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ABSTRACT

A 2-D CE-QUAL-W2 hydrodynamic and water quality model was established from 2008 to 2018 in Xiangxi Bay (XXB). The recently built

upstream Xiluodu, Wudongde, Xiangjiaba and Beihtan dams have altered the ecohydrology of mainstream and tributaries, so nutrients

regime during pre and post dam stages are comparatively investigated here. Although total phosphorus (TP) increased at the lower reach,

eutrophication remained TP limited with few exceptions. Maximum supply from main stream, potential of water exchange on surface corre-

sponding to increased overflow intrusion facilitated increased average total nitrogen (TN) at euphotic zone in XXB by 0.1, 0.3 and 0.6 mg/L

respectively since 2014. Eutrophication and algal growth in XXB remained TP limited with few exceptions at the upper reach. Average TN

increased by 0.1, 0.3 and 0.5 mg/L at the upper, middle and lower reaches respectively in Late March since 2014 compared to those in

early years. It increased by 0.2, 0.4 and 0.6 mg/L at the upper, middle and lower reaches in Early April since 2014. It increased by 0.3,

0.6, and 0.9 mg/L at the upper, middle and lower reaches in mid April since 2014. It increased slightly at the upper reach, 0.6 mg/L at the

middle reach and 0.9 mg/L at the lower reach during late April. It increased slightly at the upper reach and by 0.3 mg/L at the middle

reach and by 0.5 mg/L at the lower reaches corresponding to either of the patterns. During mid May, it remained the same at the upper

reach, decreased by 0.2 mg/L at the middle reach and 0.5 mg/L at the lower reach. During late May, it remained the same at the upper

reach, decreased by 0.4 mg/L at the middle reach and 0.6 mg/L at the lower reaches. These statistics indicate average an increase in TN

in spring except in late May .TN concentration was beyond danger limit sustaining and prolonging eutrophication status in spring. As over-

flow, interflow and upper interflow patterns are prevalent in random order so nutrients could not be predicted theoretically, however

nutrients management from non-point sources and the main supplier Three Gorges Reservoir is advisable.
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HIGHLIGHTS

• Continuous and increased overflow intrusion from the Three Gorges Reservoir (TGR) caused increase in total nitrogen (TN) concentration at

upper, middle and lower reaches since 2014.

• TN and total phosphorus (TP) concentration were beyond pollution indices.

• TN/TP ratio declares eutrophication in XXB as TP limited in spring.

• All non-points sources inputs containing TN should be controlled to inhibit algal growth.

• As overflow is prevalent in random order so nutrients are not predictable.
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GRAPHICAL ABSTRACT
1. INTRODUCTION

Water quality and nutrients distribution in lakes and reservoirs depend on density driven water circulation patterns besides
meteorological conditions (Yang et al. 2017; Wang et al. 2018). Nutrient distribution is also dependent on heterogeneity of
external sources and anthropogenic activities. (Ambrose et al. 2009; Yuan et al. 2014). Anthropogenic impacts such as inten-

sive agriculture, eutrophication, livestock growth, dam structures, and global warming added to the nutrients content and
vulnerability of lakes (Wu et al. 2017; Wang et al. 2018) and were deemed as a major threat to the eco-environment of aquatic
systems. Water quality parameters including nutrients in aquatic ecosystem are controlled by either point or non-point

sources pollution and density current patterns (Chuo et al. 2019). Nutrients and dissolved oxygen give shape to the eco-
environment of water bodies (Andersen et al. 2020; Nwankwegu et al. 2020). More water age and temperature stratification
favors eutrophication at the surface layer and anoxic conditions in deep water of reservoirs (Sun et al. 2021; Xu et al. 2021).
Nutrients are usually blended with the upper layer of water body owing to mixing, where these could twirl algal growth (Lai

et al. 2014; Yang et al. 2017).
Nutrients favoring algal blooms were concentrated in most of the tributary bays of the Three Gorges Reservoir (TGR) since

it started operating (Bartosiewicz et al. 2016; Wu et al. 2017). Lesser mixing, slow water speed in Xiangxi Bay (XXB) XXB

favor nutrients accumulation at the surface, especially in spring (Gao et al. 2018; Li et al. 2020b). The bidirectional density
currents affect ecohydrology and water quality indices of a tributary (XXB) (Andersen et al. 2020; Nwankwegu et al. 2020).
Water circulation patterns following overflow, underflow and lower interflow intrusions are favorable in nutrients rise and are
om http://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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considered as favorable patterns, while upper interflow and interflow intrusions are ineffective in tackling nutrients rise and

are termed as unfavorable patterns (Yang et al. 2018b; Zhao et al. 2021).
Spatiotemporal distribution of nutrients in bays rely on back and forth flow between bays and reservoirs (Chuo et al. 2019;

Li et al. 2020b). Hydrodynamic and water quality simulation models are useful to analyze density driven currents and impli-

cations on nutrients distribution (Wu et al. 2017; Li et al. 2020b). Critical depth theory also verified a reduced distribution of
nutrients at the surface following overflows and underflows and a high concentration of nutrients following upper interflow
and interflow intrusions (Liu et al. 2012; Bartosiewicz et al. 2016).

Hydrodynamics controlling nutrients distribution and algal regime depend on the ratio of favorable and unfavorable circu-

lation patterns (Ji et al. 2017). As overflow intrusion was increased during the post upstream cascade reservoirs stage by 30%
per annum (Ijaz et al. 2022), so nutrients are supposedly well-mixed and less accumulated on the surface.

Differences in surface area, solid substances, density and flow regime cause eutrophication and water quality differences

among bays and main reservoirs (Ji et al. 2017). The effects of post upstream cascade reservoirs altered density current pat-
terns (Ijaz et al. 2022) on eutrophication level and nutrients distribution are vital to justify the viability of eco-environmental
friendly operation (EEFO).

Mainstream water provides sufficient nutrients to the epilimnion in XXB during spring and summer, which favors algal
growth and eutrophication (Wu et al. 2017; Yang et al. 2018b). Altered flow dynamics in lakes and reservoirs could affect
nutrients distribution and blending through an altered mixing regime (Liu et al. 2012). Post TGR hydrodynamic changes

posed substantial effects on water quality, nutrients distribution and algal regime in bays (Chuo et al. 2019; Li et al. 2020b).
Epilimnetic bubble-plume mixing (EM) also verified increased mixing corresponding to increased inflow (Chen et al. 2018).

Increased nutrient loads and changed nutrient ratios in estuarine waters enhance the occurrence of eutrophication and harm-
ful algae (Bartosiewicz et al. 2016). Sufficient nutrients distribution at the surface layer within euphotic depth give rise to algal

growth and eutrophication in reservoirs and tributaries (Yu &Wang 2011). Integrated strategies of hydrological management,
nutrient concentration control, biological predation and selective reservoir operation could help in controlling eutrophication
and algal growth (El-Serehy et al. 2018). Nutrients distribution exceeding danger limits and eutrophication cause threats to

the aquatic ecosystem through deteriorating water quality, triggering changes in food webs (Spears et al. 2013; Passy et al.
2016). Therefore, research on the effects of shifts in density flow regime on nutrients distribution is significant to exquisitely
determine countermeasures. El-Serehy et al. (2018) disclosed through experiments that total nitrogen (N) and dissolved sili-

cate (Si02) play a more significant part in the freshwater ecosystem than phosphorus. Algal blooms are the result of specific
concentrations of hydrological and nutrient parameters and so identifying these thresholds could expedite management of the
reservoir through algal mass check (Ai et al. 2015).

Nutrient loading from non-point sources associated with anthropogenic activities is one of the major threats for the eco-

environment in reservoirs for fostering algal growth (Smith 1982). Increased algal abundance on account of increased
nutrients reduces dissolved oxygen concentrations and brings changes to algal assemblage composition (Yuan et al. 2014).
Nutrients, especially TN, are the best determinant for algal blooms in XXB during spring, so controlling TN and TP could

inhibit algal growth (Yuan et al. 2014). Alarming thresholds for TN and TP are developed to be controlled to expedite the
management of lakes and reservoirs (Bernhardt 2013; Finlay et al. 2013). All known techniques for controlling nutrient load-
ing could be tested to avoid TN and TP alarming limits (Yuan et al. 2014).

Agricultural activities and farming are major causes of TN rise in lakes and reservoirs (Bernhardt 2013). Based on sensi-
tivity analyses of major descriptors to algal dynamics, TN was found as an important indicator for algal growth (Kim et al.
2019). Artificial neural network (ANN) modelling reflected that short-term variations in water quality variables, especially

nutrients, continuously shape algal dynamics. Quantile regression analysis have proved TN concentrations of 1 mg/L at
the surface as threatening to water quality (Mamun & An 2017).

Similar assosiations of TN with algal blooms were evaluated in an investigation of 30 lakes in China (Wu et al. 2017). As
limited discharge is not always viable owing to water requirement, so weirs and pulse flow discharges could be adopted to

control nutrient loading (Kim et al. 2019). Elevated concentration of fertilizers used in the fields is the significant source
of nutrients [nitrogen (N) and phosphorus (P)] in main streams and reservoirs (Mamun & An 2017). The extortionate
level of nutrients (N and P) fosters eutrophication and quality deterioration in the reservoirs. N-limitation of algal blooms

took place in the reservoirs at low-latitude region owing to the geological phenomenon of a tectonic plate (Zhou et al. 2017).
In China reservoirs built in the monsoon-region get the maximum monthly inputs of P and N during the summer monsoon

period (Passy et al. 2016). Empirical modelling evaluated that algal mass had a positive linear dependence (Yuan et al. 2014)
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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on the concentrations of TN and TP in XXB. Overall, research on 182 reservoirs implied that phosphorus was the key nutri-

ent controlling the algal growth. As the TGR and XXB are at low latitudes, so algal blooms can be declared as nitrogen limited
(El-Serehy et al. 2018). The empirical models for lakes in North America, Europe and Asia (Japan) suggested that the reser-
voirs are P-limited and the N contributed minorly in algal growth (Passy et al. 2016; Mamun & An 2017). Almost .50% of

182 reservoirs were found eutrophic on account of TN, TP and CHL-a values, so the checks on P, emanated mainly from
rigorous cultivation activities (fertilizers of N and P from rice fields and meadows), is due for the productive reservoir admin-
istration (Mamun & An 2017).

Although XXB is P-limited for algal growth in autumn, TP and TN enrichment crucially fostered algal growth (Nwankwegu

et al. 2020). Collective nutrients depletions, especially TP control, are required to inhibit algal bloom risk in the TGR (Huang
et al. 2020; Nwankwegu et al. 2020).

Multiple research projects have elucidated that decreasing nutrients inputs is the most productive way to control algal

growth (El-Serehy et al. 2018) and continuous nutrient recycling (Sepehri et al. 2020). In general, marine ecosystems are
referred to as TN limited, whereas freshwater ecosystems are TP limited (Huang et al. 2020). Ly et al. (2014) validated
that nutrient limitations in miscellaneous aquatic ecosystems does not seem to conform to a general rule. Co-limitations

by TN and TP have also been illustrated in both freshwater and marine ecosystems (Paerl et al. 2016). Nutrient limitation
transitions could take place in accordance with these changes. Andersen et al. (2020) reported TP spatial limitation in the
main-stream and TN spatial limitation in Xiangxi River, China. Algal blooms in lentic ecosystems heavily relies on TP distri-

bution and that annual mean TP could predict the average algal existence (Huang et al. 2020). Conversely, empirical models
of log-transformed Alg-TN and TN:TP-TN expressed less reliance. Algal blooms in spring are TN limited in XXB. As per
alterations in TSI (Alg) with TSI (TP) and TSI (SD) agricultural reservoirs were found TP limited (R2¼ 0.69), whereas the
eutrophication of estuarine and power generation reservoirs and natural lakes was found dependent on non-algal turbidity

(Mamun & An 2017; El-Serehy et al. 2018).
A reservoir’s trophic level (hypereutrophic, eutrophic, mesotrophic, or oligotrophic) can be determined using a combi-

nation of water quality parameters such as total phosphorus (TP), total nitrogen (TN) and algal concentration (Mamun &

An 2017).
If CHL-a: TP is low then algal chlorophyll will be limited by other parameters (TN, water temperature, light, or precipi-

tation) instead of TP. Conversely, if the CHL-a: TN ratio is high then algal chlorophyll will be TN limited (Spears et al.
2013; Paerl et al. 2016). Aquatic ecosystems are deemed as N limited if the TN:TP becomes less than 10 and P limited if
the ratio becomes greater than 20; co-limitation is believed when the ratio lies in between 10 and 20 (Huang et al. 2020).

Correlation analysis and linear regression method indicated a definite role of ecological parameters (including total nitro-
gen, total phosphorus, water temperature, transparency and dissolved oxygen) on the algal regime in aquatic environments

(Yuan et al. 2014). Water quality status is multivariate and relies on concentration, deviation and degradation of phosphorus
and nitrogen. In order to maintain water quality, TN and TP are required to be within optimal ranges, otherwise they become
detrimentally noxious (Atique & An 2019).

The water body is declared highly enriched if TN exceeds 1000 μg/L. As per the unanimously agreed range, a mean Chl-a of
150 mg/m2 reflects nuisance levels (Atique & An 2019). Water resources in most of the regions are threatened to eutrophica-
tion, and sustainable management is always due. Water quality, degree of eutrophication and vulnerability to algal growth

depend upon cumbersome interactions among nutrient resources, hydrodynamics and ecosystem processes (Bartosiewicz
et al. 2019).

Nutrient cycling and food web interactions play a significant role in the primary productivity of algal blooms (Paerl et al.
2016). Nutrients and light are deemed as the most commonly found environmental factors controlling eutrophication and bio
productivity in lakes and reservoirs (Chen et al. 2018).

It is well known that changes in nutrient concentration and stoichiometry, such as decreasing of total nitrogen (TN), favors
phytoplankton shifting to algal blooms (Paerl et al. 2016; Bartosiewicz et al. 2019). Additive impacts of stratification and vari-

able nutrient ratios lead to the proliferation of algal blooms in stratified waterbodies, especially in lakes (Bartosiewicz et al.
2019).

Additive impacts of warming, temperature stratification and nutrient loading can increase the abundance of algal growth at

the surface of lakes and bays (Gao et al. 2018). Algal biomass is controlled by nutrient and temperature alterations, with the
former being three times more effective than the latter (Bartosiewicz et al. 2019). Stratification and mixing in aquatic systems
depend upon density current patterns (Xu et al. 2021), potentially altering the nutrient cycling and algal mass (Bartosiewicz
om http://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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et al. 2016). The nutrients such as TN, TP etc. foster and reflect eutrophication and algal blooms (Stow et al. 2015). An
approach to investigate yearly and seasonal fluctuations in nutrient concentrations corresponding to water flow reflect bio-
productivity in fresh water bodies (Stow et al. 2015). Hence, altered water circulation patterns across seasons and years
and their implications on nutrients were investigated through modelling.

The nutrient supplies in strong sensitive areas at the terminal of backwater mainly came from the upstream inflow, and the
contribution rate reached more than 85% (Huang et al. 2020; Nwankwegu et al. 2021). In the weak sensitive area of the
downstream, the nutrient content was mainly from the main stream reaching more than 80 and 20% from other tributaries
basins (Yang et al. 2018a; Huang et al. 2020).

The TN concentration was higher in the downstream and upstream and was relatively lower in the middle reach of the
XXB (Ma et al. 2015), but this trend was found changed for the latter period by Yang et al. (2018a), who determined a
higher concentration of nitrogen at the lower reach and lesser at the upstream of XXB. The TP concentration at the upstream

is higher than downstream and altered in concentration across seasons (Yang et al. 2018b).
Among different intruding positions, overflow intrusion supplies the maximum part of nutrient to euphotic depth of the

XXB. Interflow intrusion supplies the second largest part of nutrient to euphotic depth of the XXB. Underflow intrusion

from the bottom layer supplies the smallest part of nutrient to euphotic depth of the XXB (Ma et al. 2015; Xia et al. 2018).
The TN concentration remains relatively stable, while the TP undergoes considerable seasonal variations (p, 0.05). The

least TP concentrations observed were 0.16þ 0.11 and 0.10þ 0.00 μgL–1 during autumn and spring, respectively, revealing

TP as the limiting factor in XXB.
The maximum concentrations in TP were observed during summer (0.93+ 0.13 μgL�1) and winter (0.70+ 0.092 μgL�1).

The seasonal dynamics in the TN/TP ratio were 20.37+ 0.19 in spring, and 6.44+ 1.91 during summer. This reflects that the
dynamics in the TN/TP stoichiometry is mainly governed by seasonal variation in the TP concentrations (Nwankwegu et al.
2021).

If TN/TP, 9 characterizes N limitation while TN/TP. 20 reflects p-limitation, thus TN/TP in a single year revealed strong
N limitation in summer and P limitation in spring (Nwankwegu et al. 2021).

As the process of denitrification is effective in controlling the excess N-input into freshwaters, so P-alone was desired to
be reduced in the past to control algal blooms (Nwankwegu et al. 2020). Subsequently, further studies elucidated that
different algal blooms react differently to a varying nutrients including N, P (Coronado-franco et al. 2018; Wu et al.
2017), hence only TP management protocol would no longer work in inhibiting algal bloom.

Yang et al. (2018a) observed TN and TP at site XX06 in XXB from January to February, 2010 and elaborated TN irregular
fluctuations between 0.50 and 2.50 mg·L�1; TP increased slightly from 0.80 to 1.30 mg·L�1. However, in stage II, TN and Si
both declined sharply, but TP increased from 0.10 mg·L�1 to nearly 0.30 mg·L�1.

This shows intra-seasonal and seasonal irregular dynamics, which points to a dire need for further investigation over longer
time series encompassing pre and post cascade reservoir stages.

Vertical nutrient transport affects the thickness of the euphotic layer and nutrients distribution in lakes and reservoirs

(Andersen et al. 2020). Hydrodynamic, suspended load and nutrient differences cause spatial diversity in water quality
(Xiang et al. 2021).

Non-point source pollution foster TN and TP values (Xiang et al. 2021), nutrient sources in XXB are non-point sources

(Gao et al. 2018), therefore nutrients fueling algal blooms are viable. Although hydrological variables, pollution, nutrients,
and biochemical indices were investigated for the TGR by Xiang et al. (2021), the effects of upstream cascade reservoirs
on density currents in collaboration with nutrients and eutrophication level are still vague and unexplored. Spatiotemporal

difference of nutrients cause spatiotemporal difference of algal blooms. Nutritional water treatment, non-point source pol-
lution control and hydrodynamic parameters (temperature and discharges) controls could be focused more for reservoir
management.

TN and TP concentrations in spring were validated in collaboration with effective and ineffective patterns during pre and

post cascade reservoirs stages. Based on these variations, eutrophication level, limiting factor and susceptibility of XXB to
algal growth and countermeasures could be predicted.

The mean TN concentrations in TGR were almost 1–3 and 0.05–0.61 mg/L respectively in XXB before upstream cascade

reservoirs, complying with pollution indices (Gao et al. 2018; Xia et al. 2018; Li et al. 2019). Since upstream newly built
Xiluodu Dam (XLD), Wudongde Dam (WDD), Xiangjiaba Dam(XJB) have changed the thermal and discharge dynamics
of mainstream TGR, the altered distribution of nutrients requires evaluation.
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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The CE-QUALITY-MODEL was developed by Ma et al. (2015) and (Xu et al. 2021) for a certain period prior to upstream

dams and for a selective period in 2016 respectively, but 2D and 3D plots confined to randomly selected julian days from
across the seasons were investigated. These attempts were useful to give quantitative information about nutrients spatial dis-
tribution and eutrophication degree in XXB. The aforementioned scholars did not analyze and discuss variations in spatial

trends except at three specific sites, moreover, no responsiveness of nutrients limitation fluctuations corresponding to shifting
trends in circulation patterns were adressed. Li et al. (2019) also performed experiments on water samples obtained in 2019 to
make imperative developments regarding nutrients spatial distribution. However, lack of modelling investigations of hydro-
dynamics and temporal variations in sample collections caused knowledge dearth regarding effects of shifting trends in

density current patterns on nutrints spatial distribution. The evaluation of exact field values of nutrients are also vulnerable
to be altered in lab experiments in spite of well-equipped storage. Obtaining of samples for a particular moment of time could
also be misleading.

Non of the previous researches have comparatively investigated variations in nutrients spatial distribution, limitation fac-
tors and eutrophication degree prior to and post upstream built cascade reservoirs since 2014.

Spatiotemporal transport mechanisms rely on water age, velocity and mixing, which ultimately define nutrients distri-

bution in XXB (Wang et al. 2018; Li et al. 2020a). In spite of elucidation of altered TGR thermal developments,
circulation patterns, water age and mixing by Ijaz et al. (2022), quantitative impacts on spatiotemporal distribution of
nutrients in XXB during both stages were not correlated through observed and simulated data. The effects of shifts in

favorable and unfavorable patterns on shifting trends in spatiotemporal distribution of nutrients (TN and TP), eutrophica-
tion and vulnerability to algal growth in XXB, especially during post upstream cascade reservoirs stage, are required to be
investigated. Based on these findings, remedial measures to increased nutrient loading and deteriorated water quality
following undesired patterns could be pointed out to ensure socio-economic objectives of reservoir and tributaries are

being met.
The contributions to these tasks include the following: (1) establishment of a 2-D CEQUAL-W-2 hydrodynamic and water

quality model of XXB for 11 years; (2) modelling and simulation of reflective density current patterns in collaboration with

water quality variables like TN, TP etc.; (3) elucidation of TN and TP distribution on surface during pre and post upstream
cascade reservoirs stages; (4) establishing relationship of nutrients distribution with shifts in effective and ineffective water
circulation patterns; and (5) declaration of nutrients threats if alarming, dangerous or acceptable in terms of vulnerability

to algal growth. Based on these variations, susceptibility of XXB to algal growth and countermeasures could be predicted.

2. METHODS

2.1. Research area

The TGR, caused by the Three Gorges Dam between Chongqing and Yichang (China), is among the largest in the world, with

a water level of 175 m ASL, a storage capacity of 3.93� 1010 L, watershed area of over 1.00� 106 km2 and surface area range
of 1080 km2 (Chuo et al. 2019). The XXR is the major tributary in the lower reach of the TGR and is perceived as reflective of
other eutrophic tributary bays of the TGR (Ji et al. 2017; Li et al. 2020b). It occupies a watershed area of 3095 km2 with an
average discharge of 47.4 L/s per year and a peak value of 300 L/s (Jin et al. 2019). It ranges from 110 °250 E to 111 °060 E to

30 °570 N to 31 °340 N as shown in Figures 1(a) and 1(b). The inceptive filling of the TGR in June, 2003 to 135 m has sub-
merged 24 km by backwater extension, that led to formation of a huge Xiangxi bay. The backwater upstream transgression
is almost 40 km once the TGR was filled to the maximum water level (175 m) (Jin et al. 2019).

The mainstream of Xiangxi River (XXR) is approximately 94 km long. Its water shed is elevated from 1200 to 2000 m
including Xingshan County, Zigui County and wedges of the Shennongjia Forest, occupying a total area of 3099 km2

(Li et al. 2019) as in Figures 1(a) and 1(b). The Xiangxi Estuary is located 34.5 km upstream from the TGD.

2.2. Hydrodynamic model

The CE-QUAL-W2 model is a 2D (longitudinal and vertical), laterally averaged, hydrodynamic and water quality model (Cole
& Wells 2013). The model can precisely simulate thermal distribution, hydrodynamic features, and water quality parameters
for different water bodies and under extensively varied conditions (Bowen & Hieronymus 2003; Ma et al. 2015; Chuo et al.
2019; Costa et al. 2019). The CE-QUAL-W2 model was applied for this study because of morphological suitability of XXB.
Density driven currents are simulated in the model by evaluating the equation of state, which established correlation among
density, concentration of dissolved substances and temperature (Saadatpour et al. 2017; Shabani et al. 2017) as shown in the
om http://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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Figure 1 | (a) Map of upstream dams and Three Gorges Reservoir (TGR) on Yangtze River, China and position of Xiangxi Bay; (b) Map of the
Xiangxi Bay in the TGR.
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Supplementary Data. Monthly sequence statistics, evolutionary mechanisms and shifting trends of density current patterns

over seasonal and yearly scales at the mouth and end of XXR were evaluated from model simulations.
The length-to-width ratio of the XXB is almost 400, which confirms the suitability of adopting the laterally averaged CE-

QUAL-W2 model. Bathymetric and geometric data of the reservoir was processed to prepare a computational grid of the

XXB. This bathymetry for XXB was reflected by 64 longitudinal segments ranging from 500 to 1000 m in length. The vertical
alignment includes 109 vertical layers and extends to 1 m in thickness. The model has undertaken the varying widths ranging
from 20 to 1300 m. The simulation period was undertaken from January 1, 2008 to December 31, 2018. An auto-stepping

algorithm in the model had processed the numerical stability parameter to find the maximum time step. Variable time
steps adopted in the simulations were a divided part of this maximum time step. The initial conditions, boundary conditions,
model simulations and Tecplot files are demonstrated in the Supplementary Data.

The daily inflow rate (Qin) and inflow temperature (Tin) were established as the upstream boundary conditions for the XXB
model. The daily water level (WL) and daily measured temperature (Tdh) were incorporated as the downstream boundary
conditions. Meteorological data including wind velocity, air and dew point temperature and cloud cover (total incident
solar radiations), were attained from the hydrological station at the upstream of the Xiangxi bay. Moreover, the initial WL

in the computational domain was specified by field. The simulations of CE-QUAL-W2 model were verified by Ma et al.
(2015) and Ijaz et al. (2022) and found to be in agreement with field measurements of temperature, velocity and circulation
scenarios in the XXB.
2.2.1. CE-QUAL-W2 model functions and features

The model was chosen in this study for the following reasons:

(1) Modelling of hydrodynamics in two dimensions could accomplish both longitudinal and vertical thermal profiles and
circulation patterns with respect to density current patterns.

(2) The CE-QUAL-W2 model has six unknowns with associated solution by six equations such as water surface elevation,

pressure, horizontal velocity, vertical velocity, density and temperature as shown in Figure 2. Equations make good cor-
relations among all hydrodynamic parameters.

(3) The CE-QUAL-W2 model is best suited for relatively long and narrow water bodies like XXB of TGR.

(4) FORTRAN and ULTIMATE were used as the computer language and numerical transport scenario, respectively. The
FORTRAN code could be modified.

(5) Hydrodynamic mixing is modeled more accurately than with a one-dimensional or a three-dimensional model.
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf



Figure 2 | (a) Observed and simulated vertical profiles of TN at sites XX01, XX06, XX09; (b) Observed and simulated vertical profiles of TP at
sites XX01, XX06, XX09. (continued).
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Figure 2 | (Continued).
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2.2.2. Simulation of water quality variables

Water quality variables, such as TN and TP in entire periods and stages were simulated at different reaches of XXB for 11
years. Furthermore, plots of TP and TN were depicted in figures. In this study, the W2 model was used for the simulation

of water quality and eutrophication status with respect to density current patterns. These outputs could contribute in effective
management techniques for controlling nutrient loading. The boundary conditions for the water quality model include inflow
concentrations of PO4, NH4, NO3, SIO2, ALG1, ALG2, ALG3, ALG4, ALG5, DO and nutrient concentrations at the down-
stream boundary. Heterogenous nutrient sources are required to be comprehended for sustainable water quality in XXB.

The water movement and mixing processes are closely related to biochemical dynamics in water column (Xia et al. 2018).
In W2 model applications, simulations of water quality variables are preceded by hydrodynamic variables (Xiang et al.

2021). The CE-QUAL-W2 model is capable of simulating 21 variables including suspended soils, total dissolved solids (or

salinity), a conservative tracer, sediment, total inorganic carbon, coliform bacteria, labile and refractory dissolved oxygen
matter, algae, detritus, orthophosphate or total phosphorus, total nitrogen, nitrite/nitrate, dissolved oxygen, alkalinity, pH,
carbon dioxide, bicarbonate, carbonate, iron, and carbonaceous biochemical oxygen demand. It is optional to select or dese-

lect either of these options. W2 model is exquisitely described in Cole & Wells (2013).

2.2.3. Model calibration and validation

Model calibration is the way of finding precision of parameters through differences between the simulated data with the
observed data.

The choice of effective parameters is significant for accuracy of a numerical model. The CE-QUAL-W2 model incorporated

some parameters which specify hydraulic and water quality coefficients and could be altered during the model calibration
(Cole & Wells 2013; Chuo et al. 2019).

CE-QUAL-W2 was calibrated and validated for XXB and system performances and errors were in allowed ranges as shown
in Figure 2(a) and 2(b).

2.2.4. Error evaluation and calibration results of water quality parameters

Water temperature and velocity are effective in shaping water circulation patterns (Ijaz et al. 2022).
TN and TP are very significant for defining water quality, eutrophication and susceptibility to algal blooms, and hence are

required to be calibrated for declaring precision in simulated results. Figures 2(a) and 2(b) indicate the calibration results for
observed and model simulated TN and TP at XX01, XX06 and XX09 in XXB.

2.2.5. Analysis of model performance

Model performance is assessed through the mean error (ME), the absolute mean error (AME) and the root mean square error

(RMSE) statistics. The ME refers to model bias. The AME elaborates model performance as it evaluates average error in simu-
lation results. The RMSE is statistically well-oriented and is an exact index of the average difference between observations and
simulations. These equations are effectively used to evaluate the extent of synchrony between the simulated and the observed

data (Cole & Wells 2013; Smith et al. 2014). The extent-of-synchrony statistics are obtained as follows:

ME ¼

Pn
i¼1

(Xobs,i �Xmodel,i)

n
(1)

AME ¼

Pn
i¼1

jXobs,i �Xmodel,ij
n

(2)

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i¼1

(Xobs,i �Xmodel,i)
2

n

vuuut
, (3)

where ‘n’ is the number of observations, ‘Xobs, I’ is the value of the ‘ith’ observation of parameter ‘X’, and ‘Xmodel,i’ is the simu-
lated value of the ‘ith’ observation of parameter ‘X’.
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Calibration of the CE-QUAL-W2 model proved that simulated TN and TP were in acceptable synchrony to field measure-

ments in the XXB as shown in Figures 3(a) and 3(b). The overall averaged mean error (ME), averaged absolute mean error
(AME), and averaged root mean square error (RMSE) were 0.11, 0.15, and 0.18 mg/L respectively, at site XX01; 0.12, 0.23,
and 0.31 mg/L respectively, at site XX06; and 0.11, 0.17, and 0.21 mg/L respectively, at site XX09. According to Cole &Wells

(2013), the nutrients vertical profiles should have AMEs less than 0.5 mg/L and RMSEs less than 1 mg/L or less than 20% for
better description of nutrients, eutrophication and algal regime. All errors are less than 20% and are in acceptable ranges
declaring the model viable for XXB as shown in Figures 2(a) and 2(b).

2.3. Distinction of density current patterns carrying nutrients from main stream

Upstream inflow from Shennongjia forest into XXB occurs as underflow for most of the year except for a few days (Long et al.
2019). Water intrusion from the main stream of the TGR takes place as overflow, upper interflow, interflow, lower interflow
and underflow (Long et al. 2019; Ijaz et al. 2022). These intrusion positions affect hydrodynamics and water quality in XXB in
different ways. This makes nutrient concentrations and eutrophication get affected at surface. Therefore, these are considered

as influential for making changes to nutrients regime in XXB and implications are extensively and comparatively investigated.

2.4. Quantitative analysis of spatiotemporal distribution of nutrients in XXB during typical stages

The XXB was more vulnerable to algal growth than TGR in spring due to stability in water quality and hydrodynamic par-
ameters (Ji et al. 2017). Isotopic measurements in XXB of TGR have verified the origin of the major contents of nutrients
from the mainstream, besides indigenous developments (Wang et al. 2018). Spatiotemporal nutrient loading in XXB triggered

by an altered flow regime in spring across the years during pre and post upstream cascade reservoir stages are investigated
here.
Figure 3 | (a,b,c,d,e) Longitudinal distribution of TN,TP and TN/TP in spring from 2010 to 2016.
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Furthermore, its implications were found to be significant in highlighting trophic status and vulnerability to algal regime.

Subsequently, counter measures can be devised to control quality worsening. As it was found from data analysis and proces-
sing that algal growth in spring was TP limited and TN was the major nutrient responsible for eutrophication, so
spatiotemporal variations in TN were thoroughly investigated and interpreted as follows.

2.4.1. Longitudinal TN distribution in spring 2010

TN concentration from March 1–25 was less than 1 mg/L at 0–1000 m and 5–8 mg/L in middle and lower reaches. During
late March the TN concentration in the upper reach at 0–5000 m from upstream was less than 2 mg/L, 3.8 mg/L in the middle
reach at 5000–20,000 m, 4 mg/L at 20,000–22,000 m and 5–6 mg/L at 22,000–30,000 m. The TN concentration from April 1–3

at 8000 m in the upper reach was 1.9 mg/L, 3.2 mg/L at 6000–14,000 m, 5 mg/L at 14,000–20,000, 5.5 mg/L at 22,000–
28,000 m and TN ranges from 6 mg/L at 28,000–31,000 m.

On April 4–12 the TN concentration in the middle reach became less than 2.7 mg/L and 3–4 mg/L in the lower reach. On

April 12–24 upper and middle reaches are still less in concentration, whereas the TN concentration at 24,000–31,000 m from
upstream reaches 5.8 mg/L.

On April 25–28, the TN concentration was less than 1 at 0–12,000 m, 3.1 mg/L at 12,000–20,000 m and 4–6 mg/L at 20,000–
31,000 m. On April 29 to May 5, 2010, the TN concentration was less than 2.7 mg/L at 0–6000 m, 3–4 mg/L at 6000–9000 m,

4–5 mg/L at 9000–23,000 m and less than 3 mg/L in the lower reach. On May 6–7, 2010, it became less than 3 mg/L in the
upper and lower reaches and 3–4 mg/L in the middle reach. On May 8–16, TN reached 1 mg/L at 6000 m in the upper
reach, varying from 1–2 mg/L at 6000–10,000 m, 2–3 mg/L at 10,000–25,000 m, 6 mg/L at 26,000–31,000 m in the lower

reach. On May 17–22, the upper and middle reaches had higher values of TN reaching 3.8 mg/L. On May 23–31, the TN con-
centration was 3 mg/L in the upper and middle reaches and was less than 1 mg/L in the lower reach.

2.4.2. Longitudinal total nitrogen TN distribution in spring 2011

On March, 1–5, 2011, the TN was less than 1 at 0–24,000 m, and 1.5 mg/L at 24,000–30,000 m, On March 5–13, 2011, it was

less than 1 at 0–24,000 m, 3 mg/L at 24,000–25,000 m, and 4 mg/L at 25,000–30,000 m. On March 14–20, 2011, it was less
than 1 at 0–24,000 m, and 1.5 mg/L at 24,000–30,000 m.

On March 21–26, 2011, it was less than 1 mg/L at 0–21,000 m,1.5 mg/L at 21,000–26,000 m, 1.1 mg/L at 26,000–28,000 m

and reduced to 0.5 mg/L at 28,000–30,000 m. On March 26–31, 2011, it was 0.8 mg/L at 0–9000 m, 1.5 mg/L at 9000–
11,000 m, and 1.1 mg/L at 11,000–30,000 m, On April, 1–15, 2011, the TN was less than 1 mg/L at the upper, middle and
lower reaches. On April,16–31, 2011, the TN was 1.1 mg/L at 0–14,000 m and it was 1.6 mg/L at 14,000–30,000 m. On

May 1–6, 2011, the TN was 1.1 mg/L at 0–16,000 m, 1.5 mg/L at 16,000–20,000 m, 2.2 mg/L at 20,000–26,000 m and
1.5 mg/L at 26,000–30,000 m. On May 6–9, the 2011, the TN was 1.1 mg/L at 0–11,000 and 1.5 mg/L at 12,000–30,000 m.
On May 9–15, 2011, the TN was 3 mg/L at 0–12,000 m, 1.1 mg/L at 12,000–26,000 m, and 0.5 mg/L at 26,000–30,000 m.

On May 16–20, 2011, the TN was 0.6 mg/L at 0–26,000 m, 2.2 mg/L at 26,000–28,000 m, and 4.8 mg/L at 28,000–30,000 m.
OnMay 21–23, 2011, the TN was 0.5 mg/L at 0–10,000 m, 1.7 mg/L at 10,000–17,000 m, 5 mg/L at 17,000–20,000 m, 7 mg/L at
20,000–21,000 m, 6 mg/L at 21,000–28,000 m and 8 mg/L at 28,000–30,000 m.

On May 24–31, 2011, the TN was 0.8 mg/L at 0–60,000 m, 1.5 mg/L at 6000–9000 m, 4.4 mg/L at 9000–12,000 m, 0.7 mg/L

at 12,000–13,000 m, 4.8 mg/L at 13,000–22,000 m, 5 mg/L at 22,000–24,000 m, 1.7 mg/L at 24,000–26,000 m and 0.88 mg/L at
26,000–30,000 m.

2.4.3. Longitudinal TN distribution in spring 2014

The TN concentration on March 1–8, 2014 at 0–10,000 was 4.28 mg/L, 2.50 mg/L at 10,000–15,000 m, 1.7 mg/L at 15,000–
18,000 m and 1.6 mg/L at 18,000–30,000 m. The TN concentration on March 9–22, 2014 at 0–15,000 m was 1.7 mg/L and
0.7 mg/L at 15,000–30,000 m, It was 0.7 mg/L at 1–4000 m, 2.14 mg/L at 4000–21,000 m and 0.9 mg/L at 21,000–30,000 m.
On March 23–25, 2014, the TN was 0.7 mg/L at 0–5000 m, 2.14 mg/L at 5000–14,000 m, 0.71 mg/L at 14,000–24,000 m and

2.14 mg/L at 24,000–30,000 m. OnMarch 26–31, 2014 the TNwas less than 0.79 mg/L at the upper, middle and lower reaches.
On April 1–13, 2014, the TN was 0.7–1.4 mg/L at 0–240,000 m from upstream and was less than 0.7 mg/L at 24,000–

30,000 m. On April 14–16, 2014, the TN was 5 mg/L at 26,000–30,000 m at the lower reach. The TN on April 17–19,

2014 was 0.5 mg/L at 0–5000 m, and 1.42 mg/L at 5000–30,000 m. The TN on March 20–22, 2014 was 0.6 mg/L at 0–8000 m,
2.0 mg/L at 8000–18000 m, 2.8 mg/L at 18000–24,000 m and 4.24 mg/L at 24,000–30,000 m. On April 23–31, 2014, the TN
increased to 5.0 mg/L at the upper reach.
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On May 1–8, 2014 the TN was 4.8 mg/L at 0–6000 m and 4.8–5.5 mg/L at 3000–6000 m. On May 9–17, 2014, the TN was

4.5 mg/L at 0–5000 m, 5–6 mg/L at 5000–14,000 m and 4–6 mg/L at 15,000–30,000 m. On May, 18–23, 2014 the TN was
6–6.5 mg/L at the upper, lower and middle reaches. On May 24–27, 2014 the TN was 6.5 mg/L at 0–20,000 m, 4–4.5 mg/L
at 20,000–23,000 m and 0.45–0.5 mg/L at 23,000–30,000 m. On May, 28–31, 2014 the TN was 5–6 mg/L at 0–3000 m,

4–5 mg/L at 3000–9000 m,5 m,5 mg/L at 9,000–11,000 m, 3.9 mg/L at 11,000–14,000 m and 0.5 mg/L at 14,000–30,000 m.

2.4.4. Longitudinal total nitrogen TN distribution in spring 2015

OnMarch, 1–5, 2015, the TNwas less than 1.3 mg/L at 0–4000 m,1.0 mg/L at 4000–5000 m,1.3 mg/L at 5000–24,000 m, 1.6 mg/L

at 24,000–28,000 m and 2.3 mg/L at 28,000–30,000 m. On March, 6–11, 2015 the TN was 1 mg/L at 0–7000 m, 2.0 mg/L at
7000–10,000 m, and 2.3 mg/L at 10,000–30,000 m. On March, 12–28, 2015 the TN was 1.33 mg/L at 0–5000 m, 1.0 mg/L
at 5,000–21,000 m, and 0.66 mg/L at 21,000–30,000 m. On March 29–31, 2015, it was 1 mg/L at 0–6000 m, 0.66 mg/L at

6000–22,000 m, and 0.33 mg/L at 22,000–30,000 m. On April 1–3, 2015 the TN was 1 mg/L at 0–6000 m, 0.66 mg/L at
6000–23,000 m, and 0.33 mg/L at 23,000–30,000 m. On April 4–7, 2015 the TN was 2.33 mg/L at 0–3000 m, 1.6 mg/L
at 3000–15,000 m, 2.0 mg/L at 15,000 m–20,000 m, 2 mg/L at 20,000–22,000 m, 2.33 mg/L at 22,000–24,000 m and 4.00 mg/L

at 24,000–30,000 m. On April 7–9, 2015 the TN was 2.8 mg/L at 0–11,000 m, 3.3 mg/L at 11,000–12,000 m, 5 mg/L at 12,000–-
20,000 m and 5.3 mg/L at 22,000–30,000 m. On April 10–14, 2015 the TN was 4.4 mg/L at 0–4000 m and 5.8 mg/L at
7000–30,000 m. On April 15–22, 2015 the TN was 4.5 mg/L at 0–10,000 m, 5.2 mg/L at 10,000–28,000 m and increased at

28,000–30,000 m reaching 6.2 mg/L. On April 23–27, 2015 the TN was 5.5 mg/L at 0–5000 m at 6 mg/L at 5000–30,000 m. On
April 28 to May 2, 2015 the TN was 5.8 mg/L at 0–14,000 m, 5.5 mg/L at 14,000–25,000 m and 6.1 mg/L at 25,000–30,000 m.
On May, 3–8, 2015 the TN was 4.6 mg/L at 0–4000 m, 5 mg/L at 4000–6000 m, 5.5 mg/L at 7000–30,000 m.

On May 9–17, 2015 the TN was 4.4 mg/L at 0–15,000 m, 2.5 mg/L at 15,000–17,000 m, 2.2 mg/L at 17,000–19,000 m, and

1.1 mg/L at 19,000–30,000 m. On May 18–23, 2015 the TN was 2.2 mg/L at 0–2000 m, 4.4 mg/L at 2000–10,000 m, 3 mg/L at
10,000–18,000 m and 2.2 mg/L at 18,000–30,000 m. On May 24–31, 2015 the TN was 2 mg/L at 0–2000 m, 2.5 mg/L at 2000–
3000 m, 2.3 mg/L at 3000–5000 m, 2 mg/L at 6000–11,000 m, 133 mg/L at 11,000–18,000 m and 2 mg/L at 18,000–30,000 m.

2.4.5. Total nitrogen TN distribution in spring 2016

OnMarch 1–6, 2016 the TN was 4 mg/L at 0–19,000 m, 4 mg/L at 19,000–22,000 m, 2.89 mg/L at 22,000–24,000 m and 4 mg/L

at 24,000–30,000 m. On March 7–15, 2016 the TN was 1.9 mg/L at 0–10,000 m, 2.8 mg/L at 10,000–28,000 m and 3.3 mg/L
at 28,000–30,000 m. On March 16–27, 2016, the TN was 1.8 mg/L at 0–4,000 m, 2.9 mg/L at 4000–21,000 m, 3.8 mg/L at
21,000–24,000 m and 3.9 mg/L at 24,000–30,000 m.

On March 28, to April 8, 2016 the TN was 1.9 mg/L at 0–10,000 m, 2.9 mg/L at 10,000–26,000 m and 3.9 mg/L at
26,000–30,000 m. On April 9 to May 5, 2016, the TN was 2.33 mg/L at 0–1000 m, 3.9 mg/L at 1000–10,000 m, 4.1 mg/L
at 10,000–12,000 m and 4.5 mg/L at 12,000–30,000 m.

On May 5–11, 2016, the TN was 3 mg/L at 0–10,000 m, 3.8 mg/L at 10,000–20,000 m, 4.8 mg/L at 20,000–22,000 m,

4.6 mg/L at 22,000–24,000 m, 6 mg/L at 24,000–28,000 m and 4.3 mg/L at 28,000–30,000 m.
On May 12–31, 2016, the TN was 2.89 mg/L at 0–8000 m, 4.33 mg/L at 8000–10,000 m, 4.1 mg/L at 10,000–12,000 m,

4.8 mg/L at 12,000–20,000 m, 4.5 mg/L at 20,000–22,000 m, 4.6 mg/L at 22,000–26,000 m, 2.1 mg/L at 26,000–28,000 m

and 3.33 mg/L at 28,000–30,000 m. Therefore, TN is beyond the eutrophication index, especially during late April to mid
May, but it is relatively less at lower reach in late May due to more mixing in recent years.

3. RESULTS

3.1. Shifting trends in nutrient longitudinal distribution and limitation factor in spring

TN and TP distribution in the eutrophic zone is considered to be important of the indicators to algal blooms, hence shifting
trends in TN, TP and TN/TP concentration determine limitation factor and changes in vulnerability of XXB to algal growth.

Although the TN concentration remains high and beyond threat level, it underwent fluctuations due to shifting trends in cir-
culation patterns and anthropogenic activities.

The simulation outcomes of TN spatiotemporal distribution of TN in XXB at the upper reach including XX01, middle reach

including XXO6 and lower reach including XX09 are displayed in Table 1.
It is quite clear that average values of TN and TP differ during typical years, 2010–2011 (referring to pre-cascade dams

stage) and 2014–2016 (referring to post-cascade dams stage).
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf



Table 1 | TN longitudinal distribution (mg/L) on surface in spring 2010–2016

2010 Average total nitrogen (TN avg)

Late March Early April Mid-April Late April Early May Mid May Late May

TN (avg) TN (avg) TN (avg) TN (avg) TN (avg) TN (avg) TN (avg)

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

0.4 2.1 3.1 1.8 2.9 3.8 2 2.9 4.2 1 3.8 4.9 1.9 4.1 2.7 1.9 3.1 4.8 2.1 2.5 3

2011 TN (avg)

Late March Early April Mid-April Late April Early May Mid May Late May

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

1.5 1.1 0.4 0.5 0.6 0.1 1.1 1.1 1.6 1.1 1.1 1.6 4 1.1 0.5 0.6 2.2 5 0.5 3.5 5.1

2014 TN (avg)

Late March Early April Mid-April Late April Early May Mid May Late May

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

1 2.1 2.14 1.2 1.4 0.7 1 2.54 4.5 2.2 3.3 4.9 2.5 5 5.1 2.8 4.3 5 3.5 5.3 1.9

2015 TN (avg)

Late March Early April Mid-April Late April Early May Mid May Late May

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

1.3 1.5 1.6 1.9 1.0 2.0 3 4.9 5 3.7 4.1 4.9 4 4.8 5 3.2 3.5 3.6 2.5 2.3 2

2016 TN (avg)

Late March Early April Mid-April Late April Early May Mid May Late May

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

1.9 2.8 3.2 2.1 2.7 2.0 2.9 2.8 3.4 2.8 3.7 4.2 3 4.2 5.4 2.89 4.8 4.9 2.8 2.6 2.3
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Statistical variations in average values are stated below and are depicted in Table 1 and Figures 3(a)–3(e) and 4(a) and 4(b),
which refer to the increase in TN during post dams stages, the reasons and mechanisms are discussed in the forthcoming
discussion section.

The highest TN concentration at the upper, middle and lower reaches during April and May was 4, 7.8 and 8.6 mg/L

respectively by 2013. The average TN concentration at the upper, middle and lower reaches during April was 1.9, 3.5 and
4.6 mg/L respectively by 2013. The average TN concentration at the upper, middle and lower reaches during May was 2,
3.8 and 5 mg/L respectively by 2013.

Overflow intrusion increased by 30% in spring and 22% in summer during post-upstream cascade reservoirs stage and
have improved TN supply and distribution at the euphotic zone. TN concentration was beyond danger limit sustaining
and prolonging eutrophication status in spring. The highest TN concentration at the upper, middle and lower reaches

during April was 3.7, 7.7 and 9 mg/L respectively since 2014. The highest TN concentration at the upper, middle and
lower reaches during May was 3.3, 7.3 and 9.2 mg/L respectively since 2014. The average TN concentration at the
upper, middle and lower reaches during April was 2.1, 3.7 and 4.8 mg/L respectively since 2014. The average TN concen-

tration at the upper, middle and lower reaches during May was 1.9, 3.4 and 4.5 mg/L respectively since 2014.
Highest total nitrogen (HTN) in XXB in spring decreased at the upper and middle reaches by 1 and 4% and fluctuated at

the lower reach, since 2014. This decrease in maximum limit refers to enhanced prevalence of overflow intrusion and hydro-
dynamical changes like less water age and more mixing (Ijaz et al. 2022). Average (TN) increased at the upper, middle and

lower reaches by 3, 5 and 11% respectively due to maximum supply from main stream and more water exchange followed by
om http://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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Figure 4 | (a) Spatiotemporal dynamics trend in TN corresponding to different patterns in spring 2011; (b) Spatiotemporal dynamics trend in
TN corresponding to different patterns in spring 2015.
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increased overflow intrusion and increased anthropogenic activities. Average TN fluctuated at lower reach in a complicated
way in May since 2014, as it increased initially in early May and decreased in late May due to prolonged overflow intrusion.
The less comparative TN by 2013 reflects less supply from mainstream and less water exchange and speed on surface.

Although TP concentration in spring also fluctuated at the upper, middle and lower reaches over the years, average values
remain less than 0.5 and 0.3 mg/L at the middle and lower reaches. TP was higher (0.92 mg/L) at upstream at XX01 over the
entire period as upstream was the major supplier. TP also fluctuated by 1% at the lower reach since 2014.

Eutrophication and algal growth in XXB remained TP limited over the entire period with few exceptions at the upper

reach. Although TP increased at the lower reach, eutrophication remained TP limited for most of the cases with a few
exceptions.

Average TN increased by 0.1, 0.3 and 0.5 mg/L at the upper, middle and lower reaches respectively in Late March since

2014 compared to those in early years. It increased by 0.2, 0.7 and 0.8 mg/L at the upper, middle and lower reaches in
early April since 2014. It increased by 0.3, 0.6, and 0.9 mg/L at the upper, middle and lower reaches in mid April since
2014. It increased a bit at the upper reach, 0.6 mg/L at the middle reach and 1.9 mg/L at the lower reach during late
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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April. In early May, it increased a bit at the upper reach, by 0.7 mg/L at the middle reach and by 0.8 mg/L at the lower reaches

corresponding to either of the patterns. During mid May, it remained the same at the upper reach, and increased by 0.2 mg/L
at the middle reach and 0.5 mg/L at the lower reaches. During late May, it remained the same at the upper reach, decreased
by 0.4 mg/L at the middle reach and 0.6 mg/L at the lower reaches.These statistics indicate an average increase in TN in

spring except in late May as in Figure 4(a) and 4(b)).

3.2. TP longitudinal distribution and shifting trends in spring 2010–2016

TP concentration in spring also fluctuated at the upper, middle and lower reaches, but average values remain less than 0.5 and
0.3 mg/L at the middle and lower reaches. Average TP was higher (0.92 mg/L) at the upper reach at XX01 as upstream was a
major supplier. This trend remains consistent during pre and post cascade reservoirs stages (Table 2).

3.3. Implications of shifts in density current patterns on TN and TP longitudinal distribution

3.3.1. TN longitudinal distribution on surface from April, 17–23, 2010

TN concentration on the surface decreased at the upper (XX01) and middle (XX06) reaches from April 17–19, 2010 due to

overflow intrusion. TN supply at the lower reach (XX09) was higher (4 mg/L) from the main stream on April 19, 2010. Total
nitrogen (TN). The TN concentration on the surface increased by 1 mg/L on average at the upper and middle reaches includ-
ing XX01 and XX06 from April 20–23, 2010 due to weak vertical mixing triggered by upper interflow intrusion as evident

from Figure 5(a). Figure 5(a) indicates a decrease in TN concentration at the upper and middle reaches owing to continuity
of favorable overflow, whereas it increased at the upper and middle reaches and decreased at lower reaches corresponding to
continuity of upper interflow intrusion.

3.3.2. TP longitudinal distribution from April, 17–23, 2010

TP concentrations at the middle and upper reaches were not affected by overflow intrusion from April 17–19, 2010 and
increased by 0.8 mg/L at lower reaches as evident from Figure 5(c). TP concentration decreased at the lower reach from
1.2 mg/L on April 19, 2010, to 0.5 mg/L at 25,000–30,000 m on April 23, 2010 owing to upper interflow intrusion from

April 20–23, 2010. TP concentrations at the middle and upper reaches do not get affected much due to slow speed and
less vertical mixing as evident from Figure 5(c). Hence, the TP longitudinal distribution increased obviously at the lower
reach following continuous favorable overflow intrusion and vice versa. Although the mainstream is not the main supplier
of TP, TP was seen in some parts.

3.3.3. TN longitudinal distribution from April 30 to May 10, 2010

TN on May 2, 2010 was 7.2 mg/L at 9000–22,000 m and less than 1 mg/L at the upper and lower reaches corresponding to
overflow intrusion. TN increased at 20,000–30,000 m reaching 2.5 mg/L and decreased at the sensitive zone (XX06) due to
less water exchange and more consumption of nutrients following continuous upper interflow intrusion fromMay 2–10, 2010.

Low surface water velocity and weak vertical mixing were the prominent causes for nutrient enrichment on the surface at the
lower reach. Hence, TN increased at the lower reach and decreased at the middle reach following upper interflow intrusion as
shown in Figure 6(a) and 6(b). The mechanism behind the decrease in TN at the middle reach is less water exchange potential

of intruding water.

3.3.4. TP longitudinal distribution from April 30 to May 10, 2010

In general, TP does not get affected much following shifts in density current patterns as shown in Figure 6(c) and remained
less or close to the eutrophication threshold limit, despite having been increased at the lower reach in the subsurface follow-

ing in-depth intrusion.

3.3.5. TN longitudinal distribution from June 1–14, 2010

TN on June 2, 2010 was 1.5 mg/L at 0–14,000 m and less than 1 mg/L at 14,000–30,000 m. Overflow intrusion continued
from June 1–14, 2010 and TN on June 14, 2010 was 1.5 mg/L at 0–7000 m from the upper reach, and increased to

2.5 mg/L at the middle reach (7000–17,000 m), 1.3 mg/L at 17,000–20,000 m and 0.5 mg/L at 20,000–30,000 m. TN increased
at the upper and middle reaches following overflow intrusion from June 1–14, 2010, as shown in Figure 7(a) and 7(b). Over-
flow intrusion continued and resulted in increased nutrients supply.
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Table 2 | TP longitudinal distribution (mg/L) on surface in spring 2010–2016

Average Total Phosphorus (TP avg) in spring 2010

Late March Early April Mid-April Late April Early May Mid May Late May

UR UR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

0.44 0.35 0.32 0.31 0.20 0.15 0.25 0.21 0.17 0.31 0.27 0.17 0.32 0.18 0.17 0.27 0.20 0.32 0.20 0.23 0.22

Average Total Phosphorus (TP avg) in Spring 2011

Late March Early April Mid-April Late April Early May Mid May Late May

UR UR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.7 0.6 0.4 0.9 0.5 0.3 0.8 0.1 0.2 0.8 0.3 0.3

Average Phosphorus (TP avg) in Spring 2014

Late March Early April Mid-April Late April Early May Mid May Late May

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

0.8 0.34 0.18 0.7 0.46 0.32 0.42 0.28 0.7 0.4 0.31 0.32 0.58 0.28 0.15 0.46 0.26 0.21 0.28 0.20 0.19

Average Phosphorus (TP avg) in Spring 2015

Late March Early April Mid-April Late April Early May Mid May Late May

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

0.1 0.3 0.2 0.8 1.6 1.4 1.3 1 1 0.6 0.3 0.2 0.3 0.29 0.2 0.2 0.2 0.19 0.26 0.17 0.16

Average Phosphorus (TP avg) in Spring 2016

Late March Early April Mid-April Late April Early May Mid May Late May

UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR UR MR LR

0.6 0.4 0.4 0.78 0.5 0.3 0.5 0.4 0.3 1.0 0.6 0.3 1.1 0.6 0.4 0.4 0.5 0.3 0.8 0.6 0.5
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Figure 5 | (a) Effects of shifts in density current patterns on TN longitudinal dynamics; (b) Effects of shifts in density current patterns on TN
longitudinal distribution; (c) Effects of shifts in density current patterns on TP longitudinal distribution.
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3.3.6. TP concentration from June 1 to July 3, 2010

TP was less than 0.5 mg/L during these days and was not much affected by shifting in density current patterns as shown in

Figure 7(c).
3.3.7. TN longitudinal distribution from April 24–May 2, 2011

Overflow intrusion occurred on April 24–29, 2011, TN was decreased from 1.3 to 0.5 mg/L at the middle reach (13,000–

17,000 m) and was 0.5 mg/L at 0–17,000 m and 1.30 mg/L at 17,000–30,000 m. This reflects the tendency of overflow pre-
viously existing less values of TN at the middle reach due to the potential exchange of water. Subsequently, Pattern (7)
replaced Pattern (6) and continued from April 30 to May 2, 2011, and TN on May 2, 2011 was 0.7 mg/L at 0–25,000 m,

and 1.2 mg/L at 25,000–30,000 m. Therefore, TN was reduced at XX06 from 1.3 to 0.6 mg/L and 1.1 from 1.6 mg/L at
XX09 due to less supply on the surface, weak mixing on account of in-depth intrusion and and more consumption by prolif-
erated algal blooms in late spring as shown in Figure 8(a) and 8(b).
3.3.8. TP distribution from April 24–May 2, 2011

There is no significant effect of such alterations of density currents on TP longitudinal distribution during the aforementioned
days as in Figure 8(c).
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Figure 6 | (a) Effects of shifts in current patterns on TN longitudinal distribution from April 30–May 10; (b) Effects of shifts in current
patterns on TN longitudinal distribution from April 30–May 10; (c) Effects of shifts in current patterns on TP longitudinal distribution from
April 30–May 10.
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3.3.9. TN longitudinal distribution from April 21 to May 5, 2014

TN concentration on April 21, 2014 following upper interflow intrusion was 0.5 mg/L at 0–8000 m, 1.5 mg/L at 8000–
23,000 m and 2.5 mg/L at 23,000–30,000 m.

As overflow intrusion continued from April 22–May 5, 2014 and TN supply on the surface kept on increasing. It was

0.5 mg/L at 0–4000 m, 1.5 mg/L at 4000–20,000 m, 2.5 mg/L at 20,000–26,000 m and 6 mg/L at 26,000–30,000 m on April
22, 2014. Similarly, TN concentration increased to 2.5 mg/L at XX01 and 6.5 mg/L at 1200–30,000 m on My 5, 2014 as
shown in Figure 9(a) and 9(b). An obvious increase in TN at the upper, middle and lower reaches was observed, which
made it more vulnerable to eutrophication and algal growth.
3.3.10. TP-concentration from April 21 to May 5, 2014

Similarly, the TP concentration was initially increased at the middle reach following overflow intrusion, but reduced on May
5, 2014 due to increased exchange and more mixing.
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf



Figure 7 | (a) Effects of shifts in current patterns on TN longitudinal distribution; (b) Effects of shifts in current patterns on TN longitudinal
distribution; (c) Effects of shifts in current patterns on TP longitudinal distribution.
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3.3.11. TN longitudinal distribution on May 7–11, 2015

Upper interflow intrusion was prevalent on May 8–11, 2015 and TN was decreased at the upper, middle and lower reaches as
shown in Figure 10(a).

3.3.12. TP distribution from May 7–11, 2015

As algal mass in XXB in spring was TP limited, so there was no significant impact of shifts in density current patterns on TP
concentration during the aforementioned days as shown in Figure 10(b).

3.3.13. TN longitudinal distribution on March 7–16, 2016

Interflow intrusion was prevalent on March 7, 2016 and TN was 2.9 mg/L at 0–2000 m, 3.2 mg/L at 2000–20,000 m, 3.0 mg/L
at 20,000–28,000 m and 3.2 mg/L at 28,000–30,000 m. Lower interflow intrusion was prevalent on March 8–16, 2016, and TN

was reduced as 2.7 mg/L at 0–2000 m, 2.9 mg/L at 2000–28,000 m and 3.1 mg/L at 28,000–30,000 m on 16 March, 2016 as in
Figure 11(a) and 11(b). These statistics have validated the effectivity of lower interflow intrusion in reducing TN on the sur-
face at the middle reach and increasing it at the lower reach. This happened on account of increased supply of nutrients at the
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Figure 8 | (a) Effects of shifts in current patterns on TN longitudinal distribution; (b) Effects of shifts in current patterns on TN longitudinal
distribution; (c) Effects of shifts in density currents on TP longitudinal distribution from April 24 to May 2, 2011.
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lower reach due to clockwise circulation of intruding water and less supply at the middle and upper reaches as shown in
Figure 11(a) and 11(b). Therefore, shifting among patterns is impactful to TN concentration either way.

3.3.14. TP from March 7–16, 2016

Interflow intrusion was prevalent on March 7, 2016 and TP was 1.2 mg/L at the upper, middle and lower reaches. Lower
interflow intrusion was prevalent on March 8–16, 2016, and TP was 1.1 mg/L at the upper, middle and lower reaches as
shown in Figure 11(c). These statistics have validated no considerable changes in TP concentration during these days.

3.4. Discrepancy and deviation from general principal and underlying mechanisms

Based on continuity of either of the patterns for longer time, hydrodynamic conditions are likely to be changed either in an
advantageous or disadvantageous way in terms of effects on vulnerability of XXB to eutrophication and algal growth. The

upcoming account elucidates exceptional cases and trends of decreased longitudinal distribution of nutrients in spite of over-
flow intrusion (maximum supply on surface). These variations find their basis in increased vertical mixing, less water age and
fast speed on the surface following the longest continuous duration of overflow intrusion as shown in Figures 12 and 13.

3.4.1. TN distribution from May 19–27, 2010

TN concentration in the lower and middle reaches was decreased from 2.5 to 0.9 mg/L at 20,000–25,000 m from upstream,
due to overflow intrusion on May 20–27, 2010. This decrease in TN concentration was due to intense mixing and vertical
transport of nutrients included in the intruded water.

Although nutrients contents increased initially due to overflow intrusion, they get mixed due to anticlockwise circulations
and eutrophication is less likely as evident from Figure 12.

3.4.2. TN longitudinal dynamics on May 23–30, 2015

Additionally, the concentration of TN also decreased on the surface, especially at the upper reach on May, 23–30, 2015 as
shown in Figure 13. TN concentration was reduced from 3.5 to 2 mg/L at the upper reach and 2.8 to 1.8 mg/L at the
middle reach as shown in Figure 13. TN at the upper reach was driven to mix with deep water by anticlockwise circulations
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf



Figure 9 | (a) Effects of shifts in current patterns on TN longitudinal distribution on April 21–May 5; (b) Effects of shifts in density current
patterns on TN longitudinal distribution on April 21–May 5; (c) Effect of shift in density current patterns on TP longitudinal distribution on April
21–May 5.
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resulting in substantial reduction at the upper layer, which is the most vulnerable layer in spring and is provided with enriched
nutrients especially with TP. The poor TN enrichment at the upper layer corresponded to continuous mixing triggered by

overflow intrusion and verified its effectivity in tackling eutrophication.
The pictorial display clearly indicates the nutrients movements and concentrations in the upper, middle and lower reaches

corresponding to density current patterns. Vibrant eddies and potential water exchange corresponding to overflow revealed
continuous mixing and decrease in nutrient content following the longest continuity of interflow intrusions as shown in

Figures 12 and 13. As per hydrodynamic conditions, susceptibility of XXB to algal growth apparently depends on duration,
continuity and frequency of density current patterns which effect eutrophic depth and mixing depth.

The upcoming account elucidates exceptional cases and trends of decreased longitudinal distribution of nutrients in

spite of overflow intrusion (maximum supply on surface). These variations find their basis in increased vertical mixing,
less water age and fast speed on the surface following the longest continuous duration of overflow intrusion as shown
in Figure 13.

3.4.3. TN longitudinal distribution from June 23 to July 3, 2010

TN increased at the upper, middle and lower reaches following upper interflow intrusion on June 14–23, 2010 and was
5.5 mg/L at 0–9000 m, 7 mg/L at 9000–19,000 m and 8.2 mg/L at 19,000–30,000 m. This increase in TN refers to increased
water age, less mixing and temperature stratification triggered by upper interflow. Overflow intrusion continued again from

June 24 to July 3, 2010 and TN was decreased at the middle and lower reaches and was 3.5 mg/L at 0–15,000 m, 2.5 mg/L at
15,000–21,000 m, 2 mg/L at 21,000–25,000 m and 1 mg/L at 25,000–30,000 m as shown in Figure 14. This decrease in TN at
the middle and lower reaches was due to the rapid movement of intruding water following overflow intrusion.
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Figure 10 | (a) Effects of shifts in current patterns on TN longitudinal concentration; (b) Effects of shifts in current patterns on TP longitudinal
distribution.
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4. DISCUSSION

4.1. Phenomena behind fluctuated nutrients regime during pre and post upstream cascade reservoir stages

Water quality and eco-hydrological alterations are shown to have been affected by specifications associated with varying den-
sity driven water circulation patterns (Ma et al. 2015). Moreover, continuity and transitions among density currents patterns

have differently affected thermal structure, mixing, water age (Ji et al. 2017), spatiotemporal transport as well as nutrients
distribution in XXB besides other ingredients, as shown in Figures 3–14. Effective density current patterns (overflow,
lower interflow and underflow intrusions) for algal growth are accompanied with increased water exchange, velocity on

the surface, mixing depth and intensity, and hence are supposed to cause a reduction in nutrient distribution on the surface
in terms of hydrodynamical simultaneous phenomena. Conversely, ineffective patterns (upper interflow and interflow intru-
sions) are accompanied with decreased water exchange, more water age, less velocity on the surface, less mixing depth and
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf



Figure 11 | (a) Effects of shifts in current patterns on TN longitudinal distribution; (b) Effects of shifts in current patterns on TN longitudinal
distribution; (c) Effects of shifts in current patterns on TP concentration.

Figure 12 | Decrease in TN longitudinal distribution on surface due to continuous overflow intrusion.
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intensity, are hence are supposed to favor an increase in nutrient distribution on the surface while considering the aforesaid
hydrodynamical parameters.

The obvious increase in duration and continuity of overflow intrusion since 2014 during the post cascade reservoirs stage
(Ijaz et al. 2022) has not substantially increased or decreased average TN distribution on the surface in XXB as shown in

Figures 3–14. The trophic status of XXB still remains eutrophic. Increased anthropogenic activities have also not affected aver-
age TN, such discrepancies from apparent probabilities could be justified through following simultaneously acting different
mechanisms.

Nutrients spatial distribution on the surface also depends on algal blooms because they consume nutrients, so nutrients
response to shifts in density currents is not that simple and could not be simply said to be increasing or decreasing. Although
overflow intrusions cause strong mixing and more water speed and do not let nutrients to accumulate on surface, water supply
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Figure 13 | Decrease in TN longitudinal distribution on the surface due to continuous overflow intrusion.

Figure 14 | Inverse effects of continued current patterns on TN longitudinal distribution
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on the surface from the main stream also replenishes nutrients. Similarly, upper interflow and interflow intrusions cause weak

mixing, less water speed and cause nutrients to accumulate on the surface, but less intruding water carriage on the surface also
supplies less nutrients to the eutrophic zone. Therefore, simultaneous but different ecohydrological affects associated with either
of the patterns makes the entire process quite complicated. Nutrients supplied in excess by overflow intrusion and replenish-

ment on the surface could also be facilitated by less mixing following altered upper interflow or interflow to cause
eutrophication. Therefore, the volume of intruding water and continuity of circulation patterns for more days become significant
through different effects. It is evident from Figures 12 and 13 that overflow intrusion for longer durations could trigger mixing

and less accumulation of nutrients at the euphotic zone. As overflow, interflow and upper interflow patterns are prevalent in
random order so nutrients could not be predicted theoretically, however nutrients management from non-point sources and
the main supplier TGR is advisable. Moreover, the minor average increase in TN corresponds to overflow intrusion points
://iwa.silverchair.com/ws/article-pdf/22/9/7197/1116037/ws022097197.pdf
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to maximum supply on surface from the mainstream, whereas less concentrations in March and April by 2010 refer to less

supply on the surface from the mainstream due to in depth intrusion. These findings also reflect that eutrophication in XXB
could not be studied solely and a modelling approach is required to be extended to all non point sources.
5. CONCLUSIONS

Model simulations and plots have contributed notably about alterations in nutrient loading and distributions in XXB with
respect to altered density current patterns during pre and post upstream cascade reservoir stages. The following significant

conclusions with a wide range of applicability are deduced.
Consequent upon water circulation by overflow intrusion, average TN increased at the upper, middle and lower reaches by

1, 0.5 and 0.1 mg/L respectively overflow intrusion on surface.

The obvious increase in TN on the surface referred to its reliance on the main stream supply, which was maximum follow-
ing overflow intrusion.

Hydrodynamic parameters such as potential of water exchange and velocity on the surface correspond to reflective density

current patterns caused by overflow intrusion and facilitated increased average TN by 1.2 mg/L at the middle and 0.4 mg/L at
the upper reaches in spring since 2014. Overflow intrusion was prevalent during pre and post upstream cascade reservoirs
stages across all seasons including spring and summer and TN concentration was beyond danger limits triggering eutrophica-

tion in XXB.
The highest TN concentration at the upper, middle and lower reaches during April and May was 4, 7.8 and 8.6 mg/L

respectively by 2013.
The average TN concentration at the upper, middle and lower reaches during April was 1.9, 3.5 and 4.6 mg/L respectively

by 2013. The average TN concentration at the upper, middle and lower reaches during May was 2 mg/L, 3.8 and 5 mg/L
respectively by 2013.

Overflow intrusion increased by 30% in spring and 22% in summer during the post-upstream cascade reservoirs stage and

have improved TN supply and distribution at the euphotic zone. TN concentration was beyond the danger limit sustaining
and prolonging eutrophication status in spring.

The highest TN concentration at the upper, middle and lower reaches during April was 3.7, 7.7 and 9 mg/L respectively

since 2014. The highest TN concentration at the upper, middle and lower reaches during May was 3.3, 7.3 and 9.2 mg/L
respectively since 2014.

The average TN concentration at the upper, middle and lower reaches during April was 2.1, 3.7 and 4.8 mg/L respectively
since 2014. The average TN concentration at the upper, middle and lower reaches during May was 1.9, 3.4 and 4.5 mg/L

respectively since 2014.
The decrease at the upper, middle and lower reaches during post dams stage in May was due to the longest continuous

prevalence of overflow intrusion and more vertical mixing of nutrients. Despite the reduction in TN longitudinal concen-

tration on surface in May, XXB is still under threat because concentrations were in compliance with pollution indices.
Shifts in density current patterns have complicated impacts on longitudinal TN distribution in spring. It increases following

overflow intrusion from the mainstream unless stratification lasts. If overflow intrusion continued for more days, it causes

more mixing and TN on the surface started decreasing.
Similarly, upper interflow and interflow intrusion caused a decrease in nutrients supply to the surface, but already accumu-

lated nutrients could rise due to less mixing. The prevalence of upper interflow and interflow intrusion could assist algal

growth, which could consume nutrients and reduce their concentration. Therefore nutrients distribution following either
of the patterns should be better correlated to temperature stratification and chlorophyll content to find real mechanisms
and remedial measures.

Furthermore, detailed research on correlation of density current patterns and their impacts on eutrophication, Chl-a and

algal growth in XXB is required for better comprehension of hydro-ecology in XXB. The counter measures to inhibit eutro-
phication and algal risk are to be tested on the basis of these outcomes.

The variations in distribution of TN concentrations in spring verified the initial increase in TN longitudinal distribution on

the surface corresponding to overflow intrusion.
The obvious reduction at the upper, middle and lower reaches corresponding to the longest continuity of overflow intrusion

could also be justified through hydrodynamical changes. Upper interflow, interflow and underflow intrusion cause an initial
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decrease in TN longitudinal distribution on the surface due to supply cut off from the main stream. These patterns are not

likely to increase TN at source but could play their part through hydrodynamical changes in terms of prolonged water age
and weak mixing.

TP longitudinal distribution consistently remains less than 0.7 mg/L on average at the upper reach, 0.4 mg/L at the middle

reach and 0.23 mg/L at the lower reach despite an exceptional rise in rainy days upstream.
TN/TP ratio across typical years declares XXB as TP limited for eutrophication due to a minor change in TN and TP longi-

tudinal distributions.
Eutrophication and algal growth in XXB remained TP limited over the entire period with few exceptions at the upper reach.

Although TP increased at the lower reach, eutrophication remained TP limited for most of the cases with few exceptions.
Average TN increased by 0.1, 0.3 and 0.5 mg/L at the upper, middle and lower reaches respectively in late March since

2014 compared to those in the early years. It increased by 0.2, 0.4 and 0.6 mg/L at the upper, middle and lower reaches

in early April since 2014. It increased by 0.3, 0.6, and 0.9 mg/L at the upper, middle and lower reaches in mid April since
2014. It increased a bit at the upper reach, 0.6 mg/L at the middle reach and 0.9 mg/L at the lower reach during late
April. It increased a bit at the upper reach, by 0.3 mg/L at the middle reach and by 0.5 mg/L at the lower reaches correspond-

ing to either of the patterns. During mid May, it remained the same at the upper reach, and decreased by 0.2 mg/L at the
middle reach and 0.5 mg/L at the lower reaches. During late May, it remained the same at the upper reach, decreased by
0.4 mg/L at the middle reach and 0.6 mg/L at the lower reaches. These statistics indicate average increase in TN in spring

except in late May.
Distribution of all water quality parameters such as TP, nitrite/nitrate (NO2/NO3), ammonia/ammonium (NH3/NH4) and

TN is required to be evaluated further with respect to internal and external resources.
A particle trace method should also be adopted for the entire period to elucidate nutrients transportation and shifting

trends across seasons. Model yielded values could help to devise strategies of reducing watershed nutrient loads. Findings
point to the dire need for sagacious nutrient management into XXB to mitigate algal bloom in the tributary bay. This manage-
ment policy should be extended to the main stream, which is the main supplier of nutrients and other non-point sources.

The total nitrogen of XXB showed a high level. The nitrogen concentration of the upstream was increased since 2014, but
remained lower than that at the downstream. Although phosphorus concentration at the downstream was increased since
2014, it still remained lower than that at the upstream. The nitrogen and phosphorus concentrations were higher than the

threshold of eutrophication.
The mechanisms behind spatiotemporal variations in TN and TP and limitation factor could not be investigated without

correlation with algal blooms and chlorophyll-a, because algal blooms consume total dissolved nitrogen and phytoplankton
often build up their intracellular nutrient pools via luxury consumption.
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