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Abstract: Wetland offset markets (WOMSs) are increasingly applied worldwide as powerful tools for
mitigating conflicts between wetland development and restoration. Reducing benefit uncertainty is key to
promoting private restoration and introducing WOMSs, which necessitates sufficient and stable price signals.
Given that governments are important suppliers in WOMs, this article aims to explore the role of public
offset credit (OC) supply in delivering and adjusting price signals during WOM formation and evolution. A
general spatial agent-based wetland offset market model is built to simulate landowners’ behavior, price
dynamics, and WOM evolution under different public OC supply schemes. The results show that the
spontaneous formation of WOMs is a time-consuming process. Price signals of public OCs reduce price
fluctuations at the early stage of WOMs. This price stabilizing effect can cause a long-term reduction in
benefit uncertainty perceived by landowners. Therefore, public OCs can facilitate WOM formation either
through the supply side with high supply prices or through the demand side with low supply prices. During
the entire WOM evolution process, due to landowners’ readaptation, cheap public OCs can cause significant
market fluctuations following the ceasing of cheap public supplies. The impacts of public OC on wetland
development and restoration might change over time, and the suitability of public OC supplies under
different long-term wetland management preferences was analyzed. These findings can further the
understanding of the process of introducing a new market mechanism, such as WOMs, and the role of the
government as a supplier. The research results provide insights for WOM practices, public restoration and
OC supply scheme design, and wetland development-restoration conflict coordination.

Keywords: Wetland offset market; Public offset credit supply; Wetland development-restoration conflict;

Agent-based model; Price signal

1. Introduction

Wetlands play a significant role in providing critical ecosystem services such as climate regulation (UN
Water, 2018; Zou et al., 2018). However, worldwide wetland areas are notably decreasing due to human
activities (Davidson, 2014; Gardner and Finlayson, 2018; UN Water, 2018), especially in developing
countries with high development demands. (Bruner et al., 2004; Failler et al., 2019; Lynch et al., 2016; Wang
et al,, 2022). Effective management and coordination of the mounting conflicts between wetland
development and restoration are of paramount importance for attaining sustainable development goals.

For a long time, wetland restoration has been dominated by the public sector, such as national reserved
areas (Bonneuil, 2015; Hahn et al., 2015; Kangas and Ollikainen, 2019; Wissel and Witzold, 2010). However,
limited fiscal budgets greatly constrain wetland restoration (Bruner et al., 2004; Failler et al., 2019; Lynch
etal., 2016; Wang et al., 2022). Moreover, within government-led restoration mechanisms, the responsibility

for addressing wetland degradation shifts from developers to governments. This shift disrupts the nexus
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between development and restoration and thereby increases the difficulty in synchronizing wetland
restoration efforts with the pace of economic growth. In this context, wetland offset markets (WOMs) are
increasingly gaining focus worldwide (Bennett et al., 2017; Bernasconi et al., 2016; Salés et al., 2023;
Villarroya et al., 2014).

WOMs are practices of tradable permits in the field of biodiversity offset and are also called mitigation
banking (Salvesen et al., 2013), conservation banking (Bruggeman et al., 2009), conservation offset
(Drechsler, 2022), ecosystem offset markets (Ungaro et al., 2022), etc. Offset credits (OCs) are used in
WOMs to quantify the ecosystem losses/gains caused by development/restoration activities. Developers can
buy ecologically equivalent OCs from restorers to offset their negative development impacts on wetlands
(BenDor et al., 2011; Koh et al., 2019; Needham et al., 2019). Therefore, WOM:s hold the potential, in theory,
to achieve a "no net loss" of wetlands while simultaneously achieving economic growth (Alvarado-Quesada
et al., 2014; McKenney and Kiesecker, 2010; Simpson et al., 2022).

Specifically, based on OC and OC prices, the process of environmental cost internalization can
strengthen value connections between wetlands and individual behavior. Differences in individual costs
create opportunities for mutually beneficial transactions between developers and restorers (Koh et al., 2019;
Wissel and Witzold, 2010), which can motivate developers to minimize ecological impacts and attract more
private restoration endeavors (Boisvert et al., 2013; Coralie et al., 2015; Needham et al., 2019; Taherzadeh
and Howley, 2018). Consequently, WOMs can effectively supplement the limited government funding for
wetland restoration, and the primary question for WOM practices lies in how to introduce WOMs.

One of the main challenges in introducing WOM s is how to motivate the private OC supply. First, well-
functioning WOM s rely on a sufficient scale of supply and demand (Needham et al., 2019; van Teeffelen et
al., 2014). Demands in WOMs are generated mainly from regulations and economic development (BenDor
et al., 2011; Vaissiere and Levrel, 2015), and how to drive private sectors to restore wetlands and become
OC suppliers is a key problem for WOMs. However, the high upfront cost of restoration and the lagging
return due to restoration duration cause great benefit uncertainty for OC suppliers (Alvarado-Quesada et al.,
2014; Bonneuil, 2015). In addition, the inherent uncertainty in wetland restoration due to the complexity of
ecosystems might lead to poor restoration results and reduce the amount of OCs that restorers can obtain
(BenDor et al., 2011; Bull and Strange, 2018; van Teeffelen et al., 2014). Private sector businesses are unable
to fully understand the possible gains from WOMs due to the above factors, which discourages them from
becoming OC suppliers (Alvarado-Quesada et al., 2014; Bonneuil, 2015). Therefore, sufficient and stable

price signals might be keys to introducing WOMs, and external support is important for price signal



formation during this process.

Public OC supplies play an important role in WOMs (Bonneuil, 2015; Froger et al., 2015; Vaissiére and
Levrel, 2015). In the United States, it was the collaboration between the government and private firms that
facilitated the emergence of the first OC supplier, thereby driving the development of WOMs (Bonneuil,
2015). As previously mentioned, wetland restoration is led mainly by the public sector, indicating that the
government might be the initial OC supplier during the introduction of WOMs. Therefore, the public OC
supply can be a critical instrument in shaping sufficient and stable price signals when introducing WOMs.

Although there are an increasing number of WOM studies, most of them are based on the postformation
stage of WOM practices to explore institutional nature (Boisvert, 2015; Koh et al., 2019; Vaissiére and Levrel,
2015), required institutional conditions(Alvarado-Quesada et al., 2014; Maron et al., 2012; McKenney and
Kiesecker, 2010), key WOM mechanism design and impacts (Simpson et al., 2021, 2022; Doyle and Yates,
2010; Drechsler, 2022; Kangas and Ollikainen, 2019), and market performance(Bennett et al., 2017,
Simpson et al., 2021). There is a lack of studies that focus on problems in the introduction of a new
environment market mechanism, such as WOMs, especially on price signal formation and evolution. In
addition, although some scholars have noted the importance of government intervention in regulating market
failure, they have focused mainly on monitoring and regulatory institutions (BenDor et al., 2011; Levrel et
al., 2017; van Teeffelen et al., 2014), and very few studies have explored the role of governments play as
suppliers when implementing public restoration programs. Limited studies have noted the possible extrusion
effects of public OC supply on private supply (Bennett et al., 2017; Salvesen et al., 2013), while the price
delivery and adjustment functions of public OC supply are still underexplored.

Therefore, this study attempts to explore the role of public OC supply in WOM introduction and
evolution processes. A spatial agent-based model (ABM) was built to simulate price signal transfer, WOM
evolution and land use dynamics under different public OC supply scenarios. Specifically, this study attempts
to explore four questions: (1) what is the spontaneous formation process of WOM? (2) what is the role of
public OC supply in WOM formation? (3) what are the impacts of public OC supply on WOM evolution
over time? and (4) what are the suitable public OC supply schemes under different wetland management
preferences?

This research has the following contributions. First, this study provides a general spatial agent-based
model that can be used to analyze the introduction process of a new market mechanism. Second, from the
perspective of price signals, our findings add more understanding to WOM formation and the functions of

public restoration and OC supply schemes. Third, the study provides a simulation instrument and



implications for the formation of other environmental markets (e.g., the carbon market).

2. Methodology

2.1. Theoretical analysis

Given the effects of motivating private restorers and coordinating wetland development-restoration
conflicts, WOM s are being increasingly applied worldwide. However, the presence of benefit uncertainty in
wetland restoration significantly impacts private restoration, thus influencing the formation and development
of WOM. Consequently, reducing benefit uncertainty in restoration is essential for introducing WOMs.

Sufficient and stable price signals play a crucial role in mitigating benefit uncertainty (Boisvert, 2015;
Ribaudo et al., 2010). On the one hand, the price signal should be adequate to cover the costs incurred by
wetland restoration, including the restoration cost and opportunity cost. However, given the substantial
demand for development in most regions, the price signal should not be too high to discourage local
development (Wissel and Witzold, 2010). On the other hand, significant price fluctuations can exacerbate
benefit uncertainty (Wissel and Wétzold, 2010), implying the importance of maintaining a stable price signal.

Price signals may be released from various sources, including the market (e.g., transaction price), market
participants (e.g., willingness to pay), and the government (e.g., government guidance price). The
introduction of WOM is a market creation process (Boisvert, 2015; Bonneuil, 2015). During this process,
environmental costs are internalized with OCs, which requires the transition of private sectors from a state
where environmental costs are disregarded to one where these expenditures are factored into their financial
considerations. The latter state is often referred to as the “developer pays” rule (Koh et al., 2017). Before
WOMs are created, the private sector faces difficulties in ascertaining transaction prices and lacks price
benchmarks from comparable products. Moreover, the information asymmetry causes barriers for
individuals in accurately obtaining price signals from other market participants. Given the insufficient price
signals originating from the market and its participants, the price signal provided by the government plays a
significant role in the WOM formation process. In this context, this study intends to explore the role of public
OC supply in delivering and adjusting price signals during WOM formation and evolution.

The price, quantity, and duration of public OC supply are the main focuses of this study. The price of the
public OC supply can directly influence the OC price perceived by the private sector, while the quantity of
public OC supply can indirectly adjust transaction prices by affecting the OC supply-demand relationship.
Furthermore, the duration of public OC supply changes the functioning period of public price signals. To
simplify the problem, public OCs are supplied at a fixed quantity and uniform price: the government provides
a consistent quantity of public OCs every year throughout the supply duration, with the supply price
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remaining constant during a transaction period (one year in this study) albeit subject to periodic adjustments.

The role of public OC supply is analyzed by comparing WOM evolution results without and with public
OC supply. The price signal is considered the primary driver of WOM formation, and the level of the price
signal is measured by the ratio of the transaction price to the average cost per OC. This metric is employed
to assess the role of public OC supply in delivering and adjusting price signals.

WOM formation and evolution results are used for evaluating the effects of public OC supply. The market
appearance time, price variation and benefit uncertainty perceived by landowners are used to analyze the
role of public OC supply in facilitating WOM formation. Specifically, the market appearance time is
measured by the time that the first OC transaction appears, which reflects the time needed for WOM
formation.

The regional ecological and economic results are considered when analyzing WOM evolution. Regional
economic outcomes are assessed through the development scale (i.e., the proportion of economic parcels).
In addition to assessing the restoration scale (i.e., the proportion of restored parcels), we consider the
ecological clustering of restoration to be a crucial metric for evaluating ecological outcomes, given its
importance for species survival and wetland recovery. Additionally, the total ecological value was analyzed
to compare the impacts of restoration scale and clustering and to reflect the ultimate ecological results.

According to the evolution of the first WOM in the United States, developers were initially mandated to
offset development impacts themselves (Bonneuil, 2015), and the cost difference between private sectors
gradually facilitates transactions between developers and restorers. Therefore, we assume that the negative
ecological impacts of development (i.e., development impacts) can be mitigated through self-offsetting or

purchasing OCs within WOMs.

2.2. Spatial agent-based wetland offset market model

2.2.1. Model overview

The spatial agent-based wetland offset market model developed in this study is used to simulate the
initiating process of a WOM and examine the role of public OC supply. The model operates on a yearly time
step, and this section provides an overview of the model. The model consists of four types of agents: (1)
spatial agents, (2) landowner agents, (3) the government agent, and (4) the WOM agent. A flowchart
depicting the spatial agent-based wetland offset market model is presented in Fig. 1.

The model simulates an LxW coastal region. Each spatial agent represents a land parcel, and all spatial
agents compose the geographical landscape of the model. Based on their land use status, spatial agents are
categorized into economic parcels, original ecological (OE) parcels, restored ecological (RE) parcels, spare
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parcels, and sea areas. The economic, OE and RE parcels have associated landowners. Spare parcels
represent abandoned regions to be restored, and these parcels have no owners but can be bought by
landowners for restoration and for generating OCs. Sea areas represent the sea and coastal line, which have

no landowners. For simplification, public parcels used for generating public OCs are not considered in the
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Fig. 1. Flowchart of the spatial agent-based wetland offset market model.

Each spatial agent has both economic value and ecological value. The economic value is determined
according to the distance to the sea and macroeconomic growth. The ecological value of spatial agents is the
basis for accounting and releasing OC. The ecological value correlation between spatial agents is considered
in the model and is used to reflect the ecological spatial agglomeration effects.

NLO landowner agents are randomly distributed within the space and make decisions regarding land use
and OC trading. Each landowner agent initially owns one spatial agent, which could be an economic or OE
parcel. According to the status of the originally owned parcels, landowner agents are categorized into
economic parcel owners, OE parcel owners, and RE parcel owners. Landowner agents gather price signals,
form minimum profitability targets and expected OC prices, calculate expected gains from different land use
plans, and subsequently make decisions regarding land use and OC transactions.

The government agent formulates the public OC supply scheme, participates in WOM, and releases OCs
to private landowners. A practical OC release mechanism typically combines advanced release and scheduled
release to alleviate economic pressures on restorers and mitigate the risk of substandard restoration, due to
issues such as fraud and uncertainty (BenDor et al., 2011). In the advanced release mechanism, restorers can
obtain partial OCs at the beginning of restoration; in the scheduled release mechanism, OCs are allocated

according to the restoration progress. For simplification, the advanced release approach is applied in the



model, in which restorers can obtain partial OCs at the beginning of restoration and obtain the remaining
OCs at the end of restoration.

The WOM agent gathers OC transaction plans from landowner agents and matches buyers and sellers.
The model utilizes a discriminatory auction mechanism for transactions. Under this mechanism, sellers’ bids
and buyers’ bids are sorted in ascending and descending order based on the bid price, and the clearing price
of each successful match is set at the average of matched bidders’ bid prices. Within each transaction period
(one year in the model), the auction is repeated until no OC supply or demand remains. The WOM agent
publishes the average transaction price of all successful matches at the end of each transaction year.

We assume that the government agent provides restoration schemes and relevant information, and that
landowner agents know their restoration costs and the ecological value of their lands. However, landowner
agents lack clear information about current and future credit prices. To simplify the problem, landowners are
assumed to strictly adhere to the restoration scheme when they decide to restore their parcels or spare parcels.
Consequently, the benefit uncertainty in restoration primarily arises from OC prices in the model.

Three types of price signals are considered in the model: individual experiences, price information from
neighbors, and transaction prices (including public OC prices). At the beginning of the simulation, no OC
transactions happened before. In the absence of public OCs, potential developers (i.e., OE parcel owners)
first form OC price expectations by deciding whether to buy and restore spare parcels for development,
which acts as the initial price signal. When public OCs are introduced, the transaction price (i.e., the public
supply price) between new developers and the government acts as the initial price signal. Specifically, when
public OCs are provided, potential developers first attempt to purchase OCs from the government if the
public supply price is lower than their price expectations. OE parcel owners with higher economic outcomes
have priority when buying public OCs.

To maintain model dynamics and align with the actual policy process, which often involves multiple
stages and varying scopes, as described in the studies of Brown et al., (2018) and Kandiah et al., (2019), the
spatial range for implementing WOM is assumed to gradually expand throughout the entire geographical
space. Therefore, according to the study of Kandiah et al., (2019), landowner agents at different locations
are progressively activated over time. Only activated landowner agents can make decisions related to land
use and OC transactions within the model.

OC transactions between developers and restorers typically require ecological equivalence. In practice,
the trading ratio, i.e., the ratio of OCs a developer needs to offset to the OCs it consumes, is applied to

address ecological risks stemming from spatial and temporal disparities between development and



restoration. For example, when the trading ratio is 1:1.4, development activity consumes 1 unit of OC, while
the developer needs to purchase 1.4 units of OC to offset the development impact. Therefore, the trading
ratio can affect the supply-demand relationship and transaction price of OCs. Given that this study mainly

focuses on the role of public supply, the trading ratio is treated as a constant in the model.

2.2.2. Submodel of spatial agents

Spatial agents have both economic value and ecological value. The economic value of the development

develop
it

of the i-th parcel v in the #-th year is assumed to decrease with the increasing distance to the sea d;.

develop

The economic growth rate of the i-th spatial agentis r, r ~U(r, ),and Vv, can be obtained by

Eq. (1).

in? I’-max

evelo adi
Vﬁt = (ai,t _d_)(1+ rl)t (1)

max
a;, is the basic development value of the i-th spatial agent at the #-th time step, and &, ~U (@;,,8,,) -

d__ is the maximum distance to the sea in the model, and « is the decreasing degree of the development

max

develop
it

value with the distance to the sea. v is also the annual gain of economic parcels.

According to Drechsler and Witzold (2009), the ecological value of spatial agents consists of two parts:
inherent value and locational value. The latter reflects the ecological impacts of neighboring parcels. The
ecological value is assumed to be immediately lost as the parcel is developed. The inherent value of the
original ecological parcels is b;, and the original ecological value V/"*° can be obtained by Eq. (2).

vﬁf"")gy"’ =b + /INEf:R)bk 2)
k=0

A represents the ecological impacts of nearby ecological parcels, including OE and RE parcels.
NE(t,R) is the number of nearby ecological parcels within radius R at time t. Therefore, the ecological
value of each spatial agent increases with the number of nearby ecological parcels. The original ecological
value is used as the restoration goal, and the development impacts need to be offset. This means that the OCs
that developers need to obtain and the OCs that restorers can obtain increase with the number of nearby
ecological parcels.

The restoration results might be lower than the parcel’s original ecological value due to factors such as
ecosystem complexity and restorer ability. Given the perfectly compliant landowners assumed in the model,
the final restored level of spatial agents, including economic and spare parcels, depends on the restoration

ability &, of the j-th landowner agent (see the Supplementary File) and the random restoration risk &.

Hence, the parcel’s ecological value after restoration V{;*°" can be obtained by Eq. (3).
NE(t,R)

Vecology—l’ — bi .min(l, 5| + 8) +A Z bk (3)

it
k=0
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Spare parcels can be bought only by landowners for restoration. For simplification, the land market for

spare parcels is not considered in the model, and all spare parcels are set at the same price. The price of spare

parcels p{’awe' is the net present value obtained with the average economic value of economic parcels
—economy . . -
Vi and the regional average economic growth rate r .
parcel __ - economy \k
et = ve (L) 4)
k=0

2.2.3. Submodel of offset credit accounting and release

Assuming that the ecological value corresponding to one OC is u_ , the number of OCs nﬁc

ev ?

corresponding to each parcel’s original ecological value Vii"**° can be obtained by Eq. (5). The trading
ratio (i.e., the ratio of OCs a developer needs to offset to OCs it consumes) is set as ¢, and the number of

OCs needed to be offset by developing an OE parcel is (pnﬁc :

Vecology-o
ocC it
Ny = U (5)

ev

Suppose that the government agent does not know about landowner agents’ restoration ability and

ecology-0
it

calculates the OCs generated by restoration according to the parcel’s original ecological value V. (i.e.,
nﬁc ). The advanced release ratio is p (see Section 2.2.1); therefore, the number of OCs n° that the
restorer can obtain at the beginning of the restoration is equal to pnf’tC . The remaining OCs that the restorer
can obtain at the end of the restoration are calculated and released according to the actual restoration results.

Therefore, the OCs that the restorer can obtain at the end of the restoration n/* can be obtained by Eq. (6).
Vecology-r

ntrl = i’tu - pnic,)tc (6)

ev

2.2.4. Submodel of the government agent

Public OCs are generated from restoring public lands by the government, e.g., the national reserved area.
To simplify our problem, the process of restoring public lands is not included in the model.
The amount of public OCs supplied each year is PSA, and the duration of public OC supply is PSD,

which corresponds to the duration of the public restoration program. The price of public OCsis pZ*’ in the

t

t-th year,and pJ” is fixed within the same transaction year. The government agent is assumed to have full

information on the gains from economic parcels. Given that landowners can buy and restore spare parcels to
offset their development impacts, the cost of buying and restoring spare parcels constitutes the landowners’
opportunity cost of buying OCs. Therefore, the price of spare parcels and the restoration cost are used as

references for calculating the public OC supply price pZ*”

t



. PL parcel + Cr
P = ( pt—oc ) (7
n

C, is the total restoration cost per parcel, which is provided by the government agent and is set at the

same value for all parcels. PL>0 is the pricing level of public OC. Because pP™

ptparcel + C

—ocC
n

PL <1 means that the public supply price is lower than the average cost per OC, PL =1 means that the

measures the average
economic value of economic parcels, L actually represents the average cost per OC. Therefore,
public supply price is equal to the average cost per OC, and PL >1 means that the public supply price is

higher than the average cost per OC.

2.2.5. Submodel of landowner agents

Landowner agents aim to maximize their profits through their land use decisions. Specifically, the
potential developers, or OC buyers, are OE parcel owners. All kinds of landowners can be potential restorers
(OC sellers), because they can restore economic parcels or buy and restore spare parcels. A brief description
of the decision process is provided in this section, and detailed descriptions of the price signal gathering,
price expectation formation, and land use and transaction decisions can be found in the Supplementary File.

For simplification, we assume that each landowner agent can only buy one spare parcel during each time
step. Potential developers prefer to buy spare parcels that align with their OC requirements, while potential
restorers tend to buy nearby parcels due to the ecological spatial agglomeration effects embedded within the
model. Individuals with more restoration experience might have greater restoration ability and less
restoration uncertainty. Therefore, when a spare parcel attracts multiple prospective buyers, landowners with
more restoration experience are given greater priority.

The decision-making process of landowner agents unfolds in several steps. First, landowner agents
gather price signals from individual experience, the market and their neighbors. The neighbors are defined
as being spatially connected via an 8-cell Moore neighborhood. Information transmission errors between
landowner agents and their neighbors are considered. Second, landowner agents formulate minimum
profitability targets and expected OC prices. The price fluctuation is used to calculate the minimum
profitability goal, which can reflect landowners’ perception of benefit uncertainty.

Third, with expected OC prices, landowner agents make choices regarding land use and OC transactions
that maximize their profits while adhering to their minimum profitability targets. Economic parcel owners
decide whether to retain current land use, restore owned economic parcels, or buy and restore spare parcels
while keeping current land use. OE parcel owners decide whether to retain current land use, develop owned
OE parcels, or buy and restore spare parcels while keeping current land use. Redevelopment of RE parcels
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is not allowed in the model, and RE parcel owners can choose whether to buy and restore spare parcels.

2.3. Simulation design

The geographical space of the model consists of N=110x32 spatial agents, with each representing a 0.3
km % 0.3 km parcel. The uppermost 110 x 2 spatial agents are set as sea areas. Half of the spatial agents,
excluding those in sea areas, serve as spare parcels, and the number of landowner agents is equivalent to half
the count of nonsea spatial agents. At the beginning of the simulation, 50% of the landowner agents are OE
parcel owners, while the remainder are initial economic parcel owners. The leftmost 12 x 32 spatial agents
constitute the initial spatial range for implementing WOM. This range gradually expands to the right with
2x32 spatial agents each year, which reflects the gradual spread of policy. The code was written in Python
3.8.

The Yellow River Delta, China, is chosen as the reference area for deciding on the economic data of the
model. Specifically, parcel economic values and the upper bound of the growth rate are determined according
to the economic output data from the Dongying Statistic Yearbook, and restoration investment is obtained
from The Overall Plan for the Yellow River Estuary National Park. The main parameters and their values
for the simulations are listed in Table S2. The Latin hypercube sampling method is employed to generate
parameter samples for simulation.

Two experiments were designed to explore the role of public OC supply (Table 1). Specifically, in the
Baseline experiment, which was operated without public OC supply, and the initial price signal is generated
from potential developers buying and restoring spare parcels. The POCS experiment explores different
combinations of public OC supply strategies, including different pricing levels (PLs), public supply amounts
(PSAs) and public supply durations (PSDs).

The simulation period is 50 years, and each scenario is executed 50 times to obtain average results.
Specifically, the ratio of average transaction prices to average cost per OC is applied to analyze the extent of
the price signal. The average cost per OC is obtained with the spare parcel price, restoration costs, and
average OC amounts that can be generated from restoring one parcel. To analyze the degree to how many
restored parcels cluster to ecological parcels, the ecological clustering index ECI, was applied in this study,
which was adapted from the study of Drechsler et al. (2022). ECI, is measured by the average proportion

of nearby ecological parcels within the ecological impact range of RE parcels:

1 &
WéLiNE(t,R)

Np
pyE
i=1

ECI, = (8)
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where N(R) represents the number of nearby parcels within the ecological impact radius R. L, represents
the land use status of the parcel, L, =1 represents the RE parcel, and L, =0 represents other parcels. N,

is the number of spatial agents.

Table 1. WOM simulation scenarios to analyze the role of government supply.

Yearly public supply amount

Experiment Pricing level of public supply (PL) 54) Public supply duration (PSD)
PSA
Baseline / / /
POCS 0.5-1.5, 0.1 as the interval 2/10 5/10/20 years
3. Results

3.1. Price and WOM dynamics

The impacts of public OC supply on the formation and development of WOM are analyzed in this section.
The Baseline experiment required approximately four years for the emergence of WOM (Table 2). In the
POCS experiment, the WOM emerges immediately when the pricing level (PL) of public OCs is less than
1.2. However, when the PL exceeds 1.2 and is coupled with a higher public supply amount (PSA4), more time
is needed for WOM to emerge. This is because such a price exceeds the cost of buying and restoring spare
parcels, and potential developers prefer to generate OCs themselves to offset the development impact rather
than buying OCs, postponing the emergence of the market. The time needed for WOM emergence was not
affected by the public supply duration (PSD) in the POCS experiment because PSD is significantly longer
than the WOM emergence process. Overall, the appearance of the market in the POCS experiment is
significantly faster than that in the Baseline experiment, indicating that the price signal provided by public

OCs can reduce transaction uncertainty and facilitate the formation of WOM.

Table 2. Market appearance time

Market appearance time (years)

Experiment
[mean, (standard deviation)]

Baseline 4.367 (1.224)

POCS PL<1.2, PSA=2 & PSA=10 0.000 (0.000)
PL=1.2, PSA=2 0.060 (0.369)
PL=1.2, PSA=10 0.120 (0.461)
PL=1.3, PSA=2 0.173 (0.574)
PL=1.3, PSA=10 0.193 (0.650)
PL=1.4, PSA=2 0.653 (1.119)
PL=1.4, PSA=10 0.574 (1.037)
PL=1.5, PSA=2 1.000 (1.200)
PL=1.5, PSA=10 1.047 (1.353)

Price fluctuations are examined through the standard deviation of transaction prices over 5-year intervals
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(Fig. 2). Fig. 3 provides a comparison of yearly private OC supply, the minimum profitability target, and the
level of the price signal (i.e., average transaction price divided by average cost per OC). In the Baseline
experiment, considerable price fluctuations are evident during the early formation phase of the WOM (1-5
years). This is because a price signal exceeding 1.3 times the average cost per OC is necessary to trigger
WOM formation (Fig. 3g). An abrupt increase in the price signal induces significant price fluctuations during
the first five years, leading to an increase in landowners’ minimum profitability target (Fig. 3d), indicating a

greater benefit uncertainty perception of landowner agents.
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Fig. 2. Standard deviation of transaction price over five-year intervals (plotted with the mean of 50 runs; PL =
pricing level of public OCs, PS4 is yearly supplied amount of public OC, and PSD means duration of public OC

supply, same below).

Transaction prices tend to be stable as WOM develops between the 6th and 15th years. The high price
signal generated during market emergence quickly attracted increasing restoration activities, leading to a
significant increase in the yearly private supply (Fig. 3a). In addition, affected by the restoration period and
the transfer time of price signals, a time lag was observed between the highest price signals and the highest
yearly private supply level. The time lag further intensifies the herding of restoration activities. Therefore,
the pullback of transaction prices to the average cost per OC significantly reduces the price fluctuation
between the 6th and 15th years. A gradually normalized market causes a significant decrease in the benefit

uncertainty perceived by landowner agents, leading to a reduction in the average minimum profitability
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target in the Baseline experiment (Fig. 3d). Restoration activities and yearly private supply decrease as the
transaction price continue to decrease in the baseline experiment, and this requires potential developers to
release higher price signals to motivate restorers again. Therefore, in the Baseline experiment, transaction

prices increase again starting from the 16th year (Fig. 3g).
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Fig. 3. Yearly private offset credit supply, average minimum profitability target, and level of price signal (the
level of the price signal is equal to the average transaction price divided by the average cost per OC; the light
grey area represents the public supply period; Fig. 3d-Fig. 3f are plotted with the mean of 50 runs; Fig. 3a-
Fig.3c and Fig. 3g-Fig. 3i are plotted with the median, lower and upper quantile of 50 runs).

The above landowners’ self-adaptation process causes the second price fluctuation in the Baseline
experiment between the 16th and 25th years (Fig. 2). Because the minimum profitability target in this study
is calculated by all historical price signals, the second price fluctuation greatly offsets the impact of the first
price fluctuation, leading to a continuous decrease in the minimum profitability target in the Baseline
experiment after the first price fluctuation (Fig. 3d). After two large adaptation processes, landowner agents

gradually adapt to market dynamics, and the wetland offset market enters a relatively steady state. Therefore,
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the price signal in the Baseline experiment gradually stabilizes at approximately 0.6 times the average cost
per OC (Fig. 3g), and the gradually increasing price fluctuations after the 26th year (Fig. 2) primarily stem
from economic growth. A gradually stabilized transaction price greatly reduces the uncertainty experienced
by landowner agents, and the average minimum profitability goal gradually decreases to approximately 0.2
in the Baseline experiment.

The price signal from the public OC can significantly mitigate price fluctuations during the WOM
formation phase (Fig. 2). The benefit uncertainty perceived by landowner agents is significantly mitigated
by the price stabilizing effect of public OCs, leading to lower average minimum profitability targets in the
POCS experiment than in the Baseline experiment (Fig. 3d-Fig. 3f). Specifically, the early positive impacts
of public OCs on uncertainty reduction exhibit long-term influence. Although the price signals of both the
Baseline and POCS experiments gradually stabilized at approximately 0.6 in the long term, the landowner
agents in the POCS experiment perceived significantly less benefit uncertainty and had lower minimum
profitability targets than in the Baseline experiment.

The reduction in price fluctuations from the 1st to the Sth year is more significant in scenarios with
higher PSA4s and lower PLs. This is because large amounts of public OCs with low supply prices significantly
extrude private supply (Fig. 3a-Fig. 3c), while increasing OC demands (Fig. S2). In this context, transactions
between new developers and the government grow significantly, and a stable public supply price serves as a
potent dampener that reduces price fluctuations. However, in the scenarios with PL <0.7, large price
fluctuations were observed after the public OC supply ceased (Fig. 2 and Fig. 3g-Fig. 3i). This is caused by
the severely extruded private supply, and potential developers need to readapt to WOM dynamics after the
government ceases to offer cheap public OCs, thereby generating enough price signals to stimulate private
OC supplies (Fig. 3g-Fig. 3i). Private supply increases significantly due to these high price signals and
landowners’ reduced uncertainty perception.

In scenarios with PL>1.0, the price signals provided by public OCs exceed the average cost per OC,
leading to more active restoration and a higher private supply in the early stage of WOM (Fig. 3a-Fig. 3c).
However, due to the price stabilizing effect of public OCs, increases in price signals appear to be lower in
the POCS experiment than in the Baseline experiment (Fig. 3g-Fig.31). For example, when PSA=2, the
highest price levels in the POCS experiment are 1.337 under PL=1.4 and 1.178 under PL=1.0, while the
highest price level in the Baseline experiment is 1.350. The limited increase in price signals caused by the
price stabilizing effect of public OCs (especially those with a PL close to 1.0) can alleviate the herding of

restoration, leading to a lower maximum yearly private supply. Therefore, public OC supply with PL>1.0
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can reduce the extent and duration of price fluctuations during the entire WOM evolution process.
Consequently, public OCs can facilitate WOM formation by motivating restorers from the supply side with
high PLs, or through attracting developers from the demand side with low PLs.

PSD mainly changes the timing of landowners’ readaptation in scenarios with extremely low PLs. In
addition, the readaptation process is similar to the self-adaptation process of landowner agents in the Baseline
experiment. Therefore, the second price fluctuation in the Baseline experiment (16-25 years) is also

postponed in the POCS experiment with extremely low PL (PL <0.7) and long PSD (Fig. 2).

3.2. Regional economic and ecological outcomes at different time scales

This section analyses the impacts of public OC supply on regional economic and ecological outcomes at
different time scales. Fig. 4 shows the regional development scale in the 5th and 50th years. It is evident that
the public OC supply has similar impacts on the development scale in the short term and long term: public
OCs with lower PLs, higher PSAs and longer PSDs can generate higher development scales. This
phenomenon occurs for two reasons. First, more development demands can be satisfied with a larger amount
of cheap public OCs. This is especially important in the short term because of the extrusion effect of cheap
public OCs on the private OC supply. Second, as illustrated before, in the POCS experiment with low PL,
the landowner readaptation process after public supply ceases can induce a significant increase in private
supply, which leads to a decrease in the transaction price. The increased cheap private OCs in the POCS

experiment with low PL play a significant role in generating a higher development scale in the long term.
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Fig. 4. Development scale in the 5th and 50th years (the red dashed line and the error range are plotted with the

median, lower and upper quantile of the development scale in the Baseline experiment).

Regional ecological outcomes were analyzed by examining the private restoration scale, the ecological
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cluster index, and changes in total ecological value. In the short term (5th year), scenarios with higher PL,
particularly when PL>1.0, can motivate more private restoration activities. This finding is consistent with
the former findings that price signals provided by public OCs can attract more private restoration in the early
stage of WOM. However, the extrusion effect of public OCs on private restoration is observed when PSA=2
increases to PSA=10 (Fig. 5a and Fig. 5b). This might be because an increase in public OC can change the
supply-demand ratio of OCs, and lower price signals were observed in scenarios with PSA=10 than in those
with PSA=2 (Fig. S1). This phenomenon aligns with our theoretical analysis and indicates that the public
OC supply amount can change the price signal and affect private restoration activity.

The effects of public OC supply on private restoration differ in the long term (Fig. 5c and Fig. 5d): private
restoration can be extruded with PL>0.8, especially as PL approaches 1.0 and PSD increases. A lower PL
and PS4 are more effective at increasing the scale of private restoration. This finding aligns with the findings
in the previous section that the price stabilizing effects of public OCs with higher PLs can alleviate the
herding of restoration. However, due to landowner agents’ readaptation process, scenarios with extremely
low PLs (<0.7) can cause intensive herding of private restoration after public OC supply ceases, leading to

a greater restoration scale in the long term.
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Fig. 5. Private restoration scale in the Sth and 50th years (the red dashed line and the error range are plotted with

the median, lower and upper quantile of the private restoration scale in the Baseline experiment).

The impact of PSD is not significant when PL>0.8. However, for PL<0.7, differences became evident in
private restorations with varying PSDs. Specifically, a public OC supply with PSD=10 leads to a higher
private restoration scale when PS4A=10, while a public OC supply with PSD=20 has better performance when

PSA=2. As shown in Fig. 3, PSD can affect the timing of landowners’ readaptation processes, subsequently
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altering the alignment between the minimum profitability target and the price signals generated during the
readaptation process, thus impacting private restoration activity.

Public OC supply has similar short- and long-term impacts on ecological clustering (Fig. 6): higher PL
performs better at promoting ecological clustering. A higher ecological clustering index in the short term
was caused by greater restoration scale (Fig. Sa and Fig. 5b) and a lower development scale (Fig. 4a and Fig.
4b). Nevertheless, the long-term impacts of public OC supply on ecological clustering differ from its long-
term impacts on the private restoration scale (Fig. 5c, Fig. 5d, Fig. 6¢ and Fig. 6d): in scenarios with lower
PL, the private restoration scale increases, while the ecological cluster index decreases. This phenomenon
may result from the significantly increased development scale under such cheap public OC supply schemes

(Fig. 4c and Fig. 4d), and active development activities cause the fragmentation of ecological parcels.
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Fig. 6. Ecological cluster index in the 5th and 50th years (the red dashed line and the error range are plotted with

the median, lower and upper quantile of the ecological cluster index in the Baseline experiment).

The initial total ecological value ranged from 9425.18 to 9529.00. Fig. 7 depicts the changes in ecological
value compared to the initial total ecological value. In the short term, the low private restoration scale caused
a decrease in the total ecological value (Fig. 5b and Fig. 7b). This is because the ecological value created by
public restoration activity is not considered. In the long term, despite having a greater development scale
than the private restoration scale (Fig.4 and Fig. 5), the total ecological value in the 50th year was
significantly greater than the initial total ecological value, indicating that WOM can simultaneously promote
wetland restoration and regional economic development. The reason for the development scale surpassing
the private restoration scale under the growth of total ecological value might be the exclusion of the public

restoration programme and the consideration of spatial agglomeration effects. Therefore, the OCs generated
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by restoring a parcel in an ecological agglomeration area can offset the impacts of developing more than one
parcel in a nonecological agglomeration area.

Furthermore, the impacts of public OC supply on total ecological value are similar to the impacts on the
private restoration scale (Fig. 7). However, affected by development activities, only the total ecological value
under conditions of PL<0.6 and PSA=2 as well as PL<0.6 and PS4A=10 exceeded that of the Baseline
experiment in the long term (Fig. 7c and Fig. 7d). The impact of ecological clustering on the total ecological
value was not significant. This may be because, in most scenarios, the ecological cluster index reaches 0.7
(indicating that, on average, 70% of the lands around the restored parcel are ecological parcels), which

already represents a high level of spatial clustering.
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Fig. 7. Ecological value changes at the 5th and 50th year compared to the initial ecological value (the red dashed
line and the error range are plotted with the median, lower and upper quantile of the ecological value change in

the Baseline experiment).

4. Discussion

4.1. Role of public OC supply in WOM formation and evolution

Combining the simulation results, this section discusses: (1) the spontaneous formation of wetland offset
markets (WOMs), (2) the role of public offset credit (OC) supply in WOM formation, (3) the impacts of
public OC on WOM evolution, and (4) the suitability of the public OC supply under different wetland
management preferences.

Our results showed that the spontaneous emergence of WOM requires price signals that are at least 1.3
times higher than the average cost per OC. It may take more than four years to form such high price signals.

In the absence of public OCs, it takes more than 20 years for price signals in WOM to become stable. These
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findings are based on our theoretical model, and the complexity of practical situations might cause WOM
formation to take even longer.

In the formation stage of the WOM, the price signal provided by public OCs can significantly reduce
price fluctuations, especially with lower pricing levels. Landowners’ perception of benefit uncertainty can
be long-term reduced by this price stabilizing effect, which contributes to WOM formation. Besides, during
WOM formation, public OCs can facilitate WOM emergence through the supply side with high pricing levels,
or from the demand side with low price levels. This indicates that apart from monitoring and regulating
(BenDor et al., 2011; Levrel et al., 2017; van Teeffelen et al., 2014), the price adjusting function of
governments as suppliers is also important for WOM establishment.

From the perspective of the entire WOM evolution process, shorter adaptation time is needed for
landowners under public OCs with prices close to or higher than the average cost per OC, leading to fewer
market fluctuations. When public OCs are priced below average cost per OC, the cessation of such public
supply can cause huge market fluctuations. This is because, cheap public OCs can severely extrude private
supply during the public supply period, and landowners need to readapt to the WOM after the cheap public
OC supply ceases, thereby generating enough price signals to motivate private restorers. During the
readaptation period, private supply will increase significantly due to the combination of high price signals
and reduced uncertainty perception of landowners.

In addition, higher public supply amounts generally exhibit a more significant price stabling effect and
greater severe extrusion on private supply. The extrusion of public OCs on private OCs is also observed in
WOM practices (Bennett et al., 2017; Salvesen et al., 2013). The duration of public OC supply mainly
changes the timing of landowners’ readaptation process under low public supply prices.

With respect to the impacts on wetland development-restoration outcomes under WOM evolution, public
OCs have similar economic impacts but exhibit different ecological impacts over time. For economic
outcomes, more active development activities occur under a cheap public OC supply with a larger supply
amount and longer supply duration, both in the short and long term. For ecological outcomes, in the short
term, public OCs with higher pricing levels, combined with reduced benefit uncertainty perceived by
landowner agents, can attract more private restoration and promote ecological clustering. In the long term,
public OCs with higher pricing levels can result in less private restoration compared to the Baseline, although
greater ecological clustering still appears under such a public supply. On the one hand, the price stabilizing
effect of such public supply will lead to lower price signals and less private restoration. On the other hand,

ecological fragmentation is greatly alleviated by less development activity under public OCs with higher
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prices. In contrast, affected by the readaptation process mentioned before, scenarios with lower public OC
prices can achieve a greater restoration scale in the long term, while severe ecological fragmentation occurs
due to active development activities.

The above findings indicate that governments may face different development-restoration challenges
over time. In the short term, major challenges might be tradeoffs between restoration scale and development
as well as tradeoffs between ecological clustering and development. In the long term, major challenges
change to tradeoffs between ecological clustering and restoration scale (Drechsler, 2023) as well as tradeoffs
between ecological clustering and development. This phenomenon might be the result of the ecological
equivalence required between development and restoration in WOMs

The complete recovery of wetlands can be a long-term process, and public OC supply schemes should
be designed according to long-term wetland management preferences. If the restoration scale is the main
focus of local wetland recovery, then public OC supplies with lower pricing levels and supply amounts might
be more suitable. Specifically, economic interests can also be guaranteed under such public supply schemes,
although this might occur at the expense of ecological clustering. However, if ecological clustering has
higher priority in local wetland or other ecosystem protection, then public OC supplies with higher pricing
levels might be more suitable, while this might sacrifice more economic interest.

4.2. Implications for WOM practices and ecological conservation

Our findings might contribute to WOM practices and wetland development-restoration conflict
alleviation in developing countries in the following aspects.

First, price fluctuations are generally considered harmful to markets (Wissel and W&zold, 2010), and
this is proven by the increased uncertainty perception of landowners and decreased private supply in the
WOM early stage in this study. However, price fluctuations might also have positive meanings because more
private restorers can be attracted by significantly increased price signals. This positive impact is caused
mainly by the time lag of price signals and restorers” herd behavior. However, this study only analyzes WOM
performance from the perspective of regional outcomes, while individual restorers might suffer great losses
due to their herd behavior (Klein, 2013) as the OC price can decrease sharply. Therefore, public wetland
restoration and OC supply schemes might face tradeoffs between pursuing higher public interest (i.e., a
greater restoration scale) and protecting individual benefits, and future studies can further explore the
impacts of WOM and public OC supply on individual welfare.

Second, our results reveal that landowners’ self-adaptation process is better at generating higher price

signals, while public OC supply plays a significant role in achieving long-term reductions in landowners’
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uncertainty perceptions. This implies that the main focus of public OC supply schemes might be on curtailing
restoration uncertainties via its price stabilizing effect. Furthermore, public OC supply should be
implemented as early as possible, because early curtailment of uncertainty can cause a long-term reduction
in the uncertainty perceived by landowner agents. This indicates the necessity of controlling risks at the
beginning of the WOM introduction process, and clear price signals might be the key in this aspect. This
approach might be especially important for new environmental market mechanisms such as WOMSs due to
the lack of price benchmarks from comparable products. Future studies can further analyze and compare the
risk control effects of other wetland policies that involve price signals (e.g., taxes, payments and public
procurement).

Third, the finding of changing development-restoration tradeoffs implies that long-term wetland
management goals and private sector reactions should be the keys to the pricing of public OCs rather than
the cost of public restoration programs. For simplification, the changing pricing of public OCs is not
simulated in this study; rather, this change can be analyzed in the future by designing a changing public OC
supply that is equipped for both short- and long-term interests.

Fourth, our analysis of WOM initiation and the role of public OC supply can also provide advice for
other environmental markets, especially for carbon markets. On the one hand, carbon markets and other
environmental markets are increasingly applied worldwide, and governments are also the main suppliers in
these markets due to the large scale of publicly funded environmental conservation projects. The agent-based
model developed in this study can be adapted to analyze the introduction of other environmental markets,
such as carbon markets, and our findings about the effects of public supply can also provide guidance for
public carbon sink programs and public carbon credit pricing. On the other hand, wetlands are important
carbon sinks. For simplification, the economic profits of restored wetlands that will not cause wetland losses
are not considered in this study. However, increasingly active carbon markets might be important sources of
income for restored wetlands, thereby changing the cost-benefit structure of wetland restoration programs.
Therefore, we call for future studies that focus on combinations of carbon markets and wetland offset markets.

Due to the research scope, this study might have the following limitations. First, this study primarily
focuses on governments’ role in WOM initiation and development, and the regional economic growth path
and ecological evolution are greatly simplified in the model. Second, other key mechanisms in WOM (such
as the advanced-releasing ratio and transaction ratio) are not discussed in this study. Therefore, to facilitate
the understanding of WOM and the design of more practical wetland policies, future studies can extend our

model with more complex real-world processes and detailed empirical data.
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5. Conclusions

Wetland offset markets (WOMs) are receiving increasing attention worldwide due to growing conflicts
between wetland development and restoration, and understanding how to facilitate the introduction of
WOMs is critical. Given the insufficient price signals faced by WOM development, this study focuses on
governments’ role as offset credit (OC) suppliers in delivering and adjusting price signals and analyses the
impacts of public OC supply on WOM formation and evolution over time. Specifically, a general spatial
agent-based wetland offset market model was built in this study to simulate WOM evolution and wetland
development-restoration dynamics under different public OC supply schemes.

The results show that spontaneous WOM formation can be more time-consuming. In the formation stage
of WOM, public OCs can reduce price fluctuations, leading to a long-term reduction in landowners’ benefit
uncertainty perception. In addition, WOM formation can be facilitated by public OCs either from the supply
side with high supply prices or from the demand side with low supply prices.

According to the entire WOM evolution process, public OCs with prices close to or higher than the
average cost per OC can reduce market fluctuations. However, due to landowners’ readaptation process,
public OCs with prices lower than the average cost per OC can cause significant market fluctuations after
the cheap public supply ends. In addition, changing development-restoration tradeoffs over time were found
in this study. Specifically, in the long term, governments might face tradeoffs between ecological clustering
and restoration scale and between ecological clustering and economic growth. Given the time-consuming
nature of complete wetland recovery, long-term wetland management goals should be specified before
implementing public OC supply schemes. In the long term, public OC supplies with lower pricing levels
perform better at achieving higher restoration scales and development scales, and public OC supplies with
higher pricing levels are superior at promoting ecological clustering.

The above findings can further the understanding of the process of introducing a new market mechanism
such as WOMs and the price adjusting role of governments as OC suppliers. Our results can also provide
guidance for the implementation of public restoration and OC supply schemes and for the coordination of
development and wetland conservation. The general model developed in this study can be extended with
detailed ecological and economic processes, which can be used to analyze other important key mechanisms

in WOM or explore the introduction process of other environmental markets.
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