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Decline in Chinese lake phosphorus concentration
accompanied by shift in sources since 2006
Yindong Tong1, Wei Zhang2, XuejunWang3, Raoul-Marie Couture4,5, Thorjørn Larssen4, Yue Zhao6,
Jing Li7, Huijiao Liang7, Xueyan Liu8, Xiaoge Bu1, Wei He3, Qianggong Zhang9 and Yan Lin4*

Domestic wastewater and agricultural activities are important sources of nutrient pollutants such as phosphorus and nitrogen.
Upon reaching freshwater, these nutrients can lead to extensive growth of harmful algae, which results in eutrophication.Many
Chinese lakes are subject to such eutrophication, especially in highly polluted areas, and as such, understanding nutrient fluxes
to these lakes o�ers insights into the varying processes governing pollutant fluxes as well as lake water quality. Here we
analyse water quality data, recorded between 2006 and 2014 in 862 freshwater lakes in four geographical regions of China,
to assess the input of phosphorus from human activity. We find that improvements in sanitation of both rural and urban
domestic wastewater have resulted in large-scale declines in lake phosphorus concentrations in the most populated parts
of China. In more sparsely populated regions, di�use sources such as aquaculture and livestock farming o�set this decline.
Anthropogenic deforestation and soil erosion may also o�set decreases in point sources of pollution. In the light of these
regional di�erences, we suggest that a spatially flexible set of policies for water quality control would be beneficial for the
future health of Chinese lakes.

In recent decades, loadings of phosphorus (P) and nitrogen (N) to
freshwater ecosystems have intensified markedly1,2. Worldwide,
the continued nutrient influxes have caused severe environmental

problems, and led to the degradation of water quality and loss of
aquatic biodiversity3–6. Eutrophication with the sustained occur-
rence of harmful algal blooms (HABs) is widely recognized as one
of the largest water quality issues7. Reduction of human-induced
P and N loading is the focus of mitigation measures to reduce
eutrophication in freshwaters3,8–10.

China, home to 1/5th of the world’s population, has followed
its own economic, urban and agricultural growth trajectory. Since
2000, the major strategies for alleviation of general water pol-
lution in China have been establishment of national wastewater
discharge standards11 and pollutant cap-control targets, revised
every five years through the National Five-Year-Plan12. The current
policies (Supplementary Table 1) largely focus on control of point
sources, such as improved sanitation facilities in both urban13 and
rural regions14 (Supplementary Text 1), while diffuse non-point P
sources are neglected to some extent. This study was conducted
to examine the effectiveness of these control measures on lake P
concentrations, which is of paramount importance for future pol-
icymaking on P controls.

Here, we report monthly total phosphorus (TP) concentrations
in 862 lakes at nationwide scale in China monitored over the time
period 2006–2014. We collated information on regional aquatic P
loadings from various human activities, to unravel the forces driving
lake TP changes in four different geographic regions of China
(Eastern, Mid, Western and Northeastern China)15. We evaluated
the damage to aquatic ecosystems based on eutrophication potential
(EP) with a spatial resolution of 1 km × 1 km in 2014 using the

globally differentiated EP characterization method6,16–18. We used
the multiple general linear model (GLM)19 and correlation analyses
to quantify the relative contributions of various anthropogenic P
loadings to changes in lake TP concentrations.

Trends in lake TP concentrations
The results show that TP concentrations in most of the sampling
sites have declined during the period 2006–2014 (Fig. 1). Median
TP concentrations went from 80 µg l−1 (range of 3–247 µg l−1) in
2006 to 51 µg l−1 (range of 3–128 µg l−1) in 2014. In 2006, ∼22%
of sampling sites had TP concentrations higher than 200 µg l−1
(limit of Grade V by China’s water quality standard, Supplementary
Table 2) (Fig. 1), while in 2014 only 7% had exceeded this level.
In 2014, ∼70% of the surveyed lakes had TP concentrations lower
than 50 µg l−1. Overall, TP decreased in ∼60% of the monitoring
sites between 2006 and 2014, with larger declines for sites with TP
>100 µg l−1 in 2006. Monthly and annual mean TP concentrations
in the lakes of Eastern, Mid and Western China have declined
significantly (p < 0.01, n = 108; p < 0.01, n = 108; p < 0.01,
n=108, respectively, Fig. 2a–c); the declining trend is also affirmed
in China’s five largest freshwater lakes (Chaohu, Dongtinghu,
Hongzehu, Poyanghu, and Taihu) (Supplementary Text 2 and
Supplementary Fig. 1). In contrast, lakes inNortheasternChina have
in general lower TP concentrations, yet show a significant increasing
trend (p<0.01, n=98, Fig. 2d).

Sources of P in lakes
Compilation of sources of P loadings to lakes during 2006–2014
reveals declines in P loadings in most of China’s 31 provinces.
The sharpest decline occurred in Henan Province (∼4% per year)
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Figure 1 | Country-level changes of TP concentrations in Chinese lakes during 2006–2014. a, TP concentrations (annual average) in 862 freshwater lakes
of China in 2014 (µg l−1). b, Cumulative proportions of monitored TP concentrations in China’s lakes in 2006 (green line), 2010 (blue line), 2012 (purple
line) and 2014 (red line). Taiwan is not included in this study.
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Figure 2 | Temporal changes of TP concentrations (monthly and annual)
in lakes of China. a, Eastern China. b, Mid China. c, Western China.
d, Northeastern China. Red dots stand for the monthly average TP
concentrations; grey error bars stand for the corresponding standard
deviations; green and red solid lines stand for the regression curve of
monthly and yearly measured TP concentrations.

(Fig. 3). The average P loadings for provinces in Eastern and
Mid China were higher than those in Western and Northeastern
China in 2014, with the lowest P loadings found in sparsely pop-
ulated Tibet and Qinghai (∼5.0× 103 Mg per year) (Fig. 3). These
provinces are separated by the so-called ‘Hu Huanyong Line’ (Sup-
plementary Fig. 2), east of which live ∼90% of China’s population
with concomitant loadings of anthropogenic pollutants20,21.

Various human activities contribute to the anthropogenic P load-
ings in the lakes. We foundmarked regional differences in P sources
(Fig. 3b and Supplementary Fig. 3). In Eastern andMid China, rural
domestic wastewater P sources dominate and account for about
one-third of the total P loadings, while in Western China, livestock
farming comprises the largest source (∼1.2–1.5× 102 Gg per year)
(Fig. 3b). In most regions, China has experienced reduction of both
urban and rural domestic P loadings, although urban P loadings
have declined at a faster pace (Fig. 3b). The loadings from crop farm-
ing due to fertilizer application have been stable in Eastern China
and slightly increased in other regions. However, we noticed that
emerging diffuse sources, such as aquaculture and livestock farming,
are becoming more and more important P sources. Aquaculture is
especially important in Jiangsu, Hubei and Guangdong provinces,
where the P generated from feedings and fish excrement accounted
for >20% of corresponding P loadings in the province.

GLM analysis was conducted to examine the relative contribu-
tion of changes of P loadings to the variance of TP concentrations
in lakes in the past decade. In the East, the fast reduction of urban
domestic P loadings accounted for ∼40% of TP concentration
variance in the lakes. Generally, in Eastern and Mid China,
reduction of urban and rural domestic P loadings is dominant, and
improvement of sanitation and wastewater treatment facilities has
led to declines in TP concentrations in the lakes (Supplementary
Text 1). However, the overall reduction is counteracted by the
increase of diffuse sources, such as aquaculture P loading, which is
also important in explaining the variance of TP concentrations (9%
for EasternChina and 11% forMidChina) (Supplementary Table 3).
In the West, most of the variance in lake TP concentrations could
be explained by crop farming (31%) and the phosphate chemical
industry (25%) (Supplementary Table 3). China is the world’s largest
supplier of P-containing rock22, and mining-induced P changes are
seen in many lakes of Western China. For example, Dianchi Lake
in Yunnan Province has an annual P loading of 30Mg from the
mining and related industries23. However, the overall GLM analysis
explained less than∼50% of the variance of the TP in lakes of China
based on the current categorization of anthropogenic sources, and
this implies that there might be other potentially important
factors, such as increased P loading induced by intensified
heavy rainfall24.
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Figure 3 | Anthropogenic P loadings and regional-level changes during 2006–2014. a, Population-weighted anthropogenic P loadings into the water in
2014 (left), and the relative changes (%) between 2006 and 2014 (right). b, Anthropogenic P loadings from di�erent sectors in Eastern, Mid, Western and
Northeastern China from 2006 to 2014.

Interestingly, in Northeastern China, TP concentrations are
increasing and the variance of TP concentrations in lakes cannot be
explained by the changes of the anthropogenic P loadings (Supple-
mentary Table 3). In contrast to the fast economic development in
Eastern and Mid China in the past decade, Northeastern China has
experienced a dramatic economic recession and massive migration
towards more developed regions, mainly to Eastern China25,26. TP
concentrations here are generally close to conditions in the 1990s27.
Such a TP increase in these lakes during the study period is also
not unique. In the USA, the oligotrophic lakes in the relatively
undisturbed catchments and where TP concentration was initially
low also experienced TP increases from 2007 to 201224. There are
three possible explanations for this increase in median lake TP
concentrations. First, in this region, forest coverage was >40%
of the total land area, with Mongolian pine as the most typical
species. However, since the early 1990s, the forest has experienced
severe degradation due to the extensive logging ofMongolian pine28.
The decrease of mature forest planting could increase the mobil-
ity of nutrients in the soils, which could be intensified by heavy
rainfall24. Second, soil erosion is known to produce the increased
rates of nutrient discharges from the lands or forested catchments
into freshwaters29. In Northeastern China, severe erosions of black

soil have occurred since the 1950s, with the depth of black soils
decreasing from∼60–70 cmduring its original cultivation period to
∼20–30 cm today30. Third, atmospheric P deposition has increased
due to increased anthropogenic emissions31. Usually, the changes of
TP concentrations in lakes are overwhelmed by anthropogenic P
loadings in populated areas, but in remote areas with little agricul-
ture and low populations, increasing atmospheric P deposition may
be reflected as increasing TP concentrations in lakes24.

National eutrophication potentials
A national eutrophication potential (EP) was derived to assess the
susceptibility to the ecosystem damages due to eutrophication16,32.
The most affected areas are concentrated in Mid and Eastern China
(red and orange areas in Fig. 4). Those areas lie in the middle
and lower reaches of China’s largest river basin, the Yangtze River
Basin (Fig. 4). The lower parts of Yangtze River Basin (red areas
in Fig. 4), where lakes have high TP concentrations (Fig. 1) and
aquatic P loadings (Fig. 3), face a serious threat to the ecosystem
due to eutrophication. The middle and upper parts of Yangtze River
basin (orange areas in Fig. 4) suffer from increasing or emerging
sources of P (orange areas in Fig. 3a) and face an increasing threat
of eutrophication. These regions, with their large aquatic P loadings
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Figure 4 | Eutrophication potentials of freshwaters induced by anthropogenic P loadings in China (PDF.m3.year). EP values, describing susceptibility to
lake ecosystem damages, are calculated as the number of potentially disappeared fraction (PDF) of species per cubic metre each year induced by water
eutrophication, representing the fraction of species potentially lost from 1 m3 of freshwater during 1 year as a function of freshwater availability and
decreased biodiversity due to the increase in TP concentrations6.

and dense water networks connected withmore sensitive freshwater
ecosystems6, are at a high risk of aquatic ecosystem damages caused
by excess nutrient inputs.

Implications for China’s future water policy
Manymitigationmeasures have been taken earlier in eutrophication
control in Europe and North America (1970s). TP concentrations
in USA and European lakes today have median levels of 20–40
(ref. 24) and∼25 µg l−1 (ref. 33), respectively. In Europe and USA,
∼10% and 20%of the lakes have TP concentrations exceeding about
100 µg l−1 (refs 24,33). A survey of 35 lakes (mostly in Europe)
showed thatmeasures to reduce aquatic P loading were successful in
reducing TP concentrations, albeit with delay times of 10–15 years
due to loadings of ‘legacy’ P (ref. 34). China has started its massive
efforts to control point sources of nutrients since 2000, and it will
probably also take decades for Chinese lakes to be restored to good
ecological status.

Multiple lines of evidence on the national scale show that changes
in lake TP concentrations can be attributed to shifting P loadings in
different regions ofChina. This is to be expected given the economic,
spatial and climatic differences among the regions. Reduction of P
loadings to lakes has been achieved in most regions of China due to
rapid sanitation improvements in urban and rural areas. But to bring
TP concentrations down below threshold values (that is, 50 µg l−1)
at which HABs occur8, reducing P loading from diffuse sources will
be necessary. In Eastern and Mid China, high access to improved

sanitation has already been achieved. At present, average access lev-
els to the improved sanitation (Supplementary Text 1) have reached
∼90% in urban areas and >80% in rural areas, respectively13.
Therefore, there remains only minor potential here for further P
reduction through end-of pipe measures (Supplementary Text 3).
With the improvement of point-source controls since 2000, the
relative importance of non-point sources has been recognized35. In
Eastern and Mid China, the control of P loadings from aquaculture
has been largely overlooked, and it remains the thirdmost important
P source. In Northeastern China, mitigation of forest degradation
might be more important than direct strategies to control the above
mentioned anthropogenic P loadings. However, it is also evident
from field and laboratory studies that HABs can be co-limited by
both P and N, such that parallel reduction in N loadings must, in
many cases, also be achieved to improve water quality36–38. Studies
have pointed out that large N loadings are fuelling the toxic HABs
in N limited lakes, such as Lake Taihu of China38–40.

The recent decreases in TP concentrations in most lakes indicate
the effectiveness of China’s nutrients control measures, and it has to
be noted that a long time is to be expected beforeChinese lakes could
reach good ecological status. The findings from this study indicate
that China now needs more flexible regional water strategies to
cope with the different regional trends and sources of P loadings
to freshwaters. The ongoing revision of China’s Water Pollution
Prevention and Control Law should propose significant changes
to the current water governance structure and reflect its flexibility
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between regions to further reduce pollutant loadings and nutrient
concentrations in the lakes.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Lake TP monitoring data. All of the water quality data are based on the
randomized, unequally weighted probability surveys overseen by Ministry of
Environmental Protection, China, with the goal of creating unbiased assessments of
water quality in the freshwater lakes across 31 provinces in China. The lake survey
endured from 2006 to 2014, and each monitoring site is designed to sample
monthly during the study period. The number of monitoring sites in each lake
depends on its surface area. Generally, for the lakes with a surface area of
50–100 km2,∼3–5 sampling sites are monitored. For the lakes with a surface area
>100 km2, over 10 sampling sites are monitored. During the whole study period,
the standard of sampling site selection and procedure of water collections are
consistent, which are based on the ‘Technical Specifications Requirements for
Monitoring of Surface Water and Waste Water in China’41.

The lake surveys applied a standardized TP measurement method that did not
change over the reported time period, which was carried out by the ‘Environmental
Quality Standard for Surface Water, China’42. An unfiltered aliquot of the surface
water is prepared from each bulk sample. TP is determined by persulfate digestion,
followed by automated colorimetric analysis (ammonium molybdate and antimony
potassium tartrate under acidic conditions) using a flow injection analyser, with a
method detection limit (MDL) of 5 µg l−1. This measurement method is also
adopted by the Environmental Protect Agency, USA24. In the subsequent data
analyses, all the TP values lower than MDL are set to 1/2 of the MDL. The raw data
comprise a total of 23,455 TP concentrations collected from the 862 freshwater
lakes. These are aggregated by year and month. The detailed sampling locations
and periods, and the measured TP concentrations in the lakes are provided in
Supplementary Database 1.

National aquatic P loadings. To understand the driving forces for the P changes in
the lakes, we analysed the dynamics of anthropogenic sources of P loadings by
applying a hierarchical national P cycling model updated from Liu et al.43 and Yuan
and colleagues44. This study adopted the four regions division (Eastern, Mid,
Western and Northeastern China) defined by National Bureau of Statistics of China
based on geographic, demographic and economic development properties15.
During the study period, the P loadings from natural sources (that is, atmospheric
deposition) to freshwaters are reported to relatively minor3 and constant over
time6. Human activities have contributed the majority of the P loadings to lakes
since the Chinese economic reform in 19786. Hence, eight major and independent
human-induced P loading compartments were selected, including phosphate rock
mining, phosphate chemical industry, urban domestic wastewater, rural domestic
wastewater, large-scale and scatter-feed livestock farming, crop farming,
agricultural products processing and aquaculture43,44, respectively. Each
compartment contained∼3–6 separate phosphorus flows. The details about the P
loading framework and its calculations are provided in Supplementary Text 4.

Data used in this study encompass temporal and spatial series of activity data
and parameters collected from 2006 to 2014. Anthropogenic activity datasets were
collected from a number of national and international statistical databases,
literature and government reports, whilst most of the parameters were derived
primarily from scientific studies based on the field experiments (details in
Supplementary Text 4). Uncertainty analysis was conducted based on the specific
distributions of the activity data and parameters, using the Monte Carlo
simulations, conducted by the software program Crystal Ball, Oracle, USA. Details
of the uncertainty analysis are provided in Supplementary Text 4.

Eutrophication potentials (EP) in freshwaters. The EP values of anthropogenic P
loadings to freshwaters were quantified through multiplying regional P loadings

with the grid-based eutrophication potential factors (EPFs)6,16–18. The calculated EP
values are measured in potentially disappeared fraction of species (PDF) cubic
metre (m3) each year, reflecting the fraction of species potentially lost from 1m3 of
freshwater during 1 year as a function of freshwater availability and decreased
biodiversity due to the increase in P concentrations6. The regional P loadings are
calculated by total P loadings by the province and its population distribution (see
Fig. 3a). EPFs were determined to evaluate the potential eutrophication conditions
in the freshwater lakes induced by anthropogenic P loadings. This method has been
widely applied in life cycle assessment (LCA)16,32. Rather than the actual
estimations of current eutrophication conditions in the Chinese lakes, the EPFs
provide insight into future changes in phosphorus in lakes and support the future
regional P loadings reduction plans. An EPF is further derived by multiplying the
spatially explicit fate factor (FF) with the corresponding effect factor (EF). The FF
describes the residence time of pollutants in the environment17, while the EF
describes the environmental impacts following an increase of pollutant
concentration in the waters16,45. Using the TP concentrations in the 862 lakes of our
survey, we updated the spatially explicit EF model of P loadings to freshwaters in
ref. 16, which is determined from the empirical log-logistic relationships between
the potentially lost fraction of temperate freshwater heterotrophic species and
phosphorus concentrations in the lakes. FFs for freshwater eutrophication were
derived on a global-scale map describing the fate factors for P loadings to
freshwater. The EPs in the 862 freshwater lakes in China were calculated, and
kriging interpolation was applied to produce a national EP map in freshwater lakes.

Analysis of driving forces for TP changes in the lakes. To understand the driving
forces for the P changes in the lakes, we first performed correlation analyses to
indicate the strength of the relationship between each of various aquatic P loadings
and lake TP concentrations in the four regions of China (Eastern, Mid, Western
and Northeastern China)15. The provinces belonging in each region are shown in
Supplementary Fig. 4. Then, we conducted a multiple general linear model (GLM)
analysis to quantify the relative contributions of each of the eight aquatic P loadings
to changes in lake TP concentrations for these four regions19. In the GLM analysis,
a stepwise method was applied to reduce the model selection biases, based on the
information-theoretic approach and Akaike information criteria19,46. The statistical
analyses were performed by Excel 2010 (Microsoft), SPSS 16 (IBM SPSS), and
R software.

Data availability. The authors declare that data supporting the findings of this
study are available within the article and its supplementary information files.
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