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Abstract: Phytoplankton are sensitive to the change in hydrological environment and can effectively
reflect the health status of water, so they are often used for water quality assessment. To understand
the recovery process of phytoplankton community structure characteristics and water quality condi-
tions, two methods of phytoplankton classification functional group (FG) and morphology-based
functional group (MBFG) were compared based on morphological differences and applicability. In
this study, we investigated the changes in the aquatic environmental conditions and phytoplankton
functional groups in the saline wetland of Dagangzipao during the restoration process of the Songnen
Plain. The functional group division method suitable for saline-alkali wetlands was also determined.
The results showed that there were 86 species belonging to 47 genera and seven phyla. The average
phytoplankton biomass range in 2020 is 0.37 mg/L-3.59 mg/L, and the average phytoplankton
biomass range in 2021 is 0.01 mg/L-1.44 mg/L. The Q-index showed that the water quality was
in a good state. The redundancy analysis showed that the characteristics of phytoplankton func-
tional groups showed a good indication of the habitat characteristics of saline-alkali wetlands, and
the environmental interpretation of the MBFG was higher than that of the FG. The results provide
a reference for the sustainable development of saline wetland water environment protection and
ecological restoration.
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1. Introduction

Wetlands are ecosystems with unique hydrological, soil, vegetation and biological char-
acteristics on the Earth’s surface, playing an irreplaceable role in water conservation, water
purification, biodiversity maintenance, flood water storage, climate regulation, carbon
sequestration and storage [1-4]. In recent years, the degradation of wetland ecosystems has
become more severe due to factors such as agricultural reclamation and climate change [5,6].
With the degradation of wetlands, water quality is polluted, biodiversity is reduced, and
ecological functions are severely impaired. Aquatic ecosystems are an important part of
wetlands and play an important role in maintaining their ecological functions. Therefore, it
is necessary to analyse the health of wetland aquatic environments [7,8].
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As one of the major biological groups in wetland aquatic ecosystems, phytoplankton
play an important role in maintaining the stability and integrity of aquatic ecosystems [9,10].
The abundance, biomass and diversity indices of phytoplankton communities are often used
to diagnose the condition of the aquatic environment due to their small size, relatively sim-
ple cell structure, short life cycle and sensitivity to changes in the water environment [11-13].
In contrast to traditional phytoplankton classification, Reynolds et al. [14] proposed the
concept of ‘functional groups’ based on a combination of phytoplankton ecology and
physiology. Compared with the traditional method of phytoplankton community classifi-
cation, functional group classification can better reflect the characteristics of the aquatic
environment [15]. Based on this, Padisak et al. [16] proposed the Q-index, which uses
phytoplankton functional groups and their biomass to better evaluate the trophic status of
water bodies [17].

Phytoplankton functional groups are classified according to morphological, physio-
logical and ecological characteristics of phytoplankton, and each functional group contains
species that share similar habitat characteristics. FG and morphology-based functional
group (MBFG) methods are often used to assess the ecological health of water bodies [18].
The FG method has a higher number of functional groups and may have a higher de-
gree of interpretation of environmental factors than the MBFG method [19]. However,
Kruk et al. [20] suggested that the functional groups delineated by MBFG could provide
a better explanation of the environment. Saline wetlands, as a kind of wetland, are char-
acterised by high pH value and high salt content, which indirectly affect the growth of
phytoplankton to a certain extent. However, little research has been reported on which
of the two functional group classification methods, FG and MBFG, is more suitable for
saline wetlands.

The Songnen Plain is located in northeastern China, where the unique climate, ge-
omorphology and hydrology have created large areas of marsh wetlands that not only
provide important breeding grounds and migratory resting places for rare and endangered
waterfowl but also play an important role in preventing land salinization, desertification,
and flood storage [21]. In recent years, due to natural and human-induced factors such as
climatic extremes and agricultural and pastoral activities [22], wetlands have gradually
shrunk in size, and their original habitat conditions have been severely damaged. The
deterioration of the water environment has been accompanied by significant changes in the
structure of the phytoplankton community. With the increasing emphasis on environmental
protection and awareness of the importance of wetlands, large-scale wetland restoration
work has been carried out in the Songnen Plain. Therefore, the typical restored wetlands
of the Songnen Plain were used as the study area. The study aims were to identify key
drivers of changes in the dominant functional groups of phytoplankton communities,
identify functional group classification methods applicable to saline wetlands, perform
water quality assessments based on functional groups and propose recommendations for
water quality improvement. This was carried out through analysis of the water quality and
functional group characteristics of phytoplankton communities during wetland restoration.
This study provides the necessary information to understand the changes in phytoplankton
due to alterations in the elements of the aquatic environment during wetland restoration.
Additionally, it will provide support in the selection of functional group classification
methods for phytoplankton in saline wetlands.

2. Materials and Methods
2.1. Overview of the Study Area

The study area is located in the Dagangzipao Wetland in the Songnen Plain of China
(Figure 1), with a semiarid continental temperate monsoon climate and precipitation
mainly concentrated in summer (June-August). The average annual temperature is about
4.2 °C, the annual precipitation is about 392 mm, and the average annual evaporation
is about 1472 mm [21]; farming and herding are the main agricultural activities in the
area. The Dagangzipao Wetland had a water surface area of 3.14 km? in April 2020, which
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increased to 6.18 km? by October 2021 through ecological replenishment in the last two
years. Due to the sparse vegetation, incorporating principles of restoration ecology, the
research group planted Phragmites australis, Suaeda glauca and other plants in May 2020, and
also carried out soil improvement around the sampling site. In August 2021, the average
vegetation coverage rate was 44.0%, and the average vegetation aboveground biomass was
169.73 g/m?, which was the result of ecological restoration.
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Figure 1. Location of study area and distribution of sampling points.

2.2. Field Survey and Sampling

According to the ecological environment and hydrological characteristics of the Da-
gangzipao Wetland, three water quality sampling points were selected, which were near
the water inlet (S1), the central area (S2) and the northeastern marginal area (S3). It covers
the functional areas and representative terrain of the Dagangzipao Wetland. Monthly
sampling was carried out from June (we started wetland restoration in June, so sampling
was performed in June) to October 2020 and from April to October 2021. Samples to assess
phytoplankton life characteristics were taken between 09:00 and 12:00.

One qualitative sample and three quantitative samples of phytoplankton were col-
lected from each sampling site every month. Qualitative phytoplankton samples were
collected using a phytoplankton net (25 cm) 0.5 m below the surface of the water and
were immediately fixed in 15 mL of Lugol’s iodine (neutral) reagent at a concentration
of 1.5%.

2.3. Measurement Indicators
2.3.1. Phytoplankton

Quantitative phytoplankton samples were collected: 1 L of water was collected 0.5 m
below the water surface using a Plexiglas water collector and fixed in a wide-mouth bottle.
After 48 h of precipitation, it was concentrated to 50 mL with a siphon and added to
4% formaldehyde solution for storage. A total of 0.1 mL of the sample was placed in
a 0.1 mL phytoplankton counting frame, and the phytoplankton were counted under a
400x magnification microscope using the field of view method [23]; each sample was
averaged over 2 counts and if the result of 2 counts showed an error greater than 15%, a
third count was performed. The biomass (wet) of the phytoplankton was also estimated
from the geometry of the phytoplankton entities [24]. Phytoplankton were identified by
reference to the Phytoplankton Manual [25] and the Chinese Freshwater Algae—Systems,
Taxonomy and Ecology [26].

2.3.2. Water Quality

Water quality indicators were measured: water temperature (WT), electrical conduc-
tivity (EC), total dissolved solids (TDS), dissolved oxygen (DO), pH and salinity (Sal)
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indicators. These parameters were measured directly using a portable multiparameter
water quality analyser (YSI650, USA). TN were determined by UV spectrophotometry using
alkaline potassium persulfate digestion [27], TP by ammonium molybdate spectropho-
tometry [28], BODs by dilution inoculation [29], and COD¢; by the potassium dichromate
standard method [30].

2.4. Data Analysis

The FG classifies the phytoplankton species that are consistent with a specific living
environment type and have similar sensitivity into the same functional group. This clas-
sification method believes that the water condition can be reflected by judging the living
environment type adapted by the dominant functional group. MBFG is a functional group
classification method commonly used in phytoplankton ecological research. According to
the morphological characteristics of phytoplankton such as size, pseudovoid, flagellum,
silicon wall and specific surface area, algae species with similar morphology were divided
into the same group, which was divided into 7 functional groups.

The phytoplankton dominance functional group dominance (Y) was calculated
as follows:

Y = fi x Ni 1)

where fi is the frequency of occurrence of the ith functional group and Ni is the proportion
of the biomass of the ith functional group to the total biomass. The biomass of a phyto-
plankton functional group is obtained by summing the biomass of each representative
algae (genus/species) in that functional group [31]. The dominant functional group is
Y > 0.02 [32].

The Q-index is calculated as follows [16]:

Q= i BiF; ()

i=1

where 1 is the number of phytoplankton functional groups, Bi is the proportion of the
biomass of the ith functional group to the total biomass, and the factor Fi is the assigned
value of the ith functional group. A Q-index from 0 to 5 represents different water quality
statuses: 0-1 is poor, 1-2 is tolerant, 2-3 is moderate, 3—4 is good, and 4-5 is very good.

Data analysis was conducted using SPSS 26.0 (Chicago, IL, USA) and Canoco 5.0
(Ithaca, NY, USA). Statistical analysis and ANOVA were used to test whether there were
significant differences in water environment variables during wetland restoration. Pearson
correlation analysis was applied to explore the correlation between phytoplankton domi-
nant functional group characteristics and the aquatic environment, with p < 0.05 indicating
that the differences and correlations were statistically significant. Prior to the analysis, data
related to phytoplankton functional groups and environmental variables (except pH) were
log (x + 1) transformed to meet the normal distribution. Redundancy analysis (RDA) was
chosen to investigate the relationship between environmental variables and phytoplank-
ton functional groups; firstly, detrended correspondence analysis (DCA) is performed on
the plankton data and the water environment factor data to obtain single-peak response
values (gradient SD). In this study, the SD did not exceed more than 4, so the RDA was
selected for analysis. The significance of physicochemical variables in the interpretation of
CCA phytoplankton biomass data was verified using Monte Carlo simulation methods for
499 alignments.

3. Results
3.1. Changes in Water Environment Indicators during the Restoration of Saline Wetlands

The monthly average variations in water environmental indicators for the Dagangzi-
pao Wetland are shown in Figures 2 and 3. The WT ranged from 6.58 °C to 32.35 °C.
The EC ranged from 615.45 ps/cm to 13,126.15 pus/cm, with a wide monthly variation,
and the maximum value occurred in June in 2020. The EC was relatively stable in 2021
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compared to 2020. The TDS ranged between 622.50 mg/L and 7485.50 mg/L, with a wide
monthly variation, and the maximum value occurred in June in 2020. The DO ranged from
6.11 mg/L to 11.34 mg/L, and the maximum value occurred in October in 2020. The pH had
a range of 8.01-9.37, and the maximum value occurred in July in 2020, showing an overall
downwards trend. Salinity ranged from 0.08 ppt to 0.53 ppt, and the maximum value
occurred in June in 2020, also showing an overall downwards trend. The TN ranged from
0.75 mg/L to 5.84 mg/L, and the maximum value occurred in June in 2020, with a large
monthly variation. The BODs ranged from 0.30 mg/L to 7.38 mg/L, and the maximum
content appeared in July in 2020 and was higher in summer than at other times. The COD¢,
ranged from 23.88 mg/L to 150.19 mg/L, the maximum value appeared in June in 2020,
and the content in summer was higher than that in other times. With the restoration of the
wetland, the EC, TDS, Sal, DO, pH, TN, BODs and COD¢; decreased in 2021 compared to
2020 (see Table 1).
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Figure 2. Monthly changes in water environment indicators in 2020.
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Figure 3. Monthly changes in water environment indicators in 2021.

Table 1. Annual changes in water environmental factors in the restoration process of the Dagangzipao

Wetland (mean + SE).
Enviro'nmental Unit Time p F
Variables 2020 2021

WT °C 2298 + 2.69 20.63 + 1.54 >0.05 0.663

EC us/cm 4653.63 + 1402.80  1279.39 + 70.69 <0.01 8.524

TDS mg/L 3155.82 4+ 758.79 1031.94 4+ 21.48 <0.01 11.587

DO mg/L 8.76 £ 0.55 7.87 £0.32 >0.05 2.283

pH / 8.95 + 0.11 8.70 £+ 0.07 >0.05 3.473

Sal ppt 0.21 £ 0.05 0.09 £+ 0.01 <0.01 8.383

TP mg/L 1.01 +0.20 1.20 + 0.15 >0.05 2.164

TN mg/L 2.70 + 0.62 2.65 4+ 0.31 >0.05 0.936
BODs mg/L 3.56 £+ 0.83 3.47 £0.76 >0.05 0.199
COD¢, mg/L 74.32 +14.32 63.31 +16.12 >0.05 0.047

3.2. Changes in Phytoplankton Species Composition and Biomass during the Restoration of
Saline Wetlands

A total of seven phyla and 86 species (refer to Table S1) were identified during the
study, including 31 species of Chlorophyta, 30 species of Bacillariophyta, 15 species of
Euglenophyta, 4 species of Cyanophyta, 3 species of Cryptophyta, 2 species of Pyrrophyta
and 1 species of Chrysophyta. Among them, Chlorophyta and Bacillariophyta were the
most abundant, accounting for 36.0% and 34.9% of the total number of species (Figure 4).
The average phytoplankton biomass range in 2020 is 0.37 mg/L-3.59 mg/L, and the average
phytoplankton biomass range in 2021 is 0.01 mg/L-1.44 mg/L, both reaching the maximum
in August. Overall, with the continuation of wetland ecological restoration, phytoplankton
biomass in 2021 was lower than that in 2020. (Figures 5 and 6).
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Figure 4. Phytoplankton species composition during wetland restoration.
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Figure 5. Monthly mean biomass during wetland restoration.
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3.3. Changes in the Dominant Functional Group of Phytoplankton during the Restoration of
Saline Wetlands

According to the FG phytoplankton classification method (Table 2), in 2020, the phyto-
plankton could be classified into 18 functional groups, namely, B, D, M, MP, N, P, T, TB, X1,
X3,Y, F G, ], H1, Lo, W1, and W2, with the dominant functional groups being B, D, E J,
MP, W1 and X1. In 2021, phytoplankton can be classified into 17 functional groups, namely,
B,D,M, MP, N, P, TB, X1, X3, Y, F, G, ], Lo, W1 and W2, respectively, with the dominant
functional groups being B, D, ], MP, T and W1. Meanwhile, compared to 2020, with the
continued restoration of the Dagangzipao Wetland, there was a decrease in the meso- to
eutrophic indicator functional groups (such as F and X1 functional groups); functional

groups B, D, ], MP, and W1 biomass all decreased (Figure 7).

Table 2. Composition, habitat characteristics and dominance of FG in the Dagangzipao Wetland.

Dominance
FG Representative Genus Habitat Characteristics F Value
2020 2021
B Cyclotella Medium- to small-size shallow waters of medium trophic level ~ 0.068 0.134 3
D Synedra, Nitzschia Muddy water rich in nutrients 0.035 0.028 2
F Oocystis Medium to eutrophic clear water body 0.091 5
G Volvox Nutrient-enriched stagnant water layer in water column 0
H1 Dolichospermum Nutrient-rich shallow water body / 0
J Selenastrum, Tetrastrum, Scenedesmius Nutrient-rich mixed shallow water 0.090 0.032 1
Lo Peridinium, Merismopedia Medium and large water bodies of poor to eutrophic type 5
M Microcystis, Oscillatoria Small to medium, eutrophic to highly. eutrophic, stable, 0
transparent water bodies
MP Navicula, Achnanthes Turbid water with frequent agitation 0.062 0.134 5
N Cosmarium Continuous or semicontinuous mixed water body 5
P Fragilaria, Closterium Mixed nutrients, turbid, shallow water 5
T Planctonema Continuously mixed water layer 0.035 5
TB Navicula, Cymbella Strong jet stream 2
W1 Euglena, Phacus Organic pollution, shallow water 0.039 2
W2 Trachelomonas, Strombomonas Medium nutrition, shallow water 0.026 0
X1 Chlorella, Ankistrodesmus, Schroederia Eutrophic to highly eutrophic shallow water bodies 0.072 0.090 4
X3 Gyrosigma Poor nutrition, mixed, shallow water 4
Y Cryptomonas Still water environment 2
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Figure 7. Trends of biomass and relative biomass of dominant functional groups of FG and MBFG
during wetland restoration. ((a). FG dominant functional group biomass in 2020; (b). FG dominant
functional group biomass in 2021; (c). MBFG dominant functional group biomass in 2020; (d). MBFG

dominant functional group biomass in 2021).

According to the MBFG classification method (Table 3), the dominant phytoplankton
functional groups in 2020 were Groups I, I1I, IV, V, and VI. The dominant functional groups
in 2021 were Groups I, IV, V, and VI. The biomass of functional groups including Groups

IV, V and VI all decreased (Figure 7).

Table 3. Composition, morphological description and dominance of the MBFG in the Dagangzi-

pao Wetland.
Dominance
MBFG Morphological Description Representative Genus
2020 2021
Small algae with high surface-to-body ratio are small in size
Group I but grow fast, so they are under high predation pressure but Chlorella, Ulothrix, Crucigenia 0.031 0317
recover quickly, and are sensitive to TP and TN
Group ITI Large filamentous algae with pseudlovacuoles of high Oscillatoria, Planctonema 0.055 /
surface-to-body ratio
Group IV No obvious characterlstlgs of medium algae, the ability to Cosmmjzum', Anbkistrodesmus, 0.248 0226
obtain resources Crucigenia, Scenedesmus
Flagellated medium- and large-sized unicellular algae with Cruvtomonas. Euclena
Group V flagella and some heterotrophic ability to adapt to P s SUSTEn, 0.039  0.191
. . Trachelomonas
low-nutrient water bodies
Guyrosigma, Fragilaria, Nitzschia,
Group VI A flagellate algae with a siliceous outer wall Cymbella, Cyclotella, Gomphonema, — 0.420  0.074

Synedra, Melosira, Navicula
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3.4. Relationships between Phytoplankton and Aquatic Environmental Factors in Saline Wetlands
3.4.1. Correlation Coefficients between the Characteristics of Functional Groups of Aquatic
Plants and Aquatic Environmental Factors

The Pearson analysis (Figure 8) showed that based on the FG classification method,
functional group D was significantly positively correlated with TN (0.507, p < 0.01); func-
tional group B was significantly positively correlated with TP (0.482, p < 0.05) and TN
(0.521, p < 0.01); and functional group X1 was significantly negatively correlated with
pH (—0.405, p < 0.05). Based on the MBFG classification method (Figure 9), Group I was
highly significantly positively correlated with CODc¢, (0.613, p < 0.01); Group IV was highly

significantly positively correlated with TP (0.511, p < 0.01); Group VI was significantly
positively correlated with TDS (0.399, p < 0.05).

0.6500

CODy, -
BOD; -

TN H

TP
Sal
pH
DO
DS
Cond
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Figure 8. Heat map of correlation between FG and water environmental factors.
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Figure 9. Heat map of correlation between MBFG and water environmental factors.

Group VI



Diversity 2023, 15,1175

11 of 17

3.4.2. Redundancy Analysis between Phytoplankton Functional Group Characteristics and
Aquatic Environmental Factors

The correlation between the biomass of FGs and environmental factors in the Da-
gangzipao Wetland was high (Table 4), with correlation coefficients of 0.9251 and 0.9167 for
axis 1 and axis 2, respectively. Axis 1 and 2 show 25.26% and 12.66% of the cumulative rate
of change in the species data; the first two axes explain 37.92% of the cumulative rate of
change in species data and explain 63.19% of the cumulative fitted variation, respectively,
indicating that the first two axes are able to partially explain the distribution of the FGs.
The correlation between environmental factors and the biomass of the MBFGs was lower
than that of the FGs (Table 4), with correlation coefficients of 0.8807 and 0.8076 for the
first two axes, respectively. Axis 1 explained 29.67% of the cumulative rate of change in
species, and axis 2 explained 15.88% of the cumulative rate of change in species data; the
first two axes explain 45.55% of the cumulative rate of change in species data and explain
78.56% of the cumulative fitted variation, indicating that the first two axes explained the
distribution of a larger proportion of MBFGs. The results of the RDA analysis show that
the MBFG has a higher degree of environmental interpretation than the FG in the saline
wetlands of Dagangzipao, and the MBFG is more responsive to habitat. Therefore, the
MBFG classification method is more applicable to saline wetlands than the FG method.

Table 4. RDA results of biomass and environmental factors of different phytoplankton functional
groups in the Dagangzipao Wetland.

Statistical Information

FG MBFG
Axis1 Axis 2 Axis 3 Axis 4 Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.2526 0.1266 0.1016 0.0516 0.2967 0.1588 0.0735 0.0437
Species—environment correlations 0.9251 0.9167 0.7941 0.5293 0.8807 0.8076 0.7338 0.5659
Explained variation (cumulative) 2526%  37.92%  48.08%  53.24%  29.67%  45.55% = 52.90%  57.27%

Explained fitted variation (cumulative) 42.10% 63.19% 80.13% 88.73% 51.18% 78.56% 91.24% 98.78%

The RDA results show (Figure 10) that, the key aquatic environmental factor affecting
the dominant functional group B of FG was TP, the key aquatic environmental factor
affecting the dominant functional group X1 was CODc;, and the key aquatic environmental
factor affecting the dominant functional groups MP, ] and F was TDS. The RDA results
show (Figure 11) the key water environment factor affecting the MBFG Group I functional
group is CODc;,, the key water environment factor affecting the dominant Group III
functional group is pH, the key water environment factor affecting the dominant Group IV
functional group is TP and the key water environment factor affecting the dominant Group
VI functional group is TDS.

3.5. Water Quality Assessment of Saline-Alkali Wetlands

The F values were assigned with reference to the relevant Chinese literature [32], con-
sidering the distribution characteristics and status of phytoplankton in Chinese wetlands.
The F values for each functional group in the water bodies of the Dagangzipao Wetland are
shown in Table 2. The results of the Q-index evaluation for 2020 and 2021 are shown in
Figure 12. In 2020, the Q-index of the wetland ranged from 2.051 to 3.839, with an average
value of 3.238 and moderate to good water quality. In 2021, the Q-index ranged from 2.255
to 4.202, with an average value of 3.303, and the water quality was moderate to very good.
In 2021, the Q-index average value was slightly higher than that in 2020, indicating that the
water environment of the wetland improved over the recovery period.
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4. Discussion
4.1. Influence of Water Environment Indicators on Phytoplankton

Nitrogen and phosphorus are essential nutrients for phytoplankton growth and ap-
propriate concentrations can have a positive impact on phytoplankton survival. Excess
nitrogen and phosphorus from human activities can increase phytoplankton biomass, as has
been demonstrated in parts of Indian waters [33]. Heavy summer rainfall in the Dagangzi-
pao Wetland region agitates and transfers agriculturally produced nutrients and pollutants,
which then enter the water body through surface or subsurface runoff. Wetland plant reeds
cleanse N and P pollution. However, the limited cleaning capacity of wetland plants will
result in a significant increase in N and P in the water when the pollution load exceeds
the self-purification capacity. This will result in the growth of highly (temperature and
nutrient) tolerant species, such as Chlorella, which will gradually become dominant [34].
Consequently, the phytoplankton biomass in the water column of the wetland was high in
the summer season and was high in the early stages of wetland restoration. As ecological
recharge proceeds and pollution sources are reduced, the water environment improves
after summer, and Bacillariophyta, which are adapted to colder temperatures, tend to
become the dominant species [35]. The change in water temperature also creates favourable
conditions for the growth and reproduction of various phytoplankton species [36]. Sommer
et al. [37] suggested that Cryptophytes and Bacillariophyta dominate in winter and spring,
Chlorophyta in summer, and Bacillariophyta in autumn, which is similar to the results of
this study.

The use of Q-index to monitor and assess the ecological status of aquatic systems
requires an understanding of taxonomy in addition to ecological information about different
phytoplankton taxa [38]. The results of the Q-index show that the water in Dagangzipao
Wetland is in a good state most of the time, and the Q-index has good applicability in the
water body of the Dagangzipao Wetland. It can not only directly respond to the water body
by using the functional groups of phytoplankton in the water body, but can also predict the
Cyanophyta bloom. For example, before the outbreak of Cyanophyta bloom, the Q-index
will decrease sharply [39].

During wetland restoration, restoration measures provided rich habitat for phyto-
plankton in the saline wetland ecosystem of Dagangzipao Wetland, as well as increased
plankton diversity.

4.2. Phytoplankton Community Composition during Wetland Recovery

In the process of wetland ecosystem restoration, usually there are more phytoplankton
species, the number and the dominance degree of the dominant species of phytoplankton is
lower, the structure of the phytoplankton community is more stable and the water quality
is better [40]. During the restoration process of the saline wetland in Dagangzipao, the
dominance degree of the main dominant species of phytoplankton was lower in the early
stage of restoration than in the recent stage; therefore, it also reflects that the community
structure of phytoplankton is relatively stable in the early recovery period. In addition, the
reed-dominated aquatic plants in the water body of the saline wetland in the early stage
of recovery played a certain role in the purification of the water body. In the early stage
of restoration, the community composition had some similarity with that in the natural
state, and with the extension of the restoration time, the phytoplankton community was
relatively stable.

The composition of phytoplankton species reflects the results of adaptation to the
water body environment. At different stages of wetland restoration, the environment is also
changing, which may lead to different changes in phytoplankton species composition and
quantity. During the restoration of the Dagangzipao Wetland, most of the indicator species
of poor mesotrophication were found in the early stage of restoration, and in the middle and
recent stages of restoration, the number of species of diatoms and Chlorophyta was higher,
but the number of Chlorophyta dominated, which indicated that the environment of the
water body improved with the continuation of restoration [41]. According to the indicative
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phytoplankton dominant species, the main dominant species in the early and middle stages
of restoration of saline wetland in Dagangzipao were Chlorella and Microcystis meso-
eutrophication indicator species, which may be related to the surrounding small-scale
fish aquaculture, fish excreta and food residues that can easily cause the nutrient salts
concentration in the water body to increase; this will also lead to the reproduction of a large
number of Chlorophyta, which will gradually become the dominant species [41]. Recovery
of the recent phytoplankton dominant species mainly consisted of mesotrophic indicator
species such as pinniped algae, which might be related to the fact that the environment of
the newly formed water body was insufficient to maintain the growth and reproduction of
the existing species, and therefore the mesotrophic indicator species such as diatoms, which
were able to adapt to the environment, gained the growth and competitive advantage, and
became the dominant species.

4.3. Habitat Response Characteristics of FG- and MBFG-Dominant Functional Groups

Changes in the functional groups of phytoplankton are predominantly influenced
by the nutrient content of the water column, the efficiency of nutrient uptake and use
and the ability to capture light energy [42]. Specific functional groups correspond to the
state of the water environment and their tolerance characteristics [42]. Functional group
classification methods can better describe changes in the dominant phytoplankton species
in water and can also better assess the response of phytoplankton to changes in the water
environment [43].

In spring, the thawing temperature of the Dagangzipao Wetland was relatively low,
which was not conducive to the survival of most phytoplankton. The cold-tolerant func-
tional groups of D and MP may dominate in resource competition and population adap-
tation and gradually become the dominant taxa [44]. The heavy summer rainfall in the
Dagangzipao Wetland causes surface runoff to flow through nearby farmland, carrying
nutrients and increasing the nutrient content of the wetland water [45], which may allow
phytoplankton to have a high biomass in the summer. Therefore, functional group B (which
is suitable for mesotrophic environments), functional group J (which prefers eutrophic
water habitats), and functional group W1 (which is suitable for moderate to eutrophic
conditions) will become dominant during this period. This study found that by 2021, func-
tional group X1 (dominated by Chlorophyta) had been replaced by functional group T, which
is suited for a mixed homogeneous water environment. This indicates an improvement in
the environmental water conditions of the wetland. Additionally, it may also be related
to the local release of filter-feeding fish, which could weaken the dominance of functional
group X1.

The Group I functional group is usually composed of Chlorella with high surface-to-
volume ratios, which have fast growth rates, can tolerate some predation pressure and are
suitable for growth in high pH, small to medium-sized shallow waters [46]. The Group III
functional group is predominantly composed of Oscillatoria and Planctonema (filamentous
algae with air sacs) and is suitable for growth in turbid waters, with high concentrations of
pollutants and a high degree of sunlight. The biomass of this dominant functional group
decreased in 2021, reflecting the improved environmental conditions in the Dagangzipao
Wetland [46]. The Group V functional group consists of medium to large Euglena and
Trachelomonas, which are highly competitive for resources and tolerant of resource stress,
owing to their unique morphological characteristics [46], and therefore will be the dominant
functional group. The dominance of Group VI (siliceous shell and no flagellated algae) in
the wetland varied considerably over the two-year period. The high water temperature is
not suitable for the phytoplankton in this functional group, which may have led to changes
in its distribution, generally, in response to other functional groups.

4.4. Comparison of FG and MBFG Functional Grouping Methods

The results of the RDA (Table 4) showed that the functional grouping methods of
MBEFG were more environmentally interpreted than those of FG in the Dagangzipao Wet-
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land ecosystem, with a high degree of habitat responsiveness. The MBFGs are based on
morphological traits of individual phytoplankton and are primarily focused on community
stability [46]. Hu et al. [18] showed that FGs are more accurately classified and provide a
better explanation of the environment than MBFGs [18]. The precipitation in the Songnen
Plain is characterized by strong phases and great changes. However, due to the differences
in water supply and drainage methods and regional environment, the salt content in water
bodies is also very different [47], resulting in salt and alkali being the basic characteristics
of the water environment in the Songnen Plain. Where salinities and alkalinities fluctuate,
interspecific differences in tolerance of salinity and alkalinity of algae play a major role in
structuring algae communities [48]. For example, Cyclotella meneghiniana can continue to
survive in a higher saline water environment and has a certain tolerance to salt and alkali to
a certain extent. Some of the hydrochemical parameters related to nutrient concentrations
show changes within the saline-base gradient, which is related to the mineralization and
depletion processes of the biota [49]. An increase in salinity and alkalinity will result in a
decrease in the growth rate and cell number of some freshwater or brackish water algae due
to osmotic stress [48]. However, as phytoplankton are lower-order plants in the ecosystem,
their adaptation to the environment partially depends on morphological traits [20]. The
changes in the aquatic environment with the restoration of the saline-alkali wetland may
have amplified the differences in phytoplankton morphological characteristics, highlighting
the advantages of the MBFG in terms of habitat response. Consequently, the MBFG is a
better interpreter of the environment than the FG. Therefore, the MBFG delineation method
is more applicable to saline wetlands in the restoration period.

5. Conclusions

Phytoplankton functional group characteristics can reflect both the quality of the
water environment of a water body and indicate the health of an aquatic ecosystem. The
results of this study showed that the environmental water conditions improved during
the restoration of the saline-alkali wetland, in which EC, TDS, DO, pH, Sal, TN, BODs and
CODc; all decreased. The water quality assessment, based on phytoplankton functional
groups, showed that the water quality of the Dagangzipao Wetland is at a moderate
to good level. The results of the RDA showed that the environmental factors affecting
the dominant FG were BODs, TDS, and TP, and the environmental factors affecting the
dominant MBFG were TP, CODc;, pH and TDS. The habitat responsiveness of the MBFGs
in the Dagangzipao Wetland ecosystem was better than that of the FG classification method.
To avoid the deterioration of the water environment, the use and management of pesticides
and fertilizers should be strengthened to reduce the residues of pesticides and fertilizers in
water bodies.
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