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Abstract To quantify the balance between new production and vertical nitrogen export of sinking particles,
we measured nitrate uptake, net nitrate drawdown, ΔO2/Ar-based net community production, sediment trap
flux, and 234Th export at a coastal site near Palmer Station, Antarctica, during the phytoplankton growing
season from October 2012 to March 2013. We also measured nitrate uptake and 234Th export throughout the
northern western Antarctic Peninsula (WAP) region on a cruise in January 2013. We used a nonsteady state
234Th equation with temporally varying upwelling rates and an irradiance-based phytoplankton production
model to correct our export and new production estimates in the complex coastal site near Palmer Station.
Results unequivocally showed that nitrate uptake and net community production were significantly greater
than the sinking particle export on region-wide spatial scales and season-long temporal scales. At our coastal
site, new production (105±17.4mgNm�2 d�1, mean± standard error) was 5.3 times greater than vertical
nitrogen export (20.4± 2.4mgNm�2 d�1). On the January cruise in the northern WAP, new production (47.9
± 14.4mgNm�2 d�1) was 2.4 times greater than export (19.9± 1.4mgNm�2 d�1). Much of this imbalance
can be attributed to diffusive losses of particulate nitrogen from the surface ocean due to diapycnal mixing,
indicative of a “leaky” WAP ecosystem. If these diffusive losses are common in other systems where new
production exceeds export, it may be necessary to revise current estimates of the ocean’s biological pump.

1. Introduction

The balance of new and export production has been a structuring principle in marine biogeochemistry since
the seminal work of Eppley and Peterson [1979]. When integrated over sufficiently large spatial and long
temporal scales, mass balance requires that new production (primary production supported by exogenous
sources of N, primarily upwelled NO3

� in polar regions) be balanced by N losses. However, the assumption
that total export is dominated by the vertical flux of sinking particles into the ocean’s interior does not neces-
sarily follow. Paired measurements of new production and particle export are relatively uncommon and
suffer from methodological issues associated with sediment traps [Baker et al., 1988; Buesseler et al., 2007],
which have historically been the most commonly used method for quantifying vertical flux. The imbalance
that is typically measured in these studies is often ascribed to temporal or spatial decoupling of new and
export production, or to hydrodynamic biases of the deployed traps [Baker et al., 1988; Buesseler et al.,
2007]. The difficulty of undertaking long-term studies across large regions with multiple complementary
methods has thus far prevented investigators from testing rigorously the fundamental assumption of
balanced new and export production that shapes our understanding of carbon and nitrogen cycles.

Continental margins play a disproportionately important role in C and N fluxes [Hedges, 1992; Ducklow and
McCallister, 2004], yet these fluxes are difficult to assess due to large temporal variability, sharp spatial gradi-
ents, and complex flow regimes. High-latitude continental margins exhibit particularly strong seasonal cycles,
which interact with interannual variations and longer-term forcing. The biogeochemical state of coastal and
shelf regions of Antarctica remains particularly poorly understood due to remote location and sampling dif-
ficulties imposed by sea ice [Ducklow et al., 2007]. The marine ecosystem of the western Antarctic Peninsula
(WAP) extends for 1300 km along the coast and from a rocky, glaciated shore across the continental shelf and

STUKEL ET AL. IMBALANCE OF NEW AND EXPORT PRODUCTION 1400

PUBLICATIONS
Global Biogeochemical Cycles

RESEARCH ARTICLE
10.1002/2015GB005211

Key Points:
• NO3 uptake, O2:Ar NCP, sediment trap,
and

234
Th export were measured for

5 months
• New production exceeded export over
season-long and region-wide scales

• Vertical mixing of PN to depth may be
equal to or greater than sinking flux

Correspondence to:
M. R. Stukel,
mstukel@fsu.edu

Citation:
Stukel, M. R., E. Asher, N. Couto,
O. Schofield, S. Strebel, P. Tortell, and
H. W. Ducklow (2015), The imbalance of
new and export production in the
western Antarctic Peninsula, a potentially
“leaky” ecosystem, Global Biogeochem.
Cycles, 29, 1400–1420, doi:10.1002/
2015GB005211.

Received 9 JUN 2015
Accepted 8 AUG 2015
Accepted article online 12 AUG 2015
Published online 20 SEP 2015

©2015. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9224
http://dx.doi.org/10.1002/2015GB005211
http://dx.doi.org/10.1002/2015GB005211


into deep water (Figure 1). This heterogeneous region is one of the fastest warming areas on Earth, with a 7°C
winter temperature increase since 1950 [Ducklow et al., 2013], that has been accompanied by latitudinally
variable changes in phytoplankton concentrations [Montes-Hugo et al., 2009]. The WAP ecosystem is charac-
terized by high surface nitrate concentrations, strong seasonal diatom blooms, and a dominant role for large
krill and salps [Ducklow et al., 2007; Steinberg et al., 2012; Ducklow et al., 2013]—all of which would typically
point to an efficient biological pump [Michaels and Silver, 1988; Ducklow et al., 2001]. Indeed, high net com-
munity production (NCP) has been measured throughout the WAP using geochemical tracers [Huang et al.,
2010]. However, a multidecade time series of moored sediment traps on the continental shelf in the WAP
has measured relatively low rates of particle export [Ducklow et al., 2008]. 234Th results have suggested that
the moored trap may be undercollecting by a factor of 20 [Buesseler et al., 2010], calling into question the use
of these traps as a quantitative measure of carbon flux.

Since the initial Eppley and Peterson [1979] hypothesis about the balance between new and export produc-
tion, new techniques have become available for assessing these quantities. O2:Ar ratios can be used to deter-
mine net community production (NCP, which should be functionally similar to new production) because O2

and Ar behave similarly with respect to air-sea transfer properties [Craig and Hayward, 1987; Reuer et al.,
2007]. Thus, changes in the ratio must be due to net biological production or utilization of O2.

234Th:238U
disequilibrium can be used to measure particle export since 238U remains dissolved in the surface ocean,
while its first long-lived daughter particle, 234Th (half-life 24 days), is removed from the upper water column
by adsorption onto sinking particles [Waples et al., 2006]. By combining these newer measurement techni-
ques with traditional measurement tools (15NO3

� uptake, net nitrate drawdown, sediment traps) during a
five monthlong austral summer season at Palmer Station in the WAP, we have been able to follow seasonal
patterns of new and export production. Additional region-wide sampling in January 2013 enabled us to
extrapolate our measurements across a broader spatial area.

2. Methods
2.1. Oceanographic Sampling Near Palmer Station

Temperature, salinity, and chlorophyll a (Chl a) fluorescence were determined twice weekly with a SBE 19+
Seabird conductivity-temperature-depth (CTD) at two sampling sites (Stations B and E; Figure 1) near Palmer
Station (64.815°S,64.041°W) from late October 2012 until early April 2013. Chlorophyll awas measured at seven
depths from the surface to 65m using the fluorometric method with an acidification step to account for phaeo-
pigments [Strickland and Parsons, 1972]. Particulate organic carbon and nitrogen (POC, PN) samples were col-
lected at the same depths as Chl a at Station E and filtered onto precombusted GF/F filters prior to analysis
on a CHN analyzer. 14C primary production (24 h incubations) was measured twice weekly at 5 fixed depths

Figure 1. (a) The bathymetry of our study region within the broader context of the western Antarctic Peninsula. The black points are offshore stations sampled on the
January cruises. The yellow bulls-eyes are the stations sampled for 234Th on the January 2012 LTER cruise. The white box shows the Anvers Island region, which is
shown in greater detail in (b). (c) Our primary sampling location at Station E as well as our ancillary sampling site (Station B) and the seawater intake for Palmer Station
(SWI). The white box in Figure 1b shows the Palmer Station region, which is highlighted in Figure 1c. Note the different color axes used for depth in each plot.
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(0, 5, 10, 20, and 65m) following established Palmer Long Term Ecological Research (LTER) protocols [Smith et al.,
2001]. Light spectral characteristics and photosynthetically active radiation (PAR) were measured from late
October through early January using a Satlantic HyperOCR hyperspectral radiometer attached to a free-falling
MicroPro Ocean Profiler and surface light meter. O2:Ar ratios were also measured continuously from the near-
shore seawater intake at Palmer Station using a membrane inlet mass spectrometer. Changes in this ratio are
indicative of the net balance between respiration and photosynthesis, because Ar behaves similarly to O2 with
respect to physical changes in saturation state, but is not utilized by plankton. We thus used a mass balance
approach to estimate NCP from temporal deviations in O2:Ar (see Tortell et al. [2014] for additional details).

2.2. Sediment Trap

We used a moored version of Vertical Transport and Exchange Study-style sediment traps to estimate particle
export from the upper 50m. The trap array consisted of four acrylic particle-interceptor trap (PIT) tubes
(60-cm height, 7-cm internal diameter) with a baffle composed of 13 smaller tubes with tapered ends, on a
PVC cross-piece [Knauer et al., 1979; Stukel et al., 2013]. The trap was located at 50m depth in ~170m deep
water near Station E during the ice-free season or at 50m depth in ~80m deep water at Station B at the
beginning and end of the season when ice conditions did not allow deployment at Station E. The trap array
included a surface float line above the trap, a 12 kg chain immediately below the trap, and a 22 kg anchor.
Prior to deployment, PIT tubes were filled with 2.0 L of a saltwater slurry made from 0.1μm Acro-pak filtered
seawater amended with an additional 40 g L�1 NaCl and borate-buffered formaldehyde (final concentration
0.4%). Trap deployments during the middle of the season were of roughly 1week duration, with the trap
redeployed immediately following recovery. At the beginning and end of the season, when brash ice
increased the risk of losing the trap, deployments were shortened to a period of 2–4 days and the trap array
was removed from the water between deployments.

After recovery, overlying lower density water that had beenmixed into the PIT tubes was immediately removed
by gentle suction on the zodiac sampling platform. In the laboratory, the remaining material was filtered
through a 200μmmesh. The filtrate was filtered through a precombusted quartz (QMA) filter, which was then
beta counted (see below) to determine 234Th concentration prior to combustion for C and N. The material on
the 200μm filter was inspected under a Leica MZ 7.5 stereomicroscope to allow removal of mesozooplankton
swimmers. The remainder of the>200μm sample was then washed off the 200μmmesh and filtered through
a precombusted QMA filter for C:N:234Th analyses of the large size-fraction of sinking material.

2.3. Water Column 234Th Sampling

Samples were collected approximately weekly at Station E to characterize 234Th distributions in the water col-
umn. 3–4 liter samples (exact volume determined gravimetrically on land) for total 234Th were collected in
Go-Flo bottles from eight depths (0, 5, 10, 20, 35, 50, 65, and 100m). After returning to Palmer Station, sam-
ples were weighed and acidified to a pH of <2 with HNO3. A tracer addition of 230Th (either 0.5 or 1.0mL of
4.6 pCimL�1 230Th) was immediately added, and samples were mixed vigorously. Typically, 2–3 h passed
between sample collection and acidification in the laboratory. Samples were allowed to equilibrate for
4–9 h, and the pH was then raised to 8–9 with NH4OH addition. One hundred microliters each of KMnO4

(7.5 g L�1) and MnCl2 (33 g L�1) were added, and samples were mixed and allowed to sit for ~12 h as Th
coprecipitated with manganese oxide. Samples were then vacuum filtered at high vacuum onto QMA filters,
dried at 50°C, and mounted in RISO sample holders. Samples were counted on a low-level beta GM multi-
counter (DTU RISØ National Laboratory, Roskilde, Denmark) at Palmer Station for a period of 12 to 24h to
determine initial radioactivity (detector efficiencies, calculated separately for each position, varied from
0.39 to 0.41). After>6 half-lives, they were again counted on the beta counter to determine background beta
emissions. Samples were then dissolved in 8M HNO3/10% H2O2, spiked with a gravimetric addition of 229Th,
and sonicated for 20min. They were then sent to the Woods Hole Oceanographic Institution Analytical
Facility (Woods Hole, MA) for inductively coupled plasma–mass spectrometric analysis of the 229:230Th ratio
[Benitez-Nelson et al., 2001; Pike et al., 2005]. Average yield was 90.6% for samples collected at Palmer
Station and 90.2% for samples collected on the January cruise.

2.4. 15NO3 Uptake

Samples were collected in Go-Flo bottles from five depths at Station E (0, 5, 10, 20, and 65m) and immediately
transferred gently with silicon tubing into 1.2 L polycarbonate bottles shaded at light levels of 100%, 50%,
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25%, 10%, and 0% surface irradiance (as for the 14C primary production measurements). Screening was
representative of in situ light levels through most of the season, but during the height of the bloom
(late November to early December) light levels experienced in situ were likely significantly less at 5–20m
than those experienced within the bottles. Upon return to Palmer Station, samples were spiked with
15NO3

� to a final concentration of 1μM 15NO3
� early in the season or 0.5μM 15NO3

� later in the season
when NO3

� concentrations were presumed to have decreased. Samples were then incubated for 24 h in
outdoor flow-through incubators. After incubation, samples were filtered through precombusted GF/F
filters and frozen at �80°C. Samples were analyzed on a mass spectrometer at the University of
California, Davis Analytical Facility [Dugdale and Wilkerson, 1986].

2.5. Spatiotemporal Interpolation

To smooth and interpolate our unevenly sampled data fields from Station E, we began by computing two-
dimensional (depth-time) empirical semivariograms (a semivariogram is a plot of the spatiotemporal autocor-
relation between sampling points). Since the distinct temporal patterns of the Antarctic growth season
(bloom in November–December, lower biomass before and after) combined with our ~5months of measure-
ments would lead to a peak in the semivariogram at intermediate time differentials, we truncated the empiri-
cal semivariogram at a time differential of 1month. Anisotropic semivariogram models were then calculated
with a spherical model (using equivalent isotropic lag to account for different ranges in time and depth) and a
nugget defined to be equal to the mean squared measurement uncertainty for the respective data field. We
then used ordinary kriging techniques [Krige, 1951; Isaaks and Sarivasta, 1989; Stein, 1999] to compute
gridded (1 day × 1m) property estimates and uncertainties for water column 234Th concentration, NO3

�,
PN, Chl a, CTD fluorescence, density, and light attenuation coefficient.

2.6. Primary Production and Nitrate Uptake Model

For practical reasons, sampled depths were incubated at fixed light levels for both H14CO3
� and 15NO3

�

uptake throughout the season despite substantial variability in the depth of the euphotic zone. To account
for the change in light level, as well as daily variability in surface irradiance, we modeled primary production
based on theMoline et al.’s [1998] equation: PP= Pmax ×Chl × tanh(PAR/Ik). We determined Pmax and Ik from our
H14CO3

� uptake incubations, combined with contemporaneous Chl a measurements and PAR determined by
multiplying 24h averages of Palmer Station surface PAR by our incubation light percentages (we assumed that
“dark” bottles were actually incubated at ~1% light level). Under the assumption that the phytoplankton
community composition evolved in time throughout the season, we computed Ik and Pmax with a 2week
exponential moving average and used Monte Carlo error analysis to determine uncertainty for these
parameters. To model nitrate uptake, we first computed empirical f ratios from paired 15NO3

� uptake
and 14C-PP measurements (f =UpNO3/UpHCO3 × 6.625molC:molN, truncated to a maximum f ratio of 1).
We found no relationship between f ratio and either depth or nitrate concentration, likely because phyto-
plankton were not nitrate-limited. We therefore assumed that the f ratio was determined primarily by protistan
community dynamics and hence calculated a temporally varying model f ratio as a production-weighted 2week
exponential moving average derived from our measurements. The modeled f ratio was then multiplied by
our modeled primary production to model nitrate uptake.

To determine light levels for November and December, we utilized light absorption coefficients calculated over
5m bins with the in situ hyperspectral radiometer. Because these data were not available for January through
March, we computed a Type II (geometric mean) regression of light absorption coefficient on Chl a fluores-
cence: Abs= 0.050 (±0.003) + 0.036 (±0.002) × Fluor (N=397, r2 = 0.185). Relative in situ light levels (% surface
irradiance) were calculated by integrating the downward light absorption using the gridded absorption coeffi-
cient field. These relative values were multiplied by surface irradiance levels (measured continuously from the
Palmer Station weather sensors) to determine in situ PAR throughout the season. Gridded chlorophyll estimates
(created using kriging techniques as explained above) were then combined with in situ light levels and the
temporally varying Pmax, Ik, and f ratio values for the community to estimate primary and new production.

2.7. Uncertainty Analysis

To determine the uncertainty in derived parameters (e.g., 234Th export and nitrate uptake), we began with the
gridded uncertainties in each measured standing stock as determined by kriging statistical analyses (above).
We then followed standard propagation of error rules to determine uncertainty in derived parameters. For
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example, to determine 234Th export with a nonsteady state (without upwelling) model, we began by deter-
mining uncertainty in vertically integrated 234Th for the surface 50m:

σVI234Th ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX50

depth¼0
σ234Th2

r
(1)

where σVI234Th is the uncertainty in vertically integrated 234Th and σ234Th is the kriging-derived uncertainty in
234Th at any specific depth. We then independently computed the uncertainty for the steady state (SS) and
nonsteady state (NSS) terms of the 234Th budget (for more details on these terms see our results section
(equations (5)–(10)):

σSS ¼ λ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σVI234Th2 þ σVI238U2

p
(2)

where σVI238U is the vertically integrated uncertainty in 238U (determined from the relationship in Owens
et al. [2011]) and σNSS is derived from the uncertainty in rates of change of vertically integrated 234Th. Note
that σNSS is inversely related to the time span being considered, and hence, the NSS term has high
uncertainty when determining the amount of export over a 1 day or few day periods, but considerably less
uncertainty when determining the amount of export for a 2week period (and adds almost no uncertainty
to the total 234Th budget when determining the amount of export occurring over a seasonal time scale).
Note that since we have used the kriging method (which determines a linear unbiased prediction of 234Th
values) to interpolate 234Th measurements from multiple profiles we chose to use the approach of Buesseler
et al. [2005] rather than the alternative approach of calculating a single SS +NSS term (equations (4) and (5)
of Savoye et al. [2006]), which would be more appropriate if determining average export between two
sampling points. We then determine the full uncertainty of the nonsteady state (without upwelling) 234Th
equation as

σexport ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σSS2 þ σNSS2

p
(3)

(note that when considering a longer time period than a day, the uncertainty must be propagated through
several different days of σSS).

Calculation of parameters for modeled primary production and nitrate uptake (Pmax, Ik, and f) used measure-
ments collected frommultiple sampling points. Therefore, derived values for any one of these parameters are
highly correlated on short time scales. Since the covariance term in typical propagation of error measure-
ments can thus not be assumed to be zero (and cannot simply be calculated as it varies significantly based
on the spatiotemporal density of sampling points), we used a Monte Carlo approach (sampling with replace-
ment) to determine uncertainty estimates associated with modeled primary production and nitrate uptake.
Unless otherwise stated, all uncertainty estimates given in this manuscript are ±standard error (thus giving
our uncertainty in the mean of the estimate).

2.8. Ship-Based Estimates of Regional Nitrate Uptake and 234Th Export

On the January 2013 Palmer LTER cruise aboard ARSV Laurence M Gould, we collected samples for 234Th
(typically eight depths per profile in addition to a 2000m sample taken, when possible, for calibration), 14C
primary production (typically five depths), and NO3

� uptake (typically three depths, ~100%, 33%, and 10%
surface irradiation) at 13 stations along the WAP (Figure 1) using methods described above. 234Th export
was calculated using a one-dimensional steady state equation [Savoye et al., 2006] and vertically inte-
grated to the depth of the deepest primary productivity sample (nominally 0.5% light level, average
56m). 234Th fluxes were converted to N fluxes by multiplying by the N:234Th ratio of particles collected
in 50m sediment traps at Station E . In principle, this approach may lead to a slight bias in N flux since
the N:234Th ratio can vary (particularly with depth). In practice, however, we found that the sinking flux
near Palmer Station showed little seasonal variation in the N:234Th ratio despite large changes in
community composition and particulate standing stock. Since we were limited to three NO3

� incubation
depths, we computed an equivalent vertically integrated f ratio by comparing paired NO3

� uptake and
primary production experiments and multiplying this f ratio by the full water column integrated primary
production to estimate vertically integrated NO3

� uptake. This approach may yield slight underestimates
if higher NO3

� concentrations at depth and slower turnover rates lead to a higher f-ratio below the 10%
light level.
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3. Results
3.1. 2012–2013 Field Season Characteristics

The field season for this study extended from 31
October to 25 March (a total of 145days). Prior
to our first measurements, sea ice filled the
region, preventing sampling and likely severely
restricting phytoplankton growth. When the ice
retreated (driven by offshore winds), surface NO3

�

concentrations were high (25–30 μmol L�1),
phytoplankton biomass was low (Chl a concen-
trations were between 1.5 and 2μg L�1) and
the mixed layer depth (MLD, defined as Δσt of
0.12 kgm�3) was 17m (Figure 2). Surface sea-
water density decreased throughout the season
due to a combination of surface warming and
introduction of freshwater through ice melt
and precipitation, leading to increased stratifica-
tion. A strong diatom bloom (peak Chl a concen-
trations >20μg L�1) at Stations E and B formed
in late November following a lowwind, high irra-
diance period. The bloom drew surface NO3

�

concentrations down to ~10μmol L�1 and led
to the accumulation of significant PN standing
stocks (>8μmolNL�1). The bloom was short-
lived at Station E, however, ending abruptly in
early December. The bloom lasted roughly
9days longer at Station B but also suffered a
rapid decline. Following, the bloom crash, nutri-
ents returned to values >20μmol L�1, probably
as a result of upwelling or mixing events in late
December. However, despite abundant sunlight
and nutrients (Figure 3), phytoplankton con-
centrations remained low through the end of
January, with a community dominated by cryp-
tophytes [Young et al., 2014]. In mid-February a
secondary phytoplankton bloom (mixed diatoms
and Phaeocystis) formed more gradually over
the upper 10m of the water column and lasted
until mid-March, reaching peak concentrations
of 4–5μg L�1 (Figure 2d).

3.2. Phytoplankton Production and
NO3

� Uptake
14C primary production (14C-PP) and nitrate
uptake measurements largely followed the
course of the phytoplankton bloom, with both
variables peaking in late November and attain-
ing maximum values of 439mgCm�3 d�1 and
85mgNm�3 d�1 (Figure 4). The f ratios were
near 1 during the bloom, indicating that the phy-
toplankton community was growing almost
entirely on NO3

�. Following the bloom crash,
14C-PP and NO3 uptake remained low through

Figure 2. (a) Density (kgm�3 greater than 1000). Black lines
are isopycnals. White line is the mixed layer depth using the
Δσt> 0.125 kgm�3 criterion. (b–d) Nitrate, particulate nitrogen,
and chlorophyll a concentrations, respectively. All interpolations
were done by ordinary kriging as described in the methods.
White dots show sampling dates and depths. (e) Daily averaged
wind speed (blue) and direction (red) measured at Outcast Island
(near Station E).
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most of December and January. In early February
and into March, phytoplankton biomass, 14C-PP,
and NO3 uptake increased slowly, in conjunction
with the secondary late summer bloom. During
the late summer bloom, modeled weekly f ratios
ranged from 0.22 to 0.37 and were significantly
lower than f ratios during the main spring bloom
(modeled weekly f ratios of 0.64–0.76), suggest-
ing that phytoplankton were only deriving
approximately one quarter to one third of their
N from NO3

� later in the season.

To account for the fact that light absorption
changed significantly during the season (with
the 1% light level shoaling to less than 20m at
the peak of the bloom; Figure 3), we estimated
primary production (PPmodel) and nitrate uptake
(NPmodel) using the models:

PPmodel ¼ Pmax� tanh PAR=Ikð Þ and NPmodel ¼ f�PPmodel:

Our irradiance-corrected model primary and new production largely agreed with our incubation measure-
ments, from which the model parameters were derived, indicating relatively minor bias introduced by the
choice of light levels (Figure 5). However, during the main spring bloom, and to a lesser extent the smaller late
summer bloom, the light-correctedmodel predicted less production than themeasurements, because the sam-
ples were actually incubated at higher irradiance than the in situ communities experienced. PPmodel reached a
peak of 4405mgCm�2 d�1 in late November, a low peak of 180mgCm�2 d�1 in late December, and averaged
2015mgCm�2 d�1 through the late summer bloom from early February to mid-March. Throughout our mea-
surement season, PPmodel averaged 1491±176mgCm�2 d�1 and NPmodel averaged 105±17mgNm�2 d�1,

which would equate to an f ratio of 0.40± 0.08
if we assumed Redfield 106:16 C:N molar ratio
for phytoplankton. For the first portion of the
growth season, we compared NPmodel to new
production rates that would be calculated
from NO3

� drawdown. When calculated
from the beginning of our measurements until
November 29 (the date ofmaximumNO3

� draw-
down), NO3

� measured drawdown was 5278
±340mgNm�2 (mean 182mgNm�2 d�1;
Figures 5g and 5h) compared to NPmodel of
6398±1554mgNm�2 (mean 221mgNm�2d�1).
Thus, our modeled estimates of NP were within
21% of the values derived from NO3

� deficit
calculations.

3.3. Sediment Trap Export

Compared to nitrate uptake, sediment trap
fluxes showed relatively low temporal variabil-
ity (coefficient of variation was 0.33 for sedi-
ment traps compared to 0.86 for NPmodel) in
both the small- and large-size particle fractions
(Figure 6). Total N flux varied from 7.2 to
24.6mgNm�2 d�1, although it is important to
note that the sediment trap was not deployed
at Station E when the bloom crashed. The

Figure 3. (a) The percent surface irradiance reaching depths
throughout the season. White lines show the 50%, 25%, 10%,
and 1% light levels. (b) Surface irradiance.

Figure 4. Phytoplankton productionmeasurements. (a) 14C primary
productivity measurements at Station E. (b) 15N nitrate uptake
measurements. Samples were incubated for 24 h at 100%, 50%,
25%, 10%, and 0% light levels for depths 0, 5, 10, 20, and 65m,
respectively. Note the different color scales in Figures 4a and 4b.
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Figure 5. Phytoplankton productivity models. (a) Two-week exponentially weighted moving averages of Pmax and Ik derived from irradiance, chl, and 14C-PP measure-
ments (fitting the equation: PP = Pmax × Chl × tanh(PAR/Ik) ). (b) Our estimates of in situ primary production derived from the model with these parameters. (c and d) A
comparison of vertically integrated (to 65m) model PP (dark blue line is mean; light blue areas show ±SD) with vertically integrated measured PP (red bars) from
incubationswithout light level corrections. The y axes in Figures 5c and 5d are scaled differently to highlight the high productivity (Figure 5c) and lowproductivity (Figure 5d)
periods. (e–h) Equivalent to Figures 5a–5d but for nitrate uptake using the model: NP= f× PP. Figure 5e shows the f ratio, Figure 5 shows the modeled nitrate uptake,
and Figures 5g and 5h show vertically integrated measured nitrate uptake. In Figures 5g and 5h, the dashed yellow line shows nitrate drawdown calculated as the
negative rate of change of vertically integrated [NO3

�] from the beginning of the season until the point of lowest nitrate concentration (29 November).

Figure 6. Nitrogen fluxes into the sediment traps moored at Station B (November and March deployments) and Station E
(December–February deployments). Bar plots show vertical flux of N into the traps. Duration of trap deployment is indicated
by the width of the bar. Solid gray area is the flux of >200 μm particles (primarily krill fecal pellets), and hashed bars are
the flux of <200μm particles. For the first two deployments particles were not size fractionated. Dashed line is the N:234Th
ratio of particles collected in the trap. Solid line is the C:N ratio (mol:mol).
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fraction of >200μm particles in the sediment
trap (comprised almost entirely of recognizable
krill fecal pellets) varied from 0 to 64%, high-
lighting the variable importance of fecal pellets
to sediment trap flux. The C:N ratio of trap
material increased over the course of the sea-
son, from a low of 6.9mol:mol to a high of
12.1mol:mol. By contrast, the N:Th ratio showed
a less consistent seasonal trend, with relatively
lower ratios during periods of higher biomass.
The mean N:234Th ratio for the season was
24.2 (±9.3 standard deviation) μgNdpm�1.

3.4. 234Th Export

Throughout the field season, water column 234Th
activity was typically measured weekly, with a
22day gap from 21 January to 12 February dur-
ing the cruise. At the beginning of the season
(2 November), 234Th concentrations in the upper
20m were near equilibrium with 238U (which
remained near 2.4 dpmL�1 throughout the sea-
son), with deficiencies of between 0 and
0.3dpmL�1. While 234Th concentrations below
50m remained near equilibrium with 238U
throughout the season, surface 234Th concentra-

tions decreased steadily in early November and then rapidly following the crash of the bloom at the end of
November (Figure 7). Surface water 234Th concentrations remained low throughout January, although with
some variability possibly related to upwelling of high 234Th concentration water from depth. During late
February andMarch the 234Th concentrations in surfacewaters began to increase, although as of our latest sam-
pling date (25 March), 234Th had not returned to equilibrium with 238U, and deficiencies in the upper 20m
remained in the range of 0.1 to 0.5 dpmL�1. A full budget for water column 234Th activity can be written as

∂234Th
∂t

¼ 238U�234Th
� �

λ234 � E þ Vvertical þ V lateral (4)

where 234Th and 238U are the vertically integrated (to 50m for consistency with all other vertically integrated
measurements in this manuscript) activities of the respective isotopes, λ234 is the decay constant for

234Th, E
is the export of 234Th on sinking particles, and Vvertical and Vlateral are the net advective plus diffusive inputs of
234Th to the study region (Figure 8). This equation can be solved for export:

E¼234ThProductionþ NSSterm þ NetAdvectiveDiffusive (5)

to show that total 234Th export is the sum of a component representing the net production of 234Th from
238U, a nonsteady state (NSS) term, and the net vertical and horizontal thorium inputs, where

234ThProduction ¼ 238U�234Th
� �

λ234 (6)

NSSterm ¼ �∂234Th
∂t

(7)

NetAdvectiveDiffusive ¼ Vvertical þ V lateral (8)

Typically, it is assumed that 234Th is at steady state, with minimal advective and diffusive inputs, and hence,
export can be solved from the deficiency of 234Th from 238U. However, our time series clearly indicates that
234Th concentrations were not at steady state. We must thus calculate ∂234Th/∂t from our 234Th profiles
(Figure 7). If we then assume that vertical and horizontal advective inputs are minimal, we can solve for
export using a NSS equation with no advection or diffusion (Figure 9b):

E ¼ 238U�234Th
� �

λ234 � ∂234Th
∂t

(9)

Figure 7. 234Th activity (decays min�1 L�1) during the seasonal
cycle at Station E as a function of depth from November through
March. Interpolation was done by ordinary kriging. White dots
show sampling dates and depths. Lower plot is vertically integrated
(to 50 m) 234Th deficiency (dpmm�2 d�1 × 1000).
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Multiplying the estimated 234Th export from equation (9) by the mean N:234Th ratio from the sediment traps
(24.2μgNdpm�1) yields the 234Th-based sinking N export for comparison with sediment traps. While there is
a significant amount of error in this calculation due to our high temporal resolution 234Th sampling, it is
important to note that this error term refers to the export at any one given day. When integrated over the
seasonal cycle, the NSS error term disappears almost entirely, as does most of the effect of the NSS term, since
234Th concentrations at the end of the season were only slightly less than 234Th concentrations at the begin-
ning of the season. Averaging over the full field season yields an estimate of 10.5 ± 1.2mgNm�2 d�1, which
compares favorably with the magnitude of flux into our sediment traps (mean 14.9mgNm�2 d�1, standard
deviation 5.9mgNm�2 d�1). However, it is important to note that this estimate neglects any advective inputs
(or losses) of 234Th. Upwelling in particular may be important, given the apparent upwelling event that may
have introduced NO3

�-rich Upper Circumpolar Deep Water onto the shelf near Palmer Station at the end of
the spring phytoplankton bloom [Tortell et al., 2014].

To estimate the input of 234Th by upwelling, we used a NO3
� mass balance approach for the upper 50m to

estimate temporally varying upwelling rates (Figure 8):

∂NO3 tð Þ
∂t

¼ �∫
50

z¼0
NPmodel tð Þdzþ∫

50

z¼0
Upwelling tð Þ� ∂NO3

∂z
dz (10)

where NPmodel is our modeled NO3
� uptake (see phytoplankton production section above) and ∂NO3/∂z

was calculated as the vertical gradient over the upper 50m. We then used this upwelling rate and the
vertical gradient of 234Th (both vertical gradients determined by linear regression of measurements made
in the upper 50m) to estimate the vertical advective input and solve a full NSS with advection equation to
determine 234Th export:

E tð Þ ¼ 238U tð Þ�234Th tð Þ� �
λ234 � ∂234Th tð Þ

∂t
þ ∫

50

z¼0
Upwelling tð Þ� ∂234Th tð Þ

∂z
dz (11)

By solving for this equation, we find that Vvertical (the upwelling term) is a significant term in the 234Th budget
at Station E. 234Th export calculated with the NSS equation and correction for upwelling (Figure 9c and
equation (7)) is 1.9 times greater than with the NSS equation alone (Figure 9d and equation (9)), leading to a

Figure 8. (a) Schematic diagram showing the related budgets of NO3
� and 234Th, assuming that NO3

� is only introduced
to the surface ocean by upwelling. (b–d) Season-average vertical profiles of density, NO3

�, and 234Th (though note that
when calculating fluxes season-average profiles were never used, we always used temporally varying profiles as found in
Figures 2 and 7). NO3

� and 234Th mass balance equations are written out below. Note that shallow water nitrification is
written in red as we assume that it is negligible in our initial budgets (but see our discussion).
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mean export estimate of 20.4±2.4mgNm�2 d�1

during the period from 2 November to 26
March. It is important to note that the large error
bars in Figure 9c are associated with our uncer-
tainty in estimating export on any given day,
due to the large uncertainties inherent to esti-
mating short temporal scale changes in 234Th.
If we instead use the same equation to estimate
the 2week mean 234Th export around any given
time, we find that our uncertainty shrinks con-
siderably and we can derive a more accurate
depiction of the temporal pattern of export at
Station E (Figure 9d). We find that export peaked
at a rate of 39.7 ± 3.4mgNm�2 d�1 during a
2week period centered around 4 December
at the end of the bloom. However, there were
also sizable export events in early January and
mid-February.

The overall magnitude of fluxes estimated by
234Th with the NSS and upwelling terms (equa-
tion (11)) and the sediment trap was relatively
similar (using point-to-point matchups, the
234Th-based approach yielded a median 1.4X
greater flux). However, the 234Th-based approach
suggested significantly greater temporal varia-
bility than the sediment trap-based estimate
(Figure 9e). Using a type II linear regression, the
correlation coefficient between the sediment
traps and 234Th was 0.29, although it increased
to 0.70 if we exclude data from the first sediment
trap deployment, which occurred during a 2day
period when heavy sea ice drifted through the
study region and actually dragged the trap
mooring several hundred feet. The 234Th-based
approach also has a significant advantage in that
it gives us continuous coverage of the study
region, while sea conditions at times prevented
us from deploying the sediment trap.

3.5. Comparison of New, Net Community,
and Export Production

In addition to the two methods of determining
new production (NO3

� uptake and net NO3
�

drawdown) and two methods of determining
sinking particle flux (234Th and sediment traps)
at Station E, we also measured O2:Ar ratios
at the seawater intake near Palmer Station
([Tortell et al., 2014, Figure 4] converted to N
units assuming a Redfied ratio of 106:16 C:N
and multiplied by the mixed layer depth) as a
measure of net community production (NCP).
NCP, the balance between photosynthesis and
respiration, should be functionally similar to

Figure 9. 234Th export during the seasonal cycle at Station E. The
export calculated with (a) a simple steady state equation, (b) a
nonsteady state (NSS) equation, and (c) a NSS equation with
upwelling. In each plot, left y axis is the calculated export of 234Th
and right y axis is the nitrogen export (assuming a constant N:234Th
ratio throughout the season). The shaded area in each plot shows
the uncertainty of the estimate. In Figure 9b, blue dashed line
shows the steady state estimate and in Figure 9c, the red dashed
line shows the NSS estimate without upwelling. (D) Plot shows
export calculated for a NSS equation with upwelling as in Figure 9c
but shows 2week averaged export around any given date (green
line), which significantly decreases the error associated with
changes in properties in time. Red bars show the sediment trap
export. We show only the N flux on this graph to avoid confusion
since the N:234Th collected in the traps varied. (e) Plot, same as
Figure 9d but now showing flux in 234Th units so that collection
efficiency of the traps can be directly compared. (f) The 2week
average upwelling computed to determine the export estimates in
panels D & E. Note that this upwelling term is calculated under the
assumption that upwelling is the only process transporting nitrate
and 234Th into the surface ocean from depth.
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new production, and we find good agreement between NCP and new production magnitudes during the
peak of the bloom (Figure 10a). The longer bloom duration suggested by O2/Ar-based NCP relative to new
production likely reflects the different temporal dynamics of the sampling locations for these two variables.
Whereas O2/Ar ratios were measured in the seawater supply at Palmer Station, NO3

� uptake was measured at
Station E, 4 km offshore. Comparison of the seasonal time series for these locations shows that the phyto-
plankton bloom lasted significantly longer near the seawater intake than at Station E. This result could explain
the fact that O2/Ar-derived NCP remained high for a longer period than new production derived from NO3

�

uptake measurements. During the second bloom (smaller bloom) later in the season, we saw no similar
increase in NCP and the O2:Ar ratio method suggested a balance of respiration and photosynthesis or per-
haps even slight net heterotrophy. This could be due to heterotrophic consumption of dissolved organic mat-
ter produced earlier in the season, but is more likely to be a methodological underestimate driven by the
physical introduction (whether upwelling, vertical mixing, or tidal mixing) of lower O2 water that we could
not account for with our measurements. In contrast to the relatively close agreements between nitrate draw-
down, nitrate uptake, and O2/Ar-derived NCP, both estimates of export (sediment trap and 234Th) were sub-
stantially lower than new production during the spring and fall blooms (Figure 10a).

Figure 10. Comparison of new production, net community production, and export near Palmer Station. (a) O2/Ar net com-
munity production (blue) at the seawater intake, nitrate uptake (dark green with light green error bars) at Station E, nitrate
drawdown (yellow dashed line) at Station E, nitrogen export determined by 234Th (orange) at Station E, and nitrogen
export determined by sediment trap (red bars) at Stations B and E. NCP was calculated from O2:Ar ratios measured at the
Palmer Station seawater intake and converted from O2 to N units by assuming Redfield stoichiometry. (b) Cumulative
export integrated over four distinct periods during our field season (prebloom, bloom, low biomass period, and fall bloom).
Red line shows export calculated by 234Th. Brown area plot shows the net increase in PN between any given time point and
the beginning of the respective period. Green dashed line shows cumulative nitrate uptake. All rates are integrated to a
constant 50m depth horizon, except NCP which is integrated over the mixed layer.
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A strict in situ balance of new and export production (defined in this context as sinking particulate nitrogen
flux only, but see discussion) would suggest that over the course of a bloom cumulative new production will
be balanced by the sum of the net increase in PN (since the beginning of the bloom) and export (Figure 10b).
We have divided the season into four distinct periods: (1) prebloom (1–18 November) was characterized by a
brief spike in new production that rapidly crashed; (2) spring bloom period (19 November to 18 December,
which includes postcrash export) saw the highest PN increase, which accounted for almost all new pro-
duction from the beginning of the bloom until its peak; (3) low biomass period (19 December to 9
January) that had decreased levels of new production, biomass, and export; and (4) fall bloom (10 January
to 24 March) that sustained moderate levels of new production for >2months with a slow buildup of PN.
Despite the significant seasonal variability, each phase of the growth season showed a strong surplus of
new production relative to export (Figure 10b). Over the course of the season, NO3

� uptake was a factor of
5.3 greater than thorium-based N export.

3.6. Basin-Wide 234Th and NO3
� Uptake

During early January, f ratios throughout the northern WAP region offshore of Palmer Station were low
(mean= 0.14, median = 0.10, range = 0.02–0.43). Nitrate uptake was significantly lower than the mean at
Station E, except in one coastal station where vertically integrated rates reached 258mgNm�2 d�1.
Despite these low f ratios, NO3

� uptake still substantially exceeded 234Th-based export (calculated with a
one-dimensional steady state assumption) for the region (Figure 11). Region-wide NO3

� uptake averaged
47.9 ± 14.4mgNm-2 d�1 compared to a region-wide mean export (for the same stations) of 19.9
± 1.4mgNm�2 d�1 (range 14.7–25.4). Production exceeded export at 8 of 12 stations. At one coastal site
where export exceeded production, export was relatively moderate (25mgNm�2 d�1), but the f ratio was
exceedingly low (0.02) despite high NO3

� concentrations, leading us to wonder if there was a problem with
the nitrate uptake incubations at this station. Nevertheless, it is clear that new production substantially
exceeded export in the wider study region, as it did near Palmer Station.

4. Discussion

Over 80% of the new production at Palmer Station could not be accounted for by our export measurements.
Even if we assume that some production is laterally exported from the coastal region to the shelf as in other
coastal upwelling regions [Olivieri and Chavez, 2000; Plattner et al., 2005; Stukel et al., 2011], the fact remains
that regional export was only 42% of new production across the WAP grid of stations during the January
cruise. The cruise corresponded with a seasonal low in local primary production at Palmer Station, indicating
that the imbalance may have been even greater earlier in the season. In this discussion we will focus first on
the potential for methodological biases that introduce uncertainty into our production and export estimates.
We will then discuss several potential losses of N (to higher trophic levels, migration, DON accumulation, and
vertical mixing) from the ecosystem.

Figure 11. Ship-based estimates of new and export production in the northern WAP in early Jan 2013. (a) Nitrate uptake
(note the extremely high value of 258 mg Nm�2 d�1 at a coastal site). (b) Export rates (derived from 234Th disequili-
briumwith a steady state assumption). (c) The imbalance of new and export production (note the point of 244mgNm�2 d�1

at a coastal site, which was greater than our color axis).
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4.1. The Imbalance of New and Export
Production: Is It a Methodological Bias?

The use of the 15NO3
� uptake method to esti-

mate new production rests on the assumption
that NO3

� is not recycled in the ecosystem,
but instead is supplied only by upwelling and
vertical mixing, with nitrification occurring
beneath the euphotic zone [Dugdale and
Goering, 1967]. This simplifying assumption was
based on the belief that nitrification was inhib-
ited by light [Olson, 1981; Ward et al., 1982], but
shallow water nitrification has since been found
to be a common, and at times potentially domi-
nant, source of nitrate to stratified, oligotrophic
ecosystems [Yool et al., 2007]. Figure 12 shows
the relative impact of reasonable average eupho-
tic zone nitrification rates on our estimates of
new production and export (note that the export
term is also influenced because shallow nitrifica-

tion decreases the calculated upwelling; Figure 8 and equations (11) and (12)). Given the cold temperatures
and highNO3

� concentrations in surface waters in theWAP, it seems unlikely that nitrification is supplyingmuch
of the nitrate inventory. Indeed, investigations of nitrate isotopes in the Ross Sea suggested that shallow water
nitrification rates were less than 6% of nitrate uptake rates [DiFiore et al., 2009]. We can also address the potential
importance of mixed layer nitrification, by examining NO3

� dynamics during the spring bloom period. During
late November nitrate uptake was entirely consistent with nitrate drawdown, PN biomass increase, and net com-
munity production (Figure 10). Following the bloom, PN decreased rapidly (time scale ~1week) and surface
nitrate concentrations rebounded from <10mmolm�3 to >20mmolm�3 over the course of a month, despite
continued nitrate uptake. Even if the continued nitrate uptake were neglected, this would equate to a nitrifica-
tion rate on the order of 0.5μmol L�1 d�1, which is more than an order ofmagnitude higher than typical eupho-
tic zone nitrification rates. Nevertheless, for the late summer bloom period, when O2:Ar measured NCP remained
low and nitrate concentrations remained high, shallow water nitrification remains a potential (though unlikely)
alternative to the more likely explanation of persistent vertical inputs of nitrate-rich and oxygen-poor water.

Another potential error source comes from our use of a model to account for our constant light level incuba-
tions despite a significant change in in situ light levels. It is important to note first that our model led to a sub-
stantially reduced estimate of new production (i.e., helping to close the imbalance) relative to our raw
measurements. Furthermore, the model parameter values that we derived for Pmax and Ik agreed well with
the region-wide means independently estimated by Moline et al. [1998]. Again, the agreement between
our modeled nitrate uptake and both PN accumulation and nitrate drawdown during the strong spring
bloom lends further credence to our estimate of new production, at least during this period. New production
during this 2week bloom was greater than total export during the entire 5month season.

As with new production, there is uncertainty added into our estimate of export by the use of our nonsteady
state with upwelling model of 234Th cycling. But as with new production, the application of the model serves
to narrow the gap between new and export production (by increasing export estimates) relative to a simpler
(steady state, no vertical inputs of 234Th) interpretation of the in situ data. We note that alternativemodels could
have led to even higher export. For example, an estimate of increased upwelling rates would have led to cor-
respondingly increased 234Th fluxes, but that would have been inconsistent with the water column NO3

� bud-
get. An alternative coastal upwellingmodel could be used in which upwelling is restricted to regions inshore of
Station E thus leading to horizontal advection of water from the coast toward Station E. However, monthly mea-
surements at Station B consistently showed slightly lower 234Th concentrations than at Station E, suggesting
that offshore advection would actually lead to slightly lower export estimates, exacerbating the imbalance.
Furthermore, there was a relatively good agreement between the sediment traps and 234Th export, and the
corroboration of two independent measurements of export gives us some confidence in our results.

Figure 12. The impact of shallow water nitrification rates (x axis
is logarithmic) on our estimates of new production and vertical
nitrogen flux. Vertical dashed lines are mean nitrification at the
55% light level in the African Upwelling region [Clark et al., 2008],
maximum ammonium oxidation rates in the Sargasso Sea [Newell
et al., 2013], mean nitrification at the 55% light level in the
oligotrophic Atlantic [Clark et al., 2008], and mean ammonium
oxidation rates in the Subarctic Pacific [Grundle et al., 2013].
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Another potential methodological uncertainty would arise if our estimate of the N:234Th ratio was not repre-
sentative of the particles being exported. N:234Th (or C:234Th) ratios can vary significantly with season, loca-
tion, depth, and ecosystem state [Buesseler et al., 2006; Passow et al., 2006]. We have chosen to utilize a single
N:234Th ratio for the entire season, because we observed no significant trend over the course of the season.
However, it is important to note that N:234Th ratios were actually lower than average during the high export
period of the spring bloom (Figure 6). Application of a temporally varying N:234Th ratio would have led to a
slight decrease in calculated N flux (using temporally varying N:Th ratios, seasonally averaged gravitational flux
would be 16.3± 1.2, compared to 20.4± 2.4mgNd�1 with a constant N:Th ratio), acting to further increase the
discrepancy between new production and vertical fluxes. Our average C:234Th ratio (177μgCdpm�1) also fell
on the slightly high end of the values measured by Owens [2013] on two cruises in the WAP. However, it is
important to note that mesozooplankton in other regions have beenmeasured to have very high C:234Th ratios
(Stukel et al., in review), which means that export mediated by any trophic levels feeding upon them will be
essentially invisible to 234Th-based methods. Since our sediment traps (with baffle openings of ~1.25 cm) were
likely to have a sampling bias against the carcasses ofmesozooplankton or fecal pellets of organisms feeding on
them, it is important to consider export mediated by higher trophic levels as unmeasured by our methodology.
Potential export mediated by higher trophic levels will be addressed in the following section.

4.2. The Imbalance of New and Export Production: Ecosystem Considerations

The assumption that vertical flux of sinking particles is responsible for all N export from the ecosystem is, of
course, an oversimplification. Several other ecosystem processes could contribute to a net flux of N from the
surface waters of the coastal WAP including: diel vertical migration and lateral migrations of mesozooplankton,
trophic transfer to higher trophic levels (HTL), export to land by seabirds and seals, and passive transport of
dissolved organic matter. While these mechanisms were not directly addressed during our study, we can
estimate the potential magnitudes of these fluxes.

Transport to HTL (fish, seals, and seabirds) can result in the production of large fecal pellets that sink in the sea
(but are “invisible” to 234Th and our sediment traps as explained above), biomass accumulation, or a net
export of material to the land. The WAP is a productive ecosystem, with abundant large sea life. However,
in coastal regions most fluxes to HTL are mediated by trophic links through krill. Thus, by estimating krill
production we can put an upper limit on HTL production. While it is difficult to measure secondary
production in situ, we can derive an indirect estimate of krill grazing rates. Euphausia superba (the dominant
krill in the region) produces rapidly sinking fecal pellets which were readily observable as essentially the sole
component of the>200μm size fraction in our sediment traps. High sinking rates and low remineralization of
WAP fecal pellets suggest that fecal pellet production is quantitatively linked to vertical flux; thus, our
measurement that >200μm particles comprised 50% of sinking material collected in our sediment traps
(which were relatively efficient collectors of sinking material as determined by our 234Th measurements)
gives an estimate of mesozooplankton egestion near Palmer station of ~10mgNm�2 d�1.

GrazingKrill ¼
Egestion

EE
¼ FecalPelletFlux

EE
: (12)

Mesozooplankton egestion efficiencies (EE, equals one minus assimilation efficiency) are typically in the
range of 30% [Conover, 1966; Cowie and Hedges, 1996], although average Euphausia superba EE may be closer
to 20% [Kato et al., 1982].

BiomassProductionKrill ¼ GrazingKrill�GGE ¼ FecalPelletFlux� GGE
EE

(13)

Since gross growth efficiencies (GGE) typically have similar values as EE (typical metazoan zooplankton have a
GGE slightly less than 30% [Straile, 1997]), total production by krill (and hence total material available to HTL)
is unlikely to significantly exceed vertical flux of fecal pellets (~10mgNm�2 d�1). Thus, the sum total of all
HTL-mediated export (certainly less than the amount HTL consume) is not large enough to close the apparent
imbalance between new and export production (85 ± 17.6mgNm�2 d�1). While this analysis neglects flow of
energy through nonkrill pathways (e.g., copepods to fish), copepod-mediated pathways likely involve more
trophic steps (with significant energy loss) prior to reaching HTL and are hence less likely to contribute
substantially to HTL-mediated export.
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Diel vertical migration (DVM) of mesozooplankton was originally considered to be an important pathway for
carbon export only in oligotrophic, open ocean regions [Steinberg et al., 2000; Hannides et al., 2009], although
it has also been found to be a substantial carbon flux in coastal regions [Stukel et al., 2013]. Nevertheless, the
contribution of DVMmay be marginal in summer in the WAP where day-night differences in insolation are sig-
nificantly less than in low-latitude regions. Krill may also transport nitrogen laterally by feeding near the coast
and migrating offshore—behavior that may be enhanced in the Palmer region by tidally influenced variability
[Bernard and Steinberg, 2013]. However, the bulk transport by vertical and lateral migration is unlikely to be sub-
stantial for the same reasons that krill secondary production and transfer to HTL cannot close the imbalance.

Dissolved organic matter (DOM) export is an export vector not captured by sediment traps or the 234Th
method. However, measurements of DOM in the WAP and other Southern Ocean ecosystems have not
shown a significant seasonal buildup in DOM and have suggested that most production is shunted through
particulate rather than dissolved pathways [Carlson et al., 1998; Hansell and Carlson, 2002], with the implica-
tion that DOM export is a relatively minor export term in the WAP.

4.3. The Imbalance of New and Export Production: Vertical Mixing and a “Leaky” Ecosystem

In considering the input of NO3
� necessary to sustain phytoplankton growth and close the dissolved nutrient

budget, we considered NO3
� input as a purely advective (upwelling) process. However, over the course of the

season, surface density decreased (due to warming and freshening) without showing evidence of sustained
upwelling and sustained upwelling favorable winds were not observed (Figure 2e; though note the brief
period in mid-December with upwelling favorable winds). Diapycnal mixing is another process that can poten-
tially introduce NO3

� and 234Th to surface waters, while simultaneously removing PN and DON out of the
surface layer. Mixing has been previously shown to transport POM to depth as a result of day-night differences
in MLD [Gardner et al., 1993, 1995] and storm-induced mixing events [Pesant et al., 2002; Waniek, 2003] in the
North Atlantic. To consider the possible magnitude of PN export due to diapycnal mixing from the surface
ocean (Figure 13), we assumed that upwelling was negligible and defined turbulent diffusive flux of NO3

� as
JNO3= Kz×ΔNO3

�/Δz, where Kz is the vertical eddy diffusivity and ΔNO3
�/Δz is the vertical gradient in NO3

�

over the upper 65m (calculated using a least squares linear regression with the data shown in Figure 2b).
Once we combined this equation with the NO3

�
fluxes required to replace the NO3

� taken up by phytoplank-
ton and after accounting for temporal changes in NO3

�, we were able to solve for Kz (Figure 14a). We then

Figure 13. (a) Schematic diagram showing the related budgets of NO3
� and 234Th (as in Figure 8), but with the assumption

that NO3
� and 234Th are supplied to the surface ocean only by diapycnal mixing. (b–d) Season-average profiles of NO3

�,
234Th, and PN, respectively.
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determined an equivalent vertical gradient in PN over the upper 65m (from data shown in Figure 2c) and cal-
culated equivalent diffusive fluxes of 234Th into the upper 50m (to recalculate export based on our 234Th mea-
surements) and PN out of the upper 50m (Figure 14b). While the physical mechanisms driving this vertical
mixing cannot be determined from the present data, several possibilities include wind-driven mixing, breaking
internal waves [Garrett and Munk, 1972], and icebergs [Helly et al., 2011; Smith et al., 2013]. Our mean Kz calcu-
lated for the season (5.6× 10�4m2 s�1) also compares favorably with that generated from other models in the
region [e.g., Smith and Klinck, 2002; Klinck et al., 2004; Martinson et al., 2008].

When these diffusive fluxes were taken into account (and upwelling was assumed to be negligible), sinking
flux of PN accounted for an average of 19.8mgNm�2 d�1 (19% of new production) and vertical mixing of PN

Figure 14. Comparison of new production and export at Station E under the assumption that mixing (rather than upwelling)
introduces NO3

� to the surface waters. (a) Our calculated vertical diffusivities (Kz, blue line). Dashed black lines are mean Kz
estimated in other modeling studies in the region. (b) Losses of PN from the from the upper 50m due to vertical mixing
(blue line) and sinking flux (measured by 234Th, orange line; measured by sediment trap, red bars). (c) A comparison of
cumulative nitrate uptake to cumulative sinking and mixing fluxes and the change in PN biomass for the four time periods
explained in Figure 10b.
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to depth accounted for an additional 20.4mgNm�2 d�1 (20% of new production), when both are averaged
for the entire season. However, during the periods spanning January–March, most new production could be
accounted for by the sum of these two processes (during the low biomass period sinking flux and PONmixing
flux were 8.8 and 18.2mgNm�2 d�1, respectively, compared to nitrate uptake of 43.9mgNm�2 d�1; during
the fall bloom the equivalent values were 22.3, 20.9, and 76.0mgNm�2 d�1; Figure 14c). The remaining gap
would be partially bridged by the diffusive transport of DON to depth. Although we do not have DON
measurements for our field season, during the 2010–2011 and 2011–2012 field seasons the median vertical
DOC gradient was �0.033mmolm�3m�1. If we assume Redfield C:N molar ratios and use our average
vertical eddy diffusivity, the added transport of DON would be 3.3mgNm�2 d�1. While this is a crude
estimate, it is clear that mixing of DON cannot close the entirety of the remaining gap between export and
new production. In particular, there is clearly still a large discrepancy between new and export production
during the spring bloom period. The end of this bloommarked the only portion of the season with sustained
(though weak) offshore winds (Figure 2e), which may have led to offshore advection of surface water at the
end of the bloom (as suggested by Tortell et al. [2014]). This offshore advection would have briefly decoupled
new and export production near the coast.

If this high ratio of mixing-driven diffusive losses of PN to sinking flux of PN holds throughout the region, then
combined export would be within 20% of balancing new production. This possibility has significant conse-
quences for the ecosystem. Traditionally, the WAP has been considered a quintessential example of the
classical Antarctic diatom-krill-predator food chain [Knox, 2006], which would be expected to be an efficiently
exporting ecosystem [Legendre and Rassoulzadegan, 1996]. With high NO3

� concentrations, large diatom
blooms, and dominance by large krill and salps, fecal pellets and diatom aggregates were presumed to trans-
port organic carbon to deep depths. Our results suggest that instead the WAP is a leaky ecosystem, in which
low stratification both within and beneath the euphotic zone allow continual loss of particles by turbulent
diffusion. High f ratios are thus balanced not by equally high e ratios but instead by a combination of vertical
mixing that slowly transports suspended particles beneath the euphotic zone and moderate sinking flux. The
depth horizon of remineralization of the vertically mixed material is thus likely to be substantially shallower
than would be expected for sinking diatom aggregates or mesozooplankton fecal pellets, with correspondingly
shorter sequestration times for the carbon transported out of the euphotic zone.

5. Conclusions

We used a suite of different methodologies to assess new, net community, and export production across both
season-long temporal and region-wide spatial scales in the western Antarctic Peninsula. There was good
agreement between measurements of new production (NO3

� drawdown and 15NO3
� uptake) and NCP

(O2:Ar) and also good agreement between alternate methods of measuring export (sediment traps and
234Th disequilibrium). However, new production was 5.3 times greater than export at our coastal site in the
WAP, with new production measurements suggesting an efficient export ecosystem, and sinking flux mea-
surements suggesting a recycling-dominated ecosystem. The imbalance between new and export produc-
tion over the 144 days of our occupation of our coastal study site would equate to a difference ranging
between 15 gNm�2 (new production) and 2.9 gNm�2 (export). If we considered our coastal region to be
representative of the WAP at large and used Redfield C:N ratios to convert to carbon units, this would lead
to a discrepancy in carbon export estimates of 18 Tg C over 5months, as determined by f ratios versus e ratios.

To address this large imbalance we considered traditional nonsedimentation processes in the biological
pump (including DOM export, diel vertical migration, and export mediated by higher trophic levels).
However, the potential magnitudes of these processes were insufficient to close the budget. Instead, we
suggest (based on a budget composed from NO3

�, PN, and 234Th vertical profiles) that transport of particles
from the euphotic zone by vertical mixing may be equal to or greater than the flux of sinking particles. This
alternate mechanism of vertical particle transport has important implications for carbon sequestration since
vertically mixed particles will likely be remineralized at much shallower depths than rapidly sinking particles
and vertical mixing will also transport CO2 to the surface ocean from depth. Additionally, vertical mixing
fluxes would also influence WAP plankton ecology as a significant loss term for phytoplankton.

Although no previous studies using multiple methods have been conducted across a sufficiently large spatial
and long temporal scale to conclusively establish imbalances of new and export production in other
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ecosystems, compelling evidence exists that new production exceeds export in many regions. Excess new
production has been measured in the oligotrophic Sargasso Sea (f ratio = 0.39 and 0.08, e ratio = 0.04 and
0.06 for 1992 and 1993, respectively [Lipschultz and Owens, 1996; Lomas et al., 2013]) with 15NO3

� uptake
and sediment traps. In open ocean upwelling regions including the equatorial Pacific (f ratio = 0.14 and
0.26, ThE ratio< 0.10 [Buesseler et al., 1995;McCarthy et al., 1996; Parker et al., 2011]) and Costa Rica upwelling
Dome (f ratio~0.3, e ratio and ThE ratio~0.05 (Stukel, unpublished)) the ThE ratio (export/production deter-
mined by 234Th) was significantly greater than the f ratio. Excess new production has also been found in
the coastal California Current Ecosystem (f ratio = 0.2–0.8, NCP/C14PP> 0.4, ThE ratio = 0.04–0.18, e ratio
typically <0.2 [Eppley et al., 1979; Stukel et al., 2011; Munro et al., 2013; Stukel et al., 2013]) and Arabian Sea
(f ratio = 0.17, ThE ratio = 0.075 [Buesseler et al., 1998; Sambrotto, 2001]). A surplus of NCP relative to export
was also found following an artificial Fe-enrichment experiment in the Subantarctic Atlantic open ocean
[Martin et al., 2013]. Emerson [2014] compiled annual NCP data from multiple models and satellite observa-
tions for comparison to export measurements in the oligotrophic Pacific, subarctic Pacific, and Sargasso
Sea and found that export mediated by DOM and DVM by zooplankton may be enough to close the
imbalance between sediment traps and NCP in the Pacific, but that total export in the Sargasso Sea is a factor
of 3 less than NCP. Given the prevalence of this imbalance across such diverse ecosystems, it is reasonable to
surmise that it may be a globally common phenomenon. If the leaky ecosystem concept applies to such
other regions in which nitrate uptake is greater than export, we may need to reevaluate global estimates
of the biological pump determined from sinking POC measurements.
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