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A B S T R A C T

Predicting marine carbon sequestration in a changing climate requires mechanistic understanding of the pro-
cesses controlling sinking particle flux under different climatic conditions. The recent occurrence of a warm
anomaly (2014–2015) followed by an El Niño (2015–2016) in the southern sector of the California Current
System presented an opportunity to analyze changes in the biological carbon pump in response to altered climate
forcing. We compare primary production, mesozooplankton grazing, and carbon export from the euphotic zone
during quasi-Lagrangian experiments conducted in contrasting conditions: two cruises during warm years - one
during the warm anomaly in 2014 and one toward the end of El Niño 2016 – and three cruises during El Niño-
neutral years. Results showed no substantial differences in the relationships between vertical carbon export and
its presumed drivers (primary production, mesozooplankton grazing) between warm and neutral years.
Mesozooplankton fecal pellet enumeration and phaeopigment measurements both showed that fecal pellets were
the dominant contributor to export in productive upwelling regions. In more oligotrophic regions, fluxes were
dominated by amorphous marine snow with negligible pigment content. We found no evidence for a significant
shift in the relationship between mesozooplankton grazing rate and chlorophyll concentration. However, mass-
specific grazing rates were lower at low-to-moderate chlorophyll concentrations during warm years relative to
neutral years. We also detected a significant difference in the relationship between phytoplankton primary
production and photosynthetically active radiation between years: at similar irradiance and nutrient con-
centrations, productivity decreased during the warm events. Whether these changes resulted from species
composition changes remains to be determined. Overall, our results suggest that the processes driving export
remain similar during different climate conditions, but that species compositional changes or other structural
changes require further attention.

1. Introduction

The biological carbon pump (BCP) refers to a suite of biological,
chemical, and physical processes starting with organic matter produc-
tion by phytoplankton and resulting in transport of this organic matter
out of the surface ocean-atmosphere system (Ducklow et al., 2001). The
BCP is responsible for the uptake of 5–13 Pg C yr−1 (Dunne et al., 2005;
Henson et al., 2011; Laws et al., 2011; Siegel et al., 2014), but the
processes responsible for this transport remain poorly quantified. Ver-
tical flux of organic matter can be driven by active transport mediated

by vertically-migrating organisms, passive transport of particulate and
dissolved organic matter during subduction or vertical mixing, or the
gravitational settling of phytodetritus, larger organic aggregates, and
fecal pellets of zooplankton and fish. Prediction of future changes in the
magnitude of the BCP requires understanding the complex processes
responsible for particle creation and transformation. The role of her-
bivorous zooplankton (protists, crustaceans, and gelatinous taxa) may
be particularly important due to their roles in controlling primary
production and autotroph biomass and in producing rapidly-sinking
fecal pellets (Steinberg and Landry, 2017; Turner, 2015; Wilson et al.,
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2008).
The southern California Current Ecosystem (CCE) is a spatially

heterogeneous environment with high productivity in the coastal up-
welling zone, a transition region driven by wind-stress curl upwelling
and lateral inputs from the coastal region, and a more-stratified oligo-
trophic offshore region dominated by picoautotrophs and the microbial
loop (Kahru et al., 2015; Venrick, 2002). Previous results from El Niño-
neutral years have suggested an important role for mesozooplankton in
vertical flux in the CCE. The variability and magnitude of carbon flux
from the euphotic zone was consistent with predicted fecal pellet pro-
duction rates (Stukel et al., 2011). Mesozooplankton fecal pellets were
also the dominant recognizable component of sinking material, al-
though in oligotrophic regions most material was unrecognizable
marine snow (Stukel et al., 2013). Nevertheless, the generalizability of
previous results (derived from three cruises in El Niño-neutral years) to
conditions of strong warm anomalies remains in question, as does the
responsiveness of mesozooplankton-mediated export to a changing
climate.

El Niño-Southern Oscillation (ENSO) is an important driver of eco-
logical variability in the CCE (Rebstock, 2003). El Niño physical im-
pacts on the CCE usually include poleward propagation of tropical
waters into the CCE, reduced upwelling favorable winds, and a dee-
pening of the nitracline that together result in decreased nutrient input
to surface waters (Alexander et al., 2002; Bograd and Lynn, 2001;
Chavez et al., 2002; Frischknecht et al., 2015). This can lead to a
compression of the productive coastal region (Kahru and Mitchell,
2000, 2002) and a likely decrease in the cross-shore lateral transport
that would support the BCP in transition regions. These drivers can also
result in decreased phytoplankton and zooplankton biomass (Chavez
et al., 2002; Chelton et al., 1982; Kahru and Mitchell, 2000) and a shift
in dominant zooplankton taxa (Fisher et al., 2015; Lavaniegos and
Ohman, 2007; Rebstock, 2001).

Despite these predictable El Niño-driven shifts, questions remain
about the mechanistic links between physical drivers and ecological
and biogeochemical impacts (Clarke and Dottori, 2008; Goericke and
Ohman, 2015; Ohman et al., 2013). Are sustained anomalies in ad-
vective transport responsible for the observed taxonomic differences?
Does altered community composition drive changes in biogeochemical
response or is the system-wide outcome simply a linear response to
altered upwelling and nutrient inputs? Prior studies addressing the
impact of ENSO on the biological pump in the CCE have been restricted
to deep-sea moored traps and have shown contrasting results in near-
shore and offshore regions (Shipe et al., 2002; Smith et al., 2006).

Our study specifically addresses whether plankton communities and
the biological pump respond similarly to equivalent physical and bio-
geochemical forcing (e.g., nutrient concentrations) irrespective of the
climatic conditions. Can intra-regional variability within an ecosystem
be utilized to understand inter-annual variability, referred to as a space-
for-time exchange? The anomalous physical conditions encountered in
the CCE from 2014 to 2016 allows us to directly assess this question.
The anomalous conditions began with warming experienced across
much of the Northeast Pacific basin beginning in late 2013 and 2014
(Bond et al., 2015; Di Lorenzo and Mantua, 2016; Wang et al., 2014).
While the causes of this warming are still being debated, the physical
consequences were clear with a substantially deepened nitracline, in-
creased density stratification, and high sea surface temperature
anomalies in our study region (Gentemann et al., 2017; Rudnick et al.,
2017; Zaba and Rudnick, 2016). Subsurface fields in our study region
and along-shore wind patterns suggest that the 2016 warming signal
represented the imprint of a significant El Niño on the previous
2014–2015 warming anomaly (Frischknecht et al., 2017; Jacox et al.,
2016). Regardless of the physical mechanism, conditions experienced
from 2014 to 2016 represented a stark departure from the long-term
mean conditions in the CCE, with depressed thermocline and nitracline,
increased surface temperatures, and strong stratification (McClatchie
et al., 2016).

Here, we utilize a suite of physical, biological, and biogeochemical
measurements made on the P1408 and P1604 cruises of the CCE Long-
Term Ecological Research (LTER) program that occurred during the
anomalously warm periods associated with the northeast Pacific marine
heat wave of 2014–2015 and the 2015–2016 El Niño (Bond et al., 2015;
Jacox et al., 2016). Quasi-Lagrangian experimental designs and ob-
servational measurements made on these cruises are directly compar-
able to similar measurements made in this region during El Niño-neu-
tral years (Stukel et al., 2011, 2012, 2013). We ask if documented shifts
in phytoplankton and zooplankton taxonomic diversity during the
warm anomaly and El Niño altered the fundamental underlying re-
lationships between phytoplankton production, zooplankton grazing,
and carbon flux. We do not suggest that the magnitude of the BCP is
unchanged by such warm conditions (indeed, results from south of our
study region show depression of the BCP during El Niño conditions,
Silverberg et al., 2004). Rather, we test whether or not the functional
response of the BCP to changes in primary production and mesozoo-
plankton activity is unchanged during such warm and El Niño-neutral
periods.

2. Methods

2.1. Experimental design

Results are derived from five research cruises of the CCE-LTER
program with similar experimental designs and sampling regions
(ranging from the Point Conception upwelling center to oligotrophic
regions up to 500 km offshore): P0605 in May 2006, P0704 in April
2007, P0810 in October 2008, P1408 in August 2014, and P1604 in
April 2016 (Fig. 1). During each cruise, sampling plans were designed
around four to six quasi-Lagrangian experiments of 2–5 day duration
(hereafter referred to as “cycles”). During these cycles, homogeneous
water parcels were identified using a Moving Vessel Profiler (Ohman
et al., 2012) and tagged with an experimental array (Landry et al.,
2009). Quasi-Lagrangian sampling allowed us to conduct comprehen-
sive ecosystem measurements of water parcels chosen to be re-
presentative of the coastal upwelling, transition region, and offshore,
more-stratified oligotrophic regions on each cruise. The experimental
array consisted of a Globalstar-equipped surface float, a 3-m long ×1-
m diameter holey sock drogue centered at 15-m depth, and a coated
wire with attachment points for incubating experimental bottles in situ
at depths to 110m. This experimental array served as a moving frame
of reference for vertically-resolved sampling of nutrient concentrations,
phyto- and zooplankton biomass, phytoplankton production, zoo-
plankton grazing, vertical carbon flux, and computation of net rates of
community change in a Lagrangian framework (Landry et al., 2012,
2009). Ecosystem conditions for El Niño-neutral (“neutral year”) cruises
were summarized in Stukel et al. (2015). Results from P1408 and P1604
(“warm year”) cruises are first reported here or in other manuscripts in
this issue.

2.2. Phytoplankton measurements

Chlorophyll a (Chl) and phaeopigment (Phaeo) concentrations were
measured at 8 depths spanning the euphotic zone using the acidifica-
tion method (Strickland and Parsons, 1972). Samples of known volume
were filtered through Whatman GF/F filters, extracted in 90% acetone
at − 20 °C for 24 h, and quantified on a Turner 10-AU fluorometer.
Additional samples for size-fractionated Chl were collected from the
near surface layer (all cycles) and deep chlorophyll maximum (some
cycles in stratified regions) and filtered through GF/F, 1-μm, 3-μm, 8-
μm, and 20-μm filters. The acidification method can be a biased esti-
mator of Phaeo concentrations when Chl b is present (Welschmeyer,
1994). Since Chl b often comprised 10% of the total chlorophyll in our
samples (Goericke, unpublished) our Phaeo measurements should be
considered semi-quantitative measurements that are useful for
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assessing relative ratios of Chl:Phaeo in water column and sediment
trap samples, but are not ideal for quantification of total Phaeo standing
stock.

Primary production (14C-PP) was measured by H14CO3 uptake daily
at 6–8 depths spanning the euphotic zone. Incubations began pre-dawn
and lasted 24 h. From 2006 to 2008 samples were measured in 4-L
polycarbonate bottles that were incubated in situ on the experimental
array and subsampled in triplicate post-incubation. From 2014 to
2016 samples were measured in triplicate 250-mL bottles similarly in-
cubated in situ. Separate 250-mL dark bottles were used as blanks on
each cruise to correct for adsorption or non-photosynthetic 14C uptake.
After incubation, samples were filtered through a GF/F filter, placed in
scintillation cocktail, and counted on a liquid scintillation counter.

Surface photosynthetically active radiation (PAR) was measured
using a 2-π Licor PAR sensor. Photosynthetically active radiation (PAR)
in the water column was measured using a 4-π Licor PAR sensor

mounted on a CTD rosette. The % surface irradiance at our sampling
depths was calculated from in situ PAR and surface PAR. Daily average
PAR at sampling depths was calculated from surface PAR integrated
over the day and % surface irradiance.

2.3. Zooplankton measurements

Mesozooplankton were collected twice daily (late morning and near
midnight) via oblique bongo net tows (target depth of 210m, 0.71-m
diameter net, 202-μm mesh). One bongo sample was preserved for
taxonomic analysis and the other utilized for biomass and gut pigment
measurements. The latter sample was immediately anesthetized with
carbonated water, split on a Folsom splitter, and size-fractionated
through nested meshes (0.2–0.5 mm, 0.5–1.0 mm, 1–2mm,
2–5mm,>5mm). Biomass samples were rinsed with isotonic ammo-
nium formate onto pre-tared filters. Samples were then flash frozen in
liquid nitrogen for analysis ashore.

Gut pigment samples were examined on ice under a stereo micro-
scope to remove phytodetritus. Mesozooplankton were then transferred
into 90% acetone in an ice bath, sonicated with an ultrasonic probe,
and allowed to extract at − 20 °C for 24 h. Samples were then cen-
trifuged and analyzed for Chl and Phaeo by the acidification method.
Grazing rate was determined from the sum of Chl and Phaeo using the
updated temperature-dependent gut turnover rate (k) of Dam and
Peterson (1988) as reported in Bamstedt et al. (2000): k (min−1)
= 0.0124× e0.07675T. T was the temperature at the depth of the Chl
maximum. Dry mass was determined by drying samples at 60 °C for
24 h, then weighing on a microbalance.

2.4. Carbon export measurements

VERTEX-style particle interceptor traps (PIT, Knauer et al., 1979)
were deployed on P0704, P0810, P1408, and P1604 on a separate
drifting array similar to the incubation array. The sediment trap array
supported crosspieces with 8–12 PIT tubes with a 70-mm inner dia-
meter, an 8:1 aspect ratio (height:diameter), and a baffle on top con-
sisting of 13 acrylic tubes with a similar 8:1 aspect ratio and tapered
ends. Tubes were deployed with a poisoned hypersaline solution made
from 0.1-μm filtered sea water amended with 50 g L−1 NaCl and 0.4%
(final concentration) formaldehyde. On all cruises, sediment trap
crosspieces were deployed at a depth of 100m. On P0810 and warm
year cruises, traps were deployed at 100-m and at a depth slightly
below the base of the euphotic zone (estimated before deployment from
fluorescence profiles) if the euphotic depth was shallower than 80-m.
These euphotic zone traps were at a depth of 50m on 0810-1, 0810-4,
and 1604-4; 60m on 0810-3, 0810-5, 0810-6, 1408-1, 1408-2, 1408-3,
and 1604-3; and 70m on 1408-4. All trap deployments were at depths
substantially deeper than the depth of the mixed layer. On warm year
cruises an additional trap array was placed at 150-m depth. Due to a
shark bite and subsequent re-splicing of the sediment trap array line,
depths for cycles 1604-2, 1604-3, and 1604-4 were three meters shal-
lower than normal (97 and 147m). We group these with 100 and 150m
depth samples from other cycles, because remineralization over 3m is
negligible.

After recovery, ambient water that had mixed into the upper layer
of the tubes was removed by gentle suction. Samples were then
homogenized by slow inversion and 50-mL samples were removed for
Chl and Phaeo analyses (analyzed as above for water column samples).
Samples were then further split using a Folsom splitter to generate
samples for organic C and N, 234Th, and microscopic analysis of sedi-
ment trap contents. Samples for C/N were filtered through pre-com-
busted GF/F filters and frozen at − 80 °C, then acidified to remove
inorganic carbon and analyzed by either an elemental analyzer or an
isotope ratio mass spectrometer at the Scripps Institution of
Oceanography. Samples for 234Th were filtered onto pre-combusted
quartz (QMA) filters and analyzed on a RISO beta counter (as explained

Fig. 1. Experimental cycle characteristics – Study region with Lagrangian cycle
drifter locations shown (a) and vertical profiles of nitrate (b, c, d), Chl (e, f, g),
and 14CPP (h, i, j) for cycles conducted in water parcels characterized as nu-
trient-limited (b, e, h), transition region (c, f, i), or coastal upwelling (d, g, j).
Vertical profiles are 5-m exponential moving averages of multiple casts per
cycle. Note different x-axes in each panel.
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below). Samples for microscopic analysis were stored at room tem-
perature prior to analysis. They were then placed in a settling chamber
and the liquid was poured through a 60-μm filter to capture any fecal
pellets that had not sunk to the bottom of the chamber. Samples were
transferred to a gridded petri dish and random grids were analyzed
under a stereomicroscope (Zeiss Discovery V12 for most years and Zeiss
Discovery V20 for P1604). Fecal pellets were not enumerated on the
P1408 cruise. Pellets were categorized into 6 shape categories (ovoid,
cylindrical, spherical, tabular, amorphous, and ellipsoid) and length/
width were determined by image analysis in Image Pro (most years) or
Image J (P1604). Pellet volume was determined from length and width
using appropriate equations for each shape. Volume was converted to
fecal pellet carbon from mean carbon: volume relationships determined
for the CCE (0.125mg C mm−3 for ovoid, spherical and ellipsoid pel-
lets, 0.055mg C mm−3 for cylindrical and amorphous pellets, and
0.029mg C mm−3 for tabular pellets, Stukel et al., 2013).

Samples for water column total 234Th were analyzed using standard
small-volume techniques (Benitez-Nelson et al., 2001; Pike et al.,
2005). Briefly, 4-L samples were taken from a Niskin bottle, im-
mediately acidified to a pH< 2 with HNO3, and spiked with 1-mL of
230Th tracer. After> 4 h, samples were brought to a pH of 8–9 with
NH4OH, and MnCl2 and KMnO4 were added. Samples were shaken
vigorously and allowed to sit for> 8 h, then filtered onto QMA filters.
Filters were mounted into RISO sample holders and counted on a RISO
beta counter (at sea for P1408 and P1604 cruises and at the University
of South Carolina after P0605, P0704, and P0810 as presented in Stukel
et al. (2011, 2013)). More than 6 months later background counts were
determined and samples were dissolved in 8M HNO3/10% H2O2,
spiked with 229Th tracer, and purified by column chromatography with
AG1-X8 resin. Samples were then analyzed by inductively-coupled
plasma mass spectrometry at the Woods Hole Analytical Facility
(P0605, P0704, P0810) or the National High Magnetic Field Laboratory
(P1408, P1604) to determine the 229:230Th ratio and calculate the yield
of 234Th during the initial filtration step. 238U-234Th deficiency was
calculated by estimating 238U from salinity using the relationship of
Owens et al. (2011). 234Th flux was calculated using a simple 1-D steady
state model.

2.5. Statistical analyses

Unless otherwise stated, error bars shown in graphs are the standard
error of replicated measurements. Type II linear regressions with un-
certainty in both variables were calculated according to York et al.
(2004). Uncertainty analysis on all functional relationships (e.g., linear
regressions, photosynthesis-irradiance curves, or grazing-Chl relation-
ships) was conducted using non-parametric boot-strapping techniques
(random sampling with replacement), because data were not normally
distributed. With relationships for which> 50 measurements were
available (e.g., photosynthesis-irradiance) we conducted a standard
bootstrap with> 1000 bootstrap samples. Functions were fit using a
grid search approach that minimized root mean squared error. For re-
lationships with< 50 measurements (e.g., grazing-Chl) we utilized a
modified bootstrapping approach. First, a simulated dataset was cre-
ated from the mean and standard deviation of each data point. Then a
random sample was drawn from this simulated dataset as in standard
bootstrapping. This procedure was iterated to generate> 1000 boot-
strap samples. This approach thus accounts for variable measurement
uncertainty. The 95% confidence intervals (95% C.I.) on relationships
are plotted. Since our goal was to determine whether the functional
relationship was different between warm and neutral year cruises (ra-
ther than to determine the shape of the functional relationship) we
typically assumed a specific shape for the relationship (e.g., Ivlev for
grazing) based on a priori knowledge and tested for variability in the
parameters between cruises. Our chosen functional forms do not imply
that these are the only (or most appropriate) functional forms that
could explain relationships in the data.

3. Results

3.1. Description of water parcels

By design, each cruise sampled a range of water parcels spanning
substantial ecosystem variability (Fig. 1). Across the five cruises, sur-
face Chl concentrations ranged from 0.07 μg Chl L−1 (cycle 1604-4) to
6.6 μg Chl L−1 (cycle 0605-3). Within individual cruises, the range of
variability in surface Chl was 0.10–6.6 μg Chl L−1 for P0605,
0.21–2.4 μg Chl L−1 for P0704, 0.21–1.4 μg Chl L−1 for P0810,
0.08–0.66 μg Chl L−1 for P1408, and 0.07–4.2 μg Chl L−1 for P1604
(Fig. 1e-g). Surface NO3

- showed similarly high variability with
minimum values near the detection limits on all cruises and maximum
values exceeding 4 μmol NO3

- L−1 on all cruises except P1408 (Fig. 1b-
d). The relatively low variability encountered on the P1408 cruise re-
flected a region-wide warming anomaly that compressed the natural
spatial variability across the CCE. During the P1604 cruise, which oc-
curred toward the end of the 2015–2016 El Niño, the productive region
was compressed along the coast, but nevertheless sampled during cycles
1604-3 and 1604-4.

Based on distance from shore and nutrient, temperature, Chl, and
14CPP profiles, we classified the water parcels studied into three broad
classes: Coastal upwelling water parcels had high surface Chl
(> 2.5 mgm−3) and nitrate concentrations (> 1.5mmol m−3) and
high surface 14CPP (> 160mg C m−2 d−1). Transition region water
parcels had low to moderate surface nitrate (0.06–7mmol m−3), mod-
erate surface Chl and 14CPP (0.5–1.5 mgm−3, and 14–84mg Cm−2

d−1, respectively), and relatively shallow nitracline depths. Nutrient-
limited water parcels had low surface nitrate and Chl (< 0.3mmol m−3

and< 0.25mgm−3, respectively), a deep nitracline, and a deep Chl
maximum. Based on these characterizations, we sampled 10 water
parcels that could be characterized as nutrient-limited (0605-2, 0605-5,
0704-2, 0810-2, 0810-6, 1408-3, 1408-4, 1408-5, 1604-1, and 1604-2),
10 water parcels that could be characterized as transition region (0605-
4, 0704-1, 0704-4, 0810-1, 0810-3, 0810-4, 0810-5, 1408-1, 1408-2,
and 1604-3), and 3 water parcels that could be characterized as coastal
upwelling (0605-1, 0605-3, and 1604-4; however we have no carbon
export measurements from 0605-1 or 0605-3). We thus successfully
sampled a broad range of conditions during both neutral and warm
years, but did not sample any coastal upwelling communities during fall
cruises (P0810 and P1408). This is not surprising, as upwelling favor-
able winds in the CCE are most common in the spring and summer.

3.2. Response of primary productivity to nutrients and light

Bulk primary production is dependent on the functional responses of
each taxon in the diverse phytoplankton community to in situ photo-
synthetically active radiation (PAR), the color spectrum of PAR, the
availability of macro- and micronutrients, and the physiological status
of the cells. Nevertheless, broad spatiotemporal patterns in primary
productivity can be predicted from ambient NO3

- and PAR. In both
warm and neutral years, a clear pattern emerges of low primary pro-
duction (typically< 3 μg C L−1 d−1) in low NO3

- water (< 0.2 μmol
L−1). At higher NO3

- concentrations primary production is a strong
function of PAR and ranges from< 0.1 μg C L−1 d−1 at low irradiance
to> 100 μg C L−1 d−1 when light is saturating (Fig. 2a,c). When
normalized to Chl to estimate phytoplankton specific production
(though we note that due to variable C:Chl this is not the same as
biomass-normalized specific production) primary production showed a
strong relationship with light, but no statistically significant response to
NO3

- (Fig. 2b). This implies that nutrient concentration sets the biomass
of the euphotic zone community, while PAR is an important control on
phytoplankton specific growth rates.

To quantitatively compare the growth responses of phytoplankton
between warm and neutral years, we fit the specific production rate and
PAR data to a function of the form: PP/chl = V0m×[1-exp(-α×PAR/
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V0m)]×exp(-β×PAR/V0m). This relationship is widely used in bio-
geochemical models and production-irradiance (PI) studies and as-
sumes that phytoplankton show an initial rapid increase with PAR,
before becoming light saturated and eventually photo-inhibited. V0m is
the Chl-specific maximum growth rate of the phytoplankton, α is the
Chl-specific initial slope of the PI curve, and β is the photoinhibition
coefficient. When using all data, we found a best fit with values of V0m

=64mg C d−1/mg Chl, α=1.0, and β= 0.049 (Fig. 3a). However, we
found statistically significant differences (> 95% confidence, de-
termined by non-parametric bootstrapping analysis) between the re-
lationships for warm and neutral years that reflected a roughly 2–3 fold
higher chl-specific growth rate for phytoplankton during neutral years
relative to warm years at identical PAR. A similar relationship was
found when the data were grouped based on oceanic province (nu-
trient-limited, transition region, or coastal upwelling), with coastal
upwelling water parcels exhibiting higher primary productivity per Chl
than nutrient-limited water parcels at similar PAR (Fig. 3b). The mag-
nitude of the difference was approximately 50% weaker when com-
paring coastal upwelling to nutrient-limited data than when comparing
neutral to warm years.

3.3. Response of mesozooplankton grazing to Chl a

Zooplankton grazing (and fecal pellet production) rates are funda-
mentally functions of zooplankton biomass and prey concentration.
However, the functional form of the relationship of ingestion to prey
concentration will vary based on taxon-specific behavior, particle
capture mechanisms, and dietary preferences. Furthermore, the prey
available to different taxa are highly variable (e.g., appendicularians
can feed on picoplankton that are inaccessible to most crustaceans).
Such taxon-specific differences are potentially relevant, because our
study included mesozooplankton communities variously dominated by
doliolids (1604-3), salps (1408-2), euphausiids (0704-1 and 0704-4),
large calanoid copepods (1604-4), and mixed assemblages of small
crustaceans (most nutrient-limited cycles). Because we cannot quantify
community differences here, we tested the null hypothesis that overall
mesozooplankton grazing showed the same response to changes in Chl
among years.

There was no consistent difference in the relationship between
mesozooplankton biomass (as dry mass) and nanoplankton + micro-
plankton (> 3-μm) Chl averaged across the euphotic zone when com-
paring neutral with warm years (Fig. 4a). Ingestion rates varied with
nanoplankton +microplankton Chl, with a linear regression of log-
transformed data showing no significant differences between warm and
neutral years (Fig. 4b). Grazing rates at some locations during warm
years were low (Fig. 4b), but not unexpected from the lower Chl con-
centrations. One point on cruise P0704 (Cycle 1) departed markedly
from the functional relationship because a dense patch of euphausiids
was sampled there. Mass-specific grazing rates (Fig. 4c) show evidence
of saturation, as reflected by Ivlev fits. Notably, mass-specific grazing
rates in warm years (2014 and 2016) were lower than expected from
the relationship developed during El Nino-neutral years (Fig. 4c), al-
though the 95% uncertainty intervals for the two periods overlapped.

3.4. Spatiotemporal variability of export flux

To assess the accuracy of sediment trap measurements, we com-
pared 234Th flux of particles collected in trap tubes to 234Th fluxes es-
timated from 238U-234Th disequilibrium (Fig. 5). Results showed a good
agreement between sediment trap 234Th flux and 234Th flux estimated
from water column measurements and a one-dimensional steady-state
export model. The median ratio of sediment trap-derived export to
steady-state export was 0.98, suggesting that on average our sediment
traps estimated 2% lower sinking fluxes than the 238U-234Th dis-
equilibrium method. The deployment with the greatest discrepancy
between sediment trap and steady-state model flux was cycle P0810-4
(both depths), which occurred immediately after strong upwelling-fa-
vorable winds commenced, likely introducing 234Th-rich water to the
surface layer and violating the assumptions of our one-dimensional
steady state model (Fig. 5).

Sediment trap-derived carbon flux at 100m depth (available for
P0704, P0810, P1408, and P1604 cruises) showed substantial spatial
variability within each cruise (Fig. 6a). Flux was high in the lone coastal

Fig. 2. Primary Production Response to El Niño – a) Primary production as a
function of nitrate and photosynthetically active radiation (PAR, μEi m−2 s−1).
b) Specific primary production (PP normalized to Chl a) as a function of nitrate
and PAR. c) Nitrate vs primary production (μg C L−1 d−1) with PAR on the
color axis. In (a), (b), and (c) stars are “neutral” years (2006–2008) and circles
are “warm” years (2014 and 2016). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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cycle on which we deployed sediment traps (255 ± 55mg C m−2 d−1),
intermediate in transition region cycles (mean = 119mg C m−2 d−1,
range = 74 – 170), and low in nutrient-limited cycles (mean = 55mg C
m−2 d−1, range = 32–107). The P0704 (23–170mg C m−2 d−1),
P1408 (38–159mg C m−2 d−1), and P1604 (40–255mg C m−2 d−1)
cruises all showed similar ranges in export flux, while the P0810 cruise
had relatively lower variability between cycles (69–149mg C m−2

d−1). Although export flux was measured at only a single depth on
P0704, all other cruises showed moderate attenuation of flux with
depth. Across all cycles with traps deployed at multiple depths, the
median of an exponential relationship expressing export flux attenua-
tion with depth suggested a remineralization constant of 7.1× 10−3

m−1. This suggests a ~ 50% attenuation of carbon flux as sinking
particles penetrate 100m deeper into the ocean.

Regional variability in particle flux was relatively high (intra-cruise
fluxes varied by a factor of 2.2–7.4), but it was slightly lower than re-
gional variability in primary production rates (intra-cruise vertically-
integrated primary production varied by a factor of 3.2–7.5). This
dampened export variability relative to primary production was re-
flected in the functional relationship of export to primary productivity.
A Type II linear regression expressing carbon export in relation to pri-
mary production showed a slope of 0.070 (95% C.I. = 0.03–0.21) and
an intercept of 33.5 (95% C.I. = 1.3–64.3; Fig. 6b). The positive in-
tercept was statistically significant and suggests that even in regions
with negligible primary productivity we should expect measurable
particle flux. For both warm and neutral years, export measurements
exceeded the value predicted by the regression for roughly half the
Lagrangian cycles and were less than the predicted value for the other
half. The slope of the regression determined for warm years (0.068) was
greater than the slope for cold years (0.032), although neither was
statistically significant and the slope for the warm years was strongly
determined by the high value for the coastal upwelling water parcel
sampled during cycle 1604-4.

3.5. Response of gravitational flux to mesozooplankton dynamics

A Type II regression of carbon export in relation to mesozoo-
plankton grazing showed a statistically significant positive slope
(13mg C exported/mg Chl grazed, 95% C.I. = 4–39) and intercept
(32mg C m−2 d−1, 95% C.I. = 10–44; Fig. 6c). This single regression
was a reasonable predictor for measurements from both warm and
neutral years. However, uncertainty was quite high during high grazing
rate periods. Cycle 0704-2, which sampled a dense euphausiid swarm as
noted above, showed only moderate export rates. Conversely, Cycle
1604-4, which had the highest grazing rate in the warm years also had
the highest export rates measured.

The ratio of Chl:Phaeo measured in the sediment traps provides a

measure of the relative contribution of herbivorous fecal pellets and
fresh phytoplankton to sinking flux. The median Chl:Phaeo ratio for
sinking material across all samples was 0.11 (95% C.I. was 0.06–0.15)
and there was no statistically significant difference between warm
(median = 0.08, 95% = 0.03–0.16) and neutral (median = 0.11, 95%
= 0.07–0.18) years (Fig. 7a). These median values are not dissimilar
from Chl:Phaeo ratios measured in copepod fecal pellets (Downs and
Lorenzen, 1985), so we cannot rule out the possibility that Chl in the
traps was transported primarily within fecal pellets rather than un-
grazed sinking phytoplankton. These sediment trap Chl:Phaeo ratios
were also substantially lower than Chl:Phaeo ratios of vertically sus-
pended POM in the euphotic zone, which ranged from 1.0 to 3.6
(median = 2.2, Fig. 7b).

A Type II regression of log-transformed Phaeo flux on log-trans-
formed POC flux suggests a power law relationship: Phaeo Flux
=0.11× (POC Flux)2.0 (Fig. 7c). The exponent had a 95% C.I. of
1.7–2.7. A Type II regression of non-transformed Phaeo flux on POC
flux had a slope of 19 μg Chl a equivalent/mg POC (9.7–32) and a y-
intercept of − 510 μg Chl a equivalents m−2 d−1 (− 1500 to − 200).
Regardless of which relationship more accurately describes the re-
lationship between pigment flux and total POC flux, fecal pellets de-
rived from recent herbivory comprise a greater proportion of export
when POC flux is high and are a negligible component of the sinking
material when flux is< 50mg C m−2 d−1 (the geometric mean of
Phaeo:C flux was 3.8 for all samples with total C flux<50mg C m−2

d−1; for comparison, the geometric mean of Phaeo:C was 20 for sam-
ples with C flux> 150mg Cm−2 d−1).

Microscopic enumeration of recognizable fecal pellets in the sedi-
ment traps showed similar patterns between warm and neutral years
(Fig. 8a). In coastal regions, fecal pellet flux was high and variable
(reaching maximum cycle average values at 100m of 140mg C m−2

d−1 on 0704–1 and 235mg C m−2 d−1 on 1604–4). For both of these
cycles, recognizable fecal pellets comprised> 90% of total C flux
(Fig. 7c and d). In oligotrophic regions, fecal pellet flux was sub-
stantially lower (often< 20mg C m−2 d−1 during oligotrophic cycles
on all cruises) as was the relative contribution of recognizable fecal
pellets to total flux (typically< 30% on oligotrophic cycles). During
both warm and neutral years cylindrical fecal pellets (likely derived
from copepods or euphausiids) were consistently the dominant com-
ponents of fecal pellet flux. Unsurprisingly, Phaeo flux was strongly
correlated with the flux of recognizable fecal pellet carbon into the
sediment traps (Fig. 8b). A Type II linear regression of log-transformed
data returned a slope of 1.0 (95% C.I. = 0.8–1.3), suggesting a linear
relationship for the un-transformed data: Fecal Pellet Flux (mg C m−2

d−1) = 0.018× Phaeo Flux (μg Chl a equiv. m−2 d−1). Although
comprehensive fecal pellet analysis was not conducted for the P1408
cruise, we quantified the large salp pellets that were retained on a 200-

Fig. 3. Functional relationship of phytoplankton production to light. a) Warm vs. neutral years. Functional relationship is: PP/chl =V0m×[1-exp(-αPAR/V0m)]×exp
(-βPAR/V0m). Black line shows the relationship for all data, red and blue lines for warm and neutral years, respectively. b) As in (a) except data are grouped by water
parcel type (nutrient-limited, transition region, coastal upwelling). Error bounds show 95% confidence intervals for the functional relationship (not for prediction of
individual points) as determined by non-parametric bootstrapping uncertainty analysis. Error bounds are not shown for transition region data in (b). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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μm filter. Across all cycles and depths for this cruise (when salp po-
pulations were abnormally high, likely because of an intrusion of sub-
tropical water into the region, M. Ohman, unpubl.) fecal pellet flux
attributable to large salps was 13mg C m−2 d−1 (range = 0–48mg C
m−2 d−1).

4. Discussion

4.1. El Niño impacts on carbon export

Physical and biogeochemical conditions experienced from 2014 to

2016 differed substantially from mean conditions in the CCE, with
depressed thermocline and nitracline, increased surface temperatures,
and strong stratification (McClatchie et al., 2016). Biological con-
sequences of this eastern North Pacific marine heat wave included:
decreased phytoplankton biomass coupled with very low mesozoo-
plankton biomass and high protistan grazing rates off Baja California
(Gómez-Ocampo et al., 2017; Linacre et al., 2017; McClatchie et al.,
2016); altered vertical patterns of ichthyoplankton above the oxygen
minimum zone off southern Mexico (Sánchez-Velasco et al., 2017); the
appearance of unusual North Pacific gyre copepod taxa in coastal wa-
ters off Oregon (Peterson et al., 2017); high abundance of larvaceans
and doliolids and a poleward shift in distribution and altered phenology
of sardine and anchovy larvae in the northern California Current (Auth
et al., 2017; Peterson et al., 2017); and an extensive bloom of the
harmful diatom Pseudo-nitzschia (McCabe et al., 2016; McKibben et al.,
2017). Within our study region, impacts included: substantially de-
creased Chl concentrations (Kahru et al., in this issue); a decrease in
areally-averaged primary production (Kelly et al., in this issue); high
concentrations of the pelagic red crab (Pleuroncodes planipes) in Cali-
fornia coastal waters (McClatchie et al., 2016); an increase in the
abundance of subtropical and offshore mesozooplankton taxa (Lilly and
Ohman, in this issue); and decreased frequency of sea surface Chl and
temperature fronts (Kahru et al., in this issue).

Despite these community shifts at multiple trophic levels, we found
little evidence for changes of functional relationships between the
processes driving the biological pump that could not be explained by
bottom-up nutrient regulation of primary production and mesozoo-
plankton grazing. The magnitude and variability of carbon export was
similar within comparable water types before and during the oceanic
warming event (although the warm event did lead to a decrease in
region-wide export as a result of compression of the high productivity
region, Kelly et al., in this issue). Furthermore, during both warm and
neutral conditions, the recognizable component of sinking material was
primarily mesozooplankton fecal material. This material was re-
cognizable as identifiable fecal pellets and phaeopigment tracers, sug-
gesting that recent herbivory was a dominant source for the fecal pel-
lets. Nevertheless, during both climatic periods there was also evidence
for additional carbon flux likely regulated by relatively slowly sinking
marine snow with no associated pigments.

We found some evidence that during neutral years specific grazing
was higher (at a similar Chl concentration) than during warm years.
However, the relationships were not significantly different at the 95%
level. Furthermore, the decreased specific grazing rates during the
warm period seem to have been compensated for by slightly higher
mesozooplankton biomass at a similar phytoplankton concentration.

Fig. 4. Mesozooplankton grazing and its relation to nano- and microplankton
biomass (average euphotic zone Chl a × fraction Chl a in the> 3-μm size
fraction, mg Chl a m−3, x-axis in all panels). a) Mesozooplankton biomass (g
dry weight m−2) plotted against nano- + microplankton Chl (mg Chl m−3)
with grazing rates (determined by gut pigment methods) shown on the color
axis (mg Chl m−2 d−1). b) Mesozooplankton bulk grazing rates plotted against
nano- + microplankton Chl. Black line is a Type II linear regression:
log10(Grazing) = 0.71× log10(Chl) + 1.0. c) Mesozooplankton specific grazing
rates (mg Chl d−1/g dry weight) plotted against nano- + microplankton Chl.
Solid lines are the fits for Ivlev relationships: Specific Grazing = 1.6× 10−3

× (1-exp(-34×Chl)) during neutral years and Specific Grazing = 6.8× 10−4

× (1-exp(-20×Chl)) during warm years. Uncertainty estimates are standard
deviation (σ) of multiple net tows during a cycle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 5. Sediment trap measured 234Th flux (y-axis) compared to 234Th flux
calculated from water column 238U-234Th deficiency measurements and a one-
dimensional, steady-state model without upwelling. Black line is the 1:1 line.

R.M. Morrow et al. Deep-Sea Research Part I xxx (xxxx) xxx–xxx

7



Hence the response of community grazing to changing Chl concentra-
tions was largely unchanged by the warming. Similarly, Nickels and
Ohman (2018) found that egg production rates of three CCE copepod
species were unaffected by the 2014–15 warming event and 2015–16 El
Niño. However, our grazing measurements made in a euphausiid-
dominated water parcel in April 2007 were a notable outlier from the
grazing-Chl relationship (Fig. 4). Euphausiid community composition is
substantially altered by El Niño (Lavaniegos and Ohman, 2007; Lilly
and Ohman, in this issue; Ohman et al., 2017), suggesting the

possibility that their biogeochemical impacts (e.g., on carbon export)
may also be affected.

The one statistically significant difference between warm and neu-
tral years was decreased specific primary production during the
warming events. 14CPP measurements showed that at similar light le-
vels, primary production was significantly lower during warm years (by
a factor of 2–3). This difference could not be explained by differences in
contemporaneous nutrient concentrations. It is possible that decreased
primary production was caused by decreased abundance of rapidly
growing taxa (especially coastal diatom species) as a result of decreased
upwelling or advection of subtropical taxa into the region. Previous
studies have shown that increased maximum growth rates of diatoms
can explain a similar difference in growth-PAR relationships between
coastal and oligotrophic regions of the CCE (Li et al., 2010). Never-
theless, it remains unclear why coastal taxa with high growth rates
would not have been present in high nutrient water parcels sampled
during the warm events. More evidence is needed to determine whether
this is a consistent pattern between warm and neutral periods and to
ascertain the mechanisms leading to such changes.

4.2. Biological pump responses to ecosystem variability

Prediction of marine carbon sequestration under anthropogenic
climate forcing requires a mechanistic understanding of the ecosystem
relationships driving the biological carbon pump. Prior research has
suggested an important, potentially causal, link between mesozoo-
plankton fecal pellet production and sinking POC in the CCE (Stukel
et al., 2011, 2013). If true, we should expect increased export efficiency
in coastal regions where production by large diatoms and dino-
flagellates is directly available to mesozooplankton grazers (Michaels
and Silver, 1988). Indeed, trophic cycling relationships, built upon as-
sumptions about utilization of small and large phytoplankton by dif-
ferent grazer guilds predict that coastal regions should have high export
ratios (Siegel et al., 2014; Stukel et al., 2015, 2011). This supposition is
not, however, borne out by our data. In fact, if we conduct a Type II
linear regression on log-transformed data to determine a power law
relationship between export and primary production we find an ex-
ponent that is less than one (statistically significant at the 95% C.I.).

A Type II linear regression on log-transformed export and meso-
zooplankton grazing determined an exponent that was less than one
(although this exponent was only less than 1.0 at the 92% C.I.), in-
dicating that export increases more slowly than grazing. This result
was, however, strongly driven by the very high grazing rates en-
countered during the euphausiid swarm on cycle 0704-1. This cycle
thus deserves additional attention. The euphotic zone was relatively
shallow in this water parcel (1% light level was at ~ 40m) and primary
production was maximal at the surface with moderate primary pro-
duction (1215mg C m−2 d−1) and export (144mg C m−2 d−1) at
100m depth (the only depth that sediment traps were deployed during
that cruise). However, Jackson and Checkley (2011) used a laser optical
plankton counter mounted on an autonomously profiling float to esti-
mate particle flux attenuation with depth during this cycle and found
substantial remineralization beneath the euphotic zone. They estimated
that flux decreased by a factor of ~ 40 between the particle flux
maximum at 30–40m and our sediment trap at 100m. It is thus possible
that export flux at the base of the euphotic zone was very high on this
cycle and that abnormally high flux attenuation was responsible for the
moderate flux measured at 100m. Whether this flux attenuation could
be linked to the euphausiid swarms and their potential disruption of
fecal pellets and marine snow during rapid swimming is a matter of
speculation.

Restricting ourselves only to the measurements that we have made
consistently at 100m depth on all cruises, it is interesting that the re-
gressions (on non-log transformed data) for the relationships between
export-primary productivity and export-grazing both show a positive y-
intercept of ~ 30mg C m−2 d−1 (Fig. 6). This suggests that in the

Fig. 6. Export measurements. a) Sediment trap flux measured on each cruise at
up to three depths. ‘Shallow’ traps were placed just below the base of the eu-
photic zone when the euphotic zone was shallower than 80m. Within a cruise,
cycles are organized in order of increasing surface Chl. Cycles are labeled as
nutrient-limited (NL), transition region (T), or coastal upwelling (C). b) Carbon
flux as a function of 14C primary productivity. Sediment trap results are plotted
for all cruises except P0605 when sediment traps were not deployed and hence
234Th-based carbon export measurements are plotted instead. Black line is a
Type II linear regression: Export = 0.070× PP +33.4. c) Carbon flux as a
function of mesozooplankton grazing (measured by the gut pigment method).
Black line is a Type II linear regression: Export = 14.4× grazing + 31.5. Gray
shaded areas show 95% C.I. on regressions.
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absence of contemporaneous primary productivity or grazing, we
should expect continued measurable POC export. A regression of Phaeo
flux against carbon flux suggested that at a similar export rate (speci-
fically, 27mg C m−2 d−1) we should expect no contribution of
phaeopigments (or Chl a) in the sediment traps. Taken together, this
evidence suggests that sinking flux in the CCE is likely comprised of two
distinct particle classes: 1) one component that contributes a relatively
constant ~ 30mg C m−2 d−1 to carbon flux and is likely comprised of
slowly sinking particles with no measurable pigment content, and 2)
another component that includes particles recently generated by

processes in the overlying water column and is comprised primarily of
fecal pellets. This possible dichotomy simultaneously explains the
dominance of Phaeo over Chl in the sediment traps, the increasing re-
lative contribution of Phaeo when carbon flux is high, and the concave-
downward shape of functional relationships between carbon export and
either primary production or mesozooplankton grazing. Nevertheless,
there are likely other processes affecting carbon export in the CCE that
have not been addressed in this study, including mineral ballasting of
sinking material by Si-dense, Fe-stressed diatoms (Brzezinski et al.,
2015), potential non-linear dynamics in frontal regions (Krause et al.,

Fig. 7. Pigment flux measured in sediment traps. a) Chl a flux plotted against phaeopigment flux. Solid gray line depicts a constant Chl:Phaeo ratio of 0.11 (median of
ratios for all samples). Dashed black line is Type II regression: log10(Chl) = 1.16× log10(Phaeo) – 1.27. *All tubes from P1604-3 measured no Chl, but substantial
Phaeo. They were excluded from the regression. b) Ratio of vertically integrated Chl a to vertically integrated Phaeo in the euphotic zone (x-axis) and ratio of Chl a to
Phaeo in sinking material. Dotted line is 1:1 line. Note that sinking material was substantially enriched in Phaeo relative to suspended material in the water column.
c) Phaeopigment flux plotted against particulate organic carbon flux. Type II regression line is: log10(Phaeo) = 2.0× log10(Carbon) – 0.96. In all panels, units of
phaeophigment flux are μg Chl a equivalent m−2 d−1.

Fig. 8. Flux of recognizable fecal pellets into sediment traps. a) Pellet flux for each Lagrangian cycle and depth categorized by pellet shape (typically two replicates
per cycle and depth). b) Fecal pellet flux plotted against Phaeo flux. Type II linear regression is: log10(FP Flux) = 1.0× log10(Phaeo Flux) – 1.7. c) Fecal pellet flux
plotted against carbon flux. Type II linear regression is: log10(FP Flux) = 3.1× log10(C Flux) – 5.3. d) The relative contribution of fecal pellets to total carbon flux
plotted against total carbon flux. Type II linear regression is: FP/Total = 4.6× 10−3 × C Flux – 0.25.
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2015; Stukel et al., 2017), and lateral advection of particles from the
upwelling region to the oligotrophic region (Kelly et al., in this issue;
Plattner et al., 2005).

5. Conclusions

We assessed the constancy of functional relationships (i.e., photo-
synthesis vs. irradiance, mesozooplankton grazing vs. chlorophyll, ex-
port fluxes vs. primary production or mesozooplankton grazing, carbon
fluxes vs. fecal pellet fluxes or pigment fluxes) between neutral condi-
tions in the California Current Ecosystem and the warm conditions of
2014–2016 (Warm Anomaly and El Niño). Overall, results showed
strong similarities between years, with relatively few changes in the
functional relationships between key variables controlling the biolo-
gical carbon pump. When productivity was high, export was driven by
the production and sinking of mesozooplankton fecal pellets as evi-
denced by the prevalence of recognizable fecal pellets in micro-
scopically-sorted material and the dominance of phaeopigments re-
lative to Chl. However, in oligotrophic regions export was dominated
by material whose source could not be identified microscopically or by
pigments. Instead, it seems likely that there is a background flux of
slowly-sinking, degraded particles that dominates the signal in offshore
regions in both warm and neutral years. We similarly found no sig-
nificant differences in the response of mesozooplankton grazing to Chl
concentrations in neutral and warm conditions, although it is possible
that high variability in grazing rates may mask the importance of
compositional shifts between years. In contrast to export and grazing,
primary productivity was depressed during warm years relative to
neutral years at similar nutrient concentrations. Whether this resulted
from a shift toward subtropical species that were advected into the
region as a result of the warm anomaly in 2014 and ensuing El Niño, or
simply reflects selection for fast-growing species when upwelling is
high during neutral years, deserves further attention.
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