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  Abstract        Benthic algae communities dominate the primary production in littoral zone of shallow lake. 
To understand the long-term eff ect of alteration in the composition of benthic algae community assemblage 
in such as a lake in China, we analyzed the benthic algae developments and indicators in the Donghu Lake in 
Wuhan, central China in 2004 and 2014. We compared the benthic algae biomass, compositions, and species 
richness of aquatic macrophytes and the changes of primary physicochemical parameters. The results show 
that in the 10-year period, chl  a  and conductivity declined signifi cantly but nutrient level of the whole 
lake remained largely stable. The benthic algae biomass doubled and the relative proportion of green algae 
increased, whereas the benthic diatom ratio decreased. The benthic diatom assemblages and taxa diff ered in 
a number of ways, showing more epiphytic diatom species, and the relative abundance and species richness 
changed markedly. The number of aquatic macrophyte species increased from 3 in 2004 to 15 in 2014, 
presenting a remarkable recovery from previous eutrophication conditions. The changes of water level, 
chl  a , and conductivity played a crucial role in governing aquatic macrophytes re-colonization in the littoral 
zones in the period. The ecological characteristics of littoral benthic diatoms refl ect habitat coupling as 
indicated by redundancy analysis. Therefore, the close link between benthic algae and macrophyte recovery 
demonstrates that the benthic algae metrics are much more useful than nutrient levels to quantify the process 
of restoration in the lake. 
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 1 INTRODUCTION 

 Algae have been used as bio-indicators to evaluate 
the environment for almost 100 years (Stevenson, 
2014). Bio-indicators cannot necessarily replace 
physicochemical ones, but are complement to 
physicochemical factors. Algae biomass, species 
composition, and diversity tend to refl ect the 
ecological status of a water body more accurately 
than physicochemical factors (Liu and Shen, 2008). 
Because benthic algal communities respond quickly 
to environmental changes, their use as indicators is 
promoted to provide information on the degradation 
or restoration of aquatic ecosystems (Gaiser et al., 
2011). Benthic algae can attach to a variety of natural 
substrates, including stones, submerged macrophytes, 
and soft sediments, as well as artifi cial substrates. 
Benthic algae are considered suitable indicators to the 

trophic status of water bodies, and their assemblages 
are signifi cantly related to environmental conditions 
(Poulíčková et al., 2004; Simkhada et al., 2006). 
Although the routine monitoring of benthic diatoms is 
less frequently used in lakes than in rivers or streams, 
several indicators have been developed based on 
littoral benthic diatoms (Stenger-Kovács et al., 2007; 
Triest et al., 2012), several studies have suggested 
that littoral benthic diatoms can respond along 
environmental gradients, particularly nutrient 
gradients (Gottschalk and Kahlert, 2012; Bennion et 
al., 2014).  
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 Studies on benthic diatoms in freshwater lakes 
have generally focused on the quantitative and 
qualitative diff erences of diatom communities 
between seasons and/or sites (Lim et al., 2007; Logan 
and Taff s, 2013). To date, most eff orts are directed at 
investigating sedimentary diatom assemblages to 
record environmental changes in freshwater lakes, as 
well as quantifying changes in diatom species 
composition due to human activities (Smol and 
Stoermer, 2010; Hadley et al., 2013). However, few 
studies (Bennion et al., 2015) have examined spatial 
and temporal variation in diatom compositions during 
the process of lake restoration.  

 Donghu Lake is a typical shallow freshwater lake 
in Wuhan, a mega city in the central China. The lake 
experienced a period of heavy eutrophication due to 
the input of domestic and industrial sewage and 
agricultural runoff  in the 1980s and 1990s (Liu et al., 
2014). In response to the observed damage to the 
water quality and loss in the biodiversity, great eff orts 
to improve water quality have been made in recent 
decades such as overall reduction of external pollution 
sources, partial dredging of sediment, and sewage 
interception. In addition, the Donghu Lake is 
connected with the sand lake and the water level is 
slightly reduced. These have led to a gradual 
improvement of environmental conditions in the 
2000s, and aquatic macrophytes have recently well 
recovered in Donghu Lake (Pei et al., 2007).  

 Littoral zones are areas of high productivity and 
biodiversity, submerged substrates support abundant 
quantities of benthic algae (Pei et al., 2015), However, 
as no detailed full-coverage benthic algae community 
survey has been conducted before 2004, this study 
aimed to evaluate temporal changes in benthic algae 
compositions and abundance in relation to the shifting 
environmental conditions. Specifi cally, we explored 
diff erences in benthic algae assemblages between any 
two years from 2004 to 2014, the main reason for the 
recovery of aquatic macrophytes and how these early 
improvements developed over the period, and the 
restoration potential by the present examination of 
more recent submerged macrophyte community 
development in the Donghu Lake.  

 2 MATERIAL AND METHOD 

 2.1 Study area and sampling sites 

 Donghu Lake (33°33′N, 114°23′E) is a shallow 
urban lake of 32 km 2  in area, and 2.16 m in average 
depth and 4.66 m in maximum depth. It is located in 

the northeastern part of Wuhan City, the capital of 
Hubei Province, China. Donghu Lake is used for a 
variety of human activities, including water supply, 
sightseeing, aquatic sports, and commercial fi shing. In 
previous decades, the water level of the lake had been 
approximately 20 m above sea level, and displayed 
little seasonal variation. This stability was achieved by 
pumping water into the lake from Changjiang 
(Yangtze) River 5 km away during the dry seasons, to 
ensure a continuous water supply. However, the water 
level dropped in recent years due to the “Six-Lake 
Connection Project” implement that completed in 
2013. This project was designed to connect the lake 
with other fi ve neighboring lakes with opening 
channels in order to transfer water between Donghu 
Lake and Changjiang River to control the water level. 

 Four sampling sites were selected along the littoral 
zone of the lake (Fig.1). Site A (33°33′56″N, 
114°20′57″E) is heavily polluted by domestic sewage 
as the population density around site A is high. Site B 
(33°32′43″N, 114°22′0″E) is located near a university 
and is aff ected by human activities. Site C (33°33′43″N, 
114°24′14″E) is vast open, and is seldom aff ected by 
people. Site D (33°34′58″N, 114°22′44″E) is far from 
any major roads with one sewage outlet and some bays 
in this area. The natural substrate of Donghu Lake 
littoral zone is mainly natural pebbles. Granite stones 
were used as artifi cial substrate and were placed at 
each site two months before sampling. The size of 
each granite stone is 15 cm×8 cm×1 cm. About 200 
pieces of granite stones were placed in about 0.3 m 
below water surface of the littoral area at each site 
where full sunlight could be received. Samples were 
taken monthly from May 2004 to April 2005 for the 
2004 dataset and December 2013 to November 2014 
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 Fig.1 Map of Donghu Lake (picture from Google Earth), 
notes the sampling sites  (A, B, C, and D)
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for the 2014 dataset. The sampling methods and 
schedule were the same in 2004 and 2014. 

 2.2 Sample handling and identifi cation of diatoms, 
green algae 

 Diatom samples are treated in acid. Take (1–2)-mL 
algae liquid sample into 10-mL glass tube, slowly 
drop the same volume of concentrated sulfuric acid as 
the sample, and shake well; in the ventilator, slowly 
drop concentrated nitric acid, 85°C water bath for 8 h 
until the sample turns white and the liquid becomes 
colorless and transparent; fi nally, acid is washed 3 to 
5 times with anhydrous ethanol, and the supernatant 
of centrifugal discarding is volumed with anhydrous 
ethanol. Permanent labels of diatoms were prepared 
with Naphrax TM  tablet sealer and observed under an 
optical microscope (Olympus CX21) 100-fold oil 
microscope. Specimen identifi cation refers to Chinese 
Freshwater Algae (Hu et al., 1980). 

 2.3 Water physical and chemical parameters 

 To track the changes in trophic status at Donghu 
Lake over the decade, physicochemical parameters 
(water temperature, pH, conductivity, phytoplankton 
chl  a , total nitrogen (TN), total dissolved nitrogen 
(TDN), total phosphorus (TP), total dissolved 
phosphorus (TDP), and soluble reactive phosphorus 
(SRP)) were examined in 2004 and 2014. On sampling 
days, the water temperature (WT), pH (portable pH 
meter, PHB-4, China) and electrical conductivity 
(portable electrical conductivity meter, DDB-303A, 
China) were measured in situ. Approximately 1 500-
mL water sub-samples were taken from each site to 
analyze TN and TP. Water sub-samples were fi ltered 
through a cellulose acetate membrane (pore size of 
45 μm) before analyzing TDN, TDP, and SRP. 

 2.4 Benthic algae, AFDM, and diatoms 

 At the same time as collecting water samples, 3–5 
pieces of granite stones were sampled randomly from 
each site. Three parallel benthic algae samples, along 
with the granite stones to which they adhered, were 
placed in sealed plastic bags on ice. In the laboratory, 
any invertebrates on the surface of the benthic algae 
were carefully removed using forceps. Then, benthic 
algae samples from an area of 120 cm 2  (15 cm×8 cm) 
were removed from the granite stones with a scalpel. 
The surfaces of the selected stones were gently 
washed with a nylon toothbrush and distilled water. 
The brushed off  algae were collected in a beaker and 

mixed with the scalpel-scraped algae. All of the 
benthic algae from the selected area were diluted to 
50–100 mL with distilled water (Pei et al., 2015). 

 Each suspension was divided into two parts in 
laboratory. The fi rst part was processed to measure 
the ash-free dry mass (AFDM) based on APHA 
(2012). The second part was saved in 4% formaldehyde 
to identify diatoms. Diatom species were identify 
based on Krammer and Lange-Bertalot (1986, 1988, 
1991a, b) and Prygiel and Coste (2000). The relative 
abundance of individual diatom species was calculated 
by counting the valves of at least 500 diatoms in each 
sample. 

 2.5 Determination of chlorophyll 

 Sub-samples designated for measuring phytoplankton 
chlorophyll  a  (chl  a ) were also fi ltered through a 
cellulose acetate fi lter (pore size of 45 μm) and were 
then extracted with 90% acetone. The chlorophyll 
measurement method of benthic algae is the same as 
that of phytoplankton. The analysis of nutrient and 
phytoplankton chl  a  for water samples was fi nished 
using standard procedures (APHA, 2012), with a UV-
vis spectrophotometer (UV1750, Shimadzu, Japan). 

 2.6 Data analysis 

 The diff erences between physical and chemical 
parameters at the four sites were compared using one-
way ANOVA (Bonferroni test). Data were analyzed 
using SPSS 21.0 (IBM). The results were considered 
signifi cant at  P <0.05. To compare the temporal and 
spatial variation between the diatom communities in 
diff erent years and diff erent sites, redundancy analysis 
(RDA) was performed on eight samples (years 2004 
and 2014, sites A, B, C, and D). We selected the 
species that were “dominant” for analysis when the 
relative abundance of the diatom taxa exceeds 10% in 
at least one sample at one site for 12 months. The data 
on environmental variables and diatom species were 
averaged to means over one year and were log 10 (x+1) 
transformed (except pH). RDA was performed using 
Canoco 4.5. 

 3 RESULT 
 3.1 Water physical and chemical parameters  

 Annual averages of all parameters were calculated 
based upon monthly recordings. The main change in 
environmental conditions was phosphorus, chl  a  and 
conductivity. The water temperature did not change 
markedly over the timeframe of this study. Similarly, 
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pH remained generally stable, and was slightly 
alkaline (Table 1). The conductivity of Donghu Lake 
has decreased on average from 578 μS/cm in 2004 to 
365 μS/cm in 2014. Phytoplankton chl  a  declined 
somewhat at all sites, with a signifi cant decrease 
being detected at sites A and C (A: 46.8→17.9 μg/L; 
C: 20.7→8.01 μg/L). No signifi cant changes in TN 
and TDN were observed, though the TN of site A and 
B slightly decreased (A: 1 358→1 011 μg N/L; B: 
915→861 μg N/L) and site C and D slightly increased 

(C: 711→901 μg N/L; D: 763→936 μg N/L). The 
most remarkable TP decline was about 70% at site A 
(304→105 μg P/L). Only weakly changes in the water 
temperature, pH, TN, TDN, TP, TDP, and SRP were 
detected at sites B, C, and D between 2004 and 2014. 

 3.2 Benthic algae AFDM, chl  a , chl  b / a , and chl  c / a  

 Chl  a  and AFDM were used to estimate benthic 
algae biomass. Benthic algae biomass increased at all 
sites (Fig.2). Annual mean chl  a  concentration at sites 
A, B, and D was approximately double that of 2004 in 
2014. At all sites, AFDM increased more than 2–3 
times and highly signifi cantly ( P <0.001) from about 
3–4 mg/cm 2  in 2004 to 9–18 mg/cm 2  by 2014. 

 The chl  b / a  and chl  c / a  ratios were used to assess 
the relative proportions of green algae and diatoms, 
respectively. Green algae dominated benthic algae at 
all sites in 2014 (Fig.3). The relative proportions of 
green algae increased from 2004 to 2014, whereas the 
diatom ratio decreased. In 2014, the dominant species 
of fi lamentous green algae was  Cladophora   glomerata  

 Table 1 Summary of the physicochemical parameters (mean±SD,  n =12) at four sites in Donghu Lake sampled in 2004 and 2014  

 Parameter 
 Sites in 2004  Sites in 2014 

 A  B  C  D  A  B  C  D 

 pH  8.49±0.45 a   8.50±0.37 a   8.30±0.42 a   8.21±0.45 a   8.10±0.55 a   8.16±0.47 a   8.25±0.52 a   8.03±0.45 a  

 Cond (  S/cm)  614±48 ab   659±25 b   498±27 a   542±22 ab   368±43 c   375±35 c   341±33 c   375±36 c  

 Chl  a  (  g/L)  46.8±7.6 a   29.5±5.4 b   20.7±1.2 bc   26.2±3.2 b   17.9±5.2 bc   21.9±4.8 b   8.01±1.2 c   18.2±5.1 bc  

 TN (  g N/L)  1358±582 a   915±62 a   711±50 a   763±60 a   1011±346 a   861±170 a   901±56 a   936±229 a  

 TDN (  g N/L)  746±51 a   756±42 a   622±64 a   510±52 a   837±150 a   665±165 a   776±94 a   551±161 a  

 TP (  g P/L)  304±116 a   97±18 b   60±11 b   91±9 b   105±27 b   78±20 b   49±19 b   88±12 b  

 TDP (  g P/L)  60±10 a   39±11 a   37±9 a   40±3 a   42±2 a   33±4 a   21±9 a   35±3 a  

 SRP (  g P/L)  51±9 a   36±6 a   27±3 a   33±2 a   33±4 a   28±6 a   17±3 a   26±3 a  

 For any one parameter, values with diff erent superscripted letters are signifi cantly diff erent ( P <0.05) from each other (one-way ANOVA, Bonferroni). Chl  a : 
phytoplankton chl  a ; Cond: conductivity. 
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at all sites. High numbers of  Oedogonium  spp. were 
observed year-round at site A, and  Spirogyra  spp. was 
observed at site C in winter and spring. Of note, 
 Melosira   varians  (diatom) contributed most of the 
benthic algae biomass to site A in 2004, but was 
essentially replaced by green algae in 2014. 

 3.3 Benthic diatom 

 The recorded relative abundance of benthic 
diatoms and species richness changed markedly 
during the period of 10 years. Species richness 
showed a signifi cant increase from 2004 to 2014, 113 
diatom species belonging to 18 genera were identifi ed 
in 2004, while 156 diatom species belonging to 22 
genera were identifi ed in 2014.  M .  varians  was the 
dominant contributor to total diatom abundance at all 
sites in 2004, whereas  Fragilaria   recapitellata  was 
the most abundant species in 2014 (Fig.4). The other 
dominant species recorded in 2004 were  Planothidium  
 dubium  (each site),  Nitzschia   amphibia  (site A), 
 Eolimna   minima  (site B, C, and D), and  Sellaphora  
 vitabunda  (site A). In 2014,  Achnanthidium  
 minutissimum  (site C),  Cocconeis   placentula  (site A, 
B, C, and D),  Cymbella   tumida  (site B),  Cymbella  
 affi  nis  (site C), and  Gomphonema   angustum  (site C), 
 Ulnaria   acus  (site A and B) were dominant. Analyses 
showed that all surveys diff ered signifi cantly 
( P <0.001) confi rming the increase in species richness 
between 2004 and 2014. 

 The RDA indicated diff erences in the composition 
of diatom assemblages, and well separated the 
samples obtained in 2004 versus 2014. The eight 

samples fell into three groups (Fig.5). The fi rst group 
that were assembled in the third quadrant, included all 
sites in 2004, with  M .  varians ,  P .  dubium  and 
 E .  minima  representing the indicator species. The 
second group included sites A, B, and D from 2014, 
with  F .  recapitellata ,  C .  placentula  and  U .  acus  
representing the indicator species. The third group 
included just site C from 2014, and was dominated by 
 A .  minutissimum ,  C .  affi  nis , and  G .  angustum . The 
four environmental variables explained 32.7% of the 
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diatom taxa variation. The most important variables, 
contributing signifi cantly to the RDA axes were the 
conductivity, concentration of chl  a  and TP.  

 3.4 Species richness of aquatic macrophytes, 
transparency, and water level of lake 

 Species richness of aquatic macrophytes showed a 
signifi cant increase from just three species in 2004 to 
fi fteen species by 2014. We estimated sample 
coverage along with species richness at a common 
base sample for two surveyed years, the richness 
estimates were very close to the observed values and 
showed a signifi cant increase from 2004 to 2014 
(Table 2). Aquatic macrophytes included emergent 
macrophytes, Floating-leaved macrophytes, 
submersed macrophytes, and aquatic mosses in the 
littoral zone area at all sites in 2014, but only a few 
submerged macrophyte at sites C in 2004. 

 Secchi depth readings show a signifi cant increase 
in water clarity ( P >0.05) from 0.23–0.36 m. The 
values fl uctuated from 19.8 to 20.7 m in 2004 and 
19.3 to 19.8 m in 2014, and a declined greatly water 
level of Donghu Lake was observed over the 10-year 
period. The water level dropped by 0.46 m on average 
between 2004 and 2014 (from 19.96 to 19.50 m).  

 4 DISCUSSION 

 Among all environmental variables, many factors 
might govern the composition and structure of the 
benthic algae assemblage. Benthic algal biomass 
tends to be positively correlated with nutrients 
(Gaiser, 2009), but not always (Chick et al., 2008; 
Cantonati and Lowe, 2014). Several studies 
emphasized that the relationship between benthic 
algae biomass and nutrient concentration is weak, 
with the addition of nutrient only stimulating algal 
growth when light intensity increases (Hill and 
Knight, 1988). In our study, the benthic algae 
increased markedly from 2004 to 2014, and whilst 
there was no dramatic change in TP levels between 
the two years, TP concentrations did experience a 
decrease (Fig.2 and Table 1). The lack of improved 
nutrient levels can be partially explained when 
accounting for some major fl ood events in summer. 

Frequent fl ooding can have sizable eff ects on lake 
water quality. Phytoplankton productivity increased 
along the phosphorus gradient, the total chlorophyll 
content of phytoplankton is closely related to the 
phosphorus concentration in water column 
(Vadeboncoeur et al., 2003). Levels of phytoplankton 
chl  a  have decreased in conjunction with declining TP 
levels, suggesting that other factors may have 
outweighed nutrient eff ects on benthic algae biomass. 
Water level and the chl  a  reduction enhanced the 
underwater light conditions, allowing the expansion 
of benthic algae. Light is a key factor infl uencing the 
competitive interactions between benthic algae and 
phytoplankton (De Oliveria et al., 2010; DeNicola 
and Kelly., 2014). In addition to the increase of 
benthic algae biomass in 2014, the proportion of 
green algae and diatoms also changed. For benthic 
algae communities, the eutrophication process 
decreases the proportion of green algae, which leads 
to a signifi cant increase in the biomass of diatoms 
(Ledger and Hildrew, 1998; Roberts et al., 2003). In 
2014, the increase in the proportion of green algae, 
reducing the proportion of diatoms, indicated the 
restoration and better trophic status of Donghu Lake. 

 Kelly et al. (2008) supported the use of diatom as a 
proxy for phytobenthos in ecological status 
assessments. The change of benthic diatom 
composition provided more information about the 
restoration in Donghu Lake. Several diatom species 
associated with higher-nutrient water columns 
(Stenger-Kovács et al., 2007), that were dominant in 
2004 (specifi cally  P .  dubium ,  N .  amphibia ,  E .  minima , 
and  S .  vitabunda ) were rarely observed in 2014. The 
dominant species present in 2014 could be used to 
indicating the water quality, such as  A .  minutissimum  
and  U .  acus  are generally found in less polluted 
waters (Marker and Collett, 1997). In addition, more 
epiphytic diatom species were found at all sites in 
2014 than the dominant species from 2004. Some 
epiphytic diatoms which are often frequent in waters 
with relatively good ecological status such as 
 C .  placentula ,  C .  tumida ,  C .  affi  nis , and  G .  angustum  
(Tornés et al., 2007; Triest et al., 2012), were detected 
in 2014.  C .  placentula  thrives in warm, shallow, and 
alkaline freshwater environments, enriched with 

 Table 2 Macrophyte species richness and water level in Donghu Lake  

 Year of sampling   No. of observed species  No. of estimated species (±CI)  Secchi depth (m)  Water level (m) 

 2004  3  3.2±1.5  0.45 (0.35–0.61)  19.96 (19.8–20.7) 

 2014  15  15.6±2.1  0.78 (0.58–0.97)  19.50 (19.3–19.8) 

 CI: confi dence interval. 
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macrophytes (Tunca et al., 2014). Furthermore, taxa 
from the genus  Cocconeis  tend to be abundant on the 
macroalgal mats of Cladophora (Reavie and Smol, 
1997). Thus, the presence of these species indicated 
the recovery of submerged plants (He et al., 2016). 
 C .  placentula  was generally observed at all sites 
throughout 2014, but was completely absent in 2004. 
The presence of more epiphytic diatoms in 2014, 
especially  C .  placentula  indicated the restoration of 
Donghu Lake. These changes suggested that the 
ecological characteristics of littoral benthic diatoms 
refl ect habitat coupling, understanding their changes 
is critical to determine the causes of the alterations. 

 Many factors might have contributed to the 
recovery from eutrophic conditions in Donghu Lake, 
including water transparency (increase), water level, 
chl  a , nutrient levels and conductivity decrease. Those 
conditions may account for the recovery of aquatic 
macrophytes communities since the eutrophication 
peak of the 2000s. Among freshwater ecosystems, 
shallow lakes are extremely sensitive to fl uctuations 
of water level (Paillisson and Marion, 2011; Levi et 
al., 2016; Beklioğlu et al., 2017). Small changes of 
the water level also lead to signifi cant shifts in aquatic 
plant communities (Coops et al., 2003), making the 
water level fl uctuation a key factor limiting the 
establishment and expansion of littoral vegetation. 
Water level reduction indirectly aff ects submerged 
macrophytes via a suite of variables, including 
underwater light conditions, the colonizable substrate 
area and water current velocity (Rodusky, 2010). 
Many studies have shown Light intensity primarily 
regulates the colonization of submerged macrophytes 
in lakes, especially in shallow eutrophic lakes ( Albay 
and Akçaalan, 2008; Gette-Bouvarot et al., 2015). 
The water level dropped and water clarity increased 
(chl  a , nutrient levels decline) from 2004 to 2014 in 
Donghu Lake. Thus, a major driving factor that 
submerged macrophytes were able to re-colonize in 
the littoral zones was probably the water level drop in 
recent years, and this data on macrophyte recovery 
serves to reinforce the importance of continuing 
studies of Donghu Lake.  

 There is also growing evidence that fi lamentous 
green algae represent an alternative stable state in 
shallow lakes characterized by a relatively high 
abundance of fi lamentous green algae and low 
abundance, or lack of, submerged macrophytes 
(Irfanullah and Moss, 2005; Poikane et al., 2016). A 
comparison between submerged macrophyte 
dominated lakes and lakes with high abundant 

fi lamentous green algae shows similarities among 
them regarding water nutrient concentrations, 
physical parameters, and species abundance and 
composition (Irfanullah and Moss, 2005). Thus, it is 
no doubt that the increase in species richness of 
aquatic macrophytes in the littoral zone of Donghu 
Lake represents the improvement in ecological status. 
Yet, water chemistry showed weakly change between 
2004 and 2014 for the whole lake, and the full-time 
series of water chemistry data from 2004 to 2014 as 
per Liu et al. (2014) indicates no obvious improvement 
in water quality at Donghu Lake during the 10 years. 
Yet the changes in benthic algae biomass, the ratio of 
green algae, and benthic diatom compositions 
indicated recovery from eutrophic conditions in 
Donghu Lake. Supporting previous studies (Stenger-
Kovács et al., 2007; DeNicola and Kelly, 2014; Rimet 
et al., 2015), benthic algae represent a promising 
indicator for assessing lake ecology. Changes in water 
level and physical and chemical factors can also aff ect 
the recovery process of shallow lakes (Bennion et al., 
2010). The close link between benthic algae and 
macrophyte recovery supported the conclusion that 
benthic algae might be a much more informative 
metric for quantifying the process of restoration in 
Donghu Lake than physicochemical factors. In 
addition, the changes in water level and physical and 
chemical factors also promote the process of 
restoration in Donghu Lake. However, our fi nding 
was based on a single lake and just two years of data, 
ten years apart, and so might not be applicable for 
other lakes. Thus, more research is required on more 
lakes to investigate the replicability of our observation. 
In conclusion, the recovery from eutrophic conditions 
indicated by benthic algae improved our understanding 
of the actual status of the shallow water lake, which 
will contribute towards implementing appropriate 
lake management to prevent its deterioration.  

 5 CONCLUSION 
 Benthic algae biomass increased two times and the 

relative proportion of green algae increased, whereas 
the benthic diatom ratio decreased in 2014 years 
compared with 2004 years. The ecological 
characteristics of littoral benthic diatoms refl ect 
habitat coupling, more epiphytic diatom species were 
found in 2014, and the relative abundance and species 
richness changed markedly. Reducing water level, 
chl- a  and conductivity played a crucial role in 
governing aquatic macrophytes re-colonization in the 
littoral zones in recent years. Benthic algae were a 
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much more informative metric for quantifying the 
process of restoration in Donghu Lake than nutrient 
levels. 

 6 DATA AVAILABILITY STATEMENT   

 The datasets analyzed during the current study 
available from the corresponding author on reasonable 
request. 
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