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Abstract
Nitrogen and phosphorus stratification is crucial for water quality management and ecological processes
in deep lakes and reservoirs and can be substantially affected by hydrological and meteorological
processes in the catchment. To understand the response of nitrogen and phosphorus stratification when
changing physical stratification processes is crucial important for water quality management in
reservoirs using drinking water source. Detailed depth profiles of water temperature (WT), dissolved
oxygen (DO), and other high-frequency sensors data were recorded daily in Qiandaohu reservoir, a large,
deep subtropical reservoir in China, during 2017 to 2019. In addition, high-frequency measurement of
total nitrogen (TN) and total phosphorus (TP) were undertaken once every three days, and the empirical
estimation equations of TN and TP were established through multiple regression analysis. It was found
that the nitrogen and phosphorus in water column was periodically stratify. Thermal structure
stratification is the main driving force of nitrogen and phosphorus stratification. However, in the monthly
scale, rainfall is the main factor to affect the stability of nitrogen and phosphorus vertical profile. This
research indicated that physical processes play an important role on the biogeochemical process of
nutrient in deep reservoirs. To evaluation the water quality or simulating the ecological processes of
reservoirs, climatic and meteorological factors must be considered.

1. Introduction
Lakes and reservoirs provide a variety of ecosystem services, such as water supply, ecological balance
maintenance, and global climate change regulation (Li et al. 2017). However, a considerable amount of
nitrogen and phosphorus nutrients flows into the lakes and reservoirs due to the rapid economic
development, the development of reservoir aquaculture, and agricultural non-point source pollution, which
have accelerated the deterioration of the water environment (Li et al. 2015, Liu et al. 2020b, Ma et al.
2015). Specifically, eutrophication has become a worldwide major ecological and environmental problem
faced by lakes and reservoirs (Qin et al. 2020). Nitrogen and phosphorus are the essential elements for
algae growth; thus, their increasing concentrations are generally acknowledged to be the fundamental
causes of eutrophication (Xu et al. 2010). However, in many deep-water lakes and reservoirs with low
nitrogen and phosphorus concentrations, outbreaks of local cyanobacteria blooms frequently occur in
spring or autumn (Wang et al. 2012), and the vertical distribution and transportation of nitrogen and
phosphorus are considered to be the important factors (Muller et al. 2012, O'Neil et al. 2012, Xiao et al.
2011). Therefore, a thorough understanding of the characteristics and the controlling factors of nitrogen
and phosphorus profiles plays an important scientific and technological role in the improvement of water
quality management in lakes and reservoirs.
Some studies showed that the spatial and temporal distributions of nitrogen and phosphorus were not
only affected by the input of rainfall runoff (Huang et al. 2014, Ma et al. 2015), the release of internal
nitrogen and phosphorus (Bryant et al. 2011, Perkins &Underwood 2001), and their circulation and
transformation processes (Villa et al. 2019, Withers &Jarvie 2008), such as particulate sedimentation and
algae absorption, but also by the hydro-meteorological process (Li et al. 2015), thereby resulting in
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temporal and spatial differences of nitrogen and phosphorus in lakes (Xiao et al. 2011). Nutrients carried
by rainfall, such as nitrogen and phosphorus, were the main causes of non-point source pollution (Rueda
et al. 2007). Rainfall–runoff is also an important hydrological process (Molina-Navarro et al. 2014). A
large amount of nitrogen and phosphorus is transported to lakes or reservoirs with surface runoff due to
land erosion by rainstorms. Heavy rainfall events can result in nutrient input of up to 80% and 400% of
the average annual input of nitrogen and phosphorus in reservoirs, respectively (Huang et al. 2014).
Internal release is an important factor related to the increase in nitrogen and phosphorus in the
hypolimnion of deep-water reservoir lakes (Liikanen &Martikainen 2003). Under anaerobic conditions,
nitrogen and phosphorus in sediments were released to the hypolimnion of the lake. With the
disappearance of seasonal stratification, the high loaded pollutants and nutrients accumulated at the
bottom would be brought to the upper and middle water by the vertical convection of water (Davis et al.
2009). The release of internal nitrogen and phosphorus was induced by the anaerobic conditions of the
hypolimnion, while the thermal stratification, which is the basic physical property of the lake, was the key
factor leading to the hypoxia of the was the key factor leading to the hypoxia of the lower lake (Liu et al.
2019). Similarly, the sedimentation of particulate nitrogen and phosphorus and the absorption of algae in
the reservoir system were the main factors that led to the spatial and temporal differences in nitrogen and
phosphorus contents. Therefore, the spatial and temporal distributions of nitrogen and phosphorus were
influenced by a series of factors, including pollution sources, hydrometeorological factors, and the
physical and chemical properties of the lake.
The analysis of previous literature revealed that the study on the spatial and temporal distributions of
nitrogen and phosphorus mainly focuses on the horizontal direction (Li et al. 2017). Moreover, these
studies provide additional attention to the spatial and temporal variation characteristics of nitrogen and
phosphorus in the horizontal direction of the entire reservoir area, while research on the varying
characteristics of nitrogen and phosphorus profiles is limited. Dunnivant (2006) believed that chemical
stratification can reflect the difference in nitrogen and phosphorus concentrations between epilimnion
and upper lakes to some extent. Thermocline can prevent vertical mixing of water, affect vertical
migration of dissolved substances, such as nitrogen and phosphorus, and finally lead to the stratification
of nitrogen and phosphorus. For example, Cook andRimmer (2005) used chloride ions as an inert tracer
to model the main factors controlling chemical stratification and identifying the mixing process of the
entire lake. Yu et al. (2010) evaluated the intensity of chemical delamination by using IC-i. The results
show that the strength of chemical delamination depends on the strength of thermal delamination.
Although some studies on chemical and thermal stratifications are available, the profile characteristics of
chemical stratification of nutrients, such as nitrogen and phosphorus, have not been comprehensively
presented. In addition, these studies did not fully consider the important hydrological and meteorological
factors affecting the spatial and temporal distributions of nitrogen and phosphorus.
Today, global warming is an indisputable fact, and extreme rainfalls are intensively and frequently
increasing (Guo et al. 2018). The hydro-meteorological events directly affected the nitrogen and
phosphorus loads flowing into the lakes and reservoirs and increased the frequency and duration of
harmful algal blooms (Beaver et al. 2013). These events even changed the spatial and temporal
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distribution characteristics of nitrogen and phosphorus and promoted the evolution of lake ecosystems
(Davis et al. 2009, O'Neil et al. 2012). Thus, understanding the nitrogen and phosphorus spatiotemporal
variation characteristics, the main factors affecting these characteristics, and their response to different
rainfall magnitudes is critical for developing strategies to protect and manage water quality in tropical
and subtropical reservoirs appropriately. In addition, with the rapid development of real-time highfrequency sensor technology, statistical analysis methods could be used to establish a conversion
relationship between high-resolution sensor and real-time monitoring data to quantify the characteristic
changing laws of nitrogen and phosphorus profiles completely (Viviano et al. 2014).
Qiandaohu reservoir is a large, clean, and deep drinking water reservoir (Li et al. 2017). Water quality
problems have been reported, and short-term algal blooms have appeared in the riverine zone (Wang et al.
2012). Although nitrogen and phosphorus loading is still considered to be a major management problem,
another important factor for local algae bloom outbreaks is the limited implementation of water
environmental protection measures due to insufficient understanding of the spatial and temporal
distributions of nitrogen and phosphorus. The high-frequency profile of sensor parameters and
simultaneous hydrological data from Qiandaohu are combined in this study to understand the responses
of nutrition stratification to thermal stratification and address the effects of rainfall on nutrition
stratification. The specific objectives of this study are as follows: 1) analyze the TN and TP depth profile
characteristics, including the monthly and seasonal variation, 2) assess the factors affecting TN and TP
stratifications, and 3) qualitatively describe the responses of TN and TP stratifications to different rainfall
magnitudes.

2. Material And Methods
2.1 Study site
Qiandaohu (29°22´-29°50´N, 118°36´-119°14°E) (Figure 1) was originally named Xin’anjiang Reservoir, the
largest strategic reserve reservoir in east China, and is located in western Zhejiang Province, China (Zhou
et al. 2016). The lake has a water area of 580 km2, an average depth of 30 m, a water volume of
178.4×108 m3, when the storage water level is at its normal value of 108 m(Liu et al. 2020b).The region is
located in the zone of subtropical monsoon climate .The recorded mean annual air temperature is 17 °C,
and the mean annual precipitation is 1636.5 mm (1961–2014), most of which occurs from late March to
July. Qiandaohu is stratified for most of the year, with only a short mixing period during winter(December
to February), which is consistent with many similar deep subtropical subtropical reservoirs(Liu et al.
2020a). Monthly data were considered on a seasonal basis, and the seasons defined as follows: winter,
December–February; spring, March–May; summer, June–August; and autumn, September–
November (Zhang et al. 2014, Zhang et al. 2015).
2.2 Field Measurements and Analyses
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Once every three days sampling campaigns were conducted at the Xiaojinshan monitoring station from
January 2017 to October 2019. Samples were obtained at three depths (1, 3, and 5m) below the surface
using a hand-operated peristaltic pump and mixed thoroughly in the bucket. Then, the samples were
filtered through precombusted GF/F filters (Whatman) and stored at 4℃in acid-washed polyethylene
bottles in the dark.We chose TN and TP as nutrient indicators. TN was determined by basic potassium
persulfate digestion and ultraviolet (wavelength 210 nm) spectrophotometric method, TP was measured
by basic potassium persulfate digestion and molybdenum antimony antichromogenic spectrophotometry
(wavelength 700 nm)(Zhu et al. 2015).
2.3 Multiparameter sensor description
A YSI profile buoy system with multiparameter sensor was deployed at Xiaojinshan station in Qiandaohu
since 2017. The multiparameter sensor data were recorded every 4 h, and the monitored interval was 0.5
m at depths from 0.1 m to 10 m and 2 m from 10 m to 40m. Multiparameter sensor measurement water
parameters include water depth (WD), WT, Turb, chlorophyll a (Chla), pH, oxidation-reduction potential
(ORP), phycocyanin (PC), SpCond, DO and fluorescent dissolved organic matter (fDOM). It should be
noted that some sensor data were missing due to the temporal breakdown of instrument. This sensor
data loss are shown as white gaps. To ensure the accuracy of the sensors monitoring data, the probe is
cleaned every two weeks.
2.4 Precipitation data
Daily total precipitation data at the Chun'an meteorological station during January 2017 to October 2019,
were obtained from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/).
According to the intensity of daily rainfall, the daily rainfall magnitude of 0.1-9.9 mm was defined as light
rain, 10-24.9 mm as moderate rain, 25-49.9 mm as heavy rain, 50-99.9 mm as rainstorm, and more than
100 mm as extreme rainfall (Liu et al. 2020b).
2.5 Indices of chemical and thermal stratification
Strength of chemical stratification associated with a water quality parameter is defined by the difference
of concentrations of the parameter between the epilimnion and the hypolimnion(Yu et al. 2010). However,
the concentration difference is affected by the concentration level of the parameter depending on
eutrophication state in each lake and on each parameter value. By taking these factors into consideration,
following dimensionless chemical stratification index IC-i for water quality ‘‘i’’ was proposed. This is the
ratio of the concentration difference to the average concentration in the epilimnion and the hypolimnion.

where, CU-i and CL-i are concentrations of water quality item ‘‘i’’ in the epilimnion and the hypolimnion,
respectively.
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Relative water column stability (RWCS) as a sign of the stratified stability of water bodies(Padisák et al.
2003), RWCS was calculated following:

Where, D b is the bottom water density, D s is the surface water density, and D 4 and D 4 are the water
densities at 4oC and 5oC, respectively.
2.6 Multivariable Regression Equation and accuracy assessment
By using a large number of high-frequency sensor data and manual monitoring data, this study
establishes regression equations that measure high-frequency sensor and water quality parameters(TN
and TP) through multiple regression analysis (Li et al. 2020).
The mean absolute percentage error (MAPE), the root mean square error (RMSE) and correlation
determination coefficient (R2) were used to measure and evaluate the performance of regression
equations (Li et al. 2017). The formulas are as follows:

Where CM is the measured concentration of the nutrient Cp is the estimated concentration of the
regression equation, and n is the number of samples.
2.7 Statistical Analysis
The data analysis and processing were completed by Excel 2016 (Microsoft, Redmond, WA, USA) and
SPSS (Statistical Product and Service Solutions) version 24.0 (SPSS Inc., Chicago, IL, USA) and the
graphic drawing was completed by Origin Pro 2020 (OriginLab Corporation, Northampton, MA, USA). The
level of significance used was p< 0.05 for all of the tests.

3. Results
3.1 Temporal and spatial variations of TN and TP
Two-thirds of the data were extracted in accordance with the time sequence to guarantee the reliability
and practicality of the regression equations, which were established by using multiple stepwise
regression methods (Table 1). Table 1 also shows the p-values for the regression equations and the
coefficient of determination for the regressions. A strong correlation between the explanatory and
dependent variables is observed when the coefficient of determination is large. The remaining one-third of
the sensor parameters were plugged into each regression equation to estimate TN and TP to verify the
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performance of these equations. Figure 2 presents a scatter diagram of the estimated and measured
values from the equation.
Figure 3 shows the daily vertical profile distribution of TN and TP on Xiaojinshan in Qiandaohu from
January 2017 to October 2017. TN and TP demonstrated seasonal changes and certain inter-annual
differences during the study period. These results indicate that TN and TP in the surface layer gradually
decreased from April to June. The TN and TP concentrations in the surface and lower layers, respectively,
showed concentration differences at the beginning of July. During this period, the concentrations of TN
and TP in the surface layer were approximately 0.9 mg/L and 15 μg/L, respectively, and those in the
bottom were approximately 1.5 mg/L and 35 μg/L. Moreover, the depth of differential stratification will
gradually deepen over time, and the stratification depth will reach approximately 20–25 m in December.
Finally, the stratification of TN and TP disappeared when the water was completely mixed in December.
No significant difference in nitrogen and phosphorus concentrations in the water column was observed
from January to March, showing an almost completely mixed state.
3.2 Temporal and spatial variations in the WT
Figure 4 shows the daily WT profile at Xiaojinshan station in Qiandaohu from January 2017 to October
2019. Although the average water depth of Xiaojinshan exceeds 45 m, the bottom water column is
stabilized and uniform with nearly invariant water temperature; hence, the sensors only measured profile
data within 40 m. The water column was generally completely mixed, and no significant vertical
temperature differences occurred from January to March. The water temperature ranged from 13 °C to 25
°C in mixed periods. During stratification, the epilimnion, thermocline, and hypolimnion were respectively
between 0 m and 5 m, 5 m and 15 m, and 15 m and the bottom.
3.3 IC-TN, IC-TP and RWCS changes over time
Figure 5 demonstrates the seasonal changes in IC-TN, IC-TP, and RWCS of Qiandaohu. Among these
aspects, IC-TN and RWCS, IC-TP and RWCS show opposite dynamic changes with time. The seasonal
thermal structure evolution of Qiandaohu can be divided into the following four stages: formation,
stationary, weakening, and mixing period. Nitrogen and phosphorus stratification can also be divided into
the same four periods. The formation period is from April to early July. The RWCS continues to increase
sharply as the temperature difference between the upper and lower water bodies increases during this
period. An RWCS of 400 indicates the formation of a stable thermal stratification structure of the
reservoir. Simultaneously, IC-TN (approximately − 0.25) and IC-TP (−0.66) continue to increase. The
period from mid-to-late July to August is the stable stratification period of thermal structure and nitrogen
and phosphorus. The RWCS of the reservoir reaches its maximum value, which is approximately 600. ICTN and IC-TP respectively fluctuate around −0.2 and −0.7. September to December is the weakening
period of the stratified structure. The RWCS rapidly and continuously decreases with the temperature
during this period. An RWCS below 30 indicates the disappearance of thermal stratification. The IC-TN
and IC-TP gradually tightened to 0; January to March of the following year is the water mixing period. The
RWCS of the water body is below 30 during this period, and IC-TN and IC-TP fluctuate around 0.
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3.4 Temporal and spatial variations of Chl-a
The spatial–temporal variations of chl-a ranging in Xiaojinshan station from January 2017 to December
2018 are shown in the Figure 6. Algae rapidly grew from March to August with its maximum chl-a content
reaching 30 μg/L. The algae were mainly distributed from the surface to 10 m vertically, and the
maximum biomass was within 3 m. The maximum biomass of algae gradually decreased from August to
December with its maximum reaching 12.8 μg/L. Compared with the last period, which was from March
to August, the depth of algae growth gradually increased and reached a depth of 25–30 m.
3.5 Temporal variation of precipitation
Overall, the 90 times moderate rains, 31 times heavy rains, 11 times rainstorms and 1 time extreme
rainfall were observed during the study period. The temporal variations of precipitation in Qiandaohu
from January 2017 to October 2019 is presented in Figure 7, with the annual total precipitation was
1510.7 mm in 2017 and 1408.5 mm in 2018. Influenced by the temperate subtropical monsoon climate,
more than 60% of the annual Precipitation was recorded in March-August. Moreover, the maximum of
daily precipitation was in June 2017(83.3 mm) and the minimum was in April 2018 (62.7 mm). The total
rainfall was 1554.1 mm from January to October in 2019. Compared to 2017 and 2018, the extreme
rainfall events (the highest daily precipitation reached 129.7 mm on July13) was observed in 2019.
3.6 Changes of TN and TP Profiles during heavy rainfall event
Four precipitation events of different magnitudes during the stratification period in 2019 were selected for
discussion (Figure 8) to demonstrate the influence of different rainfall magnitudes on the water column.
Figure 7 shows that the precipitation volume reached 13.9 mm (April 29, 2019), 42.1 mm (August 29,
2019), 97.5 mm (August 01, 2019), and 129.7 mm (July 29, 2019). Among these results, the third day is
the date of maximum precipitation.
Compared with the slight change in TN in the surface water, TP in the surface water substantially
changed at the moment of moderate rain (Figures 8 a, d), which was 46.92 and 31.85 μg/L before and
after precipitation, respectively, and the TP decreased by approximately 32%. The change trend of each
parameter during heavy rain (Figures 8 b, f) is consistent with that when the precipitation is moderate
rain. The concentrations of TN and TP within 0–5 m both increased to a certain extent during rainstorms
(Figures 8 c, j). TN and TP showed a strong response state during extreme rainstorms (Figures 6 d, h), but
a certain difference in the response state was observed. The trend of the TP profile in precipitation did not
demonstrate considerable changes compared with that before the precipitation, but the TP significantly
decreased on the third and fifth days after the precipitation. The profile change trend of TN can be
roughly divided into three layers: 0–8 m, showing a trend of increasing first and then decreasing; 8–20 m,
showing a decreasing trend; 20–40 m, showing an increasing trend.

4. Discussion
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4.1 Thermal structure controls nitrogen and phosphorus stratification
The density gradient layer formed by the thermal stratification of the lake inhibits the vertical exchange
between the surface and the bottom water, resulting in a sharp contrast between the surface and the
bottom layers. That is, the surface water is poor in nutrients but sufficient in light, while the bottom water
is rich in nutrients and insufficient in light(Macintyre et al. 1999). A high |IC-I| leads to a large difference
between the water quality concentration of the nutrients in the epilimnion and hypolimnion and also
indicates the occurrence of different biogeochemical reactions between the epilimnion and hypolimnion.
The concentrations of the nutrients in the epilimnion are higher and lower than those of the hypolimnion
when IC-I > 0 and IC-I < 0, respectively. However, the biogeochemical interaction rate between the
hypolimnion and the epilimnion is similar when IC-I = 0, and the specific reaction type needs further
verification(Yu et al. 2010). RWCS can intuitively evaluate the changes in the stability of the thermal
stratification structure. A high relative water column stability leads to a stable thermal structure(Padisák
et al. 2003). Figure 5 shows the changing rule of IC-TN and IC-TP with RWCS over time. A large RWCS
leads to a large |IC-I| in the thermal stratification period. IC-I fluctuates around 0 after the disappearance
of the thermal stratification. This fluctuation shows that thermal stratification directly affects the
stratification of nitrogen and phosphorus, and the remarkable relationship between IC-I and RWCS also
proves this conclusion. Thermal stratification can explain 64% (0.64) of the changes in nitrogen
stratification but only 28%(0.28) of the changes in phosphorus (Figure 9 ). Similar phenomena were also
observed in Lake Biwa. Thermal stratification can explain 77%, 52%, and 84% of inorganic nitrogen
stratification in Lake Biwa, Japan in 2002, 2003, and 2004, respectively(Yu et al. 2010).
4.2 Algal absorption or biomass deposition deepen the depth of stratification
Previous studies have shown that the concentration of nitrogen and phosphorus on the surface of the
lake is mainly affected by the absorption of algae(Davis et al. 2009, Jones &Poplawski 1998, O'Neil et al.
2012) and the influx of storm runoff load(Molina-Navarro et al. 2014, Rueda et al. 2007), respectively. The
formation of a stable thermal stratification structure has a certain promotion effect on the formation of
harmful cyanobacteria blooms in the reservoir(Liu et al. 2012). The seasonal reproduction of
phytoplankton is an important factor affecting the vertical distribution of nitrogen and phosphorus in
Qiandaohu. The initial stage to format thermal stratification was from March to May. The surface water
temperature and the vertical temperature difference gradually increased during this period (Liu et al.
2019). Sufficient nutrients and suitable temperatures provided a favorable environment for diatoms and
cryptophytes to multiply in epilimnion (Jones &Poplawski 1998). However, nitrogen and phosphorus
stratification was not observed from March to May. This phenomenon could be attributed to the
abundant nutrients for the surface water due to the turnover of reservoirs with the disappearance of the
thermocline in the previous year and the high frequency of rainfall in spring (Liu et al. 2020a). Moreover,
the growth of algae was insufficient to cause a significant reduction in nitrogen and phosphorus
nutrients. Table 2 shows the absence of a significant negative correlation between chl-a and DTP from
March to May, thus supporting the viewpoint of the current research. The period of stable stratification of
thermal structure was from June to August. The propagation of algae reduced the concentration of
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nitrogen and phosphorus in the epilimnion, while the nitrogen and phosphorus carried by rainfall–runoff
could not significantly increase the concentration of nitrogen and phosphorus in the surface water(O'Neil
et al. 2012). Therefore, the stratification of nitrogen and phosphorus was formed in July.
In the summer of 2018 and 2019, the significant negative correlation between chl-a and DTP（(r = −0.50 p
< 0.01; r = −0.41, p < 0.05)）, and the significant positive correlation between chl-a and TP（r <= 0.64 p<
0.01；no statistical significance）,as well as Chl-a and PP (r <= 0.68, p < 0.01; r = 0.62, p < 0.01) also
illustrated the view of my research (table 2). Cyanobacteria were more resistant to high temperature and
strong light than other algae(Lv et al. 2014, Yang et al. 2017). Therefore, increased water temperature and
light intensity contributed to the dominance of cyanobacteria, which can also obtain nutrients from deep
water by adjusting their suspension(Elliott et al. 2006). So, the nitrogen and phosphorus stratification
began to deepen during this period. Qiandaohu entered its withering water period from September to
December, and the water became transparent with maximum transparency of 7–8 m (Wu et al. 2015).
Simultaneously, the nutrients carried by runoff were also decreased as the rainfall intensity and frequency
reduced. Thus, addressing the nutrient needs of surface algae growth became difficult, while the deep
water was rich in nutrients(Davis et al. 2009). The algae continuously grew and consumed nitrogen and
phosphorus nutrients in the water with the influence of light and nutrients (Lv et al. 2014, Yang et al.
2015). Therefore, the stratification of nitrogen and phosphorus continued to deepen as well. The
sedimentation of PTN and PP also contributed to nitrogen and phosphorus stratification. The nitrogen in
Qiandaohu mainly existed in the dissolved state with the DTN, thereby accounting for 84% of the TN. The
chemical forms of phosphorus in Qiandaohu considerably varied, the DTP was slightly more than PP, and
the DTP accounted for 57% of TP (Li et al. 2017). Only the contribution of DTN and PTN to nitrogen
stratification is discussed in this study due to the poor estimation accuracy of DTP and PP. The
contribution rates of DTN and PN to TN stratification were respectively 48% and 52% during the chemical
stratification period (from July to December as shown in Figure 10). However, the contribution rates of
DTN and PN to TN were slightly different considering temporal trends.
The contribution rates of DTN and PTN to TN stratification were respectively 75% and 25% from July to
October, while those of DTN and PTN to TN stratification were respectively 15% and 85% from November
to December. The absorption of DTP by algae could explain this phenomenon (Davis et al. 2009, Jones
&Poplawski 1998, O'Neil et al. 2012). Algae biomass from July to October was relatively high, and the
aquatic organisms first consumed DTP in the water, which led to a sharp decrease in DTN content. The
DTN absorption led to nitrogen stratification. The temperature and total biomass of algae from November
to December were low during this period. Consequently, the contribution rate of PTN sedimentation to
nitrogen stratification was higher than that of DTN to nitrogen stratification.
4.3 Heavy rainfall events disturb the nitrogen and phosphorus stratification
The nitrogen and phosphorus loads in Qiandaohu mostly come from the output of non-point source
pollution in the agricultural basin. Rainfall, as a key factor in controlling the inflow of lakes and
reservoirs (Li et al. 2015, Ma et al. 2015), has a decisive influence on the concentration of nutrients in
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Qiandaohu. The nitrogen and phosphorus carried by rainstorm runoff enter the lake, increasing the risk of
lake eutrophication (Huang et al. 2014). Inflow runoff under different rainfall magnitudes has different
impacts on the water quality of the lake (Li et al. 2015). Figure 8 also shows this point. The difference in
water quality concentration between and after precipitation also gradually increases with the rainfall
magnitude. However, the concentration of TN and TP decreases to a certain extent after precipitation
when the precipitation is 129.7 mm(Figure 8d,h). This finding indicates that the impact of rainfall on
nitrogen and phosphorus can be divided into two aspects: on the one hand, rainfall will introduce a
considerable amount of nutrients to increase the nutrient level of lakes and reservoirs; on the other hand,
continuous rain will dilute the concentration of nutrients and other substances in lakes and
reservoirs(Rueda et al. 2007). The precipitation event is not only an important factor that destroys the
thermal stratification of water bodies but also affects the stability of nitrogen and phosphorus
stratification (Figure 11) (Liu et al. 2020b). The possibility of destroying the stability of nitrogen and
phosphorus stratification is high when the rainfall is substantial in the thermal structure and nutrient
stratification period. IC-TN and IC-TP are close to 0 during extreme rain events, and the nitrogen and
phosphorus stratification is destroyed at this time. In addition, compared with moderate and heavy rain
events, IC-TN and IC-TP have considerable changes in heavy rain events.
4.4 Guidelines for water quality monitoring
The current monitoring method used by reservoir management at some water quality monitoring stations
involves the identification of water quality indicators after obtaining water samples from the surface,
middle, and bottom water layer and conducting thorough mixing(Villa et al. 2019, Zhang et al. 2012). This
method aims to obtain the water quality characteristics of the entire vertical section. Figure12 can prove
that the monitoring methods are reasonable for most of the year. However, this monitoring method tends
to underestimate and overestimate the concentration of the entire water column in the first (before
October) and second (after October) half of the chemical stratification period, respectively. These
phenomena are caused by the gradual deepning of nitrogen and phosphorus stratification with time. The
depth of nitrogen and phosphorus stratification after October exceeds 20 m, which is exactly the height
that determines the concentration of mixed water samples. Therefore, the location of the mid-depth is
crucial for evaluating the concentration of the entire water column. This study suggests that the reservoir
management unit should consider selecting two appropriate sites above and below the middle layer to
obtain water samples instead of water samples from the middle layer in the season during chemical
stratification.

5. Conclusion
The traditional and buoy monitoring data for more than two years prove that nitrogen and phosphorus
and thermal stratifications have similar characteristics. Nitrogen and phosphorus stratification has four
distinct periods of change on the inter-annual scale. At the end of spring and the beginning of winter, the
density gradient formed by the thermal structure hinders the migration of nitrogen and phosphorus in the
vertical section. Algae gradually absorb the nutrients in the upper and middle layers and sedimentation of
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particulate nitrogen and phosphorus, thus forming a nitrogen and phosphorus concentration gradient.
This phenomenon mainly contributes to the formation of nitrogen and phosphorus stratification. On the
monthly or seasonal scale, storm runoff is the main reason affecting nitrogen and phosphorus
stratification.
This study advances the understanding of the temporal and spatial characteristics of nitrogen and
phosphorus profiles, which could strengthen management efforts (such as monitoring and sampling
method), to address lake eutrophication and global climate change. Such an advancement particularly
focuses in years with frequent occurrence of extreme hydro-meteorological events and increasing
eutrophication to ensure the safety of the drinking water supply.
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Tables
Table 1. Water quality parameter regression equations established by stepwise regression analysis
method.
Parameters

Linear Regression Analysis Results

Coefficient of
Determination (R2)

n

p

TN

TN = 2.519 + 0.031 × fDOM − 0.019 × WT –
1.369 × ORP − 0.100 × pH

0.65

114

p<
0.001

TP

TP=144.133+2.596 × fDOM – 207.374 × ORP
– 2.037 × WT – 5.316 × pH

0.65

114

p<
0.001

Table 2. Pearson correlation between Chl-a and different forms of nitrogen and phosphorus in four
seasons 2018 and 2019 calculated from the traditional monitoring data once every three days
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2017

2018

Spring

summer

autumn

winter

Spring

summer

autumn

winter

TN

0.47*

0.54**

-0.55**

-0.13

0.38*

0.30

-0.81**

-0.45*

DTN

0.33

0.43*

-0.73**

-0.26

-0.11

0.15

-0.79**

-0.56**

PTN

0.20

0.42*

-0.07

0.30

0.69**

0.22

0.09

0.08

TP

0.79**

0.64**

-0.39*

0.16

0.68**

0.36

-0.54**

-0.14

DTP

0.68**

-0.50**

-0.70**

-0.11

0.53**

-0.41*

-0.74**

0.07

PTP

0.78**

0.67**

-0.26

0.20

0.62**

0.60**

0.09

-0.28

Figures

Figure 1
Location of the Qiandaohu and the Xiaojinshan observatory station in the reservoir. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 2
Relationships between the measurements and estimated values by regression equations.
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Figure 3
Total nitrogen (a) and Total phosphorus (b) profiles that were estimated at 12:00 in the water column (0–
40m) from January 2017 to October 2019, respectively. White gaps represent lost data.

Figure 4
Water temperature profile that was collected at 12:00 in the water column (0–40m) from January 2017 to
October 2019, respectively. White gaps represent lost data.
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Figure 5
Time series of RWCS and IC-i, (a) Variation of IC-i for TN and RWCS; (a) Variation of IC-i for TP and
RWCS.
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Figure 6
Chl-a profile that was collected at 12:00 in the water column (0–40m), (a) chl-a profile variation from
from January 2017 to December 2018;( b) chl-a profile variation from July to December 2017and from
July to December 2018. White gaps represent lost data.

Figure 7
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Daily rainfall distribution from January 2017 to October 2019.

Figure 8
Typical examples of TN and TP profiles in Xiaojinshan station before (black line) ,during (red line) and
after four precipitation events of different magnitude (green and blue lines). Moderate rain(a,e), heavy
rain(b,f), rainstorm(c,j),extreme rainfall(d,h).

Figure 9
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Correlation of RWCS with IC-I for TN and TP. (a) Correlation of RWCS with IC-I for TN; (a) Correlation of
RWCS with IC-I for TP.

Figure 10
Time change of the contribution rate of dissolved total nitrogen and particulate total nitrogen to total
nitrogen stratification during chemical stratification

Figure 11
Response of nitrogen and phosphorus stratification to four precipitation events(a).The black arrows
indicate the storm-rainfall events four precipitation events of different magnitude
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Figure 12
Time series of Water column average and three layer average, (a) Variation of IC-i for TN and RWCS; (a)
Variation of IC-i for TP and RWCS.
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