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abstract
The Bermuda Atlantic Time-series Study (BATS) program has sampled the northwestern Sargasso Sea on a
biweekly (January to April) to monthly basis since October 1988. The primary objective of the core BATS
program continues to be an improved understanding of the time-variable processes and mechanisms that
control the biogeochemical cycling of carbon and related elements in the surface ocean. With 24 years of
measurements for most chemical, physical and biological variables, we have moved beyond descriptions of
seasonal and interannual variability to examination of multi-year trends and potential controls, however
there remain substantial gaps in our knowledge of the ecosystem mechanisms related to organic matter
production, export and remineralization. While earlier BATS overviews have focused on describing seasonal
and year-to-year variability, this overview provides new information on three long-standing biogeochemical questions in Sargasso Sea biogeochemistry. First, why is there a discrepancy between biological (i.e.,
sediment trap) and geochemical estimates of carbon export production? Winter storms and mesoscale
eddies have now been clearly shown to contribute to annual nutrient budgets and carbon export
production. Recent information on phytoplankton natural isotopic nitrogen composition, and data from
proﬁling ﬂoats suggests that small phytoplankton are important contributors to new production in summer
despite the apparent absence of a mechanism to entrain nitrate into the euphotic zone. These ﬁndings aid
in closing the gap between these two different estimates of carbon export production. Second, what
supports the seasonal drawdown of carbon dioxide in the absence of detectable nutrients? The zooplankton
timeseries at BATS highlights the importance of zooplankton as a conduit for carbon removal due to grazing
and vertical migration. Although increases in cellular elemental stoichiometry to values greater than the
canonical Redﬁeld Ratio, and the seasonal (and interannual) accumulation of euphotic zone dissolved
organic carbon (DOC) without accumulation of DON in the surface ocean are also important explanations.
Lastly, what are the sources of the elevated nitrate to phosphate ratio in the seasonal thermocline (N:P430
on average)? While generally accepted that nitrogen ﬁxation is the source of the additional nitrogen, new
research suggests that export and remineralization of non-diazotroph particulate matter enriched in
nitrogen (alternatively viewed as depleted in phosphorus) may also make substantial contributions. In
addition, the ratio of particulate nitrogen to phosphorus captured in sediment traps has decreased from
50–75 to o50, possibly due to enhanced nitrogen remineralization. These and other ﬁndings from the core
BATS observational program contribute to our improved understanding of biogeochemical cycles and
ecosystem mechanisms in the subtropical North Atlantic Ocean and how they are changing over time.
& 2013 Elsevier Ltd. All rights reserved.
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The carbon dioxide (CO2) present in the atmosphere plays an
important role in biological, chemical and physical processes at
the earth’s surface, and as a major regulator of climate (IPCC,
2001). Since the industrial revolution, anthropogenic activities
have contributed to the observed increase in atmospheric CO2
leading to growing concerns about the consequences of climate
change (Houghton et al., 2001; Royal Society, 2005; Sarmiento
and Wofsy, 1999; Wofsy and Harriss, 2001). Roughly one-quarter
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of annual anthropogenic CO2 emissions are taken up into oceanic
reservoirs that represent some of the largest exchangeable carbon
pools in the global carbon system (Sabine et al., 2004; Takahashi
et al., 2002). Moreover, the ocean’s ability to absorb and sequester
CO2 operates on timescales of decades to millennia and controls
the atmospheric inventory of CO2 (IPCC, 2007). Therefore, any
study of climate change and the global carbon cycle must have
detailed information on oceanic biogeochemical processes affecting the cycling and dynamics of carbon.
Photosynthesis by marine phytoplankton converts CO2 to organic
matter. The subsequent export of particulate organic matter (POM)
via gravitational ﬂux, vertical mixing and isopycnal exchange of
suspended and dissolved organic matter (DOM), mixing and the
active transport via vertically migrating zooplankton remove the
organic matter to depth where it accumulates or is respired
(Ducklow et al., 2001). This vertical separation of organic matter
formation from respiration, termed the biological carbon pump, can
lead to net sequestration of carbon within the ocean’s interior
(Ducklow et al., 2001; Passow and Carlson, 2012; Volk and
Hoffert, 1985). Quantiﬁcation of the biological carbon pump in
terms of both magnitude and variability has proven difﬁcult (e.g.,
Brix et al., 2006; Michaels et al., 1994b; Siegenthaler and Sarmiento,
1993). In particular, it has become increasingly clear that the
efﬁciency of particulate organic carbon (POC) export from the
surface ocean and its remineralization in the mesopelagic zone are
related in part to euphotic zone plankton community structure by a
complex and as yet incompletely understood set of mechanisms
(Boyd and Newton, 1995, 1999; Buesseler et al., 2007; Richardson
and Jackson, 2007). Traditionally, the food web paradigms describing export of carbon from the euphotic zone have been roughly
deﬁned by organism size (Legendre and Lefevre, 1995; Michaels and
Silver, 1988). Large phytoplankton such as diatoms and dinoﬂagellates are thought to efﬁciently channel a fraction of primary
production to the deep ocean interior. In contrast, small phytoplankton cells are thought to be rapidly consumed by small noncrustacean grazers (e.g., ciliates), and their primary production
would be largely recycled through dissolved organic matter and
bacteria back to phytoplankton (Azam et al., 1983; Pomeroy, 1974),
with little carbon sinking into the deep ocean. In both types of food
web paradigms, producer/consumer relationships govern the composition and fate of particles and the magnitude of the energy and
carbon ﬂow, although ocean physics play an important role
(Legendre and Lefevre, 1995).
Given the above considerations, long-term timeseries are powerful
tools for investigating ocean biogeochemistry and food webs and
their synergistic effects and controls on the global carbon cycle.
Seasonal, interannual and longer-scale dynamics of carbon and
nutrient cycles in the upper ocean control ecosystem primary
production (PP), the vertical distribution of many biogenic elements
and the net exchange of CO2 and other important radiative gases
between the atmosphere and the surface ocean via the biological
carbon pump. Moreover, ocean time-series research programs provide the observational context with which to test hypotheses through
process studies to develop and better understand the physical,
biological, and chemical mechanisms controlling the ocean carbon
cycle. The focus of the Bermuda Atlantic Time-series Study (BATS)
program continues to improve our understanding of the time-varying
components of and controls on the ocean carbon cycle, related
biogenic elements of interest (e.g., nitrogen, phosphorus, silica, etc.),
and identify the relevant physical, chemical and ecosystem processes
responsible for this variability. The longstanding speciﬁc goals of the
BATS program are to:

of heat, freshwater and momentum, and its implications for
global climate.
2. Document the seasonal, interannual and decadal scale variability in carbon and macronutrient cycle parameters and
processes. Including, for example, an understanding of the
controls on the coupling/decoupling (relative to the Redﬁeld
ratio) of elemental cycles.
3. Quantify air–sea exchange of CO2 and carbon export to the
ocean interior. Carbon cycle studies include both inorganic and
organic carbon, and partitioning of carbon between them.
4. Document variability in planktonic community structure and
function, and its impact on the ocean’s carbon cycle (including
new and export production) and coupling with other macronutrient cycles.
At the time of writing this manuscript, 287 research cruises
have been completed as part of the BATS project spanning nearly
25 years of repeated observations in the northwestern Sargasso
Sea region of the North Atlantic Ocean. This overview provides a
synthesis of progress in understanding ocean biogeochemistry
and ecosystem dynamics in the region since a review by Steinberg
et al. (2001), and focuses particularly on new data collected
during the last decade, for example the dissolved and particulate
phosphorus time series initiated in 2005. In addition, this synthesis paper summarizes recently published papers based upon the
BATS dataset to provide context for other papers in this special
issue, presents new insights on outstanding biogeochemical
questions (Steinberg et al., 2001), and describes how the Sargasso
Sea planktonic ecosystem has changed over time.

2. Materials and methods
2.1. Site, cruise overview and sampling scheme
The history of the Sargasso Sea ocean time-series research, and
basic understanding of the physical and biological characteristics
of this region have been described in detail in prior reviews
(Michaels and Knap, 1996; Steinberg et al., 2001). On each BATS
cruise, a quasi-lagrangian sampling scheme is employed and
for the purposes of this manuscript all CTD/hydro casts falling
within a 0.251 latitude by 0.251 longitude box centered around
the BATS site (311400 N 0641100 W) are presented. Samples for a
wide range of core measurements (Table 1) are collected on each
cruise from 23 to 37 depths over the surface to 4200 m. Samples
are drawn using standard procedures in the following order, gases
(i.e., dissolved oxygen (DO), DIC, total alkalinity), dissolved
nutrients (i.e., inorganic and organic nutrients, high-sensitivity
phosphate) and particles (i.e., suspended particulate organic
carbon, nitrogen (PON) and phosphorus (PPhos), phytoplankton
pigments) (Knap et al., 1997b). An in situ primary productivity
array is deployed from dawn to dusk, along with surface-tethered
sediment traps on each monthly cruise. Further details of the
sampling scheme, analytical methods, data quality control (QC)
and quality assurance (QA), and history of sampling procedures
are available in the BATS methods manuals (Knap et al., 1997b,
BATS data reports Knap et al., 1995; Knap et al., 1991, 1992, 1993,
1994, 1997a; http://bats.bios.edu/), and in published papers
(Bates et al., 1996a; Ducklow et al., 2001; Lohrenz et al., 1992;
Michaels et al., 1994a). Brief descriptions of relevant methods are
in the following sections.
2.2. Gases and hydrography

1. Document the seasonal, interannual and decadal scale of
variability in hydrologic variables and rates, e.g., surface ﬂuxes

Dissolved oxygen samples are taken ﬁrst to avoid compromising the samples by atmospheric gas exchange, with 25% of the
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Table 1
Core measurements, depth ranges and instrumentation for the BATS program.
Parameter

Depth (m)

Technique/Instrument

Continuous Electronic Measurements
Temperature
Salinity
Depth
Dissolved Oxygen
Beam Attenuation
Chlorophyll Fluorescence
Spectral Downwelling Irradiance
Spectral Upwelling Radiance
Meteorological measurements
Surface pCO2
Temperature/Salinity
Chlorophyll ﬂuorescence

0–4200
0–4200
0–4200
0–4200
0–4200
0–4200
0–200
0–200
Sfc
Sfc
Sfc
Sfc

Seabird SBE 03f
Seabird SBE  04
Digiquartz pressure sensor on Seabird SBE-911plus
Sea Bird Polarographic Oxygen Electrode SBE 43
Wet Labs 25 cm Transmissometer
Chelsea Aquatracka II
Proﬁling Multi-channel Radiometera
Proﬁling Multi-channel Radiometera
Standard ship’s meteorological sensors (RM Young)
NOAA sensor
SeaBird SBE21Thermosalinigraph
Turner Designs 10-AU

Discrete Measurements from Niskin Bottles or nets
Salinity
Dissolved Oxygen
Total CO2
Total Alkalinity
Nitrate
Nitrite
Phosphate
Silicate
MAGIC-SRP
Total organic carbon
Total organic nitrogen
Total organic phosphorus
Particulate organic carbon
Particulate organic nitrogen
Particulate organic phosphorus
Particulate biogenic silica
Fluorometric chlorophyll a
Phytoplankton accessory pigments
Bacterial abundance
Zooplankton biomass
Picoplankton

0–4200
0–4200
0–250
0–250
0–4200
0–4200
0–4200
0–4200
0–250
0–4200
0–4200
0–250
0–1000
0–1000
0–500
0–1000
0–250
0–250
0–3000
0–200
0–250

Conductivity on GuildlineAutosal8400B
Winkler Titration, automated UV endpoint detection
Automated coulometric analysis
High precision titration
CFAb w/autoanalyzer (Technicon AAII, Alpkem FS IV)
CFA w/ autoanalyzer (Technicon AAII, Alpkem FS IV)
CFA w/ autoanalyzer (Technicon AAII, Alpkem FS IV)
CFA w/ autoanalyzer (Technicon AAII, Alpkem FS IV)
Magnesium co-precipitation, manual analysis (2004-pres.)
High-temperature, catalytic oxidation (HTCO)
UV oxidation (1994–00), HTCO (2000-pres.)
High temperature chemical oxidation
CE440 CHN elemental analyzer
CE440 CHN elemental analyzer
High temperature chemical oxidation
Chemical digestion, colorometric analysis
Acetone extraction, Turner ﬂuorometer
HPLC
DAPI stained, epiﬂuorescence microscopy
Day/night tows w/ 200 mm mesh net, wet weight/dry weight mass
Analytical ﬂow cytometry

0–140
0–1000
150, 200, 300

Trace-metal clean, in situ incubation, 14C uptake
On-deck 3H-thymidine incorporation
Free-drifting cylindrical traps (MultiPITs)
Gravimetric analysis
Manual swimmer removal, acidiﬁcation, CHN analysis
Manual swimmer removal, acidiﬁcation, CHN analysis
Manual swimmer removal, acidiﬁcation, CHN analysis
High temperature chemical oxidation
Aanderaa current meter RCM9

Rate Measurements:
Primary production
Bacterial production
Particle Fluxes
Mass
Total Carbon
Organic carbon
Organic nitrogen
Particulate phosphorus
Hydrodynamics

160

a

Analyzed by the collaborator Bermuda Bio-Optics Project.
Abbreviations: CFA–continuous ﬂow analysis; MAGIC-SRP–magnesium induced co-precipitation–soluble reactive phosphorus; HPLC–high pressure liquid
chromatography; DAPI–40 ,6-diamidino-2-phenylindole.
b

depths replicated including the surface, the deepest depth, and
the oxygen minimum. Samples are analyzed using an automated
Winkler titration method (Williams and Jenkinson, 1982) calibrated to a commercially available potassium iodate solution
(OSIL, UK).
Samples for dissolved inorganic carbon (DIC) and total alkalinity (TA) are drawn after DO samples, or sampled ﬁrst on a
subsequent cast, and ﬁxed with saturated mercuric chloride
solution (100 ml). DIC samples are analyzed using a precise
(0.02%; 0.4 mmol kg  1) SOMMA-coulometer system (Bates et al.,
1996a), while total alkalinity is determined by potentiometric
titration with a precision of  1 mmol kg  1 (Bates et al., 1996a).
Sample accuracy has been maintained by routine analysis of
seawater certiﬁed reference materials (CRM’s; prepared and
distributed by Andrew Dickson, UCSD; Bates et al., 2012).
Salinity samples are capped with a plastic insert to minimize
evaporation, and analyzed within about one week of collection on
a Guideline model 8400B Autosal Salinometer. Samples are

standardized against IAPSO Seawater Standards. The analytical
precision of the method is 70.002 salinity units.
2.3. Dissolved inorganic and organic, and particulate nutrients
Samples for NO3 /NO2 , NO2 and PO4 3are ﬁltered and frozen
(  20 1C) in HDPE bottles until analysis (Dore et al., 1996). During
every sample run, commercially available certiﬁed standards,
OSIL and Wako Chemical, are analyzed to maintain data quality,
as well as ‘standard water’ from 3000 m that serves as an internal
standard. The Magnesium Induced Co-precipitation (MAGIC)
soluble reactive phosphorus (SRP) method (Karl and Tien, 1992;
Rimmelin and Moutin, 2005), was also used starting in late 2004
(Lomas et al., 2010a). Sample accuracy was checked on each run
with a certiﬁed OSIL nutrient standard.
Total organic carbon (TOC) and total nitrogen (TN) concentrations
were determined using high temperature combustion techniques
(Carlson et al., 2010; Hansell and Carlson, 2001; Li and Hansell, 2008).
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Analytical performance and sample accuracy were checked by
analyses of consensus reference material (Hansell, 2005). Total
phosphorus concentrations are quantiﬁed using a high temperature/
persulfate oxidation technique (Lomas et al., 2010a). Sample accuracy
was checked by analysis of a certiﬁed standard (OSIL Phosphate
Nutrient Standard Solution) with each sample run.
Particulate organic carbon (POC) and nitrogen (PON) samples
were ﬁltered on precombusted (450 1C, 4 h) Whatman GF/F ﬁlters
and frozen until analysis on a Control Equipment 240-XA or
440-XA elemental analyzer (Steinberg et al., 2001). Particulate
phosphorus samples (PPhos) were analyzed using an ashhydrolysis method with oxidation efﬁciency and standard recovery checks (Lomas et al., 2010a).

2.7. Zooplankton biomass
Zooplankton were collected using vertically integrated (0 m to
a targeted maximum depth between 150–200 m) double oblique
tows conducted during the day (0900 to 1500) and night (2000 to
0200) with a rectangular frame (0.8  1.2 m2) net with 202 mm
mesh (Madin et al., 2001; Steinberg et al., 2012). Size-fractionated
samples from sieves are washed onto smaller Nitex ﬁlters, rinsed
with milli-Q water to remove salt and dried to constant weight.

3. Results and discussion
3.1. Hydrography

2.4. Particulate elemental ﬂuxes
Sinking ﬂuxes of C, N, P from the euphotic zone are quantiﬁed
using surface-tethered particle interceptor traps (Knauer et al.,
1979; Lomas et al., 2010a;Steinberg et al., 2001). Fluxes are
calculated from the elemental mass of material captured in the
sediment trap, its collection surface area and deployment length.

2.5. Pigments, pico-plankton, and bacterial abundance
Bulk phytoplankton biomass (chlorophyll-a) and speciﬁc
accessory pigments were analyzed by HPLC from 1990–2011
using the method of Bidigare (1991) with the exception of
2005–2009 during which the method of Van Heukelem and
Thomas (2001) was used. Phytoplankton groups in the deep
chlorophyll maximum (DCM) were estimated from pigment
concentrations as described in Lomas and Bates (2004).
Samples for pico- and nano-plankton enumeration were collected on each cruise from October 2001 to present (Lomas et al.,
2010b). Pico-autotrophs were identiﬁed as either Synechococcus
or Prochlorococcus based upon cell size and the presence or
absence of phycoerythrin, respectively.
Samples for bacterioplankton enumeration were preserved
with particle free glutaraldehyde (ﬁnal concentration of 1.0%),
ﬁltered onto blackened 0.2 mm polycarbonate ﬁlters, and stained
with DAPI (4,6-Diaminino-2-phenylidole; Porter and Feig, 1980)
and enumerated with epiﬂuorescence microscopy. If slides could
not be made within  24 h, samples were ﬂash frozen in liquid
nitrogen and then stored at 80 1C until processed (Gundersen
et al., 1996).

2.6. Primary and bacterial production
Rates of primary production are calculated from the incorporation of H14CO3 into particles (i.e., particles nominally 40.7 mm)
using an assumed ratio of total inorganic carbon present to
radiocarbon added. From 1989 through 2005 samples were
collected with Go-Flo bottles on a Kevlar line, and from November
2004 to present samples were collected from Niskin bottles on
the CTD rosette. Rates of primary production were corrected for
dark carbon uptake, and integrated to a depth of 140 m (Lomas
and Bates, 2004).
Bacterial production was measured using [3H-methyl] thymidine incorporation (Ducklow and Carlson, 1992; Fuhrman and
Azam, 1980; Knap et al., 1997b) and converted to carbon-based
bacterial production rate estimates using standard equations
(Carlson and Ducklow, 1996; Carlson et al., 1996).Bacterial
Carbon Demand (BCD) was estimated by dividing bacterial
production rate by a bacterial growth efﬁciency of 0.14 (Carlson
and Ducklow, 1996).

The seasonal patterns in ocean hydrography at BATS (and at
nearby ocean time-series Hydrostation S) have been welldocumented over the past ﬁve decades (Menzel and Ryther,
1960, 1961a; Michaels et al., 1994a; Steinberg et al., 2001) and
are only brieﬂy mentioned here. Seasonal changes in surface net
heat ﬂux and wind stress result in a strongly stratiﬁed surface
layer in the summers and deep convective mixed layers in
winters (Fig. 1A, white line). Summer mixed layers are often as
shallow as 10 m while winter mixed layer depths range from 100
to 400 m depending largely on the phase and strength of the
North Atlantic Oscillation (Bates, 2012; Bates et al., 2012;
Worthington, 1976), but also due to interactions with eddies
impinging the local area as in 2010 (Fig. 1A).
The wide range in the maximum depth of winter convective
mixing results in signiﬁcant year-to-year variability in nutrient
input ﬂuxes to the euphotic zone (Michaels et al., 1994a). During
the winters of 1995, 2001, and 2003, for example, NO3 concentrations in the euphotic zone were at detectable levels for several
cruises compared to other years when NO3 concentrations
remained below limits of detection throughout the entire winter/spring period (i.e.,o0.03 mmol kg  1, Fig. 2). In addition, the
vertical position and the temporal variability in the thickness of
the underlying 18 1C Mode Water (i.e., eighteen degree water,
EDW; shown by dashed lines in Fig. 1A) can have an apparent
impact on relative nutrient ﬂuxes at BATS. From  1995 to 1997,
for example, the mixed layer depths approached the upper
boundary of the 18 1C water and this allowed for water with a
higher NO3:Si(OH)4 ratio (due to shorter remineralization length
scale of N relative to Si) to be entrained into the euphotic zone.
Subsequent to this event, a three year period ( 1997–2000) of
elevated biogenic silica anomaly (which is used as a proxy for
diatom biomass) was observed at BATS. In the euphotic zone, the
slow depletion of excess silicic acid concentrations extended for
several years longer than the increase in EDW water thickness
and the diatom biomass anomaly(Krause et al., 2009a). However,
over the available record of 1988 to 2003, biogenic silica
concentrations have declined by  40% (Krause et al., 2009a).
A continuation of that trend might explain the lack of silicic acid
drawn down from 2005 to 2010 and continuing to the present
(Fig. 2D) when EDW water volume increased again (Fig. 1), but a
detailed study of this process remains to be done.
Inorganic PO4 concentrations in the euphotic zone were, with
very rare exception, consistently below the nominal method
detection limit of the autoanalyzer methods for nutrient analyses
at BIOS (30 nmol kg  1; Fig. 2B). This is one of several lines of
evidence suggesting that the subtropical gyre of the Sargasso Sea
is severely P-stressed (Cavender-Bares et al., 2001; Lomas et al.,
2010a; Mather et al., 2008). In late 2004, the MAGIC-SRP method
(Karl and Tien, 1997) was implemented as a core measurement at
BATS and the increased method sensitivity (method detection
limit of 1 nmol kg  1) reveals that convective inputs of PO4
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Fig. 1. Hydrography of the BATS station. (A) CTD temperature (1C) timeseries overlain by mixed layer depth (solid white line) determined by the variable sigma-t criterion
equivalent to a 0.2 1C temperature change (Sprintall and Tomczak, 1992); (B) CTD salinity; and (C) sy Sigma-theta (kg m  3). In each panel the approximate upper (dashed
black line) and lower (solid black line) boundaries of the 181 Mode Water are identiﬁed based upon the characteristic ranges of each parameter (Alfutis and Cornillon,
2001). X-axis ticks denote January 1st of each year.

(in the order of 1–5 nmol kg  1 to the euphotic zone) generally
occur (Fig. 2C) but still is insufﬁcient to support observed rates of
primary production.
The seasonal pattern of convective mixing controls in part
total dissolved inorganic carbon (DIC) concentrations in the upper
ocean (  200 m) with highest concentrations in winter when
DIC-rich subsurface waters are ventilated (Bates, 2001). Assessment of a long-term trend in oceanic CO2 is complicated by this
large seasonal variability (Bates et al., 2002; Brix et al., 2004; Dore
et al., 2003; Gruber et al., 2002; Keeling et al., 2004); as well as
the variability imparted by spatial heterogeneity in the ocean as a
result of mesoscale and sub-mesoscale phenomena (McGillicuddy
et al., 2007), and meridional and zonal physical gradients. Despite
this variability, euphotic zone (o100 m) salinity-normalized DIC

concentrations have increased signiﬁcantly (P-valueo 0.001) over
the course of the BATS record and longer (Fig. 3A, Bates, 2007).
The impact of this slow acidiﬁcation of the Sargasso Sea euphotic
zone is currently unknown (Bates et al., 2012). In addition to
elevated DIC in surface waters there has been an increase in DIC
in subeuphotic zone waters (Fig. 3A) including EDW. DIC concentrations in the EDW are increasing at roughly twice the rate
of euphotic zone concentrations related to a combination of
changes in the volume of EDW formed and to winter mixed layer
depths (Bates et al., 2002), resulting in the dramatic shoaling
(from  500 m to 200 m over the past 12 years) of the
2100 mmol kg  1 DIC isocline. This subsurface increase appears
to be independent of changes in depth and/or volume of the EDW
at BATS, and is greater than can reasonably be accounted for by
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Fig. 2. Dissolved inorganic nutrients (mmol kg  1) time-series at the BATS station. (A) NO3 þNO2 ; (B) PO4 3 by standard autoanalyzer; (C) Soluble Reactive Phosphorus by
MAGIC-SRP method (see Methods); and (D) Si(OH)4. Note the different depth range for panel C. X-axis ticks denote January 1st of each year.
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Fig. 3. Dissolved inorganic carbon and oxygen timeseries at the BATS station. (A) total DIC (mmol kg  1); (B) dissolved oxygen (mmol kg  1); and (C) dissolved oxygen
anomaly (the difference between the measured and saturation oxygen concentration; mmol kg  1). The thick solid black line in panel C is the 0 mmol kg  1 oxygen anomaly
contour interval; positive anomalies are shown by thinner solid lines and negative anomalies are shown by dashed lines. X-axis ticks denote January 1st of each year.

changes in particulate organic carbon export and shallow remineralization (Bates, 2012; Lomas et al., 2010b; Ono et al., 2001).
Throughout most of the BATS record, dissolved oxygen concentrations show the expected seasonal pattern of net oxygen
production (positive oxygen anomaly based upon expected concentrations calculated from ambient temperature and salinity) in
the euphotic zone (0–100 m) during the winter/spring period and
net oxygen consumption (negative oxygen anomaly), in the upper
mesopelagic year round (100–300 m) (Fig. 3B and C, Ono et al.,
2001). There is a temporal lag in the oxygen consumption in the
mesopelagic zone following convective mixing and the spring
phytoplankton bloom. Consistent with observations using 14C
tracer techniques, the integrated seasonal positive oxygen anomaly since  1994 has increased within the euphotic zone (Fig. 3)
supporting previous conclusions about increased rates of primary
production (Lomas et al., 2010b).

Over the past decade there has been a signiﬁcant increase in
winter/spring net primary production (NPP) rates and total
chlorophyll-a concentration at the BATS site accompanied by an
increased relative importance of Synechococcus and decreased relative
importance of small eukaryotic haptophytes (Fig. 4, Table 2, Lomas
et al., 2010b). The rates of increase were similar for both NPP and
chlorophyll-a resulting in no trend in the chlorophyll normalized
production (i.e., assimilation number). This suggests that there has
been little change in physiological response of the autotrophs,
although only a marginal change in the coupling of growth and
grazing rates could account for the accumulation of autotrophic
biomass. This increase in chlorophyll-a was not attributed to an
increase in all taxonomic groups. Indeed, there has been a signiﬁcant
decrease in the relative abundance of haptophytes (m¼  0.24% y  1;
P-value¼0.04) (Fig. 5A), and an increasing trend (m¼ þ0.19% y  1;
P-value¼0.11) in relative Prochlorophyte abundance (Fig. 5B).
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Fig. 4. Euphotic zone net primary production (NPP) and chlorophyll-a time-series at the BATS station. (A) NPP (mg C m  3 d  1); (B) chlorophyll-a (ng kg  1) determined by
HPLC; and C) chlorophyll-a normalized NPP (mg C mg Chl-a  1 d  1). X-axis ticks denote January 1st of each year.

Dinoﬂagellates have largely been overlooked as component of the
phytoplankton community at BATS, in large part because their
average contribution is low (o5% on average) but they can reach
as high as 20% in some cases (Fig. 5E). Most frequently, dinoﬂagellates
have a seasonal maximum during the winter/spring period (Best
et al., 2011; Lomas, unpublished data). Indeed a statistically signiﬁcant (P-valueo0.001, m¼0.1% y  1) increase in dinoﬂagellate abundance over the past two decades has been driven entirely by
increases in this population during the winter/spring (Lomas, unpublished data). Despite the increase in dinoﬂagellate populations over
time, they have not quantitatively matched the respective loss of
diatoms as a microplankton component during the winter/spring
bloom period (Krause et al., 2009a). As a result there has been a slow
but signiﬁcant (P-valueo0.01) decline in the total microplankton
contribution to chlorophyll over time, to be replaced by the slow
increase in prokaryote abundance. Based upon core paradigms in

biogeochemical oceanography, this long-term shift in the ecosystem
should have a meaningful impact on the carbon cycle in the
Sargasso Sea.
3.2. Bulk particulate cycling: organic matter production, export and
Sargasso Sea biogeochemistry
In the last overview paper of the BATS program, Steinberg et al.
(2001) posed several important biogeochemical questions. We
now have an additional decade of research in the region that
helps address these questions. First, short-term measurements of
nitrogen cycling indicate a high degree of recycling and low
export (e-ratios o0.1), while long-term geochemical measurements of nitrogen cycling support high levels of net community
production (e-ratio 40.3, Brix et al., 2006; Jenkins and Goldman,
1985). This dichotomy was further exacerbated when direct 15N
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Table 2
R
Annual euphotic zone integrated net primary production ( NPP; 0–140 m), sediment trap POCexport at 150 m, e-ratio (ratio of POC export to NPP),
and Teff (transfer efﬁciency deﬁned as 300 m POC ﬂux/150 m POC ﬂux; Buesseler et al., 2007). Year-over-year trend and direction, and signiﬁcance
(P-value) evaluated by Model II linear regression (reduced major axis) on anomalies (calculated as annual value minus dataset average, all
normality and variance assumptions valid) are presented at the bottom.
Year

R

1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011

95.8
126.1
147.1
195.8
142.7
109.8
162.2
165.4
134.9
124.4
158.2
156.4
178.7
207.1
189.7
147.0
158.2
167.7
149.6
141.9
164.6
215.2
173.2

Mean (7 1 S.D.)
Trend (7 1 S.D.) [P-value]

157.0 (29.1)
þ 2.1 70.8 [0.02]

NPP
(g C m  2 y  1)

Trap POC export
(g C m  2 y  1)
8.6
10.4
8.4
8.1
8.3
10.2
9.8
12.3
11.5
11.0
13.2
10.0
10.0
10.6
8.6
n.d.
12.9
9.5
14.4
10.8
11.0
10.1
12.3

0.09
0.08
0.06
0.04
0.06
0.09
0.06
0.07
0.09
0.09
0.08
0.06
0.06
0.05
0.04
n.d.
0.08
0.06
0.10
0.08
0.07
0.05
0.07

10.5 (1.7)
þ 0.107 0.05 [0.04]

rate measurements supported the observations of high rates of new
production (and implied export), but resulted in NO3 turnover times
at odds with the duration of detectable NO3 in the euphotic zone
(Lipschultz, 2001; Lipschultz et al., 2002). Second, there is a drawdown of inorganic carbon during the summer in the absence of
measurable nutrients (Bates et al., 1996b; Michaels et al., 1994b)
which has yet to be reconciled. Third, the coupled cycling of dissolved
pools of carbon, nitrogen and phosphorus, is not in line with the
canonical Redﬁeld Ratio (Cotner et al., 1997; Michaels and Knap,
1996), although direct information on the elemental ratios of particulate organic matter was scant a decade ago. Throughout the
remainder of this manuscript we will present and discuss data from
BATS that may help answer these important biogeochemical questions and also highlight the interconnectivity of these processes and
changes in the Sargasso Sea ecosystem.

3.2.1. Reconciling biological and geochemical new and export
production estimates in the Sargasso Sea
The seasonal pattern of NPP in the Northwestern Sargasso Sea
has been well-documented over time with highest rates of
production occurring in the winter/spring period following convective mixing (Menzel and Ryther, 1960, 1961a; Michaels and
Knap, 1996; Steinberg et al., 2001). Recently, Lomas et al. (2010b)
have shown that winter/spring euphotic zone integrated NPP
increased by nearly 60% from the beginning of the BATS record
until 2007. It has been hypothesized that to support increased
rates of NPP, the water column at BATS is more frequently mixed
(as opposed to one single deeper mixing event like in the North
Atlantic) during the winter/spring period. As a result, nutrients
consumed by phytoplankton are rapidly replaced by subsequent
mixing events essentially allowing for more efﬁcient mining of
subeuphotic zone water while keeping measured residual nutrients at the detection limit (Lomas et al., 2010b). Such changes in
mixing frequency are hypothesized to be related to changes in the
phase of the NAO, which alters the frequency and strength of

e-ratio

0.06 (0.02)
 0.00 7 0.00 [0.82]

Teff

0.56
0.53
0.60
0.48
0.39
0.64
0.58
0.54
0.51
0.49
0.50
0.55
0.85
0.74
0.53
n.d.
0.41
0.60
0.30
0.37
0.49
0.47
0.71
0.52 (0.12)
 0.00 7 0.00 [0.38]

storms impacting this region of the Sargasso Sea. If true, this
mechanism could reconcile the extended presence of NO3 in the
euphotic zone despite the high NO3 turnover rates that have been
measured (Lipschultz, 2001). Indeed, recent studies designed to
test this hypothesis show that there are short-term (hours to
days) inputs of NO3 in response to the passage of winter storms
that previously had not been accounted for, but that biological
responses (e.g., phytoplankton community shifts, primary, new
and export production enhancement) are also occurring on a
similar time scale (Krause et al., 2009b; Lomas et al., 2009a;
Lomas et al., 2009b). The rate of new production associated with
such storm events has been calculated to represent 46–70% of
the pre-stratiﬁcation geochemical new production estimate of
0.26 mol N m  2 period  1 (Jenkins, 1988; Jenkins and Doney,
2003; Jenkins and Goldman, 1985; Jenkins and Wallace, 1992).
This high periodicity in nutrient input and rapid biological
response could help close the discrepancy between biological
and geochemical new production measurements during the
winter/spring period. However, capturing these high frequency
perturbations with monthly shipboard occupations is challenging
and present and future research requires a combination of
coupled ocean-atmosphere, biogeochemical and ecosystem models to properly assess their contribution to closing the gap in new
production estimates. In addition, closing the gap in the imbalance between NPP rates and nutrient supply during the stratiﬁed
period remains a signiﬁcant challenge (e.g., Brix et al., 2006;
Fawcett et al., 2011).
Mesoscale eddies are increasingly well understood and can
also be an important nutrient input term, contributing  40–70%
of the estimated annual nitrate supply in the Sargasso Sea
(McGillicuddy et al., 1998). Their impact during the winter/spring
can be dramatic. In 1994, the presence of an anticyclonic eddy
near the BATS station effectively prevented the occurrence of the
spring bloom at BATS, whereas in 2010, the interaction of an eddy
and convective mixing resulted in the deepest mixed layer depth
(464 m) observed during the history of the BATS program with
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Fig. 5. Timeseries of phytoplankton accessory pigments (ng kg  1) and relative contribution to total chlorophyll-a (%) in the deep chlorophyll maximum (DCM) at the BATS
station. (A) 190 -hexanoyloxyfucoxanthin: indicator pigment for haptophytes; (B) chlorophyll-b: indicator pigment for Chlorophytes and Prochlorophytes (see Section 2.5
for further details); (C) Zeaxanthin: indicator pigment for non-Prochlorophyte cyanobacteria, predominantly Synechococcus; (D) fucoxanthin: indicator pigment for
diatoms; and (E) peridinin: indicator pigments for autotrophic dinoﬂagellates. The upper graph in each panel is the time-series depth plot of the speciﬁc indicator pigment,
and the lower graph in each panel is the mean (7 Std. Dev.) relative contribution to total Chl-a in the DCM (values between 80 and 120 m). Error bars are derived from the
2–3 samples between 80 and 120 m. X-axis ticks denote January 1st of each year.

associated increases in daily primary production. To our knowledge the magnitude of eddy-derived nutrient inputs have not
been separated by pre-stratiﬁcation and stratiﬁcation periods.

3.2.2. Seasonal carbon drawdown
A well-documented feature of the western Sargasso Sea is that
the majority of the seasonal drawdown in CO2 occurs after
nutrients are depleted within the euphotic zone (Bates et al.,

1996b; Michaels et al., 1994b). It is critical to understand the
mechanisms behind this observed seasonal carbon drawdown,
particularly if it arises from biological processes such as shifting
elemental ratios or the importance of vertically migrating autotrophs such as the nitrogen ﬁxer Trichodesmium, large diatom mats
(Villareal and Lipschultz, 1995) or other autotrophs. In the latter
case, it does not appear that large vertically migrating autotrophs
are abundant enough in this region to account for the carbon
imbalance (Orcutt et al., 2001; Villareal and Lipschultz, 1995).
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Small eukaryotes growing during the height of summer stratiﬁcation are isotopically heavy for N, suggesting growth on deep nitrate
(Fawcett et al., 2011). It has been hypothesized that vertical
migration and nutrient mining may help explain this observation.
Geochemical observations from proﬁling ﬂoats reach a similar
conclusion by observing a vertical separation of nitrate disappearance and oxygen production at both the Hawaii Ocean Time-series
(Johnson et al., 2010) and BATS (Johnson, personal communication). Horizontal advection in the BATS region could help explain
some of the carbon drawdown, although this would require that
upstream water be nutrient-rich and/or relatively DIC-poor, characteristics not readily observed in the few spatial data sets in the
vicinity of BATS. Possible explanations for the observed carbon
drawdown could be greater importance of episodic events, such as
hurricanes, on CO2 gas exchange (Bates et al., 1998), or active
removal of carbon to depth by vertical migrators (Schnetzer and
Steinberg, 2002; Steinberg et al., 2000). Seasonal changes in the
elemental composition of living microbial/phytoplankton biomass
and the biological partitioning of organic matter between the
dissolved and particulate phases could also help explain the
disappearance of inorganic carbon. We focus on the latter two
explanations.
Zooplankton timeseries studies near BATS span several decades (Deevey, 1971; Menzel and Ryther, 1961b), but the most
comprehensive time-series analyses of interannual and multiyear variation in zooplankton in the Sargasso Sea are described in
Madin et al. (2001) and Steinberg et al. (2012). During an 18-year
period (1994–2011) total ( 4200 mm) annual zooplankton biomass increased in surface waters by nearly 70% (Fig. 6; adapted
and updated from Steinberg et al., 2012). Moreover, the comparison of zooplankton biomass in night and day tows, a proxy for
vertically migrating biomass from depths deeper than 200 m, also
increased. Zooplankton biomass showed similar albeit weak
correlations with year-to-year patterns of primary production.
Overall the resultant changes in biogeochemical cycling associated with enhanced zooplankton biomass, and presumably
grazing, includes a comparable increase in carbon export both
by diel vertical migration and ﬂux of zooplankton fecal pellets
(Steinberg et al., 2012). These observations highlight the important role of zooplankton, especially vertical migrators, which
currently represent a poorly quantiﬁed term in the biological
carbon pump.
While the Redﬁeld ratio has been a central tenet in biological
oceanography for decades, global ocean patterns and relationships
to microbial physiology remain poorly constrained (Geider and
LaRoche, 2002). Indeed, the dominant groups of phytoplankton in
the Sargasso Sea, haptophytes and cyanobacteria (Fig. 5) are known
to substitute sulfolipids for phospholipids thus providing ﬂexibility
in their ability to cope with phosphorus stress (Van Mooy et al.,
2009). The eukaryotes however, are at a disadvantage by having to

Fig. 6. Time-series of annual integrated (0–150 m) mesozooplankton ( 4200 mm)
biomass at the BATS station from 1994–2010 (see Steinberg et al., 2012 for
additional details). Solid line is least squares Model I linear regression, dashed
lines are 95% conﬁdence intervals.
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synthesize some P-free lipids that contain N, whereas cyanobacteria can synthesize lipids free of both P and N. Plots of suspended
POC, PON and PPhos co-vary within and below the euphotic zone
(Fig. 7), however, calculating the POC:PPhos or PON:PPhos ratios
for comparison with the Redﬁeld Ratio is not straightforward due
to the presence of variable amounts of detrital material (Minor and
Nallathamby, 2004; Lomas et al., 2010a). Estimated detrital POC
and PON concentrationscan be subtracted from bulk measurements to estimate the ‘living’ material (Lomas et al., 2010a, 2010b).
Based upon this ‘living’ biomass POC:PPhos ratio, the summer
suspended PPhos concentrations (1.3 mmol m  2, assuming nearly
all is in living particles, Lomas et al., 2010a, 2010b), and an export
ratio of 0.06 (Table 2),  4 mmol m  2 d  1of extra CO2 would be
drawn down during photosynthesis and potentially exported by
these carbon-rich particles, compared to growth at the Redﬁeld
Ratio. It is worth noting that all IPCC climate assessment models
assume Redﬁeld stoichiometry. The average daily CO2 drawdown is
 20 mmol m  2 d  1, suggesting that these seasonal changes in
plankton biochemistry could account for an important fraction of
this extra inorganic carbon drawdown, assuming these small cells
are efﬁciently removed from the euphotic zone. Future research
should focus efforts on quantifying and understanding the variability of POC:PPhos or PON:PPhos ratios in living biomass and to
explicitly quantifying the detrital pool. This is particularly important given the hypothesized future increase in the areal extent of
subtropical gyres (Polovina et al., 2008) and the dominance of
cyanobacteria in these regions. This process, coupled with recent
observations of small cells contributing signiﬁcantly to carbon
export (Lomas and Moran, 2011; Richardson and Jackson, 2007)
may provide a negative feedback on the inorganic carbon cycle not
currently included in ocean biogeochemical models.
Another possible explanation for the drawdown of CO2in the
absence of nutrients relates to the partitioning of DOC and POC and
the potential uncoupling of biogeochemical cycles of C, N and P.
Over the past 17-years, TOC (dominated by dissolved organic
carbon) within the euphotic zone (o100 m)has been accumulating
both in terms of increasing concentrations and a deepening of the
60 mmol l  1 isopleth by nearly 50 m (Fig. 8). Such accumulation of
TOC has occurred without a clear increase in either TON or TOP
(Fig. 8). Indeed, TON is not accumulating, but rather decreasing
within the euphotic zone. This is most apparent at the base of the
euphotic zone where the 4 mmol kg  1 isocline has shoaled by
nearly 50 m since the beginning of the timeseries. The TOP timeseries is too short for meaningful time-series interpretations, but it
has been suggested to be a bioavailable pool supporting a large
fraction of NPP in the Sargasso Sea and therefore would not be
expected to accumulate (Lomas et al., 2010a). Such accumulation
of TOC prior to 2010 could be due to a lack of consistent deep
(4200 m) winter mixing (Hansell and Carlson, 2001) and/or the
inability of euphotic zone bacterioplankton to metabolize surface
TOC on seasonal and shorter time-scales (Carlson et al., 2002;
Carlson et al., 2004). However in 2010–2011, with deep mixing,
clearly show the importance of mixing as a control on carbon
export. Long-term patterns show that there has not been a
signiﬁcant change in bacterial biomass over the duration of the
time-series record (Fig. 9). However, rates of bacterial production
have signiﬁcantly declined from the late 1990s to 2010 at which
point rates increased (Fig. 9). Total bacterial carbon demand has
thus also decreased (as a ﬁxed bacterial growth efﬁciency of 14% is
used in the calculation; Carlson et al., 1996) from 65762% of NPP
from 1991 to 1999 to 34745% of NPP from 2000 to 2010. This
decline in bacterial carbon demand from the 1990s to 2010
coincides with the slow increase in surface TOC and a deepening
of the 60 mmol l  1 isocline (Fig. 8). In the winter of 2010 and 2011,
the deepest mixed layers were observed and the dilution of this
surface accumulating DOC is evident (Fig. 8). This, taken in the
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Fig. 7. Suspended particulate organic nutrient (mmol kg  1) timeseries at the BATS station. (A) particulate organic carbon (POC); (B) nitrogen (PON); and (C) phosphorus
(PPhos). PPhos data prior to 2000 were kindly provided by Dr. James Ammerman. X-axis ticks denote January 1st of each year.

context of elevated NPP and shallow carbon export over the past
decade suggests a change in the ﬂow of organic carbon through the
Sargasso Sea food web and change in its partitioning between
dissolved and particulate phases dependent upon the extent of
convective mixing. Given the potential for TOC to be a signiﬁcant
carbon export term, understanding the controls on its cycling
whether they be biological (Carlson et al., 2002) or physical
(Carlson et al., 1994; Hansell and Carlson, 2001) is important.
3.3. Non-Redﬁeld N:P ratios in the permanent thermocline
Positive deviations of the dissolved NO3:PO4 ratio from Redﬁeld in the permanent thermocline of the Sargasso Sea have been
interpreted as a net nitrogen input to the system from local
nitrogen ﬁxation (Michaels et al., 1996, Singh et al., this issue),
however, thermocline waters are subject not only to local

processes but upstream processes as well (Bates and Hansell,
2004). Mills and Arrigo (2010)recently proposed that fast growing
diatoms in the North Atlantic Ocean leave P-deplete residual
water to be advected through the subtropical gyre of the North
Atlantic, thus suggesting that deviations in dissolved NO3:PO4 are
not entirely due to local N inputs via nitrogen ﬁxation. Separating
the production of organic particles with a deﬁned N:P ratio and
the measured export and remineralization of that organic material is difﬁcult and, given the time-series approach we can only
evaluate local particle production and export and its impacts on
the NO3:PO4 ratio.
The sediment trap (Multi-PIT) export ﬂux records at BATS,
particularly for POC and PON show that elevated values occur
nearly every winter when NPP is highest. However, elevated ﬂux
also coincides with periods when the mixed layer depths are
greater than the depth of the traps (Fig. 10). It has been argued
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Fig. 8. Total organic nutrient timeseries at the BATS station. (A) total organic carbon (TOC; mmol kg  1), (B) TON (mmol kg  1), and C) TOP (nmol kg  1). Inorganic NO3 and
PO4 have been subtracted from the latter two, and thus parameter represents both dissolved organic and particulate organic concentrations. X-axis ticks denote January 1st
of each year.

that this and other hydrodynamic effects confound the interpretation of surface-tethered sediment traps, however a recent
timeseries using neutrally buoyant sediment traps suggests that
these hydrodynamic effects may be less of a concern (Owens
et al., 2013). The POC:PON ratio of exported material is close to
Redﬁeld at 6–8 mol:mol, consistent with elemental composition of the suspended particulate pool (data not shown). Trends in
the POC ﬂux record indicated a long term increase, though not
signiﬁcant for the entire data record (Table 2), and there is no
signiﬁcant change in the POC:PON ratio. The PPhos ﬂux record
is much shorter, but shows a slightly different pattern in which
PPhos ﬂuxes have increased signiﬁcantly at all trap depths
(150 m, P-value¼0.05; 200 m, P-value¼0.03; 300 m, Pvalue ¼0.03) (Fig. 10). This has resulted in a signiﬁcant (Model I

linear regression, P-value¼0.01) decrease in the PON:PPhos ﬂux
ratio over the past 5 years from values that were greater than that
of the euphotic zone PON:PPhos (corrected for detrital PON) to
values that are now comparable to euphotic zone PON:PPhos and
slightly higher than Redﬁeld (data not shown). This decline could
be due to changes in remineralization length scales of N or P,
although given the very low phosphorus concentrations and the
growing evidence for P-stress in the western North Atlantic Ocean
(Ammerman et al., 2003; Lomas et al., 2004; Mather et al., 2008),
it is hard to envision that P-remineralization rates would
decrease. Indeed, over this same time frame, there has been a
signiﬁcant (Model I linear regression, P-value¼0.005), albeit
small, increase in the NO3:PO4 ratio below the euphotic zone
and above the EDW layer, which supports the notion that N is
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Fig. 9. Time-series of bacterial carbon biomass and productivity at the BATS station. (A) bacterial carbon biomass (mg C m  3); (B) bacterial production (mg C m  3 d  1);
and (C) euphotic zone integrated (0–140 m) bacterial carbon biomass (upper plot) and net primary and bacterial productivity (lower plot). Bacterial productivity is
expressed as bacterial carbon demand determined using a growth efﬁciency of 14% (dashed line). Cell carbon and carbon:thymidine conversion factors and bacterial
growth efﬁciency taken from Carlson et al. (1996). X-axis ticks denote January 1st of each year.

being recycled faster and consistent with patterns in the PON:PPhos ratio in sinking organic material. An alternative explanation,
however, is that there has been a change in the quality and source
of sinking particulate organic matter (i.e., shift in the plankton
community structure).
Relatively little is known about taxon-speciﬁc variability in
cellular C, N, P quotas under ambient conditions to determine if
these changes in phytoplankton community are congruent with
the observation of a decreasing PON:PPhos ratio in sinking
material. Moreover, POM export is a small fraction of primary
production in the Sargasso Sea (Lomas and Bates, 2004; Carlson et
al., 1998), and so changes in the DON:DOP ratio of vertically
exported DOM should be considered to understand the dynamics
of thermocline NO3:PO4 in the Sargasso Sea.

3.4. Relevance of BATS and a vision for the future
The data collected as part of the BATS research program,
available at http://bats.bios.edu, as well as at the Biological and
Chemical Oceanography Data Management Ofﬁce (BCO-DMO;
http://osprey.bco-dmo.org/program.cfm under ‘‘Projects’’) continues to contribute signiﬁcantly to the ﬁeld of oceanography,
providing a framework around which a diversity of hypotheses
have been developed on the functioning of the Sargasso Sea
ecosystem. These contributions have been in the form of a
consistent research platform for other researchers on which
samples can be collected or instrument trials conducted, an
extensive biogeochemical dataset that modelers can use to
validate model outputs, and a comprehensive hydrographic and
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Fig. 10. Time-series of particulate nutrient export ﬂuxes at 150 m. POC
(mmol C m  2 d  1)—middle graph, PON (mmol N m  2 d  1)—middle graph, POP
(mmol P m  2 d  1)—lower graph. Short vertical dashes in each of the POC ﬂux
panels represent those times when the mixed layer depth was greater than the
depth of the trap. X-axis ticks denote January 1st of each year.

biogeochemical context in which to place ancillary research
projects/results. Concerning the latter, a wide range of ancillary
projects (research not funded or conducted as part of the core
BATS program and not presented in this overview but rather in
other papers in this issue) have been and currently are supported
by BATS (http://bats.bios.edu/docs/BATS_ancillary_user_list.pdf)
which provides a broad context for examining oceanographic
paradigms and hypotheses.
Biogeochemical oceanographic time-series programs are an
essential component of the emerging network of ocean-climate
observatories (Church et al., this issue). To this end, biogeochemical time-series programs must continue to prioritize measurements and measurement systems critical to detecting and
quantifying time-varying changes in the pools and ﬂuxes of
ecologically-signiﬁcant elements and biodiversity of organisms,
to help understand the inﬂuences of feedback loops in local- to
basin-scale climate variability. This includes leveraging the implementation, testing, and validation of transformative sea-sensing
technologies at these sites to continue enriching our understanding of natural and anthropogenic inﬂuences on the oceanatmosphere system. Lastly, the utility of biogeochemical timeseries data for formulating and validating ecosystem models
should be promoted. Broader use of these data in modeling
studies will improve our mechanistic understanding of ocean
dynamics at these sites, while further highlighting the utility of
the time-series observations.
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