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Abstract: Nitrogen pollution in the oligotrophic Chaihe Reservoir leads to reconsideration of
whether nitrogen control is necessary. Does this mean that eutrophication control has the potential
to create “cleaner lakes that are dirtier lakes?” The Chaihe Reservoir is a typical case of a water
body with high nitrogen and low algal populations. The relationship between the chlorophyll a
(Chla) and nutrients (total nitrogen [TN] and total phosphorus [TP]) in the reservoir was analyzed
using the filtering trajectory method (FTM). The results showed that the Chaihe Reservoir recov-
ered to an oligotrophic state after the TP concentration greatly decreased, but it faces a new di-
lemma of nitrogen pollution. This provides further empirical support for the role of phosphorus in
controlling the nitrogen cycle and fate in freshwater ecosystems. The contour plot and Chla-TN/TP
diagram indicated that a higher TN/TP contributed to a reduction in Chla. The thresholds for TP
and TN in the reservoir were proposed using the double probability method (DPM). It is recom-
mended to remove nitrogen at the end of a drinking water supply system due to the nitrogen
pollution of the Chaihe Reservoir. The TN threshold for buffering control provides a quantitative

basis for implementing a nutrient management plan.
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1. Introduction

Controlling inputs of phosphorus and nitrogen is critical for maintaining desirable
water quality and ecosystem integrity in freshwater and coastal marine ecosystems [1-
3]. Nitrogen and phosphorus cycles in lakes are closely related. Ecosystem experiments
in lakes and rivers have shown that increasing phosphorus can improve nitrogen re-
moval [4-6]. Finlay et al. [7] suggested that reducing phosphorus inputs across a range
of lakes could significantly increase nitrate pollution. Another study titled “Cleaner
Lakes Are Dirtier Lakes” made a detailed and comprehensive analysis of this issue [8]. It
was found that the concentration of chlorophyll a (Chla) and the total phosphorus (TP)
decreased with recovery from eutrophication, while the concentration of total nitrogen
(TN) increased. We defined these lakes as high-nitrogen and low-algal types (TN > 2000
ug/L, Chla < 8 pg/L). Because phosphorus control leads to nitrogen pollution, the impli-
cations of nitrogen and phosphorus restriction and nutrient management require further
discussion.

Nitrogen pollution in reservoirs and unproductive lakes has received an increasing
amount of attention in recent years [9-11]. A new dilemma of nitrogen pollution may
happen during eutrophication recovery. Nitrogen pollution in oligotrophic reservoirs
poses a major threat to the safety of water supplies. Denitrification and nitrogen burial
are the primary pathways of nitrogen removal, and eutrophic reservoirs or lakes have
higher nitrogen removal capacities than oligotrophic reservoirs or lakes. Miiller et al.
[11] studied the nitrogen removal rate of 21 lakes in Switzerland, and they revealed that
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phosphorus management alone for oligotrophic lakes only slightly increased the nitro-
gen output, unless it was accompanied by nitrogen management. There has been a long
debate on whether nitrogen control is necessary for lake eutrophication management
[12-14]. Schindler et al. [12] proposed that lake eutrophication cannot be controlled by
reducing the nitrogen input based on a 37-year whole-lake experiment. However, Con-
ley et al. [13] indicated that controlling only P inputs to freshwaters would exacerbate
eutrophication problems in estuarine and coastal marine ecosystems. Paerl et al. [14] in-
dicated that controlling both N and P inputs will help control harmful algal blooms
(HABs) in some lakes and also reduce N export to downstream N-sensitive ecosystems.
Whether nitrogen control is required in low-productivity lakes and reservoirs and what
nutrient threshold can solve the comprehensive problems of eutrophication manage-
ment and nitrogen pollution are questions that urgently require answers.

Nitrogen pollution caused by phosphorus reduction was confirmed during the re-
oligotrophication of the Chaihe Reservoir. In this study, the Chaihe Reservoir in Liao-
ning Province (Figure 1) was utilized as an example to analyze the response relationship
of Chla-TN and Chla-TP using the filtering trajectory method. This study aims to analyze
the asynchronism of nitrogen and phosphorus in the eutrophication recovery of the
Chaihe Reservoir and clarify the causes of nitrogen pollution during the reoligotrophica-
tion of the reservoir from the perspective of mechanism, and finally put forward the nu-
trient control objectives and management strategies of the Chaihe Reservoir. The fol-
lowing questions were considered: (1) Is nitrogen pollution related to phosphorus re-
duction during the reoligotrophication of the reservoir? (2) Is it necessary to implement
nitrogen control by considering the downstream area near the marine zone of the Chaihe
Reservoir? What measures should be taken to solve nitrogen pollution in the reservoir?
(3) What nutrient control targets should be formulated to solve freshwater-marine eu-
trophication?

2. Materials and Methods
2.1. Study Area

The Chaihe Reservoir (124°12'E, 42°16'N) is located near Tieling City in the Liao-
ning Province of northeast China. The reservoir is located in the lower reaches of the
Chaihe River, a tributary of the Liaohe River, and it has a maximum storage capacity of
636 million m3, controlling an area of 1355 km2 The Chaihe Reservoir was constructed in
1957 and expanded in 1998. The water quality data of nitrogen, phosphorus and chloro-
phyll in the reservoir have been collected since 1996, and the hydraulic data began after
the reservoir was expanded in 1998. The reservoir accounts for 90% of the total area of
the Chai River basin and provides 7.38 million m? for household use every year. It is a
large-scale water conservancy project with flood control and irrigation as the primary
functions. These are combined with power generation and fish farming. After 2003, the
Chaihe Reservoir became the water supply source for Tieling City. The study area
shown in Figure 1 consists of the reservoir and its upstream watershed. The Chaihe Riv-
er basin is primarily utilized for agricultural cultivation. Therefore, non-point source
pollution in the reservoir catchment area is the primary cause of reservoir eutrophica-
tion.

2.2. Sampling and Procedures

In this study, the annual mean monitoring data from 1996 to 2021 (including Chla,
TP, and TN) were provided by the Tieling Environmental Protection Monitoring Station.
The datasets from 1996 to 2021 were used to investigate the interannual variability in
Chla-nutrient relationships in the Chaihe Reservoir. Samples were taken monthly from
May to November. As shown in Figure 1, there are three sampling sites in the Chaihe
Reservoir. Specifically, these sites are located in the reservoir entrance (site 1), central
Chaihe Reservoir (site 2) and under the dam (site 3). Water samples were collected by
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mixing the surface (1 m below the surface) with a Van Dorn bottle (5 L). TN, TP and
Chla content were determined according to the Standard Methods for Examination of
Water and Wastewater [15]. The TN/TP ratios were calculated using the concentrations
of total phosphorus and total nitrogen.

Liaoning Province [

4 b

el
y / ,(-) ‘Shenyang, fh‘v‘/
o y,  eF N

o Legend
@ City

% Sampling sites DEM (
Ri 983m J
iver )

Reservoir -_— — &

Figure 1. Study area.

2.3. Data Analysis
2.3.1. Changed Weight Trophic Level Index Method (TLIcw)

The changed weight trophic level index method (TLIcw) was used to evaluate the
trophic status of the Chaihe Reservoir. TLIcw is a comprehensive trophic level index ob-
tained by comparing the apparent trophic level index (TLIex) and the potential trophic
level index (TLIwm) [16]. The weight of the two indicators is a zero or one variable con-
figuration, and the TLIcw is equal to the max value between the TLIex and the TLIm.

(1) The TLIcw was calculated as follows:

TLIcw = max (TLIex, TLIm), 1)
TLIex = TLI (Chla), )
TLImnm = aTLI (TP) + BTLI (TN), 3)

where o and [ are the weight coefficients, and o + 3 = 1 when there is no synergistic effect
of nitrogen and phosphorus. When phosphorus is limited, a =1 and 3 = 0 (the Chla-TN
positive correlation is poor). When nitrogen is limited, a = 0 and 3 = 1 (the Chla-TP posi-
tive correlation is poor). Thus, TIL = min [TLI (TP), TLI (TN)].

(ii) The equations for calculating the trophic level index of a single variable are:

TLI (Chla) = 50 + 251 g (Chla /10), )

TLI (TP) = 50 + 251 g [f (TP) /10], (5)
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TLI (TN) = 50 + 251 g [f (TN) /10]. 6)

(iii) The parameters a and 3 are obtained using the following equations:

_2 2 2
a—rrp/(rrp + 1, ) , (7)

ﬂ:rTzN/(rTZP"'rTZN)' ®)

where rT2P is the adjusted R-squared for the Chla-TP linear model; rTZN is the adjusted
R-squared for the Chla-TN linear model.

(iv) The eutrophication evaluation was graded with continuous values from 0 to
100 (Table 1). In the same trophic class, a higher TLIcw has a more severe eutrophication
degree.

Table 1. Changed weight trophic level index (TLIcw) eutrophication grading standard.

TLIcw Trophic classes
<30 Oligotrophic
30 <TLIcw< 50 Mesotrophic
50<TLIcw< 60 Light-eutrophic
60<TLIcw< 70 Mesoeutrophic
70<TLIcw< 100 Hypereutrophic

2.3.2. Filtering Trajectory Method (FTM)

In this study, the FTM was used to establish the empirical relationships of Chla and
TP (TN) concentrations and identify the evolution pathways of Chla-TP and Chla-TN for
the Chaihe Reservoir. As described in our previous papers, the FTM used the locally
weighted scatterplot smoothing (Loess) to construct a multiperiod filtering of the varia-
bles. This is equivalent to a nonlinear, temporal, sequential correlation and improves the
single qualitative description of a single trajectory. This method constructs a multi-index
temporal causality diagram that integrates the traditional nontemporal scatterpoint cor-
relation and the expression of the single-index time process trend analysis [17].

2.3.3. Contour Plot

A contour plot can visualize three-dimensional data in a two-dimensional plot. In
this study, we used the contour plot to explore the relationship between the three varia-
bles (TP, TN and Chla) on a single chart. This allowed us to view combinations of TP
and TN that produce desirable Chla values. In the computer program OriginPro 2021, a
contour plot was obtained in four steps. (1) The data were entered in a worksheet in the
XYZ format; (2) XYZ interpolation was performed to smooth the contour plot using the
Thin Plate Spline (TPS) algorithm; (3) these data were interpolated in polar coordinates.
(4) XY coordinate mapping was performed.

2.3.4. Double Probability Method (DPM)

The TP-carrying concentration (TPa) was calculated using the DPM to settle the nu-
trient target of the Chaihe Reservoir. The DPM selects the algal production efficiency of
the total phosphorus (ETP) as the primary reference indicator, and the ETP is defined by
the ratio of Chla to the TP concentration (ETP=Chla/TP). The TPa was calculated as fol-
lows:

ETP (t) = max [ETP (Pn = Pd), ETP (P10 = Pd)], )
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P =m/(n+1), (10)

TPa = Chla-a/ETP (t). (11)

where ETP (t) is the phosphorus use efficiency that meets the requirements of the design
dependability (Pd); t is the number of years from the beginning to the calculation time
point, t =10, 11,..., n; Pn is the design dependability for all data prior to the calculation
time point; P10 is the design dependability of the data in the recent 10 years at the cal-
culation time point; TPa is the TP-carrying capacity; and Chla-a is the Chla standard
value that was chosen due to the requirement of the functioning zone.

For the TN-carrying concentration (TNa), 10 times the TPa was chosen as the theo-
retical value of the TN threshold, and any value less than this amount may lead to ni-
trogen limitation. The TN threshold of the buffering control (TNb) was actually esti-
mated by TNb = 30 TPa in order to prevent entering the lower limit of the suitable area
for cyanobacteria, rather than the upper limit required for actual algal control. The TNa
and TNb were calculated as follows:

TNa =10 TPa, (12)

TNb =30 TPa. (13)

where TPa is the TP-carrying concentration; TNa is the TN-carrying concentration in ni-
trogen-limited systems; TND is the TN threshold of the buffering control when phos-
phorus was limited.

3. Results
3.1. Interannual Variations of TP, TN, Chla and the Trophic Status

According to the interannual variations of the TP, TN and Chla, the Chaihe Reser-
voir can be divided into two stages: (1) the eutrophication stage from 1996 to 2001 when
the TP concentration increased rapidly, the TN concentration concentrations were rela-
tively constant (except for 1996) and the Chla increased sharply and reached the peak;
and (2) the reoligotrophication stage from 2002 to 2021 when the Chla decreased rapidly
with a decrease in TP concentration and remained stable at approximately 1 pg/L for 10
years (Figure 2a—c). However, the TN concentration gradually increased from 1500 pg/L
to 3500 pg/L.

In the calculation of the TLIcw, we established the relationship between Chla-TP
and Chla-TN, where Chla = 0.0312 x TP'%7 (12 = 0.5782). However, there was no positive
correlation between Chla-TN, and the weight of TLI (TN) was [3 = 0. This did not affect
the value of the TLIcw. The results showed that the TLIcw was below 30 for 10 consecu-
tive years from 2009 to 2019, indicating that the reservoir was in the oligotrophication
state (Figure 2d). However, it switched to a mesotrophic state in 2020, and this was con-
sistent with the rebound of Chla.

In general, after nearly 20 years of treatment, the TP concentration in the reservoir
recovered to be approximately 20 pg/L after 2005, reaching the Class II standard for sur-
face water. Chla was less than 5 pg/L, indicating that the reservoir was recovering from
eutrophication. However, the concentration of TN and TP changed incongruously. The
TLIcw was basically consistent with the changes in the Chla and TP.



Water 2022, 14, 2629

6 of 16

160 4000
a 140 b 3500
120 3000
3 100 3 2500
2w £ 2000
E 60 Z 1500
40 1000
20 500

1995 2000 2005 2010 2015 2020 2025 1995 2000 2005 2010 2015 2020 2025

Year Year

o

(=%
@
o

S
TLICW

Chla(uglL)

o
n
o

0 ] . .
1995 2000 2005 2010 2015 2020 2025

Year

1995 2000 2005 2010 2015 2020 2025
Year

Figure 2. Interannual changes in water quality and nutrient status in the Chaihe Reservoir (1996—
2021). (a) Total phosphours (TP) concentration; (b) Total nitrogen (TN) concentration; (c¢) Chloro-
phyll a (Chla) concentration; (d) Changed weight trophic level index (TLIcw). The red dashed line
is the boundary of oligotrophication and the mesotrophic state. The yellow dashed line is the lower
limit of the eutrophication boundary.

3.2. Relationships between Chla and TP (TN)

The evolution trajectories of the Chaihe Reservoir indicated the right-lateral path of
Chla-TP and Chla-TN (Figure 3a). There was a positive correlation between Chla and TP.
Moreover, the increase in TN concentration did not affect Chla, suggesting that TP rather
than TN was the key factor driving the change in Chla. In addition, there was a higher
Chla yield for any given TP concentration during the eutrophication stage than in the
reoligotrophication stage, suggesting that other factors in addition to TP reduction were
beneficial for oligotrophication and for reducing the phosphorus use efficiency
(Chla/TP).

The TN/TP ratio decreased when the TP increased during the eutrophication stage,
while the TN/TP ratio increased due to TN increasing with the decrease in TP during the
reoligotrophication stage (Figure 3b). This result indicated that the Chaihe Reservoir
shifted to a strong P-limitation due to the higher TN/TP ratio.
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Figure 3. (a) Filtering trajectory diagram of Chla-TP and Chla-TN in the Chaihe Reservoir (1996—
2021); (b) Filtering trajectory diagram of TN-TP in the Chaihe Reservoir (1996-2021) (the arrow
denotes the time direction, where one arrow denotes 1 year. The arrow end represents the data of
the year i, and the arrowhead represents the data of the year i+1. W is the number of years in the

filtering window.

3.3. Chla Response to Hydraulic Factors and Changes in Nutrient Concentrations

3.3.1. Chla Response to Hydraulic Factors

The lowest water volume of the Chaihe Reservoir occurred in 2000 (Figure 4), and
this was due to the drought of the century in Tieling that exacerbated the eutrophication
of the reservoir. Since 2003, the Chaihe Reservoir has increased the function of the urban
water supply. Hence, the outflow of the reservoir increased sharply, and the quantity of
outflow (Q) increased to 53,790 m? in 2003, which was nearly 10 times larger than the
lowest value of 5126 m?before (Figure 4). The effect of hydraulic flushing to reduce the
water residence time may have caused a rapid improvement in the Chla.
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Figure 4. Chlorophyll a (Chla) response to hydraulic factors in the Chaihe Reservoir (1996-2021).Q
is the quantity of outflow (m?); V is the volume of the Chaihe Reservior (m?).

3.3.2. Chla Response to Changes in Nutrient Concentrations

The distribution of Chla in the reservoir (Figure 5) indicated that the maximum
value of Chla appeared at a higher TP concentration (TP > 100 pg/L), and the minimum
value of Chla appeared at a low TP concentration (TP < 40 ug/L). This result indicated
that Chla increased with the increase in TP. In addition, we found that the regions with
low TN/TP ratios had higher Chla values than those with high TN/TP ratios.

Chla

3500

3000

2500

TN (ug/L)

2000

1500

1000

20 40 60 80 160
TP (ug/L)

T T
120 140

Figure 5. Contour plot of the Chaihe Reservoir showing the distribution of Chla across different TP
and TN concentrations.

The filtering trajectory diagram of Chla-TN/TP (Figure 6) of the Chai River Reser-
voir (1996-2021) shows the change in Chla with the TN/TP ratio over time. There was a
negative correlation between Chla and TN/TP, with TN/TP coverage from 10 to 170
(Figure 6). Because the filtered data are arranged following chronological order in the
phase diagram, the red lines are reciprocating and there is more than one red line. In the
recovery stage, the TN/TP increased, and the concentration of Chla decreased gradually.
It is believed that the higher TN/TP ratio strengthened the phosphorus limitation in the
reservoir and was effective for phosphorus control.
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Figure 6. Filtering trajectory diagram of Chla-TN/TP in the Chaihe Reservoir (1996-2021). The ar-
row denotes the time direction, where one arrow denotes 1 year. The arrow end represents the
data of the year i, and the arrowhead represents the data of the year i+1. W is the number of years
in the filtering window.

3.4. Setting the Nutrient Targets
3.4.1. Interannual Variation of TPa

The TPa increased from 23.7 ug/L in 2005 to 51.3 pg/L in 2021 (Figure 7). The result
showed that the TP-carrying concentration in the reservoir was gradually increased.
Currently, the national TP standard can meet the needs of algal control (Chla =10 pg/L

and P = 90%). The TP/TPa ratio decreased from 127% in 2005 to 39% in 2021, reflecting
that the actual TP concentration could meet TPa.
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Figure 7. Dynamic process analysis of the total phosphorus-carrying concentration, TPa, in the
Chaihe Reservoir.

3.4.2. The Thresholds for TP and TN Under Different Chla Targets

In order to set the nutrient targets for the Chaihe Reservoir, we determined four
different Chla levels as stage goals and estimated the thresholds for TP and TN. The data
were mainly two types, including all data and data after 2004. Data after 2004 allowed
for the ETP(t) to approach the actual ETP during oligotrophication, thus obtaining a TN
threshold for buffering control. Table 2 shows the TP- and TN-carrying concentrations
(ng/L) under different Chla levels (P = 90%). Using all the reservoir data since 1996, the
average value of TPa in the recent period (2017-2021) was higher than that in the early
period (2004-2009). The estimated TPa based only on data after 2004 was twice as large
as the recent TPa (2004-2015) measured by all the data. Considering that the reservoir
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has the function of supplying drinking water, we settled at Chla = 8 ug/L as the goal for
algal control. This is because Chla = 8 ug/L is the upper limit of the mesotrophic state
settled by OECD. Consequently, the nutrient targets were advised to be TP < 40 pg/L
and TN > 2100 pg/L, and these can effectively prevent cyanobacterial blooms. The cur-
rent TP concentration in the reservoir meets the Chla goal (Chla = 8 ug/L). However, the
actual TN concentration was over 3000 pig/L and seriously exceeded the TNb, which did
not meet the requirement for water quality. Therefore, it was recommended to maintain
the TN at 2100 pg/L. If the Chla goal needs to be stricter in future, the nutrient thresh-
olds should also change.

Table 2. TP- and TN-carrying concentrations (ug/L) under different Chla levels (P = 90%).

The goal of Chla (ug/L) 10 8 6 4 Data
TPa in the early period (2004—-2009) 25 20 15 10 For all data
TPa in the recent period (2017-2021) 50 40 30 20 For all data
TPa in the recent period (2017-2021) 89 71 53 35 Data after 2004
TNa =10 TPa (2017-2021) 890 710 530 350 Data after 2004
TNb =30 TPa (2017-2021) 2670 2130 1590 1050 Data after 2004
TN threshold >2700 >2100 >1600 >1000 Data after 2004

4. Discussion
4.1. Nitrogen Control was Unnecessary for Oligotrophication in P-Limited Systems.

The oligotrophication pathway of the Chaihe Reservoir from 2001 to 2021 showed
that decreasing the concentration of TP won the success of controlling eutrophication.
The Chla responded rapidly with reductions in the TP and approached an oligotrophic
state (TLIcw= 30). Whole-lake experiments [12,18] and many long-term lake cases [19-21]
have shown that controlling phosphorus inputs alone can produce eutrophication re-
covery. However, in reservoirs with short water residence times, hydraulic flushing to
control eutrophication may yield more a rapid response than reducing phosphorus
loading [22]. In 2003, the Tieling sewage treatment plant was constructed and began op-
eration, and this greatly reduced nutrient load input from the Chaihe River basin. As a
result, the added function of urban water supply caused a very high quantity of outflow
in the reservoir (Figure 4). We considered that the increased hydraulic flushing had ef-
fectively inhibited the growth and aggregation of algae. As a result, the utilization effi-
ciency of phosphorus (Chla /TP) and the concentration of Chla decreased in the reservoir
(Figure 3a). Moreover, it was found that the TP-carrying concentration was gradually
recovering after the flushing event. We considered that it increased the hydraulic flush
and effectively inhibited the growth and aggregation of algae. A major hydraulic flush-
ing event that happened in Lake Paranoa produced a water quality improvement and a
reduction in chlorophyll-a, while five-year nutrient load reductions had little effect [23].
Our study highlights that adjusting hydraulic conditions is as important as decreasing
TP loadings during eutrophication control.

The control of nitrogen loadings was generally unnecessary for relieving eutrophi-
cation in P-limited reservoirs or lakes. How to optimize the design of the nutrient load
control as a water quality management strategy for coastal ecosystems is an important
problem that remains to be solved [24]. By considering the global nitrogen cycle [25,26],
biotoxicity [27,28] and lakes or marine areas that have N-limitations [13,29], it is neces-
sary to reduce the nitrogen input. However, trying to control nitrogen levels is unneces-
sary when controlling eutrophication of P-limited lakes [30]. During the reoligotrophica-
tion of the Chaihe Reservoir (2002-2021), the increase in TN concentration did not al-
ways hinder the eutrophication recovery. Both the decline in TP and the increase in TN
resulted in a higher TN/TP ratio and strengthened the phosphorus limitation (Figure 3b).
A negative correlation between the Chlz and TN/TP was found in our result, and the
state with a low TN/TP had a higher Chla value than that with a high TN/TP ratio (Fig-
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ure 5). The results demonstrated that the increase in TN could boost the TN/TP ratio,
which may have an advantage for decreasing Chla. Hence, the reduction of nitrogen
loads will definitely decrease TN/TP and shift it to a suitable area for algae growth,
which has a negative effect on oligotrophication in the P-limited Chaihe Reservoir. In
particular, reducing nitrogen through sewage treatment plants will not only consume
high amounts of energy but also increase greenhouse gas emissions. Therefore, excessive
nitrogen control is neither economical nor environmentally friendly.

Considering the relationship of trophic states (Chla) and the TN/TP ratio is benefi-
cial for clarifying the long-debated nitrogen and phosphorus control [31]. Phosphorus
limitation is primarily limited to lakes with poor natural nutrients, and most lakes are
probably colimited by N and P [30]. TN:TP stoichiometry may be controlled using vari-
ous biogeochemical processes in the lake (such as denitrified N2 fixed deposition and
resuspension) and may change with the changeable nutrient status of lakes. Due to ni-
trogen fixation, nitrogen-fixing cyanobacteria can fix N? from the atmosphere to com-
pensate for lake nitrogen deficiency, thus supporting the lake phosphorus limitation
paradigm. Recent research has revealed that nitrogen fixation does not axiomatically
lead to phosphorus limitation in aquatic ecosystems [32]. In addition, the TN/TP ratio in
lakes is more likely to be changed into being colimited by N and P, and the probability
of phosphorus limitation decreases [33]. For hypereutrophic lakes such as Taihu Lake,
the TN/TP ratio is very low due to the contribution of an endogenous P load, and there
is nitrogen limitation in summer. Therefore, the dual control of N and P is necessary
[29,34]. In addition, the Gehu Lake, which was less eutrophic than the Taihu Lake, was
also colimited by N and P, and a decrease in TN and TP relieved the eutrophication [35].
However, reservoirs are oligotrophic or mesotrophic, and they could commonly have a
higher TN/TP ratio. Therefore, phosphorus input reductions are an important and effi-
cient eutrophication management method in light-eutrophic lakes and reservoirs, while
nitrogen control may not be necessary.

4.2. Phosphorus Reduction Efforts Exacerbated Nitrogen Pollution

Efforts to reduce the phosphorus input to lakes have helped lessen algal blooms,
but they have exacerbated nitrate pollution. In Figure 3, it can be seen that TP is posi-
tively correlated with Chla, TN is negatively correlated with Chla, and TN and TP show
an obvious incongruous relationship. The results revealed that the eutrophication and
nutrient carrying capacity of the reservoir were primarily affected by the TP concentra-
tion. A decrease in the P input reduced the algal biomass but caused a sharp increase in
the TN/TP ratio. Wang et al. [36] evaluated the nutrient budget of the Chaihe Reservoir
using the nutrient budget model integrated with remote sensing data. They found that
fertilizer use was the primary source of nutrient input, and TP had a higher potential
risk to agricultural non-point sources than TN. Nutrient inputs from landscapes have a
relatively low TN/TP compared to in-lake processes, indicating that external nutrient
inputs cannot explain the situation of low P and high N in the reservoir. The evaluation
of atmospheric N deposition in China showed that N deposition reached a peak between
2000 and 2010 and then began a steady decline [37]. The nitrogen load was primarily
determined by land inputs and atmospheric nitrogen deposition, which have reduced in
recent years, while the TN concentration in the reservoir kept increasing. We believe that
the nitrogen pollution was related to geochemical nitrogen and the phosphorus cycle.

During eutrophication, the accumulation of phosphorus accelerates the loss of ni-
trogen [38]. From 1996 to 2001, the phosphorus concentration in the Chaihe Reservoir
increased, and the TN concentration decreased. These events confirmed that during eu-
trophication, increasing phosphorus input stimulated the lake's nitrogen removal pro-
cess, resulting in a large amount of pollutant nitrogen being absorbed into the tissues of
algal blooms [7]. Ecosystem experiments in lakes and rivers have also shown that in-
creased inputs of phosphorus can improve nitrogen removal [4-6]. Nitrogen fixation
and denitrification are the processes that distinguish the nitrogen cycle from the phos-
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phorus cycle. In many eutrophic lakes, fixed N may not accumulate because denitrifica-
tion removes more N on an annual basis than is replenished through N fixation [39]. Eu-
trophicated lakes and reservoirs have a nitrogen removal capacity similar to that of
sewage treatment plants, preventing more nitrogen export to coastal systems and caus-
ing marine eutrophication. However, it is often unrealistic to try to mitigate nitrogen
pollution by adding phosphorus. Adding phosphorus will undoubtedly increase the risk
of eutrophication in lakes. Hence, the disadvantages of adding phosphorus may far
outweigh the benefits provided by nitrogen reduction.

During reoligotrophication, denitrification is inhibited and cannot alleviate the ex-
cess nitrogen input. An increase in the TN concentration after 2002 was the result of a
decrease in Chla due to a TP reduction (Figure 3a), indicating that the nitrogen removal
capacity of the reservoir was negatively correlated with the TP concentration and algal
biomass. Denitrification is an important process in the nitrogen cycle that converts ni-
trates to N2 or N2O, thereby permanently removing nitrogen from freshwater ecosys-
tems. The N removal amount of the reservoir primarily depends on the nitrogen content
from the sediments caused by algal deposition. Without algal deposition, there would be
no nitrogen burial in the sediments and denitrification [8]. Sollie et al. [40] studied the
contribution of different retention processes for water quality improvement, indicating
that settling and burial contributed more nutrient retention than denitrification. Miiller
et al. [11] studied N-elimination rates in 21 Swiss lakes based on whole-lake N budgets.
They found that denitrification was the more efficient pathway and that it accounted for
an average of 75% of the removed N, while the burial of organic N in sediments ac-
counted for an average of 25%. When the phosphorus input decreased, the algal biomass
and nitrogen burial decreased. In addition, due to the improved oxygen conditions, the
denitrification process could not alleviate the excess nitrogen input; thus, the lake's de-
nitrification capacity decreased. This may be the explanation for the intensified nitrogen
pollution caused by a decrease in the phosphorus input in the Chaihe Reservoir after
2002.

This asynchronous example of nitrogen and phosphorus may be found to occur in
more cases, when considering least productive reservoirs, and it is attributed to nitrogen
and phosphorus concentrations that primarily depend on external loads. In most lakes,
the internal circulation of nitrogen and phosphorus is often hidden by an external load
under nutrient management. Therefore, if the influence of the external load could be in-
finitely ignored, the phenomenon where nitrogen increases with a phosphorus reduction
may find more case supports in less productive reservoirs or lakes with little anthropo-
genic interference. For example, the Fuxian Lake is oligotrophic and deep, and a stage
was also found where the nitrogen increased with a phosphorus reduction [41].

4.3. Nutrient Thresholds and Management Strategies for the Chaihe Reservoir

In China, the water quality of reservoirs generally meets class III of China's “Envi-
ronmental Quality Standards for Surface Water (GB3838-2002),” but excessive nitrogen
content is a cause for concern, as is the case in the Chaihe Reservoir. In 2008, the TLI of
the Chaihe Reservoir ranged from 30 to 45, belonging to the mesotrophic state [42],
while the Chla indicated that the reservoir was oligotrophic. The current surface water
standard and the TLI method have shortcomings or are not precise in their use. For ex-
ample, the lake has met the eutrophication control requirements, and the TN index is not
required to reach the standard for surface water. In this study, the TLIcw was used to
evaluate the nutrient status of the Chaihe Reservoir. The result showed that the changes
in the TP and Chla indicate the nutrient status of the reservoir well. Considering the re-
quirements of eutrophication control, nitrogen loading does not need to be controlled.
We recommend revising the national surface water quality standard as soon as possible
or issuing a separate eutrophication standard, such as adding Chla as a national control
index, to more accurately represent the level of eutrophication. In addition, by breaking
the national standard pattern, the nutrient index TP (or TN) standard should be com-
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bined with the TN/TP ratio to achieve the accurate management of lakes based on the
limiting nutrient. If the overall TN influx into the sea was reduced, assessment require-
ments could be appropriately relaxed to allow high-nitrogen operation, especially when
lakes and reservoirs are limited by phosphorus. In fact, besides the requirements for
drinking water, there are other separate ecosystem impacts from just high concentra-
tions of nitrogen. The caveat is that maintaining high nitrogen levels may have a nega-
tive effect on shallow-lake ecosystems, such as the loss of submerged plants and the ex-
cessive growth of phytoplankton [43,44]. Thus, maintaining high nitrogen levels are not
encouraged in shallow lakes, which will inhibit the reconstruction of submerged plants.

The Chaihe Reservoir is characterized by high nitrogen content and low algal pop-
ulation, and this confirmed the strategy that priority phosphorus control can ease eu-
trophication, while nitrogen reduction is not necessary. The algal biomass was limited
by phosphorus at a low level when the TP was low but the TN was high (Figure 5). The
downward jump of Chla-TP (Figure 3) confirmed that phosphorus control led to a sharp
decrease in Chla. In addition, the nutrient-carrying concentration of the reservoir has
improved due to TP reduction, causing an increase in TPa (Figure 7). A plankton survey
of the Chaihe Reservoir performed in 2008 showed that green algae predominated in
biomass and species abundance due to low phosphorus concentrations, while the blue
algal biomass was low [45]. This result confirmed that a high TN/TP ratio inhibited the
growth of nitrogen-fixing cyanobacteria. Therefore, TNb = 30 TPa was chosen as the
lower limit to prevent cyanobacterial blooms (Table 2). The TPa threshold calculated
from all data can be used as the standard for the reservoir. This threshold is stricter than
that calculated from recent data. It is suggested that implementing the nutrient thresh-
olds according to Chla = 8 ug/L can maintain the mesotrophic state of the reservoir (both
are stricter than the current national standard of the functional area). Finally, the nutri-
ent targets were advised to be TP <40 pg/L and TN = 2100 ug/L, and these can effective-
ly prevent cyanobacterial blooms. Chla-TP is close to the original pathway (Figure 3a),
indicating that a low-nutrient freshwater system can easily recover from eutrophication.
However, the nutrient threshold may change in the future if environmental factors
change, such as climate change or hydraulic factors. When the actual TP concentration
decreases, the TN threshold should be reduced according to the recommended TNb. In
other words, under phosphorus limitation, it is not necessary to control nitrogen in ad-
vance in order to reach the goal of Chlg, but to primarily control phosphorus. In addi-
tion, nutrient management should maintain a TN/TP ratio slightly greater than 30, and
this will help prevent a dominance of cyanobacteria or nitrogen-fixing cyanobacteria
[46]. Another advantage for maintaining high nitrogen in lakes and reservoirs is because
it is conducive to reducing the energy consumption of nitrogen removal.

Adaptive nutrient-management strategies have been proposed, aiming to relieve
nitrogen pollution and lake—coast eutrophication. Nitrogen targets were far from at-
tained, and increasing the TN levels in the least productive lakes and reservoirs has been
a problem, as this strategy increases the eutrophication risk of downstream N-sensitive
sea areas [47]. However, due to the potential for rainfall to be exported, only a small
amount of water flows directly from Chaihe Reservoir into the sea, while most of the
water is used for irrigation and for supplying drinking water and industrial water. In
addition, the upstream of the reservoir is a low-density population area; hence, it is
clearly unwise to control nitrogen inputs with high energy consumption and high cost.
We suggest that nitrogen removal can be implemented at the end of a water supply sys-
tem. In the wet season, the necessary nutrient load control in the basin should be con-
sidered, since rainfall may export a large amount of nutrients to coastal areas. In addi-
tion, accelerating the cultivation of aerobic denitrifying bacteria is urgently required [10].
Therefore, the management value of TNb proposed in this paper is to avoid the ineffi-
cient energy consumption (such as increased emissions of CO2 and NOx) caused by the
excessive removal of nitrogen in lakes and reservoirs limited by phosphorus.



Water 2022, 14, 2629

14 of 16

References

5. Conclusions

Nitrogen pollution was related to phosphorus reduction during the reoligotrophi-
cation of the Chaihe reservoir. The Chaihe Reservoir experienced a rapid water quality
improvement due to hydraulic flushing, and the TP reduction effectively reversed the
eutrophication. The decline in TP decreased the algal biomass but led to nitrogen pollu-
tion in the Chaihe Reservoir, and this result provided empirical support for the influence
of phosphorus on the nitrogen cycle and fate. The TN:TP stoichiometry had a negative
relationship with the trophic status, and thus, during eutrophication recovery, attention
should be paid to the regulation of the TN/TP ratio, and TN removal should be relaxed
appropriately to prevent turning to a smaller TN/TP ratio that is suitable for cyanobacte-
rial blooms. A quantitative analysis of the sources and consequences of N pollution in
the entire reservoir area should be performed. This will reveal the removal mechanism
of nitrogen in oligotrophic water. More research on net N2 fluxes can provide insights
into denitrification and nitrogen fixation processes, and this will help us to understand
the stoichiometric differences in the different nutrient states.

The case of the Chaihe Reservoir provides a high-nitrogen and low-algae paradigm
to develop a strategy for priority phosphorus control, while nitrogen control can be uti-
lized for buffering. For the Chaihe Reservior, it is clearly unwise to control nitrogen in-
puts with high energy consumption and high cost. To solve nitrogen pollution, nitrogen
removal at the end of water treatment is recommended to meet the requirements of the
drinking water supply. The nutrient targets are advised to be TP < 40 pug/L and TN =
2100 pg/L, and these can effectively prevent cyanobacterial blooms. A TN threshold of
the buffering control has great significance for setting the nutrient goals and for mitigat-
ing cyanobacterial blooms in freshwater ecosystems.
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