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Santiago Hernández-León a

a Instituto de Oceanografı́a y Cambio Global, Universidad de Las Palmas de Gran Canaria, Las Palmas de Gran Canaria, Spain
bDepartament de Biologia, Universitat de les Illes Balears, Palma de Mallorca, Spain
c Grupo de Estudios Atmosféricos, Departamento de Ingenierı́a de Procesos, Universidad de Las Palmas de Gran Canaria, Las Palmas de

Gran Canaria, Spain

Abstract

We studied the relationship between atmospheric dust deposition, N2 fixation rates, and the abundance of
unicellular diazotrophs and Trichodesmium in weekly or biweekly samplings over 3 months in the Canary Islands.
On average, N2 fixation rates by unicellular diazotrophs and Trichodesmium were low (0.2 nmol N L21 h21 and
1.66 3 1023 nmol N L21 h21, respectively). However, N2 fixation rates associated with unicellular diazotrophs
increased by 86% and 92% after a peak of aerosol concentration in samples incubated in both light and dark,
while the rates associated with Trichodesmium diminished by 34% and 92% in the light and in the dark,
respectively. The abundance of unicellular diazotrophs ranged from 4 cells L21 to 54 cells L21. After the input of
aerosols, 66% of the unicellular diazotrophs observed were attached to putatively organic matter particles.
Trichodesmium abundance was low (average of 0.5 trichomes L21), mainly in the form of free trichomes, which
might hinder the ability of these organisms to take advantage of the Fe dissolved in the water column after dust
deposition events. We also highlight the importance of monitoring short-term variability of N2 fixation in order to
have a better understanding of the nitrogen cycle in the ocean.

Dinitrogen (N2) fixation is an essential gateway of
nitrogen into the oligotrophic oceans, where it is thought to
fuel up to 50% of the total primary production (Capone et
al. 2005). The colonial filamentous cyanobacterium Tricho-
desmium has been long considered as the primary N2 fixer
in the tropical and subtropical oceans. However, the
application of molecular tools in oceanography during
the past decade has allowed the identification of a wide
variety of unicellular cyanobacterial and heterotrophic
diazotrophs through detection and quantification of the
nifH gene (Langlois et al. 2008). Unicellular diazotrophs
occupy a wide latitudinal and depth range, and their N2

fixation rates may locally equal or exceed those of
Trichodesmium (Moisander et al. 2010). In the eastern
North Atlantic Ocean, unicellular diazotrophs are believed
to dominate over Trichodesmium, which in turn is more
abundant and active in its western basin (Montoya et al.
2007). Indeed, diazotrophs , 10 mm exhibit higher N2

fixation rates than those . 10 mm in the Canary Current
(CC) system (Benavides et al. 2011). Moreover, the
presence of noncyanobacterial nifH genes has been
reported in the oligotrophic oceans (Langlois et al. 2008),
but their contribution to overall N2 fixation is as yet
unknown (Sohm et al. 2011b).

Embedded in the CC, the subtropical waters of the
Canary Islands are mostly oligotrophic due to the quasi-
permanent thermocline caused by strong surface heating
throughout the year. The thermocline is only eroded during
January–March, favoring the entrance of cold nutrient-rich

waters into the euphotic zone and, hence, enhancing pri-
mary productivity during the so-called ‘‘late winter bloom’’
(Hernández-León et al. 2010). On the other hand, the
islands are situated in the outer boundary of the inter-
tropical convergence zone (ITCZ) and therefore receive
frequent inputs of Saharan dust. In previous years,
recurrent peaks of dust deposition have been observed
from February to March over the island of Gran Canaria
(Hernández-León et al. 2010). Dust potentially fertilizes the
water column with phosphorus (P) and iron (Fe), among
other trace metals (Mills et al. 2004; Moore et al. 2009). P is
needed for cell membrane, adenosine triphosphate (ATP),
and deoxyribonucleic acid (DNA) synthesis (Dyhrman
et al. 2007); whereas Fe is the major cofactor of the enzyme
responsible for N2 fixation (nitrogenase reductase) and
other redox enzymes and is an important structural
constituent of diazotrophs (Berman-Frank et al. 2007).

Growth of oceanic diazotrophs can be limited by P, Fe,
or both (reviewed by Sohm et al. 2011b). Trichodesmium is
known to fix more N2 in the presence of dissolved Fe
provided through natural aerosol deposition (Moore et al.
2009) or by artificial fertilization (Kustka et al. 2003). This
filamentous cyanobacterium is also limited by P availability
(Dyhrman et al. 2007). Both Trichodesmium and unicellular
diazotrophs such as Crocosphaera watsonii are capable of
up-regulating Fe- and P-specific scavenging systems or
reducing Fe and P cellular quotas when exposed to low
concentrations (Webb et al. 2001; Dyhrman et al. 2007).

Fe cellular quotas are especially high in marine
diazotrophs (Berman-Frank et al. 2007), which suggests
that these organisms are more severely affected by Fe than
by P limitation. However, research conducted in the North
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Atlantic over the last decade points to a stimulation of N2

fixation by Fe in Saharan dust, which in turn raises N : P
ratios above Redfield levels, making P the eventual limiting
nutrient for diazotrophs in this basin (Sohm et al. 2011b).

In order to address the differential role of unicellular and
colonial diazotrophs and their response to Fe inputs, we
monitored the N2 fixation activity and abundance of diaz-
otrophic organisms of the surface waters north of Gran
Canaria Island (Canary Islands Archipelago) in weekly or
biweekly periods from February to May 2010 and in-
vestigated their relation with aerosol concentrations.

Methods

Sampling and hydrographic measurements—A station
, 10 nautical miles to the north of the island of Gran
Canaria (28u219N–15u239W) was sampled seven times from
08 February to 13 May 2010 onboard the R/V Atlantic
Explorer. On each sampling date, temperature, salinity,
fluorescence, and photosynthetically active radiance (PAR)
data were recorded by means of a SeaBird SBE25
conductivity–temperature–depth (CTD) sensor, a Sea-Tech
fluorometer, and a Li-Cor PAR sensor. Seawater was
recovered using Niskin bottles. The mixed layer depth
(MLD) was estimated from an increase in water column
density (st) of 0.125 kg m23 with respect to surface values.

Nutrients and chlorophyll a—Samples for nitrate and
nitrite (NO{

3 + NO{
2 ), phosphate (HPO2{

4 ), and silicate
(SiO2) analysis were collected from the surface with 15 mL
polyethylene tubes (Van Waters and Rogers, VWR) and
stored frozen (220uC) until analysis ashore. The samples
were analyzed with a Technicon II segmented-flow
autoanalyzer. The detection limits were 0.1 mmol L21 for
NO{

3 , 0.03 mmol L21 for NO{
2 , 0.024 mmol L21 for

HPO2{
4 , and 0.016 mmol L21 for SiO2. Chlorophyll a (Chl

a) concentrations were estimated from seawater samples
(500 mL) filtered through 25 mm Whatman GF/F filters
and stored frozen until analysis. Pigments were extracted in
cold acetone (90%) for 24 h and analyzed by means of a 10
AU Turner Designs bench fluorometer, previously cali-
brated with pure Chl a (Sigma Aldrich), according to
Holm-Hansen et al. (1965).

Aerosol optical depth, dust deposition, and Fe content—
Daily moderate resolution imaging spectroradiometer
(Aqua-MODIS) aerosol optical depth data at 550 nm
(AOD 550 nm) were obtained from the National Aero-
nautics and Space Administration (NASA) Goddard Earth
Sciences Data and Information Services Center Giovanni
(NASA GES DISC) online database for our oceanographic
station coordinates (see above). Daily concentrations of
suspended particles , 10 mm (PM10) and NOx (nitrous
oxide + nitric monoxide + nitrogen dioxide) were obtained
from the Canary Government air quality online database
(Red de Control y Vigilancia de la Calidad del Aire de
Canarias). For the latter, a station placed in the outskirts of
the village of Arucas (north of Gran Canaria island,
28u69N–15u149W) was chosen since it was the closest to our
sampling site available in the online database.

Atmospheric total suspended particulate matter was
collected onto Whatman GF/A 20 3 25 cm fiberglass filters
using a high volume sampler pumping system (MCV) at a
flow rate of 50 m3 h21. Each sampling period started at
08:00 h and lasted 24 h. The collector was placed 10 m
above the ground at 27u599N 15u249W. For Fe analysis, the
filters were treated with nitric and hydrochloric acid, ac-
cording to the Beyer modified method (López Cancio et al.
2008). Fe was determined by atomic emission spectropho-
tometry using an inductively coupled plasma optical
emission spectrometer (Perkin Elmer 3200 DV).

N2 fixation and Trichodesmium abundance—N2 fixation
was measured using the acetylene reduction assay (ARA;
Stal 1988). Triplicate sets of 2 L of surface seawater were
filtered through 25 mm GF/F filters. The filters were placed
in 10 mL crimp-head vials (Chrompack) and humidified
with , 0.5 mL of GF/F-filtered surface seawater. The vials
were sealed with rubber stoppers and aluminum caps using
a crimper. Then, 2 mL of acetylene was injected with a
Hamilton gas-tight syringe. Acetylene was generated from
calcium carbide (CaC2; Sigma Aldrich) by adding Milli-Q
water in a reaction flask (Stal 1988). The gas was recovered
in 1 L Tedlar gas bags with polypropylene valves (SKC).
The ethylene contamination of the generated acetylene was
, 0.014 mg L21. Of each triplicate set of samples, one was
incubated in the light and the other in the dark, wrapped in
opaque nylon clothes. Incubations were performed on deck
for 3 h. The incubators were covered with mesh to mimic in
situ PAR levels at 5 m depth.

A Nitex nylon 50 mm mesh size net was towed twice
vertically from 100 m depth to the surface at a speed of
20 m min21, filtering 6.28 m3 of seawater. The recovered
sample was concentrated to 240 mL, of which 60 mL was
transferred to 125 mL polypropylene containers (VWR)
and fixed with 40 mL of 10% borax-buffered formaldehyde
to a final concentration of 4%. These samples were kept at
room temperature in the dark until being analyzed for the
abundance of Trichodesmium using an inverted microscope.
The rest of the sample collected with the net was separated
into 30 mL subsamples. These subsamples were filtered
onto 25 mm GF/F filters and equally processed for the
ARA technique as explained above to obtain N2 fixation
rates by the . 50 mm fraction, ideally corresponding to
Trichodesmium and/or symbionts in larger organisms such
as diatoms or copepods.

The ethylene and acetylene content of samples was
measured using a Chrompack CP9001 gas chromatograph
equipped with a flame ionization detector (FID) and a
wide-bore silica fused (0.53 mm internal diameter) Porapak
U column (Chrompack). The carrier gas was N2 at
10 mL min21, and the flows of hydrogen and air for the
FID were 30 and 300 mL min21, respectively. The temper-
atures for injector, detector, and oven were 90uC, 120uC,
and 55uC, respectively. Acetylene reduction was converted
to N2 fixation rates by applying a conversion factor of 4 : 1
and equations in Stal (1988). Blank GF/Fs were incubated
with the same volume of filtered seawater and acetylene. A
set of six blanks was made once in every sampling date
(three incubated in the dark, three incubated in the light).
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Each ARA rate calculated was corrected with its respective
blank; therefore, we obtained specific detection limits for
each sampling time point. The detection limit of the ARA
technique ranged between 0.01 nmol and 0.12 nmol
ethylene, defined as three times the standard deviation of
the difference between the ethylene produced after the
incubation period and the ethylene content of the blanks.

Tyramide signal amplification–fluorescent in situ
hybridization (TSA-FISH)—Seawater was filtered through
0.2 mm, 3 mm, and 10 mm 47 mm white polycarbonate filters
(General Electric Power and Water, GE-Osmonics Poretics)
under low vacuum pressure (, 100 mm Hg). Volumes
ranged from 0.2 L to 4 L, depending on the saturation of the
filters. First, the filters were fixed with 1% paraformaldehyde
buffered with phosphate buffered saline (PBS; Sigma
Aldrich) to pH 8.2 for 15 min at room temperature; then
they were rinsed twice with PBS. Subsequently, the filters
were dehydrated with ethanol molecular grade series (50%,
80%, and 100%) for 10 min, allowed to dry for a few seconds,
and, finally, stored at 220uC until analysis. A subsample
of the filter (1/8) was used for TSA-FISH. Hybrid-
izations with horse radish peroxidase–labeled (Thermo
Fisher Scientific GmbH) 16S rDNA Nitro821 probe were
done after permeation of the cells with lysozyme (5 mg mL21

in lysozyme buffer, Roche) for 30 min at 37uC, followed by
three rinses of Milli-Q sterile water and ethanol series (50%,
80%, and 100%). The cells were subsequently processed for
hybridization steps and TSA reactions using 50% of
formamide concentration in the hybridization buffer (Biegala
and Raimbault 2008). The filters were finally mounted on
microscope slides, applying mounting medium with 49,6-
diamidino-2-phenylindole (DAPI; Vectashield).

The slides were examined under a Leica DM 2500
microscope equipped with a 12 V/100W Halogen lamp,
objectives HCX FL Plan103/0.25, N Plan 403/0.65 Ph2, N
Plan 633/0.80 0.17D, and N Plan 1003/1.25 oil Ph3,
dichroic filters of 360 6 20 nm excitation and 410 6 5 nm
emission for the DAPI (blue fluorescence), and 480 6 40 nm
excitation and 527 6 30 nm emission for the fluorescein
isothiocyanate (FITC) associated with Nitro821 probe
(green fluorescence). Due to the low abundance of diazo-
trophs, we chose to count the filters in a systematic way in
order to cover the entire surface of each filter slice. Cells that
were present as free-living, as symbionts to larger cells, or as
attached to particles were noted and counted as small
(, 1 mm), medium (. 1 to , 3 mm), and large (. 3 mm).

Results

Hydrography, nutrients, and Chl a—The temperatures
observed during our sampling period ranged from 18uC to
. 20uC. The first 100 m presented temperatures . 19.5uC
throughout this period, which is about 0.5–1uC higher than
observed for the same area in previous years (Arı́stegui
et al. 2009). These high temperatures translated into a weak
superficial water column stratification that intensified and
reached higher depths from mid-April to the end of May
2010 (Fig. 1A; note that CTD data was only available from
17 March 2010). Concomitantly, the Chl a concentrations

were low and ranged from , 0.02 mg L21 to 0.12 mg L21

(Fig. 1B). These values are much lower than expected for
this time of the year, when the late winter bloom takes place
and Chl a concentrations can reach values up to 1 mg L21

(Arı́stegui et al. 2009).
According to the warm temperatures and the stratifica-

tion observed, nutrient concentrations were low (Fig. 1C).
NO{

3 + NO{
2 and SiO2 were , 1 mmol L21 throughout the

sampling period. Minimum values of these nutrients were
observed coinciding with the maximum MLD (Fig. 1B,C).
Later, the concentrations of NO{

3 + NO{
2 and SiO2 in-

creased to 0.6 and 0.3 mmol L21, respectively, when the
stratification of the water column extended down to
, 100 m depth. Nutrient concentration data from posterior
dates are not available, but a continued decrease is expected
as they are depleted by phytoplankton while the water

Fig. 1. (A) Seawater temperature (uC); (B) chlorophyll a (Chl
a) concentrations (mg L21) at the surface and at 20 m depth, and
mixed layer depth (MLD, m); and (C) surface nitrate plus nitrite
(NO{

3 + NO{
2 ), silicate (SiO2), and phosphate (HPO2{

4 ) concen-
trations (mmol L21) at 28u219N–15u239W over the period of study
(08 February–13 May 2010). Note that temperature and MLD
data are not available until 17 March 2010.
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column remains stratified throughout the rest of the year.
HPO2{

4 concentrations showed a peak at the beginning of
March 2010 and then kept on decreasing until the end of
the sampling period.

Aerosols and dust Fe content—AOD 550 nm values
increased from February to May 2010. Two maxima were
observed on 19 March and 28 April 2010 (1.2 and 1.41,
respectively; Fig. 2A). The concentration of PM10 also
increased during the studied period. The maximum PM10

value observed (247.43 mg m23) coincided with a peak in
AOD 550 nm on 19 March 2010 (Fig. 2A,B). A peak of the
concentration of NOx in suspended material was observed
from 26 to 28 February 2010 (Fig. 2C). The concentrations
then decreased dramatically. Three peaks . 15 mg m23

were observed from mid-March through late April 2010.
The Fe concentration of the dust particles collected

ranged from 0.17 mg m23 to 1.04 mg m23. The maximum
concentrations observed (0.67 mg m23 to 1.04 mg m23)
occurred in March 2010 and coincided with the highest
AOD 550 nm and PM10 values (Fig. 2B,D). A secondary
peak was observed on 29 April 2010, associated with much
lower PM10 values (, 35 mg m23).

N2 fixation—N2 fixation rates in unscreened surface
seawater samples ranged from 0.01 nmol N L21 h21 to
0.1 nmol N L21 h21 from February to mid-March 2010
(both in the light and in the dark; Fig. 3A). With the
extension of stratification throughout the first 100 m of the
water column (Fig. 1A), these N2 fixation rates increased
up to sevenfold, reaching maximum values of 0.21 nmol N
L21 h21 and 0.71 nmol N L21 h21 for samples incubated in
the dark and in the light, respectively (Fig. 3A). Replicates
incubated in the light showed higher values than replicates
incubated in the dark, with the exception of the two first
samplings.

In an opposite pattern, samples . 50 mm presented
higher values from February to mid-March 2010, with rates
. 2 31023 nmol N L21 h21. These rates dropped by an
order of magnitude with the onset of the water column
stratification down to 100 m depth. N2 fixation values
remained at , 2 3 1023 nmol N L21 h21 throughout the
rest of the sampling period (Fig. 3B). Replicates incubated in
the dark had higher rates than those incubated in the light,
with the one exception of 23 March 2010, when both rates
were almost equal. In both the light and the dark, N2 fixation
rates in samples . 50 mm were significantly correlated with

Fig. 2. (A) Aerosol optical depth (AOD) at 550 nm at 28u219N–15u239W, (B) suspended particles , 10 mm (PM10) (mg m23),
(C) nitrous oxide plus nitric oxide and nitrogen dioxide (NOx) concentration (mg m23) at 28u69N–15u149W, and (D) concentration of
iron (Fe) in atmospheric dust collected at 27u599N–15u249W (mg m23). Solid lines show linear fits. Dashed lines show the limits of the
y-axis breaks.
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Trichodesmium abundance (r2 5 0.86 and 0.69, respectively,
n 5 7 and 6, respectively, both p , 0.05). Since the net was
towed from 100 m depth to the surface, N2 fixation rates in
samples . 50 mm that were incubated in the dark could be
associated with Trichodesmium living in deeper layers of the
water column or could just be a carryover from energy
acquired during carbon and N2 fixation in the light. In the
dark, . 50 mm diazotrophic activity would have probably
ceased if the incubation had lasted longer than the 3 h used
here.

Abundance of diazotrophic organisms—Trichodesmium
appeared mainly as free trichomes. Only two tuft-shaped
colonies—with less than 20 trichomes each—were found
during the inspection of the seven samples presented in this
study (data not shown). Trichodesmium abundance ranged

from , 0.2 to 1.2 trichomes L21 (Fig. 4A). A 10-fold
increase was observed from the first to the second sampling
time point, which decreased twofold coinciding with
stronger mixing of the water column and a deeper MLD
(mid-March 2010; Fig. 1B). The abundances in April and
May 2010 were the lowest found in this study.

Unicellular diazotroph abundance was studied by hy-
bridization with probe Nitro821. Organisms were classified
under three size classes (small , 1 mm, medium . 1 to
, 3 mm, and large . 3 mm) and also as free-living, attached
to particles, or symbionts. The total number of unicellular
diazotrophs increased steadily from February to a maximum
on 23 March 2010, coinciding with a peak of AOD 550 nm
and PM10 (Figs. 2A,B, 4B) and the highest concentrations of
Fe in dust observed during the study period (Fig. 2D). Then,
their abundance dropped dramatically to values , 10 cells
L21, coinciding with a second peak of AOD 550 nm ob-
served in early May, which was not reflected in PM10

(Figs. 3A, 4B), and coincided with relatively lower Fe
concentrations (Fig. 2D). Unicellular diazotrophs , 1 mm
typically represented a low percentage of the total (, 10%;
Fig. 4B) but reached 48%, coinciding with an aerosol con-
centration peak. Medium-sized cells (. 1 mm to , 3 mm)
were the most abundant throughout the study period (43%
on average), except on 23 March 2010 when they only
represented , 13% of the total. The larger organisms
(. 3 mm) typically represented a third of the total and only
increased slightly on 23 March 2010.

The great majority of unicellular diazotrophs were found
as free-living cells (Fig. 4C). On 23 March 2010, 35% of
them appeared attached to putatively organic particles.
Symbionts were only found in low densities in March 2010.
These were symbionts of copepods (data not shown),
although we cannot guarantee that these were true symbi-
onts and not just cells superimposed on copepods during
the filtration of samples.

Discussion

Biological activity rates, such as net primary production,
are enhanced when aerosols rich in P, Fe, and other trace
metals are made available through the deposition of desert
dust (Duarte et al. 2006). Likewise, diazotrophic N2

fixation has been reported to increase as much as twofold
when Saharan dust is added to seawater samples (Mills et
al. 2004). In this study, we observed a transition from a
slight superficial stratification to a water column stratified
down to 100 m depth (Fig. 1A). This transition coincided
with a peak of AOD 550 nm, PM10, a secondary peak of
NOx concentration, and the maximum values of Fe in dust
observed throughout the study period (Fig. 2A,D). This
transition marked a clear difference in the N2 fixation rates
and the abundance of unicellular diazotrophs vs. those of
Trichodesmium (Fig. 3A,B).

Rates measured on unscreened seawater likely corre-
spond to unicellular diazotrophic cyanobacteria and
heterotrophic diazotrophs due to the low abundance of
Trichodesmium in the CC waters (Benavides et al. 2011; this
study), the low probability of catching colonies when using
Niskin bottles (Chang 2000), and the practical absence of

Fig. 3. (A) Surface total N2 fixation (unscreened water, nmol
N L21 h21) in the light and in the dark and (B) . 50 mm N2

fixation (sample recovered from 50 mm net towed twice from 100 m
depth to the surface, nmol N L21 h21) in the light and in the dark.
Error bars represent standard deviation. (B) The first data point in
(B) is not available.
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symbionts in our samples. N2 fixation rates measured on
unscreened surface seawater increased by 86% and 92% in
samples incubated in the light and in the dark (respectively)
after the peak of AOD 550 nm, PM10, and Fe concentra-
tion observed in 19 March 2010. Nevertheless, no response

was observed to the secondary peak of dust deposition and
Fe concentration that occurred by the end of May
(Figs. 2A,B,D, 3A). The values of all these parameters
were, however, considerably lower in the May deposition
event than in the March 2010 deposition event.

On average, 43% of the unicellular diazotrophs observed
belonged to the medium size class (. 1 mm to , 3 mm),
whereas , 33% belonged to the . 3 mm size class (Fig. 4B).
Using probe Nitro821, Biegala and Raimbault (2008) found
high abundances of as yet unidentified diazotrophic
picocyanobacteria with sizes ranging between 0.2 mm and
3 mm. Since Crocosphaera are known to be . 3 mm and
unicellular cyanobacteria of group A (UCYN-A) are , 1 mm
(Zehr et al. 2008; Moisander et al. 2010), the unicellular
diazotrophs in the medium size range (. 1 mm to , 3 mm)
found in this study likely belong to these unidentified
picocyanobacteria (Biegala and Raimbault 2008). Further
nifH gene analyses are needed to attain an accurate phylo-
genetic classification, which unfortunately are not available
in this case. According to the literature, the organisms in the
larger size class (. 3 mm) could be unicellular cyanobacteria
of groups B and C, such as Crocosphaera and Cyanothece,
respectively. These diazotrophs have been previously found
in the North Atlantic (Langlois et al. 2005, 2008).

The abundance of free-living unicellular diazotrophs
dropped from 92% to 31% after the aerosol input peak
(Fig. 4C), coinciding with an increase from 5% to 66% of
diazotrophs attached to presumably organic matter parti-
cles. Unicellular diazotrophs associated with particles have
been observed before using the TSA-FISH technique (Le
Moal et al. 2011). The size of the cells shown in Fig. 5A,
B,D ranges from 0.6 mm to , 1 mm. According to this size
range, these could be either heterotrophic diazotrophs or
UCYN-A (Le Moal et al. 2011). Nevertheless, the probe
Nitro821 shows several mismatches with heterotrophic
bacteria (Biegala and Raimbault 2008). Thus, it is unlikely
that the observed cells were heterotrophic, albeit not
impossible.

Heterotrophic diazotrophs do not have a self-sufficient
means to obtain carbon (nonphotosynthetic organisms), which
is needed to fix N2, a process high in energy cost. Hence, it is
plausible that organic matter particle–heterotrophic diazotroph
associations occur (Le Moal et al. 2011). However, this would
also be the case for UCYN-A, which lack the oxygen-evolving
photosystem II and are unable to fix carbon (Zehr et al. 2008).
The small unicellular diazotrophs observed in Fig. 5A,B,D
likely belong to UCYN-A.

This group is numerous and occurs in a wide range of
temperatures in the ocean (Moisander et al. 2010) and is the
most abundant unicellular diazotroph in the CC region
(N. S. R. Agawin unpubl.). UCYN-A are thought to rely on
the organic matter produced by other phytoplankton (Tripp
et al. 2010). Accordingly, the observed increase of , 1 mm
organisms would be expected to be accompanied by an
enhancement of Chl a concentrations, as a response to Saharan
dust inputs (Duarte et al. 2006). However, such an enhance-
ment was not observed (Fig. 1B).

Recently, cultured and field populations of Crocosphaera
have been observed embedded in extracellular polysaccharides
(Sohm et al. 2011a). The cells in Fig. 5C are somewhat

Fig. 4. (A) Trichodesmium abundance (trichomes L21); (B)
abundance of unicellular diazotrophs with size , 1 mm, . 1 to
, 3 mm, and . 3 mm; and (C) abundance of unicellular
diazotrophs found as free-living organisms, attached to particles
or in symbiosis with larger planktonic organisms (cells L21).
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larger (, 1–2 mm) but could not belong to the small size
class of Crocosphaera, which has a size of , 3 mm.
Recently, in a cruise over the subtropical North Atlantic
we observed that , 10 mm diazotrophs released ,23% of
their recently fixed N2 as dissolved organic nitrogen (M.
Benavides unpubl.). Therefore, although more experimen-
tal evidence is needed to prove it, the particles observed
could have been organic matter released by the unicellular
diazotrophs themselves.

Being attached to organic particles confers a number of
advantages to microbes. Microorganisms are attracted by
the chemical gradients produced by the organic and in-
organic nutrients of these particles, where intense microbial
activity and carbon cycling takes place (Azam and Long
2001). Likewise, the attachment of unicellular diazotrophs
to organic particles would provide them with a lower
oxygen and carbon-rich environment, in which fixing N2 is
less energy demanding (Riemann et al. 2010) and Fe is
made bioavailable through binding with organic molecules
(Biegala and Raimbault 2008).

The stratification of the water column observed after the
first dust input maximum (Figs. 1A, 2A,B) suggests that

these associated particles would gain weight and thus could
sink out of the mixed layer fairly quickly. However, these
biota–particle associations are known to leave a ‘‘plume’’
rich in dissolved organic matter and bioavailable Fe as they
sink (Azam and Long 2001). This plume could have
supported the unicellular diazotrophic activity observed
after the dust deposition event (Fig. 4C). Just as organic
particles colonized by microorganisms are important ‘‘hot-
spots’’ of carbon cycling, their potential role in nitrogen
cycling could be important, too, and requires further study.

The late winter bloom is a well-studied recurrent feature
in the Canary Islands waters (Hernández-León et al. 2010).
The progressive heating observed in the CC waters in the last
decade (Arı́stegui et al. 2009) seems to have prevented the
occurrence of this phenomenon in 2010. In the present study,
we noted a superficial stratification (first , 10 m) that
extended down to , 100 m from early April 2010 (Fig. 1A).
The enhancement of the water column stratification
coincided with the increase of N2 fixation rates by unicellular
diazotrophs.

Unicellular diazotrophs occupy a wider latitudinal and
depth range than Trichodesmium in the oceans (Moisander

Fig. 5. Examples of unicellular diazotrophs attached to particles. Cells were hybridized with probe Nitro821 and stained with green
fluorescence (FITC) using the TSA-FISH technique.
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et al. 2010). In habitats such as upwelling ecosystems, these
organisms tolerate higher nutrient concentrations and
lower temperatures than were thought to be admissible
for N2 fixers (Benavides et al. 2011). Unicellular diazotroph
abundance decreased dramatically in the last two sampling
time points (Fig. 4B,C), when the upper water column was
fully stratified and the surface temperature . 20uC. In the
northwest African upwelling system, the concentration of
these organisms has been found to be two- to fourfold
higher than in the open ocean waters of the CC (N. S. R.
Agawin unpubl.). The extent to which a cold and nutrient-
rich environment is a prerequisite for the proliferation of
unicellular diazotrophs in the CC waters is unknown.

Trichodesmium abundances and . 50 mm N2 fixation
rates were significantly correlated, indicating that these
rates are majorly attributable to Trichodesmium and not to
cyanobionts in diatoms (not found in the 50 mm net
samples, nor in TSA-FISH analysis) or in copepods (only
found in low abundances in the month of March 2010,
Fig. 4C). Trichodesmium-associated N2 fixation rates de-
creased by 92% and 34% after the aerosol deposition peak
observed in samples incubated in the light and in the dark,
respectively (Fig. 3B). Correlations between dissolved Fe
concentrations and Trichodesmium abundance have been
previously reported in the north Atlantic (Moore et al.
2009). A recent study provided experimental evidence of
how Trichodesmium puff-shaped colonies trap dust parti-
cles and pull them toward the core of the colony (Rubin
et al. 2011). This unique strategy allows Trichodesmium
colonies to process and solubilize dust particles to take
advantage of the Fe and any other nutrients they may
contain. Rubin et al. (2011), however, reported that free
trichomes do not present this ability. The predominance of
free trichomes over colonies in CC waters (Benavides et al.
2011) suggests that, in this form, they are not able to take
advantage of the Fe present in dust particles and might
explain the absence of a response in their N2 fixation rates
to dust inputs. Trichodesmium is known to grow efficiently
in warm, oligotrophic, and stratified waters (Capone et al.
2005) and to have very high Fe cellular quotas (Kustka
et al. 2003; Berman-Frank et al. 2007). Therefore, an
increase in N2 fixation and abundance was rather expected
after the warming and consequent stabilization of the water
column, which coincided with the input of aerosols.

The second aerosol concentration peak that was observed
in May (Fig. 2A) did not incite a response in Trichodesmium
populations or their diazotrophic activity. However, if we
consider specific N2 fixation rates (i.e., nmol N trichome21

h21), the values obtained in the last three sampling points
(when Trichodesmium abundance is low) are in the range of
those observed before (ranging from 1.09 3 1024 nmol N
trichome21 h21 and 2.56 3 1023 nmol N trichome21 h21).
Thus, it seems that Trichodesmium was unaffected by dust
deposition and the Fe concentration of dust, maintaining
fairly constant N2 fixation rates throughout the study period.
Another possible explanation for the low Trichodesmium N2

fixation rates could be the peaks of NOx concentration in
aerosols, which could have enhanced the availability of fixed
nitrogen in the water column and inhibited Trichodesmium
nitrogenase activity.

In this study we observed a high variability in N2 fixation
rates and abundance of diazotrophs within a short period
of time. We underscore the importance of seasonal
variability and the potential bias of usual snapshot sam-
pling programs in global estimates of diazotrophic activity.
Short-term variability may be even more important in areas
affected by sudden changes, such as dust inputs or meso-
scale events, as in the Canary Islands waters.

Acknowledgments
This work was supported by projects: ‘‘Lunar cycles and iron

fertilization’’ (Lucifer; CTM2008-03538), ‘‘Shelf-ocean exchanges
in the Canaries-Iberian large marine ecosystem’’ (CAIBEX,
CTM2007-66408-CO2-O2), and ‘‘Cyanobacteria: Dominating the
functioning of ocean deserts’’ (CYFOD, CTM2008-00915-E), a
Ramón y Cajal grant to N.S.R.A., and a Formación de Personal
Investigador (FPI) fellowship (BES-2008-006985) to M.B., all from
the Spanish Ministry of Science and Innovation (MICINN). Gas
chromatography analyses were performed in L. J. Stal’s laboratory
at the Royal Netherlands Institute for Sea Research (NIOZ,
Yerseke, The Netherlands). Nutrient analyses were performed by
J. F. Domı́nguez at the Instituto Español de Oceanografı́a
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ARÍSTEGUI, J., AND OTHERS. 2009. Sub-regional ecosystem variabil-
ity in the Canary Current upwelling. Prog. Oceanogr. 83:
33–48, doi:10.1016/j.pocean.2009.07.031

AZAM, F., AND R. A. LONG. 2001. Oceanography: Sea snow
microcosms. Nature 414: 495–498, doi:10.1038/35107174

BENAVIDES, M., N. S. R. AGAWIN, J. ARÍSTEGUI, P. FERRIOL, AND
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SCHMOKER, AND S. PUTZEYS. 2010. Carbon sequestration and
zooplankton lunar cycles: Could we be missing a major
component of the biological pump? Limnol. Oceanogr. 55:
2503–2512, doi:10.4319/lo.2010.55.6.2503

HOLM-HANSEN, O., C. J. LORENZEN, R. W. HOLMES, AND J. D. H.
STRICKLAND. 1965. Fluorometric determination of chloro-
phyll. J. Conseil., Conseil Perm. Intern. Exploration 30: 3–15,
doi:10.1093/icesjms/30.1.3
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