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A B S T R A C T   

This study measured the primary productivity (PPeu) of phytoplankton in Wuliangsuhai Lake from April 2014 to 
January 2019 based on the monitoring and on-site exploration of 20 sampling points in the entire lake using a 
vertically generalized production model (VGPM). The relationship between the spatiotemporal variation in PPeu 
and environmental factors was also analyzed. Our findings indicated that the temporal heterogeneity of PPeu was 
strong, and the average annual PPeu of the four seasons was significantly different (P < 0.05, F = 54.74), 
exhibiting the following descending order: summer (1279.89 ± 111.04 mg C•m− 2•d− 1) > spring (782.42 ±
59.34 mg C•m− 2

•d− 1) > autumn (465.03 ± 49.30 mg C•m− 2
•d− 1) > winter (96.34 ± 10.36 mg C•m− 2

•d− 1). 
Even in winter with harsh environmental conditions, PPeu under the ice sheet can reach 8 % of that in summer. 
The spatial heterogeneity was weak, and only the average annual PPeu in spring exhibited a significant spatial 
difference (P < 0.05, F = 5.18): north > central > south. However, there were no significant differences in other 
seasons. Redundancy analysis (RDA) and multiple linear regression (MLR) results showed that in addition to 
directly participating in the calculation of the environmental factors of PPeu, PPeu in spring was mainly affected 
by total nitrogen (TN), total phosphorus (TP), and dissolved oxygen (DO). PPeu in summer was mainly affected by 
dissolved inorganic phosphorus (DIP), dissolved oxygen (DO), salinity (S), electrical conductivity (EC), and water 
temperature (WT). PPeu in autumn was mainly affected by pH, electrical conductivity (EC), suspended solids 
(SS), and water temperature (WT). PPeu in winter was mainly affected by water temperature (WT) and ice 
thickness (IT). The mechanisms through which environmental factors affect primary productivity are complex 
and dynamic. Therefore, long-term monitoring and research of PPeu in Wuliangsuhai Lake are necessary to 
explore the adaptation strategies of phytoplankton in ice and ice-free periods and understand the operation of 
natural life support systems under the alternation of ice generation and extinction. In turn, this would facilitate 
the development of strategies to maintain phytoplankton biodiversity and prevent algal blooms.   

1. Introduction 

The net primary productivity of phytoplankton can reach 50 % of the 
total biosphere (Behrenfeld et al., 2006), which is the basis for the en-
ergy flow of the food chain in aquatic ecosystems. Current research on 
primary productivity of phytoplankton has focused on tropical, sub-
tropical and temperate lakes. Previous studies have shown that the 
primary productivity of phytoplankton is affected by inorganic 
turbidity, the synergistic effect of heavy metals and nutrients, and the 

monitoring location and depth (Schagerl and Oduor, 2003; Jia et al., 
2020; Westernhagen et al., 2010). However, there are relatively few 
studies on the primary productivity of phytoplankton in cold and arid 
regions. 

Current research on the primary productivity of the ice period has 
primarily focused on the polar regions and marine environments. Most 
of the polar and sea ice is covered by snow all year round. At this time, 
the temperature drives the deformation of the snow, resulting in changes 
in the optical properties of snow, and allowing sufficient light to 
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penetrate the snow to drive the growth of algae under the ice. For 
example, the growth of algae under the sea ice in Greenland has 
extremely low light requirements (Hancke et al., 2018). Hoare Lake and 
Vanda Lake in the Antarctic are covered by ice all year round. The light 
transmittance of the ice sheet of these lakes is 18 % and 2 %, respec-
tively, and the phytoplankton in the subglacial water is dominated by 
cyanobacteria (Hawes and Schwarz, 2001). It can be seen that the lim-
itation of light on the growth and reproduction of phytoplankton may be 
limited in ice period. 

With 50 million lakes freezing worldwide every year, lake ice cover is 
critical to protect the global freshwater supply (Sharma et al., 2021). 
Due to the presence of ice sheets, subglacial primary productivity can 
reorganize energy flows to provide energy to consumers in energy- 
scarce ecosystems during the ice period, thus affecting the annual pri-
mary productivity of aquatic ecosystems (Bondarenko et al., 2006). 
Currently, some researches on ice period have focused on ice luminous 
flux, ice extinction coefficient, and ice surface albedo (Grenfell and 
Perovich, 1984; Brown et al., 1995; Perovich, 2003). Other studies focus 
on the variations of physicochemical parameters (Guo et al., 2011; 
Terzhevik et al., 2009), Chlorophyll-a (Hampton et al., 2017), Ice-water 
nutrient migration (Canfield et al., 1983), and phytoplankton commu-
nities (Popovskaya, 2000). Few studies have been seen on phyto-
plankton primary productivity that include ice-free and ice periods. 

Currently, the main methods for estimating phytoplankton primary 
productivity include the black and white bottle method (Pratt and 
Berkson, 1959), the isotope method (Cox et al., 2015), the empirical 
model method (Lan et al., 2020), and the remote sensing inversion 
method (Delu et al., 2005; Huan et al., 2021). The advantage of 
empirical model estimation is that it can better reflect the spatial and 
temporal distribution characteristics of phytoplankton primary pro-
ductivity. Falkowski and Behrenfeld constructed the vertical generalized 
production model (VGPM) (Behrenfeld and Falkowski, 1997), and this 
model has since become the most widely adopted method for the esti-
mation of primary productivity (Lakshmi et al., 2014; Everett and 
Doblin, 2015). 

Inland lakes are among the water bodies that are most seriously 
affected by human activities, and are characterized by high nutrient 
concentration, frequent algal blooms, and high levels of primary pro-
ductivity. Inland lakes also play a crucial role in the global energy cir-
culation dynamics. From the perspective of lake ecology, studying the 
adaptation strategies of phytoplankton in the glacial period with low 
light, high nutrition, and ice cover and the ice-free period with high 
light, low nutrition, and no ice cover would provide crucial insights into 
the responses of natural phytoplankton communities to the alternating 
action of ice generation and elimination. We assume that the phyto-
plankton under the Wuliangsuhai Lake ice sheet can still grow and 
reproduce during the ice period, and the primary productivity of 
phytoplankton is not at the low level we expected, and there may be a 
high level of potential, and try to verify this conclusion. Therefore, from 
April 2014 to January 2019, monitoring and on-site investigation were 
carried out in Wuliangsuhai Lake, and the VGPM was used to calculate 
the primary productivity of phytoplankton across four seasons. Envi-
ronmental factors affecting the primary productivity of phytoplankton 
during the ice period and ice-free period were analyzed by redundancy 
analysis (RDA) and multiple linear regression (MLR). 

2. Materials and methods 

2.1. Study area 

Wuliangsuhai Lake (40◦36′–41◦03′N, 108◦43′–108◦57′E) is located 
in Bayan Nur, Inner Mongolia. It is a drainage lake of the Hetao Irriga-
tion District, covering an area of approximately 325.31 km2, with a 
water storage capacity of approximately 2.5–3 × 108 m3 and an average 
water depth of 2.16 m (Song et al., 2019). The lake is located in the arid 
and semi-arid monsoon climate zone, with hot summers and extremely 

cold winters. The average annual rainfall and evaporation are approxi-
mately 224 mm and 1502 mm, respectively. The ice period lasts 
approximately 5 months, and the ice thickness can reach 0.3–0.6 m, 
freezing in early November and melting in early April of the following 
year. 

2.2. Sample collection and data sources 

Based on the mean temperature of the research area, the four seasons 
were divided. The sampling frequency is once a quarter, and the sam-
pling times for spring, summer, autumn and winter are April, July, 
October, and January, respectively. A total of 20 sampling points were 
set up in the entire lake, as shown in Fig. 1 (the northern part of the lake 
is covered with reeds, and therefore no sampling points were set up). 
After positioning by GPS, water samples were collected at 0.5 m below 
the water surface (or the ice-water interface) of the sampling point with 
a water sampler, and use double parallel samples for sample collection, 
stored in two 1 L polyethylene bottles (after pickling, the sample was 
disinfected with 70 % alcohol), and transported back to the laboratory in 
a 4 ◦C incubator. A total of 800 water samples were collected over a 20- 
month period. 

The index detection methods used in this study are shown in Table 1. 
If the relative deviation of the test results of the two groups was <10 %, 
the average value was taken as the monitoring value, otherwise the test 
was re-measured. Water Temperature (WT), Salinity (S), pH, Electrical 
Conductivity (EC), Total Dissolved Solids (TDS), Dissolved Oxygen 
(DO), Transparency (SD), Water Depth (D) and Ice Thickness (IT) were 
record directly on site. Total Nitrogen (TN), Total Phosphorus (TP), 
Dissolved Inorganic Phosphorus (DIP), Dissolved Total Phosphorus 
(DTP), Chlorophyll a (Chl.a), Suspended Solids (SS) of detection was 
carried out in the Inner Mongolia Water Resource Protection and Utili-
zation Key Laboratory. 

In January 2017, two irradiation monitors were installed at 1 m 
above the ice surface and 0.6 m below the ice surface at O10 in the 

Fig. 1. Location of sampling points.  
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center of the lake (the maximum ice thickness in January 2017 was 0.46 
m, avoiding the freezing of the instrument) to collect photosynthetically 
active radiation (PAR) at the ice surface and ice-water interface during 
the ice period. At the same time, 10 temperature sensors were installed 
within 0.15–1.03 m above the water–sediment interface to fit the rela-
tionship between subglacial water temperature and water depth. The 
data of total radiation and light duration were obtained from the 
Australian-imported automatic weather station (MONITOR, AZWS-001) 
at the Main Diversion Channel of Wuliangsuhai Lake. 

2.3. Calculations 

The primary productivity calculation formula of the VGPM (Beh-
renfeld and Falkowski, 1997) is: 

PPeu =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0.66125PB
opt ×

E0

E0 + 4.1
× Zeu × Copt × Dirr

0.66125PB
opt ×

E0

E0 + 4.1
× Zeui × Copt × Dirr

(1)  

where PPeu (mg C•m− 2•d− 1) is the total primary productivity of the 
photic zone; PB

opt (mg C•mg− 1Chl.a•h− 1) is the maximum carbon fixa-
tion rate, calculated by formula (2); E0 is the PAR intensity (mol 
quanta•m− 2•d− 1) of the water surface (or ice-water interface), which is 
converted by total radiation. The monitored solar radiation wavelength 
is 320–950 nm, and the radiance at the wavelength of 400–700 nm was 
taken to calculate the PAR and applied to this study; Zeu (m) is the depth 
of the photic zone in the ice-free period, which is calculated by formula 
(3). Zeui (m) is the depth of the photic zone in the ice period, which is 
calculated by formula (4); Copt is the concentration of chlorophyll-a (mg 
Chl.a•m− 3) at the depth of the maximum carbon fixation rate, which is 
replaced by the concentration of chlorophyll-a at 0.5 m below the water 
surface (or the ice-water interface); Dirr (h)is the duration of light from 
the automatic weather station. 

PB
opt = 1.2596+ 2.749 × 10− 1WT + 6.17 × 10− 2WT2 − 2.05

× 10− 2WT3 + 2.46 × 10− 3WT4 − 1.348 × 10− 4WT5  

+ 3.4132 × 10− 6WT6 − 3.27 × 10− 8WT7 (2) 

In the formula (Behrenfeld and Falkowski, 1997), WT is the water 
temperature (℃) at the maximum carbon fixation rate of carbon in the 
photic zone. The water temperature uses the data at 0.5 m below the 
water surface in the ice-free period, and the fitting data of the water 
temperature and the distance from the water–sediment interface is used 
in the ice period, calculated after determining the depth of the photic 
zone in the ice period. 

The simplified calculation formula of the photic zone depth in the 
ice-free period is as follows: 

Zeu =
4.605 × SD

f
(3) 

The simplified calculation formula of the photic zone depth in the ice 
period is as follows: 

Zeui = −
SD
f

ln
14eKi(PAR)IT

(1 − Rs)Ed(0,PAR)
(4) 

In the formula, SD is transparency (m); f is the photosynthetically 
effective diffuse attenuation coefficient, f = 1.4 (Ma, 2016). Ki (PAR) is 
the ice extinction coefficient, Ki (PAR) = 4.66 m− 1 (Tian, 2020); IT is ice 
thickness (m); Rs is the ice surface refractive index, taking 5 %; Ed (0, 
PAR) is the effective radiation of the ice surface. 

In this study, spring refers to April, summer refers to July, autumn 
refers to October, winter refers to January of the following year, and all 
data are reported as the mean ± standard error (SE). Before statistical 
analysis, the single-sample Kolmogorov-Smirnov method and the Bar-
tlett method were used to test the data for normality and variance ho-
mogeneity. The differences in primary productivity and environmental 
factors were tested in different spatiotemporal conditions by multiple 
comparisons using the analysis of variance (ANOVA) and LSD methods. 
RDA was used to analyze the relationship between PPeu and environ-
mental factors, and MLR was used to fit the functional relationship be-
tween PPeu and environmental factors. Data standardization was 
performed using z-score standardization, new data = (original data- 
mean)/standard deviation. In RDA, a variable selection process was 
added to the constrained ranking to filter suitable explanatory variables. 
The variable selection method is forward selection, the Monte Carlo 
permutation tests were run to test the significance of each explanatory 
variable, and the explanatory variables were added to the ranking model 
one by one. SPSS Statistics 22 and Canoco 5 were used for the above 
analysis. Data mapping and visualization were conducted with ArcGIS 
10.8 and Origin 2019b. 

3. Results 

3.1. Environmental factors 

The results of variance analysis are summarized in Table 2. TN in 
winter was significantly higher than that in autumn, summer, and 
spring. The TN in autumn, summer, and spring was consistent with a 
class IV water quality (Surface Water Environmental Quality Standard 
GB3838-2020), whereas the water quality in winter decreased to class V. 
There was no significant difference in the TP of the four seasons, all of 
which were class IV water. The SS value in winter was significantly 
higher than that in summer and autumn, and SS in spring was in the 
middle. There were significant differences in WT in the four seasons, 
summer > spring > autumn > winter, and the lowest water temperature 
in winter could drop to 0.70 ± 0.10 ◦C. SD in autumn and spring were 
significantly higher than that in summer and winter. The DO values of 
the four seasons were significantly different, winter > autumn > spring 
> summer, and the DO values of the four seasons were all above the class 
II water standard. TDS in winter was significantly higher than that in 
spring, autumn, and summer. The pH values in autumn, spring, and 
summer were significantly higher than that in winter, and the water was 
weakly alkaline in all seasons. The D values in summer, spring, and 
autumn were significantly higher than in winter. The ice thickness 
formed by low temperatures in winter was 0.43 ± 0.01 m. 

3.2. Vertical water temperature fitting under the ice 

The data of 10 temperature sensors located within 0.15–0.95 m 
above the water–sediment interface at O10 are shown in Fig. 2a. The 
closer the distance to the water–sediment interface, the higher the WT. 
Therefore, the maximum value of WT appeared at the bottom of the 
photic zone in winter, and PB

opt also appeared at the bottom of the photic 
zone. Fitting the arithmetic average of the 10-layer WT (January 1 to 31, 
2017) with the distance from the water–sediment interface during the 

Table 1 
Monitoring method or standard of indicators.  

Indicators Monitoring method or 
references 

Water Temperature (WT), Salinity (S), pH, Electrical 
Conductance (EC), Total Dissolved Solids (TDS), 
Dissolved Oxygen (DO) 

YSI Professional Plus 

Transparency (SD) Secchi Disk 
Water Depth (D), Ice Thickness (IT) Multi-Function Meter 

Ruler 
Total Nitrogen (TN) (Jiang, 2011) 
Total Phosphorus (TP), Dissolved Inorganic Phosphorus 

(DIP), Dissolved Total Phosphorus (DTP) 
(Jiang, 2011) 

Chlorophyll a (Chl.a) (Yu et al., 2021) 
Suspended Solids (SS) (Zhao et al., 2020)  
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ice period, the results showed (Fig. 2b) that the relationship between the 
WT under the ice and the distance from the water–sediment interface is 
as follows: WT = 6.90 + 2.03x-11.89x2 + 18.59x3-25.13x4 + 16.05x5- 
3.23x6(R2 = 0.999). This formula was used to estimate WT and PB

opt at 
the bottom of the photic zone during the ice period. 

3.3. PPeu parameters 

The PAR, Zeu, Chl.a, and Dirr of the 20 sampling points in Wuliang-
suhai Lake are shown in Fig. 3. The PAR values of the four seasons were 
significantly different (P < 0.05, F = 2150.32) and exhibited the 
following descending order: summer (54.88 ± 0.52a mol 
quanta•m− 2•d− 1) > spring (51.84 ± 0.40b mol quanta•m− 2•d− 1) >
autumn (19.52 ± 0.88c mol quanta•m− 2•d− 1) > winter (2.40 ± 0.11d 

mol quanta•m− 2•d− 1). There were also significant differences in Zeu in 
the four seasons (P < 0.05, F = 63.63): summer (2.05 ± 0.07a m) >
spring (2.04 ± 0.06a m) > autumn (1.78 ± 0.05b m) > winter (1.11 ±
0.05c m). The Dirr of the four seasons was also significantly different (P 
< 0.05, F = 7179.88): summer (14.58 ± 0.01a h) > spring (14.07 ±
0.05b h) > autumn (10.80 ± 0.01c h) > winter (9.9 ± 0.00d h). There 
were also significant differences in Chl.a in the four seasons (P < 0.05, F 
= 5.34): winter (14.10 ± 1.42a mg•m− 3) > summer (14.03 ± 1.24a 

mg•m− 3) > autumn (13.66 ± 1.47a mg•m− 3) > spring (8.16 ± 0.75b 

mg•m− 3). There were significant differences in PB
opt in four seasons (P <

0.05, F = 871.01): spring (6.22 ± 0.05a mg•m− 3) > summer (5.29 ±
0.07b mg•m− 3) > autumn (4.02 ± 0.04c mg•m− 3) > winter (3.09 ±
0.02d mg•m− 3). 

3.4. Spatiotemporal variation of PPeu 

On the time scale, the annual average of PPeu exhibited the following 
order: 2014 (1133.92 ± 432.46 mg C•m− 2•d− 1) > 2017 (1000.51 ±
456.31 mg C•m− 2•d− 1) > 2016 (432.85 ± 154.33 mg C•m− 2•d− 1) >
2015 (428.36 ± 192.53 mg C•m− 2•d− 1) > 2018 (331.75 ± 132.75 mg 
C•m− 2•d− 1). The maximum value of PPeu was observed in the summer 
of 2017, up to 2296.11 mg C•m− 2•d− 1. The minimum value appeared in 
the winter of 2018, only 71.49 mg C•m− 2•d− 1(Fig. 4a). There were 
significant differences in the mean PPeu of spring, summer, autumn, and 
winter (P < 0.05, F = 54.74) (Fig. 4b): summer (1279.89 ± 111.04 mg 
C•m− 2•d− 1) > spring (782.42 ± 59.34 mg C•m− 2•d− 1) > autumn 
(465.03 ± 49.30 mg C•m− 2•d− 1) > winter (96.34 ± 10.36 mg 
C•m− 2•d− 1). 

On the spatial scale, the whole lake was divided into three parts: the 
north (I12, J11, J13, K12, L11, L13, L15), the central (M12, M14, N13, 
O10, P9, P11), and the south (Q8, Q10, R7, S6, T5, U4, V3) regions, as 
shown in Table. 3. There were significant differences in the PPeu of the 
three parts in spring (P < 0.05, F = 5.18): north > central > south. There 
were no significant differences in the PPeu of the three regions in sum-
mer (P = 0.13, F = 2.36): north > central > south. There were no sig-
nificant differences in PPeu in the three regions in autumn (P = 0.30, F =
1.31): south > north > central. There were no significant differences in 
the PPeu of the three regions in winter (P = 0.76, F = 0.28): central >
north > south. 

Table 2 
Seasonal variations of environmental factors (mean ± SE, Min – Max).  

Environmental 
factors 

Spring Summer Autumn Winter 

TN (mg•L− 1) 1.42 ± 0.11b 1.46 ± 0.05b 1.68 ±
0.06b 

2.79 ± 0.35a 

0.28–9.65 0.08–2.96 0.21–3.68 0.25–17.15 
TP (mg•L− 1) 0.09 ± 0.01a 0.07 ± 0.01a 0.06 ±

0.00a 
0.09 ± 0.01a 

0.02–1.01 0.02–0.35 0.02–0.16 0.02–0.39 
DIP (mg•L− 1) 0.02 ± 0.00a 0.03 ± 0.00a 0.03 ±

0.00a 
0.02 ± 0.00b 

0–0.24 0–0.11 0–0.09 0–0.23 
DTP (mg•L− 1) 0.04 ± 0.01a 0.03 ± 0.00a 0.03 ±

0.00a 
0.03 ± 0.00a 

0–0.43 0–0.16 0.01–0.09 0–0.27 
SS (mg•L− 1) 20.21 ±

1.86ab 
14.91 ±
1.38b 

14.10 ±
1.47b 

29.08 ±
4.24a 

0.00–84.00 1.00–78.00 0.00–95.00 0.30–229.00 
WT (℃) 19.08 ±

0.31b 
25.31 ±
0.18a 

4.74 ±
0.18c 

0.70 ± 0.10d 

12.30–25.20 22.50–30.10 2.00–12.20 − 0.30–3.70 
SD (m) 1.06 ± 0.05a 0.91 ± 0.03b 1.08 ±

0.04a 
0.80 ± 0.03b 

0.25–2.50 0.16–1.69 0.10–1.93 0.37–1.76 
Cond (mS•cm− 1) 3.28 ±

0.10ab 
2.99 ± 0.12b 2.34 ±

0.07c 
3.43 ± 0.14a 

1.13–6.75 0.20–6.66 0.02–4.57 0.89–6.56 
DO (mg•L− 1) 8.47 ± 0.35b 6.23 ± 0.28c 10.26 ±

0.13a 
12.08 ±
0.61d 

3.00–17.25 0.04–13.43 7.09–13.28 0.85–32.95 
TDS (mg•L− 1) 1.72 ± 0.05b 1.54 ± 0.06b 1.55 ±

0.06b 
2.35 ± 0.08a 

0.60–3.36 0.58–3.26 0.02–3.35 0.43–4.11 
S (psu) 1.71 ± 0.06b 1.59 ±

0.07bc 
1.41 ±
0.04c 

2.12 ± 0.06a 

0.06–3.68 0.06–3.68 0.01–2.77 0.36–3.35 
pH 8.45 ± 0.04a 8.42 ± 0.04a 8.52 ±

0.03a 
8.12 ± 0.04b 

7.34–9.60 7.50–9.51 7.18–9.17 6.77–8.95 
D (m) 2.17 ± 0.05a 2.24 ± 0.06a 2.08 ±

0.06a 
1.83 ± 0.06b 

1.37–3.98 1.06–5.40 1.07–3.70 0.40–3.28 
IT (m) / / / 0.43 ± 0.01 

/ / / 0.22–0.60 

Note: Different superscript letters in the same line indicate significant differ-
ences (P < 0.05, n = 98). 

Fig. 2. The fitting of WT and distance from the water–sediment interface.  

H. Yu et al.                                                                                                                                                                                                                                       



Ecological Indicators 144 (2022) 109545

5

4. Discussion 

To explore the main environmental factors affecting PPeu, the data of 
PPeu and environmental factors were standardized, with PPeu as the 
dependent variable and environmental factors as the independent var-
iables, after which RDA and MLR analysis were conducted. But in the 
final visualization, all explanatory variables (fit and unfit) were checked 
as controls. In MLR, environmental factors that are significantly corre-
lated with PPeu (p < 0.05) are preferentially selected as explanatory 
variables, and the explanatory variables are required to be independent 

of each other and there is no multicollinearity. 
The RDA results are shown in Fig. 5. The eigenvalues of axis 1 and 2 

in spring are 0.54 and 0.03, respectively. The selected environmental 
factors explain 57 % of the variation information of Chl.a. PPeu was 
positively correlated with TN, TP, and DO. The eigenvalues of axis 1 and 
2 in summer were 0.30 and 0.05, respectively. The selected environ-
mental factors explain 35 % of the variation information of Chl.a, PPeu 
was positively correlated with DIP, DO, S, and EC, and negatively 
correlated with WT. The eigenvalues of axis 1 and 2 in autumn were 0.24 
and 0.03, respectively. The selected environmental factors explained 27 
% of the variation information of Chl.a. PPeu was positively correlated 
with pH, EC, WT, and TP. The eigenvalues of axis 1 and 2 in winter were 
0.33 and 0.02, respectively. The selected environmental factors 
explained 35 % of the variation information of Chl.a. PPeu was positively 
correlated with WT and negatively correlated with IT. Zeu in the whole 
year had a good positive correlation with D and SD, and a negative 
correlation with SS, whereas Chl.a had a good positive correlation with 
TP and DO throughout the entire year. 

The results of MLR analysis are shown in Table 4. The D-W index is 

Fig. 3. Seasonal variations of PPeu parameters.  

Fig. 4. The time variation of PPeu.  

Table 3 
The spatial variations of PPeu (mg C•m− 2•d− 1).   

North Central South 

Spring 1034.91 ± 161.40a 735.06 ± 34.43ab 555.97 ± 71.37b 

Summer 1454.40 ± 183.11a 1338.65 ± 163.24a 1031.33 ± 67.62a 

Autumn 457.41 ± 41.27a 375.19 ± 33.09a 545.56 ± 109.91a 

Winter 96.75 ± 15.17a 104.73 ± 22.69a 86.82 ± 13.14a  
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close to 2, and the VIF is<5. The sample independence test and multi-
collinearity test of environmental factors were all passed. Finally, the 
variation of PPeu in spring can be revealed by Chl.a, TP, and Zeu (R2 =

0.82). The variation of PPeu in summer can be revealed by Chl.a, Zeu and 

WT (R2 = 0.89). The variation of PPeu in autumn can be revealed by Chl. 
a, Zeu, and SS (R2 = 0.69). The variation of PPeu in winter can be 
revealed by Chl.a and Zeu (R2 = 0.88). Although the environmental 
factors driving PPeu in the four seasons are different, it is clear that Chl.a 
and Zeu are the main environmental factors affecting PPeu throughout 
the year, and they determine the upper limit of PPeu to different degrees. 
First, chlorophyll a, as the most important player in fixing inorganic 
carbon to organic carbon in phytoplankton, undoubtedly contributes the 
most to primary productivity. On the other hand, the space required for 
normal growth and reproduction of phytoplankton depends on Zeu, 
especially in eutrophic shallow lakes like Wuliangsuhai Lake. When 
chemical factors (e.g., nutrients) are no longer the main environmental 
factors limiting the growth and reproduction of phytoplankton, the 
limiting factors often shift to physical factors (e.g., Zeu). The higher the 
lake level, the greater the growth potential of Zeu and the more room for 
phytoplankton activity, which tend to be higher in phytoplankton 
biomass and PPeu. Therefore, the PPeu of deep lakes is usually higher 
than that of shallow lakes. It can also be seen in the constructed multiple 
linear regression formula that the coefficient of Chl.a is the highest in 
spring, indicating that PPeu in spring responds more strongly to the 
change of Chl.a. The coefficient of Zeu is highest in winter, indicating 
that PPeu is more sensitive to changes in Zeu when ice sheets are present, 
which just confirms the negative effects of ice sheets on Zeu. 

Fig. 5. Correlation analysis between PPeu and environmental factors.  

Table 4 
The multiple linear regression of the Zscore (PPeu) and Zscore (environmental 
factors).  

Season Multiple linear regression 
formula 

R2 D-W 
index 

VIF F 

Spring Zscore(PPeu) = 1.21Zscore 
(Chl.a)-0.42Zscore(TP) +
0.24Zscore(Zeu)-4.8587E- 
16  

0.82  1.58 1.19–2.18  152.11 

Summer Zscore(PPeu) = 0.93Zscore 
(Chl.a) + 0.43Zscore(Zeu)- 
0.13Zscore(WT)-2.5199E- 
16  

0.89  1.20 1.11–1.26  252.66 

Autumn Zscore(PPeu) = 0.58Zscore 
(Chl.a) + 0.46Zscore(Zeu) +
0.26Zscore(SS) + 4.105E-16  

0.69  1.27 1.03–1.18  39.27 

Winter Zscore(PPeu) = 0.91Zscore 
(Chl.a) + 0.47Zscore(Zeu) +
8.88E-16  

0.88  1.48 1.115  158.25 

Note: Zscore is standardized data; D-W index is Durbin-Watson index; VIF is 
variance inflation factor. 
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4.1. Driving factors of PPeu temporal heterogeneity 

In terms of temporal heterogeneity, WT is an important environ-
mental factor affecting PPeu (Kang et al., 2019; Morin et al., 1999). The 
photosynthesis of phytoplankton is a series of complex chemical re-
actions with the participation of a variety of enzymes (Teeling et al., 
2012; Hopkinson et al., 2011), and the activity of enzymes is affected by 
temperature influences. The phytoplankton community in Wuliangsuhai 
Lake was dominated by green algae and diatoms. The optimal WT for the 
photosynthesis of most green algae is approximately 20 ◦C (Giannelli et 
al, 2015), whereas the optimal WT for diatom growth is between 10 and 
25 ◦C (Cohn et al., 2003). Therefore, during autumn and winter (i.e., the 
low-temperature period), the enzyme activity increased with the in-
crease of WT, and the metabolism, growth, reproduction, and nutrient 
absorption rate of phytoplankton were accelerated. Thus, PPeu was 
positively correlated with WT in these two seasons. It should be noted 
that WT above a critical value will inhibit the photosynthetic rate of 
phytoplankton (Gonzalez-Olalla et al., 2022; Bouchard and Yamasaki, 
2008). Additionally, the optimal growth temperature of the algae will 
also decrease with increased radiation intensity (Thorel et al., 2014) in 
the spring and summer (i.e., the high-temperature period). In turn, this 
continuous increase in water temperature begins to inhibit the photo-
synthetic rate of phytoplankton, and therefore WT is negatively corre-
lated with PPeu. Moreover, the vertical variation of WT exhibits opposite 
trends in the ice period and ice-free period. Particularly, the WT of the 
ice-water interface in the ice period is approximately 0 ◦C, the WT 
maximum appears at the water–sediment interface, and the WT at the 
bottom of Zeu is only 0.70. ± 0.10 ◦C. This low temperature significantly 
inhibits the photosynthetic rate of phytoplankton and decreases PPeu. 

Nutrients play an indispensable role for phytoplankton during 
photosynthesis (Burson et al., 2018). In spring, the temperature rises and 
the ice sheet begins to melt, and the nitrogen and phosphorus pollutants 
that had attached to the ice surface through atmospheric deposition 
during the ice period enter the water. At the same time, the melting of 
the ice sheet increases external interference, and the sediment becomes 
the source of nutrients in the water (Lutgen et al., 2020; Ahiablame 
et al., 2010). Abiotic factors such as wind speed, air temperature, and 
hydrodynamics make the nutrients in the sediment migrate to water 
(Khirul et al., 2021; Li et al., 2021). Summer is a period of concentrated 
precipitation in Wuliangsuhai Lake throughout the year. The surface 
runoff formed by the rainfall transports the nutrients in the land area 
and enters the water. Additionally, the continuous high-temperature 
weather sharply increases the water surface evaporation, the water 
continues to concentrate, and the nutrient concentration increases. In 
autumn, Wuliangsuhai Lake receives the retreating water from Hetao 
Irrigation District, and the retreating water contains a large amount of 
ammonia nitrogen, phosphorus, pesticides, and chemical fertilizer res-
idues (Shi et al., 2020), resulting in higher TN content in autumn water 
than in summer. In winter, the severe cold leads to the formation of an 
ice sheet of 0.43 ± 0.01 m in Wuliangsuhai Lake. The salt discharge 
effect of the ice sheet caused the nutrients in the ice to be precipitated. 
The concentration of nutrients at the ice-water interface was higher than 
that of the lower water, and the resulting concentration difference 
forced the nutrients to diffuse downwards (Zhang et al., 2013). Finally, 
TN and TP reached their highest year-round values in winter. The annual 
TP content in Wuliangsuhai Lake was between 0.06 and 0.09 mg•L− 1, 
and the TN content was between 1.42 and 2.79 mg•L− 1. Under the in-
fluence of high nutrient concentrations, phytoplankton did not reach the 
highest carrying capacity of nutrients in most periods, and PPeu was 
affected by factors other than nutrients, such as light, temperature, wind 
speed, and other physical conditions. Therefore, the RDA and MLR re-
sults indicated that TP and TN could not significantly affect PPeu in other 
seasons except spring. 

Studies have shown that there is usually a positive correlation be-
tween DO concentration and algae density in water (Hilaluddin et al., 
2020), and the annual DO also showed a good correlation with Chl.a in 

this study. Since the WT in Wuliangsuhai Lake rose to the highest value 
in summer, the DO in summer was significantly lower than that in 
winter, autumn, and spring, but still higher than the surface water class 
II water standard. The seasonal variation of Dirr, PAR, and PPeu was 
consistent, exhibiting the following order: summer > spring > autumn 
> winter. 

Zeu takes the actual water depth as the upper limit. The annual Zeu 
has a good positive correlation with D and SD, and a negative correlation 
with SS. In waters with weak hydrodynamic conditions, suspended 
particles are more likely to migrate from the water to the sediment (Ma 
et al., 2021), and SD increases. This makes it easier for Zeu and PAR to 
extend to the lower part of the water, which benefits the growth of 
phytoplankton. However, Zeu is negatively correlated with IT in winter. 
The existence of an ice sheet greatly weakens the O2-CO2 exchange 
between the water and the atmosphere, and also greatly weakens Zeu 
and PAR under the ice. Zeu in winter was only 1.11 ± 0.05 m and the 
PAR value was only 2.40 ± 0.11 mol quanta•m− 2•d− 1, which were 
significantly lower than those in summer, spring, and autumn. There-
fore, the overall level of PPeu in winter was lower. Although high 
nutrient concentrations provide favorable conditions for phytoplankton 
photosynthesis in winter, the highest DO concentration (12.08 ± 0.61 
mg•L− 1) also appeared in winter, which compensated for phytoplankton 
photosynthesis to a certain extent. However, due to the limitation of 
environmental factors such as WT, IT, and Zeu, the PPeu in winter was 
significantly lower than that in other seasons. 

4.2. Driving factors of PPeu spatial heterogeneity 

In terms of spatial heterogeneity, significant differences in the spatial 
distribution of PPeu were found only in spring (north > central > south). 
The distribution of reeds, the geographic location of drainage, and hy-
drodynamic conditions are the main environmental factors affecting 
PPeu. Reeds in Wuliangsuhai Lake are mainly distributed in the Xiaohaizi 
area in the north where no sampling points are laid, the main diversion 
channel area, and the central area. The ice sheet melted in spring, and 
the water in Wuliangsuhai Lake and the water outside the lake began to 
gradually exchange. The Bayan Nur section of the Yellow River also 
provides ecological hydration to Wuliangsuhai Lake every spring. >90 
% of the water is drained from the main diversion channel into 
Wuliangsuhai Lake. It flows through the central region and then flows 
out from the southern drainage channel. Because the reeds of the main 
diversion channel and the middle region are denser than in other waters, 
the water flow rate is slow, and N and P nutrients are enriched in this 
area (Quan et al., 2019). PPeu has a good correlation with TN and TP in 
spring. Additionally, the waters with weaker hydrodynamic conditions 
had higher SD, Zeu, and PAR. Therefore, these waters were more suitable 
for the growth and reproduction of phytoplankton (Yu et al., 2015), with 
the PPeu in the north and the central regions being significantly higher 
than that in the south. The nutrient concentration in summer and 
autumn was higher, and nutrients were therefore no longer the limiting 
factor of PPeu. At this time, there was no significant difference in the 
spatial distribution of environmental factors, and therefore there is no 
significant difference in the spatial distribution of PPeu. Under the in-
fluence of the ice sheet and the low temperatures in winter, the PPeu of 
the whole lake was lower and there was no significant difference. 
However, PPeu could still reach 8 % in summer. 

5. Conclusions 

The annual average PPeu values of Wuliangsuhai Lake in spring, 
summer, autumn, and winter were 782.42 ± 59.34 mg C•m− 2•d− 1, 
1279.89 ± 111.04 mg C•m− 2•d− 1, 465.03 ± 49.30 mg C•m− 2•d− 1, and 
96.34 ± 10.36 mg C•m− 2•d− 1, respectively. The PPeu of Wuliangsuhai 
Lake had strong temporal heterogeneity, and the PPeu of the four seasons 
was significantly different, exhibiting the following order: summer >
spring > autumn > winter. Spatial heterogeneity was weak, and only the 
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PPeu of spring had significant differences: north > central > south. There 
were no significant spatial differences in PPeu in summer, autumn, and 
winter. The environmental factors affecting PPeu in Wuliangsuhai Lake 
were different in the four seasons. In spring, PPeu was mainly affected by 
TN, TP, and DO, and the increase of these three factors promoted PPeu. In 
summer, PPeu was mainly affected by DIP, DO, S, EC, and WT, and the 
increase of the first four could promote the increase of PPeu. However, 
under the condition of high radiation, the optimal growth temperature 
of phytoplankton decreased, and the increase of WT would inhibit the 
growth of phytoplankton, which led to the decrease of PPeu. In autumn, 
PPeu was mainly affected by pH, EC, SS, and WT, and the increase of 
these four parameters promoted PPeu. In winter, PPeu was mainly 
affected by WT and IT. The increase of WT can promote PPeu, and the 
increase of IT seriously weakened PAR, Zeu, and the O2-CO2 exchange 
capacity of lake water and atmosphere, thus inhibiting PPeu. Although 
the growth and reproduction of phytoplankton in winter faces great 
challenges, the PPeu under the ice sheet can reach 8 % of that in summer. 
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