
INTRODUCTION

Primary producers are the indispensable compo-
nent in food webs. In aquatic systems like lakes,
phytoplankton support other organisms such as
zooplankton and fish on upper trophic levels.
Thus, the nutritional quality of the basal compo-
nent can affect ways of interaction in food webs. In
the present paper, we report the spatial and tem-
poral abundance of phytoplankton in a large, olig-
otrophic lake, Lake Baikal located in Siberia,
Russia. In addition, we report ratios of chemical
elements (carbon, nitrogen and phosphorus) of
phytoplankton.

Lake Baikal is one of the most attractive lakes
in the world for scientists including ecologists.

According to Kozhov (1963), it is the deepest
(1637 m) and the oldest (20 million years) lake in
the world, and contains as much as 20% of the
world’s fresh water (23 000 km3). Even in the
trend of eutrophication in the world’s large lakes,
Lake Baikal remains oligotrophic, where a value of
40.2 m of Secchi disk reading was recorded
(Shostakovich 1924); human impact is still small.
In addition to its physical characteristics, Lake
Baikal is biologically diverse and unique: there are
2565 animal species (64% of them are endemic)
and about 1000 plant species (Timoshkin 1997).

Lake Baikal is particularly well suited to evalu-
ate the applicability of concepts derived from
marine studies because of its large dimensions and
oligotrophy. The importance of nitrogen and phos-
phorus, which potentially regulate phytoplankton
abundance, has been highlighted by the oceanic
work of Redfield (1958). In lakes, ratios between
particulate carbon (PC), particulate nitrogen (PN)
and particulate phosphorus (PP) have been estab-
lished as a good tool for evaluating the nutritional
status of phytoplankton (e.g. Healey & Hendzel
1980; Tezuka 1985; Aizaki & Otsuki 1987;
Nakanishi et al. 1990). Nutritional characteristics
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of Lake Baikal phytoplankton from a viewpoint 
of the ratios between PC, PN and PP have not 
been characterized, although the spatiotemporal
variability of phytoplankton abundance has been
described (e.g. Kozhova 1987; Bondarenko et al.
1996; Goldman et al. 1996).

The present study was undertaken to estimate
the spatial and temporal changes in the abundance
and the nutritional status of phytoplankton in the
south basin of Lake Baikal on the basis of PC, PN
and PP. The spatial change here is classified into
two dimensions: different sampling stations (hori-
zontal change) and depths (vertical change). We set
up sampling stations on a transect that lay from
the mouth of the Selenga River (east site), the
largest inflow, to the opposite shore (west site) 
(see Fig. 1). The temporal change corresponds to
the seasonal one. A previous study indicated that
Lake Baikal displayed a noticeable dominance of
algal picoplankton in abundance during summer
(Nagata et al. 1994). We also fractionated par-
ticulate matter into three sizes to determine the
seasonal change in the size-dependent distribution 
of phytoplankton at the middle station on the
transect.

METHODS

Surveys were conducted on 20 March, 12–13 June,
22–23 August and 21–22 October 1999 at six 
stations in the south basin (Fig. 1). Taking into
account the effect of nutrient inflow from Selenga
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River in ice-out seasons (i.e. June, August and
October), five of the six stations were arranged on
a transect called ‘Krasny Yar–Kharauz’ from the
west site to the east side (the Selenga mouth): Stn
1 (52°25¢N, 105°53¢E; ca 120 m deep), Stn 2
(52°23¢N, 105°60¢E; 690 m), Stn 3 (52°20¢N,
106°05¢E; 270 m), Stn 4 (52°19¢N, 106°09¢E; 65
m), and Stn 5 (52°18¢N, 106°15¢E; 15 m). In ice-
up season (i.e. March), we set up Stn 6 (5 km off
Listvyanka; 51°48¢N, 104°55¢E; 1430 m deep) as
a sampling station because of the difficulty in
moving to the transect. Sampling depths were in
principle 0, 5, 10, 25, 50, 100 and 250 m. Verti-
cal changes in water temperature were measured
with a conductivity, temperature and depth (CTD)
probe (SBE-25; SeaBird Electrons Sealogger
(SeaBird Electronics, Bellevue, WA, USA). Using
the vertical profile of water temperature, the water
column was divided into the epilimnion and the
hypolimnion: the boundary of the two layers was
determined at the depth where the vertical change
of water temperature was maximum. To determine
the euphotic zone (from the surface to the 1%-
depth of the surface light intensity), underwater
light attenuation was measured with a quantame-
ter (LICOR LI-1000; LICOR, Lincoln, NB, USA).
Water samples for determining the concentrations
of PC, PN and PP were collected vertically at 
each station using a 10-L Niskin water sampler
(General Oceanics, Miami, FL, USA). To remove
mesozooplankton, all the water samples were fil-
tered through a 200-mm mesh-size hand net. At
Stns 3 and 6, water samples were divided into
three fractions according to the size of particulate
matter: <200 mm, sieved through a 200-mm 
mesh-size hand net in which micro-, nano- and
picoplankton were supposed to be present; <20
mm, sieved through a 20-mm mesh-size hand net
in which nano- and picoplankton were pre-
sent; <2 mm, sieved through a 2-mm mesh-size 
Nuclepore membrane filter (Corning Coster, Cam-
bridge, MA, USA) in which picoplankton were
present. Thus, we obtained the concentration of
particulate matter (PM) in the microplankton
(20–200 mm) fraction by [PM < 200 mm] – [PM <
20 mm]; [PM in the nanoplankton (2–20 mm) frac-
tion] = [PM < 20 mm] – [PM < 2 mm]; [PM in the
picoplankton fraction (<2 mm) fraction] = [PM
< 2 mm].

Particulate cabon, PN and PP were collected 
on Whatman GF/F glass fiber filters (Whatman

Fig. 1. Lake Baikal and sampling stations (Stn).



International, Maidstone, England, UK) pre-
ignited at 450°C for 2 h. The PC and PN were mea-
sured with a carbon, hydrogen, nitrogen (CHN)
analyzer (Perkin Elmer 2400 II; Perkin Elmer ,
Norwalk, CT, USA) and PP was measured by the
modified method of Menzel and Corwin (1965).

RESULTS

The PC, PN and PP concentrations <200 mm were
always high at Stn 5 (Fig. 2). The concentrations
were not so different among Stns 1–3 (only data at
Stn 3 are shown in Fig. 2). The concentrations at

Stn 4 had a tendency to take intermediate values
of these at Stn 3 and Stn 5. Vertical profiles of 
PC, PN and PP at open waters (Stns 3 and 6) 
well reflected the thermal regime. In March, when
reverse thermal stratification was established, 
the concentrations of PC, PN and PP displayed
maxima below the surface (the surface of the water
was defined as the bottom surface of the ice); in
June, when the water was well mixed so that the
vertical distribution of water temperature was
uniform, the concentrations also displayed uniform
patterns; in August and October, when thermal
stratification was established, the concentrations
were higher in the epilimnion.

Nutritional diagnosis in Lake Baikal 137

Fig. 2. Seasonal changes in
the vertical profiles of partic-
ulate (a) carbon, (b) nitrogen
and (c) phosphorus concentra-
tions. In March, data at station
(Stn) 6 (�) are shown; in June,
August and October, data at
Stn 3 (�), Stn 4 (�) and Stn
5 (�) are shown. Vertical pro-
files of water temperature at
Stn 6 in March and at Stn 3 in
the other months are expressed
by broken lines.
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The average concentrations of PC, PN and PP
in each fraction (<2 mm = picoplankton fraction,
2–20 mm = nanoplankton, 20–200 mm = micro-
plankton) in the epilimnion (except for June) are
shown in Fig. 3. In the mixing period of June, we
regarded the layer of 0–250 m deep as the epil-
imnion because there was no remarkable change in
water temperature. The pico- and nanoplankton
fractions were dominant and the microplankton
fraction was least abundant in terms of PC, PN and
PP except for June. Comparing PC, PN and PP
between the picoplankton and nanoplankton frac-
tions, the picoplankton fraction was noticeably
high in PP.

The ratios (by atoms) between PC, PN and PP
<200 mm in the water collected were calculated
using a simple linear regression through the origin
(PC : PN, slope = 7.8, R2 = 0.99, P < 0.001, n =
82; PC : PP, slope = 102.3, R2 = 0.94, P < 0.001,
n = 82; PN : PP, slope = 13.1, R2 = 0.94, P <
0.001, n = 82; Fig. 4). The seasonal changes in the
ratios between PC, PN and PP at Stns 3–5 are
shown in Fig. 5. Taking into consideration effects
of photosynthetic growth of phytoplankton on the
ratios between PC, PN and PP, we divided the
water column into the euphotic and aphotic zones
(£250 m). There were no noticeable differences 
in the ratios between seasons, stations, nor
euphotic–aphotic zones. The ratios between PC :
PN, PC : PP and PN : PP of each fraction fitted
well on the Redfield ratio, although there was a
tendency that the PC : PP and PN : PP ratios in
the picoplankton fraction were lower than in other
fractions (Fig. 6). One-way anova revealed that
there were significant differences both in the PC :
PP (F2,47 = 3.645, P = 0.034) and PN : PP (F2,42 =
4.847, P = 0.013) ratios between the pico- and
microplankton fractions (P < 0.05 by Student–
Newman–Keuls’ tests).

DISCUSSION

We measured concentrations of, and ratios be-
tween, PC, PN and PP as a tool for nutritional
diagnosis of phytoplankton. However, particulate
matter is mainly composed of ciliates, nanoflagel-
lates, bacteria and detritus, as well as phytoplank-
ton. In the microplankton fraction (20–200 mm),
the ciliate biomass was greater than the algal

(a)

(b)

(c)

Fig. 3. Size-dependent distribution of the average
biomass expressed as: (a) particulate carbon (PC); (b)
particulate nitrogen (PN); and (c) particulate phospho-
rus (PP) in the epilimnion. The data in March were col-
lected at station (Stn) 6 and the others at Stn 3. (�),
Microplankton; (�), nanoplankton; (�), picoplankton.



biomass; in the nanoplankton fraction (2–20 mm),
the algal biomass exceeded the nanoflagellates; in
the picoplankton fraction (<2 mm), the bacterial
biomass took a similar level to the algal one 
(T. Sekino, pers. comm., 1999). Because more 
than 80% of the ciliates were mixotrophs (L. A.
Obolkina, unpubl. data, 1999), we viewed the cil-
iates as autotrophic algae here. Although we do not
have direct evidence, considerable amounts of bac-
teria did not seem to be collected on the filters
(Whatman GF/F). For these reasons, it was con-
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(a)

(b)

(c)

Fig. 4. PC : PN, PC : PP and PN : PP ratios of phy-
toplankton <200 mm. Plotted data were gathered
together from all seasons, stations and depths. Solid lines
were fitted by a simple linear regression. Broken lines
represent the Redfield ratio. PC, particulate carbon; PN,
particulate nitrogen; PP, particulate phosphorus.
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sidered that the particulate matter of each fraction
well reflected the algal biomass.

There was a difference in PC, PN and PP con-
centrations between Stns 3–5, but little difference
between Stns 1–3 (Fig. 2). This implies that the
Selenga River had a gradual effect from its mouth
(Stn 5) towards the off-shore, but the effect almost
disappeared in the deep area (Stns 1–3). In another
ancient lake, Lake Biwa, central Japan, the con-
centrations of PC, PN and PP during the most
productive periods in its mesotrophic north basin
are 50 mmol C l-1, 7.1 mmol N l-1 and 0.2 mmol
P l-1, respectively (Tezuka 1985). The maximum
concentrations of PC (48 mmol C l-1) and PN
(5.5 mmol N l-1) at Stn 5 in Lake Baikal were lower,
whereas that of PP (0.4 mmol P l-1) was higher than
those in the north basin of Lake Biwa. However,
these concentrations at Stn 5 were lower than the
average, except for PP (PC ~70 mmol l-1, PN ~
9.6 mmol l-1, PP ~0.4 mmol l-1) in the eutrophic
south basin of Lake Biwa (Nakanishi et al. 1990).
At Stn 3 during the thermal stratification period
(August and October), the PC and PN concentra-
tions were lower than those in the north basin of
Lake Biwa, whereas the PP concentrations were
similar to those in the north basin of Lake Biwa.
These data suggest that the concentrations of par-
ticulate matter in the south basin of Lake Baikal
displayed oligotrophic to mesotrophic levels dep-
ending on the area.

In spite of wide variation in the PC, PN and PP
concentrations, these ratios all showed relatively
constant relationships, independent of season,
station, and depth (Figs 4,5). This suggests that
the ratios between PC, PN and PP of phytoplank-
ton in Lake Baikal are temporally and spatially
stable. The average PC : PN : PP ratio (by atoms)
in Lake Baikal was 102 : 13 : 1. This ratio is close
to the representative ratio in the oceans (Redfield
ratio, 106 : 16 : 1). Certainly, the ratio in oceanic
waters varies somewhat. Ranges of 75 : 1–150 : 1

(a)

(b)

(c)

Fig. 6. PC : PN, PC : PP and PN : PP ratios of each
fraction (�, picoplankton; �+ ; nanoplankton; �,
microplankton) at station 3 (including all seasons and
depths). Broken lines represent the Redfield ratio. PC,
particulate carbon; PN, particulate nitrogen; PP, par-
ticulate phosphorus.

�



for the PC : PP ratio and 10 : 1–20 : 1 for the 
PN : PP ratio are still consistent with the concept
of uniform chemical composition (Goldman et al.
1979). The ratio in Lake Baikal fits within the
ranges. On the other hand, ratios in some ancient
lakes are different from the Redfield ratio; PC : PN
: PP = 150 : 18 : 1 in Lake Victoria and 243 : 19 : 1
in Lake Malawi (Guildford & Hecky 2000); and
217 : 30 : 1 in the north basin of Lake Biwa (Tezuka
1985). The lower ratio of PC : PN : PP in Lake
Baikal than the three lakes mentioned above is
attributed to the high concentration of PP com-
pared with PC and PN. Good accordance with the
Redfield ratio in Lake Baikal conforms to the
report by Hecky et al. (1993) that N and P defi-
ciency is less likely in arctic and subarctic lakes
than in temperate and tropical lakes. They also
reported that N and P deficiency is more likely to
occur in smaller lakes. Dominance of small-sized
phytoplankton (<20 mm) again suggests that Lake
Baikal is an oligotrophic lake on the basis of a the-
oretical prediction that smaller, more vulnerable
algae to herbivores are likely to dominate in
systems with low degrees of enrichment (e.g.
Phillips 1974; Vance 1978; Leibold 1989, 1996).

In conclusion, Lake Baikal is relatively poor in
nutrient concentrations, so called an oligotrophic
lake, but the nutrients are stably balanced from a
viewpoint of the ratios of chemical composition in
phytoplankton. The characteristic of the ratios
between PC, PN and PP in Lake Baikal displays
that of oceans rather than lakes. Such a nearly ideal
ratio between PC, PN and PP in phytoplankton
may play an important role in matter cycling
through food webs.
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