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Abstract Lake water level fluctuations (WLF) are an impor-
tant factor driving the selection and seasonal dynamics of
phytoplankton and potentially toxigenic cyanobacteria.
Nevertheless, the relative importance of environmental drivers
connected toWLFmay be completely different, depending on
the typology and use of waterbodies, latitude and climatic
regimes. In this study, we investigated the impact of WLF in
a large subtropical reservoir in south-eastern China (Hongfeng
Reservoir, Guizhou Province). The study was based on
monthly samplings carried out in 2014 in six stations. The
strong increase in the water level observed in early summer
caused a radical shift in the phytoplankton community. While
in the pre-flooding period phytoplankton was composed of
large diatoms, chrysophytes and Oscillatoriales (mostly
Limnothrix sp.), the post-flooding period showed an increase
in smaller and more competitive chlorophytes, smaller dia-
toms and cryptophytes better adapted to a fast colonisation
of new and nutrient-rich environments. The environmental

drivers that drove the change were dilution, flushing and in-
terference with the seasonal water stratification processes. We
concluded that, because WLF represents a complex variable
integrating different physical effects in one explanatory de-
scriptor, its value as a predictor of phytoplankton and
cyanobacteria dynamics in lake ecosystems is difficult to gen-
eralise and needs to be investigated on a case-by-case basis.
For this reason, considering the year-to-year hydrological var-
iability that potentially characterise reservoirs, definite indica-
tions for management should be outlined considering more
than 1-year study.
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Introduction

The most common strategy to decrease phytoplankton bio-
mass and improve water quality and usability in freshwater
ecosystems relies on the control and abatement of algal nutri-
ent loads. The first fertilisation experiments performed at the
basin level during the 1960s demonstrated a clear link be-
tween phosphorus and the development of huge algal bio-
masses (Schindler 2006). These studies promoted the devel-
opment of strategies aimed at the bottom–up control of phy-
toplankton based on the reduction of P-loads within water-
sheds and waterbodies (Ryding and Rast 1989; Ansari et al.
2011). Besides the reduction of nutrient loads originating from
point and nonpoint source pollution (Chorus and Schauser
2011; Jochimsen et al. 2013; Hamilton et al. 2016), the de-
crease of nutrients can rely on a wide range of actions, includ-
ing hypolimnetic oxygenation, hypolimnetic withdrawal and
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sediment dredging (Bormans et al. 2016). These measures can
be accompanied by the adoption of a wide array of measures
based on the top–down control of phytoplankton, including
removing of planktivorous fish (Mehner et al. 2002) and
phytoremediation (Mahujchariyawong and Ikeda 2001).
Considering the strong link between eutrophication and the
development of toxigenic cyanobacteria (Smith 2003;
Sukenik et al. 2015; Meriluoto et al. 2017), the above actions
were generally proved efficient also in the control or mitiga-
tion of cyanobacterial harmful algal blooms (CyanoHABs).
Owing to the peculiarity of this group of phytoplankters, spe-
cific strategies were developed (Ibelings et al. 2016), includ-
ing artificial mixing (which eliminates the advantage of gas-
vacuolated cyanobacteria to move to the euphotic layers)
(Visser et al. 2016) and selective suppression of cyanobacteria
in entire lakes with H2O2 (Matthijs et al. 2012).

The selection and adoption of the above measures are se-
verely dependent on the climatic conditions and on the mor-
phometric and hydrological characteristics of waterbodies.
Many of the mitigation and restoration actions such as sedi-
ment removal, artificial mixing or phytoremediation are sim-
ply not feasible in large lakes, whereas lakes with different
hydrology rarely develop the same algal assemblages or react
in the same way to changes in nutrient loads (Salmaso et al.
2003). A paradigmatic example is represented by the large
impounded lakes, where biogeochemical processes and the
control of phytoplankton development are severely controlled
by hydrodynamic processes. Moreover, compared with natu-
ral lakes in temperate climates, top–down control of phyto-
plankton in tropical regions tends to be less important due to a
generally smaller size of zooplankton and to the high preda-
tion exerted by continuously reproducing omnivorous fish
(Kosten et al. 2009). Water level fluctuations (WLF) in reser-
voirs are much more ample than in natural lakes. Besides the
regional rainfall pattern, lake levels are controlled by the arti-
ficial regulation of water discharges, which depend on the
human water demand. Changes in WLF can therefore occur
at temporal frequencies spanning from seasons to weeks,
strongly affecting mixing and nutrient cycling processes, with
important consequences on the aquatic biota and phytoplank-
ton dynamics (Zohary et al. 2009; Zohary and Ostrovsky
2011; Bakker and Hilt 2015). Given these conditions, the bi-
ological cycle of riparian vegetation and macrophytes can be
severely impaired due to extensive drying up and rewetting of
shores. Periods of low water level, renewal and water turbu-
lence, coupled with high availability of nutrients, could repre-
sent a serious hazard in large and deep reservoirs, favouring
the potential development of nuisance species belonging to
cyanobacteria and compromising the exploitation of the res-
ervoirs. These changes widely contrast with the positive ef-
fects on macrophytes and shift in tropic status caused by the
lowering of water levels and improvement of light regime in
natural shallow lakes (Coops and Hosper 2002). Actually, as it

was recently demonstrated in the review by Bakker and Hilt
(2015), the effects of WLF on cyanobacteria cannot be gener-
alised, depending on a wide range of lake ecosystem properties,
which include morphometry, sediment type, hydrology, quality
of inlet water, submerged vegetation, fish and climate.
Nevertheless, despite its crucial importance for the determina-
tion of water quality and the range of utilisation, the response of
aquatic ecosystems, particularly deep lakes, to fluctuations in
water level still remains an understudied field (Zohary and
Ostrovsky 2011). This is particularly true considering the rela-
tively scarce knowledge on the effects of WLF in the large
subtropical reservoirs (Bakker and Hilt 2015; Yang et al. 2016).

In this contribution, we will evaluate the influence of water
level fluctuations, temperature, stratification and nutrient tem-
poral dynamics on the development of phytoplankton and
cyanobacteria in the large subtropical Hongfeng Reservoir
(Southwestern China, Guizhou Province, 26.5° N). The
Hongfeng Reservoir is an essential strategic water resource
which, like many other waterbodies in China (Lv et al. 2014),
is principally used for drinking purposes. The exploitation of
this reservoir therefore relies not only on water availability but
also on water quality. The Hongfeng Reservoir is generally
characterised by a strong increase in water levels after April/
May. Our general hypothesis is that the seasonal phytoplankton
dynamic and selection of life strategies are principally con-
trolled by changes induced on the lake by WLF. Specific ob-
jectives of this work are as follows: (i) the identification of the
dominant phytoplankton species and principal life strategies
associated with the periods of low and high lake water levels;
(ii) the evaluation of the tolerance of potential cyanobacteria to
changes inWLF; and (iii) the implications due toWLF changes
in the management of large subtropical reservoirs.

Methods

Study site

The Hongfeng Reservoir was built in 1960 by damming the
Maotiao River. The reservoir is located near Qingzhen City, a
suburb of Guiyang City, in the Guizhou Province, South-
western China. It has a surface area of 57.2 km2, a full volume
of 6.01 × 108 m3 and a maximum depth (zmax) of approxi-
mately 45m. Avolume-water level curve over a range of 20m
(1220–1240 m, Wusong Elevation System) was reported in
Wu et al. (2016). Precipitation maximum in the catchment
occurs between April and September with monthly values
ranging from1600 to1900 mm; annual average precipitation
is 1198 mm, whereas the mean water retention time is
0.76 year. Water levels are typically lowest in spring/early
summer and highest in early winter. Other characteristics of
the reservoir are resumed in Table 1. The Hongfeng Reservoir
may be divided into a south and north basin (Fig. 1). The main
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inflow is the Yangchang River, whereas the Maotiao River is
the only outlet of Hongfeng Reservoir. The lake is an impor-
tant drinking water source for Guiyang City. Since 2000, its
major function changed from electricity generation to drinking
water supply. At present, other secondary functions include
hydroelectric power generation, flood control, recreation and
fishery production.

Sampling and laboratory methods

The limnological investigations were carried out at six stations
located downstream of the confluence of the Yangchang River
(YCH), along the thalweg (NHZ, HW, HYD, BHZ), and near

the dam (Dam-DB) (Fig. 1). YHC, NHZ and HW stations
(zmax < 20 m) are located in the southern basin, whereas
HYD, BHZ and DB (zmax around or greater than 20 m) are
located in the northern basin. Field measurements and sam-
plings were carried out at monthly frequency from January to
December 2014. Vertical profiles of water temperature, elec-
trical conductivity (at 25 °C) and pH were measured using a
portable multiparameter probe (YSI-6600v2). Water transpar-
ency (zSD) was estimated with a Secchi disk from June to
December. The euphotic depth (zeu) was estimated using the
ratio zeu/zSD = 2.7 (Kirk 2011). The lake water levels were
measured and provided by the administration of Hongfeng,
Baihua and Aha reservoirs. The collection of samples for the
chemical and phytoplankton analyses along the water column
was carried out at intervals of 2 m. Chemical analyses are
available for the YCH and the Dam station (DB). Further
samples for the qualitative analyses of phytoplankton were
taken with a 30-μm-mesh plankton net. Before arrival to the
laboratory, all the samples were kept in the dark and refriger-
ated. In this work, we will consider the samples collected
between the surface and 6 m. Based on preliminary investiga-
tions, the 0–6 m layer can be considered representative of the
euphotic trophogenic layer (cf. Fig. 2a, b). Water stability was
estimated by the relative thermal resistance (RTR6), which
was computed by the density difference in the layer 0–6 m
compared to the density difference between 4 and 5 °C
(Wetzel 2001; Kallf 2002); water densities were estimated
from temperature values.

In the laboratory, total phosphorus (TP) was analysed ac-
cording to the Chinese standard methods for water quality

Table 1 Principal characteristics of the Hongfeng Reservoir

Year of impoundment (year) 1960

Lake surface (km2) 57.2

Volume (109 m3) 0.601

Water level (Wusong Elevation System) (m) 1240

Watershed area (km2) 1596

Maximum depth (m) 45

Mean depth (m) 11

Annual average precipitation (mm) 1198

Mean water discharge (m3 s−1) 31.6

Mean water influx (m3 s−1) 28.7

Mean water retention time (year) 0.76

Lake level oscillation range (m) 6.58

Annual mean air temperature (°C) 14.1

N26°29’00’’
E106°27’39’’

E106°23’01’’
N26°22’42’’

85° 105° 125°

25°

35°

45°

960 km

110° 120°

20°

5°

Fig. 1 Geographical location of the Hongfeng Reservoir and sampling sites. YCH Yangchanghe, NHZ Nanhuzhong, HW Howu, HYD Huayudong,
BHZ Beihuzhong, Dam-DB the dam of Hongfeng Reservoir
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analysis, GB3838-2002 (Li et al. 2013). Phytoplankton was
counted after sedimentation of 1.5 L of samples fixed with 1%
formaldehyde solution in a graduated flask. After 48~72 h, the
supernatant was syphoned off with a 2-mm-diameter hose
until obtaining 35 mL of residual concentrated sample. Two
0.1 mL replicates from the homogeneous concentrated sample
were allowed to settle in a Sedgewick-Rafter chamber.
Taxonomical determination and counting were carried out at
× 400 magnifications using an upright microscope (Olympus-
BX41). For every single taxon, phytoplankton biovolumes
(PB, mm3 m−3) were calculated from abundances
(cells mL−1) and specific biovolumes (μm3) estimated by
approximating the phytoplankton shapes to simple geomet-
rical solids. Specific biovolumes, estimated from direct lin-
ear measurements, were further verified by using standard
references (Druart and Rimet 2008), especially in the case
of more complicated shapes. The size of abundant taxa was
checked regularly (generally over ten linear measure-
ments), whereas only a few measurements were carried
out for the less abundant taxa. Phytoplankton was classified
at the lowest taxonomical rank possible. Species names and
the definition of higher taxonomic groups of eukaryotic
phytoplankton and cyanobacteria were based on the most
recent literature (e.g. Krienitz and Bock 2012; Guiry and
Guiry 2016). Taxonomic determinations made on the fixed
samples were confirmed by the analysis of qualitative sam-
ples collected with the 30-μm-mesh net. Species were
grouped into morpho-functional groups (MFGs) following
the updated classification in Salmaso et al. (2015).

Data analysis

The effects of RTR6, water temperature and (for the only
YCH and DB stations) TP on the total phytoplankton and
cyanobacteria biovolumes and including, as categorical vari-
ables, the water level periods before (months 1–5; low level,
WLPL) and during/after (6–12; high level, WLPH) the main
flooding event and stations were evaluated by applying
models testing both main effects and interaction effects
(ANCOVA tests; Crawley 2005; Kéry 2010). Models were
tested and verified also using water levels in place of WLP.
Since RTR6 was derived from water temperature values, the
effects of these two variables were tested independently. In the
different models tested, different intercepts and/or slopes were
included only if significant. Before computation, total phyto-
plankton and cyanobacteria biovolumes were loge-trans-
formed. Selection of models was evaluated based on the
AIC (Akaike Information Criterion) values and ANOVA tests
(Zuur et al. 2009). The independence of residuals in regression
analyses was confirmed by computing the Durbin–Watson
test (5% level).

The temporal changes in the phytoplankton assemblages
were analysed by nonmetric multidimensional scaling
(NMDS) applied to a chord distance matrix computed on
transformed square root phytoplankton biovolumes. The re-
sults are equivalent to the application of NMDS to a Hellinger
dissimilarity matrix distance (Legendre and Gallagher 2001).
Rarer species found in less than three occasions over the
whole study period were not included in the analyses.

Fig. 2 Temporal development of
isotherms (°C) in the a HYD and
b DB stations. The dashed line
indicates the depth of the euphotic
zone (zeu). c Water level changes
and relative thermal resistance
values (RTR6) in the stations
HYD and DB between 0 and 6 m.
d Mean total phosphorus concen-
trations in the stations YCH and
DB between 0 and 6 m
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NMDS was started with different random starting coordinates
using the metaMDS function in the package vegan (Oksanen
et al. 2016) in R (R Core Team 2017). The final solution was
rotated by PCA so that the variance of site scores was
maximised on the first axis. The correlation of selected vari-
ables with the samples in the NMDS configuration was
analysed with vector fitting. Vector fitting maximises the cor-
relation of single variables with a set of samples in the ordina-
tion space. The significance of the single vectors was estimat-
ed by computing 1000 random permutations of the data. In
this regard, vector fitting was also used as a mere descriptive
tool to visualise the link between phytoplankton phyla and
dominant MFGs (mean biovolume > 40 mm3 m−3) with the
NMDS configuration. Relationships were further analysed by
relating selected environmental variables to the gradients in
species composition by surface fitting. This technique fits
smooth surfaces for each variable and plots the results on the
ordination diagrams (Oksanen et al. 2016). The significance of
selected groups of samples was tested using PERMANOVA
(Anderson 2001) applied to the distance matrix used as input
for the NMDS ordination of samples (function adonis in the
package vegan; Oksanen et al. 2016).

All the statistical analyses and statistical graphs were
calculated by using the free software R 3.4.1 (R Core
Team 2017).

Results

Physical variables and nutrients

In the study period, water temperatures in the water column
ranged between 8 and 25 °C. The isotherms in the two deepest
stations (HYD and DB) showed either a persistent condition
of homogeneous temperatures and complete mixing along the
water column or the presence of a well-mixed epilimnion (Fig.
2a, b). The RTR6 values between the surface and 6 m indicat-
ed the existence of thermal gradients from April to July (Fig.
2c). From January to February/March and after July, the dif-
ferences in water temperatures between the surface and the
bottom layers were always low, generally < 2–3 °C. The sta-
bility of the sampled layer showed a clear drop during the
flooding period, with isothermal conditions and RTR6 values
around zero after September (Fig. 2c; see below). In the six
stations, the euphotic depth between June and December
ranged generally between 3 and 8 m (Fig. 2a, b). After
August, the mixing depths well exceeded the corresponding
euphotic depths.

Lake water levels showed a swift increase between April/
May and June (Fig. 2c), in coincidence with the start of the
seasonal precipitations in April. Measurements allowed to
clearly separate two periods of low (around 1233 m) and high
(around 1239 m) water levels (WLPL and WLPH,

respectively) between January and May and July and
December, respectively. Based on the data in Wu et al.
(2016), these two water levels roughly corresponded to water
volumes around 50 and 90% of maximum storage capacity,
respectively. After an initial increase up to 65 μg L−1 (YCH)
and 40 μg L−1 (DB), the high influx of water was followed by
a general decrease in TP concentrations up to 10–45 μg L−1

(YCH) and 10–20 μg L−1 (DB) (Fig. 2d). The concentrations
of TP in the main affluent (Yangchang River) were generally a
little bit higher than those in the lake (between 40 and
90 μg L−1), with peaks until 140 μg L−1 in summer.

Mean values of pH and conductivity in the sampled layers
(0–6 m) of the six stations were between 7.0 and 8.2 and 200
and 400 μS cm−1, respectively.

Total phytoplankton biovolume and cyanobacteria

Phytoplankton biovolumes showed wide seasonal changes
(Fig. 3a, b). The lower abundances between January and
March were soon followed by a consistent increase caused
by the development of Ochrophyta (Dinobryon divergens)
and large diatoms. After the increase of the water levels, in
June, total biovolumes showed an initial minor increase
followed by high biovolume values between July and
September/October (southern basin; Fig. 3a) or a continu-
ous gradual decrease (northern basin; Fig. 3b). The season-
al development of cyanobacteria generally followed the
same patterns of total biovolumes, but with a few important
differences. In the two stations near the dam (BHZ and DB),
the spring peak of cyanobacteria was anticipated to March;
moreover, after the increase of the lake water level, the
development of this group was generally low in the whole
lake (Fig. 3c, d).

The mean annual values of phytoplankton biovolumes
showed a slight tendency to decrease from the southern sta-
tions (annual averages around 3700 mm3 m−3) to the northern
stations (3000–3400 mm3 m−3). Conversely, cyanobacteria
showed a higher development in the two stations near the
dam (BHZ and DB) (Fig. 4a).

The increase of the mean values of transparency from south
to north between June and December (i.e. when the measure-
ments of Secchi disk were available) followed an opposite
pattern compared to the corresponding (June–December)
biovolume values (Fig. 4b). It is worth underlining that the
mean June–December biovolumes at the six stations differed
more than the corresponding annual means (Fig. 4a). The
power regression between the two average estimates (zSD =
7494 × PB−1.034) was highly significant (p < 0.01; Fig. 4c).
The consistency of these estimates was compared with a small
set of annual averages of zSD and PB recorded in a group of
deep and clear lakes south of the Alps (Salmaso et al. 2003)
(DSL; Fig. 4d). The data recorded in the Hongfeng Reservoir
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fitted and completed the data recorded in the clear lakes
(zSD = 32705 × PB−1.215; p < 0.01).

The selection of ANCOVA models based on AIC and
ANOVA tests allowed confirming the general positive effect

of RTR6 and water temperature in the determination of total
phytoplankton biomasses and a greater positive response of
phytoplankton to RTR6 and water temperature in the period
before the flooding (see the negative terms RTR6 × WLPH

Fig. 4 a Annual average
biovolumes of phytoplankton and
cyanobacteria in the six stations,
from south to north (0–6 m layer).
b Average values of
phytoplankton biovolume and
water transparency between June
and December in the six stations.
c Relationship between water
transparency and total
phytoplankton biovolumes
between June and December in
the six stations; the data have
been fitted by a power regression;
d the same relationship,
integrated by annual average
values computed for a group of
large clear lakes south of the Alps
(DSL Deep Southern Subalpine
Lakes; Salmaso et al. 2003)

Fig. 3 Temporal development of
total phytoplankton biovolume
(upper panels) and cyanobacteria
(lower panels) in the 0–6 m layer
in the stations of the a, c southern
and b, d northern basins
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and Temp × WLPH) (Table 2 (a, b)). Though significant, the
relationship between cyanobacteria and RTR6 and WLP was
characterised by a low percentage of explained variance
(Table 2 (c)); similarly to phytoplankton, cyanobacteria
showed a positive response to RTR6 in the period before the
flooding and no relationship (slope around zero) at high water
level (negative term RTR6 × WLPH). The relationship be-
tween cyanobacteria and water temperature and WLP was
better represented by a main effects model (i.e. without inter-
action) (Table 2 (d)); the higher absolute value of the negative
term WLPH compared to the baseline intercept indicates a
lower response of cyanobacteria to water temperature at high
water levels and is fully coherent with the lower development
of cyanobacteria after flooding.

Similar significance levels were obtained with regressions
including water levels instead of WLP in the model selection,
with determination coefficients (r2) equal to 0.41, 0.60, 0.19
and 0.34 in models of Table 2 (a, b, c, d), respectively.

The same models including stations (as a factor) were not
significant, indicating a homogeneous impact of the explana-
tory variables RTR6 andWLP at the lake basin scale. This was
confirmed also by the application of a simpler model relating
phytoplankton and cyanobacteria biovolumes and stations as a
categorical variable (p > 0.1). Similarly, the inclusion of TP
(stations YCH and DB) did not improve the models.

Development of the phytoplankton community andMFGs

The main pattern suggested by the ordination of samples
based on their phytoplankton composition was a clear separa-
tion of two temporal periods, WLPL and WLPH, namely be-
fore and during/after the increase of the lake water level
(Fig. 5a). The separation of these two periods was confirmed
by the results of the PERMANOVA (p < 0.001). Conversely,
the application of the same analysis to check differences in the
NMDS configurations among the single stations did not pro-
vide significant results (PERMANOVA, p > 0.5) to indicate a
similar development of phytoplankton species at the basin
scale. The two WLP periods (low and high water level) were
characterised by different phytoplankton taxonomic groups
and MFGs (Fig. 5b, c; Table 3). Before flooding, the main
phytoplankton phyla were cyanobacteria (mostly Limnothrix
sp., Oscillatoria sp. and Pseudanabaena sp.), Ochrophyta
(D. divergens), Bacillariophyta (Synedra sp.) and
Euglenophyta. Conversely, after flooding, the main groups
were Cryptophyta (Cryptomonas sp.) and Chlorophyta (many
Chlorococcales). In terms of functional groups, the picture
was further clarified, showing, along with a general decrease
of biovolumes, especially in the northern basin (Fig. 3), a shift
from cyanobacteria (mostly Oscillatoriales), and large dia-
toms, conjugatophytes and chrysophytes to specific MFGs
belonging to small chlorophytes (small naked and gelatinous
chlorophytes, mostly Tetraedron spp., Scenedesmus spp.,

Monactinus simplex, Coelastrum microporum, Hariotina
reticulata), small centric diatoms (Cyclotella sp.) and
cryptophytes (Cryptomonas spp.) (Table 3). The application
of the vector and surface fitting analysis to two stations repre-
sentative of the southern (NHZ) and northern (BHZ) basins
showed a clear and quasi-linear fitting of lake water levels
with the NMDS phytoplankton configuration (Fig. 5d, e).
Conversely, the vector fitting of RTR6 to the NMDS config-
uration did not provide significant results; vector fitting of
water temperature, on the two selected stations, was at the
border of significance (p = 0.09) in the BHZ station.
Contrary to the station near the inlet (YCH), the configuration
of the station DB showed a significant relationship with TP
concentrations (Fig. 5f).

Discussion

The quick and important changes of water level in the
Hongfeng Reservoir were proven to have a significant impact
on the phytoplankton biovolumes and dynamics. The most
apparent change was a strong shift from large phytoplankters
and filamentous cyanobacteria to different functional groups
characterised by individuals of smaller size belonging to
chlorophytes (mostly Chlorococcales, sensu Komárek and
Fott 1983) and cryptophytes.

In a recent review, Bakker and Hilt (2015) found a wide
range of effects caused by WLF on the development of
cyanobacteria and phytoplankton in lakes and reservoirs of
different size/depth and hydrology. Generally, a drawdown
in summer was shown to stimulate growth and abundance of

Table 2 Models relating (a, b) phytoplankton and (c, d) cyanobacteria
biovolumes to the relative thermal resistance (RTR6) or water
temperature (Temp) in the 0–6 m layer; the water level period, WLP,
was included in the models as a categorical variable, before (low level,
Jan-May, WLPL), and after (high level, Jun-Dec, WLPH) flooding

Coefficients Estimate p Coefficients Estimate p

(a) r2 = 0.45*** (b) r2 = 0.59***

Intercept 6.239 *** Intercept 4.215 ***

WLPH 1.489 *** WLPH 1.434 *

RTR6 0.0231 *** Temp 0.219 ***

RTR6 × WLPH − 0.0152 ** Temp × WLPH − 0.107 **

(c) r2 = 0.19** (d) r2 = 0.34***

Intercept 3.422 *** Intercept 1.512 *

WLPH 0.722 WLPH − 2.002 ***

RTR6 0.0282 *** Temp 0.227 ***

RTR6 × WLPH − 0.0278 *

Similar significance levels were obtained using water levels instead of
WLP. Before computation, total phytoplankton and cyanobacteria
biovolumes were loge-transformed

*p < 0.05; **p < 0.01; ***p < 0.001
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cyanobacteria and eukaryotic phytoplankters, though these
effects could be counteracted by the development and compe-
tition by submerged macrophytes, which are favoured by the
lowering of water depth and improving light regime (e.g.
Nõges and Nõges 1999; Beklioglu and Tan 2008). The effects
triggered by water level rise due to flooding had however less
predictable effects on the abundance of cyanobacteria (Bakker
and Hilt 2015). Extended flooding in Lake Kinneret caused an
increase in diazotrophic cyanobacteria (Aphanizomenon
ovalisporum and Cylindrospermopsis raciborskii) possibly
due to fish population explosion and zooplankton decline
(Zohary and Ostrovsky 2011). Similarly, flooding in Lake
Peipsi (Kangur et al. 2003) and in the lower Dutch river
Rhine (Van den Brink et al. 1992) triggered an expansion of
Aphanizomenon flos-aquae caused by a reduction in light
availability and macrophytes growth and higher nutrient

loads, respectively. Conversely, in the shallow Lake Sakadas
and in the Arancio reservoir, water level rise connected to
flooding caused a reduction in the biomass of filamentous
cyanobacteria associated to a greater growth of macrophytes
(Mihaljević et al. 2010) and a dilution of Microcystis
aeruginosa colonies (Naselli-Flores et al. 2007), respectively.
The results of these observations highlight that very different
processes may be involved in the control of phytoplankton
and cyanobacteria as response to WLF and other physical
constraints (Mantzouki et al. 2016). The difficulty to general-
ise depends on the different responses of lakes characterised
by different physiographic characteristics, the balance be-
tween inflows and outflows, trophic state and trophic web
linkages and light regime in the water column and lake bot-
tom. Nevertheless, the ecological processes in deeper
waterbodies appeared more circumscribed to the effects

Fig. 5 a NMDS ordination of
monthly phytoplankton samples
of the six stations; the symbols
indicate the months before (< 6),
during (6) and after (> 6) the
flooding event, in June. b Vectors
of significant (p < 0.05) algal
orders. c Vectors of significant
(p < 0.05) morpho-functional
groups (LargeChry 1a-large
Chrysophytes/Haptophytes,
FilaCyano 5a-thin filaments
(Oscillatoriales), LUniPenn 6b2-
large unicellular pennates,
FilaConj 10b-filaments–
conjugatophytes, LargeDino 1b-
large dinophytes, NakeChlor 11a-
Chlorococcales-naked colonies,
SmallCent 7a-small centrics,
SmallChlor 9b-small unicells-
Chlorococcales, Crypto 2d-
Cryptophytes, GelaChlor 11b-
Chlorococcales-gelatinous
colonies). Surface and vector
fitting of lake water levels in two
selected stations in the d southern
(NHZ) and e northern (BHZ)
basins; significance of vector
fitting, p = 0.06 and p = 0.001,
respectively; approximate
significance of surface smooth
terms, p = 0.07 and p < 0.001,
respectively. f Surface (p < 0.01)
and vector (p < 0.05) fitting of TP
in the DB station
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caused by retention time (dilution of algal cell densities and
effects on nutrients), disturbance or disruption of thermal sta-
bility and, possibly, modification of trophic webs due to
changes in zooplankton grazing pressure (e.g. Zohary and
Ostrovsky 2011). In this regard, WLF might represent a com-
plex variable able to integrate different effects in one explan-
atory descriptor.

In the Hongfeng Reservoir, high total biovolume values
were found both before and—though with general minor
values at the lake basin scale—after the highest influx of wa-
ter. The sharp decrease in total biomass and cyanobacteria in
May could have been favoured by the incipient and rapid
change in the hydrological conditions, which caused the in-
crease of the lake level by ca. 1 m, just before the full flooding
event. After the flooding, the higher biovolumes observed in
the stations nearer to the tributary (YCH, NHZ) may have
been possibly favoured by a general higher availability of
nutrients in the Yangchang River, as suggested by the higher
TP concentrations recorded in the southern YCH station.
Considering that a fraction of TP also includes phytoplankton
biomass, its concentrations should be regarded as a potential
availability of phosphorus (as well as other nutrients).
Nevertheless, also considering the exclusive relationship with
the NMDS phytoplankton configurations in the station near
the dam, further attempts to generalise the role of TP over the
entire reservoir are quite difficult. The biovolume of phyto-
plankton and cyanobacteria showed a significant relationship
with the stability of the water column and water temperature.
Although there are differences at species level, an increase in
these two factors are in general instrumental for the develop-
ment of cyanobacteria (Paerl and Otten 2013; Paerl et al.
2016). Nevertheless, water level fluctuations (described by
both water levels and WLP) were proved to have a major
and significant impact on the biovolumes, composition, struc-
ture and dynamic of the phytoplankton community. Models in
Table 2 showed a decreased or null (in the case of

cyanobacteria) effect of water temperature and RTR6 on phy-
toplankton and cyanobacteria during and after the flooding
event. Overall, the increasing water influx caused a dilution
and removal of the extant populations, whereas the shift to a
higher water level state favoured the expansion of new popu-
lations composed by competitive species with smaller dimen-
sions. Phytoplankton structure shifted from the dominance of
large diatoms, large chrysophytes and filamentous
cyanobacteria (i.e. mostly species with strategy R-ruderals)
to small chlorophytes (naked and gelatinous chlorophytes),
small centric diatoms and cryptophytes. Most of the new
MFGs that established during and after the flooding were
typical C-competitive strategists characterised by high surface
to volume ratios adapted to exploit nutrient pulses and with
relatively high metabolic activity and replication rates over a
wide range of temperatures (Reynolds 1988; Padisák 2004).
In this regard, the experimental work by Lürling et al. (2013)
demonstrated that, while cyanobacteria and chlorophytes pos-
sessed a large coincidence in the optimum temperatures for
growth, many chlorophytes showed higher growth rates than
cyanobacteria at higher temperatures. This functional group
after October/November, with the complete isotherm and
mixing of the lake and decrease of water temperatures, phy-
toplankton almost completely collapsed to the same
biovolume values recorded between January and February.

The decrease of cyanobacteria in the Hongfeng Reservoir
after the large flooding event is compatible with the low tol-
erance of this group of prokaryotic algae to high water loads
(Salmaso and Zignin 2010; Salmaso et al. 2015; Visser et al.
2016). The existence of rapid renewal times over the year was
considered instrumental for the almost complete absence of
cyanobacteria from the high flushed meso-eutrophic reser-
voirs in NE, Italy (Moccia et al. 2000; Tolotti et al. 2010).
For these reasons, compared with the concentrations of TP,
the biovolumes of cyanobacteria in the Hongfeng Reservoir
could be considered as underrepresented, especially after the

Table 3 Main species in the morpho-functional groups analysed in Fig. 5c. The last two columns report the mean biovolumes of MFGs (mm3 m−3) in
the two opposite water level periods (low, Jan-May, WLPL; high, Jun-Dec, WLPH)

MFG Main species PB WLPL PB WLPH

1a-Large Chrysophytes/Haptophytes Dinobryon divergens 1204 7

5a-Thin filaments (Oscillatoriales) Limnothrix sp., BOscillatoria^ sp., Pseudanabaena sp. 581 153

6b2-Large unicellular pennates Synedra sp. 779 398

10b-Filaments–conjugatophytes Spirogyra sp. 93 23

1b-Large Dinophytes Ceratium sp. 257 514

11a-Chlorococcales-Naked colonies
(and coenobia)

Tetraedron spp., Scenedesmus spp., Monactinus simplex,
Coelastrum microporum, Hariotina reticulata

127 687

7a-Small Centric Cyclotella sp. 24 265

9b-Small unicells-Chlorococcales Chlorella sp., Golenkinia radiata 29 72

2d-Cryptophytes Cryptomonas spp. 90 597

11b-Chlorococcales-Gelatinous colonies Oocystis sp., Quadrigula chodatii 27 53
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flooding event. In this respect, one of the most notable facts
was the permanently very low biovolume of large gas-
vacuolated filamentous Nostocales (< 100 mm3 m−3) and co-
lonial Chroococcales (< 50 mm3 m−3) in the analysed samples
both before and after flooding. Among cyanobacteria, these
groups are particularly sensitive to the deterioration of the
thermal regime and entrainment and disentrainment bymixing
(Wu et al. 2013). In well mixed lakes with low renewal times,
large gas-vacuolated cyanobacteria lose the capability to con-
trol the vertical movement and therefore to exploit vertical
resource gradients (Reynolds 2006; Visser et al. 2016).
Owing to their smaller sizes and linear shapes, the thinner
filaments of the larger planktonic Oscillatoriales (e.g.
Planktothrix, former BOscillatoria^) are able to reach lower
maximum vertical velocities along the water column, typically
5–10 μm s−1, compared to the larger colonies of Nostocales
and Chroococcales (up to well over 1000 μm s−1) (Padisák
2004; Oliver et al. 2012). The ability of the thin shade-tolerant
Oscillatoriales to control vertical positioning is actually
utilised to exploit specific microhabitats along the water col-
umn, such as the metalimnetic layers by Planktothrix
rubescens in the deep lakes (Walsby et al. 2006; Akçaalan
Albay et al. 2014). In shallower lakes, Planktothrix agardhii
can dominate for most of the year in turbid mixed environ-
ments (Kokociński et al. 2009); in species like this, the pres-
ence of gas vesicles may become important to avoid fast sink-
ing during lower turbulence periods. The thinner filaments of
Limnothrix sp. accounts for their relative very low velocity
compared with that of Planktothrix, i.e. < 1 μm s−1 (Walsby
2005). Limnothrix sp. is therefore more adapted to exploit
mixed water columns, and, sharing with the other pelagic
Oscillatoriales the ability to tolerate shaded environments
(with daily irradiances < 1.5 mol photons m−2 day−1;
Reynolds et al. 2002), it can also tolerate variable periods
characterised by mixing depths greater that the corresponding
euphotic depths. Overall, the significant dilution of the popu-
lation of Limnothrix sp. in the Hongfeng Reservoir during and
after the filling period is fully consistent with the high sensi-
tivity of pelagic Oscillatoriales to flushing events (Reynolds
et al. 2002; Bormans et al. 2004). These considerations are
valid also for the other two Oscillatoriales identified in the
Hongfeng Reservoir, i.e. Pseudanabaena sp. (which can de-
velop without or with gas vesicles) and other Oscillatoriales
(BOscillatoria^ sp.). Nevertheless, since no information on zeu
is available before the flooding event, a complete quantitative
evaluation of the effects of light climate on the Oscillatoriales
and other algal groups is no further possible. The findings in
this research are consistent also with the previous work by
Yang et al. (2016), who showed an increase in the relative
contribution of cyanobacteria (though with different species
compared with those in the Hongfeng Reservoir) after a de-
cline in water level in a group of subtropical reservoirs.
Nevertheless, considering thatWLF can control cyanobacteria

directly or indirectly (e.g. Fadel et al. 2015) by influencing
light, nutrients and other limnological variables, Yang et al.
(2016) concluded that WLF could not be necessarily consid-
ered a strong predictor of cyanobacteria biomass in subtropi-
cal reservoirs.

The seasonal development of phytoplankton had a strong
impact on the transparency of the reservoir. Though the role of
the inorganic sediment was not evaluated, the model relating
water transparency and phytoplankton biovolumes was coher-
ent with a small set of concurrent zSD and biovolume data
recorded in a different group of deep and clear lakes south
of the Alps, namely the lakes Garda, Maggiore, Como and
Lugano. The overall model indicated that, to improve the
mean annual values of transparency of the Hongfeng
Reservoir to over 4 m, total biovolumes should decrease to
values < 1500 mm3 m−3. At the same time, to maintain low
phytoplankton biovolumes and the relative biomass of
cyanobacteria below critical levels, besides low concentra-
tions of nutrients, the water fluxes and water levels should
be kept high, especially during the warmer months. Clearer
water conditions and higher irradiance, coupled with low wa-
ter renewal time and lowWLF, could favour the development
of other phytoplankton groups outcompeting shade-tolerant
cyanobacteria (Nõges et al. 2003; Mihaljević et al. 2010).

A direct estimation of the concentrations of cyanotoxins
associated with the development of cyanobacteria was not
considered in this work. Nevertheless, this aspect, also con-
sidering that the lake is mainly used for drinking purposes,
should not be overlooked. Cultured strains of Limnothrix sp.,
i.e. the taxon dominating cyanobacteria in the Hongfeng
Reservoir, were reported to produce microcystins (Furtado
et al. 2009), saxitoxins (Gkelis et al. 2005) as well as new
cyanotoxins (Blimnothrixin^; Humpage et al. 2012).

Owing to the large catchment areas drained by the rivers
and the difficulty to control diffuse loads from agricultural
practices and natural and anthropogenic habitats, the input of
nutrients from the tributaries to reservoirs can be difficult to
control. However, besides nutrient load reduction, which
should be a priority and a long-term goal, the short-term man-
agement of reservoirs should not ignore the implications due
to the effects of WLF on the development of phytoplankton
and potentially toxigenic cyanobacteria and CyanoHABs.

Conclusions

The rise in water level in the Hongfeng Reservoir had a strong
impact on the composition, structure and seasonal dynamic of
phytoplankton and cyanobacteria. Before the wide flooding
event experienced in early summer, phytoplankton was com-
posed of large diatoms, chrysophytes and thin filamentous
cyanobacteria. After the flooding, the larger species and
cyanobacteria declined in favour, especially during summer
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and early autumn, of smaller chlorophytes and smaller dia-
toms better adapted to a fast colonisation of new and
nutrient-rich environments. In winter, in high disturbed and
almost complete mixing conditions, biovolumes were in any
case very low. The general environmental drivers that drove
the change were flushing, dilution and interference with the
seasonal water stratification processes. The flooding appeared
a negative factor particularly for the development of the thin
Oscillatoriales dominating the cyanobacteria, i.e. Limnothrix
sp. However, in presence of a favourable light regime
favouring shade-tolerant species, the recovery of Limnothrix
sp. after the flooding event was constrained by the higher
development rate of the smaller chlorophytes and diatoms.
This work contributed to demonstrate how the effects of
WLF on lake ecosystems and water quality should be inves-
tigated on a case-by-case basis. By influencing different lim-
nological variables such as water discharge, renewal time,
dilution, thermal and light regime, nutrients and, in shallower
basins, macrophytes growth and internal loads, the impact of
WLF is difficult to generalise also considering more
circumscribed typologies of lakes. Further, considering the
year-to-year hydrological variability that characterise reser-
voirs, clear-cut recommendations for management should be
verified and confirmed considering more than 1-year study.
As a general indication, a growing body of evidence indicates
that flooding and high water levels act as potent factors
inhibiting the growth of cyanobacteria in subtropical reser-
voirs. This aspect should be taken into account in the manage-
ment strategies aimed at preserving water quality especially in
lakes also used for drinking purposes.
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