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A B S T R A C T

The regulating function is the least understood but probably most valuable service provided by an ecosystem. To
estimate the impact of externalities on the regulating function of a wetland, we modelled the interdependence
between activities that affect wetland characteristics and land utilization patterns. Nature-based solutions (NBS)
can provide benefits for society, the economy and nature. The NBS solution for wetland bioremediation is
proposed through a combination of ecosystem value provided by nature-based or artificial arable land. We
constructed a model to simulate the dynamic spatial and temporal changes in the regulating function of a
wetland to study the impact of agricultural and fishing activities on the functions and services of a wetland
ecosystem. The model was used to determine the relationship between land use change, wetland range, water
quality, and fish stocks. Huangqihai Lake (HQHL) is a relatively isolated lake in an area interlaced with agri-
culture and pasture zones. From 1973 to 2014, the “shrinkage” of the water area of HQHL approached 60%.
Under the influence of humans and natural disturbances, the HQHL wetland faced enormous ecological risks,
water pollution, area reduction, sharp biodiversity reduction, and fish extinction. The phosphorus (P) con-
centration seems to be a key factor affecting both the reed growth in the nearshore areas of the Huangqihai Lake
wetland and the breeding of phytoplankton in the core lake water area. Dividing this value by the 25,821 ha of
the core wetland area affected by the reclamation, the cost per unit of lost fish production is USD$166/ha/yr.
After deducting the externalities of the fishery, the net sustainable income from the conversion is USD$1717/ha.
The spatial distribution of nutrient load externalities varies with the use of wetlands. In terms of fishery value,
the additional nutrient load associated with the conversion of wetland uses would result in a reduction of at least
8% of the maximum sustainable yield. The conversion of wetland uses resulted in the loss of nutrient buffering
functions. To compensate for the farmland's nutrient load buffer service, the government should provide arable
land farmers USD$8.1M/yr. It is theoretically feasible to implement an ecosystem service payment system that
can effectively compensate for the loss of nutrient buffer function caused by the conversion of wetlands. The
approach based on BNS we described may also have value in other ecosystems where regulatory functions
include similar mechanisms.

1. Introduction

A wetland ecosystem is a kind of system formed over water or wet
areas. Wetland ecosystems have characteristics of both terrestrial and
aquatic ecosystems, which result in them having a very special eco-
system value. Wetland ecosystems are important sources of water, large
suppliers of goods and energy, eco-environment optimizers, and col-
lections of species resources (Mitsch et al., 2009). Wetlands supply
service values of sewage treatment, freshwater supply, and material

production (such as fish and reeds) through their nutrient absorption
function (Reyers et al., 2013). However, the main value of wetlands in
absorbing nutrients is reflected in regulating fish supply. Fishing and
breeding are both very important in developing countries (Langan
et al., 2018). With the rapid development of aquaculture, the fishing
industry is shrinking worldwide (Myers and Worm, 2003). Although
wetlands have important implications for both fishing and breeding, the
modelling issues described in this paper refer to only fishing.

We modelled the role of wetlands in regulating the negative
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externalities produced by terrestrial activities on freshwater fishing. We
focused on the regulating functions of water purification and waste
treatment services provided by wetland ecosystem services. This reg-
ulating function was interpreted to provide “insurance” that was not to
compensate for the financial loss but to ensure that the fishery could be
maintained under certain conditions (Brown et al., 2018). The value of
wetland regulating functions comes from the interaction between
multiple ecosystem functions and service value. The property rights of
wetland resources involved in the production and consumption of
ecosystem services need to be clearly defined. When both parties in-
volved in the transaction have full information, the transaction price of
the commodity is their social opportunity cost (Jia et al., 2018). Ef-
fective regulation of services is the key to the sustainable use of wetland
ecosystems.

With regard to the modelling of various wetland characteristics,
hydrologists, ecologists, fishery scientists, and limnologists have con-
ducted extensive research (Jackson et al., 2013; Vigerstol and Aukema,
2011; Namaalwa et al., 2013; Farmer et al., 2011; Rodrigo et al., 2018;
Schroder et al., 2018). The inflow of terrestrial nutrients may lead to
eutrophication of lakes with low nutrient levels. The dynamic impacts
of wetlands that are affected by nutrient loading on fisheries in open
water are receiving increasing attention. In many cases, changes in
aquatic systems resulting from changes in the nutrient loading of ter-
restrial economic activities are the externalities (Yu et al., 2016;
Roebeling et al., 2016). The research on the interaction mechanism
between ecological pattern, ecological process and water-soil change
process has attracted increasing attention. Ecological hydrological
models have been used to reveal the relationship of dynamic changes
between the intrinsic structures of wetland systems and the external
environment and quantitatively evaluate the ecological environmental
impact of wetland development activities (Mei et al., 2018). Based on a
trading-oriented mechanism, Zeng et al. (2017) analysed the ecological
effects of wetland ecosystems and found that land utilization patterns
and pollution-mitigation schemes could improve the ecological function
of the Yongnianwa wetland. Land-based activities damage the aquatic
systems of wetlands, but Zeng et al. (2017) ignored the consequences of
land-based activities because the services provided by these systems are
not traded on the market. Although people have realized that inter-
nalizing these externalities should be used to study the interaction be-
tween land-based activities and aquatic systems, few studies have at-
tempted to model this problem. Early approaches either focused on the
simple correlation between changes in watersheds and changes in
fisheries or focused on identifying the impact of land-based activities on
fisheries (Worm et al., 2006; Laitin, 2013). Limnologists have studied
the impact of changes in land use, vegetation, and fertilization patterns
on freshwater ecosystems. Recently, economists began to consider the
ethical issues that arise from the interaction between lake utilization
and basin resources (Mäler et al., 2003). However, few studies have
attempted to model the interactions in real ecosystems or estimate the
external value between terrestrial and aquatic ecosystems.

This study modelled a specific land-water interaction in HQHL in
Inner Mongolia of North China. We attempted to elaborate the impact
of wetland protection on lake ecology. Nutrient enrichment has a po-
sitive effect on fishery production in a nutrient-limited environment
such as one with low or medium nutrient levels (Knowler and Barbier,
2005). However, if an aquatic system becomes highly eutrophic, the
sustainability of total fish stocks will decline at higher nutrient levels
(Feng, et al., 2017). Excessive nutrients will affect fishery productivity
and wetland ecosystem services through two ways, changing the
amount of food available and habitat quality. The loss of oxygen in the
water increases the natural mortality of fish. Sediments have an adverse
effect on the fry base and may damage the eggs. When both water
pollution and high fishing pressures are present, both effects may have
serious impacts on fish stocks and fishery production (Whitfield, 2016).
Nutrients are caused by nutrient inflows from agricultural land and
urban sewage along lakes. The nutrient load of agricultural land

surrounding HQHL is derived from the use of fertilizers and livestock
breeding. The conversion of wetlands to other uses results in a decline
in the ecological services of lakeside wetlands. The land use transition
matrixes showed that the increase in farmland led to the degeneration
of the wetlands (Song et al., 2010). Over the past decade or so, water
analysis reports have shown that HQHL has gradually shifted from
moderate to eutrophic. The total nitrogen and total phosphorus levels in
the water body are high, as is the water turbidity, which have degraded
the water environment and caused a decrease in the number of aquatic
organisms. The value of wetland regulation depends not only on the
land use structure in the upper basin but also on the resource utilization
patterns downstream of the basin. Since each land user in the basin
produces a degree of externality based on the physical characteristics of
the land, we should estimate the spatial distribution of pollution ex-
ternalities to estimate the value of the wetland function based on the
support function of the wetland to the fishery.

Wetlands are important. Wetlands support the regulation of water
quality by reducing pollutant loadings, capturing and retaining pollu-
tants, and recycling nutrients. As industrialization process, demand for
land increases and wetlands are frequently drained, filled in and built
upon. So how we overcome these challenges? Nature-based solutions
(NBS) encompasses the existing concepts such as 'natural capital' and
'ecosystem services' in economics, and 'landscape functions' in en-
vironmental planning. The criteria of NBS were found in the examples
of coastal management and the restoration of floodplains (Hoang et al.,
2018; Morris et al., 2018). NBS could help the recovery of cognitive
natural resources and wellbeing (Panno et al., 2017). We used the
agricultural NBS for improving farm productivity and smallholder li-
velihoods in Huangqihai Lake watershed (Peter et al., 2017). Using the
NBS wetland restoration modelling on Huangqihai Lake, we assessed
the feasibility of human well-being activities and performances in
evaluating social success for ecosystem management. This method can
be used to determine and calculate the nutrient buffer function that
results from wetland conservation or agricultural activities affecting the
nutrient load of a fishery. This paper is structured as follows: 1. the
introduction (elaborating on the background and theoretical sig-
nificance of the research subject in this paper); 2. materials and
methods, with subsections on the (1) the characteristics of Huangqihai
Lake, (2) model description (which is based on land use change, wet-
land range, water quality, and fish stocks) and (3) optimal decision-
making (standard Gordon-Schaefer model, Hamiltonian value); 3. re-
sults and discussion and 4. conclusions.

2. Materials & methods

2.1. Study area

Huangqihai Lake (HQHL) is a relatively isolated lake in an area
interlaced with agriculture and pasture zones. HQHL is a small enclosed
lake in Inner Mongolia of China and is located in the central part of
Chahar Youyiqianqi, Wulanchabu City, and the geographic coordinates
are 113°10′–113°26′E and 40°45′–41°07′N. The area of the HQHL wa-
tershed is 4511.20 km2 (Fig. 1). The Huangqihai Lake watershed be-
longs to a closed inland river basin. The water source of the lake is
mainly from the input of 19 rivers, such as the Quanyulinhe River,
Bawanghe River and Mozishanhe River. The topography of Huangqihai
Lake watershed is sloping from the north to the south and is covered by
hills, high plains, and salt lake plains. The terrain is high in the north,
low in the south, high in the west, low in the east, and the elevation is
average. The average altitude is 1600m. The surface morphology is
dominated by plains. The hilly area is 848.21 km2, accounting for
18.80% of the total basin area; the high plain area is 1961.89 km2,
accounting for 43.49% of the total basin area; the saline-alkali land
plain area is 1701.09 km2, accounting for 37.71% of the total basin area
(Fig. 2). The average annual precipitation in the HQHL watershed is
363mm, and the precipitation shows a decreasing trend. The annual
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decrease is 0.81mm (Fu et al., 2017). The average annual evaporation
of HQHL is 1200mm, and the evaporation is significantly higher than
the precipitation. The main water supply sources in HQHL are natural
precipitation, surface runoff and underground runoff, and the discharge
is mainly evaporation. The HQHL watershed has various ecosystem
types such as lake, river, salt marsh and shrub. The HQHL wetland is
39 km long from north to south, the width of the east-west is 23 km, and
the total area is 368.23 km2. The core area of the wetland is 33.42 km2,
which is covered by water. Diversified ecological types and native
wetland ecosystems make the animal and plant resources abundant;
thus, the HQHL wetland is the ideal site for birds, amphibians, and fish
to inhabit and reproduce. The wetland is also an important transfer
station for bird migration, and the biodiversity constitutes many species
and gene libraries. Due to the unique natural environment, the HQHL
wetland has special ecological functions to regulate the local climate
and salt-alkali concentrations. The HQHL wetland has rich plant species
and wide ranges of hay grassland, mountain shrub grassland, mountain
meadow grassland, low-humid saline-alkaline grassland, and farmland
weeds. Before the 1950s, a large number of reeds and bulrushes grew
along HQHL. The HQHL wetland has home to nomadic people for
generations. However, after the 1970s, due to the arid climate, the
amount of water used for industrial and agricultural purposes in-
creased. Water conservancy projects were established throughout the
watershed; therefore, the upstream water was intercepted. The amount
of water entering the lake decreased, the water area gradually de-
creased, and the degree of soil salinization gradually increased. Except
for some native reeds on the northern bank of HQHL, the rest of the
area was replaced by typical halophytic vegetation. The current plant
coverage rate of Huangqihai Lake wetland is only 10%–18%. The ve-
getation mainly consists of low-humidity saline grassland, arable land
and woodland (See Fig. 3).

The lake area has constantly fluctuated since the Holocene, but the
overall trend is decreasing. The wetland suffers from serious degrada-
tion caused mainly by the irrational exploitation of groundwater as well
as the drying of climate change during recent decades. From 1973 to
2015, the water area of HQHL shrunk from 81.92 km2 to 33.42 km2,
and the “shrinkage” approached 60%. The change in the HQHL water
area from 1987 to 2014 is shown in Fig. 4. Due to human and natural
disturbances, the HQHL wetland faces enormous ecological risks, such
as increased severity of water pollution, reduction in wetland area, and
decreased numbers of wetland biological species. After the 1990s, large
amounts of sediment and industrial wastewater were continuously
discharged into the lake. As a result, the silt in the lake area continued
to accumulate, the bottom of the lake rose, and the central area of the
lake began to plateau. The water quality of the lake deteriorated, and
the native plants were destroyed. Huangqihai Lake, which was once
known as the “Guancun Carp,” has almost completely died. The eco-
system services functions of HQHL, such as regulating floods, providing
biological habitats, and purifying water quality, have greatly decreased.

2.2. Model description

The model was used to determine the relationship between land use
change, wetland range, water quality, and fish stocks. The beneficiaries
of wetland protection were downstream economic activities (fisheries),
and the value depended on the water quality (water quality affected the
total productivity of the fishery). The concentrations of pollutants in the
water bodies were affected not only by the breadth and intensity of
upstream agricultural production but also by the buffering functions
(such as the purification of water pollution and retaining of solid pol-
lutants by vegetation) of wetlands. As the impacts of upstream activities
were not reflected in market prices, any gains (costs) brought to other

Fig. 1. Basic information on the Huangqihai
Lake watershed. The figure was supplied by
www.geodata.cn, which is a platform that sup-
plies basic national science and technology con-
ditions and earth system science data. The figure
information is public. The Inner Mongolia
Autonomous Region and Wulanchabu Water
Resources Administrative Bureau granted per-
mission to use the basic information in
Huangqihai Lake.
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economic sectors by upstream land users were ignored. To estimate the
impact of externalities on the regulatory function of wetlands, we
modelled the interdependence between activities that affected wetland
characteristics and land utilization patterns. In the model, the areas of
agricultural land (LA) and wetland (LW) are summed, and the sum is the
watershed area (L0). In agricultural land, any land of the ith hectare was
fallow, in production, or both. Given β as the fallow proportion of
agricultural land, the soil productivity was maintained by taking turns
to fallow and cultivate crops. The formula is

L L L f α β L( , ).A W
i

n

i i0
1

0∑= + =
= (1)

where 0≤ αi≤ 1, 0≤ βi≤ 1. αi and βi is the ratio of agricultural land,
fallow land in the ith hectare agricultural land, respectively.

To determine the externalities of land use in the watershed, we
introduced a nutrient inflow function to calculate the total phosphorus
(TP). The function described the process of phosphorus (P) flowing
from agricultural land into wetlands. In acidic soils, P is tightly bound
to soil particles. Therefore, soil erosion was almost the entire source of
P content in water (Roy and Misra, 2003). The nutrient inflow function
was expressed as follows

g g Q P β( , , , Ω )t
i

αL

it it it it i
1

0

∑=
= (2)

where gt is the annual P loading into the wetland, t/yr.; Qit is the P
content 20 cm below the surface soil, kg/ha; Pit is the annual amount of
P fertilizer, kg/ha; Ωi is the average rainfall, mm/yr.; t is the time scale,
yr.

The specific form of nutrient inflow function is expressed as

g S A β δθQ( , Ω ) /1000t
i

αL

i it it i it
1

0

∑=
= (3)

where Ait is the annual amount of soil erosion, t/ha; δ is the enrichment
factor of P in soil; θ is the density factor of the soil; Si is the transport
ratio of sediment, 0≤ Si≤ 1; t is the time scale, yr. The P content in soil
depends on soil erosion, planting structure of the agricultural land, and
dynamic changes in the soil. Soil dynamic changes are a simplified
nutrient balance equation (Smaling et al., 1996). The formula for cal-
culating the P content in soil is
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⎧
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=
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+

(4)

where a , b , and c are the coefficients; yit is the annual grain yield on the
ith ha of land, t/ha; η is the P content in the harvested crop, kg/t; ϕi is
the annual atmospheric deposition of P on the ith ha of land, kg/ha; t is
the time scale, yr.

Regulatory wetland functions were given according to the changes
in nutrient retention. A previous study used a P balance model to reflect
the changes in wetland range (Kadlec and Knight, 1996a,b). The spe-
cific expression of the model was

z g α g w α g K α L V( , ) . ( ) . exp[ 10 (1 ) / ]t t t t t t
4

0= = − − (5)

where zt is the annual P loss from the wetland to the water, t; gt is the
annual P input to the wetland, t; w(.) is the nutrient loading retention
per unit, which is a function of the wetland area; V is the volume of
water flowing into the wetland, m3; K is the annual P removal rate in a
fixed area, mol/L. z(gt,αt) is the maximum nutrient amount that was lost
to the water body given α; t is the time scale, yr.

The impact of nutrient loading on water was modelled according to
its direct impact on the productivity of the lake fishery. When the
contaminant content in the water changed from a low-nutrient state to
a eutrophic state, fishery productivity would rapidly decline. This paper

Fig. 2. The spatial distribution of terrain.
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constructed an eco-economic model of fisheries that clearly illustrated
the impact of water quality (Simonit and Perrings, 2005; Kasulo and
Perrings, 2006). This paper constructed a damage function depending
on nutrient load. When nutrient flow and fishing occur, the dynamic
equation for fish stocks is

Land category

Woodland Shrubland 3.38
Other woodland

Grassland
High coverage

73.19
Middle coverage

Water
River surface

1.10
Land  surface

Land category Ratio/%
Transportation 

land 0.35

Town 0.89
Village 2.26

Saline land 1.23
Swamp 1.41

Mining land 0.37

Arable land 15.82

Ratio/%

Fig. 3. The spatial distribution of land use.

May 1987 September 1987 April 2000 September 2000

4102tsuguA4102lirpA0102rebmetpeS0102yaM

Fig. 4. Change in water surface of Huangqihai Lake from 1987 to 2014. We used the Landsat 1987, 2000, 2010, and 2014 TM (Thematic Mapper)/ETM (Enhanced
Thematic Mapper) images combined with a literature review to analyse the changes in the water surface of Huangqihai Lake from 1987 to 2014. The water ecosystem
in the core area of Huangqihai Lake was destroyed, the wetland around the lake was reduced, and the land was seriously salinized.
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where Xt is fish stock; D(zt)≤ 1 is the damage function for nutrient
loading zt; X(.) and h(.) are the growth and fishing functions, respec-
tively; r, K, q, and Et are the parameters of the Gordon-Schaefer model
(Gordon,1954; Schaefer,1954; Schaefer,1957), Et collectively term
fishing effort; r, K and q are constants. The damage function was re-
presented by the concentration function of chlorophyll a, as follows

D z W z W z( ) ( ) c ( )t t t
2= − (7)

where Wt is the concentration of chlorophyll a, mg/m3; c is the coef-
ficient; zt is the nutrient loading.

The concentration changes of chlorophyll a are the result of nutrient
loading inflow in the river basin. Until a certain level is reached, nu-
trient loading has a positive effect on the growth of fish stocks. Above
this level, the increase in nutrient loading would lead to the loss of fish
stocks. Therefore, environmental variables could affect the growth rate
of fish (Simonit and Perrings, 2005). Studies have shown that the
growth of alpine meadow plants is most likely to be limited by the
availability of P in the soil (Elser et al., 2007). In the Huangqihai Lake
watershed, nitrogen is a relatively limited nutrient in farmland, and P
concentration seems to be a key factor affecting the reed growth in the
nearshore areas of the Huangqihai Lake wetland and the breeding of
phytoplankton in the core area of lake water (Zhang et al., 2010). We
used P to represent nutrients in the paper, which was appropriate.

2.3. Optimal decision-making

The modelling of decision problems takes place in a variety of ways.
The type of land allocation (α), fallow ratio (β), and the P fertilizer
application (P) has an impact on downstream fisheries. According to the
different fisheries resource acquisition rules, fishermen either max-
imized their profits or made the total return equal to the total cost.
When considering the external influence of fishing effort (E) and nu-
trient loading (z) on fish stocks, the decision problem could be ex-
pressed as

M ρ π X E ρ p q E X c Eax . ( , ) ( . . . . )E
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n

t jF t jt
t j
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t jt t F jt
0 1 0 1
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=

∞

= =

∞

= (8)

where πjF is the profit function for the jth fisherman; p is the price of
fish; cF is the cost of fishing; ρ=(1+ δ)−t is discount factor; δ is dis-
count rate.

To achieve the maximum fishing profit, the current Hamiltonian
value was defined by Naz et al. (2014),
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j

n

jF t jt t t t t jt
1

1∑= + −
=

+
(9)

The first-order necessary condition is
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The solution of the system can be obtained by calculating the so-
lution to Eq. (10) under the steady state, and the stable solution of fish
stock X∗, yield Y∗ and fishing intensity E∗ can be obtained when the
profit is maximized (Table 1). Table 1 supplies the steady-state solution

under two cases, namely, the open access to fisheries resources and the
regulated situations. Table 1 also compares these results with the results
of the standard Gordon-Schaefer model (without external environ-
mental interference).

Farmers maximize profits by selecting the amount of fertilizer (Pi)
and fallow ratio (βi). The decision problem of the ith farmer can be
expressed as

Max ρ π P β Q ρ P β y P Q c P. ( , , ) . [ . (1 ). . ( , ) . ]Pi βi
t

t iA it it it
t

t A it it it it A it,
0 0

∑ ∑= − −
=

∞

=

∞

(11)

where πiA is the profit function of the ith farmer; PA is the price of the
harvested crop; cA is the unit cost of mineral fertilizer. The current
Hamiltonian value is defined by

H π P β Q ρ λ Q P β Q( , , ) · [ ( , , )]iA it it it t i it it it1= + + (12)

The first-order necessary condition is
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To study the relationships between the changes in wetland area and
nutrient accumulation, we should analyse the interactions between the
agriculture and fisheries sectors. The maximum net income could be
calculated by selecting the fertilization level P, area ratio of wetland α,
the ratio of arable land fallow β, and the fishing intensity E. The deci-
sion problem can be expressed as

Max ρ π P β Q α π X E. [ ( , , , )] ( , )P β α E
t i

α L
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The right of Eq. (16) represents the external effects caused by the
marginal changes in α, β, and P on the wetland revenue sector. The
externality value is the optimal value of the covariate variable μ, and
the covariate variable μ stands for the shadow value of the abandoned
fish yield. Eq. (16) shows that when the proportion of fallow area made
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the marginal income equal to the sum of the marginal cost of soil nu-
trients to the agricultural sector and the marginal cost of the fishery
sector, the social benefits could be maximized. When the marginal
benefit of increasing the nutrient balance of the soil equalled the
marginal cost to the fishery sector, the optimal fertilizing amount could
be determined. Eq. (16) also shows the value of the nutrient buffer
function of the wetland at the given nutrient load level gt. Along an
optimal path, Eq. (16) implies that the marginal benefits of wetland
depletion (measured by the extra net income from agricultural pro-
duction) should be equal to the marginal cost of wetland depletion
(measured by the value of abandoned nutrient buffer service). Specifi-
cally, when the nutrient influx of the wetland was given, this was the
value of the marginal impact of changes in wetland area to the growth
of fish stocks.

The marginal impact of wetland area change depended on both the
wetland nutrient retention effect (∂z/∂w) (∂w/∂αt)= gt(∂w/∂αt) and the
damage associated with changes in nutrient loading (∂D/∂z). The value
of the latter depended on the state of the ecosystem. If the ecosystem
was initially in a low-nutrient state, the marginal effect of wetland
depletion could be either positive or negative, depending on the initial
nutrient loading. However, when the ecosystem was at the critical point
of either low or high nutrient status, the marginal damage caused by
changes in wetland area may be very high. If the ecosystem was initially
in a high-nutrient state, the marginal impact of further changes in
wetland area on fish stocks may be small or absent. The user discounted
cost ρμt+1 for fish stocks depended on both the solution to the optimal
fishing problem and the market price of fish, as well as the allocation of
access to resources, the regulation method, and the fish breeding target.

3. Results and discussion

3.1. Spatial distribution of phosphorus

To obtain an estimate of the damage function, we used the con-
servation of P mass model proposed by Vollenweider (1969) to relate
the nutrient load to the density of phytoplankton (i.e., the concentra-
tion of chlorophyll a). Since there was no specific research on Huang-
qihai Lake, we used the relevant literature on chlorophyll and nutrient
contents in other water ecosystems to determine the model parameters
(Prairie et al., 1989). There was a positive correlation between TP and
chlorophyll a in May and July, and a negative correlation in September.
In May and July, the average concentration of TP in lake water were
0.123 and 0.082mg/L, respectively. The TP concentration was high,
which promoted the growth of algae (taking chlorophyll-a as an ex-
ample). P in lake water could still meet the needs of algae growth. With
the algae growth, the phosphorus was continuously consumed in lake
water, causing the TP concentration in lake water in July to be lower
than May. The average concentration of TP in September was 0.06mg/
L, which was lower than that in May and July, indicating that the
amount of P consumed in lake water from July to September was in-
sufficient, and the increase in chlorophyll-a exacerbated the

concentration decline of TP. Chlorophyll-a was negatively correlated
with TP. From May to September, the continuous decrease of TP con-
centration in lake water indicates that the TP requirement of algae
growth is greater than the total amount of exogenous input and en-
dogenous transformation. P is one of the limiting nutrients for the
growth and reproduction of algae in HQHL wetland. We chose the
general equation proposed by Dilon and Rigler (1974) to describe the
effect of total phosphorus content in water on total phytoplankton, as
shown in Table 2. The nutrient balance equation flowing into the lake is
provided in Eq. (18). In addition, this input was supplemented by at-
mospheric deposition and nutrient loading elsewhere in HQHL waters.
As the fertilization impact is highly sensitive to the relevant conditions
in the river basin, this paper discussed the marginal impact of nutrient
loading per hectare of the river basin on the growth of aquatic organ-
isms (fish stocks). The marginal impact of nutrient loading on the en-
vironmental variable W (i.e., the concentration of chlorophyll a) is a
function of the load (g), wetland area, and a set of parameters that
describe the long-term average state of HQHL, i.e.,

W
g P β Q K α L V J N
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where J is the long-term average of atmospheric P deposition in the lake
(t/year); N is the long-term average P load outside the Huangqihai Lake
watershed (t/year); V is the volume of the lake (m3); U is the outflow of
the lake (m3/year); H is the average depth of the lake (m); s is the
settling velocity of P (mole/L/year); t is the time scale, yr.; other
variables are defined above.

We used the Geographic Information System 9.2 software and a
digital elevation model (DEM) to determine the boundary of HQHL
watershed and the river network. Based on this, we calculated the
amount of soil erosion and sediment transport, which are the key fac-
tors in determining the nutrient load. Based on the soil erosion equa-
tion, we obtained soil erosion raster data based on the overlay of rain
erosion, soil erosion, length-gradient, and land cover factor map layers.
In this process, the rain erosion layer is determined from the annual
average rainfall map. The coefficients used in this study were derived
from the regression results of long-term rainfall on erosive forces. We
determined the length-gradient grid based on the DEM (Moore and
Bruch, 1985). Soil erosion data were derived from the soil character-
istics map (provided by China Soil Database, http://vdb3.soil.csdb.cn/
). The area of fallow land is approximately equal to the area of grass-
land vegetation. The density of grassland vegetation can be represented
by the spatial distribution of parameter β. To calculate the soil erosion
rate of the HQHL watershed, we used the functional relationship pro-
posed by Vanoni (1975) to draw the spatial distribution grid of the
sediment transport ratio (STR). We multiplied the soil transport maps
by the STR and the soil erosion grid to represent the net soil erosion. In
the dynamic soil equation, the initial value of the average P con-
centration in the soil was taken from field experiments in the Hetao

Table 1
The solutions of equations based on maximum sustainable production (MY), open access (OA), and profit maximization (*).

Standard Gordon-Schaefer model Gordon-Schaefer model with environmental external interference

XMY= K/2 XMY(w)=K[W(1-c.W)]/2
YMY= r.K/4 YMY(w)= r.K[W2(1-c.W)2]/4
EMY= r/2q EMY(w)= r [W(1-c.W)]/2q
XOA= cF/(p.q) XOA(w)= cF/(p.q)
YOA= cF.r(p.q.K- cF)/(p2.q2.K) YOA(w)= cF.r(p.q.KW-p.q.Kc.W2-cF)/(p2.q2.K)
EOA= r (p.q.K- cF)/(p.q2.K) EOA(w)= r(p.q.KW-p.q.Kc.W2-cF)/(p.q2.K)
X* = K{[cF/(p.q.K)+ 1-δ/r]+ {[ cF/(p.q.K)+ 1-δ/r]2+ (8. cF. δ)/

(p.q.K.r)}1/2}/4
X*(w)= K{[cF/(p.q.K)+W-c.W2-δ/r]+ {[cF/(p.q.K)+W-c.W2-δ/r]2+ (8. cF. δ)/(p.q.K.r)}1/2}/4

Y* = r. X*(1-X*/K) Y*(w)= r. X*(W)W.[1-X*(W)/(KW)-c.W]
E* = Y*/(qX*) E*(w)= Y*(W)/[qX*(W)]
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Plain, Inner Mongolia Autonomous Region (Wang et al., 2010). The
average content of nutrients in the soil depends on the bulk density of
the surface soil. We calculated the soil bulk density factor based on the
bulk density data (1.30 g/cm3) of the top 20 cm of soil. The atmospheric
deposition of P was estimated from the empirical function of the Inner
Mongolia Autonomous Region and the rainfall distribution map that
indicated the average annual rainfall in the HQHL wetland. The agri-
cultural production function was adapted from the maize production
model in China (Yang et al., 2017). For the Huangqihai Lake watershed,
there is no reliable estimate of P consumption. Some regional studies
have shown that the average amount of P fertilizer applied is ap-
proximately 82 ± 7 kg/ha. It has been predicted that the balance of P
in the soil of Huangqihai Lake watershed is negative, and it is no longer
possible to self-sustain in the long-term without increasing the amount
of fertilizers or changing land use and the existence of soil management
measures to reduce runoff (Zhang et al., 2008). Therefore, the P was
chosen as the representative nutrient in the paper, which affects the
breeding and growth of phytoplankton in the HQHL wetland. The ni-
trogen use efficiency of target forage species (alfalfa, ryegrass and oat
grass) was higher than 60%, but P use efficiency was relatively low,
therefore P fertilizer was the most important input of P in these kinds of
forage (Wei et al., 2018). Phytoplankton plays a key role in energy
transformation to grazers and material circulation of the wetland eco-
system (Silva et al., 2012). In winter and spring, the biomass and
growth rate of phytoplankton in Taihu Lake increased with the con-
centration of P in the water, which suggests that the growth of phyto-
plankton is mainly limited by P (Xu et al., 2010). The limiting nutrient
element of phytoplankton growth was analyzed by nutrient enrichment
bioassay experiment in Dianshan Lake, the results showed that the
content of phosphorus was positively correlated with the biomass of
phytoplankton (Rmax=0.980) (Zhang et al., 2010). Cropland soil P
use efficiency decreased from 0.6 in the 1960s to 0.3 at present.
Cropland soil P balance had a positive relationship with cropland soil P
inputs, while soil P use efficiency followed the opposite trend. There
were significant correlations between amount of fertilizer and yield
response, P was the main limiting factor for crop yield.

According to the results of water quality monitoring of

representative sampling points of HQHL wetland in the winter of 2012
(Integrated Ecological Protection Plan of Huangqihai Lake in Inner
Mongolia Autonomous Region, 2017), the over-standard rate of
Chemical Oxygen Demand (COD) in wetland is 100%, the minimum
multiple super-scale (level IV water quality) is 1.7, and the maximum
value is 3.52; the over-standard rate of TN is 100%, exceeding
1.73–30.3 times; the over-standard rate of TP is 57.14%, exceeding the
standard (level IV water quality) of 3.56–82.8 times. Therefore, the
water quality of HQHL wetland in 2012 was inferior to level V water
quality. The degree of eutrophication in HQHL wetland is enhanced, the
TN and TP are high, the water body is turbid, and the water environ-
ment is deteriorated, therefore, the aquatic organisms are reduced. In
the HQHL wetland, chlorophyll-a concentration (ρChl-a) was positively
related to phosphorus. In the water of HQHL, the ρChl-a is low, the an-
nual average is only 2.49mg/m3, and the monthly mean value is be-
tween 1.43 and 4.11mg/m3. ρChl-a is higher in July and September, and
relatively lower in spring.

To estimate the magnitude of the nutrient buffering effect of the
HQHL wetlands, we assumed that the amount of P fertilizer could en-
sure the sustainability of agriculture. We estimated the impact of wet-
lands on nutrient uptake in the presence and absence of measures to
reduce runoff. The soil erosion was affected by natural and human
factors. The natural factors mainly included topography, underlying
surface conditions and soil type. The human factors mainly consisted of
vegetation coverage, precipitation, land use, crop cultivation and cul-
tivated land farming methods. Moreover, mountainous areas have great
soil erosion (Hong et al.,2012). The HQHL watershed had a large cul-
tivated land area; therefore, soil erosion was more likely. Due to the
difference in land use, the amount of fertilization needed per hectare
varies depending on the natural conditions affecting soil erosion and
soil use intensity (βi). βi affects soil erosion through land cover factors
(Ci) and affects the dynamic changes of P content in the soil. This paper
used the soil nutrient balance in Eq. (4) to determine the amount of
“sustainable” fertilizer application for each hectare of land. The result
of Eq. (4) is an expression for Pi, which is a function of βi and net soil
erosion or sediment production SiAi. On the assumption that the initial
soil P content per hectare of land Qit=0 equalled 30 kg/ha, we used the

Table 2
List of parameters in the model (Year 2014).

Variable Explain the meaning of variables Numerical/expression Unit

Wt Chlorophyll concentration in water P0.073 t
1.45/ Dilon and Rigler (1974) mg/m3

Pt Phosphorus concentration in water z J U s H V10 ( )/[ ( / ) ]9 × + + /Vollenweider (1969) mg/m3

s Phosphorus settling velocity 16/Chapra (1975) mole/L/year
v The amount of water flowing into wetland 2648×104 m3/year
K Fixed area removal rate of phosphorus 12/Kadlec and Knight (1996a,b) mole/L/year
U Outflow of lake water 0 m3/year
H Average lake depth 0.8 m
J Phosphorus atmospheric deposition 118 t/year
N Surface nutrient loading of phosphorus 154 t/year
L0 The area of HQHL watershed 451,100 ha
Qit Soil phosphorus concentration at t 30 kg/ha
Ait The value of soil erosion Ri×Gi× L× Si× Cit kg/ha
Ri Rain erosivity factor 47.5+ 0.38Ωi /
Ωi Average annual rainfall 363 mm
Gi Soil erosion factor Soil Classification Map Based on LIRI/Wischmeier and Smith (1978) 0≤Gi≤ 1
LSi Slope factor (Uphill catchment area/22.13)0.4× (The sine of slope/0.0896)1.3 0≤ LSi≤ 1
Cit Soil cover factor 0.01βit + 0.7(1-βit) 0≤ CiT≤ 1
Si Sediment transport rate 0.1/Vanoni (1975) 0≤ Si≤ 1
r The growth rate of fish stocks 0.201/Simonit and Perrings (2005)
K The carrying capacity of fish stock 53,082/Simonit and Perrings (2005)
c Effect factor of chlorophyll a concentration 0.03/Simonit and Perrings (2005)
ɸi Atmospheric deposition phosphorus 0.05×Ωi

0.5/Stoorvogel and Smaling (1990) kg/ha/year
χ Phosphorus accumulation factor caused by fallow cultivation 11/Nye and Greenland (1960) kg/ha
η Phosphorus content in crops 9.4 kg/t
θ Soil bulk factor 0.000379
δ Phosphorus enrichment factor in soil 1.5/Stocking (1984)
yit The productivity of corn 10−3× (1-βit)(924.6–60.8Pit+31.87Qit-0.22 Pit2) t/ha; P&Q: kg/ha
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grass cover and sediment production maps to divide the grid. We used
the raster data in ArcGIS to solve the equation. The calculation results
indicated the spatial distribution of P fertilizer application, as shown in
Fig. 5. Many fertilizers and pesticides have been applied to the farm-
land, and organophosphate pesticides accounted for 40% of the total
pesticides (Wang, 2012). The paddy fields, brown soil and dry lands
were mainly distributed in the HQHL watershed downstream. There-
fore, the P loading in these plains areas was higher (Li et al., 2007).
Correspondingly, the cities and counties with large proportions of
farmland have higher TP output loading.

Based on the values in Table 2 and using the 2014 fish prices (USD
$1788/t) and wetland core area (from the initial 36,823 ha reduced to
11,002 ha), we determined that the maximum sustainable yield re-
duction in fisheries will occur. The loss will determine the extent of the
impact caused by the reclamation of the wetland. Assuming that the
amount of fertilizer (Pi) was exactly equal to the amount of P needed to
maintain the nutrient balance in the Huangqihai Lake watershed, we
can calculate the effect of the decrease in wetland area on the change in
the stock market (△YMSYi). If the wetland core area was reduced by
70%, the inflow of P load in lake water would increase from 81 t to
110 t, and the maximum sustainable production of fish catch would
decrease from 2400 t/yr. to 0, with a loss of 2400 t/yr. and the value
was USD$4.29M. Dividing this value by the 25,821 ha (36,823 ha
minus 11,002 ha) of the core area of the wetland that are affected by
the reclamation, the unit cost per unit of lost fish production is USD
$166/ha/yr. This measure of the value of wetland regulation services
was used to assess the benefits of reclamation wetlands and assess the
feasibility of alternative mechanisms that provide the same regulatory
services. If we ignored the cost of conversion, the maximum potential
yield of maize was 6.1 t/ha/yr.; if the price is USD$350.83/t, the

sustainable annual return of wetland to arable land is USD$55.28M
(The reduction rate of wetlands is 70.15%, which is about 25821 ha/yr.
The grain production per hectare of cultivated land is 6.1 t, the price is
USD$350.83 /t, the total value is USD$55.28M) or USD$2140/ha/yr.
Because of the need to apply 95 kg of P per hectare, which costs USD
$257/ha, the net sustainable income from the conversion was USD
$1883/ha, or USD$1717/ha after deducting the externalities of the
fishery.

3.2. Wetland ecosystem regulating function

The value of the wetland buffer function is very sensitive to both
shore and coastal conditions. Based on topography, landform, soil types
and land development status in the watershed, the upper streams of the
watershed have high vegetation coverage, less farmland and low pol-
lutant loading, while the lower areas have more farmland, high ferti-
lizer application rates and high soil erosion and pollution loading (Yin
et al., 2011). In summary, the spatial characteristics of P loading re-
sulted from comprehensive effects of precipitation/runoff character-
istics, soil properties, soil erosion and vegetation coverage. Therefore,
to effectively control P loading and soil erosion in the HQHL watershed,
the BMPs, fallow measures of cultivated fields, wetland vegetation re-
storation and soil and water conservation in the upper stream are the
most important measures to implement. We added up the load in the
catchment and obtained a baseline phosphorus load “g” of 210 t/yr. We
used the GIS grid calculator, grassland coverage maps, phosphate fer-
tilizer application maps, and fish price data (USD$1788/t) to determine
the spatial distribution of externalities of nutrient loads. Nutrient ex-
ternalities ranged from 0 to USD$2100/ha/yr., which indicates that the
externalities of the least-eroded plots were almost 0, and the

Fig. 5. Phosphorus fertilizer in the Huangqihai Lake watershed.
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externalities of the most soil-eroded plots were as high as USD$2100/
ha/yr. The spatial distribution of nutrient load externalities varies with
the use of wetlands.

To determine the additional damage to HQHL caused by the re-
duced wetland area, we determined the spatial distribution of the value
of the buffer function based on the difference between the two grids.
This represented a spatial distribution of the “externality of reclama-
tion” of wetlands. Due to the differences in land use and initial physical
characteristics, the “externality of reclamation” varied greatly among
farmers. If all of the externalities were allocated to converted areas, the
damage associated with the use conversion would be USD$166/ha/yr.
Assuming that the net benefits of maize could potentially reach a
maximum value of USD$1883/ha/yr., the conversion of wetland use
still appeared to be a reasonable use of resources. Of course, the return-
to-cost difference in use conversion depended on the marginal impact of
wetland use conversions on fisheries. In terms of fishery value, the
additional nutrient load associated with the conversion of wetland uses
would result in a reduction of at least 8% (USD$166/USD$1883) of the
maximum sustainable yield.

However, the loss of wetlands definitely comes at a cost, so a natural
problem was whether there was an alternative way that allowed us to
obtain the adjustment service of the wetland at a small price. The
spatial distribution of externalities means that we can assess the ef-
fectiveness of alternative methods for providing the same services.
Specifically, if some change in land management measures could reduce
the nutrient load, then it was worth considering whether this cost-ef-
fectiveness was a solution. We pondered whether there was a set of
payments from conversion benefits of wetland uses that brought the
same benefits to the fisheries as wetlands. Under the premise that the
amount of P fertilizer can maintain the nutrient balance in the soil
(176.1 t/yr.), upstream farmers should be provided with enough re-
muneration to fund their behaviour in order to change their farming
methods. The conversion of wetland uses has resulted in the loss of
nutrient buffering functions. If a payment could replace the regulatory
services provided by the government, the total cost of these payments
would provide arable land farmers with compensation for the farm-
land's nutrient load buffer service, with a compensation quota of USD
$8.1M/yr. (the change area of wetland is 25,821 ha, the compensation
standard is USD$ 312–USD$ 2100 minus USD$ 1788), which would
cover only 15% (USD$8.1 M/ USD$55.28M) of the total revenue from
the conversion of wetlands to crop production. Therefore, it is theore-
tically feasible to implement an ecosystem service payment system that
can effectively compensate for the loss of nutrient buffer function
caused by the conversion of wetlands. The results reveal that the pro-
posed methodology is an available tool that can be used for sustainable
development with resolving Payment for Ecosystem Services (PES)
amounts among different regions under social and environmental
constraints by considering the ecosystem services of HQHL wetland
based on NBS (Fu et al., 2018).

4. Conclusion

Implementation of the ecosystem services approach based on NBS
was aiming to enhance the sustainability management of environmental
systems by reducing socio-ecological risks and wetland degradation.
This paper described the specific modelling issue that was based on the
integration of wetland nutrient retention and dynamic changes in
freshwater fisheries. The extent to which the change in nutrient load
affects a fish stock changes depending on the initial level of nutrient
load and the initial state of the ecosystem. The nutrient retention
function of a wetland is reversible. If the area of wetlands or fish stocks
increases, nutrient retention will also increase. When the amount of
fertilizer replaces the end-of-stream buffer function, erosion control and
nutrient retention replace each other. This model allowed us to estimate
the value of nutrient absorption externalities resulting from the con-
version of wetland uses, thereby predicting the consequences of

alternative wetland use conversion measures, as well as distinguishing
different sources of the same service. Although wetlands also provide
many other types of ecosystem services, the nutrient absorption func-
tion and its impact on commercial fisheries in lakes are probably the
most important. We provided the climate, soil, and agricultural
planting conditions of the time and used the measure of this service as
the minimum nutrient supply provided. The approach we described
may also have some value in other ecosystems where regulatory func-
tions include similar mechanisms.
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