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Executive Summary

As humanity charts a path into the urban 
century, our lives increasingly depend on 
the built environment. However, human 
wellbeing is also intimately connected to 

the natural world and the diverse benefits that nature 
provides to people. Understanding the linkages 
between urban nature and human wellbeing will foster 
the development of the sustainable, livable, equitable 
cities of the future.

Mapping, measuring, and modeling “ecosystem ser-
vices” (or the benefits that flow to people from nature) 
are useful ways to quantify just how much nature pro-
motes human wellbeing. This report details novel 
approaches to such modeling in urban environments 
through a case study of the Haizhu National Wetland 
Park in Guangzhou, Guangdong, China. It addresses:

	● The difficulties of spatial data processing in urban 
environments, where ecosystem services accrue at 
finer spatial scales than typically modeled;

	● Replicable methods for modeling five important 
urban ecosystem services--climate change mitiga-
tion (through carbon storage and sequestration), 
urban cooling, improvements in mental health, 
improvements in physical health, and access to 
recreation;

	● Linkages between each service and various health 
and economic indicators (e.g., climate change 
impacts, risk of heat death, workplace productivity, 
thermal energy use, avoided healthcare treatment 
costs);

	● The health and economic value of the Haizhu 
wetland when compared to a residential housing 
development in its place.

Urban Ecosystem Services
Urban green spaces provide myriad benefits to cit-
ies. They reduce the risk of flooding; attenuate water, 
noise, and air pollution; mitigate the urban heat island 
effect; furnish attractive spaces that promote physical 
and mental health; and provide many other intangi-
ble benefits to urban residents and visitors. However, 
many of these benefits are invisible to those who plan 
and develop urban spaces and remain poorly articu-
lated for actionable decision-making.  For example, 
predicting air temperature is relatively simple, yet 
translating urban heat islands into health impacts and 
economic terms is more difficult. This report provides 
a critical methodological bridge between the worlds 
of ecological modeling and economic reporting for 
urban planners.

Haizhu National Wetland Park
The Haizhu National Wetland Park (the Haizhu 
Wetland, for short) is an 11km2 green space in the 
heart of the Chinese megacity of Guangzhou, in the 
Province of Guangdong. The wetland supports local 
biodiversity and provides essential ecosystem services 
to the city’s 7.2 million residents. While the wetland is 
home to hundreds more insect and avian species than 
the surrounding city and received more than 60 mil-
lion visitors over the last decade, many of its additional 
benefits remain unquantified. Articulating a diverse 
suite of benefits provided to people by the wetland 
can help bolster arguments for its continued protec-
tion and inform ecological planning in the city.
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Urban Ecosystem Services and Human 
Value
Understanding the ecosystem services provided by 
the Haizhu Wetland enables city officials and urban 
planners to make ecologically-informed decisions 
about urban development in Guangzhou. Ecosystem 

services can be measured in different metrics. In some 
cases, “biophysical” metrics, such as degrees of cool-
ing, are useful. In others, monetary metrics resonate. 
In still others, different types of value metrics (like mor-
tality risk) are most germane. Here, we report ecosys-
tem service values in a range of metrics to maximize 
the utility of our results for urban planners (Table ES1).

Table ES1 // OVERVIEW OF MODELED ECOSYSTEM SERVICES, WAYS OF ASSESSING VALUE FOR 
EACH SERVICE, AND SUMMARY RESULTS SHOWING THE VALUE OF THE WETLAND COMPARED TO A 
RESIDENTIAL DEVELOPMENT OVER THE NEXT 30 YEARS.

Ecosystem 
Service Supply Metric Value Metric(s) Valuation Modeling Approach

Value of the Wetland 
(30 year horizon)

Urban 
cooling* Air Temperature

Productivity
Loss of workplace productivity 
as a result of temperature and 
humidity

Up to 16.1% in avoided 
productivity losses for 
nearby districts

Private cost of 
cooling

Cost of cooling (and heating) as 
a function of temperature $1.9 million USD

Mortality risk
Relative risk of mortality or 
morbidity as a function of 
temperature and region

Up to 1.27% in avoided 
mortality risks for nearby 
districts

Climate 
change 
mitigation*

Carbon Stored or 
Sequestered

Social cost of 
carbon

Net present value of change in 
damages from carbon emissions

$77.8 million USD 
(7.4 million tons of avoided 
emissions)

Recreation* Access (distance to 
parks) Willingness-to-pay Entry or use-fees; 

willingness-to-pay $67.8 million USD

Physical 
health

Access to urban 
nature (e.g., distance 
to parks, tree-lined 
streets, urban 
gardens, trails etc.)

Avoided cost of 
treatment

Change in costs associated with 
treatment to restore original 
physical health level

$4.2 million USD

Mental 
health

Access to urban 
nature (e.g., 
views of greenery, 
distance to parks, 
amount of trees in 
neighborhood)

Avoided cost of 
treatment

Change in costs associated with 
treatment to restore original 
mental health level

$70.1 million USD

This report relies on a combination of existing and pro-
totype InVEST models to map and model the value 
of services provided by the wetland. InVEST is a free 
and open-source software suite that has been used in 
over 185 countries globally; it leverages geospatial 
data inputs alongside known ecological processes to 
predict the provision of ecosystem services from land 
and seascapes. This is one of the first applications of 
the new urban suite of tools in this software.

The usefulness of any ecosystem service model 
depends on having a realistic alternative to which we 
can compare. To that end, we created a composite 

landscape image of a hypothetical residential devel-
opment and compared its ecosystem service value to 
that of the wetland, enabling us to quantify the mar-
ginal value of the wetland.

Climate Change Mitigation

Cities are critical sources of climate emissions, with a 
significant amount of global carbon emissions spent 
on manufacturing and constructing built infrastructure. 
We amended typical landscape carbon modeling in 
InVEST with a more lifecycle assessment approach that 
acknowledges embedded and annual emissions in city 



Assessment of Key Ecosystem Services Provided by the Haizhu National Wetland Park in Guangzhou, China 3

infrastructure, ensuring a more comprehensive carbon 
accounting. We linked changes in carbon stocks and 
emissions to global climate impacts and resulting eco-
nomic damages through the Social Cost of Carbon.

	● Replacing the wetland with residential develop-
ment would increase net carbon emissions by 7.4 
million metric tons and cause a minimum of $77.8 
million USD in climate-related damages over the 
next thirty years.

Urban Cooling 

Green spaces help cool air temperatures by provid-
ing shade and evaporative cooling (from plant evapo-
transpiration) amidst a landscape of heat-retaining 
pavement and concrete. We applied the InVEST Urban 
Cooling model to the region to assess the local urban 
heat island using local geographic and climate data-
sets. To make the model decision-relevant to urban 
planners, we converted changes in temperature into 
changes in the energy expenditures on building tem-
perature control, workplace productivity, and the mor-
tality risk of heat-induced death.

	● The wetland reduces local energy expenditures 
for cooling by $1.9 million USD, lowers mortality 
risk by up to 1.27% in the surrounding area, and 
prevents up to 16.1% of heat-related reductions 
in workplace productivity as compared to a resi-
dential development.

Mental Health

Exposure to nature, especially in cities, can promote 
mental health. We used a prototype InVEST model 
(adapted from mental health modeling techniques in 
the scientific literature) to determine the impact the 
wetland has on human wellbeing. We used methods 
from the World Health Organization to connect well-
being to reduced mental health expenditures.

	● Replacing the wetland with residential housing 
would cause an additional $70.1 million USD in 
mental health treatment costs.

Physical Health

Green spaces in cities bolster citizen’s physical health 
by providing inviting spaces in which to spend time. 
We used a prototype InVEST model and existing 
approaches to quantify how much additional physical 
activity the wetland encourages in the nearby popula-
tion and related that to the economic costs of physical 
inactivity in China.

	● The wetland currently prevents $4.2 million USD 
in economic damages from physical inactivity.

Recreational Access

Green space provides unique recreational opportuni-
ties that have demonstrable value to urban residents. 
We used a willingness-to-pay approach to valuing 
access to green space for recreation, relating the 
reported values residents place on green space access 
to rates of access with and without the wetland.

	● The wetland currently provides $67.8 million 
USD in recreational activities to local residents.

The Value of the Haizhu Wetland
We conservatively estimate that the marginal value 
provided to Guangzhou by the Haizhu Wetland via 
these five ecosystem services is at least $221.8 
million USD over the next 30 years, in addition to 
reduced mortality risk and increased workplace 
productivity in the surrounding landscape. Including 
additional ecosystem services that were beyond the 
scope of this analysis, such as water purification and 
flood mitigation, would likely add to this reported 
value as the ecosystem services displayed here are by 
no means a comprehensive accounting of the value of 
the Haizhu wetland.

Beyond the scope of our case study, this report 
demonstrates a globally generalizable approach to 
urban ecosystem service valuation. The approaches 
we developed will make it easier and more efficient to 
understand the services provided by urban nature and 
to use that understanding to inform urban planning 
decisions across China and throughout the world.
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Introduction

Green space can provide a broad range of 
benefits to people in cities, i.e. ecosys-
tem services—sometimes referred to as 
nature’s contributions to people. It can 

help reduce the risk of flooding; attenuate water, noise, 
and air pollution; mitigate the urban heat island effect; 
and provide attractive spaces that promote physical 
and mental health (Depietri and McPhearson, 2017; 
Haase et al., 2014; Keeler et al., 2019; van den Bosch 
and Ode Sang, 2017). However, green spaces in cities 
face development pressure from increased urbaniza-
tion in many areas around the world, including China. 
Because they offer space for building, it is important 
to more fully value the benefits green spaces provide 
to make more informed planning decisions about the 
costs and benefits development could have on people 
in urban areas. Information about how much, where, 
and for whom investments in natural infrastructure 
yield benefits can improve urban planning and deci-
sion-making and direct limited budgets to projects 
most likely to provide critical benefits to people (Cor-
tinovis and Geneletti, 2020; Hamel et al., 2021; Keeler 
et al., 2019; Lafortezza et al., 2018). Ultimately, under-
standing the link between urban nature and human 
wellbeing can guide the design and re-design of more 
sustainable, livable, equitable cities. 

Urbanization and pressure to develop green space is 
particularly relevant in China. Guangzhou, China—the 
focus of this case study—is part of one of the world’s 
largest metro areas: the Guangdong-Hong Kong-
Macao Greater Bay Area, with a population of 72 
million as of 2019. Within Guangzhou sits the Haizhu 
National Wetland Park (the Haizhu Wetland, for short), 
known locally as the “Green Heart” of the city, which 

at 11km2 remains the largest wetland in the downtown 
core of any Chinese megacity and provides many ser-
vices to residents (Fig. 1). It is highly accessible from 
the Central Business District and other densely popu-
lated areas, making it a key component of greenspace 
access for locals (Fig. 2); from 2012-2020, the wetland 
received over 60M visitors. the number of  bird spe-
cies has increased from from 72 to 180; fish species 
from 36 to 60; and insect species from 66 to 539. With 
development pressures increasing, what value would 
be lost if the wetland were urbanized?

Figure 1 // THE LOCATION OF THE HAIZHU 
WETLAND RELATIVE TO GUANGDONG PROVINCE.

According to the local planners in Guangzhou, the 
Haizhu Wetland would most likely be replaced by 
residential housing should it lose its protected status. 
To determine the value of the wetland, we can sim-
ply compare the ecosystem service values provided 
by the wetland to those provided by a residential 

CS(2016)1611



Assessment of Key Ecosystem Services Provided by the Haizhu National Wetland Park in Guangzhou, China6

development across the same area. This is known as 
a marginal value approach and is often used to quan-
tify the human values nature can provide (Ricketts and 
Lonsdorf 2013; Lonsdorf et al. 2021).

The flow of services and value that ecosystems pro-
vide to people is often called the ‘ecosystem service 
cascade’ (Haines-Young and Potschin-Young, 2010; 
Tallis et al., 2012). The cascade integrates two key 
components: a biophysical model that describes how 
a landscape or seascape supplies a specific ecosystem 
service and a valuation function that translates how the 
service contributes to human wellbeing. This integra-
tion allows decision-makers and stakeholders to eval-
uate how potential changes in land cover affect the 
amount of the service being provided. Urban devel-
opment in green spaces will be most detrimental in 
places that have: a) a high density of people using 
services combined with b) a supply of ecosystem 
services that are sensitive to changes in land cover. 

The fine-scale biophysical and socio-economic het-
erogeneity in urban landscapes makes mapping and 
assessing the equitable distribution of services under 
alternate scenarios a more challenging endeavor than 
in more expansive, “simpler” rural landscapes.

This case study addresses a specific example of devel-
opment risk on a wetland in a Chinese megacity. 
However, the data and tools that are the foundation 
of our analysis are globally available. As much as this 
report is an examination of the value of the Haizhu 
Wetland, it also stands as a recipe for conducting sim-
ilar work elsewhere in the world using free and open-
source data and technology. The value of urban nature 
should not be discounted by any city government or 
development agency, and these tools give scientists, 
policy advocates, and the general public an instru-
ment to better understand the contribution of urban 
nature to the wellbeing of city-dwellers.

Figure 2 // THE HAIZHU WETLAND AND NEARBY GUANGZHOU CENTRAL BUSINESS DISTRICT. 

Photo: Guangzhou Haizhu District Wetland Protection and Management Office
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Methods

We used the Integrated Valuation of 
Ecosystem Services and Tradeoffs 
(InVEST) software suite (Hamel et al., 
2021; Sharp et al., 2021) to implement 

the ecosystem service cascade for a number of urban 
services. This free and open-source software has been 
used in over 185 countries worldwide to map, mea-
sure, and value the benefits provided by nature to 
people. InVEST takes data on land use and land cover, 
alongside other climatological and biological data 
inputs, and applies ecological production functions to 
calculate the ways in which the landscape provides a 
specific ecosystem service. To assess the services pro-
vided by the Haizhu Wetland, we used a combination 

of existing and prototype InVEST models to quantify 
the value the wetland provides for five services (Table 
1): climate change mitigation (carbon storage and 
sequestration), urban cooling, improvements in health 
(via physical activity’s impact on both mental health 
and physical health), and recreational access. We then 
calculated the provision of these services in a future 
without the wetland to determine the marginal values 
of each service (Fig. 3). We selected these services 
because they capture a broad range of nature’s value 
to urban residents and because we could link changes 
in the biophysical nature of these services to discrete 
human values (e.g., monetary valuation, mortality 
rates, workplace productivity). 

InVEST

Urban

Models

Value

Functions

Residential 
Scenario

Haizhu

Wetland

Biophysical

outputs

Value of 
Wetland

Marginal

Value

Value of 
Residential

Figure 3 // CONCEPTUAL MODEL ILLUSTRATING HOW THE INVEST MODELING SUITE IS USED TO QUANTIFY 
THE VALUE THE HAIZHU WETLAND PROVIDES TO PEOPLE. 

The process involves modeling the ecosystem services provided by the Haizhu Wetland (solid lines) and 
comparing those values to those that would be provided if the wetland were converted to a residential 
development (dashed lines). 

Source: Assessment of key ecosystem services provided by the Haizhu National Wetland Park in Guangzhou, China (World Bank, 2022)
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Table 1 // MODELLED URBAN ECOSYSTEM SERVICES AND THEIR SUPPLY OF BENEFITS TO PEOPLE LIVING 
IN CITIES, ALONG WITH SELECTED METRICS WE USED TO VALUE THESE SERVICES AND METHODS FOR 
QUANTIFYING THOSE VALUES. 

Those with * are currently addressed in the InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) 
software suite (Hamel et al., 2021; Sharp et al., 2021), though not all models provide the full suite of valuation 
modeling approaches taken below.

Ecosystem Service Supply Metric Value Metric(s) Valuation Modeling Approach

Urban cooling* Air Temperature

Productivity Loss of workplace productivity as a 
result of temperature and humidity

Private cost of 
cooling

Cost of cooling (and heating) as a 
function of temperature

Mortality risk Relative risk of mortality or morbidity as 
a function of temperature and region

Climate change 
mitigation* Carbon Stored or Sequestered Social cost of 

carbon
Net present value of change in 
damages from carbon emissions

Recreation* Access (distance to parks) Willingness-to-pay Entry or use-fees; willingness-to-pay

Physical health
Access to urban nature (e.g., 
distance to parks, tree-lined streets, 
urban gardens, trails etc.)

Avoided cost of 
treatment

Change in costs associated with 
treatment to restore original physical 
health level

Mental health
Access to urban nature (e.g., views 
of greenery, distance to parks, 
amount of trees in neighborhood)

Avoided cost of 
treatment

Change in costs associated with 
treatment to restore original mental 
health level

Input data
In urban areas, all ecosystem services are influenced 
by the interaction of land cover and land use, while 
some services are also affected by soil and air prop-
erties. Land cover describes what the surface is, while 
land use provides information how that cover is being 
used and thus how it might be managed. For exam-
ple, turf grass is a common land cover type in urban 
areas. However, it is used differently and managed 
differently depending on its use as a residential lawn, 
recreation area, golf course, cemetery etc. A residen-
tial lawn is likely mowed more frequently and fertilized 
more heavily than grass cover in city parks. These dif-
ferences in land use within the same land cover type 
could affect biodiversity, nutrient runoff and retention, 
and carbon storage and sequestration. If one only used 
land cover, these differences would not be captured. 
Thus, it is critical that assessments of urban ecosystem 
services include both land cover and land use to accu-
rately capture the ways in which urban green spaces 
support biodiversity and generate ecosystem services. 
Unfortunately, single land use-land cover (LULC) data 
sets that can account for this degree of heterogeneity 

are often unavailable, requiring creation by combining 
information from two or more data sources (Lonsdorf 
et al., 2021). 

For Guangzhou, we generated a new LULC data-
set for the Haizhu Wetland by combining land cover 
from GlobeLand30 (Chen et al., 2017) with land use 
from OpenStreetMaps (OSM) (OpenStreetMap con-
tributors, 2021), overlaying a Normalized Difference 
Vegetation Index (NDVI) dataset for 2019, derived 
from Copernicus Sentinel-2 using Google Earth 
Engine, to further classify types of urban green space. 
We extracted six data layers from OSM for the study 
area that described land use, places of interest, places 
of worship, water features, buildings, and roads which 
we buffered to varying widths based on classification 
(e.g., primary road vs secondary road). Because OSM 
data are crowd-sourced and lack a standard classifica-
tion system, we simplified many categories to fit our 
analytical scope (Table 2). We then sequentially over-
laid each OSM dataset on top of the GlobeLand30 
land cover data in the following order: (1) land use, 
(2) places of interest and/or worship, (3) water fea-
tures, (4) buildings, and (5) roads. To account for the 
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presence of water features within parks, such as the 
Haizhu Wetland itself, we reclassified any overlapping 
water and park features as ‘Park (Waterbody)’. Finally, 
to identify urban green spaces unaccounted for at the 
scale of OSM and GlobeLand30, we overlaid NDVI 

data on all non-vegetative LULC classes—we classified 
areas exceeding 0.2 NDVI as ‘Urban Green Space’, 
with the exception of those in park features, which we 
labeled as ‘Park (Green Space)’. See Fig. 4A for the 
resulting map.

Table 2 // RECLASSIFICATION SCHEME TO SIMPLIFY OPENSTREETMAPS DATA FOR MODELING PURPOSES.

LULC 
Classification

OSM Source 
Layer OSM Classifications (fclass)

Agriculture Land Use allotments; farmland; farmyard

Forest Land Use forest; nature_reserve; orchard

Shrub/scrub Land Use scrub

Grassland Land Use grass; meadow

Water Water reservoir; river; riverbank; water

Wetland Water wetland

Park
Land Use park

Places of Interest park

Cemetery
Land Use cemetery

Places of Interest graveyard

Residential
Land Use residential

Places of Interest guesthouse

Commercial

Land Use commercial; retail

Places of Interest

bank; bookshop; cafe; car_dealership; cinema; clothes; comms_tower; community_
centre; computer_shop; convenience; department_store; doityourself; fast_food; 
florist; food_court; furniture_shop; hostel; hotel; mall; newsagent; observation_
tower; restaurant; shelter; sports_shop; supermarket; theatre; theme_park; toilet; 
tourist_info; tower

Cultural Places of Interest arts_centre; artwork; attraction; castle; fountain; memorial; monument; museum; 
ruins; sports_centre; stadium

Recreational

Land Use recreation_ground

Places of Interest camp_site; golf_course; pitch; playground; swimming_pool; track; viewpoint; zoo

Water dock

Institutional

Land Use heath; military

Places of Interest college; courthouse; doctors; fire_station; hospital; kindergarten; library; police; 
post_office; prison; public_building; school; town_hall; university

Places of Worship buddhist; christian; christian_catholic; muslim; muslim_sunni; taoist

Industrial
Land Use industrial

Places of Interest recycling; wastewater_plant; water_tower; water_works

Pavement Roads

2m buffer: bridleway; cycleway; footway; path; pedestrian; service; steps; track; 
track_grade1; unclassified; unknown
4m buffer: living_street; residential
5m buffer: motorway; motorway_link; primary; primary_link; secondary; secondary_
link; tertiary; tertiary_link; trunk; trunk_link

Building Buildings building

Extraction Land Use quarry
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Residential Scenario Development
To understand the value of the wetland using a mar-
ginal value approach, we needed a “without the wet-
land” scenario with which to compare the services 
provided by the wetland today. In consultation with 
the local planners in Guangzhou, we chose a dense 
residential scenario to represent the most likely con-
ceivable future without protection of the wetland.  We 
used the ‘wallpapering’ method (Lonsdorf et al., 2021) 
to create a residential scenario that reflects a pattern 
and configuration consistent with that of existing 

residential developments found in the study area. We 
identified and sampled the LULC pattern of a residen-
tial development near the wetland and replicated it 
until it covered the selected portion of the study area. 
The resulting residential scenario (Fig. 4B) forms the 
basis for our marginal value calculations for each of 
the ecosystem services we modeled. We repeated this 
process for NDVI using the same sample location as 
for LULC.

Figure 4 // LAND COVER AND LAND USE IN AND SURROUNDING THE HAIZHU WETLAND IN GUANGZHOU, 
CHINA: 

(A) current landscape patterns, (B) residential land use scenario (see the green box “Scenario Source” in (B) for 
the area sampled to generate the new scenario.

Park 
Park (Waterbody)
Park (Green Space)
Cultivated Land
Forest
Grassland
Shrubland
Wetland
Water
Artificial Surface
Residential
Commercial

Industrial
Institutional
Recreational
Cultural
Urban Green Space
Buildings
Cemetary
Bare Land
Extraction
Pavement
Scenario Source
Study Area

Current Landscape Residential Scenario

Ecosystem Service Models

Climate Change Mitigation (Carbon Storage, 
Sequestration, and Avoided Emissions):

Climate change mitigation is an important goal for 
communities and decision-makers in urban areas. Two 
key mitigation pathways are the reduction of emissions 
and the sequestering of carbon on the landscape, 
via natural lands and green infrastructure. Traditional 
methods of estimating landscape carbon storage and 
sequestration often focus on land cover and center on 
four pools of carbon: aboveground biomass, below-
ground biomass, soil carbon, and organic matter 
(Sharp et al., 2021). These pools have analogues in 
the built environment—soil carbon still persists under-
neath buildings and pavement (Edmondson et al., 
2012), urban green spaces have abundant vegetative 

carbon stocks above and belowground, and we can 
even account for organic matter stored in the built 
environment (e.g. building materials, furniture, books) 
(Churkina et al., 2010). However, carbon accounting 
in urban areas must be expanded to include human 
impacts on the carbon cycle: flux carbon, in the form 
of annual emissions from energy use and land man-
agement, and embedded emissions, the CO2 gen-
erated during the manufacture and construction of 
built infrastructure (Kuittinen et al., 2016). Embedded 
emissions are an acknowledgement of the carbon cost 
of development, as producing building materials and 
constructing the built environment generates carbon 
emissions that are unaccounted for in either landscape 
carbon or annual emissions. Increases in embedded 
emissions therefore represent increases in the land-
scape’s climate impact.
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Climate change mitigation supply: We reviewed 
the relevant literature linking our LULC classifications 
to landscape carbon stocks (Bae and Ryu, 2015; 
Chaparro and Terradas, 2010; Churkina et al., 2010; 
Davies et al., 2011; Edmondson et al., 2012; Escobedo 
et al., 2010; Golubiewski, 2006; Hutyra et al., 2011; 
Jo, 2002; Kaye et al., 2005; Kellett et al., 2013; Luo 
et al., 2014; McPherson et al., 2013; Nero et al., 
2017; Nowak, 1993; Nowak et al., 2013; Nowak and 
Crane, 2002; Pouyat et al., 2006; Raciti et al., 2012b, 
2012a; Strohbach and Haase, 2012; Tang et al., 2016; 
Vodyanitskii, 2015; Yoon et al., 2016; Ziter and Turner, 
2018), embedded emissions (Arıoğlu Akan et al., 
2017; Boyle and Lavkulich, 1997; Churkina et al., 2010; 
Kuittinen et al., 2016; Norman et al., 2006), and flux 
carbon (Fissore et al., 2011; Goldstein et al., 2020; 
Golubiewski, 2006; Kellett et al., 2013; Kuittinen et 
al., 2016; Norman et al., 2006; Tidåker et al., 2017) 
to distill a parameter table that reclassifies LULC into 
estimates of carbon pools and fluxes (Table 3). Using 
carbon storage and emissions estimates for equivalent 
LULC classifications from the literature, we performed 

a weighted average calculation to condense that liter-
ature into the individual values presented below. We 
then reclassified LULC into each carbon pool (Mg C/
ha), flux (Mg C/ha/year), and embedded emissions 
(Mg C/ha) under the wetland and residential scenarios 
(see Fig. 4).

Climate change mitigation value: We translated the 
carbon storage and sequestration results into mone-
tary value using the Social Cost of Carbon (Nordhaus, 
2017) as it is a standard valuation method; in cases 
where local government regulations (or carbon mar-
kets) mandate a price or cost to carbon, such a price 
would replace the Social Cost of Carbon. To provide a 
conservative estimate of value, we selected the aver-
age price of the Social Cost of Carbon (US$ 14 per 
metric ton in 2020, with a 5% discount rate) currently 
in use by the US government (Interagency Working 
Group on Social Cost of Greenhouse Gasses, 2021). 
For annual emissions, we used a net present value 
approach over a 30-year time horizon with a 5% dis-
count rate to make future emissions relevant to a pres-
ent-day decision.

Table 3 // CARBON STORED IN VARIOUS POOLS (MG C/HA) AND EMBEDDED IN BUILT INFRASTRUCTURE 
(MG C/HA), ALONGSIDE EXPECTED ANNUAL EMISSIONS (MG C/HA/YR), BY LULC DESIGNATION.

LULC 
Classification

Aboveground 
Carbon (Mg/

ha)
Belowground 

Carbon (Mg/ha)
Soil Carbon 

(Mg/ha)
Dead Carbon 

(Mg/ha)
Embedded 

Carbon (Mg/ha)
Flux Carbon 
(Mg/ha/yr)

Park 111.6 - 26.9 - 1254.8 52.0

Park, water - - - - - -

Park, green 49.0 1.9 97.9 2.6 - -

Cultivated 
Land

4.8 - 65.8 - - -

Forest 94.4 - 103.8 10.7 - -

Grassland 10.1 8.0 98.8 - - -

Shrubland 47.9 - 68.2 - - -

Wetland 33.5 - 716.9 - - -

Water Body - - - - - -

Tundra - - - - - -

Artificial 
Surfaces

- - 38.6 - 792.2 -

Residential 125.5 2.2 68.1 13.0 941.1 365.8

Commercial 48.1 1.4 58.6 0.5 752.9 25.1

Industrial 94.6 1.4 58.5 0.5 752.9 6.4
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LULC 
Classification

Aboveground 
Carbon (Mg/

ha)
Belowground 

Carbon (Mg/ha)
Soil Carbon 

(Mg/ha)
Dead Carbon 

(Mg/ha)
Embedded 

Carbon (Mg/ha)
Flux Carbon 
(Mg/ha/yr)

Institutional / 
Recreational / 
Cultural

97.6 1.4 54.1 0.5 752.9 31.2

Urban green 
space 52.3 2.7 90.3 1.3 - 0.4

Buildings 328.0 - 16.5 24.7 2972.1 783.2

Cemetery 52.3 2.7 90.3 1.3 - 0.4

Bare Land 6.8 - 25.5 - - -

Extraction 6.8 - 25.5 - - -

Pavement - - 38.6 - 792.2 -

Permanent 
snow and ice - - - - - -

Table 3 // CARBON STORED IN VARIOUS POOLS (MG C/HA) AND EMBEDDED IN BUILT INFRASTRUCTURE 
(MG C/HA), ALONGSIDE EXPECTED ANNUAL EMISSIONS (MG C/HA/YR), BY LULC DESIGNATION.

Climate change mitigation results: Replacing the 
wetland with dense residential development would 
sequester an additional 3.7 kMg (3.2 Mg/ha) of carbon 
in landscape pools, primarily from carbon stored in 
wood and other building materials (Fig. 5A,B). This is 
equivalent to $52,500 USD ($45 per hectare) in seques-
tration value. However, the residential development 
scenario generated significant embedded emissions 
from manufacturing concrete, steel, and other compo-
nents of the built environment, increasing embedded 
emissions by 763 kMg (659 Mg/ha) (Fig. 5C,D), at a 
societal cost of $10.7 million USD ($9,200 per hectare). 
Annual emissions similarly increased with transition to 

the residential scenario by 213 kMg CO2-e/yr (184 
Mg/ha/yr) (Fig. 5E,F) at a societal cost of $3.0 million 
USD per year ($2,600 per hectare per year). Using a 
net present value approach with a discount rate of 5% 
and a 30-year time frame, we found the residential 
scenario causes $67.2 million USD in damages from 
annual emissions. Combined, the residential scenario 
will cause a net total of 7.4 million metric tons (7,300 
kMg) of carbon emissions from landscape carbon stor-
age, embedded emissions, and annualized emissions, 
accounting for $77.8 million USD in climate-related 
damages.
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Figure 5 // CARBON SEQUESTERED IN LANDSCAPE STORAGE WITH (A) AND WITHOUT (B) THE WETLAND; 
CARBON ASSOCIATED WITH EMBEDDED EMISSIONS (CO2GENERATED FROM THE MANUFACTURE AND 
CONSTRUCTION OF BUILT INFRASTRUCTURE) WITH (C) AND WITHOUT (D) THE WETLAND; AND FLUX 
CARBON (ANNUAL CARBON EMISSIONS FROM ENERGY USE AND LAND MANAGEMENT) WITH (E) AND 
WITHOUT (F) THE WETLAND.

Current Landscape Residential Scenario
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Urban Cooling

The urban heat island (Deilami et al., 2018; Oke, 1973; 
Rizwan et al., 2008) arises in cities due to a combina-
tion of heat capture and radiation by the built environ-
ment. Buildings and pavement capture solar radiation 
as excess heat, releasing that stored heat slowly and, 
if arranged in a dense enough urban fabric, raise the 
city’s baseline ambient air temperature. This process 
can exacerbate extreme heat waves and increase the 
risk of mortality and morbidity among vulnerable pop-
ulations, a pattern likely to worsen under human-in-
duced climate change (Santamouris, 2020).

Urban cooling supply: We used the InVEST Urban 
Cooling model to calculate the effect of the residential 
land use scenario on the local urban heat island (Sharp 

et al., 2021). In addition to LULC maps, this model 
requires data for reference evaporation (Trabucco 
and Zomer, 2019), reference air temperature for each 
month (Kenji and Willmott, 2018), the maximum urban 
heat island magnitude (2.07 °C, from https://yceo.
users.earthengine.app/view/uhimap) (Chakraborty 
and Lee, 2019), the air temperature blending distance 
(600m) (Lonsdorf et al., 2021; Oke, 2006; Schatz and 
Kucharik, 2014), and the maximum distance from 
which large contiguous green areas (>2 ha) contribute 
additional cooling (100m, as per InVEST recommen-
dations). In addition, the model relies on a parame-
ter table linking each LULC category with five primary 
drivers of the urban heat island: shade, evapotrans-
piration potential, albedo, green area inclusion, and 
building intensity (Table 4).

Table 4 // INVEST URBAN COOLING MODEL PARAMETERS USED IN THIS STUDY, BY LULC DESIGNATION.

LULC Classification Shade (0 to 1) Kc Albedo Green Area Building Intensity

Park 0 0.10 0.15 0 0.25

Park, water 0 1.00 0.06 0 0

Park, green 0.5 0.97 0.17 1 0

Cultivated Land 0 0.72 0.16 0 0

Forest 1.0 1.00 0.14 1 0

Grassland 0 0.93 0.19 1 0

Shrubland 0 0.97 0.19 1 0

Wetland 0 1.10 0.14 1 0

Water Body 0 1.00 0.06 0 0

Tundra 0 0 0.80 0 0

Artificial Surfaces 0 0.10 0.20 0 0.75

Residential 0 0.10 0.20 0 0.75

Commercial 0 0.10 0.20 0 0.75

Industrial 0 0.10 0.20 0 0.75

Institutional 0 0.10 0.20 0 0.75

Recreational 0 0.10 0.20 0 0.75

Cultural 0 0.10 0.20 0 0.75

Urban green space 0.5 0.88 0.16 1 0

Buildings 0 0.10 0.23 0 1.00

Cemetery 0.2 0.86 0.18 1 0.05

Bare Land 0 0.61 0.23 0 0

Extraction 0 0.61 0.23 0 0

Pavement 0 0.10 0.12 0 0

Permanent snow 
and ice

0 0 0.80 0 0

https://yceo.users.earthengine.app/view/uhimap
https://yceo.users.earthengine.app/view/uhimap
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Shade: We treated shade as an index of expected tree 
cover, with forested LULC classes receiving a full value 
of 1. We assumed cemeteries, urban green space, and 
the green space within parks to be forested to some 
extent, and assigned them values of 0.2, 0.5, and 0.5 
accordingly. We assumed all other categories to have 
no tree cover and thus  assigned them a value of 0.

Crop Evapotranspiration (Kc): We based our Kc 
parameterization on work by Hamel et al. (2021), 
matching similar classes from the parameter tables 

therein with corresponding classes in our LULC data-
set (forest, grassland, shrubland, water, cultivated 
land, barren land). For the ‘building’ and ‘pavement’ 
LULC categories, we used the recommended value 
from the InVEST Users Guide (Sharp et al., 2021). For 
the remaining LULC categories, we used a series of 
assumptions regarding the composition of land covers 
within a land use type to create a weighted average 
parameter value that reflected how much pavement, 
building, tree, and grass cover comprise a given land 
use (Table 5).

Table 5 // LAND COVER ASSUMPTIONS USED IN PARAMETERIZING MORE COMPLEX LAND USE 
CATEGORIES.

LULC Classification Tree cover (%) Grass cover (%) Pavement (%) Buildings (%)

Park - - 75 25

Park, green 50 50 - -

Artificial Surfaces - - 25 75

Residential - - 25 75

Commercial - - 25 75

Industrial - - 25 75

Institutional - - 25 75

Recreational - - 25 75

Cultural - - 25 75

Urban green space 45 45 10 -

Cemetery 20 70 5 5

Albedo: Similar to Kc, we based our initial albedo 
parameterization on work by Hamel et al. (2021) by 
matching LULC categories. For the ‘building’ LULC 
category we reviewed existing literature and took 
the average value of a typical roof (Ban-Weiss et al., 
2015; Berardi and Graham, 2020; Li et al., 2014; Ma 
et al., 2017; Masson et al., 2014; Oleson et al., 2010; 
Razzaghmanesh et al., 2016; Santamouris, 2013; Silva 
et al., 2010; Susca et al., 2011; Yang et al., 2015); we 
used the albedo value from Santamouris (2013) for the 
‘pavement’ category. We used the weighted average 
method described above for Kc parameterization to 
assign values to the remaining LULC categories.

Green Area: We treated green area as a binary vari-
able, with all primarily vegetated LULC classes (includ-
ing ‘urban green space’ and ‘cemetery’) assigned a 
value of 1.

Building Intensity: We based this parameter on the 
assumed percentage of buildings per LULC (Table 5), 
with the ‘buildings’ category receiving the full value 
of 1.

Urban cooling value: We assessed the monetary value 
of the wetland using a marginal value approach, calcu-
lating the projected loss of workplace productivity and 
increased energy cost of cooling buildings in the sur-
rounding areas. We used the Wet Bulb Global Index to 
inform changes in workplace productivity (Kjellstrom 
et al., 2009), using an average relative humidity of 
71.1% (Ou et al., 2014). As data on workplace location 
and intensity of work (e.g., outdoor labor vs indoor 
office work) were unavailable for the study area, we 
assumed that commercial and institutional areas were 
‘light work’ and industrial areas were ‘heavy work’ as 
per the InVEST guidelines (Sharp et al., 2021).
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We translated the increased air temperature from the 
residential scenario into the increased energy con-
sumption necessary to cool residential and commercial 
buildings. Documented relationships between air tem-
perature, heating and cooling degree days (a  com-
mon method of assessing thermal energy needs in the 
built environment) and building energy use (Roxon et 
al., 2020) allowed us to convert InVEST-derived maps 
of air temperature into expected changes in energy 
load for heating and cooling buildings surrounding the 
wetland, which we then converted into monetary value 
using the typical costs of energy per building type 
in Guangzhou (He et al., 2013; Li, 2020) LI Yehong, 
HUANG Tao, JIANG Xiangyang, YANG Jiankun(2020). 
Calculation of Total Amount and Intensity of Building 
Energy Consumption in Guangzhou(11),116-123.

In addition to monetary value, we also estimate 
the avoided mortality provided by the wetland. 
Epidemiological literature reports that relative risk 
of heat-induced mortality increases above a ‘mini-
mum-mortality’ threshold temperature, which varies 
regionally due to the acclimatization of local popula-
tions but generally hovers around the 75th percentile 
of a region’s temperature range (Guo et al., 2014). This 
relationship between relative risk and temperature is 
non-linear and changes in risk are only presented at 
certain thresholds (i.e. 90th and 99th temperature per-
centiles). However, our results are presented as contin-
uous changes in temperature and, lacking an explicitly 
continuous relationship between temperature and risk, 
we assumed a linear relationship to convert tempera-
ture maps into risk maps.

Urban cooling results: Average air temperatures sur-
rounding the wetland vary between 30.7 and  31.5 
°C (Fig. 6A). Should the wetland be redeveloped into 
extensive residential housing, the surrounding 600m 
buffer would experience an average 0.25 °C increase in 
air temperature on a typical day, a figure that increases 

to more than 1 °C within the wetland area itself (Fig. 
6B). This represents the typical summer urban heat 
island effect—during an extreme heat wave, we can 
expect the loss of the wetland to further exacerbate 
temperature rise.

Converting the wetland into a residential develop-
ment caused increased loss of workplace productivity 
between May and October. For heavy work environ-
ments, the pre-existing summertime decline in pro-
ductivity extended to May and October (2.5% and 
16.1% losses in productivity, respectively). Light work 
environments see no change in productivity.

The increase in air temperature under the residential 
scenario increased cooling energy demand during 
the summer months but decreased demand for heat-
ing energy during the winter months. However, as 
Guangzhou sits in a generally tropical climate, the 
cooling demand outstrips heating demand over the 
course of a year: increased cooling demand raised 
annual energy consumption by buildings within 600m 
of the wetland by 1.5 million kWh at a cost of $167,600, 
while reduced heating demand lowered energy con-
sumption by 0.45 million kWh at a savings of $47,900. 
Using a net present value approach with a discount 
rate of 5% and a 30-year time frame, this represents 
$1.9 million USD in additional energy use.

For Guangzhou, the 75th, 90th, and 99th temperature 
percentiles are 28, 30.1, and 32°C, respectively; the 
relative risk of mortality at each of those thresholds are 
1, 1.08, and 1.18 (Guo et al., 2014). Linear interpola-
tion between these points allows us to convert tem-
perature to relative risk, which we use to compute the 
difference in relative risk of mortality between our two 
scenarios (Fig. 6C,D). The surrounding 600m buffer will 
experience between 1.23% and 1.27% increase in mor-
tality risk each month between June and September, 
a pattern likely to worsen during extreme heat events.
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Figure 6 // MODELED AIR TEMPERATURE IN AUGUST UNDER THE (A) CURRENT LANDSCAPE AND (B) 
RESIDENTIAL SCENARIO AND THE ASSOCIATED RELATIVE RISKS OF MORTALITY (C, D). 

Under the residential scenario, temperatures increased by an average of 0.25 °C within the 600m buffer 
surrounding the wetland (dotted line), corresponding with a 1.23% increase in mortality risk.

Current Landscape Residential Scenario

Recreation

We modeled urban green space supply and use as a 
proxy for recreation. The approach applied was similar 
to the approach presented in Liu et al. (2020), assess-
ing the availability of greenspace for inhabitants of 
Guangzhou. Liu et al. (2020) based their assessment 
on the percentage greenspace within a set distance 
from people’s homes. Greenspace availability per cap-
ita was calculated based on the amount of greenspace 
and population density. 

We extended the approach applied by Liu et al. (2020) 
to calculate both greenspace supply and demand 
by using the two-step floating catchment approach 
(2SFCA) (Liu et al., n.d.). The 2SFCA approach assesses 
supply from both the urban green space perspective 

and the perspective of inhabited pixels. The model 
enables calculations that visualize which areas have 
sufficient urban green space and which areas have 
deficits. 

Recreational supply: The 2SFCA method applies two 
steps to calculate green space supply (Liu et al., n.d.). 
In the first step, for each green space pixel j, the algo-
rithm computes the ratio between green space and 
population (Rj) by dividing the green space area in 
pixel j (Sj) by population (pk) within the search radius. 
The search radius is defined here as the distance a 
person is willing to travel from home for recreation. A 
decay function f(dkj) is applied to population values to 
correct for the decline in visitation over distance from 
residential areas. 
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  	 (Equation 1)

where Rj is the green space-population ratio of green 
space pixel j; Sj is the green space area in pixel j (m2); 
pk is the population in pixel k; dkj is the Euclidean 
distance between pixel k and d0 is the applied travel 
distance. f(dkj) is the decay function describing the 
decline of service against distance, in this case using a 
Gaussian function. 

In the second step, for each pixel in the study area, the 
algorithm sums up Rj values from green space pixels 
within the search radius. 

	 (Equation 2)

where Supi is the supplied green space per capita (m2/
cap) in pixel i, Rj is the green space-population ratio 
of a greenspace pixel j, dij is the Euclidean distance 
between pixel i and j, and d0 is the travel distance.

The demand for greenspace is determined by policy 
targets or local preferences in the model (Liu et al., 
n.d.). A balance between supply and demand is then 
calculated for each pixel to determine whether areas 
have sufficient green space available for recreation. 

To calculate recreational supply we used two data 
sources: an urban green space raster and a population 
raster. The urban green space raster is just a subset of 
the LULC map (Fig. 4), selecting all classes deemed 
urban green space: parks, forest, grassland, urban 
green space, and cultivated land (mainly orchards). For 
population, we used the population raster developed 
by Liu et al. (2020) for the central Guangzhou districts. 

The urban green space model also requires estimates 
of the demand for urban green spaces and the dis-
tance that local residents are likely to travel to access 
green space. We used  estimates for both of these 

parameters from Liu et al. (2020), who used local sur-
vey results to estimate a demand of 16.7 m2 of urban 
green space per person in central Guangzhou and a 
maximum travel distance of 2230m for recreational 
access. The model was run for both the current land-
scape and the residential scenario. 

Recreational value: A willingness-to-pay study by 
Jim and Chen (2006) found that Guangzhou residents 
valued urban green space at 17.14 RMB/month, or 
approximately 300 RMB per person per year in 2021. 
To calculate the marginal value of the Haizhu Wetland 
for recreation of local residents we allocated this value 
to every resident that would have a green space defi-
cit if the wetland was replaced by a residential area 
(i.e., the difference between the current situation and 
the scenario). In addition to a calculation of the current 
annual value, we applied a net present value (NPV) 
approach using a 30 year period and a discount rate 
of 5%. 

Recreation results: The mean urban green space bal-
ance per inhabitant decreased by 16 m2 in the res-
idential scenario compared to  the current situation, 
although the overall balance remained positive. In 
the current situation 145,700 residents have an urban 
green space deficit (23% of the local population). In 
the residential scenario 240,500 residents have an 
urban green space deficit (37% of the local popula-
tion). The areas with the most deficit are located to the 
west and in the central part of the Haizhu Wetland, in 
the most densely populated area (Fig. 7). The largest 
decrease in available urban green space per person 
occurs within the wetland boundary.  

In total, the Haizhu Wetland ensures that 95,000 local 
inhabitants have sufficient urban green space for rec-
reation. The coupled monetary value is US$ 4.4 mil-
lion annually, with an NPV of US$ 67.8 million over 30 
years. 
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Figure 7 // URBAN GREEN SPACE SUPPLY-DEMAND BALANCE FOR THE HAIZHU WETLAND AND 
SURROUNDINGS IN THE CURRENT SITUATION (A) AND THE RESIDENTIAL SCENARIO (B). RED INDICATES AN 
URBAN GREEN SPACE DEFICIT. 

Physical Health

Urban nature and green spaces affect people’s phys-
ical health in multiple ways. An important pathway 
is through the provision of space for physical activ-
ity, which leads to multiple positive health outcomes 
(Remme et al., 2021; Warburton, 2006). We adapted 
an approach from Vivid Economics (2017), where the 
value of greenspace for physical health is a function 
of the “catchment area” of greenspace for physical 
activity (the area from which a local green space draws 
visitors), the contribution of greenspace to physical 
activity provision, population, and the costs of phys-
ical inactivity. 

Physical activity supply: Liu et al. (2020) determined 
that the catchment area was 2230m from a park 
boundary for Guangzhou. To incorporate the effect of 
other parks just outside the Haizhu Wetland catchment 
on the population in the catchment, we doubled this 
buffer size in the calculations. We included parks of 
>2ha in size on the LULC map within this buffer in our 
calculations determining green space accessibility. Of 
course, other factors can contribute to people’s total 
physical activity so it is important to scale the potential 
contribution appropriately. Unfortunately, specific data 
on this contribution was lacking for Guangzhou (and 
even for China), so we applied a conservative estimate 
of the contribution from literature. We assumed that 
green space could contribute up to 11% of an indi-
vidual’s total physical activity, as found in Seattle, USA 
(Stewart et al., 2018); this rate is conservatively com-
parable to studies of physical activity across the globe 
(Schipperijn et al. 2017). We used the population 

dataset developed by Liu et al. (2020) to scale the 
benefit of activity by each person. 

We assumed that the contribution of greenspace to 
total physical activity declines with increasing dis-
tance from greenspace throughout the catchment. We 
assumed the contribution of greenspace to physical 
activity to be 11% over the first 300m, the shortest 
commonly used distance in many physical activity and 
greenspace studies (Labib et al., 2020), followed by a 
linear decay towards 0% at 2230m from a park, lead-
ing to the following relationship:  

PA_Contrib0-300 = 11

PA_Contrib300-2230 = 11 – 0.005699*D

PA_Contrib>2230 = 0

where PA_Contrib is the percent contribution of green-
space to physical activity and D is the distance from a 
park. 

Physical activity value: To estimate the avoided health 
care costs due to physical activity in greenspaces, we 
calculated the costs of physical inactivity, based on 
the valuation done by (Zhang and Chaaban, 2013) for 
China: US $44.2 billion in 2007. We extrapolated these 
costs to 2017 based on health expenditure figures for 
China (The World Bank, 2021) and corrected those to 
2020 US dollars: US $215.6 billion. With a population 
of 1.386 billion in 2017 this results in physical inactivity 
costs of US$23.58 per capita. We applied a net pres-
ent value approach with a 30-year time period and a 

(Equation 3)
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discount rate of 5% to calculate the difference in value 
between the current and residential scenarios. 

Physical activity results: If the Haizhu Wetland were 
developed into a residential area the average contri-
bution of greenspace to physical activity would drop 
from 9.3% to 7.0% in the 2230m buffer zone (Fig. 8). 
The Haizhu Wetland is of particular importance for the 
population living in and to the northwest of the wetland 
where there are few alternative sizable urban green 

spaces that could sufficiently support physical activity 
(Fig. 8). The Haizhu Wetland buffer zone is currently 
valued at $1.3 million/yr for avoided health expen-
ditures related to physical activity with a net present 
value of $20.7 million over 30 years. This would drop 
to $1.0 million/yr with a net present value of $16.5 mil-
lion over 30 years if the wetland were replaced by a 
residential area, conservatively leading to a net pres-
ent value loss of $4.2 million over 30 years. 

Current Landscape Residential Scenario

Greenspace contribution to PA (%)
	 High: 11

	 Low: 0

NPV for physical activity (USD/ha)

0 – 2.000

2.000 – 4.000

4.000 – 6.000

6.000 – 8.200

Haizhu wetland

Haizhu wetland buffer (2230m)

Figure 8 // THE PERCENT CONTRIBUTION OF GREENSPACE TO PHYSICAL ACTIVITY (PA) FOR (A) THE 
CURRENT LANDSCAPE AND (B) THE RESIDENTIAL SCENARIO, AND THE NET PRESENT VALUE (NPV) OF 
GREENSPACE FOR PHYSICAL ACTIVITY IN THE HAIZHU WETLAND AND SURROUNDINGS FOR (C) THE 
CURRENT SITUATION AND (D) THE RESIDENTIAL SCENARIO. 

In the 2230m buffer zone, the net present value loss is US $4.2 million under the residential scenario compared 
to the current situation.
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Mental Health

Mental health has been linked to access to green 
space in urban areas (Bratman et al., 2019; Gascon 
et al., 2015; Houlden et al., 2018). Here we use a 
dose-response relationship where mental health 
outcomes and changes in expenditures on those 
outcomes at the population level are derived as a 
function of natural area within a given distance from 
urban populations. 

Mental health supply: We linked the WHO-5 index 
value, a commonly used survey-based index measur-
ing psychological wellbeing (Topp et al., 2015) to nat-
ural areas in Guangzhou based on Liu et al. (2019). 
Liu et al. (2019) used multiple regression methods 
to relate WHO-5 scores in Guangzhou to a variety of 
neighborhood characteristics, including demographic 
variables and importantly an indicator of green 
space—the mean Normalized Difference Vegetation 
Index (NDVI) within a 1km buffer around the neigh-
borhood. The mean observed WHO-5 score (out of 
25) was 12.081 in Guangzhou, and the WHO-5 goes 
up by one point for every 0.136 increase in mean 
neighborhood NDVI (baseline 0.097), all else being 
equal, i.e. 

W  = 12.081+((NDVI-0.097)/0.136) (Equation 4)

Unfortunately, we did not have the required data to 
apply this as a functional value transfer approach, 
where we adjust neighborhood estimates based on 
variation in other covariates besides NDVI, so we use 
this unit value approach. While unit value transfer 
approaches generally perform poorly compared to 
function transfer (Kaul et al., 2013), in this case the 
value estimates were derived in the Guangzhou case 
study area and are more likely to be representative 
of the population than if they were transferred from 
elsewhere. 

Mental health value: We linked changes in popula-
tion-level expenditures on mental health in the Haizhu 
Wetland area in Guangzhou to natural areas using the 
following equation adapted from Vivid Economics 
(2017):

Change in expendituresi =  
Popi*Expi*((-1)*(Wi 

R-Wi 
C)/Wi

C)
(Equation 5)

Where:

Popi 	= 	 Population in raster cell (“neighborhood”) i

Expi 	= 	 Per capita mental health expenditures in 
neighborhood i

Wi 
j = Score (index value) on the World Health 

Organization five question wellbeing survey 
in neighborhood i for scenario j, where j ∈ 
{Current, Residential}. WHO-5 scores range 
from 0 to 25, with larger values indicating 
greater quality of life. The (-1) establishes an 
inverse relationship between expenditures 
and WHO-5 score.

The linkage between change in WHO-5 survey score 
and change in per capita mental health expenditures 
is assumed to be 1:1. The actual relationship is likely to 
be more nuanced than this ratio suggests (Buckley et 
al., 2019), though there is insufficient data to parame-
terize it in Guangzhou.

We treated per-capita neighborhood expenditures on 
mental health as constant across neighborhoods. We 
derived this value from Xu et al (2016), who estimated 
an annual burden in China (total social expense) of 
$88.1 billion (2013) for those that elect for treatment, 
and $484.1 billion if all who suffered mental health 
issues were treated. This latter figure is more appro-
priate as a social welfare metric. The population of 
China was 1.357 billion in 2013, so this comes out to 
$356.74 per person per year, or $389.54 in U.S. 2020 
dollars.

We calculated the expected change in expenditures 
for a given neighborhood between scenarios Current 
and Residential by substituting equation (5) into 
equation (4) for WHO-5 values calculated at {Current, 
Residential}. Total change in expenditures is equal to 
the sum of the change in neighborhood expenditures, 
for neighborhoods within 1km of Haizhu Wetland. 
Neighborhoods for this analysis are defined as popu-
lation cells (30m2) from the population dataset devel-
oped by Liu et al. (2020).
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We reflected the difference between the Current and 
Residential scenarios through a change in NDVI within 
the Haizhu Wetland boundaries, holding all else equal. 
We extracted the mean NDVI within a 1km buffer 
for all neighborhoods from the baseline NDVI map, 
derived from Copernicus Sentinel 2/Google Earth 
Engine at 10m resolution. For the Current scenario, 
we calculated a neighborhood’s mean NDVI and then 
used a NDVI “wallpapering” approach consistent with 
the land cover wallpapering (Fig. 4) to calculate the 
NDVI for the Residential scenario. The analysis does 
not account for the wellbeing of any new residents that 
accompany a developed Haizhu Wetland.

Mental health results: Residential development leads 
to decreases in the value of the Haizhu Wetland 
for mental health (Fig. 9). Aggregate population in 
affected neighborhoods inside or within 1km of the 
Haizhu Wetland equals 310,725 people. Mean NDVI 
across neighborhoods in the Current scenario is 0.22; 
in the Residential scenario it is 0.14. This loss in natu-
ral areas leads to an annual increase in mental health 
expenditures of $4.56 million, with a net present value 
of $70.1 million over 30 years at a 5% discount rate.

Figure 9 // ANNUAL CHANGE IN VALUE TO NEIGHBORHOODS FROM SCENARIO CHANGE, BASED ON 
MENTAL HEALTH TREATMENT EXPENDITURES.
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Overall results and discussion

We estimate that the marginal value pro-
vided to Guangzhou from the Haizhu 
Wetland from five ecosystem services is 
at least $221.8 million USD over the next 

30 years (Table 6), in addition to reduced mortality risk 
and increased workplace productivity in the surround-
ing landscape. This is by no means an assessment 
of total economic value—there are many additional 
ecosystem services and market benefits that remain 
unarticulated in this analysis. Rather, this is a conser-
vative estimate with some key sources of uncertainty 
as to how much higher the total value could be. First, 
past work has shown that mental health, recreation, 
and physical health are all interrelated and thus there 
may be some overlap or double counting between 
their respective valuations, potentially reducing the 
wetland’s composite value. For instance, additional 
work is needed to understand how much of a person’s 
willingness-to-pay for recreation is based on avoided 
healthcare expenditures from increased physical and 
mental health. Second, there are additional ecosystem 
services provided by the wetland that were beyond the 
scope of this analysis. For example, wetlands are gen-

erally known to provide water purification services by 
capturing runoff and to mitigate flood risk by storing 
water (Maltby and Acreman, 2011; Keeler et al. 2019). 
While their nutrient purification impact is more limited 
in urban areas with developed wastewater treatment 
networks (Griffin et al. 2020), the value of flood pre-
vention is likely quite high due to the proximity of 
dense, high-value residential development (Brody et 
al. 2017). Wetlands also support biodiversity by pro-
viding habitat for local flora and fauna, which provide 
non-market value.      

Critically, our analysis does not analyze the economic 
opportunity cost of the wetland. While the real estate 
value of the wetland is likely more than the $221.8 mil-
lion USD ecosystem service marginal value, the loss of 
the wetland would likely reduce the value of adjacent 
real estate (Du and Huang 2018). Articulating these 
conflicting values would require an intensive hedonic 
analysis and highlights the need for holistic assess-
ments of land value: the private price of land does not 
necessarily endogenize that land’s effect on its sur-
roundings (either in ecological or in economic terms).
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Table 6 // THE MARGINAL VALUE OF FIVE ECOSYSTEM SERVICES GENERATED BY THE HAIZHU WETLAND 
WHEN COMPARED TO A RESIDENTIAL DEVELOPMENT SCENARIO. 

All monetary metrics reflect their net present value in $USD millions over the next 30 years, using a 5% 
discount rate. Note that the value metrics and ecosystem services presented are not exhaustive, and thus this is 
an underestimate of the marginal value of the wetland.

Ecosystem 
Service Value Metric(s)

Current 
Landscape

Residential 
Scenario

Marginal value of the Haizhu 
Wetland 

Subtotal Total

Urban cooling

Private cost of cooling $90.9 $93.5 $2.6

$1.9

Private cost of heating $9.3 $8.5 -$0.7

Productivity
2.5% to 16.1% increased workplace 
productivity within 600m (May and 

October)

Mortality risk
1.23% to 1.27% decreased risk of 

monthly mortality within 600m (June 
through September)

Climate change 
mitigation

Sequestered Carbon 
(SCC) $2.16 $2.21 -$0.05

$77.8Embedded Emissions 
(SCC) $2.9 $13.6 $10.7

Annual Emissions 
(SCC) $1.9 $69.0 $67.2

Recreation Willingness-to-pay $365.0 $288.2 $67.8

Physical health Health Expenditures $212.5 $216.7 $4.2

Mental health Health Expenditures $1,634 $1,704 $70.1

Limitations
It is critical to acknowledge the limitations and poten-
tial sources of uncertainty made in our assessment. 
These limitations arise from each step in the ecosys-
tem service cascade and potentially for each service 
modeled. Here, we lay out the potential limitations in 
estimating supply, valuing the services, and challenges 
related to fine-scale heterogeneity.   

Estimating supply: The supply assessments used in 
this study are done using process-based models rather 
than empirically-driven statistical models. Empirical 
statistical models built from city-specific data may 
provide more robust results if a city has high quality 
data, but are not transferable from region to region. 
Process-based models are a useful tool for generating 

ecosystem service estimates when data are sparse, but 
we acknowledge that empirical models can provide 
better predictions—although they often require signif-
icant quantities of data. For example, the recreation 
and physical activity models are based on a supply-de-
mand calculation, and are not based on empirical data 
of visitor numbers to parks in Guangzhou. Future 
assessments could use observed data to improve con-
fidence in the models. We also wish to acknowledge 
that including explicit geospatial data on tree canopy 
cover in future studies could improve these models; 
data on this are now available globally (Potapov et al. 
2021) at 30m resolution and would improve estimates 
of green space in urban areas.

Valuation: To estimate the value provided by each 
service, the research team had to identify the best 
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available source of data to use in calculations of 
value, with data desirability increasing with decreasing 
distance to Guangzhou in space and time. In a per-
fect world, a valuation study would have been done 
recently in Guangzhou for each of the examined ser-
vices; those values could then be used to parametrize 
each model. This was obviously not the case. The car-
bon sequestration model relies on global literature 
for estimates of carbon storage and emissions.  For 
recreation, Guangzhou is a rapidly urbanizing city, 
so the willingness-to-pay results from Jim and Chen 
(2006) may not reflect the current situation. For our 
assessment of physical activity, the monetary valuation 
approach was based on national scale health data, and 
local deviations from national averages could not be 
incorporated, and given the highly urban context, a 
deviation from the national average is likely.   

Heterogeneity in supply and value: While this case 
study articulates the overall ecosystem service supply 
and value provided by the Haizhu Wetland, it does not 
explicitly identify how the value of those services may 
vary depending on the location or socio-economic 
status of the beneficiary. Socio-economic status can 
intersect with ecosystem services to ameliorate—or 
exacerbate—existing vulnerabilities (Keeler et al., 
2019). For instance, the urban cooling benefit of the 
Haizhu Wetland will be of greatest benefit to house-
holds lacking air conditioning or individuals at greater 
risk of complications due to excessive heat exposure. 
Also, in our recreation assessment, all urban green 
space was assumed to be relevant for recreation, 
actual accessibility and suitability of these sites for rec-
reation was not considered in this model. 

Advances and applicability to 
additional cities
Beyond the specific results of this case study, we 
find the methodological advances set forth here to 
be compelling for urban ecosystem research more 
broadly. Harmonizing typical landscape carbon stock 
modeling with a more lifecycle assessment approach 
that acknowledges embedded and annual emissions 

helps better identify tradeoffs between built infra-
structure and green space in terms of climate change. 
Linking changes in air temperature to myriad forms of 
value (energy costs from additional cooling, lost work-
place productivity, increased mortality risk) provides 
decision-makers a more nuanced understanding of the 
externalities of the built environment. Furthermore, 
this work improves upon the current InVEST Urban 
Cooling model by performing the analysis at an annual 
scale—the urban heat island may negatively impact 
wellbeing during summer months while reducing heat-
ing costs during winter months. We also present novel 
approaches to modeling recreation, physical activity, 
and mental health, which are critically important to the 
lives of city residents.

In addition to these methodological improvements, 
we made further advances in applying these models 
that will make valuing ecosystem services in addi-
tional cities—in China and elsewhere—easier in the 
future. While we evaluated the value of one wetland 
in Guangzhou in this case, the process we used to 
quantify its value can be applied to any natural area 
in other cities for three reasons: (1) we developed a 
novel land use data set using globally available data, 
a process which can be replicated in additional cities; 
(2) we used the wallpaper approach to develop sce-
narios, an approach that is also generalizable to any 
other city; and (3) we parameterized ecosystem service 
models and valuation techniques from models that are 
either in the InVEST software (or soon will be) that can 
be applied to any city. Together, this means that exist-
ing infrastructure and workflows enable the evaluation 
of urban planning decisions in China and across the 
world. 

As the case of the Haizhu Wetland illustrates, analyzing 
the supply and consequent value of urban ecosystem 
services allows decision-makers to more fully under-
stand the externalities of development decisions. As 
cities continue to grow into megacities and beyond, 
a more complete understanding of urban ecosystem 
services and their connections to the wellbeing of 
urban residents can lead to decisions with better out-
comes for both people and nature. 

https://www.zotero.org/google-docs/?broken=YddHeu
https://www.zotero.org/google-docs/?broken=YddHeu
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