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Contribution of phytoplankton functional groups
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Abstract The functional group (FG) concept sug-
gests that species having different phylogenetic
origins but possessing similar functional characteris-
tics can be considered as functional groups and these
co-occur in the phytoplankton. Here, we study how
functional redundancy of phytoplankton taxa (within
group richness) contribute to the species diversity of
assemblages in an oxbow lake in the Carpathian Ba-
sin. We found that although the observed functional
redundancy was similar among several FGs, the shape
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of the species accumulation curves of these groups
was considerably different, implying that the observed
species numbers alone do not represent the real
functional redundancy of the groups. We demon-
strated that FGs that showed asymptotes in species
richness estimates in small spatial scale, exhibited
steady increase in large spatial, and temporal scales.
The contribution of FGs to species richness depended
strongly on the relative biomass of each FG. Species
accumulation curves of those groups of which ele-
ments dominated in the phytoplankton, appeared to be
approaching asymptotes. Since the shapes of species
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accumulation curves refer to the strengths of within-
group competition among constituent species, our
results imply that functional redundancy of phyto-
plankton is influenced by the role that the elements
play within the assemblages.

Keywords Chao’s extrapolation curves - Functional
redundancy - Species richness

Introduction

The high diversity of phytoplankton is one of the most
remarkable features of aquatic systems and became
the focus of many studies, especially after Hutchinson
(1961) in his seminal paper asked: “How is it possible
for a number of species to coexist in a relatively
isotropic or unstructured environment, all competing
for the same sorts of materials?*“. Several theories
have been proposed to explain this “paradox of the
plankton”, and now we know that the environment in
which phytoplankters live is neither isotropic, nor
unstructured. Planktic algae compete for a range of
various limited resources, and are exposed to many
different biotic (competition, grazing, parasitism,
allelopathic substances) and abiotic constraints (light
or nutrient limitation, sinking loss etc.). Most authors
argue that Hardin’s competitive exclusion principle
refers to equilibrium systems, but phytoplankton may
never reach complete equilibrium due to external
forces, which may set back succession repeatedly
(Richerson et al., 1970; Sommer et al., 1993; Scheffer
et al., 2003). Model simulations showed that compe-
tition for limiting resources results in chaotic oscilla-
tions among competing species, even in the lack of
external spatial, or temporal physical forces (Huisman
& Weissing, 1999). Furthermore, besides the various
external forces and resources traditionally considered
to be limiting (i.e. nutrients and light), several
additional limiting factors (behavioural effects, preda-
tor—prey interactions, release of allelochemicals)
might have further pronounced influence on the
coexistence of planktic algae (Roy & Chattopadhyay,
2007). Diversity, however, can be studied at various
organization levels ranging from genes to ecosystems
(Yoccoz et al., 2001), and the level selected depends
on the question raised. It has been demonstrated that
functional  properties of macroscopic  plant
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communities could be better explained by functional
rather than by species diversity (Tilman et al., 1997).
Studies on microscopic communities also demon-
strated that the use of functional diversity could be
helpful in the understanding of functioning and key
processes in algal (Steneck et al., 1994), or in bacterial
assemblages (Zak et al., 1994).

The recognition that phytoplankton assemblages
consist of phylogenetically different but functionally
similar groups of algae has led to the development of
functional group concept in phytoplankton ecology.
Many approaches are now available that provide
simple (Margalef, 1978; Kruk et al., 2010), or more
detailed classification systems (Reynolds et al., 2002;
Salmaso & Padisdk, 2007). The functional group
concept sensu Reynolds (FGs) has been successfully
applied in both theoretical and applied studies. It has
been demonstrated that functional composition of
phytoplankton responds to changes in mixing regime
(Becker et al., 2009; Wang et al., 2011), to anthro-
pogenic pressures (Abonyi et al., 2012), and to
hydrological changes in rivers (Stankovi¢ et al.,
2012; Abonyi et al., 2014). The seasonal dynamics
of the plankton (Padisdk et al., 2003; Salmaso &
Padisak, 2007; Wang et al., 2018) can also be
described and interpreted by the functional group
approach. The FG approach has also been used to
better understand the productivity-diversity relation-
ship for algae (Borics et al., 2012, 2014, Skacelova &
Leps, 2014; Torok et al., 2016), or the response of
algal assemblages to climate change (Domis et al.,
2007).

Phytoplankton FGs have well-defined habitat pref-
erences (Reynolds et al., 2002; Padisak et al., 2009),
and the elements of the groups can flourish if their
preferences can be successfully matched with charac-
teristics of the habitat they live in (Reynolds, 2012).
The algal groups occurring in a given habitat might
show marked differences in their functional redun-
dancy; i.e. in the number of species performing similar
functions, which means that contribution of the groups
to the overall species richness of phytoplankton is not
equal (Borics et al., 2012).

However for species rich microscopic assemblages,
the number of observed species is a negatively biased
estimator of the total species richness (Walther &
Moore, 2005). This problem can be surmounted by the
application of species accumulation curves (Gotelli &
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Colwell, 2001) that makes possible the comparison of
observed and predicted richness.

Here we studied the phytoplankton of a eutrophic,
small, temperate oxbow lake in the Tisza river valley
(Hungary). We hypothesized that contribution of the
functional groups of algae to the overall species
richness of the phytoplankton in a given lake is
different, and these differences can be studied by
analysing the species accumulation curves created for
each functional group. The aim was to highlight
differences in the functional redundancy of algae in
natural eutrophic phytoplankton communities. We
especially focused on how the various functional
groups contribute to the overall richness of the lake,
and how their contribution is influenced by their
relative abundance, and by the different spatial and
temporal scales.

We hypothesized that

(i) similar level of functional redundancy (based
on the observed number of species in FGs)
does not necessarily represent equal roles in
contributing to the overall richness of phyto-
plankton assemblages;

(ii) relative biomass abundance of a functional
group determines its contribution to the
species richness.

Methods
Study area

Phytoplankton diversity was studied in a small
eutrophic water body, the Malom-Tisza oxbow (48
01'14”N; 21 11'27"E, Hungary), located in the middle
of the Tisza River Valley, Carpathian Basin. The
11-km-long oxbow is separated into five sections. The
middle section is the Malom-Tisza oxbow with a
surface area of about 0.46 kmz, a length of 4.2 km, a
mean depth of 3 m, and a maximum depth of 12 m.
Like many small oxbow lakes in the Tisza Valley, it
shows apparent horizontal differences in macrophyte
coverage (Borics et al., 2011), and it is characterized
by strong summer thermal stratification (Borics et al.,
2015). This spatial heterogeneity allows the develop-
ment of various microhabitats in the oxbows, provid-
ing opportunities for the occurrence of highly diverse
phytoplankton assemblages (Krasznai et al., 2010).

Sampling design
Spatial samplings

Samples were collected on 23 July 2007 during the
characteristic summer thermal stratification period
(Borics et al.,, 2015). To cover all characteristic
habitats along the longitudinal section of the Malom-
Tisza oxbow, a spatially intensive sampling
scheme was applied (Fig. 1a). A total of 33 samples
were collected from 11 sample locations along the
lake. At each sampling location, three independent
samples were taken at 1 m distance from each other
from the euphotic layer using a tube sampler (length
2.5 m, diameter 0.06 m).

At smaller spatial scale, a vertical grid sampling
scheme was implemented in the cross section of the
oxbow (Fig. 1b). In the middle cross section of the
oxbow, a total of 69 samples were collected with a
hard plastic tube-sampler (length: 5 m, diameter:
0.03 m). In this case, the samples were collected from
5 water columns (left bank, left centre, middle, right
centre, right bank at equal distances (15 m) from each
other), in 25 cm vertical resolution.

Temporal samplings

The temporal samplings were performed between
2004 and 2010 in the vegetation periods. Three to five
samples were taken in the May—October periods in
every year. Altogether 25 samples were collected. In
each of the sampling events, single samples were
collected by tube sampler from the euphotic layer of
the water column in the middle of the Northern curve
of the oxbow (Fig. 1). Euphotic depth (D.,) was
estimated from the Secchi disc depth (SD; De,.
= 2.5 x SD). Samples were preserved in situ with
Lugol’s solution.

Sample preparation

Phytoplankton cell numbers were enumerated by a
Leica DMIL inverted bright-field microscope in 5 cm®
counting chambers (Lund et al., 1958; Utermohl,
1958). During the counting of algal units, we applied
three complementary approaches. To estimate the
number of large-celled taxa, or large colonial forms
(> 50 pum) the entire surface of the chamber was
counted at x 100 magnification. In the case of smaller
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Fig. 1 Map of the oxbow

(48 01'14"N; 21 11'27"E, a
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individuals (between 5 and 50 pm), a minimum of 400
specimens per sample were counted in transects at
x 630 magnification. The smallest algae (< 5 pm, for
example Romeria spp. or Chlorella spp.), which
occasionally appeared in high abundance in the
samples, were counted separately in every field of
transects at x 630 magnification. Specific phyto-
plankton biovolume was estimated according to
Hillebrand et al. (1999).

Assignment to functional groups

Each species was assigned to one of the functional
groups proposed and encoded with letters by Reynolds
et al. (2002) and reviewed by Padisak et al. (2009).
This classification is based on the adaptive properties
of planktic algae and their sensitivity to a range of
environmental factors. Each group is named by letter
codes. Since some of the functional groups contained
only a few species, we used a simplified classification;
that is, groups having similar ecological characteris-
tics were merged into larger groups. Thus, eight
functional groups were formed: (1) unicellular Chloro-
coccales; (2) algae without shape resistance, including
planktic diatoms and desmids; (3) bloom-forming
cyanobacteria; (4) small and middle sized flagellates;
(5) large metaphytic flagellates, mostly euglenoids; (6)
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metaphytic desmids; (7) coenobial Chlorococcales;
(8) large-celled flagellated planktic algae (dinoflagel-
lates and Gonyostomum spp.). Coda of the functional
groups that were assigned to larger categories and
relevant species of these groups are shown in Table 1.

We considered the within-group species richness as
a measure of functional redundancy (Wohl et al.,
2004).

Statistical analyses

To facilitate comparisons among the community
structures, species rank-frequency plots were con-
structed for the three sampling schemes. Relative
frequency of species was expressed as percentage of
samples containing the species.

Testing the first hypothesis Chao’s sample-based
extrapolation curves (Chao et al., 2014) were used to
estimate species richness for the three datasets (lon-
gitudinal section, cross section and time series). This
non-asymptotic approach aims to compare diversity
estimates for equally large or equally complete
samples; it is based on the seamless rarefaction and
extrapolation (R/E) sampling curves of three diversity
metrics (richness, Shannon and Simpson indices).
Since these kinds of estimators provide reliable
extrapolation only for short-ranges, in each case we
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Table 1 Proposed phytoplankton functional groups and the relevant species occurring in the Malom-Tisza oxbow

Functional group categories

Coda of the functional

Relevant species

groups (Reynolds, 2002)

Unicellular Chlorococcales X1

Algae without shape resistance,
including planktic diatoms and P, N
desmids

Bloom forming cyanobacteria H1, S1, Sy, M, Ly

Euglenoids W1, w2
Small and middle-sized flagellates
Coenobial Chlorococcales F,I,K
Metaphytic desmids Metaphytic P, N

Large celled flagellated planktic algae Lo, Q

A, B, C, D, T and planktic

X2, X3, Y, Yen, E, G, W5

Monoraphidium arcuatum, Tetraedron triangulare,
Chlorella sp.

Cyclotella pseudostelligera, Fragilaria acus,
Staurastrum tetracerum, Cosmarium humile

Cylindrospermopsis raciborskii, Limnothrix redekei,
Planktolyngbya limnetica, Microcystis aeruginosa

Trachelomonas volvocina, Euglena acus, Phacus
longicauda, Lepocinclis ovum

Kephyrion litorale, Scherffelia ovalis, Dinobryon
sertularia, Cryptomonas erosa

Coelastrum astroideum, Scenedesmus acutus,
Dictyosphaerium pulchellum, Kirchneriella lunaris

Teilingia granulata, Staurodesmus dejectus,
Cosmarium tumidum, Closterium lineatum

Peridiniopsis cunningtonii, Peridinium gatunense,
Ceratium hirundinella, Gonyostomum semen

calculated the species richness for an extrapolated
sample size of twice the number of observed samples
(Colwell et al., 2012).

As we hypothesized, similarities in the observed
functional redundancy does not necessarily represent
an equal role in contributing to the overall richness of
phytoplankton assemblages, therefore, we compared
the shape of species saturation curves in the case of
each FG. The shape of the curves, i.e. the presence or
absence of asymptotes, clearly shows the differences
between the diversity of the groups despite having
similar observed richness values. Chao’s curves were
constructed for each algal group and shapes of the
curves were compared. Although the curves might
have considerable dissimilarities, which could be
visible by eye, characterization of the curves by
numerical value (or values) is necessary. Species
accumulation curves are frequently approximated by
power functions (Arrhenius, 1921; Dengler, 2009) in
which the exponent indicates the rate of increase. In
our case, we found apparent differences in the curves,
and the very low r* values indicated that the shape of
the curves could not been approximated well by power
functions. Therefore, similarly to the half-saturation
constant applied in enzyme kinetics, we calculated an
Ny, value corresponding to the number of samples in
which half of the observed number of species occurred
(Fig. 2). To make the comparisons among the three
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Fig. 2 Way of calculation of the ¥ values. Nt total number of
samples, S,,,. observed number of species in the samples, Sy
half of the observed number of species, N, number of samples in
which half of the observed number of taxa occurs

sampling layouts possible, we standardized N, by
dividing their values by the total number of samples
(NY):

lp:Nh/Nt

where ¥ is the standardized value used in comparisons;
Ny is the number of samples in which half of the
observed species number occurs; and N, is the total
number of samples in each sampling layout. The
standardized value (¥) was then used to characterize
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the species accumulation curves in each functional
group. Theoretically, in case of linear increase the
value of ¥ is 0.5, while low values (¥ < 0.1)
characterize the curves that show rapid increase and
level off even at low sample numbers. Higher values of
W indicate that the real functional redundancy is
considerably higher than the observed within group
richness.

Although N; was not identical across the three
sampling layouts (short, long and temporal scale), this
can potentially influence the values of W in those
cases, when species accumulation curves do not show
asymptotes. However, the doubled sample numbers
(that we used during extrapolation) were large enough
for each FGs to approximate their asymptotes. Thus,
¥ is a reliable metric for evaluating the differences
both within and across the sampling layouts.

To study the second hypothesis, we plotted ¥ of
each FG against the mean relative biomass of FGs in
samples of the three sampling layouts. Ordinary least
squares method was used to fit the regression models.
All statistical analyses were performed in R. Rarefac-
tion and extrapolation curves were fitted using the
iNEXT R package (Hsieh et al., 2016).

Results
Species richness and ¥ values

Investigation of the spatial samples revealed the
presence of 190 euplanktic species. From the 33 points
of the longitudinal Section 180 species were detected,
while from the 69 points of the cross-Section 64
species were detected. In contrast, in the time series
samples 291 planktic algae were observed. Although
there were 169 species that occurred exclusively in the
time series samples and 64 species in spatial samples,
there was a considerable overlap between the species
pool of the spatial and time series samples.

The extrapolation curves identified differences in
richness values among the 3 sampling layouts (Fig. 3).
The estimated species richness was greatest in the time
series samples (370), followed by that of the longitu-
dinal section (221). The lowest estimated value was
obtained in the cross-Section (66) where the increase
of species richness showed an asymptote.

Both the observed and estimated richness values
and Y values of the bootstrapped species extrapolation
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curves constructed for the 8 functional groups showed
remarkable differences (Table 2 and 3; Fig. 4a—c).

A three-time difference between the lowest and
highest ¥ values was observed in the case of the time
series samples (Table 3). The lowest value of ¥ (0.17)
belonged to the group of planktic diatoms of which
curves showed only very slight increase at the highest
range of sample numbers. In contrast, in the case of the
group of metaphytic desmids the ¥ value was 0.42.
This value is remarkably high considering that the
value of ¥ = (.5 means linear increase in richness
values along the sample number. The euglenoids,
which similarly to the most of the desmids are
considered metaphytic taxa, have been also charac-
terized by high ¥ value (0.29).

Considerably higher scatter in the ¥ values was
found in both sets of the spatially replicated samples
(Table 3). The values ranged between 0.01 and 0.36 in
the case of the samples of longitudinal section, and
between 0.01 and 0.31 regarding the cross section’s
samples. In samples taken in the cross section very low
¥ values (¥ = 0.01) were found for three groups
(planktic diatoms and desmids, bloom forming
cyanobacteria, and large sized flagellates). The curves
of these groups showed characteristic asymptotes.
Small and middle celled flagellates exhibited the
highest ¥ value (0.31) showing a steady increase even
at the highest sample number.

As to the samples taken from the longitudinal
section ¥ values varied considerably, with the highest
values (0.36) obtained again for the metaphytic
desmids. This value means steep increase in species
richness even at the highest range of the sample
number. Values of the other groups indicated a
moderate increase in species numbers with the
exception of bloom forming cyanobacteria
(¥ =0.01), which group, similarly to the vertical
section samples, also produced a richness ceiling.

When checking the sensitivity of W to the func-
tional redundancy, we found that the ¥ values did not
show any statistical relationship with the richness
values. High and low ¥ values belonged to both small
and large species numbers (Fig. 5). This explicitly
means that ¥ values can serve as reliable metrics for
characterization of species accumulation curves.

Strong negative relationships were found between
the W values and the mean relative biomass of the
functional groups for data of all three sampling layouts
(Fig. 6). These results imply that species richness of
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Table 2 Observed and estimated species richness values of the different functional groups in the 3 sampling layouts

Longitudinal section

Cross section

Time series

Observed Estimated Observed Estimated Observed Estimated
Unicellular chlorococcales 21 23 14 16 38 47
Planktic diatoms and desmids 11 12 5 5 25 26
Bloom forming cyanobacteria 8 8 6 14 18
Euglenoids 32 36 5 28 35
Small and middle sized flagellates 23 28 7 65 80
Coenobial Chlorococcales 44 51 16 19 74 88
Metaphytic desmids 19 26 4 25 38
Large-celled flagellated planktic algae 20 23 7 7 22 22

The richness estimations were based on the Chao’s extrapolation curves considering extrapolated sample size of twice the number of

observed samples (Colwell et al., 2012)

the successful competitors which dominate the phy-
toplankton tend to level off even at small sample
numbers. In contrast, high ¥ values and steady
increase in the species richness can be expected in
those groups in which the elements usually constitute
only a small percentage of the assemblages.

Characteristics of frequency distributions

Species rank—frequency plots constructed for the data
of the three sampling campaigns revealed two types of

patterns (Fig. 7). Characteristic L-shaped distribution
could be observed in the case of time series- and
longitudinal section samples. In the longitudinal
section, due to the large habitat diversity, we did not
find species that would have been present in each
sample. In case of time series samples, considerably
different assemblages were sampled; therefore, the
most frequently occurring species were found only in
70% of the samples. However, rank abundance plot of
cross section samples showed a typical log-normal
distribution with several frequently occurring species.

@ Springer
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Table 3 ‘Y-values
belonging to different
functional groups and

Functional groups

¥ values

Longitudinal section ~ Cross section  Time series

different sampling layouts

(lower values refer to Unicellular Chlorococcales 0.12 0.06 0.21
asymptotes) Planktic diatoms and desmids 0.18 0.01 0.17
Bloom forming cyanobacteria 0.01 0.01 0.21
Euglenoids 0.15 0.15 0.29
Small and middle sized flagellates 0.18 0.31 0.21
Coenobial Chlorococcales 0.21 0.19 0.25
Metaphytic desmids 0.36 0.16 0.42
Large celled flagellated planktic algae ~ 0.09 0.01 0.21

In the cross section, due to the proximity of the
samples, there were several species which occurred in
almost all of the samples. However, the lower plateaus
of all three curves showed particularly strong resem-
blance in the frequency distributions of species.
Approximately 40% of the observed species belonged
to the lower range of the curves, where frequency of
the species was less than 5%.

Discussion

Comparing the taxonomic richness of the samples
taken in the longitudinal and in the cross section of the
oxbow, and the shapes of species accumulation curves
we found remarkable differences. The higher num-
ber of taxa in the longitudinal section can be
accounted for by larger diversity of the habitats. In a
previous study Borics et al. (2011) have shown that the
pelagic and littoral plant zones alternate along the
longitudinal axis of the Malom-Tisza oxbow, provid-
ing various mezo- and microhabitats for the algae.
This finding supports the view that spatial structuring
of the habitats and the high level of environmental
complexity maintain high phytoplankton diversity
(Ptacnik et al., 2010).

Although the studied oxbow was stably stratified at
the time of samplings, our results suggest that the long
scale longitudinal habitat differences have a much
larger impact on the species composition and richness
than the effect of the stratification, which occur in a
smaller spatial scale and shapes diversity in the cross
section samples of the oxbow (Borics et al., 2015).

The number of taxa observed in time series samples
highly exceeded those found in the spatial replicates.
However, it can be explained by the fact that the
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spatially replicated samples show only the actual
pattern of phytoplankton. In contrast, when a longer
time series is studied, seasonal changes of the
background variables i.e. temperature, light, stratifi-
cation (Reynolds, 1989), grazing (Sterner, 1989) and
the strength of interspecific competition (Sommer,
1989) basically determine the pattern of phytoplank-
ton succession. These altogether highly contribute to
profound seasonal compositional changes of the
phytoplankton even in very small lakes (Grigorszky
et al., 2000).

Species richness estimated by the time series
samples is comparable to those reported for consid-
erably larger lakes (Table 4). Although because of the
differences in sampling effort across the various
studies, a firm conclusion should not be drawn from
this comparison, it clearly illustrates the unique
richness of the studied oxbow. Phytoplankton diver-
sity is influenced by various characteristics of the
systems, such as productivity (Skacelova & Leps,
2014; Torok et al., 2016), lake size (Smith et al., 2005),
habitat diversity (Borics et al., 2003), or regional
processes (Soininen et al., 2007). Investigating the
productivity/diversity relationship for phytoplankton,
Borics et al. (2014) demonstrated that species richness
of lake phytoplankton peaks in the Chl-a range
~ 60-80 pg 17", and about 20.5 mg 1~' biomass
value (Torok et al,, 2016) in the eutrophic range.
Although the size of the water bodies can also be an
important predictor of species richness if a large
spatial scale is considered (Smith et al., 2005; Stomp
et al., 2011), as our results suggest, its role should not
be overestimated. Recent studies revealed that in
spatially heterogeneous aquatic environments, the
occurrence of various microhabitats is highly respon-
sible for the maintenance of diverse planktic
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Fig. 4 Extrapolation
curves of the functional
groups based on data from
the longitudinal section (R:
0.3042, P = 0.46) (a) from
the cross section of the
oxbow (R: 0.1187,

P =0.78) (b), and from the
time series samples (R:
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microflora (Varbiré et al., 2017). In light of these
findings, it is reasonable to suppose that the high
species richness of the studied oxbow is due partly
to its eutrophic character, to the large habitat diversity
created by the pronounced horizontal differences
along the lake basin (Borics et al.,, 2011), and—
although to a less pronounced extent—to the vertical

stratification of the water column (Borics et al., 2015).
These physical characteristics contribute to the estab-
lishment of populations including various groups of
flagellated algae, which can move to find their optimal
position in the water column with respect to light,
temperature and nutrients. These flagellated phyto-
plankters being characteristic for eutrophic, stratifying
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Fig. 5 Relationship between functional redundancy (expressed
as number of species within the groups) and ¥ values of the 8
groups in the three sampling layouts

systems (Reynolds, 2006) constituted a significant
portion of the species pool of the studied oxbow.
However, the exceptionally high taxonomic richness
of the oxbow and the fact that species richness has not
levelled off, neither in the case of the spatially
(longitudinal section), nor in the temporally replicated
samples, can be explained by the large proportion of
metaphytic species in the plankton samples. This
ultimately can be traced back to the morphology of the
lake basin, which enables the development of a
macrophyte belt along the entire length of the oxbow,
covering approximately 20% of the lake basin.

@ Springer

The unexpectedly high species richness revealed in
the longitudinal sampling scheme has important
consequences for understanding assembly rules in
phytoplankton. Contrary to plants and sessile animal
communities where competition for space determines
the structure of communities (Sebens, 1982), in the
case of phytoplankton, space competition might not be
a crucial issue. It means that although the relative
abundance of species that live in suboptimal condi-
tions for growth and reproduction decreases below the
detection limit of traditional sample processing tech-
niques, these species do not necessarily disappear
from the system. Both the results of rank-frequency
analysis of the phytoplankton and the non-asymptotic
character of the species accumulation curves suggest
that a considerable portion of the lake’s species pool
remains undetected for the observer. However, some
of the rare species can occasionally occur in time
series samples, which potentially implies that despite
their low abundance, they can build stable populations
in standing waters at a longer temporal scale.

Functional redundancy is a key feature of ecosys-
tems, because redundant species are considered nec-
essary to ensure ecosystem resilience to disturbances
(Walker, 1995). The differences of species accumu-
lation curves of the various FGs supported our
hypothesis that a similar level of functional redun-
dancy does not necessarily represent equal roles in
contributing to the overall richness of phytoplankton
assemblages. This finding has an important theoretical
implication, because differences in species accumula-
tion curves of FGs suggest differences in community
assembly rules by which communities are organized
(Cornell & Lawton, 1992). Based on the presence or
absence of biotic interactions among the resident
species living in a local habitat, Cornell and Lawton
(1992) classified communities as interactive and non-
interactive. In non-interactive communities, species
respond to abiotic factors identically, biotic interac-
tions are absent, and thus, population dynamics of
species is independent of each other (Caswell, 1976).
This model predicts that local species richness in these
communities is not saturated if an infinitely large
regional species pool is present. Species accumulation
curves of most functional groups in the oxbow had no
asymptotes. In our case, this was especially true for
those groups (desmids and large celled flagellates),
which preferably have metaphytic origin (Naselli-
Flores & Barone, 2012). In contrast, bloom-forming
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cyanobacteria displayed an upper limit to local
richness. These differences corroborated our hypoth-
esis that relative biomass abundances of FGs deter-
mine their contribution to the species richness. Bloom-
forming cyanobacteria have a special role in late
summer phytoplankton assemblages. Elements of this
group are good light competitors and constitute dense,
low diversity populations in late summer assemblages
of eutrophic lakes (Dokulil & Teubner, 2000; Padisak
et al., 2003). Besides their regular dominance, these

Precentage of biomass (%)

taxa can also be characterized by wide regional
distribution, and thus can be considered as core
species (Hanski, 1982) of the phytoplankton. The
richness ceiling that was observed in the longitudinal
section for bloom forming cyanobacteria cannot be
explicitly explained by pool exhaustion (Cornell,
1993), because results on the temporally replicated
samples revealed that both the observed and estimated
number of taxa within this group is considerably
higher than the value at which the saturation had been
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Fig. 7 Rank-frequency 120 -
plots of the cross section,
longitudinal section and
time series samples. (x rank
of species, y frequency of
the species expressed as
percentage of samples
containing the species)
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Table 4 Number of species found in some well-known lakes in different time intervals

Lakes Area (km?) Number of species Time period References

Lake superior 82,100 285 7 months Munawar & Munawar (1978)
Lake baikal 31,494 299 7 years Bondarenko (1995)

Lake balaton 594 417 211 days Padisak (1992)

Lake peipsi 3,555 500 80 years Laugaste et al. (1996)

Crater lake 53 157 5 years Mclntire et al. (1996)
Malom-Tisza oxbow 0.46 190 1 day The present article

attained. As it was highlighted by Cornell (1993),
within-group competition among constituent core
species supports species saturation. Dominance of
the good light competitor K strategist blue greens is a
typical example of this phenomenon. They occur in
large abundance, can be characterized with low ¥
values, show asymptotes in species richness, and thus,
constitute a strongly interactive part of the phyto-
plankton. However, in contrast to the spatially repli-
cated samples, in the case of time series samples,
bloom forming cyanobacteria did not show asymp-
totes. This finding suggests that competition which is
an important assembly rule for phytoplankton does not
lead to species exclusion in longer time scale, or if it

@ Springer

happens, these taxa can easily be re-established from
the adjacent water bodies.

In the light of our findings, an interesting paral-
lelism can also be drawn between microscopic aquatic
and macroscopic terrestrial systems. The best light
competitors of the temperate forests are the tall trees
that provide canopy cover and consequent shade for
the herbaceous plants living on the floor of the forest.
These latter plants cannot compete for light, but can
tolerate its low availability. Due to their good light-
competitive abilities, trees enjoy plenty of sunshine,
can attain high biomass, and can control the herb-layer
diversity (Wulf & Naaf, 2009), but their richness in
temperate forests is limited and is highly exceeded by
the richness of the herb-layer (Molder et al., 2008).
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This phenomenon seems to be analogous to our
findings, where despite the dominance of blue-greens,
richness of outcompeted taxa can still remain reason-
ably high.

Conclusions

Our results revealed surprisingly high actual species
richness for a small stratified oxbow in the Tisza River
Valley (Hungary), confirming that habitat diversity is
elementary to maintain high species diversity in
phytoplankton.

We demonstrated that the sample-based species
accumulation curves of phytoplankton functional
groups (FGs) show considerable differences (having
asymptotes or showing steady increase even at large
sample numbers), and thus, their contribution to the
overall species richness is different.

The presence or lack of asymptotes of species
accumulation curves seems to imply different inten-
sities of within-group interactions. Based on this
finding, we consider phytoplankton as assemblages
that contain interactive and non-interactive elements.
The functional approach applied in this study helps to
characterize the phytoplankton diversity, and provides
us with new perspectives to understand the assembly
rules of natural phytoplankton assemblages.
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