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Abstract China has been confronted with serious water qual-
ity deterioration concurrent with rapid socioeconomic prog-
ress during the past 40 years. Consequently, knowledge about
economic growth and lake water quality dynamics is impor-
tant to understand eutrophication processes. Objectives were
to (i) reconstruct historical nutrient accumulation and the basin
economic progress on burial flux (BF); (ii) determine forms
and structures of nitrogen (N) and phosphorus (P) in sediment
and water using six cores in three of the most severely eutro-
phic lake areas in China (i.e., Eastern Plain, Yunnan-Guizhou
Plain, and Inner Mongolia—Xinjiang regions). Results suggest
that BFs of total nitrogen (TN) continued to increase in sedi-
ment, whereas total phosphorus (TP) levels were consistent or
only slightly increased, except in highly polluted lakes during
the past decades. Similar results were observed for concentra-
tions of nutrients in water (i.e., increased N/P). This historical
distribution pattern was correlated to long-term fertilization
practices of farmers in the watershed (N fertilization exceeds
that of P) and was contingent upon pollution control policies
(e.g., emphasized P whereas N was ignored). Vertical profiles
of BFs indicated that lake nutrient accumulation included
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three stages in China. Nutrient accumulation started in the
1980s, accelerated from the 1990s, and then declined after
2000. Before the 1980s, nutrients were relatively low and
stable, with nutrient inputs being controlled by natural pro-
cesses. Thereafter, N- and P-bound sediments dramatically in-
creased due to the increasing influence of anthropogenic process-
es. Nutrients were primarily derived from industries and domes-
tic sewage. After 2000, BFs of nutrients were steady and even
decreased, owing to implementation of watershed load reduction
policies. The decreasing NaOH-extracted P (Fe/Al-P) and in-
creasing organic phosphorus (OP) indicated that the source of
exogenous pollution underwent a shift. Inputs of nutrients were
predominantly from agricultural and domestic sewage, whereas
industrial pollution has been gradually controlled in most of the
watersheds. Historical nutrient dynamics suggest that the
economy of China is growing at the expense of its aquatic
ecological environments. Therefore, more attention to nu-
trient export to groundwater resulting from economic de-
velopment is important for further aquatic ecosystem de-
terioration and eutrophication in China.

Keywords Sediments - Nutrient accumulation - Economic
progress - China

Introduction

An extraordinary change in global lake ecosystems has oc-
curred over the last 40 years (Liu et al. 2014) from excessive
nitrogen—phosphorus loading, which has threatened the health
of aquatic ecosystems (Carpenter 2005; Conley et al. 2009).
Worldwide monitoring indicates that the incidence of fresh-
water eutrophication in Asia, Europe, America, and Africa has
reached 54, 53, 46, and 28 %, respectively (Nyenje et al.
2010). Nutrient loading in most lakes worldwide has been
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controlled by natural processes dating back to the 1960s.
However, nutrients have slowly increased in freshwater sys-
tems owing to rapid economic development and population
increases since that time. As a result, the increased nutrients
have caused water quality and aquatic ecosystem deteriora-
tion, as well as accelerated eutrophication. Furthermore, such
nutrient dynamic alterations have intensified the worldwide
ecosystem crisis (Fabricius 2005, Liu et al. 2010).

China is currently the largest and fastest-growing discharg-
er of sewage worldwide, with total sewage discharge increas-
ing from 31 to 69 billion tons (i.e., 121 % increases) from the
1980s to 2013 (Wu et al. 2011). Accordingly, the eutrophic
lake area has increased from 135 to 8700 km? (i.e., 60-fold
increase). Moreover, the area of lakes that are approaching
eutrophication (e.g., total nitrogen (TN), total phosphorus
(TP), and chlorophyll a concentration reaching 0.2, 0.01,
and 10,000 mg-L ", respectively) has reached 1.4x10* km?,
which makes China the highest nutrient loader in freshwater
systems (Wang 2015). By 2030, the gross domestic product
(GDP) of China is expected to double, which means that lake
eutrophication may continually increase. The Chinese State
Council and various local governments have conducted a se-
ries of load reduction projects and have issued a series of 5-
year plans since the mid-1980s to face this challenge (Xu et al.
2011). A sum of US$500 billion has been invested to reduce
watershed nutrients loading and restore the damage of aquatic
ecosystems (Ministry of Environmental Protection of China
(MEP) 2012a). To date, no significant reductions in eutrophi-
cation rates have been achieved, despite the considerable fi-
nancial investment. Therefore, understanding nutrient dynam-
ics due to rapid economic progress has become a major issue
among environmental groups, scientists, and policy makers in
China.

China’s landscape is covered with lakes, as there are
more than 2700 lakes with the single area of more than
1 km? (total area of about 9x10* km?) (Yang et al. 2010).
In addition, there are tens of thousands of artificial lakes
and reservoirs, with dozens more under construction.
Sediment particles depositing the lake floor are continu-
ously covered by successive sediment layers, thereby pre-
serving valuable historical information about past condi-
tions of watersheds (Zhang and Shan 2008). Correlating
influences of economic and social developments on nutrients
sediment retention at the national level could provide a better
understanding of lake eutrophication mechanisms. Hence, we
collected six sediment cores from three of the most severely
eutrophic areas in China (i.e., the Eastern Plain, Yunnan-
Guizhou Plain, and the Inner Mongolia—Xinjiang regions) to
achieve the following objectives: (i) reconstruct historical ac-
cumulation of nutrients and (ii) to evaluate the basin economic
progress on burial flux (BF) and forms of nitrogen (N) and
phosphorus (P) in the sediment, as well as evaluate nutrient
structure (i.e., N/P) in the water.
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Materials and methods
Study area and background

This study was conducted in the Eastern Plain, Inner
Mongolia—Xinjiang, and Yungui Plain regions. Sampling lo-
cations and basic properties of lakes and basin are provided in
Table 1. The Eastern Plain Lake is the most seriously eutro-
phic region and the most economically developed area in
China. Taihu Lake, Chaohu Lake, and Yanghe reservoir were
selected as case studies in this region. Taihu Lake in the
Jiangsu Province is the second largest freshwater lake in
China. Its basin covers 0.4 % of the total territory of
the country, but contributes 10 % of the GDP. As a
result, the lake has suffered serious eutrophication.
Chaohu Lake in the middle of Anhui Province is the
fifth largest freshwater lake in the Yangtze floodplain
of China. It not only provides drinking water for the
surrounding population, but also plays an important role
in the fishery industry. Due to excessive nutrient load-
ing from agricultural, domestic, and industrial sewage,
the lake has also experienced severe eutrophication
since 1970 (Chen et al. 2013).

The Yanghe reservoir in the northern Hebei Province is one
of the medium-to-large water conservancy projects in
Northern China. Nutrient inputs are primarily from agricultur-
al intensification and monitoring indicates that agricultural
NPS pollution accounts for 72 % of N and 75 % of P loading
in this reservoir (Ni et al. 2015). This intensification has
caused serious eutrophication and water quality deterioration
since the mid-1980s.

The Inner Mongolia—Xinjiang Lake region is an economi-
cally underdeveloped area; however, the lakes are suffering
from eutrophication (Zhang et al. 2011). Ulansuhai Lake, west
of the Inner Mongolia Autonomous region, is a typical agri-
cultural watershed in the upper reaches of the Yellow River in
northern China.

The Yungui Plain Lake region is the least economically
developed area but has the greatest eutrophication risk (Ni
et al. 2011). Dianchi and Erhai Lakes were selected in this
area. Dianchi Lake is the largest shallow lake in the Yunnan-
Guizhou plateau and the sixth largest one in China. It is also
the municipal water source for the nearby Kuming municipal
area, the capital of Yunnan Province. Due to rapid economic
development and urban expansion in the watershed, the lake
has been experiencing cyanobacterial bloom during the last
two decades (Liu et al. 2014). Erhai Lake in the western
Yunnan Province is one of the largest lakes in China, and plays
an important role in local socioeconomic development, in-
cluding irrigation, drinking water, and tourism. Since the onset
of agricultural policies during the early 1980s, a high load of
external nutrients have entered the lake, resulting in dramatic
deterioration of water quality (from mesotrophic to eutrophic).
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Table 1  Summary of basic background along the lakes in different lakes of China
Site Water area  Basin area  Depth ~ Rainfall Population ~ GDP per capita ~ GDP per area Status

km? km? m mm km? US$ (2012) billion US$ (2012)
Taihu Lake (E1) 2250 36,500 29 1000-1200 1360 7,499 44 Eutrophication
Chaohu Lake (E2) 2063 12,938 1.9 1000-1158 785 5,216 3.5 Eutrophication
Yanghe reservoir (E3) 14 755 5.7 800-1000 301 4, 841 32 Eutrophication
Ulansuhai Lake (M) 293 12,000 1.5 450-600 27 5,303 0.13 Eutrophication
Dianchi Lake (Y1) 330 2920 5 950-1100 980 7010 5 Eutrophication
Erhai Lake (Y2) 250 2565 10.2 1000-1200 333 3, 862 1.3 Mesotrophy
Sediment sampling BFs

Six sediment cores (E1, E2, E3, M, Y1, and Y2) were
collected at different lakes using a core sampler (HL-
CN, Hengling technology Ltd., Corp., China) to a depth
of 35 cm in November 2010. Core E1 (120° 11" 29" E,
31° 30" 46" N) was located in Meiliang Bay of Taihu
and Core E2 (117° 36" 09.29" E, 31° 33" 41.51 N)
being located East of the Chao Lake. Core E3 (119°
12" 30.20" E, 39° 59" 45.30” N) was located in the
central Yanghe Reservoir. Core M (108° 49" 17" E,
40° 53" 54" N) was located at the center of Ulansuhai
Lake. Core Y1 (102° 38’ 34.54" E, 24° 59’ 30.50" N)
was located in central Dianchi Lake. Core Y2 (100° 14/
5.35 E, 25° 41' 2491 N) was located in the underwa-
ter platform of south Erhai. Generally, these selected
cores had more stable sedimentary environments and
were less affected by human activity than the other
areas, so the cores more reliably reflect the real nutrient
deposition situation.

Immediately after collection, sediment cores were di-
vided into 2-cm slices in sequence, stored in the dark at
4 °C, and then were freeze-dried (Ni et al. 2015).
Samples were mixed using the quartering method, with
a portion used for porosity and dry density analysis, and
the other portion passed through a 100-mesh sieve after
grinding and used for TN, TP, and organic matter (OM),
as well as for determinations of N and P forms.

Analytical procedures
TN, TP, and OM

TN content was measured in accordance with the semi-
micro Kjeldahl method (Jin et al. 1990) and by using
standard measurements and testing protocol (Ruban
et al. 1999). Organic matter was measured by using
the dichromate external heating method (Nanjing insti-
tute of soil, Chinese Academy of Science 1978).

BF is essential to determine the amount of buried bio-
genic elements in sediments and its influencing factors.
The formula for BF is as follows (Schenau et al. 2005):

BF = ¢ wpy = cS(1-¢)py;

Where BF is the burial flux of biogenic elements, g-(cm*
year) '; c is the content of biogenic elements, mg-kg '; w is
the mass deposition rate of the sediments, g-(cm*year) '; S is
the deposition rate, cm-year ', ¢ denotes porosity, %; and pq is
the dry density of the sediments, g-cm .

Porosity and dry density of sediments were measured
using a fully automatic vacuum density analyzer (3H-
2000TD1, Beishide Instrument Technology (Beijing)
Co., Ltd.). Deposition rate was determined via sediment
137Cs and ?'°Pb dating. The deposition rates of different
cores in this study were obtained from previous studies
(Ni 2011; Ni et al. 2011; Yao and Li 2004; Zhang
2013; Zhang et al. 1993, Zhang et al. 2005). Previous
studies showed that the deposition rates in core El, E2,
E3, M, Y1, and Y2 were 0.32, 0.27, 0.62, 0.95, 0.28,
and 0.20 cm-yr ', respectively.

N forms

N forms contain inorganic-N and organic-N (Org-N).
Inorganic-N includes NH,—N, NO; —N, and NO, —N.
NO, —N is ignored in this study because of the content
of NO,—N in sediments from all locations was low and
almost zero. Sediment NH, —N was analyzed via the
KCI extraction—brilliant cresyl blue colorimetric method
(Sun et al. 2006), and the NO; —N was analyzed by the
phenol disulfonic acid spectrophotometry method.
Because the Kjeldahl digestion method for determining
TN did not include NO; —N and NO, —N, the content
of Org-N could be roughly defined as the difference
between TN and NH,—N.
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P forms

P forms were analyzed by using the standard measurement test
procedure (Ruban et al. 1999). P forms were divided into organic
P, NaOH-extracted P (Fe/Al-P), and HCl-extracted P (Ca—P).

Quality assurance and control

Data quality was controlled using field duplicate and spiked
samples, standard reference materials, and method blanks.
The analysis procedure was controlled under the same condi-
tions. The procedure was repeated twice for each sample. The

relative percent difference in the duplicate samples was <6 %.

Results
Temporal distribution of BFs

The BFs of TN and TP were compared to the sample age of
six selected cores to reconstruct the environmental history and
determine impacts of natural and anthropogenic activities on
lakes throughout China’s industrialization from the past sev-
eral decades (Fig. 1). Vertical profiles of BFs of TN exhibited
an increasing trend, whereas the historical BFs of TP were not
synchronous with TN except for core E3. Generally, vertical
variation of TN and TP BFs in sediment from the six cores
mainly included three stages:

Stage I (i.e., prior to the 1980s) showed that the BFs of
nutrients in different cores had the lowest levels throughout
all profiles. The BFs of TN from different cores had the least
difference and maintained a steady trend with a mean value of
681 mg:(m*year) '. The BFs of TP had considerable differ-
ence in cores because of the large differences in their pollution
status of P and lake position during this stage. The mean value
of BFs of TP was 432 mg-(m*year) .

Stage II (i.e., early 1980s to 2000) indicated that BFs of TN
had increasing trends with an average increase of 156 % for
cores. The increasing rate of BFs in severely polluted lakes

Fig. 1 Burial fluxes of total
nitrogen and total phosphorus in

Burial fluxes of TN mg- (m?-year) !

suggested further loading. This was primarily attributed to
increases in exogenous N loading in watersheds. The BFs of
TP presented a slight to no increase except for E2 and M.

Stage 111 (i.e., after 2000) demonstrated that the BFs of TN
in sediments had a relatively high value but the increasing
trend gradually stabilized. The BFs of TP exhibited a decreas-
ing trend excluding that of E3.

Temporal distribution and partition of N

The content of TN and N forms versus sample age of the six
cores are presented in Fig. 2. The sequence of TN content in
sediments was Y2 >Y1>E3 > E1 > E2 > M, with an average
of 2236, 1697, 1337, 1139, 1007, and 957 mg~kg71, respec-
tively. The mean content of TN in sediments from Yungui
Plateau was the highest, followed by that from the Eastern
Plain, and then from the Mountain Mongolia—Xinjiang lakes.
The result is consistent with that from Li et al. (2010) in that,
an obvious inflection point also appeared during the 1980s
(except in E1 and Y1). The content of TN was the lowest
and kept steady before this inflection. Thereafter, it increased
dramatically, with average increases of 330 % since 1980s.
The content of TN in core E1 and Y1 began increasing in
the 1950s, with rates augmented by the 1980s, in conjunction
with human population.

Sediment N was included with organic-N and inorganic-N.
Organic-N, representing the non-labile N in sediment (Jones
and Willett 2006), was the dominant N form in the sediment
cores (accounting for 85-97 % of TN). The content of organic-
N sequence in the cores exhibited a similar trend with TN (i.e.,
Y2 >Y1>E3>El > E2> M) and with an average of 2092,
1570, 1271, 969, 966, and 902 mg~kg71, respectively. Historical
distribution of organic-N was similar to that of the TN.

NH, "N that represents labile inorganic-N in sediment,
was primarily derived from the ammonification of organic-N
and human activities. The distribution was mainly affected by
microbial activity, organic-N mineralization, aquatic plant,
and sediment oxidation—reduction reactions, as well as human
activities (Li et al. 2012). NH, *—N was the second dominant N
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form in the sediment cores and accounted for 2—12 % of TN. The
order of NH, —N was E1 > Y2 > Y1 > E3 > E2 > M, with an
average of 140, 123, 102, 50, 966, and 24 mg~kg71, respectively.
NH, "N content illustrated no significant regularity but resulted
in surface enrichment. This increasing NH;~N on one hand
could have been attributable to increasing anthropogenic im-
pacts. On the other hand, this could be resultant from NH, —N
carrying a positive electron, making it easily absorbed to colloid
surfaces that carry a negative electron. NH,—N in El and Y1
generally fluctuated, which reflects the more serious N pollution,
the more unstable and volatile NH, —N in sediments.

NO3z; —N accounted for an average of only 1.7 % of TN in
sediment cores. The order of NO; -Nwas Y1 >El>M>Y2
> E3 > E2, with an average of 44, 30, 25, 21, 17, and 9 mg-
kg, respectively. NO; —N had an increasing trend after the
1980s, which was consistent with TN processes for past de-
cades. Transformations were also associated with characteris-
tics of NO; —N. Specifically, nitrification transforms NH, —N
into NOs —N, which is important because of high oxygen
levels in surface sediments that lead to NO; —N increases.

The relationship between TN and N forms showed that TN
was significantly positively correlated with organic-N
(r=0.871;n=232; P<0.01) but was not clearly correlated with
NH,"-N and NO* -N.

Temporal distribution of TP and P forms

TP and P contents and forms versus sample age of the six
cores are presented in Fig. 3. The TP sequence in sediments

Y2

was Y1 >Y2>E3>El >E2 > M, with means of 1066, 685,
631, 627, 466, and 199 mg~kg71, respectively. A spatial dis-
tribution similar to that of TN was observed, e.g., Yungui
Plateau lakes > Eastern Plain lakes > Mountain Mongolia—
Xinjiang lakes. Furthermore, the vertical profiles of TP con-
tent showed dramatic increases in sediments from different
lakes, with average increases reaching 161 % since the 1980s.

P was divided to organic P, Fe/Al-P, and Ca—P. The organic
P represents the potential bioactive P in sediments (Baldwind
etal. 2001), which is mainly derived from biological residues,
humic and fulvic acid associated with OM, agricultural non-
point source (NPS) pollution, and domestic sewage (Ruban
2001). OP was the third dominant P form in the sediment
cores, which accounted for 14-42 % with an average of
28 %. It showed a similar increasing trend with that of TP,
and was significantly positively correlated with TP in the
cores (r=0.965; n=232; P<0.01).

The Fe/Al-P, which represents P bound to oxides and hy-
drates of aluminum, iron, and manganese, was the highest
bioactive in the sediments (Reddy et al. 1995). Fe/Al-P is
mainly derived from domestic sewage and industrial waste-
water (Ruban 2001). The Fe/Al-P content accounted for 15—
51 % of TP in the sediment cores with an average proportion
of 31 %. Spatial distribution of Fe/Al-P was: Y1 > E1 >E2 >
E3 > Y2 > M, with a mean concentration of 384, 276, 229,
215, 97, and 13 mgkg ', respectively. This result indicated
that along with more domestic and industrial pollution, the
higher the level of Fe/Al-P in sediments. Consequently, Fe/
AL-P levels could be used as a pollutant indicator for lake
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Fig. 3 Fractions of phosphorus
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environments. Historical Fe/Al-P had an increasing trend
from the 1980s to 2000 in sediments cores. However, a de-
creasing inflection point appeared in 2000 (excluding that for
E3), which may be attributed to heightened regulations for
domestic and industrial pollution in these watersheds.

The Ca—P, which represents P bound to calcium, accounted
for 22-80 % of TP in sediments, with a relatively high pro-
portion in the M core. Spatial distribution of Ca—P following
this sequence: Y2 > Y1 > E3 > M > El > E2, with mean
values of 369, 236, 215, 154, 151, and 137 mg~kg71, respec-
tively. This suggests that Ca—P distribution is largely depen-
dent on lake position and naturally occurring background cal-
cium levels in soils within the watershed. Soil in cores Y1, Y2,
E3, and M were alkaline, and rich in carbonate apatite, and
consequently had high amounts of calcium in lake sediments.
In contrast, soil in cores E1 and E2 were acidic, with calcium
being easily exchangeable. Historical distribution of Ca—P in
cores Y1, E3, and M had an increasing trend since the 1980s
whereas other cores scarcely exhibited any change.

Discussion

Relationships between socioeconomic progress
and records of sediment BFs

The burial processes of sediment nutrients were significantly
influenced by several factors, such as nutrients source,
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sedimentary rate, hydrodynamic conditions, bioturbation, and
the redox environment (Lu et al. 2005). China has many types
of lakes, resulting in very high spatial heterogeneity due to the
differences in geologic, geomorphologic, and climatic character-
istics. A strong relationship was found by comparing the eco-
nomic development and the structure of pollutants with records
of TN and TP BFs of sediments in the regions under investi-
gation herein. This influence could be divided into three
stages.

Before the 1980s, most of the lakes in China were primarily
affected by natural processes. Generally, these lakes had ade-
quate water quality with lower nutrient levels because of low
exogenous loading. China’s economy has intensified dramat-
ically since 1978, with the national GDP reaching as high as
US$119.8 billion, nearly thrice as much as the amount at the
end of the 1990s. The population also increased by 280 mil-
lion during the same period. These changes led to the dramatic
increase in sewage discharge from 31.5 billion tons to 45
billion tons, which annually increased by approximately
7 %. Accordingly, the nutrients primarily derived from indus-
trial processes, urbanization (i.e., N growth was particularly
noticeable; Fig. 4a).

After 2000, the national GDP maintained an average
growth of 8 %, with increases to roughly US$7301 billion
by the end of 2012. This increase was nearly 244 times great-
er, with the population increasing to 340 million. Furthermore,
annually, total amount of sewage discharge had been growing
at 4 %. Considerable changes occurred in the structure of
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Fig. 4 Historical input amount of sewage (a) and usage of artificial N, P fertilizer, and corresponding food productivity in China (b)

pollution loading. Since then, agricultural NPS pollution and
domestic sewage has become the primary sources of pollut-
ants as a result of rapid urbanization and agricultural intensi-
fication. The steady increase in nutrient amount caused rapid
deterioration of aquatic ecosystem. Consequently, aquatic
habitats gradually transformed from “grass-type lakes” to “al-
gal-type lakes” (Cheng and Li 2006; Ni et al. 2011). Numbers
of aquatic plants began decreasing, and thereby depositing
plant tissue which resulted in dramatic increases organic mat-
ter in sediment (Fig. 5). The increasing organic matter in turn
increased the porosity and reduced the bulk density of sedi-
ments. These changes ultimately decreased BFs of nutrients,
all of which coalesced the acceleration of lake eutrophication
and ecological deterioration.

The Chinese State Council and concerned local govern-
ments have strengthened the control of exogenous input load-
ings in key watersheds (i.e., Taihu Lake, Chaohu Lake,
Dianchi Lake, and Ulansuhai Lake) to address the series of
negative consequences caused by aquatic ecosystem deteriora-
tion and to protect the ecological environment and human
health (Liu et al. 2014). Targeted activities have included waste
water treatment plants (WWTPs), lake peripheral pollution

2020
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51940

" 1920 |
1900
1880
1860
1840
1820
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Fig. 5 Content of organic matter in dated sediment samples from the
different lakes

interception, agricultural non-point sources control, lake eco-
logical restoration and dredging, and the control of inflowing
river pollution (Ministry of Environmental Protection of China
2012b; Liu et al. 2014; Zhang et al. 2014). The trend of exces-
sive industrial sewage discharge has been gradually controlled,
especially that of industrial pollution. At present, the treatment
rate of industrial wastewater has already exceeded 90 % (Wu
et al. 2011). Compared the dynamics of nutrient at the
sediment from different watersheds, suggested that the in-
crease rate of BFs of nutrient in sediment was slowed
down when implementation of pollution control policies,
such as El, E2, M, and Y1. However, when no load
reduction in watersheds occurred, the increase rate of nu-
trient in sediment would continue to increase, as was the
case for E3 and Y2.

Y1 (Dianchi Lake) was selected as an example to further
study the role of economic progress on nutrient accumulation
in the sediment. The basin accounted for only 0.7 % of the area
but GDP accounting for 24 % of the Yunnan Province, which
resulted in it being the most serious eutrophic lake in China
(Yang et al. 2010). Figure 6 presents an overview of the econo-
my, aquatic ecosystem, water quality, and nutrients BFs in sedi-
ment cores from Dianchi Lake during the past 60 years. The
basin had a population of about 3.78 million and GDP about
US$0.27 billion before 1980, with the agricultural population
accounting for nearly 70 %. From 1980 to 2000, the population
increased by 27 %, whereas the proportion of agricultural popu-
lation dramatically decreased and accounted for only 50 % of the
total population, and the GDP increased six times, which leads to
nutrient loading on the lakes. Accordingly, the concentration of
TN and TP in water increased eight and five times, and the water
quality was grade as class III to V according to the water envi-
ronment quality standard for surface water (GB3838-2002) in
China. After 2000, the economy level and the population grew
faster than before, this situation lead to the overall deterioration of
the aquatic ecosystem, with 24 species of aquatic plants and 95
species of phytoplankton disappearing, whereas the density of
algae increased dramatically, remained steady at 1.3x10%a-L".
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In this study, the increased rate of BFs of TN in the sedi-
ment cores was considerably higher than that of TP, which
was partly related to the long-term fertilization practices of
Chinese farmers. Agriculture in China is with a limited area
with large inputs of artificial fertilizers and other resources
(Guo et al. 2010). The excessive use of synthetic N and P
fertilizers resulted in serious environmental problems.
However, farmers still preferred N and P fertilizers, with the
application dosage of N fertilizers being significantly higher
than that of P fertilizers (Ju et al. 2009). Fig. 4b presents an
overview of fertilizer use and the main crop productivity in
China during the past 50 years. Agriculture in China has great-
ly intensified since the early 1980s. N and P fertilizer applica-
tions and grain production in 2012 reached 33.1 million, 9.2
million, and 590 million tons, respectively. These values rep-
resented increases of 390, 320, and 180 % compared with
those in 1980. At present, the application of N fertilizer is
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three times greater than of P fertilizers, and the leaching rate
of N from soil to the environment is also much higher than that
of P (Xie et al. 2013). Eventually, dosage and nutrient liability
became key factors in why more N has accumulated in lake
sediments during past decades.

Relationships between basin development and records
of sediment N and P forms

The content variations of TN and TP levels and their forms
among the different lakes are mainly affected by the lake po-
sition and anthropogenic activities in the watersheds
(Tiyapongpattana et al. 2004, Ishii et al. 2010). Cores Y1
and Y2 are located at nearly the same position, and the GDP,
population density, and exogenous nutrients load from core
Y1 were much higher than those from core Y2. However, the
content of nutrients in sediments from Y1 was much lower
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than those from Y2. Similar phenomenon was also found in
the sediments from the rest of the lakes in this study (Table 1).
The results indicated that conservation implementation should
not only concentrate in economically developed areas, but
also in the economically backward areas with high risks of
potential nutrients release from sediments. Generally, the con-
tent of nutrients in sediment from different lake area were in
the order of Yungui Plateau lakes > Eastern Plain lakes >
Mongolia—Xinjiang lakes. This is largely attributed to the
multiple effects of water depth, hydrodynamic, and nutrients
background and climate, and economic status. Most of the
lakes in Yungui Plateau have deep water levels.
Accordingly, sedimentary nutrients were less affected by the
wind and water movement, resulting in more nutrients easier
to bury in the sediment rather than release. In contrast, most of
the lakes in Eastern Plain are shallow lakes (water depth gen-
erally less than 6 m), and the sediments are strongly disturbed
by water hydrodynamics and erosion compared with Yungui
Plateau lakes, resulting in sediment re-suspension occurring
frequently (Wu and Hua 2014). Finally, the contents of nutri-
ents in the lakes were considerably lower than those in Yungui
Plateau lakes even though most of these lakes had higher
pressure per unit volume of nutrients loadings. Most of the
lakes in Mountain Mongolia—Xinjiang are cover an area with
an undeveloped economy (Zhang et al. 2011), with nutrient
levels typically remaining low.

The nutrient fractions also displayed variability among
lakes. Organic-N and OP in the sediment cores have steadily
increased since the early 1980s. This increase mirrored the
rapid development of agricultural intensification and urbani-
zation in China in the early 1980s, which increased the num-
ber of organic pollutants on the lakes. The Fe/Al-P form ex-
hibited an ascending trend during this period in cores E1, E3,
and Y1. This trend is consistent with the development of
economy due to these basins are the major processing and
manufacturing areas in China. Ca—P presented an obvious
increasing trend in cores E3 and M since the 1980s, which
was consistent with the gradual intensification of soil loss in
North China caused by the destruction of vegetation.

N/P in water

0 n n n n n n n n n
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Year
AEl; AE2. ®@E3.OM: ¢Y1. OY2

Fig. 7 N/P of water, sediments and external input loading in different lakes

After 2000, the amounts of organic-N and OP in all sediment
cores had greatly increased, which has reflected increasing pol-
lution derived from agricultural and domestic pollution. In addi-
tion, the increase of Org-N and OP was also attributed to the
contemporary sedimentation of organic-bound P as phytoplank-
ton or macrophytes and its accumulation in the upper sediment
layer (Zhang et al. 2008). Fe/Al-P and Ca—P decreased in some
lakes due to implementation of a series of environmental protec-
tion projects to control soil erosion and industrial pollution in key
watersheds during the mid-1990s.

N and P nutrient structure and its indicative significance

The structure of the aquatic biological community of the lakes
was strongly affected by the amounts of N and P, as well as the
interaction between N and P (He and Han 2010). The mean
value of N/P in water from different lakes for this study was
19, which indicated that P was the dominant limiting factor for
algal growth in lakes in China according to the nutrient limi-
tation characteristic of the eutrophication assessment standard
(Guildford and Heeky 2000). Results herein were consistent
with that of Cai et al. (2010), who analyzed numbers of N/P in
water from different lakes in China.

Lake N/P levels of water throughout China have increased
since 2000 (Fig. 7), before which N/P was slightly static with a
mean value of 16. Thereafter, it gradually increased, with the
mean value reaching 22. This was partly attributed to the
implement of policies of “P loading reduction” in the late
1990s, which largely reduced the P loading in the lakes
(Zhang et al. 2014). The mean value of the N/P of input load-
ing and sediments was 13 and 2.8, respectively (Fig. 7), which
was much less than the N/P ratio of the water. This could be
associated with the gradually growth of phytoplankton in wa-
ter and the release difference of N and P from sediment.

To further study the historical role of phytoplankton N fixation
on N/P in water, Qian et al. (1997) established a method to
evaluate the contribution of aquatic organic-N and terrestrial
organic-N on marine system by utilizing the C/N ratio.
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Assuming that the C/N ratios of aquatic and terrigenous OM
were 5 and 20, respectively, the following formula was obtained:

Na=(20TN-TOC)/15, (Na representing the content of
aquatic organic-N)

Nt= (TOC— 5TN)/15, (Nt representing the content of ter-
restrial organic-N)

Figure 8 presents the historical ratio of aquatic organic-N
for TN in sediments from different lakes. Aquatic organic-N
bound sediment presented an increasing trend, which accom-
panied the “algae-type” phenomenon developed rapidly in
most of China’s lake since 2000. These additions represent
massive reservoirs of N that will continuously increase long
even after exogenous N loading is controlled.

The difference release between N and P is another impor-
tant factor which leads to N/P gradually increasing. Burial
efficiency could be used as a tool to assess the potential release
of N and P from sediment, which was calculated by using
the following formula (Ingall and Jahnke 1994),BE=BF/
(BF+W)x100 %).

Where BE is burial efficiency, %; BF is the BFs of the
biogenic elements, mg-(yearm?®) '; and W is the diffusion
flux, mg-(yearm?®) '. The BE of TN and TP in the surface
sediment in selected lakes are shown in Fig. 9. The BE of
P in sediments was higher than that of N, >suggesting that
sediment N was more easily released to water compared
to P.

Protection recommendations for Chinese lakes

Actions to control eutrophication of lakes in China have
been adopted for nearly 30 years. These actions have
passed through the development, utilization, and man-
agement stage (1980s); the protection and integration
governance stage (1990s); and the planning and control

Ratio of aquatic organic N accounting for TN (%)
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Fig. 8 Historical percentage of aquatic organic N accounts for TN in
different sediment cores

Year
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stage (since 2005) (Xu et al. 2011). However, the trend
of lake eutrophication in China still has not significantly
reduced despite issuing a series of engineering and man-
agement measures. Table 2 gives the current manage-
ment strategies and underlying disadvantage. The main
disadvantage have included simple treatment methods,
low-intensity investment in pollution control, institutional
fragmentation (vertically and horizontally), and lack of mean-
ingful endogenous pollution control strategies.

According to the relationship between historical BFs,
forms of nutrients in sediment and N/P in water as well as
Chinese economic development and population expansion,
suggested that socioeconomic progress of China is growing
largely at the expense of the quality of its aquatic ecology and
environments. Therefore, nutrients export resulting from eco-
nomic development should be taken into account during the
formation of basin management strategies for the lake water
environment. The following targeted activities are recom-
mended in this study: (i) the industrial structure should be
further adjusted, and economic development model should
be converted from extensive to intensive economic procedures
as to effectively reduce nutrient loading; (ii) regarding pollu-
tion source control terms, not only should industrial pollution
be regulated, but also addressed to promote the governance of
domestic pollution and agricultural NPS pollution. Scientific
and effective agricultural NPS pollution control technologies
should be given priority to development. And finally, (iii)
ecological protection should be given additional attention.
Conducting lake ecological restoration plans should be con-
tinued to control algal growth and restore aquatic biota while
maintaining environmental condition and reducing the release
of nutrients from sediment; and, (iv) current lake protection
should not only be limited to Eastern Plain lakes and seriously
polluted lakes but also to other regions with currently high
water quality.

120

BBE of TN OBE of TP

il

Fig. 9 BE of TN and TP in surface sediments from different lakes. Data
of TN was calculated from: E1- Zhang et al. (2006); E2 — Pan et al.
(2007); E3 — Cai et al. (2007); M — Sun et al. (2006); Y 1-Unpublished
data; Y2 — Ni and Wang (2015). Data of TP was calculated from: E1- Fan
etal. (2006); E2 —Zhang et al. (2008); E3 —Cai et al. (2007); M — Guan et
al. (2013); Y1-Unpublished data; Y2 — Ni and Wang (2015)
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Table 2 Main disadvantage of lake management in current strategy of China

Item Disadvantage Measure
Ignoring protection Emphasis on pollution governance
Region Ignoring other regional lakes Mainly concentrated in the Eastern Plain lakes
Object Ignoring protection of lakes that have good Mainly concentrated in the serious polluted lakes
water quality status
Scope Ignoring the protection of watershed Just emphasis on lake itself

Technology roadmap 1
Technology roadmap 2 Ignoring ecological restoration

Pollution source control
and domestic pollution

Ignoring the protection of aquatic ecosystem

Ignoring the control of agricultural NPS pollution

Emphasis the protection of water quality
Emphasis the control of pollution source
Empbhasis the control of industrial pollution

Conclusion

This study reconstructed the historical accumulation of
nutrients and the relationship between basin economic
progresses on nutrient accumulation in sediments of
Chinese lakes. Results suggested that the BFs of TN in-
creased in sediment cores, whereas TP levels were con-
sistent or only slightly increased, except in highly pollut-
ed lakes during the past decades. Similar process was also
found in the concentration of nutrients in water (i.e., in-
creased N/P). This historical distribution pattern was
mainly controlled by the long-term fertilization practices
of farmers in the watershed (N fertilization exceeds that of
P) and was contingent upon pollution control policies
(e.g., emphasized P whereas N was ignored).

Vertical profiles of BFs indicated that the lake nutri-
ents accumulation history mainly included three stages
in China. Nutrient accumulation started in the 1980s,
accelerated from the 1990s, and declined after 2000.
Before the 1980s, nutrients were relatively low and sta-
ble and mainly controlled by natural processes.
Thereafter, N in whole sediments and P in seriously
polluted sediments dramatically increased due to the in-
creasing influence of anthropogenic processes. Nutrients
were primarily derived from industries and domestic
sewage. After 2000, BFs of nutrients were gradually
steady and even had a decreasing trend because of the
implementation of watershed load reduction policies.
The decreasing NaOH-extracted P (Fe/Al-P) and in-
creasing organic P indicated that the source of exoge-
nous pollution was undergoing a shift. Inputs of nutri-
ents were dominant from agricultural and domestic sew-
age, whereas industrial pollution has been gradually
controlled in most watersheds. Historical nutrient dy-
namics implies that the economy of China is growing
at the expense of the quality of its aquatic ecological
environment.

Relationship between historical BFs, forms of nutrients in
sediment and N/P in water, as well as Chinese economic de-
velopment and population expansion, suggests that socioeco-
nomic progress of China is growing largely at the expense of
the quality of aquatic ecology and environments. The follow-
ing targeted activities are recommended in this study: promot-
ing transformation of the basin economic and social develop-
ment model; constructing an effective lake pollution control
technology system; synchronizing the protection of polluted
lakes and those with good water quality, and, strengthening
aquatic ecological restoration and protection.
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