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Trichodesmium spp. population structure was studied based on a transect in the eastern subtropical
North Atlantic in October 2006, covering a gradient from near-temperate conditions up to fully
subtropical, oligotrophic waters. Trichodesmium spp. trichomes were counted and measured,
distinguishing free trichomes from those forming macroscopic colonies (“puffs” or “tufts”). Moreover,
for both free and colonial individuals, abundance and size structure variation were quantified from
single trichome-level data. Nitrogen fixation rates were estimated using an empirical approach based on
abundance observations and a heuristic approach to incorporate variation in trichome size and
environmental temperature. A gradual change towards greater sizes and increased abundances was
observed as physical conditions became subtropical. An extreme response was detected at one station
(29.8°W, 26.3°N), in which both in situ and remote sensing data revealed the presence of a
Trichodesmium bloom. Despite the presence of a mesoscale anticyclonic eddy, a close examination of
prior surface conditions using altimeter data indicated that the bloom was related to the advection of
southern waters. In general, our results highlighted the importance of free trichomes in Trichodesmium
spp. populations in this part of the North Atlantic. Furthermore, they suggested a possible role of both
size and population structure on the wide range of N, fixation estimates currently available in the

literature.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The role of species from the genus Trichodesmium in the
nitrogen cycle remains one important objective of climate change
research, given that they account for 25-50% of nitrogen fixation
in the world’s oceans (Capone et al.,, 1997; Karl et al., 2002;
Mahaffey et al., 2005). Indeed, its extent and importance is an
issue of continued debate, especially for the North Atlantic basin
(Capone et al., 2005; Montoya et al., 2007; Deutsch et al., 2007;
Reynolds et al., 2007). Because of their potential to fix atmo-
spheric N, these buoyant species play an important role in the
patterns of marine primary productivity in tropical and sub-
tropical zones around the globe (Capone et al., 1997; Wilson and
Qiu, 2008). They are also important in processes relevant to other
global biogeochemical cycles, such as the regulation of ocean/
atmosphere CO, balances (Falkowski, 1997; Gruber, 2004).

Thichodesmium spp. (hereafter, Trichodesmium) ability to fix N,
has the cost of the high energetic demands associated with the
nitrogenase activity. These costs are surpassed to some extent
through buoyancy regulation and the development of photo-
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systems that are efficient at high light conditions. N, fixation is
limited mainly by the availability of phosphorus and iron
(Berman-Frank et al., 2001; Safiudo-Wilhelmy et al., 2001; Mills
et al., 2004). Deep-water intrusion is the main source of inorganic
phosphorus in the subtropical ocean (Williams and Follows,
2003), although because of the permanent stratification, regen-
erated forms are more important for plankton. Indeed, Tricho-
desmium presents a great ability to cleave and take up dissolved
organic phosphorus (Sohm and Capone, 2006). Aeolian dust
deposition is considered as the main source of iron (Mills et al.,
2004; Mahowald et al., 2009), a process that is especially
important in the North Atlantic (Gao et al., 2001). Nevertheless,
it has been recently proposed that spatial variation in N, fixation
simply mirrors and balances changes in denitrification rates
(Deutsch et al, 2007). Elevated seawater temperatures also
favour Trichodesmium because nitrogenase activity is ineffective
bellow 20°C (Capone et al., 1997; Breitbarth et al., 2007).
Other processes promoting Trichodesmium growth are reduced
vertical mixing and anticyclonic eddies (Capone et al., 1997; Davis
and McGillicuddy, 2006; McGillicuddy et al., 2007).

These cyanobacteria present a unique set of physiological and
morphological adaptations for life under the severe conditions of
tropical and subtropical oceans. These adaptations allow them to
persist and become an abundant phytoplankton group, mainly
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because nitrogen availability in these environments is extremely
low. At the same time, they serve as physical substratum and food
source for a diverse array of organisms (Paerl et al., 1989; O’Neil
and Roman, 1992), mainly bacteria, which through regeneration
can further funnel Trichodesmium production to other components
of the food chain (Sellner, 1992). These characteristics
define Trichodesmium as a key species in the warm, oligotrophic
regions of the world ocean (Capone et al., 1997). Much of the
existing literature on this group of species has focused on how
different environmental factors influence N, fixation rates
(Capone et al., 1997; Bhat and Verlecar, 2006). This effort resulted
in a wide, overlapping range of N, fixation rates for different
species and morphotypes (Orcutt et al, 2001; Karl et al,
2002; Carpenter et al., 2004; Capone et al., 2005; Mahaffey
et al., 2005).

One of the characteristics less explored is the wide variation in
population structure that these species present in the ocean. Most
often, studies have considered only two of the macroscopic
colonial forms, i.e. “tufts” (fusiform colonies) and “puffs”
(spherical ones), although there is a third component usually
present and commonly ignored. This is composed of free
trichomes, single filaments of attached cells that can arrange
themselves either in parallel or radially to form tufts or puffs, and
that also present the ability to fix N,. Individual free trichomes
also show the highest growth rates under laboratory conditions
(Saino and Hattori, 1982; Ohki and Fujita, 1988), and their
dominance is thus assumed to indicate an active dynamic state
in Trichodesmium populations.

Previous work conducted at station ALOHA (central, subtropi-
cal North Pacific) by Letelier and Karl (1996, 1998) and at the BATS
site (western subtropical North Atlantic) by Orcutt et al. (2001)
has shown that free trichomes could represent an important
fraction of Trichodesmium populations, contributing up to 75% of
Trichodesmium N, fixation (Orcutt et al., 2001). This figure makes
desirable, if not unavoidable, the inclusion of such a component in
Trichodesmium studies, although the bias towards focusing only on
colonies is still present and remains apparently neglected in the
recent literature. The work of Orcutt et al. (2001) also highlighted
the importance of colony size in determining N, fixation rates, as
did more recent work by Goebel et al. (2007) working at the
ALOHA time-series station.
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In the eastern North Atlantic, good coverage of some of these
issues has been provided by the basin-scale study of Carpenter
et al. (2004), although data was available only for tropical
latitudes on the eastern side of the ocean. Tyrrell et al. (2003)
summarized Trichodesmium abundance data retrieved during the
AMT programme, but their samples were restricted to the east of
~20°W. Finally, Davis and McGillicuddy (2006) presented nearly
continuous abundance estimates for the northern limit of this
zone, although they ignored free trichomes. This leaves an empty
region encompassing the eastern subtropical North Atlantic in the
data used in almost all the subsequent direct modelling efforts
(e.g. Hood et al., 2004; Montoya et al., 2007), despite the fact that
it is within the Trichodesmium distributional range. Remote
sensing data suggest that Trichodesmium blooms are frequent
only during autumn in this region (Westberry and Siegel, 2006;
Wilson and Qiu, 2008). Also, the modelling study by Reynolds
et al. (2007) inferred that N, fixation rates are not especially high.
The same was found by Deutsch et al. (2007), although they also
concluded that the fraction of the export flux represented by fixed
N, is important.

Here, we present Trichodesmium abundance data derived from
samples retrieved along a transect in the eastern subtropical
North Atlantic as part of the CARPOS cruise (Plankton CARbon
fluxes in Subtropical Oligotrophic environments: a lagrangian
approach). Relevant environmental factors were studied using
both in situ and remote sensing data, including bloom detection
algorithms. Abundance and size measurements of both single
trichomes and colonial forms were used to describe population
patterns of variation in abundance and size. Finally, variation in N,
fixation rates in this region of the North Atlantic was explored,
including the potential influence of changes in population
structure.

2. Materials and methods

During the CARPOS cruise (October-December, 2006), aboard
R.V. “Hespérides”, eight stations were sampled (EO, October 14,
2006, 13.9°W 34.1°N; to E7, October 21, 2006, 36.7°W 25.4°N)
encompassing the transition from nearly temperate to fully
subtropical, oligotrophic conditions (Fig. 1). At each station, after
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Fig. 1. Map of transect design showing the main oceanographic features of the study area.
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characterization of the physical and chemical conditions of the
water-column, Trichodesmium populations were sampled using
vertically towed nets. Finally, we complemented our field data
with remote sensing images to recover large-scale surface
conditions in both physical and biological variables, including an
algorithm designed to detect Trichodesmium blooms.

2.1. Area of study

Circulation in the eastern subtropical North Atlantic is
characterized by weak flows and, in contrast to the western part,
is not dominated by well-defined, narrow currents (Tomczak and
Godfrey, 2001). Longhurst (2007) identifies two main regions: the
North East Atlantic Subtropical Gyre Province (NASTE) in the west,
and the Canary Coastal Province (CNRY) between the gyre and
Africa. Changes in westerlies and trade wind forcing from spring
to winter promote a seasonal cycle of expansion and contraction
of NASTE, which has an inverse effect on the extent of CNRY
(Stramma and Siedler, 1988; McClain et al., 2004).

The NASTE is bounded on the north by the Azores front and on
the northeast by the southern branch of the Azores Current (Kdse
and Siedler, 1982; Klein and Siedler, 1989). This current supplies the
Canary Current, which forms the eastern and southeastern bound-
aries of the gyre. The Canary Current is the major feature of CNRY
and flows southward between 30°N and 10°N. This is the eastern
boundary current associated with permanent coastal upwelling
along the northwest African coast (Mittelstaedt 1991). The Canary
Current then joins the North Atlantic Equatorial Current to close the
gyre, establishing the southeastern limit of the NASTE (Fig. 1, Siedler
and Onken, 1996).

Mesoscale features are frequent at all these fronts (Kdse and
Siedler, 1982; Barton et al., 1998; Johnson and Stevens, 2000),
although their impact in primary production remains controver-
sial in this low-energy region (Oschlies, 2002; McGillicuddy et al.,
2003; Pingree, 1996; Pingree and Garcia-Soto, 2004; Mourifio
et al., 2005; McGillicuddy et al., 2007). Another important source
of nutrients is aeolian dust deposition (Gao et al., 2001; Mills et
al., 2004; Neuer et al., 2004; Mahowald et al., 2009), given the
proximity of the Sahara desert. Seasonal wind patterns make
these episodic events more frequent in winter and summer (Neuer
et al., 2004).

The NASTE presents weak annual variability in physical,
chemical, and biological conditions (Longhurst, 2007; Marafion
et al.,, 2007). Apart from the exceptional events mentioned above,
enhanced turbulent mixing promotes a slight phytoplankton
bloom in winter. Also, and especially at the southeastern
boundary of the NASTE, advection is important for nutrient
renewal within the gyre (Pelegri et al., 2006). Another potential
mechanism is salt-fingering, although its importance remains less
explored (Oschlies et al., 2003). On the other hand, CNRY is one of
the most productive regions in the world because of permanent
upwelling. In this way, the seasonal migration of trade winds
promotes an enhancement of upwelling, with two peaks of
productivity, in spring and autumn (Longhurst 2007). These peaks
are also associated with enhanced nutrient supply to the gyre
(Pelegri et al., 2006).

2.2. Water-column physical, chemical, and biological conditions

At each station, temperature, salinity, fluorescence,
and oxygen profiles to 300 m were obtained from a SBE-19 CTD,
equipped with a SeaPoint fluorometer and an SBE-43 oxygen
meter. The CTD was mounted on a rosette with 24 Niskin bottles
of 12L from which seawater samples were obtained at several
discrete depths (5, 50, and 200m, and three depths selected to

characterize the deep chlorophyll maximum; see Table 1). Water
for nutrient analysis was collected in polystyrene tubes, which
were immediately frozen and preserved at —80 °C. Nitrate, nitrite,
and phosphate concentrations were determined using a Technicon
AAIl autoanalyser following the methods described by Tréguer
and Le Corre (1975); with detection levels of 2 nM for nitrite, 5 nM
for nitrate, and 20nM for phosphate. Oxygen concentration was
measured using Winkler's method (see Grasshoff, 1983) to
calibrate the SBE-43 oxygen sensor (R><0.96) and to derive oxygen
saturation. Finally, size-fractionated Chl a concentrations (0.2-2.0
and >2.0um) were estimated by filtering 250 ml of seawater
through Millipore polycarbonate filters. Each filter was immedi-
ately submerged in pure acetone and left in the dark at —80 °C for
8 —12 h. Chlorophyll a concentration was then determined by the
fluorescence method (Yentsch and Menzel, 1963) using a Turner
Designs (TD-2400) fluorometer.

2.3. Characterization of Trichodesmium population structure

Plankton samples were obtained at midday (10:30 GMT) using a
53 um mesh, 0.30 m diameter mouth triple WP, net (Fraser, 1966)
towed vertically from 200 m. Because one of our primary objectives
was the inclusion of reliable measurements of the abundance of
Trichodesmium colonies and free trichomes, nets were towed at a
relatively slow speed (0.5ms~!). Despite this, colony damage and
fragmentation or the escape of free trichomes through the mesh
cannot be completely ruled out (Tangen, 1978). Also, given the speed
of net tows, there could be an overestimation of the volume of water
filtered due to clogging. Nets were nevertheless preferred over bottle
samples (see below), which are known to result in biased estimates
of colony abundance (Chang, 2000). At the surface, nets were gently
washed, and the cod-end content was retrieved and preserved with
4% buffered formaldehyde seawater until further processing.

Each entire sample was examined under a stereo microscope
(Leica Z12.5) to enumerate Trichodesmium colonies (puffs and
tufts). A 10% aliquot of the whole sample was taken to record the
number of free trichomes. To enumerate the amount of trichomes
forming tuft or puff colonies, up to ten colonies of each type were
isolated, gently disaggregated, and counted. These colony-forming
trichomes, as well as a representative number of free trichomes
(n=40), were photographed under the microscope. The length and
width of each trichome was then measured to the nearest
micrometer using digital imaging software (Image-Pro Plus,
Media Cybernetics). Unfortunately, during these operations,
two samples (E3 and E6) were mixed and had to be discarded.

2.4. Large-scale surface conditions

In situ environmental data were complemented with remote
sensing images. We retrieved data on wind stress fields, sea
surface temperature (SST), aerosol optical thickness (AOT),
chlorophyll a concentration, Trichodesmium bloom occurrence,
and dynamic surface topography. These data summarized large-
scale variation during our field sampling and also regional
conditions before and after we occupied each station. In all the
cases, we took a subset the original data from the window defined
by the points 45°N 50°W and 15°N 0°. Depending on availability,
daily or weekly data was used and averaged for the period of
sampling. Weekly data was preferred to explore the conditions
both up to 6 months before and 2 months after in situ sampling.

Daily, 0.25° gridded wind speed and direction fields were
obtained from QuickSCAT scatterometer (i.e. a specialized radar
sensor; see Liu and Xie, 2006) L3 data, processed at the Jet
Propulsion Laboratory (JPL, California Institute of Technology, NASA;
winds.jpl.nasa.gov). Wind stress fields serve as a proxy of wind-
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driven divergence and Ekman pumping, which could cause local
increases in nutrient concentration and relax phytoplankton
competition.

Daily and 8-day-averaged MODIS sensor fields mapped into a
4 km grid were obtained from the Ocean Color Web (Feldman and
McClain, 2008; Goddard Space Flight Center, NASA; oceancolor.
gsfc.nasa.gov). Retrieved MODIS variables included SST, AOT at
869 nm, Chl a, normalized water-leaving radiances in the visible
range (nLw at 412, 443, 448, 531, 551, and 667 nm), the Angstrom
coefficient at 531 nm (Ass;), and the aerosol correction factor (&).
Daily data was used to build an average map during sampling,
while weekly averages were employed to explore past conditions
and to apply bloom detection algorithms. Sea surface tempera-
ture, apart from serving as a tracer of ocean dynamics, is an
important variable influencing physiological processes and con-
strains Trichodesmium ability to fix N, (Breitbarth et al., 2007).
Aerosol optical thickness measures the amount of light absorbed
by particles suspended in the atmosphere and thus serves as a
proxy for dust deposition. The MODIS AOT product employed here
is a standardized parameter (range 0-1), with AOT < 0.1 indicat-
ing nearly clear sky conditions and values near 1.0 indicating
heavy haze. It should be noted that phytoplankton also produces
aerosols (Simo, 2001), so in some cases the cause and conse-
quence of variations in AOT can be difficult to discern (Volpe et al.,
2009). Because of the high requirements of iron by the
nitrogenase system, the deposition of dust particles rich in iron
is expected to promote Trichodesmium growth. Chlorophyll a
concentration serves as a measure of phytoplankton biomass. Like
SST, it serves as a tracer of large-scale and mesoscale oceano-
graphic features. Finally, we employed the semi-analytical algo-
rithm developed by Westberry et al. (2005) (hereafter WSS05) to
identify potential areas that can be interpreted as Trichodesmium
blooms. The empirical threshold employed by Wilson and Qiu
(2008) (monthly or weekly Chl a concentration greater than
0.15mgm 3) was also used to search for generic blooms in the
region sampled.

Altimeter products, mapped in a 0.33° Mercator grid, were
produced by Ssalto/Duacs and distributed by Aviso (www.aviso.
oceanobs.com), with support from Cnes. We employed weekly
averaged fields obtained by merging data from various missions
(Topex/Poseidon, Jason-1, European Remote Sensing satellites
[ERS 1 and 2], and Envisat) using the methods developed by Le
Traon et al. (1998). Dynamic topography provides a portrait of
surface circulation and of the presence and importance of
mesoscale features. These data can thus help in identifying
processes that can alter the local nutrient regime or advect
waters and organisms from other locations. We used merged sea
surface heights (MSSH) and anomalies and the derived geos-
trophic velocities to study the possible influence of mesoscale
structures during sampling. These variables were used to estimate
eddy kinetic energy (EKE) and the Okubo-Weiss parameter (W)
(Isern-Fontanet et al., 2003). This last quantity is a measure of the
relative importance of deformation and rotation in the flow. It is
estimated as the difference between the sum of the squared
normal and shear components of strain, and the square of relative
vorticity. Eddies are identified as closed contours of negative W
values (i.e. regions dominated by vorticity), which can then be
followed in time (see Isern-Fontanet et al., 2003).

2.5. Data analysis

All the data were arranged jointly before analysis, and each
variable was summarized in a unique value for each station. For
water-column physical, chemical and biological variables, values
were averaged using Riemann integration within the mixed layer,
which depth was determined by finding the maximum Brunt-

Vdissdld frequency (Pickard and Emery, 1990). For satellite data,
values corresponding to the location of each station were
interpolated using splines, while large-scale and detail maps
were produced to examine surface conditions in a wider extent.

In all the analyses, we focused on Trichodesmium abundance
and size, which were set as the dependent variables when
appropriate. We also studied variation in population and size
structure by estimating the percentage contribution of each
component (i.e. free trichomes, puffs and tufts). In this case, we
obtained total population densities by previously transforming
the data to standardized units of abundance (number of
trichomes) and size (total volume) for each component per square
meter. The possible differences in Trichodesmium mean sizes at
each station were tested using a generalized linear model with log
link (i.e. normality assumption). Station was included as a fixed
effects factor, i.e. we assumed it represents a limited array taken
from all possible ones. The identity of each tuft and puff was also
included as a random effects factor when size variation in these
forms was analyzed. This last factor allowed an ad hoc control of
possible correlation within each colony because of autocorrelation in
measurement errors and also allowed accounting for systematic
differences in trichome size between colonies. The inclusion of
environmental covariates in these models was avoided because of
the small sample size. The significance of fixed effects factors was
assessed using an F test. Likelihood ratio tests (LRT) were used to
assess the reliability of random effects (Venables and Ripley, 2002).

Trichodesmium N, fixation rates were estimated indirectly
using published values because of the lack of concurrent
measurements. Our objective was to obtain approximate esti-
mates of fixation rates from the abundances recorded and,
employing a heuristic approach, from variations in size (Orcutt
et al.,, 2001; Goebel et al., 2007) and environmental temperature
(Breitbarth et al., 2007). Thus, the values obtained should be
interpreted cautiously and not as absolute quantities. To estimate
variation in N, fixation rates from the abundances and sizes
recorded, we employed an intermediate equivalence of 0.30 nmol
Ncolony~'h~'. This is a compromise with the rates of 0.25-
0.35nmol Ncolony 'h~! recommended by Kolber (2006), de-
rived from the ranges of 0.03-0.74 and 0.04-0.80 nmol N colony !
h~! reported by Orcutt et al. (2001) for puffs and tufts,
respectively. Also following Orcutt et al. (2001), we applied an
equivalence factor of 0.33 between free and colony-forming
trichomes to estimate N, fixation rates for this component of
Trichodesmium populations. This value was selected as a compro-
mise between those reported by Saino and Hattori (1982), 0.37,
and Letelier and Karl (1998), 0.28. Finally, to estimate the potential
impact of size variation in N, fixation rates, we applied the
thermodynamic and allometric principles advocated by the meta-
bolic theory of ecology (e.g. Brown et al., 2004). We obtained raw
estimates of the proportional contribution of each morphotype to
total N fixation based on the corrections derived from this theory
for changes in trichome size and environmental temperature by
adjusting the total nitrogen fixation predicted by considering only
abundance variation (see Appendix A for further details).

All calculations and data processing were done in Matlab
R2008 (MathWorks Inc., 2008), except for linear models, which
were fitted in R (R Development Core Team, 2008), using the
package nlme (Venables and Ripley, 2002).

3. Results

3.1. Oceanographic conditions

The physical conditions during the CARPOS cruise encom-
passed a gradient between near temperate, beginning at the north
of the Azores front, to fully subtropical conditions towards the
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interior of the northern subtropical gyre (Figs. 1 and 2). This was
reflected in a trend towards increased temperatures and salinities
in a shallower mixed layer, which were accompanied by subtle
changes in physical, chemical, and biological variables (Table 1). A
heuristic boundary for the gyre is depicted in Fig. 2b (pink
contour), based on the criteria used by McClain et al. (2004) (i.e.
Chl a > 0.08 mg m~3), which indicated that the first stations were
close to the gyre boundary, whereas the remainder were within
the gyre except for station E5.

Satellite images of sea surface temperature and Chl a (Fig. 2)
reflected weak changes in surface conditions, as well as reduced
wind stress south of 30°N, and a near absence of aeolian dust
deposition at our sampling sites during the cruise (Table 1).
Although values of aerosol optical thickness were higher towards
the interior of the gyre, their magnitude was always around 0.1,
indicating that dust deposition was negligible. Examination of
fields corresponding to the 2 weeks before we occupied each
station also indicated that both wind-driven divergence and
atmospheric nutrient deposition were not important. The
contribution of small phytoplankton (Chl a<2pm) remained
nearly constant (range 65-68% for stations EO to E6), as Chl a

a 45"y

*

\

TSBN

30w

Sea Surface Temperature [°C]

concentration decreased as we entered the subtropical gyre, with
the exception of E7, in which the percentage decreased to 59%.
Inorganic nutrient concentrations were very low in the mixed
layer throughout the transect (Table 1), especially PO4, which
mean concentration was bellow the detection limit (20 nM) from
E3 onwards (see also Figure S1 in the Online Appendix).

All the observed changes were gradual except for station E5,
which presented a sharp discontinuity in all the physical,
chemical, and biological parameters studied (Fig. 3), including
Trichodesmium abundance and size (see below). Indeed, this
station was identified as a Trichodesmium bloom by the analytic
algorithm of Westberry et al. (2005) (WSS05) (Fig. 4), although
not by the criteria employed by Wilson and Qiu (2008) (purple
line contour in Fig. 2b). The highest salinity and potential
temperature values in all the transect were found at this station.
This is even more striking if we consider its location, and the
extent of the anomaly throughout the photic zone, with salinity
values greater than 37 in the first 150 m of the water-column. A
discontinuity in the subsurface oxygen saturation was also
apparent, as well as an increase in Chl a concentration with
respect to adjacent stations (Table 1).
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Fig. 2. Remote sensing satellite images used to define large-scale surface conditions: (a) sea surface temperature [°C]; (b) chlorophyll a concentration [mg m~3]. Pink and
purple contours correspond to 0.08 and 0.15 mg m~> Chl a. These concentrations have been used to map the extent of the subtropical gyre (McClain et al., 2004) and the
occurrence of blooms in subtropical zones (Wilson and Qiu, 2008), respectively. Daily images between 14 October 2006 and 21 October 2006 were averaged. MODIS data
were obtained from the Ocean Color Web (Feldman and McClain, 2008). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Table 1
Variations in physical, chemical, and biological conditions along the transect.

West Station East

E7 E6 E5 E4 E3 E2 E1 EO
Location 36.7°W, 25.4°N  34.0°W, 25.8°N  29.8°W, 26.3°N  25.6°W, 26.8°N  22.4°W, 27.5°N  19.3°'W, 29.7°N  16.4°W, 31.5°N  13.9°W, 34.1°N
Day of October 2006 21 20 19 18 17 16 15 14
MLD (m) 56.6 55.6 57.6 66.6 48.6 57.5 60.5 50.6
Pot. T (°C) 26.08 25.80 25.91 24.78 24.98 23.95 23.88 23.30
Salinity 37.392 37.523 37.481 37.400 37.318 37.067 36.911 36.854
o, (kgem—3) 24.81 25.00 24.93 25.22 25.10 2522 25.12 25.25
0, (%) 102.54 102.68 102.73 103.48 102.05 103.58 102.09 103.06
Chl a (mgm~3) 0.070 0.111 0.235 0.127 0.134 0.186 0.237 0.240
Depth of the DCM (m) 140 135 100 110 108 100 100 95
NO,+NO3 (nM) 249 250 241 251 - 245 238 -
PO, (nM) - <20 <20 <20 <20 30 40 -
AOT (unitless) 0.06 0.07 0.1 0.03 0.03 0.05 - -
wind (ms~') 3.28 3.13 4.14 3.54 3.51 436 5.94 6.84
MSLA (cm) 6.6 6.6 10.5 7 9.1 12.7 6.9 4.7
AGV (cms™) 2.0 4.0 4.7 5.7 4.5 33 8.1 18.6
EKE (cm?s~2) 10 14.3 17 7.1 221 245 18.1 189.2

All values derived from direct sampling in the field were averaged for the portion of the water column encompassing the mixed layer, while satellite derived variables,
which only report surface conditions for a given area, were obtained for each spatial/temporal location using spline interpolation on data averaged for the sampling period
(see Materials and methods for details). Abbreviations: MLD, mixed layer depth; Pot. T., potential temperature from ITS90 standard; Chl g, total chlorophyll a concentration;
DCM, deep chlorophyll maximum; AOT, aerosol optical thickness; SLA, sea level anomaly; AGV, absolute geostrophic velocity; EKE, eddy kinetic energy.

This set of characteristics suggests the presence of a different
water body at station E5. In this area there was also a positive sea
level anomaly and a convergent circulation pattern (Fig. 5a). The
Okubo-Weiss (W) parameter confirmed the dominance of rotation
over deformation in the flow. We searched the origin of this
anticyclonic eddy following the closed contour of negative values
of W back in time. The analysis revealed that the eddy was
propagating westward with velocities around 100 km per month,
and that it was associated with a cyclonic eddy originated in the
Canary archipelago. Thus, this anomaly was probably a shallow
subtropical subducting westward propagating eddy (swesty), as
described by Pingree (1996; see also Pingree and Garcia-Soto,
2004). Because the origin of the sea level anomaly does not
explain the values found for either temperature or salinity at E5,
we further explored geostrophic velocity fields back in time. We
found that, nearly a month before we occupied station E5, the
anticyclonic gyre was under the influence of a northward current
flowing from the southern boundary of the subtropical gyre
(Fig. 5b and c). This was confirmed by following back in time the
Trichodesmium bloom found at station E5 as detected by the
WSS05 algorithm (Fig. 4). Following the bloom forward (not
shown) revealed that Trichodesmium remained trapped in the
swesty before vanishing after a few weeks.

3.2. Trichodesmium abundance, size, and derived N fixation rates

Along all the transect, temperature was above 20 °C, which sets
the threshold from which N fixation becomes an efficient process
for Trichodesmium. Up to station E1, any Trichodesmium colonial
form was found. The abundance of all components of Trichodes-
mium populations increased from its appearance steadily, except
for a sharp increase at station 5 (Fig. 6a). In all samples, free
trichomes were the dominant component, although the numerical
importance of colonies increased towards the interior of the gyre.
Puffs appeared at E2 while tufts at E4, and although at this station
puffs were numerically more abundant, tufts represented a
greater component in terms of volume. Towards the interior of
the gyre, tufts became more abundant than puffs and, at the last
station, they were nearly as important as free trichomes in both
number and volume (Fig. 6a and b).

The changes in ocean conditions at station E5 were also
reflected in Trichodesmium abundance, and indeed, abundances of
all morphotypes peaked at this site. The different size measure-
ments showed marked trends in each component of Trichodes-
mium populations (Fig. 6¢c and d). The volume of both free
trichomes and tuft-forming colonies increased towards the centre
of the gyre (F3156=13.7 and F, »,=17.4, respectively; p < 0.05) after
controlling for significant individual effects in tufts (LRT, 3?=16.4,
df=1, p < 0.05). Mean free trichome volume increased by a factor
of ~1.7 from station E2 to E7 (1682 +448 and 2907 + 611 um?
[mean + SE], respectively). For tufts, mean trichome volume was
similar between stations E4 and E7, although the mean number of
trichomes per tuft nearly doubled (from 31 +9 to 63 + 10). For
both free trichomes and tuft-forming trichomes, mean volume
increased at station E5. Although the abundance response was
similar to that found for the other morphotypes, trichomes
forming puffs presented no significant variation in mean volume
(range 360-450 pm?; F5,5=1.24, p=0.32, but significant individual
effects LRT, y?=176.5, df=1, p < 0.05) and a unimodal pattern in the
number of trichomes per puff, which peaked at intermediate
stations.

Abundance-based N, fixation rates ranged from O nmol N m™
h~1 at station EO, to 4408 nmolNm ~2h~! at station E5, although
the value found at station E7 was of only 964nmolNm~2h~!
(Table 2). At station E5, tufts showed the maximum contribution
of any morphotype, with a value of 1829nmolNm~2h~'The
percentage contribution of the different components also varied,
with both free trichomes and puffs decreasing their relative
importance towards the interior of the gyre, where tufts
accounted for 56% of N, fixation. When the abundance-based
total N fixed was partitioned among morphotypes and stations
based on changes in size and temperature, the results varied
widely for different stations (Table 2).

The residual mean square (RMS) between abundance-based
estimates and those corrected by size and temperature variation
was RMSt si,.=260.1. The deviation of these estimates from
abundance-based ones was much more sensitive to the assump-
tion of trichome size as constant along the transect than to that of
constant temperature (RSM7 size fixea=259 and RMSry fixed, size=293,
respectively). Thus, the variations between different estimates
were mainly due to the inclusion of size dependence in the

2
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Fig. 3. Water-column physical, chemical and biological conditions derived from in situ data: (a) potential temperature (ITS90 standard) [°C]; (b) salinity; (c) oxygen
saturation [%]; and (d) total chlorophyll a concentration. Contour plots were interpolated using kriging.

derivation of N, fixation rates. In general, estimated fixation rates
increased at all the stations except E5, which showed a 9%
decrease. The most extreme case occurred at station E4, which
doubled the abundance-based estimate, due to the greater weight
assigned to free trichomes. Also, the maximum fixation rate was
assigned again to station E5, but in this case free trichomes were
the most important N, fixers (2151 nmolNm~2h~1).

4. Discussion

Trichodesmium patterns of abundance, size structure, and
the indirect N, fixation rates, varied systematically throughout
the gradient in environmental conditions established between the

Azores front and the interior of the northern subtropical gyre. Rather
than a gradual transition, mesoscale features and advection altered
these patterns locally, especially at one of our stations. We devote
the rest of the paper to discussion of our observations on
Trichodesmium population structure, to compare our results with
previous work, emphasizing especially the contrast with the western
side of the gyre, and to statement of the implications of our results
for future studies in the eastern subtropical North Atlantic.

4.1. Trichodesmium abundance in the eastern subtropical North
Atlantic

Tyrrell et al. (2003) reported abundance measurements
that matched relatively well with those found here. A direct
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Fig. 4. Trichodesmium abundance as retrieved by the semi-analytic algorithm of Westberry et al. (2005). A pixel is considered to correspond to a Trichodesmium bloom when
trichome concentration is above 3200 trichomes L~ (green tones), which are contoured in the maps by a white line. Panel (a) corresponds to the situation a week before
(October 8-15, 2006), we occupied station E5 while panel (b) is nearly synoptic with the in situ measurements taken on October 19 (October 16-23, 2006). Arrows
correspond to the orientation and magnitude of geostrophic velocities. Data from the Ocean Color Web (Feldman and McClain, 2008; MODIS data employed to identify
Trichodesmium blooms) and AVISO/DUACS (dynamic topography).
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Fig. 5. Surface circulation and mesoscale structures during the transect as inferred from dynamic topography satellite images. The main panel (a) presents values of the
Okubo-Weiss parameter nearly the day we occupied station E5 (October 19, 2006) [multiplied by 10'"; note that the scale is shown in panel (b)]. Contours of + W, separate
regions of the flow dominated by deformation (red) or rotation (blue). The value of W, is based on the observed standard deviation of the Okubo-Weiss parameter in the
region (Wp=0.20v; see Isern-Fontanet et al., 2003). The green lines represent derived trajectories using an automatic algorithm for the two mesoscale structures discussed
in the text. Panels (b) and (c) correspond to the region enclosed in (a) by a rectangle. They present the Okubo-Weiss parameter (a) and surface circulation patterns (c) 3
weeks before the anomaly reached station E5 (October 4, 2006). In (c), arrows and color grades correspond to the orientation and magnitude of geostrophic velocities. Data
courtesy of AVISO/DUACS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

comparison is difficult, since most of their data consists in bottle
samples closed near the surface and at the deep chlorophyll
maximum (Tyrrell et al., 2003), while the nets we employed are
prone to underestimation of the concentration of free trichomes.
Nevertheless, free trichome abundances were in general of the
same order of magnitude as those reported here. Indeed, the

values found towards the interior of the gyre matched well with
the mixed layer average estimated by Tyrrell et al. (2003) for the
region between 0° and 15°N (range, 1.7 x 10°—8.5 x 10° against
1.8 x 10°-1.4 x 10%free trichomesm~2 found here between sta-
tions E5 and E7, located at ~25°N). For northern latitudes, the
Tyrrell et al. (2003) abundance estimates were in general lower. In



E Gonzdlez Taboada et al. / Deep-Sea Research I 57 (2010) 65-77 73

a
7
= 6 @Puff
+ >4
o A’*—*—A/ Tuft
E 5 e, - Free trichomes
E T
0 4 B
S e
g 3 \
- 2
s
1
0 S
E7 E6 E5 E4 E3 E2 El EO
c
4000
o
€ .
= 3000 ——
]
£ : I
=
o 2000 \
>
Q
5
2 1000
2
= *— o ¢ — —©
0

E7 E6 E5 E4 E3 E2 El EO

(o3

Log;, (total volume m2 + 1)
g
o

O R, N WBRUON WO

o

200

Trichomes per colony

E7 E6 E5 E4 E3 E2 El EO

Fig. 6. Trichodesmium abundance and size structure along the transect. (a) Abundance-based density estimates for free trichomes, tufts and puffs (note that data were Logo
transformed and that is presented as number m~2). (b) The same as (a), but converting abundance-based density units to total trichome volume [note the Log;o scale; units,
um®m~2]. (c) Mean trichome volume [pum?] for each of the components of the population. (d) Number of trichomes per colony. Where present, bars correspond to

standard-error-based confidence intervals.

Table 2
Estimates of Trichodesmium spp. N, fixation rates (nmolNm~2h~') derived by
two different methodologies.

Station Indirectly derived N fixation rates [nmolNm~2h~']

Abundance-based estimates Size- and temperature-adjusted

estimates
Puff Tuft Free Total  Puff Tuft Free Total
trichomes trichomes

EO 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0
E1 0.0 0.0 0.5 0.5 00 0.0 1.2 1.2
E2 283 0.0 7.6 35.9 15.6 0.0 15.6 313
E3 - - - - - - - -
E4 212 212 59.2 101.6 238 282 164.7 216.7
E5 988.9 1829.2 1590.2 4408.3 4542 1434.6 21513 4040.1
E6 - - - - - - - -
E7 722 5432 348.7 964.1 46.1 646.1 529.1 1221.2

Rates were indirectly derived from abundance data (left), and also including size
and temperature corrections (right). Because with the second approach we could
only establish the scaling of N, fixation rates with size and temperature up to a
multiplicative constant, these values were adjusted to the total sum retrieved by
the classic method. Note that we estimated colony size by free trichome volume.
See Materials and methods and Appendix A for further details.

this way, although we cannot reject any impact due to the loss of
free trichomes through the mesh, our values were in the range of
those previously reported for the nearest regions. Our results were
also similar to those by Davis and McGillicuddy (2006) except for
a few aspects, and considering only the data up to 40°W. Puffs
were the dominant component of Trichodesmium populations,
contrary to what was found here at the westernmost stations.
Also, the maximum concentration found at station E5 (i.e. 16 puffs
and 30 tufts m~3) was higher than most of the values reported by

Davis and McGillicuddy (2006) for the eastern North Atlantic. It
should be noted that they found a clear relationship between
colony abundance and positive sea level anomalies.

Both the reduced sample size and the subtle variation in most
of the physical and chemical variables examined prevented a more
elaborate analysis of the effect of environmental conditions. In
their latitudinal analysis of data from several years, Tyrrell et al.
(2003) concluded that dust deposition and mixed layer depth are
the main factors responsible for changes in Trichodesmium
abundance. It should also be stressed that the Tyrrell et al.
(2003) samples at these latitudes were located near the African
coast (~20°W). The nearly longitudinal transect conducted here
does not support the same conclusion. Indeed, Trichodesmium
abundance increased towards the interior of the gyre, where
external iron inputs are less important than near the coast
(Mahowald et al., 2009). During the cruise, aeolian deposition was
not apparent, and variation in mixed layer depth was very weak
(Table 1). Thus, different factors can generate both gradients
although, with the data at hand, we can only conclude that
conditions towards the interior of the gyre seem to favour
Trichodesmium.

The observed trend in Trichodesmium abundance was more
than a simple increase towards the interior of the gyre. Different
morphotypes appeared in a specific order as we progressed
towards the interior of the gyre; free trichomes appeared first,
while puffs and tufts were found far west. When present, tufts
were dominant in terms of volume, although puffs were
numerically more abundant near the eastern boundary of the
gyre. This reconciles our observations with the dominance of puffs
found by Davis and McGillicuddy (2006) near the Azores front.
Jointly, these results suggest that puffs present a certain kind of
competitive advantage over tufts near the boundaries of the gyre,
and that they are displaced by tufts towards the interior of the
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gyre. This idea was reinforced by consideration of the number of
trichomes per colony towards the interior of the gyre, which
showed a linear increase in tufts, but a humped relation for puffs.

Finally, we found bloom conditions associated with positive
sea level anomalies, which we identified with a swestie, as
described by Pingree (1996). This resembled the results in Davis
and McGillicuddy (2006), although it should be stressed that their
transect ran parallel to the Azores front and crossed the Gulf
Stream, regions with greater eddy kinetic energy. As deduced from
examining remotely sensed dynamic topography, the origin of this
anomaly was not compatible with the potential temperature and
salinity signatures observed. Although the maintenance of
Trichodesmium blooms is probably related to eddy/wind interac-
tions (McGillicuddy et al., 2007), this particular bloom seems to be
related to the advection and local retention of Trichodesmium from
denser, southern populations (Tyrrell et al., 2003), rather than to
local enhancement of nutrient concentrations. The application of
the WSSO05 algorithm to detect Trichodesmium blooms reinforced
this notion.

4.2. Comparison with Trichodesmium studies in the western
subtropical North Atlantic

Abundances reported for the western side of the North Atlantic
subtropical gyre were of the same order of magnitude as those
found here for the eastern side. In general, our values were slightly
higher than those found in bottle samples by Carpenter et al.
(2004) (i.e. mean of 730 colonies m 2 derived for October, tropical
[north of 23°N and west of 40°W]; versus the 241 puffs and
1811 tuftsm 2 found in this study in the interior of the gyre).
There was a clear exception at station E5, where we estimated a
colony concentration of 3296 puffs and 6097 tuftsm~2. These
figures were also well above the abundances reported during the
seasonal bloom (maxima of 1111 m~2) by Orcutt et al. (2001), who
used nets to sample Trichodesmium abundance.

Trichodesmium colony abundances reported here were lower
than the values found by Davis and McGillicuddy (2006) for the
northern margin of the western subtropical North Atlantic
(abundances as high as 35 puffs and 85tuftsm~3 at the Gulf
Stream front, versus our maximum at station E5 of 16 puffs and
30 tufts m~3). Nevertheless, it should be noted that the sampling
methods employed in all these studies differed greatly from those
used here; i.e. 1m mouth, 335 um mesh in Orcutt et al. (2001);
10 L of bottle-sampled seawater in Carpenter et al. (2004); and the
Visual Plankton Recorder [VPR] in Davis and McGillicuddy (2006).

4.3. Trichodesmium size structure and indirect N, fixation rates

Our characterization of size structure matched values reported
in previous studies, although we have not found previous
estimates of the variation in trichome volume. Letelier and Karl
(1996) found a mean value of 182 trichomes per colony (range
10-375) at station ALOHA, which is slightly higher than that
found here (112 +47 for puffs [range 57-156], and 49 + 16 for
tufts [range, 31-63]). Our values are nevertheless in better
agreement with the values reported by Carpenter et al. (2004)
(98 4+ 11; range, 53-153) for the North Atlantic. The volume of
free and tuft-forming trichomes, and of the number of trichomes
per puff or tuft, increased towards the interior of the gyre. Mean
trichome volume also increased for tufts and free trichomes
towards the interior of the gyre, although it remained nearly
constant in puffs. Indeed, size variation in puffs was driven by
changes in the number of trichomes per puff, which peaked at
station E4. This occurred before fully subtropical conditions were
attained and before either free or tuft-forming trichomes reached

their maximum size. These patterns reinforce the idea of an
alternation of the different morphotypes from temperate to
subtropical conditions, with puffs being favoured by the condi-
tions at the border of the gyre.

Water-column integrated N, fixation rates indirectly derived
from abundance estimates were also higher than those reported
for the western side of the gyre by Orcutt et al. (2001), although
the rates we estimated were very similar to those reported
during bloom conditions (i.e. >2000nmolNm~2h~"'; derived
from monthly values at BATS). Although we found a slightly
lower contribution of free trichomes to N, fixation rates with
respect to the 75% reported by Orcutt et al. (2001), the
percentage contribution was nevertheless important, ranging
from 21% to 58% in abundance-based estimates, and from 43% to
76% in size- and temperature-corrected ones (note that we have
ignored station E2, where colonies were absent). Finally, despite
the exploratory character of indirect estimates of N, fixation
rates including the effect of size and temperature, two
important ideas emerged from it. First, allowing an effect of
size on N, fixation rates can produce variations in estimates of
100% when compared to estimates based only on abundance.
Second, free trichomes represent a more important component
of Trichodesmium populations when size is considered.

4.4. Implications

Our study had a limited extent and duration, so any conclusion
extracted from it should be carefully considered. Nevertheless, it
yields two important messages. First, it underlines the importance of
combining in situ measurements with other data sources. Here we
used remote sensing data to interpret our in situ measurements in a
wider oceanographic context. This was the case of the Trichodes-
mium bloom, which at a first sight seemed to be related to some
type of eddy pumping. By combining in situ data with remotely
sensed dynamic topography and Trichodesmium bloom occurrence,
we were able to reconstruct previous conditions and relate the origin
of the bloom to the northward advection of Trichodesmium-rich
waters.

On the other hand, after a review of the recent literature,
sampling issues appeared as one key determinant of Trichodes-
mium studies. Indeed, these species present positive buoyancy,
great size and low concentrations in the water-column with
respect to other phytoplankton groups; they are delicate and can
be fragmented easily, they adhere to containers, etc. In this sense,
bottle sampling has been criticized because the low volume of
water sampled can introduce a bias in colony abundance
estimates (Chang, 2000). On the other hand, nets could promote
colony fragmentation and allow the escape of free trichomes
through the mesh and on occasion the volume filtered can be
overestimated because of clogging. All these problems, which
also affected our own study, can alter as well abundance
estimations based on net sampling, especially in the case of free
trichome concentrations. Semi-automatic, underwater sampling
methods such as those employed by Davis and McGillicuddy
(2006) seem to provide an attractive solution, although currently
they are unable to record free trichome abundance.

Here, we have found abundances comparable to those found by
the VPR, and we have estimated contributions up to 58% to N,
fixation by free trichomes. Jointly, these make it desirable either
to refine semi-automatic samplers or to combine different
approaches in future studies. The combination of different
methods would allow the simultaneous, independent assessment
of the three components of Trichodesmium populations. Both net
and bottle samples can be further processed in the laboratory to
obtain individual size measurements as in this study. In this way,
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the systematic changes in size and population structure found
here highlighted a potential role for these characteristics in the
wide range of N, fixation rates reported in the literature (see also
Orcutt et al., 2001; Breitbarth et al., 2007; Goebel et al., 2007).
This approach, although severely limited because of its explora-
tory character, was based on well-established ecological principles
(e.g. Brown et al.,, 2004). In this sense, it makes desirable the
inclusion of size and temperature in future experiments and
measurements involving Trichodesmium. This will not only
improve our current understanding of N, fixation, but it will also
set a mechanistic basis to predict the near future of the N cycle in
a warmer ocean where Trichodesmium distributional range and
importance migth increase.
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Appendix A

The metabolic theory of ecology argues that biological
processes, from respiration and photosynthesis to patterns in
trophic dynamics, can be defined by simple relationships given by
individual size and temperature scaling (Brown et al., 2004).
These parameters have been shown to summarize most of the
variation in the performance of any metabolic process. Here, we
have take advantage of this and express N, fixation rates as any
other metabolic rate:

ToaMB3/Ae—E/KT (A1)

where [ is the rate of N, fixation, M is individual mass, E is
activation energy, k=8.62 x 10 >eVK~! is Boltzmann’s constant,
and T is absolute temperature, measured in K. The first term on
the right side shows the nearly universal scaling of whole-
organism metabolic rate as a 0.75 potential of mass. The second
term on the right reflects the exponential dependence of
biochemical processes on temperature, parameterized using the
Boltzmann factor (also called the Van't Hoff-Arrhenius relation).

This model, and some elaborations based on this basic
specification, have been tested successfully for a wide series of
processes in both the marine and the terrestrial realms (e.g.
Brown et al., 2004), although most studies have focused on

interspecific allometries (Lopez-Urrutia et al., 2006; O’Connor
et al., 2007). Here we used this equation to infer how N, fixation
rates differed between the different stations. This represents a
simple way of comparison between rates derived from abundance
and standard conversion factors and those expected when
changes in size structure and temperature are taken into account.
This approach is obviously flawed for many reasons (e.g. changes
in physiological status and carbon content are ignored, and also
genotypic differences), although it could be acceptable for
exploring the potential impact of systematic changes in Tricho-
desmium size and temperature between stations.

To obtain values proportional to the expected fixation rate, we
used trichome volume as a proxy of size and assumed constant
element ratios in Trichodesmium along the transect. Note also that
we conserved the 0.33 equivalence between free trichomes and
those forming colonies. We further assumed a constant scaling of
0.75 between N, fixation and mass. Absolute temperature values
were the same as those presented in Table 1, obtained by Riemann
integration of CTD values for the mixed layer. The activation
energy was taken from Lopez-Urrutia et al. (2006) and set as a
constant with value E=0.33 eV. Using all of these parameters, and
based on our measurements on trichome volume and of the
number of trichomes forming each kind of colony at each station,
we estimated the size- and temperature-corrected contribution of
each morphotype to total N, fixation, adjusting finally the values
to match the total N, fixation estimated only from abundance
data. We finally explored the influence of temperature and size
variation by estimating fixation rates, fixing either temperature or
the size of the trichomes of each morphotype to estimated means
along the transect.

Appendix B. Supplementary material

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.dsr.2009.09.005.
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