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Regime Shift Analysis and Numerical Simulation for
Effective Ecosystem Management
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Abstract—Ecosystems are constantly subject to shifts among
multiple locally stable and unstable states. Such regime shifts or
bifurcations are fascinating ecological phenomena, involving
multiple causes and many variables that change at different
spatial-temporal scales, potentially altering the direction of
feedbacks. They are crucial for effective ecosystem management
because regime shifts may impair valuable ecosystem services
provided by nature and because recovery of desired states may
be difficult and costly. Lakes may undergo regime shifts between
two alternative steady states, oligotrophic or eutrophic, due to
the strong interaction between exogenous phosphorus (P) input
and endogenous interaction between water and sediment P.
Many lakes exhibit either a desirable oligotrophic clear-water
state with abundant macrophytes and low chlorophyll
concentrations, or an undesirable eutrophic turbid condition
with high chlorophyll concentrations and sparse macrophytes. A
regime shift from a clear-water oligotrophic state to a turbid
eutrophic condition may occur in response to a combination of
increased exogenous nutrient loading and a strong feedback
involving P release from the sediments. This paper presents
water and sediment quality data for a small shallow stagnant
lake in Selangor Malaysia indicating progressive deterioration
of water quality arising from intensification of eutrophication
due to accumulated nutrient loading from a relatively large
human settlement over three decades. It then provides numerical
simulations and analytical synthesis for explaining and
predicting the prognosis of lake eutrophication regime shifts.
The paper concludes with a practical and sustainable
remediation measure for rehabilitating lake eutrophication.

Index Terms—Algae, eutrophication, phosphorus, regime
shift.

I. INTRODUCTION

Ecosystems, particularly aquatic ecosystems, are
constantly subject to shifts among multiple locally stable and
unstable states [1]. Such regime shifts are fascinating
ecological phenomena, involving multiple causes and many
variables that change at different spatial-temporal scales,
potentially altering the direction of feedbacks [2], [3].
Induced by increasing human disturbance and climate change,
significant regime shifts in the ecosystem structures and
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functions in many lakes have been observed in recent decades
worldwide. For example, a small stagnant lake known as
Sunway Lagoon in the state of Selangor, Malaysia has shown
signs of regime shift to eutrophication. This paper is
dedicated to a concerted effort to rehabilitate the lake back to
the desired clear-water oligotrophic condition. To identify the
characteristics of regime shifts in lakes, to explore early
warning signals prior to regime shifts and to provide effective
remediation are critical issues in lake conservation and
management. However, identifying and predicting regime
shifts in lakes is still a formidable task. In this paper, we focus
on lake eutrophication problems and the associated regime
shifts between two alternative steady states, the oligotrophic
and eutrophic states. We begin in this section with a brief
review of eutrophication and the associated regime shifts
between oligotrophic and eutrophic states in two largest
shallow lakes in China, namely Lakes Dianchi and Chaohu, to
lay the foundation for further deliberation. This review will
provide valuable insights and critically needed data that can
be used for model simulations later.

Firstly, Lake Dianchi, covering a surface area of 330 km?,
with a mean depth of 4.4 m, and watershed area of 2920 km?,
is a plateau lake located in Kunming City, the capital of
Yunnan province. After receiving 90% of Kunming City’s
wastewater over the decades, Lake Dianchi is seriously
contaminated by eutrophication, where cyanobacterial
blooms occur annually over the whole lake, impairing critical
ecosystem services such as fresh water supply and ecotourism
[4]. The lake water quality is rated as Grade V, the worst
grade in China [5]. For Dianchi lake, most biomasses and
trophic flows are primarily concentrated at the lower three
trophic levels (TLs) out of six. The primary producer level
(TLI) consists mainly of detritus and phytoplankton; while
TLII consists mainly of the groups of zooplankton and
z00-benthos, and filter-feeding fish (silver carp and bighead
carp) and herbivorous fish. The biomass of shrimps at TLIII in
Lake Dianchi is huge (29.85 tkm?), suggesting the
importance of lake ecosystem services provided. Shrimps
occupy more than 67% of the total fishery; with the remaining
consisting of zooplanktivore fish. The mean trophic level of
fish catch is estimated to be 3.06, which is close to the value
for TLIII. It is slightly higher than the value (2.92) for Lake
Taihu [6], [7], and close to the value (3.07) for Northern and
Central Adriatic Sea [8]. About 77.5% of the trophic flows
from TLI to TLII originate from the detritus, whereas high
proportions of under-utilized zooplankton biomass returned
to the detritus because of low transfer efficiencies (2.9%) in
TLII. Positive feedback within the lower TLs locks the
nutrients and promotes the inflation of biomass in plankton
communities. Dianchi, Chaohu and Taihu Lakes are clearly
thought to be a bottom-up control ecosystem [9].



International Journal of Environmental Science and Development, Vol. 9, No. 8, August 2018

Chlorophyll-a (Chl-a) concentration started in 1980 to 1985 at
about 10 pg Chl-L™* (mesotrophic), but gradually increased to
25 pug Chl-L™ (eutrophic) by 1995. However, within the next
15 years, the levels increased exponentially to 160 ug Chl-L™
(hypertrophic) by 2000 and maintained at 128.21 &+ 35.32 ng
Chl L™ (hypertrophic) from 2009 to 2010. Total phosphorus
(TP) varied between 0.2 to 0.4 mgL™; total nitrogen (TN)
varied between 2.0 to 3.5 mg L™, while Secchi depth varied
between 13 to 36 cm [9]. Frequent episodes of Microcystis
blooms are found in all three large shallow lakes: Lakes
Dianchi, Chaohu and Taihu. At these three lakes, the China
government has invested, and will continue to invest, billions
to prevent the occurrence of these toxic algae blooms and to
sustain reliable portable water supplies for the surrounding
cities totally more than 20 million people. Re-establishing
aquatic macrophytes in lakeside littoral zones and introducing
artificially cultured filter-feeding carp (bighead and silver
carp to graze on phytoplankton), successfully decreased the
nutrient concentration to some extent [10]. Recent research
has revealed the importance of internal nutrient dynamics that
trigger and maintain regime shifts in lake eutrophication [11].
This paper is motivated by the wish to convey valuable
insights on lake eutrophication remediation and management,
focusing on the role of regime shifts, using the Sunway
Lagoon as a working example.

Secondly, Lake Chaohu is the fifth largest lake in China,
with a surface area of about 780 km? and mean depth of 3.06
m. Lake Chaohu provides important ecological services,
including portable water supply, for the 7.6 million people
living in the basin. The ecosystem of Lake Chaohu shifted
from the clear to turbid state during late 1970s. The lake
began to face serious eutrophication since the 1980s. TP
loading amounted to 1050 ty™ in the late 1980s [12] and
increased to 1550 t y ™ during 2002 to 2010. About 85% of the
TN and 77% of the TP loading originate from non-point
sources. These loadings are higher than expected, thus
suggesting the un-specified nutrient flux from the soil in the
basin. Analysis by the DyN model indicates that the TP
loading thresholds that would shift the clear to the turbid state
is 631.8 +290.16 t ¥, which is equivalent to 0.73 pg-L™* d™
of TP [13]. This external TP loading threshold will be used as
a benchmark in simulations for Sunway Lagoon in this paper.
Further, eutrophication of Lake Chaohu is more likely to be
reversible (74.12%) than hysteretic (25.53%), based upon
DyN simulation and analysis. To shift from the current turbid
eutrophic state back to the clear water oligotrophic state, the
current TP loading must be reduced by two-third [13].
However, in real practice the reduction of non-point sources
is very difficult and costly. Hence, additional methods beyond
nutrient input reduction, such as water level regulation,
should be considered for lake restoration.

Research shows a persistent correlation between the
development of cyanobacterial blooms and the increase of
soluble reactive phosphorus (SRP) in the lake water of
Dianchi [5]. Cyanobacterial blooms are a driving force for
phosphorus (P) mobility and exchange among sediments,
water and cyanobacteria. The P in the sediments represents a
significant supply for the growth of cyanobacteria. Although
much effort has been made to reduce the external loading of P
in lakes, P released from the sediments may act in such an
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intense and persistent manner that it prevents the
improvement of water quality [14]. Algal blooms have
positive feedback on the release of P from sediment. Research
in Lake Donghu shows that dissolved P released from
sediment back to lake water could be enhanced by algal
blooms [15]. Generally, P is believed to be a limiting factor
for cyanobacterial growth. The Chl-a and SRP in the
overlying water are significantly related. Inorganic P (IP) is
the main P fraction, with IP mainly consisting of NaOH-P in
the heavily eutrophic sediment. IP and NaOH-P are relatively
easier to migrate out of sediment back to the water. In another
independent study, most of the P in the sediment consists of IP
[16]. The death and decaying cyanobacteria would promote
the release of P from sediments back into the water body, and
the released P would in turn help new cyanobacteria growth.
The proliferation of cyanobacteria drives sediment P release,
sustaining a vicious cycle. The development of cyanobacterial
blooms caused an increase in the pH from 8 to 12. It has been
demonstrated that an increase in pH may increase P release
from sediments.

Il. LAKE EUTROPHICATION AND REGIME SHIFT

Lakes, small and large, provide essential services to
ecosystems, wildlife and human. However, many lakes, such
as the Sunway Lagoon, are subject to environmental stresses
due to nutrient loading from the surrounding neighborhood,
leading to eutrophication and to a potential loss of critical
ecosystem services. The eutrophication of lakes is largely a
consequence of human-induced nutrient enrichment and is
hence frequently referred to as cultural eutrophication. To
distinguish it from other more severe forms of pollution,
eutrophication is legally defined as “the enrichment of water
by nutrients causing an accelerated growth of algae and other
forms of plant life to produce an undesirable disturbance to
the aquatic environment”. The natural progression of
eutrophication symptoms from oligotrophic state generally
begins with an initial surge in phytoplankton biomass and
macro-algal blooms, followed by more severe impacts such as
a loss of submerged macrophytes, depleted oxygen levels,
proliferations of harmful and toxic algal blooms, fish-kills,
and the formation of “dead zones” [17], [18]. A lake may be
classified into four categories as follows: (1) oligotrophic
(Good), (2) mesotrophic (Fair), (3) eutrophic (Poor) and (4)
hypertrophic (Very Poor) [19]. However, we will consider
only two steady states, namely oligotrophic and eutrophic
states, as the other two states are part of the continuum. Lakes
may undergo regime shift between two alternative steady
states, oligotrophic and eutrophic, due to the strong
interaction between exogenous P input and endogenous
interaction between water and sediment P. Mean depth,
sediment P storage and temperature strongly influence the
susceptibility of lakes to regime shifts; while water surface
area plays an insignificant role [20]. Many other factors,
including lake morphometry, sediment quality and thickness,
and dominance of macrophytes also play a role, making the
shift quite variable and difficult to predict before its
occurrence. Undesirable shift from a clear-water state to a
turbid condition will have adverse ecosystem impacts and
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may reduce important ecosystem services. Restoration to
oligotrophic state after the shifts to eutrophic states is costly
or may be impossible in certain situations. Hence, precise
evaluation of the potential occurrence of regime shifts and the
severity of the impacts is needed for good lake management.
Abundant macrophyte may prevent P recycling from
sediments and reduce the susceptibility of shallow lakes to
regime shift. However, some lakes, such as the Sunway
Lagoon (depth of 8 m and surface area of 5 acres), may be too
deep relative to the surface area to be protected by
macrophytes in their limited littoral zones. Global warming
may enhance eutrophication, and render lake restoration
costlier and less successful due to increased internal P
recycling from the sediment. Shallow lakes are most
susceptible to regime shifts and are least restorable if the areas
are large. An example is the Harapan Lake (located in the
USM campus at Penang, Malaysia), with a depth of 1.5 mand
a surface area of 1.5 acres. Persistent and frequent
hypertrophic condition occurred annually, with Chl-a
concentration reaching 330 ug Chl-L™* occasionally [21]. The
three largest lakes in China mentioned earlier are all large and
shallow, rendering the restoration costly and difficult. The
interplay of multiple abiotic, physical, chemical, and biotic
mechanisms in regime shifts observed in lakes may also arise
in regime shifts of other types of ecosystems [20], such as
mangroves and grasslands, although the underlying causes are
quite different. Insights gained from this research may have
the potential of being applied to other ecosystems. The IP in
lake bottom is bound to iron in the sediments under
oxygenated conditions but is released back to the water
column when the sediment surface is deoxygenated. This is a
main driver in regime shifts in shallow lakes, regardless of
their surface areas. One of the main causes of oxygen
depletion near the sediment layer is the decomposition of
sinking phytoplankton, the density of which is related to lake
trophic status. High phytoplankton concentrations induced by
eutrophication lead to more sedimentation that promotes
bacterial respiration and anoxia. Anoxia, in turn, leads to
additional P release from the sediments, triggering and
sustaining a vicious cycle of positive feedback mechanism
that promote regime shift to eutrophication.

The commonly used sigmoid model of P internal recycling
between water column and sediments contains a critical
parameter (the half-saturation constant) and the slope
parameter that are difficult to estimate for most lakes [22] and
are probably a function of lake morphometry and water
temperature [23]. It is preferable to have a model with
parameters that are stable for a wide variety of limnological
conditions, and that are readily estimated from available data
[20]. Many factors could cause great variability among lakes
in determining the thresholds for eutrophication and regime
shifts. Mean depth and temperature are critical in determining
the direction and strength of regime shift arising from
eutrophication. The effects of macrophytes are closely
associated with mean depth and are stronger in shallower
lakes due to more littoral plants. However, there is little
consensus within the literature concerning the precise
mechanism how macrophytes affect nutrient recycling.
Nevertheless, macrophyte cover is expected to decrease the
recycling of P by reducing sediment resuspension and can

help control algal blooms by providing refuge for
zooplankton against fish predation, thereby promoting
zooplankton grazing of phytoplankton [24].

I1l. REGIME SHIFT MODEL

Over the last decades there has been an increasing focus on
the risks posed by high consequence thresholds or “tipping
point” responses across a range of coupled environmental
economic systems, particularly of hydrological systems
linking lakes and watersheds [25]. When the control
parameters (e.g. P, algae) reach a critical threshold, the
current system regime (e.g. oligotrophic) abruptly shifts to an
alternate regime (e.g. eutrophic)—a process known as
bifurcation-tipping [26]. As noted earlier, the abrupt regime
shift (bifurcation tipping) from an oligotrophic to a eutrophic
regime can be rapid once the concentration of P (or algae) in a
lake reaches a critical threshold, enhanced by sediment inputs.
The tight coupling between sediment, water and
cyanobacteria mediated via high pH and low dissolved
oxygen (DO) at or near the sediments render the response to
ecological system dynamics of shallow lakes highly nonlinear.
High nonlinearity offers ample opportunity for sudden and
abrupt regime shift requiring costly remediation action if the
shift is not detected early [5]. It is therefore crucial to develop
methodology, based upon monitoring and modeling, to detect
such abrupt shift [27] and to take effective mitigation
measures for preventing the occurrence of such abrupt shift to
more severe form of eutrophication.

In this section, a minimalist two-component model that
describes the relationship between P and algae concentration
in lakes is used to investigate the conditions that govern
regime shifts between oligotrophic and eutrophic states for
Sunway Lagoon. The model consists of two dynamic
variables, namely concentrations of chlorophyll-a (Chl-a, as a
surrogate for algae) A (ug Chl-L™) and phosphorus P (ug
P L™, as follows [20]:

d—AszA—£g+i+hJA, )
dt z,
%: I +r+egA—bAP -hP. 2

TABLE I: DEFINITION AND UNITS OF PARAMETERS, SUNWAY LAGOON

Parameters Definition Unit Value
Algal growth rate ) 11

b per unit P L-ugPd 0.9000

g Zooplankton grazing rate d? 0.0300

s Algal sinking rate md? 0.0850

Z, Thickness of epilimnion m 7.0000

h Flushing rate d?t 0.0006

| External P loading rate pgP-Ltd?  0.021t00.50

r Interngl P sediment ug P gt computed
recycling rate

e P excretion rate ug P/ug chl 0.6500

associated with grazing
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The definitions and units of the parameters, to be used for
Sunway Lagoon regime shift analysis, are listed in Table I. As
may be observed in (1), Chl-a concentration increases at a rate



International Journal of Environmental Science and Development, Vol. 9, No. 8, August 2018

b due to algae growth and decreases at a rate g, due to algae
grazing by zooplankton coupled with algae sinking at a rate
sz, and flushing rate h. As observed in (2), P concentration
increases by external loading I, internal sediment recycling r
and excretion from zooplankton egA. On the other hand, P
concentration decreases at the rates of b due to algae uptake
and h due to flushing. Note that r is computed as follows:

r=R/z, (3)
where R (mgm?d™) is the areal P recycling rate from the
sediments into the water column, while z, is the epilimnion
depth. Note that, no unit conversion is required in (3) as 1
ng-L™ is equal to 1 mgm™. Based on Charlton (1980) [28]
model, R can be computed as follows:

DO><(50+Zh)

1l15A1A33 T-4 !
. mezm +0.12

(4)

where R__ (14 mg m™ d™) is the maximum areal P recycling
rate, t, (60 days) is the stratified period, DO (7.97 mg 1LY is
the saturated oxygen concentration corresponding to the
temperature T (27 <C) and z, (1 m) is the hypolimnion depth.
To find the fixed points for (1) and (2), set (1) equal to 0:

oo

bPA—Lg +i+h
z

e

g+i+h
ZE

yielding two cases of

g+i+h
.. z
i) P=—"-2—
(i) b

(i) A=0 and

X
b

where X =g + s/z, + h. For case (i), set (2) equal to 0 to find
the equilibrium of P:

l+r+-hP=0; P=

1+r
h

yielding one fixed point of (OHTrJ For case (ii), again set

(2) equal to 0 to find the equilibrium of A:

X
h—=—(I+r)
I+r+egA—bA£—h£=O; Azb—,
b b eg—-X
o (l+r)
yielding another fixed point of b—,— X
eg— X b

The regime shift model discussed above will now be
utilized to analyze eutrophication and regime shifts in a small

urban eutrophicated lake known as the Sunway Lagoon,
located in the state of Selangor, Malaysia. The goal is to
ensure that Sunway Lagoon lake water quality will revert back
to oligotrophic state by the implementation of effective
remediation measures, based upon field data and regime shift
model simulations and theoretical synthesis.

IV. SUNWAY LAGOON LAKE DATA

Located within a highly populated urban city of about 700
acres, Sunway Lagoon is a small man-made lake with a
surface area of 5 acres and depth of about 8 m. The lake is
located below sea level with no outflow. The lake water is,
however, periodically pumped off the lake after a heavy rain.
It is therefore subject to accumulation of nutrients and other
pollutants in the sediments due to inflows from the city
surrounding the lake, in the form of non-point sources,
consisting of surface runoffs and groundwater inflows that
contain high nutrients. The lake is currently (2017) classified
as Class Il Malaysia Water Quality Criteria [29]. The
accumulation of nutrients in the sediment has been significant
over the duration of 17 years from 1993 to 2010. A water
quality survey was conducted on 24 to 25 June 2010. Water
samples were collected at 10 evenly separated locations at
three water depths: surface (0.5 m), mid-depth (3.5 m) and
lake bottom (7.5 m). Sediments were collected at 10 different
locations in the bottom sediment. Overall the water quality
was classified as Class Il B (2010), with surface water DO
generally falling below 5 mgL™, indicating DO stressed
environment detrimental to aquatic lives including fish.
Temperature was between 27 <€ to 31 <€, while pH was
around 7. Concentration of DO measured at 1.26 mg L. near
the bottom, 1.59 mg L. at mid-depth and 4.74 mg L. at the
surface, indicating a DO deprived water environment.
Concentration of Chl-a varied between 5 and 15 pg Chl-L™,
suggesting a mesotrophic condition. With TN concentration
varying between 0.2 and 0.9 mg L and TP between 0.1 and
0.4 mg L., the water was regarded as nutrients rich, capable
of supporting vibrant algae growth to a potentially eutrophic
or hypertrophic level over time. The sediments were tested for
17 heavy metals at 10 different locations. The heavy metal
concentrations were generally low except for iron, aluminum
and manganese. Further, the sediment concentrations for P
and N are high, reflecting a eutrophic condition. Table 2
provides concentrations of TP, TN, total organic carbon
(TOC), iron and aluminum in the sediments sampled in June
2010.

TABLE II: TP, TN, TOC, IRON AND ALUMINUM CONCENTRATIONS IN
SEDIMENT, SUNWAY LAGOON, 2010 [29]

Component Range of value Level Comment

TP (mg kgh) 22 to 81 High Un-desirable
TN (mg kg™) 68 to 246 High Un-desirable
TOC (% w w) 0.4t01.5 High Un-desirable
Iron (mg kg™ 5225 to 13190 High Un-desirable
Aluminum (mg kgl) 8921 to 83890 High Un-desirable
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After the 2010 study, a water and sediment quality
sampling was conducted again on 23 January 2017. Overall,
the sampling results indicate eutrophic status. Further, the N
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concentration in the sediments sampled in January 2017
measuring 739 mg kg™ (based upon an average of 3 sampling
locations) has increased by 600 % as compared to that in 2010
(68 to 246 mg kg™ based upon 10 sampling locations). Water
quality samples were collected at three depths of 0.5 m
(surface), 3.5 m (mid-depth) and 7.5 m (bottom) below water
surface. The sampling results indicate a water quality standard
of Class Ill [29]. Therefore, there is an urgent need to
rehabilitate Sunway Lagoon to a water quality status
consistent with that required for a recreational tourist
attraction. Seven aerators are currently in operation to supply
additional oxygen from the lake bottom to support fish and
other aquatic life and to increase DO levels. A summary of
results for biochemical oxygen demand (BODs), DO and
Chl-a at these 3 water depths respectively is provided in Table
3. Averaged concentration of sediment TP, TN and TOC are
given in Table IV.

TABLE Ill: WATER BOD, DO AND CHL-A CONCENTRATION, 2017[29]

Depth (m)
Component 05 35 80 Level Comment
BOD(mgLi?%) 3.8 7.7 5.7 High Un-desirable
DO (mg L% 43 3.8 3.9 High Un-desirable
Chl-a(ugLh  13.0 11.2 9.8 High Un-desirable

TABLE IV: TP, TN AND TOC CONCENTRATIONS IN SEDIMENT, 2017 [29]

Component Value Level Comment

TP (mg kg?) 61.0 High Un-desirable
TN (mg g™ 739.0 High Un-desirable
TOC (% w w?) 0.5 High Un-desirable

[ - = I - I ]
D thh o th o

Chlorophyll (pg chl-L'1)
th

(=)

Dec-16 Jan-17 Feb-17 Mar-17 Apr-17 May-17
Fig. 1. Chl-a concentration in Sunway Lagoon, 2016 to 2017.

A series of six monthly water quality sampling at three
depths (0.5, 3.5, 7.5 m below water surface) was also
conducted for six months from December 2016 to May 2017.
Water quality parameters sampled include temperature, pH,
BOD, DO, ammoniacal nitrogen, nitrate nitrogen, P, Chl-a,
total coliform, and E. coli. Of concern is the high and
increasing levels of Chl-a recorded during the six months of
sampling, generally between 10 and 25 pg Chl-L™, indicating
a eutrophic lake condition. In general, an oligotrophic lake
(clear water) should have Chl-a level below 2 pg Chl-L™;
while a mesotrophic lake (slightly turbid) should have Chl-a
between 2 and 9 ug Chl-L™. Level of Chl-a between 10 and 25
pg Chl-L? is considered eutrophic and undesirable. Fig. 1
shows the trend of Chl-a during the six-month sampling
duration, indicating a eutrophic lake. Nutrients can potentially
be released from the sediment layers back into the water
column if the aquatic conditions are suitable, for example if
pH is above 8 or DO is depleted. High pH and low DO could
be facilitated and maintained by cyanobacteria activity
sustained by high P concentration. This phenomenon of
self-reinforcing positive feedback loop can intensify algae

196

growth towards a regime shift leading to hypertrophic
condition, a major concern for Sunway Lagoon, as a tourist
attraction.

V. RESULTS
The equilibrium P concentration in (1) and (2) is given by

o)

which is independent of | and r. The equilibrium Chl-a
concentration (A*) can be determined numerically when (2)
changes sign by iterating A, from 0.0 pg Chl-L™ to 60.0 pg
Chl L%, with an increment of 0.01 ug Chl-L™. For a given
external P loading rate | value, this iteration can yield either
one stable equilibrium or three equilibria. The TP external
input for Chaohu is 0.73 pg TP-L™ d™. For Sunway Lagoon
simulations, the external P input used is IP, which is much less
than TP. Further, Sunway Lagoon is less eutrophic than
Chaohu; hence the IP input for Sunway Lagoon is chosen to
vary between 0.01 to 0.10 pg IP-L™ d™.

pr—t
b

g+i+h
z

e

®)

(a) External P loading = 0.01 ng P-L-1-D!

1
a
=
& o | | | | i
- t t t t f
Z 0.0 10.00 20.00  30.00 40.00 50.00 60.00
3
=z
-1
Chlorophyll (pg chl-L1)
1 (b) External P loading = 0.03 pg P-L-1-D!
a
=
& o | | | | I
- t t t t t
Z 0.0 10.00 20.00  30.00 40.00 50.00 60.00
3
=z
1
Chlorophyll (pg chl-L1)
1 (¢) External P loading = 0.05 pg P-L-1-D!
a
=
& o | | | | I
- t t t t t
Z 0.0 10.00 20.00  30.00 40.00 50.00 60.00
3
=z
-1
Chlorophyll (pg chl-L1)
1 d) External P loading = 0.10 pg P-L-1-D1
[
=
Ao L ' ' L ' I
o0 t + + t + L
= 0.po 10.00 20.00 30.00 40.00 50.00 60.00
3
=]

Chlorophyll (ng chl-L1)
Fig. 2. Determination of A* (black circle is stable equilibrium and white
circle is unstable equilibrium) with external P loading rates | of (a) 0.01, (b)
0.03, () 0.05 and (d) 0.10 pg P-L™* D, for Sunway Lagoon.

Fig. 2 shows the simulation results for Sunway Lagoon
under four scenarios of external P loading rate | of 0.01, 0.03,
0.05and 0.10 ug P-L™ d™. In the case of three equilibria, the
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unstable equilibrium is in between two stable equilibria, one
with low Chl-a concentration and one with high Chl-a
concentration. Firstly, as observed in Fig. 2(a), when 1 = 0.01
ng P-L™ D, dP/dt changes sign three times at A* = 0.43, 3.13
and 54.31 pg Chl-L™, yielding two stable equilibria (0.43 and
54.31 pg Chl-'L™) and one unstable equilibrium (3.13 pg
Chl L. This means that if the concentration of Chl-a is close
to 3.13 pug Chl-L™, then it may shift abruptly to a eutrophic
regime and stay stable at A* = 54.31 pg Chl-L™. Secondly, as
observed in Fig. 2(c), as external P loading rate increases, the
curve of dP/dt shifts upwards, thereby shifting the
oligotrophic stable equilibrium (2.15 pg Chl L) closer to the
unstable equilibrium (3.05 pg Chl-L™). This means that an
increase in external P loading rate may further increase the
chances of regime shift. Thirdly, when | = 0.10 pg P-L™* D,
dP/dt changes sign once at A* = 58.29 pg Chl-L™ (Fig. 2(d)),
yielding one stable eutrophic equilibrium. In this case, the
concentration of Chl-a will likely converge to 58.29 png
Chl L%, given the input of 1=0.10 pg P-L™* D™

60 -

Chlorophyll (pg chl-L7)
B 8 & 2

—
=
T

0.02 0.04 0.06 0.08 0.1
External P loading (ngP-L-1-D1)

Fig. 3. Regime shift in Sunway Lagoon represented in a bifurcation figure,
where solid line is stable equilibrium and dotted line is unstable equilibrium.
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Fig. 4. Lake response types (reversible, hysteretic and irreversible) are
affected by lake area, mean depth and temperature [20].

As observed in Fig. 3, three equilibria exist when external P
loading rate | is between 0.01 and 0.06 pg P-L* D™ The
vertical distance between the middle unstable equilibrium
(dotted line) and the stable oligotrophic equilibrium (lower
solid line) is a measure of resilience to eutrophication. The
vertical distance between the middle unstable equilibrium
(dotted line) and the eutrophic stable equilibrium (higher
solid line) is a measure of resistance to restoration. As |
increases, the resilience to eutrophication of ecosystem
decreases, while the resistance to restoration increases. High
resistance to restoration means that restoration back to
oligotrophic state will require more efforts and longer time
even after the external P loading is reduced. Note that, the
eutrophic stable equilibrium and unstable equilibrium are not
continuous; indicating restoration to oligotrophic may not be
possible for Sunway Lagoon. In other words, once shifted to
eutrophic regime, Sunway Lagoon will be stable at eutrophic
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regime. In addition, shallow tropical lakes are typically
irreversible, as displayed in Fig. 4. Sunway Lagoon has an
area of 0.02 km? mean depth of 8 m and temperature of 27 <C,
falling into the irreversible lake response type in Fig. 4,
indicating a high resistance to restoration.

VI.

Many lakes used for human water consumption worldwide,
including Dianchi and Chaohu lakes, suffer from highly toxic
cyanobacterial blooms. Regional climate change and human
activities within watersheds exert a complex impact on
aquatic ecosystem structures and functions across space and
time. However, the degree to which these factors contribute to
the long-term dynamics of plankton and other aquatic
communities is not yet well understood. Recent modelling
approaches attempt to grasp the non-linear processes
involving multiple ecosystem components based upon limited
ecological time series data in most lakes, with limited success.
A minimalist approach [20] is undertaken in this paper to
attempt to explain and predict future evolution in lake water
quality in Sunway Lagoon. Attempting to overcome data
paucity, other approaches have been suggested, including one
that uses multi-proxy paleolimnological records to extract
long-term ecological series data, and determine the inflection
points of regime shifts in the Baiyangdian Lake, northern
China [30]. Their research shows that the most important
abrupt signals of ecological changes in the Baiyangdian Lake
occurred in the early 1960s, a decade before the actual regime
shift. They noted the rising variance, coupled with decreasing
autocorrelation and skewness, started one decade before the
regime shift, a phenomenon that has been observed elsewhere
[23]. This ability to predict regime shifts early might provide
time to prepare for appropriate remediation measures. The
detection of regime shift early before its occurrence can
provide valuable information and insights for lake
management and aquatic ecosystem conservation. This
detection might be achieved via three approaches [23]: (a)
observation of early warning signals from multiple high
resolution long-term time series or (b) model simulations
utilizing limited site-specific data augmented by cross
sectorial studies or (c) a combination of both. This paper
adopts approach (b) to analyze regime shift and propose
remediation measures for Sunway Lagoon, to be discussed in
the conclusion section. We further review briefly the results
of two regime shift research to provide additional insights and
knowledge.

Located in the west of Hangzhou City, Zhejiang province,
China, West Lake has an area of 6.5 km? and a mean depth of
2.27 m, giving a water volume of 1.49 x 10" m®. Outbreak of
algae blooms and ecosystem degradation caused by the
eutrophication occurred frequently in the West Lake since the
1950s. Abundant external nutrients originating from
industrial and domestic wastewater, agricultural activities in
the basin coupled with precipitation [31], [32], are the
important contributors to algal blooms [33]. Submerged
macrophyte restoration was successfully adopted to mitigate
eutrophication and improve aquatic ecosystem in the West
Lake [32]. After macrophyte restoration, macrophyte biomass

DISCUSSION
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and coverage were at a very high level, while nutrient levels
and phytoplankton concentration significantly decreased. The
decrease in nutrients is mainly attributed to the direct
absorption by, and indirect release inhibition from, restored
macrophytes. The reduction in phytoplankton might be the
result of the growth inhibition due to decreased nutrients
available for phytoplankton growth. Zooplankton, especially
large-sized species, significantly increases after restoration,
helping to graze down phytoplankton populations. The
effective protections of zooplankton against fish predation
provided by restored macrophytes might be the main reason
for zooplankton increase. For the shallow West Lake,
macrophyte restoration is an effective method to mitigate
eutrophication and improve water quality, deserving the
attentions of lake managements [32]. However, it remains an
open question if microphyte restoration is effective for
Sunway Lagoon, as the lake is deep at 8 m relative to its small
surface area of 5 acres, providing limited littoral zones for
microphytes restoration.

A six-year study was conducted to explore the impacts of
multiple disturbance events (human resettlement, temperature
change, rainfall, water level fluctuations) on phytoplankton
and cyanobacteria dynamics in two subtropical reservoirs
[34]. The Shidou and Bantou reservoirs are located in the
headwater of Zhu River near Xiamen City, Fujian province,
southeast China. The trophic states of these two reservoirs
ranged from oligo-mesotrophic to eutrophic levels over time,
an example of regime shift [35], [36]. The reservoirs provide
critical ecological services including water supply to one
million people in Xiamen City. Similar to Sunway Lagoon,
these reservoirs have almost no macrophyte cover, having
depths between 8 to 15 m. Their research showed that
combined multiple environmental disturbances triggered two
apparent and abrupt regime shifts between cyanobacteria
dominated state and non-cyanobacterial dominated state. In
late 2010, the combined effect of human-resettlement
(emigration) and natural disturbances (cooling, more rainfall,
increase water level) led to a 60 to 90 % decrease in
cyanobacteria biomass. This was accompanied by the
disappearance of cyanobacterial blooms, in tandem with an
abrupt and persistent shift in phytoplankton community. After
summer 2014, however, combined weather and hydrological
disturbances (warming, less rainfall, lower water level)
occurred, leading to an abrupt and significant increase in
cyanobacteria biomass, associated with a return to
cyanobacteria dominance. These changes in phytoplankton
community were strongly related to the nutrient
concentrations and water level fluctuations, as well as water
temperature and rainfall. Sunway Lagoon might also be
exposed to multiple disturbances, with consequences that are
difficult to predict in advance. As extreme weather events and
human disturbances are predicted to become more frequent
and more severe during the twenty-first century, prudent
sustainable lake management will require consideration of the
background limnologic conditions and the frequency and
severity of disturbance events when assessing the potential
impacts on lake biodiversity and ecosystem functioning and
services.
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VII.

A minimalist model approach [20] is adopted in this paper
to explain and predict regime shifts in Sunway Lagoon lake.
The lake appears to have shifted from a mesotrophic state in
2010 to a eutrophic state in 2017. Given the status as an
irreversible type of lake, and high temperature, intermediate
water depth, inadequate flushing, unknown external P
loadings and lack of littoral zones for microphytes restoration,
it is likely that Sunway Lagoon would continue to progress
towards a more severe form of eutrophication, if nothing is
done to reduce external P input or increase flushing. The
non-point sources of external P input cannot be controlled to
reduce P loading rate I. However, nutrient rich lake water at a
depth of 7.5 m can be regularly pumped off to effectively
reduce the value of |, by increasing the flushing rate h in (2).
This nutrient rich water can be utilized as plant fertilizer.
Further research will be pursued in the near future.

CONCLUSION
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