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Abstract. Lake eutrophication is a serious global envi- tion (Smith et al., 1999; Jin, 2003). Degradation of water
ronmental issue. Phytoremediation is a promising, cost-quality can lead to a series of side effects and result in loss of
effective, and environmentally friendly technology for wa- ecological functions and degradation of aquatic ecosystems
ter quality restoration. However, besides nutrient removal,(National Research Council, 2000). Eutrophication has a se-
macrophytes also deeply affect the hydrologic cycle of a lakevere effect on many sectors of the economy, with high social,
system through evapotranspiration. Changes in hydrologiecological and policy response costs (Pretty et al., 2003). Fre-
cycle caused by macrophytes have a great influence on lakguent algal blooms caused by eutrophication are inedible or
water quality restoration. As a result of the two opposite ef-even toxic to consumer species, resulting in food-web alter-
fects of macrophytes on water quality restoration (i.e. an in-ations and potentially detrimental effects on biodiversity and
crease in macrophytes can increase nutrient removal and infisheries (Paerl et al., 2001; Qin, 2009). An eco-friendly and
prove water quality while also increasing evapotranspiration effective measure for water quality restoration is needed ur-
reducing water volume and consequently decreasing wategently in eutrophic shallow lakes.
quality), rational macrophyte control through planting and Reducing the discharge of nutrients from point and non-
harvest is very important. In this study, a new approach ispoint sources is the primary measure to control eutrophica-
proposed to optimise the initial planting area and monthlytion. Measures to remove nutrients from lakes are also nec-
harvest scheme of macrophytes for water quality restorationessary for severely eutrophic lakes (Klapper, 1991; Wade et
The month-by-month effects of macrophyte management oral., 2007; Hamilton and Landman, 2011). Phytoremediation
lake water quality are considered. Baiyangdian Lake servess a promising, cost-effective, and environmentally friendly
as a case study, using the common reed. It was found thaechnology for water quality restoration (Salt et al., 1995).
water quality was closest to Grade Ill on the Chinese waterPhytoremediation is defined as the use of green plants to
quality scale when the reed planting area was 12340 % remove pollutants from the environment or to render them
of the lake surface area) and most reeds would be harvestduarmless (Salt et al., 1998). Nutrient pollutants are one of the
at the end of June. The optimisation approach proposed imajor targets of phytoremediation, and can be removed from
this study will be a useful reference for lake restoration. lakes through plant uptake and rhizosphere denitrification.
Plant uptake happens when macrophytes convert nutrients
into organic compounds, as building blocks for cells and tis-
sues (Vymazal, 1995). Denitrification is the biological mech-
1 Introduction anism through which bacteria break down inorganic nitrogen
such as nitrate and nitrite into innocuous fundamental nitro-
As a global environmental issue, lake eutrophication has begen gas in low-oxygen environments (Lee et al., 2009). Var-
come an enormous challenge in the water resources prdeus kinds of macrophytes have been successfully used for
tection and water safety management field (Anderson andake water quality control, such as the common reiurég-
Garrison, 1997; Smith, 2003). As a result of over-dischargemites australi¥ cattail (Typhaspp.), and bulrushSgcirpus
of nutrients from agricultural runoff and untreated industrial spp.). Research into nutrient removal by these macrophytes
and urban sewage, many lakes are experiencing eutrophica-
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has been carried out in recent years and has proven that thegy these two months was small, harvesting reeds at the end of
are effective for water quality restoration (Wu et al., 2011; July may be better for water quality in August and September
Borin and Salvato, 2012). than harvesting at the end of September. We do not know in
Phytoremediation can remove nutrients, while the macro-which months reed growth is advantageous for water quality
phyte community also leads to high evapotranspiration. Thegiven the two opposite effects of reeds. Thus all the months
huge evapotranspiration results in significant loss of water inof the growing season are potentially the best time to harvest
lakes (Sun and Song, 2008; Borin et al., 2011). It was re—reeds.
ported that the evapotranspiration of reed-dominated shallow In this study, a method will be proposed to optimise
lakes was one to seven times as high as the evaporation ohacrophyte management for water quality restoration, in-
those without vegetation cover (Baird and Wilby, 1999; Zhou cluding the initial planting area and monthly harvest scheme.
and Zhou, 2009). Shallow lakes are very sensitive to evapoThe month-by-month effects of macrophyte management on
transpiration due to their large area and low water depth. Thdake water quality are considered. The goal of the optimisa-
loss of water leads to higher nutrient concentrations, whichtion method is to meet the water quality demand according to
will aggravate the deterioration of water quality. As a result the national water quality standards. If the demand cannot be
of the two opposite effects of macrophytes on water qualityachieved through macrophyte management, the water quality
restoration — i.e. increased macrophytes can increase nutris optimised to approach the demand as close as possible. An
ent removal and improve water quality while also increas-adaptive genetic algorithm (AGA) will be applied to solve
ing evapotranspiration, reducing water volume in a lake andhe optimisation model. Monthly nutrient balance and water
consequently decreasing water quality — the management ajuantity balance will be investigated in this study. Baiyang-
macrophyte populations is very significant for shallow lakes.dian Lake, the largest shallow lake in North China, is chosen
Zhao et al. (2012) determined optimal reed densityas a case study using the common reed.
through a field simulation experiment considering the two
effects of macrophytes on water quality. The average reed
density in the current reed growth zone of Baiyangdian Lake2 Materials and methods
is 120 plants m?. Their results indicated that water quality
was the best when reed density was reduced to 72 plartsm 2.1 Description of the study site
Thus they proposed that the reed density should be adjusted
to 72plantsm? in the reed growth zone of Baiyangdian Baiyangdian Lake (3813-39°02 N, 115°45-11607 E),
Lake. However, optimising plant density is not enough for the largest shallow freshwater lake in northern China, is a
lake restoration. Plant area also affects the total amount ofamous natural wetland due to its significant ecological func-
macrophytes, and thus water quality restoration. Both planttions and high tourist value. It is very important for control-
ing density and area are key parameters for managing macrding floods, regulating regional climate and providing habitat
phytes in a lake although no research has proposed an optfer various animals and plants. Its largest water surface area
misation approach for macrophyte planting area. is 308 kn? when the water level reaches 8.8 m. The drought
Zhao et al. (2012) suggested that the aboveground biomadsvel is 6 m, which occurs when the lake’s surface area de-
of reeds should be harvested in September because the higbreases below 50 kfnlts climatic and geographical condi-
est aboveground nutrient storage occurred in this month. Théions provide a favourable growing environment for macro-
underlying rationale for this suggestion is that this harvestphytes. The common reed is the dominant wetland species
scheme could remove most of the nutrients from the lake andh the region, covering an area of about 80%mBecause of
consequently make the water quality better in the followingits vitality, high biomass production and capacity for nutri-
months. However, this harvest scheme may not be best foent accumulation, the common reed has been widely planted
water quality in the following months, because in addition to as a potential remediation macrophyte in lake ecosystems
nutrient removal reeds also undergo evapotranspiration. WafGarcia et al., 2004; Huett et al., 2005). The reed yield of
ter quantity and nutrient amounts remaining in the lake haveBaiyangdian Lake removes significant amounts of nutrients
a deep influence on water quality in the next months. If reeddrom the lake and produces economic benefits. In recent
are harvested earlier than September, fewer nutrients woulgtears, Baiyangdian Lake has suffered serious eutrophication
be removed, although the evapotranspiration also would béecause of increasing nutrient inputs from sewage discharge,
less. Both nutrient removal and evapotranspiration would de-aquaculture and industrial waste. The monthly average nutri-
crease, which may lead to better water quality in the follow- ent inputs for total nitrogen (TN) and total phosphorus (TP)
ing months. Thus harvest in September may not be the besire 21.83 and 0.56t, respectively (Zhao et al., 2010). The av-
harvest scheme for water quality in the following months. Forerage TN and TP concentrations of water sample in the lake
the months before September, harvest in September may alswe respectively 5.15 and 0.54 mg' (Zhao et al., 2012),
be not the best scheme for the water quality. For example, ifvhich are much worse than the desired level for Grade 1l on
the evapotranspiration of reeds in August and September wathe Chinese water quality scale (State Environmental Protec-
significant, while the amount of nutrients absorbed by reedgion Administration of China, 2002).
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2.2 Nutrient balance calculation by their leaves and can be ignored. This study divides the
reed-growing area into two zones: the submerged zone and
Large amounts of nutrients put pressure on lake ecosystemsghe terrestrial zone. Nutrients absorbed by reeds in the sub-
although natural lakes have strong decontamination fUﬂCmerged zone mosﬂy come from water body, because most of
tions to remove a considerable part of them. The removathe nutrients in the sediment are unavailable for biotic use
of phosphorus from a water body is mostly due to plant up-and available nitrogen mainly occurs in soluble form in the
take and exchange with sediments, while the removal of ni{ake water and interstitial sediment water (Wetzel, 2001). The
trogen is more complex (Garcia-Linares et al., 2003). Genyeeds in the submerged zone are considered effective for wa-
erally, nitrogen can be removed from a water body mainlyter quality restoration, while those growing in the terrestrial
through ammonia volatilisation, Chemodenitrification, and zone mosﬂy absorb nutrients from the soil and they are con-
the contribution of plants and sediments. The plant contri-sidered noneffective for improving water quality. As monthly
bution includes uptake and rhizosphere denitrification. Nu-water level fluctuates, the area of reeds in the Submerged
trient release due to rhizome decay also needs to be consigone will vary accordingly. Reeds absorb nutrients in order
ered. The sediment contribution includes biological denitrifi- to deve|0p their aboveground and be|owgr0und tissues. The
cation at the sediments and exchange between water and sedtter mainly refers to their perennial rhizome system. Dur-
iments. Ammonia volatilisation describes the escape of nitrO-ing the growing season, belowground tissues absorb nutrients
gen from the lake as ammonia gas, which is not significantor growth. When reeds senesce, the aboveground part dies
when pH ranges between 7.5 and 9.3 (Reddy et al., 1984)and translocates some nutrients to the belowground part, if
Chemodenitrification is a chemical process of nitrite decom-they are not harvested (Juneau and Tarasoff, 2013), and the
position to gaseous N compounds (Chalk and Smith, 1983)pelowground part enters dormancy and stores nutrients for
that usually takes place at low pH values (Van Cleemput anchew tissues in the next year (Granéli et al., 1992; Juneau and
Baert, 1984). The pH value in Baiyangdian Lake is about 8.0, Tarasoff, 2013).
with small yearly fluctuation (Zhao et al., 2010), so the am-  The amount of nutrients absorbed by the aboveground part
monia volatilisation and chemodenitrification processes areannually can be calculated by multiplying TN or TP con-
not significant and N removal by these methods can be necentrations in reed tissues and their aboveground biomass.
glected. To sum up, the removal of nitrogen from this waterThe nutrient concentrations and aboveground biomass can
body is mostly due to the contributions of plants and sedi-be measured by experiment. However, for the perennial, be-

ments. . _ lowground part, itis much more complicated to calculate the
The equations for mass balance in the water body are  annual amounts of nutrients absorbed because it is difficult
to distinguish which ti vel in th rrent grow-
TN; = TN;—1 + TNinput; — TNpiants — TNsediment 1) to distinguis ch tissues o!e e ope_d the current gro
ing season, and the annual biomass increment of old tissues
TP; =TP;—1+ TPinputi — TPplanti — TPexchange (2) is also hard to measure (Karunaratne et al., 2004). To bet-
TNpianti = TNuptakei + TNrhiz,denii — TNrelease (3) ter calculate the annual increment of belowground biomass,
TPplanti = TPuptakei — TPrelease (4) some research has focused on the relation between annual

5) net production of belowground tissues and maximum above-
ground biomass (Valk and Bliss, 1971; Fiala, 1976). Based
whereTN; andTP; are total amounts of nutrients in month on the research of Fiala (1976), the average annual value of
i (10%1); TNinput; and TPipput; are the amounts of nutri- net production of belowground reed tissues would be 45 %
ents input in monthi (1021); TNpiant; and TPpjant; are of the maximum aboveground biomass. The concentrations
the amounts of nutrients removed by the contribution ofof TN and TP in the belowground tissues are relatively con-
plants (18t); TNsedimens iS the amount of nitrogen re- stant during the growing season (Quan et al., 2007). These
moved by the contribution of sediment (21t0) TNuptakei and two concentrations can be measured by experiment. On the
TPyptake; are the amounts of nutrients absorbed by plantsbasis of the increment of belowground biomass, the nutrients
(10%1); TNrelease @and TPrelease are the amounts of nutri- absorbed by belowground tissues can be obtained.
ents released due to rhizome decayz(ﬂpTNexchanga- and Besides absorbing nutrients, reeds also release nutrients to
TPexchangs are the amounts of nutrients removed throughthe lake when they senesce. In this study, the aboveground
the exchange with sediments@]tm and TNhiz deni; and part will be harvested after the growing season, while the
TNsedideni; are the amounts of nitrogen removed by biolog- belowground part will be retained in the lake. Some tissues
ical denitrification at plant rhizosphere and sedimenZ€L0  of the belowground part will die and release nutrients, and
respectively. others will be dormant until the next growing season (Chapin
In Baiyangdian Lake, the majority of plant uptake of nu- et al., 1990; Granéli et al., 1992). According to research by
trients occurs by the common reed, the dominant species iGranéli et al. (1992), the rhizome mortality of reeds is about
the region. Reeds absorb nutrients mainly through their rhi-30 %, and the release of their nutrients should be considered
zome system (Haslam, 1972; Ailstock et al., 2001). Only ain this study.
small amount of nutrients is absorbed from the atmosphere

TNsediment = TNsedidenii + TNexchange »
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The field simulation experiment was conducted in Table 1. Amount of nutrients absorbed by aboveground and below-
Baiyangdian Lake during the growing season from April to ground parts of reeds per unit area each month during the growing
November 2010. The rhizome breeding method was used fopeason in Baiyangdian Lake (gT#).
reed cultivation and the experiment was exposed to full sun

and ambient temperatures (Huett et al., 2005). The reed rhi- May Jun Jul Aug Sep
zomes, water and sediment for the simula_tion experimgnt b d N 4 23 12 19 7

were all sampled from the lake at the beginning of April. oveground o o5 24 11 19 09
According to the control group without reeds, an average of TN 09 53 36 58 27

Belowground TP 01 08 06 09 04

57.6mg m2 TN and 6.5 mg m? TP could be removed from
the water body by the contribution of sediments. The effi-
ciency of rhizosphere denitrification is approximately twice
that of sediments because the plant rhizosphere environme%amity variations is

supports a higher potential for the exchange of aerobic and

anaerobic processes that facilitate denitrification (Hgjberg ety _ /. ) ) o o )

al., 1996).pFrom the experiments with growing (ree:js, tghewl = Wi+ Wintion, i +Wraintall ~Weva: ~Wpers, (10)
amount of nutrients absorbed by different parts throughoubvhereW, is the lake water volume in month (108 m3);
the growing season can be obtained as shown in Table 1. Winfio.i lis water inflow in monthi (108 md); Wrainfalliy

tWD“”ng the growm_q[hsea}[son,dthe Izke areqtr\:vas g'v'ﬂ_ehd IO supplementary water from rainfall in month(10° m3);
0 zones: a zone without reeds and one with reeds. The areg, * ™" o1 evanotranspiration volume in month

?f tTe Z(I)?Ie v¥|thtreedFs)lva[[|es ¥v'|t(h har(\j/edstln_? _?ct|\t/_|ty a}nd Wzij'(lo8 m3); and Wpe;; is the volume of water consumed by
er level fluctuation. Plant uptake and denitrification in ree permeation in month (168 m?),

rhizospheres occur in the zone with reeds, while denitrifica- In Baiyangdian Lake, the inflows are mainly controlled by

tion in the sediment occurs in the whole lake area. The equaE|pstream reservoirs. The monthly average water released to

tions to calculate plant uptake and denitrification are Baiyangdian Lake is.05 x 108 mS (Yang et al., 2011). This
region’s annual average precipitation is 461.9 mm, with most
TNuptakei = (tnaboveupti +1n belowupti) - Aplantsuhi (6) of this precipitation falling between June and September. The

permeability coefficient in Baiyangdian Lake is 3 mm every

day (Beijing Normal University, 2011).

TNrhiz,denii = tNrhiz,denii - Aplantsuhi (8) Evapotranspiration in lakes is a complex process. Outside
the growing season, water surface evaporation decides the
total evapotranspiration volume. During the growing season
the lake has to be divided into two zones to calculate total

vapotranspiration volume. In the zone without plants, only

@ater surface evaporation needs to be considered. In the zone

with plants, both water surface evaporation and plant com-
munity transpiration need to be considered. Surface evapora-

Rion in the zone without reeds and the total evapotranspira-
tion in the plant-growing zone during the growing season for
Baiyangdian Lake are shown in Table 2. Reed transpiration

in March and April is negligible. In October and November

it also does not need to be considered because all reeds are

harvested before October. From December to February, the

lake is frozen and water surface evaporation can be ignored.

TPUPtakei = (tpaboveupti +tpbelowupti) 'Aplantsuhi (7)

TNsedidenli = tnsedidenli 'Asubmerged, (9)

where thapoveupt; and tNpeliowupt; are the amounts of TN
absorbed by aboveground parts and belowground parts
reeds in unit area in month (10% tkm~2); tpapoveupt; and
tPpelowupt; are the amounts of TP absorbed by above-
ground parts and belowground parts of reeds in unit are
(12 tkm=2); tNrhiz denii @ndtnsedideni; are the amounts of
TN removed through biological denitrification at plant rhizo-
sphere and sediments in unit area¥m=2); Asubmerged

is the area of the submerged zone in the lakeZjkrand
Aplantsub; is the area of plants in the submerged zone of the,

lake (kn¥).

2.3 Water quantity balance calculation 2.4 Development of an optimisation model

Besides the amount of nutrients, water quantity is anotheefore the model development, three basic assumptions need
crucial factor that affects water quality. Water sources in-tg pe mentioned.

clude inflows from upstream and rainfall supplement. Con-

sumption of water occurs through outflows, permeation, and 1. Nutrients distribute uniformly in space. Spatial differ-
evapotranspiration, which includes water surface evaporation  ences in lake water quality are not considered.

and plant transpiration. Baiyangdian Lake is a semi-closed

water system with no natural outflows (Yang et al., 2011), 2. The growth conditions are the same for reeds in differ-
so water consumption by outflows can be ignored. On this ent zones of the lake. The efficiency of nutrient removal
basis, the water balance equation to research monthly water by reeds has no spatial diversity.
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Table 2. The total evapotranspiration capacity of the two lake zonester quality and the target, a new gap ind&xyill be defined.

(in millimetres) for each month of the year. When the actual concentration of nutrients is not higher than
the target value, the gap index is zero. Otherwise, the index
has to be calculated as the relative error, according to

1 2 3 4 5 6 7 8 9 10 11 12

Zonel O O 52 62 8 113 119 124 9 71 32 O
Zone2 - - - - 213 696 1200 615 162 - - - { 0 (Cactual< Ctarget)

Zone 1 s the lake zone without reeds; zone 2 is the lake zone with reeds, which only occurs in the growing (11)
season (May—September).

Cactual— Ctarget) / Ctarget (Cactual > Ctarge;) >

wheres is the gap index for some nutriemaciyalis the ac-

3. The common reed is the dominant plant species intudl nutrient concentration in the lake (mgb and Crarget
Baiyangdian Lake. The growing area of reeds is much'S th_e tgrget concentration (mgll_). It is obvious that water
larger than the total area of other plants. Thus the comduality is better when the gap index is smaller.

mon reed is the only plant species considered in this AN Optimisation model for macrophyte management of
study. water quality restoration will be developed in this study. For

TN and TP, a monthly gap index can be obtained. The aver-

In Baiyangdian Lake, reeds begin to germinate at the encige value of the index over a year for each nutrient indicates
of March or the beginning of April every year. People usually the water quality for that year. The objective of the model is
plant reeds at this time. In this study the initial planting areato make water quality meet the target and make the gap index
is optimised for this time. Nutrient removal and evapotran- as small as possible. The best result for the lake would be if
spiration of reeds in March and April are negligible and canthe index remained zero throughout the year.
be ignored. After April, reeds will grow quickly from Mayto ~ The objective of the model is as follows:

September. Both the amount of nutrients absorbed and wa- . — . -
ter evapotranspiration are large during this time. In OctoberMNd = min (37n +37p) (12)

reeds will stop growing and release nutrients to the lake, sQ, hare3 is the total gap index used to show the water qual-

the harvest of aboveground reed tissues should be finisheﬁ&, for a year, andty and3tp are the monthly average gap
before this time. Months from May to September are the op-jjices for Tf\l and TP, respectively.

timal time to harvest reeds. In this study, a certain proportion
of reeds would be harvested at the end of each month fron» 5 Scenario creation and model solution
May to September. The harvest ratios of these months should
be optimised. In summary, the reed planting area in March oReeds grow well at elevations between 0.64 m above the wa-
April and harvest ratios from May to September are variablester level and 1.01 m below the water level in north China
that need to be optimised in the model. (Pagter et al., 2005; Cui et al., 2006). Beyond this range, the
In actual conditions, plant density is very difficult to quan- growth of reeds is significantly suppressed. Reed area control
tify and control. The reed rhizome system has high repro-normally occurs at the end of March or beginning of April,
ductive capacity (Lavergne and Molofsky, 2004), so it is al- when reeds are seedlings. The average water level at this
most impossible to artificially control reed density through- time is 7.8 m. Considering the suitable water depth for reeds
out the reed growing season. Thus, the reed density in thi$—0.64 to 1.01 m), the possible surface area for reed growth
study is set as the current density in the reed growing zonés 197 kn?, which accounts for about 60 % of the greatest
of Baiyangdian Lake. It is assumed that nutrients distributesurface area (308 kfpof Baiyangdian Lake.
uniformly in the lake, so nutrient concentrations can be cal- The planting area can be optimised as a discretionary value
culated based on the amount of nutrients and lake water volbelow 197 knf, and then managers can define the bound-
ume. Following the nutrient balance and water quantity bal-aries of the planting area according to the optimal results.
ance analysis of Baiyangdian Lake in the previous sectionsHowever, defining boundaries in the actual lake environment
the relations between nutrient concentrations and reed mans a complex process, which includes two main tasks. First,
agement can be established. we need to define the boundaries on a topographic map.
Baiyangdian Lake is expected to satisfy the standard ofThen measurements need to be made to determine the ac-
Grade 11l of the Chinese water quality scale according totual boundaries in the lake. If the optimal area varies ran-
the requirement of local government, i.e. the concentrationslomly below 197 krf, managers need to define the bound-
of TN and TP are required to be no higher than 1.0 andaries accordingly every year. This work is time consuming.
0.05mg L1, respectively. These two values are defined asIn this study, several scenarios for different planting areas
the target values(iargey. In this study, we attempt to make are created. Managers can define the boundaries for each
water quality meet the target by reed growth management. Ibf these scenarios at once. In the following years, managers
water quality could not meet the requirement in some peri-only need to choose the best scenario and do not need to re-
ods, it was expected to be as close to the target concentralefine the boundaries. This method may reduce the accuracy
tions as possible. To better show the gap between actual wasf the optimal result, but it is much easier to implement in
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practice. Six scenarios will be created, for reed areas of 60 %dable 3. The optimal harvest ratios from May to September for each
(185 knt), 50 % (154 krd), 40 % (123 kmd), 30 % (92kn%),  scenario.
20% (62knt) and 10% (31krf) of the lake surface. The

harvest ratios under each scenario will be optimised in the May June July August September
model. The gap index will also be obtained from the model  scenariol 0 98% 1% 0 1%
under the optimal harvest scheme for each scenario. Scenario2 0 97 % 0 1% 2%
We apply an AGA to solve the optimisation model. An Scenario3 0 99 % 0 0 1%
AGA is one kind of global optimisation algorithm, which is Scenario4 0 99 % 0 0 1%
widely used in various scientific computing fields. Itcan gen- ~ Scenario5 0 100% 0 0 0
0 100% 0 0 0

erate solutions to optimisation problems using techniques in-  Scenario 6
spired by natural evolution, such as inheritance, crossover,

selection, and mutation. In recent years, AGAs have been

used in the field of environmental science and water re-

sources management (Kaini et al., 2012). In this study, the

fitness of the AGA is to make the total gap index of one yearTable 4. The total gap index under optimized reed harvest scheme
as small as possible. There are five optimisation variablesfor each scenario.

which are the reed harvest ratios from May to September.
After modelling all scenarios, we can determine the best reed Scenario 1 2 3 4 > 6
planting area and harvest scheme, under which the most sat-Gap index§) 1.78 1.71 141 4.85 21.83 28.98
isfactory water quality will be attained in Baiyangdian Lake.

3 Results

Pollution in the lake deeply affects the optimal results of more than that in June, and severely damages water quality.
the model. The reed management scheme may vary yearljlthough reeds absorb some nutrients in July, the amount ab-
because the pollution level will change. The model in this sorbed is less than half of that in June. Therefore, reed growth
study covers one yeatr, considering the water quality both inafter June has more negative effects on water quality, making
the reed growing season and the rest of the year. The yeahe end of June the best time to harvest them.
runs from May in one year to April of the following year. The total gap index of water quality is also obtained for
Although reeds begin to grow at the end of March, nutrienteach scenario after modelling (Table 4). All the gap indices
removal and evapotranspiration in March and April are negli-are calculated under the optimal harvest scheme. From Ta-
gible. Reeds begin to affect water quality in May every year.ble 4, the obvious difference between the maximum and the
The water quality from January to April is affected by the minimum gap index under different scenarios shows that
reed management scheme of the previous year. Thus, settimganting area has a profound effect on water quality. Sce-
May as the beginning month for the model is more rational. nario 3 has the lowest total gap index, indicating that the wa-
This study used the average level of pollution in Baiyang-ter quality in this scenario is closest to the target and that a
dian Lake for recent years. Six scenarios were created for thelanting area of 40 % of the lake surface (123%mand har-
model. The initial reed area was set as 185 kstenario 1),  vest of 99 % at the end of June is best for the water quality of
154 kn? (scenario 2), 123k (scenario 3), 92k (sce-  Baiyangdian Lake.
nario 4), 62 km (scenario 5), and 31 kin(scenario 6). For The differences between the gap indices for scenarios 4—6
each scenario, optimised harvest ratios from May to Septemare large, while the differences between the first three scenar-
ber and the total gap index of the year are obtained througlios are small. This indicates that reed area has a significant ef-
the AGA. Total gap index shows the water quality level in fect on water quality when the planting area is less than 40 %
the model year. After modelling, the harvest ratios for eachof the lake surface. When the area is larger than 40 %, most
scenario are optimised, as shown in Table 3. incremental reeds will be planted at the lakeshore, and the
From Table 3, it can be seen that almost all reeds are exeffect of incremental reeds on water quality restoration will
pected to be harvested at the end of June for each scenaribe inapparent. Thus the effect of reed area variation on water
Under these harvest schemes, water quality is the most satisfuality is not obvious when the area is larger than 40 %. Al-
factory. This phenomenon can be explained by the two oppothough scenario 3 is the optimal scheme, the gap index is not
site effects of reeds on water quality. Compared with otherzero. This indicates that the water quality of the best scenario
months, the most nutrients are absorbed by reeds in Juneannot completely meet the target of Grade Ill on the Chinese
and evapotranspiration is not very high. After June, evapo-water quality grade scale. Macrophyte management alone is
transpiration of the reed community greatly increases. Wateunable to maintain satisfactory water quality throughout the
consumed by evapotranspiration in July is about two timesyear for the current conditions of Baiyangdian Lake.
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4 Discussion

O

—e—optimal area  —m-currentarea = == target concentration

4.1 Effect of initial reed area on water quality 2 7

= 6 ]
In order to show the significance of macrophyte manage- 'En . ,/
ment on water quality, the comparison between optimal re- £ = 3 \:\ o
sult and current situation is conducted. The current reed area & 4 N e
in Baiyangdian Lake is 80 kfn According to the results of oS s \\ e .
this study, the optimal reed area is 123%inake water qual- g g \\ - /
ity throughout the year for these two planting areas is com- E 2 \L_',x /
pared (Fig. 1). The two curves in the figure are extrapolated
based on the nutrient balance and water quantity balance in- S

ol/
6 7 8 9 10 1 12 1

vestigated in this study. In both situations reeds are harvested 5

2 3 4 5

at the end of September, according to prior research (Zhao et Month

al., 2012). The time period in the figure runs from the begin- ()

ning of May in one year to the same time in the following —e—optimal area  —m--cumentarea = = target concentration
year. Itis clear that water quality under the optimal reed area £ 0.6

is better than that of the current situation. The water quality § ,5 \

improves in May and especially in June. This is due to the & *

increased amount of nutrients absorbed by reeds in June and é 704 |

the low evapotranspiration. With the exception of these two & ? . \\\

months, water quality steadily deteriorates. Although reeds “i T | .
still remove nutrients from July to September, water qual- & >, \ S
ity does not improve because of the high evapotranspiration. E Y

Water quality under the current reed area is unable to meet g 0.1

the target all year. In the optimal situation, water quality can © .

meet the target from July to December.
From the figure, we can find that the nutrient concentra-
:;?;{i;}r‘etzea?g?]rgf (Ieiglljjztfl\o:urt?iiﬂ':sziir?hlg l\::ll(lé/, t‘g?:;ﬂ?;ggsl igure 1. Lake water quality throughout the year under the optimal
o . o nd current reed areas.
reeds growing in June. When this condition occurs, the op-
timisation programme can calculate the acceptable area for
reed growing in this month and allow redundant reeds to be
harvested at the end of this month, which means that the areshould be based on the actual conditions or the management
of reeds harvested in this month should not be smaller tharnarget of the lake.

the area of redundant reeds. In the optimal situation meaning that the reed area is
123 kn? and harvest occurs in June, water quality can meet
4.2 Effect of harvest scheme on water quality the target from July to December. In other months, the water

quality is much closer to the target than it is under the cur-
A new harvest scheme, indicating that reeds should be harent reed area. If lake water quality is expected to meet the
vested at the end of June, is also proposed in this study. Thtarget all year, the period from January to June needs more
effects of two different harvest schemes (at the end of Juneattention.
or end of September) on water quality are compared under
the same initial reed area (123 kn{Fig. 2). The water qual- 4.3 Effect of parameter simplification
ities are the same in May and June, after which the varia-
tion trends for TN and TP are different for the two harvest Water balance calculation is an important step for developing
schemes. If reeds are harvested at the end of June, the Tthe optimisation method in this study. Lake water volume is
concentration is lower than under the other scheme, while thaffected by several factors, such as evapotranspiration, pre-
TP concentration is higher. The difference in TN is greatercipitation, permeation and upstream reservoir operation. In
than that of TP, so June is chosen as the optimal harvest timthis study, average values were used to set these parameters
based on the objective of the optimisation model in this study.according to statistical data of past years. It is significant to
This result gives us guidance in choosing a harvest schemeonsider the influence of parameter variations on final result
If the main nutrient of a lake is TN, harvesting reeds in June(Bullock and Acreman, 2003). All these parameters are about
will be better. If the main nutrient is TP, harvesting reeds in water quantity balance, so considering the variation of one
September will be more rational. Choosing a harvest schemef them is enough to reflect the influence of water balance.
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5 Conclusions

&

—e— harvest in June — - —harvest in September == == target concentration
g This study proposed an optimisation model for macrophyte
% i management of water quality restoration in a shallow lake.
Ed \ Using the optimisation approach, an optimal planting area
E7 4 and monthly harvest scheme can be obtained. Baiyangdian
Z o \ Lake was used as a case study, with common reed as the dom-
g3 pral inant plant. After modelling, it was found that water quality
5 g 2 \ T . was closest to the standard for Grade Il of the Chinese wa-
E ter quality scale when the initial reed area was controlled as
g 1. 40 % of the lake surface (123 Knand 99 % were harvested
S . at the end of June.

Although the optimal reed management scheme has been

Month determined, the water quality of Baiyangdian Lake could not

(b) meet the target. The period from January to June is the main

—e— harvest in June — %~ harvest in September = = target concentration challenge to satisfactory water quality. If water quality is ex-
£ 06 pected to meet requirements throughout the year, some other
E s\ restoration measures are needed besides macrophyte man-
’Eﬂ \ agement. Water release from upstream reservoirs also has
5304 a significant influence on water quality, and the operation
= \ schedule of reservoirs has not yet considered this influence.
“i T \ Future research on water quality restoration should consider
£ P02 the effects of water release from upstream reservoirs and try
E \ g to propose a management scheme to ensure that lake water
g ™ . quality meets the target all year.
&}
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