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Abstract We measured primary production by phytoplank-
ton in the south basin of Lake Baikal, Russia, by in situ Bc-
bicarbonate incubations within the period March—October
in two consecutive years (1999 and 2000). Primary pro-
duction was highest in the subsurface layer, possibly due
to near-surface photoinhibition of photosynthesis, even
under 0.8m of ice cover in March. Areal primary pro-
duction varied from 79mgCm *day ' (March) to 424 mg
Cm *day ' (August), and annual primary production was
roughly estimated as 75gCm “year ', both of which are
within the lower range of previous estimates. Size fraction-
ation measurements revealed that phytoplankton in the
<20um fraction accounted for 72%, 96%, and 85% of total
primary production in March, August, and October, respec-
tively. The contribution of picophytoplankton (<2um) to
total primary production ranged from 41% to 62%. A large
fraction (82%-98%) of particulate organic carbon was asso-
ciated with particles in the <20um fraction. These results
suggest that nano- and picophytoplankton play an impor-
tant role as primary producers in the pelagic ecosystem of
Lake Baikal.
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Introduction

Studies on primary production by phytoplankton are essen-
tial for understanding energy and material flows in pelagic
ecosystems. In Lake Baikal, the world’s deepest freshwater
lake, located in the great Baikal Rift of eastern Siberia,
seasonal changes in phytoplankton biomass and composi-
tion have received much attention (e.g., Kozhova 1987,
Bondarenko et al. 1996; Goldman et al. 1996). These studies
have revealed clear seasonal patterns in the dynamics of
phytoplankton, which are characterized by a periodical
bloom of diatoms and/or dinoflagellates under the condi-
tion of ice cover in early spring (Antipova 1963; Kozhova
1987) and by a massive propagation of picocyanobacteria in
summer (e.g., Bondarenko and Guselnikova 1989b; Boraas
et al. 1991; Nagata et al. 1994). Primary production of phy-
toplankton has been measured since the 1960s by the use of
oxygen change and "“C-tracer methods (Moskalenko and
Votintsev 1972; Votintsev et al. 1975; Bul’on 1983; Kozhova
1987; Bondarenko and Guselnikova 1989a; Back et al. 1991;
Goldman et al. 1996). Based on particular previous data on
primary production and estimates of deep water renewal
and oxygen consumption, Weiss et al. (1991) suggested that
the pelagic ecosystem of Lake Baikal resembles that of
oligotrophic open oceans, characterized by intensive recy-
cling of nutrients within the upper water column (Eppley
and Peterson 1979). However, previous production esti-
mates that adopted different methods varied substantially.
The last published results on primary production go back to
the beginning of the 1990s (Goldman et al. 1996), and pri-
mary production was not measured over the last decade.
Moreover, size-fractionated measurement has rarely been
performed, although such information has fruitful implica-
tions for the food web structure and biogeochemical fate of
primary production.
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This paper reports our modern measurements of primary
production in the pelagic area of the south basin of Lake
Baikal. Our aim was to provide seasonal estimates of the
primary production rate and its size structure and to com-
pare the present estimate with previous data in order to
discuss the appropriateness of any representative value of
primary production as a long-term average.

Methods

Measurements were carried out at stations located Skm
south of Listvyanka (ca. 1400m depth) or 4.5km southwest
of Ivanovsky Cape (ca. 1450m depth), near the coast of the
south basin, during seven expeditions conducted between
1999 and 2000 (Table 1). Vertical profiles of water tempera-
ture were obtained with a CTD profiler (SBE-25, SeaBird
Electronics, Bellevue, WA, USA). Underwater light inten-
sity (PAR) was measured with a quantum meter (LI-1000,
Li-Cor, Lincoln, NE, USA) at intervals of 1m from the
surface to a depth of 20m. During the ice-cover season
(March), the light intensity just below the ice was measured
with the aid of a SCUBA diver who held the sensor near the
bottom of the ice. Water samples for measurements of dis-
solved nutrients, particulate organic carbon (POC), and pri-
mary production were collected with 10-1 Niskin bottles or
3-1Van Dorn bottles at five to seven depths within the upper
50m. The concentrations of NO,, PO,, and SiO, were deter-
mined by the hydrazine reduction (Mullin and Riley 1955b),
molybdate (Murphy and Riley 1962), and Si-molybdate
complex (Mullin and Riley 1955a) methods, respectively.
The concentrations of POC collected on precombusted
(at 450°C for 2h) Whatman GF/F glass fiber filters were
measured with a CHN analyzer (2400 II, Perkin Elmer,
Wellesley, MA, USA). In order to determine the size distri-
bution of POC, sample waters were filtered through either
20-um-mesh-size screens or 2-um-pore-size Nuclepore
filters using the force of gravity. The particles contained in
each filtrate were collected by the GF/F glass fiber filters to

measure POC (see above). The concentrations of POC in
different size fractions (>20um, 2-20pum, and <2 um) were
estimated by subtraction.

The primary production rate was measured by the “C-
tracer method (Hama et al. 1983). Sample waters were con-
tained in either 300-ml (1999 expeditions) or 1-1 capacity
(2000 expeditions) Nalgene polycarbonate bottles and
spiked with NaH"CO, at a final concentration that did not
exceed 10% of the total inorganic carbon (TIC) concentra-
tion in the lake water (mean, 10.8mgCl'; range, 8.5
12.7mgC17"). The bottles were filled to the top with sample
water so that the headspace in the bottles was minimized.
Zooplankton in the sample waters was not removed, as
recommended by Wetzel and Likens (2000). One clear and
one dark bottle was prepared for each depth. After in situ
incubation for 24h (except for measurements conducted in
March and June 1999; see Table 1), the water samples were
filtered through precombusted (at 450°C for 2h) Whatman
GF/F glass fiber filters. The filters were stored frozen for
later analysis. To remove inorganic carbon, the filters were
treated with HCI fumes and then dried in a desiccator. The
concentration of POC and the isotope ratio of “C to *C
were quantified with a “CO, analyzer (EX-130S, Jasco,
Hachioji, Japan). Inorganic carbon in the lake water was
determined with a total organic carbon analyzer (TOC-500,
Shimadzu, Kyoto, Japan). The carbon uptake rate (photo-
synthetic production rate) was calculated according to
Hama et al. (1983). Daily primary production in March 1999
was calculated by doubling the value obtained from the
half-day incubation (noon to sunset, Table 1). During the
expeditions conducted in 2000, we determined size-frac-
tionated primary production. After in situ incubation of
samples (see above), a portion of the sample water was
filtered through either 20-um mesh-size screens or 2-um
pore-size Nuclepore filters using the force of gravity. Then
the filtrates were further filtered through precombusted
Whatman GF/F filters for the measurements of the isotope
ratio (see above). The contributions of different size frac-
tions of phytoplankton (>20um, 2-20pum, and <2um) to
total primary production were estimated by subtraction.

Table 1. Location of the sampling site, incubation time of primary production measurements, and

limnological properties at the study site

Date Position Incubation Surface water Attenuation
time temperature coefficient of PAR®
(°C) (m™)
21 Mar 1999 51°45’N, 104°25'E 12:00-17:00 0.3 0.422
(0.5 daytime)
14 Jun 1999 51°48'N, 104°55'E 8:30-19:30 3.8 0.105
(1 daytime)
25 Aug 1999 51°48'N, 104°55'E 24h 14.3 0.256
23 Oct 1999 51°48'N, 104°55'E 24h 5.9 0.226
5 Mar 2000 51°45'N, 104°25'E 24h 0.4 0.323
12 Aug 2000 51°48'N, 104°55'E 24h 13.0 0.281
13 Aug 2000 51°48'N, 104°55'E 24h 13.0 0.281
2 Oct 2000 51°48'N, 104°55'E 24h 10.1 0.423

*PAR, photosynthetically active radiation



Results

The seasonal change of the thermal structure of the upper
50m of the water column exhibited a typical dimictic pat-
tern (Fig. 1). A weak inverse thermal stratification was ob-
served under the condition of ice cover in March, with a
water temperature of 0.3°-0.4°C just below the ice. After
the loss of ice cover, the temperature was vertically uniform
at 3.8°C from the surface to a depth of 50m in June. Ther-
mal stratification was well established in August, with
the highest temperature of 14°C in the epilimnion. In late
October, fall turnover was indicated by a vertically homoge-
neous distribution of temperature (5°-6°C). The euphotic
depth at which the relative irradiance was 1% of the surface
incident PAR (Z,,,) varied from 10.9m in March 1999 to
44m in June 1999 (Fig. 1). The measurement conducted in
March 1999 revealed that PAR at the bottom of the ice

Fig. 1. Depth profiles of daily pri-
mary production and water tem-
perature at the pelagic sampling
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(0.8m in thickness) was 40% of the irradiance measured at
the top of the ice.

The concentrations of inorganic nutrients were deter-
mined on 21 March, 25 August, and 23 October 1999
(Fig. 2). The depletion of NO; and PO, in the euphotic zone
was most pronounced in August, and to a lesser extent in
October. In March, relatively high concentrations of PO,
(0.22uM) and NO; (4.9uM) were detected in the euphotic
zone. The SiO, concentration was always high (>7.8uM)
within the upper water column.

The primary production integrated over the euphotic
zone was high in August (average, 344mgCm >day ', n =
3) and low in March (average, 96mgCm “day ', n = 2)
(Table 1). Intermediate values were obtained in June
(259mgCm*day”’, n 1) and October (average,
129mgCm *day ', n = 2). Vertically, primary production
was highest in subsurface layers (2.5-10m) where the light
intensity was 28%-50% of the surface value, except for 23
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Fig. 2. Depth profiles of PO,
NO;, and SiO, concentrations
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October 1999 and 2 October 2000, when primary produc-
tion did not show a subsurface peak but was still not the
highest at the surface (Om) (Fig. 1). Size-fractionated mea-
surements of primary production were conducted on 5
March, 12 August, and 2 October 2000. The results indi-
cated that phytoplankton in the cell-size category under
20um dominated primary production: the sum of the
<2um-size fraction and the 2-20-um-size fraction ac-
counted for 72%, 96%, and 85% of total primary produc-
tion in March, August, and October, respectively (Table 3
and Fig. 3). The contributions of <2-um fraction to total
primary production varied from 41% to 62%. Notably, the
contribution of large phytoplankton (>20um) was lowest
(4%) in August when the <2-pm fraction accounted for the
largest portion of primary production, whereas the >20-um
fraction contributed significantly (28%) to total primary
production in March, when the contribution of the <2-um
fraction was relatively low.

The concentrations of total POC in the euphotic zone
varied from 4.0 to 12gCm™°, with the highest value on 12
August 2000 and the lowest on 2 October 2000 (Table 2).
The POC concentration was not correlated with the pri-
mary production rate (P > 0.1, n = 8). We calculated the
potential turnover time of POC (Tpc, days) by dividing the
depth-integrated values of POC by the primary production
rates. Tpoc can be considered as a maximum estimate
of the turnover time of phytoplankton, because POC in-
cludes not only phytoplankton but also heterotrophs and
detritus. Tpoe Was generally short in August (15-41 days)
and long in March (55-106 days). The size-fractionated
measurements of POC indicated that the largest portion
(51%-59%) of total POC was attributable to the <2-um
fraction (Table 3 and Fig. 4). The 2-20-um and the >20-um
fractions accounted for 28%-43% and 2%-18% of total
POC. The Tpoc values calculated for each size fraction var-
ied from 17 to 144 days: the shortest values were found in

the >20-um fraction in March (25 days) and August (17
days).

Discussion
Pelagic primary production of Lake Baikal

Our estimates of the primary production rates, determined
in the pelagic area of the south basin between 1999 and
2000, varied from 79 to 424mgCm *day ', yielding a sea-
sonal average value of roughly 207mgCm *day ' or an
annual primary production rate of 75gCm “year ' (Table
2). A seasonal pattern was detected, with the highest value
in August and the lowest in March (Fig. 1), consistent with
the notion that the primary production is, in general, high-
est in summer in Lake Baikal (Kozhova 1987). However, it
should be noted that the interannual variability of the abun-
dance of phytoplankton is large, particularly in spring. Pre-
vious work found that the maximum biomass of a dominant
diatom, Aulacoseira baicalensis, in spring varies from year
to year by more than two orders of magnitude (from <10’ to
>10 cells 1) (Kozhova 1987), for reasons that are not
entirely clear (Kozhova 1987). In our study, the abundance
of Aulacoseira was low in samples collected on 19 March
1999 (<0.15 X 10° cells 1'") and 4 March 2000 (<8.4 X 10’
cells 17"). Thus, our estimates of primary production in
March do not represent those for an Aulacoseira (Melosira)
bloom.

Comparisons of our estimates of primary production
with those obtained by previous studies are hampered by
differences in measurement techniques. The oxygen change
method obtained relatively high estimates compared with
the “C and *C tracer method, and the difference was some-
times larger than an order of magnitude, although the



Fig. 3. Depth profiles of primary
production rate in different size
fractions (<2um, 2-20um, and
>20um) of lake water, and the
relative contribution of each
size fraction to total primary

production
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Table 2. Seasonal changes in daily primary production (PP), particulate organic carbon (POC), and potential turnover time of POC (POC/PP)

in the euphotic zone

Date PP PP (monthly POC POC (monthly POC/PP POC/PP (monthly
(mgCm™ average) (gCm™) average) (days) average)
day ) (mgCm *day ") (gCm™) (days)

March

21 Mar 1999 113 6.23 55
5 Mar 2000 78.9 95.8 8.35 7.29 106 76
June
14 Jun 1999 259 259 9.67 9.67 37 37
August
25 Aug 1999 424 6.44 15
12 Aug 2000 381 11.8 31
13 Aug 2000 227 344 9.27 9.17 41 27
October
23 Oct 1999 135 8.56 63
2 Oct 2000 123 129 4.02 6.29 33 49
Overall average 207 8.11 47

interannual variation in these estimates was quite large,
even within the same method (Table 4). The range of 120-
130gCm *year ' based on the data collected by the oxy-
gen change method (Moskalenko and Votintsev 1972;

Votintsev et al. 1975) has been cited in order to develop the
argument of biogeochemical cycling of this lake (Weiss et
al. 1991; Granina 1997). This estimate is, however, larger
than our estimate of 75gCm “year '. Moreover, Kozhova
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Table 3. Daily PP, POC, and potential turnover time of POC (POC/PP) in different size fractions in the euphotic zone

Date Size fraction (um) PP POC POC/PP (days)
(mgCm*day™") % total (gCm™) % total

5 Mar 2000 >20 21.9 27.7 0.54 6.5 25
2-20 24.8 315 3.58 429 144
<2 322 40.8 4.22 50.6 131
Total 78.9 8.35

12 Aug 2000 >20 15.8 4.1 0.27 2.3 17
2-20 130 34.2 4.63 39.1 36
<2 235 61.6 6.94 58.6 30
Total 381 11.8

2 Oct 2000 >20 18.4 14.9 0.73 18.1 39
2-20 44.9 36.4 1.13 28.2 25
<2 60.0 48.6 2.16 53.7 36
Total 123 4.02

Fig. 4. Depth profiles of particu-
late organic carbon (POC) con-

centrations in different size 0 200 400 600
fractions (<2um, 2-20um, and
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(1987) reported a wide range of 28-124gCm *year ' for
the period from 1977 to 1980, and Bondarenko and
Guselnikova (1989a) reported 87-246gCm “year ' for
1981-1985, both of which were obtained by the '“C tracer
method (Table 4). Several factors, including the incubation

-.-'.(--' ruy

)

12 Aug 00

2 Oct 00

time and the method of measurement (i.e., oxygen vs. "*C or
“C tracer), can affect the estimate of primary production
(Wetzel and Likens 2000). The long incubations used in
most of the tracer methods may have allowed considerable
respiratory loss of the labeled carbon by phytoplankton
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Table 4. Primary production measured by previous studies and this study using different methods at the pelagic sites of the south basin
of Lake Baikal

Month Year Method PP’ Reference*
Oxygen®, "“C or *C Incubation time (mgCm>day ") (gCm*year ')

February 1966 Oxygen (gross) 24h 59-275 6
March 1965 Oxygen (gross) 24h 281 6

1965 Oxygen (gross) 24h 625-2500 6

1966 Oxygen (gross) 24h 63-238 6

1969 Oxygen (gross) 24h 281-781 6

1982 “C 6h X 3 times 86 2

1984 “C 6h X 3 times 67 2

1985 “C 6h X 3 times 70 2

1999 e 5h 113 This study

2000 BC 24h 79 This study
April 1966 Oxygen (gross) 24h 50-275 6

1969 Oxygen (gross) 24h 313-2094 6
May-June 1964 Oxygen (gross) 24h 1000-1375 6

1965 Oxygen (gross) 24h 313-469 6

1967 Oxygen (gross) 24h 500-750 6

1967 Oxygen (gross) 24h 63-250 6
June 1968 Oxygen (gross) 24h 750-1313 6

1969 Oxygen (gross) 24h 156-1313 6

1981 “C 6h X 3 times 321 2

1983 “C 6h X 3 times 700 2

1984 “C 6h X 3 times 271 2

1985 e 6h X 3 times 780 2

1999 PC 11h 259 This study
July 1964 Oxygen (gross) 24h 31 6

1966 Oxygen (gross) 24h 72-1106 6

1990 “C 3-3.5h X 4 times 2640-3360 4
July—August 1968 Oxygen (gross) 24h 281-766 6
August 1964 Oxygen (gross) 24h 313-813 6

1964 Oxygen (gross) 24h 1750-2374 6

1966 Oxygen (gross) 24h 63-678 6

1975 “C 24h 282 3

1975 “C 24h 142 3

1975 “C 24h 77 3

1975 “C 24h 80 3

1982 “C 6h X 3 times 1033 2

1983 “C 6h X 3 times 1223 2

1984 “C 6h X 3 times 516 2

1985 “C 6h X 3 times 613 2

1999 e 24h 424 This study

2000 BC 24h 381 This study

2000 BC 24h 227 This study
September 1964 Oxygen (gross) 24h 313 6

1965 Oxygen (gross) 24h 313 6

1966 Oxygen (gross) 24h 119-325 6

1968 Oxygen (gross) 24h 250-719 6

1981 “C 6h X 3 times 360 2

1982 “C 6h X 3 times 299 2

1983 “C 6h X 3 times 380 2
September 1989 “C 1h 88 1

—October

1989 “C 1h 183 1

1989 “C 1h 358 1
October 1964 Oxygen (gross) 24h 406 6

1964 Oxygen (gross) 24h 156-313 6

1966 Oxygen (gross) 24h 144-444 6

1968 Oxygen (gross) 24h 344-938 6

1983 “C 6h X 3 times 901 2

1999 PC 24h 135 This study

2000 PC 24h 123 This study

November 1964 Oxygen (gross) 24h Near 0 6
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Table 4. Continued

Month Year Method PP’ Reference®
Oxygen®, C or C Incubation time (mgCm*day™") (gCm ?year™)
Year round 1964 Oxygen (gross) 175 6
1965 Oxygen (gross) 94 6
1966 Oxygen (gross) 75 6
1967 Oxygen (gross) 128 6
1968 Oxygen (gross) 187 6
1977 “c 42 5
1978 “C 39 5
1979 e 124 5
1980 “c 28 5
1981 “C 98 2
1982 e 246 2
1983 “c 240 2
1984 “C 87 2
1985 “c 146 2
1999-2000 BC 75 This study

*Oxygen production rate was converted to carbon production assuming a photosynthetic quotient of 1.2 (Wetzel and Likens 2000)
PP data represent either a single measurement or a range of multiple measurements
“References: (1) Back et al. 1991; (2) Bondarenko and Guselnikova 1989a; (3) Bul’on 1983; (4) Goldman et al. 1996; (5) Kozhova 1987; (6)

Votintsev et al. 1975

respiration. The lower estimate obtained by the use of the
tracer method might be due in part to the production of
dissolved organic carbon (DOC) during the incubation,
which cannot be accounted for by the measurement of
tracer associated with particles collected on filters. Phy-
toplankton can release 10%—-20% of primary production as
DOC (Baines and Pace 1991). In addition, a large portion of
particulate primary production can be rapidly transformed
to DOC during incubation due to excretion and egestion
by grazers (Nagata 2000). Moreover, the absence of any
Aulacoseira bloom data in our records would result in an
underestimate in comparison with long-term averages.

Subsurface maxima of primary production rate

Our data indicated that primary production rates were gen-
erally highest at depths where the light intensity was 28%
to 50% of that at the surface (Fig. 1). POC concentrations
were relatively high immediately under the ice, and it there-
fore seems unlikely that this was an effect of low algal
biomass relative to the rest of the water column. A lower
production rate at the surface has often been observed in
lakes and oceans and is generally explained by the inhibi-
tion of photosynthesis by high light (PAR) intensity and/or
UV radiation (e.g., Vincent et al. 1984; Neale and Richerson
1987). In our measurements of primary production, how-
ever, we used polycarbonate bottles that block most UV
radiation (Wulff et al. 1999). The observed lower produc-
tion rate at the surface might have been caused by harmfully
high PAR.

It is interesting to note that strong depression of primary
production at the surface was observed even in March when
the lake surface was entirely covered by ice (Fig. 1). Most
strikingly, the daily primary production rate at the surface
(or at the bottom of the ice) was 0.7mgCm *day ' on 21
March 1999, and this value was only 4% of the primary

production rate measured at a depth of 2.5m (Fig. 1). In
Lake Baikal, we found that the light intensity (PAR) just
below the ice (0.8 m in thickness) was 40% of that measured
at the top of the ice. The large wind fetch of Lake Baikal
means that the lake ice is swept relatively clear of snow,
which can have a major shading effect on PAR transmission
(Belzile et al. 2001). The light inhibition of photosynthesis
might have occurred even under the ice due to high pen-
etration of solar radiation through the clear ice.

Size-fractionated primary production and its implications
for food web structure and biogeochemical cycling in
Lake Baikal

Our data showed that the contribution of small (<20um)
phytoplankton to total photosynthetic production was high,
ranging from 72% (March) to 96% (August) (Table 3 and
Fig. 3). More than half of this primary production in the
small-cell-size category was accounted for by the smallest
cell-size fraction (<2 um) or picophytoplankton. These data
confirm and add to previous results obtained in Lake
Baikal. Votintsev et al. (1972) and Back et al. (1991) found
that the <10-um fraction accounted for 60%-100% of total
production during the warm season (July-October). Nagata
et al. (1994) reported that 80% of total primary production
was attributable to phytoplankton in the <3-um fraction
in late July. Our data from seasonal measurement of
size-fractionated primary production indicate that
nanophytoplankton (2-20um) and picophytoplankton
(<2um) are the dominant primary producers not only in
summer (August), but also in fall (October) and spring
(March) (Table 3). A similar seasonal pattern was found
by Bondarenko and Guselnikova (1989b). In addition, our
measurements revealed that a large portion (82%-98%) of
POC was associated with particles in the small (<20um)
size fraction (Table 3 and Fig. 4). These data suggest that



nano- and picophytoplankton played an important role in
organic carbon cycling throughout the studied years in Lake
Baikal. The dominance of small algae in primary produc-
tion in Lake Baikal is consistent with data obtained from
other large lakes (e.g., Lake Superior; Fahnenstiel et al.
1986) and oligotrophic open oceans (e.g., the subarctic
Pacific; Miller et al. 1991). In these environments, the domi-
nance of small cells in primary production has been gener-
ally explained by the competitive advantages of smaller
cells (or cells with higher surface-to-volume ratio) in nutri-
ent uptake under oligotrophic conditions (Hecky and
Kilham 1988), although other factors (e.g., the low sinking
loss rate of small cells in stagnant water) also affect the size
composition of phytoplankton in the euphotic zone.

The high contributions of pico- and nanophytoplankton
to primary production have fruitful implications in the
planktonic food webs of Lake Baikal. Along with het-
erotrophic bacteria, picophytoplankton constitute the first
trophic level of the microbial food chain, where various
protists, such as flagellates and ciliates, are the main con-
sumers (e.g., Azam et al. 1983; Nagata 1990). It has been
reported that the relative importance of the microbial
food web in pelagic energy and material flows is generally
higher in oligotrophic than in eutrophic lakes (Porter
et al. 1988; Weisse 1991). The high primary production of
picophytoplankton found in the present and previous stud-
ies in Lake Baikal suggests that picophytoplankton contrib-
ute significantly to the pelagic food web of Lake Baikal. In
addition, a high biomass of ciliates, one of the major con-
sumers of picoplankton, was found during our investigation
period (Sekino et al., in preparation). These circumstances
suggest that microbial trophic interactions play a central
role in the planktonic food web of Lake Baikal.
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