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INTRODUCTION

Climate change is predicted to change the biodi-
versity of marine pelagic ecosystems by altering
competitive interactions within the biological com-
munity (Hutchins et al. 2009, Boyd et al. 2010, Boyd &
Hutchins 2012). One major physical parameter that is
changing due to the greenhouse effects of anthro-
pogenic CO2 emissions is sea surface temperature,

which has increased globally an average of ~0.6°C in
the past 100 yr (Hoegh-Guldberg & Bruno 2010). Cli-
mate change models predict sea surface temperature
to continue to rise into the future (IPCC 2007,
Domingues et al. 2008).

Although concern about anthropogenic climate
change is relatively recent, researchers have long
been interested in how phytoplankton respond to
changing temperature, and there have been a num-
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ber of classic laboratory culture studies on this topic.
Eppley et al. (1972) demonstrated that algal growth
rates and assimilation rates increased with increas-
ing temperature. Raven & Geider (1988) reported
that temperature influences algal genotypic and phe-
notypic variations, chemical transformations, nutri-
ent transport processes, and enzyme kinetics. A re cent
paper compiled a large dataset from the literature on
the temperature responses of cultured phytoplank-
ton, and used these data to model their likely distri-
bution changes in a future warmer ocean (Thomas et
al. 2012). Another recent study used a community-
wide collective experimental approach to examine
the thermal ranges of 25 eukaryotic and prokaryotic
species, and concluded that while their optimum
temperatures and thermal niche widths were often
consistent with prior work, maximum growth rates
can vary widely between studies (Boyd et al. 2013).

The influence of temperature on phytoplankton
species composition has also been seen in numerous
field studies across the globe. Banse (1991) high-
lighted the role of temperature as a fundamental con-
trol on phytoplankton growth rates in the ocean. One
of the responses of phytoplankton to climate change
may be shifts in assemblage structure (Falkowski et
al. 1998). One study found that as a result of sea sur-
face warming in Swedish coastal waters, winters
were warmer, ice cover disappeared at a faster rate
in the spring, and phytoplankton blooms occurred
earlier. Furthermore, organisms such as cyanobac-
teria and chlorophytes appeared sooner in the year,
and dominated the community over a longer period
(Weyhenmeyer 2001).

Experimental evidence also suggests that warming
causes changes in phytoplankton floristics. In a Bering
Sea shipboard manipulative experiment, as tempera-
ture increased, the community shifted away from
diatoms and toward nanophytoplankton (Hare et al.
2007). Similarly, Rose et al. (2009) found experimen-
tal warming of Antarctic waters also resulted in as -
semblage changes, with the diatom genera Cylindro -
theca and Thalassiosira being dominant at elevated
temperatures. In a North Atlantic spring bloom ex -
periment, coccolithophorids outcompeted diatoms at
warmer temperatures (Feng et al. 2009). It is evident
that particular groups will benefit from in creased
temperature, but warming is also likely to put other
organisms at a competitive disadvantage.

Several groups of nitrogen (N2)-fixing cyanobac-
teria are globally distributed in tropical and subtrop-
ical oligotrophic oceans. These include the non-
 heterocystous filamentous genus Trichodesmium,
and unicellular forms including UCYN-B such as

Crocosphaera watsonii, UCYN-A, and UCYN-C
(Zehr 2011). A variety of studies have demonstrated
that these unicellular diazotrophic cyanobacteria,
especially Crocosphaera and UCYN-A, are abundant
and contribute substantial amounts of N in many oli-
gotrophic regions (Langlois et al. 2008, Kitajima et al.
2009, Moisander et al. 2010). Trichodesmium and all
of the unicellular groups play key roles in the nitro-
gen cycle, because together they are responsible for
the majority of total marine biological N2 fixation
(Sohm et al. 2011a). Since UCYN-A are currently not
available in culture, little is known about their physi-
ology other than what has been gleaned from envi-
ronmental molecular studies. In contrast, Tricho des -
mium and Crocosphaera have been extensively
studied due to the availability of numerous labora-
tory culture strains (Falcón et al. 2005, Hutchins et al.
2007, 2013, Fu et al. 2008, Webb et al. 2009).

According to Galloway & Cowling (2002), these
groups together fix an average of 110 Tg N yr−1 in
marine ecosystems. Karl et al. (2002) reported that
biological N2 fixation accounts for an average of 100
to 200 Tg N yr−1. Westberry & Siegel (2006) estimated
that globally Trichodesmium fixes 42 Tg N yr−1 dur-
ing bloom conditions, and 20 Tg N yr−1 during non-
bloom conditions. Crocosphaera watsonii and other
unicellular groups like UNCY-A and UCYN-C to -
gether carry out about as much N2 fixation as Tricho -
desmium spp. (reviewed in Sohm et al. 2011a).

A number of studies have shown that the nutrients
iron and phosphorus can control N2 fixation and
growth of these 2 marine N2 fixers (Sañudo-Wilhelmy
et al. 2001, Berman-Frank et al. 2007, Fu et al. 2007,
Chappell et al. 2012). Temperature has also long
been recognized as a major factor that controls Tri-
chodesmium abundance, and 20°C has been consid-
ered the minimum temperature for Trichodesmium to
survive (Carpenter 1983). Sea surface temperature
has been used to define the geographic extent of this
genus (Capone & Carpenter 1982) and to predict eco-
system N2-fixation rates (Bissett et al. 1999). Temper-
ature is predicted to influence the abundance and
global distribution of Trichodesmium and Croco s -
pha era (Breitbarth et al. 2007, Sohm et al. 2011a).
Based on nifH DNA copy abundance, UCYN-A
cyanobacteria (average 103−105 copies l−1, Church et
al. 2008, Moisander et al. 2010) have been observed
at temperatures ranging from 15 to 30°C (Needoba et
al. 2007, Church et al. 2008, Langlois et al. 2008).
Both Trichodesmium and Crocosphaera may benefit
from rising sea surface temperatures because their
ranges will expand poleward. In particular, Tricho -
desmium spp. has been predicted to increase its
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global distribution by 11%. However, this aug-
mented range in the higher latitudes may be offset by
temperature increases at low latitudes that exceed
optimal growth limits (Breitbarth et al. 2007). Cur-
rently, sea surface temperatures in these areas reach
a maximum of 24 to 26°C in summer (August−
September), which coincides with documented tem-
peratures for optimum growth rates in Tricho des mi um
and Crocosphaera. For example, Trichodesmium
generally grow optimally at temperatures from 24 to
30°C and Crocosphaera’s general temperature range
is from 22 to 36°C (Sohm et al. 2011a).

However, these temperature ranges for diazo trophs
are based on a very limited set of experiments with
only a few representatives of each group. Laboratory
studies performed to date have described thermal
responses of growth, N2 fixation, and nutrient uptake
in only one strain of Trichodesmium (Breitbarth et al.
2007, Hutchins et al. 2007), and a few strains of Cro -
co s phaera (Falcón et al. 2005, Webb et al. 2009).
Reported temperature effects on growth of Croco s -
phaera seem contradictory, but this appears to be
due to certain isolates having more restrictive tem-
perature profiles (e.g. P-7 and WH8501, respectively,
Falcón et al. 2005, Webb et al. 2009). However, the
commonly cultivated strain Crocosphaera WH8501,
in particular, may not be an ideal model for the genus
as a whole because it appears to be atypical in a
number of respects including genome size, trans-
posase abundance, and repeated genomic sequences
(Bench et al. 2013).

It is unknown how much variability there is be -
tween individual species and strains of these 2 glob-
ally distributed genera, and whether a genetic diver-
sity of temperature tolerances exists that would allow
replacement of current strains by more thermally
adapted ones as sea surface temperatures increase.
A recent study showed that strains of Crocosphaera
watsonii with similar phenotypes (e.g. cell size) clus-
tered together based on genome size and genetic
capabilities; however, similar clustering was not ob -
served in strains isolated in close temporal or spatial
proximity to each other (Bench et al. 2013). It is not
known how thermal responses compare between Tri-
chodesmium spp. and C. watsonii populations from
geographically separated areas, and whether the few
commonly available culture isolates are appropriate
models for the temperature responses of these gen-
era as a whole.

The goal of this study was to investigate the influ-
ence of temperature on the growth, N2 fixation, car-
bon (C) fixation, and elemental ratios in multiple
strains of these 2 keystone marine N2 fixers, and com-

pare the diversity of their responses both within and
between the 2 genera. We also aim to understand
whether individual strains of these organisms can
serve as general representations of the thermal toler-
ances of their genus or species as a whole, and to pro-
vide a framework for making better predictions of
how this primary climate change variable will affect
the community structure of marine diazotrophs in
future warmer oceans.

MATERIALS AND METHODS

Strain origins

Four strains of cultured Crocosphaera were used in
this study, including WH0005 and WH0003 isolated
from the North Pacific Ocean basin, WH0402 from
the South Atlantic Ocean basin, and WH0401 ob -
tained from the North Atlantic basin (Webb et al.
2009). The 3 strains of Trichodesmium erythraeum
that we used were RLI from the Great Barrier Reef
(Fu & Bell 2003), KO4-20 from the South Pacific, and
21-75 from the Western Equatorial Atlantic (Hynes et
al. 2012).

Culture growth conditions and 
experimental design

Stock cultures of Trichodesmium and Crocos pha era
were maintained in a modified Aquil medium (Price
et al. 1989) without combined nitrogen under a light
intensity of 120 µmol photons m−2 s−1 with a light-
dark cycle of 12:12 high: dark (LD) in Percival incu-
bators. For the response curve experiments, 400 ml
unialgal cultures were grown in 600 ml polycarbon-
ate bottles across a range of temperatures from 18 to
35°C. Some strains of Trichodesmium that were found
to be able to grow at 18°C were also then assayed
at 16°C. All experiments used 4 replicate bottles at
each temperature. Semi-continuous dilution culturing
methods were practiced in this experiment because
they allow measurement of temperature effects dur-
ing acclimated, steady-state growth. The advantage
of this method over chemostat cultures (where growth
rates are fixed by the dilution rate chosen) is that in
semi-continuous cultures, dilution volumes can be
adjusted to match the intrinsic growth rates in each
individual experimental bottle, thus allowing growth
rates to be tested as a variable in each treatment.

Semi-continuous cultures (4 replicates of each
treatment) were diluted every 2 to 3 d with medium
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that was acclimated to the appropriate temperature
prior to dilution, using in vivo fluorescence as a real
time biomass indicator. These growth rates were val-
idated by subsequent preserved cell counts, similar
to previous studies (Webb et al. 2009, Fu et al. 2010,
Hutchins et al. 2013). Cultures were maintained in
exponential growth phase and were optically thin
(~50−100 µmol C l−1) to avoid self-shading or nutrient
depletion. Light levels were checked with a Licor
1000 light meter. To avoid the cultures becoming
nutrient-limited, 10 µM P and 450 nM Fe were added
to the Aquil medium (but with no added fixed N).
Our stock cultures grown at 28°C were able to main-
tain exponential growth for at least 7 d without dilu-
tion (F. X. Fu unpubl. data), far longer than the 2 d be -
tween dilutions in this semi-continuous experiment.

Each bottle was diluted individually based on the
growth rate calculated for that bottle, allowing each
culture to ‘choose’ their own growth rate under the
experimental conditions. For all experiments, final
sampling of 4 replicate bottles for each treatment
occurred once steady-state growth was obtained for
each growth condition (typically after 8−20 genera-
tions). Steady-growth status was defined by no signif-
icant difference in cell- or chlorophyll a (chl a)-spe-
cific growth rates for at least 3 consecutive transfers.
Cultures were deemed unable to grow at a particular
temperature only after 4 independent unsuccessful
culturing attempts at that temperature.

In order to test how temperature change could
affect competition between the 2 marine N2 fixers
Crocosphaera and Trichodesmium, a simple batch
culture competition experiment was carried out in
which the 2 species were inoculated at a 1:1 ratio
(based on equivalent levels of cell carbon due to the
large differences in their cell sizes) into nutrient-
replete medium and grown for 10 d at 2 temperatures
representative of present day and possible future sea
temperatures (24 and 28°C). Batch cultures were
used in the competition experiment, instead of the
semi-continuous dilutions employed in the uni-algal
experiments, in order to avoid favoring either of the 2
co-cultured species through the choice of a particular
dilution rate. Crocosphaera WH0003 and Tricho des -
mium RLI cultures were fully acclimated to these 2
temperature conditions before beginning the compe-
tition experiment. In order to focus only on the effect
of temperature on competition, the competition ex -
periment cultures were grown in medium lacking
fixed N, but replete with P, Fe, and other micronutri-
ents. Medium and growth conditions were identical
to those used in the uni-algal thermal response
growth curve experiments. Growth rates were deter-

mined based on cell counts during exponential
growth phase of the mixed cultures.

Determination of growth rates and chl a

Reported growth rates were based on microscopic
cell counts. For chl a determination, subsamples of
10 to 20 ml from each triplicate bottle were GF/F
 filtered, extracted in 6 ml of 90% acetone, stored
overnight in the dark at −20°C, and chl a concentra-
tions were measured fluorometrically using a Turner
10-AU fluorometer (Welschmeyer 1994). Samples for
cell counts and chl a were always taken at the same
time in the diel cycle (Tuit et al. 2004), between 09:00
and 10:00 h in the morning.

Primary production

After the cultures reached steady state in each
treatment, primary production was measured in
duplicate using 24 h incubations of 30 ml subsamples
with H14CO3 under the appropriate experimental
growth conditions for each treatment (Fu et al. 2008).
All 14C uptake rates were corrected for dark uptake,
and C-fixation rates were calculated using initial
experimental dissolved inorganic carbon (DIC) con-
centrations and chl a for each treatment. Primary
production was normalized to cellular chl a content.
For the analysis of total DIC, 25 ml samples from each
bottle were preserved with 200 µl 5% HgCl2 and
stored at 4°C until analysis in triplicate as in Fu et al.
(2007).

Nitrogen fixation

N2-fixation rates were measured using the Acety-
lene Reduction Assay (ARA, Capone 1993) by gas
chromatography with a Shimadzu gas chromato-
graph GC-8a (Shimadzu Scientific Instruments)
equipped with a flame ionization detector. A theoret-
ical ratio of 3:1 (mol C2H2: mol N2 reduced) was used
to convert rates of ethylene production (C2H2 reduc-
tion) to N2 fixation (Montoya et al. 1996). Assays were
initiated by adding 2 ml of C2H2 to the headspace of
28 ml serum vials containing 10 ml of culture. Ethyl-
ene production was measured by removing 100 µl of
headspace at 2 to 3 h intervals over the entire 12 h
light period (Trichodesmium) or dark period (Cro-
cosphaera) due to their differing diel strategies for N2

fixation (Tuit et al. 2004). Samples were gently agi-
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tated to equilibrate gas concentrations between the
headspace and culture samples following injection of
acetylene and before measuring ethylene concentra-
tions. For each temperature, 4 replicates were incu-
bated under the same light and temperature condi-
tions as the experimental cultures and each experiment
was carried out 2 times. After total N2-fixation rates
were determined, the chl a concentration of each
sample was measured and used to normalize N2-
 fixation rate.

Elemental ratios

Particulate organic nitrogen (PON) and particulate
organic carbon (POC) samples were taken in the
morning, and filtered onto combusted 25 mm dia -
meter Whatman GF/F filters. POC and PON samples
were dried at 60°C for 3 d, compressed into pellets
and the molar amounts of C and N were determined
using an elemental analyzer (Costech Analytical
Technologies). Particulate organic phosphorus (POP)
samples were analyzed using the spectrophotometric
method described in Fu et al. (2005) at a wavelength
of 885 nm. All PON, POC, and POP data were blank
corrected using measurements of identically treated
filters (equivalent volumes of cell-free filtrate from
the cultures passed through GF/F filters).

RESULTS

For both Trichodesmium and Crocosphaera, growth
rate response curves showed expected overall pat-
terns, beginning with a gradual increase with rising
temperature, a peak at an optimum temperature, and
a decline afterwards (Fig. 1). The shape of all the
curves was fairly symmetrical relative to the maxi-
mum growth rates. In general, the thermal limits for
Trichodesmium and Crocosphaera growth were re -
markably similar within each genus, from 18 to 32°C
and from 24 to 32°C, respectively. Although Crocos -
phaera had narrower overall temperature ranges
compared to Trichodesmium, the unicellular genus
generally grew 1.6 to 2 times faster than Tricho des -
mium under all growth conditions, except for the
small cell strain Crocosphaera WH0401. Optimal
growth temperatures for all Trichodesmium and Cro-
cosphaera isolates were between 24 and 28°C and
between 28 and  30°C, respectively (Fig. 1).

Crocosphaera cultures were unable to grow at
22°C but could be maintained alive at this tempera-
ture for up to 3 wk, although biomass progressively

decreased with time. In contrast, all 3 Trichodesmium
isolates maintained positive growth down to 18°C,
although none were able to grow at 16°C. At the
upper end of their thermal ranges, growth rates of
Trichodesmium and Crocosphaera began to decrease
as temperature increased above 30°C. Both genera
could still actively grow at 32°C, but when cultures of
both Trichodesmium and Crocosphaera were sub-
jected to the highest temperature (35°C) they were
dead after 3 and 7 d, respectively. This observation
suggests that these 2 N2 fixers are able to survive
longer near their lower thermal limit than at their
upper one.

In general, trends were similar for C fixation, which
also exhibited similar temperature optima and upper
and lower limits in both Trichodesmium and Crocos -
phaera (Fig. 2). C fixation increased with tempera-
ture until 30°C for all strains of Crocosphaera except
for strain WH 0402, which reached an average maxi-
mum at 28°C. In contrast to Crocosphaera, the opti-
mum temperature for C fixation by Trichodesmium
was between 24 and 30°C, with a peak at 26°C.

As with the other rate measurements, N2-fixation
rates were significantly affected by temperature for
both species and followed nearly identically the rela-
tionship observed for growth and C fixation with
temperature (Fig. 3). N2 fixation in all the Crocos -
phaera strains reached an average maximum at 28 to
30°C, and Trichodesmium had a temperature opti-
mum between 24 and 28°C, with an average maxi-
mum value at 26°C.
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The response of cellular ratios of nitrogen to phos-
phorus (N:P, mol:mol) in Crocosphaera and Tricho des -
mium follows the general trend of the rate measure-
ments (Fig. 4a). Trichodesmium N:P ratios in creased
from ~10 at 18°C to a maximum of ~20 at 28°C. At
higher temperatures, the ratios began to decrease
again to a minimum value of ~12 at 32°C. There was
no significant difference in N:P ratios from 24 to 28°C

(p > 0.05). For Crocosphaera, the general tendency
was an increase in the N:P value with temperature up
to 30°C, and a reduction above this point. Al though
the ratios for all species or strains tested in this study
grown at temperature ranges between 24 and 30°C
were close to Redfield N:P ratios (16, Redfield 1934),
those in Crocosphaera generally were somewhat
higher than the ones in Trichodesmium at equivalent
temperatures. This observation could be due to the
sampling time ~4 h into the photoperiod for Crocos -
phaera, since the cellular N quotas in another isolate
(WH8501) have been shown to be maximal at the
beginning of the light period (Dron et al. 2012).

The cellular carbon to nitrogen ratios (C:N, mol:
mol) of all 3 strains of Trichodesmium increased from
5−6 at 18°C to 6.3−6.7 at 24°C (Fig 4b). At tempera-
tures above 30°C, the ratios of C:N decreased signif-
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icantly to around 5.5. In general, C:N ratios of Cro-
cosphaera were approximately 20% higher than the
those of Trichodesmium, regardless of the tempera-
ture. Similar to the trends in growth rates, Crocos -
phaera C:N ratios increased from 6.9−7.7 at 24°C up
to 8.1−9.0 at 30°C, and then decreased again at
higher temperatures.

In the mixed culture competition experiment, growth
rates of Trichodesmium RLI were ~25% higher than
those of Crocosphaera WH0003 at 24°C, while those
of Crocosphaera were nearly 50% higher at 28°C
(Fig. 5a). Thus, the growth rates of the unicellular
cyanobacterium responded positively to increasing

temperature across this 4°C range, whereas those of
Trichodesmium RLI did not. These observations con-
firmed that the differences in growth rates we ob -
served in their uni-algal semi-continuous cultures as
a function of temperature (Fig. 1) were reflected in
competitive success, as measured by relative cell
abundance. At the end of the experiment, the ratios
of Trichodesmium to Crocosphaera (cell:cell) at 24°C
had increased dramatically to ~1, while at 28°C they
were close to the initial value of 0.4 (Fig. 5b).

DISCUSSION

Very few strains of marine N2-fixing cyanobacteria
have been examined in previous temperature re -
sponse studies, so our knowledge of how projected
sea surface warming may influence their biology on a
global scale has been limited. In this study, we docu-
mented how growth rates, C-fixation rates, N2-fixa-
tion rates, and elemental ratios were affected by tem-
perature in 4 strains of Crocosphaera and 3 strains of
Trichodesmium from 2 major ocean basins. Our most
striking result in this study was the strong overall
similarity in temperature response curves of all the
strains tested within each genus. Despite being iso-
lated from widely separated regions of the Atlantic
and Pacific, all 3 Trichodesmium isolates had very
congruent curves with nearly identical maximum
and minimum temperature limits. The same was true
for the 4 equally geographically dispersed Crocos -
pha era isolates. Thus, any one of these individual
strains can serve as a general model for the thermal
reaction norms of all of the members of its genus that
we tested. This uniformity of responses to tempera-
ture is in striking contrast to the broad diversity of
functional response curves that many of these same
Trichodesmium and Crocosphaera isolates exhibit
relative to another concurrent global change vari-
able, CO2 concentration (Hutchins et al. 2013). These
strains of Crocosphaera and Trichodesmium have
been in culture for periods ranging from 4 to 10 yr,
suggesting that the duration of adaptation to culture
conditions was not a determining factor in their phys-
iological responses.

This observation does not seem to support a recent
modeling paper that suggests the biogeography of
diazotrophs is proximately controlled by iron and
nitrogen distributions. This model suggested that the
fact that global distributions of these nutrients co-
vary to some extent with temperature either positively
(iron) or negatively (nitrogen) is indirectly responsi-
ble for the apparent thermal limits of N2 fixers (Mon-
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experiment. Values are the means and error bars are the 

standard deviations of triplicate samples
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teiro et al. 2011). In fact, our results suggest that each
of the 2 diazotroph genera we examined has rela-
tively rigid, genus-specific temperature tolerances
that are likely an inherent property of their genetics
and physiology. Thermal reaction norms in our iso-
lates were nearly uniform regardless of their geo-
graphic provenance; since the relationship be tween,
for instance, iron supply and temperature varies tre -
mendously between the Atlantic and Pacific basins,
this argues that diazotroph thermal limits may repre-
sent an intrinsic biological response rather than
being an incidental result of local iron availability. In
their examination of 81 previous studies, Thomas et
al. (2012) found that phytoplankton optimum growth
temperatures at the genus level are tightly correlated
to the mean temperatures in their native habitats,
with the implication that temperature has been a
strong selective agent in phytoplankton evolution.

Growth, C fixation, N2 fixation, and elemental ratios
of the unicellular N2 fixer Crocosphaera increased
with increasing temperature up to 30°C, but further
temperature increases were inhibitory. These results
confirm the previous study of Webb et al. (2009),
which found that the maximum growth rate of Cro-
cosphaera spp. was attained between 26 and 30°C.
However, growth in the isolate they used in this pre-
vious study continued at 34°C, slightly higher than
the upper thermal limit for growth of 32°C for all 4 of
the isolates we tested. These differing observations
could be due to variability in the accuracy of temper-
ature measurements, or the different culturing meth-
ods applied in each study, particularly low-light
grown batch cultures (25−50 µmol m−2 s−1, Webb et
al. 2009) versus the semi-continuous and light-satu-
rated ones used in our study (>120 µmol m−2 s−1). One
laboratory study with the cyanobacterium Plankto -
thrix agardhii showed that temperature had a strong
influence on light-saturated growth, but only a weak
effect on light-limited growth (Nicklisch et al. 2008).
These somewhat different responses to experimental
conditions by the same species or strains suggest a
need to apply uniform protocols in laboratory studies
(Boyd et al. 2013).

The correlation of Crocosphaera growth and bio-
mass with elevated temperature is consistent with
the observed distributions of natural populations of
this genus (Sohm et al. 2011a). Copies of the nitroge-
nase-coding gene nifH per liter for Crocosphaera in
the Pacific Ocean have been shown to increase dra-
matically as temperature increases from 22 to 30°C
(Moisander et al. 2010). Another Pacific study found
that copy numbers of nifH phylotypes of UCYN-B
(Crocosphaera) were highest when the surface tem-

perature ranged from 24 to 27°C (Church et al. 2008).
Similarly, a latitudinal transect in the eastern Atlantic
Ocean revealed that active N2 fixation (most likely by
unicellular N2 fixers) was associated with water tem-
peratures ~28°C (Staal et al. 2007). Copies per liter of
UCYN-B nifH genes (i.e. Crocosphaera) did not vary
in the tropical Atlantic Ocean between 25 and 29°C
(Goebel et al. 2010). Likewise, the biomass of Cro-
cosphaera in the Arabian Sea was found to be prefer-
entially located in waters between 27 and 31°C
(Mazard et al. 2004). Our culture results, together
with these field observations, suggest that tempera-
ture is an important factor affecting the distribution,
abundance, and N2-fixation rates of Crocosphaera in
the subtropical oceans.

Observational evidence also suggests that temper-
ature is a major constraint on Trichodesmium distri-
butions and growth. Most reported Trichodesmium
blooms occur in subtropical and tropical oceans where
surface temperatures are >25°C (Capone et al. 1997),
and maximum abundances often occur at tempera-
tures of 28 to 29°C. This general trend has been sup-
ported by observations in the tropical Atlantic Ocean
(Goebel et al. 2010), the Indian Ocean (Lugomela et al.
2002), the East China Sea (Chang et al. 2000), and the
Great Barrier Reef (Bell et al. 1999). Tricho des mium
abundances are dramatically de creased where tem-
peratures are <22°C (Tyrrell et al. 2003), although
natural populations have been ob served to fix nitro-
gen actively at depths of at least 75 m, corresponding
to a temperature of 21°C (Letelier & Karl 1998). Tri-
chodesmium nifH phylotypes are present in the North
Atlantic Ocean throughout a temperature range from
19 to 30°C, but they are most abundant in waters
warmer than 26°C (Langlois et al. 2005, Langlois et
al. 2008).

Experimental culture work (Breitbarth et al. 2007)
and theoretical evidence (Stal 2009) also suggest
temperature is an important control on N2 fixation
and abundance of Trichodesmium. Our results are in
agreement with several previous laboratory studies
with a single North Atlantic isolate (IMS 101) show-
ing that its optimal growth temperature range lies
between 24 and 28−30°C (Chen et al. 1998, Mulhol-
land & Bernhardt 2005, Breitbarth et al. 2007). Staal
et al. (2003) suggest that high temperature may help
non-heterocystous cyanobacteria like Tricho des mium
to fix nitrogen by lowering dissolved O2 solubility
and increasing respiration rates, both of which tend
to protect nitrogenase from inactivation by O2. How-
ever, Hutchins et al. (2007) found no significant dif-
ference in N2- and CO2-fixation rates by IMS 101 and
another Trichodesmium strain from the Pacific at
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25 and 29°C. A 3 to 4°C temperature decrease results
in an increase in dissolved O2 concentrations of only
~7%, suggesting the changing degree of O2 inactiva-
tion may be relatively minor across this thermal
range. Temperature may also affect O2 and CO2 dif-
fusion rates to and from active sites in the cell, and
potentially cellular fixed nitrogen losses. Such tem-
perature-related diffusion effects may affect the 2
genera differently due to the significant differences
in their cell sizes.

The general shapes of the thermal functional re -
 sponse curves for each genus have environmental
and ecological implications. To predict phytoplank-
ton population distributions in the ocean, it is impor-
tant to understand their upper and lower limits of
temperature to maintain growth (Goldman & Carpen-
ter 1974). For instance, it is obvious that Tricho des -
mium as a group have lower minimum temperature
limits than Crocosphaera, and so have the potential
to extend their ranges to significantly higher lati-
tudes. Trichodesmium grows at least down to 18°C,
while all of our Crocosphaera isolates were unable to
grow below 22°C.

However, upper temperature limits were virtually
identical for all 7 isolates from both genera, with
growth ceasing at 35°C. This suggests that neither
genus may have an inherent competitive advantage
in regions that reach or exceed this temperature in a
future warmer ocean. Nevertheless, the relative abun-
dance of these 2 groups of marine N2 fixers in the
ocean may well be affected by an increase of 4°C,
within the range predicted for sea surface tempera-
tures within this century (IPCC 2007). Our Tricho des -
mium and Crocosphaera artificial community compe-
tition experiment (Fig. 5) suggests that temperature
may be one factor (among many) determining the
outcome of interspecific competition in mixed natural
marine N2-fixer assemblages. Due to the strong con-
gruence in thermal response curves for all of the iso-
lates within both genera (Figs. 1 to 3), we assume that
the 2 strains used in our competition experiment (Tri-
chodesmium RLI and Crocosphaera WH0003) are
good general models for their respective genera. It is
notable that in nature competition between Crocos -
phaera and Trichodesmium is undoubtedly also
affected by the availability of resources like phos-
phate, iron, and light. Considering the effects of tem-
perature in isolation though, future warming may
favor the dominance of Crocosphaera relative to Tri-
chodesmium, and the opposite appears to be true for
cooler temperatures.

To illustrate the implications of these observations
for diazotroph community structure, we plotted growth

rates from our culture isolates versus monthly sea
surface temperature data from the Hawaii Ocean
Time-series station (HOT, http:// hahana. soest. hawaii.
edu/ hot/) and the Bermuda Atlantic Time-Series sta-
tion (BATS, http://bats. bios. edu/ ). Annual tempera-
ture trends were graphed for both the current ocean
(2009/2010 data, Fig. 6a,b), and under a hypothetical
3 to 4°C warming scenario (Fig. 6c,d), likely a realis-
tic projection for the future subtropical ocean (IPCC
2007). These simulations represent potential maxi-
mum growth rates for these 2 genera as determined
only by temperature, neglecting the influence of other
factors such as the availability of limiting nutrients or
inhibition of N2 fixation by inputs of fixed nitrogen.

Our data predict that currently Crocosphaera
 po tential maximum growth rates exceed those of Tri -
cho desmium at the BATS Atlantic location through-
out the summer and fall, while Trichodesmium has
much higher potential growth rates in the winter and
spring months when cooler water temperatures virtu-
ally preclude growth of Crocosphaera (Fig. 6a). At the
Pacific HOT station, Crocosphaera potential growth
rates are higher throughout the year, except during
January and February when water temperatures are
below minimum limits for this genus (Fig. 6b).

With simulated future increasing water tempera-
ture, Crocosphaera gains a large advantage as its
potential growth rates are no longer constrained by
winter temperatures below its minimum threshold,
and its potential growth rates are predicted to exceed
those of Trichodesmium throughout the annual cycle
in both oceans (Fig. 6c,d). However, summer temper-
atures may exceed optimum levels at BATS and
result in a seasonal depression of growth rates in
both genera (Fig. 6c). Potential N2- and CO2-fixation
rates of Trichodesmium and Crocosphaera will follow
these same trends, subject of course to other con-
straints such as the availability of iron, phosphorus,
CO2, and NO3

− pulses from mixing events. Thus, the
temperature-dependence of growth, N2 fixation, and
primary production reported here may help to pre-
dict both spatial and seasonal patterns in the distri-
bution of Crocosphaera and Trichodesmium in the
future ocean.

Thomas et al. (2012) examined thermal tolerance
curves from the literature for 194 cultured strains of
phytoplankton, and found that in general their opti-
mum growth temperatures were well correlated to
the mean temperatures in the regimes where they
were isolated. Many tropical species, though, origi-
nated in environments with mean temperatures that
were equal to or higher than their optimum growth
temperatures. They suggested that tropical phyto-
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plankton communities may, therefore, be vulnerable
to biodiversity losses as a consequence of future sea
surface warming. Indeed, many regions near the
equator are already at or approaching the tempera-
ture limits where maximum growth and N2-fixation
rates were observed in our cyanobacteria strains. In
the future, the equatorial oceans could potentially
exceed their maximum thermal limits in the summer,
but blooms might still occur in the winter. As the
oceans continue to grow warmer, Trichodesmium
spp. and Crocosphaera spp. also have the potential to
move poleward.

Both thermal exclusion of N2-fixers from low lati-
tudes, and biogeographic range extensions into
higher latitudes, could have major implications for
basin-scale nitrogen cycle processes and the overall
productivity and composition of marine food webs.
An ecosystem model suggests that N2 fixation in the
subtropical gyres will increase by 27% due to
warming and stratification, and that physical factors
are likely to be the main cause of this elevated N2

fixation instead of changing supplies of subsurface
nutrients (Boyd & Doney 2002). However, many

studies have demonstrated that either iron or phos-
phorous largely limit N2 fixation (Mahaffey et al.
2005). More recent field studies with natural popu-
lations of N2 fixers have confirmed the importance
of nutrient limitation of N2 fixers (Hynes et al. 2009,
Kitajima et al. 2009, Moore et al. 2009, Chappell et
al. 2012). Al though their results suggest that the dis-
tribution and N2 fixation of microplanktonic dia-
zotrophs including Trichodesmium spp. were con-
trolled by the supply of iron and phosphorus, it is
noteworthy that the temperatures in these regions
during these studies ranged from 24 to 29°C, which
fall into the optimal ranges for their growth and N2

fixation. However, in areas where temperature was
below 23 to 24°C, N2-fixation rates were signifi-
cantly reduced, despite relatively high availability
of phosphorus and iron. Similarly, the highest con-
centrations of nifH filamentous phylotypes in the
northern Atlantic Ocean were de tected between 25
and 30°C when these regions received dust deposi-
tion (a source of iron) exceeding 2 g m−2 yr−1 (Lan-
glois et al. 2008). This suggests that iron- and phos-
phorus-limited Trichodesmium N2-fixation rates can
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be further constrained when temperatures fall out-
side of optimal thermal ranges for growth.

In our study, cellular N:P ratios in both genera re -
sponded with temperature-related trends similar to
those of growth, C fixation rates, and N2-fixation
rates. These thermal variations in N:P ratios could
have resulted from changes in either cellular P or N
quotas. Cellular P quotas in Trichodesmium have
been shown not to change across 2 temperatures
(18 and 25°C) (Fu et al. 2005). That study suggests
that temperature does not directly control phosphate
uptake rates, but does exert an indirect influence by
controlling long-term growth rates. N:P ratios co-var-
ied with N2-fixation rates across our experimental
temperature ranges in Trichodesmium and Crocos -
pha era, so this stoichiometric variability may be due
to changes in cellular nitrogen content. Rates of en -
zymatically-mediated processes such as N2 fixation
are recognized to be dependent on temperature from
basic metabolic principles (Raven & Geider 1988).
We also observed a strong temperature de pendence
of RUBISCO-mediated C-fixation rates, consistent
with this explanation.

Temperature also affected the cellular C:N ratios in
all our strains of Trichodesmium and Crocosphaera,
and like N:P ratios these trends closely followed those
of growth rates. Maximum C:N ratios were attained
at optimum growth temperatures, even though both
C fixation and N2 fixation peaked at about these
same temperatures. Comparison of the magnitude of
changes in C:N ratios with C-fixation and N2-fixation
changes across the same temperature ranges suggest
that the reasons for this common response could dif-
fer between the 2 genera. For instance, in our 3 Tri-
chodesmium isolates, C:N ratios increased an aver-
age of ~15% between 20 and 26°C; across this same
temperature range, C-fixation rates increased an
average of 97%, but N2-fixation rates increased an
average of only ~67%. The greater stimulation of C
fixation than of N2 fixation by rising temperature is,
thus, roughly consistent with the observed rise in
C:N ratios in this genus. In contrast, C:N ratios also
increased between 24 and 30°C in our 4 Croco -
sphaera strains by a similar amount (~17%), but
increases in C-fixation rates (~45%) and N2- fixation
rates (~48%) were roughly in balance. One possible
cause for such increased C:N ratios when C-fixation
and N2-fixation changes are roughly synchronized
could be preferential loss of fixed N relative to C, as
indirect evidence suggests that some diazotrophs can
lose substantial amounts of both elements (Mulhol-
land 2007, Garcia et al. 2011, 2013). However, when
the temperature exceeds 30°C, the C:N and N:P

ratios of both Trichodesmium and Crocosphaera drop
quickly, suggesting that as with growth and fixation
rates, this temperature represents a critical tipping
point for the elemental ratios of these 2 groups.

These temperature-mediated shifts in N:P and C:N
ratios of key functional groups like N2-fixing cyano-
bacteria could have large biogeochemical conse-
quences. Major global nutrient and carbon cycle
 processes are affected by stoichiometric shifts in
phytoplankton, including the relative degree of N
versus P limitation of primary producers in the ocean,
and the amount of C stored in the deep ocean by the
‘biological pump’ (Hutchins et al. 2009). Much of the
carbon and nitrogen fixed by Trichodesmium and
Crocosphaera is ultimately transferred to the rest of
the plankton community (Mulholland & Bernhardt
2005), so altered C:N ratios under future warmer con-
ditions could have broad implications for both pri-
mary and secondary production. Because the C:N
and N:P ratios of Crocosphaera are considerably
higher than those of Trichodesmium, community
composition shifts between the 2 genera at elevated
temperatures (Figs. 5 & 6) will also likely have large
consequences for the ocean biogeochemical cycles of
C, N, and P. One study shows that the C:N ratios of
Crocosphaera increased and decreased during the
light and dark period, respectively (Dron et al. 2012).
Because we sampled during the early light period,
C:N ratios of our Crocosphaera cultures should not
be greatly overestimated. Another possible cause for
the relatively higher C:N ratios of Crocosphaera
could be production of carbon-rich extracellular
polysaccharide (Sohm et al. 2011b).

Ocean warming will have other impacts on marine
primary producers besides direct effects on growth
rates. For instance, warming-enhanced water col-
umn stratification is likely to lower primary produc-
tion by reducing vertical nutrient fluxes (Boyd et al.
2010, Hoegh-Guldberg & Bruno 2010). By examining
a decade of ocean color data, Behrenfeld et al. (2006)
showed that phytoplankton biomass in the tropical
Pacific has declined, which they attributed to in -
creased stratification and reduced vertical mixing. In
the future, the effects of warming on the growth rates
of N2 fixers may be contrary to the impacts of re -
duced supplies of nutrients like P. Increases in N2 fix-
ation (and leakage of fixed N to other organisms) at
higher temperature may partly counter the de -
creased vertical supply of nitrogen in the future.
However, a temperature-driven increase in N2 fixa-
tion may also increase P and iron utilization, leading
to limitation of diazotrophy. Ocean acidification may
need to be considered as well, since growth and N2-
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fixation rates of both Trichodesmium and Crocos -
phaera can be stimulated by increased CO2 (Hutchins
et al. 2007, 2009, 2013, Fu et al. 2008). All of these
consequences of global change processes will di -
rectly or indirectly affect the physiological responses
of N2 fixers and other phytoplankton in the future
ocean (Boyd & Hutchins 2012, Fu et al. 2012, Gao et
al. 2012), making overall predictions problematic.

Our study only focused on 2 groups of N2-fixing
cyanobacteria: the unicellular group B (UCYN-B)
and Trichodesmium. It is noteworthy that the unculti-
vated unicellular diazotrophic cyanobacteria group
UCYN-A has been found at temperatures ranging
from 15 to 30°C, with a peak biomass at 24°C
(Moisander et al. 2010). Assuming an optimal tem-
perature range of 23 to 24°C (Le Moal & Biegala
2009, Moisander et al. 2010), an increase of 3 to 4°C
may not favor their growth and N2 fixation in the
North Atlantic and the North Pacific, since the tem-
perature during most of the year in these areas is
above 22°C. Although the actual thermal tolerance
curves of UCYN-A remain to be determined, when
and if cultures of this symbiotic group become avail-
able (Thompson et al. 2012), they do not seem to be
likely candidates to fill the N2-fixation niche in re -
gions where future warming exceeds the tolerances
of Trichodesmium and Crocosphaera.

It is possible that temperature will become even
more important in dictating the distribution or con-
trolling the N2-fixation rates of diazotrophs in the
future than it is today. However, predictions based on
the results of our study do not consider other interact-
ing climate change factors. Even more important is
the question of whether long-term selection by
warmer temperatures will result in adaptive changes
in diazotroph thermal tolerance curves. A study
examining 12 species of eukaryotic phytoplankton
found large differences in their ability to adapt to
warming, but cyanobacteria were not tested (Huertas
et al. 2011). If future rising temperature leads to dis-
persal of Crocosphaera and Trichodesmium to higher
latitudes, altered light regimes could be problematic.
A modeling study showed that the optimal light
period for N and C fixation in Crocosphaera is ~14 h
(Grimaud et al. 2013). Longer dark periods at higher
latitudes seem likely to favor N2 fixation by Cro-
cosphaera over Trichodesmium. However, increasing
light intensities due to shallow stratification in the
future ocean may also come into play, since increas-
ing light intensities may decrease the optimal pho-
toperiod for Crocosphaera N2 fixation (Grimaud et al.
2013). Improving our knowledge of the capacity of
N2-fixing cyanobacteria to adapt to the interactive

effects of warmer temperatures, increased CO2, re -
duced nutrient supplies, and altered irradiance will
be essential if we are to make accurate predictions of
how these biogeochemically-critical organisms will
respond to a rapidly changing ocean environment.
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