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Abstract In shallow lakes with large littoral zones,
epiphytes and submerged macrophytes can make an
important contribution to the total annual primary
production. We investigated the primary production
(PP) of phytoplankton, submerged macrophytes, and
their epiphytes, from June to August 2005, in two
large shallow lakes. The production of pelagic and
littoral phytoplankton and of the dominant submerged
macrophytes in the littoral zone (Potamogeton per-
foliatus in Lake Peipsi and P. perfoliatus and
Myriopyllum spicatum in Lake Vortsjarv) and of
their epiphytes was measured using a modified '*C
method. The total PP of the submerged macrophyte
area was similar in both lakes: 12.4 ¢ C m2 day ™'
in Peipsi and 12.0 g C m 2 day ' in Vortsjirv. In
Peipsi, 84.2% of this production was accounted for by
macrophytes, while the shares of phytoplankton and
epiphytes were low (15.6 and 0.16%, respectively). In
Vortsjarv, macrophytes contributed 58%, phyto-
plankton 41.9% and epiphytes 0.1% of the PP in
the submerged macrophyte area. Epiphyte production
in both lakes was very low in comparison with that of
phytoplankton and macrophytes: 0.01, 5.04, and
6.97 ¢ C m> day ™', respectively, in Vortsjirv, and
0.02, 1.93, and 10.5 ¢ C m~2 day ™', respectively, in
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Peipsi. The PP of the littoral area contributed 10% of
the total summer PP of Lake Peipsi sensu stricto and
35.5% of the total summer PP of Lake Vortsjarv.
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Introduction

Littoral zones of aquatic ecosystems are among the
most productive communities on earth (Goldsborough
et al. 2005). In a shallow lake with a large biomass of
submerged macrophytes and epiphytes, the littoral
zone may be an important contributor to total lake
primary production (PP) and an important regulator of
nutrient fluxes (Galanti and Romo 1997). Attached
microalgae can make important contributions to the
total annual PP, especially in shallow lakes with large
littoral zones. In the large, shallow, and alkaline
Borax Lake (California), benthic periphyton contrib-
uted 69% of the total annual PP (Wetzel 1964).
Epiphytic algae have been reported to contribute
6—71% toward the total littoral PP (Miiller 2000).
Several papers report the relative contributions of
macrophytes, periphyton, and phytoplankton to total
lake PP. Sand-Jensen and Borum (1991) determined
that phytoplankton, periphyton, macroalgae, and
rooted macrophytes contributed about 35-55, 10-15,
25-35 and 15-20%, respectively, toward the total PP in
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Roskilde Fjord, Denmark. In comparison, models for
lacustrine wetlands in the semi-arid Laramie Basin
(western United States) estimated that the relative
contributions of phytoplankton, epiphytes, epipelon,
submerged macrophytes and emergent macrophytes to
the total littoral PP were 3—-15, 20-32, 1-10, 15-67 and
0-50%, respectively (Hart and Lovvorn 2000). In a
large widening of the St. Lawrence River known as Lac
St. Pierre, the modeled contributions of phytoplankton,
submerged macrophytes, and emergent macrophytes
to the total PP were 29-38, 14-19, 25-29 and 23%,
respectively (Vis et al. 2007).

Productivity studies in shallow water environ-
ments demonstrate that epiphytic algae can provide
an abundant, rapidly renewed, and easily assimilated
food resource that can be more important than that of
macrophytes (Wetzel 2001). Epiphytes represent a
food resource complementary to that of phytoplank-
ton for consumers and increase the biological diver-
sity of all trophic levels (Galanti and Romo 1997).
The macrophyte—epiphyte complex has been
described as a unique ecological unit within shallow
aquatic ecosystems, possessing complex inter-rela-
tionships not found in open water zones (Goldsbor-
ough et al. 2005).

Although epiphyte productivity contributes signif-
icantly to the total annual PP in the littoral zones, its
relative importance varies seasonally owing to spe-
cies phenology. In spring, diatoms are commonly the
dominant group in epiphyton, but in summer blue—
green or green algae may be dominant epiphytes
(Cattaneo 1983; Meulemans 1988; Miiller 1994).
Epiphyte biomass also increases during the growing
season (Borum and Wium-Andersen 1980; Devyatkin
1979; Jenkerson and Hickman 1986; Miiller 1995).

Epiphyte biomass and growth are strongly influ-
enced by abiotic factors such as nutrient and light
availability (Sand-Jensen and Borum 1991). Light
availability can control the rate and vertical distribu-
tion of PP, while extremely high light intensities can
inhibit photosynthesis (Hansson 1992). For periphy-
ton it is important to consider the self-shading effect
if their biofilms grow too dense (Boston and Hill
1991). High phytoplankton densities can also
severely reduce the availability of light for periphy-
ton and macrophytes (Sand-Jensen and Borum 1991;
Hansson 1992).

The aim of the present study was to estimate the
contribution of submerged macrophytes and their
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epiphytes to the total PP in the littoral zones of two
large, shallow lakes in the northern temperate region.
The contribution of the littoral PP to total lake PP was
also estimated.

Study area

Lake Vortsjarv (58°16'N 26°02'E) is situated in
central Estonia. With a surface area (A,) of 270 km?>
and catchment area of 3,374 kmz, it is the country’s
second largest lake. Lake Vortsjirv is shallow (max-
imum depth Z, = 6 m, mean depth Z=2.8 m),
highly eutrophic (Tuvikene et al. 2004; mean chloro-
phyll @ =24 ug 17" and polymictic (Noges et al.
2007). Macrophytes cover 50.7 km® (18.8% A,):
35.2 km? submerged, 12.3 km? emergent, and
3.2 km? floating (Feldmann and Miemets 2004). In
the 1960s, the dominant submerged macrophyte was
Potamogeton perfoliatus; however, Myriopyllum
spicatum is currently dominant.

Lake Peipsi (58°40'N 27°26’E) has an A, of
3,555 km? and is located on the border between
Estonia and Russia (Jaani 2001). The lake consists of
three basins: (1) the northern basin Peipsi s.s.
(A, = 2,611 km?, Z,, = 12.9 m, Z = 8.3 m), which
is meso-eutrophic (Pihu and Haberman 2001), (2) the
strait-like middle basin named Lake Lammijérv
(A, = 236 km?, Z,, = 153 m, Z = 2.5 m), and (3)
the southern basin named Lake Pihkva (A, =
708 km?, Z,, = 5.3 m, Z = 3.8 m). Lake Peipsi has
extensive areas with a depth <3m, which is poten-
tially suitable for macrophyte growth. However,
because of intensive wind-induced erosion, macro-
phyte bottom cover is only about 1.7% (or 44.4 km*:
4.8 km? emergents, 38.9 km? submergents, 0.6 km?
floating) in Peipsi s.s. and up to 8% in Lakes
Limmijirv and Pihkva (Méemets and Miemets
2001). The dominant submerged species is P. perfo-
liatus (Midemets et al. 2006).

A location map of Lakes Peipsi and Vortsjirv is
provided by Noges et al. (2007).

Materials and methods
Estimates of PP in Lake Vortsjiarv were undertaken

within submerged macrophyte stands along the
western shoreline. In Peipsi s.s. (referred to hereafter
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as Peipsi), experiments were undertaken on the
western shoreline near Varnja (population 250).
Macrophytes for the experiments were sampled
during the summer months (June, July and August)
of 2005. For measuring the PP of epiphytes and
macrophytes, the dominant submerged macrophyte
species were selected from both lakes: P. perfoliatus
in Peipsi and M. spicatum and P. perfoliatus in
Vortsjiarv. PP was estimated in situ using the '*C
assimilation technique first introduced by Steeman-
Nielsen (1952), following modifications by Kairesalo
(1976) and Cattaneo and Kalff (1980).

Macrophytes were carefully removed from the
lake and pieces of leaves from upper, middle, and
lower sections were placed separately in 30 ml glass
bottles filled with lake water with 2 pCi NaH'*CO,
(VKI, Denmark). The average (1 S.D.) dry weight
(DW) of macrophyte material per bottle was
0.13 £ 0.09 g. The bottles were incubated for 4 h
within macrophyte stands at depths representing
natural conditions: 0.2 m for upper macrophyte
sections, 0.5 m for middle sections, and 0.7 m for
lower sections. Three light replicates were used for
each depth. Nonphotosynthetic carbon fixation was
measured in darkened bottles and subtracted from the
carbon fixed in the light bottles. After incubation,
three sub-samples were taken from each bottle and
placed in scintillation counter vials. First, 5 ml of
water was taken before shaking off the epiphytes.
Production in this sub-sample represented production
by phytoplankton. Second, epiphytes were removed
from macrophytes by vigorous shaking for 2 min
(Kassim and Al-Saadi 1995; Galanti and Romo 1997,
Cattaneo et al. 1998) and a second 5 ml water sample
was taken. Production in this sub-sample represented
the sum of phytoplankton and epiphyte production.
Lastly, each macrophyte section was removed from
the bottle and placed in a vial containing 5 ml of
distilled water; 150 pl of 0.5 N HCl was added to
each sub-sample to remove ]4Cinorg. All vials were
held in the laboratory for 24 h to allow the '4Cin0,g
fraction to evaporate (Lignell 1992), then 10 ml of
OptiPhase HiSafe 3 (Perkin Elmer) scintillation fluid
was added to each vial and radioactivity was
measured using an LSC RackBeta 1211 (Wallac,
Finland).

Macrophyte sections were then removed from the
vials and dried for 24 h at 105°C. Epiphyte and
macrophyte production were calculated according

to Artbjerg-Nielsen and Bresta (1984) and were
expressed as mg C assimilated per g macrophyte DW
per hour (mg C g~' h™"). Daily values of PP were
calculated using an equation relating daily PP (PPg,,)
to hourly PP at midday (PPy,.), obtained for Lake
Vortsjarv by Noges and Noges (1998): PPgy,, = PP/
[0.230—(8.9 x 1073 DL)], where DL denotes the
number of hours of daylight.

Relative epiphyte biomass was determined as mg
chlorophyll a (Chl a) in the epiphyte sample per g
macrophyte tissue DW (mg Chl a g™ "). For relative
biomass determinations, macrophytes were collected
from the sites at which the production experiments
were undertaken (above). Upper (top 20 cm) and
lower (lowest 10 cm) macrophyte sections were
sampled for epiphyte biomass. Epiphytes were
removed from the macrophyte sections by shaking
vigorously for 2 min in 500 ml glass bottles with
100 ml distilled water (Kassim and Al-Saadi 1995;
Galanti and Romo 1997; Cattaneo et al. 1998). Ten
millilitre of each resulting suspension was then
filtered through GF/C filters (1.2 pm). Chl a was
extracted from the filters with 96% ethanol (Moss
et al. 2003), measured spectrophotometrically and
calculated as per Arvola (1981). Macrophyte sections
were dried for 24 h at 105°C and weighed. To
compare the PP of phytoplankton with the littoral
production of epiphytes and macrophytes we used the
results of depth-integrated pelagic phytoplankton PP
estimates. Concurrent phytoplankton PP measure-
ments were carried out by the '*C assimilation
technique (see Arst et al. 2008). Areal epiphyte and
macrophyte PP (mg C m™ 2 day™') were calculated
using available information on macrophyte biomass
(g m~2, DW) for both lakes. Data in Maemets et al.
(2006) were used for the littoral biomass of
P. perfoliatus on the Estonian side of Lake Peipsi
s.s. (37.6 g m™?). Littoral biomasses of P. perfoliatus
(8.37 g m~?) and M. spicatum (15.96 g m~?) in Lake
Vortsjarv were from databases compiled from routine
monitoring programs (Feldmann, unpubl. data).

To calculate the total PP in the littoral and pelagic
zones, we applied the estimated littoral zone areas for
both lakes. The littoral, defined here as the area
covered with macrophytes, made up 44.39 km? (1.7%
of the total area) in Peipsi s.s. (Midemets and
Miemets 2001) and 50.7 km® (18.8% of the total
area) in Vortsjarv (Feldmann and Méemets 2004).
We used the measured areal production of submerged
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macrophytes and their epiphytes to calculate the PP
of the entire littoral zones.

We used ANOVA of Statistica for Windows
version 7.0 to assess differences in PP among the
lakes, taxa, and macrophyte sections, the General
Linear Model application of SAS to test the impact of
different factors (macrophyte part and month) on PP.

We used Secchi depths provided by the State
Monitoring Program of the Estonian Ministry of
Environment. Incident photosynthetically active radi-
ation (PAR) was measured by irradiance quantum
sensor Li-Cor 190SA (Li-Cor Biosciences) at the
Estonian Institute of Hydrology and Meteorology
(EMHI).

Results
Macrophyte and epiphyte production

Average P. perfoliatus production in Lake Peipsi
was high in June (8.0 mg C g~' h™") and August
(7.7 mg C g~' h™"). InJuly, P. perfoliatus production
was lower (4.6 mg C g~' h™"). In June, production in
the middle and lower macrophyte sections was greater
(P < 0.05) than in the upper sections (Fig. la).

Conversely, production was highest in the upper
sections in July and August (Fig. la). Epiphyte
production was highest in August (0.039 mg C g~' h™")
and lowest in July (0.002 mg C g~' h™'; Fig. 1d). In
June, epiphyte production was high in the lower and
middle macrophyte sections, but in July production
was greatest in the lower sections and lowest in the
middle sections (Fig. 1d). In August, production was
highest in the upper sections of P. perfoliatus (Fig. 1d).

In Lake Vortsjirv, P. perfoliatus production was
highest in July (9.6 mg C g~' h™"), with production
in June and August being slightly lower (9.4 and
7.75 mg C g~' h™', respectively) (Fig. 1b). Epiphyte
production on P. perfoliatus remained relatively
constant throughout the sampling period, remaining
within the range of 0.005-0.0l mg C g ' h™'. In
June, P. perfoliatus production was highest in the
middle sections, whereas production was highest in
the upper sections in July and August (Fig. 1b).
Epiphyte production on P. perfoliatus was highest in
the middle sections in June and July, but highest in
the lower sections in August (Fig. le). The lowest
epiphyte production occurred in the lower part of the
macrophyte in June and July and in the upper part of
the macrophyte in August. Production of M. spicatum
(Fig. 1c) was highest in June (114 mg C g~ ' h™")
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Fig. 1 Primary production (PP) of different parts (upper,
middle, lower) of P. perfoliatus and M. spicatum (a, b, ¢) and
epiphytes on these macrophyte parts (d, e, f) in Lakes Peipsi
and Vortsjarv in 2005. PP was measured from 11.00 to 15.00 h

@ Springer

07.2005  18.08.2005

14.06.2005

13.07.2005 18.08.2005

on June 14 in Vortsjirv; the second measurement series (¥) was
performed in the afternoon (from 16.00 to 20.00 h). Standard
error bars of parallel measurements are denoted
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and much lower in July 3.4 mgC g 'h™") and
August (3.06 mg C g~' h™"). Epiphyte production
was also highest in June (0.014 mg C g~' h™"), but
only slightly lower in July and August [0.012 and
0.01 mg C g~' h™!, respectively (Fig. 1f)]. The pro-
duction of M. spicatum, like that of P. perfoliatus,
was highest in the middle part of the macrophyte in
June and in the upper part of the macrophyte in July
and August (Fig. 1c). In June, epiphyte production on
these macrophytes was high in the middle and lower
parts of the macrophyte, in July in the middle and
upper parts, while in August the PP was almost the
same in all parts of the macrophyte (Fig. 1f).

During our measurements incident PAR was
1,600 pmol s'!'m2 in June and July, and
1,200 umol s~' m~? in August (Fig. 2), Secchi depth
in Vortsjarv (0.5-1 m) was considerably lower than
in Peipsi (1.2-2.6 m).

Average daily production of P. perfoliatus in
June—August, 2005 was 305 mg C g~' day™' in
Vortsjarv and 278 mg C g~ ' day™' in Peipsi. The
average daily epiphyte production on P. perfoliatus
was 0.303 mg C g~' day™' in Vortsjirv and 0.53
mg C g~ ' day™" in Peipsi. The average daily pro-
duction of M. spicatum and its epiphytes in Vortsjarv
were 253 and 0.70 mg C g~ day™', respectively.
Our results of epiphyte production relative to mac-
rophyte biomass are consistent with values reported
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Fig. 2 Photosynthetically active radiation (PAR) from 11.00
to 15.00 h in June—August, 2005 at Tdravere meteorological
station (58°16'N 26°26'E) and Secchi depth in Lakes Peipsi
and Vortsjirv on the days of primary production measurements

by other investigators, but our macrophyte production
values per unit biomass exceed the literature values
quite substantially (Table 1).

The factors that significantly affected the produc-
tivity of macrophyes and epiphytes in Lake Peipsi
were sampling month and macrophyte section (upper,
middle, lower). For epiphyte production the effect of
the month was highly significant (P < 0.0001) and
the effect of the macrophyte part was moderately
significant (P = 0.04). For macrophyte production
both month (P = 0.02) and macrophyte part
(P = 0.02) were equally significant. The combined
effect of month and macrophyte part was highly

Table 1 Primary production of macrophytes and epiphytes in different water bodies (all studies employed C'*-uptake method)

Species Primary productivity Total P A, Lake

(mg C g macrophyte DW™! dayf') (pg 1= (krnz)

Epiphytes Macrophytes
Ruppia maritima n.a. 46 n.a. 0.4 Borax Lake, California®
Myriophyllum spicatum 1.26 15 12 102 Lake Memphremagog, Québec®
Potamogeton richardsonii 0.66 18 12 102 Lake Memphremagog, Québec®
Vallisneria americana 0.39 28 12 102 Lake Memphremagog, Québec®
Chara tomentosa 1.19-1.55 34-61 23 0.33 Lake Prossa, Estonia’
Potamogeton perfoliatus 0.53 278 34 2,611 Lake Peipsi s.s., Estonia®
Potamogeton perfoliatus 0.303 305 37 270 Lake Vortsjirv, Estonia®
Myriophyllum spicatum 0.699 253 37 270 Lake Vortsjdrv, Estonia®

% In lake water

° Wetzel (1964)

¢ Cattaneo and Kalff (1980)
4 Luup (2003)

¢ Present study
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significant for both epiphyte (P = 0.001) and mac-
rophyte (P < 0.0001) production. In Vortsjarv, the
significant factors for the production of P. perfoliatus
were the macrophyte part (P = 0.02) and the com-
bined effect of macrophyte part with month
(P = 0.004). For epiphyte production on P. perfoli-
atus none of these effects proved significant
(P = 0.45). For production of M. spicatum and its
epiphytes the only statistically significant factor was
the month (P < 0.01).

Epiphyte biomass

In Lake Peipsi, mean epiphyte biomass was highest in
June (56 pg Chl a g ') and somewhat lower in July
and August (36 and 34 pg Chl a g~'). In Lake
Vortsjirv, mean epiphyte biomass on M. spicatum
was highest in June (44 pg Chl @ g~ "), quite similar
in August (37 ug Chl @ g~'), and lowest in July
(13 pg Chl a g~ Y. Epiphyte biomass on P. perfoli-
atus did not change much during the study period; in
June it was 32 ug Chl a g ', in July 31 pg Chl
a g, and in August 34 pg Chl a g~' (Fig. 3a).
Statistical analyses showed that the lakes did not
differ significantly in the production of P. perfoliatus
(P =0.28) and that the difference between
P. perfoliatus and M. spicatum in the same lake
was not significant (P = 0.70). Despite the higher

(P = 0.01) biomass of epiphytes on P. perfoliatus in
Lake Peipsi (42.0 pg Chl a g~') than in Lake
Vortsjarv (32.3 pg Chl a g '), epiphyte production
did not differ significantly between lakes (P = 0.09).
Epiphyte biomass did not differ statistically on the
different macrophyte species in Vortsjarv (P = 0.4),
but its production was significantly higher
(P = 0.006) on M. spicatum (0.0138 mg C ¢~' h™")
than on P. perfoliatus (0.00845 mg C g~ ' h™").

Share of different producers in the total PP
of the lakes studied

From June to August in both lakes and both
macrophyte stands, epiphyte production was very
low in comparison with phytoplankton and macro-
phyte production (Fig. 3b, c, d); daily averages were,
respectively, 0.01, 5.04, and 6.97 g C m~2 day' in
Vortsjiarv and 0.02, 1.93, and 10.5 g C m > day ' in
Peipsi. Average daily total PP of submerged macro-
phyte area was similar (P = 0.67 for the difference)
in the two lakes: 12.4 g¢ C m~* day ' in Lake Peipsi
and 12.0 g Cm > day ' in Lake Vértsjarv. In
Peipsi, 84.2% of this production was accounted for
by macrophytes, while the shares of phytoplankton
and epiphytes were low (15.6 and 0.16%, respec-
tively). In Vortsjarv, macrophytes contributed 58%),
phytoplankton 41.9%, and epiphytes 0.1% to littoral
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Table 2 Average primary production (PP) of different producers in June—August, 2005
Total Phytoplankton Epiphytes Macrophytes
Peipsi s.s.
PP (g C m™ > day™") 12.4 1.93 0.02 10.5
% in PP of submerged macrophyte area 15.6 0.16 84.2
PP (tons C per day)
of submerged macrophyte area 38.93 km? 483 75 0.77 407
of total macrophyte area 44.39 km? ? 551 86 0.88 464
of open water area 2566.6 km? 4965 4965
Total PP in lake 5516
% of littoral PP in lake 10.0
% in total PP of lake 91.6 0.02 8.4
Vortsjarv
PP (g C m~2 day™ ") 12.0 5.04 0.01 6.97
% in PP of submerged macrophyte area 41.9 0.10 58.0
PP (tons C per day)
of submerged macrophyte area 35.2 km? 423 177 0.42 245
of total macrophyte area 50.7 km? * 609 255 0.61 353
of open water area 219.3 km? 1105 1105
Total PP in lake 1714
% of littoral PP in lake 355
% in total PP of lake 79.4 0.04 20.6

# Measured production of submerged macrophytes and their epiphytes is applied in this calculation

production. The PP of the littoral area contributed
10% to the total summer PP of Peipsi s.s. and 35.5%
to the total summer PP of Vortsjirv (Table 2).

Discussion

Our results showed that macrophyte and epiphyte
production was variable throughout the growing
season in both lakes, for the same macrophyte species
(P. perfoliatus) in different lakes, and for different
macrophyte species (M. spicatum and P. perfoliatus)
in the same lake (Fig. 1). In large lakes, strong wave
action may adversely affect epiphyte establishment
and growth (Devyatkin 1979; Strand and Weisner
1996). However, according to our data, the biomass
of epiphytes was greater in the larger Peipsi than in
Vortsjirv. In the shallower Lake Vortsjirv, stands of
submerged macrophytes occupy much larger areas
and are more exposed to wind action and mechanical
disturbance by waves than in the deeper Lake Peipsi,

where submerged macrophytes can develop only in
sheltered areas close to the shoreline.

Owing to differences in leaf architecture,
M. spicatum offers a larger leaf area suitable for
epiphyte attachment than P. perfoliatus. Differences
in epiphyte production between macrophyte species
may occur because of these different macrophyte
structures (Romo and Galanti 1998). Our analysis in
Vortsjarv showed that the average epiphyte produc-
tion was significantly higher on M. spicatum than on
P. perfoliatus, although the epiphyte biomass did not
differ statistically between the macrophyte species.

Different macrophyte species may exhibit season-
ally variable growth patterns (Wetzel 2001). In our
study, M. spicatum production was highest in June
and decreased toward August, while the production
of P. perfoliatus was relatively constant during the
study period. The distribution of production between
the different macrophyte parts was quite similar in
both macrophyte species. The differences in produc-
tion among macrophyte parts could be explained by
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differences in the light conditions to which those
parts were exposed. Generally, greater light avail-
ability should increase photosynthesis for the upper
macrophyte part (Wetzel 2001), while light that is too
intense may also inhibit photosynthesis (Rae et al.
2001). In our study, the light intensities in June and
July were quite similar, while the water was more
transparent in June (Fig. 2). Therefore, the upper
macrophyte parts were exposed to more intense light
in June and production was likely to be photoinhib-
ited. In August, the light intensity was lower, Secchi
depth was quite small and, consequently, photoinhi-
bition did not occur.

In spite of the generally positive correlation
between macrophyte and epiphyte production in our
study, the seasonal production pattern of epiphytes
differed from that of the macrophytes. Besides the
influence of light and nutrient availability, fish and
invertebrates can graze epiphyton, reducing its bio-
mass (Cattaneo 1983). At the same time this grazing
may increase the specific production of epiphytes by
diminishing self-shading and competition for nutri-
ents (Cattaneo and Kalff 1980; Hatcher 1983; Hay
1991). Changes in epiphyte production can also be
induced by changes in the epiphyte algal community
(Cattaneo and Kalff 1979).

Our comparison of the PP of different producers
(epiphytes, macrophytes and phytoplankton) showed
that macrophytes are important primary producers in
the littoral zone in both studied lakes, but epiphytes
had a very low share of production, only 0.1-0.2%.
Although the calculated daily summer PP of the
submerged macrophyte area was similar (about
12 g C m™?) in both lakes, different producers had
different shares in this PP. In highly eutrophic
Vortsjirv the share of macrophytes (58%) was lower
and the share of phytoplankton (41.9%) was higher
than in meso-eutrophic Peipsi s.s. where macro-
phytes and phytoplankton, respectively, contributed
84.2 and 15.6% of the daily summer PP in the
submerged macrophyte area. In more eutrophic
lakes, high phytoplankton biomass may shade mac-
rophytes and epiphytes (Romo et al. 2007), causing
a reduction in their share in the total PP. However,
the share of littoral PP in the total PP of the lake
was 3.6 times greater in Vortsjirv than in Peipsi. In
the larger and deeper Peipsi the littoral area is
smaller than in Vortsjirv (Table 2), and on a
relative scale the difference between the two lakes
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is more than tenfold: the littoral zone occupies about
1.7% of the total area of Peipsi s.s. and 19% in
Vortsjarv. Therefore, the share of littoral PP in the
total PP of the lake was also much greater in
Vortsjarv.

Our results on macrophyte production exceed the
literature values quite substantially (Table 1). More-
over, the share of epiphytic algal PP in the total
littoral primary production estimated in our study
(0.1-0.2%) is substantially lower than the values
reported in the literature (5.5-71% as reviewed by
Miiller 2000). In Lake Lawrence (Michigan), epi-
phytic algae were responsible for 31.3% of the total
littoral production and for 21.4% of the total annual
production of the whole lake (Allen 1971). However,
the A, of Lake Lawrence is only 0.05 km?, and most
of the other studies reviewed have also been
conducted in small lakes. Lake Memphremagog
(Québec) is a large but very long and narrow lake,
and McPherson Bay, where the study of Cattaneo and
Kalff (1980) was conducted, has a rather small area.
Lakes Peipsi and Vortsjirv are large lakes with quite
simple shorelines, and our measurements were made
in the littoral adjoined to the large open water area.
We assume that in such large lakes as Peipsi and
Vortsjarv, the macrophyte stands are much more
actively disturbed by wave action, which interferes
with the colonization of macrophytes by epiphytic
algae and at the same time supplies nutrients to
macrophytes. Therefore, the productivity of macro-
phytes in such systems is much higher and the
contribution of epiphytes to the total primary pro-
ductivity is much less important than in small lakes.

As the main aim of our study was to estimate the
contribution of submerged macrophytes and their
epiphytes to the total PP of large and shallow lakes,
our most important result was that for the first time
the total primary productivity and the share of
different producers (epiphytes, macrophytes, and
phytoplankton) was estimated in large shallow
eutrophic temperate lakes. These results would give
a basis for the further intra- and supra-regional
comparisons and will also serve as the basis of the
calculation of the carbon budget of these large lakes.
In our further studies, we plan to use more sophis-
ticated equipment for the measurements of seasonal
and vertical distribution of light in the macrophyte
beds and to discuss more thoroughly the causes of the
seasonal and vertical variations of the productivity.
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