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The influence of environmental conditions on the morphological
variability of phytoplankton in an oligo-mesotrophic Turkish lake
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Phytoplankton dynamics and morphological plasticity were studied in an oligo-mesotrophic lake from late spring to early
autumn in 2004 on a weekly to bi-weekly basis. This study aimed to evaluate the effect of environmental constraints on mor-
phological plasticity and size structure of dominant species through the stratified period of the lake. While centric diatoms deve-
loped mainly in the epilimnion, Fragilaria crotonensis, Synedra sp. and Synedra acus were very well distributed through the
whole water column, as was the cryptophyte Plagioselmis nannoplanctica. A filamentous cyanobacterium, Planktothrix rubes-
cens, was stratified in the metalimnion throughout the sampling period, while Mougeotia sp. was entrained through the whole
water column during the early autumn. Surface area / volume (S/V) ratios were calculated for the dominant species on each sam-
pling date. The minimum S/V ratio was found with centric diatoms, while maximal values measured were for Synedra sp. and
Asterionella formosa. The S/V ratio of the only dominant cryptophyte, Plagioselmis nannoplanctica was also high; variations
were negatively correlated with NOs-N and PO4-P (-0.62 and -0.61, respectively) and positively correlated with euphotic depth
(r=0.57) and temperature (r=0.82). On the other hand, the S/V ratios of Fragilaria crotonensis and Cyclotella ocellata each sho-
wed strong negative correlation with silica concentrations (-0.55 and -0.62, respectively). It is concluded that allometric rela-

tionships showed significant differences among species according to depth and season.
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Introduction

Phytoplankton species show a wide range of diver-
sity in their morphometric characters, even among clo-
sely related genera within the same phylogenetic divi-
sion (Huszar & Caraco 1998). This morphometric di-
versity may be the result of physiological adaptation to
different environmental conditions (Margalef 1958).
Thus, there has been considerable interest in classi-
fying phytoplanktonic organisms into groups accor-
ding to their morphometric characters, in order to un-
derstand the relationship between phytoplankton com-
position and environmental constraints. Reynolds
(1997) has adapted Grime’s (1973) scheme for terres-
trial vegetation in 1973 to propose a framework for the
morphological-functional description of phytoplank-
ton composition, and in which organisms are partitio-
ned in relation to three major strategies (R-, C- and S-
strategists), and which is very useful in explaining the
phytoplankton dynamics in a given water body.

Phytoplankton are also a main component of pelagic
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ecosystems, since they are a primary source of energy
in aquatic food webs (Hutchinson 1967) and because
phytoplankton size and shape play an important role in
determining its availability to particular grazing ani-
mals. Phytoplankters can alter their size and shape with
changing physical conditions, such as light intensity,
nutrient deficiency, mixing etc., as well as for the avoi-
dance of predator pressure. Cell size also influences al-
gal growth rates. Reynolds (1984) stated that cell size
and shape influence on the metabolic activity that un-
derpins cell growth. The general rule is that the smaller
the cell, the greater is the surface/volume ratio and so is
its relative rate of nutrient uptake. Therefore, nutrient
availability in a lake may have a direct effect on phyto-
plankton composition and biomass and, together with
changes in physical conditions, may lead to changes in
species dominance from ones having higher surface/
volume ratios to ones with lower S/V and vice versa.

Long-term studies on phytoplankton composition
give a good idea about temporal changes that have oc-
curred in the character of a lake. Lake Sapanca, a natu-
ral waterbody located 80 km east of Istanbul, does not
have a long history of phytoplankton studies. Records
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on phytoplankton composition and abundance began
only fifteen years ago. Nevertheless, water-quality stu-
dies, including chlorophyll-a analyses, started a few
years earlier than the phytoplankton records (Yigit et
al. 1984). Therefore, it is difficult to talk about changes
in phytoplankton over time. From the studies so far
performed, it appears that the trophic state of the lake
has changed little during these years, mainly the slight
increase in nutrient concentrations in the lake that have
raised the classification of the lake from oligotrophic to
oligo-mesotrophic (Yigit et al. 1984, Tugrul & Morkoc
1991, Albay et al. 2003). The lake has a metalimnetic
Planktothrix rubescens population which has been mo-
nitored since 1997 (Albay et al. 2003); the presence of
deep chlorophyll-a maxima has been known since the
1980s. Moreover, Lake Sapanca is a reservoir, sup-
plying drinking water to the nearby city with a popula-
tion of 500,000. It is moderately deep (max. 55 m,
mean 26 m); its surface area is 46.8 km? and its volume
is ~ 1x10° m’ (DSI, 1989).

The aims of this study were to determine the compo-
sition and dynamics of phytoplankton in Lake Sapanca
through the stratification period and to evaluate the ef-
fects of environmental constraints on morphological
plasticity and size structure.

Material and Methods

The data refer to samples collected from the deepest
part of the lake on a weekly and biweekly basis, bet-
ween May and October 2004. Samples for chemical
analyses and phytoplankton enumerations were collec-
ted at the surface and at depths of 5, 10, 15, 20, 30, 40
and 50 m. Water samples for nutrient analysis (NOs-
N+NO,-N, SRP, TP, SRSi) were kept cool and in the
dark before being brought to the laboratory and analy-
sed according to standard methods (APHA 1989).
Temperature, dissolved oxygen, conductivity, pH were
measured in situ using a multi-parameter probe (Ra-
diometer, Pioneer 65). Euphotic zone (z.,) was calcula-
ted as 2.7 times the Secchi disc transparency depth.

Phytoplankton subsamples (100 ml) were fixed in
Lugol’s iodine solution and kept in glass bottles stored
in the dark. Density was obtained by counting speci-
mens until when 400 individuals of the most abundant
species had been enumerated (Utermohl 1958). The
abundance of each species was based on cell counts,
only filamentous species were considered as single
units and abundance was expressed as individual per li-
ter. Phytoplankton biovolumes and surface areas were
estimated from original cell measurements, following
the formulae of Hillebrand et al. (1999) and Sun & Liu

(2003). Algal species representing < 5% of total bio-
mass were not included in Surface area/Volume (S/V)-
ratio calculations. Picoplankton was not included in the
calculation of total phytoplankton biomass. Species
were also categorized into four groups according to
their Greatest Axial Linear Dimension (GALD):
< 25 pm (Group 1), 25-75 pm (Group 2), 75-150 ym
(Group 3) and > 150 ym (Group 4). To determine whe-
ther any differences in cell S/V ratio and biomass were
associated with increasing depth, the water column
was characterised by reference to three separate layers:
0-10 m (L1), 15-20 m (L2) and 30-50 m (L3).

Cluster analysis was undertaken using the complete-
linkage method, applied to distance matrices obtained
from biomass data, transformed to their double square
roots. Ordination of the data followed the Statistica
software package (Statsoft Inc. 2001). The relations-
hips between cell surface area/volume ratio and phyto-
plankton biomass with environmental variables were
explored by Canonical Correspondence Analysis
(CCA) using CANOCO 4.5 software (ter Braak &
Smilauer 2002). Before computation, double square
root transformation of biomass data was made to re-
duce weighting by the most abundant species.

Results

Physical and chemical environment

Lake Sapanca is a warm monomictic lake (min
7.2 °C at 50m depth and max 27.5 °C at the surface).
Thermocline formation generally starts in May and
ends with the beginning of the circulation period in
November. In previous years, a distinct thermocline
was generally present in the lake throughout the sum-
mer but, in August 2004, stratification was exceptio-
nally disrupted, resulting in unusually high temperatu-
res (up to 25 °C) being measured in the deepest part of
the lake (50 m). By the next sampling, water tempera-
ture had decreased to 18 °C in the epilimnion and 16 °C
in the hypolimnion (Figure 1). The most likely cause
for such unusual behaviour is seismic activity, as the
lake straddles one branch of North Anatolian Fault
System (Neugebauer et al., 1997) and along which
a large earthquake occurred in 1999. The lake water
is slightly alkaline and the pH ranged between 7 and
8.9 during the sampling period. Nutrient concentra-
tions remained generally low, with mean values
for N-NO3+N-NO; of 45 ug I'', for TP of 13 pg 1" and
984 ug 1" for SRSi. SRP concentrations were always
very low and below detection limits on many sampling
dates.
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Fig. 1. Depth-time diagrams of water temperature in the sampling
period
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Fig. 2. Seasonal successions of mean biomass of the main phyto-
plankton groups in the whole water column.

Ward's method

1-Pearsonr

24 May
01 Jun E
07 Jul

09 Jun

25 Jun

20 Jul
23 g ::I—-’i
02 Aug

125ep
245ep ——————————

25 0ct I

0,0 02 0.4

06 0,8 1.0

Fig. 3. Ordination of the samples in seasonal clusters.

Phytoplankton succession

Variations in the total biomass values showed two
major peaks (at the end of May and at the beginning of
August), exceeding 2000 pg 1" on either occasion. The
mean biomass during the sampling period was found to
be 1607 ug 1"'. Bacillariophyta were the dominant algal
group throughout the whole season. Cyanobacteria
were represented by filamentous species, mainly
Planktothrix rubescens, which formed a metalimnetic
population. Cryptophyta, represented principally by
Plagioselmis nannoplanctica, were present in high
numbers (but low biomass) throughout the sampling
period. Other groups contributed only slightly to the
total algal biomass present. Figure 2 shows the seaso-
nal successions of mean biomass of the main algal
groups in the whole water column.

The results of cluster analysis are reported in Figure
3. In the tree diagram obtained from biomass data, the
higher hierarchical level indicates a separation bet-
ween the three main groups with a dissimilarity level
of 0.5. These groups divide the sampling period as
early summer, summer and early autumn. On the basis
of its large-sized units, Planktothrix rubescens was the
dominant species in early summer, while Synedra spp.
and Fragilaria crotonensis were sub-dominant. In
summer, Fragilaria crotonensis took over the domi-
nance of the assemblage when its biomass constituted
80% of total biomass. In the same period, Plagioselmis
nannoplanctica reached relatively high numbers but its
contribution to total biomass remained low, as a conse-
quence of its small unit size. In early autumn, three lar-
ger-sized species, Planktothrix rubescens, Fragilaria
crotonensis and Mougeotia sp., co-dominated.
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On the basis of the GALD-division, the discrimina-
tion of seasonal groupings was very similar to the sepa-
ration of the biomass data. Group 4 (>150 ym) was do-
minant in early summer samples and group 2 and 3
were co-dominant groups. In summer samples, Group
3 became dominant, as a result of the increase of Fra-
gilaria crotonensis biomass. Although the contribution
of Group 2 was maintained into the autumn, Group 4
also became important and constituted 30% of total
biomass. The contribution of Group 1 to total biomass
was always a low percentage (Figure 4).
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Fig. 4. Seasonal changes of the phytoplankton groups according to
their GALD values.

Taking the categories distinguished by S/V ratios,
species with ratios of between 0.7-1 were dominant at
the beginning of the stratification period, with only a
small contribution of species having S/V ratios >1. Du-
ring summer and early autumn, the second group (S/V
ratio: 0.7-1) reached high biomass and constituted 90%
and 98% of the total biomass, respectively. The smal-
lest group (<0.7) was never exceed 10% of total bio-
mass in the study period. Table 1 shows mean, mini-
mum and maximum S/V ratios of dominant species.

Tablel. Number of measurements, mean, minimum, maximum S/V
values and Standard deviation of dominant species of Lake Sa-
panca.

No of Mean Min. Max. Standard
measurement S/IV SIV SIV Deviation
Stephanodiscus sp. 39 0.62 0.55 0.71 0.03
C. ocellata 67 0.67 0.56 0.82 0.06
P. rubescens 50 0.81 0.8 0.83 0.006
F. crotonensis 73 0.88 0.82 1.12 0.08
Mougeotia sp. 35 0.95 0.8 1.29 0.15
S. acus 77 1.21 0.99 1.55 0.1
P. nannoplanctica 79 1.36 1.02 2.05 0.16
A. formosa 47 1.64 1.37 225 0.099
Synedra sp. 85 17 1.54 245 0.18

Depth distribution of phytoplankton

With reference to the horizontal layers chosen, the
main species in the upper layer (L1) were Synedra spp.
and Fragilaria crotonensis in the early summer, with
minor contributions of Asterionella formosa and Cy-
clotella-Stephanodiscus group. In summer, Fragilaria
crotonensis became the most important species contri-
buting with a 90% to total biomass. Synedra sp and Cy-
clotella sp. constituted the rest of the total biomass.
During the autumn, Mougeotia sp. became the second
most important alga in this layer, after Fragilaria cro-
tonensis. Nutrients showed no relationship with the
biomass of dominant summer species, Fragilaria cro-
tonensis and Planktothtix rubescens; on the other hand,
Synedra abundance showed a weak relationship with
TP and SRP (Figure 5a). Similar results were also ob-
tained for the S/V ratio of these species. The S/V ratio
of Asterionella formosa, however, was dependent on
SRSi and Dissolved Oxygen (Figure 5b).

In the second layer (L2: 15-20 m, coinciding with the
metalimnion), the dominant species was Planktothrix
rubescens, having migrated down to the metalimnion
in early summer. In the beginning of summer, phyto-
plankton became very diverse, following the disrup-
tion of the thermocline. Synedra spp, Planktothrix ru-
bescens, Stephanodiscus sp. and Fragilaria crotonen-
sis contributed substantially to total biomass and in ap-
proximately similar proportions. However, Plankto-
thrix rubescens again became dominant in this layer to-
wards the end of summer, with Fragilaria crotonensis
subdominant. In early autumn, the Planktothrix rubes-
cens population decreased and Mougeotia sp. took
over the dominance, with a contribution from Fragila-
ria crotonensis. In this layer, Fragilaria crotonensis
biomass was mainly related to temperature and pH,
and other colony-forming pennate diatom, Asterionella
formosa, which had a low biomass throughout the sam-
pling period, related to SRSi and NO3+NO,. While
Plagioselmis nannoplanctica and Cyclotella ocellata
were controlled by light availability and also tempera-
ture, Stephanodiscus sp. was controlled by SRP (Fi-
gure 5¢). On a S/V ratio basis, Synedra sp., Plagiosel-
mis nannoplanctica and Cyclotella ocellata were
mainly dependent on temperature and also conducti-
vity had an effect on these species (Figure 5d).

In the bottom layer (L3), species dominance showed
a similar pattern to that in L2. Their major group
consisted of Planktothrix rubescens and the colony-
forming (Fragilaria crotonensis) or the needle-shaped,
unicellular (Synedra spp.) pennate diatoms. In early
autumn, Mougeotia sp contributed a higher proportion
of the total biomass. Planktothrix rubescens showed a
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Fig. 5. Biplot of biomass values (a: in L1, c: in L2, e: L3) and S/V ratio (b: in L1, d: in L2, f: in L3) with environmen-
tal variables at three depth interval. Arrows represented environmental variables and species abbreviations are: as-
teri: Asterionella formosa, Cyc: Cyclotella ocellata, steph: Stephanodiscus sp. Asterionella formosa, fra: Fragilaria
crotonensis, sacus: Synedra acus, synedra: Synedra sp., plagio: Plagioselmis nannoplanctonica, mou: Mougeotia
sp., prub: P. rubescens
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significant relationship with NOs+NO,, whereas, light
availability, temperature and TP affected Fragilaria
crotonensis biomass (Figure 5e). Conductivity and
light availability showed a major effect on the S/V ra-
tio of elongated species, like Fragilaria crotonensis,
Planktothrix rubescens, Mougeotia sp., Synedra acus,
and also one small species (Plagioselmis nannoplanc-
tonica) with a higher S/V ratio (Figure 5f).

Discussion

Diatoms were the most important component of the
phytoplankton assemblage during the stratification pe-
riod in Lake Sapanca. According to nutrient concentra-
tions, Lake Sapanca can be classified as oligo-mesotro-
phic, in which phosphorus and, from time to time, ni-
trogen may act as limiting factors for algal growth (Tu-
fekci 1999). Under these conditions, dominant species
are selected among the stronger competitors for phos-
phorus. During the study period, diatom biomass was
dominated by Fragilaria crotonensis, Asterionella for-
mosa and Synedra sp. These three species are well-
known to be good competitors in natural phytoplank-
ton communities under phosphorus limitation (Som-
mer 1985). Although they can grow under phosphorus-
deficient conditions, another nutrient, silicon, became
the most important factor, since these species, espe-
cially Synedra sp., cannot thrive under low Si concen-
trations (Kilham et al. 1986). The Synedra population
decreased rapidly one month after stratification started,
although Si concentration had not fallen to especially
low levels. However, other nutrients (SRP and
NO3+NO,) did show sharp falls in epilimnetic concen-
tration and which would not normally be replenished
from reserves isolated in the hypolimnion. Under these
conditions, Fragilaria crotonensis took the place of
Synedra sp. and formed a dense population in late sum-
mer and autumn. In August, especially, Fragilaria cro-
tonensis reached high numbers and 90% of total bio-
mass. Normally, Lake Sapanca has a special segrega-
tion which forms a barrier between nutrient-rich hypo-
limnia and nutrient-poor epilimnia in summer months.
Because of the evident disruption of the typical segre-
gation of a nutrient-poor epilimnion from a nutrient-
rich hypolimnion, attributed to seismic activity expe-
rienced in 2004, diatoms would have been able to tra-
vel more deeply and nutrients in the hypolimnetic wa-
ter would have been entrained into the upper, produc-
tive layers. Under these conditions, Fragilaria croto-
nensis outcompeted Planktothriz rubescens in terms of
biomass through the whole water column. Fragilaria
crotonensis is known to reach high biomass in the lakes
with differing trophic state, from oligo-mesotrophic to
eutrophic (Salmaso 2002, Albay & Akcaalan 2003).

Planktothrix rubescens established a metalimnetic
population between early summer and autumn. Its
contribution to total biomass was relatively high
(40%). Planktothrix rubescens concentrated in the
thermocline where nutrient concentrations and physi-
cal conditions do not fluctuate greatly with time; being
a buoyant, self-regulating species, P. rubescens is able
to adjust its position to gain the optimal blend of
growth conditions available (e.g. low light and availa-
ble nutrients coming from the hypolimnion). Thus, its
morphological plasticity is not closely related to chan-
ging nutrient conditions or physical disturbance
(Morabito et al. 2007). Moreover, large algae often
attenuate their shape to preserve a favourable ratio of
surface area to volume (Reynolds 1984).

Plagioselmis nannoplanctica was the most impor-
tant representative of the Cryptophyta, accounting for
30% of total density in late summer. As a group, cryp-
tophytes are ubiquitous species and their presence is
not related to nutrient concentrations (Reynolds, 1984,
Dokulil, 1988), the main factors affecting their seaso-
nality are temperature and light intensity (Barone &
Naselli-Flores 2003). This was confirmed in the pre-
sent study by the significant correlations highlighted in
the CCA ordination between Plagioselmis nanno-
planctica and temperature.

Cell size has a strong influence on cell physiology
and it is known that smaller organisms are metaboli-
cally more active as many metabolic processes are sca-
led with the size of the cells (Reynolds 1997). The ge-
neral agreement is that increasing cell size generally
results in decreased growth rates (Tang 1995, Reynolds
1984). Along with size, the surface area/volume ratio
of a cell is among the main determinants of its potential
physiological performance. A high cell surface/volume
ratio enables the organism to exchange materials
across and between its boundaries more efficiently
(Reynolds 1997). Especially under low nutrient condi-
tions, species with a high surface-to-volume ratio are
able to take advantage of this situation. However, high
S/V ratios are not only dependent on cell size but also
on cell shape (Teubner 2003). As can be seen in our re-
sults, dominant diatoms in the lake were mainly com-
posed of needle-shaped ones with the high S/V ratio
characterising R-strategists, and the most abundant
Cyanobacteria (Planktothrix rubescens) are filamen-
tous.

By relative biomass, the prominent species encoun-
tered in the present study included Fragilaria croto-
nensis, Planktothrix rubescens, Asterionella formosa
and Synedra sp. These last species belong to different
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GALD classes and show a minimum length of 60 mm.
Three further species, Cyclotella ocellata, Stephano-
discus sp. and Plagioselmis nannoplanctica belong to
GALD group 1 (<25 um) together failed to account for
more than 10% of total biomass during the sampling
period. Several models of phytoplankton growth rate
have been used to predict whether large and small cells
should predominate under different environmental
conditions (Parsons & Takahashi 1973, Kagami &
Urabe 2001). There is general agreement that smaller
cells have faster growth rates (Reynolds 1984, Tang
1995). However, Kagami & Urabe (2001) found that
cell size not always has a negative correlation with
growth rate in their in sifu experiment and suggested
that allometric relationships between growth rate and
cell size do not necessarily hold for algal communities
in given natural habitats. There are many factors, inclu-
ding nutrient supply, light intensity, water stability,
temperature or grazing, that affect algal growth rate
and the succession of phytoplankton communities
from large species to small ones or vice versa. Howe-
ver, it is difficult to separate any one single factor to ac-
count for such changes of phytoplankton composition
in natural habitats.

To compare the density data with biomass values ac-
cording to size distribution, the contribution of the
smallest group (GALD <25 um) increased to 40% in
late summer with the dominance of Plagioselmis nan-
noplanctica. Bergquist et al. (1985) showed that parti-
cle size distributions are closely coupled to grazing dy-
namics in plankton communities. Zooplankton compo-
sition in Lake Sapanca mainly comprised small rotifers
and the contribution of Cladocera and Copepods to to-
tal density were negligible. Also, zooplankton density
in July and August is very low (Okgerman, Pers.
Comm.). This situation may have permitted the in-
crease in the population of Plagioselmis nannoplancto-
nica.

In conclusion, the main driving factors for phyto-
plankton in Lake Sapanca are nutrient concentrations.
At the beginning of the stratification period, nutrient
concentrations were sufficient to support algal species
which depend upon higher nutrient concentrations.
However, the community changed with the decrease of
phosphorus and nitrogen in the epilimnion and species
which are less dependent upon the ready availability of
nutrients, especially phosphorus, became dominant.
Moreover, according to S/V ratios, the ordination of
species indicates a niche separation among species, As-
terionella formosa, Stephanodiscus sp., which were
mainly related to weak stratification characterized by
high dissolved oxygen and nutrient availability and

Fragilaria crotonensis which was mostly controlled by
high temperature and light availability. Also, the dis-
ruption of the thermocline in August promoted a major
change in the dominant species, from stratified Plank-
tothrix rubescens to large diatoms, especially Fragila-
ria crotonensis, through the whole water column.
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