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Abstract

Lake eutrophication has increased in pace in recent decades and has caused serious environmental problems
However, the development trends have not been fully determined as it is difficult to recognize complex effects
emanating from both climate and human mechanisms. China has many lakes in different trophic stages, which
represent three developing stages from forest- to agriculture-, and then to urban-lake, typically in Lakes Lugu,
Taibai, and Taihu. To determine long-term water quality trends, the three lakes were chosen for statistic analysis
on dominant effects on the diatom-inferred nutrient changes, and to undertake dynamic modelling regarding
climate-controlled nutrient changes. The results indicate the significant turning points of water quality in Lakes
Lugu, Taibai and Taihu occurring in the 1990s, 1950s and 1940s respectively, which were effected from human
activities by increases in tourism, farming and urbanization respectively. Water quality changes in Lakes Lugu,
Taibai and Taihu captured 68.4%, 54.9%, and 86.0% of the temperature variations before the turning points. The
anthropogenic impacts explained 84.0%, 96.4% and 96.0% of the water quality variations after the turning points,
where the sharp change of water quality by human activity has played an accelerated effect on the gentle change
of temperature. Compared with the 4 phases of water quality development in Pyhdjarvi Lake (SW Finland),
Lakes Lugu and Taibai have experienced the 1* and 2™ phases, and Taihu has experienced from the 2™ to 3™
phases during the last 150 years. Phase 4 has not occurred in the three lakes, but it is a key period during the
eutropication we need to pay attentions.

Keywords: lake water quality, long-term trends, climate change, human impact, three Chinese lakes, referenced
Finish lake, statistic analysis, dynamic model

1. Introduction

In natural systems, eutrophication is a nutrient-enhanced process in a timescale of several hundred years (Kalff,
2002). However, the process can be dramatically accelerated by intensive human disturbances, which will
endanger the structures and functions of lake ecosystems (Carpenter et al., 1995; Howarth et al., 2000; Qin, Xu,
& Dong, 2011). Nowadays, many lakes in China have been eutrophicated or reveal euthrophic trends due to
excessively development and using lake and catchment resources (e.g. Dong et al., 2008; Liu et al., 2007; Wu,
Huang, Zeng, Schleser, & Battarbee, 2007). Changes in lake water quality influenced by human activity have
been recognized as a progressive process from the original forest-type lake with primary vegetation types to the
agriculture-type lake strongly influenced by tillage practices, and finally to the urban-type lake characterized by
industrialization and urbanization (e.g. Fritz, 1989; Rasmussen, 2005; Yu, Xue, Lai, Gui, & Liu, 2007). To
analyze the processes of lake water quality within different developmental stages, such as changes in
forest-agricultural-urban lakes, can provide a more comprehensive perspective to understand lake development
but there have been few study in China (Yang et al., 2010).

There are 683 lakes with an area greater than 10 km’ in China (Ma et al., 2011). In these different trophic level
lakes, some can be typically represented by the three types from forest lake to agriculture lake, and then to urban
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lake. Lugu Lake is a remote and isolated area in southwestern China with a low-level economy and weak human
activity, and the forest covers 68.9% of the catchment area (Dong et al., 2008). The water was measured in an
oligotrophic stage and the water quality is very good (Zhang, 2014). Tillage practice has become the major
economic activity in eastern China, such as in the catchment of Taibai Lake. 71.4% of the area is farming land
(Liu et al., 2007), which represents an agriculture-lake type. Northern Taihu Lake catchment, located in the east
of China is a densely populated and highly economically developed area. It covers 36,500 km? in the catchment,
only 0.38% of the national territory area, but holds 4.2% of the total population and contributes 11% of the Gross
Domestic Product in China (Xie, Yu, & Zhang, 2001). Thus, it is a typical urban-lake type. In comparison to the
three Chinese lakes mentioned above, the water quality of Pyhdjarvi Lake in SW Finland not only had
experienced changes from oligotrophic condition to eutrohication, but also experienced water quality recovering
(Ventela et al., 2015). Therefore the history of water quality changes in Pyhdjarvi Lake can provide a reference
for comparing the developments of Chinese lakes’” water quality. Considering Chinese lakes in different trophic
stages are differentially influenced by climatic and anthropogenic impacts, three Chinese lakes (Lakes Lugu,
Taibai and Taihu) were chosen to study the forest-agricultural-urban lakes in eutrophication processes.

A comprehensive understanding of lake water quality changes must rely on long-term monitoring (Degobbis et
al., 2000; Sayer, Davidson, Jones, & Langdon, 2010). However, it is almost impossible to find records longer
than 50 year records in China, and this is so for the three lakes. For this reason, a paleolimnological approach
using diatom fossils was introduced in this study, which has proved useful for analyzing changes of lake water
quality history (e.g. Harris & Vollenweider, 1982; Levine et al., 2012; Luoto & Ojala, 2014; Smol & Douglas,
1996), because among paleolimnological multi-proxies the diatom fossil is a practical and workable indicator in
reconstructing the past lake water quality (e.g. Anderson, 1993; Chen, Yang, Dong, & Liu, 2011; Dong et al.,
2008; Hall, Leavitt, Smol, & Zirnhelt, 1997). However, the reconstruction based on diatom analysis can hardly
distinguish anthropogenic impact from natural influence and is unable to estimate the contributions of different
factors. For this reason, a nutrient dynamic model was constructed in the present study to simulate lake nutrient
changes under natural conditions, by setting climate boundaries and initial human-influence conditions.

In this paper, based on the four-lake water quality changes analyzed by diatom-inferred nutrient reconstructions,
we used Principal Component Analysis (PCA) to diagnose the major change signals of lake water quality
controlled by both climate and human activity. Meanwhile, a lake nutrient dynamic model was constructed to
simulate nutrient changes under the climate conditions. By comparing the two-approach results, we attempted to
distinguish the impacts of climate only and overlaying human activity. Finally, to compare with Pyh&jérvi Lake
trends, we figured out respective stages of the three Chinese lakes, and analyzed the potential trends of their
water quality.

2. Study Site

In this study, three lakes of Lugu, Taibai and Taihu (Figure 1) were chosen respectively as typical cases of forest-,
agriculture- and urban-type lakes according to the developing stages and the strengths of human activities in the
catchments.

(1) Lugu Lake (27.27° E, 100.78° N, 2690.75 m a.s.l) is located in the upper reach of the Yangtze River, in
Yunnan Province, southwest China. The water surface area is 48.25 km’ within 246.26 km® of the catchment area.
The average water depth is 40.3 m with a maximum of 93.5 m, and the water volume is 1.953x10° m* (Wang &
Dou, 1998). The multi-year mean of the total annual precipitation is about 920 mm, and the mean annual
temperature is 12.7 °C with a minimum of -10.3 °C and a maximum of 31.4 °C (Wang & Dou, 1998). This lake
is supplied mainly by surface runoff from the catchment. As a deep-water lake, the seasonal stratification is
significant and the thermocline generally develops at a depth of 14.4 m (Wang & Dou, 1998). The lake
catchment is an under-populated region, and the forest land, farming land and residential land occupies about
68.9%, 11.77% and 1.56%, respectively of the catchment area (Cai, 2014). Lugu Lake is considered to be an
oligotrophic lake with a mean TP concentration of 11.7 pg/L (Chen et al., 2014).

(2) Taibai Lake (29.13° E, 115.8° N, 16 m a.s.l) is located in the middle reach of the Yangtze River, Hubei
Province, eastern China. The water surface area is 25.1 km® within 960 km” of the catchment area. The average
water depth is 3.2 m with a maximum of 3.9 m, and the water volume is about 8x10" m*> (Wang & Dou, 1998).
The multi-year mean of the total annual precipitation is about 1,272.5 mm, and the mean annual temperature is
16.7 °C with a minimum of -13.8 °C and the maximum of 39.8 °C (Wang & Dou, 1998). Water supply derives
primarily from surface runoff (Wang & Dou, 1998). The lake catchment is a typical agriculture area, and the
forest land, farming land and residential land occupies about 16.55%, 71.4% and 4.37%, respectively, of the total
area (Liu et al., 2007). According to the investigation in 2002 AD, the mean TP concentration is about 125.5

40



www.ccsenet.org/jas Journal of Agricultural Science Vol. 8, No. 1;2016

ng/L (Dong, Yang, & Liu, 2006), which is classified as the eutrophication level.

(3) Taihu Lake (30.27° E, 120.7° N, 3.14 m a.s.l) is located in the lower reach of the Yangtze River, Jiangsu
Province, eastern China. The lake surface covers an area of 2,425 km? within 36,500 km? of the catchment area.
The average water depth is 2.12 m with a maximum of 3.3 m, and the water volume is about 5.142x10° m’
(Wang & Dou, 1998). The multi-year mean of total annual precipitation is about 1,084 mm, and the mean annual
temperature is 16 °C with a minimum of -16 °C and a maximum of 39.4 °C (Wang & Dou, 1998). Due to the
shallow water depth, there is no seasonal stratification in the vertically well mixed water column. The forest land,
agricultural land and building land respectively occupies 9.74%, 27.42% and 33.29% of the North Taihu
catchment area (Li, Bi, & Tian, 2012). The mean TP concentration is 172pug/L (Qin et al., 2011), which indicates
a hypertrophic level of water quality.

(4) Additionally, Pyh&jérvi Lake in SW Finland (61.00° N, 22.18° E, 45 m a.s.l) was introduced as the reference
in the present study. The lake surface is 155 km® and the catchment area is 616 km® (Venteld, Tarvainen,
Helminen, & Sarvala, 2007). The mean and maximum water depths are 5.5 m and 26 m respectively, and the
water volume is 8.49x10” m® (Ventel et al., 2007). The multi-year mean of the total annual precipitation in this
region is about 590 mm, and the mean annual temperature is 4.8 °C (http://en.ilmatieteenlaitos.fi/). The water
quality of Pyhéjérvi Lake is now in a mesotrophic level, with a mean TP concentration of 19.5 pg/L (Jeppesen et
al., 2012).
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Figure 1. Locations and the land-use types of Lakes Lugu, Taibai, Taihu and Pyhé&jarvi

3. Material
3.1 Regional Meteorological Data

To obtain long-term precipitation and evaporation data of these four lakes, we firstly collected observed data
from the meteorological stations nearby. Data from different stations were then combined by using Inverse
Distance Weighted (IDM) method. This method uses the inverse square of the distances between the observation
stations and the targeted lake as the weights to estimate the meteorological data of the lake. In this study, we used
the data from stations at Kunming (25.02° N, 102.68° E), Xichang (27.90° N, 102.30° E), Huili (26.65° N,
102.25° E), Ya’an (29.98° N, 103.00° E), Dali (25.72° N, 100.18° E), and Lijiang (26.87° N, 100.18° E) to
estimate precipitation and temperature for Lugu Lake. Data from Wuhan (31.11° N, 118.38° E), Jiujiang (29.73°
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N, 116.00° E), Huangshi (30.30° N, 115.10° E), and Anqing (30.53° N, 117.05° E) stations were collected to
estimate precipitation and temperature data of Taibai Lake. The precipitation and temperature of Taihu Lake
were calculated based on the data from stations at Shanghai (31.40° N, 121.47° E), Nanjing (32.00° N, 118.80°
E), Zhenjiang (32.20° N, 119.50° E), Nantong (32.00° N, 120.90° E), Lishui (28.47° N, 119.92° E), Wuhu (31.33°
N, 118.38° E). Data from Pyhédjarvi Lake were estimated based on the observations of Turku (60.52° N, 22.27°
E), Tampere airport (61.47° N, 23.73° E), and Helsinki aero (60.30° N, 25.00° E) stations. The observations from
1950-2010 AD were derived from the National Climate Center of China (http://ncc.cma.gov.cn/cn/) and the
Finnish Meteorological Institute (http://en.ilmatieteenlaitos.fi/). Data before 1950 AD were sourced from Vose et

al. (2008). The finally estimated precipitation and temperature series are shown in Figure 2.
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Figure 2. Annual precipitation series for (a) Lugu Lake (1902-2010 AD), (b) Taibai Lake (1880-2010 AD), (c)
Taihu Lake (1873-2010 AD) and (d) Pyhéjérvi Lake (1850-2010 AD), and annual temperature series for (¢) Lugu
Lake (1932-2010 AD), (f) Taibai Lake (1905-2010 AD), (g) Taihu Lake (1850-2010 AD) and (h) Pyh&jérvi Lake

(1850-2010 AD)

3.2 Fossil Diatom and Chronology Data

Diatom and chronological data for Lakes Lugu, Taibai, Taihu and Pyhijérvi were sourced from published
literature (Chen et al., 2014; Dong et al., 2006, 2008; Weckstrom et al., 2015). The abundance (%) of diatom
species and chronological data of Lakes Taibai, Taihu and Pyhéjérvi were directly provided by the authors, while
those of Lugu Lake were digitized from the paper (Chen et al., 2014). The collected data were used in further

analysis. Other information, such as the lengths of the sediment cores, sampled intervals and dates, were all
sourced from these published papers:

(1) A 27.5-cm sediment core was retrieved from Lugu Lake and sampled at 0.5-cm intervals. The chronology
was established by 2'°Pb and *’Cs dating and the bottom sediment was estimated at 1830 AD (Chen et al., 2014).
In the total of 145 diatom taxa identified, the dominant species consists mainly of Cyclostephanos dubius,
Cyclotella rhomboideo-elliptica, C. ocellata and Pseudostaurosira brevistriata (Chen et al., 2014, Figure 3a).

(2) In Taibai Lake, a 1.5-m sediment core was retrieved. The upper 50-cm section was sampled at 0.5-cm
intervals and the rest at 1-cm intervals. The deposition at 42-cm depth was estimated at 1832 AD based on the
21%p and "’Cs dating (Dong et al., 2006). Dominant species in the total of 98 diatom taxa are Aulacoseira
ambigua, A. granulate, A. alpigena, A. formosa and Gyrosigma acuminatum (Dong et al., 2006, Figure 3b).

(3) There was a 0.5-m sediment core drilled from Meiliang Bay, North Taihu Lake. The samples were obtained at
each 0.25-cm intervals. The age at 6-cm depth was estimated to be 1920 AD according also to the *'°Pb and "*’Cs
dating (Dong et al., 2008). Dominant species in the total of 78 diatom taxa are mainly composed by 4. ambigua,
A. granulata, A. alpigena, A. formosa and C. dubius (Dong et al., 2008, Figure 3c).

(4) In Pyhdjérvi Lake, a total of 295 diatom taxa were identified from the sediment samples. The dominant

species mainly consists of Fragilaria crotonensis, F. construens f. venter, Tabellaria flocculosa, T. flocculosa IV
and Stephanodiscus minutulus (Weckstrom et al., 2015, Figure 3d).
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Figure 3. Diatom stratigraphies for taxa with percentages > 5%: (a) Lugu Lake; (b) Taibai Lake; (c) Taihu Lake;
(d) Pyhéjarvi Lake. The four diagrams were redrawn on the basis of data from Chen et al. (2014), Dong et al.

(2006), Dong et al. (2008) and Weckstrom et al. (2015)

3.3 Data of Human Activities

These four lakes and their catchments we focused have been intensively influenced by human activities during
the recent decades.

(1) Lugu catchment is a remote and low-economic area. Regional tourism has developed since 1992 AD (Yang,
2013). According to statistical data, tourist numbers increased rapidly from 3.6x10* in 1992 AD to 58.6x10* in
2012 AD (Yang, 2013). The fast rate of tourism development has driven the main impact on water quality
changes in Lugu Lake (Zhang, 2014). The data of tourist number in Lugu region were collected from Yang
(2013).

(2) According to Liu et al. (2007), the lake area decreased from 60.1 km® in the mid-1950s to 27.02 km® in 1978
AD, and changed little after that. The fast change in the underlying surface condition has played an important

part in affecting water quality changes in Taibai Lake. The data of reclamation area were collected from Liu et al.
(2007).

(3) North Taihu region is a densely populated and highly urbanized area. According to the Statistic Database of
Chinese Economic and Social Development, population in this region increased rapidly from ~580x10* in 1949
AD to ~1,106x10* in 1998 AD (http://tongji.cnki.net/kns55/index.aspx). Thus the rapidly increasing population
is one of the most important indices for reflecting the regional economic development, and also a major
influence on water quality changes in Taihu Lake. The population data used in this studywere sourced from the
Statistic Database of Chinese Economic and Social Development (http://tongji.cnki.net/kns55/index.aspx).

(4) The agriculture in Pyhéjédrvi catchment has accelerated since the mid-1940s and become very intensive at
present due to the increasing use of artificial fertilizers (Valkama, Uusitalo, Ylivainio, Virkajirvi, & Turtola,
2009; Antikainen, Haapanen, Lemola, Nousiainen, & Rekolainen, 2008). Therefore, the fertilizer usage is an
important index of human activity in this region. The usage of fertilizers in Lake Pyh&jérvi catchment were
sourced from http://luonnontila.fi/ext/fi/data-pages/ma3-taustatiedot.html, and it is estimated based on national
agricultural statistics (www.tilastokeskus.fi) and earlier publication (Antikainen et al., 2008).

4. Methods

In this paper, we used two approaches to reconstruct the nutrient changes in the lakes of Lugu, Taibai, Taihu and
Pyhéjarvi. One is using a paleolimnological method based on the diatom-inferred nutrients in the lake sediment
records. The other is constructing a lake climate-nutrient dynamic model to simulate nutrient changes, where the
nutrients were indicated by total phosphorus (TP).

4.1 Major Signals of Diatom Assemblages

Diatoms are ecologically sensitive to water nutrient changes, and are commonly used for lake monitoring and
palaeolimnology (Smol, 1992; Hall & Smol, 2000). The effect of the increased nutrient concentration can be
seen as increases in diatoms favoring elevated nutrient levels in Lakes Lugu (Chen et al., 2014), Taibai (Dong et
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al., 2006), Taihu (Dong et al., 2008), and Pyhéjarvi (Weckstrom et al., 2015). We therefore used the diatom
assemblage variations in lake sediments to reflect nutrient changes during historical periods. In this paper, the
method of Principle Component Analysis (PCA) was applied to extract the principal component (PC) of diatom
assemblages. PCA is an approach aimed at extracting a few PCs to replace numerous original variables by using
the dimension reduction method, and should reflect original information as much as possible. Therefore, the PC
can capture the major signals of diatom assemblage variations, which was used as a lake nutrient proxy in this
study.

The PCA was performed in C2 program Version 1.5 (Juggins, 2003), when only diatoms with abundances >2%
were included in the dataset. Before running the PCA, we constructed a data matrix. The columns of the matrix
were the abundances (%) of different diatom species, and the rows corresponded to the top-down samples from
the lake sediment cores. In the dataset, the sample numbers of Lakes Lugu, Taibai, Taihu and Pyhéjéarvi were 16,
24,28 and 103 respectively, and the species numbers were 50, 46, 35 and 48 respectively.

4.2 Lake Climate-Nutrient Dynamic Model

Although diatom assemblages and the extracted signals from lake sediments can reflect the combined effect of
climatic and anthropogenic impacts on water quality changes, and also can infer the potential main-control
forces, it can hardly distinguish climatic influence from anthropogenic impacts. Nutrients are important for water
quality changes (Kalff, 2002), among which total phosphorus (TP) is one of the most important component to
evaluate lake nutrient levels (Vollenweider, 1968). This is also the case with most Chinese lakes (Wang & Dou,
1998). Therefore, a lake climate-nutrient dynamic model was constructed to simulate TP changes controlled by
natural conditions such as precipitation, evaporation, runoff, regional hydrology and the geomorphology, and so
on.

Lake nutrient accumulation and discharge are significantly affected by lake morphology and hydrology, and the
nutrient equilibrium is greatly influenced by water exchange speed (Vollenweider, 1968). Based on the analysis
for the morphological characteristics and hydrological data from 30 lakes in Europe and North America,
Vollenweider (1968) proposed a relationship of lake nutrient concentration (C;), catchment nutrient concentration
(C)) and hydraulic residence time (7). Larsen and Mercier (1976) then improved Vollenweider’s mode and
proposed the relationship described as:

C = CAl + 77 (1
Hydraulic residence time is defined as the time length lake water needs to change once, and it can be expressed
as:
T = V/Q 2
Where V' is the lake volume, Q is the net inflow. By introducing the concept of hydrologic budget (P+R-E-O=0),
Equation (2) can be expressed as:
t=VAP + R - E) 3)
Wherein P, R, E represent lake surface precipitation, catchment-derived runoff and lake surface evaporation.
Water phosphorus load (P)) is the function of discharge (Q) and concentration (C)): P; = C;QP, can be calculated
according to the formula below:
P =GO + 7' “)

In this paper, Equation (4) was used to calculate TP content with lake morphology and hydrology as boundary
conditions, and was applied to estimate changes of lake water quality. For comparison purpose, the TP load was
divided by the lake volume to convert to TP concentration. Model validation has been done by a control test
published in Yu, Liao, and Li (2013) and Guo, Yu, and Qin (2015).

4.3 Total Variance Explained

To further explain the variations of climatic and anthropogenic impacts on the water quality change, we
introduced an index of relative variance in this study. For comparison purpose, time series of the PCs,
temperature and human activity index were normalized and calculated the standard deviations. Finally, we used a
ratio of standard deviation of temperature (or human activity index) to that of PCs, in order to describe the
contribution weighting of temperature (or human activity). In this paper, the ratio can reflect the fitting degree
between two compared series. Namely, the higher ratio indicates better fitting, while lower ratio indicates poor
fitting.
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5. Results
5.1 PCA Results of Diatom Assemblages

The diatom assemblages in all four lakes show marked changes during the past 150 years. According to the PCA
results, the first PCs (PCls) explain 69.06%, 61.02%, 72.53% and 85.5% of the diatom assemblage variaticns in
Lakes Lugu, Taibai, Taihu and Pyhéjarvi, respectively.

The four lakes show the features of each change. The PC1 in Lugu Lake was relative stable and fluctuated within
a certain range before ca. 1950 AD, following a slight increase during ca. 1950-1990 AD; after that, it increased
rapidly with persistent fluctuations. The PC1 in Taibai Lake fluctuated dramatically but maintained a low value
before ca. 1950 AD, after that, it increased rapidly during ca. 1950-1980 AD and then changed a little. The PC1
in North Taihu Lake increased gradually during the period of ca. 1870-1910 AD, following a sharp increase, and
then it decreased markedly to a trough in ca. 1925 AD. After that, it increased with fluctuations until ca. 1970
AD and then declined suddenly. After ca. 1990 AD, it showed an increasing trend again. The PC1 in Pyhjjarvi
Lake increased slowly since ca. 1910 AD, following a slight decline during ca. 1980-1990 AD, and then it
increased rapidly until 2000 AD and decreased rapidly after that (Figures 4a-4d).
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Figure 4. Comparisons of PC1s with regional temperature in (a) Lugu Lake, (b) Taibai Lake, (¢) Taihu Lake, and
(d) Pyhajérvi Lake

5.2 Fitting Results of PCs with Climate and Human Activity Records

To further determine which variable majorly affected the changes of water quality, PCs were correlated with
climate data and human activity records. The correlation analysis results show that the PCs in these four lakes
have bad correlations with precipitation, while they are partially relevant to regional temperature. Based on the
correlation results, we found that the PC1 series of the diatom variations in Lugu Lake changed consistently with
temperature before ca. 1960 AD, but they separated afterwards (Figure 4a). The PC1 series of the diatom
variations in Taibai Lake changed similarly with temperature during ca. 1900-1940 AD, after that, they changed
inversely (Figure 4b). The PC1 and temperature changes in Taihu Lake displayed a similar trend throughout the
whole period (Figure 4c). We have also checked that the PC1 in Pyhéjarvi Lake changed consistently with
temperature variations during 1900-1930 AD; after that, they changed in reversed trajectories (Figure 4d). Based
on the comparisons, we found that the best fittings in Lakes Lugu, Taibai, Taihu and Pyhé&jarvi appeared in the
periods of ca. 1940-1960 AD, ca. 1910-1940 AD, ca. 1940-1960 AD, and ca. 1900-1930 AD, respectively.
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The calculation results of relative variance, for the best fitting periods, show that water quality changes in Lakes
Lugu, Taibai, Taihu and Pyhéjérvi captured 68.4%, 54.9%, 86.0% and 56.6% of the temperature variations,
respectively.

As PCls in recent decades fits badly with temperature, we tried to use human activity indices in different regions
to do the fittings, and then calculated the relative variance for each series. According to the fitting results, the
PC1 in Lugu Lake was fitted well with the rapidly increasing of tourist numbers during 1992-2012 AD (Figure
5a). The PCI in Taibai Lake changed consistently with lake reclamation area during the mid-1950s to 2002 AD
(Figure 5b). The PC2 in Taihu Lake shows a similar trend with the fast-increasing population (Figure 5¢). In
Pyhéjarvi Lake, the PC1 shows a similar trend with the changes in fertilizer usage, though it lagged a few years
behind (Figure 5d). The calculation results of relative variances show that the human activities explained 84.0%,
96.4%, 96.0% and 73.6% of the PCs changes in Lakes Lugu, Taibai, Taihu and Pyhéjarvi, respectively.
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Figure 5. Comparisons of PCs with human activity indexes in (a) Lugu Lake, (b) Taibai Lake, (c) Taihu Lake,
and (d) Pyhéjérvi Lake

5.3 Simulation Results
The lake nutrient modeling for the four lakes (Figure 6) show the individual changes:

(1) The simulated TP in Lugu Lake has increased since 1910 AD to a peak in 1925 AD, and then declined to a
trough in 1940 AD. After that, it increased gradually to the mean level in 1950 AD, and fluctuated within a
certain extent afterwards;

(2) The simulated TP changes in Taibai Lake show high oscillations during 1880-1970 AD, with two distinctive
peaks in 1950 AD and 1975 AD, and two troughs in 1930 AD and 1970 AD. After that, it decreased within slight
fluctuations;

(3) The simulated TP in Taihu Lake was relative stable during 1850-1890 AD, following intense fluctuations
until 1960 AD, with peaks in 1900 AD and 1930 AD, and troughs in 1920 AD and 1960 AD. After that, it
increased gradually until 1975 AD, and finally maintained a relative stable level;

(4) The simulated TP in Pyhdjarvi Lake increased slightly during 1850-1890 AD, and then decreased. It
increased rapidly since 1910 AD, following a slight decline after 1930 AD. Then it increased again after 1975
AD and decreased gradually after 1990 AD.

Through comparing the simulation results of the three Chinese lakes, we found that the mean simulated TP of
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Lugu Lake is lowest (28.6 pg/L) while that of Taihu Lake is highest (90.6 pg/L). Taibai Lake is at an
intermediate level with a mean simulated TP of 83.8 pg/L.

5.4 Comparing between Simulated TPs and PCls

Simulated TP represents lake nutrient changes controlled mainly by climate, while PC1 changes are the result of
combined effects of climate and human activities. By comparing the results of the two approaches, we can
distinguish the major driving forces on lake water quality changes. The results showed significant turning points
between PCls and simulated TPs in the four lake series (Figure 6).

The turning points of Lakes Lugu, Taibai, Taihu and Pyh&jéarvi occurred in the 1990s, 1950s, 1940s and 1930s,
respectively. Before the turning points, the PCls changed similarly with simulated TPs, but they separated with
each other after that (Figure 6).

(a) (b)
3 30 3 95
simulated TP a simulated TP o
2 p— 1) 295 B 21 ——rc - 91 &
1 2 14 S
L -9 L
— 29 — — 87 &
O 0 - = O 0- =
& -85 2 & -8 &8
-1 1 =S -1 =
= =]
Py F28 Py 79 E
n n
-3 T T T T T 27.5 -3 T T T T T 15
1850 1880 1910 1940 1970 2000 1850 1880 1910 1940 1970 2000
(c) Year (AD) (d) Year (AD)
3 120 3 . 40 ~
simulated TP =) 2 simulated TP .=
2 —rc - 110 @ —cl 28 &
1 ~ g
_ - 100 & 26 &
O 0 o
el L
=9 “90 B 24 %
-1 1 E .—:.
5 80 & -2 r22 g
2 g n
« 3 20
-3 T T T T 70 ! J ! ) !

1850 1880 1910 1940 1970 2000

T
1850 1880 1910 1940 1970 2000
Year (AD)

Year (AD)

Figure 6. Comparisons of PCls with simulated TPs for (a) Lugu Lake, (b) Taibai Lake, (c) North Taihu Lake,
and (d) Pyhéjérvi Lake

6. Discussion
6.1 The Turning Points and Major Forces of Lake Water Quality Changes

The PC reflects lake water quality changes affected by both climate and human activities, while the simulated TP
reflects the changes controlled primarily by climate. Therefore, different changes between these two series,
during the periods before and after the turning points, probably indicate different driving forces. According to
the comparisons between series of the PCls and the simulated TPs, the respective turning points of Lakes Lugu,
Taibai, Taihu and Pyhédjarvi occurred in the 1990s, 1950s, 1940s and 1930s respectively (Figure 6). The
consistent trends during the periods of pre-turning points probably indicate that lake water quality changes were
mainly influenced by natural processes and climate. While the nutrient changes during the periods after the
turning points probably indicate that there have other factors influence the changes in lake water quality. From
the further comparisons between PC1 (or PC2) and human activity indexes, we found the following points.

(1) Tourism in Lugu region began to develop since 1992 AD, which led to a fast-increasing tourist population
from 3.6x10* in 1992 AD to 58.6x10* in 2012 AD (Yang, 2013). This is consistent with the rapidly increasing
trend of PC1 since 1990 AD. Thus, it can be inferred that tourism development is a major force for water quality
changes in Lugu Lake since the early 1990s.
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(2) Agricultural reclamation had been intensive surrounding Taibai Lake during the mid-1950s to late 1970s.
The statistical data shows that lake area retained only 41.87% of the original area in 2002 AD (Liu et al., 2007).
The timing of turning point occurrence corresponds to the beginning of extensive lake reclamation, and the
changes of PC1 were consistent with that of reclamation area since the mid-1950s. This probably suggests that
agricultural reclamation made a critical impact on water quality changes in Taibai Lake.

(3) Population in Northern Taihu region had increased significantly from ~580x10* in 1949 AD to ~1,106x10* in
1998 AD according to the Statistic Database of Chinese Economic and Social Development
(http://tongji.cnki.net’kns55/index.aspx). Although the PC2 changes lagged ~10 years behind the fast-increasing
population, it infers, from the similar increasing trends, that the population pressure has a strong impact on the
water quality changes in Taihu Lake.

(4) During the 20™ century, the water quality in Pyhijirvi Lake experienced the process from oligotrophic
condition to eutrophication. The significant climate changes over the recent decades have been suggested as an
important force for water quality changes in Pyhéjérvi Lake (Venteld et al., 2011). However, the significant water
deterioration during the 1990s, especially the peak of PCI1 series in 2000 AD, can be hardly explained by the
gradual increase of climatic variations such as temperature and precipitation. Therefore, we suggest that human
activity has played an important role on water quality changes in Pyhéjarvi Lake during recent decades.
Chemical fertilizer was introduced into this region since the mid-1940s, which resulted in the increasing amount
of phosphorus and nitrogen nutrient inputting into Pyhédjarvi Lake (Ekholm, Malve, & Kirkkala, 1997).
According to the statistic data, the chemical fertilizer usage in Pyhéjdrvi region increased about 51% from the
mid-1970s to the early 1990s, corresponding to an accelerated water deterioration. Intensive water quality
restoration measure for Pyhdjarvi Lake has been conducted since 1995 AD. For example, the fertilizer usage in
the catchment had decreased from 1888 t/a in 1995 AD to 1295 t/a in 2010 AD. The PC1 deceased rapidly since
2000 AD, although it lagged a few years behind the decrease in chemical fertilizer usage, is probably a result of
these restoration measures.
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Figure 7. Turning points and change phases in (a) Pyh&jarvi Lake, (b) Lugu Lake, (c) Taibai Lake and (d) Taihu
Lake, during the last 150 years. (A, B, and C represent turning points from phase 1 to phase 2, phase 2 to phase 3,
and phase 3 to phase 4, respectively)

6.2 Patterns of Lake Water Quality Responding to Climate and Human Activities

A lake is an open ecosystem with a self-regulation capacity. Different lakes have different regulation capacities,
and thus respond differently to external forces (Kalff, 2002). To reveal lake water quality responding to the
changes of temperature and human activities, PCs inferred from diatom assemblages and the temperature and/or
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human activity indexes were used to calculate relative variance. The calculation results show that changes of
PCls in Lakes Lugu, Taibai, Taihu and Pyhéjarvi captured 68.4%, 54.9%, 86.0% and 56.6% of the temperature
variations respectively, during the pre-turning point periods of each lake. These indicate that temperature was the
main force controlling lake water quality changes during these periods. The results also show that the human
activity indices explained 84.0%, 96.4%, 96.0% and 73.6% of the PC1s (or PC2) change in Lakes Lugu, Taibai,
Taihu and Pyhéjérvi, respectively, during the post-turning point periods. These suggest that human activity
strongly influenced lake water quality changes during the recent decades.

6.3 Trends of Lake Water Quality

According to the PC1 series during the last 150 years, water quality changes in Pyhéjarvi Lake are shown by a
four-phase model (Figure 7a): phase 1 is in a stage of oligothrophic condition before the 1930s, phase 2 is in a
stage of water quality deterioration during the 1930s-1990s, phase 3 represents a stage of accelerated
deterioration during the 1990s-2000s, and phase 4 is in a stage of water recovering since the 2000s. Comparing
with Pyhéjarvi Lake, the three Chinese lakes can be inferred to show similar stages. Water quality in Lakes Lugu
and Taibai has experienced the processes from phases 1 to 2 during the last 150 years (Figures 7b and 7c¢), and
Taihu Lake has experienced the process from phases 2 to 3 (Figure 7d). Phase 4, however, has not yet occurred
in the Chinese lakes. Based on Pyhédjarvi experiences and our trend analysis, we estimated that water quality of
Taihu Lake, now in phase 3, will likely step into phase 4 when the lake is protected and restored by appropriate
measures likely in the Pyhédjarvi Lake. The water quality of Lakes Lugu and Taibai, in phase 2 now, will step into
phase 3 if they are persistently affected by intensive human activities like the 1990s’ situation in the Pyhajarvi,
but it will probably step directly into phase 4 if they are treated by effective protecting measures and
management.

7. Conclusions

In this study, through combined paleolimnological and simulated approaches, we attempted to diagnose the lake
trophic processes and turning points and to estimate the trends of water quality on the reference of Pyhéjarvi
Lake. The comparisons between the simulated TPs and the PCs as inferred from the diatom assemlages from
lake sediments showed that during the last 150 years, there were significant turning points in water quality
changes occurring in the three lakes of China. It occurred in the 1990s in Lugu Lake, resulting primarily from
catchment tourism development. The turning point of Taibai Lake occurred in the 1950s, causing by agricultural
reclamation. The turning point of Taihu Lake occurred in the 1940s, mainly due to the urbanization in the lake
basin. When during the last 150 years, the turning point in Pyhéjarvi Lake occurred in the 1930s, a major result
also from increasing influence of human activity in the catchment. According to the calculation results of relative
variance, before the turning points of each lake, temperature played a leading role in water quality changes,
while during the periods of the post-turning points, human activity was a major force to control water quality
change in the eutrophication process.

The change process of water quality in Pyhijarvi Lake during the last 150 years show four-phase developments
(phase 1-4). Comparing with Pyhéjarvi Lake, each of the three Chinese lakes also shows some similarities in the
change process of water quality. Water quality in Lakes Lugu and Taibai has experienced the processes from
phases 1 to 2 during the last 150 years, and Taihu Lake has experienced the process from phases 2 to 3, while
phase 4 has not occurred in the three Chinese lakes yet. Based on Pyh&jarvi experiences and our trend analysis,
we also predicted that the water quality of Taihu Lake will likely step into phase 4 if protection and restoration
measures for water quality are taken into practice. Water qualities in Lakes Lugu and Taibai will step into phase
3 if they are persistently affected by intensive human activities, but it will likely step directly into phase 4 if they
are protected by effective measures and managements.
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