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Abstract

Transitional peri-urban contexts are frontiers for sustainable development where land-use change involves negotiation and
contestation between diverse interest groups. Multiple, complex trade-offs between outcomes emerge which have both
negative and positive impacts on progress towards achieving Sustainable Development Goals (SDGs). These trade-offs
are often overlooked in policy and planning processes which depend on top-down expert perspectives and rely on course
grain aggregate data which does not reflect complex peri-urban dynamics or the rapid pace of change. Tools are required
to address this gap, integrate data from diverse perspectives and inform more inclusive planning processes. In this paper,
we draw on a reinterpretation of empirical data concerned with land-use change and multiple dimensions of food security
from the city of Wuhan in China to illustrate some of the complex trade-offs between SDG goals that tend to be overlooked
with current planning approaches. We then describe the development of an interactive web-based tool that implements deep
learning methods for fine-grained land-use classification of high-resolution remote sensing imagery and integrates this with
a flexible method for rapid trade-off analysis of land-use change scenarios. The development and potential use of the tool
are illustrated using data from the Wuhan case study example. This tool has the potential to support participatory planning
processes by providing a platform for multiple stakeholders to explore the implications of planning decisions and land-use
policies. Used alongside other planning, engagement and ecosystem service mapping tools it can help to reveal invisible
trade-offs and foreground the perspectives of diverse stakeholders. This is vital for building approaches which recognise
how trade-offs between the achievement of SDGs can be influenced by development interventions.
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Introduction

In the course of implementing strategies to achieve the
United Nations’ SDGs, it will become increasingly impor-
tant to find ways to maximise the synergies and negotiate dif-
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of agricultural land and degradation of ecosystem services'

as cities expand (Parnell 2016; Seto et al. 2017). Peri-urban
transition zones are key ‘frontiers of sustainability’ (Mar-
shall 2016) with contestation and negotiation concerning
land-use change, and service provision and associated gov-
ernance arrangements, which will have major and long-term
implications for environmental integrity and the health and
livelihoods of residents across the rural-urban continuum
(Marshall et al. 2016). The impact of peri-urban land-use
change on agricultural production is an obvious example in
which a direct trade-off exists between maintaining the sup-
ply of locally produced food and the economic and social
benefits of urbanisation. This trade-off is particularly impor-
tant in contexts where a large proportion of fresh produce
for urban markets is grown in peri-urban areas, such as is
the case in many Indian (Marshall and Randhawa 2017) and
Chinese (Gu 2009; Simon 2008; Wu et al. 2014) cities.

However, the trade-offs involved are more complex
than simply between economic growth and aggregate food
supplies (which could be argued are replaceable through
imports). A food system perspective on food security (Erick-
sen 2008a, b; Misselhorn et al. 2012) reveals the impor-
tance not only of the quantity of food produced but also of
its distribution, accessibility, quality and safety, all factors
that are influenced by land-use planning decisions, and the
proximity of agricultural land to other land uses. A broader
perspective on food security also encompasses attention to
the livelihoods of people dependent on the production and
marketing of food, in addition to consideration of the eco-
logical impacts and benefits of food production and process-
ing practices, and to the potential for more sustainable use of
natural resources (for example, recycling of water, enhanc-
ing soil fertility without external inputs). This demonstrates
important interactions between multiple SDGs including
food supply and safety for different groups (SDG 2—Zero
hunger), livelihoods of different groups of farmers (SDG 8§—
Decent work and economic growth), environmental health
(SDG 3—Good health and well-being) and ecological integ-
rity (SDG 15—Life on land).

The complex dynamics of the peri-urban context pre-
sent additional challenges to understanding and governing
trade-offs. The peri-urban interface is often characterised by:
rapid land-use change across a highly heterogeneous land-
scape shaped by diverse interests and flows of people and
resources; the juxtaposition of rural and urban land-uses; a
high degree of informality and overlapping and ambiguous
institutional arrangements (Marshall et al. 2009). These are
contexts of previously unchartered development trajectories,

! We adopt a broad definition of ecosystem services as nature’s con-
tributions to people (see Diaz et al. 2015; MEA 2005; Pascual and
Howe 2018).
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full of uncertainty and surprise as new, unexpected or poorly
recognised interactions across socio-technical ecological
systems arise, resulting in not only new trade-offs, but also
opportunities for synergy building (Marshall and Dolley
2019). Thus, established models of expected SDG inter-
actions may not apply. However, current formal decision-
making is often not informed by understanding of current
actual peri-urban land-use practices, or information on the
trade-offs and synergies that evolve as one land use practice
is juxtaposed with another in fragmented peri-urban spaces.

This raises the question of how urban land-use planning
decisions can be better informed to reduce trade-offs and
build synergies between SDGs. How can urban planning
decisions be supported to take account of the environmen-
tal, poverty and food security implications (including live-
lihoods, food safety, etc.) of peri-urban planning decisions
alongside goals of GDP growth, infrastructure improve-
ment and employment generation? What sort of mapping
tools and data would be required to support a broader and
more joined-up approach to city-region ecosystem-based
planning?

In this paper, we draw on a case study of peri-urban devel-
opment in Wuhan to explore the complex SDG trade-offs
involved in land-use planning in peri-urban China. We then
describe the development of a web-application to provide
a novel user-friendly method for mapping land-use change
in peri-urban contexts, analysing SDG trade-offs associated
with different scenarios of land-use change and supporting
participatory processes for further analysis of possibilities
to build synergies across efforts to achieve SDGs in land-use
strategies, and in support of urban planning. Finally, we dis-
cuss the ways in which this method can help to make these
trade-offs more visible in the planning process.

Case study description

Wuhan, situated on the Yangtze river, is the capital of Hubei
province and the largest megacity in central China. It had a
population of 10.7 million by 2016 and covers an area of
8569 sq. km (WH 2017). It has 13 districts including six
densely urbanised central districts, one largely urbanised dis-
trict and six outer districts containing smaller urban centres
and large areas of agricultural lands, villages, state farms,
forested areas and lakes.

Despite rapid and large scale urbanisation over the past
decades, the municipality of Wuhan has retained a substan-
tial proportion of cultivated areas (WH 2017). While grain
production in Wuhan has declined over the past decade, veg-
etable production has rapidly increased even as the total area
of cultivated land has steadily declined (WH 2017; 2010).
This indicates ongoing intense competition for land-use in
Wuhan’s peri-urban areas and increasing intensification of
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remaining agricultural production. It is in this context that
the impact of peri-urban land-use planning decisions on
trade-offs between SDGs need to be understood.

For this case study, we have reinterpreted data from
ESRC-funded PhD fieldwork concerning peri-urban food
systems in Wuhan which was conducted between 2011 and
2012 (Dolley 2017). These data have been added to and
analysed to explore methods for understanding trade-offs
between SDGs in urbanising contexts.” “Box 1: Fieldwork
data”, summarises the original findings that are relevant to
the present discussion and the following sections describe
the different perspectives on SDG trade-offs revealed by the
re-analysis.

Box 1: Fieldwork data

One of the aims of the original PhD research (Dolley
2017) was to understand the significance of peri-urban
vegetable production for Wuhan’s urban food security
and analyse the impacts of urbanisation on the chang-
ing peri-urban food system. The research was designed
to explore the outcomes of the peri-urban food system
for food security (including affordability of vegetables
and issues of food safety), the livelihoods of different
groups and elements of environmental integrity.

Methods

Semi-structured interviews were conducted with 60 peri-
urban farmers in 20 locations around the city and with 11
business people engaged in farming and vegetable dis-
tribution, several government officials and academics.
As data on the spatial distribution of different types of
agriculture was unavailable from formal sources, visual
analysis of high-resolution Google Earth aerial imagery
from multiple points in time between 1999 and 2013 was
conducted to map the changing distribution of different
types of agriculture and the process of urban development
in Dongxihu district, one of Wuhan’s outer districts.

Summary of findings

It was found that intensive cultivation of leafy greens
and fruiting vegetables in peri-urban areas was critical
to ensuring the supply of affordable vegetables through
urban markets while also providing livelihoods for mar-
ginalised farming households who had migrated (usu-
ally as a household unit—parents with children and

sometimes grandparents together) from poor rural areas
to escape poverty. On the other hand, root vegetables and
grains were sold mainly through provincial or national
markets and were less critical to local food security.

Visual analysis of high-resolution aerial imagery of
Wuhan’s peri-urban vegetable production areas suggested
that a large proportion of intensive vegetable farmers
were migrant households. This observation was made
based on the presence of small houses on the corners of
cultivated fields which are absent from vegetable fields
cultivated by local farmers who live in formal housing
in villages. Interview data showed that these migrants
informally rented lands from local farmers or state farms
close to urban areas; they typically supplied perishable
vegetables through local wholesale markets (for sale to
Wuhan’s urban population); and vegetable farming was
usually their sole livelihood.

These intensive vegetable farming areas tended to be
located as near as possible to urban areas for two main
reasons. First, to reduce transportation costs for farmers
taking produce to local wholesale markets. Second, when
local farmers become more involved in urban employment
and when rural lands are designated for future redevel-
opment in master plans, local famers lose any incentive
to continue cultivating their land while they anticipate
a compensation payoff in the near future. Instead, it
becomes more convenient to rent lands to migrant farmers.

One of the implications of this is that intensive veg-
etable cultivation is often located near to industrial areas
on the periphery of the city (such as the Qingshan site
in Wuhan where intensive vegetable production is sur-
rounded by steel and oil industries, factories and a power
station) which present potential contamination risks to
food production (Agrawal et al. 2003; Hu et al. 2014; Si
and Scott 2016; Singh et al. 2010; Zhang et al. 2015).

Further, the relatively short time-scale available for
cultivation and the anticipation of the imminent redevel-
opment of agricultural lands means that vegetable farm-
ers lack any incentive to adopt farming practices with low
environmental impact. On the contrary, it is in farmers’
interests to apply as much chemical fertilizer and pes-
ticides as they can afford to boost yields and increase
incomes in the short term.

For migrant farmers, due to their informal status (hold-

ing non-local rural hukous®), when the land they cultivate

2 Funded by the Sussex Sustainability Research Programme (URL:

https://www.sussex.ac.uk/ssrp/).

3 China’s system of household registration (the hukou) divides the
population into rural and urban classes and ties access to public
services and employment rights to a persons’ location of residence
(Young 2013). Relocating from a rural village to the outskirts of a
megacity involves becoming an informal migrant without formal
rights to residence or urban services.
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is finally occupied for urban development, they lose their
fields, livelihoods and homes and rarely receive compen-
sation. Their only option at this point is to find alternative
locations further from the city to begin vegetable farming
over again. Many of the farmers interviewed had already
been displaced one or more times from locations nearer
to the city centre and expected to be moved on again
within 2 or 3 years. Analysis of historical google earth
imagery confirmed that this process of displacement had
indeed occurred several times and in multiple locations
across Wuhan.

Local households, on the other hand, can expect to
receive financial compensation for the loss of land and
compensation for lost houses in the form of replacement
urban housing proportionate to the area they had lost. Of
course, these compensation arrangements may be per-
ceived to be unsatisfactory to some but to many the loss
of lands and homes to urban development represents an
opportunity for a better life, gaining a stake in the rising
urban housing market and enjoying access to urban pub-
lic services previously unavailable until their hukou was
changed from rural to urban.

SDG trade-offs from a planning
perspective

Recognising the most obvious trade-offs, a land-use plan-
ning decision on urban expansion may consider the need
for more housing (SDG 11.1) alongside the economic and
employment benefits of new industrial zones (SDG 8) and
the environmental health benefits for urban citizens of relo-
cating polluting industries (SDG 3) against the need to pre-
serve agricultural land for the sake of food security (SDG 2).

If planners only consider the productive potential of agri-
cultural land and the aggregate economic benefits of redevel-
opment (without reference to spatial or social distribution)
then it is easy to conclude that any loss can be compensated by
either the intensification of remaining agriculture, converting
suitable uncultivated land further from urban areas to agricul-
ture or simply increasing dependence on distant agricultural
production facilitated through national or global markets. The
main obvious trade-offs from this perspective are between the
aggregate economic benefits of urban development and the
potential economic and environmental costs of making up for
the loss of productive agricultural land. From the perspective
of the core interests of many of the urban population, it might
appear that mitigating this trade-off will only require action to
ensure reliable food supplies to the city and policies to prevent
the loss of the most valuable natural habitats.

The mix of policies in Wuhan (and indeed across China)
reflects these trade-offs. Wuhan’s vegetable industry

@ Springer

development policy has long been designed to support
the scaling up and intensification of production of plastic
greenhouse vegetable production to maintain urban veg-
etable supplies despite progressive loss of agricultural land
(WAB 2012; WAB Director 2012). At the same time, Wuhan
also began implementing China’s ‘Ecological Control Line’
(ECL) policy in 2009 by, among other things, designating
conservation areas and basic cropland to be protected from
redevelopment in the 2010-2020 Masterplan (Luo et al.
2018). Additional supporting policies were introduced in
2012 to better regulate urban sprawl and protect ecologi-
cal resources in support of urban and peri-urban ecosystem
services (Luo et al. 2018). On the other hand, China’s strict
Cropland Balance Policy requires the municipal government
to compensate for the unavoidable loss of cropland to non-
agricultural construction through cropland reclamation, usu-
ally from natural or semi-natural land (Zheng et al. 2018).

Addressing these trade-offs, however, is not as simple
as these policies imply. Zheng et al. (2018) predict that
in Wuhan and other rapidly urbanising cities, the greater
the area of compensated cropland the worse the trade-off
between compensated cropland quality (i.e. potential agri-
cultural productivity) and the incurred cost in terms of loss
of ecosystem services. This implies that even if cropland
lost to urbanisation is replaced elsewhere the net impact on
food supply and ecosystem degradation is most likely to be
negative.

Further, a range of other hidden trade-offs is revealed by
a more grounded perspective that disaggregates the diverse
interests of different stakeholders and recognises the pro-
cesses of land-use change and the implications of spatial
distribution of one land use in relation to others.

Challenges to disaggregating SDG trade-offs
in peri-urban land use planning

A reinterpretation of the fieldwork data summarised in
“Box 1: Fieldwork data” provided us with valuable insights
into SDG trade-offs. The expansion of urban land-use and
infrastructure into peri-urban areas may contribute to the
goals of boosting employment and GDP (1SDG 8.5—
Decent work and economic growth), affordable housing
and public services (1SDG 11.1—Sustainable cities) and
reducing health risks to urban residents from air pollu-
tion by displacing polluting industries out of city centres
(1SDG 3.9—Good health and well-being). However, there
may be other trade-offs around the impact of the displace-
ment of peri-urban agriculture on other aspects of the
sustainability of urban food systems (SDG 2.4) and the
disruption of the livelihoods of peri-urban farmers (SDG
8.5). This may contribute to more precarious conditions
for migrants displaced from re-developed peri-urban areas



Sustainability Science (2020) 15:1601-1619

1605

(SDG 10—inequality) and the siting of polluting industries
near peri-urban agriculture may also put urban consumers
at risk from contaminated foods (SDG 2.1). In addition, as
vegetable production land is displaced in one area, nearby
agricultural lands are often converted from corn, oilseed
or other crops to intensive vegetable cultivation by migrant
farmers as they seek to rebuild their livelihoods renting
new lands from local farmers elsewhere. This implies that
any large-scale land-use change in a peri-urban context
is likely to have multiple impacts on different stakehold-
ers, each with different implications for various SDGs. An
understanding of these implications could greatly improve
efforts to reduce trade-offs between SDG strategies, but the
current information and planning tools utilised are not able
to support such processes.

While data on agricultural production and area under
cultivation are disaggregated to some extent in government
statistics (city-wide or district-wise and by certain crops or
categories of crop), the actual spatial distribution of differ-
ent types of agriculture is very difficult to determine, espe-
cially in highly heterogeneous, rapidly changing peri-urban
contexts. Ecosystem service mapping methods typically
use only one category for agricultural land (Costanza et al.
2014, 1997; Jiang 2017; Long et al. 2014; Wu et al. 2013;
Xie et al. 2017; Zhou et al. 2014) and Wuhan’s master plan
and provincial land-use maps do not distinguish different
cropping systems (Kong et al. 2014; Zheng et al. 2018).
This makes it impossible to interpret the implications of
displacing different groups engaged in different types of
agricultural activity (e.g. migrant vegetable farmers vs
local mixed crop farmers) because these differences are
simply not visible in the data. It also means that changes
in the proximity of different types of agriculture to poten-
tial pollution sources such as industrial land use are not
taken into account. For instance, placing intensive leafy
vegetable production near the polluting industry may have
a different impact on urban food safety than would the plac-
ing of oilseed, maize or root vegetable production in the
same area.

Case study: developing a web-based
tool to reveal SDG trade-offs associated
with urban land-use planning in Wuhan

Our approach addresses these challenges in two ways.
First, we have developed a flexible tool to generate fine-
grained land-use maps which can disaggregate different
types of urban and agricultural land-uses. Second, we have
designed a method for integrating assumptions about the
impacts of land-use change on a definable set of outcomes
for different stakeholders with analysis of the land-use
maps to visualize the complex trade-offs associated with

different scenarios of land-use change. We have created a
prototype web-application,* combining field knowledge,
government plans, and aerial imagery to create an interac-
tive land-use visualization. The intention of this applica-
tion is to support multi-stakeholder discussion concerning
SDG trade-offs related to urbanisation and urban planning.
The following two sections describe (1) the development
of the mapping tool; (2) design of the trade-off analysis
function.

Development of the land-use mapping function

The application allows for an automated process of land-
use classification, giving users the ability to create bespoke
datasets by annotating tiled regions with user-defined class
labels, such as ‘rice paddy’ or ‘fish pond’.’ Such a dataset
can then be used to train a land-use classifier, which can be
used to classify a user-defined region of interest. Classifica-
tions are then fed back into the application for visualization,
and this process can be iterated to improve the classifica-
tion. Further, if the user has access to high-resolution aerial
imagery from multiple time periods, a time series of land-
use changes can be constructed, providing information on
the mutation of classes, e.g. the changing of agricultural land
to industrial or from one type of agriculture to another. This
system is hosted as a web-application, increasing accessibil-
ity to promote collaboration and crowdsourcing for example,
by allowing multiple users to create training data, validate
land-use visualizations qualitatively, and manually correct
any errors.

During an initial proof-of-concept stage, the classifica-
tion technique was tested using satellite imagery obtained
through Google Maps API. Because the web-application
was intended to be a widely accessible tool the decision
was made to try to rely as much as possible on freely avail-
able data. We explored the potential to use freely available
multispectral imagery (which is the standard source for land-
use classification) such as Landsat or Sentinel. However, the
resolution of this type of imagery, being usually 10-30 m,
was not fine enough to reveal the details required for the
classification we were attempting. We also approached
several private satellite imagery companies who were each
unable to provide imagery of a suitable resolution to cover
our area of interest. Neither did we find any contemporary
applications that could provide the necessary interactivity,
imagery resolution or coverage for our purposes. Therefore,
for the first stage of development, we relied on Google Maps
API satellite imagery sourced from Maxar Technologies and
CNES/Airbus as it currently offers unparalleled resolution

4 https://ssrp-web-application.herokuapp.com/.
5 See web-application website.
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Fig. 1 Left: aerial image of the
Veg-M class (Intensive vegeta-
ble cultivation by migrants),
distinguished by the migrant
huts (highlighted in red) at the
bottom of the image. Right:
Aerial image of the Veg-L class
(Intensive vegetable cultivation
by locals), distinguished by lack
of migrant huts. Satellite Image:
Google, Maxar Technologies

and coverage of the Wuhan area, allowing for classification
at a very fine level. Due to this, it was possible to include
the Veg-M/Veg-L classes (see below for further explanation)
which would otherwise have been indistinguishable due to
their very slight differences (see Fig. 1).

Following the successful testing of the land-use classifier,
the web-application was re-designed in collaboration with a
professional web-developer® with the aim of enhancing user
interactivity and making the software fully extendable and
modifiable for future applications. The most recent step was
to redesign the process for obtaining satellite imagery data
to overcome the increasing limitations placed on access to
Google Maps data and to enable the user to include imagery
from specific and multiple time periods from any source they
have access to.’ Reliance on freely available imagery from
Google Maps API presented some additional challenges
in the first stage of development. The most significant of
these was that the imagery was not consistently from a par-
ticular point in time. In addition, the mismatch between the
imagery viewed through the web-application for the purpose
of labelling training data versus the imagery used to train
the classifier meant that there were unavoidable discrepan-
cies between the labels and the actual images. Realising that
immediate improvements could be gained by access to a
time-consistent data-source we redesigned the web-applica-
tion to allow satellite imagery data (obtained from Google
Earth Pro, which does allow for downloading time-consist-
ent imagery for multiple dates) to be manually uploaded as
jpeg or png files along with geo-location metadata. These
are then converted within the web-application to the correct
format and presented in the web-application interface for
users to interact with. This imagery can be viewed in the

6 James Robinson, web-developer, james @robinjam.net.

7 This was part of the first phase of work for the project ‘Inclusive
Green Infrastructures for Urban Well-Being’ funded by the British
Academy (Award reference: UWB190102).
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web-application allowing users to produce labelled train-
ing data sets for each year directly in the web-application
by viewing the same imagery that will be analysed by the
classifier. Output layers from the deep learning classifier can
be viewed as overlays on the satellite imagery and manually
corrected directly in the web-application interface.

This modification is now in the testing phase and one
of the next steps for development is to explore the gains in
accuracy obtained. The accuracy of the classifier will depend
on the quality of the imagery, the design of the classification
scheme and the appropriateness of the labelled training data.
This means that the classification accuracy will vary with
each different application of the mapping tool. Therefore, in
future versions of the web-application, it will be important
to integrate a measure of accuracy alongside the means for
users to update classification schemes and training datasets
to improve accuracy.

A central advantage of this approach is its usability. It
allows anyone to upload imagery downloaded from free
sources, such as Google Earth Pro, for any part of the globe
and for multiple specified dates (depending on availability).
These images can then be used directly to create interactive
maps and models through our web-application without the
need for any intermediate stages of complicated processing
which are required for use in professional GIS applications.
This is key to making the web-application accessible to
non-expert users. Further, while the resulting maps will not
provide as high location accuracy as other methods might,
their purpose does not require such accuracy as they are
not intended as tools for directly designing masterplans or
neighbourhood land-use plans. Rather they are intended to
support discussion about the land-use changes they reveal
which can then influence the use of other tools in master
planning and other planning processes.

Finally, the grid-based system of mapping allows for both
a high level of usability in the interface for rapidly label-
ling training data and facilitates the creation and editing of
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Table 1 Class distribution of annotated map tiles for Wuhan (1999-
2017)

Land-use class 1999 2017  Totals
Intensive vegetable cultivation by locals 432 566 998
Intensive vegetable cultivation by migrants 291 360 651
Industrial 0 1446 1446
Urban 209 1287 1496
Background 4696 1793 6489
Oilseed (other) 659 754 1413
Rice paddy 370 394 764
Fish pond 283 1352 1635
Open-field vegetable/grain rotations 72 547 619
Water 411 3776 4187
Totals 7423 12,275 19,698

land-use layers for the modelling function. It also supports a
classification scheme focused more on land-use rather than
land-cover. Conventional methods tend to focus on a small
number of land-cover types such as built-up area, plantation,
waterbody, agricultural land, pastureland (e.g. Halefom et al.
2018). Land-use, on the other hand, is “the human employ-
ment of a land-cover type” (Malczewski 2004, p. 4) and
includes aspects of how the land is made use of in people’s

lives and livelihoods. Using a classification method that
captures more of the contextual information that is physi-
cally manifested in a portion of the landscape such as the
patterns and arrangements of fields and buildings, we are
able to come closer to a classification of land-uses that goes
beyond simply distinguishing between concrete and different
types of vegetation cover and provides a simple and intui-
tive means of creating classification schemes and labelling
training data.

For the Wuhan case study, we used the application to cre-
ate a dataset of ten land-use classes covering the years 1999
and 2017 using satellite imagery obtained through Google
Earth Pro, sourced from Maxar Technologies and CNES/
Airbus. Land-use classes were as follows: urban, industrial,
intensive vegetable cultivation by locals (Veg-L), intensive
vegetable cultivation by migrants (Veg-M), oilseed (other),
rice paddy, fish pond, open-field vegetable/grain rotations,
water, and background (anything not deemed to be of inter-
est). Veg-M classifies intensive vegetable production by
migrant farmers, identified by the presence of single houses
on the edges of fields. Veg-L classifies intensive vegetable
production by local farmers who live in clusters of village
housing, hence the absence of huts among fields. As dis-
cussed in the box above, this distinction is an important
step in disaggregating the impacts of land-use change on

L Lajers

¥ Land Use Classification

! il Intensive veg cultivation by locals
¥l Intensive veg cultivation by migrants
¥ | Industrial

¥ i Urban

! |7 Background

« | Oil seed (other)

! |l Rice Paddy

! |l Fish Pond

|l Open-field vegetable/grain rotations
¥ |l Water

Overlays
Districts
Ecological Farming
Industrial Development

Il Re-Development

Fig.2 Citywide map showing CNN generated land-use classification for 2017. Satellite Image: Google, Maxar Technologies and CNES/Airbus
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different stakeholders. Open-field vegetable/grain rotations
indicate intensive monocropping of vegetables (usually root
or cabbage crops) in rotation with other staple crops such as
maize while oilseed (other) indicates extensive cultivation
of oilseed and other cash crops in larger fields.

In total, 19,698 (256 X256 x 3 pixel) map tiles were
annotated using the system at a resolution of 0.6 m/pixel.
Separate training datasets were created for each year and the
number of annotated tiles for each year and land-use class
is shown in Table 1. Training data were labelled to reflect
the distribution of land-use classes each year and the colour
variations within the imagery for a single year. The distribu-
tion of annotated map tiles reflects the lack of full coverage
of satellite imagery for 1999 and the changing distribution
of land-use classes between the 2 years.

The training datasets were downloaded from the web-
application and split into training, validation and testing
sets with 70%, 20%, and 10% of the data, respectively. The
classification technique used was a convolutional neural
network (CNN), specifically, a variant known as a fully
convolutional network (FCN), a modification on the clas-
sic CNN which removes the fully connected layers (Long
et al. 2015). Next, the trained FCN was used to classify the
imagery for the entire dataset covering the Wuhan area of
interest (30.7559984583217° N, 113.941955566406° E and
30.237713497892° N, 114.700012207031° E) in which there
was full coverage for 2017 and partial coverage for 1999.
At the maximum zoom level, this area contained 242,767
256 x256 x 3 pixel tiles for 2017 and 27,223 for 1999.
Finally, the results were transferred to the web-application
(see Fig. 2).

Design of the SDG trade-off analysis function

The second feature of the web-application is the SDG trade-
off analysis function. Instead of a comprehensive model of
land-use change trade-offs, this was designed to be an inter-
active ‘thinking tool’ that could support stakeholder engage-
ment through a collaborative process of model design in
which the central goal was shared learning. The value of
this procedural approach to rationality in planning with
GIS is in the way it leads “the user to think spatially” and
“facilitate[s] social interaction and discourse in the pursuit
of collective goals.” (Malczewski 2004, p. 6). Our purpose
was to enable users to highlight the trade-offs associated
with land-use change between different outcomes for differ-
ent stakeholders and to relate these directly to SDGs. Our
approach does not directly compare the trade-offs between
action to promote one SDG vs one or more other SDGs
because this would obscure the multiple impacts of differ-
ent types of land-use change on different aspects of various
SDGs. Rather, we highlight the impact of a complex pattern
of land-use change for multiple trade-offs between different
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outcomes for different stakeholders across several SDGs. By
focusing on the impacts of types of land-use change (e.g. the
redevelopment of an area of intensive vegetable production
by migrants into industrial land-use), we are able to explic-
itly recognise not only the direct impacts of the loss of one
type of land-use vs the benefits of gaining another, but also
the range of associated impacts of the change process on
different stakeholders (e.g. displacement of people vs com-
pensation arrangements for the loss of land and housing)
along with any observable or assumed knock-on effects and
changes in the proximity of one land-use to another.

To perform the analysis, a selection of categories of
land-use change is scored for their impacts on a range of
stakeholder-specific outcomes which are each associated
with a particular SDG. In the web-application interface, the
user can specify which types of land-use change they want
to include in the model and write a set of simple functions
that will compare the land-use classes from two specified
time periods and produce a new labelled layer of land-use
change classifications (see Fig. 3 for examples). These func-
tions can also include changes in proximity to other types
of land-use class, such as proximity to industry. This allows
the user to apply judgements informed by published data-
sets about the type of impact on different outcomes of such
proximity changes. It will also highlight the need for more
data on particular aspects of spatial relationships between
different land-uses. For example, if a land-use change to
industry occurs adjacent to remaining vegetable produc-
tion this could have a potentially negative impact on food
safety through the increased risk of contamination of crops
by industrial pollution. Where data on these risks exist, it
can be incorporated into the model and gaps in data can also
be identified. This land-use change labelling function could
also be developed further to allow data from other layers to
be incorporated, for example, if the user wanted to take into
account the influence of particular land-use policies such
as pollution controls or agricultural support policies which
apply to particular geographical areas and not others or to
include data from ecosystem services mapping.

Next, a set of metrics is designed by specifying a list
of outcomes that are influenced by these land-use changes.
These metrics are written as expressions using the differ-
ent types of land-use change as inputs and can, therefore,
be made as simple or complex as necessary. The follow-
ing screenshot (Fig. 4) shows how the scoring expressions
are constructed. Each variable refers to a specific type of
land-use change and inputs the area of that land-use change
as a negative or positive contribution. Multipliers can be
included if desired. For example, data on crop yields and per
head vegetable consumption could be used to calculate the
impact of land-use change on the food system in terms of
loss of capacity to meet daily per head consumption. Simi-
larly, one could use field data to estimate the number of



Sustainability Science (2020) 15:1601-1619

SSRP Prototype

A Labelling Functions

Tradeoff model (JD)

B Inputs

P Run

Apply this label:

Apply this label:

1B - Veg-L become near industry

Dalate
Delete

[l 1D - Veg-L to Veg-M no change in proximity to industry

= If this expression evaluates to tr

Apply this label:

1G - Veg-L to other agriculture away from industry

Fig.3 Land-use change labelling rules. Each rule is associated with
a Boolean expression; when this expression evaluates to true the cor-
responding label is applied. Evaluation of these expressions is imple-
mented using the Dentaku rubygem (https://github.com/rubysolo/
dentaku). Variable names such as ‘veg_intensive_l’ refer to land-use
classes and are set by the user. In this case, ‘veg_intensive_l’ is the

migrant farming households per hectare and calculate the
total number of migrant households displaced as a result
of the land-use changes. In addition, a transformative nega-
tive impact on a particular group of stakeholders (e.g. loss
of livelihoods of migrant farmers) may be weighted more
highly to indicate greater significance to that group than an
incremental loss of GDP would be to business and govern-
ment stakeholders.

For the purpose of demonstration, we have devised the
simplest possible scoring system which defines impacts as
a simple positive or negative score:

e (O=no impact,
e | =positive impact. For example,

variable name for ‘Intensive vegetable cultivation by locals’. The var-
iables ‘before’ and ‘after’ refer to the land-use classification at time 0
and time 1 of the land-use change which are set by the user when run-
ning the function. The expression ‘is_nearby’ measures proximity to
a specified land-use within a set number of tiles, in this case set to 5

— the positive impact of compensation obtained by
local farmers when fields are redeveloped for indus-
try;

— the positive impact of industrial development on
urban employment opportunities.

e — 1 =negative impact. For example,
— the negative impact of industry on clean air or water;
— the negative impact of the loss of migrant farmers’

livelihoods and assets due to the redevelopment of
vegetable fields.

This scoring system is only illustrative in this case
and merely provides an aggregate of the area of land-use
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M Label Schemas Metrics

Land Use Change (/D)
W Labels - vim_urb_f - vim_urb_

<[> Labelling functions

i A

Fig.4 Land-use change impact metrics. Users construct expressions
from variables representing the area covered by each type of land-use
change (e.g. the value of variable ‘vim_urb_{” is the number of tiles
with that label). Evaluation of these expressions is implemented using
the Dentaku rubygem (Ibid). In this example, the land-use change
variable ‘vim_urb_f” refers to all tiles which, at time 0 where clas-

change that is considered to contribute to each outcome.
Nevertheless, the web-application provides the flexibility to
develop a more complex scoring system to reflect a more
nuanced approach to the type of impacts experienced by
different groups. In the demonstration model, the sum of
these weighted scores represents the total impact of a pat-
tern of land-use change on each outcome which can then be
visualised on a graph. This provides a simple and intuitively
understandable visualisation of a range of possible impacts
of land-use changes on different groups alongside a spatial
representation of land-use changes. This can then form the
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10 - Livelihoods for the poor (displacement of migrant farmers)

sified ‘Intensive vegetable cultivation by migrants’ (vim) and at time
1 were classified ‘Urban’ (urb) not in proximity to Industry (hence
‘urb_f). ‘vim_urb_t’ refers to the change from vim to urb in which
the proximity to Industry of tiles now classified ‘Urban’ has changed
from false to true (hence ‘urb_t’)

first step in a participatory process of engaging stakeholders
to expand the set of relevant outcomes and collaboratively
build a more complex model of the impacts of land-use
change on those outcomes. Through a bottom-up approach,
it allows users to bring in a range of data from multiple
sources alongside their own subjective experience in a trans-
parent way and prompts researchers and stakeholders alike
to make explicit their assumptions about which outcomes
to include and why, as well as how to score them in relation
to particular types of land-use change. Thus, the process
begins with a highly subjective and simplistic model, the
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Fig.6 Land-use pattern in Dongxihu district, 1999. Satellite Image: Google, Maxar Technologies and CNES/Airbus

purpose of which is to raise questions and provoke objec-
tions to develop the model further to reflect broader and
more nuanced understandings of the dynamic peri-urban
context. The broader goal of this process is to support shared
learning about the diversity of issues involved in planning
decisions and to provide an opportunity for marginalised
interests to be recognised.

Worked example of SDG trade-off scenario analysis

We explore the case of Dongxihu district in Wuhan to dem-
onstrate how the web-application might be used to reveal and
communicate the hidden trade-offs between SDGs involved
in planning decisions about the siting of industrial and urban
development in relation to peri-urban food systems. We first
outline the recent process of urban expansion in Dongxihu
and then describe how the web-application could be used
to analyse and visualise the trade-offs associated with this
pattern of land-use change.

Dongxihu district is one of Wuhan’s six outer districts
and contains a sprawling urban conurbation surrounded by
a large area of agricultural lands occupied by a mixture vil-
lages and state farms. The district has seen a steady decline
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in the percentage of land under cultivation as large areas
of land have been converted to industrial, commercial and
residential uses as well as road infrastructure. Between 1999
and 2017 much of the agricultural land closest to the town
centre has been completely replaced by urban land-use. The
2010-2020 Masterplan for urban development in Wuhan
(Fig. 5) shows the extent of urban land uses expected by
2020. The red box outlines an area of west Wuhan contain-
ing the southern section of Dongxihu district where redevel-
opment has taken place and the northern section of Caidian
district below that.

Using the web-application we can compare a past land-
use pattern with the present pattern of land-use to determine
the land-use change that has occurred as a result of indus-
trial development. Figure 6 shows a screenshot of the web-
application displaying the pattern of land-use in the same
section of west Wuhan in 1999 while Fig. 7 displays land-
use in 2017. For the purpose of this illustration, the land-use
class labels have been edited by hand to ensure the highest
possible accuracy. When performing this kind of analysis
on the city region such corrections would be unrealistic to
perform because of the much larger number of map tiles
that would have to be examined. This means that for city
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Fig.7 Land-use pattern in Dongxihu district, 2017. Satellite Image: Google, Maxar Technologies and CNES/Airbus

region analyses, a margin of error needs to be assumed and
we will seek to incorporate into a future version a means
of estimating that error margin. In these maps, the distri-
bution of different types of agriculture can be clearly seen
including oilseed (other), fish ponds, and the two types of
intensive vegetable production (migrant vegetable produc-
tion in dark green and local vegetable production in lighter
green). Orange areas indicate general urban land use (includ-
ing residential and commercial) while yellow areas indicate
industrial land use. Background land-use is indicated in grey
and includes barren land, non-agricultural vegetation and
roadways. In this case, comparison of the two maps shows
that virtually all of the land now occupied by industry or
cleared for redevelopment was, for several years prior to
its urbanisation, given over to the intensive cultivation of
vegetables and much of it by migrant farmers.

To begin analysing the impacts of this land-use change,
the first step would be to work with stakeholders to define
a list of outcomes (including reference to quantitative and
qualitative datasets as appropriate) along with the specific
type of land-use change that has the most significant impact
on that outcome (see Table 2 as an example). For illus-
trative purposes, we have selected the set of outcomes to

demonstrate the range of perspectives from different stake-
holders and the priorities they might be expected to assign
to different aspects of SDGs. These outcomes reflect the
multiple dimensions of food security alongside the economic
goals of urban development. Where stakeholders would be
expected to have different perspectives on the same cate-
gory of outcome, we separate these to make these differ-
ences explicit. GDP growth (SDG 8) and urban food supply
and safety (SDG 2) may be expected to reflect the interests
of municipal policy-makers to boost the urban economy
and secure vegetable supplies to the city while provincial/
national food supply and safety (SDG 2) may reflect the pri-
ority of the provincial government to secure staple food sup-
plies. The interests of poorer tenant farmers might be most
clearly reflected in the outcome ‘Livelihoods for the poor’
which we have divided into two types of outcome, the nega-
tive outcome of displacement of migrant farmers and the
positive outcome of opportunities for migrant farmers to set
up profitable peri-urban farming livelihoods. Each outcome
is important to different groups of stakeholders and we have
made some illustrative assumptions, informed by the case
study data, about how each group would score the outcomes
of greatest priority to them. In practice, we would expect
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Key land-use change

Description

Target Outcome

Table 2 Stakeholder-specific outcomes and key land-use changes

SDG SDG title

@ Springer

Peri-urban vegetable production

Supply of fresh vegetables for urban markets

Urban food supply

Zero hunger

2
2
2
2
8

Proximity to sources of pollution (i.e. industrial land-use)

Risk of contaminants entering the food chain

Urban food safety

Zero hunger

Other types of agriculture, location less important

Provincial/national food supply Staple foodstuffs for national markets

1

Zero hunger

Proximity to sources of pollution (i.e. industrial land-use)

Risk of contaminants entering the food chain

Provincial/national food safety

GDP growth

Zero hunger

Replacement of any land-use with industrial or loss of indus-

trial to any other land-use

Increase in the area of industrial land contributes to

increased GDP

2

Decent work and

economic growth

Conversion of any other agriculture to ‘intensive vegetable

cultivation by migrants’

Opportunities for rural households to migrate (bringing
children and elderly relatives) to peri-urban areas to

Livelihoods for the poor

Reduced inequalities 7

10

(opportunities for migrant

farmers)

establish decent agri-livelihoods and gain access to urban
schools. More stable than the separation of families to

migrate for informal urban employment

Replacement of ‘intensive vegetable cultivation by migrants’

by urban, industrial or background

Displacement of households incurring the loss of homes,
lands and livelihood as a result of redevelopment

Livelihoods for the poor

Reduced inequalities 7

10

(displacement of migrant

farmers)

the list of outcomes and scores to be determined through an
in-depth participatory process which also draws on a range
of other datasets; perhaps in similar ways, as described in
Multi-Criteria Mapping (MCM) (Burgess et al. 2007; Stir-
ling and Mayer 2001), Multi-Criteria Decision Analysis
(MCDA) approaches (Greco et al. 2016; Langemeyer et al.
2016; Linkov et al. 2006; Mendoza and Martins 2006) and
participatory GIS and planning practices (Brown et al. 2018;
Bugs et al. 2010; Kahila and Kyttd 2009; Malczewski 2004;
Talen 2000).

To illustrate how different types of land-use change would
be scored against outcomes, Table 3 shows the scores for
changes from or to Veg-M and industrial. The ‘Land-use
change’ row describes the type of change in relation to each
of the two classes. The row ‘Proximity to industrial land-use
after change’ indicates whether the resulting land-use has
become adjacent to industrial land-use (TRUE or FALSE).

Using these impact scores, multiple scenarios of land-
use change can be compared according to the area of each
type of land-use change involved and the implications this
has for the total impact score on each outcome. In an urban
planning situation, the same analysis could be done using
several alternative scenarios of future land-use and policy.
This functionality to create hypothetical scenarios is already
built into the web-application in a basic form as labelled
layers that can be edited by hand and used as inputs into the
trade-off model. However, further development of this func-
tion would aim to provide greater functionality and usabil-
ity so as to explore the implications of alternative planning
strategies.

The following screenshots (Figs. 8, 9) help to illustrate the
way in which the web-application can facilitate engagement
around land-use planning decisions. The first map shows the
pattern of land-use change that has occurred between 1999
and 2017 in a portion of Dongxihu district and enables the
user to interact with the map to isolate particular types of
land-use change to see clearly where they have taken place
in relation to their wider spatial context. It shows graphically
the huge amount of land-use change that has occurred and in
particular the relative scale of the loss of vegetable produc-
tion land. This type of map provides a focal point for engage-
ment with stakeholders on the difference between expected
or planned land-use change and the reality on the ground
and would provide a useful step towards the co-design of
trade-off models as people have the opportunity to look at
the most significant types of changes that have taken place
and their spatial distribution.

Once a trade-off model has been designed it can be run on
the entire labelled area or any part of it to produce a graph
of the metrics as shown in Fig. 9. In this screenshot, the
types of land-use change are ranked by percentage of the
total area selected. The total impact scores for the selected
area are presented in a graph which shows at a glance an
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Table3 Example of simple impact scores. Scoring the expected
impact of land-use change on SDG-related outcomes for different
stakeholders. In practice this would be based on stakeholder work-

shops, field research, published data, statistical data etc. In this exam-
ple: + 1 = positive impact, — 1 = negative impact, 0 = no impact

Land-use class Intensive vegetable cultivation by migrants Industrial
Land-use change Loss to Gain from Remain Loss Gain
any land-  other agri-
use land-use
Proximity to industrial land-use after change n/a False True  From false to true n/a n/a
SDG 2.1—urban food supply—i.e. vegetables for urban markets -1 1 1 0 0 0
SDG 2.1—urban food safety—i.e. risk of contaminants entering food chain 0 0 -1 -1 0 0
SDG 2.1—provincial/national food supply—i.e. grains for national markets 0 -1 -1 0 0 0
SDG 2.1—provincial/national food safety 0 0 0 0 0 0
SDG 8.2—GDP growth—e.g. from new industrial production 0 0 0 0 -1 1
SDG 10.7—livelihoods for the poor (opportunities)—i.e. opportunities for rural 0 1 1 0 0 0
households to migrate to decent agri-livelihoods vs separation of families to migrate
for informal urban employment
SDG 10.7—Tlivelihoods for the poor (displacement)—i.e. displacement of peri-urban — 1 0 0 0 0 0

migrant farmers

indication of the positive and negative impacts of the pattern
of land-use change.

The resulting graph (Fig. 9) highlights that the positive
impacts on GDP growth (SDG 8.2) associated with large-
scale industrial development are traded off against a whole
set of negative impacts on urban and provincial food sup-
plies and food safety (SDG 2.1) as well as a negative impacts
on livelihoods for the poor in terms of the displacement of
migrant farmers which are only partly offset by the creation
of new opportunities. Clearly, the scale at which this analysis
is performed will significantly influence the results obtained
and the web-application can be used to highlight this issue
as the metrics can be run on the entire area of interest or
any part of it selected by the user. It is, therefore, vital that
the issue of scale is carefully considered as a central issue
throughout any stakeholder engagement process using the
web-application.

Supporting stakeholder engagement in planning
contexts

Using and developing these visualisations in a group set-
ting with a range of stakeholders would help to ground dis-
cussions about land-use policy and planning by providing
a means of collaboratively thinking through the diversity
of outcomes and impacts of land-use change and making
explicit the assumptions made by different stakeholders. The
first context in which the web-application has been field-
tested is in a workshop in Wuhan. This workshop included
policy/planning officials and academic researchers and
included a field visit to peri-urban Wuhan. The workshop

was used to demonstrate the functionality of the web-appli-
cation and trial its use to facilitate discussion on the impacts
of historical land-use changes and the priorities for future
urban planning strategies. Reflections on this workshop by
participants will be incorporated into the continuing devel-
opment of the web-application and the design of protocols
for its use in stakeholder engagement processes for both
planning and research as the project continues.

In the planning context in China, this tool could be used
to facilitate multi-stakeholder dialogues within the current
masterplan preparation process at the stage in which land-
use status is analysed. In this case, it could be used to bring
together a range of spatial and quantitative data alongside
the experience and insights of diverse stakeholders to inform
the choice of priorities and tools for detailed analysis of
land-use suitability as well as feeding into the design of
Strategic Environmental Assessments (see Tao et al. 2007
for more on China’s land-use planning system) to help steer
planning processes towards the goal of achieving China’s
‘ecological civilisation’ (Marinelli 2018).

Conclusion

In this paper, we have described a novel approach to analys-
ing the complex trade-offs between SDGs associated with
peri-urban land-use change. Our approach combines high-
resolution top-down remote sensing data with bottom-up
knowledge and diverse stakeholder perspectives to disaggre-
gate the impacts of large-scale land-use change on different
groups and in relation to multiple SDGs. Our demonstration
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Fig.8 Land-use change map for Dongxihu district, 1999-2017. Satellite Image: Google, Maxar Technologies and CNES/Airbus

of the prototype web-application through the Wuhan case
study shows that it is capable of revealing important differ-
ences in land-use classes and their proximity to each other
which are significant for SDG interactions but are obscured
in formal data and current land-use mapping approaches. It
allows for an integrated analysis of the changing distribution
of land-uses going beyond a simple cost—benefit analysis of
the loss of one type of land-use versus the gain of another
to reflect the diversity of outcomes for different stakehold-
ers. We have described how the web-application could be
used to support a dialogue between policy-makers and other
stakeholders about how particular policies and development
processes contribute to outcomes and what changes might
be appropriate in particular contexts.

This is an approach that offers great promise for sup-
porting more inclusive planning processes by providing a
platform for stakeholders to contribute to analysis of the

@ Springer

potential impacts of planning decisions and explore the
implications of alternative future scenarios through a pro-
cess of shared learning. Used alongside existing participa-
tory planning methods, GIS tools and ecosystem services
mapping, our approach offers a powerful tool to reveal invis-
ible trade-offs and foreground the perspectives of diverse
stakeholders. Faced with a lack of fine-grained data on
land-use distribution and agricultural statistics for rapidly
urbanising contexts our web-application demonstrates what
can be achieved with freely available satellite imagery to
address this gap.

Having developed the current prototype web-applica-
tion based on fieldwork insights, we have demonstrated its
potential to make a significant contribution to enhancing our
understanding of pathways to sustainability in rapid transi-
tion zones. The next steps are to co-develop the web-applica-
tion with stakeholders in a number of geographical locations
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and planning contexts to incorporate more functionality and
interactivity and explore its usefulness in the planning pro-
cess. The first phase of this work will include a program of
co-design, research and learning exchanges with partners in
Wuhan, China and Delhi, India. As our approach evolves
this will also allow for a detailed comparison with other
approaches to participatory planning and decision-making
and provide shared learning on strategies for building syner-
gies between SDGs.
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