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ABSTRACT

Awater quality monitoring buoy installed in the center of the eutrophic shallow lake Ulansuhai was used to explore the dissolved oxygen (DO)

balance. A revised DO model for shallow eutrophic lakes was applied to identify trends in the lake’s DO content during the non-frozen period

and determine the equilibrium relationship of DO in the water body. The coefficient of determination and the Nash efficiency of the model

proved the feasibility of the model. The main drivers affecting the DO balance of the lake were photosynthesis, aeration and the lateral move-

ments of oxygen-rich water, which accounted for 49.28, 14.72 and 36%, respectively, whereas respiration and sediment oxygen

consumption, on the other hand, accounted for 1.56 and 98.44%, respectively. These findings suggest that photosynthesis and sediment

oxygen consumption dominate the DO balance in eutrophic shallow lakes. A trend analysis of the average oxygen production and consump-

tion rates indicated a maximum of 0.22 mg/L·h for photosynthesis and 0.20 mg/L·h for sediment oxygen consumption. A correlation analysis

showed that water temperature was involved in changing the DO level of the lake mainly by affecting the oxygen consumption process.

Key words: dissolved oxygen equilibrium, model simulation, online monitoring, open-water period, shallow eutrophic lakes

HIGHLIGHTS

• Continuous DO data were obtained by an on-line monitoring instrument with high frequency, and the data were simulated.

• A model of DO in a shallow water eutrophication lake is improved and successfully applied to typical lakes in the study area.

• The main driving factors of DO were found out and their variation range was determined.
1. INTRODUCTION

The dissolved oxygen (DO) content of water bodies is an important indicator of water quality (Sánchez et al. 2007). The
activity of many aquatic organisms such as several fish species are inhibited when the concentration of DO in a water

body drops below 5 mg/L (Huang et al. 2019), and concentrations below 2 mg/L have been shown to accelerate the anaero-
bic decomposition of organic material in water bodies and sediments releasing excessive levels of nitrogen and phosphorus,
implying a status of eutrophication (Xu & Xu 2015). The rate of recovery of DO in natural water bodies determines their self-
purification ability. If the recovery rate is fast, this indicates a strong self-purification ability, and if not, this indicates a weak

self-purification ability; if a water body becomes severely polluted, it may even lose its self-purification ability entirely
(Chinyama et al. 2016). The DO levels and understanding the mechanisms driving DO are essential if we are to manage
our lake water environments effectively and maintain a healthy water ecological balance.

The changing levels of DO in water bodies are driven by several dynamic processes of continuous depletion and replenish-
ment, and therefore DO concentration is a result of interactions of multiple factors (Houser et al. 2015), and there are many
environmental factors such as the water temperature, radiation, wind speed, and nutrient level of the water body (Song et al.
2019). Trends in the level of DO are difficult to predict given these complex and variable environmental and meteorol. In
recent years there has been a great deal of research on the topic and a number of numerical models have now been proposed
to predict levels of DO in rivers, lakes and ponds under different meteorological and hydrological conditions. Chapra & Di
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Toro (1991) estimated riverine reoxygenation, primary productivity, and respiration rates for Michigan’s Grand River in the

USA using the Delta method, presenting their numerical solution in graphical form. In rivers, the factors regulating DO bal-
ance consist of three main dynamic processes, namely exchange at the atmosphere-water interface, photosynthesis, and
respiration (Odum 1956; Schurr & Ruchti 1977; Parkhill & Gulliver 1999); but the faster flow rates of rivers mean better

water mixing and DO transfer between water and atmosphere, which in turn means that their DO is less influenced by sedi-
ment and substrate, which are important in the oxygen balance of lakes (Murniati et al. 2015). Malve et al. (2005) modeled
winter respiration in Tuusulanjärvi Lake, Finland, as total DO consumption in the lake water, using a Bayesian model to esti-
mate and predict its oxygen status. Terry et al. (2017) used the CE-QUAL-W2 model to target simulations of sediment oxygen

consumption changes at the sediment-water interface in a prairie lake in Saskatchewan, Canada, obtaining more accurate DO
simulations in winter relative to summer. Unfortunately, those studies focused primarily on oxygen consumption factors in
the water column, and did not consider the other factors driving DO changes. Hull et al. (2008) developed a continuous dis-

solved oxygen kinetic model to predict DO in a coastal lagoon in Italy and tested it in the laboratory to confirm the
environmental elements driving DO changes. However, due to the lack of high frequency data collection or sufficient exper-
imental data, they were not able to conduct an in-depth study of the DO kinetics. Most of the water column DO simulations

reported to date have focused on rivers, deep lakes and reservoirs, with only few examining shallow and eutrophic lakes. Yet
only a very few studies have sought to quantified the factors driving DO variability in lakes due to the large variability
between different lakes and the key drivers. The high variability complicates the development of DO models considerably

(Stefan & Fang 1994).
After careful evaluation, a high-frequency DO model applicable to shallow eutrophic lakes was chosen for this study (Xu &

Xu 2016). This deterministic model considers dynamic changes in both the oxygen source and the oxygen consumption, and
can be applied to simulations and predictions of DO levels in lakes. The improved model taking into account the specific

human, climatic, geographical, and land-use characteristics of the study area, it serves as a useful tool for studying the DO
dynamics of the lake and then to be able to analyze the DO balance in large bodies of lake water. The main objective of
this study was to explore the high-frequency model of DO dynamics in Ulansuhai Lake, identifying the driving forces govern-

ing the level of DO in the lake and ultimately, providing an effective basis for future decisions regarding the scientific
management and health assessment of the lake.

2. MATERIALS AND METHODS

2.1. Study area description

The study area, Ulansuhai Lake (40 °360–41 °030N, 108 °430–108 °570E) is located close to Bayannur City, Inner Mongolia, at
the end of the Hetao Plain in northwestern China. Lying between the Yellow River to the south and Wolf Mountain to the
north (Figure 1), it is a rare shallow lake with an annual average water depth of 1.8 m and a overall area of 293 km2, but the

open water accounts for only about a third of the area, and the overall length of the lake’s shoreline is about 130 km. As a rare
large-scale multi-functional grassland lake in this desert and semi-desert region, Ulansuhai Lake is not only responsible for
much of the regional water regulation and storage, but is also the only water body and drainage channel for the return of
farmland runoff in the Hetao Irrigation District of Inner Mongolia (Yu et al. 2007). In addition, studies have shown that

due to the high frequency of human activity in the area in recent years (Quan et al. 2020), most of the water bodies
within Ulansuhai Lake are suffering from a mild to moderate degree of eutrophication.

Ulansuhai Lake has a typical mid-temperate continental arid and semi-arid monsoon climate, with hot summers and

little rain, and cold, dry winters. The long-term annual average temperature around Ulansuhai Lake is 7.3 °C. The monthly
average air temperature ranges from 24.1 °C in the hottest month (July) to the coldest month (November) at 4.4 °C. During
the study period (July-early November), the average temperature was 14.9 °C. The lake enters a five-month ice-cover period

at the beginning of November each year, only melting completely in April of the following year. The local multi-year aver-
age pecipitation is 224 mm, and the total precipitation during the study period is 321 mm, ranging from 144 mm in August
to 0.26 mm in October. The annual average wind speed is 0.44 m/s, so the lake is subjected to almost constant low wind

speeds.

2.2. Wind speed and radiation data collection

The meteorological data was collected with the HOBO automatic weather station at Honggebu (at pointWS1) and the Camp-
bell automatic weather station located at the Ulansuhai Lake National Ecological Station (at point WS2), which are about
om http://iwaponline.com/ws/article-pdf/22/6/6013/1071069/ws022066013.pdf
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Figure 1 | The geographical location and monitoring point on Ulansuhai Lake.
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8 km and 4 km away from the measurement point at L15, respectively (Figure 1). The hourly measurements were collected by
two meteorological collectors and collected 5 months of continuous meteorological data, including wind speed, solar radi-
ation, and photosynthetically active radiation. After feasibility analysis of these meteorological data, which were utilized

for the oxygen production modeling calculation of photosynthesis and aeration.

2.3. DO, chlorophyll-a, and water temperature data

In July 2020, the water quality online monitoring buoy was placed at the L15 point (40 °580N, 108 °550E) in the center of Ulan-
suhai and the buoy was equipped with a Yosemite water quality multi-parameter sensor (as shown in Figure 2). The data was

collected by the YDOC GSM collector and uploaded to the Masinotek EMMI environmental monitoring system. The sensor
was located 95 cm below the water surface, collecting and recording water quality data every hour, including DO concen-
tration, chlorophyll-a concentration, and water temperature as well as other water quality indicators. A total of 2,921

hours of water quality data were collected during the study period from July to November. The sensor was calibrated in
the laboratory before being deployed in the lake, and the equipment was cleaned and maintained at the end of each
month during the monitoring period to ensure the stability and reliability of the data collected.
3. DO EQUILIBRIUM MODEL BASED ON THE CONDITIONS IN ULANSUHAI LAKE

3.1. DO model construction

The changing levels of DO in a body of water are governed by a dynamic equilibrium process of continuous consumption and
replenishment. The hourly change in the DO concentration (Xu & Xu 2016) is expressed as:

DOt ¼ DOt�1 þ (dDO=dt)� dt (1)

where:DOt is the concentration of DO in thewater at time t inmg/L;DOt�1 is the concentration ofDO in thewater at time t� 1
in mg/L; and dDO=dt is the rate of change of DO in the water per hour in mg/L·h.

The DO carried by a water body is affected by both replenishment and consumption and thus depends on a number of
influencing factors, including photosynthesis of the primary producers(P), aeration of the surface water(J ), respiration in
://iwaponline.com/ws/article-pdf/22/6/6013/1071069/ws022066013.pdf



Figure 2 | Yosemite water quality multi-parameter sensor and buoy used for the online water quality monitoring.
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water column(R), sediment or benthic organism oxygen consumption(SSOD). This is expressed by the following equilibrium
equation:

dDO=dt ¼ Pþ J � R� SSOD þ Cio (2)

where: dDO=dt is the hourly rate of change in the DO concentration and Cio is the difference value between the concen-
tration of DO in the lake inflow and outflow water. All terms in the equation are in units of mg/L·h. The definition and

calculation of specific parameters in the model are described below.
3.1.1. Oxygen production by photosynthesis

Photosynthesis is affected by factors such as water temperature, chlorophyll-a concentration (Chl-a), and photosynthetically

active radiation(PAR). A one-dimensional equation derived from the Steele equation was used for calculating photosynthetic
oxygen production based on the concentration of chlorophyll-a and PAR (Steele 1962) as follows:

P ¼ Pc � Chl-a (3)

Pc ¼ (apar � Rs)� Pmax � e(1�apar�Rs) (4)

where Pc is the rate of oxygen production per units of Chl-a in mg/L·h and Chl-a is the measured chlorophyll-a concentration
in the water body in mg/L. Rs is the solar radiation intensity in kW/m2 and apar is the ratio of the PAR to the solar radiation

intensity in the study area in m2/kW, which is normally treated as a proportional constant in the calculation (Alados et al.
1996). Pmax is the maximum oxygen production rate of photosynthesis under saturated light conditions in mg/L·h, which
is dependent on temperature (T, °C) according to the Arrhenius equation and the following equation was applied (Megard
om http://iwaponline.com/ws/article-pdf/22/6/6013/1071069/ws022066013.pdf
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et al. 1984):

Pmax ¼ 9:6� 1:306(T�20) (5)

As the Arrhenius equation for the temperature dependence of reaction rates (Megard et al. 1984) indicates that the oxygen
production rate can be regarded as a dependent variable of temperature. In addition, the concentration of chlorophyll-a

directly reflects the biomass of phytoplankton in the water body and indirectly reflects the nutrient content of the water
body (Hoyer et al. 2002; Jiang et al. 2019).

3.1.2. Oxygen transfer by aeration

Aeration transfers oxygen across the water atmosphere interface and the direction oxygen moves depends on the saturation
level of the DO in the water (Csat � Cs). The rate of change in DO by aeration depends on the gas transfer velocity (KL) at the
air-water interface, which is dependent on water side turbulence and is often modeled as a function of wind speed. According
to Gelda et al. (1996), the aeration of a water body can be estimated by:

J ¼ aj � (KL=H)� (Csat � Cs) (6)

where: aj is the oxygen production adjustment coefficient of aeration, which is dimensionless; KL is the gas transfer velocity
of the oxygen molecules in cm/h; H is the thickness of the surface layer in cm, which in the shallow lake in this study was set
to 95 cm; Csat is the concentration of the saturated DO in water at different temperatures in mg/L; and Cs is the actual

measured value of the DO concentration in the water body in mg/L.
According to Crusius & Wanninkhof (2003), the migration coefficient for oxygen molecules over water at low wind speeds

under wind conditions similar to those in the study area can be calculated as follows:

when: U , 3:7m=s, KL ¼ 0:72U (7)

when: U � 3:7m=s, KL ¼ 4:33U � 13:3 (8)

where: U is the wind speed measured at 10 m above the surface of the lake in m/s.
According to the ‘Technical Guidelines for Environmental Impact Assessment’ (HJ/T 2.3-1993) the formula for calculating

saturated DO concentration in water bodies is:

Csat ¼ 468
(31:6þ T)

(9)

where: T is the water temperature in °C.

3.1.3. Oxygen consumption by respiration

In eutrophic lakes, phytoplankton and zooplankton consumes DO in the water through respiration, reducing oxygen levels in
the water. The equation derived by Hull et al. (2008) treats the water column respiration of phytoplankton as an approxi-
mately first-order kinetic equation, arguing that it primarily depends on the water temperature and chlorophyll-a content:

R ¼ ar � u(T�20)
r � Chl-a (10)

where: ar is the respiratory adjustment coefficient per hour; ur is a dimensionless temperature adjustment coefficient. In ear-

lier research on this topic, Ambrose (1988) utilized a temperature coefficient of 1.045 and achieved a good fit for their
eutrophication model calculations, so in this study we also opted to set the value of ur to 1.045.

3.1.4. Sediment oxygen consumption

As for the oxygen consumption of sediment, one is the rate at which oxygen from the water diffuses into the sediment is con-
sumed, another is the rate at which reduced organic matter in the sediment is transported to the water body and then oxidized
(Martin & Bella 1971). Ogunrombi & Dobbins (1970) found that the BOD that diffused back into the overlying water was 28
://iwaponline.com/ws/article-pdf/22/6/6013/1071069/ws022066013.pdf
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percent as large as the oxygen demand caused by oxygen diffusing into the benthic deposits. Some investigators believe that

few studies have applied benthic demand is to DO mass equilibrium (Zison 1978). Therefore, in the study, the oxygen con-
sumption of sediment and benthic organism was mainly considered as dissolved oxygen in the sediment invading the bottom
of the lake.

The aerobic decomposition of organic matter by benthic organisms in the sediment consumes a large amount of DO and as
this mainly occurs on the surface of the sediment, it is related to the water temperature, although it also depends on the phys-
ical, chemical, and biological properties of the lake bed (Zison 1978). The oxygen consumption equation of these lake
sediments can be calculated as (Thomann & Mueller 1987):

SSOD ¼ SS20 � u(T�20)
s =Z (11)

where: SS20 is the oxygen consumption of the sediment at a water temperature of 20 °C in mg/m2·h; Z is the overlying water
depth in m, with the actual measured value in each of the study months falling in the range 1.89–1.93m; us is the temperature
adjustment coefficient, which is dimensionless. Zison (1978) reported the value of us to be 1.07.
3.1.5. Change in DO due to transport by inflow and outflow

Drainage lakes have both sources of water inflow and outflow pathways, and the DO contained in the inflow and outflow

water is a non-negligible factor that influences the dynamic properties of the DO in the lakes (Hudson & Vandergucht
2015). Ulansuhai Lake is a typical drainage lake in terms of water source type, which mainly from domestic sewage, industrial
wastewater and farmland runoff in the Hetao Irrigation District, and hence its water quality is greatly affected by human
activities (Yu et al. 2007). Unlike the supply water sources of most drainage lakes, the water replenished to the lake from

the irrigation area carries a large amount of nitrogen and phosphorus nutrients, which is a major reason for the eutrophica-
tion of Ulansuhai Lake and at the same time, and the lake is also replenished with supersaturated DO, which is often present
in water bodies (Sun et al. 2009; Quan et al. 2020). Extensive investigations have shown that the concentration of DO in the

water bodies that inflow the lakes in the study area is generally higher than that in the outflow water (Jiang et al. 2019), and
the difference between the DO levels in the two is an important determinant of the conditions of the DO in the water bodies
in the study area. Therefore we assumed that the difference between the concentration of DO in the lake’s supplementtary

water and that in the drainage remains approximately constant, with a value of Cio in mg/L·h, and this constant term Cio
is used as a calibration parameter in the model to quantify the influence of the inflow and outflow water bodies on the
DO levels in the lake.

For the purposes of this study, combining all the oxygen production and consumption equations in Formula 1 and 2, the

mass equilibrium equation based on the change of DO in Ulansuhai Lake can be constructed. Because the model in this study
is one-dimensional and the water depth of the lake is relatively shallow, it is assumed that the water is well mixed vertically.
3.2. DO model analysis

3.2.1. Model calibration and verification

During the modeling process, five parameters apar , aj, ar , SS20, and Cio were defined as the calibration parameters of the
model, which were used for the calibration of the DO model. For the model calibration, a particle swarm optimization algor-
ithm was used to optimize the calibration parameters, with the optimized parameter values being utilized in the model to

simulate the dynamic change process for the DO. Although the water quality data was collected from July 2020 to November
2020, some external factors beyond our control meant that there were some gaps in this data. The hourly data was collected
and uploaded to the cloud as the average value within that hour; missing data was estimated by interpolation during the mod-
eling process to maintain the continuity of the data. The data was divided into two parts, with one part being used to calibrate

the model (August 25th–November 13th; 80 days), and the other to verify the model’s performance (July 4th–August
20th; 43 days). The data collected on the day the instruments were set in place was not used for either calibration or
verification to allow time for the equipment to come to stabilization and ensure the reliability of the data. For model

runs where the simulated DO concentration dropped below 0 mg/L, the dissolved oxygen concentration value at that
time point was set to 0 mg/L. The calibration model was run until the measured value and the value calculated by
the model achieved the best fit.
om http://iwaponline.com/ws/article-pdf/22/6/6013/1071069/ws022066013.pdf
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3.2.2. Model uncertainty analysis

After calibration, the model was subjected to an uncertainty analysis to confirm its reliability and stability. For the analysis,
the uncertainty of each parameter (apar , aj, ar, SS20, Cio) was set between 50 and 150% of the calibrated value and only a single

parameter was allowed to change, with the other parameters being maintained at the calibrated value. One thousand values
within the uncertainty were randomly selected as input for each model run, and the model’s output consisted of 1,000 sets of
simulated DO change rate results. The average and standard deviation of the 1,000 sets of DO change rates was then calcu-
lated and compared with the average of the measured DO change rates as follows:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

dDO
dt

� �
i
� dDO

dt

� �
m

� �2vuut (12)

where: (dDO=dt)i is the rate of change of the DO concentration in the first unit time after changing the parameter in mg/L·h;
(dDO=dt)m is the overall mean value after changing the parameter in mg/L·h; and n is the total number of samples utilized in
the calculation.

3.2.3. Sensitivity analysis of the model

In addition to the uncertainty analysis of the model, a sensitivity analysis was also conducted to explore the sensitivity of each
parameter to the model. The same five parameters (apar , aj, ar, SS20, Cio) were used for this analysis, and once again the value
of only one parameter was changed each time, with the other parameter values remaining unchanged. The sensitivity was

calculated using the following formula:

D
dDO
dt

� �
(%) ¼

Pn
i¼1

dDO
dt

� �j

i
� dDO

dt

� �k

i

" #
=

dDO
dt

� �k

i

� 100

8<
:

9=
;

n
(13)

where: (dDO=dt)ji is the rate of change of the DO concentration per unit time calculated by the model after the ith parameter is

changed, in mg/L·h; (dDO=dt)ki is the rate of change of the DO concentration per unit time calculated by the model when the
ith parameter is equal to the calibration value, in mg/L·h; and n is the total number of samples utilized in the calculation.

3.2.4. Model evaluation

Two methods were adopted for the model evaluation, one based on the determination coefficient (R2), and the other on the
Nash efficiency coefficient (NSE) (Carrier et al. 2016). The determination coefficient is the goodness of fit, which ranges from
0 to 1; the closer R2 is to 1, the better the fit of the model. The Nash efficiency coefficient, which is often used to evaluate the

quality of hydrological model simulation results, ranges from �1 to 1; greater than 0 indicates that the model is generally
reliable and again the closer it is to 1, the better the credibility of the model. NSE is calculated as:

NSE ¼ 1�

Pn
i¼1

(DOb
i �DOc

i )
2

Pn
i¼1

(DOb
i �DOm)

2

2
6664

3
7775 (14)

where: DOb
i is the i measured DO concentration value in mg/L; DOc

i is the i simulated DO concentration value in mg/L;
DOm is the average value of the measured DO concentration in mg/L; and n represents the total number of datapoints
used for the calculation.

The Matlab2016, Origin2018 and Excel2007 software packages were used for the calculation and analyses.

3.3. Analysis of the simulation results

3.3.1. Model calibration

The simulation results revealed that the overall trend predicted by the model was roughly consistent with the actual trend
measured for the DO levels, and the degree of fit between the rate of change of the dissolved oxygen and the part of extreme
://iwaponline.com/ws/article-pdf/22/6/6013/1071069/ws022066013.pdf
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values is generally better in simulation and measurement, as shown in Figure 3(a). However, the amplitude in the dynamic

variation of the simulated DO for some time periods does not reflect the actual variation, even where the trends in the vari-
ation are relatively consistent (Figure 3(b)). However, the NSE value of the model after calibration of 0.218 means that the
simulation results obtained using the model are approximately equal to the values actually observed, confirming that the simu-

lation results are generally credible; the R2 value after calibration of 0.623 also suggests that the two are closely related
(Table 1).

3.3.2. Uncertainty analysis

The average values of the DO change rates calculated by changing the 5 calibration parameters (apar, aj, ar, SS20, Cio) were:
0.0051, 0.0067, 0.0068, 0.0068, and 0.0072, respectively, as shown in Table 2. And we can see, all 5 of these average values are
close to the average value (0.0069 mg/L·h) of the DO change rate calculated without changing the calibration parameters.
Examining the standard deviation for each parameter, the degree of dispersion of these parameters was also relatively

small, with all being within the acceptable range. Overall, parameter SS20 exhibits the greatest uncertainty, and parameter
ar the smallest.
Figure 3 | Hourly change in DO concentration during the model calibration period: comparison of simulated and measured values.
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Table 2 | Model calibration parameters and uncertainty analysis

Calibration parameters Calibration value

Uncertainty analysis

Calibration value range Average value (mg/L·h) +standard deviation

apar(m2=kW) 1.5821 [0.7911,2.3732] 0.0051+ 1.53E-05

aj 0.2083 [0.1042,0.3125] 0.0067+ 2.61E-05

ar(h�1) 0.1275 [0.0638,0.1913] 0.0068+ 2.38E-07

SS20(mg=m2 � h) 0.4042 [0.2021,0.6063] 0.0068+ 9.10E-04

Cio(mg=L � h) 0.0660 [0.0330,0.0990] 0.0072+ 1.84E-04

Table 1 | Statistical results for the calibration and verification

Calibration Verification

n R2 NSE n R2 NSE

1,944 0.623 0.218 977 0.419 0.305
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3.3.3. Sensitivity analysis

The data presented in Table 3 shows that throughout the entire calibration period, the DO dynamic model is most sensitive to

the oxygen consumption coefficient of the sediment (SS20), slightly more sensitive to the difference value between the concen-
tration of DO in the lake inflow and outflow water (Cio), and least sensitive to the respiration adjustment coefficient (ar). The
ratio of the photosynthetically active radiation to the solar radiation (apar) is close to the sensitivity of the aeration adjustment
coefficient (aj). Parameter SS20 has the greatest influence on the model, with the other parameters exhibiting progressively less

influence.

3.3.4. Model verification

Once the parameters had been calibrated and analyzed they were input into the model to analyze the time-by-time measure-
ments for the remaining DO concentration data (July 4th–August 20th) and verify the model performance. Overall, the

dynamic change in the simulated value is in good agreement with the dynamic change of the measured value most of the
time, including the ‘cliff-edge’ drop in the DO concentration on July 22 shown in Figure 4(a). Although the model fails to
accurately predict the amplitude of the change in DO concentration, this does not affect the consistency of the two dynamic
changes, as shown in Figure 4(b). According to the evaluation results of the model, the NSE value of the verification result is

0.305, and the R2 value is 0.419, confirming that the simulation values for the DO concentration during the verification
period, shown in Figure 4, are generally credible.

4. DO EQUILIBRIUM ANALYSIS

4.1. Analysis of trends in P, J, R, and SSOD

Once the calibration and verification had been successfully completed, a box plot of the per unit time simulated values for a
24-hour period was analyzed to examine the overall trends in oxygen production and consumption over the course of the day
Table 3 | Model sensitivity analysis

Calibration parameters Calibration value for max Calibration value for min △(dDO/dt)% for max △(dDO/dt)% for min

apar(m2=kW) 2.3732 0.7911 �18.0219 8.6337

aj 0.3125 0.1024 �12.9267 12.9267

ar(h�1) 0.1913 0.0638 2.3543 �2.3543

SS20(mg=m2 � h) 0.6063 0.2021 120.6319 �120.6319

Cio(mg=L � h) 0.0990 0.0330 �62.0314 62.0314
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Figure 4 | Hourly changes in the dissolved oxygen concentration during the model verification period: Comparison of simulated and
measured values.
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(Figure 5(a)). The photosynthetic oxygen production generally starts at 5 in the morning and follows a clear upward trend

with increasing daytime solar radiation. The average oxygen production rate rises from 5.86� 10�3 mg/L·h at 5 a.m. to a
midday peak of 0.22 mg/L·h, after which it decreases gradually during the afternoon, reaching a level of 6.66� 10�3 mg/L·h
at 7 p.m., when darkness falls. The overall pattern in the oxygen production is thus highly consistent with the duration of

solar radiation. During the night-time hours the lack of solar radiation, its main driving force, means that the oxygen produced
through photosynthesis is 0 mg/L·h approximately, hence photosynthesis does not contribute to any overnight changes in the
lake’s DO levels.

There were no obvious patterns in the amount of aeration oxygen produced. The oxygen production levels shown in

Figure 5(b) indicate that the oxygen production due to aeration fluctuates very little across the 24-hour simulation period.
The inherent uncertainty in environmental factors such as the instantaneous wind speed, which can vary considerably
over very short periods of time, will inevitably lead to some abnormal values of oxygen production, but overall the degree

of dispersion in the oxygen production data is relatively small and the differences in the levels of oxygen production for differ-
ent periods tend to be low. The oxygen production in each period essentially follows a chi-square distribution, with the
outliers generally appearing on the high side so the distribution exhibits a right skew with a heavier tail; and the degree of
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Figure 5 | 24-hour box diagram of changes in the oxygen production of photosynthesis (a), aeration (b) and the oxygen consumption of
respiration (c), sediment (d).
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freedom is small. Overall, the aeration rate is effectively maintained at about 0.3 mg/L·h, where the average peak value

appears at 1 p.m., when the oxygen production rate is about 0.05 mg/L·h, and the average valley value at midnight, when
the oxygen production rate is about 0.02 mg/L·h.

Relative to the uncertainty associated with the effect of external environmental factors on oxygen production, the dataset

collected for this study shows that the oxygen consumption due to respiration and sediment are mainly affected by environ-
mental factors within the body of water itself. The average oxygen consumption of the respiration remained stable across the
24-hours period, exhibiting no significant changes (Figure 5(c)). The median of the oxygen consumption in the simulated data
is basically consistent with the average oxygen consumption, and exhibiting the characteristics of a standard normal distri-

bution with just a few outliers. The average oxygen consumption rate due to respiration appears to follow no regular
pattern and its maximum is only slightly different from the minimum. The average oxygen consumption rate across the 24
hour period is 3.15� 10�3 mg/L·h; the peak value of the average oxygen consumption rate of 3.33� 10�3 mg/L·h occurs

at midnight and valley value, at 2.92� 10�3 mg/L·h, occurs at 9 a.m.
The average oxygen consumption per unit time in the sediment follows a similar trend to that seen for respiration

(Figure 5(d)). It is relatively stable, but the degree of dispersion of the oxygen consumption rate across a single

period is relatively discrete. On the whole, the skewness of the oxygen consumption rate of the sediment is relatively
weak and the distribution is generally normal, with no outliers. The range in the variation in the average oxygen con-
sumption rate of the sediment is basically less than 0.01 mg/L·h, although this does change irregularly. The highest

point in the peak value for the sediment oxygen consumption rate is at 5 p.m., at which point the oxygen consumption
rate is 0.20 mg/L·h; the lowest point in the oxygen consumption rate appears at 9 a.m., with an oxygen consumption rate
of 0.19 mg/L·h.

4.2. Analysis of the cumulative change in P, J, R, and SSOD

Drawing a cumulative curve allows us to objectively reflect changes in the trends of both oxygen production and con-
sumption over time, highlighting the key nodes of sudden changes. The accumulation of time series were created and
plotted, showing the cumulative effect of these changes in oxygen production and consumption across the study

period. As the Figure 6 shows, photosynthesis, respiration, and sediment drive long-term changes in oxygen production
and consumption, with the initial, fairly uniform, upward trend in July, August and September only slowing once the
weather begun to turn cold around mid-October. The oxygen production due to aeration also showed a generally
upward trend, albeit with a number of inflection points where a sudden sharp increase is followed by a return to earlier

levels. For example, from August 11th to 12th, the oxygen production rate jumps from 6.63� 10�3 mg/L·h to 0.43 mg/L·h,
Figure 6 | The cumulative change in the oxygen production of photosynthetic (black), aeration (orange) and the oxygen consumption of
respiration (green), sediment (blue).
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in a very short period of time. It then remains unchanged for several days before resuming its upward trend. On October

20th, this happens again, rising rapidly from 0.02 mg/L·h to 0.42 mg/L·h then, gradually decreasing. These changes are
likely due to the influence of uncertainties in the natural environment, especially changes in wind speed. However, no
matter which driving factor, all of them jointly drive the DO to equilibrium in the simulation of the change.
4.3. Analysis of the proportion of DO supplementation and consumption

In general, in terms of the reoxygenation of lake water bodies, the effects of photosynthesis and aeration far outweigh the

other factors involved. The average oxygen production apportionment between photosynthesis and aeration for each 24
hour interval during the study period was therefore analyzed without taking into account the other factors influencing the
dissolved oxygen levels as shown in Figure 7(a). The contribution of photosynthetic oxygen production is generally lower

than 6% before sunrise, reaching its nadir of 4.20% at 2 a.m. After sunrise, as the solar radiation intensity increases, the photo-
synthetic oxygen production rises quickly, reaching a maximum of 85.80% of the total at 8 a.m. The pattern in the proportion
of oxygen produced by aeration is the mirror image of that for photosynthesis, with the highest contribution of 95.80% and the

lowest of 14.20% occurring at 2 a.m. and 8 a.m., respectively.
Compared with the regular changes in oxygen production, which are strongly affected by environmental factors, the pattern

for oxygen consumption through respiration and sediment oxygen consumption is relatively stable. The average apportion-

ment of respiration and sediment oxygen consumption over a 24-hour period is shown in Figure 7(b). The oxygen
consumption in the sediment is the predominant factor, consistently staying at levels of over 98% of the total. This is because
the oxygen consumption in sediments does not change significantly without an additional contribution from the external
environment or human factors. Here, the largest proportion was 98.56%, at 6 p.m., and the smallest was 98.41%, at

2 a.m.. The pattern in the oxygen consumption due to respiration was again a mirror image of that for sediment consumption,
with the largest proportion of 1.59% and the smallest of 1.44% appearing at 2 a.m. and 6 p.m., respectively.

The proportion of total oxygen production and oxygen consumption of each driving factor is represented by pie chart, as

shown in Figure 8. Looking at the contribution of oxygen production (Figure 8(a)), photosynthesis and supplementary water
of DO account for more than 80% of the total oxygen production in the lake. The largest contribution came from photosyn-
thesis, which was responsible for 49.28% of the oxygen production, but supplementary water and drainage was also a major

contributor, at 36%. Aeration of the water body accounted for only 14.72% of the lake’s oxygen production.
In terms of oxygen consumption in eutrophic bodies of water, the aerobic decomposition of sediment is largely responsible

for the oxygen consumption. As the analysis shows (Figure 8(b)), oxygen consumption in the sediment accounted for more
than 98% of the total, with the remaining 1.56% being consumed by respiration. This clearly shows that oxygen take-up by

sediment in shallow-water eutrophic lakes is the primary factor driving oxygen consumption in water bodies. These results
clearly show that for Ulansuhai Lake and other lakes of the same type during the non-frozen period, oxygen from
Figure 7 | The relative contribution rate of photosynthesis and aeration for oxygen production (a), the relative contribution rate of respiration
and sediment for oxygen consumption (b).
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Figure 8 | The cumulative contribution of photosynthesis, aeration, and the amount of oxygen carried by supplementary water and drainage
(a) to the oxygen production, as well as the cumulative contribution of respiration and sediment to the oxygen consumption (b).
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photosynthesis and oxygen consumption by sediment are the most crucial factors that determine the dynamic balance of DO
in the lake water.

4.4. Meteorological factors and the interaction between water temperature and DO

Solar radiation and wind speed are the two main forces driving lake reoxygenation. The amount of oxygen produced each
hour in photosynthesis rises and falls parallel with changes in solar radiation, which is clearly shown in the overall daily pat-
terns found in the data(Figure 9(a)). However, variations in the oxygen production levels did not consistently track changes in

the solar radiation. For example, the maximum solar radiation on September 10th was 790.6 W/m2 and the maximum oxygen
production rate during photosynthesis on the same day was 0.37 mg/L·h, but although the maximum solar radiation the
following day was much higher, at 878.1 W/m2, the maximum oxygen production rate during photosynthesis was only

0.29 mg/L·h.
At the air-water interface, where aeration occurs, changes in wind speed largely determine the amount of oxygen entering

the water body or released to the atmosphere. The results shown in Figure 9(b) support this conclusion. When the DO content

in a water body is below the saturation point, higher wind speeds will accelerate the transfer of atmospheric oxygen into the
water; once the DO in the water body reaches saturation the process is reversed, with higher wind speeds instead transferring
any excess oxygen to the atmosphere. In the latter part of the study period, supersaturation of DO in the lake water was
observed in 1.44% of the readings collected, so oxygen could be spilling out of the water.

Water temperature indirectly affects the concentration of DO by affecting the biomass, species, and activity of aquatic
plants, phytoplankton, zooplankton, and microorganism. Then it can also directly affect the concentration of dissolved
oxygen by limiting the saturation of the water. Whether directly or indirectly, the water temperature plays a pivotal role in

both the reoxygenation and oxygen consumption processes, which having a significant effect on the level of dissolved
oxygen. The results of the correlation analysis conducted for this study showed that reveal a high positive correlation between
water temperature and both respiration and sediment in Figure 10. It represents that the oxygen production rates photosyn-

thesis, the oxygen consumption rates of respiration and sediment all become more productive and rise as the water
temperature rises. However, the correlation between water temperature and photosynthesis is weak and even close to irrele-
vant to aeration. It can be concluded that water temperature plays a more significant role in the process of oxygen

consumption.

5. DISCUSSION

The oxygen consumption in the sediment was found to be the most sensitive to the model, while that of water column res-
piration was the weakest. In summer and autumn, a great deal of organic waste, including plankton biomass, feces, bait, and

dead animals and plants are deposited at the bottom of the lake, and oxygen-consuming decomposition in the sediment is
therefore very active (Woszczyk et al. 2011). After investigation, Ulansuhai Lake is a drainage lake in the Hetao Irrigation
District, considerable amounts of exogenous pollutants have been deposited over the years, which coupled with the
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Figure 9 | Comparison of changes in the trends of photosynthetic oxygen production and solar radiation intensity (a), and aeration oxygen
production and wind speed (b).
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accumulation of aquatic plant residues (Zhu et al. 2017) have led to a serious concentration of organic matter in the lake’s
bottom mud. Unfortunately, in shallow lakes these sediments are prone to re-suspension due to the disturbance of wind and
waves (Xu et al. 2018), raising their contribution to oxygen consumption in the lake water (Zhu et al. 2017). From the end of

summer and early autumn to the end of autumn, the functional populations of the dominant phytoplankton in Ulansuhai
Lake are thus greatly reduced (Li et al. 2015). At the same time, the solar radition and water temperature are decreasing,
which also inhibits the biological activities of phytoplankton and decreases the oxygen consumption due to respiration.

All of these environmental conditions may cause great differences in the above drivers of oxygen consumption. In addition
to its remarkable sensitivity, the oxygen consumption of sediment also dominates the study. With regard to this phenomenon,
Baxa et al. (2021) found that in shallow water ecosystems such as those commonly found in fishponds, the oxygen demand in

sediments under low chlorophyll-a concentrations accounts for 70–90% of the total demand. During the monitoring period,
the chlorophyll-a concentration in Ulansuhai Lake was less than 100 μg/L, and the proportion of oxygen consumption in sedi-
ments obtained by the simulation calculation is thus consistent with the results reported by Baxa. In addition, the
experimental results of Opaliński et al. (2010). in the Baltic Sea also showed that sediments and meiobenthos in the

bottom were the major oxygen consumers in the shallow littoral, which oxygen consumption is over 80%.
The findings of our study reveal that the photosynthesis intensity does not in fact reach its peak value when the solar radi-

ation intensity is at its highest. This is likely due to the underlying mechanisms governing the photorespiration of

phytoplankton. Photorespiration usually occurs when photosynthetic cells in a high oxygen and low carbon dioxide environ-
ment are exposed to light (Busch 2013). Experimental studies (Hull et al. 2008) have shown that the primary production of
lake water in summer decreases due to photorespiration when solar radiation reaches its peak. Photorespiration can
://iwaponline.com/ws/article-pdf/22/6/6013/1071069/ws022066013.pdf



Figure 10 | Correlation between water temperature and photosynthesis (a), aeration (b), respiration (c), and sediment oxygen consumption (d).
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significantly slow down photosynthesis, as it consumes the energy produced by photosynthesis. Moreover, the damage of
photosynthetic pigments may take place under high PAR (Buma et al. 2006). This is a phenomenon that occurs frequently

in phytoplankton in water bodies, and it leads directly to decreased photosynthetic performance. Therefore, the stronger
the photorespiration leads the lower the photosynthetic productivity.

In the analysis of driving factors of oxygen production, photosynthesis is the main source of DO in lake water. This is a

marked contrast with the oxygen production processes in rivers, especially those with fast water flow, where aeration is
the main driving factor (Liu et al. 2005; Correa-González et al. 2014); these results confirm that in eutrophic still water
lakes photosynthesis takes over as the main source of oxygen increase. Moreover, the data collected for the current study

revealed that the water in Ulansuhai Lake experienced intermittent hypoxia and anaerobic episodes during the night-time
in July and in at the end of August until the beginning of September. A comparative analysis of the factors driving these
changes in the DO levels in the lake water during these periods revealed that the increase in the dissolved oxygen levels
due to the supplementary water and the aeration were insufficient to maintain the balance with the oxygen consumption

of the lake at night, when there was no oxygenation due to photosynthesis. Therefore, this proves that the change of dissolved
oxygen will therefore tend to weaken or even stagnate over time. In addition, supersaturation of DO is also much more likely
to occur towards the end of autumn. There were several times of DO supersaturation during the daytime from October 22th to

24th and November 8th to 13th of the study period, it directly results in the negative value of aeration calculated by the simu-
lation (Figure 9(b)). This phenomenon indicates that aeration does not affect the level of DO in the water during this period.
However, it also cannot be ruled out whether DO in water escapes into the air.
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The simulation calculations revealed that the model sometimes was unable to deliver accurate predictions when dealing

with sudden and occasional oxygen deficit situations, which may affect the reliability of efforts to identify the factors driving
major changes in the level of DO in the lake water. In cold and arid areas such as Ulansuhai Lake, as the lake water temp-
erature drops the accuracy of the model also gradually becomes unstable. Therefore, for lakes in cold and arid regions, it is

necessary to extend this research to establish a separate dynamic model that describes how the DO changes during the freez-
ing period to simulate and predict DO levels and support the scientific management and protection of shallow eutrophic lakes
like Ulansuhai Lake.

6. CONCLUSIONS

A deterministic model of DO combined with the environmental characteristics of the study area was improved, then the DO
data during the study period were simulated, calibrated, and validated. The determination coefficients of calibration and vali-
dation results of the model were 0.623 and 0.419, respectively. Nash efficiency coefficients are 0.218 and 0.305, respectively.

It shows that the simulation results of the model are generally reliable.
In further analysis of the simulation results of the model, the change trend of the average oxygen production and consump-

tion rate per unit time in 24 hours. The maximum oxygen production rate of photosynthesis was 0.22 mg/L·h, and the lowest

oxygen production rate was close to 0 mg/L·h in the absence of light. The maximum and minimum oxygen production rates of
aeration were 0.05 mg/L·h and 0.02 mg/L·h, respectively. The maximum and minimum respiration rates were 3.33�
10�3 mg/L·h and 2.92� 10�3 mg/L·h, respectively. The maximum and minimum oxygen consumption rates of sediments

were 0.20 mg/L·h and 0.19 mg/L·h, respectively.
During the research period of more than four months, the main source of DO in Ulansuhai Lake was oxygen production by

photosynthesis, accounting for 49.28% of the total. The second was DO carried by lake supplementary water and drainage,
accounting for 36%. The oxygen production ratio of surface aeration only was 14.72%. Almost all of the oxygen consumption

in the lake water was in the layer of sediments, which accounted for 98.44% of the total. The aerobic respiration of water
accounted for the remaining 1.56%.

In addition, in the interaction analysis established with environmental factors, it is found that the overall relationship

between solar radiation intensity and photosynthesis as well as wind speed and aeration is consistent. However, there is
still a certain degree of uncertainty in the simulation of photosynthetic oxygen sources by radiation intensity. The analysis
results of water temperature and respiration, sediment oxygen consumption showed a significant positive correlation,

which proved that water temperature plays an important role in driving the consumption of DO.
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