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a  b  s  t  r  a  c  t

In this  study,  an  ecological  model  focusing  on the  phosphorus  cycling  was  developed  for  the  eutrophic
Lake  Chaohu,  China.  The  parameters  were  calibration  based  on  monthly  observations  from  May,  1987  to
April,  1988.  The  model  results  agreed  with  the  observations.  Subsequently,  the  long-term  effects  of  six
proposed  restoration  strategies  for Lake Chaohu,  such  as phosphorus  loading  reduction  and  water  level
management,  were  predicted  by  a 25-year  simulation.  The  results  showed  that Ecological  Economy  Water
Level (EEWL),  which  makes  the water  depth  lower  in  the spring  than usual,  had  a  significant  impact  on
the  phytoplankton  (reduced  by 90%)  and  submerged  vegetation  (recovered  by  a  factor  of two).  In  addi-
tion,  an  idealistic  water  level  management  method  that  decreased  the  water  level  by  1 m throughout  the
year (De1m)  provided  a better  restoration  effect  than  EEWL  but  with  little  practicability.  Other  methods,
including  phosphorus  loading  reduction,  dredging  of  sediment  and  fish  releasing,  showed  less  signifi-
cant  effects  than  EEWL.  Therefore,  EEWL  is recommended  as  the  most  practical  and  effective  restoration
method.  The  indicator  of exergy  generally  increased  during  the restoration  processes  while  De1m  and
EEWL  had  the  first  and  second  highest  exergy  values.  Afterwards,  structural  dynamic  models  (SDMs)
were  introduced  into  a 5-year  simulation  conducted  under  EEWL  or De1m  to  account  for  the  rapid  struc-
ture  transition  from  phytoplankton  domination  to submerged  vegetation  domination.  Two  parameters
(growth  and  phosphorus  uptake  rate  of  phytoplankton)  are  included  in  SDM1  and  two  more  parameters
(mortality  rate  of phytoplankton  and  submerged  vegetation)  are  included  in  SDM2.  In conclusion:  (1)
under  both  scenarios,  the  parameters  in  both  SDM1  and  SDM2  showed  a  decreasing  trend  and  some  fluc-

tuations;  (2)  the exergy  in SDMs  was  generally  higher  than  that in  non-SDM,  indicating  a better  ‘solution’
for  the ecosystem  with  a  greater  possibility  to  survive;  (3)  SDMs  provided  stronger  changes  in  the  model
structure  under  De1m  than  EEWL,  since  the  intensity  of the  forcing  function  variations  were  enhanced;
(4)  in  SDM2  with  more  changing  parameters,  the first  two  parameters  had  similar  variation  trends  as  in
SDM1  but  more  fluctuations  and  more  realistic  final  values  within  theoretical  ranges.  The  exergy  was
also  higher  than  that  in  SDM1.
. Introduction

Lake Chaohu is the fifth largest freshwater lake in China. It
as suffered from serious eutrophication since the 1980s. In 1987,
he total phosphorus input amounted to 1050 t, 34% of which had
emained in the lake. The high phosphorus loading resulted in a
igh annual average total phosphorus concentration of 0.23 mg/L
Tu et al., 1990). In the early 1960s, a dam was erected on the only
utflow river of Lake Chaohu, which largely changed the hydrology

f the lake and had an adverse effect on the macrophytes in the
ake (Xu et al., 1999b). The coverage area fraction of macrophytes
ecreased significantly from 30% in 1950s to less than 1% today

∗ Corresponding author. Tel.: +86 10 62751177; fax: +86 10 62751187.
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(Xie, 2009). In addition, the dam also blocked the input of juvenile
fish from Yangtze River to Lake Chaohu, which led to a structural
change in the fish community of the lake. The percentage compo-
sition of big fish such as silver carp and large culters in the annual
fish yield declined from 38.2% to 2.6%. At the same time, the frac-
tion of small fish such as tapertail anchovies increased from 11.2%
to 74% (Xie, 2009). The algae have bloomed every summer in recent
years due to sufficient nutrients and lack of predation pressure. The
concentration of chlorophyll-a can be as high as 100 �g/L in June
(Deng et al., 2007). Lake Chaohu had already switched to the turbid
state (Scheffer et al., 1993), which is generally unacceptable due to
lake eutrophication, the disappearance of macrophytes, changes of

fish fauna and the associated decrease in biodiversity (Janse et al.,
2010).

Restoration is therefore urgent for the lake ecosystem at this
time. Methods such as water level management (Xu et al., 1999b),

dx.doi.org/10.1016/j.ecolmodel.2013.07.001
http://www.sciencedirect.com/science/journal/03043800
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http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ecolmodel.2013.07.001&domain=pdf
mailto:xufl@urban.pku.edu.cn
dx.doi.org/10.1016/j.ecolmodel.2013.07.001


74 X.-Z. Kong et al. / Ecological Modelling 266 (2013) 73– 85

Table  1
Model equations.

Variables Description Equations

PS Soluble phosphorus in lake water (mg  P/L) d
dt

PS = In PS + Pdif + Decomp − Out P − Upt PA − Upt PSP2
BA  Phytoplankton biomass (mg  P/L) d

dt
BA = Growth BA − Out BA − Mor  BA − Res BA − Settling BA − (Grazing Z1 + PR BF1) × 100

PA  Phosphorus in phyto-plankton (mg  P/L) d
dt

PA = Upt PA − Out PA − Mor  PA − Settling PA − Grazing Z1 − PR BF1
PZ  Phosphorus in zooplankton (mg  P/L) d

dt
PZ = Grazing Z1 + Grazing Z2 − Mor  PZ − PR SF

PSP  Phosphorus in macrophytes (g P/m2) d
dt

PSP = Upt PSP1 + Upt PSP2 − Mor  PSP
Pdet  Phosphorus in detritus (mg  P/L) d

dt
Pdet = In Pdet + PREDin + Mor  PA + Mor  PZ + Mor  BF + Mor  SF − REsusp − Decomp − Settling Pdet

PEsed  Exchangeable phosphorus in sediment (g P/m2) d
dt

PEsed = Settling + Mor  PSP − PE M − REsuspension
PI  Phosphorus in interstitial water (g P/m2) d

dt
PI = PE M − Pdiffu − Upt PSP1
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Monod’s kinetics and (2) the growth determined by the inter-
nal substrate concentration. Xu et al. (1999a) also applied this
process. In order to use this method, a state variable named
BA was  included in the model, representing the biomass of

Table 2
Details of the forcing functions in the model.

Symbol Description Unit

QRIVER Inflow from tributaries m3/d
PSRIVER Soluble inorganic P

concentration in inflow
g P/m3

PdetRIVER Detritus P concentration in
inflow

g P/m3

QPREC Precipitation to the lake m3/d
PSPREC Soluble inorganic P

concentration in
precipitation

g P/m3

Qout Outflow from tributaries m3/d
V  Lake volume m3

D Lake depth m
PSF  Phosphorus in small fish (mg  P/L) d
dt

P SF = Pr SF −
PBF  Phosphorus in big fish (mg  P/L) d

dt
P BF = Pr BF1

ediment dredging and silver carp release have been proposed
or the lake. Ecological models for lakes are of great impor-
ance to assess the long-term effectiveness of different types of
ake restoration methods. Shallow lakes ecological models have
een developed from the early static TP and chlorophyll models
Vollenweider, 1975, 1979) to much more complex dynamic mod-
ls. The latter have been applied to lakes all over the world, such
s Lake Glumsø (Jørgensen, 1976; Jørgensen et al., 1978) and Lake
ashington (Arhonditsis and Brett, 2005). Xu et al. (1999a) devel-

ped a model for Lake Chaohu by combining the phosphorus cycles,
lankton, macrophytes and fish biomass dynamics and discussed
he effect of increasing the macrophyte area as the restoration

ethod, but it did not include structural dynamics. However, it is
bvious that the lake restoration should be associated with struc-
ural variations in lake ecosystems, which will result in parameter
hanges in the model. Structural dynamic models (SDMs) are mod-
ls that consider the variation of the parameters to account for
daptations and shifts in the species composition (Jørgensen, 1986).
he parameters change according to expert and empirical knowl-
dge or the optimization of a goal function, i.e., exergy, which
escribes the fitness based on the changing condition (Jørgensen
t al., 2002a). Therefore, SDMs can capture the drastic changes
n species and property variations in response to changes in the
orcing function. SDMs have been successfully applied in at least
3 case studies (Gurkan et al., 2006; Jørgensen, 1986, 1988, 1992,
999, 2002; Jørgensen and de Bernardi, 1997, 1998; Jørgensen and
ielsen, 1994; Jørgensen and Padisak, 1996; Zhang et al., 2003b,
004, 2010; Marchi et al., 2011). Lake Chaohu has experienced a
hift from the clear state dominated by submerged vegetation to
he turbid state characterized by a high algal biomass within the
ast several decades. Therefore, SDMs are important for predicting
he lake restoration effects and the associated structural changes
ualitatively in Lake Chaohu (Gurkan et al., 2006). Among the SDMs
tudies concerning the drastic changes in lake under significant
hanges in forcing function, only a few of them investigated and
iscussed parameter variations according to exergy optimization
Jørgensen and de Bernardi, 1998). On the other hand, the develop-

ent of exergy in the model during the lake restoration is usually
xamined to test whether it is in accordance with maximum exergy
torage hypothesis. In those studies focused the lake shift from
he clear state to the turbid state (Zhang et al., 2003a,b), param-
ter dynamics were investigated in seasonal simulation, while the
arameter variations during the shift were not discussed in the
tudy. In addition, most SDMs approaches selected a set of param-
ters for variation, but there is possibility that when including
ifferent sets of parameters in the model, the results of the SDMs
ill be slightly or largely different. Probably the system will provide

 higher exergy with more parameters to be varied, which will give

 wider possibility for adaptation.

The objects of this study are as follows: (1) because phosphorus
s the limiting nutrient (Xu et al., 1999a), we developed an eco-
ogical model focusing on the phosphorus cycle for Lake Chaohu,
1 − Mor PSF − Catchment1
F2 − Mor PBF − Catchment2

which contains essential compartments and processes to simulate
the lake state shift from the turbid state to the clear state. The model
was calibrated based on seasonal data over a year; (2) after cal-
ibration, the model was applied to predict the long-term effects
of six different lake restoration strategies; (3) structural dynamic
approaches were conducted based on the most successful restora-
tion strategies, which showed rapid and significant lake state shift.
The development of the key state variables, parameters and exergy
were studied and compared with those of non-SDM approaches.
Different sets of parameters were included in the SDMs, and the
results are compared and discussed.

2. Materials and methods

2.1. Model development

A dynamic phosphorus cycling model was developed for Lake
Chaohu. The model was developed based on the assumption that
the lake is well mixed, i.e., we treated the lake as a whole. Therefore,
spatial heterogeneity was  not considered in this study. The concep-
tual diagram of the model is shown in Fig. 1. There are ten state
variables in this model. Table 1 has listed the symbols, descriptions
and units of the state variables as well as the governing equations
of the model, while the symbols, descriptions and units of the forc-
ing functions in the model are given in Table 2. The details for the
parameter and model governing equations are provided in Tables
S1 and S2 in the Supplementary Materials.

A two-step process (Jørgensen, 1976) was  included for the
growth of phytoplankton: (1) the uptake of nutrients following
T  Temperature of lake water ◦C
I0 Light irradiance on the

surface of lake water
kcal/m2 d−1

w Wind speed m/s
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Fig. 1. Conceptual diagram of the model. PS is the soluble phosphorus in lake water; BA is the phytoplankton biomass; PA is the phosphorus in phytoplankton; PZ is
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he  phosphorus in zooplankton; PSP is the phosphorus in macrophytes; Pdet is th
hosphorus in interstitial water; PSF is the phosphorus in small fish; PBF is the pho
ll  variable are in unit of mg  P/L except PSP, PI and PEsed (g P/m2).

hytoplankton. The two-step process gave a better fit of the model
o the observed data for PA than the traditional one step model-
ng (Jørgensen et al., 1978). It was found that the two-step process

as essential during the calibration. Results turned out to be unac-
eptable without this process. The parameter of FPA, which is
he ratio of the PA and BA in phytoplankton, had a maximum
oundary (FPAmax) in the range of 0.025–0.030 and a minimum
oundary (FPAmin) in the range of 0.001–0.005. The limitation fac-
or in the uptake of PA was (FPAmax − FPA)/(FPAmax − FPAmin). On
he other hand, limitation factor in the biomass growth in BA
as (FPA − FPAmin)/(FPAmax − FPAmin) (Jørgensen and Fath, 2011)

r (FPA − FPAmin)/FPA (Jørgensen, 1976). Both the boundary values
f FPA and the equation of the limitation factor were open to cal-
bration and found to have a significant impact on the simulation
utcomes of PA and BA. In addition, we considered respiration as
nfluential only on the biomass of phytoplankton (BA) and little
ffect was found on the internal phosphorus concentration (PA).
hus, the respiration process was added only to the BA sub-model.
his was different from the model of Xu et al. (1999a).

The submerged vegetation was also modeled in this study (PSP).
he submerged vegetation uptake phosphorus from both water and
ediment. Sediment is supposed to act as the major source. The
rowth of the PSP is limited by the light, phosphorus concentra-
ion and temperature. As the submergents are dead, they enter the
Esed compartment in the sediment. Subsequently, they can be
esuspended into water phase, or mineralized into pore water (PI)
nd diffused into water phase. Therefore, the model in this study is
uggesting that when the submerged plants are dead, they actually
ump P from sediment to water phase.

Temperature limitation factors were influential not only on
A and BA but also on the calibration of other state vari-

bles. It was concluded that the exponential expression of
xp (−2.3 × abs(T − Topt/Topt − Tmin)) with an a peak value at the
ptimized temperature Topt should be applied in uptake, growth
nd respiration processes, etc. On the other hand, the monotone
sphorus in detritus; PEsed is the exchangeable phosphorus in sediment; PI is the
s in big fish. The values in the brackets are the initial values for the state variables.

increasing exponent expression like �(T−20) was  supposed to be
used in mortality and mineralization processes, etc. The optimized
temperature in the exponential expression was also open to cali-
bration.

Two  state variables named PBF and PSF, which represent the ‘big
fish’ (piscivorous and herbivorous fish) and the ‘small’ fish (plank-
tivorous fish), respectively, were added to the model according to
the ecological food web  study for Lake Chaohu (Zhang and Lu, 1986).
The big fish consume both the small fish and phytoplankton while
the small fish feed on the zooplankton. Fish harvesting process is
included in the model. The catch rate of fish is calibrated and set as
0.001 (1/d), which is the same as that in Xu et al. (1999a). Accord-
ing to the research conducted by Guo (2005) on the fishery industry
in Lake Chaohu in 2002, the fishery potentiality was  amounted to
2.6 × 104 t, and the catchment was  about 1.1 × 104 t. Therefore, the
catchment rate was  approximately 0.001 (1/d). The catchment rate
value in 1987 could be a little different from this, but it is believed
that this value is reliable for the model simulation.

Both phytoplankton and detritus are grazed by zooplankton
(PZ). In this case, two  grazing processes were applied in the sub-
model for zooplankton. We  also used grazing preference functions,
PA/(PA + Pdet) and Pdet/(PA + Pdet), in the two  grazing processes,
respectively. When phytoplankton is insufficient, zooplankton has
a tendency to switch to feeding mainly on detritus. It was found
that cyanobacteria dominated in the lake, which was not preferred
by most zooplankton (Suzuki et al., 2000). Moreover, the value of
PA was much smaller than that of Pdet in this study. As a result, the
zooplankton mainly grazed detritus rather than phytoplankton in
this model, which was  in accordance with the real situation in the
lake.

Lake Chaohu is a typical shallow lake, with an average water

depth of 3 m.  Due to large winds reported in the literature (Tu
et al., 1990), there is strong resuspension from the sediment. There-
fore, we introduced the resuspension process from sediment in the
model according to the equation in Tu et al. (1990). It was found that



7 cal Mo

t
P
w
h

M
T
(
3
d
a
d
m
Z

h

w
n
a
t
(
(
a
o

2

a
2
i
a
2
l
l
t
c

(

(

(

(

(

6 X.-Z. Kong et al. / Ecologi

his process has a profound impact on the results of both PEsed and
I. In addition, the resuspension flux (REsusp) is elevated when the
ater depth (D) gets lower, which indicates that more phosphorus
as been released to water phase.

The data on the wind speed (w)  were obtained from the China
eteorological Data Sharing Service System (CMDSSS, 1987–1988).

he data for other forcing functions were collected from Tu et al.
1990). The simulation duration was from May  1st, 1987 to April
0th, 1988 with a time step of one day. The monthly observed
ata were also collected from Tu et al. (1990). We  applied a trial-
nd-error method for the model calibration and the parameter
etermination. Three quantitative fit criteria were applied in the
odel performance assessment: (1) h index, which was  used in

hang et al. (2003b). It is calculated by the Eq. (1):

 =

√∑
(Xobs − Xsim)2/n

√∑
X2

obs/n +
√∑

X2
sim/n

(1)

here Xobs is the observed value, Xsim the simulated value, and
 is the number of observed points. The results are considered as
cceptable if 0 ≤ h ≤ 1; (2) S.D., i.e., the standard deviation between
he simulated and observed data, which was used in Gurkan et al.
2006). It is considered as acceptable when S.D. is less than 45%
Jørgensen et al., 2002b; Zhang et al., 2004; Gurkan et al., 2006);
nd (3) The correlation coefficients between the simulated and
bserved data (R).

.2. Potential restoration methods

The duration of the model simulation was extended to 25 years
fter calibration, starting May  1st, 1987 and ending April 30th,
012. We  applied the same seasonal environmental conditions as

n May, 1987 to April, 1988. This simulation, which is referred to
s ‘Origin’, provided a stable model performance throughout the
5 years in all of the state variables. The stability outcomes in this

ong-term simulation depended on the former annual cycle simu-
ation, in which all of the state variables were numerically close at
he beginning and in the end. Different lake restoration methods
onducted on the model are described as follows.

a) EEWL: water management by lower water level to meet the light
level for submerged-vegetation development might be a solu-
tion for lake restoration (Scheffer et al., 1993). The Ecological
Economy Water Level (EEWL) was based on the study of Xu et al.
(1999b), in which the water level was considered as crucial to
the restoration of macrophytes in eutrophic lakes. This designed
lake water level was forced to remain low in spring to increase
the possibility of the growth of macrophytes in the lake, while
the water level was maintained at a normal level in other sea-
sons to satisfy the irrigation activity. The EEWL was  applied in
the model simulation, and the corresponding water outflow was
also redesigned to make this management possible.

b) P fold%40: it was reported that approximately 40% of the phos-
phorus loading of Lake Chaohu was from point source pollution
with the remaining 60% from non-point source pollution (Tu
et al., 1990). Therefore, a reduction of 40% phosphorus loading
was implemented in this study. However, due to hysteresis, lake
restoration by reducing the nutrient level may  have little effect
(Scheffer et al., 1993).

c) EEWL + P fold%40: both restoration methods of EEWL and
P fold%40 were implemented simultaneously.
d) Dredge: dredging the sediment from the lakebed has already
been conducted in Lake Chaohu. Here, the thickness of the upper
sediment layer (LUL) was changed from 0.16 to 0.05 to test if this
method could help to restore the lake.
delling 266 (2013) 73– 85

e) BFup: Scheffer et al. (2001) proposed that a temporary signifi-
cant reduction of fish biomass as ‘shock therapy’ can bring such
lakes back into a permanent clear state if the nutrient level is
not too high. Similarly, the initial value of PBF was  increased
from 0.2 to 2 to simulate the fish release in Lake Chaohu, and
the effects were evaluated.

(f) De1m: this method is actually an idealistic method wherein
the water level was  decreased by 1 m throughout the year. This
can lead to a much stronger change in water level than EEWL.
The reasons to conduct this restoration in the model were (1)
to show the importance of the water depth in the lake, (2) to
provide a rapid case in which the status of the lake was changed
significantly. Therefore, a structural dynamic model was possi-
ble to build with less calculation required.

2.3. Structural dynamic approaches

The switching of the lake from algae domination to submerged
vegetation domination was  obvious in the lake restoration simula-
tions by EEWL and De1m (see Section 3.2). The shift in the lake state
should definitely be associated with the change of certain param-
eters in the model. However, these parameters remained constant
in the non-SDM approaches. In this section, structural dynamic
approaches were conducted to simulate the structural changes dur-
ing the phytoplankton to submerged vegetation switch. The model
was conducted under the restoration method of both EEWL and
De1m. We  selected these two  methods because rapid and signifi-
cant changes in the state variables within first several years were
found in non-SDM approaches. The model was  running for 5 years,
which can save the calculation work substantially and was also suf-
ficient for the change of the lake state (the retention time of the
lake is less than half of a year; Xu et al., 1999a). It was  checked once
in every 25 days whether the present parameters combination or
those with ±10% change yielded the highest exergy. The Exergy can
be calculated as the Eq. (2) (Zhang et al., 2003b):

Ex =
n∑

i=1

ˇiCi (2)

where Ex (J/L) is the exergy (Jørgensen and de Bernardi, 1997). ˇi
is the weighting factor of the ith component in the system and
Ci (mg  P/L) is the corresponding concentration of this component
(Zhang et al., 2003b). ˇ1 = 1 represents detritus, and ˇi equals to
1 for sediment, 20 for phytoplankton, 40 for zooplankton, 50 for
macrophytes and 499 for fish. These values are made on basis of the
number of informative genes in the organisms (Jørgensen and de
Bernardi, 1998; Jørgensen and Fath, 2011). In addition, the exergy
in detritus has been estimated to be 18.7 kJ/g (Jørgensen and de
Bernardi, 1998), so that the equation above for Ex was multiplied
by a factor of 18.7 to obtain the exergy in J/L.

In each restoration method, two  structural dynamic approaches,
referred to as SDM1 and SDM2, were conducted, and the results
were compared.

• SDM1: two dynamic parameters (GAmax and UPmaxrate) were
involved.

• SDM2: four dynamic parameters (GAmax, UPmaxrate, Mmax PA
and Mmax  PSP) were involved.

The definitions for these parameters are as follows: GAmax:
maximum growth rate of phytoplankton; UPmaxrate: maximum
phosphorus uptake rate of phytoplankton; Mmax PA: maximum

mortality rate of phytoplankton; Mmax  PSP: maximum mortality
rate of submerged vegetation.

The development of exergy was  calculated for non-SDM and two
SDMs under EEWL and De1m to verify if changes in the parameters
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of the detritus in spring and summer.
The concentration of phosphorus in phytoplankton (PA) peaked

in June and October, remained low in winter and started to increase
in spring (Fig. 2). This pattern was determined by the uptake pro-

Table 3
The quantitative fit criteria of the state variables in the calibrated model.

Compartmentsa h S.D. (%) R

PS 0.14 29.95 0.59
PA  0.22 38.66 0.80
ig. 2. Comparison of the observed and simulated data. (a) The soluble phosphor
ooplankton (PZ); (d) the exchangeable phosphorus in sediment (PEsed); (e) the ph

ould provide higher exergy, which indicated a better ‘solution’ and
 higher possibility for survival in lake ecosystems. The results in
oth SDM1 and SDM2 under two restoration methods were also
ompared to test whether including more parameters in SDMs
ill result in different parameter variations, higher flexibility and

xergy or not. In addition, as EEWL and De1m were both controlling
he water level with different intensities, we compared the results
o evaluate the model response under different scale of changes in
orcing function.

. Results

.1. Seasonal simulation

The results of the calibrated seasonal simulation in the state
ariables are presented in Fig. 2 as well as Fig. S1 in the Supple-
entary Materials. The simulations agreed acceptably with the

bservations, where all of the h values were less than 1 (Table 3).
he S.D. values were all less than 45% except for PZ, indicating a
elatively poor calibration for the zooplankton (Table 3). The most
mportant state variable, namely, the phosphorus in phytoplankton
PA), is well calibrated. The corresponding R value is the highest,
uggesting a similar seasonal variation in the simulation as in the

bservations.

The model can reveal the factors leading to the seasonal charac-
eristics in each variable. The elevated soluble phosphorus in water
PS) in spring and summer was largely a result of the decomposition
ake water (PS); (b) the phosphorus in phytoplankton (PA); (c) the phosphorus in
rus in interstitial water (PI).

of the detritus (Decompin, Fig. S1a in Supplementary Materials),
which was much higher than other input pathways to the PS. Sub-
sequently, the decrease of the PS in winter was  also related to
the lower input from the decomposition of the detritus. It is sug-
gested that the phosphorus in the detritus (Pdet) was  an important
source of the soluble phosphorus in the water column. The detri-
tus originated from the water inflow, the death and predation of
the zooplankton and fish, and the resuspension of sediment, which
are shown in Fig. S1b simultaneously. The high value of phospho-
rus in detritus may  due to the high inflow rate of detritus as well
as a significant resuspension from sediment. The temperature in
spring and summer was higher, resulting in a higher decomposi-
tion rate. These two factors explained the elevated decomposition
PZ  0.33 50.72 0.73
PEsed 0.34 39.51 0.55
PI  0.25 43.70 0.46

a Units are shown in Table 1
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ess (Fig. S1c in Supplementary Materials), which was influenced by
any factors, including the limitation of the light, the temperature

he soluble phosphorus in water and the phosphorus concentra-
ion of the phytoplankton. The details of the limitation functions
an be found in Table S2 in the Supplementary Materials. It can
e found that the temperature limitation was the dominant factor,
hich largely contributed to the seasonal patterns of the uptake
ux and subsequently determined the PA. The seasonal variations
f the concentration of phosphorus in zooplankton (PZ) were higher
n the winter and remained low in other seasons, which were dif-
erent than those of the phytoplankton. The zooplankton grazed
n the detritus (Pdet) and phytoplankton (PA), the fluxes of which
ere Grazing1 and Grazing2, respectively (Fig. S1d in Supplemen-

ary Materials). Grazing1 was higher than Grazing2 throughout the
imulation duration, indicating that the zooplankton mainly grazed
n detritus rather than phytoplankton. This result was not only
ue to the higher grazing rate of zooplankton on detritus but also
ecause the concentration of phosphorus in phytoplankton was sig-
ificantly lower than that in detritus. In addition, the dominating
lgae in Lake Chaohu during the summer bloom were cyanobacte-
ia, which is not usually grazed by zooplankton (Gurkan et al., 2006).
his was also one of the reasons for the domination of cyanobacteria
n the lake during the summer bloom (Xie, 2009).

The concentration of exchangeable phosphorus in sediment
PEsed) peaked in August and remained low and stable in other
easons. According to the model results, the elevated input from
he mortality of submerged vegetation (M PSP) in August largely
ontributed to this peak (Fig. S1e in Supplementary Materials).
eanwhile, the flux of the setting was low and of little sea-

onal variation. The concentration of phosphorus in porewater (PI)
as relatively more stable than that in other compartments. It
ecreased in spring and summer but remained at a higher value

n autumn and winter. This pattern was captured by the model
imulation, but the variation was relatively exaggerated. The input
f PI was the mineralization of the PEsed while the outputs were
he diffusion to the water column and the uptake by submerged
egetation. All of these processes peaked in summer (Fig. S1f in
upplementary Materials).

The other results of the simulation are depicted in Fig. S2 in the
upplementary Materials, which cannot be calibrated due to lack of
bservation data. The biomass of phytoplankton (BA) was similar in
ariation to PA. The phosphorus in detritus (Pdet) fluctuated in the
imulation but with a similar value at the beginning and the end.
he phosphorus in submerged vegetation and fish was  relatively
table in the simulation, which was consistent with expectation.

.2. Effectiveness of the restoration

The calibrated model was applied to predict the results of the
ix lake restoration strategies and assess the corresponding effec-
iveness. The development scenarios of the two  most important
tate variables -PA and PSP- are presented in Figs. 3 and 4 under
ifferent restoration strategies. The peak values of all of the state
ariables in the model in the first year and the last year of the 25
ears simulation are also listed in Table 4. It can be found that the
eak values of all the state variables were very close in the first
nd the last year when no restoration was implemented, which is
eferred to as ‘Origin’. In addition, the results of PA and PSP both
rovided stable behavior (Figs. 3 and 4), indicating relatively sta-
le results throughout the long-term simulation. This ‘Origin’ result
rovided a reference for the results of the six restoration methods.

EEWL has a significant impact on the phytoplankton, which

ecreased immediately in the second year and gradually decreased
fterwards (Fig. 3b). The PA value decreased to 0.0044 mg/L in the
nd of the simulation, which was approximately 1/10 of initial value
0.0467 mg/L), while the BA was also declined by approximately
delling 266 (2013) 73– 85

90% (Table 4). At the same time, the PSP gradually increased (Fig. 4b)
and ended with the value of 4.6155 g/m2, which was more than
two times greater than the initial value. The total phosphorus (TP)
decreased significantly (from 0.8142 mg/L to 0.4529 mg/L). TP did
not enter the theoretical range for lake shift (Zhang et al., 2003a),
probably because the volume of the lake water was concentrated in
EEWL. The PEsed rose due to the elevated setting rate of water par-
ticles, while the PI declined due to higher uptake by the submerged
vegetation and the higher diffusion to the water column (result-
ing from the lower PS). Lake restoration by reducing the nutrient
loading was  not necessarily effective due to internal cycling. Here,
P fold%40 resulted in a less significant improvement in the lake sta-
tus than EEWL. The PA decreased from 0.0423 mg/L to 0.0168 mg/L,
suggesting a 60% reduction in the phytoplankton. Meanwhile, the
TP value also experienced a decline both at the beginning and in
the end of the simulation in comparison to the results of the EEWL.
However, the lower level of phosphorus in the system led to a
lower level of PSP and provided a value decreased from 2.0585 g/m2

to 1.4605 g/m2. Therefore, based on this model, even though the
reduction of the phosphorus loading may  have a positive effect on
the TP and PA, the restoration of the submerged vegetation was
not necessarily successful. The P fold%40 + EEWL provided a reduc-
tion in the level of TP to a similar extent as P fold%40, as well as a
reduction in the phytoplankton (PA and BA) close to the extent of
EEWL (Table 4). It seems that the combination of the restoration
strategies also combined their positive effects. However, the sub-
merged vegetation was  not restored under this scenario. The PSP
remained constant throughout the simulation period and ended at
2.0049 g/m2. The reduction of the phosphorus loading limited the
growth of the submerged vegetation, which was  represented as the
phosphorus fraction to the biomass (1%). However, submerged veg-
etation gets the majority P from sediment and the sediment P level
is high, therefore it was not largely suppressed when the external
P loading was  reduced.

The dredge of the lake did not show a significant effect on the
model outcomes in comparison to the restoration strategies of
P fold%40 or EEWL. The TP and PA slightly declined by approx-
imately 20% and 7.5%, respectively. The PSP increased by 8.2%
under this restoration. Bfup had a nearly 25% reduction in TP from
0.8975 mg/L to 0.7143 mg/L. However, the initial level of TP was
significantly higher than that in other scenarios due to the addition
of fish while the PS value in the end was almost the same as the
‘Origin’ results. The initial level of PA was strongly suppressed due
to elevated predation from the ‘big fish’. However, since the PBF
decreased during the long-term simulation, the PA value gradu-
ally increased to the same level as before the biomanipulation. The
submerged vegetation was  restored by 30% with the peak value of
2.7056 g/m2 during the last several years of the long-term simula-
tion.

The final restoration was an idealistic method called De1m,
which decreased the water level by 1 m in each month. Under
this strategy, the phytoplankton almost disappeared while the sub-
merged vegetation gradually increased to almost three times of
the initial level in the last year. Therefore, the De1m had the best
outcome among all of the restoration methods. This strategy is
probably impracticable in lake restoration but provided a signif-
icant and immediate shift in lake status, which will be applied in
the following structural dynamic approach together with EEWL.

3.3. Structural dynamic approaches

Before incorporating the structural dynamic approach into the

lake restoration scenarios, it was necessary to see the development
of the exergy in different restoration processes, which is presented
in Fig. 5. De1m provided the highest exergy, indicating the best
restoration effect in the lake ecosystem. EEWL had the second
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Fig. 3. Response of the phosphorus in phytoplankton (PA) to different lake restoration methods. (a) Origin; (b) EEWL; (c) P fold%40; (d) P fold%40 + EEWL; (e) Dredge; (f)
Bfup;  (g) De1m.
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ig. 4. Response of the phosphorus in submerged vegetation (PSP) to different lake r
f)  Bfup; (g) De1m.
ighest exergy value. We  concluded that the control of the water
evel in the lake has a significant impact on the lake system in terms
f exergy, which was influenced by the value of state variables
uch as PA or PSP. The other restoration methods suggested a
tion methods. (a) Origin; (b) EEWL; (c) P fold%40; (d) P fold%40 + EEWL; (e) Dredge;
relatively insufficient recovery of the lake from the view of system
level. P fold%40 + EEWL showed exergy values even lower than the
origin ones. The initial level of exergy in Bfup was higher than that
in the other methods due to the elevated PBF values. However, the
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xergy in this scenario gradually decreased and ended at almost
he same level as that in the ‘Origin’, suggesting little improvement
n the lake status.

The developments of PA, PSP in non-SDM, SDM1 and SDM2
ere presented in Fig. 6 for the scenario of EEWL and Delm. The

ariations of the parameters in the SDMs and the corresponding
evelopment of exergy are shown in Figs. 7 and 8, respectively.
he details of the results can be found in Table 5. In SDM1 under
EWL and De1m, PA decreased much faster than the results of non-
DM, but PSP did not show significant changes (Fig. 6) because the
elated parameters were remained constant and not included in
he structural dynamic approach. UPmaxrate and GAmax gradu-
lly decreased to low values under EEWL while fluctuation was
ound in GAmax under De1m. However, GAmax also approached to
ow values at the end of the 5-year simulation (Fig. 7). The exergy
n SDM1 under both restorations was slightly higher than that in
on-SDM (Fig. 8 and Table 5), indicating a higher probability of
urvival in the lake and a better ‘solution’ for model parameters.
n SDM2, the inclusion of the maximum mortality rate of phyto-
lankton and submerged vegetation (Mmax  PA and Mmax  PSP)
nder both restorations had little impact on the outcomes of PA.

n contrast, the inclusion significantly increased the value of PSP
Fig. 6), which ended at 4.10 g P/m2 under EEWL and 6.18 g P/m2

nder De1m. These values are significantly higher than the final
alue in the corresponding SDM1 (Table 5). The four parameters
ll decreased under both restorations, among which GAmax and
Pmaxrate had a slower descending trend and much more fluc-

uations when compared to SDM1 (Fig. 7). Under De1m, all four

arameters showed a faster decreasing speed (Fig. 7) and ended
t lower values (Table 5) than those in EEWL, suggesting a higher
daptation under a stronger change in the forcing function. The

able 4
omparison of the results of the state variables at the start and the end of the long-term s

Variablesa Origin EEWL P fold%40 P fold%4

Start End Start End Start End Start 

TPb 0.7793 0.7169 0.8142 0.4529 0.5867 0.3451 0.5977 

PS  0.5895 0.5453 0.6105 0.3167 0.4094 0.2085 0.4081 

PA  0.0442 0.0406 0.0467 0.0044 0.0423 0.0168 0.0444 

PZ  0.1198 0.1139 0.1273 0.1103 0.1150 0.1109 0.1224 

Pdet  0.0258 0.0171 0.0297 0.0215 0.0200 0.0089 0.0228 

PEsed  0.1584 0.1902 0.1590 0.3456 0.1567 0.1103 0.1573 

PI  0.0720 0.0635 0.0670 0.0253 0.0684 0.0331 0.0640 

PSP  2.0614 2.5004 2.0659 4.6155 2.0585 1.4605 2.0636 

PBF  0.3028 0.2102 0.3318 0.0110 0.2915 0.0023 0.3191 

PSF  1.5000 1.8377 1.5000 3.2471 1.5000 1.5505 1.5000 

Exergy  1,667,032 1,954,509 1,676,418 3,180,318 1,667,031 1,490,128 1,676,41
BA  7.2625 6.7879 7.6938 0.8175 7.0126 3.0232 7.3996 

ote: All data are the peak values of the first or the last year in the simulation.
a Units are shown in Table 1 (except exergy as J/L).
b TP = PS + PA + PZ + Pdet.
delling 266 (2013) 73– 85 81

development of exergy in SDM2 was similar to that in SDM1 to
a great extent under both restorations but became slightly higher
in the last part of the simulation (Fig. 8), leading to a higher final
exergy (Table 5). The final exergy was  also higher under De1m than
EEWL, suggesting that the lake could recover to a better condition
under De1m than EEWL.

4. Discussion

In this study, the model developed was sufficient to simulate the
phosphorus cycling in Lake Chaohu because the key processes in the
lake were incorporated. The calibration results in the model were
relatively acceptable (Table 3), which increased confidence in the
prediction of the restoration effect by this model and also the fol-
lowing structural dynamic approaches. However, the development
of the fish community composition (Xie, 2009) was not satisfacto-
rily modeled in this study. Although fish were not a focus in this
study, they have a significant influence on the lake ecosystem. It
is possible that the fish sub-model was not sufficiently complex,
and a more detailed development of the interaction between fish
and other components should be involved for improvement in fur-
ther study. In addition, the initial PSP was  difficult to determine.
The value used in the literature (2 g/m2) (Zhang et al., 2003b) was
a typical value of PSP under the phytoplankton-dominate state of
Lake Chaohu. It was  reported that the coverage of macrophytes
in Lake Chaohu decreased from 30% in the 1930s to less than 1%
today. Therefore, it was expected that the PSP in the submerged
vegetation-dominate state should be approximately 60 g/m2. How-
ever, the restoration in this study managed to obtain the highest
value of 6 g/m2 (Table 4), indicating the difficulty and long-time
requirement in lake restoration.

The parameters of the model are calibrated based on the data
from 1987 to 1988 and are applied in the long-term simulation.
However, the eco-environment of the lake is changing along the
time, thus it requires updated monitoring data for parameter cali-
bration in the 25 years. But to the best of our knowledge, monitoring
data in Lake Chaohu are scarce. There are no reported data set as
abundance and reliable as those documented in Tu et al. (1990).
Therefore, we  only used this data for model calibration. Further
studies will be conducted in Lake Chaohu for the field observa-
tion so that we can calibrate and validate our model to the current
situation.

It was  proposed that the changes in the hydrological conditions
due to the construction of the sluice caused the loss of ripar-
Chaohu (Xu et al., 1999b). Here, the model ascertained the positive
effect of water level management on the lake restoration, espe-
cially EEWL, which is believed to be more practical than De1m.

imulation under different restoration strategies.

0 + EEWL Dredge Bfup De1m

End Start End Start End Start End

0.3541 0.7821 0.6248 0.8975 0.7143 0.819 0.4633
0.2275 0.5923 0.4530 0.7173 0.5438 0.6314 0.3148
0.0053 0.0442 0.0409 0.0226 0.0394 0.0330 0.0000
0.1113 0.1198 0.1142 0.1265 0.1137 0.1221 0.1086
0.0100 0.0258 0.0167 0.0311 0.0174 0.0325 0.0399
0.1507 0.1579 0.1697 0.1609 0.2054 0.1653 0.4505
0.0239 0.0702 0.0616 0.0640 0.0627 0.0640 0.0852
2.0049 2.0601 2.2285 2.0816 2.7056 2.1865 6.0554
0.0052 0.3030 0.2127 2.0264 0.2258 0.2047 0.0078
2.3001 1.5000 1.7783 1.5000 1.8804 1.5623 3.8728

7 2,209,084 1,667,032 1,894,795 3,343,365 2,014,526 1,795,953 4,021,070
0.9855 7.2645 6.8340 3.8065 6.6109 5.7709 0.0000
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Fig. 6. Development of phosphorus in phytoplankton (PA) and submerged vegetation (PSP) in non-SDM, SDM1 and SDM2 approaches under the restoration method of EEWL
(a  and c) and De1m (b and d) during 1987–1992. SDM1: structural dynamic model with two  dynamic parameters (GAmax and UPmaxrate). SDM2: structural dynamic model
with  four dynamic parameters (GAmax, UPmaxrate, Mmax  PA and Mmax  PSP). GAmax: maximum growth rate of phytoplankton; UPmaxrate: maximum phosphorus uptake
rate  of phytoplankton; Mmax PA: maximum mortality rate of phytoplankton; Mmax  PSP: maximum mortality rate of submerged vegetation.
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Fig. 7. Parameter changes in the SDM1 (a and b) and SDM2 (c–f) under the restoration methods of EEWL (a, c and e) and De1m (b, d and f) during 1987–1992. SDM1: structural
dynamic model with two  dynamic parameters (GAmax and UPmaxrate). SDM2: structural dynamic model with four dynamic parameters (GAmax, UPmaxrate, Mmax PA
and  Mmax  PSP). GAmax: maximum growth rate of phytoplankton; UPmaxrate: maximum phosphorus uptake rate of phytoplankton; Mmax  PA: maximum mortality rate
of  phytoplankton; Mmax  PSP: maximum mortality rate of submerged vegetation.
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Fig. 8. Development of exergy in non-SDM, SDM1 and SDM2 approache

he water depth in lake is one of the most important factors that
ffects the probability of a lake to be dominated by submerged veg-
tation (Scheffer and van Nes, 2007). The decreased water level
educed the light limitation of the submerged vegetation growth
Middelboe and Markager, 1997), allowed the plants to grow to
he surface of the water (Scheffer and van Nes, 2007) and provided
he condition for the recovery. In addition, the shading effect was
eakened as the phytoplankton was strongly suppressed under

EWL. A pronounced change induced by nature water level manip-
lation has also been observed in other lakes, such as the Swedish

akes Krankesjön and Takern (Blindow, 1992), which increased con-
dence in the prognoses made in this study. Therefore, water level
anipulation is a potential tool for managing the ecosystem state

f shallow eutrophic lakes (Scheffer et al., 1993). A government
roject in China, which diverts the relatively clear water from
angtze River into Lake Chaohu, has been conducted. The purpose
f this project was to increase the water quality of the lake. It was
ecommended that better outcomes may  be obtained if this project
an also be associated with the water level management, such as
EWL.

Other restoration methods such as the reduction of the nutri-
nt loading by 40% (strategy of P fold%40) showed a positive effect
n the reduction of PA. However, the PSP was  not restored and
ven slightly decreased. The combination of the loading reduction
nd the water level management of EEWL showed an enhanced
nd rapid suppression of PA, but PSP was not restored under this
ethod either. Moreover, the final values of PA in the combination

estoration were close to that in EEWL, but PSP in EEWL had the
igher value at the end (4.6155 g/m2) than the other methods. It
as impossible to implement the ‘fish stock reduction’ (Scheffer

t al., 1993) in a lake as large as Lake Chaohu. The biomanipulation
ethod by increasing the value of PBF, which was  called ‘Bfup’, did

ot show a very successful lake restoration. In addition, the ‘Dredge’

ethod in the surface of the sediment did not provide positive

esults. There were already similar projects in Lake Chaohu, such as
he release of fish fry by the fishery authorities and sediment dredge
y ships in the lake. These projects may  not aim at lake restoration

able 5
omparison of the results of SDMs at the start and the end of the 5-year simulation unde

Models PA (mg  P/L) PSP (g P/m2) GAmax (1/d) UPmaxrate (1/d)

Start End Start End Start End Start End 

EEWL
Non-SDM 0.01 0.00 0.01 2.98 3.60 3.60 0.00126 0.00
SDM1  0.01 0.00 2.00 3.08 3.60 0.02 0.00126 0.00
SDM2  0.01 0.00 2.00 4.10 3.60 1.25 0.00126 0.00

De1m
Non-SDM 0.01 0.00 2.00 3.01 3.60 3.60 0.00126 0.00
SDM1  0.01 0.00 2.00 3.09 3.60 0.01 0.00126 0.00
SDM2  0.01 0.00 2.00 6.18 3.60 0.83 0.00126 0.00

ote: SDM1: structural dynamic model with two dynamic parameters (GAmax and UPm
Pmaxrate, Mmax  PA and Mmax  PSP). GAmax: maximum growth rate of phytoplankto
aximum mortality rate of phytoplankton; Mmax  PSP: maximum mortality rate of subm
19 19 19 19 19 19

r the restoration method of EEWL (a) and De1m (b) from 1987 to 1992.

but do benefit the lake environment health protection. However,
the results in this study suggested that these strategies may not be
sufficient for lake restoration toward the submerged-domination
state. Therefore, EEWL should be considered as the most practical
and effective restoration method.

Submerged vegetation recovery was not very satisfactory in
this study. The amount that is recovered by the model prediction
is not sufficient. This is probably because submerged vegetation
was expressed as phosphorus concentration in this model (1%
of the biomass), which could be limited by the reduction in the
system input. In addition, we did not observe a clear ‘shift’ in sub-
merged vegetation (PSP, Fig. 4). Lake Chaohu has a surface area of
760 km2, resulting in a much slower recovery speed of the sub-
merged vegetation. Zhang et al. (2003a) developed a similar model
and obtained a clear ‘shift’ in submerged vegetation under nutri-
ent loading variations. However, the lake that was modeled was
much smaller than Lake Chaohu (less than 1% of surface area). It
has also been shown by several ecological models that spatial het-
erogeneity of the environment tends to reduce the chance that
large scale shifts between alternative stable states (Van Nes and
Scheffer, 2005). Unfortunately, there is also possibility that the
submerged vegetation sub-model deviated to some extent from
the real conditions in Lake Chaohu, resulting in unsatisfactory pre-
diction results. Therefore, caution is needed when assessing the
accuracy of the predicted restored concentration of submerged
vegetation.

We introduced the structural dynamic approach into the lake
model simulation of the phytoplankton to submerged vegetation
switch under lake restoration strategies of EEWL and De1m. Both
strategies provided suitable cases for SDMs with a significant and
rapid transition in the lake state. The parameter variation during the
restoration process of Lake Chaohu was successfully interpreted by
the optimization of the exergy as the goal function. From an eco-

logical perspective, because the simulation was  associated with the
disappearance of phytoplankton and the recovery of submerged
vegetation, it was  reasonable to observe the decreasing trends of
the four parameters (maximum growth rate and the phosphorus

r restoration strategy of EEWL and De1m.

 Mmax  PA (1/d) Mmax PSP (1/d) Exergy (J/L)

Start End Start End Start End

126 0.01080 0.01080 0.00720 0.00720 1,734,404.4 2,961,197.0
000 0.01080 0.01080 0.00720 0.00720 1,734,404.4 3,011,323.9
024 0.01080 0.00554 0.00720 0.00369 1,734,404.4 3,079,095.1

126 0.01080 0.01080 0.00720 0.00720 1,734,404.4 3,019,496.5
000 0.01080 0.01080 0.00720 0.00720 1,734,404.4 3,068,046.5
022 0.01080 0.00453 0.00720 0.00275 1,734,404.4 3,183,701.6

axrate). SDM2: structural dynamic model with four dynamic parameters (GAmax,
n; UPmaxrate: maximum phosphorus uptake rate of phytoplankton; Mmax PA:
erged vegetation.
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ptake rate of phytoplankton, the maximum mortality rates of phy-
oplankton and submerged vegetation) under both restorations.
ørgensen (1999) provided a case study based on the results from
øbygaard Lake (Jeppesen et al., 1990). The study found that param-
ters variations were associated with radical changes in the lake 3
ears after the nutrient loading was reduced. Particularly, the max-
mum growth rate of phytoplankton also decreased significantly.
cosystems belong to the complex adaptive systems (Brown, 1995).
ith large numbers of feedbacks and regulations, the living orga-

isms and populations can survive and reproduce under changes
n external conditions (Jørgensen, 1999). Adaptation happens when
he actual properties of the species are changed (Jørgensen, 1999).
ndeed, the changes in the above four parameters are the adapta-
ion of phytoplankton and submerged vegetation in response to the
rastic changes in water levels.

The variations in parameters contributed to the elevation in
xergy (Fig. 8) when compared to the non-SDM approaches. This
esults indicated that the new combination for the parameters
ere a better ‘solution’ of the ecosystem, which will have more
ossibility to survive in nature (Jørgensen, 1999). In addition, the
aximum exergy storage is based on hypothesis that an ecosys-

em tends to move away from thermodynamic equilibrium as far
s possible (Zhang et al., 2003b). Result in this study can be consid-
red as the support for maximum exergy storage hypothesis (Zhang
t al., 2003a). No doubt those structural changes could occur in lake
tate transitions from phytoplankton-domination to submerged-
egetation domination. This will result in a significant variation in
he parameters in model language (Jørgensen, 1999). These changes
hould be quantitatively evaluated by a structural dynamic model
s in this study, which is more convincing than the artificial assign-
ent of the key parameters variation in the model. In addition,

cheffer et al. (1993) has illustrated that many ecological mecha-
isms are probably involved in maintaining the lake system in one
f the two alternative stable states, or more precisely, two alterna-
ive regimes (Scheffer and Carpenter, 2003; Scheffer and van Nes,
007). The lake system may  have resistance in state transition.
herefore, the parameter variations were not necessarily linear
uring the shift. Instead, the fluctuations should occur (Fig. 7) due to
ystem feedbacks or regulations. These characteristics of parameter
ariations can only be captured by structural dynamic approaches.

Compared to EEWL, De1m resulted in higher final PSP and
xergy values, a faster decreasing speed and lower final values
f the parameters in both SDM1 and SDM2 (Fig. 7 and Table 5).
his could be attributed to the stronger change in forcing function
rovided by De1m than EEWL. Therefore, the SDMs can provide a
tronger change in the model structure because the intensity of the
orcing function variations is enhanced.

In SDM2 under both EEWL and De1m, when two more param-
ters (Mmax  PA, Mmax  PSP) were incorporated in the simulation,
he dynamics of the two former parameters (GAmax, UPmaxrate)
resented different variation processes (Fig. 7a–d) with a slower
ecreasing speed and more fluctuations, suggesting that the results
an be very likely different when a different parameter set is
ncluded in the SDMs. Moreover, the SDM2 provided reasonable
alues for the four parameters in the end of the simulation, all
f which were within the theoretical ranges or slightly deviated
rom the lower boundaries. Meanwhile, the final values of GAmax
nd UPmaxrate were extremely low in SDM1, which were far from
he parameter ranges (Tables 5 and S1). In addition, SDM2 was
etter than SDM1 because a higher exergy was obtained (Fig. 8),
hich should be attributed to the significant elevation of the PSP
nder both restoration methods (Fig. 6c and d). SDM2 gives an

pportunity for more parameters to be selected, which provided

 wider possibility in adaptation. In conclusion, unrealistic results
ere given in SDM1 because insufficient parameters were included
hile a better and more realistic ‘solution’ was obtained by SDM2.
delling 266 (2013) 73– 85

Theoretical speaking, all parameters in the model should be
included in the SDM due to the top-down and bottom-up effect
in the lake ecosystem. However, it is impossible to do so because
of the calculation capacity limitation. Sensitivity analysis could be
a useful tool in parameter selection, but it is more important to
study the parameters associated with the state variables of most
concern in the model, such as PA and PSP in this study. Moreover,
the maximum growth rate of submerged vegetation was not con-
sidered in SDM for two  reasons: first, a decline of the mortality rate
would give the same effect as an increase of the growth rate, and
adding one more parameters would increase the amount of cal-
culations significantly. Second, the maximum growth rate of the
submerged vegetation was relatively stable in reality. Little varia-
tion could cause a disaster in the model simulation. The parameters
in model were limited by the realistic ranges that were possible
in nature. Therefore, the parameter variation in SDM should be
extremely careful, realistic and restricted to certain ranges. It is
more convincing if there are in situ measurements of the parame-
ter changes for validation. The data in a reference lake or data from
mesocosm can be alternatives when it is too difficult to obtain the
values in Lake Chaohu (Suzuki et al., 2000).

5. Conclusion

An ecological model focusing on the dynamics of phosphorus
cycling was  developed for Lake Chaohu, China. The model was
satisfactory calibrated based on monthly observations from May,
1987 to April, 1988, when the lake was already suffering from
eutrophication. The model provided stable results in a long-term
simulation of 25 years after calibration, which is consistent with the
real situation. Subsequently, the long-term effects of six restora-
tion strategies proposed for Lake Chaohu were predicted, and the
outcomes were compared with the stable results when no restora-
tion was  implemented. The competition between the submerged
vegetation and the phytoplankton was  successfully modeled. The
lake water level manipulations by applying Ecological Economy
Water Level (EEWL) had a significant impact on the phytoplankton
(reduced by 90%) while the submerged vegetation was  gradually
restored by a factor of two. Decreasing the water level by 1 m
(De1m) resulted in the disappearance of phytoplankton while the
submerged vegetation ended at almost three times the initial level
but with little practicability. Phosphorus loading reduction by 40%
(P fold%40) resulted in a reduction in the level of soluble phospho-
rus in lake water (PS) but a less significant improvement in the
reduction of phytoplankton in comparison to EEWL. The combina-
tion of the restoration strategies (P fold%40 + EEWL) combined the
positive effects, but the submerged vegetation was not restored
under this scenario. Dredging the lake sediment and biomanipula-
tion by adding ‘big fish’ (Dredge and BFup) did not show a significant
restoration in the lake. EEWL was  recommended as the most prac-
tical and effective restoration method. In addition, the indicator of
exergy generally increased during the restoration processes, sug-
gesting a better condition of the lake ecosystem. Among the six
restoration methods, De1m and EEWL had the first and second
highest exergy values.

A structural dynamic approach was  introduced into the lake
model simulation of the phytoplankton – submerged vegetation
switch. The variation of the parameters of phosphorus uptake,
growth and mortality rate associated with phytoplankton and sub-
merged vegetation were captured while the exergy in the SDMs was
generally higher than that in non-SDM, indicating a better solution

for the parameters under changing forcing functions, which will
lead to more chances of survival in nature. The results also showed
that in the SDMs, De1m provided higher final PSP and exergy val-
ues, a faster decreasing speed and lower final values of parameters
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ment of ecosystem health and development of structurally dynamic models.
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han EEWL. As De1m gave a stronger change than EEWL, the SDMs
an provided stronger changes in the model structural because the
ntensity of the forcing function variations were enhanced.

In SDM1 with two parameters and SDM2 with two more param-
ters, the first two parameter variations had generally similar
rends. More fluctuations and more realistic final values appear
hen more parameters were included. Exergy was even higher
ith more parameters in SDMs because it gives an opportunity for
ore parameters to be selected, which provided a wider possibil-

ty of adaptation and a more realistic ‘solution’ for the ecosystem.
herefore, the parameter selection in SDMs should be very careful
nd realistic.

The results of the prediction on the effects of the lake restoration
trategies require further validation in the future. In addition, an
mprovement in the model is expected in further study, especially
n the fish and submerged vegetation sub-model that were insuf-
cient in their complexity. Nevertheless, this study has provided
aluable information for policy-making in Lake Chaohu ecosystem
estoration management.
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