Tukey Mean-Difference plots (c, d) between cell 
abundances (a, b) and DOC concentrations (c, d) measured from bottle and vial 
incubations conducted on NAAMES 4 (early spring). Solid and dashed lines in 
panels a and c represent the identity and regression lines, respectively. In panels b 
and d, the solid line represents the no-bias line, the dashed line represents the mean-
difference or bias line, and the dotted lines represent the 95% limits of agreement. 
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IV. Microbial Response to Physical Stratification following Deep 

Convection 

Abstract  

Organic matter produced by primary production in the sunlit ocean can be physically 

transported to depths within the mesopelagic zone. The mechanisms that drive this export of 

organic matter include subduction, deep convection, as well as episodic disturbances like 

passing storms and diel changes in convective mixing. Uncertainty remains around the fate 

of the organic matter exported to depth by these mechanisms, but a majority is remineralized 

or respired by heterotrophic microbes. It is rare to have opportunities to observe how 

microbes respond to organic matter delivery following deep mixing events in situ. Here, we 

report observations from a three-day occupation of a retentive anticyclonic eddy in the 

Western North Atlantic in which bacterioplankton growth and community composition 

responses were tracked as the water column re-stratified following a recent deep convection 

event. While we observed rapid changes in bacterioplankton carbon and carbon demand 

throughout the water column, changes in community composition were small and gradual 

with notable responses by a few mesopelagic bacterioplankton lineages including SAR11 

subclade II and SAR202 subclade I.   

Introduction 

Dissolved organic carbon (DOC) is produced as a result of numerous food web 

processes (Carlson and Hansell, 2015). However, the magnitude of annual DOC production 

is ultimately constrained by autochthonous primary production rates. Global net primary 

production (NPP) produces approximately 53 Pg C y-1 (Dunne et al., 2007) and is the main 

source of dissolved organic carbon (DOC) production (~21 Pg C y-1) in the oceans (Carlson 
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and Hansell, 2015). The oceanic DOC pool stores approximately 662 Pg C, which is 

comparable to the inventory of CO2 in the atmosphere and the amount of carbon in 

terrestrial biomass (Hansell et al., 2009). Heterotrophic bacterioplankton rapidly recycle 

DOC for energy generation and biomass synthesis (Azam et al., 1983) and those living in 

the ocean’s surface waters are responsible for remineralizing a majority (~91%) of newly 

produced DOC (Azam et al., 1993; Carlson and Hansell, 2015). DOC that resists rapid 

microbial degradation can accumulate in surface waters, generating vertical gradients in 

DOC (Carlson et al., 1994; Carlson and Hansell, 2015).  

Why and how DOC accumulates is not well understood, with a number of hypotheses 

having been proposed (see reviews in Benner and Amon, 2015; Carlson and Hansell, 2015; 

Dittmar, 2015). Some DOC compounds accumulate because they are intrinsically resistant 

to or slowly degraded by heterotrophic utilization (Hansell, 2013; Shen and Benner, 2020).  

Alternatively, the molecular diversity of organic compounds that comprise the bulk DOC 

pool can limit unique compounds from existing at detectable concentrations or from 

encountering microbes with the appropriate uptake mechanisms. Thus, the accumulated 

DOC pool reflects the sum of these highly diverse but individually low-concentration 

compounds (Dittmar, 2015). DOC may also accumulate because costs may outweigh the 

benefits of oxidizing particular compounds, depending on the proximal heterotrophic 

community structure and its metabolic capabilities (Carlson et al., 2009; Treusch et al., 

2009; Giovannoni, 2017; Landry et al., 2017; Saw et al., 2020). It is possible that all of these 

mechanisms simultaneously contribute to the accumulation of DOC compounds in surface 

waters, where they are functionally recalcitrant because their supply outpaces microbial 

consumption (Zakem et al., 2020). However, accumulated DOC that is resistant to rapid 
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microbial utilization at one geographical location or depth can be readily utilized by 

heterotrophic bacterioplankton at another (Carlson et al., 2011).  

In regions like the Western North Atlantic where annual deep convection occurs, 

accumulated DOC in surface waters can be physically delivered to the deep ocean. Deep 

convection obliterates vertical density gradients and redistributes suspended and dissolved 

organic matter homogenously throughout the mixed layer.  The net effect is that DOC is 

reduced in the epipelagic as lower concentrations from depth are mixed to the surface, and 

enriched in the mesopelagic as a portion of the accumulated euphotic zone DOC is mixed to 

depth (Carlson et al., 1994). However, it is estimated that only ~11% of the surface 

accumulated DOC exported to the deep ocean survives to depths greater than 500 m 

(Carlson et al., 2010; Hansell et al., 2012), due to its remineralization within the upper 

mesopelagic. Field and experimental studies have provided evidence for the degradation of 

surface accumulated DOC by mesopelagic heterotrophic microbes following deep 

convection. At the Bermuda Atlantic Time-series Study (BATS) site, a portion of the DOC 

exported out of the euphotic zone following winter deep convection was observed 

repeatedly to be removed in the upper mesopelagic on the timescales of weeks (Goldberg et 

al., 2009). At the same time, absolute bacterioplankton abundance in the upper mesopelagic 

at BATS was observed to increase following deep convection (Carlson et al., 2009), with 

increases in relative abundance by certain bacterioplankton taxa like SAR11subclade II, 

OCS116, SAR202, and marine Actinobacteria (Morris et al., 2005; Carlson et al., 2009; 

Treusch et al., 2009; Vergin et al., 2013; Liu et al., 2020a). These observations suggest that 

some mesopelagic bacterioplankton have the metabolic capability to degrade functionally 
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recalcitrant DOC that accumulates in surface waters on the timescales of weeks (Morris et 

al., 2005; DeLong et al., 2006b; Landry et al., 2017).   

Metagenomic evidence supports the claim that some mesopelagic microbial lineages 

are well adapted to utilize compounds that are apparently recalcitrant to epipelagic 

populations (Saw et al., 2020). Indeed, mixed culture experiments conducted at BATS 

demonstrated multi-week increases in the relative abundance of slow-growing mesopelagic 

bacterioplankton (e.g., SAR202,  Methylophaga, Hyphomonadaceae, and Alcanivoracaceae) 

after the introduction of recalcitrant carboxyl-rich alicyclic (CRAM) proxy compounds (Liu 

et al., 2020b). While these experiments advance understanding about what could happen in 

the days and weeks following deep convection, measurements of in situ microbial responses 

in the hours to days following deep convection could provide insights regarding the fate of 

surface accumulated DOC after it is vertically exported from the epipelagic and potentially 

remineralized in the mesopelagic. 

An opportunity to observe microbial responses to deep convection was afforded at a 

hydrostation occupied in May 2016 during the second of four field campaigns of the North 

Atlantic Aerosols and Marine Ecosystems Study (NAAMES) (Behrenfeld et al., 2019). 

Here, we describe changes in the biogeochemistry, bacterioplankton growth, and community 

structure in the euphotic and upper mesopelagic zones (0 – 75 m and 100 – 200 m, 

respectively) during the multi-day drifter-following occupation of this hydrostation. We also 

compare the observations made at this recently and deeply mixed hydrostation (May, 2016) 

to another hydrostation with strongly contrasting environmental conditions, in which the 

water column had been stratified for several months (September, 2017). This persistently 

stratified station was also chosen as it was the only other station that was sampled for 
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multiple days. This study demonstrates rapid changes in bacterioplankton stocks and rates 

(particularly in the mesopelagic zone) as a deeply mixed layer shoaled. Interestingly, these 

dramatic changes only resulted in subtle shifts in bacterioplankton community composition, 

with noteworthy responses constrained to a few mesopelagic lineages such as SAR11 

subclade II and SAR202 subclade I. 

Materials and Methods 

The two NAAMES campaigns each involved a ship transect aboard the R/V Atlantis 

between 39˚N and 56˚N latitude and -38˚W to -47˚W longitude. In May 2016 (NAAMES 2), 

the R/V Atlantis arrived on a water mass (N2S4, [47.46˚N, -38.72˚W]) that had been 

recently perturbed by a deep convection event and was subsequently tracked, sampled, and 

characterized over a period of three days (May 23 [21:46 UTC] - 27 [23:54 UTC]) as the 

water column re-stratified (Graff and Behrenfeld, 2018). By comparison, in September 2017 

(NAAMES 3), the R/V Atlantis arrived on a water mass (N3S6, [53.38˚N, -39.54˚W]) that 

remained strongly stratified over a four-day occupation (September 13 [17:06 UTC] – 17 

[18:15 UTC]). 

Drifter-following Sample Collection 

Surface drifters were deployed from the R/V Atlantis upon arrival at each hydrostation 

and then followed throughout the hydrostation occupation.  N2S4 and N3S6 had different 

physical properties: N2S4 was within the core of a moderately retentive anticyclonic eddy in 

the dynamic region of the Gulf Stream and North Atlantic Drift while N3S6 was located in a 

quiescent subarctic region of the northwest Atlantic characterized by large-scale wind-

driven circulation and relatively more uniform currents (Della Penna and Gaube, 2019). 

These differences were reflected in the movement of the deployed drifters. The drifters 
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deployed at N2S4 moved anticyclonically before being transported outside of the core of the 

eddy by wind-driven near-surface currents, while those deployed at N3S6 were transported 

eastward by the wind. Hydrographic data were collected on each day of hydrostation 

occupation from Sea-Bird Scientific SBE-911+ Conductivity-temperature-depth (CTD) 

profiler sensors attached to a rosette with 24 x 10 L Niskin bottles.  Additional sensors 

included those for chlorophyll fluorescence (WET Labs ECO-AFL/FL), beam transmission 

(WET Labs C-Star), turbidity (WET Labs ECO), and oxygen (SBE43).  These data are 

available through NASA’s Ocean Biology Distributed Active Archive Center (OB.DAAC) 

SeaWiFS Bio-optical Archive and Storage System (SeaBASS; 

https://seabass.gsfc.nasa.gov/naames) and were averaged over 1 m bins for the present 

analysis. Following previous studies of the NAAMES hydrostations, mixed layer depths for 

each CTD profile were determined as the depth below 5 m at which the Brunt-Väisālä 

buoyancy frequency (N2) was greater than its standard deviation (Graff and Behrenfeld, 

2018; Morison et al., 2019). Apparent Oxygen Utilization (AOU, µmol O2 L-1) is defined as 

the depletion of oxygen relative to saturation and was calculated for each binned CTD 

profile (to 1 m) as the difference between the saturation oxygen concentration and the 

observed oxygen concentration. Oxygen saturation was estimated from potential 

temperature and salinity following Weiss (1970).  

The Niskin bottles collected seawater samples at nominal depths of 5, 10, 25, 50, 75, 

100, 150, and 200 m for analysis of chlorophyll a, phytoplankton cell abundance, [nitrate + 

nitrite], bacterioplankton cell abundance, bacterioplankton leucine incorporation rate, DOC, 

and total dissolved amino acids (TDAA). These data are available through OB.DAAC 

SeaBASS (https://seabass.gsfc.nasa.gov/naames), as well as the Biological & Chemical 
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Oceanography Data Management Office (BCO-DMO, DOI: 10.26008/1912/bco-

dmo.824623.1). All processed data, analyses, and code presented here are available on 

GitHub (https://github.com/nbaetge/naames_multiday).  

Chlorophyll a, Phytoplankton Cell Abundance, and Net Primary Production 

Chlorophyll a concentrations (µg L-1) were measured by fluorometric analysis using the 

acidification technique and a Turner Designs 10AU digital fluorometer (Mueller et al., 2003). 

For each sample, 500 mL raw seawater were filtered through a 25 mm 0.45 µm (Millipore 

HA) nitrocellulose filter, which was then extracted in 90% acetone for 48 hours at 0˚C. 

Fluorescence was measured before and after acidification to determine Chlorophyll a 

concentration. Phytoplankton abundances (cells L−1) for < 64 µm diameter cells were 

determined within hours of sample collection using a BD Influx Sorting Flow Cytometer and 

separated into four major groups (Prochlorococcus, Synechococcus, Picoeukaryotes, 

Nanoeukaryotes) (see methods in Graff and Behrenfeld, 2018). Total phytoplankton cell 

abundance was calculated as the sum of the abundances of all the groups. Vertically-resolved 

net primary production (NPP) (µmol C L-1 d-1) was estimated using the Photoacclimation 

Productivity Model (PPM) from Fox et al (2020), which accounts for physiological 

adjustments in intracellular chlorophyll concentration in response to light and nutrient 

availability (Behrenfeld et al., 2016). There was strong agreement between NPP estimates 

from the PPM and measurements of 24 h 14C-uptake conducted at all NAAMES hydrostations 

(Fox et al., 2020).   

Bacterioplankton Cell Abundance and 3H-leucine Incorporation 

Bacterioplankton cell abundances (cells L-1) were determined for whole seawater 

samples preserved with certified ACS formalin to a final concentration of 1% (vol:vol). 



 

 122 

Within 36 hours of collection, cells from each sample were filtered onto a blackened 0.2 µm 

polycarbonate (PC) membrane filter, stained with DAPI (4’,6-diamidino-2-phenylindole 

dihydrochloride, 5 mg mL–1), mounted onto a slide with high viscosity immersion oil 

(Thermo Scientific Richard-Allan Scientific Resolve) and stored at –20˚C until enumeration. 

DAPI-stained cells were manually enumerated using an Olympus BX51epifluorescence 

microscope with ultraviolet excitation at 1000X magnification. 12 fields-of-view were 

counted for each slide and, on average, 50-60 cells were counted for each field-of-view 

(Porter and Feig, 1980).   

Bacterioplankton 3H-leucine incorporation rates (pmol 3H-Leu L-1 h-1) were estimated 

using a modified version of the microcentrifuge method (Smith and Azam, 1992). For each 

depth, a dead control (killed immediately with 100 µL of 100% trichloroacetic acid [TCA]) 

and replicate 1.6 mL seawater samples were spiked with 3H-Leu (20 nM; specific activity 

50.2-52.6 Ci/mmol; Perkin Elmer, Boston, MA). After incubating in the dark for 2-3 hours 

at ± 2°C of in situ temperature, incubations were terminated with 100 µl cold 100% TCA. 

Cells were pelletized after a series of microcentrifugation steps, washed with 5% TCA,  80% 

ethanol (vol/vol), and resuspended in Ultima Gold scintillation cocktail as described in 

Ducklow et al. (2001). Radioactivity was measured using a Hidex 300 Scintillation Analyzer 

and was corrected for quenching using an external gamma source and a quench curve. The 

coefficient of variation (CV) between measurements from replicate incubations was 

generally 1-15%. However, CVs were often between 20-30% for deep samples because of 

their lower incorporation rates.  
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Dissolved Nutrients, Dissolved Organic Carbon, and Total Dissolved Amino Acids 

 Nitrate + Nitrite concentrations (N + N, µmol N L-1) at each depth were determined 

from samples that were gravity-filtered directly from the Niskin bottles through 47 mm 0.8 

µm polycarbonate (Millipore) filters and stored at -20˚C in sterile 50 mL conical centrifuge 

tubes. Samples were analyzed using a Lachat QuickChem QC8500 automated ion analyzer 

(University of Rhode Island Graduate School of Oceanography Marine Science Research 

Facility), which measures N+N with a precision of ∼0.3 µmol L−1. 

Replicate DOC samples at each depth were gravity filtered directly from the Niskin 

bottles through 47 mm 0.7 µm GF/F filters (Whatman, first flushed with 100 mL sample 

water) into pre-combusted 40 mL EPA borosilicate glass vials. Samples were acidified to a 

pH of ≤ 3 by adding 50 µL DOC-free 4 N HCl and stored at 14˚C in a volatile organic-free 

environmental chamber until analysis. DOC concentrations (µmol C L−1) were measured in 

batches of ≤ 35 samples using the high-temperature combustion method (Carlson et al., 

2010) on Shimadzu TOC-V or TOC-L analyzers. Concentrations were quantified using 

standard solutions of glucose and low carbon ultra-pure water. Samples were systematically 

referenced against surface and deep seawater calibrated with consensus reference material 

(Hansell SSR Lot#08-18), which were run every 6-8 samples. Precision of the Shimadzu 

analyzers was within 2% CV.  

 Total dissolved amino acids (TDAA) samples were gravity filtered directly from the 

Niskin bottles through 47 mm 0.7 µm GF/F (Whatman, first flushed with 100 mL sample 

water) into acid-washed 60 mL high density polyethylene (HDPE) bottles and stored at -

20˚C. Samples were processed following Liu et al (2020a), where samples were hydrolyzed 

in 6N HCl under nitrogen for 20 hours at 110˚C, neutralized using nitrogen evaporation, 
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derivatized with ortho-phthalaldehyde, and measured using a Dionex ICS5000+ high 

performance liquid chromatography (HPLC) equipped with a fluorescence detector 

(excitation = 330 nm, emission = 418 nm). The molecular formula of each amino acid 

resolved by the HPLC was used to calculate its carbon concentration in µmol C L-1. Thus, 

TDAA represents the sum of the carbon concentrations of all the individual amino acids. 

DOC-normalized yields of TDAA were calculated as the percentage of total DOC measured 

as amino acid carbon.  

Derived Variables for NAAMES 2 Station 4 (N2S4) 

Net bacterioplankton production (µmol C L-1 d-1) was estimated for each depth by 

applying a Leucine conversion factor of 1.5 kg C (mol Leu incorporated) -1 (Simon and 

Azam, 1989).  Bacterioplankton carbon demand (BCD) (µmol C L-1 d-1) was calculated as 

net bacterioplankton production divided by the bacterioplankton growth efficiency (BGE) 

(0.24) estimated by Baetge et al. (2021) from DOC remineralization experiments conducted 

at 10 m.  

Phytoplankton cell abundance, NPP, AOU, bacterioplankton cell abundance and 

carbon demand, DOC, and TDAA profiles were all integrated for the euphotic and the upper 

mesopelagic zones. Here, the euphotic zone is defined as the depth horizon between 0 and 

75 m while the upper mesopelagic zone is defined between 100 and 200 m. The integrated 

stocks and rates of net primary production and bacterial production for both depth horizons 

were depth-normalized to provide mean volumetric concentrations and rates for the 

respective depth zones.  
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Bacterioplankton Community Composition 

Nucleic acid sample collection, extraction, purification and 16S rRNA gene 

amplification, library preparation, sequencing, and amplicon assignment are detailed in 

Bolaños et al (2021). Samples from each depth were collected by filtering four liters of 

seawater through a 0.22 µm Sterivex filter (polyethersulfone membrane, Millipore) and 

preserved in sucrose lysis buffer (SLB, 20 mM EDTA, 400 mM NaCl, 0.75 M sucrose, and 

50 mM Tris-HCl, pH 9.0) at -80˚C. Nucleic acids were extracted and purified following the 

phenol: isoamyl alcohol: chloroform (25:1:24) protocol of Giovannoni et al (1996). The V1-

V2 region of the 16S rRNA gene was amplified via polymerase chain reaction (PCR) using 

the 27F (5'-AGAGTTTGATCNTGGCTCAG-3’) forward and 338 RPL (5'- 

GCWGCCWCCCGTAGGWGT-3') reverse primers, each with respective Illumina overhang 

adapters (Bolaños et al., 2021). Twenty-five µl PCR reactions consisted of 2.5 μL (5 ng μL-

1) of genomic DNA template, 5 µl of each primer (1 µM) 12 µL of 2x KAPA HiFi HotStart 

ReadyMix, and 5 µL PCR water. Thermocycling conditions of the PCR reactions were 3 

minutes at 95˚C, 25 cycles of 30 seconds at 95˚C, 30 seconds at 55˚C, 30 seconds at 72˚C, 

and 5 minutes at 75˚C. Libraries for each amplicon reaction product were constructed by 

attaching dual indices and Illumina sequencing adapters with the Nextera XT Index Kit 

using a second PCR amplification. Purified libraries were pooled in equimolar 

concentrations and sequenced using the Illumina MiSeq platform (v2, 2x250 PE lane) at the 

Center for Genome Research and Biocomputing (Oregon State University, Corvallis, OR, 

USA). Amplicon sequence datasets can be found in the NCBI SRA database under the 

BioProject identifier PRJNA627189. 
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Primer sequences were removed from demultiplexed FASTQ files using the CutAdapt 

algorithm (Martin, 2011). All subsequent sequence analyses were performed using the R 

software environment (v 4.0.0). Using the package dada2 (v 1.2.0, Callahan et al., 2016), 

trimmed FASTQ files were quality filtered, dereplicated, and merged to create an amplicon 

sequence variant (ASV) table, from which potential chimeras were removed de novo. ASVs 

were taxonomically assigned using the Silva database (v 123, Quast et al., 2013) and 

PhyloAssigner (v089, Vergin et al., 2013). Phylogenetic databases are available at 

https://www.github.com/lbolanos32/NAAMES_2020. Using the function rarefy_even_depth 

in the package phyloseq (v 1.32.0, McMurdie and Holmes, 2013), sequence read counts 

were subsampled to the minimum sample read depth (9702 reads) with replacement to 

standardize for sampling effort. The Chao1 alpha diversity index was estimated using the 

phyloseq function estimate_richness. Pairwise comparisons of the Chao1 index between 

depth horizons on each day of hydrostation occupation were performed with t-tests using the 

function compare_means of the package ggpubr (v 0.3.0). Bray-Curtis dissimilarities were 

calculated using the vegdist function of the package vegan (v 2.5-6, Oksanen et al., 2013). 

NMDS ordinations with Bray-Curtis dissimilarities were computed with the phyloseq 

function ordinate. One-way permutational multivariate ANOVA (PERMANOVA) was used 

to characterize the degree of similarity between community composition across 

hydrostations, depth horizons, and time using the function adonis in the R package vegan (v 

2.5-6) (Anderson, 2001). Homogeneity of dispersion, or variance, among sample groups was 

assessed using the vegan function betadisper (Anderson, 2006). For all statistical analyses, 

p-values of > 0.05, ≤ 0.05, and ≤ 0.01 are described as not significant, significantly different 

(*), or highly significantly different (**), respectively. For each the euphotic and upper 
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mesopelagic zones, the relative abundance of a taxonomic group to the family level was 

calculated by summing its ASV counts across all depths in the depth horizon and then 

dividing the summed counts by the total counts in the depth horizon. An approximation of 

cell abundance for each taxonomic group was estimated using the product between the 

relative abundance of its sequences and the total cell abundance, normalized to its gene copy 

number, hereafter termed ‘16S rRNA-estimated cell abundance’.  Bacterial ribosomal RNA 

copy number information was retrieved from the ribosomal RNA operon copy number 

database (rrnDB) (Stoddard et al., 2015). If copy number information was not available for a 

phylogenetic order, then the copy number for the next higher taxonomic rank was used.   

Results 

NAAMES 2 Station 4 (N2S4) 

The mixed layer depth in the anticyclonic eddy of N2S4 was greater than 200 m upon 

occupation on May 24, 2016 and shoaled over the next 4 days to < 20 m, with sustained 

thermal stratification after the first day (Figure 4.1a, b). On the last day on station the R/V 

Atlantis drifted from the eddy’s core to its periphery which had distinct near-surface and 

mesopelagic acoustic backscattering signatures (Della Penna and Gaube, 2020). The change 

in physical characteristic indicate that biological distributions and rate process likely varied 

between the eddy regions. Thus, the data presented here are restricted to those collected 

within the eddy core over the first three days of hydrostation occupation. On the first day of 

occupation, biological and chemical parameters, including N+N, chlorophyll a, 

phytoplankton cell abundance, bacterioplankton production, AOU, and DOC, were all 

homogenously distributed over the surface 200 m, indicating that the eddy had experienced 

a recent deep mixing event (Figure 4.1c – e, 4.1g, 4.1j).  
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In the euphotic zone (0 – 75 m), there were clear increases in chlorophyll a, 

phytoplankton cell abundance, and net primary production (NPP) corresponding to 

decreases in N+N and AOU (Figure 4.1c – g, 4.2a, 4.2b, 4.2e, 4.2f). The relative abundance 

of prasinophytes and diatoms increased over the station occupation (Bolaños et al., 2021), 

but so did the growth rates of other picoeukaryotes and cyanobacteria (Morison et al., 2019).  

Bacterioplankton cell abundance, 3H-Leucine incorporation (i.e., net bacterioplankton 

production), and carbon demand (BCD) all increased in the euphotic zone over time.  As a 

result of the competing photoautotrophic and heterotrophic processes, we were not able to 

resolve changes in the bulk DOC concentrations during our station occupation.  Although 

bulk DOC concentrations within the euphotic zone did not change significantly and 

averaged 53.4 ± 0.2 µmol C L-1, the contribution of total dissolved amino acids (TDAA) to 

the bulk DOC pool increased by ~9% (Figure 4.1j, 4.1k, 4.2g, 4.2h).  

Phytoplankton cell abundance and chlorophyll a declined within the upper 

mesopelagic zone (100 – 200 m), with NPP remaining at near zero (Figure 4.1d – f, 4.2a, 

4.2b). While there was a small increase in AOU, there was a clear increase in N+N 

corresponding to increases in bacterioplankton cell abundance and BCD. Bulk DOC 

concentrations displayed a decreasing trend within the upper mesopelagic zone, but these 

changes were not statistically significant and DOC concentrations averaged 53.0 ± 0.4 µmol 

C L-1 over the occupation of station N2S4.  The contribution of TDAA to the bulk DOC 

pool decreased by ~10% (Figure 4.1j, 4.1k, 4.2g, 4.2h).  

NAAMES 3 Station 6 (N3S6) 

In contrast to N2S4, the water mass occupied at 53.38˚N, -39.54˚W over four days in 

September 2017 displayed little change in its mixed layer depth (mean of 34 ± 2 m) and 
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remained thermally stratified throughout the occupation (Figure 4.3a, b). Chlorophyll a, 

bacterioplankton 3H-Leucine incorporation, and DOC did not systematically vary within the 

euphotic zone (0 – 75 m) over the four-day occupation. Changes in other variables, 

including N+N, NPP, and phytoplankton and bacterioplankton cell abundances, were also 

not systematic and were dampened relative to the changes observed at N2S4. Inorganic N+N 

concentrations were minimal and remained so throughout the occupation, limiting 

phytoplankton production and cell abundance (Figure 4.3c – j). The phytoplankton 

community was stable over the course of station occupation and consisted of a diverse array 

of eukaryotes, including cryptophytes, prymnesiophytes, pelagophytes, and bacillariophytes, 

and an enhanced abundance of cyanobacteria relative to N2S4 (Bolaños et al., 2021).  In 

general, the upper mesopelagic (100 – 200 m) exhibited little temporal change in measured 

property profiles, although some minor changes could be discerned for N+N and AOU 

(Figure 4.3c – j). 

Bacterioplankton Community Composition 

Bacterioplankton profiles were analyzed over the surface 200 m to assess community 

composition shifts during rapid re-stratification of the deeply-mixed water column at N2S4 

and to compare these dynamics with properties of a persistently stratified system (i.e., 

N3S6). Bacterioplankton ASV richness at N3S6 was elevated in the upper mesopelagic zone 

relative to the euphotic zone, whereas it was not significantly different between the depth 

horizons at N2S4. ASV richness throughout the water column at N2S4 was comparable to 

that of the upper mesopelagic zone at N3S6 (Figure 4.4). NMDS ordination based on Bray-

Curtis dissimilarities (stress = 0.02) showed N2S4 communities clustering distally from 
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those of N3S6 (PERMANOVA p << 0.01), with variances (i.e., dispersions) between the 

groups being significantly different (ANOVA p << 0.01) (Figure 4.5a).  

At N2S4, variance was similar between the euphotic and mesopelagic zones (ANOVA 

p = 0.24) and communities were not significantly different (PERMANOVA p = 0.79). 

However, there were significant differences in community structure within the upper 

mesopelagic zone over time (NMDS Bray-Curtis dissimilarity stress = 0.10, PERMANOVA 

p = 0.04) (Figure 5b). Variance between euphotic and upper mesopelagic zone communities 

at N3S6 was similar (ANOVA p = 0.38). While there was some separation between euphotic 

and upper mesopelagic zone communities at N3S6 (NMDS Bray-Curtis dissimilarity stress 

= 0.02), they were not significantly different (PERMANOVA p = 0.07). This is likely due to 

the inclusion of communities below the thermocline (75 m) as a part of the euphotic zone. 

Variance between groups within the euphotic and upper mesopelagic zones at N3S6 was 

similar (ANOVA p = 0.92 and p = 0.85, respectively) and community structure within these 

depth horizons did not change significantly over time (PERMANOVA p = 0.78 and p = 0.13 

for the euphotic and upper mesopelagic, respectively). (Figure 4.5c).  

During the re-stratification of N2S4, subclades (approximately Family-level) of 

SAR11 dominated in relative abundance.  During station occupation, SAR11 increased by 

~4% in the euphotic zone and represented ~45% of the bacterial community, whereas in the 

upper mesopelagic it increased by ~7% to represent ~47% of the community (Figure 6). The 

relative abundance of SAR 11 subclade 1a was greatest of all SAR11 subclades and 

increased by ~3% and ~5% to represent ~35% and ~36% of the total community in the 

euphotic and upper mesopelagic zones, respectively throughout the station occupation 

(Figure 4.6a). Of the remaining SAR11 subclades (I, IB, II, IV), only subclades IB and II 
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showed changes (≤ 1%) in relative abundance in the upper 200 m, individually comprising 

less than 5% of the bacterioplankton community in each the euphotic and mesopelagic 

zones. All members of the SAR11 clade increased in 16S rRNA-estimated cell abundance as 

total community abundance increased throughout the surface 200 m of the water column. 

Members of the Gammaroteobacteria Oceanospriallales were the next most relatively 

abundant members of the total bacterioplankton community, particularly ZD0405, SAR86 

and Oceanospirillaceae, and together represented 17 – 18% of the community in each the 

euphotic and mesopelagic zones. While the relative abundance of these families did not 

change significantly in the euphotic zone, the relative abundance of Oceanospiralles 

decreased by ~4% in the upper mesopelagic zone with families ZD405 decreasing by ~2%, 

SAR86 decreasing by ~1%, and Oceanospirillaceae decreasing by ~1% (Figure 4.6a). 

However, the total bacterioplankton community abundance increased in the upper 

mesopelagic (Figure 4.1h); thus, if this this increase in cell abundance is taken into account 

with the changes in relative abundance of each taxonomic family, 16S rRNA-estimated cell 

abundances reveal increasing trends in ZD405 and SAR86. Flavobacteriales (~8 ± 1%), an 

unassigned group of Marinmicrobia SAR406 (~5 ± 1%), OCS116 (~5%), Rhodobacterales 

(~4 ± 1%), Rhodospirillaceae (~3 ± 1%), and Acidimicrobiales (~2%) were the next most 

relatively abundant orders across both depth horizons, contributing to greater than or equal 

to ~2% of the total bacterioplankton community. These bacterial lineages showed little 

change in relative abundance over time but did increase in estimated 16S rRNA-estimated 

cell abundance. The change in relative abundance for all remaining orders in both depth 

horizons over the station occupation of N2S4 were less than 1%.  However, many of the 

bacterioplankton families within these orders increased in estimated 16S rRNA-estimated 
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cell abundance despite not changing in relative abundance. For instance, while members of 

the SAR202 subclade I remained at a constant relative abundance of 5 ± 1% within the 

upper mesopelagic community, the overall bacterioplankton cell abundance increased by 

two-fold; thus, throughout the occupation of N2S4 we estimate that members of SAR202 

also increased in 16S rRNA-estimated cell abundance by a factor of two. Similarly, 

members of Acidimicrobiales subgroup OM1, SAR116, and Salinisphaeraceae all did not 

change in relative abundance in the upper mesopelagic over the occupation of N2S4, but the 

change in 16S rRNA-estimated cell abundances is estimated to have increased by 115%, 

107%, and 86%, respectively (Figure 4.6, 4.7). 

Discussion 

Microbial Response in the Mesopelagic 

Over the three-day occupation of N2S4, net primary production coincided with 

inorganic nitrogen utilization and the reduction of AOU in the euphotic zone (0 – 75 m) 

(Figure 1c – g). Increases in phytoplankton relative abundance were primarily attributed to 

prasinophytes and diatoms (Bolaños et al., 2021), but growth rates of other picoeukaryotes 

and cyanobacteria also increased over the occupation (Morison et al., 2019).  

Bacterioplankton growth and production in the euphotic zone also responded 

positively to mixed layer shoaling following deep convection (Figure 4.1f, 4.1h, 4.1i, 4.2d). 

Though NPP outpaced BCD, changes in the bulk DOC concentration were not resolvable 

over the timescale of station occupation. Despite our inability to resolve changes in the bulk 

DOM pool, increases in both the concentration and the relative contribution of TDAA to the 

bulk DOC pool (Figure 4.1j, 4.1k, 4.2g, 4.2h) suggest that the quality of the accumulated 

DOM pool changed to less diagenetically altered composition (i.e., fresh and less 
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recalcitrant) within the euphotic zone throughout station occupation. Amino acids comprise 

a large proportion of labile DOC and are preferentially and rapidly consumed by 

heterotrophic bacterioplankton (Keil and Kirchman, 1993; Cowie and Hedges, 1994; Davis 

and Benner, 2005). The elevated contribution of TDAA to the bulk DOC pool is thus 

indicative of newly produced DOM and can result from a variety of pathways including 

direct release from phytoplankton (Granum et al., 2002) or archaea (Bayer et al., 2019), 

through zooplankton egestion and excretion  (Maas et al., 2020), or particle solubilization 

via processes like grazer sloppy feeding (Lampert, 1978) and viral lysis (Middelboe and 

Jørgensen, 2006). The change in DOM composition supports the hypothesis that the flux of 

labile DOM at the nmol L-1 level partially supported the enhanced BP and associated BCD. 

In the upper mesopelagic zone (100 – 200 m), declines in both chlorophyll a and NPP 

and the increase in AOU reflect net heterotrophy. Furthermore, the decrease in 

phytoplankton cell abundance is suggestive of active loss through grazing or particle 

solubilization (Figure 4.1d, 4.1e, 4.2a, 4.2b).  These trends in AOU and phytoplankton 

carbon provide support for the proposed pathway in which the mixed layer pump exports 

dissolved and suspended particulate organic carbon to depth by convection, which then fuels 

mesopelagic food webs and metabolic demand (Carlson et al., 1994; Dall’Olmo et al., 2016; 

Lacour et al., 2019).  

During the occupation of hydrostation N2S4, bacterioplankton cell abundance, 

production, and BCD increased throughout the upper mesopelagic as NPP and 

phytoplankton carbon declined (Figure 4.2h, 4.2i).  The BCD was supported by the flux of 

labile DOM, but the source of this labile material remains unknown.  The increase in BCD 

and coincident loss of mesopelagic chlorophyll a and phytoplankton cell abundance suggests 
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that POM losses through grazing or solubilization delivered into the upper mesopelagic by 

recent deep convection mixing may have been a potential source of freshly produced labile 

DOC, as suggested in previous studies (Cho and Azam, 1988; Smith and Azam, 1992; Smith 

et al., 1995).   

3H-Leucine incorporation in the upper mesopelagic at N2S4 was 6.4 ± 1.6 pmol C L-1 d-1 

upon occupation (Figure 4.1i), well above the background 3H-Leucine incorporation rate 

observed in the mesopelagic of the stratified station of N3S6 (0.4 ± 0.2 pmol C L-1 d-1, 

Figure 4.3i ). The mean and median background 3H-Leucine incorporation rates, considered 

here to be for depths between 100 and 500 m, for all stations occupied during NAAMES 3 

when stratification was strongest throughout the study region were 2.6 pmol C L-1 d-1 and 

1.7 pmol C L-1 d-1, respectively (see data in OB.DAAC SeaBASS 

[https://seabass.gsfc.nasa.gov/naames] or BCO-DMO [DOI: 10.26008/1912/bco-

dmo.824623.1]). This finding indicates either that the extant bacterioplankton community 

was responding to labile DOC delivered from the euphotic as well as production in the 

mesopelagic or that the elevated activity was mixed in from the surface and then continued 

to increase over the station occupation. Upper mesopelagic 3H-Leucine incorporation 

continued to increase over the subsequent two days at N2S4 to reach a maximum of 11.7 ± 

1.9 pmol C L-1 d-1 (Figure 4.1i). 

 Although the decreasing trend in bulk DOC in the upper mesopelagic over the course of 

hydrostation N2S4 occupation was not statistically significant, changes in the TDAA 

concentration and contribution to bulk DOM indicated that DOM quality was being 

transformed to a more altered state in the upper mesopelagic zone (Figure 4.2g, 4.2h).  This 

observation is consistent with the argument that heterotrophic bacterioplankton can alter 
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DOM concentration and quality once isolated in the mesopelagic (Goldberg et al., 2009; 

Kaiser and Benner, 2009).  

While the data presented here do not provide unequivocal evidence for the degradation 

of surface accumulated DOC by mesopelagic heterotrophic microbes, they do demonstrate 

that microbes respond rapidly to the export of less diagenetically altered organic matter from 

the euphotic zone as the water column physically stratifies following deep convection. 

Changes in the upper mesopelagic accounted for 35% and 65% of the total increases in 

bacterioplankton cell abundance and BCD observed in the surface 200 m, respectively.  

Gradual Changes in Bacterioplankton Community Composition  

In the persistently stratified water column of NAAMES 3 Hydrostation 6 (N3S6, 

Figure 4.3), bacterioplankton communities were structured over depth (Figure 4.4b), with 

euphotic communities differentiating from upper mesopelagic communities (Figure 4.5a, 

4.5b). These observations have been previously reported for the NAAMES region and are 

consistent with those of studies in pelagic systems (Giovannoni et al., 1996; Field et al., 

1997; DeLong et al., 2006b; Treusch et al., 2009; Sunagawa et al., 2015; Bolaños et al., 

2021). Community composition within the respective euphotic and mesopelagic zones did 

not change significantly over the N3S6 occupation. Taxonomic richness increased with 

increasing depth (Figure 4.4), a pattern also observed throughout the global ocean (Treusch 

et al., 2009; Sunagawa et al., 2015) that reflects the range of niches resulting from 

heterogeneity in organic and inorganic matter quality and availability.  

In contrast to the vertical structure observed at N3S6, the microbial community at 

N2S4 was homogenized throughout the surface 250 m during and shortly following mixing. 

The taxonomic richness of N2S4 in the euphotic and mesopelagic zones was 642 ± 123 and 
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693 ± 152, respectively, compared to 428 ± 92 and 652 ± 108 for the euphotic and 

mesopelagic zone of N3S6, respectively (Figure 4.4). This pattern suggests that deep 

convection was a mechanism that enhanced community richness in the euphotic zone, while 

not simultaneously reducing richness in the upper mesopelagic. Differences in community 

composition between the two stations may not only be attributed to differences in physical 

dynamics, but also to location in the Western North Atlantic, with N2S4 located in the 

subtropics and N3S6 in the subarctic.  

Over timescales of weeks to months, shifts in upper mesopelagic bacterioplankton 

community composition have been observed at sites where deep convection occurs, 

including BATS (Carlson et al., 2009; Treusch et al., 2009; Giovannoni and Vergin, 2012), 

with increases in the relative abundance of  SAR202, Acidimicrobiales clade OM1, 

Salinisphaeraceae, OCS116, and SAR11 subclade II, (Morris et al., 2005; Carlson et al., 

2009; Treusch et al., 2009; Vergin et al., 2013). Some of these mesopelagic bacterioplankton 

are hypothesized to retain the metabolic capability to degrade functionally recalcitrant DOC 

that accumulates in surface waters on the timescales of weeks (Morris et al., 2005; DeLong 

et al., 2006b; Landry et al., 2017; Saw et al., 2020).  

SAR202, a free-living member of the phylum Chloroflexi, have been observed to 

oxidize lignin, a recalcitrant CRAM-like polymeric compound (Liu et al., 2020b). These 

bacterioplankton contribute ~ 10% of the total bacterioplankton abundance in the 

mesopelagic and bathypelagic realms of the Atlantic and Pacific (Morris et al., 2004; 

Mehrshad et al., 2018; Saw et al., 2020; Bolaños et al., 2021), suggesting that they may play 

an important role in the remineralization of surface-accumulated DOC (Landry et al., 2017). 

Acidimicrobiales and Salinisphaeraceae have also been shown to be capable of using 
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complex carbon sources derived from phytoplankton (Liu et al., 2020a). SAR11, a group of 

free-living aerobic heterotrophic alphaproteobacteria that are ubiquitous in the ocean, is 

made up of a variety of ecotypes adapted to different ocean niches (Brown et al., 2012; 

Vergin et al., 2013). Over a seven year time-series in the NW Mediterranean Sea, Salter et al 

(2015) observed that the diversity of SAR11 ecotypes in the upper 5 m increased following 

physical mixing, with the elevated contributions of subclades Ib and II interrupting the 

predominance of subclade Ia during periods of stratification, low phytoplankton biomass, 

and severe phosphate limitation. Similarly at BATS, SAR11 subclade II becomes annually 

prevalent in the upper mesopelagic as the water column stratifies in the late spring, after 

semi-labile DOM is delivered to the upper mesopelagic from the surface by winter deep 

convection (Carlson et al., 2009). In fact, SAR11 subclade II dominated the upper 

mesopelagic following deep convective overturn in the late winter and early spring 

throughout the subtropics in the NAAMES study region (Bolaños et al., 2021).  

  As N2S4 thermally stratified over the hydrostation occupation, microbial populations 

and organic matter became trapped at depth.  Our expectation was that a succession in 

bacterioplankton community structure would be observed over time that differentiated the 

upper mesopelagic from the euphotic zone.  Specifically, we hypothesized that the upper 

mesopelagic community would become more represented by lineages typifying mesopelagic 

zones in the subtropical regions of the Western North Atlantic, including SAR202 and 

SAR11 subclade II (Bolaños et al., 2021).  What we observed was that the temporal turnover 

of bacterioplankton community structure over the three-day occupation at N2S4 was 

significant but subtle and that communities did not clearly diverge between the euphotic and 

upper mesopelagic (Figure 4.5b) over such a short time scale. We interpret these findings at 
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N2S4 as reflecting a transient phase in microbial community structuring that, if sustained 

over a longer period, transitions from a mixed system to a persistently stratified water 

column like that of N3S6 (Figure 4.5c).   

Despite observing rapid changes in bacterioplankton cell abundance and BCD, the 

duration of our occupation of N2S4 was simply not long enough to resolve a clear separation 

in community composition between the euphotic and mesopelagic zones. Upper 

mesopelagic increases in the relative abundance and/or cell abundance of bacterioplankton 

taxa that typically dominate the euphotic zone, like SAR11 subclade Ia and members of 

order Flavobacteriales (Bolaños et al., 2021), indicate that some of the organic matter 

exported to depth by deep convection was labile in character and could support the growth 

of these more surface-associated lineages. Given more time, we hypothesize that a clear 

vertical separation of community structure would become evident as the sources of labile 

DOM become scarce. These conditions would be unfavorable to taxa typical of euphotic 

zone communities, like SARII subclade Ia and Flavobacteriales, which would be 

outcompeted in the upper mesopelagic by taxa that are better adapted to utilizing surface-

accumulated, more recalcitrant DOM. Furthermore, our observations relied on 16S rRNA 

gene amplification using V1-V2 primers that only targets bacterioplankton and plastid.  As 

such, our analysis excluded archaeal responses (Wear et al., 2018) that could have been 

important given that deep-sea archaea have the capacity to degrade complex carbon 

compounds (Ouverney and Fuhrman, 2000; Li et al., 2015; Bergauer et al., 2018) and have 

been observed to assimilate phytoplankton-derived exopolymeric substances (Boutrif et al., 

2011). 
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Interestingly, a significant, albeit subtle, shift in bacterioplankton community 

composition (Figure 5b, p = 0.04) was observed in the mesopelagic of N2S4, indicating that 

separation of communities between the euphotic and mesopelagic zones was beginning to 

occur. Notable changes in relative abundance in the mesopelagic zone were attributed to an 

increase in the SAR11 clade, particularly subclade Ia, and decreases in members of 

Oceanospirillales (Figure 4.6, Figure 4.7). While there was little, if any, change in the 

relative abundance of other bacterioplankton orders and families, inferring microbial 

responses or the lack thereof solely from relative abundance data can be misleading (Figure 

4.7). 

 In a community that increases in cell density and biomass, an individual taxonomic 

group that does not change in relative abundance would increase in 16S rRNA-estimated 

cell abundance and would actually be considered a responder to new environmental 

conditions. For example, the relative abundance of taxonomic groups like SAR202 subclade 

I, Acidimicrobiales clade OM1, and Salinisphaeraceae did not change significantly in the 

upper mesopelagic throughout the occupation of N2S4, but they did experience a 2-fold-

change in 16S rRNA-estimated cell abundance (Figure 4.6, Figure 4.7). Furthermore, while 

the relative abundance of Oceanospirillales decreased in the upper mesopelagic over the 

occupation of N2S4, the 16S rRNA gene-estimated cell abundance of its constituents 

increased. Indeed, increases in 16S rRNA-estimated cell abundance throughout the upper 

mesopelagic zone were observed for most of the community members, indicating that a 

substantial fraction of the upper mesopelagic community contributed to the increase in BCD 

(Figure 4.6, 4.7). We caution that our 16S rRNA-estimated cell abundances should not be 

taken as absolute values as they are biased against archaea, reflecting the relative 
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abundances of only bacterioplankton applied to total prokaryotic counts. Even so, 

bacterioplankton families that did not change in relative abundance would still be revealed 

as responders because of the increase in total prokaryotic abundance over the station 

occupation would still reveal responses. It is noteworthy that SAR202 subclade I emerges as 

a responder to the changing conditions of the upper mesopelagic. Though SAR202 cells are 

often associated with the meso- and bathy-pelagic, it was recently reported that subclade I is 

predominantly an epipelagic subclade that encodes multiple arylsulfatases and enolases in its 

genomes (Saw et al., 2020).  These enzymes are predicted to play roles in the degradation of 

complex sulfated polysaccharides, such as fucoidan, which are products of eukaryotic 

phytoplankton (Mühlenbruch et al., 2018). The increase in SAR202 subclade I in the upper 

mesopelagic of N2S4 may result from the availability of labile or semi-labile DOM, 

including complex sulfated polysaccharides, that was delivered to the upper mesopelagic by 

convective mixing. 

Station N2S4 provided an opportunity to observe a rapid response in the mesopelagic 

zone by some typically upper-euphotic zone-associated bacterioplankton, like SAR11 

subclade Ia (Salter et al., 2015; Giovannoni, 2017) (Figure 4.6). Such rapid responses of 

“surface” lineages in the mesopelagic would be difficult to capture in coarsely resolved time 

series sampling (e.g., monthly sampling at BATS).  It is intriguing that SAR11 subclade Ia 

increased in relative and 16S rRNA gene-estimated cell abundances in the upper 

mesopelagic over the short occupation of N2S4, as it is associated with life in the surface 

ocean under nutrient-limited conditions (Salter et al., 2015; Giovannoni, 2017) and has been 

shown to decline in the mesopelagic following annual deep convection at BATS (Carlson et 

al., 2009). Members of SAR11 clade do possess a high abundance of transporters targeting 
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low-molecular-weight DOM such as amino acids and osmolytes, and have C1 pathways for 

oxidizing volatile compounds (Giovannoni, 2017). Thus, SARII subclade Ia may have 

benefited from scavenging hydrolysis products and leaked compounds released by other 

bacterioplankton, such as attached Flavobacteria that can solubilize exported POM 

(Williams et al., 2013). As those bacterioplankton solubilized particles, they may have 

released amino acids and other DOM that fueled production of SAR11 subclade Ia 

(Giovannoni, 2017; Arnosti et al., 2018). Additionally, SARII subclade Ia and other surface-

associated lineages like Flavobacteriales that rely on the flux of labile organic matter may 

have been supported by surface-derived DOC that had been delivered by deep convection.  

The energy from storm events can erode the thermocline and deliver organic matter 

from the euphotic zone to the upper mesopelagic. As those storms subside, water column 

stratification promotes phytoplankton bloom conditions and the production of labile organic 

matter, some of which can then be delivered with any accumulated organic matter to the 

upper mesopelagic upon the next storm event. We hypothesize that the dynamics observed 

at N2S4 reflect a pattern by which labile organic matter, along with recalcitrant accumulated 

organic matter, is injected into the upper mesopelagic. This export pathway supports the 

growth of surface-associated bacterioplankton lineages in the upper mesopelagic until the 

frequency and magnitude of storms and vertical injections of labile organic matter subside in 

the summer and autumn, when they are outcompeted by bacterioplankton capable of 

utilizing surface-accumulated and recalcitrant DOM. We hypothesize that the shift between 

a mixed heterotrophic community (i.e., N2S4) to a well-stratified community (i.e., N3S6) 

occurs as the mesopelagic community changes on timescales greater than days, where 

deeper lineages like SAR202 subclade I, Acidimicrobiales clade OM1, Salinisphaeraceae, 
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OCS116, and SAR11 subclade II supplant surface-associated lineages that had been mixed 

to depth. 

Conclusions 

The bacterioplankton diversity patterns observed at N2S4 likely reflect an initial and 

fleeting moment in the maturation of community structure following stratification of a 

deeply mixed layer. The delivery of surface accumulated DOC to the upper mesopelagic 

zone changes the composition of the extant community. However, the community 

composition changes on timescales of days are subtle and more gradual than changes in 

bacterioplankton stocks and secondary rates because the continued availability of labile 

organic matter temporarily supports the growth of surface-associated bacterioplankton.  The 

shift in mesopelagic bacterioplankton community structure from a mixed community to one 

that is more typical of the mesopelagic likely becomes more pronounced as the source and 

stock of labile organic matter becomes depleted and the extant community shifts to lineages 

capable of consuming more recalcitrant organic matter. 

  

 

 

 

 

 

 

 

 



 

 143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Physical, biological, and biogeochemical properties of NAAMES 
2 Station 4 (N2S4). (a) Temperature-Salinity diagram over the three-day 
occupation of the eddy core at N2S4 (47.46˚N, -38.72˚W) in May 2016. Black 
lines represent isopycnals. (b) Mixed layer depth over the occupation of N2S4. 
(c – k) Depth profiles taken over the occupation of N2S4. N + N is nitrate + 
nitrite, NPP is net primary production, AOU is apparent oxygen utilization, BP 
is bacterioplankton production, DOC is dissolved organic carbon, and TDAA is 
total dissolved amino acids. In panels c – e and h – k, filled circles represent the 
mean estimate for each depth between different casts on the same day. In panel 
g, AOU data was binned to 1 m and lines represent the mean profile for 
different casts on the same day.  Error bars and shaded regions represent the 
standard deviation from the mean. 
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Figure 4.2. Depth-normalized integrations of biological and 
biogeochemical properties of NAAMES 2 Station 4 (N2S4). Stocks and 
rates for the euphotic and the upper mesopelagic zones over the three-day 
occupation of the eddy core at N2S4(47.46˚N, -38.72˚W) in May 2016. 
Unshaded time periods indicate day, while shaded time periods indicate 
night. BCD is bacterioplankton carbon demand, N + N is nitrate + nitrite, 
AOU is apparent oxygen utilization, DOC is dissolved organic carbon, and 
TDAA is total dissolved amino acids. The volumetric values presented 
represent mean value for the euphotic an upper mesopelagic zone, 
respectively.  Mean values were determined by integrating values within 
each depth zone and normalizing by integration depth. The depth of 
integration for the euphotic zone and mesopelagic zone was 0 – 75 m and 
100 – 200 m, respectively. 100 – 200 m, respectively. 
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Figure 4.3. Physical, biological, and biogeochemical properties of 
NAAMES 3 Station 6 (N3S6). (a) Temperature-Salinity diagram over the 
three-day occupation of N3S6 (53.38˚N, -39.54˚W) in September 2017. 
Black lines represent isopycnals. (b) Mixed layer depth over the occupation 
of N3S6. (c – k) Depth profiles taken over the occupation of N2S4. N + N is 
nitrate + nitrite, NPP is net primary production, AOU is apparent oxygen 
utilization, BP is bacterioplankton production, and DOC is dissolved organic 
carbon. In panels c – e and h – k, filled circles represent the mean estimate 
for each depth between different casts on the same day. In panel g, AOU 
data was binned to 1 m and lines represent the mean profile for different 
casts on the same day.  Error bars and shaded regions represent the standard 
deviation from the mean. 
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Figure 4.4. Alpha diversity of NAAMES 2 Station 4 (N2S4) and NAAMES 
3 Station 6 (N3S6). Chao1 alpha diversity index of bacterioplankton 
communities for NAAMES 2 hydrostation 4 (a) and NAAMES 3 hydrostation 6 
(b). Filled circles represent estimates of each sample, with color representing 
the depth at which each sample was collected. Boxes represent the 1.5 
interquartile range, with the internal solid line representing the median. p-
values are reported for t-tests between the mean of the Chao1 indices of groups 
based on depth horizon and time.  
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Figure 4.5. Beta diversity of NAAMES 2 Station 4 (N2S4) and NAAMES 3 
Station 6 (N3S6). NMDS ordinations with Bray-Curtis dissimilarities for (a) all 
samples taken at NAAMES 2 hydrostation 4 (N2S4) and NAAMES 3 hydrostation 6 
(N3S6) (stress = 0.02), (b) samples only taken at N2S4 (stress = 0.10), and (c) samples 
only taken at N3S6 (stress = 0.02). 95% confidence interval ellipses are drawn around 
group centroids based on depth horizon in panels a and c, while they are drawn based 
on time in panel b. 
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Figure 4.6. Taxonomic abundances at NAAMES 2 Station 4 (N2S4). Relative 
abundances (a) and estimated cell abundances (b) of taxonomic groups to the family 
level for the euphotic and upper mesopelagic zones at NAAMES 2 hydrostation 4. 
For each the euphotic and upper mesopelagic zones, the relative abundance of a 
taxonomic group was calculated by summing its ASV counts across all depths in the 
depth horizon and then dividing the summed counts by the total counts in the depth 
horizon. Taxonomic group cell abundance for each family was estimated for the 
euphotic and mesopelagic zones as the product between its relative abundance and 
the total cell abundance in the respective depth horizon, normalized to its gene copy 
number.  Only shown are taxonomic groups that were present > 0.1% in either depth 
horizon. 
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Figure 4.7. Taxonomic abundances of select bacterioplankton in the 
upper mesopelagic at NAAMES 2 Station 4 (N2S4).  Relative and cell 
abundance in the upper mesopelagic of select bacterioplankton taxa that 
have been observed from previous studies to utilize or able to utilize 
surface-accumulated, more recalcitrant DOM. 
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