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Key Points 

• The microbial loop dominated carbon flow in the late summer mixed layer food web of 

the North Pacific, most net production was respired leaving little carbon available for 

export. 

• Active production and consumption of organic carbon occurred amid a high background 

of detrital particulate organic carbon (58% of total) with slow turnover time, 66 d. 

• Mesozooplankton which had relatively minor carbon consumption rates created the 

majority of export production due to efficient repackaging of consumed material. 

Abstract  

Food webs trace the flow of organic matter and energy among producers and consumers; for 

pelagic marine food webs, network complexity directly influences the amount and form of 

carbon exported to the deep ocean via the biological pump. Here we present a synoptic view of 

mixed layer food web dynamics observed during the late summer 2018 EXport Processes in the 

Ocean from Remote Sensing (EXPORTS) field campaign in the subarctic Northeast Pacific at the 

long-running time-series site, Ocean Station Papa. Carbon biomass reservoirs of phytoplankton, 

microzooplankton, and bacterioplankton, were approximately equal while mesozooplankton 

biomass was 70% lower. Live organisms composed ~40% of the total particulate organic carbon 

within the mixed layer: the remainder was attributed to detritus. Rates of carbon transfer 

among reservoirs indicated production and assimilation rates were well balanced by losses, 

leaving little organic carbon available for export. The slight positive net community production 

rate generated organic carbon that was exported from the system in the form of food web 

byproducts, such as large fecal pellets generated by mesozooplankton. This characteristically 

regenerative food web had relatively slow turnover times with small-magnitude transfers of 

carbon relative to standing stocks that occurred amidst a high background concentration of 

detrital particles and dissolved organic matter. The concurrent estimation of food web 

components and rates revealed that separated processes dominated the transfer of carbon 

within the food web compared to those that contributed to export. 

 

Plain Language Summary 

The biological carbon pump drives a downward flux of organic matter from the sunlit surface 

ocean to the vast ocean interior. Ecological interactions in the surface ocean directly affect the 

amount and type of carbon that is exported to the deep ocean. In this study, we present a 

synthesis of the late summer mixed layer food web in the Northeast Pacific that was extensively 

characterized during the 2018 EXport Processes in the Ocean from Remote Sensing (EXPORTS) 

field campaign. We found the majority of carbon was recycled within the mixed layer by 

microbes through multiple transfers between producers and consumers. Larger organisms, 

mesozooplankton and salps, only consumed a small amount of carbon but through the 

formation of sinking fecal pellets were the main mechanism of transporting carbon out of the 

system. The study highlights the need to concurrently study microbial and large organism 

dynamics to develop a predictive understanding of the fate of organic carbon in the oceans.  
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1. Introduction 1 

Carbon flow in oceanic food webs can be characterized by the synthesis of organic 2 

carbon by primary producers followed by its consumption and assimilation by a myriad of 3 

consumers, and the ultimate conversion of fixed organic carbon to fecal matter, detritus, and 4 

respiratory byproducts. Pelagic marine food web processes establish a concentration gradient 5 

in organic matter from the sunlit surface to the ocean’s depths that is driven by the downward 6 

flux of organic carbon from the surface to the ocean interior, known as the biological carbon 7 

pump (BCP) (Michaels and Silver, 1988; Ducklow et al., 2001; Boyd et al., 2019). The complexity 8 

of oceanic food webs directly influences both the amount and composition (e.g., phytoplankton 9 

cells, zooplankton fecal pellets, dissolved organic carbon (DOC), aggregates) of carbon that 10 

contributes to export (Carlson et al., 1994; Durkin et al., 2016; Guidi et al., 2016; McCave, 1975; 11 

Passow & Alldredge, 1995; Rynearson et al., 2013; Serra-Pompei et al., 2022; Steinberg & 12 

Landry, 2017; Turner, 2015). The links and losses within food webs influence the magnitude and 13 

strength of key export pathways within the BCP including sinking of individual phytoplankton 14 

cells, sinking aggregates, fecal pellets, and active vertical migration (Nowicki et al., 2022; Siegel 15 

et al., 2023). Yet, empirical studies that examine and constrain multiple pathways of export 16 

through the food web are rare.  17 

 The subarctic North Pacific ecosystem is a model region for understanding low export, 18 

regenerative food webs. Extensive time-series programs (e.g., United States and Canadian 19 

weather stations and Line P) and large cruise campaigns, (e.g., Canadian JGOFS, SUPER, SERIES) 20 

near Ocean Station Papa (Station P) have provided a wealth of information about the long-term 21 
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variability and seasonal dynamics of this High Nutrient Low Chlorophyll (HNLC) region. The 22 

subarctic North Pacific is a relatively physically stable ocean system with modest increases in 23 

springtime chlorophyll a (chl a) concentrations (Philip Boyd & Harrison, 1999; Siegel et al., 2021; 24 

Westberry et al., 2016). Primary production is largely fueled by regenerative nitrogen sources 25 

(Peña & Varela, 2007; Varela & Harrison, 1999), and production and growth of large cells is 26 

limited by iron availability (Boyd et al., 1998; Boyd et al., 1996; Martin & Fitzwater, 1988). 27 

Microzooplankton grazing also limits the accumulation of phytoplankton (Boyd et al., 2007; 28 

Boyd & Harrison, 1999; Landry et al., 1993; Miller et al., 1991; Strom et al., 1993) though not at 29 

all times of year (Rivkin et al., 1999). The biomass of phytoplankton, bacteria, and 30 

microzooplankton are often comparable, and fluctuate roughly two-fold over an annual cycle 31 

(Booth et al., 1993; Harrison, 2002; Sherry et al., 1999), while the seasonal migration of 32 

Neocalanus copepods drives a 35-fold change in annual mesozooplankton biomass (Goldblatt et 33 

al., 1999). Inverse modeling of the upper ocean food web at this site suggested that irrespective 34 

of season, the major trophic pathway of organic carbon within the subarctic North Pacific is 35 

from picophytoplankton to microzooplankton to mesozooplankton (Vézina & Savenkoff, 1999).  36 

Only a small fraction of organic carbon production is exported from the euphotic zone 37 

from this modestly productive, regenerative food web. Measurements from thorium-234 38 

disequilibrium profiles suggest that particulate organic carbon flux ranges from 3-14% of net 39 

primary production (NPP) (Buesseler et al., 2020; Buesseler & Boyd, 2009; Charette et al., 1999) 40 

and is primarily composed of fecal pellets with a minor contribution from sinking phytoplankton 41 

cells (Durkin et al., 2021; Stamieszkin et al., 2021; Steinberg et al., 2022; Thibault et al., 1999). 42 

Comparisons between annual net community production and net particulate flux suggest 43 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 22, 2023. ; https://doi.org/10.1101/2023.03.17.532807doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.17.532807


 5 

seasonal contributions to export from DOC and active vertical migration of zooplankton (Bif & 44 

Hansell, 2019; Emerson, 2014; Timothy et al., 2013). Collectively, these decades of research 45 

provide important insight into the specific environmental and food web components that drive 46 

the biological pump in the subarctic North Pacific. Many of these relationships are derived from 47 

short-term studies (~days) made at different times of the year that each address only a subset 48 

of food web relationships, requiring inferences relative to carbon export to be derived from the 49 

ensemble. To gain quantitative and mechanistic understanding of food web processes and 50 

components, concurrent analyses of the major carbon stocks and transfer pathways are needed 51 

in combination with their linkages to export flux.  52 

Here we present a synoptic view of the surface ocean ecosystem in the subarctic 53 

Northeast Pacific over 28 days in the late summer of 2018. We aimed to 1) characterize the late 54 

summer subarctic Northeast Pacific mixed layer food web by quantifying stocks and 55 

transformation rates of carbon and compare the dynamics to existing data and models, 2) 56 

provide insights into food web variability on both daily and monthly time scales, and 3) quantify 57 

the contribution of specific export pathways out of the mixed layer. We find that, consistent 58 

with previous studies, short-term oscillations in production and loss are balanced over the 59 

month. This leads to a highly retentive food web, characterized by slow turnover times and high 60 

levels of carbon recycling and respiratory losses, with no evidence of accumulation of living 61 

biomass nor the export of living cells. The primary mechanism that drives carbon export is 62 

grazing by mesozooplankton and salps which removes carbon from the recycling microbial loop 63 

and repackages small particles into large, sinking fecal pellets.  64 
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2. Methods 65 

The North Pacific EXPORTS campaign took place from August 15 to September 7, 2018, 66 

near Station P (50° N and 145° W). An overview of the geographic scope and physical 67 

environment of the campaign is described in Siegel et al. (2021). Here, we synthesize data 68 

collected by many EXPORTS researchers to describe the mixed layer food web. The data detail 69 

the mixed layer food web observed from the R/V Roger Revelle, which sampled in a Lagrangian 70 

framework, measuring biological rates and stocks over time. Some of these data have been 71 

published in studies focused on specific processes (e.g., Stephens et al., 2020; Maas et al., 2021; 72 

Stamieszkin et al., 2021; McNair et al., 2021; Meyer et al., 2022), and all data are available in 73 

the SeaBASS or BCO-DMO data repositories (see Table 1 for more detail). Details on each of the 74 

methods used to measure food web processes and stocks can be found in the EXPORTS 75 

technical memorandum (https://hdl.handle.net/1912/27968, DOI: 10.1575/1912/27968) or in 76 

the supplemental information of this manuscript (Table 1).  77 

The mixed layer depth was defined as the depth where potential temperature was 0.2°C  78 

less than the temperature at 5 m (de Boyer Montégut et al., 2004). Data were integrated using 79 

trapezoidal integration with values at the mixed layer depth determined using linear 80 

interpolation of data that spanned the depth of the mixed layer. Integrated values were then 81 

divided by mixed layer depth to remove signal associated solely with changes in integration 82 

depth, resulting in weighted averages of mixed layer biomass and rates. All results are 83 

presented as mean values with standard deviation unless otherwise noted. While most rate and 84 

stock measurements were obtained using just one methodological approach, net community 85 

production (NCP) was assessed using nine different methods, across several autonomous and 86 
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ship-based platforms including on-deck dilution and new production incubation experiments, 87 

flowthrough O2/Ar, profiling floats and gliders, and via satellite (Niebergall et al., in revision). 88 

The average and range of all NCP rate estimates is presented in Table 1. 89 

Primary data sets were converted to carbon units as necessary and carbon assimilation 90 

rates were estimated from the literature when no direct measurements were available. 91 

Microzooplankton grazing rates on phytoplankton were converted to carbon units using the 92 

average mixed layer chl a to particulate organic carbon (POC) relationship from the cruise. This 93 

conversion was consistent with the balanced growth and grazing rates and the constant 94 

phytoplankton and chl a stock observed throughout the cruise (McNair et al., 2021) even 95 

though it included POC that did not contain chl a. Microzooplankton grazing rates on bacterial 96 

biomass were estimated from dilution experiments conducted during the cruise 97 

(Supplementary Information) and based on data reported in Stephens et al. (2020). Secondary 98 

microzooplankton production was not directly measured, therefore a 30% growth efficiency 99 

was assumed based on literature estimates of 30-40% (Landry & Calbet, 2004). Size-100 

fractionated biomass of mesozooplankton was calculated using methods described in Steinberg 101 

et al. (2008).  102 

Grazing rates of mesozooplankton were calculated from fecal pellet production rates, 103 

assuming an assimilation efficiency of 66% (Abe et al., 2013; Steinberg & Landry, 2017). The 104 

byproducts from grazing and metabolic activities by the mesozooplankton community and salps 105 

were estimated using measured biomass, abundance, and locally validated allometric 106 

relationships (Table 1); predation rates upon mesozooplankton were based on allometric 107 

estimates of metazoan plankton predator-prey interactions (Zhang & Dam, 1997).  108 
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Bacterial carbon production was determined from 
3
H leucine incorporation rates 109 

(Stephens et al., in press) using a combination of a previously established 
3
H leucine-to-cell 110 

biovolume conversion for Station P (Kirchman, 1992) and a cell biovolume-to-carbon 111 

relationship established with samples collected during the cruise (Stephens et al., 2020).  112 

The trophic positions, the number of steps separating an organism from the base of the 113 

food web, of micro- and mesozooplankton were calculated by comparing the δ
15

N values of the 114 

amino acids alanine and phenylalanine in size-fractionated zooplankton, as in Décima and 115 

Landry (2020) and Shea (2021). This alanine-phenylalanine based estimate of trophic position is 116 

inclusive of protistan heterotrophy in the underlying food web. The trophic position of protistan 117 

heterotrophy was determined by comparing the alanine-phenylalanine based trophic position 118 

with glutamic acid-phenylalanine based trophic position (Chikaraishi et al., 2009, exclusive of 119 

protistan heterotrophy) of mesozooplankton (Supplementary Information). 120 

Turnover times of stocks were calculated by the dividing the stock by the rate of carbon 121 

accumulation or loss from the stock. Additionally, the turnover time of detrital POC was 122 

calculated using the turnover times of POC, phytoplankton, bacteria, microzooplankton and the 123 

concentration of detritus. The concentration of detrital POC was calculated by subtracting the 124 

biomass of phytoplankton, bacteria, and microzooplankton from POC. The turnover time for 125 

POC is equivalent to the weighted average of the turnover times of phytoplankton, bacteria, 126 

microzooplankton, and detritus, where wi is the fractional contribution of phytoplankton (p), 127 

bacteria (b), microzooplankton (µz), and detritus (d) to the POC concentration measured from a 128 

1L filtration, and TOi is the turnover time for each of the constituents. 129 

 ����� � ����� � ������� � ����� � �����  (1) 130 
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Which can be rearranged to solve for the turnover time of detritus: 131 

 ��� �
	����
���	����	�����	����

��
 (2) 132 

Mesozooplankton are excluded from the detrital measurement because they are not well 133 

represented in the 1 L filtered POC measurement. The uncertainly of turnover times was 134 

assessed by bootstrapping turnover calculations, using the boot function in R, for 1000 135 

bootstrap cycles and calculating the standard error. 136 

The production of DOC by different components of the food web was determined and 137 

compared to bacterial C demand. The amount of DOC produced via phytoplankton extracellular 138 

release during gross primary production ranges from 5-35%, with oligotrophic regions tending 139 

towards the high end of estimates (Teira et al., 2001). Additionally, 20-40% of the primary 140 

production consumed by microzooplankton grazing can be released as DOC (Nagata, 2000; 141 

Strom et al., 1997). The fraction of DOC generated by mesozooplankton activities was 142 

estimated by applying directly measured allometric relationships (Maas et al., 2021) to the 143 

measured abundance and biomass of the mesozooplankton community, while the 144 

contributions to DOC from microzooplankton grazing and primary production were estimated 145 

from the literature. 146 

To assess correlations among stocks and processes in the food web and to better 147 

understand drivers of covariance, a Pearson’s correlation matrix was determined for daily 148 

measurements of food web variables with three or more co-occurring data points, i.e., 149 

measured on the same day, limiting the dataset to consideration of: macronutrients, DOC, POC, 150 

chl a, bacterial biomass, new production (nPP), net primary production (NPP), NCP, bacterial 151 

production, microzooplankton grazing, and microbial respiration. To visualize relationships 152 
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between variables, a hierarchical clustering analysis based on Euclidean distances was 153 

conducted using the Pearson’s rho value matrix. The clustering analysis was performed with a 154 

12-day subset (every-other day of the cruise) of the data with the highest simultaneous 155 

measurement of parameters. Any parameter that was not measured on at least seven of the 12 156 

selected days was not included in the analysis. Data points were extrapolated for the 157 

parameters as needed: if data were missing on one of the 12 days, either the nearest 158 

neighboring data point was used (only +/- 1 day) or, if two data points were equally spaced, the 159 

missing data were extrapolated as the average of the two nearest points. No more than two 160 

data points were extrapolated per parameter. The pvclust (Suzuki & Shimodaira, 2006) function 161 

in R (R Core Team, 2019) was used to determine statistically significant clusters (p-value <0.05) 162 

based on the bootstrap resampling method of Shimodaira (2004). All other statistical analyses 163 

and visualizations were conducted in Matlab R2019a using the corrcoef, pdist, linkage (ward 164 

method), and dendrogram functions.  165 

3. Results 166 

3.1 Environmental Overview 167 

Oceanographic and chemical parameters throughout the 2018 field campaign fluctuated 168 

around relatively stable cruise-means (Table 1). Atmospheric conditions were generally cloudy, 169 

with incident photosynthetically active radiation (PAR) ranging from 10 to 40 moles photons m
-2

 170 

d
-1

 and there were no major storms or other physical perturbations (Siegel et al., 2021). The 171 

average euphotic zone (1% PAR) depth was 78 ± 6 m and the mixed layer spanned the upper 172 

40% of the euphotic zone and averaged 29 ± 4.5 m (Siegel et al., 2021). As expected in this 173 

HNLC region, the average concentrations of macronutrients in the mixed layer were relatively 174 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 22, 2023. ; https://doi.org/10.1101/2023.03.17.532807doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.17.532807


 11

high, and background dissolved iron concentration generally very low compared to other ocean 175 

environments (Table 1).  176 

3.2 Food web 177 

The food web was divided into six discrete, biological ‘carbon reservoirs’ (Figure 1). 178 

These biological reservoirs, in part, comprise the POC pool (Figure 1). Five of the six carbon 179 

reservoirs were quantified: bacteria, phytoplankton, microzooplankton, mesozooplankton (222 180 

µm net), and salps (colored outlined boxes in Figure 1, size of box scales to biomass); the sixth, 181 

higher order predators, was not. The flow of carbon between the food web and the POC and 182 

DOC pools (colored arrows in Figure 1, width scaled to rate magnitude) is mediated by 183 

metabolic and biological rate processes performed by organisms within each carbon reservoir. 184 

The waste products of these processes redistribute consumed carbon to the non-living portion 185 

of POC (e.g., fecal pellets, carcasses, molts, and aggregations of dead cells), dissolved inorganic 186 

carbon (DIC), and DOC (Figure 1). DOC was, by far, the largest pool of organic carbon in the 187 

mixed layer–roughly 12 times the size of the POC pool (Table 1); however, ~95% of the DOC was 188 

recalcitrant (Stephens et al., 2020). 189 

3.2.1 Biomass distribution in the food web 190 

 The average mixed layer concentration of POC, measured from 1 L filtration volumes, 191 

during the cruise was 4.9 ± 1.1 µmol C L
-1

, 84% of which was <5 µm in diameter. Adding the 192 

mesozooplankton and salp biomass from MOCNESS tows, which is not accurately represented 193 

in a 1 L filtration, brings the total POC concentration to 5.1 ± 1.1 µmol C L
-1

 (Figure 1). 194 

Independent measures of organismal biomass indicate that the living fraction of POC was fairly 195 

evenly divided among primary producers (11%), consumers (17% total: 13% microzooplankton, 196 
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4% mesozooplankton) and recyclers (bacterioplankton, 13%) (Figure 2). Organismal biomass 197 

only comprised 41% of the POC pool, presumably the remaining 59% was detrital POC. 198 

However, this may be an underestimate of the detrital POC pool given that ~50% of 199 

bacterioplankton cells pass through the precombusted GF/F filters used to sample bulk POC 200 

(Lee et al., 1995) and that our accounting of organismal biomass POC includes all bacterial 201 

biomass. 202 

The phytoplankton community was dominated by small cells <5 µm in diameter that 203 

made up 65% of the chl a stock, including the numerically dominant cyanobacterium 204 

Synechococcus (McNair et al., 2021; Sharpe et al., 2022). Small cells also dominated 205 

phytoplankton carbon stock: 74 ± 6% of the biomass was composed of nanophytoplankton, 12 206 

± 7% was picophytoplankton, and 14 ± 7% was microphytoplankton (Table 1 & Figure 2) as 207 

determined via flow cytometry. The eukaryotic phytoplankton community was primarily 208 

composed of species from the genera Phaeocystis, Pseudochattonella, Chrysochromulina, 209 

Pseudo-nitzschia, Aureococcus, and Plagioselmis, determined using amplicon sequencing. 210 

The carbon biomass of the microzooplankton community, as determined using cells 211 

sizes from microscopy, was composed of ciliates (63%) and dinoflagellates (37%). Taxa from the 212 

order Strombidiida, and dinoflagellate genera, Karlodinium spp. and Gymnodinium spp were 213 

abundance in the 18S rDNA amplicon sequencing data.  214 

The mesozooplankton community was dominated by crustacean zooplankton (such as 215 

Neocalanus spp. copepods) and sporadically by a salp bloom (Salpa aspera; Steinberg et al. 216 

2022). The diel migratory community, present in the mixed layer only during the night, 217 

consisted primarily of calanoid copepods including Metridia pacifica, salps, and the ontogenetic 218 
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migrators Neocalanus cristatus and N. plumchrus. Although abundant members of the 219 

community, the ontogenetic migrators were entering diapause during the cruise, resulting in 220 

very low fecal pellet production and inferred grazing rates by these organisms (Stamieszkin et 221 

al., 2021). Other dominant migrators included amphipods, particularly Themisto pacifica and 222 

Vibilia propinqua, as well as a diverse assemblage of euphausiids, several large migratory 223 

chaetognaths, and a few large Clio pyramidata thecosome pteropods. 224 

For bacterioplankton, both metagenome and 16S rDNA amplicon sequencing identified 225 

members of the Alphaproteobacteria, (particularly SAR11 and Roseobacter clade), 226 

Gammaproteobacteria, and Bacteroidetes classes to be abundant in similar proportions of 20-227 

30% per class (Stephens et al., in press; Sharpe et al., personal communication). Cruise-based 228 

experiments also found significant increases in the relative abundance of a diverse array of 229 

bacterioplankton taxa including members of the Methylophilaceae family (OM43 genus) and 230 

KI89A order, as well as members of Bacteroidetes (Flavobacteriaceae NS2b genus), 231 

Alphaproteobacteria (Rhodobacteraceae: Sulfitobacter genus), and Gammaproteobacteria 232 

(Alteromonadales order and Ectothiorhodospiraceae family) classes (Stephens et al., 2020).  233 

3.2.2 Biological rates  234 

Net primary production was on average 47% of gross carbon production (GCP). An 235 

average of 28% of NPP was nPP, defined as primary production supported by nitrate uptake 236 

(Meyer et al., 2022). Microzooplankton grazing on phytoplankton balanced the rate of NPP 237 

when averaged over the cruise (McNair et al., 2021). In contrast, the microzooplankton grazing 238 

rate on bacteria was roughly 60% of the net bacterial production rate (Table 1). Results of 239 

isotope analysis of individual amino acids indicated that the trophic position of heterotrophic 240 
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protists spanned between the second and third levels in the food web, with the number of 241 

trophic steps within the group being 1.4 ± 0.8 (Shea, 2021). Thus, net microzooplankton 242 

production was estimated to be 0.06 ± 0.12 µmol C L
-1

 d
-1

 given 1.4 trophic steps and a 30% 243 

growth efficiency (Landry & Calbet, 2004). The average rate of bacterioplankton production was 244 

greater than the combined losses due to respiration and grazing, leading to an implied 245 

accumulation rate of 0.02 ± 0.01 µmol C L
-1 

d
-1 

of biomass (Figure 3c). 246 

Feeding by mesozooplankton on primarily microzooplankton and detritus was relatively 247 

low, roughly 5% of the rate of microzooplankton grazing (Table 1). Mesozooplankton metabolic 248 

byproducts were distributed among particulate and dissolved carbon pools, with 61% to DIC, 249 

16% to POC and 23% to DOC (Figure 1, Table 1). Roughly 6% of
 
the mesozooplankton 250 

community biomass was lost daily to predation by larger metazoans. Salp metabolic byproducts 251 

(DOC and respiration) were an order of magnitude less than mesozooplankton. Yet, salp fecal 252 

pellet production, was similar to that of mesozooplankton (Maas et al., 2021; Stamieszkin et al., 253 

2021; Steinberg et al., 2022).  254 

Mixed layer bacterial growth efficiencies were 31% on average (Stephens et al., 2020). 255 

These efficiencies were combined with 
3
H-Leucine incorporation-based estimates of net 256 

bacterial production to estimate a cruise mean bacterial carbon demand of 0.15 µmol C L
-1

 d
-1

. 257 

Based on bacterioplankton incubations, most of the DOC was recalcitrant on the time scale of 258 

weeks, with only ~5% (3 µmol C L
-1

) of the DOC consumed by bacterioplankton (i.e., 259 

“bioavailable” fraction) over ~90 days (Stephens et al., 2020). 260 
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3.3 Balance between production and loss 261 

The relative balance of carbon uptake and loss by each food web reservoirs provides a 262 

map of the biological processes, and their magnitudes, that potentially contribute to carbon 263 

export. The concentration of carbon did not significantly change over the course of the cruise in 264 

any of the particulate reservoirs (linear regression, all p-values > 0.15). Only 1-21% of the 265 

variability in the POC reservoirs was linearly dependent on time (R
2
 = 0.01 to 0.21). It is thus 266 

expected that the rates of production and loss were balanced for each reservoir over the 267 

timeframe of the cruise. Phytoplankton production and losses were well balanced over the 268 

course of the cruise (Figure 3a). GCP was balanced by phytoplankton respiration (GCP-NPP), 269 

and grazing (McNair et al., 2021), resulting in no statistically significant net accumulation or loss 270 

of phytoplankton biomass (linear regression R
2
= 0.02, p-value = 0.15). Grazing upon 271 

phytoplankton was overwhelmingly dominated by microzooplankton whose grazing rate on 272 

phytoplankton exceeded the grazing rate of mesozooplankton on all forms of carbon by a factor 273 

of 16 (0.25 µmol C L
-1

 d
-1 

÷ 0.015 µmol C L
-1

 d
-1

).  274 

Although not quantified directly, consumption of microzooplankton biomass is carried 275 

out by higher trophic level zooplankton like salps, euphausiids, and non-ontogenetically 276 

migrating copepods (Landry & Calbet, 2004) and thus is included in the mesozooplankton 277 

grazing rates. Some inference as to the place of secondary consumers within the food web was 278 

gained through amino acid isotope analysis that placed mesozooplankton in trophic positions 279 

3.5 and 4.5 within the food web with larger mesozooplankton (>5 mm) occupying the higher 280 

trophic position (Shea, 2021). The estimated net production of microzooplankton biomass is 281 

roughly three-fold higher than the carbon requirements of mesozooplankton, but variability in 282 
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grazing and predation rates create an estimate of net growth with error bars that span zero
 283 

(Figure 3b). 284 

Mesozooplankton rates of organic carbon gain and loss were unbalanced and suggest a 285 

decrease in mesozooplankton biomass during the study period. Mesozooplankton losses 286 

(respiration, DOC production, POC production, and predation mortality) were roughly three-287 

fold higher than the amount of carbon consumed by mesozooplankton, leaving a net removal 288 

rate of 0.03 µmol C L
-1 

d
-1 

of mesozooplankton biomass (Figure 3d). Salp presence was highly 289 

variable (coefficient of variation, coefficient of variation = 162%, Table 1), but overall, the rate 290 

of carbon consumption and loss for salps was balanced.  291 

The diversity of methodological approaches employed during EXPORTS allowed us to 292 

estimate DOC production by various components of the food web and compare this to bacterial 293 

carbon demand (i.e., gross bacterial production). We estimated DOC release rates of 0.03-0.20 294 

µmol C L
-1 

d
-1

 by phytoplankton, 0.05-0.10 µmol C L
-1 

d
-1

 by microzooplankton, and 0.007 ± 295 

0.003 µmol C L
-1

 d
-1

 by mesozooplankton during the cruise. These estimates were summed to 296 

generate an estimated 0.08 - 0.30 µmol C L
-1 

d
-1

 of total DOC production which encompasses 297 

the measured bacterial carbon demand of 0.15 ± 0.04 µmol C L
-1 

d
-1

.  298 

In addition to examining the balances of the reservoirs individually, we analyzed the 299 

carbon balance of the total mixed layer food web (Figure 4a). We compared the balance 300 

between community respiration (CR) to GCP using two approaches. First, we determined O2 301 

drawdown in seawater to represent the combined respiration of phytoplankton, bacteria, and 302 

microzooplankton. It averaged 0.78 ± 0.27 µmol C L
-1 

d
-1

 and when combined with respiration 303 

from salps and mesozooplankton, the community respiration rate was 0.8 µmol C L
-1 

d
-1 

(Figure 304 
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4a, CR 1). We obtained a second estimation of CR by summing the measured respiration of 305 

phytoplankton (i.e., the difference between GCP and NPP), bacteria, and mesozooplankton, and 306 

adding an estimated microzooplankton respiration rate of ~50% of consumed carbon (Calbet & 307 

Landry, 2004) yielding a community respiration rate estimate of 0.57 µmol C L
-1 

d
-1 

(Figure 4a, 308 

CR 2). The second estimate of community respiration is ~30% lower than the first but within the 309 

variability of the directly measured rate of microbial respiration (0.16-1.14 µmol C L
-1 

d
-1

). The 310 

carbon lost from the food web by respiration is thus approximately equivalent to the carbon 311 

entering the system as GCP whether compared to the sum of group-specific respiration rates 312 

(0.56 µmol C L
-1

 d
-1

) or the sum of the directly measured microbial, mesozooplankton, and salp 313 

respiration rates (0.80 µmol C L
-1

 d
-1

), with GCP:CR (community respiration) ranging from 0.73 314 

to 1.02. 315 

While the production and loss of organic carbon from the food web were equivalent 316 

within measurement error, results from thorium-234 profiles and sediment traps indicate a net 317 

production of carbon that contributes to flux out of the mixed layer (Buesseler et al., 2020; 318 

Durkin et al., 2021; Estapa et al., 2021; Roca-Martí et al., 2021). The sum of the difference 319 

between the production and loss of each biological carbon reservoir (In-Out, Figure 3) plus the 320 

contribution of fecal pellets (fp) from mesozooplankton and salps yields an estimate of net 321 

community production of 0.07 ± 0.27 µmol C L
-1

 d
-1 

(Figure 4b) with a standard deviation 322 

propagated from the individual measurements. Relationships between fecal pellet production 323 

and grazing rate are not available for microzooplankton; however, the estimate of net 324 

production would increase by roughly 10% if 30% of microzooplankton-grazed carbon was 325 

converted into fecal pellets. The above estimate of net community production from individual 326 
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food web measurements is roughly 1/4
th

 of the average NCP of 0.26 µmol C L
-1 

d
-1

 measured 327 

independently among multiple autonomous sampling platforms, e.g., gliders, floats, incubations 328 

etc. (see Siegel et al., 2021), but falls within the range of estimates provided by these platforms 329 

(-0.19–0.55 µmol C L
-1 

d
-1

) (Niebergall et al., in revision). Integrating the mixed layer NCP rate 330 

from the food web analysis (0.07 ± 0.27 µmol C L
-1

 d
-1

) to 40 m yields 2.8 mmol C m
-2 

d
-1

, 331 

comparable to the thorium-derived estimate of carbon flux at 40 m, 4.2 ± 1.4 mmol C m
-2 

d
-1 332 

(Buesseler et al., 2020). Overall, carbon production and consumption in the food web were 333 

reasonably balanced and suggest a positive net production on the order of 0.07 µmol C L
-1 

d
-1

 334 

and a maximum of 0.55 µmol C L
-1 

d
-1

 of food web byproducts that could contribute to export. 335 

3.4 Turnover times 336 

 While we do not assume that all components of the food web were in steady state, we 337 

estimated turnover times to examine relative rates of food web mediated carbon cycling during 338 

the cruise. Turnover times are presented with bootstrapped standard error. Phytoplankton 339 

stocks turned over every 2.1 ± 0.57 d (Figure 5). Turnover time of microzooplankton stocks was 340 

five-fold longer, 11 ± 16 d and similar to the turnover time of bacteria in the mixed layer, 14 ± 341 

0.65 d. The turnover time of POC in the mixed layer was estimated using the 
234

Thorium-342 

derived particle flux at ~40 m (4.2 ± 1.2 mmol C m
-2

 d
-1

) (Buesseler et al., 2020) and the POC 343 

content in the upper 40 m (Table 1), yielding a turnover time of total POC in the mixed layer of 344 

44 ± 3.1 d. The turnover time of the detrital POC was 66 ± 6.3 d. The turnover time of the 345 

bioavailable fraction of DOC was 20 ± 5.3 d and represents the actively used portion of the DOC 346 

pool measured experimentally during the cruise (Stephens et al., 2020). Turnover times for the 347 

recalcitrant portions of the DOC pool are on timescales of years to millennia (Carlson & Hansell, 348 
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2015). Turnover time was not estimated for mesozooplankton because it is less informative for 349 

higher trophic level organisms with multiple life stages and more complex life histories that 350 

span timescales longer than the cruise occupation. 351 

3.5 Production and loss rates of detritus 352 

The extensive measurements of stocks and rates enabled us to infer some of the 353 

dynamics of detritus in the food web, including micro- and mesozooplankton fecal pellets, dead 354 

cells, and fragments of aggregates and larger particles. Detrital POC was 59% of the total POC in 355 

the mixed layer, yet its long turnover time of 66 d yields a relatively slow rate of detrital 356 

production, consumption, and loss of ~0.05 µmol C L
-1 

d
-1 

(3 µmol C L
-1 

� 66 d). While 357 

mesozooplankton biomass is not well represented in 1 L POC measurements, mesozooplankton 358 

fecal pellets might be, so we subtracted meso- and salp fecal pellet production rates from the 359 

detrital production rate to estimate production of ‘other’ detritus.   360 

 OtherDetPOCProd = DetrProd - PelletProdMesozoo - PelletProdSalp
 

(3)
 361 

 0.042 = 0.05 - 0.005 - 0.003 µmol C L
-1 

d
-1 362 

The production rate of ‘other’ detritus is equivalent to the loss of living POC to the detrital pool. 363 

To determine if the production rate of ‘other’ detritus could be supported by the living organic 364 

carbon pool, we calculated the production rate of living POC (biomass) by accounting for gains 365 

and losses of bacteria, phytoplankton, and microzooplankton and obtained a positive 366 

production rate of 0.09 µmol C L
-1 

d
-1

.  367 

 ProdLivingPOC = In-Outphyto + In-Outµzoo + In-Outbact  (4) 368 

 0.09 = 0.02 + 0.005 + 0.02 µmol C L
-1 

d
-1 369 
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Thus, to support the production of detritus, it seems that most of the ‘net’ living biomass that is 370 

created becomes detritus.  371 

3.6 Correlations of food web dynamics within the mixed layer 372 

The results presented thus far have focused on cruise-wide averages to establish a mean 373 

ecosystem state; the daily variation within these averages provides insight into the scale of 374 

coherence between food web parameters (Supplemental Figure 1a). Several food-web variables 375 

were measured both simultaneously and sufficiently frequently (Supplemental Figure 1b) to 376 

examine their relationships using hierarchical clustering (see methods). This analysis generated 377 

four distinctly clustered branches (Figure 6). Each branch represents a group of positively 378 

correlated food web variables that similarly fluctuate in relation to the rest of the parameters. 379 

Total DOC was not significantly correlated, nor did it show similar correlations patterns with any 380 

other food web variables and thus remained distinct and isolated from the other clusters 381 

(Figure 6). Cluster A was comprised of POC, chl a, and NPP, which are significantly positively 382 

correlated (Pearson’s, p value <0.05) to one another and negatively correlated to 383 

macronutrient concentration. The next branch (cluster B) shows a cascading cluster of 384 

positively correlated variables: NCP, bacterial biomass, net bacterial production, and nPP. 385 

Cluster B variables are characterized by relatively weaker positive correlations to cluster A 386 

variables and negative correlations to macronutrient concentrations (Supplemental Figure 1b). 387 

Microbial community respiration, which contributes to community respiration, and 388 

microzooplankton grazing showed similar correlation patterns to other food web variables and 389 

composed cluster C. Microzooplankton grazing was significantly correlated to NCP, however the 390 

weak positive correlation with macronutrients and negative correlation with NPP kept 391 
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microzooplankton grazing from being clustered with NCP. Macronutrient concentrations were 392 

clustered on a branch distinctly separate from the other branches and were negatively 393 

correlated to almost all other food web parameters (cluster D). 394 

4. Discussion 395 

During the North Pacific EXPORTS campaign, production and consumption were 396 

balanced on average which resulted in a highly retentive food web characterized by high levels 397 

of carbon recycling and respiratory losses. These dynamics led to relatively slow rates of carbon 398 

transfer within the food web that occurred against a large background concentration of 399 

persistent dissolved and particulate organic carbon. Carbon that was exported from the system 400 

took the form of food web byproducts, such as fecal pellets and detritus (Durkin et al., 2021). 401 

Export was primarily facilitated by the sporadic influence of zooplankton whose grazing 402 

removed carbon from the recycling microbial loop and repackaged small particles into larger, 403 

gravitationally sinking particles (Maas et al., 2021; Stamieszkin et al., 2021; Steinberg et al., 404 

2022). 405 

4.1 Ecosystem state 406 

The ecosystem state observed during the August 2018 EXPORTS campaign falls towards 407 

the lower range of previously measured carbon production rates and stocks for the region. The 408 

physical environment during late summer was consistent with climatological records while 409 

biological production rates and standing biomass were generally lower than average and 410 

euphotic zone depths were considerably deeper (Siegel et al., 2021). The concentration of POC, 411 

DOC, and mesozooplankton biomass were low and closer to historic wintertime conditions (Bif 412 

& Hansell, 2019; Goldblatt et al., 1999; Harrison, 2002). The average mixed layer chl a 413 
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concentration was roughly half of the summertime average (Philip Boyd & Harrison, 1999; 414 

Siegel et al., 2021), and phytoplankton carbon was roughly one-third of prior late summer 415 

estimates (Paul J. Harrison, 2002). Microzooplankton biomass was similar to the lowest 416 

measured during the SUPER cruises (Booth et al., 1993), and bacterial biomass was comparable 417 

to the low concentrations previously observed during the spring (Kirchman et al., 1993; Sherry 418 

et al., 1999).  419 

While carbon stocks were relatively low, the distribution of carbon among most pools 420 

was generally consistent with previous late summer observations. The majority of POC was 421 

likely detrital and the remainder was distributed evenly among phytoplankton, 422 

microzooplankton, and bacterioplankton, as seen previously (Booth et al., 1993; Paul J. 423 

Harrison, 2002; Sherry et al., 1999). Relative to the microbial biomass, mesozooplankton 424 

biomass was lower than previous late summer observations (Goldblatt et al., 1999; Paul J. 425 

Harrison, 2002). The ratio of phytoplankton carbon to mesozooplankton biomass was 3:1, 426 

which was greater than the 1:1 ratio seen in late summer but not as high as the ratio of ~5 427 

observed during winter (Goldblatt et al., 1999; Paul J. Harrison, 2002). DOC concentration was 428 

an order of magnitude greater than any other organic carbon pool; however, the majority of 429 

DOC was recalcitrant with only a small percentage being bioavailable on time scales of days to 430 

weeks (Stephens et al., 2020), supporting previous observations (Carlson 2002, Carlson and 431 

Hansell, 2015). 432 

The rates of carbon flow between stocks also fell towards the lower end of previous 433 

measurements, but the balanced microbial dynamics were consistent with HNLC food web 434 

paradigms (Boyd et al., 2004; Boyd & Harrison, 1999; Miller et al., 1991). A balance between 435 
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production and loss, and no significant change in the concentration of carbon reservoirs over 436 

time suggests the system approximated steady state when processes were averaged over the 437 

28-day cruise, except for declining mesozooplankton biomass. Primary production and bacterial 438 

production were within the lower range of previous observations for Station P (Giesbrecht et 439 

al., 2012; Kirchman et al., 1993; Marchetti et al., 2006; Miller et al., 1991; Sherry et al., 1999). 440 

Consistent with current paradigms for the subarctic Pacific Ocean HNLC region, primary 441 

production was mainly fueled by regenerated nitrogen (Meyer et al., 2022), and grazing by 442 

microzooplankton limited the accumulation of the dominant picophytoplankton in the mixed 443 

layer by consuming them at the same rate they were being produced (McNair et al., 2021). The 444 

growth of larger phytoplankton, primarily diatoms, was limited by the availability of Fe (Jenkins, 445 

personal communication), consistent with previous iron enrichment experiments (Martin and 446 

Fitzwater 1988; Boyd et al. 1996, 1998; Marchetti et al. 2006). 447 

Mesozooplankton biomass was in a period of decline with respiration and excretion 448 

rates that exceeded ingestion rates. The region is well known to have a seasonal pattern of 449 

mesozooplankton biomass, with a peak during the spring bloom and a decline to a winter low 450 

(Goldblatt et al., 1999; Mackas & Galbraith, 2002). The mesozooplankton grazing rate and fecal 451 

pellet production rates were lower than previous summer measurements (see Stamieszkin et 452 

al., 2021). These low rates relative to the mesozooplankton biomass were partially due to the 453 

imminent seasonal diapause of a major fraction of the surface mesozooplankton biomass, 454 

Neocalanus copepods (Stamieszkin et al., 2021). Our results suggest that this decline in biomass 455 

may be in part mediated by the inability of a portion of the mesozooplankton community to 456 

meet metabolic demands with grazing in the fall, emphasizing the longer ecological time scales 457 
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for this component of the ecosystem. The food web represented here exemplifies the low 458 

range of ecosystem states typical for an HNLC region.  459 

4.2 Connectivity among food web processes 460 

Correlations among daily measurements of food web components provides a 461 

mechanistic understanding of how fluctuations in primary production, which are more readily 462 

detected through remote sensing (e.g., Longhurst et al. 1995; Taboada et al. 2019), propagate 463 

through the food web. Hierarchical clustering analysis (Figure 6) suggested that changes in net 464 

primary production and phytoplankton biomass were the strongest drivers of POC variation, 465 

despite phytoplankton being a small portion (~11%) of total POC. The variability in NPP was also 466 

closely associated with nPP, primary production driven by nitrate uptake. Changes in the rate of 467 

nPP (~28% of NPP) were primarily responsible for driving the variability in NPP despite high 468 

regenerative production (Meyer et al., 2022). The clustering of bacterial production with nPP 469 

suggest that increases in nPP led to the production of bioavailable DOC which was followed by 470 

increased bacterial activity and bacterial biomass. Detailed analysis of bacterioplankton 471 

dynamics found that substrate availability predominantly influenced bacteria production and 472 

biomass (Stephens et al., 2020; Stephens et al., in press).  473 

Despite the DOC pool being sufficiently large, the tight coupling between DOM 474 

production and consumption processes in the mixed layer led to a relatively small accumulation 475 

of bioavailable DOC (<5% of bulk DOC pool). Measurement uncertainties of ~± 1 uM DOC make 476 

it difficult to relate small changes in a relatively large mixed layer bulk DOC pool to other field 477 

measurements and keep DOC from clustering with other food web variables. Independent DOM 478 

production or remineralization experiments required to assess the magnitude of DOM 479 
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bioavailability were conducted on the cruise but their number was limited (Stephens et al. 480 

2020). Thus, the fluxes into and out of the relatively large and unvarying DOC pool were largely 481 

cryptic over the time scale of this cruise (Moran et al., 2022). 482 

Two of the loss processes of the food web, microbial respiration and microzooplankton 483 

grazing, clustered separately from the production parameters suggesting that their fluctuations 484 

are temporally disconnected from most of the other food web parameters or that high noise 485 

levels in their determination masked any causal linkages. The clustering of grazing and 486 

respiration suggests that microzooplankton grazing had the strongest influence on total 487 

heterotrophic respiration. Though temporally mismatched on daily scales, the overall balance 488 

between phytoplankton production and losses due to respiration and grazing (McNair et al., 489 

2021) and the positive correlation between microzooplankton grazing and NCP suggests the 490 

carbon produced from fluctuations in NPP was being assimilated into the food web and 491 

contributed to heterotrophic metabolism. 492 

Due to mismatches in temporal sample alignment and frequency (see methods for 493 

parameter selections), the correlation analysis did not include parameters that may have been 494 

important drivers of production and export. Dissolved iron (dFe) concentrations were not part 495 

of the correlation analysis but it is well-known that small changes in dFe concentrations can 496 

substantially alter rates of primary production in HNLC regions (e.g., Young et al., 1991; 497 

Harrison et al., 1999) and thus could have influenced NPP in this food web. Additionally, 498 

mesozooplankton and salps were not included but they strongly influenced the form and 499 

quantity of carbon exported from surface waters and it was the contribution of salp and 500 

euphausiid fecal pellets that most significantly altered the rate of particle export from the 501 
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euphotic zone (Durkin et al., 2021; Estapa et al., 2021; Stamieszkin et al., 2021; Steinberg et al., 502 

2022).  503 

4.3 Food web structure and carbon export 504 

The mixed layer food web was highly regenerative, no matter how the food web was 505 

interrogated, measuring the balance between gross production and respiration (-0.22 to 0.01 506 

µmol C L
-1

 d
-1

) or accounting for the particulate carbon produced (0.07 µmol C L
-1

 d
-1

), we 507 

obtained estimates of slight production or slight consumption of carbon with error bars that 508 

span zero production. Direct measurements of bacterial growth efficiency, microbial 509 

respiration, and assessment of consumer trophic levels indicated that high rates of community 510 

respiration arose from multiple trophic transfers rather than from inefficient growth. Using the 511 

stable isotope analysis, we observed the complex trophic structures of the food web, with 512 

primary consumers (microzooplankton) occupying almost two trophic levels, making 513 

mesozooplankton 3
rd

 and 4
th

 order consumers. The multiple trophic levels within 514 

microzooplankton reflects a diverse diet that includes primary and secondary producers, 515 

including bacteria as well as other microzooplankton, while the multiple trophic levels within 516 

mesozooplankton suggest a diet including carnivory or detritivory on both micro- and 517 

mesozooplankton and minimal consumption of the primary producers. The numerous trophic 518 

links between phytoplankton and mesozooplankton gave rise to higher respiration losses, 519 

which were directly measured from bacteria, from the whole microbial community and from 520 

mesozooplankton, as well as inferred for phytoplankton (GCP-NCP) and microzooplankton. 521 

Through direct measurement of fecal pellet production rates, accounting of the production and 522 

loss of biomass, and inference of the production rate of detritus, we found that the carbon 523 
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available for export from the mixed layer is primarily detrital with some small potential 524 

contribution of living cells.   525 

The minimal amount of organic carbon that was not respired took the form of small 526 

particles of biomass or detritus. The small particles in the food web can in principle, contribute 527 

to export flux via a number of mechanisms including physical export by subduction or mixing, 528 

gravitational sinking of solitary cells, sinking of aggregates, fecal pellet production, and active 529 

export by vertical migration (Siegel et al., 2016, 2023; Steinberg & Landry, 2017). The relatively 530 

quiescent weather, intense vertical stratification, and weak horizontal density gradients during 531 

the study period (Siegel et al., 2021) did not promote export facilitated by physical mixing 532 

processes (e.g., Omand et al., 2015; Resplandy et al., 2019). Moreover, daily integrated in situ 533 

phytoplankton stocks closely matched phytoplankton stocks observed in incubation 534 

experiments, indicating that physical mixing did not substantially affect standing stocks and, by 535 

extension, export (McNair et al., 2021). Small cells and detritus can contribute to export when 536 

aggregated into larger particles. However, during the study period, no visible aggregates (>0.5 537 

mm) were formed during experiments that quantified abiotic aggregation potential (Romanelli 538 

et al., in revision), suggesting that particle numbers were too low for aggregation to play an 539 

important role. Furthermore, no visible marine snow aggregates (> 0.5 mm) were detected in 540 

any of our Marine Snow Catcher deployments (20-500 m), indicating that the concentration of 541 

these particles was <1 per 100 L (Romanelli et al., in revision). This finding indicates that sinking 542 

phytoplankton aggregates contributed little to export from the food web.  543 

It is the byproducts of trophic transfers, fecal pellets and detritus, that contributed to 544 

export in this food web, where the production and loss of biomass were well balanced. 545 
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Microzooplankton fecal pellets, which attenuate rapidly with depth, were a small portion (3.7%) 546 

of sediment trap particle flux as was sinking detritus (10.6% of particle flux), which appeared to 547 

be fragments of larger fecal pellets (Figure 7) (Durkin et al., 2021). The majority of the observed 548 

export flux was composed of fecal pellets from mesozooplankton (58%) and salps (27%), which 549 

each efficiently repackaged small POC into sinking particles (Figure 7) (Durkin et al., 2021; 550 

Stamieszkin et al., 2021; Steinberg et al., 2022). Salps were episodically important for export 551 

and salp fecal pellets, due to their large size and high sinking velocity, accounted for up to 72% 552 

of POC produced and exported by the whole zooplankton community in the upper 100 m at 553 

night (Durkin et al., 2021; Steinberg et al., 2022). Thus, while carbon flow within the ML was 554 

dominated by the microbial loop, these processes had only a minor contribution to carbon 555 

export. In contrast, the more variable production and loss terms associated with patchy 556 

mesozooplankton and salps had little influence on the dominant flow of carbon within the food 557 

web, but the net effect of mesozooplankton and salp grazing dominated export flux (Durkin et 558 

al., 2021; Maas et al., 2021; Stamieszkin et al., 2021; Steinberg et al., 2022). Mesozooplankton 559 

and salps which have patchy distributions in time and space (Steinberg et al., 2022) were the 560 

major outlet for carbon to leave the microbial loop. 561 

5. Conclusion 562 

The late summer 2018 EXPORTS campaign supported prior knowledge of the subarctic 563 

North Pacific ecosystem as a highly recycled, regenerative mixed-layer food web with low 564 

export (e.g., Bif & Hansell, 2019; Fassbender et al., 2016; Paul J. Harrison, 2002; Kirchman et al., 565 

1993). Furthermore, by simultaneously collecting empirical data on food web stocks and rates 566 

and characterizing the quantity and quality of exported material, the EXPORTS campaign 567 
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reconstructed the major pathways of carbon through the food web and out of the mixed layer, 568 

constraining uncertainties and providing turnover times. An important contrast emerged 569 

between the processes that dominated the transfer of carbon within the food web to those 570 

that contributed to export. Primary produced carbon was principally assimilated into the food 571 

web and then respired via multiple trophic transfers and microbial remineralization. In contrast, 572 

less abundant mesozooplankton that had relatively minor organic carbon uptake rates 573 

constituted the majority of the export production due to efficient repackaging of consumed 574 

material (Durkin et al., 2021; Stamieszkin et al., 2021; Steinberg et al., 2022). These low export 575 

systems are typical for much of the world’s ocean and thus suggest a comprehensive approach 576 

of measuring disparate processes is needed to quantify important carbon cycle unknowns such 577 

as the connectivity from the surface to the deep ocean organic matter reservoirs (Nowicki et al., 578 

2022; Siegel et al., 2023). In particular, our results point to the challenging but critical need to 579 

simultaneously study microbial food web dynamics on the scales of liters and days and the 580 

processing of this microbial biomass by larger organisms within a dynamic ocean habitat 581 

spanning kilometers and weeks.  582 
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Figure and Table legends 

Table 1. Environmental conditions, and food web stocks and rates 
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Mean, standard deviation, minimum, and maximum values measured for listed mixed layer food 

web parameters. Descriptions for the methods of each variable can be found in the citation 

listed, if the data has been included in a publication, or the parameter name listed in the 

Methods column. Methods descriptions of all parameter names can be found at 

https://hdl.handle.net/1912/27968. The primary data from each parameter can be found in the 

citation listed and in the North Pacific EXPORTS, SeaBass data repository: 

10.5067/SeaBASS/EXPORTS/DATA001 

 

Figure 1. Wiring diagram depicting flows and distribution of carbon within the mixed layer 

food web 

The carbon-based food web is visualized as a set of bulk carbon stocks (DIC, POC, DOC: grey 

open boxes) and biological carbon stocks (colored, open boxes) connected by rates (filled 

arrows) of carbon transformation. All values represent cruise averages ± standard deviation and 

are in units of µmol C L
-1

 (plain text labels) or µmol C L
-1

 d
-1

 (italic labels). Arrow width is scaled 

to the magnitude of the rate, box area approximates stock concentration, except for DOC, which 

was 12 times greater than POC. Note the small salp box with adjacent salp label. Stocks and 

rates are associated with primary producers (green), microzooplankton (teal), mesozooplankton 

and higher predators (burgundy), and bacteria (blue). Arrows indicate bulk carbon transfers 

from the POC pool (dark grey), unmeasured contributions to the DOC and POC pools from 

phytoplankton and microzooplankton stocks via respiration, exudation, and other processes 

(thin, pale grey) and carbon transfers into the DIC pool, i.e., respiration (dashed). Some rates 

were calculated using assimilation efficiencies from literature (asterisks). Phytoplankton, 

microzooplankton and bacteria stocks are subsets of the total POC stock. The concentration of 

detrital POC was calculated as total POC minus the biomass of phytoplankton, 

microzooplankton, and bacteria.  

 

Figure 2. Distribution of particulate organic carbon 

The percent contribution of identified particulate organic carbon (POC + mesozooplankton 

biomass) within the mixed layer food web. The uncharacterized portion of POC (59%, gray area) 

is assumed to be detrital.  

 

Figure 3. Balance of carbon flows through biological components of the food web 

Colored and textured stacked bars reflect the measured, and estimated, mean rates of carbon 

uptake and production (In) versus carbon consumption, loss and mortality (Out) for the 

biological components of the food web: phytoplankton (a), microzooplankton (b), 

bacterioplankton (c), and mesozooplankton + salps (d). The net difference between the 

combined In and Out rates for each biological group are shown as black bars with error bars 

representing propagated standard deviation and include biological and analytical variability. 

Abbreviations are as follows: gross carbon production (GCP), respiration (resp), dissolved 

organic carbon (DOC). 

 

Figure 4. Balance between gross carbon production and community respiration 

(a) Phytoplankton gross carbon production (GCP) compared with two estimates of community 

respiration. The first estimate of community respiration (CR 1) combines microbial respiration 
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(i.e., the respiration rate measurement from unfiltered seawater which includes phytoplankton, 

microzooplankton and bacteria), mesozooplankton (Mesozoo R), and salp respiration (Salp R). 

The second estimate of community respiration (CR 2) combines the respiration rate of 

phytoplankton (Phyto R), microzooplankton (µzoo R), bacteria (Bacterial R), mesozooplankton 

and salps. The black bars show the difference between GCP and CR 1, -0.22 ± 0.38 µmol C L
-1 

d
-1

, 

and the difference between GCP and CR 2, 0.01 ± 0.13 µmol C L
-1 

d
-1

. (b) Net community 

production (NCP, 0.07 ± 0.27 µmol C L
-1

 d
-
1, black bar) is the sum of the In-Out for each of the 

biological components from Figure 3 in addition to the contribution of mesozooplankton and 

salp fecal pellets (Mesozoo+Salp FP). Note the y-axes are scaled differently for a and b. 

 

Figure 5: Turnover times in the mixed layer food web 

The turnover times in days (d) of organic carbon stocks in the mixed layer food web. Dashed box 

shows the duration of the cruise. Abbreviations are as follows: particulate organic carbon (POC), 

dissolved organic carbon (DOC). Error bars show the standard error of 1000 bootstrap cycles.  

 

Figure 6: Clustering of mixed layer food web variables 
Dendrogram visualizing the linkage distance of food web stocks and rates based on a pair-wise 

Pearson’s correlation matrix (Supplemental Figure 1b). Confidence levels (1 – p-value) for the 

clusters (gray text) are at branch nodes. Red boxes show the highest order clusters with 

significant grouping (A-D, p-value < 0.05). Abbreviations are as follows: net primary production 

(NPP), chlorophyll a (chl a), new primary production (nPP), net community production (NCP), 

microzooplankton grazing rate (µzoop grazing), integrated daily radiation (Ig), ortho phosphate 

(PO4
3-

), microbial community respiration (CR), particulate organic carbon (POC), nitrate (NO3
-
), 

silicate (Si(OH)4), and dissolved organic carbon (DOC).  
 
Figure 7: Food web graphical synopsis  

The mixed layer food web was highly retentive and regenerative with the bulk of organic carbon 

cycled through the microbial loop and respired. Carbon removal from the microbial loop 

occurred via the production of fecal pellets from grazing and predation (small blue arrows). By 

the base of the euphotic zone (dashed line) the majority of the flux (open arrows in units of 

mmol C m
-2

 d
-1

) was composed of salp and mesozooplankton fecal pellets with minor 

contributions from microzooplankton fecal pellets and sinking detritus that appeared to be 

pieces of larger fecal pellets. Graphic designed by Liam Van Vleet. 

 

Supplemental Figure 1: Pearson’s correlation matrixes 
Color coded Pearson’s correlation coefficients (rho), red indicates positive correlation and blue 

squares indicates negative correlation. Significant correlations (p-value <0.05) are noted with 

labeled R values. Correlations among two data points were replaced with gray NA values. (a) 

Correlations for all available food web data at daily resolution (b) Correlations for the subset of 

data used to create (Figure 6). Abbreviations are as follows: net primary production (NPP), 

chlorophyll a (chl a), new primary production (nPP), net community production (NCP), 

microzooplankton grazing rate (µzoop grazing), integrated daily radiation (Ig), ortho phosphate 

(PO4
3-

), microbial community respiration (CR), particulate organic carbon (POC), nitrate (NO3
-
), 

silicate (Si(OH)4), and dissolved organic carbon (DOC).  
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Variable Mean ± st. dev. CV % Minimum Maximum Methods Data Source
Environment

Mixed layer m 29 ± 4.5 16%
Temperature ℃ 14.1 ± 0.2 1%
Salinity 32.3 ± 0.04 0.1%
1% PAR m 78 ± 6 7.7%
Ammonium µmol L-1 0.08 ± 0.06 68% 0.03 0.21 AmmoniumOPA p. 220 EXPORTS SeaBASS
Phosphate µmol L-1 0.88 ± 0.03 3% 0.81 0.93
Nitrate µmol L-1 8.7 ± 0.4 5% 8.1 9.3
Silicate µmol L-1 16.4 ± 0.9 5% 15.3 18.0
Dissolved Iron nmol L-1 0.04 ± 0.02 50% 0.01 0.09 supplemental information in review at BCO-DMO
Chl a µg Chl a L-1 0.23 ± 0.04 19% 0.17 0.29

Chl a >5 µm µg Chl a L-1 0.09 ± 0.02 28% 0.05 0.13
Chl a <5 µm µg Chl a L-1 0.15 ± 0.03 17% 0.11 0.19

Stocks and pools
Phytoplankton biomass µmol C L-1 0.58 ± 0.50 86% 0.13 1.90

Microphytoplankton biomass % 14 ± 5 36% 7 21
Nanophytoplankton biomass % 74 ± 6 8% 63 82
Picophytoplankton biomass % 12 ± 7 58% 6 30

Microzooplankton biomass µmol C L-1 0.66 ± 0.10 15% 0.56 0.76 supplemental information EXPORTS SeaBASS
Bacteria biomass µmol C L-1 0.66 ± 0.22 34% 0.39 1.21
Mesozooplankton biomass µmol C L-1 0.20 ± 0.10 50% 0.05 0.35
Salp biomass µmol C L-1 0.007 ± 0.01 162% 0 0.03
Particulate Oranic Carbon (POC) µmol C L-1 4.9 ± 1.1 24% 3.3 6.9

Particulate Organic Carbon >5 µm µmol C L-1 0.89 ± 0.33 37% 0.38 1.57
Particulate Organic Carbon <5 µm µmol C L-1 3.8 ± 0.6 15% 2.9 4.6

Dissolved Organic Carbon (DOC) µmol C L-1 59 ± 0.9 2% 57 60
Rates

Gross Carbon Production (GCP) µmol C L-1 d-1 0.58 ± 0.34 59% 0.29 1.4 supplemental information EXPORTS SeaBASS
Net Primary Production (NPP) µmol C L-1 d-1 0.27 ± 0.06 24% 0.19 0.38 NPP, 14CO3 incubations p. 119 EXPORTS SeaBASS
New Production (nPP) % of NPP 27.8 ± 8.4 30% 12.2 42
Net Community Production (NCP) µmol C L-1 d-1 0.26 ± 0.19 73% -0.19 0.55 Niebergall et al. (in review) EXPORTS SeaBASS

Microbial respiration µmol C L-1 d-1 0.78 ± 0.27 35% 0.16 1.04
O2 drawdown community and 

bacterial respiration p. 107
EXPORTS SeaBASS

Microzooplankton grazing µmol C L-1 d-1 0.25 ± 0.50 201% 0 1.84
Gross Bacterial Carbon Demand µmol C L-1 d-1 0.15 ± 0.04 30% 0.06 0.24
Net Bacterial Production µmol C L-1 d-1 0.05 ± 0.01 30% 0.02 0.07
Bacterial respiration µmol C L-1 d-1 0.10 ± 0.03 30% 0.04 0.16
Predation upon bacteria µmol C L-1 d-1 0.03 ± 0.01 33% 0.01 0.04 supplemental information Stephens et al. (2020)
Mesozooplankton grazing µmol C L-1 d-1 0.015 ± 0.009 65% 0.004 0.03
Mesozooplankton respiration µmol C L-1 d-1 0.016 ± 0.009 59% 0.01 0.04
Mesozooplankton production of DOC µmol C L-1 d-1 0.007 ± 0.003 43% 0.002 0.011
Mesozooplankton fecal pellet production µmol C L-1 d-1 0.005 ± 0.003 65% 0.001 0.010
Predation upon mesozooplankton µmol C L-1 d-1 0.013 ± 0.006 46% 0.004 0.023
Salp grazing µmol C L-1 d-1 0.009 ± 0.014 156% 0 0.04
Salp respiration µmol C L-1 d-1 0.002 ± 0.003 167% 0 0.01
Salp production of DOC nmol C L-1 d-1 0.46 ± 0.73 159% 0 1.8
Salp fecal pellet prodcution µmol C L-1 d-1 0.003 ± 0.005 174% 0 0.012
Predation upon salps nmol C L-1 d-1 0.23 ± 0.37 161% 0 0.94

Siegel et al. (2021)

Siegel et al. (2021)
Siegel et al. (2021)
Siegel et al. (2021)

Stamieszkin et al. (2021)

Zooplankton 
biomass/abundance p. 132

EXPORTS SeaBASS

Stephens et al. (2020)

Meyer et al. (2022)

Inorganic nutrients p. 173 EXPORTS SeaBASS

Chlorophyll extraction p. 143 EXPORTS SeaBASS

Phytoplankton concentrations 
and elemental stocks p. 108

EXPORTS SeaBASS

Zooprespiration, excretion, and 
egestion p. 134-136

EXPORTS SeaBASS

Stephens et al. (in review) EXPORTS SeaBASS

New production rate p. 144

Stephens et al. (2020)

EXPORTS SeaBASS

McNair et al. (2021)

Steinberg et al. (in review)
Stamieszkin et al. (2021)

Stamieszkin et al. (2021)

Zooprespiration, excretion, and 
egestion p. 134-136

EXPORTS SeaBASS

Stamieszkin et al. (2021)
Steinberg et al. (in review)
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Production (NCP)

-0.19 ⎼ 0.43

C Demand
0.15 ± 0.04
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Grazing
0.25 ± 0.50

Grazing
0.03 ± 0.01

\
Bacterioplankton
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2˚ Production*
0.06 ± 0.12
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4.2 ± 1.4 mmol C m-2 d-1

~0.11 µmol C L-1 d-1

Respiration
0.10 ± 0.03

2˚ Production
0.05 ± 0.01

Microbial Respiration
0.78 ± 0.27
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* Denotes rates calculated using assimilation efficiency from literature

Higher predators

Mesozooplankton
0.20 ± 0.11

DOC Production
0.007 ± 0.003

Mortality*
0.01 ± 0.006

Grazing*
0.015 ± 0.009

Respiration
0.02 ± 0.01

Fecal Pellet Production
0.005 ± 0.003

Salps
0.007 ± 0.01

DOC Production
0.0005 ± 0.001

Respiration
0.002 ± 0.003

Grazing*
0.009 ± 0.014

Microzooplankton

Fecal Pellet 
Production

0.003 ± 0.005

3.0 ± 1.3Detritus
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