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FOREWORD

Addressing climate change and the loss of biodiversity are key challenges for
humanity in the 21* Century.

They are also closely interlinked. Climate change is already impacting biodiversity,
and is projected to become a major cause of biodiversity loss, causing shifts in
the distribution of species and ecosystems, and increased risk of extinctions.
But biodiversity is not simply a victim of climate change; it must also be part of
the solution: biodiversity enhances ecosystem resilience, contributing to both
climate change mitigation and adaptation.

This calls for mutually supportive implementation of the nationally determined
contributions under the Paris Agreement on Climate Change and the national
biodiversity strategies and action plans under the Convention on Biological
Diversity and its Strategic Plan for Biodiversity 2011-2020.

The scientific basis of these linkages, and their policy implications, are considered in this volume. The various contributions
are based on the presentations at the Symposium on Biodiversity and Climate Change, contributions from science to policy,
held in Lima, Peru in November 2014.

The CBD Secretariat expresses its appreciation to the IAI and Contributions to the environmental objectives of
Peru (ProAmbiente)" from the German Cooperation, implemented by the deutsche Gesellschaft fiir internationale
Zusammenarbeit (GIZ), co-organizers of the Symposium, to all participants and authors, and to our host, Peru. As
President of the 20" session of the UNFCCC Conference of the Parties, Peru played a pivotal role not only in supporting
negotiations towards the Paris Agreement, but also in highlighting the crucial role of biodiversity in efforts to combat
climate change.

David Cooper
Deputy Executive Secretary
Convention on Biological Diversity



PREFACE

It is evident that the worsening of climate change and its impact on all forms
of life on earth demand for both, science and policy, boosting cooperation
mechanisms and fluid and timely communication. This will allow society to
address the negative effects, adapt to the changes that will inevitably affect our life
quality, and to weigh the benefits that may result from such changes. Cooperation
between science and policy should take place both in the design of measures to
promote science, in the design of regulatory frameworks and economic, social
and environmental policy, seeking to change the behavior of individuals.

The Symposium “Biodiversity and Climate Change, Contributions from Science
to Policy”, organized prior to the 20* United Nations Framework Convention
on Climate Change (UNFCCC) Conference of the Parties (COP 20), held in
Lima, offered an extraordinary opportunity to share different perspectives about

the implications of climate change on biodiversity. It not only discussed the
nature of the threat, but also identified common challenges, alternative solutions and potential partnerships which can
contribute to developing joint measures of mitigation and adaptation to climate change, as well as the conservation and
sustainable use of biodiversity.

The Symposium was attended by prominent scientists from Europe, the Americas and Peru, who had the opportunity
to exchange information and disseminate their latest findings on biodiversity and climate change.

The event was particularly helpful to share the results of prominent research on the characteristics, vulnerability and
potential for resilience found in Amazonian Rainforest, Andean Mountains and marine ecosystems with the international
scientific community and Peruvian government representatives.

The German Cooperation, implemented by GIZ, through its programme “Contribution to the Environmental Objectives
of Peru (ProAmbiente)”, found in this meeting an enabling environment for a dialogue between scientists and policy
makers, and to improve the general conditions for the application of research results in the sustainable use and future
conservation of forest, mountain, marine ecosystems and environmental gradients, in face of climate change.

As an output of this fruitful meeting, organized in collaboration with the Inter-American Institute for Global Change
Research (IAI) and the United Nations Convention on Biological Diversity (CBD), this document offers the contributions
from the scientific community to the understanding of biodiversity and carbon flux in tropical ecosystems; the impact
of climate change on biodiversity and the local populations, the methodologies to understand them, as well as some
ecosystem-based solutions and other approaches to cope with climate change.

Silke Spohn,
GIZ - Pro Ambiente
Deutsche Gesellschaft fiir Internationale Zusammenarbeit, GmbH, ProAmbiente



Global changes are impacting societies in ways that are largely unknown and
may have irreversible consequences for the survival of many species in the wild
and the health and well-being of human communities. The timeliness of this
publication, which presents new insights on the mechanisms aligning science
to policy for sustainable development, should not be underestimated. National
policy grounded in science provides for effective regulatory frameworks, the
conservation and sustainable use of biological resources and more security for
local communities and indigenous peoples whose livelihoods most depend on
biological resources.

Discussions held at the Symposium on Biodiversity and Climate Change,
Contributions from Science to Policy, which took place on the margins of the
20th Session of the Conference of the Parties (COP) to the United Nations
Framework Convention on Climate Change (UNFCCC) from 27 to 28 November
2014 in Lima, Peru, focused on how science can provide the information needed to understand the impacts of climate
change on biodiversity and how biodiversity can influence the vulnerability or resilience of ecosystems to those changes.

The Symposium, organized by the Peruvian Ministry of the Environment (MINAM), the National Council for Science,
Technology and Technological Innovation (CONCYTEC) and the Secretariat of the Convention on Biological Diversity
(CBD), in collaboration with the Inter-American Institute for Global Change Research (IAI) and the programme
“Contributions to the environmental objectives of Peru (ProAmbiente)” from the German Cooperation, implemented by
the deutsche Gesellschaft fiir internationale Zusammenarbeit (GIZ), brought together an international group of scientists
who provided insights into possible solutions posed by these global changes, especially in the design and implementation
of national regulatory frameworks which take into account the need to reduce vulnerability and understand the need
to adapt to and mitigate climate change impacts, particularly on biodiversity and ecosystems.

The results of discussions presented in this volume are an invaluable resource in information and data urgently needed for
actions at the national, regional and international levels to adapt and mitigate the effects of climate change on ecosystems
and their services and ensure that the richness of biological resources are conserved for future generations to come.

The TAT is grateful to its Peruvian partners, the CBD Secretariat, the GIZ, all Symposium participants and contributing
authors of this CBD Technical Series publication. Such collaboration among many academic researchers and environmental
organizations is uniquely beneficial and offers the scientific and policy making communities the opportunity to develop
a greater understanding of how scientific inquiry can result in better decisions and outcomes.

Marcos Regis da Silva
Executive Director
Inter-American Institute for Global Change Research
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Biodiversity and Climate Change

THE FRAMEWORK

BIODIVERSITY AND CLIMATE CHANGE

David Cooper
CBD, Convention on Biolofical Diversity secretariat

Climate changes and the loss of biodiversity are twin challenges. Each threatens to undermine efforts to achieve sustainable
development. This paper, drawing upon the fourth edition of the Global Biodiversity Outlook, the fifth assessment report
of the Intergovernmental Panel on Climate Change and other recent scientific assessments on biodiversity and climate
change, argues that these challenges must be addressed together through coordinated action at global, national and local
levels, under the United Nations Framework Convention on Climate Change and the Convention on Biological Diversity.

Biodiversity underpins the functioning of ecosystems and the provision of ecosystem services essential for human well-
being such as food, clean water, pest control and protection against erosion (Millennium Ecosystem Assessment, 2005;
GBO-2, 2006). Important reservoirs of carbon are stored in forests, wetlands and other ecosystems (see, for example
Phillips, this volume). By contributing to ecosystem resilience, biodiversity can help both ecosystems and people to
adapt to climate change (see, for example Baker, this volume). Thus protecting biodiversity and restoring ecosystems
are important parts of both climate change mitigation and adaptation. But biodiversity is also vulnerable to climate
change. Without taking action to address both biodiversity loss and climate change in parallel, we risk promoting a
vicious cycle of ecosystem degradation leading to even greater loss of species and habitats, further increased greenhouse
gas emissions and a weakening capacity to adapt.

Peru’s forests provide an example of the substantial carbon sink of forests. LIDAR-based analyses commissioned by
Peru’s Ministry of the Environment show that 6.9 Pg C is sequestered. But this carbon store is vulnerable to potential
destruction linked to logging, informal gold mining and fossil fuel extraction. (Asner et al, 2013).

More generally, the IPCC reports of substantial tree mortality in many places around the world, driven by drought and
heat (see figure 1, source IPCC).

Figure 1: Locations of reports of substantial tree mortality (source: IPCC-AR5)
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INTERACTING DRIVERS, CLIMATE CHANGE AND BIODIVERSITY LOSS

Moreover, recent analyses highlight the risk of multiple drivers of biodiversity loss acting synergistically to undermine
ecosystem resilience with the added risk of passing “tipping points” leading to runaway effects. Building on the third
edition of the Global Biodiversity Outlook (2010), Leadley et al (2014b) focus on the two areas of the world with
particularly high terrestrial and marine biodiversity respectively to highlight the risk of regional-scale ecosystem regime
shifts resulting from interacting drivers of change (see figure 2, source BioScience).

Low [T (I igh

Figure 2: Terrestrial vertebrate diversity (Pereira et al. 2012) and marine diversity (Tittensor et al. 2010). The color gradient
represents species richness and uses a geometric scale. (Source Leadley et al 2014b)
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(Source, Leadley et al, 2014b).
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Biodiversity and Climate Change

A transect across tropical south America crosses a set of biomes with especially rich terrestrial biodiversity including
the unique highland pdramo ecosystems of Ecuador and Peru, cloud forest and montane forest ecosystems of the Andes,
the great Amazon rainforest, the savannah-like cerrado and the Atlantic rain-forest (see figure 3, source BioScience).
Besides harboring globally unique biodiversity, these systems are important in regulating the climate system at global,
continental and regional levels, contributing significantly to the global carbon sink and providing the rainfall that
supports agriculture in the sub-tropical and temperate parts of the continent further south. These ecosystems thus
are of immense importance in supporting agriculture for food security and export and the survival and livelihoods of
indigenous peoples and local communities throughout the region.

However, these systems are threatened by multiple interacting drivers of degradation. Deforestation and forest degradation
weakens ecosystem resilience, rendering the forests more fire-prone. Melting snowfields lessens downstream flow
exacerbating the risk of degradation and the loss of ecosystem services with major impacts, locally, regionally and globally.
Changes in temperature and precipitation would tend to cause species to migrate, including towards higher altitudes.
Yet habitat destruction would prevent the movement of species to adapt to longer-term climate change in this way. Such
damage can only be prevented by combined action to address climate change and the other drivers of biodiversity loss.

A transect across tropical south-east Asia shows an analogous scenario in a region of especially high marine biodiversity
(see figure 4, source BioScience). The coral reefs and associated ecosystems, including mangroves, of this region provide
habitat for an extremely wide diversity of species, supporting fisheries for local communities and providing coastal
protection for all. Coral reefs and the services they provide, however, are under threat from a number of climate related
pressures: warming, sea-level rise and acidification, which interact with a number of other drivers including overfishing
and destructive fishing practices, inappropriate coastal development, and eutrophication from the excess nutrients of
land-based pollution. Again concerted action is needed to address all of these drivers of biodiversity loss: action at local,
national and regional levels to address drivers that are tractable at these scales (through control of fishing, development
and pollution) must be accompanied by global action on climate change.

1400 1
0 L F
[ ':;_- ot
H'_‘ T Mangroves
d B,
},:._?‘,L = Coral \./
= s 1 -
§ oo | R
] okm = 1000 km kim. km 2500 km
s 2010 P e - indian
= . Malaysia | Indonesia-Barneo Indonesia=Sumbawa
% SOutty China Sea. Philippines—Palawan Ocean
g
2
]
g b
=
g Decrease in large-body fish, - Ocean productivity
é Increase in jellyfish and algae, redyced
™ 1400 reduction in diversity Eutrophication
2 b L L
w
~1
P

k|

—4400 [—“'-'\;j 1_,.,*\4;5’“

2050 Distance along transect

Risk of local extinction of marine species

Risk of coral bleaching

]
| _ i | I

CIwm [Clew [ moderste [l wign  Ilverynian

Figure 4: A transect across tropical south-east Asia under present conditions and projections under baseline scenarios
(Source, Leadley et al, 2014b).
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Biodiversity and Climate Change

GLOBAL FRAMEWORKS FOR ACTION

The need for action to address all these drivers in concert, considering also the interactions among them, requires
coordinated implementation of the UNFCCC and the CBD.

The Strategic Plan for Biodiversity 2011-2020 is an overarching framework on biodiversity adopted at the 10th meeting
of the Parties to the CBD, in 2010 in Nagoya, Japan, after more than 2 years of consultation among Governments and
stakeholders based on the earlier experience of implementation of the Convention. It has been supported by the other
biodiversity related conventions and United Nations General Assembly.

The Strategic Plan is comprised of a shared vision, a mission, and five strategic goals under which 20 ambitious yet
achievable targets, known as the Aichi Biodiversity Targets, are organized (see figure 5, source GBO-4). The goals and
targets comprise both aspirations for achievement at the global level, and a flexible framework for the establishment of
national or regional targets. In adopting the Plan, Parties committed themselves to setting their own targets within this
flexible framework, taking into account national needs and priorities, while also bearing in mind national contributions
to the achievement of the global targets. A summary of all the plan and targets is provided in Box A.

VISION
By 2050, biodiversity is valued, conserved, restored and wisely used, maintaining ecosystem services, sustaining a healthy planet
and delivering benefits essential for all people.

MISSION
Take effective and urgent action to halt the loss of biodiversity...

STRATEGIC GOAL A STRATEGIC GOAL B STRATEGIC GOAL C STRATEGIC GOAL D
Address the underlying Reduce the direct pressures Improve the status of Enhance the benefits to

causes of biodiversity loss by on biodiversity and promote biodiversity by safeguarding all from biodiversity and
mainstreaming biodiversity sustainable use ecosystems, species and ecosystem services
across government and society genetfic diversity

IMPLEMENTATION SUPPORT MECHANISMS

Figure 5: The Strategic Plan for Biodiversity 2011-2020 (Source: CBD, GBO-4).

Aichi Targets under Goal B address the interacting direct drivers of biodiversity loss, such as those reviewed in the case
studies of South America and South-east Asia above. For example, Aichi target 5 addresses deforestation and other
land use change and degradation’, while target 8 addresses pollution®. Aichi target 10 specifically addresses the multiple
drivers of loss of vulnerable ecosystems such as coral reefs’. At its twelfth meeting in 2014, the Conference of the Parties
to the Convention adopted Priority actions to achieve Aichi Biodiversity Target 10 for coral reefs and closely associated

1 Target 5: By 2020, the rate of loss of all natural habitats, including forests, is at least halved and where feasible brought close to zero, and
degradation and fragmentation is significantly reduced.

2 Target 8: By 2020, pollution, including from excess nutrients, has been brought to levels that are not detrimental to ecosystem function and
biodiversity.

3 Target 10: By 2015, the multiple anthropogenic pressures on coral reefs, and other vulnerable ecosystems impacted by climate change or
ocean acidification are minimized, so as to maintain their integrity and functioning.

12



Biodiversity and Climate Change

ecosystems®. These include, among other things, actions to reduce the impacts of multiple stressors, in particular by
addressing those stressors that are more tractable at the regional, national and local levels.

There have been some notable successes towards some of the Aichi Targets. In the Brazilian Amazon for example a mix
of policies, including regulatory and incentives measures, backed up by public awareness and investments in monitoring
and enforcement, has been effective in reducing the rate of deforestation by some 80%. However, forest degradation
continues. Moreover, the loss of habitat has increased in the Cerrado, highlighting the need for further action in this biome.

An overall evaluation of progress made in the fourth edition of the Global Biodiversity Outlook demonstrated progress,
but a rates that are general insufficient to achieve the targets by 2020. Increased efforts are required.

PATHWAYS TO A SUSTAINABLE FUTURE; MAKING SENSE OF CLIMATE AND BIODIVERSITY SCENARIOS

Models and scenarios are useful tools for informing policy discussions on both biodiversity and climate change. They have
played a key role in assessments of climate change under the IPCC and are increasingly used in the Global Biodiversity
Outlook series and assessments under the CBD, and now also in the context of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES). There is need however to develop models and scenarios that
allow for climate and biodiversity objectives to be pursued together, in a broader context of sustainable development.

The “headline” scenarios used in the fifth assessment report of the IPCC are drawn from models aligned with four
“Representative Concentration Pathways” for greenhouse gas emissions that lead to a range end-of century temperatures.
The RCP 2.6 pathway provides a 66% chance of keeping climate change within two degrees of pre-industrial levels. However,
in most of the models consistent with this pathway, this is achieved through the massive deployment of bioenergy, largely
combined with carbon capture and storage, thus providing for net negative emissions during the second half of the century.
Such use of bioenergy would require large-scale land use change, resulting in further substantial loss of biodiversity. Some
of the other pathways (eg RCP 4.5, RCP 6.0) include reforestation and thus have a better impact on biodiversity from a
land use perspective, but biodiversity would suffer negative effects due to climate change (see figure 6, source IPCC-ARS5).
Thus none of the main scenarios highlighted in the fifth assessment report provide a positive outlook for biodiversity.

Historical RCP8.5 RCP6.0 RCP4.5 RCP2.6
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Figure 6: Projected land use change under the four “Representative Concentration Pathways” for greenhouse gas emissions
(Source IPCC-AR5).

4 Decision XII/23: https://www.cbd.int/decision/cop/default.shtml?id=13386
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Biodiversity and Climate Change

A set of scenarios developed for the third and fourth editions of the Global Biodiversity Outlook demonstrate, however,
that it is possible to reduce and eventually halt global biodiversity loss consistent with the 2050 Vision of the Strategic
Plan, while also making progress towards climate change and other societal objectives. Pathways towards this longer
term goal require a combination of actions including investment in agricultural productivity, reduced food waste and
moderation of meat consumption, and strategic development of interconnected protected areas, other efforts to reduce
greenhouse gas emissions from other sectors (see figure 7, source GBO-4). Such transformational changes require
behavioral changes by governments, private companies and individuals, including by millions of farmers and billions

of consumers.

Work is now underway to develop scenarios consistent with the goals of both conventions and the broader set of

Sustainable Development Goals (Leadley et al., pers. comm.).

65%

67%

65%,

63%:

Baseline

61%

59%

2010 2020 2030

Figure 7: Scenarios and pathways towards the 2050 Vision if the Strategic Plan for Biodiversity 2011-2020. (Source, GBO-4).
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CONCLUSIONS AND RECOMMENDATIONS

The following points may be made in summary:

o The conservation of biodiversity and the restoration of ecosystems contribute to climate change mitigation and
adaption. But biodiversity is vulnerable to climate change. Concerted action is needed therefore to protect the
climate and biodiversity;

o Drivers of biodiversity loss and ecosystem degradation include those related to climate change (changes
in the magnitude and distribution of temperature and precipitation, sea level rise, ocean acidification, etc)

which need to be addressed through global level action, and others, such as land-use change, pollution and

overfishing which are more tractable at national and local levels;

14



Biodiversity and Climate Change

o Efforts to address climate change, must take into account land use change in forests and other ecosystems and
its impacts on biodiversity;

o Transformational changes are needed to reduce and halt biodiversity loss while also meeting goals for climate
change and sustainable development.
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Biodiversity and Climate Change

BOX A THE STRATEGIC PLAN FOR BIODIVERSITY 2011-2020 AND THE AICHI BIODIVERSITY TARGETS

Vision The vision for the new plan is: “Living in Harmony with Nature” where “By 2050, biodiversity is valued, conserved, restored
and wisely used, maintaining ecosystem services, sustaining a healthy planet and delivering benefits essential for all people.”

Mission The mission of the new plan is to “take effective and urgent action to halt the loss of biodiversity in order to ensure
that by 2020 ecosystems are resilient and continue to provide essential services, thereby securing the planet’s variety of

life, and contributing to human well-being, and poverty eradication. To ensure this, pressures on biodiversity are reduced,

ecosystems are restored, biological resources are sustainably used and benefits arising out of utilization of genetic resources

are shared in a fair and equitable manner; adequate financial resources are provided, capacities are enhanced, biodiversity

issues and values mainstreamed, appropriate policies are effectively implemented, and decision-making is based on sound

science and the precautionary approach.”

Aichi Biodiversity Targets (The text of the targets in this box has been abridged. For the full official text, please refer to

www.cbd.int/sp)

Strategic Goal A: Address the Underlying Causes of
Biodiversity Loss

Target 1 - People are aware of the values of biodiversity and
the steps they can take to conserve and use it sustainably.
Target 2 - Biodiversity values have been integrated into
national and local development and poverty reduction
strategies and planning processes.

Target 3 - Incentives, including subsidies, harmful to
biodiversity are eliminated, phased out or reformed and
positive incentives are developed and applied.

Target 4 - Governments, business and stakeholders at all
levels have taken steps to achieve or have implemented plans
for sustainable production and consumption.

Strategic Goal B: Reduce the Direct Pressures on
Biodiversity and Promote Sustainable Use

Target 5 — The rate of loss of all natural habitats is at least
halved and where feasible brought close to zero.

Target 6 — Overfishing is avoided and fisheries have no
significant adverse impacts on threatened species and
vulnerable ecosystems.

Target 7 — Areas under agriculture, aquaculture, and forestry
are managed sustainably.

Target 8 - Pollution, including from excess nutrients, has
been brought to levels that are not detrimental to ecosystem
function and biodiversity.

Target 9 - Invasive alien species and pathways are identified,
priority species are controlled or eradicated, and measures
are in place to manage pathways.

Target 10 - The multiple anthropogenic pressures on
vulnerable ecosystems impacted by climate change or ocean
acidification are minimized.

Strategic Goal C: To improve the Status of Biodiversity by
Safeguarding Ecosystems, Species and Genetic Diversity

Target 11 — At least 17% of terrestrial and inland water, and
10% of coastal and marine areas are conserved through
effective, ecologically representative and well connected
systems of protected areas.

Target 12 — The extinction of known threatened species has
been prevented and their conservation status, particularly of
those most in decline, has been improved and sustained.
Target 13 — The genetic diversity of cultivated plants and
farmed and domesticated animals and of wild relatives is
maintained.

Strategic Goal D: Enhance the Benefits to All from Biodiversity
and Ecosystem Services

Target 14 — Ecosystems that provide essential services are
restored and safeguarded.

Target 15 — Ecosystem resilience and the contribution of
biodiversity to carbon stocks has been enhanced, through
conservation and restoration, including restoration of at least
15% of degraded ecosystems.

Target 16 — The Nagoya Protocol on Access and Benefit
Sharing is in force and operational.

Strategic Goal E: Enhance Implementation through
Participatory Planning, Knowledge Management and
Capacity Building

Target 17 — Each Party has developed, adopted as a policy
instrument, and has commenced implementing an effective,
participatory and updated national biodiversity strategy and
action plan.

Target 18 — Traditional knowledge, innovations and practices
of indigenous and local communities, and their customary
use of biological resources, are respected.

Target 19 — Knowledge relating to biodiversity is improved,
shared and transferred, and applied.

Target 20 — The mobilization of financial resources for
implementing the Strategic Plan for Biodiversity 2011-2020
increased substantially from the current levels.
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CONSIDERATION OF THE IPCC 5" REPORT ON MITIGATION

Gabriel Blanco
Centro de Tecnologias Ambientales y Energia, Facultad de Ingenieria, Universidad Nacional del Centro de la Provincia

de Buenos Aires

INTRODUCTION

The 5th Assessment Report (AR5) on Climate Change, prepared by the Intergovernmental Panel on Climate Change
(IPCC) and made it public in 2014, has a number of bold findings on the changes in the climate systems, both observed
and future, as well as on the adverse impacts these changes are causing and on possible pathways to mitigate greenhouse
gas emissions that drive climate change. These findings reinforce previous ones introduced in past reports but with a
level of evidence and agreement among scientists never seen before.

One of the main findings in the AR5 states that “Human influence on the climate system is clear, and recent anthropogenic
emissions of greenhouse gases are the highest in history.” (IPCCa, 2014). In fact, total anthropogenic CO, emissions
have continued to increase steadily over since 1950, as shown in Figure 1.
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Figure 1: Left panel: Global anthropogenic CO, emissions from burning of fossil fuel, cement production and flaring as well as
from forestry and other land use. Right panel: Cumulative CO, emissions from the same sources; uncertainties in both sources
are shown as whiskers.

Source: Synthesis Report. Contribution of Working Groups I, Il and Ill to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change.

The second bold finding says that “Anthropogenic greenhouse gas emissions have increased since the pre-industrial era,
driven largely by economic and population growth, and are now higher than ever”(IPCCa, 2014). These emissions, in
turn, have led to atmospheric concentrations of carbon dioxide, methane and nitrous oxide that are unprecedented in,
at least, the last 800,000 years.” Figure 2 shows atmospheric concentrations of the main greenhouse gases since 1850.
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Globally averaged greenhouse gas concentrations
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Figure 2: Globally averaged concentrations of carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,0) determined from
ice core data (dots) and from direct atmospheric measurements (lines).

Source: Synthesis Report. Contribution of Working Groups I, Il and Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate

Change.

The effects of this GHG concentration, together with those of other anthropogenic drivers, have been detected throughout
the climate system and, according to the AR5, are extremely likely to have been the dominant cause of the observed
warming since the mid-20th century. This, in turn, led to a third bold finding in the AR5: “Warming of the climate
system is unequivocal, and since the 1950s, many of the observed changes are unprecedented over decades to millennia.”
(IPCCa, 2014). These climate changes have had widespread impacts on human and natural systems such as land and

ocean surface temperature and sea level.

Figure 3 shows the change in these two parameters since 1850.
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Figure 3: Observations of a changing global climate system. (a) Globally averaged combined land and ocean surface
temperature anomalies relative to the average over the period 1986 to 2005. Colours indicate different data sets. (b) Globally
averaged sea level change relative to the average over the period 1986 to 2005 in the longest-running dataset. Shades
indicate different data sets. All datasets are aligned to have the same value in 1993.

Source: Synthesis Report. Contribution of Working Groups I, Il and Ill to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
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MULTIPLE PERSPECTIVES ON GHG EMISSIONS TRENDS

In order to analyze GHG emissions trends, the AR5 has taken multiple perspectives since each one has a different story to
tell. This is not only important for how to approach mitigation actions or what economic sectors or type of GHG should
be prioritized, but also for how the mitigation burden could be shared among regions and countries. Figure 4 shows
two different perspectives of GHG emissions trends: per region and per capita from 1970 to 2010 period. Emissions
shown are territorial or production based, they include all sectors, sources and gases, and are aggregated using 100-year
GWP values (IPCCb, 2014).
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Figure 4: Left panel: GHG emissions per region from 1970 to 2010. Emissions are territorial, include all sectors, sources and
gases, and are aggregated using 100-year GWP values. Right panel: The same data presented as per capita GHG emissions.

Source: AR5, WGlII, Chapter 5: Drivers, Trends and Mitigation. Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group
Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.

These two perspectives on GHG emissions trends shown in Figure 4 indicate the importance of how the data is presented.
For instance, when total territorial emissions are considered then Asia and the OECD countries seem to have similar
relevance; however, when per capita GHG emissions are pondered then the same two groups of countries look very
different, with OECD countries having almost three times as many per capita GHG emissions as countries in Asia.
This latter perspective is critical for the discussion on equity issues and burden sharing in terms of mitigation actions.

Regarding GHG emissions trends by sector, the AR5 founded that CO, emissions from fossil fuel combustion and industrial
processes contributed about 78% of the total GHG emission increase from 1970 to 2010. Agriculture, deforestation, and
other land use changes (AFOLU) have been the second-largest contributor sector whose GHG emissions have reached
12 GtCO2eq/yr in 2010, roughly 24% of global GHG emissions in 2010.

When the type of GHG is analyzed, then methane from enteric fermentation in cattle production, rice fields and organic
waste disposal sites follows CO, in importance. Methane has a shorter lifetime in the atmosphere but it is a more powerful
GHG than CO, in terms of global warming potential; therefore reduction of methane emissions may have strong and
immediate benefits. This applies also to nitrous oxide and other short-lived gases.
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THE CAUSES OF EMISSIONS

Once the observed GHG emissions trends are described under multiple perspectives, the AR5 looks into the causes of
these trends. For doing this, a decomposition of GHG emissions is done to identify the immediate factors that cause
GHG emissions. This allows, in the first place, organizing the analysis although this is not straightforward. In fact, the
decomposition factors are related to each other in ways that are not always clear. As an example, the CO, emissions from
fossil energy sources can be decomposed in four factors: population, GDP per capita, energy intensity, and carbon
intensity. Figure 5 shows the trends of these four factors from 1970 to 2010.
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Figure 5: Trends in population, GDP per capita, energy intensity, and carbon intensity at a global level (left panel) and for
Latin America and the Caribbean (right panel) from 1970 to 2010.

Source: AR5, WGIII, Chapter 5: Drivers, Trends and Mitigation. Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group
Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.

Figure 5 shows that the improvements in energy intensity over this period have not been sufficient to offset the effect
on the emissions of the increase in GDP per capita and the population growth over the same period. As a result, at a
global level, CO, emissions from fossil fuels increased by a factor of 2 between 1970 and 2010, and by a factor greater
than 3 in Latin America and the Caribbean region for the same period. (IPCCb, 2014).

As said, these factors are not independent to each other; as a critical example of this the improvements in energy intensity,
which are related to improvements in technology and overall efficiency in the production of goods and services, have
driven, at least in part, the increase in the GDP per capita in the last four decades. This poses a question about what
technological changes have being used for in the past and how these changes should be used in the future.

This leads to the second level in the analysis of the causes of GHG emissions. This second level of analysis allows for
looking into the drivers of the immediate factors, or the “underlying drivers” as they are named in the AR5. The underlying
drivers are defined as “the processes, mechanisms, and characteristics of society that influence emissions through the
immediate factors” (IPCCb, 2014). The main underlying drivers of GHG emissions identified are fossil fuels endowment
and availability, consumption and production patterns, structural and technological changes, and behavioural choices
at both individual and societal levels.
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The effect of immediate drivers on GHG emissions can be quantified through a straight decomposition analysis; the
effect of underlying drivers, however, is not straightforward and, therefore, difficult to quantify in terms of their ultimate
effects on GHG emissions.

Underlying drivers are subject to policies and measures that can be applied to, and act upon them, although in so doing
an integral perspective should be observed since the interlinkages among underlying drivers are not fully understood
and actions on one of them may modify others in a non-desirable direction. (IPCCb, 2014).

Finally, even policies that eventually and effectively reduce GHG emissions may create new burdens in other environmental,
social or economic systems. This emphasizes the need for a holistic approach in the decision making process and in
the design and implementation of policies and measures, where sustainable development goals should be at the center
of his process.

EMISSIONS SCENARIOS

The AR5 elaborated and analyzed a large number of emissions scenarios and mitigation pathways into the future.
These scenarios and pathways include a range of technological and behavioral options with different characteristics
and implications for sustainable development. Mitigation scenarios in which it is likely that the temperature change
caused by anthropogenic GHG emissions can be kept to less than 2°C relative to pre-industrial levels are characterized
by atmospheric concentrations of about 450 ppm CO,eq in 2100. (IPCCc, 2014). In addition, the modeling of these
mitigation pathways showed that delaying mitigation efforts through 2030 is estimated to substantially increase the
difficulty of the transition to low longer-term emissions levels and narrow the range of options consistent with maintaining
temperature change below 2°C relative to pre-industrial levels. Figure 6 shows the relationship between GHG emissions,
cumulative emissions, GHG concentrations in the atmosphere, and the global temperature change.
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Figure 6: (a) Annual anthropogenic CO, emissions in the Representative Concentration Pathways (RCPs) (lines) and the
associated scenario categories used in WGIII (shaded areas show 5 to 95% range). The WGIII scenario categories summarize the
wide range of emission scenarios published in the scientific literature and are defined on the basis of CO,-eq concentration
levels (in ppm) in 2100. (b) Warming vs. cumulative CO, emissions: Global mean surface temperature increase at the time global
CO, emissions reach a given net cumulative total, plotted as a function of that total, from various lines of evidence.

Source: Synthesis Report. Contribution of Working Groups I, Il and lll to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change.

It is observed in Figure 6 that only one emissions scenario (RCP2.6) would reach the goal, within a certain probability,
of keeping the global mean temperature increase below 2°C with respect to pre-industrial levels.
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GHG MITIGATION PATHWAYS

There are multiple GHG mitigation pathways that are likely to limit warming to below 2°C relative to pre-industrial
levels. All these pathways require substantial emissions reductions over the next few decades and near zero emissions of
CO, and other long-lived greenhouse gases by the end of the century. Implementing such reductions poses substantial
technological, economic, social and institutional challenges, which increase with delays in additional mitigation and if
key technologies are not available (IPCCa, 2014).

From a technological perspective, at the global level, scenarios reaching 450 ppm CO,eq are characterized by more
rapid improvements of energy efficiency, a tripling to nearly a quadrupling, of the share of zero- and low-carbon energy
supply by 2050, including: renewables, nuclear energy, fossil energy with carbon dioxide capture and storage (CCS),
and bioenergy with CCS.

As an example, Figure 7 shows the effort needed to transform the current global primary energy mix for different
emission scenarios during this century.
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Figure 7: Requirements of low-carbon energy share (as % of primary energy) for 2030, 2050 and 2100 compared to 2010
levels in mitigation scenarios.

Source: Summary for Policy Makers. Contribution of Working Groups lll to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.

In the only scenario with chances to reach the 2°C goal, the percentage of low-carbon energy in the global primary
energy mix required by 2050 is in the range of 45% and 75%, an increase of 310% with respect to low-carbon energy
contributions in 2010.

However, from the analysis of the immediate drivers and the role of technological changes in the past and, even more
relevant, from the analysis of the underlying drivers, other approaches to the mitigation of climate change are necessary.
Changes in cultures, lifestyles, and social values are also required. This includes individual and public awareness,
community and societal capacities to adapt to changes, institutions, policies, incentives, strategic spatial planning, social
norms, rules and regulations of the marketplace, behavior of market actors, and societies’ ability to introduce through
the political and institutional systems measures to reflect externalities. (IPCCb, 2014).
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CONCLUSIONS

When looking at both immediate and underlying drivers of GHG emissions, climate change emerges then as just one
symptom of the development model adopted since the Industrial Revolution by western societies, and more recently by
eastern societies as well; a model defined, inter alia, by production and consumption patterns, technological development,
and individual and societal choices.

Therefore, when plotting mitigation pathways as part as the so-called “solution space’”, a broader perspective should be
used; a perspective that includes not only solutions based on technology development and accessibility, but also solutions
that include the revision of how societies are evolving and developing in terms of their interaction with natural resources,
the way they produce and consume goods and services that include decisions around technological and infrastructural
choices, and the way societies and individual define prosperity (Jackson, 2009).

New methodologies are now emerging to take care of this more holistic approach to appraise our activities (Rifkin, 1980).
This integrated analysis is part of a new paradigm where society and the environment are seen as an indivisible whole.
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1. BIODIVERSITY AND CARBON FLUX IN TROPICAL
ECOSYSTEMS

BIODIVERSITY INCREASES THE RESILIENCE OF TROPICAL FORESTS
TO CLIMATE CHANGE: IMPLICATIONS FOR CONSERVATION POLICY

Tim Baker, School of Geography
University of Leeds, UK

ABSTRACT

Understanding how biodiversity affects ecosystem functions such as carbon storage and productivity is a major research
field with potentially important implications for conservation policy. However, studies of the links between biodiversity
and ecosystem function (BEF) in carbon-rich and diverse moist tropical forests are only just emerging. Here, I therefore
review the findings of large-scale, field-based and modelling studies of BEF in tropical forests and identify how the
results might best inform conservation policy.

BEF relationships comprise the effect of variation in both composition (the identity and traits of different species) and diversity
(the number of species and their relative abundances) among sites, on processes such as carbon storage and productivity.
Variation in the tree composition of tropical forests has an important role in determining aboveground carbon stocks and
productivity at continental and pan-tropical scales. These relationships are mediated by variation in community-level
average trait values for wood density and maximum height. The presence of species with different traits also increases the
resilience of the carbon stocks of tropical forests to environmental changes, such as drought, over decadal and centennial
time-scales. However, tree diversity is less strongly related to patterns of carbon cycling than variation in composition
and may only be important at small, sub-hectare, spatial scales. These findings suggest that the strongest justification for
conserving the biodiversity of tropical forests in terms of carbon cycling is that higher biodiversity increases the resilience
of forest structure and biomass to environmental change. More practically, this view suggests that connected networks of
protected areas that encompass wide environmental gradients will be most valuable for maintaining ecosystem function
under climate change by allowing shifts in tree species distributions. Although the idea of such ecological corridors is not
a new policy measure, the new evidence on how biodiversity promotes the resilience of carbon stocks to climate change
may help to promote conservation amid the shrinking opportunities for protecting intact tropical forest.

INTRODUCTION

The intensive search for convincing relationships between biodiversity and ecosystem function over the last twenty five
years has been stimulated by the desire to understand the impacts of species loss due to human activities, including
climate change, on the services that ecosystems provide (Chapin et al., 1998, Schulze and Mooney, 1994). The findings
of experimental studies, for example, indicate that extinction can lead to reductions in the delivery of ecosystem services
that are similar to the direct effect of many pollutants (Hooper et al., 2012). However, BEF research in the highest diversity
terrestrial ecosystem and arguably the greatest global conservation priority - tropical forests - remains scarce. Studies
at landscape scales, which are most relevant to informing management decisions, are particularly rare: for example, a
previous policy-facing review of BEF relationships in forest ecosystems contained no large-scale, observational studies
from tropical forests of how biodiversity affects ecosystem function or resilience (Thompson et al., 2009). As a result,
the integration of BEF relationships within arguments for conservation in the tropics is poorly articulated. The purpose
of this chapter is to review recent studies concerning the importance of biodiversity for ecosystem function in tropical
forests and reflect on the implications for future research and conservation policy. I emphasise large-scale, field-based
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and modelling BEF studies, which have the most relevance for informing management decisions, as they explore the
role of biodiversity in the context of wide spatial and temporal environmental gradients. My focus is on aboveground
carbon biomass (AGB) and wood productivity as ecosystem functions, as they are the cornerstone of efforts to generate
payments for ecosystem services to support conservation in tropical forests (Baker et al., 2010).

HOW BIODIVERSITY PROMOTES ECOSYSTEM FUNCTION IN TROPICAL FORESTS

BEF relationships comprise the effect of variation in both composition (the identity and traits of different species) and
diversity (the number of species and their relative abundances) among sites, on processes such as carbon storage and
productivity. Variation in composition undoubtedly has an important role for determining spatial variation in carbon stocks
and aboveground wood production at both continental and pan-tropical scales (Baker et al., 2004, Banin et al., 2014). These
relationships are mediated by variation in community-level average trait values for wood density and maximum height
among forests. For example, above ground carbon stocks are approximately 15 % higher in forest plots in central compared
to western Amazonia, because they comprise species that have denser wood which contains more carbon per unit volume
(Baker et al., 2004). Variation in the abundance of species which have different allometric relationships — achieve greater
or lesser height for a given diameter - also affects aboveground carbon stocks. The clearest example of this mechanism is
found in forests in SE Asia where dominance of forests by very tall-statured individuals of the Dipterocarpaceae (Banin
et al., 2012) leads to wood productivity which is 49 % higher than forests growing in similar environmental conditions
in Amazonia (Banin et al., 2014). Less well-appreciated is that this process is also important within some tropical forest
regions: many upland forests on clay-rich soils in the Guianas in South America are dominated by a group of caesalpinoid
legumes which achieve higher statures than many other species found in Amazonia (ter Steege et al., 2006). The forests in
this region therefore have high canopy heights (Feldpausch et al., 2011), and this distinctive composition is one reason for
the particularly high (>400 Mg ha') AGB values in this region (Feldpausch et al., 2012, Johnson et al., 2016). Finally, as
variation in the maximum diameter that different species attain is strongly related to their contribution to forest biomass
and woody productivity (Fauset et al., 2015), the abundance of tree species and individuals that reach large diameters is
strongly related to variation in AGB (Baker et al., 2004, Slik et al., 2013). As a result of all these patterns, it is simple to
demonstrate that changes in species composition, particularly losses of large diameter, tall-statured, heavy wooded species,
can lead to substantial reductions in aboveground biomass of tropical forests (e.g. Bunker et al., 2005): species composition
matters for patterns of biomass and woody productivity in tropical forests.

The underlying reasons for the variation in species composition that leads to such differences in ecosystem structure and
function include both current ecological processes, as well as the legacy of historical events. For example, differences
in mean wood density between western and central Amazonian forests is associated with underlying differences in soil
physical and chemical properties that favour either fast-growing species with high mortality rates and low wood density,
or slow-growing species with low mortality rates and high wood density (Baker et al., 2004, Quesada et al., 2012, Baker
et al., 2014). However, variation in the distribution of species with different height diameter allometries may be due
to the legacy of historical processes that have resulted in the dominance of certain families in certain tropical regions
(Banin et al., 2012, Johnson et al., 2016).

A second way in which biodiversity is related to ecosystem service delivery within tropical forests is by increasing
their resilience to environmental change. Over decadal timescales, resilience (the ability of ecosystem function to
resist and bounce back from perturbation; Oliver et al., 2015) relies on the presence of a wide range of species with
different characteristics within the regional species pool. Larger species pools are more likely to contain taxa that have
adaptations that allow them to persist and thrive as a result of changing environmental conditions. A simple example is
how Amazonian forests transitioned to an alternative, but still tree-dominated, state during the last glacial maximum
despite cooler and drier conditions (Colinvaux et al., 2000). Such resilience has also been demonstrated in tropical forests
over recent decades (Fauset et al., 2012): in Ghana, a long term reduction in rainfall since the 1970s has led to an increase
in the abundance of species characteristic of drier tropical forests, and the AGB of these forests has actually increased
during the same period (Fig. 1; Fauset et al., 2012). In this case, alterations in species composition have contributed
to maintaining a stable forest structure, despite a shift in climate. Similarly, modelling studies have demonstrated how
greater diversity could help to maintain high carbon stocks in the face of predicted climate change over coming centuries
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(Sakschewski et al., 2016). Of course, the resilience that biodiversity offers for maintaining forests in the face of climate
change should not be overstated. Substantial changes in climate, or strong interactions between climate change with
direct human degradation will doubtless cause major biome shifts: areas at the fringe of Amazonia became open habitats
during the last glacial maximum (Anhuf et al., 2006) and strong drought in 1982/3 in Ghana coupled with human-caused
fire, caused the savannisation of large areas of forest (Swaine et al., 1997). However, biodiversity can clearly increase the
resilience of tropical forest structure to environmental change.

WHERE BIODIVERSITY HAS LIMITED IMPORTANCE FOR ECOSYSTEM FUNCTION IN TROPICAL FORESTS

In contrast to the importance of composition, variation in diversity is a weaker correlate of aboveground carbon stocks
in tropical forests. An analysis of 360, one hectare forest plots from all three tropical continents that accounted for
variation in environmental factors and spatial auto-correlation, indicated that there was no significant relationship
between diversity and carbon stocks across tropical forests (Sullivan et al., in review). This result contrasts with prior
studies of 58 sites in the neotropics (Poorter et al., 2015), and 59, one hectare plots across the tropics (Cavanaugh et al.,
2014) which hinted at a positive relationship between diversity and AGB, using similar plot sizes. However, the larger
scale study indicates that the results at a one hectare scale from these previous analyses cannot be generalised across
the moist tropical forest biome (Sullivan et al., in review). In contrast, positive relationships between diversity and AGB
are more consistently significant at small scales (e.g. 0.1 ha plots, Poorter et al. (2015); 0.04 ha plots Sullivan et al. (in
review)). These relationships are consistent with how mechanisms such as selection effects and niche differentiation might
operate (Sullivan et al., in review, Poorter et al., 2015). However, as these relationships have only been detected at very
small scales where there is little environmental variation and few species interact, it is unlikely that these mechanisms
are important determinants of variation in biomass at landscape and regional scales.

The effect of biodiversity on forest productivity has been less well studied than relationships with AGB. At large spatial
scales, variation in composition may be an important control of productivity, in addition to the effect of environmental
variables, such as rainfall and soil physical and chemical properties, which control tree growth (Quesada et al., 2012,
Baker et al., 2003). However, the importance of environmental variables may be far stronger than any effect of composition
and/or diversity. For example, variation in the functional composition of western and central Amazon forests does not
cause the higher productivity of western Amazon forests: within the same functional group of tree, higher productivity
is observed in western compared to central Amazon forests, suggesting that environmental factors play a more important
role than variation in composition (Baker et al., 2009).

iomass Change Dry Forest

(Mg ha yr-) Score’ Change

.4 1.

Figure 1: Changes in (left) aboveground biomass and (right) tree species composition in relation to the abundance of
species with preferences for wet or dry forests, quantified as‘Dry Forest Score’ (Fauset et al., 2012), over a 20 year period in 19
intact forest plots in Ghana. For most plots, aboveground biomass increased and forest composition shifted to favour more
drought-tolerant species, shown by the increase in‘Dry Forest Score’ over time. Redrawn from Fauset et al. (2012).
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OPPORTUNITIES FOR STUDYING BIODIVERSITY AND ECOSYSTEM FUNCTION RELATIONSHIPS
IN TROPICAL FORESTS

Current knowledge of BEF relationships in intact tropical forests demonstrates how variation in composition defines
spatial patterns of carbon stocks and the importance of biodiversity for the resilience of these ecosystems. However,
there are many opportunities for further research. As noted above, studies of the effect of biodiversity on productivity
are largely lacking in tropical forests. In addition, the role of phylogenetic diversity for determining ecosystem function
(Cadotte, 2013) may reveal useful relationships in ecosystems where high diversity precludes easy measurement of
the functional properties of thousands of species. In general terms, there is also much work to be done understanding
the species, community and landscape-scale mechanisms that underpin the role of biodiversity in augmenting the
resilience of ecosystem function in tropical forests (Oliver et al., 2015). For example, we know that rare species in
tropical forests may have unusual combinations of functional traits, but we do not understand how that links to
their performance and therefore their overall importance for ecosystem function and resilience (Mouillot et al.,
2013). In particular, we need to understand the nature (e.g. which ecosystem functions are most resilient and which
are most sensitive?) and limits (e.g. what are the thresholds where biome collapse is unavoidable?) of the resilience
that biodiversity affords tropical forests in much more detail. For example, there is compelling evidence for upward
altitudinal shifts in species distributions in the Andes as a result of warming temperatures (Feeley et al., 2011, Duque
etal,, 2015), but we do not know how these shifts are related to changes in forest structure or function. High-quality,
standardised forest plot datasets with information on the identity, traits, sizes and population dynamics of tropical
trees, linked with measurements using LIDAR and hyperspectral remote sensing technology (e.g. Asner et al., 2015)
that provide a landscape-scale perspective, will be essential for understanding the role that biodiversity will play in
the future trajectory of ecosystem function in this biome.

BEF AND CONSERVATION IN TROPICAL FORESTS

The first way in which the BEF research described above links to conservation policy is related to the design of
carbon-based payments for ecosystem services. This topic has been particularly prominent in debates about the
design of REDD+ (Reducing Emissions from Deforestation and Degradation) schemes which aim to reduce carbon
emissions from land-use change (Angelsen, 2008). One aspect of the debate is whether biodiversity conservation
should be an integral part of carbon-based conservation because there are mechanistic reasons that lead higher
biodiversity to generate greater carbon stocks in tropical forests (Poorter et al., 2015). However, the lack of a
relationship between diversity and carbon storage among a comprehensive sample of one hectare plots (Sullivan et
al., in review) indicates that such mechanisms may, at best, only operate at very small spatial scales. At landscape-
scales relevant to conservation, there is therefore no evidence that tropical forest landscapes containing thousands
of tree species have higher carbon stocks than landscapes with a few hundred different taxa. A second related
aspect of the debate is whether effective biodiversity conservation can be achieved with a carbon-based approach,
because spatial patterns of both parameters are broadly correlated rather than because there is a direct mechanistic
link between biodiversity and carbon storage (Cavanaugh et al., 2014). However, again, the lack of correlation
between diversity and carbon stocks among tropical forests suggests the conservation of carbon and species
require, broadly-speaking, independent strategies (Sullivan et al., in review). In general, this finding emphasises
the importance of including substantial incentives within carbon-based strategies to optimise the contribution
they make to biodiversity conservation (Venter et al., 2009, Grainger et al., 2009, Miles and Kapos, 2008). Overall,
the lack of consistent ‘win-win’ outcomes for both carbon and biodiversity if conservation policy solely focuses on
just one of these parameters is exemplified by considering that the most carbon-dense tropical ecosystems in the
neotropics — the peatlands of northwest Amazonia — contain some of the least diverse tree communities (Draper
et al,, 2014, Pitman et al., 2014) and that the remarkable beta diversity of neotropical dry forests is associated with
generally low carbon stocks (DRYFLOR, 2016, Becknell et al., 2012). Conservation strategies will need to value
carbon and biodiversity independently to protect both of these vegetation types.
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A second, perhaps more compelling, way in which BEF research could strengthen conservation policy is through
the increased resilience that biodiversity provides for forest structure, and therefore the ecological functions that
forests perform, in the face of environmental change. Biodiversity provides this resilience because species can change
in abundance depending on changing environmental conditions (Fauset et al., 2012, Sakschewski et al., 2016).
Realising this resilience depends on conserving a connected protected area network that encompasses the regional
species pool. The idea of connected networks of protected areas is not a new idea; ecological networks and corridors
are well established as a key conservation strategy in response to land-use change which can be beneficial for both
biodiversity and carbon (Jantz et al., 2014, Bennett and Mulongoy, 2006). The idea that such networks might allow
species to persist in the face of the interacting effects of changes in both land-use and climate is also now widely
appreciated (Bennett and Mulongoy, 2006, Brodie et al., 2012) and the concept has been influential in the design of
a range of specific, large-scale conservation initiatives in tropical forest landscapes such as the Vilcabamba-Amboré
corridor in Bolivia and Peru (Bennett and Mulongoy, 2006, Ibisch et al., 2007). However, the idea that both biodiversity
and carbon conservation is ensured over time by the existence of such networks because biodiversity increases the
resilience of carbon stocks to environmental change is not well integrated within existing conservation planning in
the tropics. For example, the designation of the Sierra del Divisor as a National Park in Peru in 2015 acknowledged
the role that these forests have for supplying ecosystem services - their overall large carbon stocks and protection
of watersheds - as well as the presence of high-profile species and their importance as ancestral lands of indigenous
groups (SERNANP, 2012). However, the importance of biodiversity conservation to increase the resilience of the
ecosystem services provided by the protected area network in Peru, or across Amazonia, was not used as a reason to
protect this region. The Sierra del Divisor National Park is located along a key north-south precipitation gradient,
between a set of other protected areas in Peru and Brazil. Conserving this area therefore ensures connectivity along
an environmental gradient that is highly likely to be affected by climate change, and where species migration is likely.
Overall, the greater resilience that biodiversity gives to forest carbon stocks is considered an important link between
biodiversity conservation and ecosystem service provision (Thompson et al., 2009). Firm evidence now exists to
support this argument from the tropical forest biome. Overall, this concept shows the importance of integrating the
impact of climate change fully within conservation planning (cf Freudenberger et al., 2013) and the new evidence
potentially provides powerful support to use this argument for justifying the protection of networks of intact tropical
forest in the face of increasing threats from land-use and climate change.
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RECENT CHANGES IN AMAZON FOREST BIOMASS AND DYNAMICS

Oliver L. Phillips
RAINFOR (Red Amazoénica de Inventarios Forestales)

Abstract: RAINFOR has led field-based monitoring of forests across Amazonia since the turn of the millenium, and
incorporated colleagues work since 1980. This unique long-term, large-scale perspective has yielded many surprising
findings. Even far from the impacts of deforestation and degradation, the remote Amazon forests are changing. They
have gained biomass, trees are growing faster, and they are dying faster. These changes are affected by climate change, and
the accelerating carbon fluxes are themselves feeding back on the rate of global climate change. Neither has biodiversity
been untouched by these changes. As an Amazon nation, Peru is a key part of this fascinating story which shows the
unique ability of long-term, science-based monitoring to reveal how our world is changing.

1.1 Overview

There is a major planet-wide experiment underway. Changes to the atmosphere-biosphere system mean that all ecosystems
on Earth are now affected by human activities. While outright deforestation is physically obvious, other subtler processes,
such as hunting and surface fires, impact forests in ways less evident to the casual observer. Anthropogenic atmospheric
change is intensifying: by the end of our century carbon dioxide concentrations may reach levels unprecedented for at
least 20 million years, inducing rapid climate change. Further, these atmospheric changes are coinciding with probably
the greatest changes in land cover and species’ distributions since at least the last mass extinction at ~65 million years
ago. The collective evidence points to conditions with no clear past analogue. We have entered the Anthropocene, a new
geological epoch dominated by human action.

In this chapter I focus on the changes occurring within remaining tropical forests, with an emphasis on Amazonia. Most
forest vegetation carbon stocks lie within the tropics. Tropical forest ecosystems store 460 billion tonnes of carbon in their
biomass and soil (Pan et al. 2011). They have other planetary influences via the hydrological cycle, and emit aerosols and
trace gases, and are also characterised by their exceptional variety and diversity of life. Changes here therefore matter for
several key reasons. First, the critical role that tropical forests play in the global carbon and hydrological cycles affects
the rate and nature of climate change. Second, as tropical forests are home to at least half of all Earth’s species, changes
affect global biodiversity and the cultures, societies, and economies that are bound to this diversity. Finally, as different
plant species vary in their ability to store and process carbon, climate and biodiversity changes are linked by feedback
mechanisms. The identities of the ‘winner’ species under environmental changes might exacerbate, or perhaps mitigate,
human-driven climate change.

That remaining forests globally are now changing fast there is no doubt. Simple ‘top-down’ analysis of the global carbon
cycle shows that after accounting for known atmospheric and oceanic fluxes there is a large carbon sink in the terrestrial
biosphere, reaching >3 Gt carbon a year now. An independent ground-up analysis by foresters suggests that forests
in every vegetated continent are implicated in this terrestrial sink, even after accounting for the separate dynamics of
deforestation and secondary forest recovery (Pan et al. 2011). One critical question is therefore: how should scientists
go about documenting and monitoring the changing behaviour of tropical forests?

Of the many approaches and technologies available it is careful, persistent, on-the-ground monitoring at fixed locations
on Earth that can provide reliable long-term evidence of ecosystem behaviour, and this is the focus of this chapter.
On-the-ground measurements provide information on subtle changes in species composition, biomass and carbon
storage — none of which has been successfully done using satellites in mature lowland tropical forests, as signals saturate
at high biomass and cannot currently detect the density of each tree’s wood, which substantially drives forest biomass.
Yet, permanent sample plot work in the tropics has until quite recently been very sparse and mostly focussed on a few
well-known locations, leaving most of the ~10 million km* expanse of the world’s richest ecosystems unstudied.
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1.2 A Networked Approach

A robust approach to monitoring change needs to more synoptic, and integrated hundreds of sample sites. The first
attempts to do this (Phillips and Gentry 1994; Phillips et al. 1994, 1998) were inspired by the macroecological work of
Gentry. Gentry had used intensive floristic inventories across hundreds of forest locations to reveal the major geographic
gradients in diversity and composition. But, unlike Gentry’s floristic work, these first macroecological analyses of
tropical forest dynamics lacked methodological standardisation. We relied heavily on published data from different
teams worldwide, and had limited sample sizes. To try to eliminate these weaknesses, since 2000 with many colleagues
I have focussed on developing standardised, international, long-term networks of permanent plots in mature forests
across Amazonia and elsewhere. These first draw together the existing efforts of local foresters and ecologists, who had
often worked hitherto largely in isolation. Then, by analysing the gaps in geographical and environmental space, we have
extended the network to fill the gaps, and built support for long-term spatially-extensive monitoring. The network of
Amazonian-forest researchers, known as RAINFOR (Red Amazénica de Inventarios Forestales, www.geog.leeds.ac.uk/
projects/rainfor/), now represents the long-term ecological monitoring efforts of 43 institutions worldwide including
many from Amazonia. Here I synthesise some published results from RAINFOR to assess how mature Amazon forests
have changed recently.

2 METHODOLOGY

For these analyses, I define a monitoring plot as an area of old-growth, physiognomically mature forest where all trees
>10 cm diameter at breast height (dbh, measured at 1.3m height or above any deformity) are tracked over time. All trees
are marked with a unique number, measured, mapped, and identified. Periodically (generally every 1-5 years) the plot
is revisited, all surviving trees are re-measured, dead trees are noted, and trees recruited to 10 cm dbh are numbered,
measured, mapped, and identified. This allows calculation of (i) the cross-sectional area that tree trunks occupy (basal
area), which can be used with allometric equations to estimate tree biomass; (ii) tree growth (the sum of all basal-area
increments for surviving and newly recruited stems over a census interval); (iii) the total number of stems present; (iv)
stem recruitment (number of stems added to a plot over time); and (v) mortality (either the number or basal area of
stems lost from a plot over time).

Most plots are 1 ha in size and comprise ~500 trees of 210 cm dbh. Most plots were established using randomised or
systematic sampling protocols to locate plots in apparently old-growth forest landscape. Many have been monitored for
more than a decade, although they range in age from 2 to 35 years (mean ~12 yrs). Here I analyse results of censuses
completed up to 2007, but for Amazonia I first report results prior to the intense drought of 2005, and then also
summarize the impact of the drought and briefly review the latest findings from RAINFOR (Brienen et al 2015). Details
of exact plot locations, inventory and monitoring methods, and the challenges involved in collating and analysing plot
data are discussed elsewhere (e.g., Phillips et al. 2009; Baker et al. 2004; Lewis et al. 2004; Lopez-Gonzalez et al. 2011).
It is important to point out that the samples are not evenly distributed over Amazonia because they use historical plot
data, where possible, and also because considerations of access can limit where it is practical to work, nor are census
intervals always regular, because of uneven funding, yet a wide range of environmental space is captured by the samples.
The general distribution and sampling density of plots is indicated in Figure 1.

Scaling from individual tree to Amazon plot biomass is based on the diameter-based allometric equations detailed
in Baker et al. 2004. I summarize findings from mature forests in terms of (a) structural change, (b) dynamic-process
change, and (c) functional and compositional change, over the past two to three decades, including taking account of
recent droughts in Amazonia.

3 RESULTS AND DISCUSSION

3.1 Structural Change

For 123 long-term mature forest Amazonian plots with tree-by-tree data there was a significant increase in above-ground
biomass between the first measurement (median date 1991) and the last measurement before the 2005 drought (median

33


http://www.geog.leeds.ac.uk/projects/rainfor/
http://www.geog.leeds.ac.uk/projects/rainfor/

Recent Changes in Amazon Forest Biomass and Dynamics

date 2003). For trees >10 cm diameter the increase has been 0.45 (0.33, 0.56) t C ha! yr' (mean and 2.5%, 97.5%
confidence limits; Phillips et al. 2009). Using the same approach we also discovered a similar phenomenon in African

forests (Lewis et al. 2009).

Forest Monitoring in South America
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Figure 1: Distribution of long-term RAINFOR plots used for monitoring forest changes in Amazonia. With vital contributions
from more than 100 botanists, ecologists and foresters working in Bolivia, Brazil, Colombia, Ecuador, French Guiana, Guyana,
Peru, and Venezuela, more than 300 plots help to build a long-term picture of the changing dynamics of Amazon forests since
the late twentieth century to now. Within each plot almost every tree has had its species identified, diameter measured, and

its life followed.

There are various ways by which these plot-based measures can be scaled to tropical forests across Amazonia and Africa.
We used a simple approach given the various uncertainties, not all quantifiable, for example in terms of below-ground
(root) biomass carbon, carbon in dead trees, area of each forest type, and degree of human disturbance. Thus we assumed
that measurements were on average representative of the old-growth forest landscape, and that other components were
also increasing proportionally but that soil carbon stocks were static, and estimated the magnitude of the sink in each
continent by multiplying the plot-based net carbon gain rate by correction factors to account for these. For the 1990s
this yielded a total estimated South American forest sink of 0.65 + 0.17 Pg C yr' (and in African forests 0.53 + 0.30 Pg C
yr'and 0.14 + 0.04 Pg C yr' in mature undisturbed Asian forests (Pan et al 2011)). Thus the combined mature tropical
forest sink in the 1990s is estimated to have been 1.3 + 0.35 Pg C yr! before allowing for any change in soil carbon stock.
In the decade of the 2000’s the American tropical sink has declined by about a third (Brienen et al. 2015).
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The validity of these estimates depend on (i) measurement techniques; (ii) how representative the plots are of mature
forests; and (iii) assumptions about the extent of mature forest remaining. However, they are consistent with independent
evidence from recent inversion-based studies, showing the tropics are either carbon neutral or sink regions, despite
widespread deforestation (Denman et al. 2007), and the large net sink in the terrestrial biosphere after accounting for
other sources and sinks. Potentially unobserved large disturbances are much too rare to affect the inference from the
plot network of a sustained, widespread biomass carbon sink into mature Amazon forests (Espirito-Santo et al. 2014).

3.2 Dynamic Changes

An alternative way of examining forest change is to look for changes in the processes (growth, recruitment, death), as well
as the structure: have these forests simply gained mass, or have they become more or less dynamic too? For Amazonia
we have measured the dynamics of forests in two ways. Firstly, we examined changes in stem population dynamics. By
convention we estimated stem turnover between any two censuses as the mean of annual mortality and recruitment rates
for the population of trees > 10 cm diameter (Phillips and Gentry 1994, Phillips et al. 1994, Phillips 1996). Secondly, we
examined changes in biomass fluxes of the forest — in terms of growth of trees and the biomass lost with mortality events.

Among 50 mature forest plots across tropical South America with at least three censuses to 2002 (and therefore at
least two consecutive monitoring periods that can be compared), we found that these key ecosystem processes - stem
recruitment, mortality, and turnover, and biomass growth, loss, and turnover - all increased significantly when the
first monitoring period is compared with the second (Lewis et al. 2004). Thus, over the 1980s and 1990s these forests
on average became faster-growing and more dynamic, as well as bigger. The increases in the rate of the dynamic stem
fluxes (growth, recruitment, mortality) were about an order of magnitude greater than the increases in the structural
pools (above-ground biomass and stem density).

For the plots which have two consecutive census intervals we can separate them into two groups, one fast-growing
and more dynamic (mostly in western Amazonia), and one slow-growing and much less dynamic (mostly in eastern
and central Amazonia), which reflects the dominant macroecological gradient across Amazonia. Both groups showed
increased stem recruitment, stem mortality, stand basal-area growth, and stand basal-area mortality, with greater
absolute increases in rates in the faster-growing and more dynamic sites than in the slower-growing and less dynamic
sites (Lewis et al. 2004), but proportional increases in rates were similar among forest types. It should be stressed that
these results represent the mean response of all mature forests measured. Within the dataset naturally there are many
individual plots showing different, individual responses. But when viewed as whole the permanent plot record from
Neotropical mature forests shows increasing growth, recruitment, and mortality for at least two decades across different
forest types and geographically widespread areas.

3.3 Biodiversity Compositional Changes

Changes in the structure and dynamics of tropical forests are unlikely to leave species and functional composition
unchanged. Phillips et al. (2002) studied woody climbers (structural parasites on trees, also called lianas), which typically
contribute 10-30% of forest leaf productivity, but are ignored in most stem monitoring studies. Across the RAINFOR
plots of western Amazonia there was a concerted increase in the density, basal area, and mean size of lianas. Over the
last two decades of the twentieth century, the density of large lianas relative to trees roughly doubled over the period,
albeit from a low base. This was the first direct evidence that mature tropical forests are changing in terms of their life
form composition. A few other studies have also considered whether there have been consistent changes in tree species
composition in forests over the past two decades. Laurance et al. (2004) for example, working with a large cluster of
plots north of Manaus, found that many faster-growing genera of canopy and emergent stature trees increased in basal
area or density, and some slow-growing trees of the subcanopy and understory declined. Further studies are needed to
determine whether comparable shifts in tree communities are occurring throughout Amazonia, and indeed to update
the Amazon liana trajectory over the early 21% century.
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Figure 2: Trends in net above-ground biomass change, productivity and mortality across all RANFOR Sites, analysed up to
2011. Black lines show the overall mean change for 321 plots weighted by plot size, and its bootstrapped confidence interval
(shaded area). The red lines indicate the best model fit for the long-term trends since 1983 using general additive mixed
models (GAMM), accounting for differences in dynamics between plots (red lines denote overall mean, broken lines denote
standard errors of the mean). Estimated long-term (linear) mean slopes and significance levels are indicated, and are robust
regardless of whether parametric or non-parametric analyses are used. Shading corresponds to the number of plots that are
included in the calculation of the mean, varying from 25 plots in 1983 (light grey) to a maximum of 204 plots in 2003 (dark
grey). The uncertainty and variation is greater in the early part of the record owing to relatively low sample size. (Reproduced
from Brienen et al. 2015).

3.4 Recent Drought Impacts in Amazonia

The Amazon results discussed so far reflect forest changes up to the early part of the first decade of the twenty-first
century. In 2005 the region was struck by a major drought. With the RAINFOR network largely in place and a forest
dynamics baseline established, we had an opportunity to use this ‘natural experiment’ to explore the sensitivity of the
largest tropical forest to an intense, short-term drought, by rapidly re-censusing plots across the Basin to create ‘drought
census intervals’ of typically 1 to 2 years per plot. Of 55 plots surveyed across 2005, the mean annual above-ground
biomass change was -0.59 (- 1.66, +0.35) Mg ha!, and among those plots that were actually impacted by drought the
above-ground biomass change rate was clearly negative (-1.62 (- 3.16, -0.54) Mg ha™'). Moreover, the size of the biomass
change anomaly was closely correlated to the moisture deficit anomaly experienced in the period. This implies that it was
the unusual moisture deficits that were responsible for the biomass loss by contributing to an enhanced mortality. We
estimated the Basin-wide impact of the drought on biomass carbon, as compared to the baseline of a net biomass sink
in pre-drought measurement period, as between -1.21 and -1.60 Pg C, using remotely-sensed rainfall data to scale from
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the relationship of biomass change data with relative drought intensity. This suggests a large regional impact (confirmed
now by new, independent analyses, Gatti et al. 2014). The total carbon impact of the 2005 drought exceeds the annual
net C emissions due to land-use change across the neotropics (0.5-0.7 Pg C) (Pan et al. 2011). Fuller understanding of
the impacts of drought will require monitoring of forests through post-drought recovery and repeated droughts, such
as the strong 2015-16 El Nifio event.

3.5 What is Driving these Changes?

What could have caused the continent-wide increases in tree growth, recruitment, mortality, and biomass? Many factors
could be invoked but overall the results show a clear fingerprint of increasing growth across tropical South America,
probably caused by a long-term increase in resource availability (Lewis et al. 2004). According to this explanation,
increasing resource availability stimulates growth. This accounts for the increase in stand basal-area growth. Because
of increased growth, competition for limiting resources, such as light, water, and nutrients, increases. Over time some
of the faster-growing, larger trees die, as do some of the ‘extra’ recruits, as the accelerated growth percolates through the
system. This accounts for the increased losses from the system: mortality rates increase. Thus, the system gains biomass,
while the losses lag some years behind, causing an increase in carbon storage.

The changes in biodiversity composition may also be related to increasing resource availability, as the rise in liana density
may be either a direct response to rising resource supply rates, or a response to greater disturbance caused by higher
tree-mortality rates. The changing tree composition in central-Amazonian plots (Laurance et al. 2004) is also consistent
with increasing resource supply rates, as experiments show that faster-growing species are often the most responsive,
in absolute terms, to increases in resource levels.

What environmental changes could increase the productivity of tropical forests? While there have been many changes
in the tropical environment, the increase in atmospheric CO, is the leading candidate, because of the clear long-term
increase in CO, concentrations, the key role of CO, in photosynthesis, and the positive effects of CO, fertilization on
plant growth. However, some role for increased insolation, or aerosol-induced increased diffuse fraction of radiation,
or rising temperatures increasing soil nutrient mineralization rates, cannot be ruled out (Malhi and Phillips 2004). The
carbon dioxide explanation remains somewhat controversial still (c.f. discussion in Phillips and Lewis 2014), in part
because of the great challenge in conducting ecosystem experiments of the impacts of CO, fertilization at sufficient
spatial and temporal scale. This process should not be confined to tropical forests - given the global nature of the CO,
increase and ubiquitous biochemistry of the plant response involved, we may expect to see the same phenomenon in
other biomes. Indeed, increases in biomass and growth have indeed now been reported from every continent where
foresters make measurements in enough sites (Pan et al. 2011).

3.6 The Future: How Vulnerable is Amazonia to Environmental Stress and Compositional Changes?

Our long-term observations show that mature forests in Amazonia, the world’s largest tract of tropical forest, experienced
concerted changes in dynamics in recent decades. Such rapid alterations - regardless of the cause - were not anticipated
by ecologists and raise concerns about other possible surprises that might arise as global changes accelerate in coming
decades. On current evidence tropical forests are sensitive to changes in resource levels and will show further structural
and dynamic changes in the future, as resource levels alter further, temperatures continue to rise, and precipitation
patterns shift. The implications of such rapid changes for the world’s most biodiverse region could be substantial.

Mature Amazonian forests have evidently helped to slow the rate at which CO, has accumulated in the atmosphere, so
acting as a buffer to global climate change. The concentration of atmospheric CO, has risen recently at an annual rate
equivalent to ~4 Pg C; this would have been significantly greater without the tropical South American biomass carbon
sink of 0.4-0.7 Pg C per year (and an African sink of 0.3-0.5 Pg C per year). This subsidy from nature could be a relatively
short-lived phenomenon. Given that a 0.3% annual increase in Amazonian forest biomass roughly compensates for the
entire fossil-fuel emissions of western Europe (or the deforestation in Amazonia), a switch of mature tropical forests
from a moderate carbon sink to even a moderate carbon source would impact on global climate and human welfare. The
~0.3% annual increase in carbon storage represents the difference between two much larger values: stand-level growth
(averaging ~2%) and mortality (averaging ~1.7%), so a small decrease in growth or a sustained increase in mortality
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would shut the sink down. There are several mechanisms by which such a switch could occur, apart from the obvious and
immediate threats posed by land use change and associated disturbances by fragmentation and fire. I discuss these briefly.

Moisture Stress: Climate change alters rainfall patterns. There are critical thresholds of water availability below which
tropical forests cannot persist and are replaced by savanna systems, and these thresholds will respond to rising temperatures
which increase evaporation. How sensitive tropical forests are to extreme temperatures, particularly in the context of
rising atmospheric CO, concentration, is a subject of active research, reviewed elsewhere (Lloyd and Farquhar 2008).

The 2005 drought provides direct evidence of the potential for intense dry periods to impact rainforest vegetation.
However, it remains to be seen whether droughts are powerful and frequent enough to permanently shift the dominant
regime of biomass gains witnessed across mature tropical forests wherever they have been extensively monitored. The
1998 El Nifio drought was equally strong in parts of Amazonia, but its impacts are not distinguishable from the signal
of increased biomass and growth over the ~5 year mean interval length available for plots at that time (Fig. 2), implying
a rapid recovery. We expect therefore that only frequent, multiple droughts would cause the sustained increases in
mortality needed to turn the long-term carbon sink in mature forest into a source. This may now be happening.

In 2010 a new drought affected the Amazon forest, again dropping some rivers to record lows. Our recent, long-term
analysis from an even larger RAINFOR plot dataset (Brienen et al. 2015) found evidence of a progressive decline in the
net Amazon sink (Fig. 2), in spite of the long-term growth gains. The impacts of the 2015-16 El Nifo event are yet to
be measured.

Photosynthesis/ respiration changes: Forests remain sinks as long as carbon uptake associated with photosynthesis
exceeds the losses from respiration. Under the simplest scenario of a steady rise in forest productivity over time, it is
predicted that even mature forests would remain a carbon sink for decades (e.g. Lloyd and Farquhar 1996). However,
the recent increases in productivity, apparently caused by continuously improving conditions for tree growth, cannot
continue indefinitely: if CO, is the cause, trees will become CO,-saturated (limited by another resource) sooner or later.

Rising temperatures could also reduce the sink, or cause forests to become a source. Warmer temperatures increase the
rates of virtually all chemical and biological processes in plants and soils, until temperatures reach inflection-points
where enzymes and membranes lose functionality. There is some evidence that the temperatures of leaves at the top of
the canopy, on hot days, may be reaching such inflection-points around midday at some locations. Canopy-to-air vapour
deficits and stomatal feedback effects may also be paramount in any response of tropical forest photosynthesis to future
climate change (Lloyd et al. 1996). Simulations suggest that the indirect effect of rising temperatures on photosynthesis
via stomatal closure is the dominant negative impact on tropical forest growth (Lloyd & Farquhar 2008), but that this is
currently more than offset by increases in photosynthesis from increasing atmospheric CO,. Warmer temperatures also
mean higher respiration costs, which will also impact on the ability of plants to maintain a positive carbon balance in
the future. Understanding these complex relationships between temperature changes and their impacts on respiration
and photosynthesis, plus the impact of rising atmospheric CO, on tree growth is critical, and are areas of very active
research (and debate).

Carbon losses from respiration will almost certainly increase as air temperatures continue to increase. The key question
is what form this relationship takes. Carbon gains from photosynthesis cannot rise indefinitely, and will almost certainly
reach an asymptote. Thus, I conclude that the sink in mature tropical forests is bound to diminish, and possibly even
reverse. The more catastrophic outcomes of large-scale biomass collapse indicated in some models appear very unlikely,
but cannot be ruled out.

Compositional change: Biodiversity change has inevitable consequences for climate change because different plant
species vary in their ability to store and process carbon and different plant species will benefit and decline as global
environmental changes unfold. Yet most models that project the future carbon balance in Amazonia (and future climate-
change scenarios) make no allowance for changing forest composition. Representing biodiversity is challenging, because
of the computational complexities in integrating ecological processes into ecophysiology-driven models, and because
the ecological data themselves are sparse. Representing composition better, and its potential for change, is important.
Large changes in tree communities could lead to net losses of carbon from tropical forests (Phillips & Gentry 1994). One
way this could happen is a shift to faster-growing species, driven by increasing tree mortality rates and gap formation
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(Phillips & Gentry 1994). Fast-growing species have less dense wood, and hence less carbon. The potential scope for
such impacts of biodiversity changes on carbon storage is highlighted by Bunker et al. (2005), who explored various
biodiversity scenarios based on the tree species at Barro Colorado Island: if slower-growing tree taxa were lost from
an accelerated, liana-dominated forest, as much as one-third of the carbon storage capacity of the forest could be lost.
In Amazonia a small and sustained basin-wide annual decrease in mean wood specific gravity could potentially cancel
out the carbon sink effect. Currently, the more dynamic forests in the west of Amazonia have ~20% less dense wood
than the slower-growing forests of the east; because these faster-growing western forests also have lower basal area, the
differences in terms of biomass carbon stored are somewhat greater still. Concerted compositional changes driven by
greater resource supply, increased mortality rates, and gains in the proportion of faster-growing trees which escape lianas,
could therefore shut down the carbon sink function of tropical forests earlier than ecophysiological analyses predict.

4 CONCLUSION

Long-term, high-quality, tree-centred monitoring is critical for any nation wanting to understand the behaviour of
forests, to report it to the wider world, and to respond to it with actions including in terms of protected area strategy.
The dominant monitoring challenge now is to understand how biodiversity and ecosystem processes are responding to
climate change. Some changes may be slow and gradual, some will be rapid. We may predict some with high confidence
(eg more montane species will become progressively reduced and restricted), but many surprises are likely. What then
would a nation-wide forest monitoring system look like fit for purpose in a hyper-diverse, carbon-rich country with a major
share of the Amazon, such as Peru?

How to work? Such a network needs to embrace science-led monitoring to work. This requires a long-term funding
commitment, fully open-access with data-sharing built in from the start, and an emphasis on hands-on training in
field and lab and international exchanges (into Peru, out of Peru, exchanges with Amazon countries, exchanges with
Europe). International help can be intense at first, but a growing level of scientific leadership by the country should be
built-in to the plan. Rigorous data quality is essential. Standard botanical and forestry approaches are needed, always well
integrated, as are careful soil inventory and analysis. The single biggest challenge is timely, accurate species identification
of trees, and thus herbaria need to be involved too, and young taxonomists trained. Selected plots should become ‘long-
term living laboratories’ — many other exciting and important work can be added on, such as ethnobotanical surveys,
intensive carbon cycle studies, soil mycorrhizae, remote sensing calibration/validation, plant and animal DNA sampling,
invertebrate surveys, training sites for students, etc.

Nations like Peru can benefit directly from involvement in international collaborations like RAINFOR, but current
efforts are insufficient. Much greater sampling in the vast difficult-to-access regions of Amazonia is clearly needed
in the future to reduce uncertainty due to incomplete spatial coverage, with a purposeful effort to fill the large spatial
gaps. Additionally, better integration with LiDAR approaches (which measure forest height) is clearly also desirable. I
expect that the most cost-effective strategy for monitoring the more remote remaining tropical forests will combine (1)
gap-filling the monitoring networks where possible - with locally randomised plots -, with (2) extensive remote sensing
(viz LiDAR, radar), with the potential power of remote sensing techniques for scaling-up very clear. The need for careful
ground-based assessments to permit calibrating and validating forests’ remotely-sensed canopy properties in terms of
productivity, biomass, and biodiversity, and change, is equally obvious.

Where to work? Establishing quality, repeat census plots along the key geographic gradients is essential — thus in Peru,
replicated sampling of the elevation gradients from high Andes to low Amazon, and the precipitation seasonality
gradient from North to South. These need to be tied to protected areas — thus the monitoring network helps Peru fulfil
CBD obligations of assessing the effectiveness of its protected areas. Finally, researchers need to co-ordinate efforts
too for long-term monitoring of directly impacted forests, and of key resources for livelihoods - e.g. swamps of aguaje
(Mauritia flexuosa), and stands of castana (Bertholletia excelsa). A skeleton framework for much of this already exists
with RAINFOR and colleagues (eg RC Sira, PN Yanachaga-Chemillen, PN Manu). But many new plots will need to be
established to fill environmental and spatial gaps.
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In Sum: By carefully tracking the lives, deaths, and identities of trees at hundreds of plots it has been possible over the
past three decades to build a preliminary understanding of how the world’s mature tropical forests have been changing.
The picture that emerges is at once both surprising but, with the benefit of hindsight perhaps not unexpected. Thus, in
experiencing accelerated growth, mortality, and generally increasing biomass, the tropical biome has been responding
for many years to the large-scale but slow-acting drivers that until recently were unfamiliar to ecologists. Gaining an
authoritative understanding of how and why forest biodiversity and carbon are changing in the Anthropocene remains
a huge challenge. Repeated, standardised, careful, and adequately replicated on-the-ground measurements will be a key
contributor to making significant progress toward this goal.
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ABSTRACT

The Large Marine Ecosystems (LME) around South America are highly productive, and diverse, and play an important
role in the economy and society of the surrounding countries. These environments are under the effect of climate
change, but little is known about how variability at different scales influences their biodiversity and the abundance of
the exploited populations. Our work suggests that biodiversity can enhance the resilience of ecosystem structure to
environmental trends around South America three Large Marine Ecosystems (LMEs).

INTRODUCTION

Coastal marine ecosystems are significant contributors of the total global carbon sequestration by the ocean (Bauer et
al.,, 2013) and also contribute to more than 80% of the global fish catch (Agardy & Alder. 2005). Thus, coastal marine
ecosystems are a critically important component of the living planet. Marine ecosystems are under the increasing stress
of natural and anthropogenic climate variability (Malone et al., 2014). The goal of the IAI-CNR3070 project is to assess
the impact of climate variability- both natural and anthropogenic- on the Humboldt, Patagonia, and South Brazil Large
Marine ecosystems (Figure 1). These ecosystems are among the most productive of the Southern hemisphere, sustain
more than 20% of the global fish catch, host unique biodiversity and absorb CO, at rates comparable with the most
significant uptake regions in the World Ocean. The work presented at the Symposium Biodiversity and Climate Change,
contributions from science to policy for sustainable development held in Lima, 27" and 28" November 2014 suggested
the biodiversity can enhance the resilience of ecosystem structure to environmental trends around South America
three Large Marine Ecosystems (LMEs). Furthermore, habitat modifications and management practices that change
functional diversity and functional composition are likely to have large impacts on ecosystem processes (Tilman et al.
1997), particularly in coastal areas (Diaz and Rosenberg, 2008).

THE LARGE MARINE ECOSYSTEMS AROUND SOUTH AMERICA

The continental shelf regions surrounding South America can be divided in 3 Large Marine Ecosystems (LMEs): the
Humboldt Current, the Patagonian Shelf, and the South Brazil Shelf (Figure 1). The VOCES project focuses on the
interaction between these ecosystems and their interaction with the adjacent oceans. Combined, these regions are
significant contributors to biodiversity and to the global primary production, and exceed 20% of the global fish catch,
most of which is used for direct human consumption. We have scant understanding of how these regions will respond
to predicted changes of the climate system and, in turn, how they will feed back onto the global climate system. Changes
in these ecosystems should be particularly important because South America is the only land mass in direct contact
with the Southern Ocean and hence the only source of continental and sediment-derived material for the fertilization
of the upper layer in this component of the global circulation (Piola et al. 2013). Furthermore, these ecosystems span
from tropical to sub-Antarctic regions and yield considerable diverse environments. The energy flux to upper trophic
levels along the west coast eventually leads to the largest fishery in the global ocean. Equatorward flows of nutrient-rich
subantarctic waters along the west and east coasts of the continent, namely the Humboldt Current, and the Malvinas
Current are major sources of subpolar nutrients to lower latitudes. Along the Pacific margin, nutrients are drawn into

42


mailto:spurca@imarpe.gob.pe
mailto:docjhm@furg.br

Variability of Ocean Ecosystem Around South America (VOCES)

the photic layer by coastal wind driven upwelling (e.g. Chavez and Messié, 2009) while along the Atlantic coast, shelf
break upwelling (Matano and Palma, 2008; Matano et al., 2010) and tidal and wind stirring (Palma et al., 2004; 2008)
near shore are thought to be the main nutrient flux drivers (Acha et al. 2004; Romero et al., 2006).

South Pacific Ocean

Allantic Ocean

100°W 90°W 80°w 70°W 60°W 50°W 40°W

Figure 1: The large marine ecosystems (LMEs) off southern South America: Humboldt (HLME), Patagonia (PLME) and
Southern Brazil (SBLME). The background colors depict the austral spring satellite derived surface chlorophyll-a concentration
(in mg/m3) from SeaWiFS. The surface and subsurface (dashed) ocean circulation is shown schematically by arrows as follows:
ACC: Antarctic Circumpolar Current, BC: Brazil Current, CHC: Cape Horn Current, EUC: Equatorial Undercurrent, MC: Malvinas
Current, PCC: Peru-Chile Current or Humboldt Current, SEC: South Equatorial Current, SESC: South Equatorial Subsurface
Current, SECC: South Equatorial Counter Current, SPC: South Pacific Current. Also indicated are the straits of Le Maire (LM) and
Magellan (MS) and the Subtropical Shelf Front (STSF).

THE HIGH PRODUCTIVITY ALONG HUMBOLDT LME

The offshore circulation in the west is characterized by the poleward flow of the Peru-Chile undercurrent, which is
the main source for upwelled waters in northern Chile and Peru. Evidence of recent decrease trends in sea surface
temperature (SST) in the Humboldt Current LME suggests coastal upwelling intensification as a response to global
warming (Gutierrez et al. 2011), in addition, the chlorophyll-a positive trends remained along Peruvian coast, all over
the continental shelf and slightly beyond in central Peru (Demarcq 2009). As a result, a conceptual model of temporal
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variability of the Peruvian upwelling coastal System was proposed and indicates that negative sea surface temperature
(SST) trend is characterized by a change in productivity and biodiversity during anchovy and sardine dominance scenarios
(Figure 2). Similar increased upwelling trends observed in eastern boundary upwelling systems have been associated
with increased along-shore wind stress in response to differential land-sea warming (e.g. Bakun, 1990). However, though
recent modeling studies confirm the enhanced temperature difference between ocean and land masses (Rykaczewski
et al,, 2015), the response to such changes in low level winds and upwelling is still being debated (e.g. Rykaczewski et
al., 2015; Wang et al., 2015). A more direct ocean response and enhanced upwelling is predicted in poleward portions
of eastern boundaries (Belmadani et al., 2014; Rykaczewski et al., 2015). Thus, these studies predict an impact on the
productivity off southern Chile in response to changes in mid-latitude winds.

The concentration of dissolved oxygen is critical for marine life. Away from the surface mixed layer oxygen is consumed
by respiration and oxidation of organic matter. Thus, to maintain dissolved oxygen, mixing with the upper layer is
required. Recent observational and modeling studies have revealed that in response to global warming low oxygen
sub-surface strata in the tropical ocean have expanded and shoaled (Stramma et al., 2008). Eastern boundary ecosystems
are particularly vulnerable to expanding oxygen minimum zones because the nutrients that sustain their productivity
are driven from subsurface high-nutrient low-oxygen layers. The northern portions of the Humboldt Current System
may be subject to the impact of expanding oxygen minimum zones in the western tropical Pacific. However, the future
evolution of oxygen minimum zones and their impact on the ecosystem and pelagic fish are still poorly understood.

Stronger vertical mixing

Increased PCU
Down 15C isotherm Increased intraseasonal variability
: Increased Biomass macro zooplankton
Down oxycline Increased Biomass Anchovela
15°C isotherm depth

Up 15°C isotherm
U;p] oxyclline 7

Iy
Peruvian anchovy Sardine Peruvian Anchovy ?

Stronger winds
Cooler surface ocean, more chlorophyll

1900 1945 2020

Sea Surface Temperature (SST) trend

Adapted from Purca et al. 2010. Bol. Inst. Mar Pert 25(1-2): 13-21

Figure 2: The conceptual model of temporal variability of upwelling Peruvian coastal System, in which the negative sea
surface temperature (SST) trend characterized change in productivity and biodiversity ecosystem scenarios.

THE HIGH TEMPORAL VARIABILITY ALONG PATAGONIA AND SOUTH BRAZIL LME

The southern Brazilian shelf and the South Brazil Bight present lower productivity compared with the HLME and PLME.
The SBLME is sub sustained primarily by coastal upwelling around capes and by shelf break upwelling and Brazil Current
eddy exchanges south of Cabo Frio (Campos et al., 2000; Palma and Matano, 2009; Matano et al., 2010).

Biological production and distribution of key species in the SBLME are controlled by physical processes and therefore
susceptible to environmental variability. Density driven circulation, induced by freshwater discharges of the Patos
Lagoon and the Rio de La Plata, and intrusions produced by the variability of the boundary currents (Brazil and
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Malvinas Currents) are efficient mechanisms for retention of Engraulis anchoita larvae (Vaz et al., 2007). The inflow of
low salinity water increases primary productivity and the occurrence of anchovies within the area (Costa et al., 2016).
Mesoscale physical processes influence the distribution and composition of ichthyoplankton on the southern Brazilian
shelf break (Franco et al., 2006), and both cross-shelf and latitudinal gradients are important to determine the large-scale
distribution of larval fish species (Macedo-Soares et al., 2014). Changes in sea surface temperature seem to control life
cycle patterns and species migration timing and routes (Muelbert and Sinque, 1996; Lemos et al., 2014). Recent studies
have indicated that the southern Brazilian shelf LME is influenced by the Pacific Decadal Oscillation (PDO) and by
the Antartic Oscillation (AAO) (Soares et al., 2014) suggesting that climate change could have a significant impact on
biological processes in this ecosystem.

The salinity distribution around southern South America suggests a strong interaction between the SE Pacific and
SW Atlantic shelves. The ocean currents and mixing that mediate this interaction are still not well understood. The
South Atlantic waters appear to be derived primarily from the Le Maire Strait and the region east of Burdwood Bank.
However, the lowest salinity waters require a direct influence of the melt and runoff waters from southern coast of the
SE Pacific through the Straits of Magellan. A low salinity plume originated in the eastern mouth of the Straits extends
northeastward on the Atlantic side reaching beyond 43°S (e.g. Palma and Matano, 2009). These inter-ocean fluxes
between the Pacific and Atlantic shelves suggest that the southernmost portions of the HLME and the PLME may form
an integrated ecoregion around the southern tip of South America.

In contrast with the Pacific coast, the Atlantic side of southern South America is characterized by a wide continental
shelf occupying about a million squared kilometers. Also in contrast with the ecosystems oft Chile and Peru, the intense
biological productivity of the Atlantic shelf is sustained by a variety of processes. The sources of nutrients to the upper
layer are associated with tidal mixing near shore, relatively intense wind mixing throughout the shelf, and shelf break
upwelling along the shelf offshore edge. All these forcings are significant south of about 40°S, but decay further north
(e.g. Palma et al., 2008). The shelf productivity presents a sharp spring bloom (e.g. Acha et al., 2004; Romero et al. 2006),
and a moderate decay later in the season as nutrients are consumed by the growth of phytoplankton. However, near the
tidal fronts and along the shelf break the plant growth is high until late fall in response to the quasi-permanent nutrient
injection. The shelf productivity expands from phytoplankton to top predators, including commercially significant
fisheries, marine birds and mammals.

The significant biological productivity over the Patagonia shelf feeds from dissolved carbon in the upper ocean layer
and therefore promotes substantial uptakes of atmospheric carbon dioxide (e.g. Bianchi et al., 2005; 2009). As a result of
the so-called biological pump of CO,, on an annual mean the Patagonia continental shelf acts a net sink of atmospheric
CO,. The fate of the carbon absorbed over the shelf is not known, but it is hypothesized that a fraction is stored in the
sediments and a fraction is exported offshore. Both these processes combine to prevent the increase of total inorganic
carbon concentration in the PLME. The future evolution of this process critically depends on the water temperature,
which determines the CO, solubility. In addition, the efficiency of the ocean uptake process is strongly dependent on the
intensity of the low level winds. Thus, it is necessary to better understand the CO, uptake to project its future evolution.

In the Atlantic, around 34°S the subantarctic shelf waters encounter subtropical shelf waters off Uruguay and southern
Brazil, creating a sharp transition and both cores presumably veer offshore. It is unclear how these productive ecosystems
exchange mass, nutrients and species among them and with the neighboring deep ocean and the way they will respond
to changes in circulation and the wind field (Piola et al., 2000, 2008). This front, referred to as the Subtropical Shelf Front
(STSE, Figure 1), marks the natural boundary between the Patagonia and Southern Brazil LMEs. Numerical models
indicate that the location of the STSF is set by the latitude of northernmost penetration of the Malvinas Current (e.g.
Palma et al.,, 2008), thus, the separation of the Malvinas and Brazil Currents from the continental shelf break. Theoretical
arguments and observations indicate this latitude is set by a complex combination of the large-scale wind forcing and
the relative strength of the currents. These large-scale forcings may therefore also set the location of the shelf front. The
southern Brazilian shelf is also profoundly influenced by freshwater outflow from the Rio de La Plata and Patos Lagoon
Estuary (see Campos et al., 2008). The outflow of continental freshwater creates a nutrient favorable environment
constrained by the Rio de la Plata Plume Front that influences primary production, distribution of zooplankton species
and occurrence and abundance of larval fish (Muelbert et al., 2008). Long term discharge changes from these systems will
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have a profound impact on biological production and biodiversity in the southern Brazilian Shelf. The STSF separates
planktonic groups and influences biological production during summertime when the presence of freshwater over the
shelf decreases (Muelbert et al., 2008). The STSF is probably a barrier to the along-shore dispersion of organisms since
it is marked by a strong environmental gradient, and it is not clear yet how long term changes due to climate variability
will impact biodiversity. Moreover, recent studies suggest that the STSF also influences the distribution of marine
megafauna, such as turtles, sea lions and seabirds (Gonzalez Carman et al., 2016).

THE FUTURE SCENARIOS OCEAN ECOSYSTEMS AROUND SOUTH AMERICA IN THE CONTEXT
OF BIODIVERSITY AND CLIMATE CHANGE

At least some of the most important commercial species take advantage of high biological production at the shelves, and
at the same time avoid being exported to the biologically poorer oceanic environment. The larvae and plankton export
mechanisms to the oceanic realm and their influence on the interannual variability in the recruitment of keystone species
are unknown. Near surface salinity distributions derived from recent satellite observations and numerical simulations
revealed that a substantial fraction of low salinity Patagonia shelf waters are exported to the deep ocean close to the
separation of the Brazil and Malvinas currents from the slope (Guerrero et al., 2014; Matano et al., 2014; Strub et al.,
2015). This transfer of shelf to deep ocean waters may have a strong impact on the survival of planktonic stages of
marine organisms and may also be a conduit to drive shelf dissolved organic and inorganic carbon to the deep ocean.
Once shelf waters are driven towards these swift offshore flows the return to the shelf is unlikely since the mean flow is
mostly towards the ocean interior. Thus, the large-scale circulation over the productive PLME that emerges from our
studies can be summarized by a net inflow from the south around 54°S and a net export around 38-33°S.

The surface winds play a key role in the control of productivity and biodiversity of the LME around South America.
Winds control the intensity and seasonality of the eastern boundary upwelling, modulate the vertical mixing, determine
horizontal transport in surface waters, the circulation and the uptake of atmospheric carbon over the southwest Atlantic
shelf. Regions subject to weaker winds will most likely be associated with warmer surface waters, increased stratification,
decreased in horizontal transport, lower primary production and reduced carbon uptake. In contrast, increased wind
intensity will reduce vertical stratification, increase the nutrient fluxes from subsurface layers, increase horizontal
transport, enhance primary productivity and carbon uptake.

In addition, an improved knowledge of the exchange processes between continents and these continental shelves and
the deep ocean is essential to better understand, model and predict the future evolution of productivity and biodiversity
of the marine environment in response to climate change.
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INTRODUCTION

Peruvian floodplain forests are one of the largest freshwater ecosystems in Amazonia covering 13.5 million hectares
or 18% of Peru (MINAM, 2011). These ecosystems are economically important to local communities as many of their
valuable natural resources and agricultural products form the basis of important economic supply chains to urban
areas. However, climate change may cause important changes in seasonal fluctuations in river levels in these ecosystems
(Gloor et al., 2013). For example, a recent study showed that populations of wild animals in the Pacaya Samiria Natural
Reserve generally decreased due to severe flooding in 2010 (Bodmer et al., 2014); terrestrial mammals were the most
affected because of their dependence on dry areas during the flood to hunt. As the frequency of such flooding events
may increase in the future (Espinoza et al., 2013; Gloor et al., 2013), there is a need to understand the resilience of these
forests to current and future climatic and human impacts.

To understand the ecology of floodplain forests, we need to understand the role of the flooding and nutrient supply gradients
for determining how these ecosystems function. The flood pulse of the rivers and their nutrient supply are important features
of the floodplain. White-water rivers carry nutrients from the Andes, whereas black-water rivers form inside the floodplains
and have low nutrient content. Forests that are flooded by white-water rivers will also have high nutrient content in the soils,
while forests influenced by black-water rivers have low soil nutrient contents (e.g. palm swamp). Seasonally flooded forests
develop in areas of influence of major rivers and are flooded each year for one to six months. Palm swamps are located in
depressions, which receive less influence of major rivers, and maintain permanent surface water from precipitation (Junk
et al., 2011). Despite their low floristic diversity compared to the surrounding upland forests, floodplain forests have high
regional diversity (beta diversity), with potentially even higher values than terra firme forest (Pitman et al., 2014).

Natural dynamics of rivers cause erosion and deposition of sediments generating a natural succession in vegetation (Salo
et al., 1986). This complex landscape influences the patterns of carbon stocks in these ecosystems. Estimates of above-
ground carbon using remote sensing in Peru predict a national store of 6.9 Pg C, with highly variable carbon densities in
the largest Peruvian floodplain, Pacaya-Samiria National Reserve of 72.9 + 29.2 Mg C ha'(Asner et al., 2014). Extensive
below-ground carbon deposits stored as peat (organic matter) have also been recently confirmed in the region of Loreto
(Léhteenoja et al., 2012). Palm swamps (748 Mg C ha'), pole forests (1340 Mg C ha') and open peatlands (663 Mg C
ha™) are the most representative vegetation types accumulating peat (Draper et al., 2014). These areas that represent
only 3% of the whole of the Peruvian forests have added 40% of the carbon stocks of Peru.

Direct human impacts due to resource harvesting lead to degradation across the seasonally flooded forests and palm
swamps which are the two most extensive floodplain forest types in Peru. High value timber species such as mahogany
and cedar were once common in seasonally flooded forests but have been heavily logged and their populations are in
some cases close to local extinction (Kvist et al., 2001). Decades of fruit harvesting by cutting female individuals has
heavily degraded Mauritia palm swamps that are close to local communities.
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Monitoring changes over time requires long-term networks based on permanent forest plots (Honorio Coronado et al.,
2015). The Instituto de Investigaciones de la Amazonia Peruana (IIAP) in collaboration with the Universities of Leeds
and Saint Andrews in the UK are leading efforts to monitor the long-term dynamics of the floodplain forests by using
ecological and palaeoecological data. By monitoring the past and present of these ecosystems we aim to predict the
future and their potential sensitivity to changes in climate.

We focus on using permanent plots as a tool to detect changes in composition. For example, in the case of Andean woody
species, similar techniques have been used to demonstrate species migration to higher altitudes due to temperature
increases (Feeley et al., 2011). Another study conducted in Ghana, Africa showed that the reduction in rainfall observed
over the last 20 years in the area altered the floristic composition of the forest, favouring species adapted to drought
(Fauset et al., 2012). However, very little is known about the vulnerability of lowland Amazonian forests and there is no
previous study of the effect of droughts and severe flooding on floodplain forests (Gloor et al., 2013).

Changes in species composition of certain types of floodplain forests would affect the environmental services they provide.
For example, palm swamps and pole forests are important carbon reservoirs (Draper et al., 2014). The accumulation of
organic material as peat below ground depends on high, permanent water saturation in the soil. Severe and frequent
droughts could lead to the loss of carbon due to the decomposition of peat. Therefore, the aims of our monitoring
network are to answer three questions: (1) How do tree diversity and floristic composition vary in the floodplain forests?,
(2) How much carbon is stored in the floodplain forests?, (3) Which factors determine spatial variation in diversity,
composition and carbon stocks?, (4) Which environmental changes and human activities have determined the present
and will influence the future floristic composition and carbon stocks of these forests?

LONG-TERM MONITORING IN FLOODPLAIN FORESTS

Our floodplain forest network comprises 38 floristic inventories in the Marafion, Ucayali and Amazon rivers in Loreto,
and one inventory in Ucayali (Figure 1). These inventories were carried out using the Amazon Forest Inventory Network
(RAINFOR) protocol for forest plot establishment and remeasurement (Phillips et al., 2009) in three main forest types:
seasonally flooded forest (11 plots), palm swamp (16 plots), and pole forest (12 plots). Each plot covers 0.5 hectares of
forest (SUC-03 plot is 1 ha), and the diameter of all individuals equal or greater than 10 cm were measured at breast
height (DBH, 1.3 m). Sixteen of these plots were established for permanent monitoring and all individuals were marked
at the point of diameter measurement and tagged. Ca. 90% of individuals are identified to species level. In total, we have
studied 21 hectares of forest and registered 13,334 individual trees corresponding to 391 species, 208 genera and 56
families. In 2017, we will lead the third re-measurement of these forest plots, considering a census interval of 3-5 years.

Floristic composition and diversity

This dataset shows that floristic composition is highly distinctive among floodplain forest types (Honorio et al., 2015;
Draper, 2015). Palm swamps and pole forests are dominated by one or few taxa. For example, Mauritia flexuosa (Arecaceae)
is highly abundant in palm swamp plots representing 37% of total individuals, followed by Mauritiella armata (Arecaceae),
Tabebuia insignis (Bignoniaceae) and Virola pavonis (Myristicaceae) that represent another 15% of individuals. In a similar
way, Pachira brevipes (Malvaceae) is highly abundant in pole forest plots representing 40% of total individuals, followed
by Mauritia flexuosa (6%) and Mauritiella armata (5%). None of the species is highly abundant or represents more than
4% of total individuals in seasonally flooded forest plots. More than 50% of the total individuals of these forests are
represented by 43 species including Inga stenoptera (Fabaceae), Eschweilera alboflora, and E. parvifolia (Lecythidaceae).

As previous studies have shown, seasonally flooded forests are less diverse than surrounding terra firme forests (Nebel
et al., 2001; Wittmann et al., 2002; Wittmann et al., 2004). However, forests on low nutrient-soil condition in unflooded
forests (white-sand forest) and the floodplain (palm swamp and pole forest) contain the lowest alpha diversity (Table 1).
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Figure 1: Location of 38 floristic inventories in the floodplain of Loreto. Vegetation map was modified from Draper et
al. (2014) and shows the distribution of different floodplain forest types: open peatlands, pole forest, palm swamp and
seasonally flooded forests.

Carbon stocks

Above-ground carbon in floodplain forests is generally lower than estimates of terra firme forests (Tabla 1). Nevertheless,
carbon store belowground can reaches 748 Mg C ha! in palm swamps and 1340 Mg C ha™ in pole forests (Draper et al.,
2014). In total, Draper et al. (2014) showed that the Pastaza-Marafion-Ucayali foreland basin stores 3 million tonnes
of carbon above- and below-ground with pole forests storing the greatest densities of carbon in Amazonia (1391 + 710

Mg Cha').

Table 1: Diversity and above-ground biomass of 39 forest inventories in the Peruvian floodplain. Thirteen additional RAINFOR
forest plots established on white-sand and terra firme forests were included for comparison. Data provided by Forestplots.net
(Lopez-Gonzalez et al., 2011). Values represent mean + standard error.

Above-
Number Total Number Genus Wood ground
of area of trees diversity density biomass
Forest type plots (ha) (ha) (alfa fisher) (g cm™3) (Mg ha™)
Palm swamp 16 8 521 +£30 10.1£1.5 0.47 £0.02 19513
Seasonally flooded forest 1 6 536 + 37 19.1+£1.8 0.61+0.02 278+ 24
Pole forest 12 6 989+ 111 3.8+£0.6 0.54 £ 0.02 175+ 31
White-sand forest 4 4 709+ 171 13.9+45 0.64 +0.01 217 +28
Terra firme 9 9 600 =6 54.6 +3.8 0.61+0.01 3169

51



A Monitoring Network to Detect the Impact of Climate Change on Tree Biodiversity and Carbon in Amazonian Floodplain Forests

Forest dynamics

Our forest plots have also been important to understand the long-term dynamics of tropical forests. Abrupt changes
in floristic composition as a result of succession and environmental change have been detected during the last 3,000
years at Quistococha, a palm swamp forest located near to Iquitos (Roucoux et al., 2013). The pollen record showed
that Mauritia palm community was established 1,000 years ago, while other communities occupied this area in the past
such as seasonally flooded forest, open swamp, and riverine plant communities.

Today, swamp forests remain very dynamic. We found unexpectedly high rates of tree mortality and recruitment in
nutrient poor palm swamps (Figure 2). Mean annual rates of mortality and recruitment are above 3.5 %, and are higher
than those observed for many terra firme forests in Amazonia (Phillips et al., 2004).
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Figure 2: Comparison of annual rates of mortality and recruitment between Amazonian terra firme forests and swamp forests
of Loreto (Mean + SE). Data for terra firme forests were taken from Phillips et al. (2004). Permanent forest plots in swamp
forests are located in Jenaro Herrera and Veinte de Enero, Loreto.

CONCLUSIONS

Floodplain forests are an important component of the lowland forests of the Peruvian Amazonia. These forests are highly
dynamic and may be sensitive to changes in climate. To ensure the different ecosystem services such as species diversity
and carbon are maintained, the floodplain forests in Peru should be priority for conservation and forest management.
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EFFECTS OF CLIMATE CHANGE ON A TEMPERATE MONTANE
FOREST (NATIONAL PARK BAVARIAN FOREST) - OUTPUTS FROM
MONITORING

Claus Bissler
Bavarian Forest National Park, Freyunger Str. 2, 94481 Grafenau, Germany

ABSTRACT

Biodiversity is diminishing globally at an unprecedented rate in times of climate change and intensive land use. Since
biodiversity is related to important ecosystem functions and ecosystem services it is important to understand how
changes in both parameters are linked. One instrument to achieve this goal is the establishment of monitoring strategies
within protected areas. We carried out a large biodiversity survey (BIOKLIM-Project) within the National Park Bavarian
Forest (Bohemian Forest, Germany) to provide a broad range of data to assess the effects of climate change on this low
mountain range. We were able to provide evidence that (1) variation in climate (summer drought) triggered large scale
disturbance by bark beetles, (2) taxonomic groups responded differently to macroclimate and hence, species assemblages
within and across taxonomic groups are currently under re-organization. Immigrating species contribute to this
re-organization, (3) high altitude montane populations (from species and genetic perspectives) are highly vulnerable
to climate change. Loss might happen because of a low elevation range which limits an upward escape, and finally that
(4) assembly patterns are sensitive to macroclimate which might change functional diversity of assemblages and hence
potentially ecosystem processes and services.

Our results underline the importance of gathering long term biodiversity data in order to answer numerous upcoming
questions in times of human-caused environmental change.

Key words: Biodiversity, climate change, conservation, ecology, protected areas

1.INTRODUCTION

Biodiversity faces growing pressure from climate change but also from human actions, including habitat conversion,
degradation, fragmentation, harvesting and pollution (IPCC 2014, Tittensor et al. 2014). As a result, global assessments
show that species’ extinction risk is increasing on average while population sizes are declining (Pimm et al. 2014). In
the past 20 years remarkable progress has been made towards understanding how the loss of biodiversity affects the
functioning of ecosystems and thus affects society (Cardinale et al. 2012). Evidence is mounting that changes in biodiversity
are altering key processes important to the productivity and sustainability of Earth’s ecosystems (Isbell et al. 2011).

Despite much discussion and a high level of research activity in various disciplines on assessing the impact of global
change caused on biodiversity and natural systems, there is still a major lack of knowledge at relevant temporal and
spatial scales and currently, the most relevant scale of ecological investigations is a local one (IPCC 2014).

Our study area is the German part of the Bohemian Forest, a low range mountain system, located in southeastern
Germany (48°54' N, 13°29” E), covering an area of ~5,000 km? at altitudes from 300 to 1,450 m a.s.1. The study area
belongs to the temperate zone. In the following I summarize the current knowledge on the effects of climate change
on biodiversity and lessons from biodiversity monitoring mainly for the National Park Bavarian Forest (ca. 24,500 and
part of the Bohemian Forest).
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2. BIOKLIM-PROJECT - THE CONCEPTUAL FRAMEWORK

In 2006 we set up a total of 288 plots along four straight transects following the altitudinal gradient. Five additional plots
were installed beside the main transects to compensate for the lack of old growth forest samples at higher altitude. The
four transects were selected by using a stratified random scheme. Our first imperative was to include within the straight
transects from valleys to mountain tops the entire vertical gradient of the study area National Park Bavarian Forest. As
a result of the division of the National Park into two main areas of wilding and continuous management, we planned to
set up two transects in each category. Finally, we balanced the four transects in order to avoid autocorrelation in forest
structure (e.g., to avoid co-variation of forest stand age with altitude). The chosen design using 4 main transects with
100 m between plots ensures that a minimum of 23 replications for each altitudinal range exists; sufficient to overcome
simultaneous environmental effects. As outlined by (Bissler et al. 2008), the plots represent fairly well the main plant
communities of the National Park. Early analyses revealed the weakness in estimating the consequences of climate
change on species distributions (Béssler et al. 2010a) which led to the decision to extend the elevation gradient in 2008.
We set up an additional 38 plots at elevations between ca. 300 m asl. (close to the Danube) to 650 m asl. (lowest sites
within the National Park Bavarian Forest) outside the Park. The final number of plots was therefore 331 distributed
from 287 m asl. to 1,420 m asl.

On each plot a plethora of environmental variables were measured, recorded or modelled. They include basic topographic
information (e.g., altitude, exposition), forest structural variables (e.g., dead wood, tree species composition at different
strata), soil chemical physical and chemical properties, and a set of biological meaningful climate variables (see (Béssler
et al. 2008) and references cited within this article). All taxonomic groups, methods and number of sampled plots
(replications) are presented in (Bissler et al. 2008). Altogether we collected data on 25 higher taxa. The number of plots
to be sampled depended on the nature of the scientific enquiry and on the target group. For this reason we stratified 331
sample plots, selecting pre-stratified sub-samples with respect to the two main gradients (altitude and forest structure)
for some groups (Bissler et al. 2008).

3. CLIMATE AS A CONTRIBUTING DRIVER OF LARGE SCALE DISTURBANCE

In the 1990s the Park experienced large scale disturbance in mature spruce stands by bark beetle (mainly Ips typographus,
>5,000 ha, see Lehnert et al. 2013). Due to the ‘benign neglect’ strategy (non-intervention strategy) of the Park, this
development led to a considerable enrichment of dead wood along with rather open conditions within a very short
time frame, a situation unique for Central Europe (Lehnert et al. 2013, Beudert et al. 2015). A recent study found that
in addition to stand predisposition, large-scale drivers strongly influenced bark beetle infestation risk (Seidl et al.
2016). Outbreak waves were closely related to spatial connectedness on the landscape as well as to regional bark beetle
population pressure. Furthermore, regional summer drought was identified as an important trigger for local infestation
pulses (Seidl et al. 2016). Large-scale synchrony and connectivity are thus key drivers of the unprecedented bark beetle
outbreaks recently observed in Central Europe. As climate changes, frequency and severity of disturbance might also
change in future considerably, especially in coniferous forest ecosystems prone to natural disturbance (Raffa et al. 2008,
Seidl et al. 2011, Seidl et al. 2014).

4. COMMUNITIES UNDER RE-ORGANIZATION DUE TO CLIMATE CHANGE

We have evidence that species communities within the Park are under re-organization due to climate change (Bassler
et al. 2013). In one study comparing the upper distributional limits of species from around 1900 (Thiem 1906) with the
more recent BIOKLIM records, we found for example that ectothermic insects have overshot the expected shift caused by
climate change (Bissler et al. 2013). A shift due to climate change was not consistent across taxonomic groups (e.g. plants
showed no response) which suggests a considerable re-organization of species communities across taxonomic groups.
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Figure 1: Shift in the upper range margin of the species. Box plots of the upper ranges of single-species shifts of the lineages
under study between 1902-1904 and 2006-2007. Outliers are shown; the mean shift of each lineage is indicated by a blue
line. The grey shaded area and the expected shift [50-200 m, black line = mean (125)] are based on regional climate data.
(Source: Béissler et al. 2013).

5. EARLY WARNING OF CHANGE

By law, the National Park administration has the obligation to maintain natural occurring species communities typical for
the landscape. In times of climate change this seems challenging. Knowledge on the consequences of climate change, on
the distribution of species and how species communities will be affected are hence important for the Park management.
Moreover, the importance of climate change effects on species might be modified by the existence of specific habitat features
provided by a ‘benign neglect’ strategy. Some studies therefore focused on the relative importance of macroclimate versus
local forest structural variables (Moning et al. 2009, Bassler et al. 2010a, Béssler et al. 2010b, Raabe et al. 2010). For species
groups using dead-wood as a habitat for example it has been shown that, at the scale of the National Park, resource and
habitat availability seems more important than macroclimate for species diversity. This suggests that availability of dead-
wood might mitigate effects of climate change at least to a certain extent for dead-wood dependent species.

6. VULNERABILITY OF SPECIES

Climate change effects in a low mountain range might be more pronounced e.g. compared to the Alps, simply because of
the limited elevation range. Hence, the assumption that high montane species should be most vulnerable seems justified
(Thuiller 2007). This view is supported by a statistical exercise, where we modelled the probability of occurrence of
typical high montane species based on future climate scenarios. These studies showed that even a moderate increase of
temperature (1.8 °C) decrease the probability of the occurrence above ~1,100 m a.s.l. considerably (Miiller et al. 2008,
Bissler et al. 2010c). Furthermore that the habitat area available at the high montane zone is generally limited (less than
10% of the area of the Park, Bissler et al. 2010c).

We also studied the effects of climate change on the genetic structure of populations (Schade 2010, Oberprieler et al.
2015). One study underlines that the genetic variability within high montane species populations (Semilimax kotulae) is
rather low (gene drift is larger than gene flow) indicating a high level of susceptibility to climate change (Schade 2010).
Another study suggested that hybridization caused by a shift of species due to climate change led to genetic swamping
of a rare species (Senecio hercynicus) by its more common congener (S. ovatus) (Oberprieler et al. 2015). Finally, a
recent study focusing on within species variability of rodent species along the climate gradient clearly suggested that
we should pay more attention to the potential significance of genetic and/or phenotypic plasticity of life history traits
to environmental heterogeneity such as climate (Miiller et al. 2014).
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Figure 2: The blue points represent the predicted probability of occurrences of Athyrium distentifolium, Trientalis europaea,
Hymenochaete fuliginosa, Semilimax kotulae (Miller et al. 2008), Ampedus auripes and Turdus torquatus within the National
Park Bavarian Forest, using annual mean temperatures for 2000 and 2004 for the sampling plots versus altitude of the plots.
The curves are locally smoothed (spline fit) with heuristic confidence bands. The other two groups of points and curves are
predicted probability of occurrences under scenarios of global warming with an increase of the mean annual temperature of
1.8 °Cand 4.0 °C. (Source: Bdissler et al. 2010c).
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7. IMMIGRATION OF NEW SPECIES

We also recently recorded new thermophile species entering the Park (Béssler and Leibl 2012). A very prominent
example is the immigrant Oxythyrea funesta (Coleoptera, beetle), a species spreading out from the donor site close to the
Danube towards and into the Park since a few years (Bussler 2007). Other examples are a fungus which relies on higher
temperatures for fructification (Volvariella bombycina) and a snail (Arion lusitanicus) adapted to dry environmental
conditions compared to the native species (Béssler and Leibl 2012).

8. TOWARDS A MORE MECHANISTIC UNDERSTANDING OF THE EFFECTS OF CLIMATE CHANGE

It has been recognized that considering species identity alone (e.g. species richness or taxonomic diversity) is not
sufficient to infer a deeper mechanistic understanding of the underlying processes that influence communities along
climate gradients, and hampers climate change predictions (Lavergne et al. 2010). A first step is to consider traits of
species that underpin the relationship between species and the environment along elevation gradients (Pellissier et al.
2010). In a recent study we showed that macroclimate (elevation) was more important than forest structure in driving
lichen functional diversity (Béssler et al. 2016). Functional diversity decreased and revealed that community patterns
shift with elevation from random to clustered, reflecting selection for key shared traits. This analysis highlights the
need to examine alternative forms of diversity and opens the avenue to predict the consequences of climate change on
species assemblages and ecosystem processes. For the regional scenario with increasing temperature and decreasing
availability of moisture, we hence expect a loss of specialized lichen species with a complex growth form and those with
vegetative organs at higher elevations in low mountain ranges in Europe and this may result in a shift of the assembly
patterns towards stochastic ecological drift. A change in the dominant assembly processes caused by climate change
might have important consequences on ecosystem functioning such like nutrient cycling. If local community extinction
and immigration rates remain constant, this would not necessarily lead to a decrease in species richness with global
warming, but may lead to a change in the types of species present.

CONCLUSIONS

Modelling the effects of climate change on a large spatial scale is important; effects however take place on a local scale.
To assess the impact of climate change on a local scale, we need reliable local data. Monitoring data from biodiversity
surveys are helpful and important to reveal even subtle changes due to climate change. They are furthermore helpful to
reveal possible structures and processes able to mitigate effects of climate change. We need to set up more and continue
existing biodiversity surveys. Protected areas might be particularly suitable as climate change laboratories, on the one
hand because research efforts can be concentrated, on the other hand because of the possibility to overcome confounding
effects such like land use intensity. Beside biodiversity surveys, I recommend to set up field experiments in the future that
can contribute to gather a deeper understanding on the mechanistic link between species and their environment. Such
experiments can help to improve the predictions of the consequences of climate change on biodiversity and subsequent
consequences on the functioning of ecosystems and hence ecosystem services for human well-being.
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IUCN’S TRAIT-BASED ASSESSMENT OF CLIMATE CHANGE
VULNERABILITY OF THE WORLD’S BIRDS AND AMPHIBIANS:
A FOCUS ON THE AMAZON

By Wendy Foden
Chair, IUCN SSC Climate Change specialist Group

Climate change and its associated changes in atmospheric carbon dioxide have a range of interacting potential impacts
on species (Figure 1). Some, such as shifts in species’ distribution ranges and the timings of seasonal activities such a
migrations and leaf-set, may help species to adapt to changing environments, but other impacts including physiological
stress, range and population declines, loss of prey and mutualisms, and increased competition with climate change
immigrants are likely to have a negative impact on species’ survival. Tropical cold blooded animals in particular (e.g.,
amphibians, reptiles, fishes and invertebrates) are likely to face disproportionally large impacts from even small shifts
in temperature because they are currently living very close to their optimal temperatures (Deutsch et al., 2008). As well
as facing direct climate change impacts on species’ physiology, reproduction, population size, distribution range and
inter-species interactions, effects are likely to be mediated by both changing landscape processes (e.g., fire and water
runoff) and human responses to climate change (e.g., changing land use, migration and increases in bushmeat harvesting)
(Segan et al., 2015).

Predicted change Effects on species

spring arrival
Phenology autumn arrival
growing season length

Desycnhronization of migration or dispersal events
Uncoupling of mutualisms (incl. pollinator loss and coral bleaching)

means Uncoupling of predator-prey relationships

extremes
Temperature variability

seasonality

sea level rises

Uncoupling of parasite-host relationships

Interactions with new pathogens and invasives

means Changes in distribution ranges

Rainfall extremes
variability Loss of habitat
seasonality
Increased physiological stress causing direct mortality and increased disease susceptibility
storms
Extreme events floods Changes in fecundity leading to changing population structures
droughts
fires Changes in sex ratios
atmospheric Changes in competitive ability
CO, concentrations ocean
ocean pH Inability to form calcareous structures and dissolving of aragonite

Figure 1: Aspects of climate change and elevated CO, concentrations and their potential interacting effects on species.
(From Foden et al. (2008), courtesy of IUCN)

IPCC projections for the Amazon predict mean warming of 1-4°C by 2090, with little projected change in mean
precipitation (IPCC, 2013). Both across the region and across seasons, a relatively consistent increase of 1.5-2°C is projected
by 2050 (RCP 4.5) with much of the region projected to increase by 3 °C by 2090 (IPCC, 2013). A study of increasing
dry season length in southern Amazonia suggests, however, that these projections are an underestimation of impacts
(Fuetal, 2013). If dry season length continues to increase at even half the rate that it has been doing so since 1979, the
authors write that “the long dry season length and fire season that contributed to the 2005 drought would become the
new norm by the late 21st century” (Fu et al., 2013). How will such climatic changes affects the species of the Amazon?
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In 2003 IUCN began development of a system to assess species’ vulnerability to climate change with the aim of investigating
whether the [UCN Red List Categories and Criteria (IUCN, 2014) are identifying species that are becoming threatened
by climate change. At this time, the field of climate change vulnerability assessment of species was relatively new
and consisted mainly of studies carried out using correlative or environmental-nich-based approaches, which use
corelations between species’ historic distributions and climate variables to project areas containing suitable climate for
them in the future. A second approach included the use of detailed mechanistic models of species’ responses to climate
change, but was restricted to situations of high data and resource availability. The advantages and disadvantages of these
approaches have been widely discussed (e.g. Pacifici et al., 2015; Willis et al., 2015; Foden & Young, 2016). Following
broad consulation, the IUCN team established that neither approach served the needs of most species experts carrying
out ITUCN Red Listers, largely because they rely on technical modeling expertise that is generally unavailable. In addition,
mechanistic models are too resource intentive to apply to the massive number of species considered under the TUCN
Red List, and because correlative models account for few of the biological characteristics that can have a large impact
on their vulnerability, are inapplicable for the small-ranged and hence often most vulnerable species (Platts et al.,
2014), IUCN chose instead to develop a trait-based approach for climate change vulnerability assessment of species.
Trait-based approaches use species’ biological characteristics or traits to identify species with hightened vulnerability
to climate change. They are typically and increasingly used by conservation organisations due to their consideration
of a broad range of climate change impact mechanisms, their relatively low technical and data resource requirements
and their applicability to all species, including those with small distributions and relatively little or poor distribution
information. The disadvantages of trait-based approaches include challenges in establising thresholds for vulnerability
categories (e.g., how much temperature change makes a species X highly vulnerable?), and that very little work has yet
been carried out to validate their accuracy.

The IUCN's trait-based assessment was applied to all the world’ birds, amphibians and warm-water reef-builing corals
(16,857 species) (Foden et al., 2013). Figure 2 summarises the trait-based method, showing how species may be assessed
for climate change vulnerability based on quantification of their sensitivity, adaptive capacity and exposure. This
quantification is made by recording and scoring their biological traits and by simple modeling of their exposure to
changes in key environmental variables (e.g., temperature, precipitation and sea level changes). Here I discuss the findings
of the global assessment of birds, amphibians and warm-water reef-building corals, with a focus on the information
they provide about climate change vulnerability of species in the Amazon region.

I ANY of:
Habitat specialist
Marrow tolerance range
Interspecific interaction disruptable
Envirenmental trigger disruptable
Rare

Sensitive

—  VULNERABLE

Unadaptable Exposed
If exposed to ANY of:
If ANY of: Sea Level Rise
Low dispersal capacity Temp_e_ratgre change*
Poor microevolutionary Precipitation change™
capacity Ocean acidification®
*Worst 25% of species affected

Figure 2: Schematic diagram showing how species were categorised using the IUCN trait-based method for assessing
species’ vulnerability to climate change. Species were categorised according to three dimensions (sensitivity, low adaptive
capacity and exposure) using trait groups (e.g., habitat specialisation and low dispersal capacity), which were in turn assessed
using taxon-group specific traits (not shown). Species were classified as sensitive, exposed or having low adaptive capacity if they
qualified under any trait group, but were considered highly vulnerable overall only if they qualified under all of sensitive, low
adaptive capacity and exposure.
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Because the IUCN study assessed all members of three entire taxonomic groups, it was (and remains to date) the
only dataset on which to carry out full and systematic prioritisation exercises at global and full-taxon group scales.
Per-species assessments of climate change vulnerability, including for all Amazon bird and amphibian species, are
supplied (Supplementary Online Material, Appendices A and B), and the detailed trait data underlying assessment are
available on request. Amongst the most valuable outcomes were lists of the most vulnerable families and species, and
spatial analyses showing where highest and lowest numbers of vulnerable species occur. Also of great interest was how
these areas relate to the where species threatened by non-climate change related threats are concentrated. We discuss
these results in more detail below.

The Amazon basin emerges as the area of highest and largest concentration of climate change vulnerable bird species
globally (purple areas in Figure 3a). This is followed, at lower concentrations, by Mesoamerica, Eastern Europe through
central to eastern Asia (excluding the Himalayan Plateau), the Congo basin and tropical West Africa, the Himalayas and
Malesia. We also identified areas where high proportions of species are highly vulnerable (i.e. the number of vulnerable
species relative to the total number of species occurring there) (purple areas in Figure 3b). This highlighted, firstly, the
Arctic coastal regions where the relatively few species occurring there are almost all at high risk from climate change.
The Amazon again emerges as a high concentration area, suggesting that its very high species richness is only part of
the reason for the high concentration of vulnerable species shown in Figure 3a. Other areas where high proportions of
the species occurring there are vulnerable (i.e. even though species richness may be lower) include Northern Eurasia,
the Black Sea and Himalayas, the Southern oceans between ¢.30-60 °S, the central Andes, parts of the Eastern Sahara,
tropical West Africa to Congo basin and Sundaland.

For amphibians, the Amazon emerges again as the region with the greatest and largest concentrations of climate change
vulnerable species (purple areas of Figure 3c), as well as having very high proportions of at-risk species (i.e. relative to
the total number of species occurring there) (Figure 3d). As with birds, this again emphasizes the region’s extremely
high risk and reinforcing its prominence as a priority. High proportions of climate change vulnerable amphibians are
also found in the northern Andes, Mesoamerica, Eastern Russia and Mongolia, the Himalayas, parts of North Africa,
north of the Caspian Sea and western and eastern Arabia.

Figure 3 a-d also identify areas where species are predicted to have a relative degree of ‘escape’ from climate change. These
include areas highlighted in blue which contain high concentrations of species that have biological traits conferring high
biological susceptibility (i.e., high sensitivity and low adaptive capacity) but have relatively lower exposure. Such areas
include northern and eastern North America for birds and the Congo Basin for amphibians. ‘Lucky escape’ areas also
include those highlighted in yellow that contain high concentrations of highly exposed species but that where specie
have biological traits that make them relatively more robust (i.e., lower sensitivity and higher adaptive capacity). Such
areas include western and southern North America for both birds and amphibians.

To investigate how spatial patterns of climate change vulnerability relate to non-climate change related threat, we included
bivariate plots of total numbers of climate change vulnerable and threatened (according to the TIUCN Red List) species
for birds and amphibians (Figure 4). This revealed that, for birds, the overlap between the two was high including much
of the earth’s land and ocean surface, while for amphibians, there is very little overlap (purple areas). Areas of high
climate change vulnerability but low historic threat (shown in yellow) are important new priorities for conservation
since they have not previously been considered as at risk by global spatial conservation prioritisation initiatives (e.g.,
Biodiversity Hotspots (Myers et al., 2000)). Most prominent among these for both birds and amphibians, and considering
both numbers of species and extent of area, is the Amazon.
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Figure 3: Areas of high vulnerability to climate change for the world'’s birds (a & b) and amphibians (c & d). Areas of high
biological susceptibility (i.e., high sensitivity and low adaptive capacity) in blue, high exposure in yellow, high overall vulnerability
(i.e. high sensitivity, low adaptive capacity and high exposure) in magenta (maroon), areas where species are none of the above
in grey, and areas where no focal species occur in white. Colours increase in intensity as species concentrations increase. a and b
show total number and proportions of the above categories for the world’s birds, and ¢ and d show the same for all amphibians.
These results are based on the moderate A1B emissions scenario for 2050 and assume optimistic assumptions for missing trait

information. From Foden et al. (2013).
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Figure 4: Concentrations of species that are both climate change vulnerable and threatened by
non-climate stressors. Areas with high concentrations of species that are climate change vulnerable
only are in yellow, threatened species (according to the IUCN Red List) only are in blue, and areas with high
concentrations of both are shown in maroon. The log of total numbers of these birds and amphibians

are represented by a and b respectively. Grey areas show where species are present but concentrations of
species that are either climate change vulnerable or threatened are low; colours increase in intensity as

Log (vulnerable species) ~ species concentrations increase. These results are based on the moderate A1B emissions scenario for 2050
and assume optimistic assumptions for missing trait information. From Foden et al. (2013)
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Figure 5: Framework to assess the impacts of climate change on species. Combinations of the three dimensions of climate
change vulnerability, namely sensitivity, exposure and low adaptive capacity describe four distinct classes of climate change
vulnerable species, each with particular implications for conservation prioritisation and strategic planning. Species that are ‘highly
climate change vulnerable’ (1), being sensitive, exposed and of low adaptive capacity, are of greatest concern. They are the first
priority for monitoring responses to climate change and for assessment of the interventions needed to support them. ‘Potential
adapters’ (2) are sensitive and exposed (but high adaptive capacity) species that may be able to mitigate negative climate change
impacts by dispersal or microevolution, although close monitoring is needed to verify this. ‘Potential persisters’ (3) have low
adaptive capacity and are exposed (but are not sensitive) so may be able to withstand climate change in situ by themselves, but
again, monitoring is needed to ensure that the assumptions about insensitivity are realized in practice. Finally, species of ‘high
latent risk’ (4) have low adaptive capacity and are sensitive (but are not exposed). Although not of immediate concern if climate
change projections and emissions scenarios are accurate, they could become climate change vulnerable if exposed beyond selected
time frames (e.g., 2050). From Foden et al. (2013).
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CONCLUSION

The IUCN'’s trait-based climate change vulnerability assessment enabled the first systematic assessment of climate change
vulnerability at global scale and for all members of entire taxonomic groups. Assessing climate change vulnerability
is an important step in the developent of climate change adaptation plans (e.g., Glick et al., 2011; Cross et al., 2012;
Stein et al., 2014), as well as for informing conservation prioritisation and policy development. By classifying species
according to their sensitivity, adaptive capacity and exposure, the [UCN’s method helps to inform subsequent steps such
as the development of adaptation management and action plans (Figure 5). Climate change vulnerability assessment is,
however, a new field and many areas require further development. Of high priority are ground-truthing of assessments
and inclusion of the impacts of humans responding to climate change in climate change vulnerability assessments.

The IUCN study of the world’s birds and amphibians reveals that the Amazon contains both large numbers and high
proportions of climate change vulnerable species for both groups. While previous studies based on projected exposure to
climate change have suggested that the Amazon is at high risk due to the intensity and type of climatic change projected
there, as well to El Nifio effects, this study adds consideration of the biological susceptibility of the species occurring
there to these changes. The region’s co-occurrence of high climate change exposure and high biological susceptibility
to this is of enormous concern.

Because the Amazon region has historically had relatively low proportions of species threatened by non-climate change
related threats, it has not previously been flagged in assessments of global conservation priority (e.g. Biodiversity Hotpots
(e.g., Myers et al., 2000)). The IUCN findings, amongst others, show that the rapidly emerging threat of climate change
necessitates urgent reconsideration of this. This is underscored by the Amazon region’s enormous value for carbon storage
and hence for climate change mitigation. Effective conservation protection in the area will minimise non-climatic threats
to the region’s species, thereby maximising their inherent ability to adapt to climate change. Enhancing this through
proactive, ambitious and well-coordinated climate change adaptation strategies is clear and urgent need.
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INTRODUCTION

Understanding better the links between climate change and biodiversity is critical not only to developing rational
strategies for mitigating and adapting to climate change, but also to framing adequate responses to the multiple pressures
on biodiversity and the ecosystem services it underpins. A growing body of research explores these links at multiple
scales and dimensions, primarily through use of models to predict the response of biodiversity to different scenarios
of climate change. Such research helps to inform action in a wide range of policy areas, some relating specifically to
biodiversity goals such as adequate coverage of protected areas, conservation of threatened species and reducing the
threats from invasive alien species; but others addressing wider sustainable development goals including food security,
support for human livelihoods and reducing the risks to human health from emerging infectious diseases. The quality
and usefulness of this research depends critically on the availability of adequate data on the spatial distribution of species
over time (primary biodiversity data). Scarcity and unevenness of such data in forms that can be readily accessed remains
a major barrier affecting the accuracy of biodiversity models and scenarios, and thus the quality of information available
for developing adequate climate change and biodiversity policies. Nevertheless, important progress has been made in
overcoming the barriers to biodiversity data mobilization, through development of common data standards, technical
infrastructures to facilitate discovery of and access to primary biodiversity data, and the construction of collaborative
networks and policies to promote open access and re-use of data. This paper outlines current progress in mobilizing
biodiversity data, offers examples of its use in research relevant to climate change, and suggests actions to scale up the
availability of such data.

BIODIVERSITY DATA SOURCES

Primary biodiversity data is defined as the digital text or multimedia records detailing facts about the occurrence of
organisms. At its most basic, this data documents the ‘what, where, when, how and by whom' relating to exploration of
the planet’s biological resources. In other words, which taxa have been found to occur in a particular place and time;
through which methods of sampling, observation and identification; and by which individuals or research teams. Sources
of such data are many and varied, ranging from evidence returned from the earliest days of natural history exploration
to contemporary and ongoing monitoring programmes and observations by citizens and communities across the planet.
Improving the data available for biodiversity research and policy involves assembling data from all of these sources in
formats that enable them to be efficiently exchanged, integrated, discovered and analysed. The major sources potentially
contributing to the body of available primary biodiversity data are:

o Natural history collections held by institutions around the world, including zoological museums, herbaria
and other collections in which the primary evidence of species occurrence is a physical specimen brought
back from the field and preserved for future examination. Converting or mobilizing such evidence into useful
data involves a process of digitization in which, for example, the contents of specimen labels are transcribed to
document species names, dates and locations of collection, as well as imaging to enable remote examination of
the specimen;

o Natural history literature published over time, either in paper form or electronically. A wealth of data on the
occurrence of species is embedded in such publications, but needs to extracted in formats that enable it to be
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integrated and discovered along with other sources of data. Projects such as the Biodiversity Heritage Library’
provide an invaluable service by imaging thousands of historic publications and enabling text to be searched,
for example by species names, using optical character recognition (OCR) techniques;

Research data assembled for peer-reviewed studies in academic journals. While species occurrence data

collected from the field are often provided as supplementary materials accompanying research articles, and
are increasingly deposited in data repositories, they remain in diverse formats and need to be standardized to
enable efficient discovery and re-use;

Biodiversity monitoring projects carried out for diverse purposes including protected area management,
species recovery plans and environmental impact assessment. Data from such monitoring, including remote
sensing such as through camera traps and satellite tracking, also remain in many different formats and
dispersed across multiple databases or isolated in inaccessible documentation.

Citizen/volunteer observation networks provide an increasingly important source of data on the occurrence
of species over time. In some countries, voluntary nature recorders have for decades provided detailed
observations enabling fine-scaled analysis of biodiversity changes, while the recent availability of smartphones
with global positioning software has revolutionized the ability of citizen scientists to contribute primary
biodiversity data.

MOBILIZING DATA FOR RESEARCH AND POLICY

Use of common data standards

A critical step in the mobilization of primary biodiversity data for use in research and policy is to express data using
commonly-agreed standards that enable efficient sharing, integration and re-use. In contrast to other domains, widely-
accepted standards are available for expressing species occurrence data that are relatively simple to use, and enable
datasets using such standards to be harvested and indexed by a range of aggregator platforms, such as the Global
Biodiversity Information Facility’s GBIF.org” and national, regional and thematic platforms (for example the Ocean
Biogeographic Information System’ for marine data) developed by the biodiversity informatics community. These
standards are mediated through Biodiversity Information Standards, also known as the Taxonomic Databases Working
Group (TDWG).* For species occurrence data, the most commonly accepted standards are Darwin Core (DwC)® and
Access to Biological Collections Data (ABCD).® Tools and training resources are available to convert data collected using
different formats, including simple spreadsheet data, where necessary mapping data fields into appropriate columns to
enable this standardization.

Data publication, integration and discovery

Once biodiversity datasets are organized into appropriate standards, data-holding institutions may choose to share or
‘publish’ their data through open-access platforms such as GBIF.org, using exchange formats that enable automated
harvesting and retain full information about the provenance of the data. The preferred exchange format for publishing
through GBIF is Darwin Core Archive (DwC-A)’, a zipped file which associates core data files with metadata documents
providing rich information about the dataset.

To make biodiversity data accessible for indexing and wider discovery, institutions make these data files available from
their own or shared servers via an online access point registered with the aggregating platforms. In the case of GBIF and

www.biodiversitylibrary.org

www.gbif.org

http://www.iobis.org

www.tdwg.org
http://www.tdwg.org/activities/darwincore/
http://www.tdwg.org/activities/abcd/

N Y ok W N

https://www.gbif.org/darwin-core
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a growing number of other platforms, this is facilitated through use of freely-available software such as the Integrated
Publishing Toolkit (IPT)® which enables automated harvesting of data into centralised databases, as well as providing a
local platform to showcase data mobilized by particular institutions and networks.’

Data published in this way are indexed by GBIF and other platforms enabling users to search and download records
based on a range of search criteria, including by species or other taxon name, coordinates or country of occurrence,
date range or basis of record (e.g. specimen, observation). This is the means by which researchers or policy makers can
bring together species occurrence data relevant to their particular area of interest, often combining large volumes of
records, sometimes numbering in the millions and derived from many different data sources. Importantly, all records
obtained in this way retain full information about the context of the records so that users can judge the reliability of the
data and include adequate citation of the original sources (see next section).

Addressing barriers to open access to biodiversity data

While well-proven means now exist to provide open access to biodiversity data, realizing the full potential of this
process requires continuous efforts to overcome a range of barriers. These can broadly be divided into technical barriers,
institutional barriers and social/economic barriers that limit the volume of data that is currently available to improve
knowledge about biodiversity and its links with climate change.'

Technical barriers. As described above, organizing biodiversity data into formats suitable for efficient exchange and
discovery requires understanding of the relevant standards and best practices, as well as access to stable servers that
enable data to be harvested and updated by aggregating networks. Collaborative initiatives such as GBIF and its partner
institutions (national and thematic nodes) can help to support these technical needs through capacity and training
initiatives (see capacity section below), and through provision of pooled data hosting arrangements in which lower-
capacity institutions may use shared facilities provided by higher-capacity partners and networks as a platform from
which to make data available for wider access.

Institutional barriers. A major challenge exists in many countries to encourage collaboration between various national
institutions that each hold relevant biodiversity data, but collect and store them using different formats and separate
databases. The establishment of national biodiversity information facilities with a coordinating node institution, with
a clear mandate and transparent governance structure, can help to overcome these barriers and encourage pooling of
data using common standards across different ministries and agencies.!!

Social and economic barriers. Mobilization of biodiversity data for open access and re-use involves challenging accepted
and often engrained practices among professional and institutional communities that are reluctant or unable to share
data for a variety of reasons. Scientists often feel that sharing data is not in their professional interest since credit arises
from the impact of their published research, and data sharing may be perceived as a professional risk if others use data
for research which does not credit the originators of that data. Research funding agencies and academic publishers can
each play an important role in requiring good practices on data publication from funded research projects and articles
accepted for publication. Incentives can also be provided through mechanisms to enable proper recognition and citation
for data publication, for example with the growing practice of publishing ‘data papers’ in journals, in which peer review
is applied to descriptions of openly-available datasets, citable in the same way as research papers.'* In addition, the use
of Digital Object Identifiers (DOI) both for datasets and data downloads through GBIF provides practical means for

www.gbif.org/ipt
See for example http://data.canadensys.net/ipt/ which brings together datasets mobilized from natural history collections in Canada.

10 A review of barriers to the sharing of biodiversity data and information, with recommendations for eliminating them, was compiled by the
Friends of the Conservation Commons and published as an information document to CBD COP11, UNEP/CBD/COP/11/INF/8

11 For guidance on coordinating national data mobilization activities, see GBIF Secretariat 2015. Establishing an Effective GBIF
Participant Node: Concepts and general considerations. Copenhagen. Available online at https://www.gbif.org/document/80925/
establishing-an-effective-gbif-participant-node.

12 See https://www.gbif.org/data-papers
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proper data citation even when using large volumes of data, thus returning credit to those sharing data in standard
formats and giving greater visibility to data holdings."

Mobilization of digital data for re-use also requires investment, but remains low on the priorities for many institutions
operating on tight budgets. Governments should consider support for such investment as part of the commitment to
achieving goals related to biodiversity, climate change and sustainable development, for example progress towards Aichi
Biodiversity Target 19 on the sharing of biodiversity knowledge. Identifying key data gaps and prioritizing digitization
of collections, as well as training for relevant professionals, can focus such investment on areas where they will have
the most impact.

Data quality and fitness for use

The principle of free and open access to biodiversity data brings with it significant challenges regarding quality and the
fitness of such data for use in different applications for research and policy. The nature of an open publication process
necessarily means that data will be of variable precision, accuracy and completeness. GBIF encourages application of data
quality tools prior to publication, and many national or thematic data aggregating facilities will carry out significant data
cleaning prior to sharing through the global network. Additionally, GBIF applies automated tools that will, for example,
match species names to a taxonomic backbone (including identification of synonyms) drawing from sources such as the
Catalogue of Life', and will flag obvious errors such as a mismatch between geographic coordinates and the country
of origin. Varying levels of precision and certainty of geolocation may also be included in the data itself, for example in
cases where publishers wish to generalize the location of a threatened or valuable species. GBIF continuously seeks to
improve the quality of data shared through its network, including through better signposting of data quality indicators
and processing of user feedback. However, caution is always advised and most research uses involve significant data
cleaning: near-term plans involve developing ‘reference datasets’ whereby pre-cleaned data arising from research is
preserved and indexed for future discovery and re-use.

GBIF - PROGRESS TO DATE IN GLOBAL COLLABORATION ON OPEN ACCESS TO BIODIVERSITY
DATA

The Global Biodiversity Information Facility (GBIF) was established in 2001 by governments under a non-binding
Memorandum of Understanding, with the aim of promoting and facilitating free and open access to biodiversity
data via the Internet, for the benefit of science, society and a sustainable future.” It operates through a secretariat in
Copenhagen, providing the technical infrastructure for publishing and accessing data, and coordinating activities of
a network of nodes established by GBIF’s participating countries and organizations. Funding is provided through its
‘Voting Participants, governments that agree to fund the core activities of the network through a Work Programme
and secretariat costs, with recommended national contributions based on a formula linked to GDP and a discount for
countries with lower per capita GDP.¢

To date, 57 countries and 39 international organizations participate formally in GBIF as members of the Governing
Board."” Membership is concentrated in particular regions, especially western Europe, North America, Oceania and
Latin America, with some representation from Africa (16 countries) but few Participants in Asia (six countries),
and large membership gaps in the Middle East and Eastern Europe. Nevertheless the data published through
participating institutions has a much wider global reach than the membership suggests, as data from natural history
collections and observer networks brings together specimens and observations from all over the world so that

13 See http://www.gbif.org/newsroom/news/ipt-release-supports-doi-citation
14  http://www.catalogueoflife.org

15  GBIF (2010) GBIF Memorandum of Understanding. Copenhagen: Global Biodiversity Information Facility, 20 pp. Accessible online at http://
www.gbif.org/resource/80661.

16  http://www.gbif.org/governance/governing-board
17 See https://www.gbif.org/the-gbif-network
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electronic publication acts as a means of ‘data repatriation’ to researchers and decision makers in countries from
which these records were obtained. In addition, some associate members such as thematic networks, the Chinese
Academy of Sciences and the Taiwan Biodiversity Information Facility (TaiBIF) mobilize data from outside the
formal country membership.

Taken together, GBIF brings together more than 850 million species occurrence records relating nearly one million
species, shared through more than 35,000 datasets published by over 1,100 institutions. This volume of data continues
to grow year by year (see Figure 1), and mobilization of data through GBIF over time is now used as an indicator of
progress towards Aichi Biodiversity Target 19 through the Biodiversity Indicators Partnership'®, and was also used as
an indicator for the same target in the Fourth Global Biodiversity Outlook (GBO4)."

Species occurrence records accessible through GBIF over time
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Figure 1: Number of species occurrence records available through GBIF.org over time, cumulative (Source: GBIF Secretariat)

Data accessed through GBIF is used in a growing number of peer-reviewed publications covering a wide range of
biodiversity-relevant research. Based on literature tracking carried out by the GBIF Secretariat, more than four hundred
publications cited use of GBIF.org as a source of data during 2016, with the number for 2017 projected to exceed 700
publications (see Figure 2). These papers include research on invasive alien species, impacts of climate change, species
conservation and protected areas, agriculture and human disease risk, and involve a range of scientific disciplines
including biogeography, macroecology, taxonomy and phylogenetic studies.

18  http://www.bipindicators.net/numberofgbifrecordsovertime
19 www.cbd.int/gbo4

20 A summary of the research facilitated by data accessed through GBIFE, published during 2016, is at GBIF (2017). 2017 Science Review. 56
pages. Copenhagen: Global Biodiversity Information Facility. Available online at https://www.gbif.org/science-review
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Figure 2: Number of peer-reviewed publications citing GBIF as a source of data, by year (source: GBIF Secretariat)

DATA USE IN CLIMATE-RELEVANT RESEARCH

A significant proportion of the research assisted by access to data through GBIF.org relates in some way to the interaction
between climate change and biodiversity. Some of the policy-relevant thematic areas in which such research is focussed
are given below, with examples in each area. Further examples of climate-related research making use of data through
GBIF can be examined at https://www.gbif.org/resource/search?contentType=literature&topics=CLIMATE_CHANGE.

Conservation planning

Design of policies on the siting of protected areas and recovery plans for threatened species depends crucially on
understanding the future climate conditions affecting ecosystems under different scenarios. Species occurrence data
accessed through GBIF is commonly used to generate models estimating the areas likely to be suitable as future habitats
for particular species or groups of species, based on the ‘climate envelopes’ or niches demonstrated by past and present
occurrences — in other words the range of temperature, precipitation and other variables within which these species
exist. Such research can be invaluable to ensure that conservation policies remain effective into the future.

Example: Ramirez et al. (2014)*' used species distribution models to design conservation strategies for tropical Andean
biodiversity under climate change. The study assessed likely changes to the climate niche size for Andean species,
modelling more than 11,000 bird and vascular plant species. Using occurrence data from GBIF among other sources,
the study concluded that by the 2050s, more than 50 per cent of species would experience a reduction in their niche of
over 45%, and 10% would face extinction. It recommended a landscape-network approach to conservation to enable
biodiversity in this region to adapt to climate change.

Invasive alien species

Many studies use occurrence data of invasive alien species, both in their native and introduced ranges, to model the areas
most at risk from future invasions. These studies focus mainly on risk areas based on current climatic and environmental
conditions, but some research has also assessed the likely changes in invasion risk based on anticipated future climate
conditions.

21  Ramirez-Villegas, J., Cuesta, F, Devenish, C., Peralvo, M., Jarvis, A., & Arnillas, C. A. (2014). Using species distributions models for
designing conservation strategies of Tropical Andean biodiversity under climate change. Journal for Nature Conservation, 22(5), 391-404.
http://doi.org/10.1016/j.jnc.2014.03.007
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Example: Bellard et al. (2013)* used models to project future suitable areas for the one hundred worst invasive species
as assessed by [UCN. The study used GBIF to access occurrence data for 87 of these species. Based on future climate and
land-use changes, it concluded that invasion risk is likely to increase by 2100 in temperate regions, while many tropical
regions are likely to become less suitable for invasive species. It projected that the ranges of invasive amphibians and
birds are likely to contract, while those for aquatic and terrestrial invertebrates will likely expand.

Agriculture and food security

Many studies use biodiversity data to examine the impact of climate change on future agriculture and food security, both
by projecting changes in areas suitable for growing particular crops, and by assessing the current and future distribution
of the wild relatives of important crops that will be increasingly needed as a genetic resource to develop future crop
varieties resilient to climate change.

Example: Vincent et al. (2013)* developed a global inventory of crop wild relatives most critical to food security under
climate change. Based on 173 priority crops, 1,667 plant taxa were considered to be globally important. Using data
from GBIF among other sources, the research identified West Asia, China and southeast Europe as having the highest
number of priority crop wild relatives, while China, Mexico and Brazil were identified as high-priority countries for
further collection of wild plants.

Targeting human health risks

An emerging research use of biodiversity data is the assessment of risk to human populations from infectious diseases
spread by animal hosts. Modelling of present and future distribution of host or ‘reservoir’ species, based on climate
change scenarios, can help to predict changes in areas most at risk from these diseases, and thereby focus resources on
detection, prevention and treatment strategies.

Example: Thomassen et al. (2013)** modelled predicted range shifts of the Human Monkeypox virus, an emerging
infectious disease, in response to climate change in Central Africa. The research looked at projected distribution changes
for 11 mammals identified as reservoirs of this disease, including pangolins, porcupines, monkeys, rats and rope squirrels.
Occurrence records for these species, accessed through GBIF and other networks, provided the biodiversity data for
these models. The research concluded that based on IPCC scenarios for the 2050s and 2080s, the disease was likely to
shift eastwards with greater risk in eastern Democratic Republic of Congo, Uganda, Kenya and Tanzania. The study
suggested using these models to prioritize future surveillance for outbreaks of this disease.

CAPACITY NEEDS IN BIODIVERSITY DATA MOBILIZATION AND USE

To enable continued progress in the mobilization of data that helps to address the impact of climate change on biodiversity,
important capacity constraints in many countries need to be overcome. As already mentioned, the volume of data
shared from natural history collections and observation networks is overwhelming concentrated in the developed
world, although regions such as Latin America are making rapid advances in biodiversity data publication from their
own collections and networks.>

Collaboration through networks such as GBIF can assist countries in developing the capacity to mobilize and access
data essential for better understanding of biodiversity and its links with climate change. A capacity enhancement
programme helps participant countries in GBIF to develop mentoring and training projects making use of the expertise

22 Bellard, C,, Thuiller, W,, Leroy, B., Genovesi, P., Bakkenes, M., & Courchamp, F. (2013). Will climate change promote future invasions? Global
Change Biology, 19(12), 3740-8. http://doi.org/10.1111/gcb.12344

23 Vincent, H., Wiersema, J., Kell, S., Fielder, H., Dobbie, S., Castafieda-Alvarez, N. P, ... Maxted, N. (2013). A prioritized crop wild relative
inventory to help underpin global food security. Biological Conservation, 167, 265-275. http://doi.org/10.1016/j.biocon.2013.08.011

24  Thomassen, H. A., Fuller, T., Asefi-Najafabady, S., Shiplacoff, J. A. G., Mulembakani, P. M., Blumberg, S., ... Rimoin, A. W. (2013). Pathogen-
Host Associations and Predicted Range Shifts of Human Monkeypox in Response to Climate Change in Central Africa. PLoS ONE, 8(7),
e66071. http://doi.org/10.1371/journal.pone.0066071

25 See for example http://www.gbif.org/newsroom/news/brazil-flora-fungi
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and experience of other biodiversity information networks to enable access to data held in national institutions and
ongoing monitoring programmes.” In addition, the Biodiversity Information for Development (BID) programme,
funded by the European Union, is providing €3.9m over four years (2015-2018) to projects supporting mobilization
of biodiversity data for priority information needs in Africa, the Caribbean and Pacific.”” A Biodiversity Information
Fund for Asia (BIFA), using funds provided by the Government of Japan, is also supporting projects in the region to
improve the availability of data.

Funds available for developing biodiversity informatics capacity are still relatively modest, and need to be scaled up if
existing progress is to be accelerated and sustained into the future. The ability of countries to mobilize biodiversity data
is often concentrated in the expertise of a very few individuals, making such efforts vulnerable to being short-lived,
and the relevant skills must be built into educational programmes and curricula if the continuing need for data access
is to be met into the future.

CONCLUSIONS

This paper has focussed on the actions needed to mobilize biodiversity data from existing sources, and to make it available
to research and policy related to climate change. In itself this is a major undertaking, and the same skills and practices
will be needed to maintain access to new sources of data as they become available. Other networks such as the Group
on Earth Observations Biodiversity Observation Network (GEO BON) are assisting governments to design monitoring
programmes to capture the data needed to understand the status and trends of biodiversity going into the future, for
example through the development of Essential Biodiversity Variables.?® Close collaboration between all initiatives in
the area will be needed.

An encouraging development is the emphasis placed recently by the Convention on Biological Diversity (CBD) on the
importance of improved data access and monitoring arrangements to meeting the Aichi Biodiversity Targets under the
Strategic Plan for Biodiversity 2011-2020. The 13" meeting of the Conference of Parties to the CBD (COP 13) invited
Parties and relevant organizations to further promote open access to biodiversity-related data, through use of voluntary
guidance with the following components®:

» Promote open data access through policy initiatives

Promote the use of common data standards

Invest in the digitization of natural history collections

Establish national biodiversity information facilities

o Enhance national capacity in biodiversity informatics

Engage the public in biodiversity observation through citizen science networks

Encourage data sharing from the private sector

o Develop national platforms for data discovery, visualization and use

o Analyse data and information gaps to prioritize new data mobilization

 Engage with and support regional and global networks for data mobilization and access.

Action on all these fronts will greatly enhance the availability of data to inform research and policy on biodiversity,
and in particular strengthen the understanding of how decisions can better address the interactions of biodiversity and
climate change, essential for meeting the global community’s priorities for sustainable development.

26  https://www.gbif.org/programme/82219/capacity-enhancement-support-programme
27  http://www.gbif.org/programme/bid

28  http://geobon.org

29 CBD/COP/DEC/XIII/31
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1.INTRODUCTION

One common denominator observed over the last few decades, as part of consolidated global environmental monitoring
efforts, is the realization that each year is becoming hotter than the previous one. In fact, early in 2016, NASA and
NOAA reported that 2015 was the hottest year on record, setting heat records across the globe and causing droughts
across many Latin American countries (NOAA 2016). Areas that have been more affected by this warming trend can
be found in Central America, northern Colombia and northeast Brazil.

The impact of this sustained warming trend is not only economic but it can be reflected on biodiversity degradation
trends as documented by Pounds et al. (2006) or on the lost of ecosystem services in areas that depend highly on
water availability (Portillo-Quintero et al. 2014). It is clear that current environmental monitoring systems, although
with capacity to provide regional information, lack the ability to provide information at local scale, which in turn, is
fundamental for sound decision-making and the detection of causes and effects of climate change (Pounds et al. 2006).

Associated to climate change, its patterns and effects, the science of environmental monitoring is evolving rapidly, as well
as the technology that supports it. Every day, we are confronted with the presence of large amounts of information that
demand a high degree of synthesis in order to support real time decision-making. Questions dealing with how we can
handle, provide quality control mechanisms, analyze and visualize terabytes of information in real time are emerging
as local communities suffering the effects of climate change demand answers from national governments. This in turn
produces a problem of how well and accurate we can communicate our science to a larger audience right when the even
take place. In other words, how can we move from “it happened” to “it is happening”

In this context, this chapter will first evaluate the evolution of scientific paradigms in the context of environmental
monitoring, present the concept of wireless sensor networks as new emerging tool for environmental monitoring, and
the analytic methods developed to support such monitoring, and it will close with some final remarks on how they can
be considered for the monitoring of the effects of climate change on biodiversity in the years to come.

2. EVOLUTION OF SCIENTIFIC PARADIGMS

Hey at al. on their edited book The Fourth Paradigm presents the evolutions of the three scientific paradigms based on
the concepts presented by the Jim Gray (Hey et al. 2009). Gray is considered one of the main forces behind the evolution
of eScience and its applications to every every day application. The first scientific paradigm, defined by Gray is defined,
as an empirical paradigm on which early scientific knowledge is used to describe a natural phenomena (e.g. the rotation
of the earth around the sun). This paradigm evolved over a few hundred years until in the late 17" and 18™ centuries
when a second paradigm emerged based on the theoretical branch of science. This paradigm was supported by the
presence of new mathematical models about our natural environmental, which in turn were used to better understand
our natural environment and develop a new range of science ranging from Newton to Einstein. This paradigm was in
place until the mid 1950’s when the first computer was developed and a new computational paradigm was born, and
used the power of emerging computers to support scientific discoveries via advanced modeling and associated algorithms
(e.g. early stock exchange algorithms). It took just a few decades to make this paradigm obsolete with the mergence of
what Jim Gray called the fourth paradigm of science driven by eScience. eScience is new a paradigm based on models,
computational algorithms on which much of the information is collected by sensors and analyzed in real time. The
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main characteristic of this new paradigm is that it is data intensive and driven in many cases by the evolution of cellular
phones, social media, and analyzed via advanced analytical approaches. In other words, as our every day lives become
more driven by fast technological developments (e.g. smartphones), the demand for “real time” information is driving
the emergence of this new paradigm at many different societal levels.

When we look at the emergence and evolution of these paradigms, a fundamental question that emerges is how the
consolidation of eScience Paradigm is affecting the way that we conduct environmental monitoring, as well research
towards understanding the effects of climate change on forest ecosystems. Some basic answers emerge from the evolution
of phenological studies. For example Brown et al. (2016) presents examples on how the use of several types of security
and other web based cameras can be used as powerful tools to estimate phenological variables key to understanding the
impact of climate change on phenological cycles. In addition, Beaubien and Hamann (2011) present how citizen science
via several social media mechanisms can also become an important tool for environmental monitoring. This two are
just common examples of the emergence of this paradigm. In addition, improvement on sensor design, data loggers
and huge advances on wireless communications are impacting the world of environmental monitoring. The emergence
of wireless sensor networks, is also a clear example of the evolution of the science paradigms into the XXI century.

3. WIRELESS SENSOR NETWORKS

Wireless sensor networks can be defined as a set of autonomous sensor systems that have the capacity of measuring and
storing information as any other sensor/data logger system, plus the capacity of communicating wirelessly with other
sensors and data-collector systems, called aggregators, where the information can be send via cellular model, the internet
or satellite to a data base where the information can be analyzed in real time (Sanchez-Azofeifa et al. 2011, Rankine et al.
2014). Wireless sensor networks present the opportunity for hyper-temporal sampling and large area coverage currently not
provided by conventional, one sensor — one data logger system. Wireless sensor networks allows for real time monitoring
micro-meteorological variables and soil moisture to predict phenological variables such as the start of the season, end of
season and the duration of the growing season on a forest ecosystem. These variables are key to understand the impact of
climate change over tropical dry forest biodiversity. Figure 1 presents an example of a wireless sensor network implemented
at the Santa Rosa National Park Environmental Monitoring Super Site, Guanacaste, Costa Rica.

Figure 1: Wireless sensors and nodes deployed at the Santa Rosa National Park, Costa Rica. As part of long term efforts to
monitor the impact of climate change on tropical dry forest phenology
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4. BIG DATA AND ANALYTICS FOR ENVIRONMENTAL AND CLIMATE CHANGE RESEARCH:

The implementation of wireless sensor networks for environmental monitoring has driven the development cyber-
infrastructure aimed to provide quality control, metadata generation, analysis and visualization of large data sets
(Rankine et al. 2014). In the case of the Santa Rosa Environmental Monitoring Super Site Guanacaste, Costa Rica; the
site produces close to 10 billion data points per year product of a combination of wireless sensor data, and two CO,/
H,0 Eddy covariance towers located on site, and a network of soil CO, carbon emissions sensors. Such level of data
generation and its implementation of real time data algorithms allow for fast data quality and control of the network and
rate of data collection among many several benefits, including the possibility of development of advanced mechanisms
for equipment maintenance.

One of the major constrains for the implementation of wireless sensor networks and advanced analytics is the inertia
present on many governmental organizations to switch their data processing techniques from the 3™ to the 4" Paradigm
of Science. In general, many organizations live under the concept of “fact finding paradigm” on which much of the data
is analyzed several months after it was collected and deposited on a hard drive. Basically under this concept the user
or researcher applies queries to static data. In other words, outcomes to support policy- making is based on “what
happened” in many cases months or years ago. The more advanced algorithms is call “current fact finding paradigm”
under this concept we work analyzing data in motion, meaning that queries are applied to dynamic data as it is collected.
This fundamental philosophical shift on the way that we perceive and collect and analyze information represents core
elements on the implementation of wireless sensor networks applied to biodiversity monitoring.

The implementation of wireless sensor networks in combination with cyber-infrastructure mechanism can allows us
to develop more smart applications for the conservation of tropical biodiversity. The cyber-infrastructure will allow
for the integration of many different types of sensors via real time date integration, the evaluation of real time data
in the context of other previous trends to evaluate changes and impacts. Figure 2 presents observations of a wireless
sensor network aimed to measure Photosynthetic Active Radiation (PAR) at the Parque Estadual de Montes Claros,
Minas Gerais, Brazil. Under this framework, PAR measurements were taken before and after a storm to compare losses
on primary productivity in real time. Such application, when translated into economic models which can be used to
estimate total losses on ecosystem services.

5. FINAL REMARKS

Understanding the impact of climate change on biodiversity requires a change in our data analysis paradigm. Policy
making implementation cannot wait years for data to be analyzed and visualized in order to develop mitigation and
adaptation policies. Such approaches must be framed in the context of the 4™ paradigm of science on which sensors,
cyber-infrastructure and algorithm that can serve to support smart decision-making. It is fundamentally clear that real
time decision making is necessary and we need to move from “it happen” to “it is happening;” changes, from governments
and organizations along that line of thinking is fundamentally necessary in light of fast transformational changes in
the way that we conduct science, and to cope with the pace of technology development. The implementation of this
approach at the Santa Rosa National Park, Costa Rica and the Parque Estadual de Mata Seca, Minas Gerais, Brazil are
the first step on bringing the 4" paradigm of science in the context of data analytics to analysis of real time impacts of
climate change in tropical dry forest environments, which we currently have under early operation.
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FIPAR for Forest Canopy over the 2009/2010 Growing Season
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Figure 2: Changes on the Fraction of Photosynthesic Active Radiation at the Parque Estadual de Montes Claros, Minas Gerais
Brazil. Observations represent outcomes from a wireless sensor network collecting 5 min data. (source: http://Enviro-net.org).
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SUMMARY

Recent climatic fluctuations in flooded forests of the Peruvian Amazon have impacted both the biodiversity of wildlife and
livelihoods of local Cocama people. The drought in 2010 caused decreases in fish, dolphin and wading bird populations.
The consecutive intense floods that began in 2011 have resulted in dramatic declines of ground dwelling terrestrial
mammals, such as peccaries, deer, large rodents, and edentates. In Loreto, Peru (375,112 km?) an estimated 1,500,000
mammals have died from the impacts of recent extreme floods. This is 100 times greater than other current causes of
mammalian mortality and 10 times greater than the historic peak in mortality during unregulated commercial hunting in
the 1960’s. The recent mortality of mammals is causing a paradigm shift in the ecology of flooded forests. The livelihoods
of Cocama people in flooded forests have changed during the consecutive years of intensive floods, including greater
mortality in perennial agricultural plants, leakage of crude oil into rivers from inundations of contained spills, and scarce
wild meat. These impacts are resulting in a greater vulnerability in Cocama food security.

INTRODUCTION

The consecutive floods that have recently occurred in the western Amazon have resulted in numerous environmental
problems. The flooding has caused large crop losses in perennial agriculture in the varzea. Oil spills contained in lowland
areas have flooded over causing leakage of pollutants into the river system. In this paper we show how the recent intensive
floods and drought have also caused changes in biodiversity and resource availability, especially wild meat. Impacts of
recent climatic fluctuations were studied on wildlife and Cocama people in vérzea flooded forests of the Peruvian Amazon.

The climate models for western Amazonia concur with recent climate fluctuations (Davidson et al. 2012). The models
predict that the western Amazon basin will become wetter with greater flooding during the high water season (Cook
et al. 2012; Espinoza et al. 2013; Gloor et al. 2015), interspersed with occasional drought during the low water season
(Phillips et al. 2009; Espinoza et al. 2011).

Each year western Amazonia goes through seasonal changes between the flooding period from December to June and
the low water period between July to November (Junk et al. 1989). However, these normal seasonal changes are having
intensification in hydrological cycles (Espinoza et al. 2013). In the high water seasons in 2009 and 2011 - 2014 the
Amazon River had very high floods with 2012 being a record flood (Espinoza et al. 2013). In 2010 the water level of the
Amazon River was at a record low during the dry season (Espinoza et al. 2011).

Impacts of recent climate change in this paper use correlations between observed intensification of hydrological cycles
and changes in wildlife populations. Wildlife populations are compared between years with less hydrological fluctuations
(2000-2008) and those with greater hydrological fluctuations (2009-2014)(Gloor et al. 2015). Wildlife populations studied
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included river dolphins, primates, ungulates, large-bodied rodents, edentates, carnivores, fish, caimans, macaws, wading
birds and game birds. The research included the Cocama communities to see how changes in wildlife are affecting their
fishing and hunting.

Wildlife of western Amazonian flooded forests lives in an ecosystem driven by large seasonal fluctuations between high
and low water seasons. Ecology of aquatic and terrestrial wildlife revolves around these seasonal changes in water level
(Ayres 1993), and long periods of flooding, up to 6 months, are very harsh on much of the floral and terrestrial faunal
community (Junk and Piedade 1997). People who live in flooded forests have adapted to seasonal changes in both their
use of natural resources and agriculture (Piendo-Vasquez 1988; Newing and Bodmer 2004).

Flooded forests are particularly important at understanding impacts of climate fluctuations in the Amazon, since the
aquatic and terrestrial interface between high and low water seasons makes this habitat sensitive to greater seasonal
variations (Hamilton et al. 2002). Water level change is a robust measure of climate fluctuation, since variations are on
a weekly, or even monthly basis as the waters raise and recede. This is unlike temperature and rainfall, which can have
dramatic daily fluctuations resulting in large standard deviations (Wittmann et al. 2004).

METHODS

The study was conducted in the Samiria River basin of the Pacaya-Samiria National Reserve, situated in the Department
of Loreto, Peru. The Pacaya-Samiria National Reserve extends over an area of 2,080,000 ha in western Amazonia
(SERNANP 2009). The study sites of the Samiria River basin included 1) the complex hyrdoscape of the mouth with its
lakes, channels and river (571488E: 9478156N), 2) the mid-section in the region of PV2 Tachacocha (571310 E: 9460666N)
and Huisto lake (558483E: 9457498N), and 3) the upper section including PV3 Hungurari (552522E: 9441552N) and
PV4 Pithecia (536643E: 9423977N).

Water levels were from the Servicio de Hidrografia y Navegacion de la Amazonia, Marina de Guerra del Pert (htpp://
www.dhn.mil.pe/shna) and levels from the Iquitos station were used for their longer and more complete records. For
the analysis years were categorized as 1) normal, 2) drought, and 3) intensive floods, as follows: 2006 — normal; 2007 -
normal; 2008 — normal; 2009 - intensive floods; 2010 - drought: 2011 - intensive floods; 2012 - historic intensive floods;
2013 - intensive floods; and 2014 intensive floods.

Wildlife populations were surveyed throughout the year in all years from 2006 to 2013. Data prior to 2006 is from
Aquino et al. (2001). Greater details on the survey methods can be found in Bodmer et al. (2014). Line censuses along
transect trails were used to conduct terrestrial mammal and game bird censuses. Densities were estimated using the
Distance method following Buckland et al. (2004) and analyzed using DISTANCE software. The sample lengths were
540 km in 2006, 821 km in 2007, 1068 km in 2008, 117 km in 2009, 1826 km in 2010, 1135 km in 2011, 704 km in 2012,
930 km in 2013, and 1098 km in 2014.

Digital camera traps with heat/motion sensors were used to examine abundance of ungulates, rodents, felids, armadillos
and other terrestrial species. Camera traps stations were set over an area of approximately 200 km? and distributed across
habitat types. Capture rates were independent events per 1,000 camera-days, as ind/m.c.d. Independent events had a
minimum gap of 30 minutes for photos of the same species. Results from transect surveys concurred with camera trap
surveys (r’=97.5, p=0.001). An average of 20-40 cameras was set with around 1000 camera days per year.

Nocturnal aquatic transects were used to assess the caiman population on rivers, channels and lakes. Species, size class,
habitat and location were recorded. Population abundance was calculated as N/L, where N is the number of individuals
and L= the distance travelled in kilometers. The sample included 189 km in 2006, 124 km in 2007, 252 km in 2008, 742
km in 2009, 1109 km in 2010, 833 km in 2011, 600 km in 2012, 838 km in 2013 and 605 km in 2014.

Fifteen minute point counts were used to survey macaws and were set in sampling units separated by 500m along
shorelines. All macaws either perched or flying were noted and the distances of first sighting were estimated. Abundances
were expressed as the number of individuals per point. The sample included 331 points in 2006, 622 points in 2007, 383
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points in 2008, 1046 points in 2009, 1753 points in 2010, 1498 points in 2011, 1154 points in 2012, 968 points in 2013
and 1007 points in 2014.

Aquatic surveys of 5 km were used to census dolphins in rivers, lakes and channels. Population trends were analyzed
by line transects as ind/km. Care was taken not to double count dolphins by observing pods. The sample included 217
km in 2006, 259 km in 2007, 442 km in 2008, 950 km in 2009, 1318 km in 2010, 1958 km in 2011, 1487 km in 2012,
922 km in 2013 and 1013 km in 2014.

Fish were surveyed using catch per unit effort (CPUE) and demography. Censuses used green gill nets of 30 meters long,
3 meters deep, and a mesh size of 3.5 inches set for 1 hour in lakes and channels with weak currents. Individuals were
identified, measured by standard length and weighed. Catch per unit effort was calculated by the number of individuals
and biomass caught. Demography used the standard length of the fish as size classes. The sample included 307 net hours
in 2006, 175 net hours in 2007, 135 net hours in 2008, 290 net hours in 2009, 508 net hours in 2010, 494 net hours in
2011, 397 net hours in 2012, 372 net hours in 2013 and 228 net hours in 2014.

Wading birds were surveyed using shoreline transects of rivers, lakes, and channels. Abundances were calculated as
individuals per kilometer (ind/km). The sample included 24 km in 2006, 75 km in 2007, 180 km in 2008, 404 km in
2009, 281 km in 2010, 551 km in 2011, 380 km in 2012, 367 km in 2013 and 507 km in 2014.

RESULTS

Impacts of Droughts

The Amazon basin has experienced two recent drought events over the past decade, in 2005 and 2010 (Espinoza et al.
2012). During the annual low water season the Pacaya-Samiria National Reserve becomes dry land interspersed by
shallow lakes, small channels and slow flowing rivers. Drought conditions in 2005 and 2010 had record low water level
and drying lakes, dried up channels and stagnant rivers. They lasted around two months during September and October
and were linked to El Nifio events (Espinoza et al. 2011).

Fish are the major component of aquatic diversity and animal biomass in flooded forests of Amazonia (Henderson et
al. 1998). During the drought of 2010 fish populations decreased in the Samiria River basin. The water level trough fell
to 105.43 m.a.s.l., the lowest recorded level, and reduced water bodies resulted in greater mortality, especially of the
larger size classes.

Fish populations in the Samiria River basin showed an increase in numbers after 2007 with a catch of 2.44 kg/net,
then a decrease in biomass after the 2010 drought to 1.17 kg/net. Demography of the most common species, including
Astronotus ocellatus, Liposarcus pardalis, Pygocentrus nattereri and Serrasalmus rhombeus showed a significant decrease
in size classes in 2011, reflecting greater mortality in larger size classes during the drought. Populations recovered in
2012 and 2013 following record high waters with a catch of 2.20 kg/net. The only common species that did not show a
demographic change as a result of the drought was Prochilodus nigricans.

Each year flocks of Neotropical cormorants (Phalacrocorax brasilianus) and great egrets (Ardea alba) migrate to and
congregate at the mouth of the Samiria River between the months of August to November. During this period schooling
fish migrate out of the Samiria and into the larger Marafion River providing abundant food for the birds. Abundances of
Phalacrocorax brasilianus and Ardea alba at the mouth of the Samiria River were relatively constant prior to the drought.
The drought conditions of 2010 resulted in significantly lower numbers of Phalacrocorax brasilianus (x*=125.41, gl=5,
p<0.0001) and Ardea alba (x’=11.098, gl=4, p=0.0495) reflecting lower fish populations. In 2012 there was a recovery
of Phalacrocorax brasilianus and Ardea alba with numbers approaching previous peak years.

The drought in 2010 had an impact on dolphin populations. The extreme low water conditions resulted in lower dolphin
numbers throughout the Samiria River. During the driest months of September and October pink river dolphin (Inia
geoffrensis) numbers decreased by 47%. In 2011, the pink river dolphin was at a low of 1.02 ind/km following the drought
of 2010 and only began to increase in 2012 with 2.62 ind/km, and a further increase in 2013 of 2.68 ind/km. The grey
river dolphin (Sotalia fluviatilis) was also impacted by the drought, but to a lesser extent than the pink river dolphin.
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Family group of pink dolphin. Photo: P. Puertas/FundAmazonia

Impacts of Floods

Ecological conditions of long periods of flooding in vdrzea forests of the Samiria River, up to 6 months, can be very harsh
on ground dwelling mammals. Terrestrial mammals must seek out levees during the high water season, which increases
competition and predation (Bodmer 1990). Floods have been more intense during the exceptionally high waters of
2009, and 2011 to 2014 with 2012 being the highest recorded flood and linked to La Nifia cycles (Espinoza et al. 2013).

Ground dwelling wildlife including ungulates, terrestrial rodents and terrestrial edentates had great mortality and
populations were reduced to the lowest levels ever reported. Overall the total density of terrestrial mammals has decreased
from a 2000-2008 density of 15.6 — 12.5 ind/km? to a 2009 density of 6.8 ind/km? and a 2014 density of 0.3 ind/km?
(Table 1). Intensive floods began in 2009 with a peak flood level at 117.73 m.a.s.l. compared to the 2000 - 2008 average
of 116.80 m.a.s.1. In 2011 the peak flood was at 117.92 m.a.s.l,, in 2012 at 118.97 m.a.s.l,, in 2013 at 117.93 m.a.s.1. and
in 2014 at 117.65 m.a.s.l.

White-lipped peccary (Pecari tajacu) have been impacted dramatically by intensive floods of recent years. The species
had a peak in its population in the Samiria River basin in 2000 with a density of 10.5 ind/km? In 2009, the density
was 3.64 ind/km?* which declined dramatically in 2011 to 0.59 ind/km? No white lipped peccary were sighted on line
transects in 2012, 2013 and 2014 (b=-1.0, t=-3.1, p=0.017). Results from camera traps concur with line transects, and
capture rates in 2011 were 9.86 herds/m.c.d., 56% lower than in 2009. In 2013-2014 there were no white-lipped peccary
recorded on camera traps.

Collared peccay (Tayassu pecari) have also been impacted severely by intensive floods. Collared peccary had a peak
population in the Samiria River basin in 2000 with a density of 2.4 ind/km?. In 2009 the density was 0.23 ind/km?,
which declined dramatically and in 2011, 2012, 2013 and 2014 no individuals were sighted on line transects (b=-2.6,
t=-2.6, p=0.047). Collared peccary still occur in the Samiria River basin, but at much lower numbers than in the past.
Camera traps concur with line transect results, and capture rates in 2011 were 29.02 herds/m.c.d., 51% lower than in
2009. There were no collared peccary observed on camera traps in 2013 and only 3 herds recorded in 2014 with a rate
of 3.65 herds/m.c.d..
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Red brocket deer (Mazama americana) were faring slightly better than the peccaries until the historically high floods
of 2012, which caused their population to fall dramatically. Density of red brocket deer was relatively constant in the
Samiria River basin between 2000 to 2010 averaging around 0.2 ind/km?, but in 2011 red brocket deer density dropped
to 0.04 ind/km? and in 2012 to 0.02 ind/km?, and no sightings in 2013 or 2014 (b=-14.8, t=-3.2, p=0.017). Camera
trap results agreed with the transects. In 2009, there were 36.36 ind/m.c.d. and by 2011 the capture rate fell to 19.15
ind/m.c.d.. The red brocket deer showed a large decrease in 2013 with a capture rate of only 3.96 ind/m.c.d. and in 2014
at 1.21 ind/m.c.d., resulting in a 97% decrease since 2009.

Black agouti (Dasyprocta fuliginosa) densities have decreased in the Samiria River basin as a result of intensive floods.
Density of black agouti in 2000 was 2.1 ind/km? and in 2009 density was 1.2 ind/km”. Agouti density decreased in 2012
to 0.39 ind/km? during the very intensive inundations and has shown a dramatic decrease with a density of 0.10 ind/
km? in 2013 and in 2014 densities decreased further to 0.01 ind/km? (b =-0.1, t =-2.4, p=0.042). Camera trap results
also showed a dramatic decrease of black agouti. Capture rates in 2009 were 445.45 ind/m.c.d. compared to a capture
rate in 2011 of 239.11 ind/m.c.d.. After the 2012 flood there were no captures of black agoutis on camera traps, until
2014 with 3.65 ind/m.c.d.

Pacas (Cuniculus paca) are a terrestrial nocturnal species and were only observed on camera traps. Results of capture
rates showed a decrease in their population following recent flood events. In 2009 paca had a capture rate of 113.64
ind/m.c.d., which fell to 45.59 ind/m.c.d. in 2011. In 2013 the capture rate of paca fell further to 21.78 ind/m.c.d. and
in 2014 still further to 7.30 ind/m.c.d., with a 94% decrease since 2009.

Giant anteaters (Myrmecophaga trydactila) were also impacted by the intensive floods. Capture rate on camera traps in
2009 were 22.72 ind/m.c.d. and in 2011 were 8.70 ind/m.c.d. In 2013 capture rates fell to 4.95 ind/m.c.d. and in 2014
even further to 2.43 ind/m.c.d., with a 89% decrease since 2009.

Nine-banded armadillo (Dasypus novemcinctus) are nocturnal species and were only recorded on camera traps. Armadillos
were impacted by intensive floods and populations declined. Capture rates in 2009 were 127.27 ind/m.c.d. and in 2011
were 31.34 ind/m.c.d. In 2013 capture rates fell to 4.95 ind/m.c.d. and in 2014 had a similar rate of 6.09 ind/m.c.d., with
a 93% decrease since 2009.

Lowland tapir (Tapirus terrestris) are not showing negative impacts from intensive floods and are maintaining stable
populations. Camera traps have better accuracy with tapirs than sightings on line transects. In 2009 tapir had a capture
rate of 22.73 ind/m.c.d. and in 2011 capture rates fell slightly to 19.15 ind/m.c.d., which was much less than other
ungulate species. In 2013 tapir had a capture rate of 36.63 ind/m.c.d. and in 2014 the capture rate was 30.45 ind/m.c.d.,
which were greater than previous years.

Wildlife Not Impacted by Droughts or Floods

Animal species that have arboreal or semi arboreal habits can escape the physical effects of flooding and their ability to
ascend trees makes them better adapted to the intensive inundations. Wildlife species such as birds, primates, sloths and
semi arboreal mammals are all able to avoid the direct impact of flooding. Also, species with both aquatic and terrestrial
habits, such as caimans and otters, can overcome both drought and intensive floods.

Caimans are long lived species that have adapted to the Amazonian ecosystem over millennium. They live on the aquatic-
terrestrial interface and adapt to both the annual dry and wet seasons of flooded forests. Black caiman (Caiman niger)
from 2006-2013 had a stable abundance (b=1.5, t=0.3, p=0.707) as did the spectacled caiman (Caiman crocodylus)
population (b=-1.2, t=-0.2, p=0.822).

The density of game birds in 2014 was around the long term average in the Samiria River basin at 2.02 ind/km?* (b=-0.4,
t=-2.1, p=0.07). The macaw population in the Samiria River have been stable from 2006 to 2014 (b=0.3, t=1.0, p=0.32).

The density of primates was similar from 2006 to 2014 with an overall density in 2014 of 232.10 ind/km? (b=0.3,
t=-1.1, p= 0.30). Amazon squirrel (Sciurus spadiceus) densities have shown a stable population between 2006 and 2014
(b=0.3, t=-1.1, p= 0.29) as have tamandua (Tamandua tetradactyla)(b=3.6, t=-1.03, p=0.33), three toed sloth (Bradypus
variegatus)(b=0.23, t=-0.63, p= 0.54), coati (Nasua nasua)(b= 0.07, t=-0.18, p= 0.85), and tyra (Eira barbara)(b=0.12,
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t=-0.31, p=0.95). Jaguars (Panthera onca), pumas (Puma concolor) and common opossums (Didelphis marsupialis) had
similar abundances on camera traps and no indications of declines caused by floods.

Ocelot (Leopardus pardalis) abundance was correlated to agouti densities. In 2009 ocelot abundance had a capture rate of
9.09 ind/m.c.d.. In 2011 the capture rate increased to 54.55 ind/m.c.d. In 2013 the capture rate was 19.80 ind/m.c.d.and in
2014 it was 8.52 ind/m.c.d.. These results agree with the Lokta-Volterra predictions of carnivore and predator densities.
During the initial years of higher water level the main prey of the ocelot, agoutis, were forced onto smaller levees, thus
increasing the ease of predation. This was reflected in greater ocelot abundances. However, when the agouti population
crashed due to consecutive years of intensive floods, the ocelot population also crashed and in 2014 was at a low point.

Giant river otter (Pteronura brasiliensis) density have been increasing steadily in the Samiria River basin and the continued
population growth does not appear to be impacted by the recent climate variations in water level. The otters are both
terrestrial and aquatic and can adapt to both intensive inundations and droughts. Between 2000 and 2007 there were
no giant river otter observed on the transects. In 2008 density was at 0.05 ind/km?, in 2009 it increased to 0.44 ind/km?
and then increased year on year until 2014 with the greatest population recorded at 6.06 ind/km>.

Impact on Indigenous Cocama People

Cocama indigenous people of the Samiria River basin have been impacted by both droughts and floods. Droughts cause
poor water quality through stagnation, rotting fish, and algae blooms. Fish mortality increases resulting in lower fish
stocks. In contrast, intensive floods cause different impacts, including high mortality in perennial agriculture crops,
especially plantains, pollution from oil spill containment areas that flooded over (Hill 2016), and a dramatic decrease
in wild meat harvests.

The Cocama have traditionally used subsistence resources from the forest, especially fish and to a lesser extent wild meat
(Kvist et al. 2001). The Cocama, similar to other people living in vdrzea, have varied their resource use between high
and low water seasons (Endoa et al. 2016). Traditionally Cocama would hunt more during the flooded season when
terrestrial mammals were restricted to levees and fish more during the dry season when fish stocks were concentrated
in lakes, rivers and channels (Kirkland 2013).

The drought of 2010 resulted in high fish mortality and a decrease in fish populations immediately following the dry
conditions. In addition, after the drought the size of commonly used fish decreased, which meant that people had to capture
greater numbers to maintain the same weight of their catch. This required greater effort and less sustainable fisheries.
The fish populations recovered relatively quickly, and two years after the drought fish populations were at healthy levels.

The major species hunted for wild meat were peccaries, deer, tapir and large rodents (Fang et al. 2008). Recent years of
consecutive high floods have caused a dramatic decline in these species, resulting in fewer animals to hunt and hunting
becoming less sustainable. Hunting on levees likely accelerated the population crash of terrestrial mammals during the
initial years of intensive floods. Terrestrial mammals became more vulnerable to overhunting, since their populations
were declining from food shortage and drowning, especially during the historic flood of 2012.

The Cocama have reduced hunting over the past five years as terrestrial mammals have become scarce. Hunters who still
go out are less successful and state that “it is no longer worthwhile going hunting, there are no longer game animals”
The decline of wild meat species has made Cocama rely more on fishing during the high water season. The Cocama
of the Samiria must now fish in the high water season when fish are more dispersed and fish returns are lower. Local
people state that during the high water they must fish for longer periods to meet the daily fish intake of their families
(Kirkland 2013). A similar pattern has been seen in other areas where hunting returns have declined (Rowclifte et al.
2005). Fortunately, fish numbers are overall high in the Samiria River basin and can support the increased fishing.
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Table 1: Density (ind/km?) declines of ground dwelling terrestrial mammals in the mid-section of the Samiria River basin.

2000’ 2006-2008 2009? 20122
White lipped peccary? 10.5 7.0 3.64 0
Collared peccary? 24 0.4 0.23 0
Red brocket deer® 0.6 0.2 0.21 0.02
Lowland tapir® 0.06 0.01 0.02 0.03
Black agouti® 2.1 1.06 1.22 0.39
Paca’ 1.7 0.66 0.12
Nine-banded armadillo* 1.8 0.74 0.03
Giant anteater* 0.3 0.13 0.06
Total +15.66 12.56 6.85 0.65

1. Densities from Aquino et al. 2001.

2. Densities from this study.

3. Line transect Distance results.

4. Estimated by proportional relationship with camera trap and line transect results.

Table 2: Threats of mammals over 1 kg body weight in the Region of Loreto, Peru.

Number of mammals killed or removed

(Individuals)

International trade in mammals’ 1,200
Wild meat market sales’ 8,000
Hunting by timbermen? 26,000
Subsistence hunting’ 105,000
Peak mortality by commercial hunting in 1960’ 280,000
Mortality from recent climate change? 1,500,000

1. Fang et al. 2008, annually
2. Mayor et al. 2015, annually
3. This study, from consecutive floods

DISCUSSION

We realize that the cause and effect relationships of correlations need to be treated with caution. The stable hydrological
conditions in 2000 - 2008 and intensification of hydrological cycles in 2009 — 2014 were clearly different (Espinoza et al.
2013). The results in this paper show that different wildlife species and assemblages of species had the same population
trends, which increases the confidence that observed changes in wildlife populations were a result of recent hydrological
intensification. For example, the aquatic assemblages of fish, dolphins and wading birds all showed declines during and
immediately following the drought, and then they all recovered after two years of heavy flooding. Similarly, terrestrial
mammals, including peccaries, brocket deer, paca, agouti, armadillo, and giant anteater all showed declines in their
populations following consecutive years of intensive flooding, increasing confidence that the historically high water
levels were the cause of the population crash.

The Amazon forests of Loreto, Peru extend over an area of 375,112 km?. These forests are situated in the Ucamara
depression resulting in large expanses of flooded forests covering 32% of Loreto, or 120,035 km? (Salo et al. 1986;
Kalliola et al. 1998). In flooded forests of the Samiria River basin ground dwelling terrestrial mammals with a body size
greater than 1 kg have declined by 11.91 ind/km? or 97% as a consequence of consecutive years of intensive inundations
(Table 1). We estimate that approximately 1,500,000 mammals have died as a result of recent climate fluctuations in the
Peruvian Amazon of Loreto.
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The recent impact on terrestrial mammal populations in the Peruvian Amazon of Loreto is 100 times greater than other
impacts currently being inflicted on the wildlife, and 10 times greater than the previous peak of mortality during the
1960’s when unregulated pelt and meat hunters were overharvesting wildlife (Table 2).

The recent mortality of around one and a half million terrestrial mammals is causing a paradigm shift in the ecology
of flooded forests. The seed dispersal patterns of the forest will change, the seed predation will change and forest plants
will change. Many trees are also being impacted directly by the greater floods (Gloor et al. 2015).

The varzea of central Amazonia at the Mamiraud Sustainable Development Reserve has intensively flooded forests with
no dry levees during the high water season and no terrestrial mammals (Ayres 1993). The recent intensive floods in
Loreto might be the beginning of an extension of Mamiraua -type vdrzea forests upriver into the Maranon and Ucayali
basin. If so, a lack of terrestrial mammals in the Saimiria flooded forest may become the norm in a future world of higher
temperatures and more abundant rainfall.

Large ecological shifts are currently underway in the western Amazon due to recent consecutive intensive floods. The
dramatic decrease in terrestrial mammals is evidence that larger changes are likely, both for biodiversity and indigenous
people.

The intensification in hydrological cycles has directly impacted the livelihoods of the Cocama and has probably impacted
people living throughout the flooded forests of western Amazonia. They have recently had to overcome the consequences
of intensive floods and drought, which has impacted the agriculture, water quality and resource uses, especially fishing
and hunting. The Cocama are adapting by relying more on fishing and less on hunting. If people continue to be negatively
impacted by climate fluctuations they will need to find new adaptations. It will be important that these adaptations
maintain sustainable use practices and do not result in overuse and environmental degradation.
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INTRODUCTION

Since the signing of the Rio Convention on Biological Diversity (CBD) in 1992, biodiversity (diversity within species,
between species and of ecosystems) has become a central focus in research, conservation and policy, seeking to analyse
and protect human well-being (Cardinale et al. 2012, Hillebrand and Matthiessen 2009, Lanzerath and Friele 2014,
Naeem et al. 2009, Rask and Worthington 2015, Vadrot 2014). Despite numerous research and conservation programmes
related to biodiversity, the rates of biodiversity loss continue to increase while our understanding of the impact of local
biodiversity loss on global ecosystem functioning, human well-being and human health is still developing (Brose and
Hillebrand 2016, Dornelas et al. 2014, Gamfeldt et al. 2015, WHO/CBD 2015).

Biodiversity is recognized as a key factor in securing human well-being through regulating local and global climates
and protecting health through functioning ecosystems (Cardinale et al. 2012, Chivian and Bernstein 2008, Lovejoy and
Hannah 2005, Sandifer et al 2015). Sustainable development is essential to conserve biodiversity and protect human
health. Ecosystems provide services, including food security, nutrition, air quality, freshwater quality, and providing
medicinal and genetic resources for preventing and treating communicable and non-communicable diseases (Sala et
al 2009, WHO/CBD 2015). Any economic development and global environmental governance that is not centred on
human health and the protection of biodiversity, will not be sustainable and only contribute to further health challenges
(Biermann 2012, Bowen et al. 2011, Wang and Horton 2015, Whitmee et al. 2015, Young et al. 2014).

The recent joint publication by the WHO and CBD (2015) on the state of the art knowledge on biodiversity and health,
is a milestone in closing research gaps and opening up new research fields. However, our knowledge of biodiversity and
health is still limited; research on the diversity of bacteria, parasites, viruses and fungi, for example, has mostly focused
on those that negatively impact human health (Levi, Massey, et al. 2016, Keesing et al. 2010, Wood et al. 2014) and not
those that are central for ecosystem functioning (Sala et al. 2009). Even so, our knowledge about how biodiversity loss
and changing temperatures, humidity, and precipitation impact microorganisms and their human hosts is fragmentary
(Lafferty 2014, Wood et al. 2014).

A concise understanding of the knowledge on biodiversity and health is important and cannot be understood outside
the context of anthropogenic climate change, global changes and economic development.

BIODIVERSITY, HEALTH AND CLIMATE CHANGE

During the Holocene, stable climates and functioning ecosystems allowed for humans to settle down and cultures
to develop (Biermann 2012, Rockstrom et al. 2009, Steften et al. 2015). In the Anthropocene, characterised by the
burning of fossil fuels and other anthropogenic changes such as different forms of land-use, overpopulation, and over-
exploitation of natural resources, massive alterations of the planetary system have taken place since the beginning of
the Industrial Revolution (Biermann 2012, Corlett 2015, Oldfield et al. 2014). Resulting planetary changes, such as the
increased concentration of CO, in the atmosphere and widespread biodiversity loss are not only interacting with each
other but also defining the quality of life of the human species on the planet (Rockstrom et al. 2009, Waters et al. 2016).
The passing of so-called boundary thresholds at interplay with socioeconomic factors is leading to global changes that
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are challenging life on earth as we know it (Biermann 2012). Global change impacts planetary boundaries that are
influencing climate change, putting the future of human life on the planet as a whole at risk (Hansen et al. 2013, Hansen
et al. 2016, Rockstrom et al. 2009, Steffen et al. 2015).

Anthropogenic climate change is generally perceived to negatively impact on biodiversity, with unknown consequences
(Cardinale et al. 2012, Ceballos et al. 2015, Jantz et al. 2015, Pongsiri et al. 2009, Romanelli et al. 2015, Urban et al.
2016, Seddon et al. 2016). In addition, local climate changes (e.g., in temperature, rainfall) will alter the distributions of
pathogens and disease vectors (Campbell-Lendrum et al. 2015, Confalonieri and Suassuna Dutra 2014, Dhimal et al.
2015, Egbendewe-Mondzozo et al. 2011). Particularly the risk of mosquito-borne diseases will increase in higher altitudes
and temperate regions as a consequence of climate change, as seen in the spread of mosquitoes in the Ecuadorian and
Colombian Andes or the Himalayas (IPCC 2014, Pinault and Hunter 2011, Siraj et al. 2014, Zhong et al. 2016). On the
other hand, biodiversity can enhance resilience towards climate change (Civitello et al. 2015, Duffy et al. 2016, Gamfeldt
et al. 2015, Keesing and Ostfeld 2015, Levi et al. 2016,). In this sense, the impact of climate change on biodiversity and
human health is perceived to worsen current health challenges and increase human diseases (Wang and Horton 2015,
Haines et al. 2006, Romanelli et al. 2015).

While impacts of climate change on health can be direct, indirect or tertiary, they are all interlinked with social processes
and inequalities that put some people at a higher risk of suffering than others (Butler 2014, Lemery et al. 2014, McMichael
et al. 2008, Wang and Horton 2015). Paradoxically, it is those people who are marginalized in society, often living in
remote areas or places of urban marginalization, in ecologically deprived areas or impoverished in highly biodiverse
areas, those who have historically not contributed to climate change, who are suffering the consequences and are often
double burdened because of additional inadequate access to health services (Bowen et al. 2011, Hall 2014, Lacey 2012,
Tsosie 2007).

OVERVIEW OF AREAS OF BIODIVERSITY AND HEALTH

Biodiversity’s impact on human health has often been related to infectious disease research (Johnson et al. 2015, Keesing
et al. 2010, Keesinget al. 2006, Keesing and Ostfeld 2015, Levi, Keesing, et al. 2016, Levi et al. 2015, Levi, Massey, et al.
2016, Alonso Aguirre et al. 2012, Mackenzie et al. 2013). However, the compilation of the state of the art knowledge shows
that biodiversity through ecosystem services plays a crucial role in preventing communicable and non-communicable
diseases, those that have been related to freshwater use (water-borne and water-related diseases), agriculture and
insufficient nutrient intake (malnutrition, under-nutrition, gastrointestinal diseases, obesity, diabetes, heart diseases),
air-pollution (respiratory diseases) and urbanization and green spaces (e.g., chronic intestinal inflammation) (WHO/
CBD 2015). This supports the underlying dependency of humans on the local, regional and global eco- and planetary
system for overall health and well-being.

WATER BIODIVERSITY AND HEALTH

Water is at the centre of human life and planetary processes (Romanelli and Daniel 2015, Rockstrom et al. 2009, Steffen,
Richardson, et al. 2015). Fresh water is essential for human survival, while water is also at the centre of social processes,
such as industrial and subsistence practices. The growing human population and increasing demand for water, not only
for drinking but mostly unsustainable industrial processes, are pushing fresh water resources towards their thresholds
(Rockstrom et al. 2009, Steffen et al. 2015).

Freshwater ecosystems are interconnected with other ecosystems, such as forests, soil, wetlands and mountains systems,
that in themselves depend on biodiversity for their own processes (Jackson et al. 2016). Particularly the quality of water
is essential when it comes to human health, specifically where fresh water and other water supply sources are highly
contaminated with pathogens (Priiss-Ustiin et al. 2014, 2016). Pathogens that can cause water-borne and water-related
diseases can be prevented as much through functioning ecosystems that purify water as through a key role of governance
in providing sanitation (Neira 2016, Ekane et al. 2014). Loss of biodiversity can substantially limit the water purification
process (Romanelli and Daniel 2015). Diverse forms of human development can bring benefits but may also encompass
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activities that can destroy biodiversity and potentially be a risk to human health, such as is the case of altered waterways
like dams and irrigation canals (Myers and Patz 2009, Romanelli and Daniel 2015).

Mining and unsustainable agriculture are other ways of polluting fresh water resources, interfering with natural water
ecosystems, and impacting on the availability and quality of water for humans (Habib 2012, Ranjan et al. 2012, Riojas-
Rodriguez and Rodriguez-Dozal 2012). Large-scale industrial use of water is often attributed to an unsustainable use
and misuse of fresh-water resources (Whiteman et al. 2013). Chemical pollution of fresh water can negatively impact
neurological functioning of humans and inhibit human development (Breilh 2012). It can also lead to an increase in
gastrointestinal diseases and increase the suffering of the most vulnerable in already conflict-ridden regions, often
children under five (Habib 2012). Children are also often the ones who are suffering most from malnutrition, under-
nutrition and diarrheal diseases at the same time, often described as diseases of poverty and used as an index for human
development (Bain et al. 2013, Ganguly et al. 2015, Schaible and Stefan 2007). However, this does not happen out of
context, but rather in deprived environments and disrupted ecosystems (Leisher et al. 2012, Sachs et al. 2009).

BIODIVERSITY, AGRICULTURE, FOOD SECURITY AND NUTRITION

The manifold expansion of the human population over the last century with an increasing demand for food production
have had a direct impact on land-use change through unsustainable agriculture, unsustainable fresh water use and
uncontrolled urbanization. In its latest report, IFPRI (2016, 1-2) describes advances in managing malnutrition in all
its forms, pointing out the state of the art knowledge with 2 billion people out of a global population of 7 billion being
malnourished in any form; with 2 billion adult people over 18 years old out of 5 billion being obese. In their latest annual
report, FAO (2015) estimated that 795 million people worldwide continued to suffer from under-nutrition, showing a
decrease from 18.6% in 1990-1992 to 10.9% in 2014-2016. Under-nutrition is unequally distributed across the world
and within nations representing highly unequal access to food (FAO 2015). Furthermore, malnutrition is a leading
factor of obesity and diabetes, often reflecting an insufficiently diverse and sub-standard quality micro-nutrient diet.

Biodiversity, agricultural biodiversity, food security, nutrition and health are highly complex and interact with each other
(Hodgkin and Hunter 2015, Hunter et al. 2015). Agricultural biodiversity is essential for food security and human health,
independent of geography or economic status, and plays a particular role under current and future climate regimes
(Watts et al. 2015, Dwivedi et al. 2013, Gonzalez 2011).

While intra- and inter-species biodiversity is highly important for a healthy nutrition, global consumption currently relies
on a few stable crops only (Hunter et al. 2016, Khoury et al. 2014). Research has shown that there is a high variability
of nutrient compositions at an inter-species level, for example, in the case of potato and banana, which emphasizes the
importance of consuming different genetic varieties of species to assure a high-quality intake of micronutrients and
bio-active non-nutrients (Fanzo et al. 2013, Heywood et al. 2013, Hunter and Fanzo 2013).

Indigenous and local knowledge of agricultural biodiversity has been crucially important for a healthy, highly nutritious
diet, protecting peoples’ health against chronic disease risk, malnutrition and infectious diseases (Kuhnlein 2015). Diverse
cultural food systems in distinct ecosystems around the world have supported the conservation of genetic food resources
and provided resilient food security through times of hardship. In the Amazon region, ethnobotanic research has shown
an increase of biodiversity through agrobiodiversity prior to the conquest (Balée 1994, Posey 1985, Rival 2006). However,
global change and an increasing pressure even on indigenous populations through globalization, increased urbanization
and land-use changes through, for instance, the mining and fossil fuel boom in the Amazon, and unsustainable palm oil
and soya bean production, have recently led to an acculturation of local practices and changes in food systems (Blackwell
et al. 2009, Finer et al. 2008, Larrea 2014, Larrea Maldonado 2013b). Deteriorations of environments, sedentary and
cultural changes in food consumption are now leading to malnutrition and chronic diseases such as diabetes and obesity
among impoverished and marginalised indigenous people (Bernstein 2008, Piperata et al. 2011, Larrea 2014).
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ENVIRONMENTAL MICROBIAL DIVERSITY AND CHRONIC DISEASES

The susceptibility to inflammatory disorders, such as obesity, cardiovascular disease and inflammation-associated
depression, is influenced by a failure of the immune-response system (Rook and Knight 2015). Such a failure in itself
can be influenced by diverse structural issues, like socioeconomic status as well as aspects of biodiversity (Rook, 2013).
Microbial biodiversity in the environment and in the human gut and the communication between them is highly
important for regulating the human immune system (Rook and Knight 2015). Exposure to environmental microbial
diversity since early childhood is essential for developing a functioning immune response (Rook and Knight 2015).
Environmental microbes come from soil, plants and animals, and can be inhaled through the air or taken up through
the skin (Rook, 2013).

Higher species diversity in microbial communities has been related to stable and more productive communities (Karkmanet
al. 2017). It has also been demonstrated that a higher species diversity improves resistance against invasive species, such
as the protection against invasive parasitic intrusions (Civitello et al. 2015, Fargione and Tilman 2005). This so-called
dilution effect is highly important within a local ecosystem, may it be in soil or other parts of the ecosystem, or in the human
gut. However, some research has shown that it is not so much the diversity within the human gut but the functionality
of the diverse microbes that is important to the human immune response system (Karkman 2017, Neff et al. 2016).

Microbiota have been developing with human evolution (Rook 2013, Rook and Knight 2015). Rook (2013) describes
the evolutionary co-development of organisms like helminths, which he summarized under the term OId Friends, as
having driven the human immune response. He argues that most of the organisms that co-evolved with humans have
been lost through modern lifestyles. Current lifestyles and biomedicine are reducing natural microbiota, for example
through a lack of breast-feeding, and via excessive use of antibiotics in children (Rook 2013). Some of them, such as
helminths have largely been eliminated, which means that people have to rely mostly on organisms from the natural
environment like green spaces in urban areas coexisting animals (Zhang et al. 2015).

Microbial diversity in the environment and intestines, particularly a highly diverse gut microbiome, has been shown to
confer anti-inflammatory properties (Neff et al. 2016). This argument and latest research results imply that a decreased
microbial environment is closely related to higher chronic background inflammations and prevalence of chronic
inflammatory diseases, but also depression (Karkman et al. 2017, Rook and Knight 2015).

The homeostasis of the human microbiota -where the microbiome is composed of bacteria, viruses, archaeal and eukaryotic
cells- can be achieved through different bacterial species with same functions (Karkman et al 2017) which contribute
to health and disease (Macke et al. 2017). Humans can be home to diverse communities, which are in turn influenced
by nutrition and the natural environment in which each person is embedded (Ruokolainen et al 2016). Indigenous
people, living or having grown up in remote areas, therefore have a different microbiome, as have subsistence farmers
and people who have for generations lived in highly urban environments (Clemente et al. 2015, Huttenhower et al. 2014,
Obregon-Tito et al. 2015). The gut microbiome is developed at an early childhood age for up to two years, and forms of
birth delivery already play an important role since children born through caesarean section have been shown to have
lower gut species diversity and weaker immune systems (Arrieta et al. 2014, Jakobsson et al. 2014, Karkmanet al. 2017).
This essential gut microbiome is influenced by the environment, and transferred through generations (Bloomfield et al.
2016). A combination of exposure to microbe-poor environments and diminished horizontal transfer can negatively
influence human health, and even cause the extinction of species that are important for human health (Bloomfield et
al. 2016, Blaser et al. 2013, Deehan and Walter 2016, Lozupone et al. 2013).

In this regard, it might be important to analyse in greater detail the relationship between recently contacted and urbanized
indigenous groups whose environment has been severely degraded through deforestation, forest fragmentation, mining,
and agricultural projects, whose diet has been abruptly changed, and who show a high prevalence of chronic diseases
(Bernstein 2008, Raoult 2016, Waters 2006, Yépez et al. 2008).

In general, it has been shown that there is a correlation between gut microbiome and obesity (Turnbaugh 2017), liver
cirrhosis (Qin et al. 2014), rheumatoid arthritis (Bruscaet al. 2014, Chen et al. 2016) and paediatric diseases (Arora, et
al. 2015). Importantly, anthropogenic environments not only have an impact on humans, but also on animals. A one
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health approach is also needed here, as Habliitzel et al. (2016) described immune-regulatory deficiency also in fish kept
in an anthropogenic environment for eleven months. Animals who live with humans also share their microbiome, and
this has an impact on each other’s immune systems (Rook and Knight 2015).

In addition, immune-regulation is also important for allergies, since a failure of the immune-regulation may cause the
attack of inapposite targets, such as allergens (Rook 2013). A high microbial diversity in the environment is an essential
factor for immunoregulation and a lower risk of allergies (Allaerts and Chang 2017). A decreased microbial diversity
and climate change are expected to increase the future risk of allergies, through an increased exposure to allergens and a
decreased diversity of allergenic species (Beaumont and Duursma 2016, D’Amato et al. 2013, Reinmuth-Selzle et al. 2017).

Overall, research into the impact of environmental microbial diversity on human health has shown that microbial diversity
could firstly be perceived as an ecosystem service for human health (Rook 2013) and that, secondly, human exposure
to environmental microbial diversity, in soil, plants, and animals, is essential for immune-regulation (Bloomfield et al.
2016, Rook and Knight 2015). Microbial diversity and the type of its composition in the human gut can then have a
dilution effect to protect from infectious diseases such as food- and water-borne diseases.

BIODIVERSITY, VECTOR-BORNE AND OTHER INFECTIOUS DISEASES

The dilution process has also been widely discussed within the literature on the role of biodiversity to protect from
infectious diseases for humans and animals (Civitello et al. 2015, Levi et al. 2016, Aguirre et al. 2012, Epstein 2002,
Keesing et al. 2006, Keesing and Ostfeld 2015, Pongsiri et al. 2009). Randolph and Dobson (2012) suggested that the
composition of the community might play a more important role than diversity per se, similar to the microbial diversity
in the gut. At the same time, other researchers have shown that biodiversity loss can have an amplification effect on
infectious disease transmission (Vourc’h et al. 2012, Keesing and Ostfeld 2015, Levi, et al. 2016). Karesh and Formenty
(2015) emphasized that dilution and amplification effects were very likely part of the same impact that biodiversity loss
exerts on the host-vector relationship.

Biodiversity influences infectious diseases in diverse ways, based on host diversity and host community composition,
and through changes and decreases in the diversity of vectors. In this context, the role of the biodiversity of mosquitoes
for the transmission of pathogens, that of pathogens for vector competence, the competition between native and invasive
mosquitoes, and the significance of intermediate host population diversity for tick-associated virus transmission cycles
need to be investigated further (Kref3 et al 2017).

Forest fragmentation and road construction have been reported to change vector-host relationships, with increased
transmission between vectors and humans as other animals diminish (Confalonieri and Suassuna Dutra 2014, Patz et al.
2004). Road construction also increases the access to wild animals by hunters, which in turn increases the risk of zoonotic
disease transmission (Patz et al. 2004, Karesh and Formenty 2015, Wolfe et al. 2005). The intensification of fossil fuel
extraction and mining in general in the Amazon area has been shown to increase the prevalence of neglected tropical
diseases such as leishmaniasis and Chagas’ disease, but also of malaria (Karesh et al. 2012, Wolfe et al. 2005, Aguilar
et al. 2007, Calvopina et al. 2004, Barros and Honorio 2015). Neglected tropical diseases pose an additional challenge
because they are under-researched, underfinanced and affecting already highly vulnerable populations (Manderson et
al. 2009, Noble and Austin 2015, Wang and Horton 2015).

In Nepal, for example, a systematic review of the literature has shown that global change has influenced the spread of
dengue fever, Japanese encephalitis and visceral leishmaniasis across diverse spatial regions (Dhimal, Ahrens and Kuch
2015). Since the first dengue fever outbreak in Nepal in 2006, dengue fever and its vector Aedes aegypti have spread
across low and high altitudes (90 m - >1300 m above sea level) (Dhimal, Ahrens, and Kuch 2015). Similarly, since the first
record of Japanese encephalitis in Nepal in 1965, the disease and its main vector, Culex tritaeniorhynchus mosquitoes,
have spread throughout the country (Dhimal, Ahrens, and Kuch 2015). Particularly, since 2005 there has been a spread
towards mountainous regions (Dhimal, Ahrens, and Kuch 2015) most likely as a result of climate change.
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Hence, vector-borne diseases such as dengue fever, chikungunya fever, Zika virus infection and malaria, but also other
emerging or neglected tropical diseases like bat-borne and rodent-borne viral diseases, snakebite envenoming, and
plant pathogens, need to be understood in the context of biodiversity, climate change and sustainable development.

THEORETICAL APPROACHES TO UNDERSTAND BIODIVERSITY, HEALTH AND SUSTAINABLE
DEVELOPMENT

Discussions among scientists about the validity of research results on the relevance of global biodiversity conservation
politics for protecting human health (Levi, Massey, et al. 2016, Wood et al. 2014, 2016) showcase the need for
transdisciplinary approaches to providing local, national, regional and global policy recommendations (Horton et
al. 2014, Lee and Brumme 2013). Over the last three decades, different frameworks have been developed and used to
approach distinct areas of biodiversity and human health. Those approaches encompass one medicine, ecohealth, eco-bio-
social, conservation medicine, One Health, and planetary health (Aguirre et al. 2002, Aguirre et al. 2016, Arunachalam
et al. 2010, Charron 2012, Lebel 2003, Mackenzie et al. 2013, Schwabe 1984, Whitmee et al. 2015).

Since Calvin Schwabe’s (1984) one medicine concept to emphasize the close relationship between animal and human
well-being and health, the relationship between environmental disruptions through anthropogenic factors like land use
change and urbanization, has influenced further conceptual approaches such as ‘conservation medicine’ (Aguirre et al.
2002). Conservation medicine emphasizes environmental conservation, particularly biodiversity conservation as being
essential for human and animal health (Wilcox et al. 2004, Aguirre et al. 2012).

Almost at the same time, the relationships between ecosystem health, human well-being and sustainable development
were analysed within an ecohealth approach (Waltner-Toews and Key 2005). Ecohealth is based on an ecosystem approach
that stresses a participatory, sustainable and gender equity approach to analyse the different ecosystem factors that
negatively impact human health (Charron 2012, Lebel 2003).

Over the last decade, the One Health approach incorporated previous approaches to situate human health and animal
health within the ecosystem, and sustainable development, in the same framework (King et al. 2008). One Health stresses
the importance of a systemic transdisciplinary approach to analyse and protect the health of all beings (Zinsstag et al.
2011). The recent WHO/CBD (2015) report on biodiversity and human health underlines that a One Health approach
encompasses earlier ecohealth approaches.

The planetary health approach encompasses the well-being of the planetary system in which the lives of the human and
other species are embedded (Whitmee et al. 2015). As it situates the well-being of species within an intact planetary
system (Demaio and Rockstrom 2015, Horton et al. 2014), this approach incorporates others such as the One Health
approach which particularly addresses human and non-human health (Barrett et al. 2011, Lee and Brumme 2013,
Rabinowitz et al. 2013). The planetary health approach, therefore, addresses an additional layer of analysis, the Earth
System and the interconnectedness of all factors and levels (Whitmee et al. 2015).

PANEL DISCUSSION

Within this framework, the panel discussion on health and biodiversity focused on the relevance of connecting climate
change and sustainable development to protect biodiversity and human health. Using examples from the regional setting
of South America, especially Peru and Ecuador, the panellists emphasized the need for more local and regional research
to better understand the relationships between biodiversity and health in a rapidly changing environment.

The biodiversity-rich Peruvian and Ecuadorian Amazon and adjacent mountain ranges overlap with fossil fuels
underground and are home to indigenous groups, some of whom are living in voluntary isolation (Finer et al. 2008,
Napolitano 2007, Larrea Maldonado 2013a). These same areas may have particularly high potential to provide medicinal
and genetic resources (Chivian and Bernstein 2008, WHO/CBD 2015), to protect people from the risk of infections and
to contribute to food security, and are often inhabited by human populations living under conditions of extreme poverty
who are, for example, missing access to clean water, suffer from inequity and have a low human development index (Fisher
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and Christopher 2007, Larrea Maldonado 2013a, b). Thus, there is a challenge and urgent need to balance sustainable
development (encompassing biodiversity conservation, mitigation of climate change impacts and protecting human
health) with other interests of the regional populations and the rapidly expanding activities of extractive industries (Moran
and Fleming-Moran 1996, Naeem et al. 2016, Steften, Richardson, et al. 2015, Vallejo et al. 2015). It is recommended to
make this a priority on national agendas of sustainable development in order to protect the wellbeing of the people and
the planet, consolidated in planetary health (Boron et al. 2016, Wang and Horton 2015, Whitmee et al. 2015, WHO/
CBD 2015, Zinngrebe 2016).

Highly important for countries like Peru and Ecuador is the connection between biodiversity and infectious disease
transmission. Theoretically, there is a higher average of pathogen numbers in highly biodiverse areas, such as the Yasuni
Biosphere Reserve (Karesh and Formenty 2015, Levi et al. 2016). However, more research is needed to analyse this in
detail, particularly, because higher rates of anthropogenic interferences and forest clearances and particularly road
constructions have an impact on infectious disease transmission in different ways (Loh et al. 2016).

Biodiversity and global change effects on neglected diseases like snakebite envenoming, rabies, Chagas’ disease, and
on malaria and various other vector-borne and parasitic diseases should be prioritized in research agendas due to the
widely recognized, massive impact of these diseases on the health and economic development of disadvantaged and
marginalized human populations.

Distribution and risk maps under present and future climate, land use, and social-ecological change scenarios should
be developed as a priority for native and invasive species of known health relevance, to facilitate prevention, control,
adaptation and mitigation measures, and to inform conservation, economic and health policies. Research addressing these
challenges needs to integrate all levels of biodiversity as well as multiple drivers of change, including robust knowledge
on the genetic diversity, structure, dynamics, and adaptation of health-relevant organisms, including their microbiomes.

In many ways, snakes, snake venoms and snakebite are iconic and representative examples for some of the complex
interactions between biodiversity, climate change and health. As the most efficient predators of rats and mice, countless
rodent-eating species of snake provide ecosystem services of paramount importance especially for human food production
and food security (e.g., Whitaker 1978), but also in the control of rodent-borne infectious diseases. At the same time,
venomous snakes are a cause of frequently overlooked and unrecognized human suffering. Although it is eminently
curable, snakebite envenoming (i.e., the pathophysiological processes following the injection of snake venom via the bite
of a snake) is among the most neglected of the so-called neglected tropical diseases, causing massive morbidity, mortality
and disability among the rural poor populations of subtropical and tropical countries (e.g., Alirol et al. 2010), thereby
promoting and perpetuating poverty (Harrison et al. 2009). The survival and activity of snakes is strongly influenced
by climatic factors. Thus, climate change is expected to have significant impacts on their diversity, distribution and
abundance. Depending on the species this may lead to extinctions, range shifts, or range expansions and corresponding
changes in health risks (Lawing and Polly 2011, Chaves et al. 2015, Yafiez-Arenas et al. 2016). In addition, extreme
weather events like floods, by now an often-documented phenomenon in Asia, Africa and Latin America, often create
periods of peak frequency encounters between snakes and humans, resulting in exceptionally high mortality due to the
simultaneous inaccessibility of health care (Alirol et al. 2010).

At the same time, bio-active compounds from animals (e.g., snake, spider, scorpion, insect and cone snail venoms; frog
skin secretions) constitute a mostly untapped source of countless evolutionarily tested molecules with specific biological
functions. Although the traditional importance of harnessing the diversity of Peru’s natural libraries of pharmacologically
active compounds, and their potential for future, science-driven discovery and product development has long been
recognized within the country and abroad (e.g., Cinchona tree), there is comparatively little research on these topics
(Blare and Donovan 2016, Robinson 2010, Schlagenhauf Lawlor 2007).

Nevertheless, indigenous people living in the Amazon possess local medicinal knowledge to treat and cure illnesses. How
this knowledge can be used and under which agreements can it be shared, transferred and combined with biomedicine
in an equitable way, and respecting the customary laws of the holders of this traditional knowledge, is still under
discussion. The third objective of the CBD has provided an international framework for this, and almost 20 years later
the Nagoya Protocol addressed the legal context for Access to Genetic Resources and the Fair and Equitable Sharing
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of Benefits Arising from their Utilization (ABS), but procedures and contract models in countries such as Peru and
Ecuador are still under development.

It is important that indigenous communities are given access to socio-economic resources (Koutouki et al. 2011), and
this is of particular significance in highly biodiverse and highly multi-ethnic countries like Peru and Ecuador (Finer
et al. 2008, Finer et al. 2009, Napolitano 2007, Orta-Martinez and Finer 2010, Bass et al. 2010). Peru, for example, has
developed legislation to facilitate the protection of traditional knowledge so that indigenous groups can protect their
own knowledge built through centuries of experience (Zamudio 2013, Poggi Gonzalez 2011).

Consequently, the actual and potentially positive and negative roles that such bio-active compounds from nature play
for health, and the way in which global change impacts (including, but not limited to climate change, land use change,
and invasive species) affect these services/disservices and interactions in the present and future, have remained largely
unknown.

In the Ecuadorian context, there has been an important investment into infrastructure and human resources with the
legal and ethical background to establish a new field of biodiversity conservation, bioprospecting, and research for
alternative economic revenues and the protection of indigenous knowledge (Gerique 2012, Heeren 2016, Moeller 2010,
Ribadeneira 2009). As this is a new field in Ecuador aiming at diversifying the economy and contributing to the National
Plan of Buen Vivir' (SENPLADES 2013), aspects of health-related research and the role of biodiversity on diseases and
well-being should receive more attention (Golinelli et al. 2015, Navarro et al. 2015, Rodriguez 2007, Widenhorn 2013).
In this context, it is of great importance to recover and strengthen the technical and operational capabilities of the
programmes and strategies on public health, particularly the control of vector-borne and neglected tropical diseases,
to sustain and deepen previous achievements of, for example, dengue fever, malaria, and snakebite control.

Importantly, there is growing knowledge of Peru and Ecuador’s biodiversity at the species level (Bass et al. 2010, Ledo
et al. 2012, Beaudrot et al. 2016). However, critical interactions between biodiversity, health, and global change, such
as urbanisation, deforestation, and climate change have rarely been addressed, and if so, usually on a very limited
geographical scale, rendering generalizations difficult. Challenges exist particularly in relation to vector-borne diseases
like chikungunya, dengue and Zika virus infections and malaria, and neglected tropical diseases like Chagas’ disease
and snakebite envenoming, which are all very sensitive to climate, biodiversity, and other anthropogenic factors.

It is recommended that more emphasis should be given to analysing the roles of high biodiversity for disease prevention
and control, and to studying the impact of global changes, such as climate change, urbanization, and deforestation, on
the distribution and risk of pathogens and their vectors and reservoir hosts. In addition, more research will be needed
particularly in Amazonian rainforest areas affected by rapid changes due to the extraction of fossil fuels and other raw
materials, infrastructure expansion (e.g., road constructions), uncontrolled settlements, and other land use changes
(e.g., increasing industrial-scale monocultures of African palm oil and soybean, cattle farming).
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3. ECOSYSTEM-BASED SOLUTIONS AND OTHER
APPROACHES TO COPE WITH CLIMATE CHANGE

TERRITORIAL MANAGEMENT, AS A MECHANISM FOR MITIGATION
AND ADAPTATION TO CLIMATE CHANGE
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1.INTRODUCTION

Throughout the Amazon pollution, deforestation, unsustainable resource extraction and invasive species represent the
most relevant direct threats to species, ecosystem functions and human well-being. These direct threats are a result of
contributing factors including lack of knowledge to guide sustainable management, few economic alternatives, global
demand for products and poor territorial governance that result in illegal resource extraction and poorly planned
development.

Territorial management is a process that aims to reach a planned, sustainable and efficient land use. Territorial planning
refers to the methods used by public institutions and social organizations to plan the proper and efficient distribution of
people and use of resources in a specific geographical area or territory to improve their living conditions and strengthen
mechanisms for sustainability. It requires an adaptive governance approach (Schultz et al. 2015), in which decision making
processes involve multiple government and non-government stakeholders at multiple levels to negotiate, coordinate
and agree on management actions across the landscape in order to deal with local and large-scale perturbations. It also
contemplates environmental management, economic development, organizational consolidation, capacity building and
cultural recovery. Therefore, it is an important strategy to reduce the above contributing factors.

Territorial management is implemented in different jurisdictions under strategic orientations provided by protected area
management plans, subnational government development plans, indigenous life plans or integral management plans and
can also be implemented within individual properties or areas under management of productive associations or natural
resource management concessions. However, wherever it is implemented it is important that land use rights are clearly
established so that consultation processes do not weaken the rights of legitimate stakeholders. Territorial management
in specific jurisdictions will vary in their guiding principles, visions and legal basis but they all share two common
elements: a zoning plan that establishes land uses according to the aptitudes of different areas and that should respond
to the strategic management vision; and natural resource management regulations to support the implementation of
the zoning plan by detailing permitted practices and access rights for different user groups.

It is possible to generalize the principal components of a territorial planning process. First the conditions for the planning
process must be established through a body with legitimacy to convene and lead a transparent participatory construction.
A diagnostic phase follows, incorporating both technical information as well as participatory mapping and analysis
of different development scenarios, including those related to informal highly impacting human activities, impacts of
development projects and climate change. Finally, the development of the spatial plan or zoning plan according to the
different potential, constraints, opportunities and risks. Another important aspect to consider is the need to identify
incompatibilities and potential synergies between the different scales and levels of indigenous, local, municipal, provincial,
and even national territorial planning.
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2. IMPORTANCE OF INTEGRATED TERRITORIAL MANAGEMENT FOR BIODIVERSITY AND
ECOSYSTEM CONSERVATION

Protected areas usually are found over areas with a higher biodiversity than surrounding areas that are managed mainly
for human subsistence and economic development. However, although protected areas are essential for biodiversity
and ecosystem conservation they require connectivity with surrounding areas in order to be able to operate at a scale
that is relevant for conserving biodiversity, cultural characteristics, ecosystems and their services. Operating at a larger
landscape scale also allows the inclusion of jurisdictions that are challenged by the same socioeconomic threats, for
example resulting from new transport infrastructure; and to take into account opportunities for reconciling development
and conservation through tourism routes or forest management. Considerations of scales and multiple scales, and
identifying for example, the appropriate basin scale to operate is critical to understand the context and to better address
the threats to the territory (Barthem et al., 2014).

Because of this, it is important that land use plans are developed at different scales and across neighboring and
overlapping jurisdictions in an integrated territorial plan that responds both to local development visions as well as
to environmental services and species spatial requirements. Protected area management plans must therefore look at
the regional development context and look to promote the reconciliation of the strategic objectives of neighbouring
jurisdictions and with those of the protected area.

Many ecosystem services that are critical for human health and development also require integrated land use planning
across jurisdictions for example, watershed conservation, large biomass reservoirs, areas of distribution of wild crop
relatives and areas that are critical for erosion control or prevention. All of the above ecosystem services represent
natural solutions to climate change (Dudley et al., 2009). Altitudinal and latitudinal corridors are also important to
allow population movements of species during climate change and also allow humans to relocate their productive
activities. Landscape species are characterized by their dependence on large, diverse areas and significant impact on
natural ecosystems (Sanderson et al., 2012). Their habitat requirements make them particularly vulnerable to land use
practices that result in habitat fragmentation or degradation and because of this they can be used to identify connectivity
needs around protected areas.

Important conservation areas for ecosystems or species can overlap with ancestral indigenous territories and community
owned lands both within and outside protected areas. In these cases any land use plan must be built using participatory
processes and be led by the indigenous people, as established by national legislation in most Latin American countries and
the United Nations Declaration on the Rights of Indigenous People. In these areas local livelihoods must be supported to
deal with the pressing need to reduce poverty, conserve biodiversity, maintain ecosystem services and increase resilience
to current and future climatic conditions.

3. IMPORTANCE OF INTEGRAL TERRITORIAL MANAGEMENT AS A MECHANISM FOR CLIMATE
CHANGE MITIGATION AND ADAPTATION

Mitigation

In Bolivia, the Wildlife Conservation Society has been working with the Tacana People s Indigenous Council (CIPTA)
for 15 years. During this time we have provided technical assistance to support their efforts to obtain legal recognition
of their indigenous territorial rights over 389,340 hectares and, in parallel to the process of land titling, developing
a participatory strategic and land use plan, as well as technical, administrative and organizational tools required for
territorial management (CIPTA, 2007).

The zoning plan is implemented through productive projects distributed across the indigenous land that represent an
alternative to illegal encroachment associated with deforestation and increased frequency of fires for slash and burn,
and therefore a mitigation strategy to climate change. Maintaining presence across the indigenous land consolidates
indigenous territorial control and allows protection of critical areas for environmental services.
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Figure 1: Forest Loss between 2005-2010 in the region of the Tacana indigenous land.

Natural resource use projects have been implemented over 81,494 hectares of forests and another 129,600 hectares of
wetlands are being managed for sustainable caiman management and harvest. These projects are implemented under
the general framework of a participatory indigenous management plan and are backed up by community regulations for
access and use of natural resources. This is an important aspect to highlight, as agreements around land use are necessary
to prevent agricultural activities being displaced to other areas. The effectiveness of this approach is documented by
deforestation monitoring using remote sensing and geographic information systems.
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Figure 2: Forest Loss between 2005-2010 in the region of the Tacana indigenous land.

GIS and spatial statistical analysis were used to analyse the correlation between geographical conditions and loss of
forest cover during a historical period (2005-2010) (Figure 1). Determinant factors were included in the analyses:
land ownership, land management and improvement of road infrastructure, allowing the comparison of deforestation
between the indigenous land and the surrounding areas. The annual deforestation rate along the San Buenaventura-
Ixiamas road within the Tacana indigenous land, where territorial management is implemented, is 0.5% or less than a
quarter of the 2.3% annual deforestation rate outside the indigenous land. In fact, during this period only 1,173 hectares
of forest were lost within the indigenous land between 2005 and 2010, and only in areas zoned for agricultural use by
the communities (Painter et al., 2013).

Similarly, the Wildlife Conservation Society in Peru has been supporting local riverine communities from the Tahuayo
river in Loreto to gain legal protection to the area where they lived and on which they depend for their livelihoods.
After approximately 15 years of support, this effort has led to the designation of the Communal Tamshiyacu Tahuayo
regional conservation area, an area of 420,080 hectares that was created in 2009 to guarantee the sustainable use of
natural resources by local surrounding communities and to promote local development (PROCREL, 2010). Zoning of
the conservation area established areas that can be used for subsistence and areas that follow a source - sink hunting
model, where the conservation area is the source of wildlife and the communities are the sink where wildlife can be
hunted. Approximately 4150 people surround the conservation area and benefit from it, and 20% of this population has
hunting agreements following the source - sink hunting model.

WCS has been supporting community land titling processes, strengthening community based control and surveillance
systems and monitoring of cynegetic wildlife populations that are hunted for subsistence. Today, riverine communities
living adjacent to the reserve, in particular in the Tahuayo basin, have the right to be involved in the management of
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the area and to benefit from resources provided by its well-conserved forests. This process has allowed riverine local
communities of the Tahuayo river to be actively engaged in a diverse set of activities such as sustainable natural resource
management, artisanal crafts for the national and international markets, tourism and sustainable fish harvest, that provide
an incentive to maintain the forest that harbors the resources under management.

A temporal deforestation analysis was done by WCS for the Communal Tamshiyacu Tahuayo regional conservation area
and its buffer zone, and the results showed minimum forest loss. For the analysis period from year 2001 to 2005, the
annual rate of forest loss was of 655ha/year (0.11%) and for the period 2005 to 2011 it was 548 ha/year (0.09%) (Figure 2).
It is important to mention that forest loss is mainly concentrated outside the conservation area in the Tamshiyacu basin
and not in the Tahuayo basin (Mercado, 2012) where the conservation area is almost intact. One of the main reasons
of forest loss is small scale agriculture.

Adaptation

Territorial management builds resilience to current environmental risks and future scenarios resulting from climate
change by reducing exposure and reducing the sensitivity of the system through better land use planning. Zoning or
land use planning identifies areas that maintain critical ecosystem services that the indigenous and riverine communities
rely upon and also areas that are exposed to floods, droughts or fires. It also builds consensus on the use of different
areas for agriculture, tourism, hunting, logging, fishing, cattle ranching as well as sacred areas. The implementation of
productive projects in the different management zones maintains diverse livelihoods that have reduced sensitivity to
environmental shocks. In the case of northwestern Bolivia, cacao, forestry, incense, handicrafts, livestock management,
wild honey harvesting, timber management, and other productive activities help to provide an average annual household
income of close to US$1,200, or double that of the average rural household in Bolivia (INE, 2011). Supporting access by
indigenous people to their ancestral lands and resources is also important for subsistence activities, such as agricultural
production and hunting and fishing for household consumption or reciprocal exchange. In the case of Peru, access by
riverine communities to their communal land and to the conservation area is also critical for subsistence activities.
Sustainable management of subsistence hunting requires indigenous people and riberefios to have access to large hunting
areas that are preferably linked to protected areas through wildlife corridors. Indigenous territories are also crucial to
maintain the vast cultural knowledge of medicinal plants and crops that are essential to maintain current indigenous
livelihoods and also maintain resilience in the face of climate change.

In addition, in both cases in Bolivia and Peru, the implementation of community natural resource management projects
throughout the indigenous land and riverine communities permits the indigenous people and riberefios to maintain a
greater control over their land, reducing and replacing illegal and unsustainable natural resource activities with regulated
and sustainable activities carried out by indigenous people in their ancestral land and by riberefios in their communal
lands. In the case of Peru, governmental authorities may support the riberesios to enforce control over the area, and the
riberefios are willing to collaborate with the authorities.

Hence, indigenous territorial management represents a no-regrets strategy for the reduction of climate change
vulnerabilities of indigenous populations through the generation of economic returns, diversification of local livelihoods,
conservation of forest cover and related averted emissions. It therefore addresses both current poverty alleviation needs
and long-term adaptation to climate change.

In addition, territorial management of riverine communities and the adjacent conservation area influence the adaptive
capacity of local populations by ensuring the provision of natural resources, maintaining the forest and by strengthening
local institutions. Through this influence territorial management can enhance the resilience of the ecosystems and social
systems in the face of climate change (Johnson & Becker, 2015). Territorial management can also strengthen the resilience
of entire socio-ecological systems to threats operating at multiple scales (Schultz et al., 2015).
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4. CONCLUSIONS

Territorial management is a critical process to advance in the control of drivers of forest deforestation and degradation,
to increase resilience of local livelihoods to climate change and to increase the resilience of the landscape or social-
ecological system. Any effort to reduce the loss and degradation of forests, as well as other ecosystems, must identify
the reasons behind this loss. Deforestation is the result of complex socioeconomic processes that interact between
each other and whose relative importance varies geographically. The interaction between all socioeconomic processes
establishes population growth and the expansion of the agricultural frontier that is associated to the existence of
markets or subsistence activities. National policies, including transport infrastructure, fiscal and non fiscal incentives
or disincentives to different productive sectors, policies related to land and natural resource access and property rights,
energy and industrial development policies determine the context for development and population increase.

The effectiveness of these policies to promote the welfare of its citizens depends on the development of an institutional
framework that allows coordination between sectors, accountability, transparent decision-making and citizen participation
mechanisms. Traditional development models have tended to justify biodiversity losses and the impact on vulnerable
human populations for the economic benefits to the whole society or interest groups. The basis for agreements between
stakeholders on forest management is participatory land use planning or land management.

Additionally, territorial management is the basis for planning the protection of ecosystem integrity and therefore reduces
the risks and impacts of environmental threats such as floods, fires and droughts. Natural vegetation allows floodwaters
to disperse and stabilize soils, reducing the incidence of landslides. Forests conserve watersheds and reduce the spread
of fires. The conservation of indigenous farming practices maintains diversity of seed varieties and crops that are key to
maintaining options to adapt to droughts and floods. Furthermore, natural vegetation of the flooded forest, the integrity
of wetlands and their dynamics with water bodies, maintain ecological process that will sustain fish production that
is critical to ensure animal protein during and after climate-related extreme events. A well conserved flooded forest,
combined with sustainable fisheries management can maintain fish spawning areas and stocks after a climate disturbance,
contributing to the persistence of a regional-scale fish population.

In order to further inform these processes it is important to develop our understanding on the cost-benefit of different
economic alternatives and scenarios, both of different economic activities as well as different infrastructure uses. We
also need to understand the landscape connectivity needs for both ecosystems and biodiversity, such as altitudinal and
latitudinal corridors and wildlife corridors, and preferably at multiples scales and/or basin scales. Finally, financial
mechanisms to support territorial management must be established by documenting the multiple benefits to equitable
development and conservation.
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SUMMARY

Glacier recession is driven by climate change and results in alterations in many downstream ecological and hydrological
systems. However, an integrated socio-ecological study in the Santa River drainage basin of Peru showed that many
other water resource concerns were driven more by increased demand by people rather than by the shifting climate
itself. Thus, biodiversity concerns and ecosystem services in changing tropical landscapes such as these must be assessed
in reference to both social and ecohydrological processes.

INTRODUCTION

Whereas climate change is reducing the size of glaciers in the Cordillera Blanca of Peru, at the same time, pervasive socio-
economic change is altering land use, settlement patterns, and water demands. As is true for many Andean watersheds
(Young, 2009), climate change alters the biophysical systems of glaciers and high-elevation ecosystems, while economic
incentives and quality of life decisions appear to modify natural resource use and land cover in the remainder of the
watershed. Thus, studying the effects of climate change on glaciated mountain regions requires attention to other drivers
of change, many with origins in global processes and national-level policies.

This research was conceived of as a way to simultaneously evaluate both human and biophysical dimensions of change.
This kind of approach allows for the evaluation of the respective processes, including the feedbacks and interactions
(Collins et al., 2011): it requires an interdisciplinary research group, in our case including expertise in geography;,
hydrology, and environmental history. Further information on this and other socio-ecological approaches can be found
in Liu et al. (2007) and Postigo & Young (2016, in press). Because such research also results in policy-relevant findings,
it may inform environmental governance, referring to the institutions and social actors that make decisions concerning
land use and economic development that have environmental consequences.

STUDY AREA AND METHODS

Set in the Santa River watershed, in north-central Peru at 8.5 - 10° S (Figure 1), this interdisciplinary research effort
aimed to document changes in land cover, including size of the glaciers, locations of tropical alpine landscapes, plant
cover, and agricultural fields, and in Earth system processes, including stream discharges, wetland dynamics, and
glacier recession. Fieldwork has been ongoing since the early 2000s. In addition, methods from environmental history
and human geography have been used to evaluate the social actors involved with land use, demands on water, and the
decision making that has affected economic development in the region over the past decades. This gives both a historical
perspective, and connects the findings to opinions of local people living adjacent to Huascaran National Park.

116



A Socio-Ecological Perspective on Change Driven by Both Social and Climatic Factors: The Santa River in Peru

The setting is of high mountains (Figure 2) descending abruptly to an arid coast (Figure 3). This is a tropical site,
with strong seasonality in rainfall, and dramatic changes in the native vegetation and in terms of possible agricultural
practices. The highest elevations have glaciers, and have been traditionally used as pastures for grazing livestock. The
middle elevations have highland agriculture, including the planting of potatoes, wheat, and maize. Nevertheless, the
largest demographic change in those elevations is a shift to living in urban areas, with the growth of towns and cities,
including the city of Huaraz located adjacent to the Cordillera Blanca and Huascaran National Park. The coast of Peru
is arid, with sparse native vegetation but increasingly occupied by large areas of irrigated export agriculture, including
the large Chavomichic and Chinecas projects that utilize waters of the Santa River.

Legend

Glaciers
Santa Watershed
[]Huascaran NP

Elevation

- 6768 m

-0m

Figure 1: The study area is located in western Peru, in a river basin that extends from the glaciers of the Cordillera Blanca
(located within Huascaran National Park) down to the drylands of the Pacific Ocean coast.

FINDINGS

Climate change is reducing glaciers in the Cordillera Blanca of Peru (Figure 2). Our hydrological modeling suggests that
downstream discharge will first increase and then decrease as the glaciers retreat (Bury et al., 2013). However, the timing
is such that the initial increase has already occurred, with surface waters showing decreased flow, especially in the dry
seasons. We have also observed concurrent changes in high elevation lakes and wetlands, which increased in size with
glacier recession, but which eventually will shrink if they receive less water as stream discharge drops (Young, 2014).

In terms of the human dimensions, we showed that the future availability of water resources in the Santa River watershed
is limited by glacier retreat in the Cordillera Blanca, but also under unprecedented and increasing demands for multiple
uses associated with agriculture, mining, and urban expansion (Carey et al., 2014). There are more extractive activities
than in the past, and larger urban populations requiring drinking water, trends that will continue to increase the need for
more water and the potential for social conflicts over lands and natural resources (Bury et al., 2013; Wathrall et al., 2014).

Much of the economic development to date in the study area has essentially been subsidized by the availability of water
originating in the upper watersheds of the Santa River. In the future, there likely will be more intensive agriculture
systems in the lower elevations (Figure 3) and larger towns and cities (Bury et al., 2013). National goals are to depend
on the export agriculture for revenue, and to favor urban sites for improved education and health care. These emphases
thus reduce attention and assistance to smallholder farmers, further increasing trends of demographic shifts to the cities.
Thus, the social trends will increase, even though available water resources will reduce as climate change continues.
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Figure 2: The headwaters of the Santa River are located in glaciated uplands, many of which are contained within Huascaran
National Park, making it a critical source of ecosystem services for the entire drainage basin. Photograph by K. Young.

IMPLICATIONS

An important goal of environmental governance in dynamic mountain landscapes should be to facilitate monitoring
and adaptive management of both land use and of protected areas. When there are glaciers, then the importance of the
cryosphere is a crucial element. However, in our study area the economic drivers of change in the highlands originate
from outside the drainage basin, while the hydrological and ecological consequences of glacier retreat are felt within by
people living at middle elevations and by ecosystems within the national park at the highest elevations.

Efforts to deal with these inherent spatial disparities are needed. In terms of social benefits, this might include fairer
means of distributing and valuing water. For biodiversity, this might include better protecting rare species and managing
natural ecosystems. The ecological benefits provided by highlands are often overlooked. In fact, there is considerable
value in terms of ecosystem services provided by high mountain environments to places lower in the drainage basin. We
suggest that the patterns and processes we found in the Santa River may well characterize many other drainage basins
that connect high mountains to irrigated or inhabited lowlands elsewhere in the world.

Solutions may need to come from altering water demand and use patterns by people, which also need appropriate
research efforts before implementation. There may be inherent constraints in reconciling the goals and methods utilized
for managing water and for biodiversity concerns in changing Andean watersheds. For example, many engineering
and mitigation/adaptation projects are oriented towards assuring supply of water to the economic sectors deemed of
importance to decision makers. As a result, critical habitats for wild species may be overlooked, as are the needs of
endemic species restricted by topography to small areas that may not permit range shifts with future climate changes.
Also, typically overlooked are the needs of smallholder farmers.
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TOWARDS ADAPTATION IN MOUNTAIN WATERSHEDS

Mountains, especially those found in tropical latitudes, contain unique biological diversity and landscape patterns (Young
& Ledn, 2007; Young & Lipton, 2006). In addition, they are exposed to many consequences of global climate change,
exasperated by concurrent socioeconomic shifts in land use. Endemic species of plants and animals are found in small
areas due to topographic barriers and are further limited to narrow altitudinal ranges due to habitat specificities (Young,
2014). Current trends and future predictions suggest further reduction in habitat for specialist species due to ecological
change and land use shifts by farmers and pastoralists along the environmental gradients of tropical mountains.

Often proposed adaptation efforts in mountains focus on water resources, natural hazards, or more recently, carbon
stocks, but do so in an uncoordinated fashion that may incorporate unrecognized trade-offs. Further, such efforts may
inadvertently act to increase asymmetries of cause and effect, especially in regards the lesser relative power of local
people to influence outcomes, compared to national governments. Public lands protected for biodiversity in tropical
mountains are predominantly located in areas considered to be of little value for settlement and agriculture; other high
elevation sites are managed as common pool resource areas by local communities. These sites represent opportunities for
integrated approaches to socio-ecological change, as adjusted to land use goals and as calibrated to provide opportunities
for future species range shifts. At the same time, these same areas may be future scenes of socio-environmental conflicts
as land use changes in response to climate dynamics.

In our study region, Huascaran National Park serves as an important mediator of ongoing environmental change in the
high mountains of the Santa River watershed, with altitudinal gradients available for shifts in distributions of native plants
and animals (Young & Lipton, 2006). The glaciers inside the park provide much of the water utilized by downstream
users. Sites outside the park might benefit from adjustments in land use strategies, for example, with efforts to use water
more efficiently through the judicious choice of land cover types and water resource monitoring (Ponette-Gonzélez et
al,, 2014, 2015), and with programs that reward upslope inhabitants for water services received downslope.

Figure 3: The coastal deserts of Peru contain unique biodiversity and ecosystem types. Nonetheless they are being
transformed through massive irrigation projects meant for export agriculture, including for asparagus and avocados. In this
photograph, fields of marigolds have replaced desert habitats, now reduced to hilltop remnants. Photograph by K. Young.
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RECOMMENDATIONS

Our recommendations are to intensify efforts to monitor and to evaluate the socio-ecological and socio-hydrological
dimensions of change in glaciated mountain ranges (see also Huggel et al., 2015). Based on our research findings, more
proactive management and planning could be done by social actors in Peru who focus on the demand-side of water
resources, which would need to be informed by social science approaches rather than being limited to debates about
water supplies. In all these efforts, the requirements of native species of plants and animals need also to be considered, in
terms of environmental flows in the streams and rivers, and of habitat connectivity in regards the species most affected
by warming temperatures and shifting humidity regimes. Both social justice and ecological benefits should be criteria
utilized to improve socio-ecological systems.
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SUMMARY

Forest restoration projects can derive great benefit from integrating climate modeling, functional trait analysis
and genetic considerations in the selection of appropriate tree species and sources of forest reproductive
material, for their critical importance for the delivery of ecosystem services and the viability and adaptive
capacity of restored forests.

o Targets in restoration projects are not only quantitative but also qualitative. There is need for political
commitment to create demand for good quality forest reproductive material of native species through
regulatory frameworks and resource allocations.

User friendly knowledge-based decision making tools need to be developed and mainstreamed to assist
emerging restoration practitioners with the choice of tree species and sources of forest reproductive material.

o Countries need to increase experimental field setups such as provenance and progeny trials for native species
to validate decision tools and apply adaptive management under climate change.

Seed supply systems for restoration need to be diversified by involving and training stakeholders at different
levels of society.

Keywords: climate change, functional traits, genetic diversity, seed transfer zones, restoration.

INTRODUCTION

The search for workable solutions to mitigate and adapt to climate change is onerous. In spite of concerted global
efforts over decades to reduce the emission of greenhouse gasses, the atmospheric concentrations of these gasses, and
the associated effects of climate change, have continued to increase (Stocker et al., 2013). Forest restoration including
tree planting is increasingly seen by policy makers around the world as a fundamental part of the solution, for its
enormous potential to tackle environmental crises related to climate change, biodiversity loss and desertification, while
simultaneously boosting economic and rural development (Aronson & Alexander, 2013). Forest restoration, done
properly, can do all that. With approximately 2 billion hectares of degraded land waiting to be restored globally, the
potential scale of restoration activities is enormous (Laestadius et al., 2012). As in most countries large-scale restoration
is a completely new undertaking, making mistakes will be unavoidable. While mistakes provide opportunities to reassess
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and continuously improve restoration practices, where possible, potential problems should be anticipated and avoided.
Aside from putting in place the necessary human, technical and logistic capacity, one important, but often overlooked,
aspect of ensuring the success of restoration projects relates to the selection of appropriate forest reproductive material
(FRM), at least for active restoration activities that involve tree planting. As a minimum condition, FRM should be
selected to (i) correspond to the restoration objectives, (ii) be well adapted to survive and thrive under the degraded
site conditions and (iii) have sufficient genetic diversity to ensure the potential to adapt to changing conditions in the
future (Thomas et al., 2014a).

Here we present a scalable approach which is intended to assist restoration practitioners of tropical dry forest (TDF) in
Colombia with the identification of appropriate tree species and sources of FRM. Decision making combines information
on (i) suitability modeling under current and future climate conditions; (ii) the intended future use of the forest under
restoration; (iii) locally prevailing stress conditions; (iv) functional trait diversity of tree species; and (v) the genetic
quality of FRM. Of all Colombian ecosystems, TDF is most threatened. Approximately 90% of its original cover has
disappeared and less than 4% of old growth forest remains, while another 5% show some degree of degradation. With
most forest fragments being located on private lands and less than 5% being represented in the national system of
protected areas, the risks of further forest loss remain high (Pizano & Garcia 2014). In response to this unsettling reality,
the conservation and restoration of TDF has become a national priority in Colombia. The national research institute
Alexander Von Humboldt plays a key facilitating role in this endeavor. The institute has recently published a very detailed
map of the remaining TDF fragments and restoration priorities, based on remote sensing imaginary and exhaustive
field validation (Garcia et al., 2014). As a result of these efforts, approximately 345,000 hectares of degraded land have
been identified as having the highest priority for dry forest restoration in the country, mainly located in Caribbean and
Andean regions. The recently adopted Colombian law for the compensation for biodiversity loss (MADS, 2012) has
great potential for providing part of the financial means to trigger large-scale restoration activities. Given the delicate
conservation state of Colombian TDF, a growing body of scientific knowledge on its biology (Pizano & Garcia, 2014),
and the existing political momentum in support of efforts to reverse degradation trends (see Aguilar et al., 2015), we
consider this ecosystem an ideal model case for testing our protocol for the selection of appropriate species and sources
of FRM which we hope will be scaled out and up to other ecosystems and countries.

In what follows we outline the rationale and implementation of the elements considered in our protocol, which are
summarized in figure 1. To facilitate accessibility to the information generated, we propose a map-based tool, available
at www.restool.org, which allows the user to select any area (resolution of 30 arc seconds or ~1km?2 at the equator) with
potential for restoring TDF and extracting area-specific information about possible options regarding the selection of
tree species and sources of FRMs that are best matched to user-defined restoration goals and the specific environmental
conditions of the restoration site, now and in the future. The concept of restoration has different, audience-specific
meanings and interpretations, ranging from recovering a pre-disturbance situation (ecological restoration) to establishing
biodiversity-friendly land-use practices with a principally productive focus (forest landscape restoration). Our tool is
intended to support the decision making of anyone interested in planting trees on land that is suitable for tropical dry
forest for whichever purpose, and hence our use of the word restoration in what follows should be interpreted as such.

1. SUITABILITY MODELING TO ASSESS SPECIES’ ADAPTIVE POTENTIAL UNDER CLIMATE
CHANGE

Climate change will increasingly affect the habitat suitability of the TDF ecosystem and the tree species that are part of
it. To gauge potential future climate impacts we carried out suitability modeling, using an ensemble approach (following
the protocol described in Thomas et al., 2014b) both for the TDF biome as a whole and for the tree species known to
occur in it (Figure 1 section 1). For assessing potential range expansions or contractions of TDF as a biome, we carried
out model calibrations using the historical distribution of TDF as a reference. Model quality was evaluated based on its
discriminatory power to distinguish historical distribution areas from non-TDF areas, based on climatic, edaphic and
terrain variables. Model projections to different future climate scenarios and time horizons allowed developing worst-
and best-case scenarios (Figure 2a and 2b, respectively), the worst-case scenario being useful for the identification of
priority areas for restoration. In spite of its degraded and fragmented state, TDF in Colombia is home to more than 900
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tree species, including numerous exotic ones which are naturalized in Colombian vegetation (Pizano et al., 2014). We
modeled all species for which sufficient presence data were available, including some exotics for their proven usefulness
for restoration such as Acacia mangium (Moscoso Higuita, 2005; Thomas, 2014). We used only presence points located
in the historical distribution range of TDF (based on Etter et al., 2008), since many species also occur in other ecosystems.
By combining individual species suitability maps under present and different future climate scenarios and time horizons,
a distinction can be made between areas that are likely to be able to sustain higher numbers of tree species now and in
the future (considered priority areas for restoration efforts) from less suitable areas (Figure 2).

RESTORATION DECISION-SUPPORT TOOL FOR THE SELECTIONOF MOST APPROPRIATE TREE PLANTING MATERIAL

Seasonally dry tropical forest in Colombia as a model
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Figure 1: Schematic representation of the different elements considered in our protocol for the selection of appropriate tree
species and sources of FRM that are best matched to the restoration goals and the specific environmental conditions of a
selected restoration site

The outcome of the above modeling exercise is a list of tree species that are likely to be able to grow in any given area
with restoration potential, now and in the coming decades (Figure 1 section 1). In many areas the list of potential
species is very extensive (often >250), stressing the need for additional filters. A first filter we use is the existence of
information on the propagation of the different tree species under consideration. We compiled information on existing
propagation protocols for approximately 340 species which will be made freely available both on-line and as a printed
manual targeting restoration practitioners. The user is offered the possibility to further limit the potential species list
to best respond to specific restoration objectives or local preferences. For example if the aim is to restore vegetation
to pre-disturbance conditions, only species known to occur in reference lists of local vegetation can be given priority.
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Figure 2: Maps showing TDF tree species suitability in Colombia under future climate conditions (2050s) based on suitability
maps of 437 tree species and using the intersect of suitability models of TDF as an ecosystem for different emission scenarios
(rcp4.5 and rcp8.5) and time horizons (2030s and 2050s) as a mask; (a) and (b) represent best and worst case scenarios,
respectively.

2. FUNCTIONAL TRAITS FOR OPTIMIZING SPECIES COMBINATIONS

To optimize further species selection, we use their functional trait profiles (Figure 1, section 2), a fairly new but growing
approach in restoration science ( Sandel et al., 2011; Clark et al., 2012; Ostertag et al., 2015). A functional trait is a feature of
a species that is linked to a specific role that it plays in the ecosystem and/or its capacity to respond to a given disturbance
factor or environmental change. Traits include morphological, ecophysiological, biochemical and reproductive factors and
they may be associated with multiple processes and ecosystem services (de Bello et al., 2010). A first criterion in species
selection based on functional traits is the restoration objective. The properties of some species will be better aligned
with specific restoration goals than others. For example if the objective is to enhance soil fertility, species producing
abundant leaf litter and/or able to fix nitrogen through symbiosis with Rhizobium bacteria may be most appropriate,
while to eliminate hazardous substances from degraded sites, species that hyperaccumulate these substances in plant
tissue are to be preferred (Kramer, 2010). Species must also have the necessary adaptive traits be able to survive under
the particular conditions of a restoration site. For example, on steep slopes species with extensive root systems may be
preferred, or in areas where natural or anthropogenic fires are frequent, species with thicker bark may be appropriate.

To select appropriate tree species according to restoration goals and adaptation to the site conditions, we developed a
database establishing the relationship between traits, or trait states, and specific restoration objectives and resistance
against site-specific stress conditions, and use this to screen the potential tree species for any given site which best match
the defined trait targets. Species are assigned lower or higher scores, in terms of how well their traits align with either
the restoration objectives or the desired adaptive potential to stress conditions. Scoring is based on a combination of
literature data and restoration experts’ judgements (cf. Graff & McIntyre, 2014). Non-biological traits of species are
also considered where relevant. For example, one of the traits associated with a restoration objective to harvest timber
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is the average market price of a standardized unit of wood for commercially exploited timber species, while the red list
classification of species is used among the traits to guide restoration goals associated with biodiversity conservation.

In a next step, the resulting subset of tree species is used to assemble species combinations that maximize both scores
associated with restoration goals and diversity in other response and effect traits. Response traits are the response of
plant species to environmental conditions (e.g. resource availability, disturbance), whereas effect traits refer to the effects
species exert on the ecosystem (e.g. biogeochemical cycling) (Lavorel & Garnier, 2002; Suding et al., 2008). Maximizing
diversity in functional traits promotes niche complementarity this refers to the combination of resource partitioning, i.e.
how species use resources and adapt to planting sites, which is particularly critical in degraded areas which by definition
are resource-limited, and facilitation i.e. impacts on other species through modification of the growth environment
(Loreau & Hector, 2001). Maximizing niche complementarity in restoration projects can be useful as it is positively
related not only to primary production (communities with high diversity of plant traits have high primary productivity
(Wood et al 2015)) but also to the speed and success of establishment of nascent ecosystems (Verheyen et al., 2015).
Furthermore, niche complementarity can increase functional redundancy between native and invasive species hence
reducing invasiveness risk (Funk et al., 2008).

Based on the species-selection protocol outlined above, the user of our decision-support tool is provided with different
options of species combinations that are best aligned with the restoration objectives and the planting site conditions,
and maximize additional trait diversity. This allows one to match the most appropriate species combination to local
realities, e.g. in terms of local preferences for species, and availability of germplasm. Cost associated with the use of a
large number of species should not be considered a disincentive, at least not in the mid to longer term. Experiences from
the Brazilian Atlantic Forest restoration pact which aims to restore 15 million hectares by 2050, have shown that with the
right (political and economic) incentives, the cost of seedling production does not necessarily inhibit the use of diverse
species combinations, so there is no plausible justification to avoid using high diversity of native species (Brancalion et
al,, 2010), as long as there is an adequate supply chain of native tree seedlings grown in nurseries.

3. ENSURING THE GENETIC QUALITY OF FRM

Once the species combination to be planted in a given area has been decided upon, information is provided on
recommended (mixes) of appropriate sources of FRM. The origin and genetic quality of FRM is positively related not
only to the survival, growth, productivity and adaptive capacity of tree populations (Reed & Frankham, 2003; Schaberg
et al., 2008; Reynolds et al., 2012), but also to wider ecosystem functioning and resilience (Gregorius, 1996; Reusch et
al., 2005; Whitham et al., 2006; Bailey, 2011) which is increasingly important in light of climate change (Sgro et al 2011;
Bozzano et al., 2014; Havens et al., 2015). In a meta-analysis of almost 250 plant species reintroductions worldwide,
Godefroid et al (2011) found that when restoration practitioners had some knowledge of the genetic variation of the
target species this significantly enhanced the survival rate from the first year after reintroduction, and this difference
increased over time.

Two main considerations in the selection of germplasm are crucial to avoid problems and bolster the adaptive potential
of planted forests. FRM should be (1) well-matched to the (present and expected future) conditions of the planting site
to ensure survival, growth and reproduction of planted trees and (2) genetically diverse enough to avoid adverse effects
of inbreeding, provide sufficient building blocks for adaptation to changing conditions through natural selection, and
enhance populations’ resistance to acute and chronic stressors, such as pests and diseases, drought and other effects of
progressive climate change (Thomas et al., 2014a). Inadequate attention to these considerations can result in different
degrees of failure in restoration (Gregorio et al., 2016). High initial mortality is a type of failure that is often manifested
early on and may still be “fixed * during the planting, maintenance or guarantee periods of restoration projects by
replanting with quality FRM. However, most other types of failure are manifested on much longer time scales, often
long after the monitoring phase has ended and project funds have dried up. One example is that trees do survive but
show suboptimal or poor growth when not well adapted to site conditions, an outcome consistently demonstrated by
provenance trials around the world (FAO, 2014). Another type of failure is delayed mortality, which may manifest
itself only after certain exceptional events such as the strong winter of 1984/1985 in the Landes region of France which
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destroyed a 30,000 ha plantation of Pinus pinaster Aiton, established with non-frost-resistant material from the Iberian
Peninsula (Timbal et al., 2005). A last example of failure is when there is a decrease in the quality and quantity of seed
production in planted forests -a typical effect of inbreeding (Broadhurst et al 2008)- which may jeopardize the long
term viability and resilience of plantations. For example, a comparison of self-pollinated and outcrossed offspring of
Douglas-fir (Pseudotsuga menziesii), 33 years after seedling establishment showed that the survival of selfed trees was
61% lower than that of the outcrossed trees and that the diameter at breast height of selfed trees was 41% smaller than
that of the outcrossed trees (for surviving trees) (White et al., 2007).

Good genetic quality of FRM can be achieved by application of seed collection protocols and adequate planning to
identify the seed sources best matched to the conditions of the restoration site (Thomas et al., 2015). For ensuring
genetic diversity in planting stock, among a series of other considerations recently summarized by Basey et al. (2015),
source populations should be large (at least 500 reproductively mature individuals), and seeds should be obtained
from a high number (ideally 30-60, but minimally >15) of mother trees per population; ideally collecting and mixing
seed from multiple suitable populations. It is important to note that quality seeds are unlikely to excessively raise the
costs of restoration efforts. In a review based on 40-50 years of experiences with tree seed supply systems in the global
South, Graudal & Lilleso (2007) estimated that (good quality) seed generally represents only 2-4% of total plantation
establishment costs. Also the cost of producing quality seed, for example harvested from a minimum of 40 mother trees
as compared to random collection from a few trees, is for most species, less than 5% per unit of seed collected (Graudal
and Lilleso 2007). When this is compared with the opportunity costs associated with failed plantings, the cost is small
indeed. In Atlantic Forest regions, many of the native tree nurseries work collaboratively and swap their material so
they have diverse genotypes represented in their nursery stock (Robin Chazdon, pers. comm.).

To ensure suitability of planting material (Figure 1, section 3), identification and selection of FRM should ideally be
guided by the strength of the interaction between genotype performance and current and future environmental conditions
(genotype-by-environment, GXE interactions), which are studied using multi-location progeny or provenance trials
and climate modeling, respectively (Sgro et al., 2011; Breed et al., 2013). However provenance and progeny trials of
native species in tropical dry forest conditions currently either do not exist in Colombia, or are not yet mature enough
to guide decision making. Therefore, recommendations for seed sourcing in our approach are based on a combination
of available genetic data and ecogeographic assessments. Neutral genetic characterization data of a number of model
species’ populations at representative sites across Colombian tropical dry forest remnants are used to identify areas that
are relatively genetically homogenous which, in combination with an ecogeographical analysis, is used to construct seed
transfer zones (Azpilicueta et al., 2013, Thomas et al. 2017). Seed transfer zones are geographical areas within which
plant materials can be expected to be moved freely with little disruption of genetic patterns or loss of local adaptation.

It has been shown that (i) ecogeographical boundaries can be useful proxies for delineating seed transfer zones (Miller
et al., 2011; Potter & Hargrove, 2012), and (ii) that genetic studies in model species can provide useful resources to
infer seed source guidelines from life history properties for species with no population genetic knowledge (Williams
etal.,, 2014). Accordingly, we constructed seed zones for species lacking genetic data through a combination of their
ecogeographic distribution profile and some of their life history traits, notably those related to mating system which
have been shown to correlate with patterns in neutral genetic diversity (Duminil et al., 2007). We acknowledge that
delineating seed transfer zones based on neutral marker data is not ideal since neutral and adaptive genetic diversity are
generally not ecologically equivalent measures of intraspecific variation (Whitlock, 2014), and neutral molecular markers
may or may not reflect the same genetic patterns as traits under natural selection (Mijangos et al., 2015). Therefore,
this approach has to be considered as a due diligence approach, given the absence of reliable GXE data for most if not
all tree species for Colombian TDFE.

Climate change will increasingly affect seed sourcing strategies (Havens et al., 2015). For example if temperature is
expected to increase by 2°C at a given restoration site, it may be wise to use at least some FRM from populations of a
target species which presently already grow under hotter conditions. A growing number of studies recommend the use of
seed from mixed sources, in different compositions to anticipate the potential impacts of climate change (Broadhurst et
al., 2008; Sgro et al., 2011; Breed et al., 2013; Prober et al., 2015). We use a decision tree which builds on those developed
by Breed et al. (2013) and Byrne et al. (2011) to select the most appropriate seed sourcing approach, depending on the
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evidence and confidence limits surrounding climate distribution modeling, and the knowledge of population genetic and/
or environmental differences between populations. For identifying TDF sites where current environmental conditions
are likely to be similar to those under future climate scenarios at a given restoration site, we applied the Ecogeographical
Land Characterization (ELC) maps approach (Parra-Quijano et al., 2012, 2014). ELC maps identify zones with similar
abiotic growth conditions based on selected variables grouped in bioclimatic, edaphic and geophysic components. ELC
maps can be used as proxies for delineating seed zones and can be projected to future climate conditions. For Colombian
TDF seed zones, we created an ELC map under present climate conditions covering the current TDF remnants using
non-collinear abiotic variables such as rainfall during the driest month, average daytime temperature range, soil pH
and cation exchange capacity, terrain slope, sunshine, among others. This ELC map was projected to future climate
scenarios (representative concentration pathways RCPs 4.5 and 8.5) using a Random Forest model. Joint interpretation
of current and future ELC maps allows identifying the current location seed zones that are expected to appear at a given
restoration site in the future.

The combined outcome of all the above analyses result in recommendations of most suitable seed sources and mixes
thereof for a given restoration site and tree species. Different options are always provided to enhance the convenience of
actually obtaining FRM in sufficient quantities within determined periods of time. Availability of seed is a constraining
factor in many restoration endeavors around the world, and this is no different for Colombian TDE, a situation which
is very likely to increase as the demand for restoration will continue to grow. To alleviate this situation we are compiling
a list of contact details of land owners, indigenous and local communities, individuals or institutions such as arboreta,
interested in contributing to providing seeds from TDF forest patches under their control. We plan to make contact
details of seed providers publicly available to potential buyers.

Seed provision can be a profitable business in Colombia, where one kilogram of seeds of certain tree species such as
Colombian mahogany (Cariniana pyriformis) can be worth more than twice a monthly wage. As people in rural areas
often do not earn even the minimum wage, such amounts can be attractive. For private landowners, seed provision can
be considered to be a type of payment for ecosystem services and hence can serve as an incentive to continue to conserve
TDF patches for the seeds they produce. Experiences from the Brazilian Atlantic Forest restoration pact have shown that
diversified strategies for obtaining planting stock are important to guarantee seed availability (Brancalion et al., 2012a)
and that harvesting of FRM can be a good avenue for generating income and jobs in rural contexts (Brancalion et al.,
2012b). However it is important that seed providers are trained in proper collection of FRM so it adequately captures
the diversity of local tree populations (Basey et al., 2015). In the longer term a certification system for seed providers
may be developed.

4. CONCLUSIONS AND RECOMMENDATIONS

Today, many if not most restoration projects in Colombia and beyond are opportunistic in the way they select and collect
FRM, using material that is easily available, but often of poor quality, putting at risk long-term success (Jalonen et al.
in press). Use of inadequate FRM may be even more likely as a consequence of limited restoration experience of the
many new actors emerging in response to the enormous restoration goals in Colombia and worldwide. Policy has an
important role in avoiding these risks. Decision makers first need to acknowledge that the targets in restoration projects
are not only quantitative but also qualitative, meaning that adequate attention needs to be given to the identity and
genetic quality of FRM. This was recognized by the 12th Conference of the Parties to the United Nations Convention
on Biological Diversity, which, in decision XII/19, indent 4(h), called for due attention to genetic diversity and the use
of native species in ecosystem restoration (http://www.cbd.int/doc/decisions/cop-12/cop-12-dec-19-en.pdf) (2014). The
implementation of this decision will require political commitment to create demand for good quality seeds of native
species through regulatory frameworks and resource allocations. As most restoration practitioners lack the capacity to
plan adequately for the selection of species and seed sources that best respond to the restoration goals, while enhancing
resilience against climate change and other stress factors, the development and use of user-friendly knowledge-based tools
and protocols such as the one we have outlined here (www.restool.org) should be promoted. Such tools and protocols
can then be used by governments, donors or implementers of restoration projects to ensure due diligence is applied in
the selection of appropriate species and seed sources.
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However, as these tools and protocols make extensive use of modeling, which have inherent uncertainties; they have to
be complemented with robust field experimentation. The time is now for Colombia and other countries, particularly in
the tropics, to invest in the establishment of provenance and progeny trails, arboreta and demonstration plantings with
native species across different environmental gradients, as such trials generate the most reliable data on site adaptability
and how this may change as a consequence of global warming. It will be critical to apply adaptive management and
learn from mistakes and failures and continuously integrate new knowledge in decision-making as it becomes available.
Countries also need to invest more in the establishment of functional seed distribution systems at different scales, to
ensure the availability of appropriate FRM at any given restoration site (Atkinson et al. 2017). This includes diversifying
seed supply by involving stakeholders at different levels of society, including small scale farmers, private land owners,
indigenous and local communities, and protected areas. Ensuring the quality of FRM harvested by these actors will
require capacity strengthening and possibly the development of certification schemes.
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SUMMARY

The coffee sector has recently faced several crises starting with the international low coffee prices in 2001 followed by
the recent infection by coftee leaf rust (Hemileia vastatrix) that affected producers all over Mesoamerica. The first crisis
generated various certification schemes to help producers cope with the stressors and to get them into the sustainability
production mainstream demanded by the market. The subsequent evaluation of the effectiveness of these certification
schemes has been increasingly discussed and evaluated. Here we used a mixed methods approach conducted by an
interdisciplinary team in Mesoamerica to assess the environmental outcomes related to adaptation and mitigation
practices observed among coffee farmers under sustainable certification schemes and traditional coffee farmers at similar
geographic contexts. Although none of the farms where shade-certified, we emphasized the analysis on the shade system
as a way to discriminate among biodiversity in shade trees, canopy closure and structural complexity among coffee
plantations as a proxy to assess the capacity of the system to hold biodiversity in light of the global trend on reducing
shade to increase productivity. We found that sustainable certifications could be an adaptation strategy by promoting
the implementation of agricultural practices that help preserve the environment, under the concept of Ecosystem-
based adaptation (Eba). In addition, it can help farmers increase their income. However, these benefits do not seem to
be exclusive of the certification schemes as non-certified farmers have adopted similar agricultural practices as well.
Although the intensification of coffee systems has been associated to biodiversity loss, the impact of the certification
schemes on biodiversity is less clear when addressed only by measuring tree species, canopy closure and structural
complexity. This can be explained by the limitations to attribute a particular practice to a certification scheme since
traditional farmers tend to improvise or reproduce similar agricultural practices.

1. INTRODUCTION

Coftee is the second most traded commodity after oil (Bernades et al., 2012; Toledo & Moguel 2012). International coffee
trade generates over US$90 billion each year and supports the livelihoods of 100 million people worldwide (Pendergast
1999; DaMatta & Ramalho 2006). Among the coffee producers, smallholder farmers produce over 70% of the world’s
coffee in 85 countries in Latin America, Asia and Africa in some of the most biologically diverse regions of the world
(Bacon 2005; UNFCCC 2007: Toledo & Moguel 2012). Unfortunately, coffee crops are very sensitive to climate changes
and extreme weather events (Magrach & Ghazoul 2015) and pests and infestations have severely impacted the region
(i.e. Georgiou et al.,, 2014). Aside from price volatility, extreme weather and pest infestation have been identified by
coffee farmers from Mesoamerica as the second and third stressors to coffee production (Castellanos et al., 2013). Yet,
the vulnerability of coffee producers to climate changes (i.e. exposition to a risk) differs from farm to farm depending
on the location and size of the coffee plot (see Haggar et al., 2013), the species and varieties grown (Jha et al., 2014) but
also on the management and subsequent agricultural practices and social organization of the coffee producers. These
complex array of coffee systems in Mesoamerica generates not only different yields but also different ecosystem services
widely recognized by the literature and traditionally associated with shade coffee plantations that may be at risk of
disappearing or become more fechnified with subsequent impacts on the ecosystem services including biodiversity loss
(Perfecto et al,. 1996; Moguel & Toledo 1999; Philpott et al., 2008; Gobbi 2000; Toledo & Moguel 2012).
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Why focusing on shade?

During the last three decades, the role of shade-coftee systems in biodiversity conservation has been widely addressed
as it has been the associated biodiversity loss related to intensified coffee production regimes (Perfecto et al., 1996: Jha
et al., 2014). Despite the fact that some certification schemes have proven useful in discriminating between different
types of shade coffee production (Mas & Dietsch 2004), the global trend shows a decline on the structural complexity
and tree diversity of shades systems as a tradeoff for increased yields on the short term (Kitti et al., 2006). This poses the
question of the overall impact of sustainable certifications on biodiversity conservation. On the other hand, concerns
about mitigation efforts related to climate change are focusing on the carbon storage capacity of the different coffee
systems and hence related to shade. Shade systems offer some buffer capacity for confronting increased climate variability
in coffee regions resulting from climate changes (DaMatta and Ramalho 2006). There is a call in recent literature (Mas
& Dietsch 2004; Jha et al., 2014) to expand our understanding between sustainable coffee management and sustainable
livelihoods and their subsequent impact on biodiversity. Here we use qualitative and quantitative methods conducted
by an interdisciplinary team in Mesoamerica to assess the environmental outcomes related to adaptation and mitigation
practices observed among coffee farmers under sustainable certification schemes and traditional coffee farmers at similar
geographic contexts.

2. METHODS

2.1 Sample selection

We selected a group of 42 coffee farms distributed across Mesoamerica including Mexico, Guatemala, Honduras and
Costa Rica (Figure 1). The altitudinal distribution of the plantations ranged from 1,190 m.a.s.l. to 1,758 m.a.s.l. Of those
coffee farmers, 23 were certified and 19 were non-certified coffee plantations ranging from 4 to 55 hectares. Ten farms
belonged to large holder producers and 32 to smallholder producers. All of the producers cultivate Arabica coffee (Coffea
arabica L.), which is most highly valued on international markets due to its taste and aroma. It was difficult to find all
farmers with the same certification seal in all four countries, so rather than focusing on a specific certification, we focused
on the usual practices promoted by various certification schemes.

Caribbean Sea

Figure 1: Map showing the location of the study sites
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2.2 Assessment of agroecological variables

We evaluated several agroecological variables related to the three pillars of Climate Smart Agriculture (CSA): the crop
productivity, ecological conditions that may favor adaptation of the plantation to climatic changes and the ability of
the system to contribute to the mitigation of greenhouse gas emissions. The specific variables measured were: a) coffee
production b) plant biodiversity, c) canopy closure d) disease and pest incidence and e) carbon sequestration. We evaluated
one hectare per plantation for each farmer. Within each hectare, 4 interior plots (20 m by 30 m) were established to
measure each variable described above.

2. 3 Survey of agricultural practices and certification perceptions

We administered a survey to explore the experiences and perceptions of farmers with respect to certification schemes
(one certified farmer was unable to complete the survey, reducing responses to 41). The survey explored general aspects of
the coffee plantation and specific aspects related to certification such as perceived benefits, information about the process
to get certified and the costs associated with it. Producers with certification were also asked about their experiences
with the certification process and outcomes. We collected data about productivity, production costs and the final sale
price. We also triangulated information on agricultural practices measured on the farm with qualitative methods using
information provided by the farmer. Finally, we inquired about the perceptions that producers have about the changes in
the incidence of pests and climate, how this has affected them and what actions have been taken to address this situation.

3. RESULTS

3.1 Biodiversity

We evaluated the number of tree species used as coffee shade and their subsequent vegetable strata within the coffee
plantations. The analysis did not find a significant difference in the average number of species of shade trees between
certified and noncertified plantations. The most common tree species were those of the genus Inga, Grevillea, and
varieties of Musa sp. Although there is no significant difference between certified and noncertified tree species richness
(p> 0.05), we observed a trend towards more tree species in certified farms than noncertified ones. This finding is
similar to those by Philpott (2007) and Haggar et al., (2015) were the organic (certified) farms had greater tree species
richness compared to conventional farms. We also found that at country level, Guatemala shows the greatest number
of tree species within the coftee plots.

Similar to the finding from Philpott et al., 2007 in Chiapas, we could not find significant differences in vegetation
characteristics yet, both the certified and uncertified producers from Guatemala and Honduras tend to have greater
diversity of plants within the plantation and could enable these farmers to acquire a more specific shade-certification.
Although these findings cannot be explained only by the certification, there is a cultural component that influences how
the producers, in particular the small ones, manage their plots. For instance, these smallholder farmers have started to
diversify their shade to get some produce to sustain their nutrition. This diversification of shade systems in smallholder
farms may be an important agricultural practice that helps farmers adapt to climate changes, fight price volatility and
production costs but may also be supporting biodiversity as suggested by Méndez et al 2010.

3.2 Carbon fixation and shade percentage

The findings show that the total amount of carbon stored in certified plantations is higher, and this relates mainly to
the higher number of shade trees. The difference was not statistically significant probably due to the high variability
shown by the data. Shade trees are a requirement for certification, thus it is expected that shade be more prevalent in
certified plantations.

The analysis of shade cover shows that certified farms tend to have denser shade (62%) than noncertified (51%), this result
suggests better environmental characteristics for certified farms, for example: improved quality of habitat for biodiversity.
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But is important to clarify that microclimates at regional levels usually dictate the adequate shade percentage needed to
adjust for the right humidity of the farm according to its locations and despite the certification.

3.3 Pest and diseases

Coffee leaf rust (Hemiliea vastatrix) appeared as the most serious plant health problem for coffee producers during the
study period. Field assessments estimated that 60% to 90% of coffee plants in all four countries showed infestation.
Yet, no statistical significant difference between certified and noncertified farms was evident. Apparently, the practices
promoted by certification do not reduce the impact of pests on coffee plantations. Whether this is also related to the
lack of statistical difference between shade compositions remains an important subject of study. This could have an
impact on biodiversity because if the agricultural practices in place now remain useless to prevent pests and infestations
like the Hemileia vastatrix, an altitudinal shift of the plantations as the only effective adaptation strategy could create
conflicts with high-biodiversity cloud forest at higher elevations from the coffee plantations as highlighted by Magrach
& Ghazoul 2015. This same altitudinal shift could also give room to less biodiverse crops creating a double loss of
biodiversity; one on the retreating side in the lower part of the altitudinal distribution of coffee and one in the higher
limits where forest could be removed.

4. CONCLUSIONS

Certification schemes entail a number of practices that according to our data are associated with increased shade cover,
increased carbon sequestration and soil conservation, practices associated with climate smart agricultural systems.
However we also found that many of these benefits and practices are also associated with noncertified plantations,
suggesting that these practices were already in use prior to certification, or else, they have been adopted by noncertified
farmers who observed certified plantations. The number of noncertified farmers perceiving benefits in practices such as
soil conservation and shade management suggests that these agronomic practices are widely seen as beneficial and are
not necessarily pursued because of obligations under certification. Therefore, environmental certifications may expand
important agricultural practices.

At the same time, our study found no clear evidence that certified plantations foster more resilient plantations than
noncertified plantations. Both kinds of plantations experience similar vulnerability to pests, coffee plant diseases, and
extreme weather events. Some producers perceived benefits from following sound environmental practices in their
agricultural labor required by certification schemes. When the quality of coffee is the main goal, good agricultural
practices make sense to achieve consistency in production.

The relationship between certification and social and environmental outcomes is complex. Further research is clearly
needed to demonstrate the “climate-smart” aspects of specific agronomic practices, and to communicate these benefits
to farmers who face climatic stress. In general, certification does appear to be a pathway toward improved social and
environmental outcomes for farmers, but it is not the only pathway. A focus on the underlying agronomic practices and
their benefits, and how these can be expanded to a broader population, regardless of reliance on certification schemes,
would appear to be a strategic policy opportunity for the Mesoamerican region.

5. RECOMMENDATIONS

The results of this study highlight the importance of shade coffee systems, for its positive impact on the environment
as a reserve of biodiversity and storage of sequestered carbon and its positive impact on the local and international
economy. We recommend more studies where shade-certified coffee systems can be included and compared to other
sustainability-oriented certifications.
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4. CONCLUSIONS, FURTHER RESEARCH AND
GENERAL RECOMMENDATIONS

The contributions to the symposium have documented the relevance of research for understanding climate change and
biodiversity, on how climate change is impacting natural ecosystems, threatening the natural capital and livelihoods of
rural and indigenous people. Scientific findings have also shown that social processes can have an even higher impact
on important resources for human populations, such as water and how some solutions based on nature, such as forest
restoration, ecological intensification of coffee plantations, land-use planning of local and indigenous communities, and
other strategies related to nature, can better respond to climate change. Despite the advances made, more research is
needed to reduce uncertainties, understand the interactions among different levels or system organization, and propose
tailored solutions for local people and biodiversity on how to best cope with climate change.

The results here presented should also contribute to the design of more appropriate policies towards scaling-up of
solutions at national or regional levels. Nevertheless, solutions such as investment in agricultural productivity, reduced
food waste, development of interconnected protected area networks and many other efforts to reduce greenhouse gas
emissions from other sectors require important behavioural changes. Those changes as well as intensive strategic and
multidisciplinary work will be required by governments, private companies, consumers and farmers.

The following paragraphs summarize the findings, knowledge gaps and main recommendations from the documents
included in this volume as well as those coming from the presentations and discussions that took place during the
two-day Symposium. They are the support to the Lima Declaration on Biodiversity and Climate Change (see Annex).

The Symposium used as framework for discussions, issues regarding climate change mitigation from the Intergovernmental
Panel on Climate Change (IPCC) 5th Assessment Report (AR5), the state of implementation of the Convention on
Biological Diversity (CBD) Strategic Plan 2010-2020, and the 4th Global Biodiversity Outlook (GBO, 2014). The IPCC
report has confirmed the great influence of the Anthropocene on current CO, emissions levels and its consequent
impacts on human and natural systems. At the same time, the GBO has shown that there has been progress towards
implementing the strategic plan, but at rates that are still insufficient to halt the loss of biodiversity and achieve the
agreed targets by 2020.

SOME FINDINGS

On tropical forests and carbon fluxes. Variation in the species that occur in different lowland tropical forests determines
patterns in aboveground carbon stocks and productivity.

o Taller trees and with high wood density store more carbon, thus, tropical forest in Borneo carry more carbon
than Amazonian forests.

« Species diversity does not show a relationship with carbon stocks, as exemplified by peatland ecosystems
(aguajales).

The resilience of forest carbon stocks to environmental change is enhanced where a wide range of species with different
adaptations co-exist.

o In Ghana, forests have increased in biomass despite a long-term drought, thanks to a shift in composition
towards dry forest species.

« Remote sensing analyses of carbon and vegetation models of the trajectory of the tropical forest biome need to
incorporate variation in species composition.
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Long-term, large scale studies of tropical forests, such as the RAINFOR network of plots, are shedding light on Amazon
forest dynamics changes. By growing faster, trees have gained biomass, but they are also dying faster. Climate change
and the accelerating carbon fluxes are themselves feeding back on the rate of global climate change.

Monitoring seasonally flooded forests with a network of plots helped to show a distinctive vegetation composition, low
in diversity but comparable to poor white sand-soil forests. Aboveground Carbon storage is also comparatively lower
than in terra firme forests, but belowground is significantly higher than any standing forest; with pole forests storing the
greatest densities of carbon in Amazonia (1391 + 710 Mg C ha’, see Honorio, this volume). They are extremely dynamic
over time and sensitive to changing environmental conditions.

Tropical peat swamp forests (PSF) store large amounts of carbon in the soil. Yet accurate inventories of their contribution
to the carbon pool and the stage of degradation are still in progress. For instance, half of Indonesian PSE, the largest
tropical peatlands have been lost already, by draining. In Peru, large areas of dense plan swamps (of Mauritia flexuosa)
are under threat by logging; these conversions can translate into significant reduction of tree carbon stocks although
soil carbon losts have not yet been calculated (Hergoualc'h et al. 2017).

PSF need more studies in upper-amazonian forests. Mapping, description, coverage and characterization of peat swamps,
tracing gas emissions, and degree of degradation are missing information that will be useful for designing, for instance,
REDD+ projects on these carbon rich ecosystems. In this line, it was recommended to:

« Embrace new technologies and ‘state of the art” analyses, including early engagement with new satellite
missions: provide opportunities to develop human and institutional capacity to achieve this

o Focus on ‘critical ecotones’ or key environmental gradients: e.g. cloud base in montane forest; mosaics of
flooded forests; dry/wet forest ecotone

o TCollect long-term, field-based monitoring data, which are very important to develop our understanding of
the effect of climate change on biodiversity

« Develop and use big, multidisciplinary datasets based on collaborative science, open access data, linking local
with existing international initiatives

Studies along elevation gradients are helping to explain forested ecosystems and predict climate change impacts. In the
tropical Andes, plant diversity is maintained until 1700 m approximately above 150 species, decreasing to less than 30
species at the treeline at about 3400 m; most tree species have narrow altitudinal distributions.

Net primary productivity (NPP) also decreases with elevation but the transition is abrupt at around 1600-1700 m asl,
due to a dry season produced by the decline in cloud presence.

Decomposition processes also change with altitude, switching from macro-fauna soil to microbial organisms, dominated
by fungi (instead of bacteria) at higher elevations; amount of carbon storage also changing from above ground to
underground, at higher elevations. Under climate change conditions, it will be expected that warming will increase the
loss of carbon from soil more than it increases gain of carbon in tree biomass.

Although tree species are migrating upslope, migration is occurring at a slower speed than expected from changes in
temperature, especially on those species at the timberline, suggesting that other factors than temperature are involved
related to those changes (Feeney et al. 2011, 2012).

In the marine realm, the relationship among changes observed in biodiversity, climate and ocean characteristics are
still unclear. The larvae and plankton export” mechanisms to the oceanic realm and their influence on the inter-annual
variability in the recruitment of keystone species are unknown, but data recently gathered and models suggest that
intense shelf-open ocean exchanges take place at the transition between the South Brazil and Patagonia shelves. Marine
bird populations, like the Peruvian pelican (Pelecanus thagus) are showing extreme behavioural changes such as nest
abandon, for which a premature extinction can occur.

It is also still unclear how coastal productive ecosystems exchange mass, nutrients and species within them and with the
neighbouring deep ocean and the way they will respond to changes in circulation and winds. An improved knowledge
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of exchange processes between continental platforms and deep oceans is essential for better understanding, modelling
and prediction of future evolution in productivity and biodiversity in response to climate change.

Knowledge gaps of marine organisms such as sponges, jellyfish, corals, about which very little is known from the species
diversity and phylogenetic from the Pacific Ocean neighbouring South America.

ON THE IMPACTS OF CLIMATE CHANGE ON BIODIVERSITY, SOCIAL-ECOLOGICAL SYSTEMS
AND ITS MEASUREMENTS

Climate change is impacting also in temperate forests. A monitoring programme in Bavaria, Germany, over an altitudinal
transect, has provided evidence that summer drought triggers large scale disturbance by bark beetles; that taxonomic
groups respond differently to macroclimate, pointing out that community s composition is under re-organization
within and across taxonomic groups. Notably, high-altitude montane populations have shown to be highly vulnerable
to climate change. Loss of species might happen because of a narrow elevation range which limits an upward escape.
Finally, changes in assembly patterns encompassing macroclimate changes have the potential to change functional
diversity of those assemblages and hence potentially ecosystem processes and services.

On measuring vulnerability of species. ITUCN methodology is a suitable tool for a wide range of organisms. It combines
best aspects of available approaches (use predicted changes and effect on species). It is important to validate species
evaluations made with IUCN tool by using responses to climate change observed with monitoring data. By doing this,
it includes impact of human responses to climate change, and the interactions of climate change with other threats. It
also translates vulnerability studies into strategies for managing adaptation to climate change.

Wireless sensor networks can change the paradigm on when monitoring data can be processed. Processing data flux in
real time, through platforms of such as Enviro-Net, could revolutionize our comprehension of responses of tropical
systems to global environmental changes (www.tropi-dry.eas.ualberta.ca). This, in turn, will help us to better predict
future responses, anticipate changes and respond in a timely frame, thus involving better informed decision-making.

Camera traps are also an automatized methodology used more and more for documenting presence and stage of wild
populations in Amazonian forests, especially for mammals and birds in remote protected areas.

Much research needs to be made on host-pathogen interactions in the tropics, under climate change conditions, such as
increased air temperature and reduced precipitation. For instance, fungal diseases are responsible for losses of at least
10% of global food production, representing a threat to food security (Strange & Scott, 2005). Furthermore, these losses
occur more in developing countries that lack proper infrastructure. Host-pathogen relationships are well suited to a
dynamical analysis of the effects of climate change due to the direct linkages between pathogen behaviour and abiotic
factors such as temperature and rainfall, in natural conditions. These relationships are known to affect recruitment of
some Amazonian plant species. Seedlings of the palm Iriartea deltoidea experience significant mortality due to infection
by the fungus Diplodia mutila, illustrating the temperature sensitivity of the fungus, and of I. deltoidea seedling mortality
in response to infection (Alvarez-Loayza et al, 2008).

Climate change is affecting the livelihoods of Amazonian populations. Recent climatic fluctuations in flooded forests of
the Peruvian Amazon have impacted both the biodiversity of wildlife and livelihoods of local people. The drought in
2010 caused decreases in fish, dolphin and wading bird populations. Fishing and hunting activities are changing due to
changes and extreme events in rainfall seasonality. These impacts are resulting in a greater vulnerability of indigenous
communities’ food security.

On biodiversity and human health. Climate change is perceived to worsen current health challenges. Biodiversity, at the
species level and across a wide range of organisms, including micro-organisms and gut microbiota, have a positive effect
on human health, by providing food security, nutrition, clean water, clean air, among others services. But biodiversity
also possesses some risks to human beings, vector —-borne diseases including mammal-borne viral diseases, snakebite
envenoming and plant pathogens; changes on these services need to be understood under climate change and sustainable
development contexts.
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It is recommended to apply the One Health approach stressing the importance of a systemic transdisciplinary approach
to analyse and protect health of all beings, as they are all interrelated, thus supporting the planetary health approach.

Strengthening capabilities of programmes and strategies on public health, especially on vector-diseases, will improve
the resilience of most marginalized people, living in remote areas or poor conditions, with limited economic resources
and limited access to health care services.

On data availability and quality. Data-bases are currently insufficient and require higher investment and resources to
collect, systematize information, and quality control. Whenever possible, information should be made freely available.

o Expand existing networks (such as GBIF), engage more potential data publishers
o Invest in capacity to mobilize data.
« Develop strategies for digitization, identify data gaps

o In the same way, similar levels of investments are needed to recuperate, organize and curate grey information
that could be mise en valeur.

Requires the establishment of mechanisms of transparency and open data access concept widely acceptance in
all research and academic education.

o As a complement, it is necessary to establish networks for exchange and knowledge management.
« Improve data quality through engaging expert communities and key users
« Improve data citation, reproducibility of research e.g. through use of DOIs for datasets and downloads

 Promote and engage in new data types for biodiversity, e.g. sample-based data including abundance using
standard protocols

o Also always consider non-climatic threats and biological characteristics of organisms and phenotypic and
ecological plasticity.

ECOSYSTEM -BASED SOLUTIONS AND OTHER APPROACHES TO COPE WITH CLIMATE CHANGE

Effective conservation strategies depend on incorporating knowledge of the ecological and socio-economic dimensions
of the system. Examples in this volume include: Tamshiyacu-Tahuayo, Peru — with riberefio communities; Costa Rica -
in agricultural systems; Madidi, Bolivia indigenous local communities land-use planning.

In order to further inform integrated territorial management processes it is important to develop our understanding on
the cost-benefit of different economic alternatives and scenarios, both of different economic activities as well as different
infrastructure uses.

The landscape connectivity needs to be understood, for both ecosystems and species diversity, such as altitudinal and
latitudinal corridors and wildlife corridors, and preferably at multiples scales and/or basin scales.

Water resource concerns in highland Andean ecosystems can be driven more by increased demand by people rather than
by the shifting climate itself. Thus, biodiversity concerns and ecosystem services in changing tropical landscapes such
as these must be assessed in reference to both social and eco-hydrological processes.

More proactive management and planning could be done by social actors who focus on the demand-side of water
resources, which would need to be informed by social science approaches, rather than being limited to debates about
water supplies; much more needs to be done on governance issues.

In all these efforts, the requirements of native species of plants and animals need to be also considered, in terms of
environmental flows in the streams and rivers, and of habitat connectivity in regards to the species most affected by
warming temperatures and shifting humidity regimes. Both social justice and ecological benefits should be criteria utilized
to improve socio-ecological systems.
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On forest restoration. The concept of restoration has different, audience-specific meanings and interpretations, ranging
from recovering a pre-disturbance situation (ecological restoration) to establishing biodiversity-friendly land-use
practices with a principally productive focus (forest landscape restoration).

On areas of overlap of current and future distribution conservation priority should be given to conservation
activities. But future habitat distribution areas should be subject to restoration, reintroductions and the
establishment of biological corridors.

Restoration and biological corridors should be established to promote the successful dispersal required; and
ex-situ conservation is recommended when dispersal is not possible due to distance from future distribution.

Climate change challenges for landscape connectivity when designing biological corridors. Efficient
conservation strategies depend on analysing ecological data in interaction with socio-economic dimensions.

Combination of carbon data, socioeconomic dimensions, connectivity indicators and niche models as a basis
for conservation planning in productive landscapes requires compatibility of assessment and management
scales.

Forest restoration projects can derive great benefit from integrating climate modelling, functional trait analysis
and genetic considerations in the selection of appropriate tree species and sources of forest reproductive
material, for their critical importance for the delivery of ecosystem services and the viability and adaptive
capacity of restored forests.

Targets in restoration projects are not only quantitative but also qualitative. There is a need for political
commitment to create demand for good quality forest reproductive material of native species through
regulatory frameworks and resource allocations.

User-friendly knowledge-based decision-making tools need to be developed and mainstreamed to assist
emerging restoration practitioners with the choice of tree species and sources of forest reproductive material.

o Countries need to increase experimental field setups such as provenance and progeny trials for native
species to validate decision tools and apply adaptive management under climate change.

o Seed supply systems for restoration need to be diversified by involving and training stakeholders at different
levels of society.

On monitoring & modelling. Monitoring data are helpful and important to reveal subtle changes of biodiversity due to
climate change. For instance:

o We need model study areas (e.g. National Parks), places to learn and to discuss.

e Setting up and continuing biodiversity surveys combined with field experiments are important to gather a
deeper understanding on the on-going ecosystem processes and ecosystem services.

o Monitoring marine productivity and components in relation with climatic variability is a key issue for
maintaining health ecosystems and to avoid collapse on sensitive components of this interrelated chain.

To assess the impact of climate change at local and regional scales, we need historic time series covering a broad
range of different taxonomic groups, including data at the community and ecosystem levels (functioning,
processes). Assessing the impact of climate change a posteriori by using this information will help to evaluate
the performance and reduce uncertainties of modelling future potential scenarios.

Efforts to maintain analysis and make use of these data need to be increased and supported, as they will
provide the information to reduce uncertainties about future changes.

Modelling the effects of climate change on biodiversity on large spatial scale is important; however, effects
take place on a regional and local scale. Therefore, the relationship among spatial scales needs to be further
understood, and, at least taken into account when drawing national policies.
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GENERAL REMAINING QUESTIONS FOR RESEARCH:

Which species and how, will change their geographical distribution with climate change?
Proof methods based on species characters (or features), to measure vulnerability against observed data.
What are the causes for changes observed in biodiversity?

What is the impact (footprint) of divers “drivers”; make careful sampling /experiments to detect isolated effects
of different factors?

What factors will they have over functioning, changes in ecosystem composition?

Is resilience proportional or constant with biodiversity?

How will these changes affect human livelihood - e.g. food resources?

How will disruptions in organism interactions affect biodiversity?

Which are the common factors promoting success of different conservation strategies in diverse contexts?
How effectives are/will be current conservation strategies under climate change conditions?

An analysis at regional scale of ecosystems vulnerability to climate change and connections to adaptation
strategies is still missing.

RECOMMENDATIONS FOR SCIENCE-POLICY INTERACTIONS

The following recommendations were made by participants:

Promote global mechanisms for monitoring the sustainable use of biodiversity, giving special focus to more
sensitive areas, such as mining, which affects water sources and biodiversity. Researchers can contribute to
review national legal frameworks, from the economic, governance and ecological perspective and developing
models affecting biodiversity.

Persist in reducing the gap between science and policy, actively integrating research and academic institutions
in designing and supporting policy strategies, by promoting national and sub-national networks collecting
policy and more vulnerable social group needs, at local levels, thus enabling decentralization and more
inclusive approaches.

Promote knowledge dialogues and interdisciplinary projects and initiatives reflecting the contribution of
a diversity of social and natural sciences, and traditional knowledge for the conservation, restoration and
sustainable use of biodiversity in the framework of climate change.

Given the information gaps on marine issues, adding up to the uncertainty on the impacts of climate change
for national economies, it becomes clear the need for public policies to support and motivate the development
of research across a wide range of institutions and universities, diversifying also the coverage of topics, from
natural to social sciences.

Technology transfer and capacity building are also needed to improve knowledge on biodiversity functioning
and potential uses, thus allowing more sustainable use of marine resources, including by aquaculture.

Support the inclusion of climate change in education and academic processes, encouraging young researchers
by providing suitable infrastructure.

At national levels, it is urgent to embrace the ecosystem approach in fisheries, not only to the sustainable use
of one resource. It is necessary to take into account the whole ecosystem to keep it resilient through time.
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Generate and improve dialogue opportunities among researchers and decision-makers, building common
agendas, disseminating successful experiences and deepening experiences on measures and initiatives for
climate change adaptation.

« The information flux from science should not be unidirectional; for this to work properlyan agenda orienting
towards the research needs for public policies needs to be established. Establish formal and informal
communication - ‘pipelines’ to allow information to flow among scientists and to and from policy makers.

Managing biodiversity implies also interactive processes to establish objectives, evaluate changes and adapt
management according to the dynamics of the ecosystems.

Monitoring the species distributions and reduction of threats will be key for maintaining livelihoods quality of
people, especially of those living in rural areas.

Ideally, coordinating bodies should be created to establish and implement agendas, discuss results, and
motivate new questions, but this will need some resources from public treasury.

» Amazonian natural protected areas should include the complete range of flooding ecosystems.

Long-term monitoring of flooding Amazonian forest is necessary to understand the resilience of these
ecosystems to climate change.

Intensify efforts to monitor and to evaluate the socio-ecological and socio-hydrological dimensions of change
in glaciated mountain ranges.

National and regional (continental) efforts on monitoring physical, chemical and biological marine variables
are needed to register and understand impacts of climate change on marine ecosystems.

Proper procedures concerning shipping specimens of marine organisms for scientific identification need to
be put in place, as for terrestrial organisms, to remove obstacles for research collaborations and advancing

knowledge on marine biodiversity.

Promote, support and follow-up processes of diversified agriculture, organic agricultural production and fair
commercial channels. When possible, increase access to credits and establish agricultural insurance to cope
with climate change impacts.

Extend technical assistance, access to climate information and strength local organizations capacities.

Financial mechanisms to support territorial management must be established by documenting the multiple
benefits to equitable development and conservation.
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Annex: The Lima Declaration on Biodiversity and Climate Change

ANNEX:
THE LIMA DECLARATION ON BIODIVERSITY AND CLIMATE CHANGE

The 5th IPCC report overwhelmingly shows clearly that global overheating is caused by human activities. To date,
research has revealed many of the impacts of climate change on our planet’s ecosystems, but it has also become clear
that many of the peculiarities associated with how these ecosystems are responding are still unknown. Meanwhile, the
Global Biodiversity Outlook 4 confirmed that despite the efforts that have been made, the rate of biodiversity loss is
increasing and the state of biological diversity will continue to deteriorate unless enhanced efforts to reduce these trends
are implemented at the local, national and regional level. This, as is understandable, creates a situation of uncertainty
about what is happening and what is to come.

In this context, we commend the response of researchers who answered our call to inform us and other policy-makers
about the state of the art in research on the impact of climate change on biodiversity, its vulnerability and adaptation
today and in the near future. We also welcome the response of the Secretariat of the Convention on Biological Diversity
as well as the international organizations that have actively contributed to the development of this event. Peru remains
committed to the goals of both the Convention on Biological Diversity, and the Framework Convention on Climate
Change, and we feel a responsibility to promote the synergies necessary to achieve adequate and timely contributions
to help to achieve those goals.

We are sure that, to the extent that research provides conclusions based on relevant observations, these conclusions will
contribute to the reduction of uncertainty in our estimates of the impacts of climate change. Furthermore, these results
will help strengthen the quality and consistency of the decisions we take both in Peru and at the regional, or even global,
level, regarding the integration of biodiversity into policies for mitigation and adaptation to climate change, as part of
an integrated, intersectoral approach.

This dialogue with researchers to translate scientific information into public knowledge, facilitates the understanding and
application of these results when discussed together with policy-makers and also, to some extent, private sector leaders
and society at large, who are hereby called upon to co-participate in decisions related to climate change and biodiversity.

Finally, this Declaration will reinforce the importance of scientific research related to climate change and biodiversity,
not only in Peru, but in the Andean region and in South America in general, as well as the corresponding agenda. Our
natural heritage constitutes a comparative advantage; the conservation and sustainable use of biodiversity will allow us
to meet the enormous challenges of global change and sustainable development.

Lima, December 9th, 2014

Gabriel Quijandria Braulio Ferreira de Souza Dias
Vice-minister of Environment Executive Secretary
Peru Convention on Biological Diversity
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INTRODUCTION

From 27 to 28 of November 2014, on the margins of the twentieth Session of the Conference of the Parties to the
United Nations Framework Convention on Climate Change (UNFCCC), an international group of scientists, invited
by the Ministry of the Environment of Peru, the National Council for Science and Technology and the Secretariat of
the Convention on Biological Diversity (CBD), with the support of the Inter-American Institute for Global Change
Research (IAI) and the German Cooperation for Development (GIZ), met together to analyze the results of their
recent research and to discuss with policy-makers about the implications of this work for action on biodiversity and
climate change at national, regional and global levels.

FINDINGS:

The scientific findings relate to understanding firstly the nature of the threat - the impacts of climate change on
biodiversity, how biodiversity influences the vulnerability or resilience of ecosystems to climate change, techniques to
assess extinction risks across species and communities, how human activities may exacerbate the impacts of climate
change and the technologies available to measure and report these changes. Secondly, the findings also address
solutions that enhance carbon stocks, conserve biodiversity and improve human well-being through ecosystem
restoration, community-level approaches to conservation, incentives to promote sustainable land-use practices and
coherent policy frameworks.

Specifically, the work presented at the conference demonstrated that:

o Biodiversity can enhance the resilience of ecosystem structure to environmental changes, such as prolonged
drought.

However, biodiversity is changing across many different taxonomic groups and biomes, including mountains,
oceans and forests, as a result of a wide range of recent environmental changes such as increasing temperature,
and increased frequencies of extreme floods and droughts.

o Environmental changes and ecosystem disruption, including the loss of biodiversity, have often been shown
to increase the risk to people from zoonotic and other emerging diseases, as well as from wildlife species that
present dangers for humans, livestock and agriculture.

o Direct human activities, such as hunting, can exacerbate the effects of climate change on biodiversity.

o Effective sustainable management requires understanding both the ecological and socioeconomic dimensions
of the problem and requires coherent policies at all levels of government.

Possible solutions include community-based projects that provide economic or other benefits, carefully
designed restoration projects, and/or appropriate incentives to support ecologically sustainable land-use
practices.

RECOMMENDATIONS FOR FUTURE RESEARCH:

In terms of recommendations for future research, the symposium identified the need for:
a. multidisciplinary research on the links among biodiversity climate change, and the socioeconomic factors

b. research on the resilience of ecosystem services such as carbon storage and food resources with changing
biodiversity under climate change;

c. improved methods to predict the vulnerability of species and communities to climate change; and

d. evidence-based recommendations on the characteristics of conservation projects that successfully promote
enhanced carbon stocks, conserve biodiversity and improve human wellbeing.
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To achieve these research goals, there is a need to:

a. support long-term, field-based, monitoring of natural and human-influenced landscapes along critical
ecotones and key environmental gradients;

b. support the development and uptake of new technologies that provide relevant environmental data over large
spatial and fine temporal scales, and analytical methods to model and predict the response of biodiversity to
climate change and tools to allow a rapid exchange of data and results among scientists and policy-makers;
and

c. develop assessments and scenarios that fully integrate drivers and impacts of climate change and biodiversity
loss, and related response actions. This includes scenarios to meet all internationally-agreed sustainable
development goals, including goals for climate, biodiversity, food security and poverty reduction.

There is also an important need to further strengthen the capacity of research where it is most needed; in particular,
more research is needed from developing countries.

RECOMMENDATIONS FOR POLICY-MAKERS:

Reducing impacts and vulnerability

Biodiversity and ecosystems, including forests, oceans and mountains, are already impacted by climate change and
these impacts are projected to grow, depending on the scenario. Urgent global action to reduce emissions is therefore
essential to limit loss of biodiversity and related ecosystem services.

At the same time, there is a need to address other synergistic drivers, such as land use changes, overexploitation, pollution,
and invasive species. Usually, these drivers are more tractable and can be addressed at local, national and regional scales
and over shorter periods.

In particular there is a need to take action to avoid passing risk thresholds or “tipping points” (e.g. forest/savanna
transitions, ocean acidification, coral bleaching), in particular, those that would have potentially catastrophic impacts
on human well-being.

For example, in the face of ocean acidification, coral bleaching and sea level rise that threaten the survival of coral reefs,
it is possible to take local, national and regional action to reduce land-based sedimentation and pollution, overfishing
and unsustainable coastal development, at the same time as contributing to global efforts to reduce emissions. Similarly
in the face of droughts within Amazon forests, and associated increases in fire frequency; it is possible to increase the
resilience of these ecosystems by protecting and restoring forest areas and reducing forest degradation.

Adapting to climate change impacts

Ecosystems can be managed to limit climate change impacts on biodiversity and to help people adapt to the adverse
effects of climate change. Therefore, ecosystem-based approaches should be integrated into relevant strategies - including
adaptation strategies and plans — and implemented. Such ecosystem-based approaches for adaptation include sustainable
management, conservation and restoration of terrestrial and marine ecosystems, as part of an overall adaptation strategy
that takes into account the multiple social, economic and cultural co-benefits for local communities.

Contributing to the mitigation of climate change

Ecosystems can be managed in a way that increases carbon sequestration and decreases carbon emissions. Such ecosystem
management activities should be implemented, including:

« the protection of natural forests, natural grasslands and peatlands,
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the sustainable management of forests considering the use of native communities of forest species in
reforestation activities,

sustainable wetland management, restoration of degraded wetlands and natural grasslands,

optimization of fisheries management with an ecosystem approach,

conservation of mangroves, salt marshes and seagrass beds,

sustainable agricultural practices and soil management.

Avoiding negative impacts of climate change mitigation and adaptation activities on biodiversity and ecosystems

In planning and implementing effective climate change mitigation and adaptation activities, including the use of renewable
energies and economic incentive measures, the impacts on biodiversity and the provision of ecosystem services, and
related social and cultural aspects, should be taken into account with a view to avoiding or minimizing such impacts.
Conversion of areas of particular importance for biodiversity or the provision of essential ecosystem services should
be avoided.

In particular, action on climate change needs to fully take into account land use and land-use change in order to avoid
perverse outcomes such as the loss of forests and other natural ecosystems and the associated loss of carbon stocks,
biodiversity and ecosystem services.

There is a need and opportunity to make full use of the potential for the conservation and restoration of ecosystems to
contribute to climate mitigation and adaptation.

CONCLUSIONS AND WAY FORWARD

The symposium was held following the publication of the IPPC’s 5th Assessment report and the fourth edition of the
Global Biodiversity Outlook (GBO-4) with the aim to assess the current state of scientific knowledge on biodiversity
and climate change, identify potential areas for collaboration and forward recommendations to delegates at the 20t
session of the Conference of the Parties to the UNFCCC (COP 20).

The 5th assessment report confirmed that it is extremely likely (95% to 100% probability), that human influence has been
the dominant cause of the observed warming of the atmosphere and the ocean since the mid-20t century. The report
documented both observed impacts of climate change on biodiversity and human well-being, as well as and projected
impacts according to a number of scenarios. It also set out options for mitigation actions. It is clear that keeping climate
change within two degrees Celsius will require very stringent mitigation actions.

However, the GBO-4 shows that it is possible to limit climate change, protect biodiversity and attain food security. This will
require political coherence: a clear policy and legal framework, incentives, compliance, monitoring and public support.

We believe that this information is extremely relevant to countries to draw strategies for adaptation to climate change,
and to the conservation and sustainable use of biodiversity. We therefore encourage governments to communicate this
information effectively within countries, and also to promote exchange of information and explore collaborations that
provide opportunities for mutual learning.

In turn, we, the scientists engaged in this declaration, realize that science has to make timely contributions to policy-
makers to foster responses to cope with climate change, sustainable development, and human well-being.

In particular, scientists and policy-makers recognize that these agendas should be a priority for implementation within
Peru. With its high level of biodiversity and substantial carbon stocks, as well as the wide-ranging predicted impacts of
climate change, Peru is uniquely placed to lead and benefit from research in this field. These efforts should build on the
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substantial human and institutional capacity across academic, civil society and government sectors that span the full
range of marine and terrestrial biomes.

This is a special endeavor to create synergies among research communities and policy-makers and we are grateful to the
government of Peru for this opportunity to promote the needed dialogue; The CBD secretariat, international cooperation
agencies, such as the GIZ, and inter-governmental scientific research organizations such as the Inter-American Institute
for Global Change Research (IAI) are ready to expand the networking and linkages among disciplines, as well as between
the science and policy sectors, and truly hope that the dialogue will be taken as a useful example.
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DECLARACION DE LIMA 2014 SOBRE CIENCIA DE LA BIODIVERSIDAD
Y EL CAMBIO CLIMATICO

De la ciencia a los responsables de politicas, para el desarrollo
sostenible

los dias 27 y 28 de noviembre de 2014, a la vera de la vigésima Conferencia de las Partes de la CMNUCC, un grupo
internacional de cientificos, invitados por el Ministerio del Ambiente del Peru, el Consejo Nacional de Ciencia y Tecnologia
y la Secretaria del Convenio sobre Diversidad Bioldgica, con el apoyo del Instituto Interamericano para la Investigacion
del Cambio Global (TAI) yla Agencia Alemana de Cooperacion Internacional (GIZ), se reunié para analizar los resultados
de sus investigaciones recientes y debatir con los encargados de politicas acerca de las implicaciones de su trabajo para
la accion en materia de biodiversidad y cambio climatico en las escalas nacional, regional y global.

RESULTADOS:

Las conclusiones cientificas tienen que ver en primer lugar con la naturaleza de las amenazas — los impactos del cambio
climatico en la biodiversidad, como influye ésta en la vulnerabilidad al cambio climatico o la resiliencia de los ecosistemas,
las técnicas para evaluar el riesgo de extincion de especies y comunidades, como puede la actividad humana exacerbar
los impactos del cambio climatico y las tecnologias disponibles para medir y reportar dichos cambios. En segundo lugar,
las conclusiones abordan las soluciones dirigidas a incrementar las reservas de carbono, conservar la biodiversidad y
contribuir al bienestar humano mediante la restauracién de los ecosistemas, los acercamientos a la conservacion desde el
nivel de comunidad, los incentivos para promover practicas sostenibles de uso del suelo y marcos de politicas coherentes.

Especificamente, el trabajo presentado en la conferencia demuestra que:

o La biodiversidad puede incrementar la resiliencia de la estructura ecosistémica a los cambios ambientales, tales
como las sequias prolongadas.

Sin embargo, la diversidad bioldgica estd sufriendo alteraciones a través de numerosos grupos taxondémicos

y biomas diferentes, que incluyen las montafas, los océanos y los bosques, como consecuencia de una gran
variedad de cambios ambientales, tales como el aumento de la temperatura o el incremento en la frecuencia de
inundaciones y sequias extremas

Se ha demostrado repetidamente que los cambios ambientales y las perturbaciones en los ecosistemas,
incluyendo la pérdida de diversidad bioldgica, aumentan el riesgo para la poblacién ante enfermedades
zoondticas y otras enfermedades emergentes, asi como de especies salvajes que ponen en peligro a las
personas, la ganaderia y la agricultura

Actividades humanas directas, como por ejemplo la caza, pueden exacerbar los efectos del cambio climatico en
la diversidad biolégica

Un manejo sostenible eficaz requiere entender las dimensiones ecoldgicas y socioeconémicas del problema, asi
como politicas coherentes en todos los niveles de gobierno

Entre las posibles soluciones se cuentan los proyectos comunitarios que ofrezcan beneficios econémicos o
de otro tipo, proyectos de restauracion cuidadosamente disefiados, e/o incentivos adecuados para promover
practicas ecolégicamente sostenibles para el uso del suelo.

RECOMENDACIONES PARA FUTURAS INVESTIGACIONES:

En cuanto a las recomendaciones para futuros trabajos de investigacion, el simposio identificé la necesidad de:

a. ainvestigaciones multidisciplinarias de los vinculos entre la biodiversidad y el cambio climatico y los factores
socioecondmicos que impactan en alguno de ellos 0 en ambos;
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b. investigaciones de la resiliencia de los servicios ecosistémicos tales como el almacenamiento de carbono y los
recursos alimentarios ante las variaciones en la diversidad bioldgica en condiciones de cambio climético

c. mejores métodos de prediccion de la vulnerabilidad de especies y comunidades al cambio climatico

d. recomendaciones basadas en evidencias respecto de las caracteristicas de los proyectos de conservacién
exitosos que promueven el incremento en las reservas de carbono, conservan la diversidad bioldgica y
contribuyen al bienestar humano.

Para alcanzar estos objetivos de investigacion es necesario:

a. apoyar el monitoreo de largo plazo y basado en observaciones directas de los paisajes naturales y aquellos
afectados por el hombre a lo largo de ecotonos criticos y gradientes ambientales clave

b. apoyar el desarrollo y la apropiacién de nuevas tecnologias que ofrezcan datos ambientales pertinentes sobre
grandes superficies y pasos temporales pequefios, métodos analiticos para modelar y predecir la respuesta
de la biodiversidad al cambio climatico y herramientas que permitan un rapido intercambio de datos y
resultados entre cientificos y encargados de politicas

c. elaborar evaluaciones y escenarios de integren de manera integral los impulsores e impactos del cambio
climatico y la pérdida de biodiversidad, y las acciones de respuesta relacionadas. Esto incluye que los
escenarios cumplan todas las metas de desarrollo sostenible acordadas internacionalmente, incluyendo las
metas para el clima, la diversidad bioldgica, la seguridad alimentaria y la reduccion de la pobreza.

Existe también la importante necesidad de continuar fortaleciendo la capacidad de investigaciéon donde mas se necesita;
en especial, hacen falta mds trabajos de investigacién que provengan de los paises en desarrollo

RECOMENDACIONES PARA ENCARGADOS DE POLITICAS:

Reduciendo los impactos y la vulnerabilidad

Los diversidad bioldgica y los ecosistemas, incluyendo bosques, océanos y montafias, ya estan sufriendo los impactos
del cambio climatico, y las proyecciones indican que dichos impactos se intensificaran, dependiendo del escenario. Es
por ello que se requieren acciones globales urgentes para reducir las emisiones y asi limitar la pérdida de biodiversidad
y los servicios ecosistémicos asociados.

Al mismo tiempo, es necesario tomar en consideracion otros impulsores sinérgicos, como los cambios en el uso del
suelo, la sobreexplotacion, la contaminacion y las especies invasoras. En general, estos impulsores suelen ser mas faciles
de controlar y pueden tratarse en escalas locales, nacionales y regionales y en plazos mas breves.

En particular, es necesario emprender acciones para evitar traspasar umbrales de riesgo o “puntos de inflexién” (por
ejemplo, la transicion bosque/sabana, la acidificacion de los océanos, el blanqueo de coral), en particular, aquellos que
potencialmente tendrian impactos catastroficos en el bienestar humano.

Por ejemplo, ante la acidificacion de los océanos, el blanqueo de coral y el aumento del nivel del mar que amenazan la
supervivencia de los arrecifes coralinos, es posible actuar en el nivel local, nacional y regional para reducir la sedimentacién
y contaminacién provenientes de tierra, la sobrepesca y el desarrollo costero no sostenible, al tiempo que se contribuye
a los esfuerzos mundiales por reducir las emisiones. De manera similar, ante las sequias que tienen lugar en la selva
amazdnica y el incremento asociado en la frecuencia de incendios, es posible aumentar la resiliencia ecosistémica
mediante la proteccién y restauracion de las areas forestales y la reduccion de la degradacion forestal.

Adaptandose a los impactos del cambio climatico

Es posible manejar los ecosistemas para limitar los impactos del cambio climdtico en la biodiversidad y ayudar a las
sociedades a adaptarse a los efectos adversos del cambio climatico. Por eso, es necesario incorporar enfoques ecosistémicos
en las estrategias pertinentes —incluyendo las estrategias y los planes de adaptacion- y ponerlas en marcha. Entre los
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enfoques ecosistémicos se cuentan el manejo sostenible y la conservacién y restauracion de ecosistemas terrestres y
marinos, como parte de una estrategia general de adaptaciéon que tome en cuenta los multiples beneficios sociales,
econdmicos y culturales derivados para las comunidades locales.

Contribuyendo a la mitigacién del cambio climatico

Los ecosistemas pueden gestionarse de forma de incrementar la captura de carbono y reducir las emisiones. Es necesario
poner en marcha actividades de manejo ecosistémico, que incluyan

o la proteccion de bosques, pastizales y pantanos naturales,

« el manejo sostenible de los bosques tomando en cuenta el uso que hacen las comunidades nativas de las
especies forestales en actividades de reforestacion,

« el manejo sostenible de humedales, la restauracion de humedales y pastizales naturales degradados,
« la optimizacién de la gestion de las pesquerias mediante un enfoque ecosistémico
o la conservacion de manglares, marismas y praderas marinas,

o practicas agricolas y un manejo del suelo sostenibles.

Evitando los impactos negativos de la mitigaciéon del cambio climatico y de las actividades de adaptacion sobre la
biodiversidad y los ecosistemas

Al planear e implementar actividades eficaces de mitigacion y adaptacion al cambio climético, incluyendo el uso de
energias renovables y de medidas de incentivo econémico, deben tomarse en cuenta los impactos en la biodiversidad
y la provision de servicios ecosistémicos, asi como sus aspectos sociales y culturales asociados, con el fin de evitar o
minimizar los impactos negativos. Deberia evitarse la conversion de dreas de especial importancia para la biodiversidad
o la provision de servicios ecosistémicos esenciales.

En particular, la accion sobre el cambio climatico debe tomar en cuenta de forma acabada el uso del suelo y los cambios
para evitar consecuencias nocivas tales como la pérdida de bosques y otros ecosistemas naturales y la pérdida asociada
de carbono, diversidad bioldgica y servicios ecosistémicos.

Tenemos la necesidad y oportunidad de aprovechar al maximo el potencial para la conservacion y restauracion de los
ecosistemas para contribuir a la mitigacion y adaptacion al cambio climatico.

CONCLUSIONES Y RUMBO A SEGUIR

El simposio se realiz6 luego de la publicacién del quinto Informe de evaluaciéon del IPPC y la cuarta edicién de la
Perspectiva Mundial sobre la Biodiversidad (GBO-4) con el fin de evaluar el estado actual del conocimiento cientifico
en materia de biodiversidad y cambio climatico, identificar reas potenciales de cooperacion y remitir recomendaciones
a los delegados a la vigésima sesion de la Conferencia de las Partes, COP-20.

El quinto informe de evaluacién confirmé que es extremadamente probable (probabilidad de 95% a 100%) que la
influencia humana haya sido la causa preponderante del calentamiento observado de la atmdsfera y los océanos desde
mediados del siglo XX. El informe documenta los impactos observados del cambio climatico sobre la biodiversidad
y el bienestar humano, asi como los impactos proyectados segtin diferentes escenarios. También plantea opciones de
acciones de mitigacion. Resulta claro que mantener el cambio climatico por debajo de los 2 grados Celsius requerira
acciones de mitigacién muy rigurosas.

Sin embargo, la GBO-4 muestra que es posible limitar el cambio climatico, proteger la biodiversidad y lograr la seguridad
alimentaria. Para ello se requerird una coherencia politica: politicas claras y un marco legal, incentivos, supervision,
monitoreos y el apoyo de la sociedad.
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Creemos que esta informacion es extremadamente relevante para que los paises definan estrategias de adaptacion al
cambio climatico y para la conservacion y uso sostenible de la biodiversidad. Por lo tanto alentamos a los gobiernos a
comunicar de manera efectiva esta comunicacion al interior de los paises, a promover el intercambio de informacién y
a explorar cooperaciones que ofrezcan oportunidades de aprendizaje mutuo.

A su vez, los cientificos involucrados en esta declaracidon saben que la ciencia debe hacer aportes oportunos a los
encargados de politicas para promover la adopcion de respuestas para hacer frente al cambio climatico, el desarrollo
sostenible y el bienestar humano.

En particular, los cientificos y encargados de politicas reconocen que dichas agendas deben implementarse con prioridad
en Pertl. Con su alto nivel de biodiversidad y las importantes reservas de carbono, asi como la gran variedad de impactos
pronosticados del cambio climatico, Pert se encuentra en una posicién tnica para encabezar la investigacion en este
campo y beneficiarse de ella. Estos esfuerzos deben apoyarse en las sélidas capacidades humanas e institucionales de los
sectores académico, gubernamental y de la sociedad civil que abarcan la variedad completa de biomas marinos y terrestres.

Este es un emprendimiento especial dirigido a crear sinergias entre las comunidades cientificas y los encargados de politicas
y estamos agradecidos con el Gobierno de Pert por la oportunidad de promover este didlogo necesario. La Secretaria del
CDB, agencias de cooperacion internacional, tales como GIZ, y organizaciones intergubernamentales de investigacion
cientifica, como el Instituto Interamericano para la Investigaciéon del Cambio Global (IAI) estan dispuestas para ampliar
las redes y conexiones entre disciplinas, asi como entre los sectores cientifico y politico, y esperan sinceramente que
este didlogo constituya un ejemplo util.
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