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INTRODUCTION

The frontal region in the Subtropical Convergence
Zone (STCZ) in the southern Sargasso Sea is interest-
ing in that patches of American eel Anguilla rostrata
and European eel Anguilla anguilla larvae have been

found in several studies (e.g. Kleckner et al. 1983,
Kleckner & McCleave 1988, Munk et al. 2010). How-
ever, reasons for this association are not clear. One
hypothesis is that this frontal zone might comprise
more rewarding feeding grounds for the larvae than
surrounding waters. However, two studies (Andersen
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ABSTRACT: Previous studies have demonstrated that patches of eel larvae are found in the frontal
region of the Subtropical Convergence Zone (STCZ), but to date no clear evidence of why this
region might confer advantage to the larvae has been presented. This study demonstrates that
there may be localized patches within a frontal region in the STCZ in the Sargasso Sea that expe-
rience elevated vertical mixing and an associated vertical flux of nutrients. This localized vertical
mixing was suggested by a group of stations within the frontal region that exhibited a greater sim-
ilarity (Jaccard index) between the diatom communities at 10 m and >100 m (in the deep chloro-
phyll maximum, DCM) than in other parts of the frontal region. Thorpe displacements supported
the hypothesis of elevated mixing intensities around these stations, as did vertical mixing rates
inferred from stratification and vertical current shear calculated from acoustic Doppler current
profiler (ADCP) measurements. Combining these mixing estimates with vertical nutrient gradi-
ents suggests that nutrient fluxes to the euphotic zone at these mixing sites may be an order of
magnitude greater than elsewhere in the frontal region. This mixing may influence the plankton
food web, as indicated by elevated values/concentrations of (1) primary production, (2) variable
fluorescence (Fv/Fm) and (3) total seston. In addition, the fraction of the total biomass of both cope-
pods and nauplii found closest to the DCM in the frontal region correlated with the stratification
(Brunt-Väisälä frequency), with the greatest fractions found below 75 m at the most weakly strat-
ified stations. While this study cannot directly link these observations to eel larvae ecology, Munk
et al. (2010; Proc R Soc B 277:3593–3599) reported that eel larvae were most abundant at locations
where we found evidence for elevated vertical mixing.
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et al. 2011, Riemann et al. 2011) carried out concomi-
tantly with the Munk et al. (2010) study failed to iden-
tify significant differences in either primary or sec-
ondary production between frontal and non-frontal
waters — although the Andersen et al. (2011) study
did suggest a greater abundance of some zoo -
plankton forms in the frontal region than elsewhere.

Thus, the current state of understanding regarding
the distribution of eel larvae in the Sargasso Sea, at
the time of the Munk et al. (2010) study, was that they
were only found in the frontal region, that they were
patchily distributed, and that there was no indication
of increased primary or secondary plankton produc-
tion that would suggest better feeding conditions in
the frontal region for eel larvae. The present study
further extends the understanding of the Sargasso
Sea ecosystem at the time of the Munk et al. (2010)
study by examining the frontal region itself for poten-
tial heterogeneity in physical and biological charac-
teristics in the water column.

The front region in question is located in the STCZ,
a transition zone between 25° N and 32° N in the
North Atlantic subtropical gyre separating relatively
cold waters in the area (dominated by the Westerlies)
from warm waters in the trade wind region (Leetmaa
& Voorhis 1978). Results from the MODE experi-
ments (MODE group 1978) have shown that the
STCZ in the Sargasso Sea can be characterized by
mixing between the cold and warm water masses in
the form of north−south oriented plumes with spatial
scales of about 200 km, where smaller scale frontal
structures with spatial scales of about 10 km appear
on the edges of these plumes.

The mesoscale variability associated with the fron -
tal structures is characterized by temperature gradi-
ents of about 0.1°C km−1, depth ranges of the order of
100 m and relatively short temporal scales of about 3
to 5 d. Satellite-derived estimates of frontal structure
and locations confirm a relatively high probability of
front occurrences in the Sargasso Sea region from
25° to 35° N and 74° to 55° W, with significantly in -
creased frontal activity in the spring period (Ullman
et al. 2007).

The presence of an STCZ and an associated east-
ward-flowing subtropical countercurrent are fea-
tures typical of the northern subtropical gyres in both
the Atlantic and the Pacific. The countercurrent in
the gyres has been found to be associated with inter-
actions between general wind-driven circulation
(from the Westerlies and trades), thermal stratifica-
tion (Cushman-Roisin 1984), and mixed layer depth
distribution (Kubokawa & Inui 1999) of the upper
ocean. High-resolution studies of the small-scale

fron tal structures in the Northern Pacific STCZ re -
vealed intense mixing and interleaving on spatial
scales of ~5 km in the upper 150 m of the water col-
umn (Shcherbina et al. 2009). The STCZ is therefore
a consistent feature of the subtropical gyres. It is an
area characterized by deep small-scale frontal dy -
namics on relatively small spatial and temporal
scales and these dynamics have the potential of af -
fecting biogeochemical cycling significantly through
increased mixing of nutrients.

The present study is based on data collected on
the same cruise as the Munk et al. (2010), Andersen
et al. (2011) and Riemann et al. (2011) studies. We
hypothesized that the frontal dynamics described
above might potentially create heterogeneity in the
plankton production characteristics within the
frontal re gion. If this were the case, then comparing
characteristics of the frontal region as a whole with
non-frontal regions would not necessarily provide a
represen tative description of the potential of this
region to meet the feeding needs of higher tropic
levels. We conclude that localized vertical mixing
leads to en hanced nutrient delivery to the photic
zone at specific sites within the frontal region, and
that this nu trient delivery may stimulate the plank-
ton food web at those locations. Although our data
do not provide the basis to identify a direct link
between this apparent stimulation at the base of the
plankton food web and feeding by eel larvae, we do
note that the greatest concentrations of eel larvae
recorded by Munk et al. (2010) were found in an
area of the frontal region where this enhanced
nutrient mixing is inferred.

MATERIALS AND METHODS

Study area. The study was part of the Danish
‘Galathea 3’ Expedition (www.galathea3.dk) that cir-
cumnavigated the globe in 2006 and 2007. Sampling
in the Sargasso Sea took place from 29 March to
10 April 2007. Multi-disciplinary studies were carried
out, although the main purpose was mapping the dis-
tributions of eel larvae (Munk et al. 2010). CTD and
water collection were generally carried out during
daylight hours (Table 1). Three north−south transects
along the longitudes 64° W (Transect 1), 67° W (Tran-
sect 2) and 70° W (Transect 3) were sampled (Fig. 1).
Transect positions were chosen on the basis of the
positions of sea surface temperature (SST) iso therms
prior to the sampling period and all transects pro-
vided samples from both in and outside of the frontal
area.
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Water column characteristics. Conductivity, tem-
perature (2 separate C- and T-sensors), and pressure
were measured using a Seabird Instruments 911
series. The instruments were attached to a rosette of
12 Niskin bottles (30 l), a fluorometer (SCUFA), light
meters (Biospherical) and 2 oxygen sensors (SBE43).
All instruments were calibrated and data quality-
controlled before use. Samples were taken from
selected depths for oxygen calibration (Winkler), and
salinity calibration (PortaSal). Measurements made
with the SCUFA fluorometer mounted with the CTD
were subsequently calibrated against chlorophyll a

concentrations (r2 = 0.79, n = 17) from water
samples (GF/F filtered). The filters were
stored in glass vials with 5 ml 96% ethanol
and frozen at −20°C. Prior to analysis, the
samples were ex trac ted for 6 to 24 h in dark-
ness at room temperature. The samples were
measured on a TD-700 fluoro meter (Tur ner
Designs), which was calibrated against a
pure chloro phyll a standard. Chloro phyll
concentration was determined after Method
445.0 by the US Environmental Protection
Agency as suggested by Turner  Designs
(Arar & Collins 1997). Samples for inorganic
nutrients, variable fluorescence, primary
production, and phytoplankton species com-
position were only collected at every second
or third CTD station (Fig. 1, Table 1).

CTD data analysis. Pressure measurements
were averaged with a time constant of 0.15 s,
corresponding to a vertical scale of 8 cm for a
descent rate of 0.5 m s−1 (i.e. a scan rate of
24 Hz for the SBE9+ instruments in the CTD
system). The 2 conductivity and temperature
sensors were only analysed for the downcasts
and  reversals were removed by only consid-
ering measurements with a minimum CTD
velocity of 0.1 m s−1. Finally, the CTD data
were bin-  averaged in intervals of 0.5 dbar.

Determination of inorganic nu tri ents. At
each station, seawater from the DCM and
the standard sampling depths of 10, 30, 60,
100, 200 and 400 m was tapped and im me di -
ately frozen. The subsequently filtered sea -
water (Millipore Millex-GP Hydro philic
PES0 0.22 mm) was analyzed for nitrate, ni -
trite, phosphate, ammonium and silicate by
wet-chemistry methods according to Grass -
hoff et al. (1983) with a SanPlus System
Scalar auto-analyser at the National Envi-
ronmental Research Institute (NERI), Univer-
sity of Aarhus, Denmark. The detection lim-

its were 0.06, 0.1, 0.04, 0.3 and 0.2 μmol kg−1 for PO4,
NO3, NO2, NH4 and silicate, respectively. A detailed
description of the distribution of inorganic nutrients
is given in Riemann et al. (2011). Therefore, only
nutrient information relevant for the current analyses
is presented here.

Primary production. Samples were collected from
surface waters (10 m) and the DCM; primary produc-
tion was determined using the carbon-14 method
modified after Steemann Nielsen (1952). The actual
method applied is described in detail in Hilligsøe et
al. (2011). Briefly, after the addition of 14C, samples
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Station    Lat.      Long.          Date           Time    CTD &         PP, 
ID            (°N)       (°W)     mm/dd/yyyy   (UTC)  diversity    chl a & 
                                                                                                 nutrients

Transect 1
17-1        19.00     64.00     03/29/2007      12:08         x                x
17-5        20.50     64.01     03/29/2007      22:48         x                 
17-10      22.04     64.00     03/30/2007      11:04         x                x
17-12      23.00     64.00     03/30/2007      16:37         x                 
17-15      24.00     64.00     03/30/2007      23:54         x                 
17-18      24.50     64.00     03/31/2007      05:47         x                 
17-22      25.25     64.00     03/31/2007      22:57         x                x
17-25      26.00     64.00     04/01/2007      06:00         x                 
17-28      26.50     64.00     04/01/2007      13:01         x                x
17-33      27.00     64.00     04/01/2007      20:39         x                 
17-36      27.33     64.00     04/02/2007      01:33         x                x
17-43      27.66     64.00     04/02/2007      14:56         x                x
17-46      28.00     64.00     04/02/2007      19:42         x                 
17-49      28.33     64.00     04/03/2007      19:42         x                 
17-52      28.66     64.00     04/03/2007      06:30         x                 

Transect 2
17-55      28.50     67.00     04/03/2007      20:28         x                x
17-57      27.75     67.00     04/03/2007      01:52         x                 
17-59      27.00     67.00     04/03/2007      07:06         x                 
17-61      26.50     67.00     04/04/2007      11:25         x                x
17-63      26.00     67.00     04/04/2007      16:07         x                 
17-65      25.66     67.00     04/04/2007      20:05         x                 
17-68      25.33     67.00     04/05/2007      00:58         x                 
17-72      25.00     67.00     04/05/2007      08:26         x                x
17-74      24.50     67.00     04/05/2007      16:00         x                 

Transect 3
17-79      24.99     70.00     04/06/2007      08:31         x                x
17-80      25.50     70.00     04/06/2007      11:50         x                 
17-83      26.00     70.00     04/06/2007      18:15         x                 
17-87      26.50     70.00     04/07/2007      02:37         x                 
17-94      27.03     70.00     04/07/2007      16:02         x                x
17-95      27.50     70.00     04/07/2007      19:08         x                 
17-99      28.00     70.00     04/08/2007      03:02         x                 
17-103    28.99     70.00     04/08/2007      12:36         x                x
17-107    30.00     70.00     04/08/2007      20:32         x                 
17-111    32.51     70.00     04/09/2007      14:00         x                x

Table 1. Station list for the 3 transects with positions and time of meas-
urements (UTC). Stations where CTD, diversity, biology (i.e. primary
production [PP], chlorophyll a) nutrients were measured are indicated 

with an ‘x’
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were incubated at a range of photon flux densities for
2 h. In this manner, photosynthesis (P) vs. light (E)
curves were established for both the surface and
DCM populations. These were applied to the hourly
average of the light estimated to be found at each
depth of the water column in 1 m depth intervals
throughout the day (applying the light attenuation
co efficient recorded at the specific station and
assuming average hourly light averages for light inci-
dent upon the surface based on the actual light meas-
ured in the area during the week of sampling).

The P vs. E characteristics for the surface population
were assumed to apply for populations down to the
DCM and the DCM characteristics for all deeper
depths. A biomass correction was, however, applied
using the chlorophyll estimates made from fluores-
cence recorded at 1 m depth intervals and assuming
the actual amount of photosynthesis occurring to be
linearly related to the chlorophyll concentration. Total
particulate primary production was estimated both
with (Platt et al. 1980) and without a correction for
photoinhibition. Both the distribution pattern between
stations and the magnitude of the estimated primary
production were similar with and without the correc-
tion. The non-corrected estimates are reported here.
Note that there are minor differences in the magnitude

of the primary production estimates reported here
and in Riemann et al. (2011) owing to differences in
the method used to fit the curves to the P vs. E para -
meters between the 2 studies.

Phytoplankton community analysis. Samples for
phytoplankton analysis were taken from Niskin bot-
tles closed at the surface (10 m) and the DCM; depths
varied between 100 and 140 m. These were preserved
in 1 l brown glass bottles with acidified Lugol’s solu-
tion (approximately 2% final concentration) for taxo-
nomic de termination of nano- and micro plankton.
Identification of the organisms present in this size
fraction (> ca. 2 μm) was made using quantitative
light microscopy according to Utermöhl (1958). Cell
biovolumes were estimated from linear dimensions
and calculated using appropriate geometric volume
formulas. Carbon content was estimated using car-
bon to volume relationships given in Edler (1979).
Analyses were carried out by Orbicon A/S (Aarhus,
Denmark).

Jaccard Index. J (Jaccard 1901) was calculated to
de termine the similarity between the diatom commu-
nities at 10 m and at the DCM at each sampled sta-
tion. J measures the similarity between 2 communi-
ties C1 and C2 and is calculated as:

(1)

where α is the number of shared species in the com-
munities C1 and C2, β is the number of species present
in community C1 but absent in C2, and γ is the number
of species present in community C2 but absent from
C1. J ranges from 0 (when C1 and C2 have no shared
species) to 1 (when all species are shared). The diatom
component of the plankton community was selected
for the analysis as these organisms are comparatively
easy to identify relative to the more dominant compo-
nent comprised of small flagellates.

Zooplankton analysis. As a proxy for mesozoo-
plankton distributions, the total abundance and bio-
mass of calanoid and cyclopoid copepods down to
250 m were determined at 32 stations. Samples for
de termining the vertical distribution of metazoo-
plankton (>50 μm) were collected using a Hydro-
Bios MultiNet Midi. The MultiNet consists of 5 nets
with a closing option for 4 of the nets. The MultiNet
was lowered and hauled with speeds of 18 m min−1

and 10 m min−1, respectively. Samples were fixed in
4% formalin and stored at 5 °C prior to microscopic
enumeration of copepods and nauplii.

At some stations, a single Multinet haul was made
to 250 m. At others, hauls were made in consecutive
strata of the water column. When stratified sampling

= α
α + β + γ

J
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Fig. 1. Position of stations in the Sargasso Sea where both
CTD and biology measurements (d) and where only CTD
(n) measurements were made. Background color depicts
satellite-derived sea surface temperature (SST) from 31
March 2007. The rectangle shows the area of study, shown 

in detail in Fig. 5
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was carried out, the abundance and biomass to 250 m
were calculated by multiplying the abundance/bio-
mass per volume (ai) for each stratum (i) down to
250 m by the height of the stratum (hi) and subse-
quently taking the sum of these contributions. The
average abundance/biomass in the water column
was found by dividing the total abundance/biomass
in the uppermost 250 m by 250 m. Methods and
length-weight relationships used to convert abun-
dance to biomass are given in Andersen et al. (2011).

The fraction of copepods/nauplii beneath 75 m was
defined as the abundance/biomass of copepods/
nauplii found in the interval from 75 m to 250 m di -
vided by the total abundance/biomass of the cope-
pods/   nauplii under the same area of sea surface in
the depth interval from 0 to 250 m.

Thorpe displacements. Thorpe displacements are
a measure of the length scale associated with insta-
bilities in a vertical density profile, and it is assumed
that the instability is due to overturning induced by
turbulent eddies. The vertical displacement of water
parcels by eddies causes instabilities in the CTD pro-
files and displacements are therefore representative
of the eddy-induced vertical movement of water
parcels from an initial stable stratification. Thus,
Thorpe displacements can be related to the intensity
of vertical turbulent mixing (Thorpe 1977). Thorpe
displacements (L) were determined by reordering the
density profiles by applying a noise level of Δρ = 10−3

kg m−3 (Ferron et al. 1998). According to Galbraith &
Kelley (1996), the minimum thickness of re solvable
overturn (Lmin) can be estimated as Lmin = 2 g Δρ/(N 2

ρ0), where g is the gravitional constant and ρ0 is a ref-
erence density. A typical stratification frequency for
intermediate depth levels at 150 m depth in the area
was N = 0.008 s−1, corresponding to a minimum
resolvable thickness of 0.3 m. However, the bin-aver-
age of the CTD profile made a lower limit of about 0.5
to 1 m on the Thorpe scale displacements. Thorpe
displacements were subsequently averaged over 5 m
intervals.

ADCP measurements. Current velocities were
measured by 2 downward-looking ADCPs from Tele-
dyne RD Instruments: a 600 kHz Workhorse Monitor
and a 75 kHz Workhorse Long Ranger. The 2 ADCPs
had ranges of about 50 m and about 600 m, respec-
tively, where the upper part of the water column had
to be blanked out. Data were collected using single
pings and depth cells of 2 m and 16 m, respectively.
The velocity observations were referenced to earth
by subtracting the vessel velocity, found using the
bottom track of one or the other ADCP, where avail-
able, or calculated from GPS data, subjected to a 5 s

moving average. There was good agreement be -
tween the measurements in the depth range 30 to
50 m where the 2 instruments overlapped. In the ana -
lysis below we considered the mixing below 50 m
and therefore only data from the 75 kHz sensor were
used. In order to examine the velocity structure of the
water column, the ADCP data collected at the time of
CTD profiling were averaged over 1 h into one verti-
cal velocity profile. This corresponds to averaging of
about 900 independent observations.

Richardson number and vertical mixing. The
Richardson number (Ri) describes the importance of
stratification for damping vertical mixing compared
to the vertical velocity shear which provides energy
for turbulent motion. A large Richardson number
indicates reduced mixing due to a relatively large
stability in the water column and vice versa. The
stratification is determined from the Brunt-Väisälä
frequency (N 2 = −g/ρ ∂ρ/∂z, where g is the gravita-
tional constant, ρ is density and z the vertical coordi-
nate and the gradient is determined continuously
over a 10 m interval). The density was determined
from CTD measurements and the velocity shear (S2)
was determined from the eastward (u) and northward
(v) velocity components measured by the 75 kHz
ADCP sensor [S2 = (∂u/∂z)2 + (∂v/∂z)2]. The Richard-
son number is defined as: Ri = N 2/S2. Empirical rela-
tionships have been established for calculating the
vertical turbulent diffusion coefficient (kv) from the
Richardson number and we apply the KPP para -
meterisation after Pacanowski & Philander (1981):

(2)

The parameterisation implies a minimum value of
kv of about 10−5 m2 s−1 for large Ri numbers, corre-
sponding to typical values for the ocean interior,
whereas small Ri numbers increase the mixing coef-
ficient significantly. The KPP parameterisation has
been found to provide a good estimate of the shear-
induced vertical mixing intensities when compared
to other methods (e.g. Cisewski et al. 2005).

Vertical nutrient flux. The vertical nutrient flux
(FN) due to turbulent mixing was estimated as FN =
−kvDINz, where DINz was the vertical gradient of dis-
solved inorganic nitrogen (DIN); i.e. the sum of
nitrate, nitrite and ammonium. The vertical gradient
was estimated from observed values in a depth range
below the turbulent mixed layer. The vertical nutri-
ent fluxes were converted to carbon units (i.e. new
production, sensu Dugdale & Goering 1967) by ap -
plying a Redfield C:N ratio of η = 106:16, i.e. the car-
bon flux was determined as FC(DIN) = ηFN.
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Variable fluorescence. Variable fluorescence nor-
malised to maximum fluorescence yield in dark-
adapted populations (Fv/Fm), an indicator for the po -
tential for electron transport in Photosystem II (PSII),
was determined on discrete samples (3 replicates)
taken from selected depths in the water column.
Samples were incubated in darkness for a minimum
of 30 min in a thermally insulated container. Fv/Fm

was measured with a FastTracka fluo rometer (Chelsea
Instruments). We used a single turnover protocol
with 30 sequences per acquisition, each including
100 saturation flashlets and 20 relaxation flashlets.
The sequence interval was set to 1000 ms. Fv/Fm was
calculated from a saturation phase fit and a relax-
ation phase fit following Kolber et al. (1998). Only
measurements with a qualifying saturation phase and
relaxation phase were included in the data set.

Stable isotope analyses. Bulk particulate matter
(seston) was obtained by vertical hauls of a Multinet
(Hydro-Bios) with 0.25 m2 openings and 50 μm mesh
nets. In each haul, samples were obtained from 5
pre-programmed strata from 400 m depth and up.
Samples were split in half on a Folsom plankton split-
ter and one half was freeze-dried for analysis of C
and N stable isotopes.

Carbon and nitrogen isotope analyses were per-
formed at the Scottish Crop Research Institute using
an automated nitrogen-carbon analyser (ANCA) cou-
pled to a 20/20 isotope ratio mass spectrometer (Ser-
Con). Samples in crimped tin capsules were intro-
duced via a solid autosampler. The elemental analyzer
(EA) reactor tubes were comprised of 2 quartz glass
tubes filled with chromium(III) oxide and copper
oxide held at 1000°C, and reduced copper held at
620°C, for combustion and reduction, re spectively. A
post-reactor gas chromatography (GC) column was
kept at 70°C for separation of evo lved N2 and CO2.
The working standard for N analysis was 1 mg leucine
prepared by freeze-drying 50 μl of a 20 mg ml−1 stock
solution into tin cups, and calibrated against ‘Europa
flour’ and IAEA standards N1 and N2. Only nitrogen
isotopes were used in this study and data are reported
as δ15N relative to air according to the formula:

δ15N = [(Rsample/Rstandard) − 1] × 1000 (3)

where R is the ratio of the heavy to the light isotope
(15N/14N).

In order to convert the δ15N of the seston from the
different strata to a δ15N value for seston in the water
column as a whole, the isotope signature for each
stratum was multiplied by the weight of the seston in
that stratum divided by the total weight of seston in

the water column down to 400 m and the results for
all strata summed.

RESULTS

A thermal frontal system characteristic of the STCZ
was encountered between ca. 24.5 and 27° N on all 3
transects. Transect 1 supplied the best coverage of the
frontal region as well as waters to the north and south
of the front and characteristics of that transect are il-
lustrated in Fig. 2a. The region to the north was char-
acterized by considerably colder surface water com-
pared to south of the front, with temperatures at 10 m
depth <21°C (e.g. Stn 17-43 at 27.66° N). In contrast,
the temperatures at 10 m, between ca. 26 to 27.33° N
(e.g. Stn 17-25 to 17-36), were between 22.9 and
23.3°C. Relatively small salinity changes were ob-
served in the same area with salinities ranging be-
tween 36.70 and 36.78 at 10 m (i.e. SP, PSS-78). A clear
sub-surface salinity maximum, corresponding to Sub-
tropical Underwater (STUW) was observed south of
the front at intermediate depths, i.e. be tween 100 and
200 m; elevated sub-surface salinities were also noted
north of the frontal region (Fig. 2b). Relatively low dis-
solved oxygen concentrations in the STUW of around
175 μmol kg−1 were clearly separated from the more
well-ventilated subtropical mode water (STMW, also
referred to as ‘Eighteen-degree water’) observed in
the depth range 200 to 400 m (Fig. 2c).

There are no commonly accepted criteria for iden-
tifying the geographic boundaries of a frontal region.
For our analyses, we chose to define the frontal
region as being where outcropping isopycnals had a
density range (σt) of 24.5 to 25.5 kg m−3. Here, the
water characteristics were relatively constant and
characterized by surface temperatures between 22.3
and 25°C (at a depth of 10 m) and salinities above
34.48 (Fig. 3). Stations to the north of the frontal
region were significantly colder and waters south of
the fronts were significantly warmer and less saline.
Temperature and salinity were therefore relatively
similar in the frontal region along the 3 transects.
Where there is good data coverage for both frontal
and non-frontal stations, all of the collected data are
presented here for purposes of comparison. How-
ever, the focus of the analyses is on the frontal region
itself, and trying to identify and understand hetero-
geneity in both water column characteristics and bio-
logical activity within this region.

In the deep waters encountered in the frontal re -
gion, i.e. below ca. 200 m, the STMW mass was rela-
tively well-ventilated with apparent oxygen utilisa-
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tion (AOU) values below 50 μM (Fig. 4b,d,f). Higher
AOU was observed on the more southerly stations
along Transect 1 (64° W). Transects 2 and 3 only tra-
versed the northern part of the frontal region and
thus did not extend into the region where high AOU
values in the STMW were recorded on Transect 1.
However, in all other respects, the density structure
along the 3 transects appears to be comparable.

In our initial analysis of the data, we noted 5 con-
secutive stations with a high similarity (Jaccard
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Index) between the diatom communities at the sur-
face and the DCM (Fig. 5). These stations coincided
with the frontal region along Transect 1. To test the
hypothesis that J might be used as a proxy for mixing
in the water column, we compared this index to the
temperature difference from 10 m to the DCM. The 2
parameters were significantly negatively correlated
(t-test, p < 0.05, n = 25), suggesting that the Jaccard
Index may be used as a proxy for water column strat-
ification (and therefore mixing) in this region. As it
was only in the frontal region of Transect 1 that we
noted these relatively high Jaccard indices, we hypo -
thesized that the vertical mixing intensity within the
frontal region as a whole might vary and thereby
lead to heterogeneity in the conditions for plankton
growth and feeding within the region. We therefore
turned to other methods to estimate the distribution
of vertical mixing within the frontal region.

Thorpe displacements recorded in the frontal re -
gion along Transect 1, i.e. the same region that we
recorded the highest Jaccard indices, were consider-
ably larger than those recorded on Transects 2 and 3.

The largest Thorpe displacements along Transect 1
were observed in the surface mixed layer, i.e. the
upper 100 m, and also in the depth stratum of 100 to
200 m in the frontal area (Fig. 4). Eel larvae (redrawn
from Munk et al. 2010) were encountered on all 3
transects and only in the frontal region (as defined
above), i.e. in the region of the well-ventilated
STMW (Fig. 4a,c,e). The largest eel larvae concentra-
tions were observed in the frontal region on Transect
1, where Thorpe displacements also were signifi-
cantly higher than elsewhere.

The distribution of Thorpe displacements sug-
gests that mixing intensities in the frontal region
on Transect 1 were larger than those encountered
in the frontal region on the other 2 transects, and
is supported by the relatively low Richardson num-
bers (Ri <10−2) recorded in the frontal region of
Transect 1 (Fig. 6). These low values result from
weak vertical stratification (i.e. a low Brunt-Väi -
sälä frequency) and relatively large vertical velocity
shear below the mixed layer. In the upper 120 m,
the locations with low Richardson numbers were
in good agreement with areas characterized by
large Thorpe displacements (Fig. 4, Table 2). The
situation is somewhat different for depths below
100 m. These were, in general, characterized by
relatively high Richardson numbers which would
indicate the occurrence of less turbulent mixing,
while the Thorpe displacements indicated signifi-
cant mixing deeper in the water column. We note,
however, that current velocities below 100 m were
generally <1 cm s−1 and that under these condi-
tions, deep vertical variations in currents be come
difficult to detect (i.e. a low signal to noise ratio).
In contrast to Transect 1, Transects 2 and 3 were,
in general, characterized by relatively large Richard -
son numbers in the entire water column be low 50 m
(Table 2). This distribution of Richardson numbers
indicates a much lower influence from turbulent
mixing in the upper ocean in the frontal region on
these 2 transects compared to that encountered on
Transect 1.

Turbulent diffusion coefficients (kv) were estimated
by applying the KPP parameterisation in the frontal
regions of the 3 transects. Low Ri values at Transect 1
resulted in large diffusion coefficients of about 10−3 m2

s−1, whereas relatively low diffusion coefficients of
about 10−5 m2 s−1 were found on Transects 2 and 3.
The corresponding vertical nutrient fluxes (conver -
ted into carbon units) were calculated from the verti-
cal nutrient gradients and the diffusion coefficients.
The largest vertical diffusion coefficients in the
frontal zone were recorded on Transect 1 (Table 2).

18°
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33°
N  
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Fig. 5. Jaccard Index for diatoms at the surface (10 m) versus
the deep chlorophyll maximum (DCM). The Jaccard index is
shown by colors. Positions of stations without observations of
phytoplankton species are indicated together with isolines of
sea surface temperature (SST) (symbols and SST as in Fig. 1)
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At all stations, inorganic nutrients
were low in  sur face waters: nitrate in
the upper 200 m was ≤3.64 μmol kg−1

(mean 0.49 μmol kg−1); phosphate
≤0.10 μmol kg−1 (mean 0.03 μmol kg−1)
and silicate between 0.45 and
1.22 μmol kg−1 (mean 0.70 μmol kg−1).
The nutricline was located at around
200 m over most of the study area.
When the 200 m sample was excluded,
 nitrate concentrations in surface
 waters were ≤1.69 μmol kg−1 (mean
0.22 μmol kg−1) and phosphate
≤0.08 μmol kg−1 (mean 0.03 μmol
kg−1). In the strongly stratified waters
farthest south, the low nutrient con-
centrations ex tended to even deeper
waters, i.e. to between 200 and 400 m,
than was the case for the rest of the
stations along the transect. The verti-
cal gradients of DIN and dissolved in-
organic phosphate (DIP) be tween the
DCM and 200 m depth varied between
(−4.23 × 10−2) − (−0.98 × 10−2) μM m−1

and (−6.31 × 10−4) − (−1.41 × 10−4) μM
m−1, respectively. The weakest nitrate
gradient was ob  served below the
DCM at Stn 28 in accordance with the
larger mixing intensity at this station.
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Station                  σθ          N 10−2       LT           V       min(Ri)   DINz 10−2    DIPz 10−4   <kv> 10−4       FN(DIN)            FC(DIN) 
                        (kg m−3)       (s−1)         (m)       (m s−1)                   (μM m−1)     (μM m−1)     (m2 s−1)    (mg N m−2 d−1)  (mg C m−2 d−1)
Interval (m):  70−120     70−120   70−120   70−120   70−120   DCM−200   DCM−200    70−120          ~ DCM              ~ DCM

Transect 1                                                                                                                                                                                     
17-22                25.402         0.81        0.03        0.19         1.9           –2.66           –6.07           0.13                0.42                    2.4
17-25                25.408         0.66        1.18        0.11       <10−6            –                  –              11.1                                             
17-28                25.308         0.36        8.87        0.12       <10−6        –0.98           –4.90           10.3               12.20                  69.3

Transect 2                                                                                                                                                                                     
17-61                25.988         0.59        0.17           –             –            –2.13           –6.25             –                                                
17-63                25.796         0.63        0.05        0.10         1.7              –                  –              0.14                                             
17-65                25.659         0.94        0.11        0.08         8.4              –                  –              0.11                                             
17-68                25.770          1.0         0.02        0.07        21.4             –                  –              0.10                                             
17-72                25.637          1.1         0.00        0.06        13.9          –4.23           –3.62           0.11                0.56                    3.2

Transect 3                                                                                                                                                                                     
17-79                24.934         0.77        0.00        0.09         6.6           –1.49           –1.41           0.12                0.22                    1.2
17-80                25.201          1.1         0.03        0.06         6.3              –                  –              0.11                                             
17-83                25.553          1.0         0.04        0.11        31.6             –                  –              0.10                                             
17-87                25.341         0.90        0.16        0.21         1.3              –                  –              0.16                                             
17-94                25.450         0.84        0.02        0.10         1.1           –3.90           –6.31           0.22                1.04                    5.9

Table 2. Density and vertical stratification characteristics in the frontal region of the 3 transects. Density (σθ), Brunt-Väisälä fre-
quency (N), Thorpe displacements (LT) and velocity speed (V) were averaged in the depth interval between 70 and 120 m; the
minimum Richardson number [min(Ri)] in this depth interval is also shown. Vertical nutrient gradients of DIN and DIP are deter-
mined between the depth of the chlorophyll maximum and 200 m. The average diffusion coefficient (<kv>), based on the KPP
parameterisation, is applied for estimating the corresponding vertical DIN flux [FN(DIN)] and, via the Redfield ratio, this was 

converted to carbon units [Fc(DIN)]
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A distinct sub-surface deep chlorophyll a maximum
(DCM) was ob served on all transects with typical chl a
values between 0.2 and 0.4 μg l−1 located at ca. 120 m
and between the 25 to 26 kg m−3 isopycnal (σθ). The
highest chlorophyll concentrations in the DCM were
observed north of 27.5° N (e.g. Fig. 2d). South of the
front and in the frontal region, the DCM was located
between 100 and 150 m. Primary production estimates
indicated that between 18 and 87% of the total water
column primary production (PP) was generated in
these DCM (mean 50 ± 22%). The vertical attenuation
coefficient, k (Ed = E0e−kd, where Ed is the irradiance at
a given depth (d) and at the surface (E0), respectively)
varied between 0.02 and 0.06 m−1 in the study area.
Thus, between about 0.2 and 13% of surface light
could be expected to penetrate to 100 m. At the sta-
tions north of the front on all transects, the depth of
the DCM decreased but remained below 50 m.

There was considerable variability in the water column
particulate primary production (PP) recorded in the study
area as a whole (Table 3). This is to be expected given
that at least 3 different water regions were being
sampled (i.e. the front, and regions both to the north and
south). There were too few samples made in total within
the frontal region to detect significant differences be-
tween the estimates. However, we note that the highest
(329 mg C d−1) of the 6 primary production estimates
made in the frontal region (i.e. 2 on each transect) was
recorded at Stn 17-28 on Transect 1, i.e. the same station
where the greatest vertical nutrient flux was estimated.

The variable fluorescence (Fv/Fm) measurements
made at the DCM were significantly higher (t-test;
p < 0.01) than the values from all other depths
(Table 3). DCM values were relatively high (>0.3) at
all stations in the frontal region where data were
available. However, only at the frontal stations on
Transect 1 did these values (>0.3) extend to shal-
lower depths (i.e. Fv/Fm of 0.39 at 30 m at Stn 17-22
and 0.34 at 60 m at Stn 17-28). This suggests that the
phytoplankton communities above the DCM were
more nutrient replete in the frontal region of Transect
1 than in the frontal region of the other 2 transects.

The structure of the chlorophyll-containing micro-
and nanoplankton community was similar at all sta-
tions (Table 4). Flagellates dominated the biomass
and dinoflagellates were the second most important
group. Together, these 2 groups comprised over 95%
of the biomass at all stations and depths. Mixotrophic
dinoflagellates were more abundant than auto-
trophic both at 10 m and at the DCM (t-test; p < 0.01).
Diatoms contributed from 0.1 to 5% of the total bio-
mass at all stations and depths. In all, 44 different
diatom morphotypes were identified in the study area.

No significant patterns were detected in the distri-
bution of mesozooplankton (calanoid and cyclopoid
copepods and their nauplii) in the data set as a
whole — either with respect to front/non-frontal sta-
tions or the vertical distribution in relation to water
column stratification (using the temperature differ-
ence between 10 m and the depth of the DCM as a
proxy for stratification). Mesozooplankton data were
collected at 11 stations in the frontal region (3 on
Transect 1, and 4 on both Transects 2 and 3). No sig-
nificant differences in the abundance of copepods or
their nauplii were found between the frontal region
on Transects 1 and 2. However, there were signifi-
cantly fewer (p < 0.01, Mann-Whitney U-test) cala -
noid and cyclopoid copepods in the frontal region of
Transect 3 than on the other 2 transects considered
together. Seemingly fewer nauplii were recorded in
the frontal region of Transect 3 than on the other 2
transects, although the difference was not signifi-
cant. Two determinations of total seston in the upper
400 m were made in the frontal region on both Tran-
sects 1 and 3. These indicated that the seston concen-
tration in the frontal region of Transect 1 was approx-
imately double that on Transect 3 (Table 5).

Stratified sampling of mesozooplankton distribu-
tion was made on 7 (5 for nauplii) frontal stations
(3 on Transect 1 and 4 on Transect 3). In contrast to
the data set as a whole, the vertical distribution of
mesozooplankton within the frontal region appeared
to be  related to water column stratification. A signifi-
cant correlation (p < 0.05) was found between the
Brunt-Väisälä frequency (averaged between 70 and
120 m) and the fraction of nauplii biomass beneath
75 m. Another significant correlation (p < 0.05) was
found between the Brunt-Väisälä frequency and
the fraction of calanoid plus cyclopoid copepods be -
neath 75 m. The significance of the correlations was
tested using Pearson’s product moment correlation,
and the Shapiro-Wilk test showed that the residuals
were normally distributed. Thus, the less stratified
(more mixed) the water column was in the 70 to
120 m depth interval, the more concentrated meso -
zooplank ton and their nauplii were in the deeper
part of the water column (i.e. closest to the DCM and
nutricline).

The δ15N signature of the seston was determined at
5 stations along Transect 1. Average water column
seston δ15N ranged from 1.97 to 3.64‰ along the
transect approaching the frontal region from the
south and reached 4.46 ‰ in the colder waters north
of the frontal region (Stn 17-43). This latitudinal
trend for average water column seston δ15N was sig-
nificant (p = 0.006; R2 = 0.74). (Table 6).
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DISCUSSION

Most studies attempting to explain the association
of particular biological features with frontal regions
compare conditions inside the region with those out-
side. This approach was applied by Andersen et al.
(2011) and Riemann et al. (2011) in an unsuccessful
effort to find a possible explanation for the observa-
tion that eel larvae were only found within the frontal
region of the STCZ in the Sargasso Sea (Munk et al.
2010). Andersen et al. (2011) did find an increased
biomass of some zooplankton groups/species in the
frontal region compared to the non-frontal stations,
but neither study found evidence for increased pri-
mary or secondary production at the frontal com-
pared to the non-frontal stations. Using data col-
lected on the same cruise as the 3 earlier studies
(Munk et al. 2010, Andersen et al. 2011, Riemann et
al. 2011), we adopted a different strategy and exam-
ined the frontal region itself for evidence of hetero-
geneity in physical and chemical conditions that
might locally impact biological production. Our re -
sults suggest that vertical mixing conditions and con-
sequentially the magnitude of vertical nutrient fluxes
may vary considerably between stations in the
frontal region. Therefore, local stimulation of the
plankton food web may occur at the sites within the
frontal region where vertical nutrient fluxes are
greatest. Thus, we suggest that the planktonic food
web may be stimulated by the introduction of nutri-
ents at specific sites in the frontal regions rather than
in the frontal zone as a whole.

The location of the front encountered on this study
is in accordance with previous satellite derived ob -
servations of fronts in the STCZ (Ullman et al. 2007).
The salinity maximum we observed (south of the
frontal zone between 40 and 30° W) may be associ-
ated with the Subtropical Underwater mass (STUW),
which is formed by subduction in a large area across
the central subtropical gyres (between 20° and 30° N;
 O’Connor et al. 2005). O’Connor et al. (2005) found
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Station   Depth       Fv/Fm ± SD           PP            Int. chl a
                 (m)                              (mgC m−2 d−1) (mg chl m−2)

(a) Frontal zone stations
Transect 1
17-22         10             0.25 ± 0.05        130                 24
                 30             0.39 ± 0.02                                 
          140 (DCM)     0.48 ± 0.01                                
                200            0.19 ± 0.01                                 

17-28         10             0.28 ± 0.02        329                 23
                 60             0.34 ± 0.01                                 
          100 (DCM)     0.31 ± 0.01                                
                200            0.12 ± 0.01
Transect 2
17-61         10             0.14 ± 0.01         45                  29
                 60             0.15 ± 0.01                                 
                 80             0.24 ± 0.01                                 
                200            0.07 ± 0.03                                 

17-72         10             0.19 ± 0.01        184                 27
                 60             0.28 ± 0.002                               
          130 (DCM)     0.31 ± 0.01                                
                200          0.050 ± 0.03
Transect 3
17-79         10             0.14 ± 0.10        244                 22
                 60             0.30 ± 0.02                                 
          125 (DCM)     0.39 ± 0.17                                
                200            0.16 ± 0.01

17-83         10           0.035 ± 0.01                                 
                 60           0.087 ± 0.01                                 
          125 (DCM)   0.36 ± 0.02                                
                150          0.42 ± 0.01           

17-94         10           0.24 ± 0.001      116                 22
                 60             0.25 ± 0.01                                 
                200            0.12 ± 0.07

(b) Stations north of frontal zone
Transect 1
17-43         10             0.20 ± 0.03        276                 33
                 60             0.26 ± 0.01                                 
                 80             0.15 ± 0.01                                 
                100            0.15 ± 0.01                                 
          120 (DCM)     0.13 ± 0.01
Transect 2
17-55         10             0.26 ± 0.03        131                 27
                 60             0.37 ± 0.01                                 
                 80             0.42 ± 0.01                                 
          100 (DCM)     0.44 ± 0.01                                
                170            0.31 ± 0.02                                 
Transect 3
17-103       10             0.27 ± 0.001      470                 26
                 60             0.30 ± 0.01                                 
                 83             0.35 ± 0.04                                 
                200            0.14 ± 0.05                                 

(c) Stations south of frontal zone
Transect 1
17-1           10             0.21 ± 0.05        322                 21
                 30             0.22 ± 0.05                                 
                 60             0.21 ± 0.01                                 

17-10         10             0.24 ± 0.05        197                 21
                 60             0.26 ± 0.04                                 
          120 (DCM)     0.23 ± 0.01                                
                200            0.10 ± 0.003                               

Table 3. Mean and standard deviation (SD) of variable fluores-
cence (Fv/Fm) at all sampled depths where valid data were re-
covered. Data for samples from the DCM are in bold. Three
replicate samples (from the same Niskin bottle) were made at
each depth and 3 measurements on each sample. Sample po-
sitions are given as (a) in the frontal zone, i.e. in the region be-
tween the surface outcropping of the 24.5 and 25.5 kg m−3

isopycnals (σθ); (b) north of the frontal zone; and (c) south of
the frontal zone. For each station, total water column primary
production (mg C m−2 d−1), PP, and integrated water column 

chlorophyll a (chl a; mg m−2) are also given
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that the spreading of the STUW in the area occurs at
density (σθ) levels ranging between 25.6 and 26.3 kg
m−3. This is in accordance with the observed sub-
 surface salinity maximum, and that the average age
of the subducted STUW, estimated from CFC-tracer
distributions, is 1 to 5 yr. The higher oxygen concen-
trations recorded in the STMW (Fig. 2c) are con -
sistent with previous reports that the STMW is, in
general, more ventilated than STUW in the area. For
example, seen from meridional sections of the CFC-
12 tracer in the area, high CFC-12 is ob served below
the sub- surface salinity maximum of STUW (Joyce et
al. 2001).

Evidence for vertical mixing

Several lines of evidence presented here suggest
that vertical mixing was greatest in the frontal region
of Transect 1, where Munk et al. (2010) recorded the
highest concentrations of eel larvae. Firstly, a large
patch where relatively high similarities (Jaccard
Index; Fig. 5) in the diatom communities at 10 m and
the DCM were found here. The significant relation-
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                                          Autotrophic    Mixotrophic     Diatoms    Trichodesmium   Mesodinium   Flagellates      Biomass 
                                                dino.                 dino.                                    rubrum                                                              totals

Transect 1
North    Surface (n = 6)     0.30 ± 0.07       1.01 ± 0.31    0.03 ± 0.03      0.00 ± 0.00        0.06 ± 0.06      4.13 ± 0.95    5.54 ± 1.12
             DCM (n = 5)         0.16 ± 0.07       1.45 ± 0.54    0.10 ± 0.06      0.00 ± 0.00        0.01 ± 0.03      6.30 ± 2.37    8.02 ± 2.62

Front     Surface (n = 3)     0.29 ± 0.25       0.95 ± 0.06    0.04 ± 0.05      0.00 ± 0.00        0.00 ± 0.00      6.25 ± 1.24    7.52 ± 1.50
             DCM (n = 3)         0.11 ± 0.06       1.48 ± 0.35    0.05 ± 0.05      0.00 ± 0.00        0.00 ± 0.00      2.93 ± 0.87    4.58 ± 0.59

South    Surface (n = 5)     0.25 ± 0.14       0.76 ± 0.32    0.06 ± 0.03      0.07 ± 0.10        0.00 ± 0.00      5.49 ± 1.57    6.63 ± 2.00
             DCM (n = 4)         0.12 ± 0.07       1.03 ± 0.25    0.05 ± 0.01      0.10 ± 0.19        0.00 ± 0.00      3.10 ± 1.52    4.40 ± 1.63

Transect 2
North    Surface (n = 3)     0.22 ± 0.09       0.80 ± 0.27    0.02 ± 0.02      0.00 ± 0.00        0.02 ± 0.02      4.87 ± 0.90    5.93 ± 1.04
             DCM (n = 1)              0.08                  1.13                0.34                 0.00                   0.00                 4.72                6.27

Front     Surface (n = 5)     0.21 ± 0.08       0.84 ± 0.36    0.06 ± 0.01      0.33 ± 0.00        0.00 ± 0.02      4.67 ± 1.24    6.11 ± 1.40
             DCM (n = 4)         0.16 ± 0.03       1.32 ± 1.02    0.03 ± 0.08      0.00 ± 0.00        0.02 ± 0.00      4.30 ± 0.59    5.84 ± 1.72

South    Surface (n = 1)           0.31                  1.14                0.04                 0.00                   0.01                 5.47                6.96
             DCM (n = 1)              0.09                  1.30                0.04                 0.00                   0.00                 4.36                5.79

Transect 3
North    Surface (n = 5)     0.22 ± 0.15       1.18 ± 0.64    0.05 ± 0.03      0.00 ± 0.00        0.06 ± 0.07      5.96 ± 5.49    7.48 ± 6.02
             DCM (n = 2)         0.17 ± 0.06       1.12 ± 0.05    0.07 ± 0.00      0.00 ± 0.00        0.00 ± 0.00      2.98 ± 0.82    4.34 ± 0.93

Front     Surface (n = 5)     0.20 ± 0.08       0.83 ± 0.19    0.04 ± 0.01      0.00 ± 0.00        0.00 ± 0.00      3.40 ± 2.32    4.46 ± 2.41
             DCM (n = 5)         0.11 ± 0.06       0.95 ± 0.43    0.08 ± 0.02      0.00 ± 0.00        0.04 ± 0.09      2.46 ± 1.34    3.63 ± 1.18

South    Surface                         _                       _                     _                      _                         _                      _                     _
             DCM                             _                       _                     _                      _                         _                      _                     _

Table 4. Biomass (μg C l−1) of chlorophyll-containing protists larger than approximately 2 μm. n: number of stations; Surface: 
10 m samples; DCM: deep chlorophyll maximum; dino.: dinoflagellates

                                 Station                  Integrated seston 
                                                              (0−400m) (mg m−2)

Transect 1                  17-22                              1627
                                   17-28                              1318

Transect 3                  17-80                               610
                                   17-94                               844

Table 5. Total seston (mg m−2) from 0 to 400 m at stations in 
the frontal region on Transects 1 and 3

Station                      Depth interval (m)
              0−50     50−100    100−200     200−300   300−400

17-1        0.58        1.44           2.65            4.13           4.57
17-10      0.87        1.74           2.35            3.18           3.88
17-22      1.26        1.94           3.07            5.04           5.50
17-28      0.60        1.84           2.43            4.56           5.34
17-43      2.34        3.30           4.14            5.01           5.18

Table 6. Stable isotope abundance (δ15N, ‰) in particulate
matter (seston) obtained in vertical hauls of a Multinet 

(50 μm mesh) along Transect 1 at 64°W
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ship we found be tween the Jaccard Index and the
difference in temperature between 10 m and at the
DCM suggests that this index may be a reasonable
proxy for mixing in this region.

The hydrographic data collected were not of suffi-
cient spatial and temporal resolution to directly ob -
serve individual mesoscale eddies. However, we
examined data from each CTD station for evidence of
vertical mixing at that specific geographic location.
Relatively high vertical mixing intensities at interme-
diate depth levels down to 200 m, in particular at
Stn 17-25, were derived from Thorpe displacements
in the frontal zone of Transect 1 (Fig. 4). These were
considerably higher than the Thorpe displacements
calculated for frontal stations on the other 2 transects.
Estimates of turbulent vertical diffusion coefficients
from Thorpe displacements have been shown to pro-
vide estimates of mixing intensities in accordance
with mixing intensities derived from other methods
(Cisewski et al. 2005), although they are associated
with relatively large uncertainties when based on
few vertical CTD profiles — as is the case in this
study where we only have simultaneous measure-
ments from 2 independent CT sensors.

A vertical diffusion coefficient (kv) can be estimated
from the Thorpe displacements as: kv = ηLT

2 N, where
η ~ 0.2 is a mixing efficiency (Cisewski et al. 2005).
Thus, mixing intensity depends strongly on the
Thorpe displacements. From the depth-averaged val-
ues above the DCM (70 to 120 m) of LT and N across
the 3 frontal zones, it can be seen that vertical mixing
intensities are at least an order of magnitude larger
on Transect 1 than on the other 2 transects (Table 2).
This conclusion (significantly larger mixing intensities
occurring on Transect 1) is supported by the distribu-
tion of the minimum Richardson number between
70 and 120 m depth (a minimum value of Ri, rather
than a vertical average, is more representative for
the presence of turbulence in a given depth layer). In
general, low Ri values (i.e. Ri < 0.25) indicate areas
where the vertical velocity shear is expected to con-
tribute significantly to turbulent mixing. The lowest
Ri values in this intermediate depth interval were
found at Stn 25 and 28 on Transect 1 and these 2 sta-
tions were also characterized by the largest Thorpe
displacements, indicating substantial vertical mixing
here compared to the other stations in the area.

Vertical nutrient fluxes in the frontal region

In general, nutrient fluxes (F(DIN) and F(DIP))
from vertical turbulent mixing can be calculated as:

F(DIN) = −kv DINz, (and similarly for F(DIP)). Thus,
while the deep vertical gradient of DIN between the
DCM and 200 m is slightly smaller at Transect 1
when averaged over the frontal region than on the
other 2 transects, the total nutrient flux is predicted to
be an order of magnitude larger in the frontal region
on Transect 1 compared to the other 2 transects due
to the higher mixing intensities (Table 2).

By applying the estimated turbulent diffusion coef-
ficients from the long-term averaged (1 h) velocity
shears, the mixing intensity between 70 and 120 m
depth in the frontal region at Transect 1 was esti-
mated to be 2 orders of magnitude higher than corre-
sponding values from the 2 other transects. When
combining these estimates with vertical nutrient gra-
dients below the DCM, the averaged nutrient flux
corresponded to 36 mg C m−2 d−1 from the 2 stations
in the frontal region of Transect 1 (Table 2). Thus, a
much higher fraction of PP could be explained by
vertical mixing of nutrients here and new production
(sensu Dugdale & Goering 1967) than at other sta-
tions in the frontal region. Comparison between the
vertical gradients of DIN and DIP indicates that
excess nitrate for new production, i.e. DINz/DIPz >
16, was being transported by vertical mixing to the
eu photic zone in the frontal zone of Transect 1.

Eddy-induced mixing in the subtropical gyre has
earlier been suggested to play an important role for
new production (NP). By forcing a conceptual model
of eddy-induced nutrient mixing with satellite obser-
vations of the sea surface variability, McGillicuddy et
al. (1998) concluded that mesoscale eddy activity had
a major impact on the nutrient balance and could ex -
plain a significant part (up to 40%) of the N require-
ment for sustaining the annual NP in the Sargasso
Sea. These findings were supported by eddy-permit-
ting high-resolution modeling where it was shown
that eddy-induced mixing was an important source
of nutrients in the upper ocean (accounting for about
30% of NP) in the sub- and mid-latitude North
Atlantic (Oschlies & Garçon 1998). A study of the dis-
tribution of phytoplankton, in particular the diazo -
trophic Trichodesmium spp., in a comparable frontal
region in the central north Pacific (26° N), showed
that sub-mesoscale and mesoscale (~50 km) dynam-
ics could explain carbon export and particle accumu-
lation in the upper ocean — although the specific
eddy-dynamical processes supporting the nutrient
transport remain unresolved (Guidi et al. 2012).

In the study reported here, the similarity of the
plankton populations at 10 m and the DCM, the cal-
culated Thorpe displacements and the mixing inten-
sities inferred from the vertical current shear all sup-
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port the hypothesis that vertical mixing can play a
significant role for sustaining the PP in the frontal
zone along Transect 1, where the abundance of eel
larvae was greatest. We note, however, that horizon-
tal mixing associated with small-scale frontal dynam-
ics may also be important for mixing and transport in
the region. In a study of the North Pacific STFZ, it
was shown that interleaving across a frontal zone
was very intense within a distance of about 5 km
from the front (Shcherbina et al. 2009). Such small-
scale features were not resolved by the station spac-
ing in this study, but such mixing processes may fur-
ther enhance vertical nutrient fluxes.

Relatively small Thorpe displacements at inter -
mediate depths were, in general, recorded south of
the frontal zone. The southernmost station (Stn 17-1;
Fig. 4) was characterized by a relatively large mixing
intensity and this may be related to the dynamic
region associated with the Antilles Current (Lee et al.
1996). Relatively modest mixing intensity was re -
corded north of the frontal zone, except for Stn 17-36
(located just north of the frontal zone defined here)
where high mixing was observed.

Biological activity in frontal regions of elevated
vertical nutrient flux

Unfortunately, we collected in adequate sample
sizes of biological variables to de termine statistically
significant differences in plankton production char-
acteristics among frontal stations. However, several
lines of evidence suggest heterogeneity in the plank-
ton production processes within the frontal region,
and that the elevated vertical nutrient fluxes implied
in the frontal region on Transect 1 influence plankton
productivity. These arguments include:

(1) The highest primary production estimate re -
corded in the frontal zone was found at Stn 17-28, i.e.
the same station where maximum vertical nutrient
flux is implied (Table 2).

(2) Relatively high values of variable fluorescence,
Fv/Fm, (which is considered to be an indicator of the
potential for electron transport in PSII) recorded by
Fast Repetition Rate Fluorometry were found at the
DCM over the entire study area. While several fac-
tors can influence fluorescence kinetics, it is gener-
ally assumed that for dark adapted cells, Fv/Fm is an
indicator of nutrient status (see review by Beardall et
al. 2001). This suggests that phytoplankton in the
DCM are generally more nutrient replete than those
higher in the water column, and thus that the phyto-
plankton in the DCM are fuelled by nutrient sources

not available to phytoplankton higher in the water
column. The only obvious potential nutrient source
that would not also be available for phytoplankton
higher in the water column would be nutrients from
the deep water below. The fact that the relatively
high Fv/Fm values recorded at the 2 frontal stations on
Transect 1 extended to shallower depths (Table 3)
than on any of the frontal stations on Transects 2 and
3 also suggests that the phytoplankton above the
DCM in the frontal region of this transect are benefit-
ing from a sub-surface nutrient source. This result
also lends support to the hypothesis that greater ver-
tical mixing of nutrients is occurring in the frontal
region of Transect 1 than on the 2 other transects.
We acknowledge that one of the factors that can
influence Fv/Fm in ad dition to nutrient status is
 species composition (Suggett et al. 2009). However,
the struc ture of the chlorophyll-containing plankton
community was very simi lar over the entire study
area (Table 4). Although we only present data here
for the chlorophyll-containing nano- and micro-
plankton (i.e. those plankton that can be observed in
the light microscope and > ca. 2 μm), Riemann et al.
(2011) presented flowcyto meter data describing the
distribution of pico plankton on the same stations.
They found Prochlorococcus to dominate the pico -
plankton biomass and to be especially dominant in
the DCM. Syn eco coccus spp. were also present but
generally more abundant higher in the water col-
umn. They found no significant horizontal patterns in
the abundance of picoplankton or the distributions of
these groups. They estimated the biomasses of the
pico plankton and what they called ‘larger algae’ (i.e.
those we consider here) to be on the same order of
magnitude at most stations. Thus, changes in com-
munity composition would seem unlikely to be re -
sponsible for the differences in Fv/Fm we report here.

(3) The abundance of calanoid and cyclopoid cope-
pods was also significantly lower on Transect 3 than
on the other 2 transects combined. Thus, while the
seston and mesozooplankton data do not specifically
identify Transect 1 as having more secondary pro-
duction than the 2 other transects, they do indicate
that there are significant differences in production
patterns within the frontal region. Thus, this result
also supports our overall hypothesis of heterogeneity
in the plankton food web within the frontal region.
One can imagine that vertical mixing of nutrients
may be an ephemeral occurrence in this region. As a
re sponse in secondary production to vertical nutrient
mixing must operate through the response of phyto-
plankton to the nutrient influx, a time lag is to be
expected in the secondary production response in



Mar Ecol Prog Ser 504: 91–107, 2014106

relation to the timing of the nutrient influx event.
Thus, our inability to distinguish differences in the
abundance of calanoid and cyclopoid copepods be -
tween Transects 1 and 2 may be related to the previ-
ous history of flux events and not the fluxes estimated
at the time of our sampling.

(4) Possible support for the hypothesis that the dis-
tribution of mesozooplankton may be related to mix-
ing activity is found in the relationship between the
vertical distribution of mesozooplankton and the
Brünt-Väisälä frequency. The observation that meso-
zooplankton appear to be more concentrated below
75 m at stations in the frontal region where there is
evidence of mixing may indicate that zooplankton
are actively aggregating at this location.

(5) There were very few determinations of total
seston, but the 2 taken in the frontal region of Tran-
sect 1 compared to the 2 taken in the frontal region of
Transect 3 suggest that total seston was approxi-
mately twice as high in the frontal region of Transect
1 than on Transect 3 (Table 5).

(6) Finally, the δ15N distributions associated with
seston along Transect 1 support the hypothesis that
there may be increased vertical mixing of nutrients
into the frontal region compared to the waters to the
south. Atmospheric nitrogen has, by definition, a
δ15N of 0, while that of deep nitrate is ca. 5. Thus, the
relative contribution of these sources of nitrogen is
reflected in the isotope signature of food web compo-
nents (Montoya et al. 2002). Although absolute val-
ues will be affected by trophic enrichment, a higher
δ15N will generally indicate a lesser importance of
atmospheric nitrogen in fuelling the planktonic food
web. Thus, the higher values of δ15N in seston re -
corded at frontal stations on Transect 1 compared to
the more southerly stations on this transect again
suggest vertical mixing of nutrients to be occurring
here (Table 6).

Phytoplankton community composition

A striking feature in the plankton community data
is the dominance of mixotrophic dinoflagellates
among the larger organisms present (Table 4). This is
the case at 10 m, but even more so at the DCM.
Collos et al. (2013) have recently reported on a mixo-
trophic dinoflagellate that, under certain grazing
conditions, can base over 50% of its growth (mea-
sured as carbon accumulation) on non-autotrophic
sources. Given the importance of mixotrophic dino-
flagellates in the Sargasso Sea plankton ecosystem, it
seems unlikely that carbon accumulation at the base

of the food web here is completely reliant on auto-
trophic processes. Thus, traditional 14C estimates of
primary production may potentially seriously under-
estimate the actual carbon available to the plankton
food web here.

Implications for understanding the plankton food
web in the Sargasso Sea

This study suggests that elevated vertical mixing
rates may occur in association with specific hydro-
graphic features within the frontal region of the
STCZ in the Sargasso Sea. Several independent
types of biological measurements indicate that this
mixing may stimulate phytoplankton activity and
influence plankton food web dynamics in the frontal
region. We note as well that the greatest abundances
of eel larvae  reported by Munk et al. (2010) were
found in association with a site within the frontal
zone region where this study indicates elevated rates
of vertical nutrient transport compared to the rest of
the frontal region. Whether these specific hydro-
graphic features are  important for eel larvae ecology
and, if so, whether the larvae only survive in or
near these features or whether they accumulate (or
hatch) in the vicinity of these features remains to be
determined.
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