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Abstract – Eutrophication caused by excess inputs of nitrogen (N) and phosphorus (P) is a global
environmental problem for lakes. External nutrient control may change the relative influence of N and P on
phytoplankton biomass. For Lake Wuli, a subtropical shallow lake in China, suffering from severe
eutrophication since the early 1980s, a restoration program aimed to control external nutrient loading was
implemented in 2002. Long-term data (1998–2019) revealed that annual mean phytoplankton biomass
(Chl a concentration), total nitrogen (TN), and total phosphorus (TP) concentrations decreased significantly
following external nutrient loading reduction. Both summer and winter TN concentrations declined
markedly, whereas TP and Chl a decreased significantly only in winter. The decline in the concentrations of
TN was larger than that of TP, resulting in a significant reduction in the TN/TP ratio from 33.3 to 15.5 on an
annual basis, from 23.3 to 10.9 in summer, and from 44.3 to 21.2 in winter. A high TN/TP ratio and low
SRP concentration (<10 mg/L) indicate that Lake Wuli was P-limited in winter. The changes in the summer
TN/TP ratio indicate a shift from P limitation of phytoplankton growth to N and P co-limitation, which was
confirmed by a nutrient addition experiment conducted in summer in 2023. Our results indicate that, at the
present environmental conditions, inputs of either N or P, and especially both nutrients, will increase the risk
of phytoplankton blooming in summer in this subtropical shallow lake.

Keywords: TN/TP ratio / nutrient limitation / phytoplankton biomass / long-term changes /
nutrient addition experiment
1 Introduction

The sustained occurrence of harmful algal blooms, driven
by nutrient over-enrichment, is a severe problem affecting lake
water quality worldwide (Reynolds, 1992; Ho et al., 2019; Hu
et al., 2024; Paerl et al., 2024). Reducing the external nutrient
loading is a key strategy in combating these blooms. Nutrient
control efforts have led to significant decreases in nitrogen (N)
and phosphorus (P) concentrations and, consequently, where
sufficiently low concentrations could be attained, in the
biomass of harmful bloom-forming algae (Jeppesen et al.,
2005; Köhler et al., 2005).
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N and P concentrations respond differently to reductions in
external nutrient loading (Jeppesen et al., 2005, 2025; Su et al.,
2022). In temperate shallow lakes, N concentrations usually
respond more rapidly and reach a new equilibrium sooner than
P concentrations (Köhler et al., 2005; Kronvang et al., 2005;
Jeppesen et al., 2025). This greater decline in N than P has
beenmainly attributed to rapid loss of N through denitrification
and temporarily high P release from the sediments (Köhler
et al., 2005; Søndergaard et al., 2013), leading to a decrease in
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Wu et al., 2022) and result in a shift from P limitation (when
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N limitation of phytoplankton growth (Köhler et al., 2005;
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Fig. 1. Location of Lake Wuli and sampling sites.
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N debt, and P debt (all expressed per unit chlorophyll a (Chl a))
as nutrient deficiency indicators, Guildford and Hecky (2000)
analyzed samples across a broad spectrum of lake and ocean
regimes and found that N-deficient growth of phytoplankton
typically occurs when TN/TP< 9 (by mass), while P-deficient
growth occurs when TN/TP > 22.6, and, at intermediate TN/
TP ratios, neither N- nor P-deficient growth occurs. However,
though not mentioned by the authors, phytoplankton growth
limitation also depends on absolute concentrations of inorganic
N and P (Maberly et al., 2002).

The TN/TP ratio varies seasonally in both temperate and
subtropical shallow lakes, with higher values in winter and
spring and lower values in summer and autumn (Köhler et al.,
2005; Xu et al., 2010; Kolzau et al., 2014; Søndergaard et al.,
2017), and P limitation during the colder months and N
limitation during the warmer months of phytoplankton growth
has been reported in many shallow lakes (Xu et al., 2010;
Kolzau et al., 2014).

Lake Wuli is an isolated bay of Lake Taihu in subtropical
China and has suffered from serious eutrophication since the
1980s. To restore the lake, an external nutrient loading control
program involving disconnection of polluted inlet rivers was
initiated in 2002, leading to significant water quality
improvement (Chen et al., 2009; Chen et al., 2013). Using
long-term (1998–2019) data from Lake Wuli, we elucidated
whether major reduction in external N and P loading would
lower N concentrations due to P internal loading, resulting in a
decrease in the TN/TP and DIN/SRP ratios and a shift from P
limitation of phytoplankton growth to either N and P co-
limitation or N limitation alone after external nutrient loading
control. We also conducted a nutrient addition experiment in
summer (2023), comparing treatments with added N, added P,
and a control without nutrient addition to further elucidate
nutrient limitation of phytoplankton growth in the lake.

2 Methods and materials

2.1 Study area

Lake Wuli (31°3000700-31°3204800N, 120°1501100-
120°1305400E) is located in Wuxi City, China. It has a surface
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area of 8.6 km2 and an average depth of 2.0 m (Fig. 1).
Earlier the lake was in a clear-water state dominated by
submerged macrophytes, but – starting in the early 1980s –
it became heavily polluted by nutrients due to sewage
discharge from Wuxi city. In 2002, a restoration program
was initiated to control the external nutrient load to the lake
by disconnecting river inflows, sediment dredging, and
removal of in-lake fish ponds (established during the 1950s)
in selected areas to reduce the internal nutrient loading
(Chen et al., 2013).

2.2 Long-term monitoring data

Monitoring of Lake Wuli was undertaken from 1998 to
2019 by the Taihu Laboratory for Lake Ecosystem Research at
two regular stations (Fig. 1), involving monthly sampling
before 2005 and seasonally thereafter.

2.3 Nutrient addition experiments

To assess nutrient limitations of phytoplankton growth in
the lake, an in situ nutrient addition experiment was carried out
in September 2023. Water was sampled from a 0.5 m depth
below the surface and subsequently filtered through a 200 mm
sieve. A 0.5 L subsample was analyzed to determine initial N,
P, and Chl a concentrations. Acid-washed 2 L polyethylene
bottles (chemically inert, unbreakable, and transparent (90%
PAR transmittance)) were used for incubation. Four N and P
addition treatments were applied, each with four replicates,
resulting in a total of 16 incubation bottles (Tab. 1). Nitrogen
was added as KNO3, the dominant form of inorganic N in
lakes, and P as K2HPO4. Additionally, to avoid inorganic
carbon limitation during incubation, dissolved inorganic
carbon (DIC) was added at a concentration of 560 mmol/L
NaHCO3 (Rudek et al., 1992).

The polyethylene bottles were incubated for six days,
floating just under the lake surface and fixed to plastic racks. At
the end of the experiment, Chl a and nutrient concentrations
were determined, and the Chl a concentration was used as a
proxy for phytoplankton biomass.
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Table 1. Initial nutrient concentrations and N/P ratios in the water used for each nutrient addition experiment, each with four replicates. þN
refers to N addition, þP to P addition, and þNP to co-addition of N and P.

Control þ N þ P þ NP

Nutrient added
N (mg/L) 0 3 0 3
P (mg/L) 0 0 0.3 0.3
Nutrient concentrations
DIN (mg/L) 1.74 4.74 1.74 4.74
SRP (mg/L) 0.076 0.076 0.376 0.376
TN (mg/L) 2.26 5.26 2.26 5.26
TP (mg/L) 0.175 0.175 0.475 0.475
TN/TP 12.9 30.1 4.76 11.1
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2.4 Chemical measurements

The chemical variables analyzed included TN, TP, nitrate
(NO3-N), nitrite (NO2-N), ammonium (NH3-N), soluble
reactive phosphorus (SRP), and Chl a. The SRP was measured
spectrophotometrically using the molybdenum blue method
with a detection limit of 10 mg/L (EPA, 1993; APHA, 1998).
Where NH3-N was measured by the indophenol blue method,
NO3-N and NO2-N were analyzed by the cadmium reduction
method (APHA, 1998). TN and TP were both determined by
digesting water samples with potassium persulfate (K2S2O8),
followed by spectrophotometric measurement as the same as
measuring NO2-N and SRP (Ebina et al., 1983). The Chl a
concentration was measured using heat ethanol extraction and
spectrophotometric analysis (Xu et al., 2010; Li et al., 2022).
These methods were used in both long-term monitoring and
nutrient addition experiments.

2.5 Statistical analyses

Since some variables such as TN changed quickly after the
restoration in 2002 until 2008, for statistical analysis, the long-
term time series were divided into two periods: pre-restoration
(1998–2002) and post-restoration (2008–2019). To examine
the temporal fluctuations of all variables, we employed a
generalized additive model (GAM). As physicochemical and
biological data in lakes often exhibit non-linear trends and
substantial fluctuations over time, GAM enables accurate
fitting of trends and assessment of their significance (Frenken
et al., 2023). The GAM in this study was fitted using the mgcv
package in R ver. 4.3.2 (www.r-project.org).

For the nutrient addition experiment, differences in Chl a
concentration among treatments were analyzed using one-way
ANOVA. In all cases, the untransformed data meet the
assumptionsofnormality or homogeneityof variance. Statistical
analyses were performed using the SPSS 25.0 statistical
package, and the significance level for all tests was P < 0.05.

3 Results

3.1 The long-term responses of Chl a and nutrient
concentrations

After restoration, the annual mean Chl a concentration in
Lake Wuli decreased significantly (P < 0.01), from 58.1 mg/L
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before restoration (mean of 1998–2002) to 24.3 mg/L after
restoration (mean of 2008–2019) (Fig. 2A and Tab. 2).
However, the summer Chl a concentration showed no
significant change over time (P = 0.07), with mean values
of 57.0 and 45.7 mg/L pre- and post-restoration, respectively
(Fig. 2B and Tab. 2). In contrast, the winter Chl a concentration
decreased significantly (P = 0.02) after restoration, from
17.7 mg/L before restoration to 10.0 mg/L afterward (Fig. 2C
and Tab. 2). The Chl a concentration was generally higher in
summer than in winter.

Following restoration, annual mean TN concentrations
declined rapidly until 2008, by 74% from 5.83 mg/L before
restoration (1998–2002) to 1.31 mg/L during 2008–2019
(Fig. 2D and Tab. 2). Significant reductions in mean TN
concentrations were observed in both summer and winter
following restoration (summer: P < 0.01, winter: P < 0.01),
with a 56% decrease from 3.65 to 1.60 mg/L in summer and an
85% decrease from 7.53 to 1.14 mg/L in winter (Figs. 2E, 2F
and Tab. 2). DIN (NO3-N, NO2-N, and NH3-N) concentrations
followed a similar pattern – a rapid and significant decline of
90% occurred until 2008, from 4.30 mg/L before restoration
(1998–2002) to 0.43 mg/L during 2008–2019 (Fig. 2G and
Tab. 2). Significant reductions in mean DIN concentrations
during both summer and winter were recorded post-restoration
(summer: P < 0.01, winter: P < 0.01) – a 75% decrease from
2.12 to 0.49 mg/L in summer and a 93% decrease from 5.77 to
0.40 mg/L in winter (Figs. 2H, 2I and Tab. 2).

Annual mean TP concentration also decreased significantly
(P < 0.01) after restoration, showing a 46% reduction from
0.19 to 0.10 mg/L (Fig. 2J and Tab. 2). In winter, TP
concentrations (P < 0.01) declined significantly from 0.18 to
0.07 mg/L (62%); in contrast, there was no significant
reduction of summer TP (P = 0.12) (Figs. 2K, 2L and Tab. 2).
After restoration, winter SRP concentrations showed a
significant 38% decrease (P < 0.01), from 0.008 to 0.005
mg/L, whereas changes in annual and summer mean SRP
concentrations (annual from 0.015 to 0.017 mg/L and summer
from 0.034 to 0.036 mg/L) were not significant (annual:
P = 0.38, summer: P = 0.37) (Figs. 2M–2O and Tab. 2). Note
that the values of SRP were not reliable below 0.01 mg/L,
which is the detection limit of the method used in this study.

The annual mean TN/TP ratio decreased significantly from
33.3 to 15.5, summer and winter ratios declining from 23.3 to
10.9 and from 44.3 to 21.2, respectively (P< 0.01) (Figs. 3A–
3C and Tab. 2). The annual mean DIN/SRP ratio decreased
of 8
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Fig. 2. Long-term trends in annual, summer, and winter concentrations of Chl a, TN, DIN, TP, and SRP in LakeWuli (the solid line is fitted by a
generalized additive model; P-values represent significance levels). The dotted lines indicate the time of the restoration (note that the values of
SRP were not reliable below 0.01 mg/L, which is the detection limit of the method used in this study).
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significantly after restoration from 1299 to 81.4, with
significant reductions in both summer and winter from 299
to 22.8 and from 1665 to 137, respectively (P < 0.01)
(Figs. 3D–3F and Tab. 2).
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Chl a/TN values increased significantly both in summer
and winter (P < 0.01) (Figs. 3D–3F and Tab. 2), while Chl
a/TP increased significantly only in winter (annual: P = 0.14,
summer: P = 0.07, winter: P < 0.01) (Figs. 3G–3I and Tab. 2).
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Table 2. The annual, summer, and winter mean values of Chl a and nutrient concentrations in the pre-restoration period (1998–2002) and post-
restoration period (2008–2019). Significance is indicated by P-values in bold based on the GAM model.

Mean values Annual Summer Winter
Pre-restoration Post-restoration P Pre-restoration Post-restoration P Pre-restoration Post-restoration P

Chl a (mg/L) 58.1 24.3 <0.01 57.0 45.7 0.07 17.7 10.0 0.02

TN(mg/L) 5.83 1.31 <0.01 3.65 1.60 <0.01 7.53 1.14 <0.01
DIN(mg/L) 4.30 0.43 <0.01 2.12 0.49 <0.01 5.77 0.40 <0.01
TP(mg/L) 0.19 0.10 <0.01 0.17 0.15 0.12 0.18 0.07 <0.01
SRP(mg/L) 0.015 0.017 0.38 0.034 0.036 0.37 0.008* 0.005* <0.01
TN/TP 33.3 15.5 <0.01 23.3 10.9 <0.01 44.3 21.2 <0.01
Chl a/TN 0.009 0.018 <0.01 0.018 0.033 <0.01 0.004 0.017 <0.01
Chl a/TP 0.31 0.23 0.14 0.43 0.32 0.07 0.10 0.17 <0.01
DIN/SRP 1299 81.4 <0.01 299 22.8 <0.01 1665 137 <0.01

* Note that the values of SRP were not reliable below 0.01 mg/L, which is the detection limit of the method used in this study.

Fig. 3. Long-term trends in annual, summer, and winter TN/TP, DIN/SRP, Chl a/TN, and Chl a/TP in Lake Wuli (the solid line is fitted by a
generalized additive model; P-values represent significance levels). The dotted lines indicate the time of restoration.
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Fig. 4. Initial Chl a concentrations and maximum response in the
different treatments (control, þ N, þ P, and þ NP) of the nutrient
limitation experiment in Lake Wuli. N is nitrogen addition, P
phosphorus addition, and NP nitrogen and phosphorus co-addition.
Error bars indicate ±1 SD of four replicates. Differences between
treatments arebasedonANOVAposthoc tests (a>b> c>d;P<0.05).
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3.2 Nutrient addition experiment

Phytoplankton biomass (Chl a concentration) peaked on
the sixth day of the nutrient addition experiment, with a mean
Chla concentrationof27.3mg/L in thecontrol treatmentwithout
nutrient addition. Both N and P addition alone significantly
increased Chl a concentration compared to the control
(P < 0.05). Co-addition of N and P resulted in a significantly
higher Chl a concentration than in all the other treatments
(P< 0.05), with a mean value of 114.4 mg/L –more than twice
the concentration observed with N alone (40.5 mg/L) or P alone
(43.6 mg/L). Additionally, the concentration of Chl a in the
control treatment increased significantly compared to the initial
value (P < 0.05) (11.8 mg/L) (Fig. 4).

4 Discussion

Long-term data from Lake Wuli showed a greater decline
in annual mean TN than mean TP concentrations after
restoration. Further analyses revealed a delayed response of
TP concentrations to external loading reduction, particularly in
summer, where no change was observed over time. A rapid
decline in N concentrations in shallow lakes after N loading
reduction has been attributed to denitrification at the water-
sediment interface, especially during the summer months
(Jensen et al., 1992; Saunders and Kalff, 2001). In contrast, a
delayed response of TP concentrations to reduced external
P loading has been extensively reported in eutrophic shallow
lakes (Jeppesen et al., 2005, 2025; Noges et al., 2007;
Søndergaard et al., 2017). This delay is mainly attributed to
P release from the P pool accumulated in the sediments,
especially in summer and autumn when water temperatures are
high (Søndergaard et al., 2013, 2017). Jeppesen et al. (2005)
analyzed long-term data from 35 temperate lakes and found
that N can reach a new equilibrium adapted to the adjusted
nutrient loadings in less than five years, whereas P may take
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10–15 years or longer to reach an equilibrium after external
nutrient reduction.

The TN/TP ratio was highest in 2003 in both summer and
winter, far exceeding the 22.6 that potentially indicates P
limitation of phytoplankton growth provided SRP is suffi-
ciently low to be limiting (Guildford and Hecky, 2000),
but during this period both SRP (76 mg/L) and DIN
(1.74 mg/L) were too high to limit phytoplankton growth.
After restoration, TN/TP and DIN/SRP ratios decreased,
approaching levels in summer characteristic of potentially
N-limited systems. Greater increases in Chl a/TN than in
Chl a/TP also indicate a higher degree of N limitation in
response to loading reduction (Reynolds, 1992). However, our
observed mean winter TN/TP ratio was 21.2, and the winter
SRP concentration was lower than 10 mg/L, while DIN was
around 0.40 mg/L, indicating that LakeWuli remains P-limited
in winter after restoration.

Although both mean summer concentrations of DIN
(0.49 mg/L) and SRP (36 mg/L) exceeded the commonly
accepted N and P limitation threshold values reported in the
literature (Dolman et al., 2012; Kolzau et al., 2014; Chorus and
Spijkerman, 2020), the nutrient addition experiment demon-
strated the occurrence of co-limitation in summer in Lake
Wuli. The experimental results showed that, while addition of
either N or P alone significantly increased Chl a concentration,
combined addition of N and P increased Chl a concentration to
more than twice the levels observed with addition of single N
or P (Fig. 3). Similar results have been recorded in many other
lakes. Barnard et al. (2021) found that, despite a high average
SRP concentration of 66 mg/L in summer, the cyanobacteria
still showed an increased growth rate in response to P addition,
while initial DIN concentrations were high (>2.8 mg/L) in
Lake Erie, USA, and Andersen et al. (2020) found a threshold
DIN concentration above which there was no response in
phytoplankton to N addition as high as 0.56 mg/L DIN in
Acton Lake, a hypertrophic reservoir in the USA.

Notably, a significant increase in Chl a concentration also
occurred in the control without N or P addition during the
course of the experiment (Fig. 3). This increase likely reflects
that the phytoplankton had not yet reached the maximum
biomass defined by the carrying capacity of N and P in the lake
at the time when the experiment was carried out (Reynolds,
1992; Chorus and Spijkerman, 2020; Andersen et al., 2025).
Alternatively, phytoplankton growth in the lake may have been
limited by factors other than N and P, which were alleviated
when the phytoplankton communities were collected and
incubated in the bottles. For instance, zooplankton grazing –
known to reduce Chl a to TP ratio (Jeppesen et al., 1999;
Li et al., 2025) – decreased in our experiment as we filtered the
water through 200 mm sieves to remove zooplankton.
Moreover, in lakes, phytoplankton is often circulated to
deeper, low-light water depths due to turbulence. In our
experiment, reduced vertical mixing in the incubation bottles
just under the lake surface compared to the lake likely
alleviated light limitation (MacIntyre, 1993; Diehl, 2002).
Although carbon limitation is common in many eutrophic
lakes (Zagarese et al., 2021), we added dissolved inorganic
carbon (DIC) at a concentration of 560 mmol/L NaHCO3 to
avoid carbon limitation during the experiment. Further well-
designed experimental studies are required to understand how
multiple factors affect phytoplankton production at the
of 8
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community level in response to N and P addition in eutrophic
shallow lakes, such as Lake Wuli, where dramatic changes in
turbidity and nutrient availability may occur even within hours.

5 Conclusions

The results ofour analysis of long-termdata fromsubtropical
Lake Wuli showed that a reduction of external nutrient loading
significantly decreased annual mean Chl a, TN, and TP
concentrations. The decline in TN concentrations exceeded
that of TP due to the insignificant reduction of summer TP. This
led to a notable decrease in annual as well as summer andwinter
TN/TP ratios. The TN/TP ratio response to external loading
reduction indicates a shift in phytoplankton production in Lake
Wuli fromP limitation toNandPco-limitation in summer,while
the lake likely remainedP limited inwinter.Ournutrient addition
experiment confirmed summer co-limitation, as both separate
and – even more so – combined N and P addition significantly
increased phytoplankton biomass (Chl a concentrations). Our
results, therefore, indicate that, at the present environmental
conditions, inputs of either N or P, and especially of both
nutrients, will increase the risk of phytoplankton blooming in
summer in this subtropical shallow lake.
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