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Abstract
A recent study hypothesized that the near-zero temperatures that generally prevail in Arctic waters negate

the influence that different nitrogen (N) sources can otherwise have on the growth and elemental stoichiometry
of marine micro-algae. Here we test this hypothesis experimentally by evaluating how temperature (0–9�C)
affects the growth and elemental stoichiometry of an ecologically relevant Arctic diatom Chaetoceros gelidus
growing on different N sources (ammonium, nitrate, urea) at saturating irradiance. Following an initial acclima-
tion period in which steady growth rates were achieved under each experimental treatment, changes in cellular
concentrations of chlorophyll a and particulate carbon (C), nitrogen (N), phosphorus (P), and biogenic silica
(Si) were monitored. While N source effects on growth rate became manifest as temperature rose above 0�C, the
estimated optimal growth temperature was similar in all cases (Topt = 8.3�C). A positive effect of temperature on
the N : P ratio occurred only at 6�C. Above this temperature, the N : P ratio decreased to values close to those
observed at 0�C and 3�C. By contrast, the C : N ratio remained nearly invariant between 0�C and 6�C but
increased substantially at 9�C. Overall, the results suggest that the presently widespread and successful diatom
C. gelidus possesses the ability to remain competitive despite ongoing environmental changes and that its
responses to warming and the availability of different N sources may impact elemental fluxes in the future.

The Arctic region is warming two to three times faster than
the global average rate (Meredith et al. 2019). This rapid pace
has been attributed to the Arctic amplification, which includes
the positive ice-albedo feedback and the increased penetration
of warm Atlantic and Pacific waters at the periphery of the
Arctic Ocean (Serreze and Barry 2011). Implications for the
structure and function of marine ecosystems are likely to be
profound since water temperature has a large influence on the
metabolism, productivity, and spatial distribution of microbes
(Eppley 1972; Raven and Geider 1988), with associated conse-
quences on the biogeochemical cycling of elements and
air–sea gas exchange.

Phytoplankton that thrive in polar oceans are considered
to be adapted to low temperatures (Lyon and Mock 2014).
While this adaptation suggests that polar diatoms should ini-
tially respond strongly and positively to modest warming,
investigations of natural communities in the Barents Sea iden-
tified a ceiling temperature of 5�C, beyond which phytoplank-
ton growth, biomass and net primary production are expected
to decline (Holding et al. 2013; Coello-Camba et al. 2015;
Coello-Camba and Agustí 2017). In addition, an experimental
shift in temperature from 1.5�C (ambient) to 10�C led to the
replacement of dominant diatoms by the pico-prasinophyte
Micromonas and nanoflagellates in mesocosms experiments
(Coello-Camba et al. 2015). Such changes in the relative con-
tribution of different phytoplankton groups can have large
implications for food webs and biogeochemistry since diatoms
mediate a significant portion of carbon fluxes toward grazers
and the deep ocean (Tréguer et al. 2018).

Warming can also affect biogeochemical fluxes by altering
the elemental composition of microalgae, for example by
modulating the amount of carbon (C) fixed and vertically
exported per unit of the limiting nutrient (e.g., nitrogen, N) or
modifying the nutritional value of organic matter for bacteria
and grazers. According to the “temperature-dependent physi-
ology” hypothesis (Toseland et al. 2013; Yvon-Durocher
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et al. 2015), organisms growing at high temperatures should
increase their N : P and C : P ratios due to a relatively low
requirement for P-rich ribosomes relative to N-rich proteins.
This response has been observed both in the laboratory
(Toseland et al. 2013) and in a meta-analysis of field data
(Yvon-Durocher et al. 2015). In the latter, N : P and C : P
ratios of marine algae were best explained by latitudinal
changes in average sea-surface temperature, with both ratios
increasing 2.6-fold between 0�C and 30�C. Those analyses led
to the hypothesis that ongoing ocean warming should drive
the N : P and C : P ratios of marine organic matter upward. By
contrast, predictions are difficult to formulate for the C : N
ratio. Upon exposing eight taxonomically diverse species of
temperate phytoplankton to temperatures ranging from 10�C
to 25�C under saturating light conditions, Thompson et al.
(1992) observed eight different growth responses. Some spe-
cies exhibited a positive linear response and others showed a
unimodal or weak negative trend.

While the literature on the photophysiological response of
polar diatoms to temperature is extensive, relatively few stud-
ies examined how their elemental stoichiometry responds to
changing growth conditions. In a recent study of the cosmo-
politan Arctic diatom Chaetoceros gelidus, an ecologically rele-
vant diatom that persists seasonally in the subsurface
chlorophyll maximum (SCM), Schiffrine et al. (2020) found
that cells growing on different N sources at 0�C had the same
growth rates and elemental stoichiometry, contrasting with
the results of prior studies performed on temperate species
growing at relatively high temperatures. This novel observa-
tion was attributed to low temperature, which presumably
nullifies the energy gain of using reduced N source due to a
superseding limitation of growth rate by Rubisco activity. Here
we aim to test the validity of this explanation by evaluating
how temperature affects the growth and elemental stoichiom-
etry of C. gelidus growing on different N sources at saturating
irradiance. In doing so, we also aim to test the applicability of
the results obtained by Schiffrine et al. (2020) at 0�C, which is
typical of the SCM in the Beaufort Sea, to other sectors of the
Arctic Ocean (e.g., the Barents Sea), where C. gelidus may be
exposed to higher temperatures and rates of warming
over time.

Materials and methods
Culture conditions

Strain RCC2046 of the Arctic diatom C. gelidus
(Chamnansinp et al. 2013) was acquired from the Roscoff Cul-
ture Collection. Cultures were grown in sterile, acid- washed
0.5-L borosilicate Erlenmeyer flasks, with a working volume of
250 mL. The growth medium was prepared with an artificial sea-
water (ASW) base (Berges et al. 2001) and enriched with f/2 con-
centrations of silicate (106 μmol L�1 Si), trace metals and
vitamins (Guillard 1975). Nitrogen was supplied as either NHþ

4 ,
NO�

3 or urea as sole N source (100 μmol L�1 N). In order to

approximate the nitrate to phosphate ratio observed in the
coastal Beaufort Sea before the productive season begins, the
concentration of phosphate in the medium was adjusted to
obtain a nitrogen to phosphate ratio of 9 : 1 (11.11 μmolL�1

P) (Tremblay et al. 2008). All equipment used for medium
preparation and culturing were previously soaked in 10% HCl
during 48h, then rinsed thoroughly with ultrapure, deionized
water and finally autoclaved. Growth medium were sterilized
by filtration (0.22-μm sterile filter; MediaKap-5; Repligen), thus
avoiding potential issues of ion coprecipitation that can alter
pH (see discussion in Berges et al. 2001). Cultures were illumi-
nated continuously by Philips fluorescent tubes and attenu-
ated by neutral-density screening (LEE filters: 216-White
diffusion) to provide 200 μmol photons m�2 s�1, which
approximates the median irradiance in surface observed in the
high Canadian Arctic across several regions (Martin
et al. 2012). Triplicate cultures were maintained in semi-
continuous growth and acclimated to a series of stepwise
transfers to a range of temperatures including 0�C, 3�C, 6�C,
and 9�C in a temperature-controlled growth chamber and
mixed by gentle swirling each day (see Fig. S1 for more
details). It should be noted that at 9�C, urea cultures crashed
at the beginning of semicontinuous mode. In all cases, tem-
perature in each culture was monitored continuously, with
variation less than �0.5�C. The analyses detailed below were
performed on three subsamples in order to provide methodo-
logical replication for each harvest event. Note that the 0�C
cultures were the focus of a parallel investigation of the joint
effects of irradiance and N source on the growth and elemen-
tal composition of C. gelidus (Schiffrine et al. 2020).

Cell number, volume, and growth rate determination
Cell abundance and size (sphere-equivalent diameter) were

monitored daily with a Multisizer 4 Coulter Counter (Coulter
Counter Beckman) with a 25 μm aperture with an operational
range of 4.034–20.16 μm. Both the lower and upper limits of
the Coulter Counter were set according to the size range of
C. gelidus (e.g., Chamnansinp et al. 2013). The instrument was
routinely calibrated with 5 μm latex microspheres. Data blanks
were generated with 0.2 μm filtered ASW. Samples were
diluted (0.5 : 10) with 0.2 μm filtered ASW to meet instrument
operational requirements. Three consecutive counts were
achieved for each culture sampling point. Before and after
each run, both the aperture tube and electrode were rinsed
with distilled water and the aperture was flushed with ASW.
Samples were bubbled before each count to break C. gelidus
chains.

Growth rate was calculated as:

μ¼ ln N2=N1ð Þ= t2� t1ð Þ, ð1Þ

where N2 is the cell concentration at time t2 and N1 is the cell
concentration at time t1. Mean cell size was calculated by mul-
tiplying bin diameter by the number of particles separately in
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each bin, summing for the three bins, and dividing by the
average particle count. Cell volume (equivalent spherical vol-
ume) was calculated from a spherical formula.

Chlorophyll a concentration
The concentration of chlorophyll a (Chl a), was determined

by injecting 1 mL of culture directly into 6 mL of 90% acetone
and incubating in the dark for 24 h at �20�C to extract pig-
ments. The extracts were analyzed on a Turner TD-700 fluo-
rometer (Turner Designs) based on the acidification method
(Parsons et al. 1984). A blank was assessed by injecting 1 mL
of artificial sea water into 6 mL of 90% acetone. The instru-
ment was daily-calibrated with manufacturer-provided solid
standard, and routinely calibrated with pure Chl a (C6144;
Sigma-Aldrich).

Cellular content analysis
Samples for particulate organic carbon and total nitrogen

(organic plus internal inorganic pools) were collected on
precombusted Whatman GF/F filters, desiccated at 60�C and
analyzed simultaneously using an elemental analyzer (ECS
4010; Costech Analytical Technologies, Inc.) coupled to a
mass spectrometer (Delta V Advantage; Thermo-Finnigan).
Samples for particulate phosphorus determination were fil-
tered on precombusted Whatman filters, desiccated and oxi-
dized using the method of Sol�orzano and Sharp (1980).
Oxydized phosphorus (as PO3�

4 ) was analyzed with standard
colorimetric methods Hansen and Koroleff (2007) adapted for
the AutoAnalyzer 3 (Bran+Luebbe). Samples for biogenic sili-
cate determination were collected on 0.8-μm polycarbonate fil-
ters and frozen at �20�C. Filters were thawed in the laboratory
and submitted to the alkaline hydrolysis method of Paasche
(1980). The hydrolyzate was analyzed for Si OHð Þ�4 with an
Autoanalyzer 3 (see above).

Description of relationships between growth and
temperature

Thermal sensitivity of specific growth rate between pairs of
experimental temperatures was evaluated by calculating the
Q10 coefficient according to Eq. 2:

Q10 ¼ μ1=μ2ð Þ10=T2�T1 , ð2Þ

where μ1 and μ2 are the specific growth rates at temperatures
T1 and T2, respectively. Because the choice of T1 and T2 had
an effect on Q10 values, calculations were made for three dif-
ferent temperature intervals between 0�C and Topt. In parallel,
the activation energy (Ea) was calculated by considering all
experimental temperatures, using the nonlinear regression of
Chen and Laws (2017) (Eq. 3):

μ¼ μ0
e
Ea
kb

1
T0

�1
T

� �

1þ Ea
Eh�Ea

e
Eh
kb

1
T0

�1
T

� � , ð3Þ

where Ea (eV) is the activation energy of the growth rate with-
out temperature inactivation, Eh (eV) is the parameter indicat-
ing how fast the growth rate decreases with increasing
temperature due to high temperature inactivation, and T0 is
the reference temperature (273.15 K), T is the experimental
temperature (�K), μ0 is the growth rate constant at temperature
T0, Topt (�K) is the optimal growth temperature, k is
Boltzmann’s constant (8.62 � 10�5 eV K�1).

Data treatment, normalization, and statistical analysis
Cellular contents were normalized to cell concentration and

cellular volume to yield cellular quotas (i.e., QC
X; pmol cell�1)

and volumetric quotas (i.e., QV
X; fmol μm�3), respectively.

Production rates of carbon and nitrogen (i.e., μQV
X; fmol

μm�3 d�1) were calculated by multiplication of the volumetric
quota with the specific growth rate for each harvest event
(i.e., S1, S2, S3 of the Step2D/3D in Fig. S1) of the respective
treatment. Data are expressed as mean� standard deviation (SD).
Prior to statistical testing of differences between treatments, the
normality of data distributions was checked and systematically
rejected. Differences between treatments were assessed with a
permutational multivariate ANOVA (PERMANOVA). Data analy-
sis was performed with the aovp function of the lmPerm package
in R and considered significant at p<0.05.

Results
Thermal dependency of growth on different N sources

The growth rate (μ) of C. gelidus was highly influenced by
temperature and N source, ranging from 0.26 to 0.65 d�1

across the different treatments (Fig. 1A). In the NHþ
4 cultures,

the growth rate displayed a progressive 2.3-fold increase from
0�C to 6�C, while in the NO�

3 and urea cultures, the growth
rate increased only between 3�C and 6�C (by 2.1- and 1.8-fold,
respectively). The highest growth rate occurred at 6�C in all
treatments and was significantly higher in the NHþ

4 and NO�
3

cultures (0.63�0.05 d�1) than in the urea culture (0.46 �
0.02d�1; p<0.01). At 9�C, the growth rate declined by
ca. 40% in all N treatments and remained slightly higher in
the NHþ

4 culture than in the other ones (p<0.05). There was
no clear pattern in cell volume across the temperature range
for both NHþ

4 and NO�
3 cultures, for which the minimum and

maximum cell volume occurred at 3�C and 6�C, respectively
(Fig. 1B). Cell volume in the urea cultures decreased in a linear
fashion between 0�C and 6�C (Fig. 1B).

Q10 values differed substantially depending on the tem-
perature interval used for the calculation. Within the range
of 0�C to 3�C, NHþ

4 cultures displayed higher Q10 values than
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NO�
3 and urea cultures (Table 1). In contrast, the Q10 values of

NHþ
4 cultures were lower than those of NO�

3 and urea cultures
between 3�C and 6�C (Table 1). Activation energies (Ea) were
lower for the urea culture than for the NHþ

4 and NO�
3 cultures

(Fig. S2; Table 1).

Elemental and Chl a volumetric quotas
Changes in cellular C, N, P, Si, and Chl a quota (QC

C, Q
C
N,

QC
P , Q

C
Si, and QC

Chl a, respectively) in response to an increase in
temperature with different N source were complex (Fig. 2A,C,
E,G,I). Overall, urea cultures showed a decline in all cellular
quotas (4–53%) as temperature increased, except for QC

Chl a

where no difference was observed between 3�C and 6�C
(Fig. 2A,C,E,G,I). Changes in QC

C, QC
N, QC

Si, and QC
Chl a pres-

ented a similar unimodal pattern across the temperature
range, with the highest value were observed at 6�C (Fig. 2A,C,
G,I), except for QC

P that was nearly invariant between
0 (0.03�0.00pmol P cell�1) and 9�C (0.04�0.01pmol
P cell�1) (Fig. 2E). Across the entire temperature range, no sig-
nificant differences were observed between NHþ

4 and NO�
3 cul-

tures for both QC
C and QC

N (p>0.05; Fig. 2A,C). From 0�C to
3�C, QC

C and QC
N decreased slightly (35% and 30%, respec-

tively), then increased by 150% and 140% from 3�C to 6�C
and decreased afterwards by 30% and 40%, respectively
(Fig. 2A,C). For both NHþ

4 and NO�
3 cultures, warming from

0�C to 6�C induced a general increase in QC
Si (160% and

110%, respectively), followed by a similar decrease of 25%
afterwards (Fig. 2G). Above 3�C, QC

Si was higher in the NH4
+

cultures than in the NO�
3 cultures (Fig. 2G). In the NO�

3 cul-
tures, QC

Chl a displayed a progressive increase from 0�C to 6�C
(97%; Fig. 2I), while in the NHþ

4 cultures, QC
Chl a increased only

between 3�C and 6�C (97%; Fig. 2I). Afterward, QC
Chl a

decreased by ca. 45% for both NHþ
4 and NO�

3 cultures (Fig. 2I).
A significant difference in QC

Chl a between the NHþ
4 and NO�

3

treatments was observed only at 3�C (Fig. 2I).
The volumetric quotas for C, N, P, Si, and Chl a (QV

C, Q
V
N,

QV
P , Q

V
Si, and QV

Chl a, respectively) across the different N treat-
ments were generally similar at 0�C (p>0.05) but often
diverged at higher temperatures (Fig. 2B,D,F,H,J). The QV

C of
urea cultures increased more than twofold from 14.34�2.77
to 31.15�10.52 fmol C μm�3 between 0�C to 6�C (Fig. 2B).
By contrast, QV

C in the other N treatments showed a
negligible increase between 0�C and 3�C (Fig. 2B; p>0.05),
reaching relatively weak maxima at 6�C in the NO�

3 cultures
(27.06�11.47 fmol C μm�3) and at 9�C in the NHþ

4 cultures
(20.83�6.97 fmol C μm�3). Above 0�C, the NHþ

4 cultures
exhibited lower QV

C than either the NO�
3 or urea cul-

tures (p<0.05).
In the urea cultures, warming induced an increase of QV

N

from 0�C to 3�C but had no effect above this temperature
(Fig. 2D). The value of 1.92�0.31 fmol N μm�3 at 0�C was
nearly half that at 3�C (3.66�1.20 fmol N μm�3) and 6�C
(3.72�1.02 fmol N μm�3). In the NHþ

4 cultures, QV
N was con-

stant from 0�C to 3�C (2.09�0.24 fmol N μm�3), increased a
little at 6�C (2.50�0.65 fmol N μm�3) and decreased to an
intermediate value at 9�C (2.23�0.39 fmol Nμm�3) (Fig. 2D).
There was a general rising trend in QV

N with warming in the
NO�

3 cultures (Fig. 2D), with a minimum at 0�C (2.13 �
0.29 fmol N μm�3), a maximum at 6�C (3.67�1.01 fmol
N μm�3) and an intermediate value at 9�C (2.71�0.76 fmol
N μm�3). Above 0�C, QV

N was consistently lowest in the NHþ
4

cultures (Fig. 2D; p<0.05).
The QV

P in the NO�
3 cultures was relatively constant from

0�C to 6�C (0.17�0.02 fmol P μm�3), followed by an increase

Fig. 1. Temperature dependence of growth rate (A) and cellular volume (B) for Chaetoceros gelidus acclimated across a range of temperature from 0�C
to 9�C with NHþ

4 (yellow circle), NO�
3 (blue triangle) and urea (gray square) at saturating light. Values represent the means and error bars represent the

standard deviation (i.e., SD) of triplicate samples.

Table 1. Values of Q10 and activation energy (Ea, eV) for growth
rate (μ, d�1) of Chaetoceros gelidus growing on NHþ

4 , NO�
3 or urea

as sole N source. Numbers in parentheses indicate the standard
deviation (n>9).

N treatment

Q10

Ea[0;3] [3;6] [0;6]

NHþ
4 3.3 (0.4) 4.9 (1.3) 4.0 (0.7) 0.95

NO�
3 1.5 (0.3) 11.1 (2.1) 4.0 (0.8) 1.10

Urea 0.9 (0.1) 6.7 (1.4) 2.4 (0.4) 0.69
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Fig. 2. Temperature dependence of cellular C (A), N (C), P (E), Si (G), and Chl a quota (I) and volumetric C (B), N (D), P (F), Si (H) and Chl a quota (J)
for Chaetoceros gelidus acclimated across a range of temperature from 0�C to 9�C with NHþ

4 (yellow circle), NO�
3 (blue triangle) and urea (gray square) at

saturating light (n>9; mean� SD).
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at 9�C (0.23�0.06 fmol P μm�3) (Fig. 2F). There was no clear
pattern in the NHþ

4 cultures, for which the minimum and
maximum QV

P occurred at 6�C (0.12�0.03 fmol P μm�3) and
9�C (0.17�0.04 fmol P μm�3), respectively (Fig. 2F). Urea cul-
tures showed a sharp rise in QV

P from 0�C (0.12�0.03 fmol
P μm�3) to 3�C (0.33�0.09 fmol P μm�3), followed by a
decrease at 6�C (0.19�0.03 fmol P μm�3) (Fig. 2F). The NHþ

4

cultures had a lower QV
P than the other ones above 0�C, espe-

cially at 6�C and 9�C (Fig. 2F).
While the QV

Si increased linearly from 0 (0.79�0.23 fmol
Si μm�3) to 9�C (1.93�0.27 fmol Si μm�3) in the NHþ

4 cultures
(Fig. 2H), it reached a plateau at 6�C in the NO�

3 cultures
(1.60�0.10 fmol Si μm�3). Except at 0�C, where no difference
was observed between N treatments, QV

Si was consistently
highest in the urea cultures (Fig. 2H). A significant difference
in QV

Si between the NHþ
4 and NO�

3 treatments was observed
only at 9�C (Fig. 2H).

Warming induced a general increase in QV
Chl a in all N treat-

ments, but the extent and shape of this increase varied consid-
erably (Fig. 2j). Urea cultures showed a slight increase from
0�C (2.29�0.33 fg Chl a μm�3) to 6�C (3.25�0.38 fg Chl
a μm�3), whereas the other treatments presented a bell-shaped
curve with a maximum at 3�C in the NHþ

4 cultures
(3.50�0.90 fg Chl a μm�3) and 6�C in the NO�

3 cultures
(4.60�0.71 fg Chl a μm�3). At 3�C, 6�C, and 9�C, the NO�

3

cultures had a higher QV
Chl a than the NHþ

4 and urea cultures
(Fig. 2J; p<0.05).

Throughout the temperature range, the production rate of
C (i.e., μQV

C) was consistent across the different N sources
(p>0.05; Fig. 3A). The μQV

C of NHþ
4 , NO�

3 and urea cultures dis-
played a progressive and similar 2.8-fold increase from 0�C to
6�C. At 9�C, μQV

C declined by ca. 35% in both NHþ
4 and NO�

3

cultures. The production rate of N (i.e., μQV
N) of NHþ

4 and NO�
3

cultures showed a general 1.5-fold increase between 0�C to
6�C and declined afterward to reach intermediate values
(Fig. 3B). By contrast, μQV

N in urea cultures showed a negligible
increase between 0�C and 3�C (p>0.05) and reached a maxi-
mum at 6�C (Fig. 3B). Except at 0�C, where no difference was

observed between N treatments, urea cultures exhibited lower
μQV

N than either the NO�
3 or NHþ

4 cultures (p<0.05). A signifi-
cant difference in μQV

N between the NHþ
4 and NO�

3 treatments
was observed only at 3�C (Fig. 3B).

Elemental stoichiometry
Both the NHþ

4 and NO�
3 cultures exhibited a relative

decrease in molar C : N ratio from 0�C to 6�C, with minima of
7.39�0.93 and 7.16�1.36mol Cmol�1 N, respectively,
followed by an increase to maximum values of 9.31�0.76
and 8.82�1.10 mol Cmol�1 N, respectively, at 9�C (Table 2).
By contrast, urea cultures displayed a general increase in C : N
between 0�C (7.46�1.01mol Cmol�1 N) and 6�C
(8.25�1.33mol Cmol�1 N). The C : N ratio did not statisti-
cally differ between NHþ

4 and NO�
3 cultures from 0�C to 6�C

(p<0.05) but was higher in the former at 9�C. The urea cul-
tures had significantly lower ratios than the other two treat-
ments at 3�C and 6�C (Table 2; p<0.05). All the C : N ratios
observed here were systematically higher than the canonical
Redfield value of 6.62mol Cmol�1 N, irrespective of tempera-
ture and N source (Table 2).

The molar N : P ratios of NHþ
4 and NO�

3 cultures did not
statistically differ (p>0.05) and followed the same pattern
with respect to temperature, with stable values at 0�C and
3�C, maxima at 6�C and minima at 9�C (Table 2). Urea cul-
tures showed decreasing N : P between 0�C (16.19�2.54mol
Nmol�1 P) and 3�C (11.01�1.25mol Nmol�1 P), followed by
a maximum at 6�C (19.56�3.78mol Nmol�1 P) (Table 2). For
all N treatments, observed N : P ratios were lower than the
canonical Redfield value of 16mol Nmol�1 P at 0�C, 3�C, and
9�C, but exceeded it by ca. 30% at 6�C (Table 2).

The molar Si : C ratio increased from 0�C to 3�C in all N
treatments (Table 2), after which it either plateaued at
0.09 � 0.02 mol Si mol�1 C (NHþ

4 cultures) and 0.06�0.03mol
Simol�1 C (urea cultures) or declined slightly (NO�

3 treatment)
(Table 2). The molar Si : N ratio of NHþ

4 cultures showed a
nearly linear increase from 0�C to 9�C (Table 2), whereas for
NO�

3 cultures the increase occurred only from 0�C to 3�C and

Fig. 3. Temperature dependence of production rate for C (A) an N (B) for Chaetoceros gelidus acclimated across a range of temperature from 0�C to
9�C with NHþ

4 (yellow circle), NO�
3 (blue triangle) and urea (gray square) at saturating light (n>9; mean� SD).
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was followed by a rough plateau between 3�C to 9�C (Table 2).
In all experimental conditions both the Si : C and Si : N ratios
were systematically lower than the Redfield-Brzezinski value
(0.14mol Simol�1 C and 0.93mol Simol�1 N).

Temperature and N source had significant effects on the
C : Chl a ratio. The NO�

3 culture showed a general decreasing
trend in C : Chl a with increasing temperature, ranging from
93.86�24.01 g Chl a g�1 C at 0�C to 57.56�9.59 g Chl a g�1

C at 9�C, with a minimum at 3�C (48.66�6.49 g Chl a g�1 C).
The minimum ratio also occurred at 3�C in the NHþ

4 cultures
(55.12�12.05 g Chl a g�1 C), for which values were nearly
invariant at other temperatures (ranging from 71.11�27.11 to
76.82�2.49 g Chl a g�1 C). In urea cultures, the C : Chl
a ratio increased sharply from 0�C (84.83�17.81 g Chl a g�1

C) to 3�C (124.71�24.08 g Chl a g�1 C) and remained rela-
tively even at 6�C. At 3�C, the high C : Chl a ratio observed in
the urea cultures was more than twice higher than the values
observed in the NHþ

4 and NO�
3 treatments.

Discussion
Thermal responses of C. gelidus

Temperature is important in regulating the diffusion and trans-
port of nutrients, non-enzymatic and enzymatic reactions, as well
as metabolic rates in phytoplankton (Raven and Geider 1988;
Davison 1991). The response of phytoplankton growth to tem-
perature typically follows a tolerance curve (Thomas et al. 2012;
Boyd et al. 2013) in which growth rate increases up to Topt and
then decreases. The same pattern was observed for C. gelidus
(Fig. 1), with an estimated Topt of 8.3�C (i.e., 281.4 K; Fig. S2) sim-
ilar to values observed for other polar Chaetoceros species but
much lower than the values observed for temperate species of this
genus (Table S1). These observations are consistent with the
notion that cold-adapted polar phytoplankton have lower Topt

values than phytoplankton from lower latitudes (Thomas
et al. 2012) and confirm that C. gelidus is psychrophilic (i.e., able
to grow at temperatures below 15�C and exhibiting maximum

growth rates at temperature optima below 18�C; Morgan-Kiss
et al. 2006). This first estimate of Topt should be considered as
provisional since it is obtained by mathematical interpolation.
Further experiments considering additional temperatures between
6�C and 9�C would improve accuracy. Beyond the Topt estimated
here, the growth rate of C. gelidus decreased sharply (Fig. S2), con-
sistent with the results of Boyd et al. (2013) for the southern polar
diatom Proboscia inermis, for which a 1�C increment above Topt

caused a drastic decrease in μ followed by mortality.
The temperature dependence of growth rate or specific chem-

ical and biological processes is frequently described using the
Q10 coefficient (Eppley 1972). Prior compilations of maximal
growth rates using a larger number of species have found a
Q10 of 1.88 (Eppley 1972). For C. gelidus, Q10 values ranged from
0.9 � 0.1 to 11.1 � 2.1 (Table 1), which is higher than the typi-
cal value for phytoplankton as suggested by Eppley (1972) but
frequently observed in polar marine organisms (Hutchins and
Boyd 2016; Zhu et al. 2016, 2017). Another commonly used
descriptor of how fast growth rate increases with temperature is
Ea (Chen and Laws 2017). The mean values of Ea observed
(Table 1) are at the upper bound of values reported for other
phytoplankton cultures isolated from 50�N to 75�N by Chen
et al. (2014) (Fig. S3) and much higher than those determined
for natural polar phytoplankton communities and polar phyto-
plankton cultures by Coello-Camba and Agustí (2017)
(0.61 � 0.07 eV). For the latter, the relatively large difference
observed could be due to the linear regression used by Coello-
Camba and Agustí (2017), which can result in relatively low Ea
estimates (e.g., Chen and Laws 2017). The relatively high Ea
values estimated in the present study suggest that C. gelidus is
particularly responsive to warming.

Comparison of the element contents between C. gelidus
and those of other polar or temperate diatoms

The comparison of observed elemental contents on a per
cell basis with the literature shows intriguing results.

Table 2. Molar C : N, N : P, C : P, Si : C, Si : N (mol mol�1) ratios and C : Chl a (g g�1) ratios of Chaetoceros gelidus acclimated to four
different temperatures and growing on NHþ

4 , NO�
3 , or urea as sole N source. Numbers in parentheses indicate the standard devia-

tion (n>9).

Temperature C : N N : P C : P Si : C Si : N C : Chl a

NHþ
4 0 7.57 (0.59) 13.27 (1.15) 105.35 (6.02) 0.05 (0.01) 0.36 (0.09) 74.90 (10.3)

3 7.10 (0.35) 13.74 (1.04) 93.16 (14.19) 0.09 (0.02) 0.63 (0.12) 55.12 (12.05)

6 7.39 (0.93) 20.56 (3.28) 152.97 (35.4) 0.09 (0.02) 0.65 (0.11) 71.11 (27.11)

9 9.31 (0.76) 13.17 (0.84) 122.20 (7.3) 0.10 (0.02) 0.89 (0.19) 76.82 (2.49)

NO�
3 0 7.81 (0.98) 13.12 (1.15) 97.94 (19.02) 0.05 (0.02) 0.41 (0.13) 93.86 (24.01)

3 7.24 (0.31) 13.74 (1.04) 99.57 (9.28) 0.09 (0.01) 0.62 (0.05) 48.66 (6.49)

6 7.16 (1.36) 20.30 (3.04) 147.89 (46.39) 0.07 (0.03) 0.47 (0.13) 75.16 (39.89)

9 8.82 (1.10) 11.97 (1.47) 105.50 (17.75) 0.07 (0.03) 0.63 (0.17) 57.56 (9.59)

Urea 0 7.46 (1.01) 16.19 (2.54) 112.82 (15.13) 0.05 (0.01) 0.35 (0.08) 84.83 (17.81)

3 7.61 (1.14) 11.01 (1.25) 83.23 (11.05) 0.07 (0.01) 0.55 (0.16) 124.71 (24.08)

6 8.25 (1.33) 19.56 (3.78) 161.74 (39.52) 0.07 (0.03) 0.53 (0.14) 119.98 (46.04)
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Remarkably, values of QC
C and QC

N in C. gelidus were lower
than those reported by Lomas and Krause (2019) for diatom
strains isolated from polar waters and grown at high
light prior to harvest in mid-exponential growth phase. For
example, the polar diatoms Thalassiosira aestivalis,
T. antarctica, and T. gravida exhibit QC

C and QC
N up to, respec-

tively, ca. 11 and 14 times higher than those observed for
C. gelidus here. However, comparisons made on a per cell basis
are limited since they do not account for differences in cellular
volume. A comparison with recently published data describing
the relationships between elemental contents on a per cell
basis and cellular volume (e.g., Lomas et al. 2019) shows that
C. gelidus stands out with respect to other polar diatoms
(Fig. S4). In fact, the volumetric quotas of C. gelidus falls mid-
way between those of Arctic and temperate species (Fig. S4).
This intriguing observation suggests that, despite the psychro-
philic character of this species, C. gelidus may be considered
as an amalgam of polar and temperate traits (Schiffrine
et al. 2020).

Moreover, Lomas et al. (2019) proposed that polar diatoms
have higher volumetric quotas than temperate diatoms. Here
we show with C. gelidus that this observation not only applies
to very cold temperatures (0–2�C) but that all volumetric
quotas except QV

P increase substantially with temperature up
to 9�C (Fig. 2B,D,F,H,J). This pattern suggests that the contrast
with temperate species is not primarily a function of growth
temperature and is linked to a more fundamental difference in
adaptation. Otherwise, the volumetric quotas of polar species
would decline with rising temperature. The effect of tempera-
ture on QV

Si was particularly strong and possibly offers an
explanation for the relatively low Si : N ratios of Arctic dia-
toms with respect to their Southern Ocean counterparts, espe-
cially at the polar front (see Schiffrine et al. 2020 for a
discussion) where mean temperatures are relatively high
(Freeman et al. 2016).

Does warming increase the energetic benefit of using
reduced N sources?

Prior studies of the response of temperate phytoplankton
to different N sources indicate that cells obtain a growth
advantage and maximize C acquisition when growing on
reduced N (e.g., Shi et al. 2015). Recently, Schiffrine et al.
(2020) observed that C. gelidus growing at 0�C, did not exhibit
enhanced growth or elevated cellular C quotas when exposed
to NHþ

4 as sole N source. Here, we observed that when temper-
ature rises above 0�C, the effects of N source on growth rate
and elemental volumetric quotas become manifest (Figs. 1, 2).
The fact that the production rate of C was lowest and equal in
the NHþ

4 and NO�
3 cultures at 0�C and then increased linearly

with temperature up to 6�C reinforces the notion that C fixa-
tion was severely constrained at low temperature (Fig. 3A).
While warming partly alleviated this constraint at 3�C for
NHþ

4 -grown cultures (Fig. 3A), the growth rate of NO�
3 cultures

did not change between 0�C and 3�C (Fig. 1). The fact that in

NO�
3 cultures the production rate of N increased only slightly

from 0�C to 3�C (i.e., 45%; Fig. 3B) and was lower than the
production rate of N in NHþ

4 cultures at 3�C, suggests that the
activity of nitrate reductase (NR), which is the first and key
regulatory step in NO�

3 assimilation (Lomas and Glibert 2000;
Gao et al. 2001), increased at a low pace relative to the activity
of glutamate synthase, which is the enzyme mediating NHþ

4

assimilation (Glibert et al. 2016). At 6�C, the growth rate of
C. gelidus did not significantly differ between the NHþ

4 and
NO�

3 cultures (Fig. 1A), although the later showed 50% higher
QV

C, Q
V
N and QV

Chl a than the former (Fig. 2B,D,J). This result
suggests that C. gelidus may have increased the production
photosystem components (including pigments) to capture
more light energy since the latter contain a significant portion
of total cellular nitrogen and carbon (Li et al. 2015). This
response would compensate for the greater energy cost of
using NO�

3 through greater generation of reducing power. This
observation contrasts with previous reports that temperate
phytoplankton grown at or close to Topt should exhibit lower
growth rates and cellular quotas of C and N when using NO�

3

(Levasseur et al. 1993; Shi et al. 2015). While the growth rates
of both the NHþ

4 and NO�
3 cultures decreased in a similar man-

ner from 6�C to 9�C (�40%), NHþ
4 cultures maintained a

slightly higher (+9%) growth rate than the NO�
3 cultures

(Fig. 1A), possibly due to a greater thermal sensitivity of NR
relative to glutamate synthase (Priscu et al. 1989; Gao
et al. 1993). Overall, our data suggest that N source has no
effect on N assimilation and C fixation but only on the
growth rate and consequently on resource allocation at low
and high temperatures.

Contrary to expectations that the energy benefit of using
reduced N should be similar for urea and NHþ

4 (Antia
et al. 1975), growth rate was consistently lower in the urea
cultures than in the NHþ

4 and NO�
3 cultures between 3�C to

9�C (Fig. 1). Despite this difference, cells growing on urea
between 3�C and 6�C had the highest volumetric elemental
quotas and the lowest Chl a quotas (Fig. 2), whereas assimila-
tion rates of C were relatively similar across N treatments
(Fig. 3A). The slightly reduced rates of N incorporation in urea
cultures (Fig. 3B) suggests that the assimilation of NHþ

4 derived
from the urease-mediated cleavage of urea would probably be
limited. While previous laboratory and field observations both
suggest that the uptake of urea-N is positively related to tem-
perature (Lomas and Glibert 1999; Spackeen et al. 2017), the
provision of constant irradiance can severely depress urease
activity (Bender et al. 2012). Collectively, these results suggest
that cells growing on urea at 3�C and 6�C accumulated rela-
tively large internal pools of C, N, and P but that the conver-
sion of these pools into growth machinery and light-
harvesting capacity (e.g., Chl a) was less complete than in the
NO�

3 and NHþ
4 grown cells. As proposed by Collier et al.

(2012), it would seem that the nutritional value of different N
source is not simply an inverse function of their oxidation
state.
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Temperature-driven changes in elemental ratios
Several recent efforts have been made to elucidate the effect

of temperature on the elemental stoichiometry of phytoplank-
ton (Toseland et al. 2013; Yvon-Durocher et al. 2015, 2017),
but the subject is far from settled given the high variability
observed across studies (Table S3). Since the impact of N
sources on the elemental ratios of C. gelidus was relatively mild
across the range of environmentally relevant temperatures
considered here (Table 2), the data obtained for all N source at
a given temperature were pooled prior to investigating temper-
ature effects (Figs. S5, S6).

Several different patterns are observed in the literature
regarding the effect of temperature on molar C : N ratios
(Fig. S5A). In our study, the C : N ratio of C. gelidus remained
relatively stable between 0�C and 6�C (~ 7.5 mol C mol�1 N;
Fig. S5A) since QV

C and QV
N increased in concert (Fig. S6A,B).

This trend contrasts with the results of Montagnes and Frank-
lin (2001), who found no clear effect of temperature on either
QV

C or QV
N in a host of temperate phytoplankton species grown

under moderate irradiance below Topt. Between 6�C and 9�C,
however, C : N increased by 19% due to a large decrease in QV

N

(�25%) relative to QV
C (�11%) (Fig. S5A, S6A,B). This is often

attributed to heat stress and the detrimental effect it can have
on growth rate by impairing enzyme function and the pro-
teins involved in photosynthesis (e.g., Grimaud et al. 2017).

The rise in N : P and C : P ratios from relatively constant
values in the 0–3�C range to strong maxima at 6�C (Fig. S5B,
C) is consistent with the “temperature-dependent physiology”
hypothesis (Toseland et al. 2013; Yvon-Durocher et al. 2015)
However, our results suggest that there are boundaries to the
window of temperatures over which this hypothesis is valid.
While Yvon-Durocher et al. (2017) tested only two tempera-
tures corresponding to “ambient” and “warmer” conditions,
we show here that the positive effect of temperature on N : P
and C : P was manifest only at 6�C (i.e., the temperature treat-
ment immediately preceding the estimated Topt) since at 9�C
the two ratios decreased to values that were close to those
observed at 0�C and/or 3�C (Fig. S5B,C). The peak at 6�C was
driven by concomitant elevations in QV

N and QV
C with no clear

trend in QV
P (Fig. S6A–C), which might be due to an increase

of the rate of P-rich ribosomes translation into N-rich proteins
(Toseland et al. 2013). Our results imply that temperature
effects on N : P and C : P ratios are mostly driven by changing
C and N content and that the sign and magnitude of this
change depend on where the experimental temperatures fall
with respect to Topt. This reasoning implies that the positive
effect of temperature on N : P and C : P ratios should be
greatest at Topt, which would be worth testing in future
studies.

While the observed increase in molar Si : C and Si : N ratios
over the experimental temperature range used here is consis-
tent with the literature (Fig. S5D,E; Table S3) mechanisms
underlying those variations differ in C. gelidus. In our study,
the change in Si : C and Si : N ratios was mostly explained by

a differential increase in QV
Si instead of QV

C or QV
N (Fig. S6A,B,

D). Several previous studies proposed that both polar and tem-
perate diatoms build thicker frustules when their growth is
limited by temperature and consequently exhibit elevated Si
quotas (Paasche 1980; Stapleford and Smith 1996; Sheehan
et al. 2020). By contrast, we observed that both QV

Si and cellu-
lar Si per cell surface (i.e., proxy of the degree of silicification
of the cell wall; e.g., Paasche 1980) showed a positive linear
increase with increasing temperature (Fig. S7), indicating that
the frustule of C. gelidus thickened with warming. Although
the same pattern was also observed for the southern diatom
Pseudo-nitzschia subcurvata (Zhu et al. 2017), the reasons for
this unexpected observation remain to be explored.

Implications for the current and future Arctic pelagic
ecosystem

The current geographical distribution of C. gelidus has not
been comprehensively established but available studies report
high abundances in the Beaufort Sea, Baffin Bay, Davis Strait,
and the Barents Sea. Molecular work has confirmed that the
strains isolated from the Beaufort Sea and Barents Sea are
genetically distinct from their temperate cousin C. socialis
(Chamnansinp et al. 2013). Our data on the Topt and thermal
tolerance of C. gelidus imply that it is a cold-adapted, psychro-
philic species. In the Beaufort Sea, C. gelidus is currently suc-
cessful at temperatures that are much lower than its Topt of
8.3�C (Figs. 1A, S2; Schiffrine et al. 2020). Water temperatures
that are close to Topt are only observed in the surface layer
during late summer or in particularly shallow SCMs, whereas
most of the SCM communities where C. gelidus thrives exist at
near-zero temperatures. Collectively, our observations imply
that C. gelidus is perfectly able to handle a considerable
amount of warming that is unlikely to occur at the SCM for
the foreseeable future. Even at 9�C, the growth rate remains
substantially higher than at 0�C or 3�C.

It was recently proposed that nanophytoplankton and
picoeukaryotes, such as Micromonas, will possibly replace diatoms
in a warmer and more stratified future Artic Ocean (Li et al. 2009;
Tremblay et al. 2009). It is highly doubtful, however, that
C. gelidus will be outcompeted by other phytoplankton in the
coastal waters where it currently dominates, since the maximum
specific growth rates of C. gelidus reported here (μopt ranged from
0.46 � 0.02 to 0.65 � 0.07 d�1) are among the highest ever
reported in polar phytoplankton (Table S2). While this expecta-
tion has not been confirmed experimentally, it is compatible
with recent on-deck incubations and laboratory studies in Baffin
Bay, David Strait, and Kongsfjorden, in which C. gelidus along
with Thalassiosira and Micromonas were the major components
of the final phytoplankton assemblages under different tempera-
tures and irradiance regimes (Hoppe et al. 2018).

Nitrogen is the primary liming nutrient over most of the
Arctic Ocean (Tremblay and Gagnon 2009). We showed that
C. gelidus is able to maintain relatively high growth rates on
either NO�

3 or NHþ
4 at 0�C, 6�C, and 9�C, allowing it to be
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successful under a wide range of conditions and nutrient sup-
ply pathways ranging from entirely allochthonous (e.g., NO�

3 )
to regenerative (e.g., NHþ

4 ). It is noteworthy that at intermedi-
ate temperatures near 3�C, which are often observed in the
upper euphotic zone and some particularly shallow SCM in
late summer, C. gelidus has a relatively high potential for
growth on NHþ

4 and a somewhat lesser capacity to grow on
NO�

3 (Fig. 1). For urea above 0�C, this capacity is remarkably
low despite the cell’s ability to potentially accumulate large,
uncharacterized pools of cellular C and N (Fig. 2A,B). This
observation suggests that urea and possibly other sources of
labile dissolved organic N would become less advantageous for
diatoms as warming brings temperatures above those that typ-
ically characterize the SCM in today’s Arctic Ocean.

The high C : N ratios observed at 9�C (Fig. S5A; Table 2) sug-
gest that, per unit of the limiting nutrient, C. gelidus might poten-
tially make a greater contribution to the vertical carbon pump at
higher temperatures. This contribution would be strengthened by
the positive relationship between temperature and the Si : C ratio,
which imparts a greater ballasting effect and potential sinking
rates under warm conditions. Because this relationship is accom-
panied by an increase in Si : N ratio that is primarily driven by
QV

Si (Fig. S6D), warming can be expected to augment the con-
tribution per unit N of C. gelidus to downward opal fluxes.
This result raises the intriguing possibility that a warmer Arctic
Ocean might retain a greater fraction of the silicate that tran-
sits from the Bering Sea to the Northwest Atlantic across the
Pacific-influenced sector of the Arctic. The excess phosphate
that follows the same pathway might also be reduced should
warming eventually reach 6�C and enable the peak N : P ratio
observed for C. gelidus at this temperature. At any other tem-
perature, however, the N : P ratios of C. gelidus remain rela-
tively low and typical of diatoms in general (Fig. S5B).
Another intriguing hypothesis to test on other Arctic species is
that the low N : P ratios obtained for diatoms in culture may
only be valid for cells growing at temperatures below or above
their Topt. Finally, the relatively high C : N, Si : N, and Si : C
ratios observed at high temperatures (Fig. S5A,C,D) suggest
that the impact of C. gelidus on biogeochemistry is possibly
different in the Barents Sea than in the Pacific-influenced sec-
tor of the Arctic Ocean. The highest Si : N ratios observed here
also fall above prebloom silicate : nitrate ratios in the Barents
Sea (ca. 0.47; e.g., Tremblay et al. 2015), which suggests that
the growth and/or silification of C. gelidus likely experiences Si
shortage in this sector of the Arctic Ocean. Low concentra-
tions of dissolved iron in these waters and the adjacent Nan-
sen Basin (e.g., Rijkenberg et al. 2018) possibly exacerbates Si
shortage by increasing diatom demand for this nutrient
(e.g., Meyerink et al. 2017).

Conclusions
This study is the first to show the combined effects of

warming and N source on the growth and elemental

stoichiometry of nutrient-replete, light-saturated cells of the
widespread Arctic diatom C. gelidus. While the effects of N
source become manifest as temperature rises and overarching
constraints on C fixation are relaxed, this difference vanishes
at 6�C, where cells using ammonium or nitrate grow equally
well as temperature nears Topt. At temperatures above 0�C,
cells exposed to urea as sole N source have larger C and N
quotas than those growing on either nitrate or ammonium
but are unable to speed their growth at any other temperature
than 6�C, where the growth increment remains relatively
small. While natural phytoplankton communities take up urea
in variable and sometimes high proportions with respect to
other N sources in the Arctic (e.g., Simpson et al. 2013), our
results suggest that doing so above 0�C under continuous light
would be an impediment to growth when nitrate and ammo-
nium are also available. It also suggests that a greater contribu-
tion of urea or other dissolved organic nitrogen sources to the
total bioavailable N pool, which could result from greater vertical
stratification and N recycling and/or the effect of permafrost
thawing in peripheral drainage basins, might impede the growth
of C. gelidus and other diatoms in a warmer Arctic Ocean.

The novel results reported here allow to propose new work-
ing hypotheses concerning the effect of temperature on ele-
mental stoichiometry. Although our results support the
conclusions of recent studies regarding the relationship
between temperature and N : P and C : P ratios (Yvon-
Durocher et al. 2015, 2017), we show that the positive effect
of temperature on N : P and C : P ratios only below Topt in
C. gelidus. Therefore, knowing where experimental tempera-
tures lay with respect to the Topt for a given species appears
crucial for understanding the responses of N : P and C : P
ratios and to make informed predictions about the impact of
warming on particular species or groups of phytoplankton.

Contrary to the notion that specific phytoplankton species
are most successful in regions where mean annual tempera-
tures are close to their Topt (Boyd et al. 2013), it is apparent
that C. gelidus generally thrives at temperatures well below its
Topt. Therefore, we formulate the hypothesis that some Arctic
diatoms, such as C. gelidus, have the flexibility to be successful
at much higher temperatures than those at which they typi-
cally grow and will not be easily outcompeted by temperate
phytoplankton under realistic warming scenarios, especially at
the SCM where stratification largely isolates the cells from sur-
face warming. Finally, obtaining a detailed physiological char-
acterization of ecologically relevant Arctic phytoplankton that
make substantial contributions to surface blooms and subse-
quent primary production at the SCM seems essential to
derive realistic modeling representations of future marine pri-
mary production and biogeochemical fluxes in the Arctic
Ocean.

Data availability statement
The datasets generated for this study are available on

request to the corresponding author.
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