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Abstract. The cyanobacteriurfirichodesmiumis an impor-  fixed nitrogen yr! (Capone et al., 1997). This represents a
tant link in the global nitrogen cycle due to its significant major fraction of the total marine pelagic nitrogen fixation,
input of atmospheric nitrogen to the ocean. Attempts to in-currently estimated at 110 Tgyt (Gruber and Sarmiento,
corporateTrichodesmium in ocean biogeochemical circula- 1997). Furthermore;richodesmium can account for up
tion models have, so far, relied on the observed correlatiorio 47% of the primary production in the tropical North
between temperature ardichodesmium abundance. This Atlantic Ocean (Carpenter et al., 2004) and contributes to
correlation may result in part from a direct effect of tem- export production via nitrogen fueling of the phytoplankton
perature onTrichodesmium growth rates through the con- community (Letelier and Karl, 1996; Karl et al., 1997y.-

trol of cellular biochemical processes, or indirectly through chodesmium abundance is generally limited to oligotrophic
temperature influence on mixed layer depth, light and nu-waters and its observed temperature distribution range
trient regimes. Here we present results indicating that thg20°C-30°C) is also used to constrainyMixation in ocean
observed correlation ofrichodesmium with temperature in  biogeochemical circulation models (OBCMs) (Fennel et al.,
the field reflects primarily the direct physiological effects of 2001; Hood et al., 2001, 2004). The upper temperature limit
temperature on diazotrophic growth ofichodesmium. Tri- is set by the current sea surface temperature (SST) maximum
chodesmium IMS-101 (an isolate of. erythraeum) could ac-  and not by observed physiological constraints of high tem-
climate and grow at temperatures ranging from 20 t6C34  perature onTrichodesmium distribution. Parametrizations
Maximum growth rates{max=0.25 dayl) and maximum are based solely on field correlations and cannot differentiate
nitrogen fixation rates (0.13mmol N mol POth—1) were  between direct physiological effects of temperature on an
measured within 24 to 3€. Combining this empirical rela- organism from indirect effects caused by changes in the
tionship with global warming scenarios derived from state- physical environment (i.e. light and nutrients) induced by
of-the-art climate models sets a physiological constraint ontemperature, and thus are of limited predictive value.

the future distribution offrichodesmium that could signifi-
cantly affect the future nitrogen input into oligotrophic wa-
ters by this diazotroph.

Occurrence oflrichodesmium at higher latitudes with wa-
ter temperatures below 20 appears to be due to drift rather
then local net growth. Nitrogen fixation Bichodesmium
was not observed in these waters (Carpenter, 1983; Lip-
schultz and Owens, 1996), although diazotrophic growth at
temperatures close to freezing has been reported for other
cyanobacteria, i.eOscillatoria sp. (Pandey et al., 2004) or
Nostoc sp. (Zielke et al., 2002). An upper temperature limit
cannot readily be derived from field observations because
the present sea surface temperatures rarely reach the ob-
Correspondence to: E. Breitbarth served upper tolerance limit fdirichodesmium (Capone et
(eike@chem.gu.se) al., 1997). A few exceptions are found where blooms of

1 Introduction

The diazotrophic filamentous cyanobacteriundri-
chodesmiumplays a key role in the nitrogen and carbon
cycles of oligotrophic oceans, contributing up to 80 Tg of
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54 E. Breitbarth et al.: Nitrogen fixation and temperature

Trichodesmium have been reported at water temperatures aitrogen fixation was determined on batch cultures that were
high as 38C. However, these high temperatures may havegrown at 23C and diluted daily with fresh media to maintain
been due to intense surface heating by heat absorption of th& constant biomass at the maximum growth rate in order to
denseTlrichodesmium mat and probably resulted in rapid cell reduce the effect of growth phase on nitrogen fixation rates.
lysis and death (Capone et al., 1998). For each temperature, three replicates were incubated simul-

While these empirical field correlations may be useful for taneously for 4 h (10:00-14:00 h) during the middle of the
parameterization of models, they provide no information onlight cycle in 20.2 ml headspace vials containing 19 ml cul-
the direct physiological effect of temperature on the growth,ture and 1.2 ml headspace with 0.4 ml acetylene added. Ad-
nitrogen fixation, and C:N stoichiometry ifrichodesmium. ditionally, the complete experiment was repeated three times.
A parameterization of models using a physiological basis forNitrogen fixation rates were normalized to POC biomass.
the apparent temperature controlofchodesmium distribu-
tion would provide an additional predictive value. 2.3 Biomass and elemental stoichiometry

Here we present effects of temperature on nitrogen fixa-
tion, POC:PON and Chi:POC stoichiometry, and growth For biomass determinations, samples were filtered (GF/F,
for Trichodesmium IMS-101. We discuss the possible physi- pre-combusted for elemental analysis) and stored2@°C
ological basis for these effects relative to other factors, suchyntil further analysis.
as light and nutrients, also affecting the distributionTaf Particulate organic nitrogen (PON) and particulate organic
chodesmium. Based on climate model predictions of the sea c4rhon (POC) contents of the cultures were determined after
surface temperature increase within this century, we point Ol,léharp (1975) and Ehrhard and Koeve (1999). Frozen filters
the importance of understanding the physiological temperayere dried for 48 h at 4% and thereafter subjected to anal-
ture limits of Trichodesmium growth for predicting oceanic ysis using an elemental analyzer (Euro-EA, Hekatech, Ger-
nitrogen input by this diazotroph with OBCMs in the future. many) equipped with a chromium oxide/cobalt oxide oxida-

tion reactor, a copper reduction reactor, and a separation col-
i umn maintained at an oven temperature ¢f@5Carrier gas

2 Materials and methods flow (He) was set at 96 mImirt. The data were blank cor-
rected using measurements of identically treated filters with-
out culture material.

The chlorophylle concentrations were determined fluo-

An axenic culture offrichodesmium IMS-101 was grown at . .
g rometrically based on Welschmeyer (1994) after bursting the

temperatures ranging between 15 anéiGGéor at least three . ) .
transfers (minimum of 15 generations) at each temperature(?eIIS n 90.% Acetone t_)y s_haklng and r_efreezmg for24h. Re-
under a light:dark cycle of 12:12h and a light intensity of sults obtained from this simple extraction method were com-

100:mol quanta mZs- using phosphorus and iron replete parable to those involving mechanical disruption of the cells

YBC Il media without dissolved nitrogen added (Chen et (data n_ot shown).” )

al., 1996). In order to acclimaf&ichodesmiumthe cultures ~ Maximum specific growth rates.{ were determined by
were transferred from the respective higher or lower tem-identifying the exponential growth phase in the batch cul-
peratures where growth was detected as well as from wellfureés and applying a linear fit to the respective natural-
growing stock cultures incubated at’s Three independent  l0garithm-transformed POC, PON, and Ghkalues. The
attempts were made to acclimatiéchodesmium to grow at slope of the regression represents the growth rate.

temperatures lower than 20 and above 34C without suc-
cess. 2.4 Photosystem response measurements

2.1 Growth of cultures

2.2 Nitrogen fixation measurements The photosynthetic quantum yield efficiency of the photo-

system Il was measured using a PhytoPAM equipped with
Nitrogen fixation rates were measured using the AcetyleneDptical Unit ED-101US/MP (Walz, Germany) based on Kol-
Reduction Assay (ARA) (Capone, 1993), with calculations bowski and Schreiber (1995). The ratios of variable to max-
modified after Breitbarth et al. (2004) and a ratio ofH3  imal fluorescence (fF,,) of Trichodesmium IMS-101 in re-
reduced:N reduced of 4:1 (Montoya et al., 1996). Gas sam- sponse to different incubation temperatures were recorded
ples were analyzed on a Shimadzu GC-19B gas chromatoover the complete growth period of the cultures at the re-
graph equipped with a flame ionization detector and a 30 mspective temperatures. Furthey/fF, was measured on cul-
long, wide bore (0.53 mm) capillary column (AIuminaI@ot tures grown at 28C after short-term exposure (4 h) to a tem-
Resteck, USA). The oven temperature was set aC4- perature range of € to 36C. These measurements were
jector and detector temperature at 200and the carrier gas performed on the identical samples as used for the nitrogen
flow (N2) at 14.5 mImirr?, which yielded optimal peak sep- fixation measurements described above. Samples were dark-
aration and detection limits. The effect of temperature onadapted for 10 min prior to the measurements.

Biogeosciences, 4, 53-61, 2007 www.biogeosciences.net/4/53/2007/
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Fig. 1. (a) Maximum carbon (X, orange), nitrogen (x, blue) and chlorophyl(x, green) specific growth rategfax) as a function of
temperature. The green curve gives the best fit to the chloroplsgkcific growth data using the polynomial function:

n=2295x*_2503x3 4+ 9.7172x% + 1.58¢ + 9.15 (1)

wherex is temperature ifC (R%=0.98). (b) Carbon specific nitrogen fixation rates as a function of temperature. Different symbols denote
measurements from three independently performed identical experiments. Mean values of three replicates each are plotted with error bar:
showing standard deviations. The curve gives the best fit using the polynomial function:

y = —0.001096:2 + 0.057x — 0.637 )

wherex is the arithmetic mean of all measurements at the each temperafs@.gR).

2.5 Sea surface temperature increase predictions above 34C. They could be maintained alive at°17 for
several weeks, but biomass progressively decreased. Incu-
Predictions of the increase in sea surface temperature (SShations at water temperatures of86resulted in cell death
were based on two coupled atmosphere-ocean general ciand lysis after two days (data not shown). Growth rates at
culation models (HadCM3 and GFDL R30). Both mod- each specific temperature did not differ significantly between
els predict a SST increase of up t6Gby 2090 in our  chlorophyll-a, carbon or nitrogen specific growth, with the
area of interest (20-3C isotherms). The HadCM3 model exception of carbon and nitrogen specific growth rates be-
run (Gordon et al., 2000) is based on the assumptioring higher than chlorophyll specific growth rates afG0
that future emissions of greenhouse gases will follow theNo differences in growth rates were detected when cultures
IS92a “business as usual” scenario with observed atmowere transferred from similar or adjacent incubation temper-
spheric CQ concentrations until 1990 and a 1% annual atures or originated from 2& incubations. Maximum spe-
increase thereafter (http://www.met-office.gov.uk/researchkific growth rates gimay of the axenicTrichodesmium IMS-
hadleycentre/models/modeldata.html). 101 strain were highest in the temperature range between 24—
This prognosis is generally consistent with results from 30°C, with a peak at 27C (1max carbon specific=0.25 day,
a similar experiment using the GFDL R30 climate model Fig. 1a). Growth rates were significantly reduced below and
(Delworth et al.,, 2002) (http://www.gfdl.noaa.gokd/ above this temperature range.
ClimateDynamics/NOMADS/index.html). The SST changes Nitrogen fixation rates were significantly affected by tem-
predicted by the climate models over the next century areperature and followed closely the relationship observed for
then added to current annual mean SSTs (Levitus and Boyegrowth rate with temperature, showing a temperature opti-
1994) and the area of various physiologically relevant tem-mum between 24-3C as well. The maximum nitrogen fix-
perature ranges is computed. ation rate of 0.13mmol N mol POC h—1 was measured at
27°C. Three individual experiments with semi-continuously
growing cultures yielded a similar temperature dependence
3 Results (Fig. 1b).

3.1 Growth and nitrogen fixation 3.2 Elemental stoichiometry
Our results demonstrate thalrichodesmium IMS-101  These observations were supported by measurements of el-

grows and fixes nitrogen at temperatures between 2@-34 emental stoichiometry. The cellular carbon to nitrogen ratio
(Figs. 1a, b). The cultures did not grow below°20or increased from 5.4 (mol:mol) at 20 to a maximum of 6.8

www.biogeosciences.net/4/53/2007/ Biogeosciences, 4, 53-61, 2007
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Fig. 2. Overview of POC:PON (mol:mol) and chlorophyltPOC (weight:weight) stoichiometry &frichodesmium IMS-101 at different
temperatures. Solid black lines are derived from linear regressions of the data at various temperatures with their respective 95% convidence
intervals plotted as dashed pink lines. The regression coefficient represents the stoichiometric ratio and is included in each plot together with
the coefficient of determination aRand the sample size (n).
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Fig. 4. (a) Photosynthetic quantum yield efficiency of only ex-
ponentially growingTrichodesmium IMS-101 batch cultures accli-
mated to various temperatures. The two solid horizontal lines in-
dicate the theoretical minimum (0.2) and maximum (0.6JH
values for living cyanobacteria. The two vertical dashed lines in-
dicate the temperature tolerance rangdrothodesmium IMS-101
(20-3#£C). (b): Photosynthetic quantum yield efficiency ofi-
chodesmium IMS-101 grown at 23C and exposed to the respective
temperatures of [#F,, measurements for short duration (four h).

regression coefficients of the stoichiometric ratios at the respective
temperatures and error bars denote the standard error of the regres-
sion coefficients. Please see Fig. 2 for the respective samples siz¢sations. As previously reported by Mulholland and Capone

(n) and coefficients of determination4R The dashed line provides
a linear fit to the data based on the regression:
y = 0.00084 — 0.0091 R? = 0.99 (3)

wherey andx are the chlorophyllz:POC ratio and temperature in
°C, respectively.

at 25 C, which is close to the Redfield ratio (6.6). At higher

(2001), POC:PON ratios varied over the growth period and
were reduced during the exponential growth phase, which is
characteristic of high pixation. Nevertheless, in some of
the experiments the exponential growth phase was very short,
yielding very few of data points, which would make a regres-
sion analysis problematic. Furthermore, the contribution of
the exponential growth phase data to the stoichiometric ra-
tios derived from all data points of an experiment was in-
significant in most cases. However, we did exclude data for

temperatures the POC:PON ratio decreased again to a mins, iy res that were not acclimated to the incubation temper-

imum value of 4.1 at 34C (Fig. 2). A comparatively high
POC:PON stoichiometry was measured at@79.1). How-
ever, it is not clear whether or not this was an artifact of lack
of growth of Trichodesmium at this temperature.

Further, the cellular chlorophyll- to carbon ratio in-
creased linearly from 0.0044 (g:g) at®I7to 0.0194 at 32C
(Fig. 3a) reflecting an acclimation response of the photosyn
thetic apparatus to temperature (Geider et al., 1997).

atures yet, which was the case for samples taken during the
first two days of an experiment after transferring a culture to
a different temperature.

3.3 Photosynthetic response

-The photosynthetic quantum yield efficiency (F,) of
cultures acclimated to their growth temperature increased

The data shown in Figs. 2 and 3 are derived from meafrom below 0.10 at 17C up to a maximum quantum-

surements throughout the growth period of the batch incu

www.biogeosciences.net/4/53/2007/

yield efficiency of 0.68 at 3UC (Fig. 4a). As there was
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3 crease offrichodesmium’s potential geographic distribution.
29 Moreover, maximum calculated SSTs will still be less than
29 34°C, which will not limit the potential distribution ofri-
2z chodesmium in tropical waters. Nevertheless, a decrease in
8 18 the area characterized by optimum growth angdfiXation
% i conditions (24—3%C) by about 16% is anticipated (Fig. 5).
5
2
z 4 Discussion
-2
- Temperature per se does not restrict diazotrophic growth
34 and diazotrophs can be encountered at temperatures close
% to freezing (Zielke et al., 2002; Pandey et al., 2004), yet
5 the overall distribution offrichodesmium in the contempo-
%3 rary ocean appears well constrained by seawater tempera-
W 2 ture (~20—-30C)(Capone et al., 1997). However, the corre-
E 15 lation of Trichodesmium abundance with water temperature
3 18 is generally attributed to oceanographic features associated
2 with warm waters, such as shallow mixed layer depth, high
3 light intensity, and oligotrophic conditions rather than a di-
0

rect physiological response to temperature itself (Hood et al.,
2004). Since surface water temperature and dissolved nitrate

|
NN

50°E 150°E 110°W 10°W . . ag . .
LONGITUDE concentrations are significantly negatively correlated in the

marine environment, it is not clear whether the global pat-
Fig. 5. The observed present-day annual mean sea surface temperterns of Np-fixation versus water temperature are due to an
ture (top) in comparison to the annual mean sea surface temperatuiahibition of nitrogenase by low temperatures or a selection
incremented by the modeled increase over the period 1990 to 2098 gainst N-fixers under conditions of high nitrate concentra-
(bottom) based on HadCM3. In both plots, the cyan line indicatestions or both. In this work, we separated the effect of tem-

the maximum latitudinal boundary of the 2D isotherm observed
in 1990. The black lines in the bottom plot indicate the 20 arfiC30
isotherms predicted for 2090.

perature from other factors (i.e. nutrients, light, and stratifi-
cation) on diazotrophic growth and thus were able to demon-
strate that, as suggested by Capone et al. (1997), seawater
temperature sets a physiological constraint to the geographic

considerable variation of (FF,,) as a function of physiologi-  distribution ofTrichodesmium. _ _

cal differences during growth in batch cultures, only samples Ve are able to demonstrate that the strain IMS-10Trbf
from the exponential growth phase were plotted in Fig. 4b.chodesmium is adapted to optimal growth at temperatures
Here, the average quantum yield efficiency increased fronf€tween 24 and 3€ and can tolerate water temperatures

0.20 at the minimum feasible growth temperature®(20to from 20 to 34C. Analogous to our results, positive corre-
0.52 at 27C and thereafter remained constant up t6G4 lations of Trichodesmium abundance and water temperature

Maximum values did not exceed 0.60 (Fig. 4b). In contrast,(22-28/31C) were also observed in field studies (Capone
F,/F,, measurements dfrichodesmium grown at 25C and &t al., 1997; Lin, 2002; Lugomela et al., 2002; Chen et al.,
transferred to a range of temperatures (4 h incubations) weré003). However, our observation that cells can survive at

positively correlated with temperature and increased linearlyl””C for several weeks and experience a slow decrease in
from approximately 0.25 at 2€ to the maximum of 0.60 biomass can also explain the persistencarothodesmium

at the maximum growth temperature (). This demon- transported to higher latitudes by oceanic currents (Carpen-

strates that the photosynthetic apparatus adjusted slowly t&"> 1983; Lipschultz and Owens, 1996).

changes in temperature. Measurements aC3howed re- In contrast to our finding of an optimum temperature range
duced F/F,, values again (Fig. 4a). between 24 and 3C, Staal et al. (2003) described a linear

increase of nitrogen fixation up to a temperature ¢fGé
3.4 Potential effects of predicted SST increase Toir short-term incubations (2 min, M. Staal, personal communi-
chodesmium distribution cation). Measurements published by Staal et al. (2003) most
likely reflected nitrogenase enzyme kinetics, whereas data
Climate models predict increases in sea surface temperatugresented here describe temperature acclimated diazotrophic
(SST) by up to 3C by 2090 in our area of interest (20— growth (Fig. 1). This is based on the physiological patterns
30°C isotherms), accompanied by a poleward shift of theof maximum nitrogen fixation activity, highest growth rates,
20°C isotherm (Fig. 5). This will result in an 11% areal in- cellular elemental composition, and photosynthetic quantum

Biogeosciences, 4, 53-61, 2007 www.biogeosciences.net/4/53/2007/
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yield efficiency. The maximum growth rates and high ni- the high end of the temperature tolerance range.
trogen fixation rates between 24 and®@0must be accom- Overall, the mechanisms determining the optimal growth
panied by high carbon fixation rates, which is expressed intemperature in microorganisms are poorly understood but, at
near Redfield POC:PON stoichiometry. As an effect of tem-the most basic level, adaptions to extreme cold or heat have a
perature though, a larger fraction of fixec khay be re-  genetic basis. Genomic analysis of psychrophilic bacteria for
leased and not incorporated into the cells when either carexample revealed that cold-adaptation is not just a function
bon fixation is insufficient, or cells may become leakier due of a specific set of proteins but also dependent on the gen-
to increased membrane permeability at higher temperaturegral amino acid composition of the proteins and membrane
The temperature acclimation of the chlorophylROC ra-  fluidity and permeability (Methe et al., 2005). Diazotrophs
tio reflects the need to reduce light absorption at low tem-in general can grow at all temperatures. In particulzs,
peratures in order to equilibrate with lower enzyme activ- cillatoria, a close relative ofrichodesmium is found in the
ity, while this mechanism is relieved at higher temperatures Antarctic (Pandey et al., 2004). Phylogenetic analysis of the
Factors such as light and nutrient regimes directly interacthetR gene, which is most likely involved in heterocyst and
with temperature and will also play determinant roles. Pho-diazocyst development, revealed a high diversity level within
tosynthetic organisms will acclimate to both light and tem- the Trichodesmium clade (Mes and Stal, 2005). Thus, al-
perature by adjusting the balance between light energy abthough the straiffrichodesmium IMS-101 did not adapt to
sorption and the rate of the dark reaction of photosynthesisgrowth at higher and lower temperatures in our experiments,
i.e. by increasing light absorption in low light and decreas- other uncultivated strains may be capable of growing outside
ing it at low temperature (Geider et al., 1997; Miskiewicz this temperature range.
et al.,, 2002). The photosynthetic quantum vyield efficiency A community shift towards other diazotrophs may also
clearly reflects a physiological adaptation to the temperaturéde possible. Until recently, the significance of unicellular
tolerance range ofrichodesmium (IMS-101). In shortterm  Ny-fixers has been underestimated (Montoya et al., 2004),
incubations E/F,, increased linearly up to the physiologi- but latest observations suggest that these diazotrophs also
cal maximum temperature of 3@. Measurements of cul- thrive at the 26—-30C temperature range (Mazard et al., 2004;
tures growing exponentially at the respective temperature$alan et al., 2005; Langlois et al., 2005). However, a few
though reveal that the photosystem Il operated at minimurmsamples from temperatures below’@0also containedifH
efficiency at 20C and saturated at maximum efficiencies be- genes, indicative of the presence of diazotrophs, suggesting
tween 27 and 34C. Thus, the temperature tolerance range ofthat some marine nitrogen fixers may also dwell in cold wa-
Trichodesmium IMS-101 grown at 10¢cmol quanta m2s—1 ter (Langlois et al., 2005). Whether or not these unicellular
is also confined by the general range of photosynthetic quaneyanobacteria are actively fixing nitrogen, or if they can po-
tum yield efficiency for cyanobacteria (0.20-0.60, Fig. 4a). tentially fill niches for nitrogen fixers at the lower or higher
One can hypothesize that the high temperature optimum fotemperature ranges remains to be investigated.
Trichodesmium growth leads to a better tolerance of high  Acknowledging that we lack information on the physio-
light intensity, which is characteristic of tropical and sub- logical variability within the genu3richodesmium, we sug-
tropical regions. gest that future changes in SST may result in an 11% areal
While we cannot fully explain the biochemical basis for increase inTrichodesmium's potential geographic distribu-
the physiological constraint to the observed temperaturdion due to the poleward shift of the 20 isotherm, while
range, a combination of several mechanisms is likely. Inthe maximum calculated SSTs (&) will not be limiting
Trichodesmium, the timing of nitrogen fixation and photo- diazotrophy ofTrichodesmium in tropical waters. However,
synthesis has been shown to be under the control of a circabecause of the much highepNixation rates and the growth
dian rhythm (Chen et al., 1998) and the temperature tolerphysiology of Trichodesmium in the 24-30C SST range,
ance range may be in part set by the temperature comperihe effect of the 16% decrease in the area characterized by
sation range of the circadian clock. Further, the dark reac-optimum growth and BHixation conditions (24—3TC) is
tion of photosynthesis is temperature dependent due to erlikely to outweigh the positive effect of the latitudinal in-
zyme kinetics and membrane permeability (Falkowski andcrease of the total area (Fig. 5). Thus, the predicted overall
Raven, 1997). In addition, it has been shown for terrestrialincrease in sea surface temperature may result in a net de-
plants that Rubisco activase has a lower temperature tolercrease of M-fixation by Trichodesmium by the end of this
ance than Rubisco itself. Rubisco activase is not capable ofentury. The effects on oceanic nitrogen cycling may be sig-
maintaining Rubisco, the global enzyme that is essentiallynificant, taking the global importance of this diazotroph into
responsible for photosynthetic carbon acquisition, in an ac-account (Capone et al., 1997; Capone and Carpenter, 1999).
tive form at growth temperatures outside the thermal environ-As mentioned earlier, these predictions are based solely on
ment to which the organism is adapted (Crafts-Brandner andhe observed dependencelofchodesmiumIMS-101 growth
Salvucci, 2000; Salvucci and Crafts-Brandner, 2004a, b). Iton temperature. Additionally, our hypothesis is based on
is possible, but remains to be demonstrated, that such a mecl$ST only and does not consider possible changes in nutri-
anism also limits the photophysiology @fichodesmium at ent supply and light conditions, which will also be affected
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by SST increase and are, to date, more difficult to predictboe necessary to adjust their parameterizations in view of

than changes in SST. the temperature-diazotrophic growth relationship presented
Current predictions of future marine nitrogen fixation di- here, and to consider taking into account other diazotrophs

verge. In contrast to our findings, Boyd and Doney (2002)as well.

predict a future increase of-Nixation by 27% (from 80 to
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