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1 INTRODUCTION

Mike Gill, Group on Earth Observations T Biodiversity Observation Network
Rob H.G. Jongman, Wageningen UR, the Netherlands

Brice Mora, GOFC -GOLD Land Cover Project Office

Marc Paganini, European Space Agency, ESRIN

1.1 BACKGROUND, THE ROAD TO COORDINATED
BIODIVERS ITY MONITORING SYSTE MS

Effective, timely and informed conservation and sustainable development decisions require
consistently produced and trustworthy biodiversity data, derived from in -situ and remotely
sensed sources and scal able from the local to global . Producing such data requires clear
monitoring objectives driven by user needs and a coordinated approach to allow for the
integration of biodiversity data from multiple sources and scales.

The past several decades have seen a growing demand for biodivers ity data to inform
development decisions at the local to national scale for underpinning sub -global and global
assessments. The Ramsar Convention on Wetlands of International Importance, that came

into force in 1975, was the first global Multilateral Envir onmental Agreement (MEA) on
biodiversity protection. In 1992, 172 governments participated in the first Earth Summit

held in Rio de Janeiro under the aegis of the United Nations, to define the first global plan of
actions for t he Wor | dgmentsThis Ria Conferbnices offidialy alled the
United Nations Conference on Environment and Development (UNCED), resulted in the
adoption of the three Rio Conventions, namely the Convention on Biological Diversity (CBD),

known as the Biodiversity Conven tion, which entered into force in 1993, the UN Framework
Convention on Climate Change (UNFCCC) in 1994, and the UN Convention to Combat
Desertification (UNCCD) in 1996. During that period many scientists, civil servants, decision

makers and politicians inv  olved in the work of these conventions recognized that the data

and observations required for global, regional and even national biodiversity assessments

were largely lacking.

Until recently, biodiversity assessments were largely uncoordinated and usually conducted
on an individual basis by small groups of scientists. Unlike the Intergovernmental Panel on
Climate Change (IPCC), established in 1988 to produce scientifically sound global

assessments to support the work of the United Nations Framework Convent ion on Climate
Change (UNFCCC), there were no similar mechanisms to support gl obal biodiversity
assessment. Moreover, biodiversity research findings were not easily integrated into policy

making and appeared to be poorly reflected in policy discussions on biodiversity
conservation and the contribution of ecosystems to human well -being. In 1998, Watson
(1998) called for a more integrative assessment of scientific issues at a global level
especially on the interlinkages between climate, biodiversity, desertif ication, and

deforestation. The Millennium Ecosystem Assessment (MA), initiated in 2001, was the first

global assessment of the consequences of ecosystem changes on human welfare and also

the first scientific basis for coordinated actions needed to enhance the conservation and
sustainable use of ecosystems. The MA report, which was formally presented in 2005,
involving the work of more than 1,300 scientific experts worldwide, provided the first

scientific evidence on the changes made to ecosystems and on th e risk of irreversible loss of
biodiversity. Although the gains in human well -being and economic development were
recognized by the MA, these gains were being achieved at the cost of a massive degradation



of many ecosystems and of the services they provide , which could become a barrier to
achieving the Millennium Development Goals. The MA also showed that, with appropriate
coordinated and global actions, it is possible to reverse the degradation of many ecosystems

and restore their services over the next 50 years. The MA findings were endorsed by the
Conference of Parties (COP) of the CBD and UNCCD and by the standing committee of the
Ramsar convention. Only in 2012, the Intergovernmental Platform for Biodiversity and
Ecosystem Services (IPBES) ' was founded to play a similar role as IPCC for all biodiversity
related conventions. This independent international body will strengthen the links between
scientists and policy makers on the conservation of biodiversity and ecosystem services and

hence support biodive rsity -related policy formulation and implementation. The principal
mandate of IPBES is to provide regular scientific assessments of the state of biodiversity

and ecosystem services and their interlinkages, at both global and regional scales, as well

as for thematic issues. Another function of IPBES is to prioritize the information that is
needed for policy decision on appropriate scales and to catalyse efforts to collect the
necessary observations and generate new knowledge. Although IPBES plays an importan t
role in biodiversity knowledge building, the panel does not have the mandate to coordinate

global data provision for biodiversity and ecosystem service assessment.

Until the beginning of this century, monitoring biodiversity was mainly an issue of resea rch
institutes, museums, national agencies, individual researchers and interest groups. Species

richness and ecosystem diversity were monitored where the ecologists or interested
researchers were located. The best monitored taxa were birds, as they are att ractive and
easy to follow. Some research groups and conservation agencies were carrying out
systematic surveillances of other species and ecosystems in some countries and national

parks, but they were not generally applied and certainly not globally coord inated. The
consequence is that the way biodiversity surveillance and monitoring was done, until

recently, was not standardised at global or regional levels. This scarce cooperation between
biodiversity observers was, in part, due to the barriers in global communication, only
recently removed with the advent of the Internet. This lack of communication and
cooperation, and therefore of harmonisation, was clearly reflected in the data that were

used by countries in their policy reporting, as seen in the repor ting by the member states of
the European Union on the Habitats Directive, which was insufficient for some habitat types

and species to obtain meaningful and comparable assessments. This is also illustrated in the

results of an analysis of the CBD 4 ™ Nati onal Reports, where only 36% of the reports
included evidenced based policy indicators (Bubb et al. 2011).

The Global Biodiversity Information Facility (GBIF) 2 and more recently the Group on Earth

Observations - Biodiversity Observation Network (GEO BON) % Jlaunched in 2008 under the
Group on Earth Observations (GEO) * initiative have been instrumental in stimulating the

first global coordinated efforts to harmonise biodiversity observations and to better link in -
situ and remotely -sensed i nfor mat i omissionGE O imBr@sbl the acquisition,
coordination and delivery of biodiversity observations and related services to users,

including decision makers and the scientific community. The ultimate goal of GEO -BON is to
promote the development of robust and i nteroperable observation networks that can,
together, contribute to effective and scientifically -sound biodiversity conservation, and
ultimately to mitigation and adaptation policy deci si
the biodiversity they support, and the services they provide. GEO BON activities are
supported by the Group on Remote Sensing for Biodiversity and Conservation ® of the

! http://www.ipbes.net/

2 http://www.gbif.org/

® http://lwww.geobon.org/

* https://www.earthobservations.org/

® http://remote -sensingbiodiversity.org/networks/ceosiodiversity/
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Committee on Earth Observation Satelltes (CEOS) whose aim is to identify Earth
Observation (EO) needs and shortcomings for biodiversity and conservation, improve the

data exchange and the coordination between the space -based Earth Observation community
and the ecologists, and facilitate access to remotely -sensed EO data and software for
biodiversity and conservation activ ities. The Global Observation of Forest Cover and Land
Dynamics ® (GOFC-GOLD) is another international group of EO experts, which provides
complementary assets facilitating the interactions between space agencies, the scientific
community and users of Earth Observation data and products, developing and promoting
standards. These international and overarching initiatives collaborate closely with GEO -BON
and, through these collective efforts, greatly increase the value of observations by allowing

more biodiver sity -related information to become available covering larger areas and longer

time series. At the species level, this is slowly improving mainly through national initiatives

in various countries and through their links with GBIF. The coordination of global efforts in
ecosystems and habitats monitoring is still largely to be accomplished and the use of EO
information in this context is still insufficiently exploited. Considering this, GEO BON s

focusing on partnerships with national govern ments such as Colombia France, and China,
international, regionalbodies such as the Asia -Pacific BON and Conservation of Arctic Flora
and Fauna (CAFF) and thematic BONs, such as marine and wetlands ). to build
interoperable biodiversity observation systems that underpin reporting requirements for
MEAs (e.g. the CBD) and allow for the integration and scaling of biodiversity observations

from the sub -national to the global level and for the disaggregation of global datasets to
inform national reporting. This effort is being structured around a conceptual approach for a
biodiversity observation and information system (Figure 1).

® http://www.go fegold.wur.nl/index.php
! http://geobon.org/becomea-bon/becomea-bon/
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Figure 1:

Conceptual Framework for a National or Regional Biodiversity Observation
System. Philip Bubb, UNEP WCMC (2015).

Yoccoz et al (2001) stated already in 2001 that many monitoring programs for biological
diversity suffer from design deficiencies, because they appear to be developed without
enough attention to the basic questions: why monitor? what should be monitored? and how

should monitoring be carried out? Biodiversity monitoring should not only serve knowledge

development and site management. Policy decision

trends are also important. This implies a different way to conduct biodiversity mon
since it also requires a basic set of observations targeted for policy making. Biodiversity
surveillance and monitoring must therefore evolve from purely scientific research driven

activities to globally coordinated monitoring activities, as is alr

demographic, economic and health information. This also means that biodiversity science
has to contribute to the development of globally connected information services that can

serve decision

-making and policy reporting. Applied
also be driven by policy and user needs, and consequently requires long

global coverage of adequate observations. Such observations if repeated in time and in

space allow the assessment of the eff
management practices effectively fulfil
legislations or those of legally
agreements.

-binding

ectiveness of policy implementation,
obligations such as those of national
environmental

legal

resolutions from international

if national

-making and reporting on biodiversity

itoring

eady the case for climate,

research in biodiversity must therefore
-term continuity and

Atthe 10 ™ Conference o fthe Parties (COP -10) of the CBD held in Nagoya, Japan, in October
2010, the Contracting Parties to the Convention adopted a revised and updated Strategic
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Plan for Biodiversity 2011 -2020%. This plan provides a new overarching international

framework fort he CBD and all its Contracting Parties, but also for other biodiversity -related

conventions and for all scientists, conservation agencies, national governments engaged in
biodiversity management and policy development. The CBD Contracting Parties, which
me ans all countries that have ratified the Convention, also agreed to translate this new
Strategic Plan into National Biodiversity Strategies and Action Plans (NBSAP). The new
Strategic Plan for Biodiversity contains a coherent overarching framework to asses
progress toward twenty ambitious but achievable targets, collectively known as the 2020
Aichi Biodiversity Targets. These targets are organized under five strategic goals. Strategic

Goal A and its four targets address the drivers of biodiversity changes. Goal B contains five

targets related to the state of biodiversity. Goal C contains three targets that look at the
effectiveness of actions taken to protect biodiversity. Goal D contains three somewhat
diverse targets relating to the benefits derived from biodiversity. Goal E contains four
targets that largely relate to the CBD mechanisms. In order to monitor progress towards the
five Goal B targets on the state of biodiversity, global -scale observations are needed by the
CBD and above all by the IPBES, the leading intergovernmental body that has the mandate

to assess the state of p | asonatetoliservations @t ialsoereqsiredt by .

the national governments of the CBD Contracting Parties, for the implementation of their
NBSAPs and hence for t heir national biodiversity monitoring and assessment. There are
known major deficiencies in the evenness and adequacy of global observations for assessing
progress towards these targets on the state of and pressure on biodiversity. Many existing
observatio ns are too narrow in scope and their data quality insufficient. Target 14
(ecosystem services) of Strategic Goal D is another target that does not have yet a globally
adequate observation system. Target 15 seeks to relate biodiversity and climate change in
both directions and can benefit from the observations conducted by the climate change
community. Overall, the observations needed to monitor progress towards many of the

2020 Aichi Biodiversity Targets are achievable only if there is a concerted internati onal

effort to harmonise biodiversity data collection, management and reporting. To assess
progress towards the Aichi Biodiversity Targets and the nationally developed NBSAP targets,

experts also need consistent global and national indicators. At its 11 ™ Conference of the

Parties (COP -11) in Hyderabad, India in October 2012, the CBD adopted an indicator
framework for the Biodiversity Strategic Plan and notably for the Aichi Biodiversity Targets.

This framework contains a list of 98 provisional indicators, which provides to the CBD and to
the Parties a flexible basis to assess progress towards the Aichi Targets. The adoption of
global and national indicators is fundamental since they allow conveying simple and clear
messages to policy makers. The reporting a nd decision making process implies sharing
knowledge with the world outside of scientific circles, such as the politicians and the society

in general. When communicating with society, graphs on probabilities of species population
changes with uncertainties do not always have the right impact. Policy makers want
information on what goes well and what goes wrong and where and why it is happening.

Then they can make a decision to respond. Indicators are required to provide rather simple
information on complex processes, which can be understood by decision makers. A clear
and unambiguous definition of indicators also facilitates the development of biodiversity
monitoring systems since these can be tailored to the derivation of the required policy

indicators. The CBD has mandated the Biodiversity Indicators Partnership (BIP) ° to promote

and coordinate the development of biodiversity indicators in support to the Convention and

to the monitoring of the 2020 Aichi Biodiversity Targets. The BIP is an international
partnership that brings together more than 40 international organisations on the
development of a global indicator framework and on the production of guidelines for helping

countries defining their NBSAP indicators. The biodiversity indicators defined by the

8 www.cbd.int/doc/meetings/cop/copl0/information/cop-10-inf-12-revi-en.pdf
o http://www.bipindicators.net

BIP
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provide the elements for a consistent monitoring and assessment of the state of
biodiversity, the conditions of the ecosystems, the benefits provided by the ecosystems and

the drivers of changes. They serve both the IPBES in its global, regional and th ematic
assessments, as well as the countries when developing their national biodiversity indicators.

The adoption of biodiversity indicators provides also a framework for identifying the
essential observations that are necessary to be collected in a consis tent way for an efficient
and reliable biodiversity monitoring and assessment. To do so the Essential Biodiversity
Variables (EBVs) have been proposed as a concept to provide a consistent framework for
biodiversity observations that allows for integration, via modelling, to produce the desired
indicators (Pereira et al 2013). The EBVs have been mapped to the Aichi Targets and key
indicators to exhibit this relationship (Secades et al (2014), Geijzendorffer et al . 2015).

This means that biodiversity monitori ng activities need to be of high quality, reliable and
with assurance of continuity and consistency. They should cover the major elements of
biodiversity value and the collected information must be exchangeable between
conservation agencies, governments an d non -governmental organisations. Cooperation is
essential for obvious reasons of cost - effectiveness, but also to efficiently integrate all
observations into a comprehensive knowledge of the state of biodiversity and of the levels

of ecosystem services pro vision, in particular in support to the global biodiversity
assessments performed by the IPBES for the multilateral environmental agreements, but

also to support national scale conservation and sustainable development decisions. This

means that there is a need for a global framework in which countries agree on what to
measure, how to measure it and at which frequency. A conceptual and theoretical basis for
monitoring biodiversity was given already in 1990 by Noss (1990). In his hierarchical
characterisation  of biodiversity, he emphasises that biodiversity is not just a number of
genes, species and ecosystems, but that it should also include its most important structural,

functional and compositional aspects. If biodiversity monitoring has to deliver data for policy
makers, then sensitive and essential elements of biodiversity should be measured and
translated into relevant indicators. Measurable and significant proxies should be used if it is

too costly or too difficult to measure these essential biodiversity variables themselves. We
have to know what the species stand for and what changes in their abundance and
distribution mean in terms of ecosystem health an d ecosystem service provision. For the
same reasons, we also need to measure status and trends in the extent, structure and
function of ecosystems.

The Essential Biodiversity Variables (EBVs) have been developed upon the request of the

CBD and represent the minimum set of essential measurements that are required to be

collected globally and regularly for studying, reporting, and managing changes to
biodiversity. They have been defined to capture the major dimensions of biodiversity

changes and to provide the first level of abstraction between the primary observations and

the high -level biodiversity indica tors defined by the Biodiversity Indicators Partnership. In

their EBV conceptual paper published in Science, Pereira et al (2013) recognized that there

is, at present, no global and harmonized observation system that can deliver regular and

timely data on biodiversity changes. Despite some clear progress in the digital mobilization

of biodiversity records and data standards, the main obstacle is the lack of consensus about

which parameters to monitor. They screened dozens of biodiversity variables to identi fy a
minimum set of essential variables that fulfil criteria on scalability, feasibility, and relevance.

The EBVs are proposed to be based both on remotely sensed observations that can be
measured continuously across space by satellites and on field observ ations from local
sampling schemes that can be integrated into large -scale generalisations. The EBVs were
then grouped in six major classes of EBVs: genetic composition, species population, species

traits, community composition, ecosystem structure and eco system function. The concept of
EBVs has started to stimulate high interest in the biodiversity community and to catalyse
investment in targeted and harmonized approaches to biodiversity observations.
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The EBVs can only become a reality if ecologists and re mote sensing experts join their
efforts in defining together a global monitoring strategy for biodiversity. This is the appeal

by Skidmore et al, calling for an agreement on the biodiversity metrics that need to be

tracked from Space (Skidmore et al., 2015 ). They stressed that satellite remote sensing is
crucial to getting long -term and global coverage of some of the essential biodiversity
variables, for a wide range of scales and in a consistent, borderless and repeatable manner.

To stimulate discussions,  they proposed ten variables that capture biodiversity changes and

can be monitored from Space. The main reasons why researchers were previously unable to

define a set of biodiversity variables to be monitored from satellites were an inade quate
access to s atellite data, uncertainties in the continuity of observations and temporal and
spatial limitations of satellite imagery. Another main bottleneck to the development of Earth

Observation approaches in biodiversity monitoring has been the lack of communicati on
between the conservation and remote -sensing communities. Most of the ecologists are il
equipped to effective utilize EO technologies. This requires cooperation to further promote

EO technologies in biodiversity teaching and research, especially on the integration of EO

and in-situ information for species and ecosystem monitoring. It also requires the
development of tools that can facilitate the easy uptake and use of continually emerging EO
technologies. A better use of Earth Observations by ecologists would reduce the lack of

biod iversity information and improve their capacity to conduct proper data analysis, and

accuracy assessment. The importance of remote sensing for biodiversity monitoring was

also recognized in 2014 by Secades et al (2014) in their review of current EO approac hes
and future opportunities for tracking progress towards the Aichi Biodiversity Targets. This

detailed review of the possibilities that remotely sensed data provide to biodiversity
monitoring, has assessed the adequacy of Earth Observations to monitor pr ogress towards
each of the Aichi Biodiversity Targets. The review also explored the main obstacles and

identified opportunities for a greater use of Earth Observation in biodiversity monitoring.

There were many barriers to developing EO capacity amongst th e biodiversity community
such as the restrictive data access policies, the cost of data, the lack of EO derived products

easy to use by ecologists, the absence of dense time series of observations and the
uncertainties in the long term continuity of observ ations. In developing countries, there are
additional barriers such as education, internet bandwidth and data access. As a conclusion,

the review called for some consensus building between EO experts, biodiversity scientists

and policy users to better mana ge the potential that EO data provide to biodiversity
monitoring.

During the last decade, the Space Agencies have tried to adequately respond to these

obstacles. In 2008, the US Geological Survey (USGS) opened its Landsat archive at no

charge over the Int ernet, giving free and open access to four decades of Earth

Observations, with the direct impact that the use of satellite observations in biodiversity and

conservation increased dramatically and that novel and innovative monitoring methods were

developed. Others, including the Brazilean Space Agency INPE has made its archives

accessible. The European Copernicus initiative and the Sentinels, jointly implemented by the

European Commi ssion and the European Space Agency (ESA
Land | maging program will offer an unprecedented ensemble of satellite observations with a

long -term continuity and a free and open data access policy. Advanced sensors to be

launched within a decade will provide increasingly accurate information on species trai ts and
ecosystem e xtent, function and condition. As a whole, the Space Agencies offer a large and
growing variety of Earth Observation satellite sensors with free and open data policies, to

efficiently monitor a number of remotely sensed parameters. Combin ed with in -situ

observations and appropriate modelling, this will offer improved insights into the ecological
processes and the disturbances that influence biodiversity.

Reliability of measurements and accuracy estimates are also critical aspects to consid er
when dealing with biodiversity data. In the field of remotely sensed data, international
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collaborative initiatives such as the Calibration and Validation Working Group 10 of CEQS aim
to coordinate the quantitative validation of satellite -derived products. The GOFC-GOLD is
also engaged in defining and promoting robust validation practices of land cover and land

cover change products at the global scale (Strahler et al., 2006, Herold et al., 2008,

Stehman et al., 2012, Olofsson et al., 2012, Olofsson et al, 2013), but also at local and
national scales like the Reducing Emissions from Deforestation and forest Degradation

(REDD+) activities (GOFC -GOLD, 2014). These best practices in satellite data quality
assessment and product validation are essential to be ad opted when dealing with the
integration of satellite  -derived products in biodiversity conservation and monitoring.

The development and production of remote sensing -based EBVs for tropical forest
environments can benefit from these collaborative efforts of the biodiversity and EO
communities to build a comprehensive and global monitoring of the state o f and changes to
biodiversity. It can also benefit from related activities conducted in the framework of other
Environmental Conventions such as those of the U NFCCC in Reducing Emissions from
Deforestation and Forest Degradation and in promoting conservation and sustainable
management of forests and enhancement of forest carbon stocks (REDD+). Of particular

interest is the Warsaw framework of UNFCCC COP 19, whic h recommended that countries
should promote and support social and environmental safeguards for REDD+ (UNFCCC
Decision 12/CP.19 ™). Concomitantly, at its 11 " Conference of the Parties in Hyderabad in
2012, the CBD has issued a decision that provides inform ation on how safeguards relevant
to biodiversity can be implemented by REDD+ participating countries (CBD Decision

X1/19 *?). The development of REDD+ environmental safeguards in the context of the
conservation of forest biodiversity implies that a synergeti ¢ approach to forest biodiversity
monitoring and REDD+ activities is a policy necessity. The importance of promoting
synergies between biodiversity monitoring and REDD+ activities were already recommended

by complementary initiatives such as the ZSL -GlZ so urcebook, the GOFC -GOLD REDD
sourcebook (GOFC -GOLD, 2014), and the Method and Guidance Document (GFOI, 2013)
from the Global Forest Observation Initiative (GFOI 13) of the Group on Earth Observation.

See section 8 for synergies between biodiversity monitoring and REDD+.

The conditions to develop a coherent, standardised and global biodiversity knowledge

system are favourable now with the reinforcement of international environmental
agreements such as the UNFCCC, UNCCD, CBD and the Ramsar convention. The
overarching collab orative initiatives in the collection of biodiversity and conservation data

(e.g. GEO -BON), the establishment of international platforms that facilitate the dialogue

between scientists and policy makers (e.g. IPBES) show the sense of common purpose in
informing and promoting sustainable development practices. This has also been
demonstrated by the recent adoption of the United Nations Sustainable Development Goals

(SDGs), the active involvement of both conservation and remote sensing communities to

determin e the essential biodiversity variables that can be monitored systematically and

globally, and the commitment of Space Agencies to provide continuity of key observations

of the Earth system on the long term and with a free and open data policy. Considering the
global importance of tropical forests and the biodiversity they contain, the increasing
development pressures on these systems and the increasing opportunities for improved and

sustained Earth observation due to continually improving technologies, the Sourcebook for
biodiversity monitoring in tropical forests with remote sensing comes at the right time to
synthesize, in a unique book, the best case practices in the monitoring of tropical forest
biodiversity using remote sensing.

19 http://ceos.org/ourwork/workinggroups/wgcv/

" http:/funfccc.int/land_use_and_climate_change/redd/items/8180.php
12 http://www.cbd.int/decision/cop/default.shtml?id=13180

13 http://www.gfoi.org
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1.2 PURPOSE AND SCOPE OF THE SOURCEBOOK

Standardised and harmonised biodiversity data and monitoring methods are required in

order to assess how tropical forest biodiversity is evolving at the global scale, and what the

drivers of change are. Collaborative efforts towards the dev elopment of such harmonised
monitoring methods are carried out by national and regional forest agencies, the scientific

and research community, and NGOs. These standardisation efforts are supported by the

Essential Biodiversity Variables (EBV) concept that is currently developed by GEO  -BON, and
by Space Agencies and the Earth Observation research community at large. This sourcebook

is developed by a wide group of forest researchers and practitioners, to promote the best
operational monitoring practices base d on scientific literature, and consensus. Since there is

a continuous evolution of national and international policy frameworks, of the available

datasets, and of the monitoring methods, the Sourcebook for biodiversity monitoring in
tropical forests with remote sensing is intended to be a living document that will be updated
on a regular basis. The focus, however, on the EBV concept, allows for harmonized
approaches to monitoring tropical forests that can be independent of the current policy
demands. The intention is to share best approaches and find ways to harmonise the existing

forest cover and habitat classification systems, and the methods that are used to interpret

and process Earth Observation data without being overly prescriptive. The Sourcebook

presents also how remote sensing data can be used jointly with in-situ data and knowledge.

To date, GEO BON is continuing to refine and develop the EBVs with the scientific
community in relation to the policy drivers such as the biodiversity indicators that are also
under development. Among the current list of candidate EBVs 14 the authors of the
sourcebook selected five EBVs that are relevant to tropical forests and that can be
monitored with remote sensing data: Vegetation phenology, Net primary productivit Y,
Ecosystem extent and fragmentation, Habitat structure, and Disturbance regime. This list of

EBVs may change following the on -going international policy discussions and scientific

developments.
The Sourcebook is composed of 8 sections with the following content:

9 Section 1 is the present introduction. It provides the overall framework in which the
Sourcebook for biodiversity monitoring in tropical forests with remote sensing is
developed.

9 Section 2 of the sourcebook presents how the six selected EBVs can inform on the
magnitude, velocity and direction of changes, for the essential dimensions of tropical
forest biodiversity.

91 Section 3 presents how remote sensing can help provide indicators to characterise
drivers of biodiversity loss (proximate and underly ing).

1 Section 4 presents operational methods based on remote sensing data coupled with
field observations to produce the six selected EBVs. It presents the available
datasets and their adequacy for each EBV, but also the best practices in map
accuracy ass essments as recommended by the literature.

1 Section 5 presents upcoming Earth Observation satellite missions, and some
emerging technologies that are relevant to tropical forest monitoring (e.g.,
unmanned aerial systems, hyperspectral technologies).

14 http://geobon.org/essentialbiodiversityvariables/ebvclasses?/
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1 Section 6 presents the value and opportunities of community - and citizen -based
approaches to tropical forest biodiversity monitoring through different successful
experiences in developing countries. Guidelines for setting up a community or
citizen -based project are provided.

1 Section 7 reports on existing regional biodiversity networks in the pan -tropical
region, and provides guidelines on how to develop new networks.

1 Section 8 discusses how synergies between biodiversity monitoring and REDD+ can
be made, both at the institutional and technical levels. The assets of coordinated
actions are presented. Potential adverse effects discussed in the literature are
reported also. Finally, opportunities for synergies in the field of Research and
Development are introduce  d.

The target audience of this sourcebook is composed of project managers and technical level
practitioners in national and sub -national governmental forest agencies, academic
institutions, NGOs involved in operational activities, or in capacity developmen t initiatives,
and large certified logging operators. We assume the audience to have a background on

remote sensing and biodiversity observation techniques. By focusing on remote sensing -
based methods in relation to the development of EBVS relevant to trop ical forests, this
sourcebook is complementary to the sourcebook for biodiversity monitoring for REDD+
developed in 2014 by the Zoological Society of London (ZSL) in collaboration with the
Deutsche Gesellschaft fur Internationale Zusammenarbeit (GIZ) (Lath am et al., 2014). The
ZSL-GIZ sourcebook considers project managers as the target audience, and aims to define

a cross -scale framework to help setting up a monitoring system in the context of REDD+
activities.

1.3 FOREST DEFINITIONS

The general forest types that are being covered in the sourcebook comprise the general
tropical rainforest biome:

1 Lowland equatorial evergreen rain forests are forests that receive high rainfall
(more than 2000 mm, annually) throughout the year. These forests occur in a belt
around the equator, with the largest areas in the Amazon basin and the Mata
Atlantica of South America, Central America, the Congo Basi n of Central Africa,
Indonesia, Southern India and Sri Lanka, Malaysia, and New Guinea. All lowland rain
forests have a comparable forest structure with at least two tree layers, but the Latin
American, the African and the Asian forests differ in character istic tree species and
species richness. The Latin American forests are, due to their long isolation, the most
species rich with about 93,500 plant species, followed by the Asian rainforests with
about 61,700 plant species and African rainforests with abou t 20,000 plants species.
The African forests are much dryer than the other rain forests. The Asian forests are
in general characterised by Dipterocarp species. The rain forests of New Guinea and
Australia have Asian related species, but are different with many Marsipulami
species. Finally, the Madagascar rain forests are different in composition from all
other rain forests (Primark and Corlett, 2005).

1 Moist deciduous and semi - evergreen seasonal forests are tropical forests that
receive overall some high rainfall with a warm summer wet season and a cooler
winter dry season. Their trees drop some or all of their leaves during the winter dry
season. These forests are found in parts of South America, in Cen tral America and
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around the Caribbean, in coastal West Africa, in parts of the Indian subcontinent
such as the Ghats (Ramesh and Gurrukal, 2007), and across much of Indochina.

Montane rain forests and cloud forests , are found in the gradients between the
lowland rainforests and the higher mountain areas (Bruijnzeel et al., 2010). The
trees in these forests do not reach the height of those in the lowland rain forests, but

are very rich in species. Depending on latitude, the lower limit of montane
rainforests is generally between 400m and 2500m while the upper limit is about
3500m. These forests are found in Central and South America from northern
Argentina to middle range mountains along the Andes, in the Caribbean islands, in
Central Africa east and west of the rain forest, and the largest extension is found in
southern Asia, Malaysia, Indonesia and New Guiney.

Flooded forests , Philips et al. (1994) recognized several types of flooded forests
that can be distinguished in permanently waterlogged forests, swam p forests,
seasonally flooded swamp forests and floodplain forests that can be frequently or
rarely flooded. The wetland forests are often very open and dynamic while the
floodplain forests are more narrow, dense and related to river dynamics.

Next to the se there are

il

Dry forests (steppe forest, chaco, cerrado, Boswellia forests, miombo). The tropical

dry forest biome is found around the tropical rain forest biome. In the Americas it is
found in large parts of Mexico, in Latin America east of the Amazon fo rest, in the
Cerrado and Caatinga and in the south in the Chaco. In Africa, dry forests are found

in the Sahel zone from Mauretania to Ethiopia and Somalia, along the east coast in

the zone of the Great Rift Valley (Boswellia forests and plantations), in s outhern
Africa from Angola and Namibia to Mozambique (Miombo) (Campbell, 1996) and
remnants on the west coast of Madagascar. In Asia its greatest distribution is in

India, Myanmar and Thailand. Also in northern Australia there are extensive dry

tropical fo rests dominated by Acacia and Cycas species. The climate is here more
extreme than in the rain forest biome. Especially the precipitation has an extreme
distribution between very wet and very dry seasons. In all these forests fire is a
characteristic featu re and most trees have adaptations to regular fires. Many of these

forests generally occur on geologically old, nutrient -poor soils. Cerrado forests have
the same kind of tree species diversity as the rain forests and are rich in fruits
(Bridgewater, 2004) . The shrub layer is variable in density and composition. The
ground cover varies from a dense coarse grass growth to a sparse cover of herbs

and small grasses. They transcend to shrub and steppe grasslands in the dryer
regions.

Mangrove forest : Mangrove forests occur in all tropical and subtropical tidal areas

of the world. They are extensive in Asia where they occur from Taiwan to Sri Lanka
including all the ASEAN countries, Bangladesh, India and Pakistan. There are
extensive mangroves on the shores of t he Arabian peninsula and along the Red Sea,
In Africa they are found on the Kenyan and Madagascar coasts and along the coast

from Mauretania to Cameroon. In the Americas they occur in Florida and along the

west coast of Mexico in the north, in the whole of the Caribbean, along the Brazilian
northern coast and in the Pacific coast of Colombia. In Australian region they occur in

New Guinea on the eastern and northern coast as well as on many of the islands in

the Pacific Ocean. Following the Indian Ocean tsun ami of 2004, the protective role of
mangroves from natural disasters have become more widely realized (Giri et al.,
2015). Mangroves are vulnerable, however, as they are linear vegetation zones
between a dynamic ocean and land. In the last decades there is a yearly loss of
about 2% of the Mangrove forests (Valiela et al., 2001).
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Monitoring changes in these different tropical forest types requires different approaches as

these forest types differ in characteristics such as height, density, greenness, patchi ness,
shape, species diversity, and spectral responses. All these aspects should be taken into

account when developing methods to observe status and monitor changes in these forests.

As an example, while patchiness can be considered as an inherent characte ristic of dry
forests, it can be considered as an expression of negative impact when it occurs in

mangrove forests. Similarly, changes in extensive rain forests will be expressed in different

ways from changes in cloud forests. The monitoring methods descr ibed in the source book
will be differentiated depending on the different tropical forest types described above.
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2 MONITORING KEY EBVS WITH REMOTE SENSING

Miguel Fernandez, German Centre for Integrative Biodiversity Research , Leipzig, Germany
Mike Gill, Group on Earth Observations i Biodiversity Observation Network
Andrew Skidmore , University of Twente , The Netherlands

2.1 INTRODUCTION | ESSENTIAL BIODIVERSI TY
VARIABLES

The Tropi cs, are estimated to contain half of the worl

accelerating rates of development resulting in widespread documente d declines on species

population abundances (e.g. the tropical Living Planet Index shows a decline of 56 percent

bet ween 1970 and 2010; WWF 2014). Although the assumption of extensive losses across

tropical areas has been widely cited, recent studies indic ate that biodiversity change is

much more complex (Dornelas et al. 2014; Vellend et al. 2013), with positive trends in

some regions, driven by interacting and cumulative drivers making it difficult to accurately
forecast and therefore respond to biodiversi ty change at the local scale (Beaudrot et al.
2016). Considering the complex nature of biodiversity change and that biodiversity declines

are most often best addressed through local conservation actions, it is imperative that
effective, interoperable and s calable monitoring systems are implemented that can track
biodiversity change to inform local development decisions to global assessments.

In virtually all regions of the planet, biodiversity information is spatially and temporally

limited, is not integrat ed due to widely varying methodologies and standards, and most
existing observation systems are poorly funded and not well connected to policy needs.
Furthermore, most funding mechanisms for biodiversity observation and research are not

easily accessible t o long -term monitoring projects, instead favouring projects that focus on
producing new knowledge via experimentation. As a result, many observation systems do

not make full use of existing data and knowledge, preferring instead to develop new
monitoring e fforts rather than to first build upo n and advance current efforts. This limits our
ability to make informed conservation decisions and, ironically, further undermines support

for investing in much  -needed long term biod iversity observation programs.

Howeve r, the answer is not simply to p roduce more biodiversity data. More data alone will
not lead to an improved understanding of biodiversity change that informs effective policy,
conserv ation actions and forecasting. Existing efforts at the global and regiona | scale to

integrate biodiversity data are often hampered by differences in methods, schemas,
standards and protocols and in many cases, existing data is not easily accessed or

translated. Considering the limited resources available for biodiversity observ ation and
research, it is critical that monitoring efforts are not only integrated but also strategic in

regards to the intended target. With all of this in mind, a harmonized framework for
biodiversity observation and forecasting systems is required that facilitates integrati on,
outputs and communication. In response, the Group on Earth Observations Biodiversity

Observation Network (GEO BON) is developing the Essential Biodiversity Variables (Pereira
et al. 2013).

The EBVs were inspired by the Essential ClI imate Variables (ECVs) which guide the
implementation of the Global Climate Observing System in a structured and coordinated
manner. Analogous to the ECVs, the EBVs identify the most important variables for
capturing major dimensions of biodiversity change , complementary to one another and to
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other environmental ¢ = hange observation initiatives. EBVs can be used to help structure the
relevant observation and information systems but they also provide an intermediate layer

between primary observations and indic ators, thus isolating indicators from changes in
observation methods and technology (see Figure 2.1.1).
Primary biodiversity Essential Biodiversity High level Decision
observations Variables Indicators makers

Figure 2.1.1 EBYV relationship to high level indicators

2.1.1 What are Essential Biodiversity Variables?

A key question that GEO BON addresses is how is bi odiversity changing, i.e. what are the
speed and direction (i.e. increasing or decreasing) of change across multiple spatial scales

for the key dimensions of biodiversity? These quantities, based on in-situ or remotely
sensed Earth observation measurements (EO), once harmonized, will allow us to work
seamlessly with other disciplines. Once developed, EBVs have the potential to be integrated

with other types of data to help us identify, evaluate and study the causal mechanisms of

change in one or more dimens ions of biodiversity, which in turn are necessary to, report,
predict and manage biodiversity change from local to global scales.

However, this definition still leaves us with two problems: What do we consider as the key
dimensions of biodiversity? And wha t are the spatio -temporal scales at which it makes
sense to measure change at each of these dimensions? These are not simple questions and

the answers may vary depending on the objectives and the audience. To conceptualize the

key dimensions of biodiversit y and the most appropriate spatial and temporal scales, we
adopted a series of guiding concepts that allow us to refine, frame and direct the idea of

Essential Biodiversity Variables. In general, it is well accepted that the key dimensions of
biodiversity can be grouped into four flexible sometimes overlapping categories: genetic,
taxonomic, functional, and structural diversity. These key dimensions of biodiversity can be

measured at different spatial scales (e.g., global, regional and local scale), which ¢ an also
be defined depending on what is the most dominant process (e.g., extinctions, speciation,

migration, colonization, inter - and intra -specific species interactions) as well as consider
different combinations of biological organization (e.g., genes, s pecies, populations,
ecosystems). These equally important categories leave us with a multidimensional matrix

where each component and/or resulting combination has the potential to become an EBV.

Also, very important, is that EBVs should be independent fro m attribution. In other words,
the reasons behind the change should not be part of the EBV metric per -se. For example, an
EBV focused on trends in Net Primary Productivity should not also try to explain the causes

behind the change.

With this framework, GEO BON, as a result of a consensus process among experts, proposes

a list of EBV classes and EBV candidates ( http://gecbon.org/essential -biodiversity -
variables/ebv -classes-2/) to provide a reference for the minimum set of essential
measurements that can help capture the major dimensions of biodiversity change.

EBVs should align well with the general needs of policy and decision -making offering robust
computations that can hel p populate the indicators to assess progress towards the 2020
Aichi Targets and contribute to other initiatives such as the IPBES Regional Assessments.
However, policy can change over short periods of time and indicators that are tailored too

precisely to meet the demands of policy can quickly become irrelevant. One advantage of
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EBVs is the distance in the degree of abstraction that separates them from indicators that

shield them from changes in policy, making them valuable over longer periods of time and

flexible enough to populate a multitude of potential indicators and decision support tools

operating at various scales (e.g. national and local scale indicators for decision -making,
biodiversity scenario for supporting pol icy and management decisions). With this in mind,
the EBV concept can be applied to structuring the approach for monitoring tropical
biodiversity using remote sensing techniques.

2.1.2 Tracking EBVs Using Remote Sensing

The Strategic Plan for Biodiversity, 2011 -2020 (https://www.cbd.int/sp/ ) outlines a series of
targets for reducing the loss of biodiversity and addressing the underl ying causes driving
such loss. Whilst efforts are underway to better inform these targets through ind icators,
inadequacy of data limits our ability to confidently report on progress (or lack thereof). In
some cases, remote sensing offers an opportunity to both achieve long -term global and
continental scale coverage and indicate patterns in biodiversity lo ss, thereby facilitating
effective conservation actions (Skidmore et al. 2015). Continual and rapid advances in

sensor technology offer growing opportunities (e.g. monitoring individual tree species or

animals using high spatial resolution imagery, or imag ing spectroscopy for mapping plant
function and structural attributes) for tracking biodiversity change, though in-situ (ground)
data is needed to calibrate and validate the models and data products. However, a
consistent approach is required to define and translate remotely sensed observation data

into metrics (e.g. EBVS) releva nt to biodiversity monitoring. For example, the definition
used for a forest has direct implications in regard to how one measures and quantifies forest
degradation (Skidmore et al. 2015).

Soecies populations
Soecies populations
Soecies traits

Soecies traits
Gommunity composition
Gommunity composition
Ecosystem function
Ecosystem function
Ecosystem structure
Ecosysem sructure

Ecosysem sructure

Soecies distribution*

Soecies abundance*

Phenology (e.g., leaf-on and leaf-off dates, peak season)
Pant traits(e.g., specific leaf area, leaf nitrogen content)
Taxonomic diversity

Functional diversity

Productivity (e.g., NPR LAI, FAPAR)

Disturbance regime (e.g.,fire and inundation)

Habitat structure (e.g., height, crown cover and density)
Ecosysem extent and fragmentation

Ecosysem composition by functional type

Table 2.1.2.1 Candidate EBVs that can be measured by remote sensing. * Spaceborne RS
is increasingly used to map the distribution and abundance of particular species
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In this context, the following sections will introduce relevant EBVs for track ing biodiversity
change in tropical forests and will explore how remote sensing techniques can be harnessed

to support the development of these EBVs. From a larger list of EBVs that can capture
biodiversity change using remote sensing techniques (see Table 2.1.2.1 ), the following
sections focus on  five examples: Vegetation Phenology, Net Primary Productivity, Ecosystem

Extent and Fragmentation, Habitat Structure and Disturbance Regime. Some examples of

remote sensing derived EBVs that can directly track for est structure and function include
leaf area index (LAI) important for estimating growth potential; foliar N and chlorophyll has

a significant role in ecosystem processes and functional aspects of biodiversity as a primary
regulator for many leaf physiological processes; species occurrence is an important EBV for
wildlife habitat assessment and effective natural resource management; primary
productivity is the synthesis of plant organic compounds from atmospheri ¢ CO2 and can be
measured using remote sensing; and habitat fragmentation is the process by which

continuous broad areas of tropical forest is reduced to discontinuous patches and can also

be estimated and measured using a series of satellite images over t ime. More
methodological and technical information, using case study examples, is found in Section 4
of the Sourcebook.

2.1.3 Key references for Section 2.1
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2.2 VEGETATION PHENOLOGY

Wenquan Zhu , State Key Laboratory of Earth Surface Processes and Resource Ecology,
Beijing Normal University, Beijing, China; Joint Center for Global Change Studies (JCGCS),

Beijing, China; College of Resources Science a nd Technology, Beijing Normal University,
Beijing, China.

Guangsheng Chen , Environmental Sciences Division, Oak Ridge Nat ional Laboratory, Oak
Ridge, TN.

Daniel J. Hayes , Environmental Sciences Division, Oak Ridge Nat ional Laboratory, Oak
Ridge, TN.

Degin Fan, College of Geoscience and Surveying Engineering, China University of Mining &
Technology, Beijing , China.

Nan Jiang , College of Resources Science and Technology, Beijing Normal Uni versity, Beijing,
China.

2.2.1 Concepts of vegetation phenology

The | nternational Bi ol ogi cal Program defined phenol ogy
recurrent biological events, the causes of their timing with regard to biotic and abiotic
forces, and the interrelation among phases a974).t he s ame
Vegetation phenology refers to the periodic plant life cycle events controlled by biotic/abiotic

factors (e.g., plant species, climate, hydrology, soil, etc.) ( Rathcke and Lacey, 1985)
Traditional definitions of vegetation phenometrics are related to the biological phenomena of
specific organisms. These phenometrics usually refer to specific life cycle events such as

budbreak, flowering, or leaf senescence using in -situ observations of individual plants or
species. Comparing to the distinct phenoph ase transition of specific organisms from ground

level observation, the process of observing land surface phenology (LSP) using remote
sensing satellit es is fundamentally different. There rarely have distinct phenophase
transitions for satellite  -derived ph enometrics, such as the start -of-season (SOS) and end -
of-season (EOS) which are two common phenometrics derived from remote sensing time -
series data (Schwartz, 2013)

Many abiotic (i.e., environmental factors) and biotic (e.g., plant species, age) factors

influence the vegetation phenology. Phenology and its trends vary by geographic locations

(i.e., latitude, longitude and altitude), climatic zones, and vegetation type. Phenology cycles
and its variations may primarily be influenced by the potentially inte racting effects of
multiple environmental factors including sunlight/radiation, temperature and precipitation.
Because vegetation phenology are very sensitive to small variations in climate, especially to
temperature, phenological records can be a useful p roxy and tools for reflecting historical
climate changes; therefore, vegetation phenology becomes one of the most important

indices for climate change studies (Menzel et al. 2006a; Schwartze et al. 2006; Yu et al.,
2010; Richardson et  al., 2013; Yang et al ., 2015). Shifts in vegetation phenology will also
trigger the changes in ecosystem composition (e.g., biodiversity), structure (e.g.,
spatiotemporal pattern) and function (e.g., carbon uptake and net primary productivity),

and thus alter the water, heat and carbon exchange among soil, vegetation and atmosphere
systems (Piao et al., 2008; Richardson et al., 2010; Dragoni et al., 2011) , which in turn
affect regional and global climate system and augment climate change (Pefuelas et al.,
2009) . Therefore, veg etation phenology also becomes a critical parameter for modelling

land surface processes and vegetation dynamics (Cleland et al., 2007; Chen and Wang,
2009) .
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2.2.2 Phenometrics

To accurately and effectively reflect the phenological changes, many satellite -deri ved
phenometrics (phenological variables) have been developed to quantify and separate
different phenology stages (i.e., phenophases) from satellite -derived vegetation index (VI)
time -series data (Figure 2.2.2. 1; Table 2.2.2. 1). Generally, satellite -derive d phenometrics
cover a suite of phenopahses including SOS and EOS, length of season, seasonal amplitude,
and time -integrated series in terms of various Vis. Phenometrics can be derived from
satellite data in several ways. Some researchers use complex mathematical models. Others
apply threshold -based approaches that use either relative or pre -defined (global) reference
values at which vegetative activity is ass umed to begin.
C
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Figure 2.2.2.1 Example of phenometrics extracted from a seasonal normalized difference
vegetation index (NDVI) curve. Redraw of (Jonsson & Eklundh, 2004; Wessels et al., 2011)

(a) Start of season (  SOS), (b) End of season ( EOS), (c) Length of season (LENGTH), (d)
Start of seasonal peak (SOP) , (e) End of seasonal peak (EOP) , (f) Top level (TOP), (q)
Seasonal amplitude (AMP), ( h) Base level (BASE) (i) Small seasonal integral (Sl), ( j) Large
seasonal integral (LI). See Table 1 for detalils.
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Table 2.2.2. 1 Definitions of phenometrics shown in Figure 1, after (Jonsson & Eklundh,
2004; Wessels et al., 2011).

Phenology metrics

Productivity metrics

a. SOS fiincrease to 20% of seasonal
amplitude as measured from the left
minima of curve

f. Top level (TOP) 1 average between
NDVI values of SOP and EOP

b. EOS T decrease to 20% of seasonal
amplitude as measured from the right
minima of curve

g. Seasonal amplitude (AMP) T difference

between TOP and BASE

c. LENGTH i length of time from SOS to | h. Base level (BASE) 1 average between
EOS NDVI values of SOS and EOS
d. SOP i increase to 90% of seasonal i. Small seasonal integral (SI) T integral

amplitude as measured from the left
minima of curve

of growing season calculated between
the fitted function and the BASE

e. EOP 1 decrease to 90% of seasonal
amplitude as measured from the right
minima of curve

j. Large seasonal integral (LI) i integral
of growing season calculated between
the fitted function and the zero level

2.2.3 Methods for mon itoring vegetation phenology

To date, vegetation phenology is observed by three typical approaches: in
remote sensing monitoring and model simulation.

In -situ observation is a traditional approach to monitor vegetation phenology. It refers to

the observations of individual plants or species at fixed positions; therefore, in -situ
observation mainly reflects the growth rhythm on individual level. Since it is easily operated
and can get precise phenometrics on single plant or in small region, in -situ observation is
still the most popular method for studies on the seasonal community structure changes

(PhenoAlp Team, 2010) However, in -situ observations can ha rdly reflect the spatial
distribution of vegetation phenology in large scale (Menzel et al., 2006b) due to the uneven
distribution of stations (Wei et al., 2003) , the deficiency of widely distributed data
(Schwartz et al., 2006) and the limitation of spati al coverage. In recent years, phenology
observation based on flux tower and digital camera has been developed progressively (Zhu
et al., 2012; Ahrends et al., 2009; Richardson et al., 2007) , and has built an bridge
between in -situ observation and remote se nsing monitoring. See section 4.2 for more
information on in  -situ data.

Model simulation method can explore the temporal and spatial variation of vegetation

phenology by building phenology model at individual and population level based on the
physiological mechanisms of plant growth cycle. Phenology model quantitatively expounds

the impacts of environmental factors (e.g., climate, hydrology, soil, etc.) on plant growth
(Migliavacca et al., 2012) , simulates vegetation phenology using these environmental

fact ors, and further infers physiological mechanism of plants growth and environmental

thresholds (Chuine et al., 2013; Chuine et al., 2004) . Currently, the most often used
phenology models can be divided into two categories: statistical and mechanism models.
Statistical model is based on the statistical relation between phenophase and environmental
factors; while mechanism model analyzes the causal relationship between biological process
and environment factors using mathematical formulas and discovers the occ
conditions of phenophase. Till now, all the available phenology models are built based on
the ground -observed data and are rarely based on the satellite -derived phenometrics.
Besides, most of these models simulate the phenology at plant species sca le instead of
community or ecosystem scales. See also chapters 4.2.2, 4.6.2, and 5.2.4 for more
information on species mapping.

-situ observation,

urrence
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Using remote sensing to monitor vegetation phenology is mainly based on the sensor -
recorded spectral information of object accor ding to the principle that everything in nature

has its unique characteristic of emitted, reflected and absorbed electromagnetic radiation.

Remote sensing method uses data gathered by satellite sensors that measure wavelengths

of light absorbed and reflect ed by green plants. Certain pigments in plant leaf strongly
absorb wavelengths of visible (red) light. The leaves themselves strongly reflect
wavelengths of near -infrared light, which is invisible to human eyes. As a plant canopy
changes from early spring growth to late -season maturity and senescence, these reflectance
properties also change. Due to its ability to record large -scale information, satellite remote
sensing can effectively represent the vegetation phenological patterns at regional,
continental, even global scale (Reed and Brown, 2005) . The satellite -derived phenometrics
reflect the vegetation growing and seasonal changes of communities or ecosystems at pixel

level, which is very different from ground -observed phenological events at single plant or
species level (Dragoni et al., 2011; Chen and Wang, 2009) . There are a large number of
methods to identify vegetation phenology from satellite data, but none of them is applicable

to all types of vegetation for all study regions. Each of them has its ow n advantages and
disadvantages, and specifically aims to a particular condition (Chen and Wang, 2009 ; White
et al., 2009) . Therefore, the selection of remote sensing methods should be determined

based on the specific study area, varied study periods, spatial resolution,  satellite platform
and atmospheric corrections, compositing schemes and vegetation types (White et al.,

2009). In addition, the parameterization and localization of the selected method should be
accompanied with ground  -observed phenolog ical data.

Based on remote sensing data properties, s everal vegetation indices (VIs) were created to
quantify phenophases during past several decades, such as the NDVI, the ratio vegetation
index (RVI), the enhanced vegetation index (EVI), etc. Among these indices, NDVI is one of
the most widely used VIs. NDVI values range from +1.0 to -1.0. Areas of water, bare
ground , or snow generally have very low NDVI values (  usually < 0.1 ). Sparsely vegetated
areas, such as woodlands, open -canopy shrublands and grassl ands, generally have
moderate NDVI values (0.1 - 0.5). High NDVI values (> 0.5 ) often imply denser vegetated
areas, such as closed -canopy forests , shrublands, cropland and grassland . Figure 2 .2.3.1
demonstrates the filtered NDVI curves of typical vegetatio n types. Major differences across
these vegetation types in the base level, top level (average between left and right 90% of

curve), seasonal amplitude and width can be identified. Specifically, evergreen broadleaf

forests had the largest seasonal width wi th smaller variations within a year; crops which

ripe once a year, deciduous broadleaf forests, grasses, mixed forests and shrubs generally

have one growing season within one year; crops can ripe two or three times a year in some

regions and thus have two or three growth cycles within one year. Satellite -based methods
can take advantage of the characteristics of these curves of VI time series and quantify the

vegetation phenometrics.
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Phenological curves as represented by NDVI time series of typical

from remote sensing time -

series data. The definition of SOS/EOS depends on the specific phenology extraction method

(Table 2 .2.3.1 ). For example, for the double logistic fitting method
SOS is defined as the Julian day of year (DOY)

in curvature of the fitted logistic function based on the growth part of the satellite

VI annual time

SOS is defined as the DOY wh
of the seasonal amplitude in the growth part of the annual VI time

-series curve, while for the global threshold method
en it reaches a specific threshold (e.g., 20%, 30% and 50%)

Table 2 .2.3.1 Definitions of SOS/EOS for different phenology retrieving methods

-series curve.

(Zhang et al., 2003)
when it reaches the maximum rate of change

-derived

(Myneni et al., 1997)

Refe rences

Method Definition of SOS/EOS
Global _ _ Myneni et
threshold SOS/EQS is defined A fixed threshold al., 1997;
method as the DOY when Lloyd, 1990
Threshold NDVI curve crosses
method Local the threshold in an Thresh_old is | Yu et al,
threshold upward/downward determined by the 2010; White
method phase. shape of NDVI |etal, 1997
curve
SOS is defined as the DOY when the NDVI White et al.,
Delayed moving curve crosses the delayed/advanced 2009; Reed
average method moving average time series in the upward et al., 1994
phase
SOS is defined as the DOY with maximum White et al.,
HANTS-FFT increase on Fourier approximation of NDVI 2009
Asymmetric SOS/EOS_ is defineq as the DO.Y W-hen the Jonsson and
Gaussian asymmetric Gaussian approximation pf Eklundh,
Function fitting function NDVI curve crosses the local threshold in 2002
method an upward/downward phase
Double SOS/EOS is d(_afined as the _DO\_( when the Fan et al
Gaussian Double Gaussian appr oximation of NDVI 2014 "
. curve crosses the local threshold in an
function
upward/downward phase
Sixth -degree | SOS/EOS is defined as the DOY when the Piao et al.,
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polynomial sixth -degree polynomial approximation of 2006

function NDVI curve crosses the local threshold in

an upward/downward phase

SOS/EOS is defined as the DOY when the Beck et al.
Double L . . h J
Logistic double logistic approximation of NDVI 2006; Fisher
fungction curve crosses the local threshold in an et al., 2007

upward/downward phase

SOS/EOS is defined as the DOY when the
maximum rate of change in curvature of

Ecl)e?;\?(l;lse the fitted logistic function based on the Z|ha2803 et
gis growth/senescence part of the satellite - | &
function . . . .
derived VI annual time -series curve is
gotten
2.2.4 Opportunities for using remote sensing to monitor vegetation phenology
Existing remote sensing platforms
At present, there exist many satellite sensors (e.g., NOAA/AVHRR, SPOT -VGT, MODIS,
MERIS, etc.) to observe vegetation characteristics and retrieve Vis (e.g., NDVI and EVI)
time series at multiple temporal and spatial scales (Table 2.2.4.1 ). The original sa tellite
images for many sensors are daily collected, but the VI products are usually composites of
the best pixels from consecutive days and turn to 10 -day/15 -day/monthly VI products. The
longest available VI time series data is NOAA/AVHRR GIMMS NDVI3g dat a (Jiang et al.,

2013) , which started from July 1981 to present. However, it shows a low spatial resolution

(8 km) and thus has different vegetation types in one pixel. Therefore, it can represent the
phenological changes on ecosystem level but difficult t 0 interpret the physiological
mechanisms of phenology changes. VI time series data derived from MODIS/MERIS have

better spatial resolution of 250 m/300 m and are more suitable for monitoring phenological

changes at population or community level, but they h ave relatively short time sequences,
starting from February 2000 and May 2003, respectively. Besides the above datasets with
moderate or low spatial resolutions, Landsat TM/ETM+/OLI has begun to be used in

vegetation phenology monitoring due to its long ti me span and high spatial resolution
(Melaas et al., 2013) . However, these optical sensors are easily affected by the weather
condition, such as cloud or rain, and generate low -quality data. Microwave remote sensing
can overcome this shortcoming since it is not sensitive to bad weather, as Jones et al.
(2011, 2012) successfully derived vegetation phenology using AMSR-E passive microwave
data. See also sections 4.1 and 5.1 f or complentary information on available and upcoming
Sensors.

32




Table 2.2.4.1 Overview of existing and potential remote sensing platforms for retrieving
vegetation phenology

EO data type Sensor Method Operational References
level
: Potential research
Hyperion
value
Hypetr -I Hyperspectr Potential research
spectra al  Imaging value
Radiometer
(HIS)
Study on the leaf
sprout and
Landsat T™M / L_uongclzg?] ?Oerr;(:;:ence Ionf Fisher et al.,
ETM+ fitting southern New 2006
England during
1984 -2002

Study on the SOS
and EOS of

VHSR Landsat ;-uongézgﬁ g?c;:;?jlljé):fsforest in Melaas et al.,
TM/ETM+ o 2013
fitting southern New
England during
1982 -2011
Optical
Study on the
Logistic vegetation _ _
Landsat TM function phenology in Bhandari et
fitting Queensland, _ al., 2012
Australia  during
2003 -2008
Double Study on the
Logistic vegetation
function dynamic changes
fitting; (including
phenology) in . I
Asymmetric northern Beck et al,
MODIS Gaussian Scandinavia 2006
Moderate function during 2000 -2004
optical fitting;
Fourier
analysis
Logistic Study on the SOS
MODIS fungction and EOS of ggggg et al,
fitting vegetation in New

England during
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2000 -2001

Harmonic Study on the crop
MODIS analysis and | phenology in Sakamoto et
threshold Japan in 2002 al., 2005
method
Study on the
Asymmetric growing  season
ENVISAT Gaussian length of | Boyda et al.,
MERIS function vegetation in 2011
fitting southern England
during 2003 -2007
Fourier Study on the SOS
analysis; of vegetation in
Double Indian
Logistic subcontinent
function during 2004 -2006
ENVISAT fitting; Atkinson et
MERIS asymmetric al., 2012
Gaussian
function
fitting,
Whittaker
smoother
Study on the SOS
Dynamic pf vegetqtion and
SPOT-VGT threshold !ts changing trend Delbart et al.,
in northern 2006
method : )
Eurasia during
1982 -2004
Study on the SOS
Threshold of temperate
vomuamR | TR00S | veseten 10 e | seong ot al,
R GIMMS : 2011
Moderate maximum northern
or  coarse NDVI ratio hemlsphere
. during 1982 -2008
optical
Study on the SOS
Threshold and EOS of
NOAA/AVHR Lngggdon e t/‘zmpfrt"?‘te 4 |Piao et al,
R GIMMS i getation — and1 5406
maximum their changing
NDVI ratio trend in China
during 1982 -1999
NOAA/AVHR | Threshold s;‘g%met?irls tr(‘)‘fa White  and
R GIMMS method vegetation in Nemani, 2006
eastern Canada
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during 1982 -2003
BBCH-scale Study on the rice
(Biologische phenology in
Bundesanstal Serbia and
t southern Spain in | (Lopez -
RADARSAT- '
C-band 5 Bundessorten | 2009 and 2010 Sanchez et
amt und al., 2014)
CHemische
Synthetic Industrie )
éiegx;e Study on the he
BCH-scale rice phenology in (Lopez -
SAR .
Polarimetr Serbia and | Sanchez et
y southern Spain in al., 2012)
X-band 2009
vegetation Study on the SOS
i optical depth of vegetation in (Jones et al.,
AMSR-E (vOD) North America 2012)
parameter during 2004 -2007
Existing methods for retrieving phenometrics
The satellite -derived VI time series can reflect the rhythm of plants growth, which makes it
possible to identify the phenometrics using remote sensing data. Figure 2241
demonstrates the progress of identifying the SOS for different vegetation types with two
general processes: reconstructing high -quality VI time -series data through noise removal
(e.g., using a sixth -degree polynomial function or a Double Gaussian function to fit the

original VI time series) and computing the phenometrics from the reconstructed data (e.g.,

using a local threshold to retrieve SOS/EOS). More specifically, phenometrics are estimated

with the following steps: firstly, obtaining points in the ND VI curve when the date fits the
green -up and defoliation periods according to the in -situ observations; secondly,
recognizing the characteristics of SOS and EOS by analyzing the NDVI value and position

(timing) in the curve of selected points, such as the points with the largest changing rate in
curvature; lastly, using the above characteristics to identify the SOS and EOS for the other

pixels for the same vegetation type. The right panel in Figure 2.2.4.1 showed the processes
for distinguishing the SOS of tropical dry forests from dry season forests, where the SOS
represents the start of flourishing season rather than growing season.
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Figure 2.2.4.1 Schematic of retrieving phenometrics from remote sensing data

At present, a large number of methods have been developed to derive vegetation phenology
using different VI time -series data. These methods can be summarized as threshold
method, moving average method and function fitting method (Table 2.2.3.1).
Threshold method determines the SOS and EOS by setting a threshold value in the NDVI
curve. This method is further divided into absolute threshold method (also called global
threshold method)  (Lloyd, 1990) and dynamic threshold method (also called local threshold

method) (Jonsson and Eklundh, 2002) . Global threshold uses a fixed threshold value
regardless of its changes with time and region. For example, Lloyd (1990) used
NOAA/AVHRR NDVI datasets and set 0.099 as the global threshold of SOS; Fischer (1994)

derived th e SOS and EOS using a pre -determined threshold as well. Global threshold
method is effective in determining SOS and EOS at local scale, but not suitable for the

regions with various soil and land cover types, while dynamic threshold method can

overcome thi s limitation. The greenness of the vegetation is indexed by transforming the

NDVI data into a NDVI ratio (range between 0 and 1) between the NDVI value at a given

time and the minimum NDVI value in a certain time period, normalized by the total range of

NDVI values during this period. For example, White et al. (2006) adopted the dynamic
threshold method to identify the land surface phenology in the eastern Canada using the

AVHRR NDVI data from 1982 to 2003 and predicted the short -term phenology changes.
Delbart et al. (2006) used the dynamic threshold method along with the SPOT -VGT and
NOAA/AVHRR NDVI data to study on the dates of vegetation green -up in northern Eurasia
during 1982 -2004.

Moving average method determines the vegetation phenometrics based on t he intersections
between the original VI curve and the moving averaged curve. Reed et al. (1994) first
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proposed the delayed moving average (DMA) method and extracted the phenometrics from

AVHRR NDVI datasets, such as the green -up, length of season and sene  scence of crops,
forests and grassland. The results proved the strong consistency between derived
phenometrics and in - situ observations for various vegetation types. Duchemin etal. (1999)
used the moving average method to monitor the germination and defol iation period of
temperate deciduous forest. Schwartz et al. (2002) adopted three methods (i.e., DMA
method, seasonal NDVI mid  -point method and surface phenology simulation method) to

study the SOS of deciduous forests and mixed forests in the mainland of the United States

during 1990 -1993 and 1995 -1999, respectively, and found that the DMA method performed
better than the other two. The DMA method can help to obtain reliable and stable results

from NDVI time series for the regions with one growing season i n a year, but fails in those
with multiple growing seasons in a year or strongly influenced by rainfall. Several potential

risks should be noticed when using the DMA method. The first green -up stage may not be
recognized for the region with multiple growin g seasons if the time interval is set too short
(Hudson and Keatley, 2010) ; moreover, the detected green -up dates might be advanced if
the study region is influenced by snow melting in the spring (Wu et al., 2008) ; finally, this
method is sensitive to the setting of the window size.

Function fitting method obtains the vegetation phenology based on the fitted VI time -series
curve with S -shape functions, such as the polynomial function, logistic function, Fourier
function and Gaussian function. Taking the lo gistic function as an example, NDVI time series

is firstly fitted using the logistic function, and then the extreme curvature variation of the

fitted curve can be defined as the phenophase transition (Zhang et al., 2003) . Zhang et al.

(2003) firstly proposed the logistic function fitting method and applied it to extract the date

of green -up, maturation, senescence and dormancy of vegetation around the central New

England. The logistic function fitting method reduces human interference since i t needs no
predefined threshold and data smoothing, but increases the risks of failure in fitting since

the NDVI curves of different vegetation types are not all ideal regular S -curve, which leads
to low detection precision (Cui, 2012) . Harmonic analysis m ethod uses Discrete Fourier
Transform to approximate the NDVI time series by summation of harmonically periodic

functions with various frequencies, and then extracts the land surface vegetation
phenological information based on the harmonic characteristics (Zhang et al., 2004) . Lin
and Mo (2006) reconstructed NDVI timer series using the improved Fourier method and
NOAA/AVHRR NDVI data in 1992, and utilized harmonic analysis to extract the
phenometrics of various vegetation types in southern Hebei Province. Harmonic analysis has
been proved to eliminate the noises in NDVI time series effectively, but the reconstructed

curve is over -smoothed and deviates from the original curve, which will end in
misrecognition of phenological characteristics (Liang et al., 20 11) . Moody etal. (2001) used
discrete Fourier analysis method to calculate the phenometrics of vegetation in southern

California. Jénssone et al. (2002) evaluated the SOS ad EOS of vegetation in Africa by using
asymmetric Gaussian function method. Functio n fitting method may plunge a local
extremum caused by inappropriate initialization and fail to get the global optimum value;

meanwhile, parameter optimization is limited by numbers of points in VI series, which

implies that the time resolution is an addit ional constraint for the precision of curve fitting
(Hudson and Keatley, 2010)

In addition to the above -mentioned 3 types of method, the derivative method combines
derivations of VI time  -series curve with other conditions or methods to define SOS/EOS as

the DOY when the curve reaches a maximum/minimum in an upward /downward phase

(Balzter et al., 2007; White et al., 1997) . For example, Moulin et al. (1997) used the
derivative method and empirical coefficient to evaluate the SOS and EOS of global
vegetation . To avoid the influence of NDVI increasing caused by snow melting on monitoring
vegetation phenology, Yu et al. (2003) proposed a method using a combination of derivative

and threshold methods. They limited the range of change slope using the given thresh olds
and estimated the vegetation green -up dates in the eastern Central Asia. Balzter et al.

37



(2007) devel oped the fACamel back Phenol ogy Algorithmo,

of derivative method and moving average method, and derived the SOS and EOS in the
central and eastern Siberi. Sakamoto et al. (2005) defined vegetation green  -up as the date
at the point when MODIS EVI curve reaches the maximum and defined harvest time as the

date at the point when the second derivative crosses zero and the first derivative turns from
positive to negative. Maximum -slope method is effective for the crops ripping once a year,

but the derived first harvest time will be delayed for the crops ripping twice a year. It is

hard to judge whether the changes of derivation -derived vegetation phenology is significant

or in a reasonable range, since the derivative method cannot analyze the errors. Meanwhile,

the derivative method is appropriate to extract SOS and EOS when the VI curve has no
sudden increase or decrease, especia lly when the datasets are contaminated by clouds
(Hudson and Keatley, 2010)

Available remote sensing products for phenology studies

1) VI time series products

A. NOAA/AVHRR GIMMS NDVI3g data. This dataset starts from July 1981 to present. It

has a spatial r esolution of 1/12 (or 0.0083) degree and a 15 -day interval. The data
were provided by NASA and can be freely downloaded at the Ecological Forecasting Lab
website ( http://ecocast.arc.nasa.gov /data/pub/gimms/3g.v0/ )

B. SPOT-VGT S10 NDVI data. This dataset starts from April 1998 to present with 1 km

spatial resolution and a 10  -day interval. The image quality and the calibration accuracy

of the products are monitored by the Image Quality Monitoring Centre (QIV) at CNES
(Toulouse, France) and the data can be freely downloaded from the Flemish Institute for
Technological Research (VITO, http://free.vgt.vito.be/ ).

C. MODIS VI products (MOD13). This data can provide NDVI and EVI time series every
16 days at 250 m resolution from April 2000 to present. The data is processed by the

Earth Resources Observation and Science (EROS) Center and can be downloaded at
Reverb ( http:// reverb.echo.nasa.gov/ ).

D. eMODIS products. The data are produced only for the United States, including
Continental United States and Alaska, at spatial resolutions of 250m/500m/1000m and

7-day intervals from 2000 to present. The output layers of the data are NDVI, surface
reflectance bands, quality and acquisition date. They are produced by USGS EROS

Center based on the MODIS datasets and have no compatibility issues (e.qg., file format,
production latency, reprojection, etc.) with the MODIS datasets. The data is available at
https://lta.cr.usgs.gov/emodis

E. ENVISAT -1 MERIS data. This data covers the period from March 2002 to April 2012.

It has a spatial resolution of 300 m and a temporal resolution of 35 days. The data can
be downloaded from the European Space Agency
(https://earth.esa.int/web/guest/missions/esa -operational -eo-missions/envisat ).

2) Phenology products

A. MODIS Land Cover Dynamics (MCD12Q2) Product. This data provides phenophase
transition dates at 500 m spatial resolution from 2001 to present. The product is
developed from a time series of the Enhanced Vegetation Index (EVI) (Huete et al.,

2002) calculated from the 8 -day composited Normalized BRDF  -Adjusted Reflectance
data (MCD43A4). The phenometrics are derived according to the derivatives of
piecewise logistic functions (Zhang et al., 2003, 2006). The dataset can be downloaded

from Reverb (http://reverb.echo.nasa.gov/ ).

B. MODIS for NACP (North American Carbon Program) Products. These data include
Gap-Filled -Smoothed (GFS) Product and Phenology (PHN) Product. This Product
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provides smoothed and gap  -filled MODIS VI series using the TIMESAT software package
(Jonsson and Eklundh, 2004) to fit the asymmetric Gaussian functions (Jonsson and
Eklundh, 2002) from two different MODIS products: EVI/NDVI calculated from
MODO09A2 and MODO09Q2, while LAI/FPAR derived from MCD15A2 (Gao et al., 2008)
MODIS -for -NACP PHN Product provides phenometrics estimated from MODIS VIs from

the two different MODIS products (Tan et al.,, 2011) . These datasets are available at
http://accweb.n ascom.nasa.gov/index.html

C.USFS ForWarnds Phenol ogy Pr o dhaset sational phenplogya r e MOD I S
datasets. These data are available under ForWarn Project. ForWarn is a near -real -time
tracking system of vegetation changes across the United States, and i t relies on daily
eMODIS and MODIS satellite datasets. The phenology products include phenology

derived products and phenology parameter products. These products are available from

2003 to 2009 and  can be downloaded from http://forwarn.forestthreats.org/

D. USGS Remote Sensing Phenology Products. These data are provided by the USGS

Earth Resources Observation and Science (EROS) Center, including phenometrics like

timing and NDVI  value of start and end of season, the timing and NDVI value of the

annual maximum, duration and amplitude of the growing season, and time -integrated
NDVI. The products are derived from AVHRR and MODIS, respectively. These AVHRR
phenometrics are the longes  t record available at 1 km from 1989 to present. These data

are available at  http://phenology.cr.usgs.gov/get_data_main.php

Existing international phenological observation networks

A. Chinese Ph enological Observation Network (CPON), website: http://cpon.ac.cn/

B. European Phenology Network (EPN ), website:
http://www.dow.wau.nl/msa/epn/index.asp

C. The UK network, website: http://www.naturescalendar.org.uk/

D. USA Natio nal Phenology Network, website: https://www.usanpn.org/

2.2.5 Issues and Challenges
Remote sensing data quality and its pre  -processing

Satellite -based monitoring of vegetation phenology has a requirement for both higher
temporal and spatial resolutions. Satellites, such as NOAA/AVHRR, SPOT -VGT and MODIS,
can provide daily or even half -day (Terra/Aqua MODIS) records, but they have lower spatial
resolution. For example, the spatial resolutions of NOAA/AVHRR, SPOT -VGT and MODIS are
8 km, 1 km and 250 m, respectively. This results in difficulties in analyzing physiological
mechanisms of phenology shifting when the study region contains various vegetation types.
Remote sensing data with spatial resolution smaller than or equal to 30 m (such as Landsat

data, IRS data, HJ data) have been widely used, but their revisiting periods are usually

longer than 3 days (such as 3 -5 days for HJ satellites, 16 days for Landsat series of
satellite). Considering the impacts of bad weather, aerosol or other factors, numbers of high

quality data within a year are extremely limited, which is hardly to meet the requirements

of monitoring veget ation phenology. For the tropical region, the quality of remote sensing

data based on optical sensors is challenged by the high moisture content and cloud cover,

but microwave sensors can overcome these problems and show potential in monitoring
vegetation phenology in this region.

The quality of remote sensing data is also hindered by the solar elevation angle, satellite
observation angle, cloud condition, atmospheric aerosols and other factors. Therefore, the

VI time series obtained from satellite always contains tons of noises, which leads to
difficulties in extracting phenological information from remote sensing images (Yu and
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Zhuang, 2006) . To reduce these contaminations, most of the existing datasets (e.g.
NOAA/AVHRR GIMSS NDVI3g, SPOT -VGT NDVI and MODIS VI time series) have been
preprocessed and composited by implementing the Maximum Value Composite (MVC)
(Holben, 1986) or Constrained -View Angle Maximum Value Composite (CVMVC), but lots of
noises still remained  (Huete et al., 2002) . Cloud cover has the largest impact on VI products
quality, especially under condition that all the dates for deriving remote sensing images are
contaminated by cloud. Therefore, the noise  -reduction should be conducted for these VI
time series before the application.

Plenty of noise -reduction methods have been developed for VI time series, such as the
asymmetric Gaussian method (Jonsson and Eklundh, 2004) , chang ing -weight filter method
(Zhu et al., 2012) , but none of them performs well under all situations (Song et al., 2011 ,
Zhang, 2015 ). Using a time series of daily EVI2 (two band enhanced vegetation index) from
AVHRR long term data record (LTDR) (1982 11999), Z hang (2015) developed a hybrid
piecewise logistic model (HPLM) to reconstruct a global dataset of spatially and temporally
consistent and continuous daily VI. Verifications indicated that the HPLM algorithm is
reliable and consistent and can be applied for the reconstruction of EVI/NDVI from AVHRR,
MODIS and VIIRS data globally.

2.2.5.1 Uncertainties in retrieving methods

The satellite -derived vegetation phenometrics retrieved with different methods showed large
discrepancies. White et al. (2009) compared 10 SOS extraction methods and concluded that

the average difference and standard deviation among the methods is +60 days and +20

days, respectively; these extraction methods showed higher precision in the northern
hemisphere at high latitudes tha n in the region with arid, tropical or Mediterranean climate.

Mou et al. (2012) evaluated three kinds of widely used satellite -based methods (i.e.,
threshold method, moving average method and function fitting method) from two aspects:

feasibility and accur acy, and drew conclusions that the dynamic threshold method
performed best with the highest feasibility and accuracy; better performance was also

observed for the first derivative method of the logistic fitting function; the global threshold

method had the  worst performance both in feasibility and accuracy. There are three reasons
responsible for the large inconsistency among different methods. First, there is no obvious
phenophase transitions in the phenometrics derived from remote sensor data, which is th e
aggregated result of phenological information from different plants; second, these retrieving

methods are different in definitions and algorithms; third, most existing evaluations are

based on the in -situ observed phenology, but there has no direct relat ionship between
satellite -derived phenology (e.g., green -up, dormancy, etc.) and ground -observed
phenology (e.g., plant spout, flowering, etc.).

Moreover, the following reasons increase the challenge of extracting phenological metrics

from remote sensing data for tropical forests: firstly, tropical forests have higher
biodiversity level, which results in more hybrid information of various plants in one pixel in

remote sensing image; secondly, vegetation in tropical forests has higher biomass and

shows high er VI value, even in dry seasons; therefore, the VI curve changes little
throughout a year (e.g., low amplitude in VI curve) and it is hard to identify phenological
characteristics; thirdly, the phenological characteristics are not significant for tropical

forests.

2.2.5.2 Difficulties in validation
The validation of the satellite -derived vegetation phenology is a difficult issue. High
temporal -resolution satellite data are always with relative low spatial resolution, and also

along with the influences from data qu ality, data pre -processing and phenology retrieving
methods, which ultimately lead to the incompatibility between satellite -derived
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phenometrics at pixel level and ground -observed phenological events at individual or
species levels. Most of the existing st udies adopt the in -situ observations to validate the
satellite -derived phenometrics. Fisher et al. (2006) used in -situ observations to validate the
phenometrics derived from Landsat and MODIS, and quantified the precision of the satellite -
derived phenometr ics at the high (i.e., Landsat) and low spatial resolution (i.e., MODIS).

They discovered that the average dates of satellite -derived phenology could reflect the
statistical conversion from fine scale to coarse scale, and the spatial disparity caused by

local micro -climate was the primary cause for the incompatibility between satellite -derived
and ground -observed phenometrics; Yu et al. (2010) studied the spring vegetation
phenology on Qinghai -Tibet Plateau by using NOAA/AVHRR NDVI data from 1982 to 2006.

They evaluated the differences between ground -based observations and satellite -derived
phenometrics according to two indicators: the mean absolute error (MAE) and the root

mean square error (RMSE) ~ In the absence of enough in -situ observations, Chang et al.
(2014) used standard differences to indirectly validate the sensor -based growing season
according to the daily average temperature data derived from meteorological stations; while

Zhang et al. (2013) identified the green -up dates of vegetation in Qinghai -Tibet Plateau
based on three sensor datasets (i.e., NOAA/AVHRR GIMMS, SPOT -VGT, MODIS) and
validated the results by comparing the trends between satellite -derived and ground -
observed phenology.

Actually, there is no direct relation between satellite -derive d phenology (e.g., green  -up,
dormancy, etc.) and ground -observed phenology (e.g., plant spout, flowering, etc.) since

their scales (a pixel on sensor image vs. a single plant) and the observed values (spectral

responses of vegetation vs. phenological event s) are completely different (Fisher et al.,
2006, Schwartz et al., 2002) . Therefore, the validation for the satellite -derived phenology
should be based on the spatial -temporal trends rather than the specific dates between
ground -observed phenological event s and satellite -derived phenometrics. There needs to
develop other methods to make a more explicit understanding of the linkages between

remotely sensed phenology and ground -observed phenology. Liang et al. (2011) validated
satellite phenology through inte nsive ground observation and landscape scaling in a mixed
seasonal forest. Delbart et al. (2015) compared land surface phenology with leafing and

flowering observations from the PlantWatch citizen network to explain the correlation with

satellite -derived g reen -up.

2.2.6 Potentials and applications of phenology studies in tropical forests

The differences in phenometrics among tropical forests can be used to improve the
classification of land cover types, biomes and bioclimatic zones. Tropical evergreen and

decid uous (seasonal) forests have similar spectra in the wet seasons, but there is at least

20% difference at the near infrared band in the dry seasons (Schwartz, 2013) . This
difference has been attributed to the seasonal variations in leaf phenology of deciduous
forest. A significant portion of forest area could not be identified by the remote sensing

images if only those images from dry seasons are used or do not consider leaf phenological

changes, even using the higher spatial resolution remote sensors (e.g., < 30 meters). For
example, dry deciduous forests may be misinterpreted as pasture or croplands if the remote

sensing images are obtained during the dry seasons. Leaf losses of dry deciduous forests

during dry seasons make the spectral signal of for est the same as the pasture or croplands.
Therefore, the tropical deciduous forests have often been overlooked by many previous

remote sensing analyses  (Arroyo -Mora, 2002)

Phenology can provide a new clue to monitor biological diversity in tropical forest s because
it can contribute to the identification of wet of dry forests. Two distinct seasons are divided

to study phenology for tropical dry forests: dry season and wet season. In the northern
hemisphere, dry season usually ranges from March to July, when 85-100% of the forest
leaves may fall down. Soil moisture is the dominant factor for the timing of leaf onset and
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offset, while the combined effects of ecosystem composition, topography and forest age

structure determine the degree of deciduousness (Piper no and Pearsall, 1998 ; Liittge,
1997) . In general, moist or wet forests have more species than Neotropical dry forests.

Taking records in  Costa Rica as an example, 430 species of woody plants have been
documented in the wet forest of La Selva Biological Sta tion (Hartshorn and Hammel, 1994) ,
while only 160 species in dry forest of the Santa Rosa National Park (Kalacska et al., 2001)
However, dry forests have more structural diversity (e.g., wood specific gravity) and
physiological diversity (e.g., growth sea sonality) than wet forests (Medina, 1995)
Phenometrics are critical parameters of exploring the dynamics of ecological processes in

tropical forests. Phenometrics can be used to parameterize the phenology model (Whitcraft
et al.,, 2015) . The phenological m echanism model parameterized with phenometrics can be
further integrated with process -based models to study the impacts of climate change on
ecosystem composition, structure and function (Tian et al., 2010; Weiss et al., 2014; Arora

and Boer, 2005) . The pa rameterized model can be also integrated with crop models to
simulate crop growth process and forecast crop yields in tropics (Ruane et al., 2014;
Kadiyala et al., 2015)

Phenology change has a cascade effect on tropical forest ecosystems. Change or disru ption
of vegetation phenology may be reflected in the changes in interaction between plant
population and animal function. Biotic factors (e.g., competition for pollinators or pollinator

attraction) have been regarded as vital adaptive forces for vegetatio n phenological patterns
in tropical region  (Sakai et al., 1999; Lobo et al., 2003) . Delayed or advanced flowering
may reflect the behavior and visitation rate of pollinators. If changes happen over time in

the flowering pattern of the plants which share po llinators in the same guild (Fleming,
1988) , competition will happen for the same pollinators, finally resulting in detrimental

effects on the reproduction of plants and the ability of pollinators to obtain resources. For

example, in the tropical dry fores t of the Chamela -Cuixmala Biosphere Reserve in Mexico,
trees in Bombacaceae family provided main resources to the nectarivorous bats
Leptonycteris curasoae for eight months and Glossophaga soricina for six months. The two

species of bats gathered on the sa me bombacaceous species every month (Stoner et al.,
2003) . These sequential utilizations of bombacaceuos species by the bats happen to be the

flowering time of the tree species. Some research data suggest that changes in flowering

time (e.g., reduction of flower production) caused by habitat destruction may result in
increased interspecific competition between bat species and may ultimately end in local
extinction, especially for the endemic species in this dry tropical forest. Intraspecific
variations in t he frequency, duration, amplitude and synchrony of individual flowering
phenology has been considered as the main influencing factor for tropical plant populations

in both reproduction and genetic structure in disturbed habitats (Nason and Hamrick, 1997;
Doligez and Joly, 1997) . The fruiting time and seed predation behavior may affect the
ecosystem in tropical forests. Then the habitat reduction and phenological changes will end

in the species reduction of reproductive plants, the increasing negative impact s caused by
endogamy, the quantity decreasing and quality declining of pollen, and the genetic

variability lowing of the progeny (Cascante et al., 2002) . Over time, finally, this may disturb

the viability and establishment of plant populations.

2.2.7 Activities of phenology monitoring in tropical forests

Vegetation phenology in tropical forests has aroused wide interests for rese archers in recent
years (Table 2.2.7.1 ). At the South American Continent , Cho et al. (2010) utilized
NOAA/AVHRR NDVI and Sea  Surface Temperature (SST) data to study the influences of
Atlantic SST on the vegetation greenness in Amazon during 1981 -2001. They discovered a
strong correlation between NDVI and SST during 1980s and 1990s. Additionally, NDVI in

rainy season (from Decemb  er to next February) during 1981 -2001 lagged behind SST with
strong correlation and the lag phase was 14 months. Saleska et al. (2007) extracted the
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vegetation green
significant drought
years. Bradley et al.

-up dates using MODIS EVI data in 2005, and found that there was no

-caused reduction in vegetation greenness as compared with the other
(2011) explored the relationship of vegetation phenology with surface

radiation and precipitation in Amazon based on the MODIS EVI data from 2000 to 2006.
subtropical or tropical savannah, they found that Terra Firme forests
showed weak but significant annual cycles, which mainly caused by the vegetation

Comparing with

heterogeneity and nonsynchronous phenological

significant annual radia
with significant annual precipitation cycle accounted for 90%, but the two types of regions
showed different spatial pa

Table 2.2.7.1 Activities of phenology

tterns in vegetation phenology.

Moreover, the
tion cycle accounted for 86% of the study region while the region

events.

region with

monitoring for tropical forests at different continents

Continents Regions RS Activities F'el.d \.’V.Ofk Reference
activities
Study on the relationship - .
between the greenness of g&:{r;t;gnng with sea
vegetation and the sea
South Amazon surface temperature tempe_rature data of (Cho et al.,
America (SST) using  NOAA/AVHRR Atlantlc. sea | 2010)
NDVI and SST data during surface; No ground -
1981 - 2001 based validation.
Study on the vegetation Com_bl_mn_g W't_h
Amazon phenology based on precipitation data; (Saleska et
MODIS EVI data in 2005. No ~ ground -based | al., 2007)
validation.
Combining with
Study on the relationship vegetation map,
between vegetation radiati on and
phenology and the precipitation data; (Bradley et
Amazon surface  radiation and
precipitation using MODIS Validating the | 2011)
EVI data during 2000 - | phenology using
2006. the ground -based
observation data
Study on the relationship
between the leaf sprout - .
. date of tropical ecosystem Comb!nlng W't_h
North Hawaiian and the precipitation precipitation  data; (Park,
America Islands based on the MODIS No_ _ground -based | 2010)
NDVI/EVI data during | vaidaton.
2000 -2006
Study on the dates of leaf . .
sprout in tropical forests Comb!nlng with
Hawaiian region of Hawaiian Islands grsegpnat:jon _ and (Pau et al.,
Islands and its  asynchronous ata; No 2010)
response to El Nifi oi ground -based
driven  drought  using validation.
MODIS NDVI data during
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2000 -2009
Study on the start dates - .
Oaxaca and length of season of C:Zar;bli?:twign d;’;’:,h (Goémez -
Mexico’ vegetation using Rlo P round -bas’ed Mendoza et
NOAA/AVHRR NDVI vaIidatign al., 2008)
during 1997 -2003 '
Study on the start dates
savannas of growing season in the
Africa and savannah and woodland No ground -based | (Guan et
woodland region using the MODIS validation. al., 2014)
S datasets during 2000 -
2011
Study on the vegetation Combining with
Uttara F:fnoor:cs)gy toand climalttes temperature and (Prabakara
Asia Kannada chaF;] e based on SPOT - precipitation data; n et al,
of India 9 : No  ground -based | 2013)
VGT NDVI data during validation
1999 -2007 '
Study on the spatial
pattern of phenology for 8 Combining with
India fg:;c')enssec’f fotroest acr}?m:tse precipitation  data; (Prasad et
) No round -based | al., 2007
change using validati?)n :
NOAA/ AVHRR NDVI data '
during 1990 -2000
Study on the start dates
. of growing season of .
Isr:Jdk;?n vegetation in Indian No  ground -based ((a?tkmsonal
continent subcontinent using validation. 2012) v
ENVISAT MERIS data
during 2003 -2007
Study on the vegetation the satellite -derived
phenology and growing phenometrics
. correlated (Luo et al.,
China season of the forests sianificantl with 2002)
using AVHRR NDVI data thge y o
in 1995 and 1996 9
observations
At the North American Continent, Park (2010) analyzed the connection between leaf

phenology and rainfall regimes in Hawaii tropical ecosystems by using MODIS NDVI/EVI

data during 2000 -2006, and concluded that the vegetation greenness kept fluctuating and

the period of fluctuations showed a strong re lationship with precipitation. They also made a
comparison between leaf phenology and rainfall patterns and proved that the
photosynthesis and seasonal rainfall cycle showed consistency in tropical ecosystems and
inconsistency in humid forests. Pau et al. (2010) explored the response of leaf phenology to

El Nifio -driven drought in Hawaii tropical forests using MODIS NDVI data during 2000 -2009,
and discovered the asynchronous response of Hawaii forests (both tropical rain and dry

44



seasonal forests) to El Nifio -driven drought and found that NDVI in dry seasonal forests

showed stronger correlation with precipitation than that in rain forests. Gomez -Mendoza et
al. (2008) studied the relationship between NDVI and precipitation using NOAA/AVHRR

NDVI data during 1997 -2003 and discovered a significant variation in SOS and length -of -
season among different years in Oaxaca, Mexico.

At the African Continent, Guan et al. (2014) explored the impacts of land surface hydrology

on vegetation phenology of savannah and woodland in Africa based on MODIS data during
2000 -2011. They stated that the rain season onset generally occurred before SOS and thus
could be used to predict SOS in A frican savannah, while rain season onset occurred after
SOS and leaf senescence period varied nonlinearly with tree fraction in African woodland.

At the Asian Continent, Prabakaran et al. (2013) wused SPOT -VGT NDVI data to derive the
vegetation phenology a  nd analyzed the response of vegetation phenology to climate change
in Uttara Kannada of India during 1999 -2007. They found that the phenological events of

evergreen forests were earlier than those of dry deciduous forests, and discovered a

negative relatio nship between the highest air temperature and SOS, a positive relationship
between the highest temperature and defoliation dates and a positive relationship between
precipitation and SOS. Prasad et al. (2007) studied the spatial pattern of vegetation
pheno logy of eight types of forests in India using NOAA/AVHRR NDVI during 1990 -2000,
and analyzed its relationship with climate. They found that the evergreen forests had larger

range between SOS and EOS (around on day 270). Besides, the vegetation greenness of

different vegetation types showed different responses to climate change, but the average

monthly NDVI were negatively related to temperature and positively related to precipitation.

Atkinson etal.  (2012) used four different methods to extract SOS in the Indian subcontinent
based on ENVISAT MERIS data in the period 2003 -2007, and discovered that the study
results were consistent between the southwestern and the northeastern India. Luo et al.

(2002) studi ed the growing season change of forests in China duri  ng 1995 -1996 based on
the AVHRR NDVI datasets, and proved the effectiveness of PhenLAl model in predicting the
maximum LAI for most forest types.
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2.3 NET PRIMARY PRODUCTI VITY

2.3.1 Definition and relevance

Terrestrial net primary productivity (NPP) is an indicator of the energy flow through
ecosystems. It can be described as the net production of biomass over a specific time period
(e.g., year), and measures the amount of carbon that is taken up by vegetation during
photosynthesis minus the carbon released during plant respiration. This can be written as

NPP =GPP i R. 2.1)

where GPP is the gross primary productivity and R a IS the autotrophic respiration rate. The
GPP measures the entire photosynthetic production of organic compounds in an ecosystem,

and the autotrophic respiration indicates how much of that production is used to meet the
energy needs for growth and maintena nce of plant tissues. NPP is usually expressed in
grams of carbon per square meter per year (gC/m 2Iyr).

NPP is an important parameter for biodiversity assessment; areas with higher NPP generally

host more plant and animal species, although this effect is most clearly observed when
considering larger spatial scales (Costanza et al 2007; Field et al 2009; Chase 2010)
Although at a regional basis, peak biodiversity is sometimes found to correlate with
intermediate productivity levels (Oindo and Skidmore 2002; Said 2003) , most evidence and
ecological theories seem to point to an overall positive relationships between NPP and
species richness (Gillman et al 2015) . Given that tropical forests are high NPP ecosystems
hosting a multitude of animal and plant species, drastic reduction of NPP in ecosystems, for

example through climatic shifts or land use change (Huston 2005; Higgins 2007) , may
negatively affect species diversity. Tropical forests are subject to various human -induced
changes aimed at harvesting timber and w oodfuel, and forest conversions for agricultural or

mining purposes. Monitoring NPP (among other variables) through time for these regions
would help to understand the impact of these changes on biodiversity.

2.3.2 Field measurements of net primary productivity

NPP field measurements are crucial to evaluate the accuracy of spatio -temporal NPP
assessments from remote sensing or models. Nonetheless, NPP cannot be directly measured
in tropical forests. Two main approaches exist for estimating NPP in-situ: (1) the

measurement of biomass and its changes over time, and (2) the measurement of carbon
fluxes (Pan etal 2014) .

2.3.2.1 Biomass

Field quantification of NPP is possible following
produced over a given time interval. Nonetheless, the accurate quantification of new
biomass in the field is cumbersome, because during the measurement interval
transformations occur due to consumption (herbivory), decomposition, mortality, and
leaching (Kloepp el et al 2007) . To make this measurable, biomass needs to be split into
various components, including aboveground and belowground biomass. For both
components increments in live biomass and biomass losses need to be added to obtain an
accurate measure o f NPP (Clark et al 200la) . For aboveground biomass, biomass
increments i nclude net increase of wood (stems/branches) as well as green biomass
(foliage). Losses include fine litter (leaves, twigs, fruits, flowers), consumption by
herbivores, and leaching/volatility of organic compounds. Belowground NPP is comprised of

net root increments, and root losses due to mortality, herbivory, root exudates, and export
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of organics to symbionts. The root biomass is poorly understood, but varies widely
depending on the ecosystems and species, varying between approximately 20 -150% of the
abov e ground biomass  (Whittaker 1975; Albuquerque et al 2015) . See also chapters 4.2.2,
4.6.2, and 5.2.4 for more information on species mapping.

A detailed description on how to measure or estimate each of these components can be

found in Clark etal (2001a) , Gower etal (1999) , and Kloeppel etal (2007) . Only very few
studies have attempted to measure belowground biomass for forest ecosystems (for a
review see: Tierney and Fahey 2007) , and aboveground NPP (or ANPP) is mostly taken as

the combination of aboveground biomass increment and fine litter only (Clark etal 2001b) .
In this section we focus on ANPP given that remote sensing can best contribute to this
assessment. Two approaches exist for estimating ANPP: (1) area harvest, i.e. destructive

sampling of all plant tissue, or (2) the use of allometric equations that relate wood volume

to more easily -measurable parameters like stem diameter and tree height (Gower et al
1999) , with the wood volume being converted into biomass based on wood density (note
that many allometric equations for biomass increment are based on destructive sampling).

Due to the relative small NPP increment with respect to standing biomass, approach (1) is

challenging for forests, but some key tropical forest biomass a llometric equations are
nonetheless based on such painstaking work (e.g. Chambers etal 2001; Basuki etal 2009) .
Approach (2) is feasible when implemented using permanent plots: in this case stem

diameter and top height increments provide an estimate of biomass increase, that is, if
appropriate allometric equations for the species within the plot are available from literature

or, ideally, from harvested trees in the vicinity of the plot. There are examples of biomass

increment and NPP being estimated using temporary plots being repeatedly measured in an
area.

In short, in-situ field estimates of NPP based on biomass measurements are challenging for
tropical forests and large errors can remain if not all NPP components are accurately

identified and measured. Field -based NPP estimates require rigorous sampling and

measurements for different components and for at least two moments in time. Detailed

studies at benchmark sites and a greater standardization of approaches is needed (Kloeppel

et al 2007) . Nonet hel ess, such techniqgues remain the O6gol d

calibration of models based on flux tower or remote sensing measurements.
2.3.2.2 Flux tower measurements

Flux towers use the eddy covariance method to continuously measure the exchanges of
CO,, water vapor, and energy between terrestrial ecosystems and the atmosphere
(Baldocchi 2003) . Globally over 450 flux towers are actively operating, the majority of which
are located in North America and Europe. These are organized in the FLUXNET network of

regional networks ( http://fluxnet.ornl.gov/ ) (Baldocchi etal 2001) . Flux towers measure the

vertical turbul ent fl uxes. The upwind area that i's s
measurements is called the flux footprint. Its size and shape varies with tower height, wind

velocity, and canopy characteristics. Depending on these parameters, the typical

contribution to the measured signal originates from few tens of meters up to several

hundreds meters. The footprint can be described using the analytical model of Schuepp et

al. (1990) . CO, exchange can be accurately measured at hourly to annual intervals

particularly over flat terrain, stable environmental conditions, and homogeneous vegetation

cover for an extended distance upwind (Baldocchi 2003)

Although flux towers do not measure NPP, they can provide relevant and related quantities.

In fact, the flux towers measure the n et ecosystem exchange of CO, (NEE) that can be
directly converted into the NEP ( Net Ecosystem Production ), which is related to NPP as
follows:
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NEP=GPP 1 R =GPP - R, - R, =NPP - R, (2.2)

where R . is the ecosystem respiration that is composed of the a utotropic respiration (R )
and the is the heterotrophic respiration (R h). Ry is the microbial decomposition of organic
matter into CO , by the soil and animals. Ecosystem respiration is largely modulated by
meteorological conditions such as temperature and humidity. Night time flux
measurements, representing R e as no photosynthesis occurs at night, are used to develop
models to estimate R ¢ as a function of the driving meteorological variables. Such models are

in turn used to estimate GPP from NEP measurements during daylight (a process often
referred to as partitioning; Reichstein et al 2005) . In summary, although NPP cannot be
directly estimated with flux me asurements, GPP can be estimated and used as proxy (for
instance using a fixed conversion factor compiled from literature review) when time
consuming biometric measurements of NPP are not available.

2.3.3 Remote sensing for estimating NPP

Given that primary pro  duction can be partitioned into various space - and time -variant
elements, a range of remote sensing techniques can potentially contribute to the
assessment of NPP. The incorporation of remote sensing in light use efficiency models is the

most widespread ap proach and forms the basis of an operational NPP product derived from

the Moderate Resolution Imaging Spectroradiometer (MODIS) (section 2.3.3.1). Another

approach to estimate NPP is to construct direct empirical relationships between measured

NPP and remo te sensing -derived parameters like spectral vegetation indices (section
2.3.3.2). Finally we provide a n overview of an alternative approach of multi -temporal
biomass assessment (section 2.3.3.3). For completeness, we note that remote sensing has

also been incorporated into ecosystem process models that simulate ecological processes

like photosynthesis and respiration. Such models, often referred to as land surface models
(LSMs) describe the main governing processes of the exchange of energy and carbon

betwe en terrestrial ecosystems and the atmosphere. LSMs rely on a number of hypotheses

and require a large parametrization that is often taken from a limited number of
observations gathered at different scales (from plant organs to canopy scale) gathered

under specific environmental conditions. Application of such models to large areas where

input data and parametrization are often uncertain, typically leads to large uncertainty in

GPP and NPP estimates. The assimilation of remote sensing observation is increasi ngly used
to reduce such uncertainties (see for example Liang 2004) . These ecosystem process
models (or LSMs) are not discussed here, but f or more information we refer the reader to
Turner etal (2004) .

2.3.3.1 Light use efficiency models

Light use efficiency (LUE) models, also called production efficiency models (PEM) are based

on Monteith (1972) who found that vegetation dry matter productivity under unstressed
conditions linearly relates to the incoming photosynthetically -active radiation (PAR) that is
absorbed by green leaves. Based on this observation , GPP (or NPP, depending on how Uy,
is defined) can be expressed as:
P = U X fAPAR x PAR x f(E) (2.3)

where Un is the maximum conversion efficiency of light energy into vegetation bio mass
under optimal conditions, fAPAR is the fraction of incoming PAR absorbed by leaves and  f(E)
are functions to describe the effect of environmental  stress (such as water shortage and

temperature limitation) on Una. This equation forms the theoretical basis for many satellite -
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based estimates of NPP. A detailed overview and discussion on how remote sensing has

been used as input for LUE models is found in Hilker et al (2008) . Of note is that the Chax
definition and consequently its estimated values can vary much among various models,
depending on whether NPP or GPP is assessed, whether below -ground production is

incorporated, whether total radiation or only PAR is considered, and moreover many models

use Uhax as a calibration parameter (Song etal 2013) . Hence U, values cannot readily be
transferr ed between models. Despite this, because all LUE models capture the seasonal
variation of fAPAR and meteorological variables, they all achieve a reasonably accurate
assessment of productivity (Song et al 2013) . Here we limit ourselves to describing briefly
the operat ional MODIS NPP product (Running etal 2004) as an example of feeding satellite
data into an LUE model. A more detailed description of the algorithm can be found in
Heinsch et al (2003) , although some changes to the product have been subsequently made.

The MODIS MOD17 datasets consist of an 8 -daily GPP and annual NPP product. The GPP
product (MOD17A2) precisely follows the definition of equation 2.3. The elements are
assessed as follows:

1 U, varies with vegetation type.  Biome -specific values for U are determined from
the annual MODIS -based land cover product (MOD12Q1) and a biome parameter
lookup table (BPLUT). The values in the BPLUT are first estimated from an ecosystem
model, and then modified based on eddy flux measurements and NPP field
measurements (Heinsch etal 2003) .

1 fAPAR: in many models fAPAR is an empirical linear function of th e normalized
difference vegetation index (NDVI), but such functions are scene - and sensor -
dependent and also subject to saturation at high NDVI values. The current version of
MOD17 takes fAPAR from the 1  -km MOD15A2 fAPAR/LAI product (Zhao et al 2005) ,
which is based on the biome  -specific inversion of a canopy radiative transfer model
using a look up table  (Knyazikhin etal 1999) .

T PAR is obtained from NASA6s Data Assimilation Offi
weather observations with a global climate model to produce estimates of various
parameters at a coarse resolution of 1° by 1.25°, inclu ding the incident shortwave
solar radiation (Running et al 2004) . The PAR fraction of this solar radiation is
assumed to be 45 percent.

1 f(E) is split into two components for MOD17, i.e. a temperatu re and a water stress
part. Both stresses can reduce Chax . While soil water stress is the most direct link to
plant growth  (Song et al 2013) , the MODIS product approximates this using vapor
pressure deficit (VPD). Both daily minimum temperature and VPD are obtained f rom

the DAO (as above for PAR) and they are scaled as simple linear ramp functions
between biome -specific minimum and maximum temperature and VPD values that
allow reducing  Unax for sub -optimal conditions.

From the 8 -daily GPP, the annual NPP is calculate  d as:
NPP = x(BPPRy- Ry (2.4)

where the autotrophic respiration terms relate to daily maintenance respiration of leaves

and fine roots (R ), annual growth respiration to construct leaves, fine roots, and new

woody tissues (R ), and maintenance  respiration of live cells in woody tissues (R m) (Running
etal 2004) . Daily Ry is estimated using LAl (from MOD15A2), average temperature from the

DAO, and five biome -specific leaf parameters con tained in the BPLUT. The annual
respiration terms (R 4 and R,) are obtained by first calculating live woody tissue
maintenance respiration, and then estimating growth respiration costs for leaves, fine roots,
and woody tissue using biome -specific parameter s (BPLUT) values . This approach largely
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relies on empirical findings that relat e the annual leaf growth to the annual growth of other
plant tissues

The principal validation source of the MOD17 product are flux tower measurements that are
compared to a  7x7km ? sample of the MODIS product located around each towe r (Turner et
al 2006; Friend etal 2007) .

0 200 460 600 800 1000 >1200
mean NPP (2000-2009) gC/m%yr

Figure 2.3.3.1.1: mean NPP of 2000 -2009 from the MOD17 product (figure source:
http://www.ntsg.umt.edu/project/modis )

2.3.3.2 Remote sensing - based proxies of NPP

The previous section shows that while the concept of LUE models is simple, the input data
requirements and assumptions needed are nonetheless substantial and are based on coarse

resolution (spatial and thematic) input parameters. For this reason, a large number of

studies focussed on simpler proxies of primary productivit y that require less modelling and
input data; for example an approach that was piloted in the 1980s (Goward etal 1985) . The
majority of these use a growing season integration of spectral vegetation indices. Given the

difficulty to estimate autotrophic respiration , and the fact that flux tower measurements

give a more direct measure of GPP than NPP, the empirical relationship s relating production

to vegetation indices mostly focus on GPP rather than NPP. For example, Sims et al (2006)
found good relationship s with integrated MODIS EVI (enhanced vegetation index) and

tower -based GPP. They later improved this relationship by incorporating MODIS land surface
temperature to account for short -term GPP variation, which further improved accuracies
especially for eve rgreen sites (Sims et al 2008) . NPP could equally be derived from suc h an
empirical approach as long as good field -estimates of NPP are available. Note that the
assessment of the seasonal O0starto andsensiagnlthged i s di sc
phenology assessment (section 2.2).
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Figure 2.3.3.2.1: Illustration of season ally -integrated spectral vegetation indices (here:

NDVI) that is frequently used as proxy for primary production. Note that for moist tropical
forests with limited seasonal variation the approach may not be effective.

2.3.3.3 Assessment of biomass and its changes

In addition to providing input to LUE models and seasonally -integrated vegetation indices,
remote sensing has the capacity to provide relevant input to estimating NPP components

(section 2.3.2.1). Even if not resulting in direct NPP estimates, biomass esti mates are an
important component of field -based NPP data. A variety of remote sensing techniques have

been developed to accurately estimate biomass for tropical forests. In the past,
international developments on the Reduced Emissions from Deforestation an d Forest
Degradation (REDD) have strengthened the need for such measurements as they require

accurate estimates of forest carbon stocks and its changes (Gibbs etal 2007) . For a detailed
overview of this topic, we refer the reader to the REDD sourcebook by GOFC -GOLD, which is
updated annually for each Conference of Parties of the UNFCCC (GOFC-GOLD 201 6). Section

2.3 of the REDD sourcebook focuses on the estimation of forest carbon stocks, while section

2.10 reviews emerging remote sensing technologies for monitoring changes in forest area

and carbon stocks. In additi on the Remote Sensing Handbook contains a chapter
summarizing recent progress in the estimations of above -ground biomass with remote
sensing (Ni-Meister 2015)
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2.4 ECOSYSTEM EXTENT AND  FRAGMENTATION

Mike Sayre, United States Geological Surv ey, USA
Matthew Hansen, University of Maryland

One of the candidate essential biodiversity variable (EBV) groups described in the seminal
paper by Pereira et al. (2014) concerns Ecosystem Structure. This EBV group is
distinguished from another EBV group which encompasses aspects of Ecosystem Function.
While the Ecosystem Function EBV treats ecosystem processes like nutrient cycling, primary
production, trophic interactions, etc., the Ecosystem Structure EBV relates to the set of
biophysical properties of ecosystems that create biophysical environmental context, confer
biophysical structure, and occur geographically. The Ecosystem Extent and Fragmentation

EBV is one of the EBVs in the Ecosystem Structure EBV group.

Ecosystems are understood to exist at mult iple scales, from very large areas (macro -
ecosystems) like the Arctic tundra, for example, to something as small as a tree in an

Amazonian rain forest. As such, ecosystems occupy space and therefore can be mapped

across any geography of interest, whether t hat area of interest be a site, a nation, a region,

a continent, or the planet. One of the most obvious and seemingly straightforward EBVs is
Ecosystem Extent and Fragmentation. Ecosystem extent refers to the location and
geographic distribution of ecosyst ems across landscapes or in the oceans, while ecosystem
fragmentation refers to the spatial pattern and connectivity of ecosystem occurrences on

the landscape.

2.4.1 Ecosystems vs. Ecosystem Occurrences

The overall extent of an ecosystem is the area encompassed by all of the occurrences of the
ecosystem. Ecosystems rarely exist as large, homogenous, single polygon entities; they are

more often composed of patches (occurrences) of repeating areas on the gr ound or in the
water with similar ecosystem properties. An ecosystem is usually composed of many
repeating occurrences of variable shapes and sizes, and the area or extent of the ecosystem

overall is the sum of all the areas for each of the individual ecos ystem occurrences.

It is important to keep the distinction between area of occurrences and overall area of the
ecosystem in mind when considering ecosystem extent and fragmentation. An analysis of

any ecosystem property (size, condition, value, etc.) is u sually derived from a geographic
summati on of the property across al/l of the -Basedsyst embd
approach is fundamental in both raster and vector spatial analytical frameworks. To
calculate ecosystem extent, the analyst simply s elects all the raster (cells) or vector
(polygons) occurrences of the ecosystem and calculates the sum of these occurrences as

the total extent, or area, of the ecosystem. It is a straightforward analysis in any GIS on

any ecosystems -related layer to selec t all of the occurrences of an ecosystem class and
calculate a summed area. But while the calculation of ecosystem extent for the ecosystem

classes in an ecosystems -based GIS layer is straightforward, ecosystem maps are still
relatively uncommon, and proxi es for ecosystems are frequently used. Thus, prior to
assessing ecosystem extent, it is imperative that there is an understanding of the definition

of ecosystems, the distinction between different ecosystem types, and the use of proxies

(e.g. land cover) f  or ecosystems.
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2.4.2 Ecosystems as Distinct Physical Environments and Associated Biota

A terrestrial ecosystem (Figure 2.4. 1) at any given point is a vertical integration of the
atmospheric regime, the organisms, and the hydrogeomorphology of the surface and s ub-
surface environments (Bailey, 1996), and its current state may have been influenced by

former states and evolutionary history.

Macroclimate
Topoclimate
Biota
Landform
Surface water

Soils

Ecosystem

Groundwater

Bedrock

Figure 2.4.1 i The vertical arrangement of the biophysical elements of ecosystem
structure (Bailey, 1996). Reproduced with permission from Robert G. Bailey.

By mapping and then spatially combining these structural elements of ecosystems,
ecosystems can be geospatially delineated in a robust, standardized, and data -derived
fashion. This is the principle behind the GEO (Group on Earth Observations 1 a consortium
of nations working to advance Earth observation for societal benefit) Global Ecosystem
Mapping Initiative, which has produced a global terrestrial ecosystems map (Sayre et al.,

2014). The GEO Global Ecological Land Uni ts resource is a standardized, raster -format,
data -derived map of global terrestrial ecosystems at a 250 m spatial resolution. There are

3,639 ELUs and the global distribution and extent of any individual ecosystem type is easily

queried in a GIS as the su  m of the area of all the raster cells in that type. As such, the
ecosystem extent of the GEO global terrestrial ecosystems is known. Figure 2 4.2 below
depicts the method for mapping the ecosystems by first mapping, and then spatially
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integrating, the four principal elements of ecosystem structure (bioclimate, landforms,
lithology, and land cover):

Figure 2 .4.2 T Global Ecological Land Units (ELUs) as mapped from a spatial combination

of four primary elements of ecosystem structure: bioclimate, landform, lithology, and land
cover. A total of 3,639 global terrestrial ecosystems were mapped, of which 544 are tropical

forest ecosystems.

For this particular ecosystem classification, which is globally comprehensive, and which

exists at a relatively fine spati al resolution (250 m) for a global product, ecosystem extent is

readily calculated in a simple GIS analysis. As such the global ELU represents a candidate

datalayer for use in the EBV on ecosystem extent. However, the global ELUs are currently

only availab le for one time period, the 2010 epoch. They represent, in essence, a baseline

distribution of terrestrial ecosystems over a five year period centered on 2010. If the ELUs

were developed for say 2000, 2005, 2010, and 2015, and were also modeled into the fu ture

for say 2020, 2025, 2030, etc., the change in ecosystem extent would be possible between

different time periods. Change in ecosystem extent is the actual focus of the EBV, and in

fact the emphasis on change in extent should be reflected in the title o f the EBV as fiChan
in Ecosystem Extento. Since the global ELUs discussed
time series, there are some constraints against their application for determining change in

ecosystem extent.
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