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Abstract The ratio of nitrogen/phosphorus (N/P) is known to affect cell proliferation of some marine
micro algae. We evaluated the effect of N/P ratios on the proliferation and succession of phytoplankton
using five marine micro algae species. We used two sources of nitrogen, NH,CI (N,) and urea (N,), and
a single source of phosphorous, NaH,PO,(P). The optimal N/P ratio that differed among the five species
was affected by the source of nitrogen, being as follows (N,/P, N,/P in order): Thalassiosira sp. (30/1,
20/1), Heterosigma akashiwo (30/1, 30/1), Chroomonas salina (20/1, 30/1), Chaetoceros gracilis (40/1,
60/1), and Alexandrium sp. (10/1, 30/1). Thus, the source of nitrogen must be considered when analyzing
the N/P ratio. Our results provide insight for predicting phytoplankton succession in coastal waters and
may be used to forecast the potential risk of harmful algal blooms.
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1 INTRODUCTION

It is well known that high levels of nitrogen and
phosphorus are closely linked with harmful algae
blooms (HABs) (Smith, 1984; Chen, 1993; Tang
et al., 1993; Shen et al., 1996; Smayda, 2008). The
magnitude of these blooms is influenced by both
the concentration of nitrogen and phosphorus and
the ratio of their occurrence (Antia, 1975; Hodgkiss
and Ho, 1997; Sun et al, 2004). The C:N:P
stoichiometry of phytoplankton varies with growth
rate, nutrient and light limitation, species and phylum
in large parts of the world ocean (Lenton and
Klausmeier, 2007). The use of artificial and/or
natural feeds during the intensive culture of aquatic
organisms can result in rapid changes to the
concentration of nutrients, particularly nitrogen and
phosphorus, in the holding area. Such changes are
likely to affect the proliferation and succession of
phytoplankton in the water. Phytoplankton is an
important part of the ecosystem, both as a source of
natural feed and because of their effects on water
quality (Lu et al., 1996, 1997; Wang et al., 2005).

Redfield (1934; 1958) noted the similarity between
the average nitrogen-to-phosphorus ratio in plankton

(N/P=16 by atoms) and in deep oceanic waters
(N/P=15) (Klausmeier et al., 2004). However,
many classic studies suggest that the N/P atom ratio
can range between 17.4:1 and 5.5:1. For example,
Antia et al. (1963) recorded ratios of between 16.5:1
and 13.5:1 in a study of coastal phytoplankton.
McAllister et al. (1960) reported a ratio of 17:1 for
an ocean micro alga population. Phaeodactylum
tricornutum assimilates nitrogen and phosphorus at
a ratio of 15:1 although this ratio varies if one of the
nutrients becomes limiting. The result of model
study (Klausmeier et al., 2004; 2008) predicts that
optimal N/P ratios will vary from 8.2 to 45.0,
depending on the ecological conditions. And the
canonical Redfield N/P ratio of 16 is not a universal
biochemical optimum, but instead represents an
average of species-specific N/P ratios. Thus, ratios
that deviate from 16:1 may represent a transition
state, whereas over a longer period phytoplankton
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assimilate nitrogen and phosphorus at a ratio of
16:1. When considering nutrient reserves, the effect
on micro algae growth is often of more interest than
the instantaneous relative quantity of these two
elements (Liu, 1982).

Because the assimilation of nitrogen and
phosphorus reflects the Redfield ratio when both
nutrients are abundant, the N/P ratio is often used
as a standard to judge nutrient limitation (Li et al.,
1993; Hong et al., 1994; Xu and Wu, 1995). For
example, Darley (1982) suggested that a higher N/P
ratio (e.g. >30) implied limitation of phosphorus,
and lower N/P ratios (e.g. <5) implied limitation of
nitrogen. Rhee (1978) found that the limiting
nutrient changed temporally in micro algae that were
cultured in a chemostat. N/P ratios of >30 reflected
a limitation of phosphorus whereas ratios <30
reflected a limitation of nitrogen. In addition, a
number of studies in China have suggested that the
N/Pratio is correlated with the rate of cell proliferation
in marine micro algae. The value of cellular N/P that
corresponds to colimitation by N and P, the critical
or optimum ratio, has been used to infer the
competitive advantage of phytoplankton growing
in P-impoverished systems. Increases as residual
concentrations of nutrients increase to saturate
transport kinetics oligotrophic waters require a lower
nutrient N/P to avoid P limitation than do eutrophic
waters (Flynn, 2002; 2010). On the other hand, the
appropriate description of the control of the transport
of the non-limiting nutrient is also important; in
particular, a fixed algal N/P should not be assumed.
And P-limitation may not develop even in high
resource N/P situations due to light limitation (Flynn,
2008, 2010).

The preference for nitrogen and phosphorus varies
among marine micro algae (Clark et al., 2002; Flynn,
2002). For example, dinoflagellates prefer lower
N/P ratios whereas diatoms prefer a higher ratio
(Hu et al., 2008). Thus, N/P ratios may also be used
to study competition among red tide algae and the
succession of phytoplankton. The N/P ratio may also
be used to predict algal blooms and the associated
risk. Wen et al. (2009a) constructed a relational
model of the N/P ratio and of the time to HAB
outbreak based on the growth velocity and cell
density of micro algae. The danger levels were also
set in this model for predicting and analyzing the
magnitude of the HAB.

Despite the experimental evidence, it is often
difficult to quantify nutrient limitation based on a
fixed N/Pratio due to the complexity of phytoplankton
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community structure and the variation in N/P ratio
optima among the different species of micro algae.
In some instances, the N/P ratio reflects nitrogen
limitation, however, the pattern of fluctuation of
nitrogen and phosphorus suggests that phosphorus is
often more directly limiting. This may be due to the
replacement velocity of these two elements in water
(Hong et al., 1993). Sun et al. (2004) concluded
that most statistical analyses ignored the differences
in the nutrient demands of micro algae during their
growth period. However, these differences shape the
outcome of competition among micro algae and
maintain the basis of biodiversity.

We evaluated the effect of N/P ratios and nitrogen
compounds on the cell proliferation of five marine
micro algae. Our results may be used to predict the
succession of phytoplankton in both natural and
intensive culture settings.

2 MATERIAL AND METHOD
2.1 Algal species and culture conditions

We used the following strains of marine micro
algae: Chaetoceros gracilis, Heterosigma akashiwo,
Thalassiosira sp., Alexandrium sp., and Chroomonas
salina. Thalassiosira sp. were purchased from the
Institute of Oceanology, Chinese Academy of
Sciences. The remaining species were obtained from
the Ocean University of China.

The micro algae were cultured in /2 culture
medium with the addition of sodium silicate for the
diatom species (Chen, 1995). The laboratory
temperature was controlled using air-conditioning.
The water temperature was maintained at
22+1°C; pH 7.8-8.2; salinity 29-30; illumination
34-40 pumol photons/(m?s); and the photoperiod was
14 h:10 h (light: dark). The experimental instruments
and drugs were sterilized following standard methods
(Chen, 1995).

We used sea water from the coastal area of
Qingdao. The concentrations of nitrogen and
phosphorus in the sea water were reduced using
bio-methods (Li et al., 1998). The sea water was
precipitated, filtered, and boiled then stored in glass
bottles. Water that was stored for a long period of
time was re-boiled prior to the experiment.

2.2 Experimental design

We used two nitrogen compounds, ammonium
chloride (NH,CI) and urea (CO(NH,),), and a
single form of phosphorus NaH,PO,. The initial
concentrations of these nutrients in each batch
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Table 1 Initial concentrations of nutrients in each

experiment
Levels
Nutrient salt Note
1 2 3 4 5
N (pmol/L) 5 50 100 150 250  Thalassiosira

50 100 200 300 400 Other algae

P (pmol/L) 0.5 1 5 10 15 All algae

culture are listed in Table 1.The concentrations
were calculated based on the number of nitrogen
or phosphorus atoms. We tested five concentrations
of each nutrient, however, the initial concentrations
of nitrogen differed for the five micro algae species
and were based on preliminary tests and previously
published reports. We used an orthogonal experimental
table L,5(5°) to study the effects of nitrogen,
phosphorus, and the interaction among these two
elements. Nitrogen was laid in the first column of
the orthogonal layout and phosphorus was laid in
column 2. The remaining four columns were used to
analyze their interaction. There were twenty-five
controls in each experiment and two repetitions for
each control.

We cultured the micro alga to the logarithmic
phase in modified f/2 culture medium that contained
no nitrogen and phosphorus. After 5 d culture, we
transferred the appropriate amount of micro alga
into a 5 Ltriangular flask and added f/2 culture
media (without nitrogen and phosphorus). The
mixture was then shaken gently to a uniform density
and 100 mL was removed and placed in a 250 mL
triangular flask. The nitrogen (NH,CI or urea) and
phosphorus were transferred from their original
solutions to the 250 mL triangular flask to serve as
the control in the orthogonal layout (two repetitions
for each control). The mixtures were then gently
shaken prior to the start of the experiment.

The densities of the micro algae were counted
microscopically every 2 dusing a blood counting
chamber. The experiments were conducted over
~15 duntil the growth of the micro algae grew
reached the stationary phase. The flasks were shaken
twice each day during the early experimental period.
The frequency of shaking increased as the density
increased during the experiment. The experimental
conditions were similar to the culture conditions.
The growth velocities (u) of micro algae were
calculated using the follow formula:

u = (IgN, = 1gNo)/(1 x 12)

where ¢ represents the number of days, N, represents
the density at ¢, and N, represents the initial
density.

3 RESULT AND DISCUSSION
3.1 Optimal N/P ratios

The growth curves of micro algae were consistent
with the growth mode of batch culture. Nitrogen and
phosphorus had significant effects on the proliferation
of all five micro algae species, and interaction
existed between the nitrogen and phosphorus. The
optimal N/P ratios are listed in Table 2. In addition,
the optimal ratios derived from other studies are
provided for comparison.

The majority of the optimal N/P ratios differed
from the Redfield ratio (16:1) and covered a broad
range, from 4:1 to 160:1. In general, the ratios
derived in our study were somewhat higher than
those in previous studies. These differences likely
reflect the contribution of many factors, including
both intrinsic and extrinsic. Regardless, our results
may be divided into two key findings: 1) the optimal
N/P ratio is species specific. Thus, a single ratio
cannot be used to assess all micro algae species.
Furthermore, nutrient limitation cannot be assessed
using a single N/P ratio (Flynn, 2008). 2) The optimal
N/P ratio is dependant on the form of nitrogen, a fact
that has largely been overlooked. Thus, the Redfield
ratio may only reflect a general state or the ultimate
result of biochemical reactions. The ability to
transform and utilize nitrogen varies among micro
algae resulting in differences in algal demands for
N/P ratio in coastal waters (Zhang and Zou, 1997,
Atsushi, 1999; Zhang et al., 2002).

3.2 Relationship between micro algae species,
nitrogen compounds, and the N/P ratio

The relationship between the N/P ratio, the species
of micro algae, and the different nitrogen compounds
is illustrated in Fig.1.

Pyrrophyta and Bacillariophyta species are the
primary contributors to HABs in coastal waters, so
are represented more often in the data than other
species. Pyrrophyta species typically preferred lower
N/P ratios (<20:1) whereas Bacillariophyta species
preferred a higher N/P ratio (>20:1). The optimal
N/P ratios of the remaining micro algae were
generally between 16:1 and 30:1. These ratios are
consistent with previous studies (Chen, 1990). In
situ surveys have revealed fluctuations in the N/P
ratio that affect phytoplankton density and succession
(Hong et al., 1993; Tang et al., 1993). Thus, we may
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Algae species

Phaeocystis globosa
Alexandrium catenella
Ceratium furca

Gonyaulax polygramma
Gymnodinium nagasakiense
Noctiluca scintillans
Prorocentrum dentatum
Prorocentrum minimum
Prorocentrum sigmoides
Prorocentrum triestinum
Scrippsiella trochoidea
Skeletonema costatum
Phaeocystis globosa
Pseudo-nitzschia pungens
Prorocentrum donghaiense
Heterosigma akashiwo
Gymnodinium sp.
Thalassiosira pseudonana
Chlorella pyrenoidosa
Cryptomonaserosa
Niztzschia closterium
nnichloropsis oculata
Isochrysis galbana
Skeletonema costatum
Prorocentrum donghaiense
Prorocentrum donghaiense
Prorocentrum donghaiense
Cylindrotheca closterium
Karenia mikimotoi
Platymonas helgolandica
Skeletonema costatum
Isochrysis sp.

Isochrysis sp.
Alexandrium sp.
Alexandrium sp.
Chaetoceros gracilis
Chaetoceros gracilis
Chroomonas salina
Chroomonas salina
Heterosigma akashiwo
Heterosigma akashiwo
Thalassiosira sp.

Thalassiosira sp.

*DN: dissolved nitrogen
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N/P ratio
11:1, 33:1
15-30:1
12-22:1
4-8:1
11-16:1
8-14:1
6-13:1
4-13:1
4-15:1
8-15:1
6-13:1
15-30:1
30:1
10:1
30:1, 40:1
25:1, 50:1
6:1
16:1
24:1
24:1
24:1
24:1
16:1
16:1
12:1
8:1
16:1
160:1
80:1
4:1
31.7:1, 37.4:1
15:1
50:1
10:1
30:1
40:1
60:1
20:1
30:1
30:1
30:1
20:1
30:1

Nitrogen source*
NO,
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
NO,
NO,
NO,
NO,
NO,
NO,
NH,NO,
NH,NO;
NH,NO,
NH,NO,
NO,
NO,
NO,
NH,C1
Urea
NO,
NO,
NO,
NO,
NH,
Urea
NH,
Urea
NH,
Urea
NH,
Urea
NH,
Urea
Urea

NH,

Table 2 Optimal ratio of N to P for marine micro algae proliferation

Reference

Cai et al., 2009
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hodgkiss and Ho, 1997
Hu et al., 2008

Hu et al., 2008

Hu et al., 2008; Zhou, 2009
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Jiang et al., 2006; Zhou, 2009

Kang et al., 2006
Kang et al., 2006
Liang et al., 2008
Liang et al., 2008
Liang et al., 2008
Liang et al., 2008
Liu et al., 2002a
Liu et al., 2002b
Li et al., 2006

Lii et al., 2006
Lii et al., 2006; Zhou, 2009
Sun et al., 2004
Sun et al., 2004
Sun et al., 2004
Wen et al., 2009b
Zhang et al., 2002
Zhang et al., 2002
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Nitrogen forms
Z
IS
O

Pyr Cry Chr Chl Xan
Algal taxa

Fig.1 Relationship analysis of algae, nitrogen forms, and
N/P ratios

Pyr: Pyrrophyta; Cry: Cryptophyta; Chr: Chrysophyta; Chl: Chlorophyta;

Xan: Xanthophyta; and Bac: Bacillariophyta. DN: dissolved nitrogen.

The diameter of the circle represents the magnitude of the N/P ratio

be able to predict bloom types and risk levels using
real time monitoring of nitrogen and phosphorus.

The majority of previous studies have used nitrate
nitrogen. We found that the form of nitrogen had a
significant effect on the optimal ratio of N/P. The
N/P ratios were low when using ammonium chloride
or dissolved nitrogen but high when using organic
nitrogen. This difference was especially obvious
among the Cryptophyta, Chrysophyta, and
Bacillariophyta species. We hypothesize that this is
due to differences in the ability of each species to
assimilate the varying forms of nitrogen. The optimal
N/P ratios for NH,NO; were typically intermediate
between those for NO; and NH,.

Several studies have shown that ammonia nitrogen
is most suitable for micro algae proliferation as it
requires less energy for assimilation. Conversely,
organic nitrogen must be transformed before it
can be even be assimilated by some micro algae
(McCarthy, 1972; Chen, 1987; Bricelj and Lonsdale,
1997). This is consistent with our analysis of the
relationship between the different forms of nitrogen
and the optimal N/P ratio. The N/P ratios were
typically higher for urea than for ammonium chloride
suggesting that these algae were less able to
assimilate urea. In contrast, little is known about the
influence of different forms of phosphorus on marine
micro algae proliferation. We did not investigate this
in the current study; however, in a previous study
the phosphorus source had a significant effect on the
optimal N/P ratio for cyanobacteria in fresh water.
Thus, the sources of nitrogen and phosphorus must
be paid noted when analyzing the N/P ratios.

A number of studies support the hypothesis that
ammonia nitrogen is more easily assimilated by
phytoplankton than other forms of nitrogen. However,
the actual utilization of ammonia is affected by
environmental factors (Hong et al., 1992; Li et al.,
1993; Qi et al., 1993; Jiao, 1995; Zhang and Zou,
1997). After surveying the proportion of inorganic
nitrogen in the water during the red tide period,
Hong et al. (1993) concluded that the red tide
phytoplankton were relying primarily on nitrate
nitrogen for their proliferation. Interestingly, Lin
(1988) reported that although micro algae used
ammonia nitrogen during the summer, nitrate
nitrogen was more important during the spring.
These fluctuations in the availability of nitrogen
compounds in situ are almost certain to have affected
previous analyses of optimal N/P ratios. Thus, it is
imperative that attention be paid to measuring the
ratio of the different forms of nitrogen, not just total
nitrogen and phosphorus.

3.3 Use of the N/P ratio

Our study results and the Redfield ratio are not
necessarily in conflict. The former represents the
results of surveys of the water environment whereas
the latter represents the cell components. Many
authors have agreed that, over a long period,
phytoplankton assimilate nitrogen and phosphorus
at a ratio that is close to 16:1. Deviation from this
ratio in coastal waters indicates nitrogen limitation
or phosphorus limitation. Hodgkiss and Ho (1997)
reported that the effects of nutrient ratios (e.g. N/P
and N/Si) were much higher than that of Liebig’s
law of minimum, particularly for algal selection.
Hence, many researchers use the N/P ratio to analyze
the nutrient limitation or predict the occurrence of
HABs. Given this, we did not expect that the standard
used to judge nutrient limitation would be equal to
the Redfield ratio.

Our results suggest that the N/P ratio may be used
for predicting algal succession based on differences
in the optimal N/P ratio among micro algae species.
Despite the influence of N/P ratios on the occurrence
of HABs, the influence of multiple factors means
that it is likely not practical to prevent their
occurrence by artificially manipulating the ratio of
N/P. For example, Hu et al. (2008) reported that N/P
ratios may only be used to judge nutrient limitation
in certain environmental conditions. The influence
of the N/P ratio was lower than that of the different
salts and was also affected by a range of other
factors. Furthermore, manipulating the N/P ratio
of coastal waters by adding nitrogen or phosphorus
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is likely to increase water pollution and it is
not currently economical to remove nitrogen or
phosphorus from such large areas.

4 CONCLUSION

1) The optimal N/P ratio ranged from 10:1 to
60:1 and was dependent on the species and form
of nitrogen. Thus, monitoring programs for
phytoplankton abundance should also account for
the different forms of nitrogen when measuring total
nitrogen concentrations.

2) In general, Pyrrophyta species preferred lower
N/P ratios (<20:1) whereas Bacillariophyta species
preferred higher N/P ratio (>20:1). The optimal N/P
ratios of the remaining micro algae species generally
ranged between 16:1 and 30:1. The optimal N/P
ratio was lowest for ammonium chloride or dissolved
nitrogen and highest for organic nitrogen. This may
reflect the ability of these algae species to assimilate
the different forms of nitrogen. The factors affecting
assimilation and the differences among a wider range
of species deserves further attention.

3) N/P ratios are useful for predicting algal
succession and may be used. We hypothesize that it
may be possible to control succession by controlling
the input of nitrogen and phosphorous in closed or
semi-closed culture systems, thus promoting the
proliferation of advantageous algae while inhibiting
disadvantageous algae.
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