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Abstract The Costa Rica Dome (CRD) is an open-ocean upwelling ecosystem, with high biomasses of
picophytoplankton (especially Synechococcus), mesozooplankton, and higher trophic levels. To elucidate
the food web pathways supporting the trophic structure and carbon export in this unique ecosystem, we
usedMarkov Chain Monte Carlo techniques to assimilate data from four independent realizations of δ15N and
planktonic rate measurements from the CRD into steady state, multicompartment ecosystem box models
(linear inverse models). Model results present well-constrained snapshots of ecosystem nitrogen and stable
isotope fluxes. New production is supported by upwelled nitrate, not nitrogen fixation. Protistivory (rather
than herbivory) was the most important feeding mode for mesozooplankton, which rely heavily on
microzooplankton prey. Mesozooplankton play a central role in vertical nitrogen export, primarily through
active transport of nitrogen consumed in the surface layer and excreted at depth, which comprised an
average 36–46% of total export. Detritus or aggregate feeding is also an important mode of resource
acquisition by mesozooplankton and regeneration of nutrients within the euphotic zone. As a consequence,
the ratio of passively sinking particle export to phytoplankton production is very low in the CRD. Comparisons
to similar models constrainedwith data from the nearby equatorial Pacific demonstrate that the dominant role
of vertical migrators to the biological pump is a unique feature of the CRD. However, both regions show
efficient nitrogen transfer from mesozooplankton to higher trophic levels (as expected for regions with large
fish, cetacean, and seabird populations) despite the dominance of protists as major grazers of phytoplankton.

Plain Language Summary Most of the world’s oceanic regions can be divided into (1) low-nutrient
areas where small algae dominate and crustaceans, fish, and whales are scarce or (2) productive areas where
large algae dominate, crustaceans and higher trophic levels are abundant, and substantial carbon is
transported to depth as part of the biological pump. The Costa Rica Dome (CRD) is a unique natural
laboratory for investigating the relationships between algae, zooplankton, and marine biogeochemistry
because it is a productive region dominated by cyanobacteria (small algae) that nevertheless sustains large
populations of crustaceans, fish, and whales. We used a novel data assimilation tool to constrain a food web
model using at-sea rate measurements of plankton activity and nitrogen stable isotopes. We found that
protists are an important intermediate trophic level linking cyanobacteria and mesozooplankton. Efficient
recycling by the zooplankton community facilitates nitrogen transfer to fish, whales, and seabirds. In the CRD,
vertically migrating zooplankton (which feed in the surface during the night but descend to depth during
the day to escape predators) play a particularly important role in transporting nitrogen (and carbon dioxide)
from the surface to the deep ocean, where it can be removed from the atmosphere.

1. Introduction

The Costa Rica Dome (CRD) is a unique open ocean upwelling ecosystem in the eastern tropical Pacific
(Fiedler, 2002; Hofmann et al., 1981; Landry, De Verneil, et al., 2016). While it has many similarities to the
nearby upwelling center in the eastern equatorial Pacific (upwelling, high primary productivity and new
production, high biomass of upper trophic levels, and potential micronutrient limitation), it also differs in
some key ways (Figure 1). Most notably, despite the CRD being a highly productive system, its phytoplankton
community is dominated by picophytoplankton, with the highest concentrations of Synechococcus (SYN)
measured anywhere in the world ocean (Li et al., 1983; Saito et al., 2005; Taylor et al., 2016). The CRD and
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eastern equatorial Pacific thus serve as an interesting contrast for assessing the importance of food web
pathways (rather than system productivity) in structuring the biogeochemical fate of organic carbon fixed
in the surface ocean.

The Flux and Zinc Experiments cruise in June–July 2010 was designed to investigate biogeochemical-
ecological relationships in the CRD by quantifying community biomass structure, regulation of phytoplank-
ton production by trace elements and grazing, and associated ecosystem fluxes (Landry, De Verneil, et al.,
2016). Cruise results confirmed high primary productivity and a dominant role for SYN. However, some
surprising results were also obtained. While new production and the f ratio (ratio of new production to total
primary production) were high (in fact, higher than in the equatorial Pacific), sinking particle export was quite
low, with export ratios (e ratio = export/primary productivity) less than 0.05 (Figures 1b–1d, Stukel et al.,
2016). Also, despite the dominant role of SYN in the region, mesozooplankton biomass was substantially
higher than in the equatorial Pacific (Dam et al., 1995; Décima et al., 2011, 2016; Roman et al., 2002). The food
web structure and ecosystem pathways necessary to support this surprisingly low export and high
mesozooplankton biomass are currently unknown and provide the motivation for the present constrained
model analysis.

Nitrogen isotopic measurements are a powerful tool for understanding trophic dynamics for two reasons: (1)
sources of nitrogen to the euphotic zone ecosystem often have distinct isotopic contents (e.g., N2 fixation and
upwelled NO3

�; Casciotti, 2016; Robinson, 2001) and (2) biochemical processes fractionate nitrogen leading to
enrichment in 15N with increasing trophic levels (Montoya, 2008; Post, 2002). δ15N measurements have con-
sequently been used to estimate the importance of N2 fixation supporting zooplankton biomass production
or sinking particle flux (Dore et al., 2002; Montoya et al., 2002) and to quantify the food web structure in many
marine ecosystems (Fleming et al., 2014; Hobson et al., 2002). However, interpretations of isotopic data can be
confounded when ecosystem nitrogen source and trophic structure are both unknown or variable (Rau et al.,
2003). Combining δ15N isotopic data with classical food web rate and standing stock measurements is thus
likely to be a powerful approach for understanding carbon and nitrogen flows through an ecosystem.

In the present study, we use linear inverse ecosystemmodeling (LIEM) techniques to combine a diverse array
of in situ measurements of plankton rate processes and nitrogen biogeochemistry into a well-constrained
depiction of the CRD marine ecosystem. LIEM is a powerful tool for assimilating ecological and biogeochem-
ical rate and standing stock measurements into a coherent food web model (van Oevelen et al., 2010; Vézina
& Platt, 1988). LIEM uses linear programming methods to constrain a system of equations including exact
equalities representing mass balance constraints, approximate equalities representing in situ rate measure-
ments with quantified uncertainties, and greater than/less than constraints representing bounded

Figure 1. Comparison of results from Costa Rica Dome (CRD), equatorial biocomplexity (EB), JGOFS EqPac survey, and JGOFS EqPac time series (TS) cruises. (a) Study
regions (circle is CRD, rectangle is equatorial Pacific). (b) Primary production (Balch et al., 2011; Barber et al., 1996; Taylor et al., 2016). (c) f ratio = new production/
primary production (McCarthy et al., 1996; Parker et al., 2011; Stukel et al., 2016). (d) e ratio = export/primary production (Buesseler et al., 1995; Dunne et al.,
2000; Stukel et al., 2016). (e) Picophytoplankton biomass/total phytoplankton biomass (Selph et al., 2011; Taylor et al., 2016, 2011). (f) Mesozooplankton biomass
(Dam et al., 1995; Décima et al., 2011, 2016; Roman et al., 2002; Roman & Gauzens, 1997). Replicate bars are results from different Lagrangian experiments (CRD) and
different cruises (EB and EqPac). JGOFS = Joint Global Ocean Flux Study; EqPac = equatorial Pacific.
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physiological and ecological constraints on the ecosystem (van Oevelen et al., 2010; Vézina & Platt, 1988).
Because of the large number of potential food web pathways and the paucity of in situ measurements,
pelagic LIEMs are typically vastly underconstrained and hence potentially solved by an infinite number of
scenarios that satisfy the linear constraints. Kones et al. (2009, 2006) developed a Markov Chain Monte
Carlo (MCMC) approach to sample the solution space that satisfies the model constraints. They suggested
the mean solution as a good approximate of ecosystem structure, and subsequent studies showed that
the mean MCMC solution was a better predictor of withheld ecosystem measures than previously used L2
minimum norm approaches (Saint-Béat et al., 2013; Stukel et al., 2012). Here we use a novel implementation
of MCMC sampling of the ecosystem (MCMC+15N) to incorporate nonlinear isotopic constraints into the
ecosystem (Stukel et al., 2018). Using this data assimilation tool, we ask three basic questions: What trophic
pathways support abundant mesozooplankton populations in the CRD despite picoplankton dominance in
the autotrophic community? How do organic matter export processes balance the high new production rates
measured in the CRD? How do differences in the planktonic communities of the CRD and equatorial Pacific
affect the biogeochemical fates of biological production?

2. Methods
2.1. In Situ Measurements

Cruise measurements in the CRD were made in July 2010 following a weak El Niño, when dome expression
(i.e., shoaling isopycnals) was depressed relative to climatological mean summer conditions (Landry, De
Verneil, et al., 2016). The sampling program was designed around 4-day semi-Lagrangian experiments,
referred to here as cycles, during which a satellite-tracked array with a mixed-layer drogue was deployed daily
and used both to follow water parcels and as an experimental platform for in situ incubations at eight depths.
A second Lagrangian array with VERTEX-style Particle Interceptor Trap (PIT) sediment traps was deployed for
the full 4 days per cycle to collect sinking material and quantify export flux (Stukel, Décima, et al., 2013). This
approach allowed repeated sampling of an evolving planktonic community and determination of net trajec-
tories for integrated euphotic zone standing stocks (Landry et al., 2009; Landry, Selph, et al., 2016). Four cycle
experiments were completed in waters representative of the dome from 4 to 24 July, each an independent
realization of the ecosystem with broadly similar food web structure. A fifth coastal cycle was also completed
at the beginning of the cruise, but due to its location and lack of primary productivity data, we do not include
its results in this model analysis.

Cruise measurements included systematic sampling of the planktonic community from primary producers to
mesozooplankton consumers (Table 1). Net primary production was measured daily by H14CO3

� uptake in
triplicate samples incubated in situ at eight depths spanning the euphotic zone (Selph et al., 2016). Taxon-
specific rates of phytoplankton growth and protozoan grazing were also quantified at eight depths in situ
by two-point dilution experiments and subsequent sample analyses by high-pressure liquid chromatography
(HPLC) for nanophytoplankton and microphytoplankton taxa and flow cytometry for picophytoplankton
(Selph et al., 2016). Instantaneous estimates of growth and grazing rates were converted to carbon-based
production and loss rates using standard cell-biomass conversion rates for picophytoplankton and epifluor-
escence microscopy-derived biomass estimates for the larger taxa (Landry, Selph, et al., 2016; Taylor et al.,
2016). Here, we divide the phytoplankton taxa into Prochlorococcus (PRO), SYN, picoeukaryotes (PEUK), dia-
toms (DTM), and combined other nanophytoplankton and microphytoplankton. The latter group was com-
posed primarily of flagellates that we assume were mixotrophic (Freibott et al., 2016; Stukel et al., 2011).
Biomass of nonpigmented protists was quantified by a combination of epifluorescence microscopy for nano-
flagellates and dinoflagellates and light microscopy for ciliates (Freibott et al., 2016). Mesozooplankton were
sampled with paired day-night oblique net tows through the euphotic zone with a 1-m ring net with flow
meter and time-depth recorder (Décima et al., 2016). The resulting samples were size fractionated (0.2–0.5,
0.5–1, 1–2, 2–5 and >5 mm) and split for biomass or gut fluorescence (herbivorous grazing) assessments.
Here we divide the community into small (<1 mm) and large (>1 mm) zooplankton. A subset of the samples
was also analyzed for δ15N. For each size class, we calculated daily grazing rates of nonvertical migrants as 24
times the daytime hourly grazing rate and grazing rates of vertical migrants as 12 times the difference
between night and day grazing rates. For rates or standing stocks reported in carbon units, we converted
to nitrogen units assuming a 106:16 C:N molar ratio for prokaryotes and protists and 100:23 for mesozoo-
plankton (Landry et al., 2001).
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Biogeochemical rate measurements included 15NO3
� uptake measurements conducted at eight depths on

the in situ array (Stukel et al., 2016). Because nitrification rate measurements indicate that NO3
� regenera-

tion in the euphotic zone was negligible (~0.1% of nitrate uptake), we conclude that NO3
� uptake repre-

sented new production (Buchwald et al., 2015; Stukel et al., 2016). We measured carbon and nitrogen
fluxes of sinking particles into VERTEX-style sediment traps deployed at depths of 90 and 150 m on the
sediment trap array (Stukel, Décima, et al., 2013; Stukel et al., 2016). Vertical profiles of 234Th:238U
deficiency were measured twice per cycle and confirmed that there was no substantial overcollection or
undercollection of sinking material by the sediment traps. This does not, however, exclude the possibility
that sinking organic matter with low 234Th activity (i.e., high C:234Th ratios), including mesozooplankton
and fecal material of higher organisms, may have been undersampled by the traps, while contributing
substantially to carbon flux (Stukel et al., 2016). δ15N values were measured for sinking particles and bulk
suspended particulate organic matter (POM) in the water column, and the δ15N of NO3

� beneath the
euphotic zone was determined by the denitrifier method (Buchwald et al., 2015; Stukel et al., 2016).
Further details of data manipulation for inclusion as constraints on the inverse model are in the online
Appendix (Childress et al., 1980; Conover, 1966; Del Giorgio & Cole, 1998; Eichinger et al., 2006; Houde
& Schekter, 1983; Ikeda, 1985; Soetaert et al., 2009; Vézina & Pahlow, 2003).

Table 1
In Situ Measurements From the CRD Cruise Lagrangian Experiments Conducted in the Core of the CRD (Cycles 2 and 4) and on the Periphery of the CRD (Cycles 3 and 5)

Measurement Cycle 2 Cycle 3 Cycle 4 Cycle 5 Source

14C Primary production (mmol C·m�2·day�1) 100 ± 26 84 ± 4 74 ± 18 92 ± 21 Selph et al. (2016)
Prochlorococcus production (mmol C·m�2·day�1) 9.1 ± 1.8 2.1 ± 0.4 4.3 ± 0.9 3.4 ± 0.7 Selph et al. (2016)
Synechococcus production (mmol C·m�2·day�1) 17.8 ± 3.6 7.3 ± 1.5 13.9 ± 2.8 5.3 ± 1.1 Selph et al. (2016)
Picoeukarote production (mmol C·m�2·day�1) 6 ± 1 13 ± 3 6 ± 1 6 ± 1 Selph et al. (2016)
Diatom production (mmol C·m�2·day�1) 0.4 ± 0.1 2.2 ± 0.4 3.2 ± 0.6 11.3 ± 2.3 Selph et al. (2016)
Protozoan grazing (total) (mmol C·m�2·day�1) 96 ± 36 54 ± 13 34 ± 9 38 ± 9 Landry, Selph, et al. (2016)
Protozoan grazing (Prochlo) (mmol C·m�2·day�1) 7.5 ± 1.5 2.1 ± 0.4 4.4 ± 0.9 2.8 ± 0.6 Landry, Selph, et al. (2016)
Protozoan grazing (Syn) (mmol C·m�2·day�1) 35.3 ± 7.1 12.1 ± 2.4 10.3 ± 2.1 5.7 ± 1.1 Landry, Selph, et al. (2016)
Protozoan grazing (picoeuk; mmol C·m�2·day�1) 4.5 ± 0.9 8.4 ± 1.7 3 ± 0.6 3.8 ± 0.8 Landry, Selph, et al. (2016)
Protozoan grazing (diatom; mmol C·m�2·day�1) 0.07 ± 0.01 0.35 ± 0.07 0.51 ± 0.1 1.83 ± 0.37 Landry, Selph, et al. (2016)
<1-mm non-DVM mesozoo grazing (mmol C·m�2·day�1) 15.2 ± 5.6 22.3 ± 6.9 11.1 ± 3.7 29.2 ± 10.8 Décima et al. (2016)
<1-mm DVM mesozoo grazing (mmol C·m�2·day�1) 5.4 ± 2.9 11.2 ± 7 1.1 ± 1 7.2 ± 4.2 Décima et al. (2016)
>1-mm non-DVM mesozoo grazing (mmol C·m�2·day�1) 7.5 ± 3.3 27 ± 7.9 6 ± 2.3 12.7 ± 4.2 Décima et al. (2016)
>1-mm DVM mesozoo grazing (mmol C·m�2·day�1) 3.4 ± 2.2 3.8 ± 6.1 2.2 ± 1.8 8.4 ± 4.8 Décima et al. (2016)
Nitrate uptake (mmol N·m�2·day�1) 5.8 ± 1.3 3.1 ± 0.4 3.1 ± 0.2 7.2 ± 0.9 Stukel et al. (2016)
Export flux at 50-m depth (mmol N·m�2·day�1) 0.45 ± 0.06 0.41 ± 0.03 0.34 ± 0.03 0.59 ± 0.04 Stukel et al. (2016)
Prochlorococcus biomass (mmol C/m2) 22 ± 3.4 8.9 ± 2 19.2 ± 4.8 9.5 ± 3 Taylor et al. (2016)
Synechococcus biomass (mmol C/m2) 52.9 ± 7.7 17.8 ± 1.3 30 ± 3.1 9.8 ± 2.9 Taylor et al. (2016)
Picoeukaryote biomass (mmol C/m2) 17.3 ± 1.6 20.5 ± 3.7 13.2 ± 0.7 11.6 ± 1.9 Taylor et al. (2016)
Diatom biomass (mmol C/m2) 0.6 ± 0.2 1.6 ± 0.6 1.7 ± 0.4 2.6 ± 0.1 Taylor et al. (2016)
Other phytoplankton biomass (mmol C/m2) 64.3 ± 11.6 47 ± 3.4 37.7 ± 5.6 95.4 ± 21.1 Taylor et al. (2016)
Heterotrophic nanoflagellate biomass (mmol C/m2) 25.2 ± 5.5 27 ± 6.5 20.9 ± 3.2 25 ± 0 Freibott et al. (2016)
Microzooplankton biomass (mmol C/m2) 18.7 ± 6.6 18.1 ± 4.5 20.9 ± 7 18.4 ± 0 Freibott et al. (2016)
<1-mm non-DVM mesozoo biomass (mmol C/m2) 52.3 ± 6.2 76.8 ± 16.7 64.8 ± 12.2 72 ± 5.1 Décima et al. (2016)
<1-mm DVM mesozoo biomass (mmol C/m2) 26.4 ± 8.1 20.5 ± 27 32.4 ± 13.2 34 ± 9.2 Décima et al. (2016)
>1-mm non-DVM mesozoo biomass (mmol C/m2) 51.7 ± 9.2 53.4 ± 11.2 42.4 ± 6.7 57.2 ± 21.7 Décima et al. (2016)
>1-mm DVM mesozoo biomass (mmol C/m2) 96.7 ± 12.1 79.2 ± 35.7 110 ± 19.6 39.3 ± 27.7 Décima et al. (2016)
Particulate nitrogen (mmol N/m2) 103 ± 7 90 ± 3 80 ± 2 69 ± 6 Stukel et al. (2016)
Vertical gradient particulate nitrogen (mmol N/m4) �0.04 ± 0.01 �0.03 ± 0 �0.02 ± 0.01 �0.02 ± 0.01 Stukel et al. (2016)
δ15N NO3

� (euphotic zone) 10.3 12.7 9.9 11.5 Buchwald et al. (2015)
δ15N NO3

� (50–100 m) 7.6 5.7 6.6 6.6 Buchwald et al. (2015)
δ15N particulate nitrogen (euphotic zone) 3.9 5.8 4.9 5.2 Stukel et al. (2016)
δ15N sinking particles 7.9a 4.6 5.3 6.9 Stukel et al. (2016)
δ15N < 1-mm mesozooplankton 8.8 9.4 9 9.1 Decima et al. (2019)
δ15N > 1-mm mesozooplankton 9.9 10 10 9.8 Decima et al. (2019)
Temperature (euphotic zone, °C) 21.7 23.4 23 24.9 CTD
Temperature (beneath euphotic zone, °C) 11.8 11.8 11.8 12.7 CTD

Note. Means ± standard error. CRD = Costa Rica Dome; CTD = Conductivity, Temperature, Depth; DVM = diel vertical migration.
aFor calculation of Cycle 2 sediment trap δ15N, we excluded one outlier with anomalously high δ15N.
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2.2. Inverse Ecosystem Model Structure

Primary producers in the inverse model comprise picophytoplankton (sub-
divided into PRO, SYN, and PEUK), DTM, and other nanophototrophs or
microphototrophs (AUT), which we assumed are mixotrophic. In addition
to AUT, modeled grazers include heterotrophic nanoflagellates, microzoo-
plankton, small (<1 mm) nonvertically migrating mesozooplankton, small
vertically migrating mesozooplankton, large nonvertically migrating
mesozooplankton, and large vertically migrating mesozooplankton.
Mesozoplankton secondary production is consumed by epipelagic fish or
vertically migrating fish. Bacteria remineralize dissolved organic matter
(DOM) to NH4

+. Nonliving POM is separated into two classes including sus-
pended detritus (DET) and large sinking detritus. New production includes
NO3

� uptake (by all phytoplankton classes) and nitrogen fixation, which
we assumed is mediated by unicellular cyanobacteria group B containing
phycoerythrin and hence would likely be classified as SYN by our flow
cytometric measurements (Trichodesmium was not observed on the
cruise). New production is balanced by six export terms: sinking of detritus
and fish fecal pellets, physical transport (mixing or subduction) of DOM
and DET, active transport by vertically migrating mesozooplankton and
vertically migrating fish, and fish secondary production. From extensive
microscopic analyses of sediment trap contents that did not efficiently
sample fish fecal pellets, we assume that the fish contribution to export
is in addition to the sediment trap measured export. All flows in the model
are in N currency (mmol N·m�2·day�1), depicted in Figure 2 and explained
in supporting information Table S1.

2.3. Inverse Ecosystem Model Solution

To determine the most representative solutions and uncertainty estimates for the underconstrained inverse
models, we use a modified version of the MCMC sampling method (Kones et al., 2009; Van den Meersche
et al., 2009; van Oevelen et al., 2010). This approach involves a set of exact equalities (Ex = f) that represent
mass balance constraints on every compartment in the ecosystem, a set of approximate equalities (Ax ≈ b)
that include the measured constraints on the ecosystem with measurement uncertainties, and a set of
inequalities (Gx ≥ h) that include known constraints on components of the ecosystem. In each of these equa-
tions, the vector x represents the 116 unknown nitrogen flows through the ecosystem that we wish to con-
strain (Figure 2 and supporting information Table S1). E is a 19 × 116 matrix of ones, zeroes, and negative
ones that codifies mass balance constraints, and f is a 19 × 1 vector of zeroes because we assume steady state.
A is a 41 × 116matrix (and b is a 41 × 1 vector) that both vary depending on the in situ data. Together, A and b
represent the 21 rate measurement constraints measured in situ and 20 15N isotope mass balances. G and h
are a 214 × 116 matrix and 214 × 1 vector, respectively, that also vary depending on the in situ data. G and h
codify a priori inequality constraints on organism and ecosystem functioning including ranges of possible
gross growth efficiencies of organisms, maximum growth rates, etc. (98 constraints). An additional 116 rows
in G and h (including only ones and zeroes) ensure that no ecosystem flows are negative. The mean solution
of this inverse problem is achieved by first reducing the dimensionality of the problem by singular value
decomposition of the matrix E. This decomposition returns a series of solutions that all satisfy the exact equa-
tions Ex = f. A set of hyperplanes bounding the solution space is then created, which contain all solutions that
simultaneously satisfy Ex = f and Gx ≥ h. An initial individual solution for x is chosen using the L2 minimum
norm approach of Vezina and Platt (1988). We then use the constrained random walk with mirror algorithm
of Van den Meersche et al. (2009) to explore the solution space, with new solutions for x chosen or rejected
based on a probabilistic distribution derived from the residual errors in the approximate equalities Ax ≈ b. The
substantial difference in the present approach, relative to previous inverse modeling studies, is the incorpora-
tion of known and unknown δ15N values of ecosystem standing stocks into the approximate equalities Ax ≈ b.
Specifically, this is achieved, following Stukel et al. (2018), by making the matrix A a function of 15NSS where
15NSS is a vector of the 15N isotopic compositions of each of the standing stocks in the model and of
upwelled NO3

� entering the ecosystem. Since δ15N values of many of the ecosystem compartments are

Figure 2. Conceptual model of nitrogen fluxes via trophic flows (white),
flows involving detritus and nutrient regeneration (yellow), new production
flows (red), and export flows (orange). This diagram agglomerates model
compartments that behave similarly (e.g., all picophytoplankton or all
mesozooplankton) and hence has fewer flows than the full model (support-
ing information Table S1). DOM = dissolved organic matter;
POM = particulate organic matter.
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not known (e.g., all the phytoplankton and protozoan taxa), we simulate 15NSS with a second random walk
computed simultaneously. With each model step, a new solution for x and for 15NSS is chosen, and these
new values are accepted or rejected based on the residual error of the equation:

A 15NSSÞx ¼ b
�

These approximate equations include δ15N constraints for each of the 19 standing stocks in the model and a
15N mass balance constraint for the new production-export balance. The mass balance constraints and
isotopic fractionation factors used to determine them can be found in the online Appendix. An additional
21 equations (of 41 total approximate equations) are related to in situ measurements: phytoplankton net
production and protistan grazing losses for PRO, SYN, PEUK, DTM, AUT, and bulk phytoplankton; herbivory
rates for each of the four mesozooplankton size classes and for the combined mesozooplankton community;
NO3

� uptake; sediment trap-derived sinking rates; and the relative proportion of phytoplankton and
herbivory-derived fecal pellets in sinking material.

Inequality constraints in the model are mainly modified from Richardson et al. (2004) and Stukel et al. (2012).
They include constraints on NH4

+ excretion and dissolved organic nitrogen (DON) production, assimilation
efficiency, gross growth efficiency, maximum ingestion rates for zooplankton, and maximum phytoplankton
net primary production. We assume that detritivory cannot comprise>50% of the diets of mesozooplankton
due to detritus comprising ~50% of the POC in the system and the requirement of living prey for healthy
mesozooplankton growth (Roman, 1984b). Active transport is constrained by assuming that excretion of
NH4

+ and urea by vertically migrating taxa beneath the euphotic zone (after adjustment for temperature-
dependent effects on metabolism) must be lower than excretion by those same taxa in the euphotic zone.
This implicitly assumes a higher active metabolism in surface layers where these organisms are believed to
feed. We set a maximum constraint on physical transport (by mixing) of DOM and suspended DET to depth
by multiplying the vertical gradients of each by an eddy diffusivity constant (Kz) of 2 × 10�4·m2·s�1. This Kz is
derived from phytoplankton NO3

� demand in the euphotic zone (i.e., NO3
� supply) and the vertical gradient

of NO3
�; it is thus an upper-limit estimate that assumes mixing is the only source of NO3

� to surface waters
(i.e., upwelling is negligible). Additional constraint details are in the supporting information. Unless otherwise
stated, values presented throughout this manuscript are mean solutions for a particular Lagrangian cycle.

2.4. Comparison to the Equatorial Pacific

To compare food web structure and biogeochemistry of the CRD to the nearby open-ocean upwelling system
of the equatorial Pacific, we use prior inverse modeling studies that assimilated results from the Joint Global
Ocean Flux Study Equatorial Pacific Program (EqPac, Richardson et al., 2004) and the equatorial biocomplex-
ity (EB) Program (Stukel & Landry, 2010). Because different model structures can impact results (e.g., our
inclusion of planktivorous fish decreases the losses from the ecosystem attributed to mesozooplankton),
we applied the data constraints from the equatorial Pacific to a model identical to the CRD model (without
the δ15N component for which there were no constraints) as outlined above but with minor modifications:
For the Fe-limited, high-nitrate equatorial Pacific, we assume that nitrogen fixation is negligible (inverse
results also show it to be negligible in the CRD). We make this assumption because, without δ15N
measurements to constrain this unmeasured rate, unrealistic solutions are possible. For the EqPac model,
we also use the phytoplankton community structure of Richardson et al. (2004), as well as their published rate
measurements with a few exceptions: from results presented in Décima et al. (2011), we subdivide mesozoo-
plankton biomass and grazing into large/small and vertically migrating/surface-resident communities as was
done for CRD data. Richardson et al. (2004) scaled up taxon-specific phytoplankton growth rates determined
frommicrozooplankton grazing dilution experiments to match 14C net primary production measurements by
multiplying by a factor of ~1.5. However, scaling up phytoplankton growth without scaling up protozoan
grazing forced the model to an unbalanced growth-grazing condition that contradicted in situ rate measure-
ments. We thus scaled both net primary production and grazing rates (as derived from microzooplankton
dilution measurements) from the EqPac study by a constant factor to preserve the measured growth-grazing
balance. We further add nitrate uptake data from Bacon et al. (1996) as a constraint on the EqPac system and
use the export estimates of Dunne et al. (2000), which we believe reflect a more accurate C:234Th ratio than
that of Bacon et al. (1996). Additional details can be found in the supporting information.
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3. Results
3.1. Model Solutions and Derived δ15N Values

Mean LIEM model reconstructions do a reasonable job of reconstructing
the 21 measurement relationships and 20 δ15N mass balance equations
that constrain the models. The normalized error (|(Anx � bn)/σb,n|) is
<1.0 for most measurements, and the mean of the normalized error is
~1.0 for all cycles. We thus conclude that the LIEM model reasonably
satisfies the in situ measurement constraints.

Food web structure is relatively similar across cycles (supporting
information Table S1). Phytoplankton production is derived primarily from
recycled NH4

+, in agreement with in situ measurements. Large
phytoplankton are responsible for most of the primary productivity
(60–81% across the four cycles) as a result of higher growth rates than
picophytoplankton. Protists are responsible for direct consumption of
58–65% of total phytoplankton production with the remainder going to
mesozooplankton grazing (11–27%), DOM excretion (7–12%), or nongraz-
ing mortality to detritus (8–17%). Despite the relatively small contribution
of mesozooplankton to phytoplankton mortality, total ingestion by meso-
zooplankton is high, ranging from 12.6 to 20.0 mmol N·m�2·day�1, which
equates to 37–72% of their biomass consumed per day. Trophic transfer to
fish is also substantial in the modeled fluxes (3.4–7.0 mmol N·m�2·day�1).
Bacterial DOM uptake ranges from 6.6 to 12.3 mmol N·m�2·day�1, and
bacterial production is a relatively constant 11–14% of phytoplankton pro-
duction. Mixotrophs are a substantial mortality term for bacteria, consum-
ing 30–65% of bacterial production. They play a smaller but still substantial
role in grazing on picophytoplankton (27–41% of grazing on cyanobac-
teria and PEUK). Bacteria have the largest role in NH4

+ regeneration, but
protists, mesozooplankton, and fish excretion are also important sources
of regenerated nutrients to the ecosystem. Detritus is rapidly recycled
within the ecosystem, with only a relatively small proportion of detritus
production contributing to export out of the euphotic zone.

Euphotic zone nutrient pools are significantly enriched in δ15N
(11.7–13.5‰ for NO3

� and 15.6–16.5‰ for NH4
+) relative to upwelled

NO3
� entering the euphotic zone (5.7–7.6‰, Figure 3a). Nevertheless,

phytoplankton isotopic signatures are similar to that of the nitrate enter-
ing the ecosystem. Diatoms and picophytoplankton consistently have
δ15N values between 5.7 and 6.7‰. Other eukaryotic autotrophs have
marginally higher δ15N values ~6–7‰, reflecting the small contribution
of mixotrophy to their nutritional budgets. Heterotrophic nanoflagellates,

microzooplankton, and mesozooplankton typically show gradually increasing δ15N. DOM is mildly enriched
in 15N (7–7.7‰) relative to deep NO3

�; consequently, bacteria δ15N values are ~10‰.

3.2. Ecosystem Export Pathways

The δ15N values of nitrogen entering or leaving the euphotic zone via alternate processes provide a powerful
constraint for elucidating the balance of new and export production (Figure 3b). Notably, many of the poten-
tial sources of export (DOM vertical mixing, vertically migrating fish excretion, fish fecal pellet production, and
fish biomass production) have δ15N values substantially greater than either of the potential sources of nitro-
gen (upwelled NO3

� or N2 fixation) to the ecosystem. Sinking detritus is also enriched in 15N relative to
upwelled NO3

� for two of the four cycles (and depleted by just over 1‰ for the other two cycles).

This prevalence of export sources with higher δ15N values leads to two conclusions: N2 fixation has a minimal
contribution to new production in the CRD (N2 fixation <1% of new production for all cycles; Figure 4a). In
addition, the sole export mechanism with nitrogen consistently depleted in 15N relative to deep NO3

�

Figure 3. Model δ15N values. (a) δ15N for model standing stocks. (b) δ15N for
fluxes of nitrogen into (left) and out of (right) the euphotic zone pelagic
ecosystem. Diamonds show measured values. Whisker plots show mean,
50% confidence intervals (boxes) and 95% confidence intervals (thin lines).
For each flow or compartment, whisker plots are shown for Cycles 2–5 (from
left to right).
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(excretion at depth by vertically migrating mesozooplankton, δ15N value
of 4.3–4.7, Figure 3b) must play a substantial role in export flux
(Figure 4b). Zooplankton active transport (excretion of DOM and NH4

+) is
responsible for 21–45% of total export from the euphotic zone. Sinking
organic matter (including sinking detritus collected by sediment trap
and rapidly sinking fish fecal pellets) contributes a similar fraction of export
(31–46%), while vertical mixing of POM and DOM accounts for less (10–
16%). The lowest contributions to export are from fish biomass production
(7–11%) and fish active transport (1–7%).

The above results make clear the central importance of mesozooplankton
in vertical transport of POM from the euphotic zone of the CRD.
Mesozooplankton active transport is a dominant vertical transport
mechanism, and only 11–17% of export is not mediated at least indirectly
by mesozooplankton (Figure 5). Nonmesozooplankton mediated export is
predominantly driven by physical mixing, with sinking phytoplankton
responsible for <1% of export. The relative contributions of mesozoo-
plankton and fish fecal pellets to export vary from roughly equal to a sub-
stantially greater importance of fish fecal pellets. Nonetheless,
mesozooplankton fecal pellet production always exceeds that by fish.
The relatively higher importance of fish fecal pellets in sinking derives from
high remineralization rates of mesozooplankton fecal pellets in the eupho-
tic zone (loss terms including microbial degradation, dissolution to DOM,
and consumption by mesozooplankton). Substantial remineralization of
mesozooplankton fecal pellets within the euphotic zone is also supported
by in situ data, which show that phaeopigment flux into sediment traps
accounts for only a small fraction of the phaeopigments produced by
mesozooplankton grazing (Décima et al., 2016; Stukel, Décima, et al., 2013).

3.3. Mesozooplankton Dynamics

Given the dominant role of mesozooplankton in the euphotic zone nitro-
gen budget and their importance in supporting a large biomass of higher
trophic consumers in the CRD, a more detailed examination of mesozoo-
plankton growth dynamics is warranted. Our a priori expectation was that
high rates of mesozooplankton secondary production in a
picophytoplankton-dominated ecosystem would require efficient meso-
zooplankton growth. To the contrary, the results suggest modest gross
growth efficiencies for mesozooplankton, with cycle averages ranging
from 16 to 28% for the different mesozooplankton classes, although there
is substantial uncertainty in the gross growth efficiency of the small size
fraction (Figure 6b). As expected, protists have higher gross growth effi-
ciencies (typically >30%), which facilitate efficient transfer of picoplank-
tonic production to mesozooplankton. Consequently, protistan grazers
are the major food source for mesozooplankton, contributing 32–53% of
their diet (Figure 6a). With the exception of Cycle 5, this pathway supplies
more than twice the prey biomass flux as herbivory, which contributes 16–
32% of mesozooplankton nitrogen. Detritivory also emerges as an impor-
tant feeding mode for mesozooplankton (11–40% of diet), while carnivory
(predation on metazoans) accounts for only 7–15% of mesozooplankton
community diet and 15–34% of the ingestion of larger
(>1 mm) mesozooplankton.

The importance of detritivory in mesozooplankton diets is a robust result
of the LIEM. At the 95% confidence interval, detritivory exceeds 24% of
mesozooplankton diets for Cycles 3 and 4 and exceeds 15% for Cycle 5.

Figure 4. Export-new production balance. (a) Nitrogen sources to the phyto-
plankton community. (b) Fraction of total export driven by different pro-
cesses (sinking includes sinking detritus and fish fecal pellets, mixing
included POM and DOM, DVM includes excretion of DOM and NH4

+ beneath
the euphotic zone). Whisker plots show mean, 50% confidence intervals
(boxes) and 95% confidence intervals (thin lines). For each flux, whisker plots
are shown for Cycles 2–5 (from left to right). DOM = dissolved organic matter;
POM = particulate organic matter.

Figure 5. Euphotic zone export of carbon that was not consumed by meso-
zooplankton (left) and export of carbon that was consumed by mesozoo-
plankton (right). Bar plots are shown for Cycles 2–5 (from left to right).

10.1029/2018GB005968Global Biogeochemical Cycles

STUKEL ET AL. 8



It was only for Cycle 2 that the LIEM allows detritivory to comprise<15% of
the diet; yet the mean contribution is 11% (with 95% confidence intervals
of 5–18%) even for this cycle. Although detritivory is not easily demon-
strated in field studies, several independent pieces of evidence support
its importance in the CRD. First, the sum of the biomasses of autotrophic
and heterotrophic nanoplankton and microplankton comprises only 16–
30% of the POM in the euphotic zone (Freibott et al., 2016; Stukel et al.,
2016; Taylor et al., 2016). Second, the phaeopigment:Chl a ratio, a tracer
of zooplankton degradation of Chl a, is unusually high in the water column
in the CRD, and the ratio of phaeopigment production by zooplankton to
export flux at 90-m depth is low. Third, phycoerythrin (a diagnostic pig-
ment for SYN) measured in the guts of mesozooplankton is consistent with
feeding on SYN contained in >20-μm aggregates (Décima et al., 2016;
Stukel, Décima, et al., 2013).

Trophic levels (TL) are calculated assuming that obligate phototrophs are
TL = 1 and bacteria are TL = 2. Detritus trophic level is calculated based
on the proportion of phytoplankton or fecal pellets contributing to the
detritus and the assumption that fecal pellets have TLs one less than the
organism producing them (e.g., an herbivorous protist produces egesta
with TL = 1 reflecting the TL of its prey). Mesozooplankton TLs typically
vary between two and three, reflecting an omnivorous diet on phytoplank-
ton and protistan energy sources. Small mesozooplankton (<1 mm) are
only slightly enriched relative to protists, which have mean TLs of 2.1–
2.3 since some of their nutrition derives from heterotrophic bacteria. TLs
increase with increasing mesozooplankton size and are also higher on
average for vertical migrators than for euphotic zone-resident mesozoo-
plankton. For large migrants, TL estimates are ~2.8 for Cycles 3–5 but
exceed 3 for Cycle 2. Mixotrophs have consistently lower TLs (1.1–1.3)
reflecting dissolved nutrients as their main source of N.

Mesozooplankton excrete 21–31% of the nitrogen consumed as NH4
+ and

an additional 11–16% as DOM. This highlights the important, yet often
overlooked, role of mesozooplankton in nutrient regeneration.
Altogether, 15–20% of mesozooplankton excretion occurs at depth, with
the remainder in the euphotic zone. Taking into account that only 12–
23% of mesozooplankton fecal pellet nitrogen is exported from the
euphotic zone, it becomes clear that mesozooplankton contribute sub-
stantially to nutrient-regeneration food webs in the CRD.

3.4. Comparison of CRD and Equatorial Pacific

To compare food webs in the CRD and equatorial Pacific upwelling
biomes, we computed LIEM solutions assimilating data from the EB project
and the Joint Global Ocean Flux Study (JGOFS) Equatorial Pacific (EqPac)
time series cruises. These results simultaneously demonstrate that our
results in the CRD are not determined by choice of model structure and
highlight key ways in which the CRD differs from the equatorial Pacific
(Figure 7). Model primary productivity and f ratios are broadly similar
between the regions (although EB primary productivity was lower than
CRD or EqPac), as suggested by the input data (Figures 1 and 7a).
Although similarities in f ratios imply that similar fractions of primary pro-
duction are recycled, the organisms responsible for regenerating NH4

+ dif-
fer between the regions. In the CRD, NH4

+ production is derived nearly
equally from heterotrophic bacteria, protists, and metazoans (fish + meso-
zooplankton). In the equatorial Pacific, heterotrophic bacteria play a much

Figure 6. Zooplankton prey and growth. (a) Proportion of different food
sources in mesozooplankton diets. (b) Gross growth efficiencies of model
heterotrophs. (c) Trophic levels of mixotrophs and consumers (TL = 1
assumed for autotrophs and TL = 2 for heterotrophic bacteria). Whisker plots
show mean, 50% confidence intervals (boxes) and 95% confidence intervals
(thin lines). For each ecosystem flow or compartment, whisker plots are
shown for Cycles 2–5 (from left to right). HNF = heterotrophic nanoflagel-
lates; MIC = microzooplankton; SMES = small (<1-mm) nonvertically
migrating mesozooplankton; VMSMES = small vertically migrating meso-
zooplankton; LMES = large nonvertically migrating mesozooplankton;
VMLMES = large vertically migrating mesozooplankton; EPIFISH = epipelagic
fish; VMFISH = vertically migrating fish; BAC = bacteria.
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more substantial role in nutrient cycling, accounting for just under half and >50% of NH4
+ production in the

EB and EqPac models, respectively (Figures 7b, 7f, and 7j). The source of DOM supporting bacterial
production also varies substantially between the regions, with zooplankton and fish responsible for >75%
of DOM production in the CRD, while phytoplankton and detritus breakdown play a much greater
proportional role in the equatorial Pacific (Figures 7c, 7g, and 7k).

Despite similar or slightly lower f ratios in the equatorial Pacific, the e ratio (sinking detritus/net primary pro-
ductivity) is substantially greater in the equatorial Pacific studies than in the CRD. This reflects a greater pro-
portional importance of sinking detritus (and mesozooplankton fecal pellets, specifically) to total export in
the equatorial Pacific. In the CRD, gravitational settling of particles (including sinking detritus and fish fecal
pellets) comprise approximately one third of total export, while in both equatorial Pacific studies gravitational
settling contributes greater than one-half of export. The other significant difference between regions is the
substantially more important role of active transport by diel vertically migrating mesozooplankton in the
CRD (32% of export) than in the equatorial Pacific (15% for EB; 10% for EqPac).

4. Discussion
4.1. Food Web Organization and LIEM Considerations

The MCMC approach allows us to quantify explicitly the model output uncertainties arising from two key
sources: model underdeterminacy and uncertainty in input parameters (Kones et al., 2009, 2006). However,
these model values and uncertainty estimates are sensitive to a priori decisions made about model structure
(i.e., what food web compartments should be included and how should they be connected) and about what
inequality constraints should be used. For instance, based on results in Straile (1997) we constrained gross
growth efficiency for all zooplankton groups to 15–40%, although other ranges (e.g., 10–45%) could also have
been defensible. Such modifications can affect the model mean and uncertainty estimates, although MCMC
method solutions are less sensitive to the bounds of the inequality constraints than L2 minimum norm solu-
tions (Stukel et al., 2012). We found that our model was sensitive to the lower limits of excretion chosen for
protists, the upper limits for microzooplankton and bacterial gross growth efficiency, and the lower limits for
zooplankton and fish gross growth efficiency. To test the sensitivity of the model to inequality constraints, we

Figure 7. Comparison of CRD to equatorial Pacific. Bar chart compares model results for total N uptake, mesozooplankton excretion (NH4
+ and DOM), f ratio (new

production/net primary production), and e ratio (sinking detritus export/net primary production) with 95% confidence intervals (a). Pie charts show organisms
responsible for NH4

+ regeneration (b, f, j) and DOM production (c, g, k), mesozooplankton dietary sources (d, h, l), and the processes responsible for export (e, i, m).
Figures 7b–7e are CRD data (combined for all four cycles). Figures 7f–7m show results of equatorial Pacific LIM models assimilating data from the equatorial bio-
complexity cruises (Figures 7f–7i) and the EqPac time series cruises (Figures 7j–7m). CRD = Costa Rica Dome; DOM = dissolved organic matter; BAC = bacteria;
EB = equatorial biocomplexity; EqPac = equatorial Pacific.
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ran a model simulation with gross growth efficiency bounds increased to 10–45%. In this simulation, most
model flows were modified by <4% (the median of the absolute value of percent change was 3.2%). The
largest percentage change of any model flux was a 21.6% increase in the egestion of large, nonvertically
migrating mesozooplankton, although this was still a relatively small change in absolute magnitude of the
flux (from 0.63 to 0.77 mmol N·m�2·day�1). By contrast, the model was relatively insensitive to other
inequalities (e.g., assimilation efficiency). The model is likely also sensitive to the isotopic fractionation
factors for 15N. These values were assumed from prior knowledge (Appendix 2; Altabet, 2001; Altabet &
Francois, 2001; Altabet et al., 1999; Altabet & Small, 1990; Calleja et al., 2013; Checkley & Entzeroth, 1985;
Checkley & Miller, 1989; Cifuentes et al., 1989; De Brabandere et al., 2007; Décima et al., 2017; Gutierrez-
Rodriguez et al., 2014; Hoch et al., 1996; Horrigan et al., 1990; Landry & Décima, 2017; Mayor et al., 2011;
Mino et al., 2016; Möbius, 2013; Montoya et al., 1991; Montoya & McCarthy, 1995; Needoba et al., 2003;
Pennock et al., 1996; Sigman et al., 1999; Steffan et al., 2015; Tamelander et al., 2006; Voss et al.,
1997; Waser et al., 1998; Wu et al., 1997) but are likely variable in situ. Further development of the MCMC
+15N approach to incorporate uncertainties in these parameters may lead to wider uncertainty estimates
on some modeled rates.

Despite these caveats, by combining extensive in situ ecosystem rate measurements with isotopic signature
constraints for key components of the ecosystem, the MCMC+15N approach allowed us to determine robust
estimates of food web structure with associated uncertainties. These uncertainty estimates, however, are still
substantial for many of the food web flows (supporting information Table S1). We thus consider below the
uncertainties associated with two key conclusions from this study: the large role of diel vertical migration
in export flux and the important contribution of detritus to mesozooplankton diets.

Each of our cycle experiments can be considered an independent ecosystem realization—a snapshot captur-
ing one possible configuration of stocks and rates during the evolution of the water parcel sampled. For each

Figure 8. Variability in active transport by diel vertically migratingmesozooplankton (a and c–f) andmesozooplankton detritivory (b and g–j). Probability distribution
functions of zooplankton active transport (Figure 8a) and detritivory (Figure 8b) from the LIEM solution vectors. Vertical dashed lines show one-sided 95% confidence
intervals (lower bounds on the values for each cycle). Lower panels are heat maps of property-property plots for LIEM solution vectors showing relationship
between active transport (c–f) or detritivory (g–j) and other ecosystem rates. Figures 8c–8h have units of mmol N·m�2·day�1. In Figure 8j, y axis is percentage of
ingested nitrogen that is egested as fecal pellets. Figures 8c–8j are for Cycle 4 (which had typical rates of active transport and detritivory) only. All p values
were <<10�4. LIEM = linear inverse ecosystem modeling.
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of these realizations, the MCMC+15N approach also generates tens of thousands of solution vectors that are
consistent with the in situ measurements and a priori knowledge of pelagic ecosystem structure and organis-
mal capability. By querying the variability among these solution vectors, we can gain insight into the likeli-
hood of different food web pathways beyond the mean values reported. A histogram of the percentage
contribution of mesozooplankton active transport to total export shows that active transport was >25% of
total export for Cycles 3–5 (one-sided 95% confidence interval, Figure 8a) and >38% for Cycle 3. For Cycle
3, specifically, the available data suggest that active transport more likely exceeded 50% of total export than
was less than 38% of export. These substantial contributions are derived from (1) the large abundance of ver-
tical migrants, (2) the high efficiency of protistan secondary production in transferring picoplankton C and N
productivity to mesozooplankton, and (3) the ability of the zooplankton community to utilize and recycle
fecal pellets and detritus that would otherwise remove nitrogen as sinking export from the ecosystem.

To further assess the food web constraints that lead to high mesozooplankton active transport, we look at
correlations among food web flows using the independent MCMC solution vectors, focusing on Cycle 4,
which was typical with respect to both active transport and detritivory. We find strong positive correlations
between mesozooplankton active transport and both total export and total NO3 uptake (R = 0.45 and 0.43,
respectively). Negative correlations also occur for most of the other processes responsible for export
(R = �0.30 for mixing; R = �0.087 for sinking particles; and R = �0.041 for fish fecal pellet production), sug-
gesting that migrant-mediated flux is the most likely pathway for the model to export sufficient nitrogen to
balance the measured nitrate uptake. There is, however, a positive correlation between zooplankton active
transport and fish biomass production (R = 0.24), which likely arises as a result of positive correlations
between zooplankton secondary production and both fish production and active transport.

In the model, predation by planktivorous fish is the only loss term for the secondary production of >1-mm
mesozooplankton. This, of course, oversimplifies the complex higher-level food webwith predators including
cetaceans, seabirds, ctenophores, and cnidarians. Furthermore, rapid sinking of uneaten carcasses can be a
significant loss term for mesozooplankton (Elliott et al., 2010; Frangoulis et al., 2011; Smith et al., 2014).
Therefore, the export terms derived frommesozooplankton secondary production (fish fecal pellets, fish bio-
mass production, and active transport by vertically migrating fish) collectively represent the export processes
associated with rare large particles, secondary production, and nitrogen removal by higher trophic levels.

The histogram of percentage detritivory in mesozooplankton diets shows greater uncertainty than for active
transport. Mean percentage contributions of detritivory in mesozooplankton diets are 9%, 33%, 28%, and
21% for Cycles 2–5, respectively. One-sided 95% confidence limits suggest that detritivory accounts for at
least 4%, 27%, 21%, and 13% of mesozooplankton diets for Cycles 2–5. If the model required substantial det-
ritivory to meet mesozooplankton metabolic requirements, we would expect to see strongly negative corre-
lations between zooplankton ingestion of detritus and other food sources. However, the correlation between
detritivory and protistivory is weak (R =�0.23, Figure 8g), and correlations between detritivory and herbivory
or carnivory are positive (R = 0.066 and 0.14, respectively). A much stronger correlation occurs between det-
ritivory and total ingestion rate (0.64, Figure 8h). This suggests that high detritivory in model solutions was
not required to satisfy mesozooplankton consumption demand but served instead to balance high detritus
production. Indeed, we find a strong correlation between mesozooplankton egestion and detritivory
(R = 0.55, Figure 8i), with high detritivory supported despite modest egestion rates (~20% of ingestion,
Figure 8j). Substantial mesozooplankton consumption of fecal pellets is a sensible conclusion, given the high
mesozooplankton abundances and relative paucity of fecal pellet signatures from herbivory in sediment trap
samples (Décima et al., 2016; Stukel, Décima, et al., 2013).

Although few field studies have quantified zooplankton detritivory, our conclusion of its importance is not
unprecedented. Mesozooplankton feeding on detritus, aggregates, and fecal pellets has been detected in
many environments (Dilling & Brzezinski, 2004; Paffenhöfer & Strickland, 1970; Park et al., 2011; Roman,
1984a; Roman & Tenore, 1984; Wilson et al., 2010) and laboratory studies (Dilling et al., 1998; Paffenhöfer &
Strickland, 1970; Roman, 1984b). Although detritus feeding is difficult to detect from gut content analyses,
transmission electron microscopy has identified detritivory as a dominant nutritional mode in benthopelagic
copepods from the coastal northeast Pacific (Gowing & Wishner, 1986). Detritivory has also been identified
through incorporation of 3H-labeled bacteria in surface layers of the Gulf Stream and Sargasso Sea
(Roman, 1984a). Further, in the subtropical and subpolar North Pacific, mesozooplankton fatty acid
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signatures representative of heterotrophic bacteria and picophytoplankton have been detected in mesozoo-
plankton guts and interpreted as evidence of zooplankton feeding on aggregates (Wilson et al., 2010; Wilson
& Steinberg, 2010).

The processes leading to efficient retention of mesozooplankton fecal pellets in the euphotic zone cannot be
determined from this study, but possible hypotheses include a strong density gradient that retards sinking
speeds, low sinking rates resulting from the paucity of biogenic silica ballast (Krause et al., 2016), the relatively
low proportion of taxa (e.g., salps and euphausiids) known to produce rapidly sinking fecal pellets (Décima
et al., 2016), and deep euphotic zone communities specializing in flux feeding. As key players in nitrogen
regeneration pathways in the CRD, mesozooplankton facilitate nitrogen recycling and increase the efficiency
of secondary production and energy transfer to abundant populations of seabirds, cetaceans, and fish (Reilly
& Thayer, 1990; Vilchis et al., 2006).

4.2. New Production, Export, and Mesozooplankton Secondary Production

Mass balance requires that the amount of nitrogen entering the planktonic ecosystem be offset by the
amount of nitrogen exported (Eppley & Peterson, 1979). Although it was originally assumed that sinking par-
ticle flux would balance nitrogen entering the euphotic zone through upwelling of nitrate and N2 fixation,
evidence from multiple ecosystems suggests that other processes must serve as nitrogen export terms. In
the Sargasso Sea, for example, 2 years of nitrate uptake measurements have shown a substantially higher f
ratio (0.08–0.39) than the e ratio measured by sediment traps (0.04–0.06 for the same years, Lipschultz,
2001; Lomas et al., 2013), and net community production (functionally similar to new production) has been
found to exceed 238U:234Th-derived export on average (Estapa et al., 2015). Similarly, JGOFS studies in the
equatorial Pacific and Arabian Sea have pointed to excess new production relative to export (Buesseler
et al., 1995, 1998; McCarthy et al., 1996; Sambrotto, 2001). In the western Antarctic Peninsula, twice weekly
sampling has demonstrated that both nitrate uptake and net community production substantially exceed
export from sediment trap and 238U-234Th disequilibrium measurements when integrated over the phyto-
plankton growing season, and regional cruises have reported similar production-export imbalances
(Ducklow et al., 2018; Stukel et al., 2015). Similar imbalances have also been noted between the flux of sinking
carbon out of the euphotic zone and the carbon demand of mesopelagic communities below (Burd
et al., 2010).

These results imply that other processes beyond gravitational particle sinking are quantitatively important in
removing nitrogen from the euphotic zone. Steinberg et al. (2008) suggested that high migrant-mediated
active transport is necessary to meet the carbon demand of mesopelagic bacteria and zooplankton in the
subtropical and subpolar Pacific. Carlson et al. (1994) determined that DOC transport by vertical mixing
exceeds sinking carbon flux in the Sargasso Sea. Similarly, Levy et al. (2013) used a biogeochemical model
to show that subduction of POCmay be an important export term, and Stukel and Ducklow (2017) found that
vertical mixing of POC could account for 20–50% of the biological pump in the Southern Ocean. Davison et al.
(2013) further concluded that export by myctophid fish comprised >15% of the total export in the California
Current Ecosystem.

Based on the extensive stock and process measurements and stable isotope constraints from our CRD cruise,
our model indicates that sinking particles (including fish fecal pellets) and active transport by diel vertically
migrating mesozooplankton each comprise roughly one third of total export. The remaining export comes
about equally from vertical mixing of POM and DOM and the combined biomass production and active trans-
port of higher trophic levels.

Using conservative assumptions and data from a range of sites, Longhurst et al. (1990) estimated that
migrant-mediated transport is typically 5–20% of carbon flux from sinking particles. Bianchi et al. (2013) esti-
mated that active transport was globally equivalent to 15–40% of sinking particle flux. In regions closer to our
study site, active transport at station ALOHA in the subtropical Pacific is ~20% of sediment trap-measured car-
bon export and ~40% of sediment trap-measured nitrogen export (Hannides et al., 2009), and active trans-
port in the California Current Ecosystem ranges from 1.9 to 40.5% of sinking carbon flux with a greater
contribution in coastal, high-biomass locations (Stukel, Ohman, et al., 2013). In the equatorial Pacific,
Zhang and Dam (1997) gave active transport rates ranging from 31 to 44% of sinking carbon flux, and
Hidaka et al. (2001) estimated that zooplankton migrants accounted for 18–43% of sinking carbon, with
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micronekton contributing an additional 28–55%. Le Borgne and Rodier (1997) found higher proportional
contributions of zooplankton and micronekton in the western equatorial Pacific (40% of sinking nitrogen)
than in the eastern equatorial Pacific (9% of sinking nitrogen). For comparison, our equatorial Pacific models
indicate that zooplankton active transport is responsible for 23% of sinking nitrogen flux (excluding fish fecal
pellets) from EqPac data and 59% from EB data. Based on these comparisons, our estimates of zooplankton-
mediated active fluxes equivalent to passive export in the CRD are on the higher end of previous studies.
They are not unreasonable, however, given that most studies exclude processes like excretion, egestion, or
mortality at depth or migratory complexities (foraging sorties and reverse diel migrations) that would broadly
be folded into our constrainedmodel balances. Furthermore, our study uses nitrogen currency, while the pre-
vious studies were carbon centric, which can lead to slight differences if nitrogen is preferentially reminera-
lized in sinking particles or metabolized differently by zooplankton. In addition, our results also reflect the
somewhat unique ecological conditions of the CRD that lead to high mesozooplankton biomasses coupled
with relatively low export ratios measured by sediment traps.

Across the four cycles, total mesozooplankton community ingestion ranged from 1.5% to 3.0% of total bio-
mass h�1. For comparison, based on the temperature- and allometric-scaling relationships in Hansen et al.
(1997), maximum potential ingestion rates for CRD mesozooplankton might be as high as 12% of total bio-
mass h�1. Mesozooplankton excrete 33–48% of the ingested nitrogen as NH4

+ or DOM, with 27–29% of ver-
tical migrant excretion occurring below the euphotic zone and 15–20% of the excretion of the entire
mesozooplankton community occurring at depth. We find no reason to suspect that these model outputs
are unrealistic and hence conclude that active transport is a particularly important export process in the
CRD. However, large uncertainty estimates (Figure 4) do indicate that the contribution of active transport
may be as low as 15% on Cycle 2 and as high as 55% on Cycle 3. Furthermore, our results do not preclude
the possibility that nonlinear dynamics may lead to increased export due to subduction or sinking particles
at mesoscale and submesoscale features (Omand et al., 2015; Stukel et al., 2017).

5. Conclusions

The central role of mesozooplankton in the biogeochemistry of the CRD is a robust conclusion of our ecosys-
tem inverse model. Despite large biomasses of picophytoplankton, particularly cyanobacteria, and the dom-
inance of protists as grazers on phytoplankton, mesozooplankton are able to meet their metabolic
requirements by obtaining substantial supplementary nutrition through protistivory and detritivory. While
important questions remain regarding the specific processes that promote fecal pellet retention (e.g., slow
sinking rates, high bacterial consumption, and/or widespread zooplankton coprophagy) we find that fecal
pellets are primarily utilized and remineralized within the euphotic zone. As a result, mesozooplankton are
more important to organic recycling in the CRD ecosystem than in the nearby equatorial Pacific or likely most
systems generally. This recycling also contributes to efficient energy transfer to higher trophic levels.
Ingestion of protists, detritus, and phytoplankton in surface layers by diel vertically migrating mesozooplank-
ton also contributes substantially to the biological pump. These results underscore the essential role that zoo-
plankton can play in carbon cycling and trophic processes in open-ocean ecosystems, despite the dominance
of picophytoplankton, and suggest that simple paradigms relating these processes to phytoplankton size
structure need to be reevaluated.
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