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ARTICLE INFO ABSTRACT

Ecological monitoring (EM) is a significant scientific topic recognized for its potential for providing basic, but
vital, data for ecosystem assessment to address sustainability issues. However, a monitoring framework that can
lead to EM information and data being used accurately in ecosystem management and policy design is currently
lacking. China’s Ecological Redline Policy (ERP), one of the first national policies utilizing multiple ecosystem
service assessment, requires strict monitoring to reveal policy effects on ecosystem services regulation. In this
study, we developed a transdisciplinary framework to build up the ecological redline monitoring network in
Shanghai metropolitan area, using: biodiversity, landscape structure, ecosystem function, and stakeholder opi-
nions. We suggest that standard monitoring be based on remote sensing monitoring, supplemented by ground
truth monitoring, to form a standard ‘Space-Sky-Ground’ integrated monitoring network. We also present key
lessons learnt from EM practices in Shanghai. This work provides new insights on integrating EM into ERP
implementation and ecosystem management on city scale, by illustrating the science-policy process and ER
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monitoring standards from initial design to application in policy.

1. Background

Ecosystem protection is generally considered a national priority, as
ecosystems are capable of providing various ecological goods and ser-
vices that are important for human beings (de Groot et al., 2010; Bai
et al., 2018). Key national ecosystem protection strategies (e.g., nature
reserves, national parks, etc.) have been implemented in the United
States, United Kingdom, Canada, Mexico, France, China, and many
other countries world-wide (Shelford, 1941; Abella et al.,, 2015;
Kavaliauskas and Nurijeva, 2015). In order to transform the develop-
ment approach from ‘grow first, clean up later’ to ‘ecological civiliza-
tion’, China has unprecedentedly issued a new national policy called
Ecological Redline Policy (ERP) (Bai et al., 2016; Jiang et al., 2019).
The term ‘ecological civilization’ in China refers to a political vision for
managing the relationship between human and nature in a harmonious,
scientific, and systematic manner (United Nations Environment
Programme, 2016). In 2013, Chinese president Xi set up a new target to
delineate and defend ERP. ERP was then integrated into Chinese

environmental protection law and a temporary technical document was
released in 2014 by the Chinese Ministry of Environmental Protection
(CMEP) (CMEP, 2014; Fan et al., 2018). Technical methods for deli-
neating ecological redline were initially formulated (Yao et al., 2019).
The standard technical document, providing more details and ex-
plaining technical procedures for identification of ecological redline,
was released in 2015. It emphasized the importance of protecting the
integrity of important ecosystems in order to meet stakeholder needs
for diverse ecosystem services (CMEP, 2015; Bai et al., 2016). In gen-
eral, three types of hotspots should be identified: eco-function hotspots,
eco-fragile hotspots, and biodiversity hotspots.

ERP seeks to mandate governments at all levels to use the minimum
ecological area to sustain critical ecosystem services (ESs) for social
welfare, using coordinated land use planning. All municipalities and
provinces must designate ecological redline areas (ERAs) and must
evaluate the effects of ERP in optimizing land use planning. ERAs re-
present an attempt at establishing ESs assessment in land use planning,
where an ERA is defined as the “minimum ecological area needed to
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guarantee and maintain ecological safety and functionality, and biolo-
gical diversity for national security” (Bai et al., 2016). Consequently,
there is an urgent need to evaluate the effects of ERP, in order to inform
land planning optimization.

Ecological monitoring (EM) offers a means of gathering information
for comprehensive and accurate ecosystem assessments within in-
tegrated approaches to reveal the effects of ERP (Park and Hwang,
2016). There is currently a problem with lack of standardized mon-
itoring data, which could impact the credibility and usability of eva-
luations of the effects of ERP. Various monitoring stations have been
established throughout China for different purposes (e.g., monitoring
soil erosion or carbon flux) and for different stakeholders (e.g., state,
institutional, private) (Nielsen et al., 2009; Li et al., 2015). A major
challenge is developing monitoring capacity to supply data for eco-
system assessments, due to a lack of EM standards (on e.g., monitoring
protocols, targets, objects, and periods). Accurate monitoring data are
essential for comprehensively and effectively revealing complex en-
vironmental conditions and social concerns (Manley et al., 2005;
Longman et al., 2018). Despite increasing political and scientific in-
terest in EM, the amount of EM information available for assessments
remains quite limited.

Scientific monitoring networks at various levels would enable pro-
gress in gathering ecological data and information for ESs evaluation
and assessment (Buckland et al., 2005; Haase et al., 2014). However,
there is a fundamental lack of monitoring frameworks applying EM
standards for policy evaluation and management optimization. There-
fore, in this study we developed a monitoring framework that builds
upon stakeholder concerns and core ecological components for ERP
evaluation and ERAs optimization. When applying this transdisci-
plinary framework and core elements of EM for ERP, we propose four
main indicators to standardize the effectiveness of ERP evaluation
processes: (i) biodiversity inventory (i.e., species numbers and dis-
tribution), (ii) landscape structure (i.e., composition and configura-
tion), (iii) ecosystem function (i.e., biomass, net primary productivity,
and vegetation coverage), and (iv) stakeholder opinions.

Shanghai is a priority ERP region and has made great efforts in
monitoring ERAs for ERP evaluation (Bai et al., 2018). Shanghai is a
mega-city and one of the most urbanized cities in China. The contra-
diction between rapid development of the social economy and a con-
tinuous shortage of ecological resources is prominent in Shanghai, as in
many other global mega-cities. The overriding characteristic of
Shanghai’s ERP is to fully coordinate the relationship between urban
ecological protection, urban economic development, and human needs
(Bai et al., 2018).

Shanghai’s efforts and experience in ERAs monitoring and super-
vision can act as important reference for other municipalities in China
and other international cities. Here, we used its experiences of ERAs
monitoring to inform the governance process for evaluating the effec-
tiveness of China’s ERP. Specific objectives of the study were to: (1)
Identify standards of EM indicators and methods for evaluating the
effectiveness of ERP in Shanghai municipality; and (2) develop a
comprehensive but easy-to-use EM framework for gathering necessary
information for ERP evaluation.

2. Current status in ERAs demarcation and monitoring in China

Since China officially formulated a “national redline for ecological
protection”, governments at all levels across the country have begun to
establish ERAs (Xu et al., 2015; Bai et al., 2016). Due to differences in
resources, conditions, and economic development, progress in de-
marcating ERAs differs between provinces and cities. According to of-
ficial data, around 48% of the provincial administrative units in China
had completed their ERAs demarcation by the end of 2017, and these
ERAs were approved by the State Council and became permanent local
policy in 2018. The remaining 52% of provincial administrative units
have formulated preliminary plans for demarcating ERAs and have
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submitted these to the State Council for approval (Jiang et al., 2019).
The overall goal is to complete demarcation of the ERAs for national
ecological protection by the end of 2020, at which point the protection
target of 25% of the country’s land area will be achieved (The State
Council, The People’s Republic of China, 2017).

An effective monitoring system and platform is of particular im-
portance to ensure that ERAs are demarcated firmly, consistently, and
sustainably. However, progress on EM for ERAs is currently very slow,
due to lack of monitoring standards and limited budgets. China’s
National Development and Reform Commission has approved con-
struction and completion of a national ERAs monitoring platform by the
end of 2020, with a total investment of RMB 286 million (Peng, 2018).
A major challenge is developing capacity for gathering the monitoring
information necessary to effectively reveal complex ecological compo-
nents and stakeholder concerns.

3. Shanghai’s practice

Shanghai was one of the first priority regions in China to establish
ERAs, which were approved by the State Council in 2018. According to
the official announcement by Shanghai Municipal People’s Government
(SMPG), ERAs in Shanghai municipality cover a total area of
2,082.69 km? and contain a wide range of important ecological spaces,
such as vital areas for biodiversity conservation and for water con-
servation, islands under special protection, important coastal wetlands,
and natural shorelines (SMPG, 2018).

In order to ensure implementation of ERP and the effectiveness of its
performance evaluation, Shanghai municipality has been the first of all
China’s provinces and municipalities to attempt to build a local ERAs
monitoring platform. Shanghai Municipal Bureau of Ecology and
Environment has hosted several rounds of negotiation on designing the
ERAs monitoring program and scheme. Government departments with
relevant administrative functions and scientists from universities and
research institutes were tasked with establishing this scheme, which
mainly involves remote sensing monitoring and ground truth mon-
itoring. Landowners were then summoned to discuss the feasibility of
the system and compensation for construction of ground truth mon-
itoring stations. Finally, all stakeholders reached agreement and the
ERAs monitoring scheme was established, with Haiwan national forest
park being selected as the first site for construction of a ground truth
monitoring station. The reasons why Haiwan national forest park was
selected were as follows: (1) It is the largest urban forest ecosystem in
Shanghai and also the largest ERA patch (covering an area of
11.45 km?); (2) it has a complete three-dimensional ecosystem (i.e.,
tree, shrub, and herb layers) and many local species (e.g., Sapium se-
biferum, Camptotheca acuminate, Bischofia polycarpa and Cinnamomum
camphora); and (3) it is easily accessible and has an electricity supply.
These characteristics can also be used as criteria for site selection in
other provinces and municipalities in China.

The Haiwan station covers a total area of 100 m? (10 m X 10 m)
and the main body is a regular quadrilateral steel structure tower
(2 m X 2 m) that is 25 m high. Extension rods are fitted at different
heights on the tower for installation of various monitoring instruments.
The Haiwan ERAs monitoring scheme covers five ESs (biodiversity
maintenance, carbon sequestration, urban heat island mitigation, water
supply, and water purification) demanded by the beneficiaries. These
were agreed during the negotiation process and reflect stakeholder
concerns and benefits at various spatio-temporal scales. Overall, the
Haiwan station automatically monitors more than ten indicators, which
cover various material fluxes, including water, gas, and heat fluxes
(Table 1), and can also be used for ERP effectiveness evaluation.

The original data for biodiversity are mainly collected in annual
field surveys. The original data for landscape structure and ecosystem
function indicators are mainly collected by drone, and further analyzed
in the laboratory. The results for these indicators are verified using field
survey data. The original data for material flux indicators are mainly
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Table 1

Ecological monitoring indicators and standards used to evaluate ecological redline areas (ERAs) in Haiwan national forest park, Shanghai, China.
Targets Indicators Method Frequency
Biodiversity Species number; species composition; communities Ground truth monitoring Every year
Landscape structure  Area; percentage; fragmentation; connectivity Remote sensing monitoring Every year
Ecosystem function ~ Biomass; net primary production; vegetation cover index Ground truth monitoring and remote Every year

Material flux
flow; dissolved oxygen and pH for water

Air temperature and humidity; rainfall; carbon dioxide flux; sensible heat flux; stem

sensing monitoring

Ground truth monitoring Every day/online

collected from various sensors installed on the monitoring tower. Each
sensor automatically records and automatically transmits data wire-
lessly via a cellular network to a server on the office computer for
further use. Tables S1 and S2 in Supplementary Information provide
details about the frequency, sensitivity, resolution, and type of sensors
using in monitoring material flux indicators.

An open, continuous EM platform that allows automatic updating in
real time is under construction. The proposed architecture of this
platform is technically divided into seven levels, namely data acquisi-
tion layer, data processing layer, status monitoring layer, evaluation
layer, diagnostic layer, decision support layer, and layout layer. Each
layer remains relatively independent and can be open to separate in-
teractions with other systems.

4. Lessons learnt and EM framework

The main lessons learnt from Shanghai’s first ERAs monitoring
station concern the need for: (1) comprehensiveness: ecosystem compo-
sition, processes, and functions should be monitored as fully as possible;
(2) continuity: the selected indicators should be measurable con-
tinuously over a long time span; (3) standardization: selection of metrics
and of height/depth measurements should be as consistent as possible
with those at other sites, so that data can be compared; and (4) nego-
tiation: ERAs monitoring involves various stakeholders, and it is im-
portant to negotiate with all stakeholders and involve them in EM
(Shoyama et al., 2017).

Based on the characteristics of the ERA itself, such as wide range,
large area, and ecosystem types, and integrating the lessons learnt from
Shanghai’s practice, standard monitoring of ERAs should be based on
remote sensing monitoring, supplemented with ground truth mon-
itoring, to create a standard ‘Space-Sky-Ground’ integrated monitoring
network (Fig. 1). Using this network, scientists can obtain monitoring
data on ERAs, grasp the composition, distribution, and dynamics of the
ecosystems in ERAs, perform timely evaluations and issue pre-alerts for
ecological risks, monitor human interference activities, and identify
behaviors that damage ERAs.

Each of the indicators in the network (Table 1) is useful and cor-
responds to a specific desired ecological redline benefit, such as bio-
diversity maintenance, climate regulation, and greenhouse gas reduc-
tion. By evaluating the performance of ERAs, policy makers can obtain
information on how to best manage ERAs and optimize ERP (Fig. 1).

5. Future applications and conclusions

China currently has a unique decision-making context, since the
central government wants ecosystem service information so that all
provinces and cities can select suitable ERAs for national protection
(Bai et al., 2018; Jiang et al., 2019). Having successfully demarcated
ERAs, the Chinese government faces the problem of how to effectively
monitor these ERAs. The government needs ecosystem services in-
formation from scientists to devise better actions, while scientists in
turn need accurate monitoring data to comprehensively evaluate
changes and benefits to ecosystem services. The lack of an EM frame-
work and standards for policy has led to confusion and inconsistency
across China. Many EM stations have been set up in China, but few have

led to local policy changes.

The present work provides new insights on integrating EM into ERP
implementation and ecosystem management by describing an EM fra-
mework from initial design to application in policy. There is currently a
lack of science-based examples of EM application as part of ERP. In a
case study, we devised a way to incorporate the needs of stakeholders
into the development of EM in practice in Shanghai.

Based on our experiences and the latest ‘Technical regulation for
monitoring ecological conservation redline (exposure draft)’ issued by
the Ministry of Ecology and Environment of the People’s Republic of
China, we identified seven key lessons and used these to formulate the
following suggestions on the science-policy process for EM. First, a
unified national EM platform should be established to collect mon-
itoring data from all parts of the country, for data integration and
networked observation. Second, work on setting up a monitoring sta-
tion should combine the needs of government and stakeholders, so that
monitoring, scientific research, and policy making can be effectively
integrated. Third, standardization of monitoring stations should be
carried out, so that the data from different stations can be effectively
integrated and compared. Fourth, the selection of monitoring indicators
should reflect the integrated state of the ecosystem in ERAs. Indicators
for ecosystem size, structure, and function should be included. Fifth, the
needs of stakeholders should be considered and monitoring data used
effectively to evaluate potential benefits to guide policy making. Sixth,
funding for EM and the number of sites for EM station construction
should be increased, and more basic monitoring data on national and
global scale should be obtained to guide policy making. Seventh, the
monitoring stations built should be used as places for scientific research
and education, so as to increase public participation and publicity.

In conclusion, our study supports the use of EM information in
landscape planning for developing more comprehensive plans for eco-
system protection. Moreover, we present a new framework and stan-
dards for ER monitoring that is designed to work in continuous mode,
and has the features of openness and ability to work in real time. We
hope it can advance domestic efforts in China and similar efforts in-
ternationally.
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