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Abstract – The typical annual circulation of phytoplankton in eutrophic rivers has been documented.
However, there is still a conspicuous lack of consistency in subsequent reports. On the basis of an overall

investigation of 15 eutrophic rivers on the Lower Yangze-Huai River Plain, the seasonal successions of phyto-
plankton according to morpho-functional groups (MFGs) were clustered. The results indicated fundamental
agreement with the classic paradigm, but differences were found and tended to converge to at least three reg-

ular patterns. They were characterized respectively by: (1) winter peaks of large diatoms and a summer peak
of cyanobacteria colonies, different zooplankton dominating alternately; (2) only a summer peak of blue-
green filaments, rotifers dominating all year round; and (3) composite peaks of filamentous cyanobacteria,

centric diatoms and small flagellates, extremely low zooplankton density. All were potentially driven by an-
thropogenic influences through significantly changing water environments. Pattern 1 often developed in rivers
with slow flow controlled by physicochemical factors, which was attributed to high levels of water retention.
Pattern 2 often developed in rivers with massive suspended sediment controlled by hydrological features,

which was attributed to massive shipping. Pattern 3 often developed in rivers with significant levels of organic
pollutants controlled by dissolved oxygen, which were attributed to the agricultural load and over-
industrialization. As a successful application of MFGs, we suggest that this type of morpho-functional ap-

proach for phytoplankton performed better in statistical analysis targeted to general ecological laws than to
local details about just one specific water body, though this approach still needs to be improved.

Key words: Eutrophic plain rivers / plankton seasonal succession / anthropogenic influences /
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Introduction

How eutrophication affects phytoplankton commu-
nities in lotic environments has been less frequently
studied than in lakes and seas (Hilton et al., 2006), even
though rivers have served human civilizations for millen-
nia, besides the practical difficulties that arise for riverine
systems (stochastic behavior, multiple organisms, several
countries, limited access to background data, etc.)
(Abonyi et al., 2012), another reason may be that it has
been widely accepted and scarcely challenged that phyto-
plankton development is highly dependent on physical
characteristics (light, water transparency and depth) rather
than on nutrients (Wehr and Descy, 1998). However,
analysis of long-term data shows that increases in algal
biomass and changes in community structure in many
rivers during recent decades may have resulted from
increased nutrient inputs coupled with hydrological

changes and river regulation (Kiss, 1994; Hilton et al.,
2006). Eutrophication of this type is more likely to occur in
plain rivers.

The seasonal succession of phytoplankton under
eutrophication is reasonably well understood in lakes
(Salmaso et al., 2012), which are valuable references and
sources of information for phytoplankton studies. Lentic
water connected to rivers (lakes, reservoirs, backwater,
side-arms and dead zones) is an important source of algal
inocula to rivers, but phytoplankton are also “native” to
rivers (Wehr and Descy, 1998). Furthermore, seasonal
changes in the abundance, composition and dominance
of phytoplankton relate to networks of interactions among
physical, chemical, biological and longitudinal processes
of river ecosystems and their watersheds, which reach a
higher degree of complexity downstream (Wehr and
Descy, 1998). This means that far more elements are
added to community-driven processes (nutrient competi-
tion, grazer regulation and autogenic succession) argued
to apply to lentic plankton. Also, most plain rivers are*Corresponding author: lingliu504@163.com
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substantially altered by human activities (Sparks, 1995)
that affect not only riverine organisms and processes, but
also the links between a river and its floodplain
(Townsend, 1996). Perhaps these are some of the reasons
why models or theories (Sommer et al., 1986) for lakes are
not applicable to predict phytoplankton production or
species composition in most rivers.

Gamier et al. (1995) documented the seasonal succes-
sion of phytoplankton in lotic waters based on the Seine
River system (France), which was characterized by high
nutrient-enrichment, creating a paradigm for eutrophic
rivers. In their study, towards the end of winter, diatoms
were found to develop a spring bloom. As a consequence
of grazing and infection, diatoms decreased rapidly in late
spring. From the beginning of summer, phytoplankton
were characterized by a mixed high population of
Chlorophyceae, oscillations and diatoms. In autumn,
decreasing light and temperature resulted in a decline in
phytoplankton biomass toward a winter minimum. Due to
hydrological factors (discharge, residence time, flow
impulse), physical factors (light, temperature), nutrients
(especially silica), and biotic factors (grazing of zooplank-
ton and infection by viruses, bacteria, and fungi) in rivers,
the successional sequence of phytoplankton tended to
converge to a complex set of feedback mechanisms in
shallow, intermittently stratified lakes, which are fre-
quently interrupted by wind effects (Gamier et al., 1995).
This study explained the key parts and typical features of
complex eutrophication in dynamic riverine ecosystems,
which has proven to be of great significance by many river
ecologists (Garnier et al., 2002, 2005; Billen et al., 2005).

However, there are still conspicuous inconsistencies
between data in an increasing number of reports concern-
ing eutrophic rivers and the classic paradigm by Gamier
et al. (1995). (1) Flagellates like Cryptophyta contribute
significantly to phytoplankton biomass during transitional
stages (de Oliveira and Calheiros, 2000; Mihaljević et al.,
2013), while Gamier et al. (1995) did not mention them.
(2) Cyanophyta are important in summer blooms, and
they usually appear morphologically in filaments (e.g.,
Aphanizomenon, Baker and Baker, 1981) and colonies
(e.g., Microcystis, Ha et al., 2002), while Gamier et al.
(1995) only emphasized the former. (3) Sometimes diatom
blooms occur in winter (Ha et al., 1998) while winter was
classically considered as the season of minimum biomass.
These phenomena must indicate the existence of different
patterns of phytoplankton seasonal succession in eu-
trophic rivers, involving some yet unknown or neglected
regulations of nature. Physical factors, along with nutri-
ents, biotic interactions, watershed processes and human
interference also influence community composition, but
we are a long way from being able to identify which are the
most important determinants at the species level. Even at
the level of major taxonomic groups, only basic trends can
be identified (Wehr and Descy, 1998). Fortunately, the
morpho-functional approach stands out as the best
surrogate of traditional taxonomy.

The morpho-functional groups (MFG, Salmaso and
Padisák, 2007), theoretically based on phytosociology,

integrate the most important morphological and func-
tional features of phytoplankton proposed by Weithoff
(2003), which include motility, the potential capacity to
obtain carbon and nutrients by mixotrophy, specific nu-
trient requirements, size and shape, and presence of gela-
tinous envelopes. Other functional classifications either
require deeper functional knowledge of the taxonomy
(functional groups, FG, Reynolds, 1998) or depend purely
on morphological traits leading to low sensitivity (mor-
phologically based functional groups, MBFG, Kruk et al.,
2010). The advantages and limitations of the MFGs
are modest, and the MFGs have provided valuable infor-
mation about seasonal dynamics and the hydrological
regime in lakes (Tolotti et al., 2010) and river-floodplains
(Mihaljević et al., 2013). We therefore considered
MFGs as a potentially suitable tool for investigating and
comparing phytoplankton assemblages in eutrophic rivers.

Research combining phytoplankton and zooplankton
in multifarious rivers is still lacking. This study was
conducted in 15 eutrophic rivers on the Lower Yangze-
Huai River Plain, investigating phytoplankton and zoo-
plankton, as well as physicochemical and hydrological
aspects. The rivers offer different conditions for phyto-
plankton development. We hypothesized that similarities
among MFGs will arise in analogous conditions, while
quite different patterns of MFGs will develop in distinct
conditions. The study objectives were to:

(1) Determine what patterns of phytoplankton seasonal
succession typically occur in eutrophic plain rivers
and which key factors shape them;

(2) Discuss the main anthropogenic influences on phy-
toplankton community changes;

(3) Test whether MFG is useful as a tool in explaining
eutrophication processes of riverine systems.

Materials and methods

Sampling and measurements

Sampling was performed monthly during the year of
2013 (January–December) at 39 sampling sites of the 15
eutrophic rivers, located on the Lower Yangze-Huai River
Plain (117.41–121.94xE, 30.09–33.06xN), southeast China.
The plain belongs to the monsoonal transitional area from
the temperate to subtropical zones and the mean annual
precipitation is about 1000 mm. This is one of the most
densely populated and rapidly developing regions in Asia
with anthropogenic impacts that have spread to every inch
of the river system. Water eutrophication has become a
major problem. Our study was conducted on the rivers
that play important roles in both ecological and socio-
economic systems. Additional information on sampling
rivers and sites is shown in Figure 1 and Table 1.

Depth (D, m), surface water temperature (WT, xC),
pH, Chlorophyll-a (Chl-a, mg.Lx1) and dissolved oxygen
(DO, mg.Lx1) were measured using portable instruments,
YSI model 55 probe (Yellow Springs Institute, USA)
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in situ. The light attenuation coefficient (Kd, m
x1) was

calculated from irradiance by a spectrum-submersible
radiometer (SR9910-PC) (Kirk, 1994). Water velocity
(V, m.sx1) was measured using a portable flow meter
LS300-A. Discharge (Q, m3.sx1) was represented by the
mean monthly value from the nearest hydrological station.

In the laboratory, total nitrogen (TN, mg.Lx1) and total
phosphorus (TP, mg.Lx1) were measured with a flow
injection analyzer (Skalar SAN++ , Netherlands).
Soluble reactive silicate (RSi, mg.Lx1) was measured by
plasma emission chromatography ICAP (ICP6300, USA).
Suspended sediment concentrations (SSC, mg.Lx1) of

Fig. 1. Study area with the sampling sites indicated.

Table 1. Geological and hydrological properties of study reaches.

Rivers Code
Length Drainage area Investigated reaches

Number of samples(km) (km2) North latitude East longitude Altitude (m)
Beiliutang river BLT 62.5 1512 34.142–34.274 118.573–119.544 2.10–11.10 2
Dasha river DS 59.2 1695 34.574–34.768 115.861–116.762 35.33–53.40 2
Huai river HR 1000.2 270 562 33.139–33.884 119.169–120.263 0.61–5.42 3
Jiangnan river JN 211.7 3406 31.231–32.037 119.584–120.688 5.00–14.90 3
Jiuweigang river JWG 46.3 1317 32.084–32.278 120.767–121.097 3.53–5.45 2
Li river LR 208.7 5094 32.411–33.546 119.107–119.517 6.64–8.24 3
Qinhuai river QH 51.9 1525 31.941–31.969 118.690–119.132 3.91–13.49 2
Taige river TG 22.1 431 31.491–31.595 119.885–120.037 6.85–46.68 2
Tongyu river TY 368.1 7051 32.872–34.458 119.196–120.334 2.00–3.30 4
Wangyu river WY 60.3 1489 31.458–31.755 120.481–120.791 5.21–7.77 2
Xintongyang river XTY 90.2 2504 32.461–32.508 119.558–120.614 2.62–8.70 2
Xinyanggang river XYG 94.4 2219 33.362–33.631 120.057–120.519 0.00–1.00 2
Yangze river YZ 6280.3 1 807 273 31.913–32.273 118.576–120.867 0.00–22.55 4
Zhangjiagang river ZJG 106.9 1487 31.616–31.880 120.423–120.863 1.11–4.12 3
Zhong river ZR 165.8 6057 33.602–34.345 117.938–118.784 12.59–24.77 3
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surface water were determined by water sample filtration
(0.45 mm) through porcelain filters and dried at 105 xC to
constant weight measured with an electronic balance
(Mettler ME104E, Switzerland). The information about
land use, water facilities and navigation capacity were
collected from the China Statistical Yearbook 2013 and a
field survey.

Subsurface phytoplankton samples were fixed in situ
with Lugol’s solution. Algae counts for density calcula-
tions were performed using an inverted microscope
(OLYMPUS IX-70) following the Utermöhl method
(Lund et al., 1958) at r400 magnification and the
counting error was estimated according to Duarte et al.
(1990). At least 400 units (cells, filaments and colonies) for
each sample were enumerated and cell numbers per colony
or filament were estimated. Biovolumes were calculated
according to Hillebrand et al. (1999). Phytoplankton
biomass (mg.Lx1) was obtained from conversion of
biovolume following Hasle and Sournia (1978) and
Javornicky and Komárková (1973).

Zooplankton were collected using a 30-cm diameter
plankton net (64-mm mesh) and fixed with buffered
formaldehyde (10% final concentration). The total volume
of river water filtered was measured by a flow meter placed
next to the mouth of the net. The fixed sample was
concentrated and re-suspended in filtered river water up to
30 mL volume before microscopic analysis. Individuals
were enumerated and identified to genus level using an
upright microscope (OLYMPUS BX-51). In this way, we
were able to calculate the density (ind.Lx1) of samples.

Data analysis

The clustering technique (average linkage) was used to
hierarchize the river samples of phytoplankton based on
similarity in annual series of (1) genera, (2) classes and (3)
MFG biomass represented by a dendrogram. The Bray–
Curtis’ similarity was calculated after square root trans-
formation.

To compare the phytoplankton assemblages in the
different clusters, we used non-metric multi-dimensional
scaling (NMDS), employing Euclidean distance. This non-
parametric ordination technique provided a visual repre-
sentation of dissimilarity distances of sampling sites.
Significant differences among physicochemical metrics
and human effects for patterns were determined using
analysis of variance (ANOVA). All analyses were per-
formed using the statistical program PRIMER, version 5.0
(Clarke and Warwick, 2001) and SPSS 19.0.

To determine the leading environmental factors and
the threshold values of different patterns, a classification
and regression tree was used. This tree was constructed by
recursive binary partitioning of the response variable into
regions that are increasingly homogeneous (i.e., nodes)
until no improvement was possible (Kruk and Segura,
2012). It was pruned back to avoid overfitting by
minimizing the cross-validated error after construction
(De’ath and Fabricius, 2000).

To assess the relationship between MFGs and the
measured environmental variables, redundancy analysis
(RDA) was applied after detrended correspondence
analysis (DCA) determined that the linear statistical
technique would be most appropriate (Lepš and
Šmilauer, 2003). The biomass data were log-transformed
to meet the normality requirements. DCA and RDA were
performed with CANOCO for Windows, version 5.0.

Results

The patterns of plankton seasonal succession

A total of 235 algal taxa belonging to 26 MFGs
(Table 2), 26 zooplankton genera consisting of 3 copepods,
11 cladocera and 12 rotifera were identified in the 468 river
samples during 2013 (see Appendix). Although it failed on
phytoplankton taxa analysis of genus and class level, the
hierarchical clustering and NMDS succeeded in showing
the affinities between study sites when considering the
annual series of MFG biomass (Figs. 2 and 3).

The highest hierarchical level shows a separation
of four rivers (DS, QH, WY and TG) marked as
Pattern 1 (Fig. 4(a)): Large diatoms (6a-LargCent and
6b-LargPenn) often peaked during the cold 6 months
when rotifers dominated; Cyanobacteria colonies
(5b-LargVanC, 5c-LargChro and 5d-SmalChro) peaked
in summer when copepods and cladocera dominated.
Accordingly, the second largest group comprised 11 rivers,
which were divided at the Bray–Curtis similarity level
of approximately 55% into two subgroups. Both sub-
groups were characterized by cyanobacteria filaments
(5a-FilaCyan and 5e-Nostocales). One group containing
samples from seven rivers (HR, JN, LR, TY, XTY,
YZ and ZR) was marked as Pattern 2 (Fig. 4(b)):
Blue-green filaments (5a-FilaCyan, 5e-Nostocales and
10a-FilaChlo) peaked in summer; copepods increased
during warm seasons; low biomass occupied other months
and small diatoms (7a-SmalCent and 7b-SmalPenn)
and rotifers made a significant contribution all year. The
other subgroup containing samples from four rivers (BLT,
JWG, XYG and ZJG) was marked as Pattern 3 (Fig. 4(c)):
centric diatoms (6a-LargCent and 7a-SmalCent) peaked
in the cold half of the year; filamentous cyanobacteria
(5a-FilaCyan and 5e-Nostocales) peaked in summer; small
flagellates (2c-SmalEugl and 2d-Crypto) grew in warm
seasons. Zooplankton were extremely low in abundance
(mean 56.4 ind.Lx1) and in diversity (almost only rotifers),
indicating a very limited grazing effect.

Anthropogenic influences and environmental
variables

Considerable human activities including water reten-
tion, navigation and land use seemed to closely correlate
with the three patterns of phytoplankton seasonal succes-
sion (Fig. 5). Eutrophic rivers of Pattern 1 possessed the
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greatest density of water retention facilities (mean 5.6
facilities per km, ANOVA P < 0.05). The rivers of
Pattern 2 had the highest navigation capacity
(mean > 1000 t, ANOVA P < 0.05). Lastly, the rivers
of Pattern 3 were 100% (ANOVA P < 0.01) surrounded
by human-used land.

Also, rivers clustered by the three patterns were
adequately discriminated according to the environmental
variables by the tree (Fig. 6). V was the first selected
variable with a threshold value of 0.5 m.sx1 in the first
node, the root node. The next selected variable was SSC
with threshold values of 60 mg.Lx1. The further selected
variable was chemical oxygen demand (COD) whose
threshold value was 15 mg.Lx1. As a result, the driving
environmental conditions of each pattern could be de-
scribed as: Pattern 1 developed inV < 0.5 m.sx1; Pattern 2
developed in V > 0.5 m.sx1, and SSC > 60 mg.Lx1; and

Pattern 3 developed in V > 0.5 m.sx1, SSC < 60 and
COD > 15 mg.Lx1.

The parameter details of the rivers from different
patterns are shown in Figure 7. In addition, Pattern 2
rivers were characterized by low Chl-a (mean 6.5 mg.Lx1,
ANOVA P < 0.05) and high Kd (mean 5.8 mx1, ANOVA
P < 0.01). Pattern 3 rivers were characterized by low DO
(mean 6 mg.Lx1, ANOVA P < 0.05) and high TN (mean
3.6 mg.Lx1, ANOVA P < 0.05). Other parameters such
as WT, pH, TP and RSi showed no significant differences
(Table 3).

MFGs and environmental variables

RDA analysis made it possible to evaluate the influence
of significant environmental variables on MFG biomass in

Table 2. List of the morpho-functional groups (MFGs) according to Salmaso and Padisák (2007) and modified by Tolotti et al.

(2012) contributing more than 5% to the total potamoplankton biomass recorded in the eutrophic rivers on the Lower Yangze-Huai
Plain in 2013.

MFG code MFG description Representatives
1a-LargChry Large, colony forming Chrysophytes, potential mixotrophs Synura uvella, Dinobryon spp.
1b-LargDino Large dinoflagellates (length > 30 mm), potential mixotrophs Ceratium hirundinella, Peridinium spp.
1c-LargEugl Large Euglenophytes, potential mixotrophs Lepocinclis spp., Euglena spp., Phacus spp.
2a-SmalChry Small, flagellated, unicellular Chrysophytes (length < 30 mm),

potential mixotrophs
Kephyrion spp., Chromulina pseudonebulosa,
Peridiniopsis ucunningtonii

2b-SmalDino Small Dinophytes Glenodinium pulvisculus
2c-SmalEugl Small Euglenophytes, potential mixotrophs Trachelomonas oblonga
2d-Crypto Cryptophytes, potential mixotrophs Chroomonas spp., Cryptomonas spp.
3a-UnicPhyt Unicellular phytomonadines, mostly autotrophs Chlamydomonas spp., Carteria spp.
3b-ColoPhyt Colonial phytomonadines, mostly autotrophs Pandorina morum
5a-FilaCyan Thin filamentous Cyanobacteria (Oscillatoriales) Oscillatoria spp., Spirulina spp., Planktothrix

agardhii, Leptolyngbya foveolara
5b-LargVanC Large colony foaming, vacuolated Chroococcales Microcystis spp.
5c-LargChro Large colony foaming, non-vacuolated Chroococcales Aphanocapsa spp.
5d-SmalChro Small colony foaming, coccal Cyanobacteria (Chroococcales) Chroococcus spp., Synechocystis willei,

Merismopedia spp.
5e-Nostocales Nostocales Anabaena spp., Raphidiopsis spp., Phormidium

spp., Aphanizomenon flos-aquae
6a-LargCent Large centric diatoms Stephanodiscus neoastraea, Melosira spp.
6b-LargPenn Large, unicellular pennate diatoms Synedra spp., Pinnularia gentilis, Cymbella spp.,

Stauroneis anceps, Eunotia spp., Neidium spp.,
Gyrosigma spp., Cymatopleura spp., Navicula spp.

6c-ColoPenn Large, colony forming diatoms Fragilaria spp., Asterionella formosa, Nitzschia spp.
7a-SmalCent Small centric diatoms Cyclotella spp., Stephanodiscus spp.
7b-SmalPenn Small pennate diatoms Navicula spp., Cocconeis placentula, Gomphonema

spp., Cymbella spp.
8a-LargCoCh Large, unicellular Conjugatophytes and Chlorophytes Closterium spp., Ankistrodesmus spp., Schroederia

spp.
9a-SmalConj Small, unicellluar Conjugatophytes Cosmarium spp.
9b-SmalChlo Small, unicellular Chlorococcales Chlorella vulgaris, Stylosphaeridium stipitatum,

Tetraedron spp., Chlorococcum infusionum
10a-FilaChlo Filamentous Chlorophytes Ulothrix spp.
10b-FilaConj Filamentous Conjugatophytes Mougeotia spp.
11a-NakeChlo Coenobium forming, naked Chlorophytes Scenedesmus spp., Tetrastrum spp., Crucigenia

spp., Pediastrum spp., Actinastrum fluviatile,
Dictyosphaerium spp.,

11b-GelaChlor Colony forming, gelatinous Chlorococcales Ocystis spp., Coelastrum spp., Nephrocytium
agardhianum
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different patterns of phytoplankton seasonal succession
(Fig. 8).

In the RDA based on MFG biomass of Pattern 1
(Fig. 8(a)), the first two axes accounted for 69.9% of the
variance (axis 1: 38.6%; axis 2: 31.3%). The Monte Carlo
test indicated that the environmental variables were
significantly correlated with the first axis (P=0.010) and
the test of significance of all canonical axes was also
significant (P=0.004). The first axis was mainly correlated
with pH and Kd (intra-set correlation coefficients: 0.69 and
x0.40, respectively), and the second axis was mainly
defined by WT (intra-set correlation coefficient: x0.59).

The results of the RDA based on MFG biomass of
Pattern 2 are shown in Figure 8(b). In this case, the total

variance explained by the first two axes was 72.2% (axis 1:
41.2%; axis 2: 31.0%). The environmental variables were
significantly correlated with the first axis (P=0.012) and
the test for all canonical axes was also significant
(P=0.002). In this analysis, the first axis was also mainly
defined by a combination of WT and Q (intra-set
correlation coefficients: 0.35 and 0.30, respectively), and
the second axis by Kd (intra-set correlation coefficient:
x0.38).

In the case of the RDA carried out with MFG biomass
of Pattern 3 (Fig. 8(c)), the percentage of explained
variance was 74.1% (axis 1: 42.3%; axis 2: 31.8%).
The biplots corresponding to this analysis are shown in
Figure 7(c). The Monte Carlo test was significant for the
first axis (P=0.010) and for all canonical axes (P=0.006).
The first axis was correlated with WT (intra-set correlation
coefficients: 0.36), whereas the second axis was mainly
defined by DO and Kd (intra-set correlation coefficients:
0.49 and x0.46, respectively).

Discussion

Anthropogenic influences

The phytoplankton seasonal successions in the studied
eutrophic rivers on a plain generally coincided with the
paradigm of Gamier et al. (1995). However, based on the
analysis of MFGs, succession divergences were found
among distinct environmental conditions, which led to at
least three regular patterns (Figs. 2–4) rather than random
development. Compared with density in lakes, zooplank-
ton were not as abundant probably due to dilution and
washout, and nutrients (TP, TN and RSi) were not as

Fig. 2. Hierarchical dendrogram showing group average
clustering of Bray–Curtis indices of similarity based on annual
series of MFG biomass data at all sampling sites from January to

December 2013. For river codes, see Table 1.
Abbreviation: MFG, morpho-functional group.

Fig. 3. NMDS ordination of all samples using annual series of
MFG biomass data. Circles, triangles and squares indicate
samples belonging to Pattern 1, Pattern 2 and Pattern 3,

respectively. For river codes, see Table 1. For MFG
characterization, see Table 2.
Abbreviations: NMDS, non-metric multi-dimensional scaling;

MFG, morpho-functional group.
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important probably due to the eutrophic background.
Thus, it is difficult for populations to be constrained by
“top-down” or “bottom-up” controls. Many environmen-
tal factors varied (Fig. 7); however, water flow, suspended
sediments and organic pollutants were shown to jointly
control the development of phytoplankton (Fig. 6). We
found that they corresponded to different anthropogenic
influences and properties of flowing water.

Eutrophic rivers of Pattern 1 were characterized most
densely by water retention facilities (Fig. 8(a)), which
significantly prolonged the residence time and resulted in a
serious risk of colonial cyanobacteria blooms (Ha et al.,
2002). The rivers of Pattern 2 were all important channels
for water transportation (Fig. 8(b)). Continual shipping
increased the suspended sediment concentration due to
boat traffic movements, distinctly influencing patterns of
bed sediment resuspension and hence turbidity (Garrad

and Hey, 1987). Pattern 3 succession in the organic
contaminant rivers might be the consequence of non-point
source pollution and sewage-effluent interference, since
such rivers were surrounded by land for agriculture,
industry and urbanization (Fig. 8(c)). It has been unan-
imously recognized that the use and management of
watersheds are deeply connected to water ecosystems
(Salmaso et al., 2012).

Below we describe in detail how specific factors shaped
the three patterns that were reflected by the morphological
characteristics of phytoplankton.

Pattern 1

Pattern 1 is shaped by water retention facilities. There
were the most occurrences of lacustrine elements in

Fig. 4. The patterns abstracted from annual changes in biomass and share of dominant MFGs as well as zooplankton succession in

studied rivers: Pattern 1 (a), Pattern 2 (b) and Pattern 3 (c). The dash line and the solid line represent the maximum and minimum of the
possible biomass proportion, respectively.
Abbreviation: MFGs, morpho-functional groups.
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Fig. 5. Columns comparing anthropogenic influences on the rivers of the three patterns: (a) dense water retention facilities,

(b) navigation capacity and (c) proportion of human-use land. The dotted line represents the mean value of each pattern.

Fig. 6. Classification tree showing the environmental variables shaping the patterns of phytoplankton seasonal succession. In each

node, the environmental variable and its threshold value are shown. Flow velocity (V), SSC and COD. At the end of each branch, a
histogram with bars represents the number of sites belonging to a specific pattern (Patterns 1–3: left–right). The pattern with more sites
is shown below each histogram.

Abbreviations: COD, chemical oxygen demand; SSC, suspended sediment concentration.
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Pattern 1, which was even characterized by eutrophic,
epilimnetic Cyanobacteria colonies (5b-LargVanC,
5c-LargChro and 5d-SmalChro) resulting in lake-type
equilibrium assemblages (Naselli-Flores et al., 2003)
during the warm season. The various water retention
facilities concentrated along these rivers modified the flow
regime, water residence time, nutrient distributions and
light conditions, and therefore the seasonal succession of
phytoplankton and species distribution (Palau, 2006). At
many times, most rivers typify the plankton assemblages
to a weak, colonist community organization of primitive,
pioneer successional stages (high productivity, free nu-
trients, weak trophic connections and low interspecific
competition) (Reynolds and Descy, 1996). However, the
prolonged residence time of Pattern 1 rivers provided a

relatively stable habitat at least for a period of time. It was
adequate to lead to large populations, more biotically-
mediated, community-driven selection and the advance of
true ecological succession. Consequently, in the rich and
warm season, large zooplankton (copepods and cladocera)
had the opportunity to develop and dominate.
Nevertheless, it was difficult for them to control phyto-
plankton biomass considering their limited ability and
slow growth (Ger et al., 2014). Moreover, controlled
outlets from water retention facilities were more stochastic
than nature seasonality in the distribution of the water
temperature, soluble nutrients and discharge values
(Abonyi et al., 2012). All these factors combined to
suppress the biotic processes, but this benefited diatoms
with different life cycles.

Fig. 7. Box-plots representing variations in water temperature (a), light attenuation coefficient (b), dissolved oxygen (c), pH (d), total

phosphorus (e), total nitrogen (f), soluble reactive silica (g), chemical oxygen demand (h), chlorophyll a (i), flow velocity (j) and
suspended sediment concentration (k) in the rivers of the three patterns during the research period (January–December 2013).
The bottom and top of each box represent the 25 and 75% quartile, respectively, and the short line in the box represents the median.
The upper and lower tails indicate the range of the values.
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In Pattern 1, large diatoms, mainly 6a-LargCent
(e.g., Stephanodiscus and Aulacoseira) and 6b-LargPenn
(e.g., Synedra) often thrived during the six cold months
when rotifers dominated. They are better competitors
at lower temperature and light, and their relatively
high maximum linear dimension might give substantial
tolerance to grazing of small zooplankton (Kruk and
Segura, 2012). However, it was not clear how these large
diatoms with sinking problems and pennates of mero-
plankton (plankton with a benthic life stage) were
successful in low-gradient and slow-flowing rivers. We
speculate that this might be related to intensive inter-
ference from water retention facilities. First, the eutrophic
background met the strong need of large diatoms for silica
(Chen et al., 2015). Second, the prolonged residence time
supported benthos, epiphyte or meroplankton by increas-
ing dead-zones and light penetrating to the river bed
(Butcher, 1932). Third, irregular outlets from water
retention facilities led to occasional fast flow and high
discharge (Abonyi et al., 2012), which would destroy the
equilibrium assemblages and recruit benthos. This type of
mixing also helped large diatoms to float (Padisák et al.,
2003).

Pattern 2

Pattern 2 is shaped by intensive navigation. Possibly
due to the low gross planktonic production achievable in
navigation channels, almost no studies have looked into
the effects of intensive navigation on loss processes for
phytoplankton, though such effects were recognized long
ago (Moss, 1977). In our studied rivers, half of all systems
(7/15) belonged to this pattern, because of the fact that
navigation is one of the most important uses of rivers for
humans. Continual shipping led to high turbidity and
extreme chaos in the water habitat, meaning that
zooplankton biomass in lotic environments was lower
and phytoplankton–zooplankton interactions were weak
(Wehr and Descy, 1998). The large quantities of non-living
suspended matter or tripton have profound effects on the
underwater attenuation of light energy (Reynolds, 1994).
Thus, the dominants of Pattern 2 are sufficiently robust
true phytoplankton that have the ability to harvest light
energy in a turbulent, turbid environment and the capacity
for its efficient conversion into new biomass. The high
surface-to-volume ratio (e.g., 5a-FilaCyan, 5e-Nostocales,
10a-FilaChlo) and small cell-size or attenuation (e.g.,
7a-SmalCent, 7b-SmalPenn) offer quantifiable advantages
in terms of metabolism, light reception and entrainment by
water currents (Kruk and Segura, 2012).

Rivers of intensive navigation are often deep,
which provides unfavorable conditions for mero-
plankton, especially for those known to produce distinct
resting stages (e.g., Aulacoseira and Stephanodiscus of
6a-LargCent). This is because little light can penetrate to
the river bed and the productive potential can be realized
only close to the water surface (Reynolds and Descy,
1996).

Fig. 8. Biplots of the RDA based on the biomass of MFGs and

environmental variables in the rivers of the three patterns:
(a) Pattern 1, (b) Pattern 2 and (c) Pattern 3. WT, discharge (Q),
DO, RSi, COD, light attenuation coefficient (Kd), TN and TP.
For short code of MFGs, see Table 2.

Abbreviations: COD, chemical oxygen demand; DO, dissolved
oxygen; MFGs, morpho-functional groups; RDA, redundancy
analysis; RSi , soluble reactive silica; TN, total nitrogen; TP,

total phosphorus; WT, Water temperature.
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Massive suspended sediment, high velocity and large
discharge all reduced light, but a combination of these
may lead to a direct physical impact as well. Besides
tolerance to low light, the successful groups of phyto-
plankton also survived depending on different strategies
against the lashing of water flow. The blue-green filaments
were flexible to conform to current, and small diatoms
had exoskeletal structures as hard armor against the
impacts from suspended sediment (Chen et al., 2015).
Eutrophication in rivers is likely to express itself in two
different forms based on hydraulic residence time (Hilton
et al., 2006), and Pattern 2 belonged to the form of shorter
retention. In addition, the increase of copepods might be
related to their strong ability to break up filaments and
break shells (Gliwicz and Pijanowska, 1989).

Pattern 3

Pattern 3 rivers were characterized by serious organic
contamination and high levels of nitrates, which serve as a
useful indicator of river eutrophication caused by agricul-
ture and industry (Turner et al., 2003). It is interesting to
note that the observed phytoplankton species in these
rivers were the most diverse, possibly due to some human-
induced species addition (Abonyi et al., 2012) and a large
portion of them possessed flagella (e.g., 2c-SmalEugl,
2d-Crypto). The planktonic production and composition
might be substantially dependent upon the input of
terrestrial and floodplain primary products (Abonyi
et al., 2012).

Also, this pattern seemed particularly suitable for
phytoplankton that tolerate low oxygen as well as
pollutants. One base of the riverine ecosystem is the
balance between algal photosynthesis and respiration
(Wehr and Descy, 1998). Often, deep eutrophic rivers
are characterized by a net consumption of oxygen
(Reynolds and Descy, 1996). The corresponding competi-
tion for oxygen is primarily caused by nitrogenous oxygen
demand (by nitrification of organic loads) and minor
carbonaceous oxygen demand (algal respiration) (Lehman
et al., 2004). Pattern 3 rivers, characterized by high TN
(Fig. 7), were very low in oxygen due to nitrogenous
demand, which led to an oxygen deficit for respiration of a
large phytoplankton biomass. Only MFGs of good
swimmers with morphological advantages of buoyancy,
such as small size (2c-SmalEugl, 2d-Crypto and
7a-SmalCent), flagella (2c-SmalEugl and 2d-Crypto) and
gas vesicles or aerotopes (5a-FilaCyan and 5e-Nostocales)
could compete well (Reynolds, 2006; Kruk et al.,
2010; Kruk and Segura, 2012). Perhaps mixotrophy was
a helpful feature (2c-SmalEugl and 2d-Crypto). Also,
higher flow velocity, which mixed water with more
oxygen favored phytoplankton growth. As in Pattern 2,
flushes and impacts were brought in addition, which
favored hard diatoms of exoskeletal structures and
cyanobacteria of flexible filaments (Chen et al., 2015). All
conditions in the rivers of Pattern 3 were harsh to
zooplankton life.

Morphological approach

In this study, the seasonal succession of distinct MFGs
defined according to their morphological, physiological
and functional attributes can reflect the main features of
phytoplankton structures in the investigated rivers, while
the taxa approach of genus and class level failed. As our
study has shown, on the basis of MFGs, multiple analyses
succeeded in clustering three-directional patterns and their
controllable factors with threshold values. The MFG
approach performed well as an efficient tool for prediction
and management of eutrophic environments of plain
rivers. However, it seemed that the advantages of applying
this approach were conditional.

Previous studies have reported that MFG was not as
comprehensive and sensitive as taxa (e.g., Tolotti et al.,
2012; Mihaljević et al., 2013). On the other hand, a
successful example, like our study, was reported by
Gallina et al. (2013) who used MFGs in six peri-Alpine
lakes to discover the significant role of increasing spring
fertilization and annual water temperature gradients on
seasonal phytoplankton development.

We therefore suggested that the key condition for
better application of MFG was whole study targets for
general laws through matching statistical analysis, rather
than detailed problems of a specific water body, whether
lakes or rivers. In this way, this may be quite likely for
other morphological approaches such as MBFG (Kruk
et al., 2010). However, we cannot deny that MFG of
phytoplankton compared with taxonomy, need to be
improved in explaining environments (Hu et al., 2013),
integrating diatoms (Mihaljević et al., 2014) and under-
standing levels (Abonyi et al., 2014).

Final notes

Phytoplankton fuel trophic webs and biogeochemical
cycling. Anthropogenic influences have driven algal
seasonal succession in eutrophic plain rivers to converge
to at least three patterns of oriented divergence. It is
important to note that our study involved only the most
important human activities (dams, navigation and land
use), the basic plankton (phytoplankton and zooplank-
ton), and a rather coarse sampling regime (monthly for
1 year). Net population growth of phytoplankton is still
sensitive to the time of travel (Reynolds and Descy, 1996),
while the connectivity among our studied rivers was out of
the scope. Observed data might not necessarily reflect the
conditions created by river variability that have affected
the phytoplankton (Chen et al., 2015). These limitations
are impossible to eliminate thoroughly in field sampling.
Perhaps the actual effects of human activity are more
profound than expected, especially when dealing with
residence time and substance input. It is not possible to
predict how long the recovery of a river ecosystem will
take or whether the changes are reversible. In any case, the
morpho-functional approach or its future derivative will

N. Chen et al.: Ann. Limnol. - Int. J. Lim. 52 (2016) 217–233228



become better tools for water monitoring and manage-
ment because of their appropriate sensitivity.
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