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ABSTRACT: The nitrogen isotopic composition of 12 species of marine phytoplankton were determined by isotope ratio mass spectrometry in order to investigate isotope fractionation associated with
growth on nitrate. The species, representing diatoms, coccolithophores, dinoflagellates, green algae,
and cyanobacteria, were grown in batch cultures in artificial seawater under the same laboratory
conditions of constant light and temperature. The species (with isotope fractionation values in parenthesis) were: Thalassiosira weissflogii (6.2 ± 0.4 ‰); Chaetoceros simplex (2.7 ± 0.3 ‰); Ditylum
brightwellii (3.3 ± 0.4 ‰); Skeletonema costatum (2.7 ± 0.3 ‰); Phaeodactylum tricornutum (4.8 ±
0.3 ‰); Emiliania huxleyi (4.5 ± 0.2 ‰), Isochrysis galbana (3.2 ± 0.4 ‰); Pavlova lutheri, (3.6 ± 0.5 ‰);
Amphidinium carterae (2.2 ± 0.3 ‰); Prorocentrum minimum (2.5 ± 0.3 ‰); Dunaliella tertiolecta
(2.2 ± 0.2 ‰); and Synechococcus sp. (5.4 ± 0.6 ‰). There was no relationship between isotope fractionation and organism group, nor was there a direct effect of cell size or growth rate on the degree
of isotope fractionation among all the groups. Overall, the results show that isotope fractionation during growth on nitrate is lower than values obtained from field samples (i.e. 4 to 9 ‰). These results
indicate that there is no simple mechanism for describing differences in isotope fractionation
between groups of phytoplankton, and that a physiological understanding of isotope fractionation
during uptake and assimilation of nitrate is needed to properly understand the δ15N signal generated
by phytoplankton in the ocean.
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Variations in the natural abundance of the stable isotopes of nitrogen in marine and freshwater ecosystems
have attracted considerable attention in recent years.
The ability to detect small differences in the 15N:14N
ratio of various pools of nitrogen, combined with
knowledge of kinetic isotope fractionation during
chemical and biochemical reactions, potentially provides novel ways to monitor nitrogen fluxes in the
ocean on a variety of temporal and spatial scales. Thus,
nitrogen isotope ratios have been applied to studies of
particle and bloom dynamics in the ocean (Saino &
Hattori 1980, Altabet 1988, Minagawa et al. 2001),

food web dynamics (Minagawa & Wada 1984), paleoceanography (Altabet & Francois 1994b), the source
of new nitrogen to ecosystems (Karl et al. 1997), and
pollution monitoring (McClelland & Valiela 1998).
These studies demonstrate that measuring the natural
abundance of the stable isotopes of nitrogen can be
a powerful and effective method for elucidating the
complex processes governing the nitrogen cycle in the
ocean.
To utilize the stable isotope signal in an oceanographic context requires knowledge of the chemical or
biochemical sources and sinks of phytoplankton nutrients, and an understanding of isotopic fractionation
during the processes involved (Goericke et al. 1994).

*Email: needoba@interchange.ubc.ca

© Inter-Research 2003 · www.int-res.com

INTRODUCTION

82

Mar Ecol Prog Ser 255: 81–91, 2003

Such knowledge would permit the 15N:14N signal of
ilation of nitrate under the same culture conditions.
Species of Bacillariophyceae, Prymnesiophyceae,
particulate organic matter (POM) to be used to estimate the extent and/or source of nitrogen that was utiChlorophyceae, Dinophyceae, and Cyanophyceae
were grown in batch culture under controlled culture
lized by the phytoplankton from which the POM was
derived. This has been shown to be the case in several
conditions identical to those reported by Waser et al.
studies (Altabet 2001), although the exact relationship
(1998). The isotope fractionation values were derived
between the isotope signal and the POM is sometimes
from the isotopic composition of the particulate nitrodifficult to interpret (Minagawa et al. 2001). Knowlgen that accumulated during exponential growth. By
edge of the isotope fractionation during nitrate uptake
comparing different species and groups of phytoplankis fundamental information for studies of the isotope
ton grown under identical conditions, we were able to
composition of POM. Nitrate uptake is a key process
determine whether there are significant differences in
because it fuels new production and exerts a major
isotope discrimination between different algal groups
control on the particulate flux that rains down to the
and between species in the same group.
seafloor (Eppley & Peterson 1979). Isotope fractionation associated with nitrate uptake is critical in oceanic
environments where nitrate utilization is incomplete in
MATERIALS AND METHODS
surface waters, because it leads to large increases in
the δ15N of POM as a result of Rayleigh fractionation
Cultures. The phytoplankton species used in this
study were chosen either because of their ecological
(Altabet & Francois 1994a, Wu et al. 1997). If the magsignificance in the marine nitrogen cycle or because
nitude of isotope fractionation changes in different
nitrogen isotope fractionation has been previously
environmental conditions, or is variable among groups
determined. The 12 species studied are listed in
of phytoplankton, this may lead to erroneous interpreTable 1. All the species were obtained from the North
tations of the δ15N signal. Moreover, the isotopic comEast Pacific Culture Collection at the University of
position of the source nitrogen is an important variable
British Columbia, except for Synechococcus (Clone
and can cause uncertainty when interpreting isotope
DC2), which was provided by Curtis Suttle at the Unifractionation, especially if more than 1 form of nitrogen
versity of British Columbia.
is present (e.g. nitrate and ammonium), or more than
Each species was grown on artificial seawater
one source is available (e.g. upwelling and N-fixation).
(ESAW) following a modified recipe of Harrison et al.
These uncertainties have led to several experimental
(1980) and Price et al. (1987). Nitrate was added at an
studies of N isotope fractionation under controlled
initial concentration of approximately 200 µM. Other
laboratory conditions, but many questions remain
unresolved. Differences in laboratory
Table 1. Summary of the main results and species used in this study. All cultures
culture methods, such as stirring, aerawere obtained from the North Pacific Culture Collection (NPCC) at the Univertion, and growth conditions are known
sity of British Columbia. Isolate DC2 was provided by Curtis Suttle at the
to cause differences in fractionation
University of British Columbia. ε: enrichment factor; µ: specific growth rate
(Wada & Hattori 1978, Wada 1980),
and variable fractionation values beSpecies
Isolate
ε ± SE
µ
Cell size
tween different species of phytoplank(‰)
(d–1)
(µm3)
ton grown on the same form of nitrogen have been reported (Wada &
Bacillariophyceae
Thalassiosira weissflogii
NPCC #741
6.2 ± 0.4
0.86
600
Hattori 1978, Montoya & McCarthy
Chaetoceros simplex
NPCC #591
2.7 ± 0.3
1.01
240
1995). The large range of isotope fracSkeletonema costatum
NPCC #676
2.7 ± 0.3
1.03
1200
tionation values that have been pubDitylum brightwellii
NPCC #756
3.3 ± 0.4
0.82
3000
lished complicates the use of isotope
Phaeodactylum tricornutum
NPCC #738
4.8 ± 0.3
1.20
140
ratio data in applications such as
Prymnesiophyceae
ecosystem modeling and the interpreEmiliania huxleyi
NPCC #732
4.5 ± 0.2
0.61
36
Isochrysis galbana
NPCC #636
3.2 ± 0.4
0.47
37
tation of sediment records.
Pavlova lutheri
NPCC #634
3.6 ± 0.5
0.86
30
The variability in isotope fractionaDinophyceae
tion reported to date may be attributAmphidinium carterae
NPCC #629
2.2 ± 0.3
0.67
152
able to the wide range of experimental
Prorocentrum minimum
NPCC #720
2.5 ± 0.3
0.50
470
conditions used in laboratory cultures.
Chlorophyceae
For this reason, we investigated nitroDunaliella tertiolecta
NPCC #1
2.2 ± 0.2
1.80
40
gen isotope fractionation by a wide
Cyanophyceae
range of ecologically significant phytoSynechococcus sp.
DC2
5.4 ± 0.6
1.60
2
plankton during the uptake and assim-
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nutrients were added in excess of the Redfield ratio so
that nitrate would be the first nutrient to be depleted at
stationary phase. Carbon limitation was prevented by
maintaining bicarbonate concentration at approximately 2 mM during the exponential growth period.
Standard sterile culturing techniques were used
throughout all the experiments.
Each species was inoculated into 1 l borosilicate
flasks containing filter-sterilized culture medium. The
flasks were placed in a water bath at a controlled temperature of 18°C, and continuously illuminated with
saturating light (140 µmol photons m–2 s–1). This light
level is not commonly shown to create photoinhibition
in phytoplankton cells that are photoacclimated to
the constant light conditions (Thompson 1991, Neale
1987). A magnetic stir bar (60 rpm) was used to suspend the cells in the medium and ensure a representative sample was obtained for each measurement. The
semi-continuous cultures were acclimated to the culture conditions for at least 8 generations before being
diluted to low biomass and allowed to grow for the
determination of the isotope composition of the particulate nitrogen (PN) produced by the phytoplankton.
Biomass and nutrient analysis. Growth rates were
determined by in vivo fluorescence (Turner 10-AU
fluorometer) and cell counts were measured on a particle counter (Coulter Counter TA 11 or Z2). Cell volume
was estimated from the Coulter Counter results assuming the cells approximated spheres. Species that could
not be detected by the Coulter Counter (chain forming
or very small cells) were counted with a hemocytometer, and the cell size was measured using a Zeiss
inverted microscope. Samples were collected up to 4
times a day during log phase growth. Specific growth
rate (µ) was calculated from the equation N = Ν 0eµt,
where N is either a measure of cell density or in vivo
fluorescence and t is time.
Nitrate concentrations were monitored by UV absorption (Collos et al. 1999) during the experiments in order
ensure adequate sampling until stationary phase. The
accuracy of the nitrate concentration measurements
ranged from 4% at 200 µM to 15% at 20 µM. Nitrate
concentrations used for calculations (see next subsection) were determined by the spongy cadmium colorimetric technique (Jones 1984). This method provides
precise nitrate determinations down to 0.1 µM.
PN and N isotope analysis. Samples for the determination of particulate nitrogen (PN) and δ15N were collected on glass-fiber filters (GF/C or GF/F) by vacuum
filtration at 0.5 atm to prevent cell lysis. The filters
were dried in an oven at 60°C and preserved in a
desiccator until analysis. The filtrate was analyzed
for nitrate concentrations as described above. PN
was measured on a Fisons automated CHN analyzer
(model NA 1500, precision ±1–2%). Nitrogen isotope
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ratios were determined with a VG PRISM mass spectrometer connected on-line to a CHN analyzer. Dried
samples were prepared by packaging each filter into a
tin-foil pellet. The pellets were then combusted at
1020°C. Results of the isotopic analyses are reported in
the conventional delta notation:

δ15N‰


=




15
14

15
N
N

sample −
standard
14
 × 1000
N
N
15

N

standard

14
N

The 15N:14Nstandard is atmospheric N2, which has a δ15Ν
value of 0 ‰.
Determination of isotope fractionation. We calculated the isotope fractionation factor (enrichment
factor), ε, from the accumulated product equation of
(Mariotti et al. 1981):
lnf 
δ15 Nproduct = δ15 Nsubstrate,t = 0 − ε ×  f
(1 − f ) 
where δproduct is the δ15N of PN, δsubstrate, t = 0 is the initial
δ15N of the nitrate, ε is the enrichment factor, and f is
the fraction of nitrate remaining in the culture. This is
the appropriate equation for describing isotopic fractionation that occurs in a closed culture where the
product accumulates during the depletion of the substrate; a positive enrichment factor indicates discrimination against the heavy isotope.
Samples were collected throughout the range of
nitrate draw-down and a linear regression of the
δ15Nproduct versus the value for ((f × lnf )(1 – f ))
(referred to hereafter as F ) was calculated. A small
correction was made to the δ15N of PN to account for
the fact that some PN was introduced by the inoculation of the cultures (Waser et al. 1999). The slope of the
linear regression (see ‘Results’) provides a robust measure of ε, and the y-intercept is the value for δsubstrate at
t = 0 in the accumulated product equation. This model
of isotope fractionation applies only to a 1-step unidirectional reaction. The nitrogen mass balance provides
a check of the validity of the calculation. At stationary
phase, the concentration of PN should equal the initial
dissolved nitrate concentration of 200 µM. In addition,
a further check of the validity of the Rayleigh distillation model is given by the δ15Ν of the PN at stationary
phase; it should equal the δ15Ν of the source (in this
case 3.8 ‰) when the nitrate is entirely depleted.

RESULTS
Growth and mass balance
Data on growth rates and cell volumes from all the
cultures are shown in Table 1. The fastest-growing cul-
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tures were the diatoms Chaetoceros simplex and
Skeletonema costatum, the chlorophyte Dunaliella tertiolecta, and the cyanobacterium Synechococcus sp.,
whereas the slowest-growing organisms were the
prymnesiophyte Isochrysis galbana and the dinoflagellate Prorocentrum minimum. The cell volume ranged
from 2 µm3 for Synechococcus sp. to 3000 µm3 for Ditylum brightwellii.
The growth and nitrate depletion characteristics for
each species are presented in Figs. 1 & 2. In general,
the accumulation of PN corresponded to the removal
of nitrate and represents the uptake and assimilation
by the phytoplankton culture. The difference in time
required to utilize the entire nitrate pool reflects the
growth rate of the species. In all experiments nitrate
was entirely depleted before the culture indicated
signs of senescence, such as reduced cell division and
changes in the per-cell fluorescence signal. If nitrogen is moving to another pool (such as dissolved
organic nitrogen or ammonium) then it should be evident by the mass balance calculation, also shown in

A Thalassiosira weissflogii

B

Figs. 1 & 2. Any deviation from a total mass of
approximately 200 µM indicates that there is missing
nitrogen in the system, and this may influence the
δ15N of the phytoplankton (note that the initial concentration for Synechococcus sp. was 130 µM). For
the diatoms (Fig. 1), the sum of the particulate nitrogen and the nitrate concentration in the medium was
generally within 15% of the total nitrogen in the system. The mass balance for the remaining organisms
is shown in Fig. 2. The largest loss of nitrogen from
the cultures was evident in the later stages of the experiments, particularly for Emiliania huxleyi, Amphidinium carterae and Dunaliella tertiolecta. In addition
to measurement errors, several factors may influence
the mass balance of this 2-component system. Observations during exponential growth suggested that PN
might have been underestimated because some cells
attached to the wall of the borosilicate flask. However, as long as these cells continued to grow, the
δ15N signal of the cells in suspension in the medium
and the cells attached to the wall should be identical.

C
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Fig. 1. Time-series of nitrate concentration, particulate nitrogen (PN) and total N (= nitrate + PN)
in the diatom cultures. (d) nitrate, (s) PN, and (m)
sum of the other 2 values. These figures illustrate
the nitrogen mass balance in the system. Total N
should equal approximately 200 µM if nitrate is
converted to phytoplankton biomass in a 1-step
unidirectional reaction

85

Needoba et al.: Nitrate isotope fractionation in marine phytoplankton

A

Emiliania huxleyi
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Fig. 2. Time-series of nitrate concentration, particulate nitrogen (PN) and total N (= nitrate + PN) in cultures of Prymnesiophyceae
(A–C), Dinophyceae (D,E), Chlorophyceae (F), and Cyanophyceae (G). Symbols and explanation are as in Fig. 1

Cell stickiness will only affect the mass balance and
not the determination of the epsilon value. Release of
other inorganic forms of nitrogen would also affect
the mass balance. However, there was no detectable
nitrite produced in any of the cultures, and ammonium concentrations remained low throughout the log
phase growth, and only became detectable after the
cells had reached the senescence period (data not
shown). The release of dissolved organic nitrogen
(DON) during growth may also influence the mass
balance and the isotope fractionation values. DON
could be isotopically depleted (Montoya & McCarthy
1995), therefore significant production of DON would
cause the cells to be isotopically heavier than predicted by the Rayleigh model. Although DON was
not measured, the δ15N values for Isochrysis galbana
(given below) may indicate the production of DON
enriched in 14N.

Epsilon values
The ε values for 4 replicate cultures of Thalassiosira
weissflogii are shown in Fig. 3A–D. The strong linear
relationship between δ15N and F indicates that the
process of isotope fractionation follows the Rayleigh
model (see ‘Materials and methods’), namely that there
is 1-step unidirectional conversion of nitrate to PN.
In addition, the y-intercept is close to the initial δ15N
value of nitrate (3.8 ‰), indicating that all of the substrate was converted to phytoplankton biomass at the
end of log phase growth. The replicate cultures
yielded results that were identical within experimental
error; the combined data gave ε = 6.2 ± 0.4 ‰ for this
species (Fig. 3E). Similarly, data from 4 replicates of
Emiliania huxleyi can be fit with a linear regression,
and the replicates yield similar results (Fig. 4). Using
all data from the 4 separate experiments produces an ε

40
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is Skeletonema costatum (2.7 ‰). This is a
surprising result given that previous studies
have produced much higher values for
2
diatoms in culture (Montoya & McCarthy
1
1995, Pennock et al. 1996). However, the
0
values for the diatoms in this study are
-1
similar to the 5‰ fractionation factor for the
y= -5.96x + 3.5
y
=
-6.30x
+
3.6
2
2
R = 0.899
-2
R = 0.986
diatom Thalassiosira pseudonana meaSE of slope = 0.67
SE of slope = 0.25
sured using the same culture conditions
-3
4
and techniques (Waser et al. 1998).
C
D
3
In addition to Emiliania huxleyi, 2 other
2
prymnesiophytes yielded fractionation
values of 3.2 ‰ for Isochrysis galbana, and
1
3.6
‰ for Pavlova lutheri (Fig. 6A,B). In
0
these cases, given the weaker fit of the
-1
y = -6.32x + 3.1
y= -6.32x + 2.9
regression lines, the change in δ15N
2
2
R = 0.945
R = 0.891
-2
throughout the experiments suggests that
SE of slope = 0.59
SE of slope = 1.3
-3
isotope discrimination cannot be de1.0
0.8
0.6
0.4
0.2
0.01.0
0.8
0.6
0.4
0.2
0.0
scribed by a simple 1-step model proF value
F value
posed above. Other processes that may
4
account for deviations from the Rayleigh
E
model may be the release of DON, as proposed by Montoya & McCarthy (1995).
2
The presence of DON was suspected in I.
galbana, given the relatively poorer mass
balance for this species (Fig. 2). E. huxleyi,
Dunaliella tertiolecta, and Synechococcus
0
sp. also show a loss of nitrogen from the
2-component system, but this effect does
not appear to have influenced the isotope
-2
value obtained as indicated by the good
y = -6.3x + 3.5
2
linear fits shown in Figs. 4 & 6.
R = 0.944
SE of slope = 0.35
The dinoflagellates yielded ε values of
-4
2.2 ‰ for Amphidinium carterae and 2.5 ‰
1.0
0.8
0.6
0.4
0.2
0.0
for Prorocentrum minimum. These are the
F value
first nitrogen isotope fractionation values
Fig. 3. Thalassiosira weissflogii. Isotope fractionation calculation. Linear
reported for this group of phytoplankton.
regressions of the δ15N of the particulate material and the F value (see
The small isotope fractionation obtained
‘Determination of isotope fractionation’ for definitions). The slope of the line
is in agreement with other results that
represents the isotope enrichment factor, ε. Regressions (A) to (D) represent
suggest that flagellated organisms have
4 culture vessels, and (E) is all data combined
low discrimination factors (Montoya &
McCarthy 1995).
Cell stickiness is particularly evident in the chlorovalue of 4.5 ± 0.2 ‰. Based on these results from 2 difphyte Dunaliella tertiolecta, as the mass balance is
ferent groups of phytoplankton (Bacillariophyceae and
poor, but the r2 value for the linear regression is highly
Prymnesiophyceae), we have presented the results
significant (Fig. 4E). D. tertiolecta has an ε of 2.2 ‰.
from the remaining species as a single estimate of ε
The cyanobacterium Synechococcus had an ε value
(Figs. 5 & 6). In some cases δ15N values were determined on only 1 culture, but in these cases more than 1
of 5.4 ‰, the second highest reported in this study. This
culture was grown to ensure that growth rate and cell
species was the smallest of the organisms, and the only
size were reproducible. In all cases, the p-value for fit
prokaryote in the study. The ecological significance of
of the linear regressions was < 0.01.
this group of organisms in HNLC regions (Wilhelm
Estimates of ε for the other 4 diatoms used in this study
1995), and the relatively high nitrogen isotope
are shown in Fig. 5 and listed in Table 1. While Thalasfractionation suggests that Synechococcus may be
siosira weissflogii has the highest ε (6.2 ‰), the remainimportant for the δ15N cycle in many regions of the
ing diatoms have significantly lower values. The lowest
ocean.
4

15

δ N

15

δ N

15

δ N

3

A

B
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F value
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2

1

0.0

physiological mechanism of nitrate
utilization exhibited by the 12 species
studied. It is not clear what impact the
uptake step (i.e. active transport across
the plasma membrane) and the enzymatic assimilation of nitrate have on isotope fractionation measured for the
whole cell. These processes can potentially influence isotope fractionation very
differently, depending on the rate-limiting step for nitrate assimilation (Waser et
al. 1998). The assumed high isotope fractionation associated with nitrate reductase (Schmidt & Medina 1991) will only
be expressed if the internally derived
δ15N signal can efflux, or leak out of the
cell. While this is a common phenomenon
in higher plants (Crawford & Glass 1998),
there are no direct measurements of this
process for phytoplankton. It remains
unclear how the interactions of uptake
and assimilation of nitrate influence the
biological isotope fractionation by marine
phytoplankton. However, there are some
important observations emerging from
this study that may help to support the
growing body of evidence for a physiological explanation of nitrogen isotope
fractionation in phytoplankton.

0

y = -4.5x + 3.4
2
R = 0.920
SE of slope = 0.20

-1

Swimming

Table 2 provides a comparison of the
results from this study with previous labF value
oratory studies. Our findings support the
work of Montoya & McCarthy (1995) who
Fig. 4. Emiliania huxleyi. Isotope fractionation calculation. See Fig. 3
showed that small, flagellated organisms
legend for explanation
have low fractionation factors when
growing on nitrate. All of the species in
DISCUSSION
this study that have flagella as part of their vegetative
growth phase have ε values lower than 3.6 ‰. It is
Factors affecting isotope fractionation
interesting to note that the non-diatom species that
lack flagella, Emiliania huxleyi and Synechococcus
sp., both have relatively high ε values. This suggests
In the extensive series of culture experiments
reported in this paper, there do not appear to be any
that the ability of a cell to swim may reduce isotope
fractionation, implying that the uptake of nitrate is
clear trends in the magnitude of isotope fractionation
important in determining the magnitude of isotope
with growth rate, cell size, or species classification. As
fractionation. As suggested by Montoya & McCarthy
with the even more extensive work on carbon isotope
(1995), active movement of a cell from a microenvironfractionation by marine phytoplankton, it is apparent
ment where nitrate is depleted below the concentrathat the mechanism of nitrogen isotope fractionation in
tion of the bulk medium may reduce the influence of a
phytoplankton is not a function of a simple process that
diffusive fractionating step during the process of active
can be related to 1 factor, such as cell size (Rost et al.
nitrate uptake across the plasma membrane. However,
2002). This is not surprising given the radically differour measurements also show that the non-motile
ent life-history traits and the possible differences in the
-2
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0.0
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Fig. 5. Isotope fractionation calculation for the remaining
Bacillariophyceae used in this study. Axis and terms as in
Fig. 3

diatoms Ditylum brightwellii and Skeletonema costatum also have low fractionation factors, which illustrates the complexity of the isotope fractionation processes.

Culture conditions and light
The fractionation factors for the diatom species
obtained in this study are in agreement with previous
studies that use similar culture conditions. Early work
on this subject (Wada & Hattori 1978, Wada 1980) and
more recent studies (Waser et al. 1998, 1999) have used
batch culture methods and have demonstrated that at
high growth rates, diatoms have low fractionation
factors (3 to 8 ‰). The greatest variability, and highest
fractionation, was only observed when the growth rate
was lowered by reducing the available quantum flux
(Wada 1980). Under these conditions, the enrichment

factor was as high as 19 ‰. This suggests that light
limitation alters nitrate utilization in a manner that
increases isotope fractionation. We are not able to
identify a specific mechanism involving light, but
unpublished results from and ongoing research in our
laboratory show large fractionations by Thalassiosira
weissflogii under low light (J.A.N. unpubl. results).
The low ε values for the diatoms are significantly different from those reported by Montoya & McCarthy
(1995) and Pennock et al. (1996), who obtained δ15N
values of 9 to 15 ‰ for cultures growing at their maximal
growth rates. Although this discrepancy could be due to
the use of different clones, a more likely explanation is
the very different culture conditions used in these
experiments. Montoya & McCarthy (1995) used continuous culture conditions, whereas we used batch cultures. Riebesell et al. (2000) have found that these 2 culture designs also affect carbon isotope fractionation.
Perhaps the fact that the chemostat cultures were often
nitrogen-limited caused a change in the nitrate assimilation kinetics and therefore altered the isotope
fractionation, compared to batch cultures where the
phytoplankton are always acclimated to high nitrate
concentrations. Pennock et al. (1996) grew Skeletonema
costatum in batch cultures on a 12 h light:dark cycle, and
obtained an ε value of 9‰, whereas our cultures grew on
continuous light. Cells growing on 24 h of continuous
light may assimilate nitrate differently than on a
light:dark cycle. It has been shown that diatoms continue
to take up nitrate in the dark without immediately utilizing it (Stolte & Riegman 1995). If a larger internal pool
of nitrate expresses the isotope fractionation associated
with nitrate reductase, estimated to be as high as 30 ‰
(Schmidt & Medina 1991), and some of this pool escapes,
then total cellular isotope fractionation could increase.
During growth on continuous light, on the other hand,
the nitrate is assimilated more quickly, preventing internal pools to build to levels that may cause significant
leakage, thereby reducing the overall ε value. Taken
together with the observations that low light may influence isotope fractionation (see above), we believe that
the influence of light on nitrate assimilation is an important control of isotope fractionation in phytoplankton.
High light may also influence nitrogen isotope fractionation via the processes of photoinhibition. We were
not able to detect whether photoinhibition affected the
growth rates of the organisms presented in this study,
therefore we cannot directly address this issue with
our results. In general, the light levels used in this
study are lower than the light levels that often cause
photoinhibition in the natural environment (Neale
1987). However, photoinhibition may alter nitrate
uptake processes and could therefore be important
in determining the δ15N of marine phytoplankton of
natural environments.
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Fig. 6. Isotope fractionation calculation for the species from the groups Prymnesiophyceae (A,B), Dinophyceae (C,D), Chlorophyceae (E), and Cyanophyceae (F). Axes and terms as in Fig. 3

Species effects on δ15N
It is difficult to extrapolate the results of this laboratory experiment to field observations due to the large
differences between the artificial and the natural
growth environments. However, it is interesting that
the species that show larger isotope fractionations in
this study are members of different groups of marine
phytoplankton. The relatively high ε values for Synechococcus sp. and Emiliania huxleyi suggest that natural ecosystems not dominated by diatoms can also
have high isotope fractionation during nitrate utilization. Batch cultures most closely simulate a bloomforming situation, with relatively high levels of nitrate
available. In these situations (e.g. spring bloom or
upwelling areas), the isotope fractionation factor
should have values similar to the ones presented here
(i.e. 2 to 6 ‰). This is in agreement with recent estimates of isotope fractionation in the Southern Ocean,
Subarctic Pacific, and the equatorial Pacific, which
range between 4 to 6 ‰ (Altabet 2001). Each of these
regions is characterized by a variety of species and
groups of phytoplankton, but very similar fractionation

values. Estimates of ε as high as 9 ‰ have been
reported (Wu et al. 1997, Altabet 2001), and these may
be examples of changing environmental conditions
that stimulate a higher isotope fractionation, as has
been measured by previous isotope work (see above).
Combined with previous work, the results of this
study suggest that it is necessary to account for the
ecological setting that will dominate the growthcontrolling processes and the species composition of
the region. For example, a highly stratified water column may support a population of vertically migrating
dinoflagellates that grow on nitrate acquired from
below the thermocline (Koizumi et al. 1996). These
communities should have low isotope fractionation factors associated with growth on nitrate, given the low
fractionation values measured for flagellated phytoplankton species. In iron-limited regions, where nitrate
remains high throughout the year, it is expected that
isotope fractionation could be highly expressed. Competitive organisms in this environment are often small
eukaryotes and cyanobacteria (Henley & Yin 1998,
Schmidt & Hutchins 1999). The relatively large isotope
fractionation that we have measured for Synechococ-
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Table 2. Comparison of ε values measured in this study with previous published results. Unless otherwise noted, light conditions
are similar to the light conditions used in the present study. ε: enrichment factor
ε ± SE
(‰)

Species

Bacillariophyceae
Thalassiosira weissflogii

Culture type

6.2 ± 0.4a
12 ± 3b
5.2 ± 0.2c
2.7 ± 0.3a
0.9–4.5d
2.7 ± 0.3a
9 ± 2b
9 ± 0.2e
3.3 ± 0.4a
4.8 ± 0.3a
1–23d

Batch
Chemostat
Batch
Batch
Batch
Batch
Chemostat
Batch
Batch
Batch
Batch

Cricosphaera carterae

4.5 ± 0.2a
3.2 ± 0.4a
3.2 ± 1.0b
3.6 ± 0.5a
0.9 ± 3.5b
7.4f

Batch
Batch
Chemostat
Batch
Chemostat
Batch

Dinophyceae
Amphidinium carterae
Prorocentrum minimum

2.2 ± 0.3a
2.5 ± 0.3a

Batch
Batch

2.2 ± 0.2a
3.4 ± 1.9b

Batch
Chemostat

Cryptophyceae
Chroomonas salina

2.2 ± 0.9b

Chemostat

Cyanophyceae
Synechococcus

5.4 ± 0.6a

Batch

Thalassiosira pseudonana
Chaetoceros simplex
Chaetoceros sp.
Skeletonema costatum

Ditylum brightwellii
Phaeodactylum tricornutum

Prymnesiophyceae
Emiliania huxleyi
Isochrysis galbana
Pavlova lutheri

Chlorophyceae
Dunaliella tertiolecta

a

b

Observations

Continuous light
Identical conditions as present study

Continuous light
12:12 h light:dark cycle

Large range of light intensities, culture
conditions
No flagella or coccoliths

No stirring or aeration

c

This study; Montoya & McCarthy (1995); Waser et al. (1998); d Wada & Hattori (1978); e Pennock et al. (1996); f Wada (1980)

cus sp. could significantly affect the plankton δ15N signal of such regions. Whether this signal is transferred
to the bottom sediments is unclear given the low settling rates of these small organisms. When conditions
allow for growth of larger phytoplankton species, such
as an iron fertilization event, the δ15N values of PN will
be influenced by the δ15N of the nitrate, which is possibly altered by the previous history of the system.
Additional data on the influence of iron-limited growth
on nitrate isotope fractionation will contribute to a better understanding of the δ15N signal in HNLC regions.
In summary, nitrogen isotope fractionation factors
for the groups of marine phytoplankton presented here
are somewhat variable, but this variability does not
appear to be as large as previously observed. Part of
the reason for this may be that we used continuous
light in our culture experiments, and this may reduce

the expression of isotope fractionation by processes
within the cell. The low values of ε for the diatom species may be reconciled with previous studies by determining the influence of light on nitrate uptake and isotope fractionation. In addition, further studies of the
influence of the release of DON on ε values, and the
isotope fractionation associated with cells whose nutritional status is not optimal (i.e. not in batch culture conditions), are required to properly understand the δ15N
signal generated by phytoplankton in the ocean. However, our results are consistent with other studies using
similar culture techniques, and indicate that isotope
fractionation is variable both within groups and
between groups of marine phytoplankton. This implies
that knowledge of the type of ecosystem and the species present is important when interpreting δ15N signals in oceanic environments.
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