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Abstract: Phytoplankton assemblages in the subtrophical oligotrophic Lake Fuxian, the second deepest lake in China, were investigated
monthty from September 2002 to August 2003. A total of 113 species belonging to seven phyla were identified, among them, a filamentous
green alga, Mougeotia sp., dominated almost throughout the study period and comprised most of the total phytoplankton biomass.
Mougeotia sp. has made a substantial deveiopment during the past decades: it was absent in 1957, only occasionally present in 1983,
increased substantially in 1993, and bscame predominant in 2002—2003. It is likely that natural invasion of the Taihu Lake noodlefish
{ Neosalanx taihuensis) has led to a change of dominant herbivorous zooplankion from small to large calanoid, which has increased
grazing pressure on small edible algae, and thus has indirectly favored the development of the inedible filamentous Mougeotia sp.
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m, respectively. The northern basin of the lake is wider and
deeper than the southern basin (Fig.1). The average annual
rainfall is about 951.4 mm. In general, rainy season occurs

Introduction

Introduction of exotic fish from the Yangtze River to

lakes of Yunnan-Guizhou Platean has led to significant
ecolagical consequences of the lake ecosysiem. So far, most
concerns have been on the extinetion of endemic fish species
{Yang, 1994; Xie, 1997; 2001), but little is known about
the changes of other components (i. e., phytoplankton
assemblages) of the ecosystem after the invasion of exotic
fish .

Lake Fuxian(212 km’ in surface area} located in the
central Yunnan Province, is a subtropical oligotrophic
freshwater lake. It is the second deepest lake in China, with
a maximum depth of 155 m. This plateau lake contains 25
relict native fish(12 are endemic to this lake) { Yang, 1993).
There is a small shallow eutrophic lake, Xingyun Lake,
adjacent to Lake Fuxian. Both lakes are connected by a
natural hollow waterway ( Gehe River }, and water from
Xingyun Lake naturally flows into Lake Fuxian. In 1982—
1984, 0.21 million fingerlings of the Taihu Lake noodlefish
( Neosalanx tathuensis ) from the Yangtze River were
introduced into Xingyun Lake. The noodlefish of Xingyun
Lake invaded naturally into Lake Fuxian through Gehe River,
and soon built natural population there. Before the invasion
of N. tathuensis, an endemic species, Anabarilius grahami
{Regan), dominated with an annual production of 300—
400 t{ Yang, 1995). The production of N. taihuensis was
only 8 t in 1987 but increased sharply to over 1000 t/a since
1990, while the production. A. grahami declined
dramatically to only 1-—2 t/a at present.

However there have been only very limited information
on phytoplankton assemblage in this lake so far. The
purposes of this research were to describe the present status of
phytoplankton assemblage through an annual sampling
program at 12 sites in 2002—2003, and to describe the long-
term changes of dominant phytoplankion during 1957—2003
with emphasis on the possible role of the invasion of exotic
fish in triggering the changes after mid-1980s.

1 Materials and methods

Lake Fuxian(24°17'—37'N, 102°4%'—57'E, altitude
1721 m) is a subtropical deep lake with a volume of 189 x
10* m*. Its maximum and average depth are 155 m and 89.7

from May to October, and dry season from November to
April. The lake shows a long water retention time of about
180 year. Generally thermeline initially oceurs in late March,
and stable stratification is observed in July. Then the
thermoline gradually deepens and disappears completely after
December. Theoretically, the thickness of thermoline of Lake
Fuxian iz 22.4 m{NIGLAS, 1990} .
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Fig.1 Map of Lake Fuxian

The main inflow is Gehe watergate through which high
putrient water flows from the euirophic Xingyun Lake. The

nver inflow in mid-summer is 0.4—0.5 m'/s with a
discharge rate of 20 m’/s(Kenji, 2002) . Haikou River, the
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only outflow, is situated in Lhe easl edge of the lake with an
average discharge of 3.59 m'/s. With the increase of resident
population, the development of tourism, and more
noticeably, discharge of entrophic waters from Xingvun Lake
to Lake Fuxian, nuirient contents showed a steady increase
during the past decades. Nevertheless, Lake Fuxian is still a1
an oligotrophic status according to the standard of OECD
(OECD, 1982).

Water samples at 14 stations were collected monthly
from September in 2002 to August in 2003. The depth of the
stations was belween 19—150 m with an average of 81.2 m.
Because the deepest point of the lake located in ST13 and
ST4 near to the Gehe River, at ST 4 and ST 13, samples
were collected at a series of discrete depths from the surface
to the bottom{ST4: 0, 5, 10, 15, 20, 30, 40, 50, 100 m;
ST13: 0, 5, 10, 15, 20, 30 m). For the rest 12 regular
stations, each sample was a mixture of 5—8 sub-samples
collected from different depths(0, 5, 10, 15, 20, 30, 40,
50). Data of nutrients, phytoplankion and zooplankton on
each sampling date are mean of the 12 regular sampling
stations .

In the laboratery, total phosphorus { TP) concentration
was measured by colorimetry afier digestion of the total
samples with K,S,0; + NaOH to orthophosphale ( Ebina,
1983) . Total Nitrogen was digested simultaneously with TP.
After digestion, TN was measured as nitrate and absorbance
was measured at 220 nm. Nitrate (NO; -N) was analyzed
using the automated Korolev/cadmium reduction method.

The values of temperature, pH, conductivity and water
transparency were obtained in  siw. Temperature was
measured by a WMY-01 digital thermometer. pH and
conductivity were determined with PHB-4 pH meter and
DDB-303A, respectively. Dissolved oxygen ( DO')  was
measured by a JPB-607 DO meler. Transparency was
measured by a Secchi disk.

Chlorophyll @ was determined by a spectrophotometer
(Lorenzen, 1967) after filtralion on Whaiman GF-C glass
filters and 24 h extraction in 90% acetone, Phytoplankton
determinations were carmied out on samples preserved in
acetic Lugol’ s solution and formaldehyte { Saraceni, 1974 )
and sedimenled for 48 h. Then the supernatant was removed
and the residue was collected. After completely mixing, 0.1
ml concenirated samples were counted directly through a 0.1
ml counting chamber using a Nikon microscope at a
magnification of 400 x . Phytoplankion species were
identified aceording to Hu(Hu, 1979) . The count{including
the colonial forms) was conductal by enumerating single
cells. Algal biomass (expressed as mg fresh weight L™') was
estimated from the closest geomelric volume of each taxa,
assuming a mean density of 1 g/mm’ . If the size of species in
a taxa differ distinetly, the individuals of thal species were
divided into several cell size classes in order to determine the
volume accurately.

Crustacean zooplankton was sampled using a 5 L
modified Patalas botile sampler. Samples were obtained by
straining 50—280 L lake water collected from different depths
through a 64 pm mesh plankton net and were preserved by
the methods of Haney{ Haney, 1973). Crustacean plankton
was identified according to Chiang{ Chiang, 1979) and Sheng
(Sheng, 1979) and counted under a magnification of 6.3 x
10.

2  Results

Annual means and ranges of the main physical,
chemical and biological parameters in Lake Fuxian are listed
in Table 1. Pronounced stratification was observed from April
to November and a complete homogenization look place from
January to March. Water temperature was the highest in July
(24.6°C) and the lowest in Febrary (14°C) . The relative
low Secchi depth { 8d} oceurred in March, July and
November. In general, Sd was higher in the north basin than
in the south hasin.

Table 1  Arnwal means and ranges of physical, chemical and biological
parameters in Lake Fuxian
Mean . Range
Seechi disc depth, m 7.01 5.19—7.91
Conductivity, pS/cm 287.0 237.8—345.6
pH 8.73 8.25—9.32
Dissolved oxygen content, mg/L 9.63 7.32—13.83
. TP, pefl. 20.7 18.9—21.8
TN, pg/l 198.1 168.5—213.0
N, -N, pg/L 40.2 10.0—106.0
Chlorophyll @, pg/l 2.65 1.27—5.68
Density, x 10* ind./L 4.3 3.8—27.6
Biomass, mg/L ¢.419 0. 064—10.853

The maximum pH was in April. The maximum
conductivity was in August. Mean DO concentration had a
maximum in October and a minimum in September. The
minimum  concenteations ( about 10 pg/L) of NO;-N were
recorded in November and March{Fig.2) .
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The eladoceran Bosmina longirosiris, and the calanoid
Phyllodiaptomus  tunguidus  dominated the crustacean
plankton community during the study period ( Fig. 3). The
highest density peak of total planktonic crustaceans was
present in  April ( 24.8 ind./L) when Daphnia sp.
contributed to 99% of total cladocerans. The density of
oyclopoids was below 0.3 ind./L throughout the study
period .
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Fig.3  Temporal variations in the density {ind./L) of
crustacean plankton in regular samples

Both chlorophyll @ concentration and total algal hiomass
showed a high peak in March, and a minimum value in
August. They showed a quite similar seasonal dynamies({Fig.
4) . Dense populations of centric diatoms contributed greatly
to the maxima of chlorophyll a and algal biomass{Fig.5) .

During the study period, 113 species belonging to seven
phyla  ( Chlorophyta, Cyanophyta, Bacillariophyta,
Pyrrophyta, Cryptophyta, Chrysophyta, Euglenophyta} were
identified.  Among  the assemblages,
Mougeotia sp. were dominant throughout the study period
(Figs .6—9} .

During the complete thermal homogenization of the water
column ( from December to January ), Mougeotic sp. and
Fragilaria crotonensis were dominant, and Mougeotia sp.
reached a maximum biomass of 0.59 mg/L. in December.
When water temperature reached the lowest in Febhruary, the
filamentous green alga Ulothrix subtilissima showed a high
peak value ( Fig. 10). In the early spring ( March), the

phytoplankton
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Fig. 6  Temporal variations of biomass ( pg/L) values
subdivided by algal lasses in regular samples

unicellular centric diatom  Cyclotelle  rhomboideo-elliptia
contributed greatly to the phyioplankton assemblages. With
the appearance of thermal stralification al the end of March,
dominance of diatoms was quickly replaced by Mougeotia sp.

In the summer { July—August }, when thermal
stratification was intensified, Mougeotia sp. declined greatly
and the phytoplankion community was more diverse, and
reticulatum ,  Microcystis  aeruginosa, and
Tetraedron minimum had also made substantial development.

Coelasirum

It should be noted, however, that Microcystis aeruginosa
colonies were present mostly at the station 13 near to the
Gehe River where Microcystis colonies were transported from
the eutrophic Xingyun Lake.

At the beginning of the autumn, Micrecystis aeruginosa
and  Tetraedron  minimum  disappeared  soon, and
Cryptomonas , Dinobryon and Pyrrophyta showed subslantial
increases, and Mougeotia became dominant again in the
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phytoplankton community .
3 Discussion

There have been obvious changes in dominani species in
Lake Fuxian during the past decades(Table 2). A colony-
forming green alga, Fudorina elegans Frh. was lhe most
dominant alga species(Li, 1963 ) in 1957. A filamentous
green alga, Ulothrix sp., and a filamentous cynaobacterium
Aphanizomenon flos-aquae became the most important tweo
species( Xing, 1984) in 1989. The mosl important dominant
changed from a desmid Steurastrum indentatum in 1989, to a
dinoflagellate Ceratinm hirundinella in 1993, and to a
filamentous green alga Mougeotia sp. in 2002—2003.
During 1957—2003, although nitrogen and phosphorus
showed substantial increases, phytoplankton abundance did
not show obvious tendency, but great changes took place in

algal the dominant species. The most significani change of
phytoplankton assemblage 1983 was the steady
development of the filamentous Mougeotia sp.

In 1983, Mougeotia appeared at all sampling sites only
in May and was occasionally detected in another three months
(Xing, 1984). In 1993, this species appeared in the two
survey months over the whole lake with a density of 16232
ind./L in May{ Deng, 1996} . In 2002—2003, it dominated
phytoplankton community all the year in all sampling sites.
Reynolds ( Reynolds, 1997 ) classified Mougeotia as
Association T which show preferential adaptation in more
persistently mixed layers. Mougeotia sp. have their optimum
conditions for growth beginning from oligo-mesotrophy (Nico,
2002) . It can exist in a variely of habitats with a wide range
of nutrient levels and pH(Table 3) . Hillebrand{ Hillebrand,
1983) observed its floating mats on several small ponds in the

since



No.3 Present status and changes of phytoplankion eommunity after invasion of Nessalunx tathuensis since 1982 +«---- 393
100 - 30 . )
Ceratium hirundinella Dinobryon divergens
80 - r 25
20+
60 |- ?
15 -
a0l
10 -
% 20 - 55
= :
go b g | Il N P R . |1,
E 16 - 30
& Peridinium volzii Cryptomonas erosa
T S EI N VI . VNS B |
91011121 2 3 4 5 67 8 91011121 2 3 4 5 67 8
Months
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Table 2 Comparison of dominant algal species, algal abundance and species number in Lake Fuxian in different study periods
. : 3 . ,
Study period 1957 Jul . —Sep. ) 1983 (Feb. , May 1989( Apr. , May) 1993( May. Aug. ) 2002—2003
Aug. ,Dec.)
. . Dominant Species Dominant Species Dominant Species Dominant Species
Dominant species . . . ;
species number species number specios number specles number
Chlorophyta Eudorina elegans Erh. *  Ulothrix sp, " Sterrastrum Staurastrunt sp. Mougeotia sp.
Staurastrum paradoxor  Ankistradesmus sp. indentatum . " Maugeotia 8. tetracerum
Crueigenia Mougeotic sp. parvala 8. indentatum
tetrapedia 20 5. manfeldtii var . 16 Coelastrum 31 62
Staurastrum sp. annulatum reticulatum
Ag . tetracerum vir .
tortum
Cyanophyta Aphanizomenon A. flos-aquae ™ 13 A fos-aguae 2 A, flos-aquae 16 A Avs-aquae 24
flos-aguae
Bacillariophyta Cyclotells rhamboideo- €. rhomboideo € . rhomboideo Cyelotella sp. . bodanica Eul .
eltiptica -elliptica -elliptica O rhomboideo
C. bodanica Eul . 4 Srephanodiscus 49 13 _elliptia 20
ittt ulus Fragilaria
crotenensis Kitton .
Chrysophyta 1 Dinobryon 3 Dinehryon 1
divergens divergens
Pyrrophyta Ceratium hirundinells €. irundinella 1 2 . hirandinetia” 2 . hirundinelln
Euglenophyta 1
Charaphyta 1
Cryptophyta Chroomonas sp. 2
Total algal {mg/L) 0.46 0.921 0.419
Reference Li et al. (1963} Xing (1984) Wei et af . (1994) Deng et af . (1996) Present study

Note: # Indicates the most important dominance

Table 3 Occurrence or abundance of Mougeotia and concentrations of nutrient(pg/1.) in various freshwater systems

Location pH TP, pg/L NO;-N, pp/L TN, ng/L Sources
Lake Fuxian Yunnan Province, China 8.3-9.3 18.9—21.8 10—106 169—213 Present study
Tundra ponds Smoking Hills, Cape Bathurst., NWT 8.1—8.2 James, 1996
East Twin Lake Portage Co. ,Ohio 4.5 James, 1996
Little Rock Lake North-central, Wisconsin 4.7—5.1 James, 1996
Lake Garda South of Alps, [taly 8.0—8.9 12—20 50—320 Nico, 2002
Cachai Lake Guizhou Province, China 5.0 25 Wang, 1998
Yilong Take Yunnan Provirce, China 8.4—10 92—165 Wang, 1998

Netherlands. The ponds were all eutrophic and bicarbonate-
rich, with pH ranging from 7.5 to 9.9. Fairchild and
Sherman ( Fairchild, 1993 ) found that the proportion of
Mougeotia was highest in the acidic lakes(pH 5.2—5.3).
However, the experimental results of James( James, 1996),

revealed that Mougeotia reached the maximum growth and
highesl gross pholosynthesis at pH 8.

In a subtropical oligotrophic lake, Lake Garda, a
progressive increase of Mougeotic and Closterium followed
the beginning of eutraphication, and Mougeotic sp. showed
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an optimum growth in a mesotrophic level { Nico, 2002} . In
Lake Fuxian, both TP and TN showed substantial increases
from 1983 to 2002: from below or around 10 pg/L to 20.7
pe/L for TP, and from 0.12 mg/L to (. 198 mg/L for TN. It
may be difficult to conclude that such increases in TP and TN
triggered the massive growth of
Mougeotia in our study lake, considering their presence in
wide ranges of nutrient levels.

The structure of a phytoplankion community is not only

determined by nutrient condition ( the so called bottom-up

concentrations have

forces ),  but also dependent
herbivorous animals(the so called top-down forces) ( Shapirn,
1980) . Since the invasion of the exctic fish, Neosalanx
taihuensis, in about 1982, the endemic fish, Anabarilius
grahami, gradually lost ils dominance. Both A. grakami
and . taihuensis primarily prey on zeoplankton; diet of
these two species is similar( Yang, 1995). In Dianchi Lake,
N.  taihuensis preved on  Newtrodiaptomus
mariadvigae mariadvigae , since their frequency of occurrence
in the food items of this fish reached 67 % —100% ( Liu,
1994) . A high grazing pressure by this fish led to an obvious
reduction in abundance of this copeped( Liu, 2001), but an
obvious increase in abundance of a large-bodied calanoid
( Wang Z. R. private
communication ) . In Lake Fuxian, N. taihuensis mainly feed

on grazing pressure by

mainly

Neodiaptomus  schmacheri
on Bosmina longirostris and Phyllodiapiomus tunguidus , the
average frequency of occurrence ratio in the food of the fish
was 74% and 55% , respectively( Qin, unpublished data) .
Quite similar to Lake Dianchi,
taihuensis led to a change of dominant crustacean zooplankton
from a small calanoid, ¥. mariadvigae (1.13—1.35 mm

invasion of Neosalanx

for adult female) to a large calanoid Phyllodiaptomus
tunguidus (1.7—1.96 mm for adult female) . In oligotrophic
Lake Inari, the invasion of a zooplanktivore fish, Vendace,
has led to a shift in both zooplankion size and species
composition: the smallest zooplankton
community { Bosmina longirostris ) has replaced larger

species in  the

cladocerans and the three most numerous cladoceran species
were all significantly smaller (Thomas, 2001). These two
invasive species ( V. taihuensis and Vendace ) select
different size of prey which leads to different changes of the
zooplankton community. In Lake Fuxian, the large calanoid
may be more efficient in feeding on small-sized algae,
according to Brooks and Dodson ( Brooks, 1965). The
filamentous Mougeotic are inedible by zooplankton due to its
large size. It is likely that invasion of ¥. taihuensis has led
1o a change of dominant herbivorous zooplankton from small-
sized calanoid to large-sized one, which has increased grazing

pressure on small edible algae (e.g. Chroomonas sp.) and

thus has indirectly favored the development of the inedible
filamentous Mougeotia.
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