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ABSTRACT. The construction of a model based on an analytic system and dynamic structure is an important technique in lake manage-
ment. The Yan-Model conducts system simulations based on the dynamics of the main aquatic species but does not include filter-feeding
fish and N elements, which have important effects on eutrophication. Based on the Yan-Model, modules for the filter-feeding fish A.
nobilis and the N cycle were constructed and combined to form a new model, the Yan-Model Il. After model calibration and validation,
a scenario analysis was performed to simulate eutrophication regulation and external pollution impacts. The results show the following:
(1) the simulated and measured values of the lake ecosystem were highly consistent (R > 0.9, RSR < 0.7); (2) an eutrophic lake could be
effectively restored by planting Vallisneria natans (Lour.) Hara with low biomass density; (3) assuming that urban sewage drained into
the lake, equal or more than 600 m® of urban sewage would lead to an increase in the Chl-a concentration to a level that exceeded the
eutrophication threshold; and (4) an Aristichthys nobilis density of 50 g/m® had a strong ability to control phytoplankton growth. Using
the improved model, this study successfully guided the ecological restoration of Dongshan Lake. This model can be used for lake

management and sustainable development in urban ecosystems.
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1. Introduction

Lake eutrophication is recognized to have deleterious ef-
fects on aquatic ecosystems and economies worldwide (Paerl
etal., 2011). However, due to the lack of a reliable, quantitative
understanding of the ecological interactions between the inter-
nal and external environments of lake ecosystems, current ur-
ban lakes management is difficult to perform (Kuo et al., 2008).
At present, the management measures of urban lakes remain
“rough and wild”, which has led to a lake eutrophication dy-
namic that presents a long duration and rebound effect. There-
fore, lake models are considered potential tools for eutroph-
ication management (Willuweit and O’Sullivan, 2013). These
models are used to simulate the dynamics of various variables
in the lake ecosystem, which are complicated and include self-
regulation and feedback (Jargensen, 1986; Liu et al., 2015;
Tang et al., 2016). Thus, lake models can contribute to a better
understanding of the ecological mechanisms in lake ecosys-
tems and provide effective technical support for managers to
evaluate environmental problems, predict environmental bene-
fits and analyze environmental risks (Jergensen, 2010; Huang
etal., 2015).
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Lake models have been successfully developed in recent
decades and expanded from monolayer, single ventricular com-
ponents to multi-level, multi-chamber components, and from
zero dimensions to three dimensions (Whitehead et al., 2014).
According to complexity, the lake models are divided into hy-
drodynamic models, water quality models and ecological mod-
els. Based on the theory of hydrodynamics, a hydrodynamic
model is constructed to simulate the characteristics of lake flow
under different interference conditions and the distribution of
different pollutants in the lake (Gong et al., 2016). Simons (1973)
built a two-dimensional circulation model to study the winter
circulation pattern of Lake Ontario and put forward a specific
method to calculate the large-area lake circulation with a multi-
layer model, which established the foundation for the develop-
ment of a hydrodynamic model. A lake water quality model is
a method that uses a mathematical formula to describe the re-
gular pattern of interactions among biology, physics and chem-
istry (Small etal., 2018). An ecological dynamics model is used
to study the dynamics of various variables in the ecosystem and
to describe the temporal and spatial changes of species compo-
sition and properties. Jargensen et al. (1978) constructed an eco-
logical model with the state variables of nutrients N, P, phyto-
plankton and zooplankton, which established a foundation for
the simulation of lake eutrophication. Among these models, in-
tegrated models including AQUATOX (Zhang and Liu, 2014),
PAMOLARE (Gurkan et al., 2006), CAEDYM (Trolle et al.,
2008) and WASP (Yen et al., 2012) have been established and
applied in lake environment research and management. More
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recently, most ecological models for lake ecosystems have fo-
cused on genera since the genera-specific model has many ob-
vious merits, such as being user-friendly and easy to calibrate
and validate (Arhonditsis and Brett, 2005; Mao et al., 2008).
However, many biological characteristics of species are unique.
If the constructed model of a biological population is based on
only the specific genera, then the obtained parameter values
might not be unique and stable, possibly resulting in an insuf-
ficient understanding of the ecological functions of some im-
portant species.

A dynamic model of the urban shallow lake ecosystem
(Yan-Model) was constructed based on the characteristics of
the lake and ecological relationships among aquatic species
(Yan et al., 2018). The ecological relationships included the
growth competition of the submerged macrophytes, phyto-
plankton and periphyton, the predation relationship between
zooplankton and phytoplankton, and the predation relationship
between benthos and detritus. However, the Yan-Model ignores
the effects of nitrogen and filter-feeding fishes, which are phy-
toplankton predators. Nitrogen is an important contributor to
eutrophication, and filter-feeding fishes are the major consum-
ers of phytoplankton. Filter-feeding fishes have an immediate
influence on eutrophication via direct predation, but regulating
the fish population has been identified as a potential difficulty
(Mueller et al., 2004; Wang et al., 2008). Aristichthys nobilis is
a predator of both phytoplankton and zooplankton (VanMid-
dlesworth et al., 2017), so there is a two-way effect because zoo-
plankton is also a controlling factor of phytoplankton. Moreover,
A. nobilis populations are often overgrown, and the individuals
are very large compared to phytoplankton individuals. Thus,
the overgrowth of an A. nobilis population may strongly disturb
the balance of a lake ecosystem. Guo et al. (2017) have attempt-
ed to simulate and regulate the dynamics of A. nobilis popula-
tions, but a satisfactory result has not been reached. It is very
difficult to find a stable balance between controlling phyto-

plankton growth and destroying the balance of lake ecosystems
(Sagehashi et al., 2000). Nitrogen cycling in lake ecosystems is
directly related to the processes of biological metabolism (Hor-
ne and Viner, 1971; Schindler and Hecky, 2009), and Wu et al.
(2017) quantitatively discussed the contributions of internal cir-
culation and external input to eutrophication using a nitrogen
mass balance model in Dianchi Lake. The results of this study
indicated that the internal circulation mechanism inhibited sed-
iment release and enhanced denitrification. Thus, this study fo-
cuses on improving the Yan-Model by combining a filter-feed-
ing fish population dynamics model and nitrogen cycling mod-
el to form a new model, called the Yan-Model II. In addition,
during the construction of ecosystem models, it is very impor-
tant to understand the structure of the system and the mechani-
sms of the ecological processes. However, the complexity of
some ecological processes makes it difficult to analyze the mech-
anisms, or the availability of the knowledge and information
required to construct a mechanical model is inadequate. When
a process is very clear, the input and output of the process could
be considered the base for model establishment (Millie et al.,
2012). In this study, a microcosm experiment of the biomanipu-
lation of A. nobilis was carried out to obtain a large amount of
data. Because the factors affecting the dynamics of the A. nobi-
lis population are comprehensive, it was difficult to establish a
mechanism model to simulate the A. nobilis population. How-
ever, the biomanipulation data supported the construction of an
empirical model to describe the population dynamics of A. no-
bilis. The feeding and excretion processes of A. nobilis are con-
sidered in other modules.

Thus, the objective of this study was to improve the Yan-
Model by combining a filter-feeding fish population dynamics
model and a nitrogen cycling model to form a new model, call-
ed the Yan-Model 1. A microcosm experiment of the biomani-
pulation of fish was carried out to support the construction of
an empirical model for describing the population dynamics of
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Figure 1. Conceptual diagram of the model (the arrows represent kinetic interactions among components).
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filter-feeding fish. The data gained from another biomanipula-
tion experiment and field measurement are used to calibrate
and verify the parameters of the model. Specifically, the objec-
tive entails:

(1) Building an ecosystem model to improve the Yan-Model
by combining a filter-feeding fish model and a nitrogen
cycling model;

(2) By setting multiple scenarios, the most appropriate scheme
for the control of eutrophication and remediation of lake
ecosystems could be obtained according to simulations with
different scenarios;

(3) Providing decision support for urban lake managers from
multiple perspectives, such as sustainable development of
urbanization, management of eutrophication of urban lakes,
and aquatic ecosystem remediation (Huang and Chang,
2003).

2. Materials and Methods

The Yan-Model simulates the ecosystems of city lakes
(Yanetal., 2018). Vallisneria natans (Lour.) Hara, phytoplank-
ton, zooplankton, periphyton, benthos, detritus and the total
phosphorus in water and sediment are considered the main
components of the model. The phosphorus in water, as a link-
age in the system, is directly related to the growth of submerged
macrophytes, phytoplankton and periphyton and to the sedi-
ment of the lake. The food chain, competition, predation, res-
piration, and mortality are the main processes in the model. In
this paper, the modules of the population dynamics of a filter-
feeding fish, A. nobilis, and nitrogen cycling in the lake ecosys-
tem were added and coupled with the Yan-model. The model
structure is presented in Figure 1.

2.1. New Submodel

The Yan-Model Il was based on the Yan-Model and in-
cluded two additional submodels, the A. nobilis dynamics mod-
el and the nitrogen cycle model. The detailed parameters are
listed in Table 1.

(1) A. nobilis dynamics model:

dbmfish

p = predation — death — excretion (2-1)
dprej¢ — (pr, *fa@ b.c d e T)+
pr, = fb(a, b, c,d, e T)+
pr, = f€(a, b,c,d, e, T) +

pr, = fé(a, b, ¢, d, e, T) = bmfish (2-2)

ddZ‘t"‘th — max m * f'(T) * bmfish (2-3)

W — max e * f(T) * bmfish (2-4)
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where predation, death and excretion are the growth, death and
excretion processes of A. nobilis, respectively, pri, prz, prs and
prs are the predation rates of A. nobilis on M. aeruginosa, A.
flos-aquae, M. granulata (Ehr.) Ralfs and D. brachyurum (Li€&vin),
respectively, and max m and max e are the maximum mortality
and excretion rates of A. nobilis, respectively.

(2) Nitrogen dynamic process model:

d(\;\:n = in + diff + dec — upt — set — out (2-9)

where wn, in, diff, dec, upt, set and out represent the nitrogen

concentration, external input, sediment release, debris decom-

position, primary producer growth absorption, sedimentation

and output, respectively:

din tin

= - = 2-6
dt % (2-6)

where tin is the total amount of nitrogen input and v represents
the volume of lake water:

% = difr * (sn — wn) * ac/d (2-7)

where difr is diffusivity, sn is the content of N in sediment, wn
is the content of N in water, ac is the depth of the sediment
active layer, and d is the depth of the lake:

% = decr * det * 1.05""* = kpd (2-8)

where decr is the maximum decomposition rate of debris and
kpd is the concentration of nutrients in debris:

dug)t(i) = gbbm(i) * kbbm(i) (2-9)

where gbbm(i) denotes the growth of primary producers and
kbbm(i) denotes the nutrient content of primary producers:

dset sr
= *

—_— 2-10
dt d (2-10)

where sr represents the sedimentation rate of nutrients:

M = to/v

o (2-11)

This formula was used to represent the total nutrient out-
put:

dsed = set — diff — upt

- (2-12)
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Table 1. List of Parameter

Symbol Description Unit

a Biomass density of M. aeruginosa mg m3
ac Depth of the sediment active layer m

b Biomass density of, A. flos-aquae mg m3
bmfish Biomass density of A. nobilis gm?
bsm Biomass of submerged macrophytes kg m?
c Biomass density of M. granulata (Ehr.) Ralfs mg m3
d Depth of the lake m
death Death processe of A. nobilis

dec Debris decomposition day?
decr Maximum decomposition rate of debris day?
det Biomass density of debris mg m3
diff Sediment release

difr Diffusivity day*

e Biomass density of D. brachyurum (Li€vin) mg m3
excretion Excretion process of A. nobilis

gsm Maximum growth rate of submerged macrophytes day*
gbbm Growth of primary producers day*
in Total amount of nitrogen input mg L*
ibzoo Predatory rate of A. nobilis for zooplankton day?
ibph Predatory rate of A. nobilis on phytoplankton day?
kbbm Nutrient content of primary producers mg g*
kpd Concentration of nutrients in debris mg g*
kpd Concentration of nutrients in debris mg g*
maxm Maximum mortality rates of A. nobilis day?
maxe Maximum excretion rates of A. nobilis day?
nkpsp Half saturation constant for nitrogen absorption by V. natans (Lour.) Hara day?
nkmi Half saturation constant for nitrogen absorption by M. aeruginosa day?
nka Half saturation constant for nitrogen absorption by A. flos-aquae day*
nkme Half saturation constant for nitrogen absorption by M. granulata (Ehr.) Ralfs day?
out Output of nitrogen

pri Predation rates of A. nobilis on M. aeruginosa day?
pr2 Predation rates of A. nobilis on A. flos-aquae day?
prs Predation rates of A. nobilis on M. granulata (Ehr.) Ralfs day?
pra Predation rates of A. nobilis on D. brachyurum (Liévin) day?
predation Growth process of A. nobilis

set Sedimentation

sn Content of N in sediment mg g*
sr Sedimentation rate of nutrients day?
T Temperature °C

upt Nitrogen of primary producer growth absorption

v Volume of lake water m

wn Nitrogen concentration in water mg L?
dupt bucket with a volume of 65 L (r: 0.17 m, h: 0.5 m) was used,

= gsm * bsm * kbbm = 1.05" =% (2-13)

dt

where gsm denotes the maximum growth rate of submerged
macrophytes and bsm denotes the biomass of submerged ma-
crophytes.

2.2. Parameter Calibration

Calibration data are obtained from the literature and bio-
manipulation experiments in the laboratory. A white plastic

and 8 cm of sediment was added with initial nitrogen and phos-
phorus concentrations of 5.3 and 0.87 mg/kg, respectively. Fif-
ty liters of water with initial N and P concentrations of 1.5 and
0.2 mg L%, respectively, were transferred into each bucket. Next,
M. aeruginosa, A. flos-aquae, and M. granulata (Ehr.) Ralfs at
a cell density of 3 x10° ind. L were added to each bucket to
produce a microcosm of a eutrophic shallow lake ecosystem.
The M. aeruginosa, A. flos-aquae, M. granulata (Ehr.) Ralfs
and Daphnia magna specimens were obtained from the In-
stitute of Hydrobiology, Chinese Academy Sciences, Wuhan,
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China. Vallisneria natans (Lour.) Hara was planted at a bio-
mass density of 800 g m? to create one experimental group.
Four treatments and three replicates were set for an 80-day
observation.

(1) V. natans (Lour.) Hara
(2) V.natans (Lour.) Hara + 100 ind./L D. brachyurum (Li€&vin)
(3) V. natans (Lour.) Hara + 40 g A. nobilis

(4) V.natans (Lour.) Hara + 100 ind./L D. brachyurum (Liévin)
+ 40 g A. nobilis

The daily concentrations of N and P in the water, the bio-
masses of phytoplankton and zooplankton, the concentrations
of N and P in the sediment, and the biomasses of V. natans
(Lour.) Hara and A. nobilis were monitored every 10 days.

2.3. Parameters and Sensitivity Analysis

The literature (DeAngelis et al., 1989; Sagehashi et al.,
2000; Sagehashi et al., 2001; Amemiya et al., 2005; Amemiya
et al., 2007; Wang et al., 2014) provided the parameters of the
predation of A. nobilis on phytoplankton, the zooplankton pre-
dation rate, and the half-saturated constant of nitrogen absorp-
tion by phytoplankton. A sensitivity analysis for each param-
eter was carried out. The final value of each parameter was de-
termined by using the results of the biomanipulation experi-
ment and simulation.

Sensitivity analysis is a parameter-by-parameter simula-
tion method for the evaluation of the sensitivity of a parameter.
When a certain parameter is studied, median values are used
for other parameters. The maximum and minimum values of

0 4590

180 270 360"
[=H=N; I ; Im

the parameter are simulated, and the formula is as follows:

Pmax — Pmin

P

max

MRE = (Zn: Y/n (2-14)

i=1

where MRE is the mean relative error, Pmax and Pmin are the
modeled values when the variables are set to the maximum and
minimum parameters, respectively, and n is time (d).

2.4. Model Verification and Accuracy Analysis

Based on the Yan-Model, ecological restoration engineer-
ing was carried out in Koi Lake in Guangzhou (longitude:
113<15'42"E, latitude: 23<7'54"N). The area of the lake is ap-
proximately 20,000 m2. In this lake, the biomass densities of
M. aeruginosa, A. flos-aquae, and M. granulata (Ehr.) Ralfs
reached 6, 18 and 15 mg/m?, respectively, and the N and P con-
centrations of water were 3.5 and 0.35 mg/L, respectively. The
lake exhibited serious eutrophication before restoration. The
restoration measures included all the elements of the model.

Five sampling sites were set to evaluate the restoration ef-
fect, and samples were taken weekly from July 15 to October
12, 2018, after eutrophication was controlled. The P and N con-
centrations in water and biomass densities of phytoplankton
and submerged macrophytes were detected.

The observed and simulated states of the ecosystem were
compared throughout the restoration process, and the correla-
tion coefficient (R) (Setegn et al., 2008) and root mean square
error-observation standard deviation ratio (RSR) (Moriasi et
al., 2007) were applied as follows:

[—1] Dongshan lake

{[ ] Monitoring points

Figure 2. Location and surrounding enviroment of Dongshan Lake (Digits indicate the monitoring points).
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SO - DY - )

R = n (2-15)
\/Z(y{ -V 20 -9
Y -3
RSR = =2 (2-16)

20 -9y

where yi and y; are observed and simulated values, and ¥ and
y’ are the average of yi and y! , respectively.

2.5. Application of the Yan-Model 11
2.5.1. Dongshan Lake

Dongshan Lake and Koi Lake are connected to the Pearl
River. The lake has an area of approximately 32.5 hm? and a
depth of 1.4 ~ 1.7 m. In this lake, the biomass densities of M.
aeruginosa, A. flos-aquae, and M. granulata (Ehr.) Ralfs reach-
ed 6, 18 and 15 mg/m?, respectively, and the N and P concen-
trations of water were 3.5 and 0.35 mg/L, respectively. Dong-
shan Lake receives urban nonpoint source pollution and has ex-
hibited serious eutrophication for a long time. To restore the
ecological environment of Dongshan Lake, the ecological re-
storation project was carried out in Guangzhou. The restoration
project of Dongshan Lake was completed in March 2018. After
the restoration project was completed, the water of Dongshan
Lake was blocked from the Pearl River to form a closed urban
lake ecosystem. However, on day 180, the typhoon Mangkhut
brought much of the Pearl River water into the lake, which was
a risk accident and caused serious pollution.

2.5.2. Model Simulation
The Yan-Model Il was applied to perform eutrophication

Table 2. List of Parameter Values

restoration. A Chl-a content of 11 mg/m? in urban lakes was set
to indicate eutrophication. In this case, the biomass densities of
M. aeruginosa, A. flos-aquae, and M. granulata (Ehr.) Ralfs
reached 6, 18 and 15 mg/m?, respectively, and the N and P con-
centrations of 3.5 and 0.35 mg/L, respectively, were considered
eutrophication. The following two scenarios were set for the
simulation.

(1) The N, P and Chl-a concentrations in the water were sim-
ulated and detected under different lake ecosystem con-
structions, V. natans (Lour.) Hara (0, 1800, 2400, and 3000
g/m2?) and A. nobilis (0, 20, 50, and 80 g/m®) during 100
days of restoration. The conversion formulas for phyto-
plankton biomass and Chl-a were reviewed from the litera-
ture (Borics et al., 2000).

(2) Based on the low densities of V. natans (Lour.) Hara (1800
g/m2) and A. nobilis (20 g/m?), 200, 400, 600 and 800 m®
of urban sewage with N and P concentrations of 15.0 and
4.0 mg/L, respectively, were assumed to be imported to the
lake, and the dynamics of eutrophication were simulated.

2.5.3. Ecological Restoration Project of Dongshan Lake

Based on the prediction results of scenario simulation, the
Yan-Model Il was applied to guide the eutrophication restora-
tion of Dongshan Lake. The V. natans (Lour.) Hara was planted
at the most economical result of scenario simulation (1) in
Dongshan Lake.

After the restoration project, serious pollution of the Pearl
River appeared in the restoration area because of typhoon
Mangkhut on day 180. Based on the prediction results of the
scenario simulation, A. nobilis was introduced into Dongshan
Lake to control the outbreak of eutrophication.

3. Results

3.1. Calibration and Validation
The calibrated parameters based on the results of the ex-

Parameter Value Literature Value Unit Reference
(ibzoo) Predatory rate of A. nobilis for zooplankton 28 7 ~ 34 (68.7%) day* DeAngelis et al., 1989; Amemiya et
al., 2005, 2007

(ibph) Predatory rate of A. nobilis on phytoplankton 0.2 0.15 ~ 0.35 (68.1%) day* Sagehashi et al., 2000

(maxm) Maximum mortality rate of A. nobilis 0.5 0.5 day* DeAngelis et al., 1989; Amemiya et
al., 2005; Amemiya et al., 2007

(maxe) Maximum excretion rate of A. nobilis 0.7 day*

(nkpsp) Half saturation constant for nitrogen 0.13 0.1~0.19 (32.1%) day* Wang et al., 2014

absorption by V. natans (Lour.) Hara

(nkmi) Half saturation constant for nitrogen 0.4 0.006 ~ 4.32 (22.8%)  day* Wang et al., 2014

absorption by M. aeruginosa

(nka) Half saturation constant for nitrogen absorption 0.6
by A. flos-aquae

0.006 ~ 4.32 (18.3%)  day* Wang et al., 2014

(nkme) Half saturation constant for nitrogen 0.011 0.006 ~4.32 (13.2%)  day* Wang et al., 2014
absorption by M. granulata (Ehr.) Ralfs

Nitrogen deposition rate from the sediment 0.035 day*

Nitrogen content of phytoplankton 0.06 0.05 ~0.078 day* Drago et al., 2001
(kbbm) Nitrogen content of V. natans (Lour.) Hara 26.13 26.13 mg/g Wang et al., 2014
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perimental results or obtained from the literature are presented
in Table 2. Model validation was performed using the moni-
tored data from Koi Lake. The range of parameters in this case
study are mainly derived from the literature (Table 2) (DeAn-
gelis et al., 1989; Sagehashi et al., 2000; Sagehashi et al., 2001;
Amemiya et al., 2005; Amemiya et al., 2007; Wang et al., 2014),
and their precise values are determined by the results of the sen-
sitivity analysis. The sensitivities of A. nobilis to zooplankton
and phytoplankton were 68.7% (ibzoo) and 68.1% (ibph), re-
spectively, and the half-saturation constant of nitrogen absorp-
tion ranged from 13.2 to 32.1%. The parameters of the model
were calibrated by using the results of the biomanipulation
experiment.

3.2. Simulation of the Model

The Yan-Model 11 was validated using in situ survey data
from Koi Lake. The comparison between the simulated and ob-
served values in the model is shown in Figure 3.

The simulation results showed that all variables exhibit
strong consistency. The biomass densities of V. natans (Lour.)
Hara decreased but then increased. The biomass densities of A.
nobilis showed an increasing trend. The biomass densities of
the three phytoplankton species were significantly different;
two of the species exhibited a large peak, while M. aeruginosa
did not exhibit a peak and only slowly decreased throughout
the study period.
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The N concentration in the water showed a strong fluctua-
tion, and the observed and simulated results exhibited the same
trends. The N contents in the sediment slightly decreased, and
the observed and simulated results were very similar through-
out the study period.

The total trends of the simulated and observed P concen-
trations in the water were consistent, although the simulated P
concentration in the water had two obvious peaks in the early
stage. The trends of the P content in the sediment were basically
consistent with the trends of the P concentration in the water, and
the trends of the simulated and observed results were consistent.

3.3. Accuracy Analysis

The results of the accuracy analysis are shown in Table 3.
The R values are higher than 0.9 with p < 0.01, and all RSRs
are smaller than 0.7. These findings indicate that all results are
highly correlated and accurate.

3.4. Application of the Yan-Model I1
3.4.1. Eutrophication Control and Management

The dynamic changes in the N, P and Chl-a concentrations
in the water were simulated under different densities of V.
natans (Lour.) Hara (0, 1800, 2400, 3000 g/m?) and A. nobilis
(0, 20, 50, 80 g/mq) (Figure 4).
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Figure 3. Comparison of the simulated and observed dynamics of variables of Koi Lake.
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Table 3. R and RSR of Accuracy Analysis for the Parameters
of the Yan-Model I1

Parameters R RSR
Phosphorus in water 0.942** 0.44
Phosphorus in sediment 0.976** 0.27
Nitrogen in water 0.965** 0.38
Nitrogen in sediment 0.991** 0.17
V. natans (Lour.) Hara 0.998** 0.66
M. aeruginosa 0.994** 0.11
A. flos-aquae 0.989** 0.16
M. granulata (Ehr.) Ralfs 0.997** 0.08
A. nobilis 0.985** 0.21

**significant at p < 0.01, * significant at p < 0.05, 0 < RSR < 0.5 indicates
very good performance, 0.5 < RSR <0.6 indicates very good agreement,
0.6 < RSR < 0.7 indicates good agreement, and 0.7 > RSR indicates not
good agreement.

As shown in Figure 4, the macrophyte V. natans (Lour.)
Hara is the absolute factor controlling eutrophication, regard-
less of A. nobilis density. When macrophytes are absent, Chl-a
is always above the threshold of eutrophication. A. nobilis can
decrease the concentration of Chl-a, but eutrophication cannot
be controlled when there are no macrophytes in the lake eco-
system. The biomass densities of V. natans (Lour.) Hara be-
tween 1800 and 3000 g/m? are not important for controlling eu-
trophication. A high density of macrophytes resulted in the
Chl-a concentration reaching a level lower than the threshold
of eutrophication by approximately one or two weeks earlier
than occurred under a low density of macrophytes.

The concentration dynamics of N and P in the water were
impacted by V. natans (Lour.) Hara. In the first 10 days, N and
P decreased rapidly without macrophytes, but a small decrease
followed an immediate increase in the N and P concentrations
appeared for all macrophyte treatments. Then, the concentra-
tions of N and P decreased at different rates for all macrophyte
treatments. The maximum and minimum rates of decrease ap-
peared in the 50 and 80 g/m?® fish treatments. The rate of the de-
crease in the P concentration was greater than of the rate of the
decrease in the N concentration. In the treatments without ma-
crophytes, the concentrations of N and P increased again during
days 40 ~ 45 day (N) and 20 ~ 25 (P).

The simulation results reveal that the macrophyte V. natans
(Lour.) Hara is the core factor controlling eutrophication. The
filter-feeding fish A. nobilis is an auxiliary factor regulating eutro-
phication and has little effect on reducing N and P concentrations.

3.4.2. Pollution Impact and Regulation

A general urban lake ecosystem restored with 1800 g/m?
of V. natans (Lour.) Hara and 20 g/m® of A. nobilis was assum-
ed to be polluted by urban sewage (N: 15.0 mg/L, P: 4.0 mg/L)
at different dates and with different amounts of sewage. The re-
sponses of the ecosystem and eutrophication (concentration of
Chl-a) are shown in Figure 5.

When the lake ecosystem was restored, and the Chl-a con-
centration was below the threshold of eutrophication, 200 and
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400 m® of urban sewage could not cause eutrophication of the
lake ecosystem. When the lake ecosystem was restored to a
stable state with low Chl-a concentrations, 600 m® of urban
sewage could not cause eutrophication of the lake ecosystem,
but 800 m?® of urban sewage could cause serious eutrophication.
The results reveal that a healthy urban lake ecosystem could
mitigate many pollutant inputs from outside of the lake, but the
mitigation is limited.

Even if the total amount of sewage was divided into two
or three parts, the amount of sewage dominated the impact. Fig-
ure 5 shows that the 3 <200 and 2 <400 m® sewage inputs had
impact responses that were similar to those from the 600 and
800 m® sewage inputs to the lake ecosystem.

A general lake ecosystem has a buffer capacity for external
pollution, but its capacity is relatively limited. The above simu-
lated results showed that the capacity is related to the amount
of pollutants and the state of the lake ecosystem.

3.4.3. Application to Urban Lake Restoration Management

The restoration of Dongshan Lake was completed in March
2018. The dynamics of V. natans (Lour.) Hara and the Chl-a, P
and N concentrations in the water during the period of restora-
tion are shown in Figure 6.

As shown in Figure 6, the concentrations of Chl-a, N and
P in the water quickly decreased with the growth of V. natans
(Lour.) Hara. On approximately day 80, the biomass density of
macrophytes reached the highest level, and the concentrations
of Chl-a, N and P decreased to the lowest levels on days 80,
140 and 60, respectively. The concentrations of Chl-a and P re-
mained low for 100 to 120 days. On day 180, serious pollution
appeared in the restoration area, and the concentrations of Chl-
a, N and P greatly increased due to this disturbance, but the
macrophyte density remained stable. The Chl-a, N and P con-
centrations took 100, 110 and 40 days, respectively, to return
to the low levels that appeared before the disturbance. In the
water, N exhibited great fluctuations while P remained stable.
A serious disturbance can destroy the balance of aquatic eco-
systems for as long as 100 days.

4, Discussion

4.1. Model Improvement

The modules of filter-feeding fish A. nobilis and N are
newly included in the Yan-Model. This modification improves
the application of this model system to lake ecosystems. This
improvement has been tested to obtain better results via simu-
lations.

The A. nobilis module was constructed by using a bioma-
nipulation experiment. In this study, the experiment was not
enough to establish a mechanism model, so an empirical model
was constructed. The feeding and excretion procedures of the
fish were coupled with other modules of the lake ecosystem
model. Compared with the mechanism model, the empirical
model has few parameters and improved flexibility. The mech-
anism model for A. nobilis has been established based on the
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Table 4. Models Published in the Literatures

Object

State Variables

Functions/Equations

Reference

Yugiao Reservoir
Chozas Lake
Chesapeake Bay
Washington Lake
Taihu Lake
Dianchi Lake

Epi, Sm

Phy, Zoo, TN, TP, Det, Psed, and Fish

TP, TN, SS, DO, Zoo, ChlaSm, and Ben

Phy, Zoo, OC, TN, TP, SiOz, and DO

Phy, Zoo, TN, TP, Det, DOM, DO, Psed, Nsed, and Csed
Chla, TN, TP, NH4,NOs, and ON

7
30
7
59
19
13

Zhang et al., 2015

Marchi et al., 2011

Cerco and Meyers, 2000
Arhonditsis and Brett, 2005
Mao et al., 2008

Wu et al., 2017

*Epi, epiphyton; Sm, submerged macrophytes; Phy, phytoplankton; Zoo, zooplankton; TN, total nitrogen in water; TP, total phosphorus in water; Det,
detritus; Psed, total phosphorus in sediment; SS, suspended solid; DO, dissolved oxygen in water; Chla, chlorophyll-a; Ben, benthos; OC, organic carbon;
DOM, dissolved organic matter; Nsed, total nitrogen in sediment; Csed, carbon in sediment; NH,, ammoniacal nitrogen in water; NOs, nitrate nitrogen; ON,

organic nitrogen.
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interactions between A. nobilis and the external environment.
A differential equation was used to describe the dynamics of A.
nobilis (Li et al., 2015), which contains a large number of state
variables, driving variables and model parameters, including
physiological and ecological characteristics and activities of A.
nobilis. The application of the mechanism model of A. nobilis
could require the real-time monitoring of the state variables of
the model and the lake ecosystem (Niu et al., 2013). The appli-
cation of the empirical model had some limitations. In this case
study, the Yan-Model 11, was successfully applied to predict
the effect of ecological restoration on eutrophication in Dong-
shan Lake.

Table 4 lists the similar models from other studies. Most
of these models focused on the dynamic simulation of nutrients
and phytoplankton or chlorophyll-a. Compared with the previ-
ous studies, the model developed in this study focused on im-
proving the Yan-Model by combining a filter-feeding fish pop-
ulation dynamics model and a nitrogen cycling model to form
a new model (Yan-model 11). The composition and interrela-
tionship of the lake ecosystem in the new model include sub-
merged macrophytes, phytoplankton, periphyton, zooplankton,
benthos phosphorus dynamics modules, filter-feeding fish and
a nitrogen cycling model, which present more detail than the
previous studies. Therefore, this model can more abundantly
reflect the real situation of the lake ecosystem.

Compared with the previous studies, the model developed
in this study focused on species instead of genera. Although a
simpler genera-specific model may be easier to use, calibrate
and validate, a species-specific model based on the dynamics
of primary aquatic species provides a tool for the researchers
and managers who aim to explore the dynamics of species and
to understand the mechanisms among aquatic species. There-
fore, we believe that the constructed model in this study is es-
sential to help the manager to complete and strengthen the ur-
ban lake management.

4.2. Explanation of Changes in the Lake

The dynamic model presented in this study explained the
radical changes observed in the shallow urban lake. The ob-
served results showed that the regulating effect of A. nobilis on
phytoplankton was limited. The fish A. nobilis had a limited ef-
fect on the reduction of the growth of phytoplankton, but this
effect decreased with time. Feeding and excretion of the fish
are in the same system, and nitrogen and phosphorus are in cy-
cling in the lake except little of them for fish growth. The con-
trol effect of A. nobilis on phytoplankton was greatly reduced
due to excretion and their disturbance to lake sediment (Huser
et al., 2016), and there was even a negative effect on phyto-
plankton growth (Yi et al., 2016; Williamson et al., 2018). An-
other factor is that cyanobacteria cannot be digested by A. no-
bilis (Domaizon and Devaux, 1999).

4.3. Response to External Pollution

A stable lake ecosystem should be able to bear some dis-
turbance. In this study, different external pollution inputs were
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set to impact the ecosystem, and the simulation results revealed
the disturbance limitations based on Yan-Model IlI. For the
management of urban lake eutrophication, the threshold of lake
eutrophication, 11 mg/m?® of Chl-a, was set as the standard to
maintain the water quality. The simulation results show that the
ecosystem has different capacities to bear external pollution at
different stages and discharge intensities. Important functions
of the lake ecosystem model were to quantitatively describe the
response of the lake ecosystem structure to different types of
pollutant inputs (Tang et al., 2016) and understand the buffer
capacities of lakes to pollution impacts and the ability to regu-
late for adverse environments (Liu et al., 2015). Here, the Yan-
Model Il was used to obtain those values. In this simulation
analysis, the Yan-Model Il considers only two main pollutants,
nitrogen and phosphorus, and many other pollutant factors are
ignored, such as particulate organic carbon (POC) in water
(Carpenter et al., 2016; Lin et al., 2018), BOD and bioelements.

In Figure 5, the maximum external pollution that will al-
low the ecosystem to remain in a non-eutrophication state is
400 m?® of urban sewage at the stage when the water quality of
the lake is controlled to below the eutrophication threshold,
while this level is 600 (600 or 200 x3) m® at the stage where
the lake water quality remains below the eutrophication thresh-
old for a long time. Any amount of sewage more than the above
two numbers will cause the eutrophication of the lake ecosys-
tems. These two quantities are the limitations to bearing exter-
nal pollution for maintaining the water quality below eutrophi-
cation under the respective conditions (concentration of pol-
lutants and the stage of lake restoration). The model could be
used to perform additional simulations, and more results could
be obtained.

4.4. Application of the Model

Unlike large natural lakes, urban lakes are often located in
urban areas with high population densities, domestic sewage
and industrial sewage discharge (Wu et al., 2014), and urban
lakes are often small with shallow and fragile ecosystems, so
eutrophication is common (Waajen et al., 2016). However, more
research on lake ecosystem simulations has been conducted on
large natural lakes than small urban lakes. Although some stu-
dies have focused on shallow urban lakes, more studies have fo-
cused on hydrodynamics and eutrophication (Gong et al., 2016;
Yang et al., 2017), and the simulation objects are often based
on the genus and not the species level. The Yan-Model Il syste-
matically covers the composition of aquatic organisms at the
species level and the structure of lake ecosystems and provides
a scientific theoretical and practical reference for the ecological
management of shallow urban lake ecosystems.

4.5. Accuracy and Completeness of the Model

By comparing the simulated and measured values of each
variable of the Yan -Model 11, the results simulated and observ-
ed in Dongshan Lake were in good agreement, and the relative
coefficients and accuracy indicated very good performance at
the 0.01 probability level. The analysis of the structure of the
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lake ecosystem indicates that the shortcomings due to the ab-
sence of microorganisms are obvious. The role of microorgan-
isms in aquatic ecosystems is important, but its behavior is too
complicated to reflect in a simulation model. In lake ecosys-
tems, microorganisms play important roles in the energy flow,
material cycle, and maintaining the metabolic process and rela-
tive stability of the lake ecosystems (Tsuji et al., 2006; Oie et
al., 2007). Further model improvements will consider the func-
tions of microorganisms and quantitative models even though
these functions are rarely researched.

Hydrodynamic factors are a very important part of lake
simulations, which have an important impact on the growth of
aquatic organisms and the cycles of pollutants (Peters and Mar-
ras€ 2000; Rahmani and Zarghami, 2015; Xia et al., 2015).
However, hydrodynamics may not be important for urban lakes
due to their small and shallow areas.

4.6. An Example of Sustainable Urban Management

Urban lakes are an important urban landscape and play an
important role in regulating urban microclimates. However, ur-
ban lakes are disturbed by high-intensity human activities, re-
sulting in high vulnerability and frequent eutrophication, which
become obstacles to sustainable urban development (Chowdhury
et al., 2016). Establishing lake ecosystem models to promote
lake management has become an important means for sustainable
urban development (Rusuli et al., 2015). As a part of sustainable
municipal management, scientific decision-making based on
lake ecosystem simulations could serve as a reference for other
fields of the urban management of public affairs.

The model developed in this study could be used to simu-
late the ecological risk caused by various management mea-
sures and modify management measures by system response.

5. Conclusions

Based on the Yan-Model, the filter-feeding A. nobilis mo-
dule and the N cycle module were added. The growth and eco-
logical process of A. nobilis were determined via biomanipu-
lation experiments, and an empirical model of A. nobilis growth
dynamics was established. This empirical model was calibrated
and validated with experimental data and could accurately and
quantitatively simulate ecological processes. In this study, a
simulation of eutrophication regulation and external pollution
impacts was performed, and a decision-making method and
procedure for sustainable urban management were developed.
The application to guide ecological restoration of Dongshan
Lake is an extension of the model, which further proves the
theoretical and practical importance of the model and the eco-
system simulation model.

The simulated and measured results for the Dongshan
Lake ecosystem by the Yan model Il were highly consistent.
The values of the correlation index R were significant for all
state variables of the model. The main findings of this study are
as follows:

(1) By simulating eutrophication management, eutrophic lakes

could be effectively restored by planting V. natans (Lour.)
Hara at a low biomass density. The filter-feeding fish, A.
nobilis, could quickly inhibit the growth of phytoplankton,
but the restoration of eutrophic lakes is difficult.

(2) A. nobilis at a density of 50 g/m?® has a strong ability to re-
gulate phytoplankton growth.

(3) By simulating external pollution impacts, a total of 600 m®
of urban sewage is the maximum limit for sustainable lake
ecosystem development.

(4) TheYan-Model Il provided very good guidance for restoring
eutrophication in Dongshan Lake, including the construc-
tion of aquatic ecosystems and sustainable management.

(5) This study is applicable to not only lake ecosystem man-
agement but also urban system sustainable management.
The methods used to establish the ecosystem models and
simulate the responses under different scenarios could
serve as references for decision-making in similar fields,
even urban systems. The Yan-Model Il is an acceptable
simulation model for urban lake ecosystems and is better
than the Yan-Model.
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