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Executive Summary

The Government of Madagascar (GOM), Conservation International (CI), Worldwide Fund
for Nature (WWF) and United States Agency for International Development (USAID), with
support from the John D. and Catherine T. MacArthur Foundation and in collaboration with
several partner institutions, jointly convened a three-day workshop, Assessing the Impacts
of Climate Change on Madagascar’s Biodiversity and Livelihoods, in Antananarivo,
Madagascar, from January 28 — 31, 2008. The workshop brought together over 130 experts
from more than 50 national, regional and international organizations across a wide spectrum
of expertise. The Ministry of Environment, Water, Forests and Tourism (MEEFT) of
Madagascar hosted the workshop. Opening remarks were given by the Minister of
Environment, Water, Forests and Tourism, the US Ambassador to Madagascar, and the
President of Conservation International. The aim of this meeting was to evaluate the risks
that climate change poses to ecosystems, marine and terrestrial biodiversity, and human
livelihoods in Madagascar. Its objective was also to recommend strategies to address these
threats and build resiliency in natural and human systems to cope with climate change.

According to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, “there is unequivocal evidence that the climate is warming as evident from
increases in global average air and ocean temperatures, melting snow and ice caps, and rising
global average sea levels” (IPCC 2007a). To date, most of the discussion about climate
change has focused on the need to stabilize the climate by reducing greenhouse gas
emissions. Reducing emissions and preventing further climate change is essential; however,
scientists also recognize that some temperature change is unavoidable. We must now
develop strategies to cope with the impacts of climate change.

All countries will need to adapt to the impacts of changing climate in the short and medium
term, but many countries in Africa, including Madagascar, are particularly vulnerable.
Human well-being, functioning ecosystems and climate change are interlinked; conserving
biodiversity can moderate the impacts of climate change on human communities by
maintaining ecosystem functions and services. People depend upon nature for livelihoods, so
biodiversity provides insurance under climate stress. As biodiversity declines, so does the
resilience of ecosystems and the services they provide to humanity. Furthermore, climate
change is causing a shift in human resource use patterns, and it is increasingly important to
take this into account in conservation planning. Addressing human needs in sustainable ways
may help mitigate climate change and reduce the vulnerability of ecosystems to its effects.

Thus, the workshop’s objective was to provide a forum for policy-makers and experts from
various disciplines - climate science, oceanography, marine and terrestrial ecology,
conservation, and rural development - to examine the threats to livelihoods and marine and
terrestrial biodiversity in Madagascar, one of the world’s most biologically rich countries,
and to generate recommendations for building resilience and adapting to the likely impacts of
climate change.

Next steps include conducting studies to assess the feasibility of implementing workshop
recommendations and filling key information gaps.



The outcomes of this workshop include:

- Provision of the best available future climate and oceanographic scenarios for
Madagascar and implications for changes in species (terrestrial and marine)
distribution and their population and habitat shifts.

- Development of recommendations for adapting to the impacts of climate change for
the benefit of conservation, protected areas planning, and human livelihoods.

- Generation of information on climate change threats to human communities and
identification of appropriate adaptation measures.

Summary Recommendations
A. Technical Recommendations

Participants identified ecological protection and restoration, integrated coastal zone
management, and management of use at the watershed scales as important actions to build
ecosystem resiliency in the face of climate change. Experts identified riverine forests as
important areas to focus restoration and protection efforts because of the potential role of
these forests as corridors to allow species to track their climate envelopes and for their
potential role in acting as refugia. Sustainable forest management needs to be strongly
promoted to maintain habitat for biodiversity and to provide refugia to ensure the
availability of necessary habitat in the future. Workshop participants recommended
focusing on the protection and sustainable management of forest corridors to maintain
adequate habitat connectivity and migration corridors for vulnerable species within the
protected areas network.

Participants recommended reinforcing the marine and terrestrial protected areas planning
processes by integrating climate change impact considerations into these conservation
instruments. Workshop participants recommended strengthening national policies and
institutions for Marine Protected Area (MPA) selection, establishment, and management
by including climate change criteria for prioritization of key sites. Participants
recommended creating networks of marine protected areas along the length of
Madagascar’s coastline to include multiples of all marine and coastal habitats from coastal
vegetation to the continental shelf and deep sea habitats, allowing species to shift to cooler
waters as ocean warming progresses.

In order to inform conservation and development planning under climate change, there is
an urgent need to have adequate climate monitoring data on key variables. Participants
recommended that the GOM with partner institutions and non-governmental organizations
prioritize the implementation of a long-term monitoring program with a network of
marine, terrestrial and freshwater sites, distributed across latitudinal gradients cutting
across the projected gradients of change. This will enable systematic and standardized
collection of guantitative data on taxonomic groups, water quality, and habitat quality,
socioeconomic, oceanographic and climatic variables, with data made available freely.



Participants recommended greater recognition of the links between human well-being,
biodiversity and access to natural resources. They highlighted a critical need to promote
land tenure regulation in regions around high biodiversity areas. In recognition of the
clear synergies that exist between ecosystem functions, terrestrial and marine biodiversity,
and human well-being, actions are needed to enhance resiliency and adaptation across all
spatial scales and livelihood sectors. Ecologically sensitive agricultural intensification
and diversification were suggested as options for safeguarding human livelihoods in the
face of climate change, minimizing impacts on biodiversity. Participants recommended
enhanced support for risk assessments, improving our understanding of ongoing
community-based initiatives aimed at reducing vulnerability and adapting to climate
change, and identifying potential triggers and pathways for human migration caused by
climate stress. Promotion of environmentally-sound energy sources and more climate
resilient infrastructure were amongst other measures suggested to facilitate rural
adaptation to climate change.

B. Policy Recommendations

The workshop participants recommended four main policy actions related to governmental
response to climate change. The first is the establishment of an inter-ministerial task force
on climate change to facilitate environmentally sound adaptation measures across sectors.
This body would be responsible for facilitating the integration of ecologically sensitive
adaptation measures across diverse sectors such as mining, oil and gas, tourism,
agriculture and fisheries within the Madagascar Action Plan (MAP) — a strategy document
developed by the Government of Madagascar to guide development planning in the
country and within regional action plans. Second, participants suggested the re-
examination and review of Madagascar’s Programmes d’Action Nationaux d’Adaptation
(PANA) to allow for the integration of data and recommendations emerging from this
workshop.  Third, the gathered experts highlighted the need to develop a rural
development policy around areas most vulnerable to climate change, for which one avenue
is updating the Rural Development Policy Letter to integrate workshop recommendations.
Finally, participants recommended the development and dissemination of methods of
information—education—sensitization on climate change across all levels and sectors.

Workshop participants recommended policy and decision makers and practitioners to take
advantage of various financing mechanisms such as the Clean Development Mechanism
under the Kyoto Protocol and the United Nations’ Adaptation Fund to finance ecologically
sensitive adaptation activities on the island, which was established as one of the outcomes
of the United Nations Framework Convention on Climate Change meeting held in
December 2007 in Bali, Indonesia (COP-13). The Adaptation Fund is intended to finance
concrete adaptation projects and programs in developing countries that are Parties to the
Kyoto Protocol. In addition, payments for ecosystem services (PES) schemes present a
potential source of funding to help better manage watersheds to secure hydrological
services. PES schemes are in early stages in Madagascar, and their associated
opportunities should be carefully explored.



A critical new source of funding arises from Reduction in Emissions from Deforestation
and Degradation (REDD), also emerging from the recently concluded Bali COP-13
discussions. Under the Bali Roadmap (UNFCCC 2007), REDD is now a recognized
strategy for dealing with carbon emissions, and Madagascar stands in a unique position to
become a world leader in further development of methodologies and in securing major
international investments through this approach. Many participants felt that Madagascar
can benefit greatly from developing a national strategy for REDD in synergy with a
national policy on adaptation to harness the multiple benefits offered by REDD - reducing
carbon emissions, protecting forests for biodiversity, facilitating ecological adaptation on
land and maintaining other critical ecosystem services. Participants recommended that a
sound national strategy on REDD could bring benefits to local communities from REDD
investments and build a strong foundation to undertake mitigation and adaptation activities
in tandem.

Detailed recommendations emerging from technical discussions can be found at the end of
the thematic sections in the report.



Introduction

According to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC), “there is unequivocal evidence that the climate is warming as evident from
increases in global average air and ocean temperatures, melting snow and ice caps, and rising
global average sea levels” (IPCC 2007a). The consequences of this warming for terrestrial
biological systems are manifested by changes such as earlier timing of spring events and the
poleward and upward shifts in ranges of plant and animal species. For marine and freshwater
systems the consequences of rising water temperatures coupled with changes in ice cover,
salinity, oxygen levels and circulation patterns are evident in altered community
compositions; range changes of algae, planktonic organisms and fish abundance in high-
latitude oceans; increases in algal and zooplankton abundance in high-latitude and high-
altitude lakes; and range changes and earlier fish migrations in rivers (IPCC 2007a). Coral
reefs are clearly at great risk with reefs across the tropics already suffering from massive
bleaching events. Agriculture is a key human livelihood sector projected to be greatly
impacted. In Africa, climate projections indicate a greater vulnerability to changing climate
with agricultural production and access to food severely compromised and millions of coastal
people threatened by sea level rise. By 2020 yields from rain fed agriculture are likely to
decline by 50% in some African countries (IPCC 2007a). Freshwater availability is likely to
change in several regions impacting freshwater biodiversity, hydrological services and
agricultural productivity putting at risk both ecosystems and people.

Madagascar with its high biodiversity and high level of human dependence on agriculture,
fisheries and local ecological resources for survival, including sourcing energy from
charcoal, presents immediate challenges for both human adaptations to climate change and
for adapting biodiversity conservation to address climate induced threats. Approximately
80% of Madagascar’s population lives in rural areas with subsistence agriculture a primary
means of survival (Kistler and Spack 2003). Slash and burn, shifting agriculture (tavy) has
been identified as the main cause of environmental degradation and forest loss. Lack of
adequate infrastructure in many rural regions limits access to information, agricultural inputs
and credit, and to markets — all of which are factors contributing to a perpetuation of tavy
(Erdmann 2003). In addition, rain-fed rice production can be combined with other crops and
the low-input nature of tavy makes it a risk-averse practice (Erdmann 2003). These factors
also contribute to making human adaptation under climate change more challenging, for
example, by limiting options for agricultural diversification and market access, and setting up
farmers reliant on rain for irrigation as more vulnerable to changing seasonal and
precipitation patterns. Combined with other land and resource use practices, tavy presents
enormous conservation challenges in Madagascar primarily due to habitat destruction and
degradation. Climate change is projected to exacerbate these threats, while creating an
increased need for habitat restoration in order to facilitate species migration and survival.
Similarly, Malagasy fishing communities highly reliant on coral reef fisheries are likely to be
severely impacted by coral bleaching and degradation. Mangrove forests, threatened by
potential sea level rise under climate change, are important breeding grounds for commercial
fish species and shrimps (Cooke et al. 2003), providing coastal communities with timber, fuel
wood and protection from storm surges.
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Madagascar's biodiversity ranks among the most remarkable in the world. The island has
been famously called "the naturalist's promised land" because of its large number of endemic
species (Goodman and Patterson 1997). More than 92% of the island's mammals are
endemic, as are nearly 60% of birds, 90% of plants and 97% of reptiles and amphibians
(Goodman and Patterson 1997). Higher order endemism is exceptional as well. Madagascar
ranks number one in percentage of endemic species among all biodiversity hotspots, and
number two in absolute number of endemics (Myers et al. 2000). Madagascar’s marine
ecosystems are characterized by relatively greater connectivity, lower levels of endemicity,
and more uniform biogeographic patterns. However, there is some evidence of a biodiversity
high in the west-central Indian Ocean for scleractinian corals and reef fish on the northwest
coast of Madagascar (Veron 2000, McKenna and Allen 2006). Madagascar has about
300,000 ha of mangroves, and about 3450 km of coral reefs including the Grand Reef around
Toliara in the southwest (Cooke et al. 2003). Five species of sea turtles are found in
Madagascar, four of which nest here (Ratsimbazafy, 2003) and several species of marine
mammals have been seen in the waters around the island (Rosenbaum 2003). Madagascar’s
more than 5,000 km of coastline stretch from a tropical 12°S to subtropical waters at 25°S,
giving it particular significance for regional biodiversity conservation that address the
latitudinal shifts in species distributions expected to result from ocean warming and other
ecological responses to climate change (e.g. Hughes et al, 2003; Precht and Aronson 2004).

To conserve this highly threatened biodiversity, the Government of Madagascar (GOM) is
committed to a dramatic expansion of its marine and terrestrial protected areas network.
Planning for this expansion is already underway and this is a critical phase to integrate the
potential impacts of climate change on Madagascar’s biodiversity and natural resources-
dependent livelihood sectors. It is critical to understand the synergies between human
adaptation needs and safeguarding long-term conservation in Madagascar.

In response to these challenges, the GOM, Cl, WWF and USAID, with support from the John
D. and Catherine T. MacArthur Foundation, and in collaboration with partners, organized an
experts’ workshop to assess the impacts of climate change on biodiversity, identify
adaptation needs and options, and initiate the process of exploring the synergies and
potentially competing needs for human adaptation and conservation efforts. The workshop,
held in Antananarivo, Madagascar, from January 28-31, 2008, brought together over 130
experts from more than 50 national, regional and international organizations across a wide
spectrum of expertise ranging from oceanography, climatology, ecology, biology, economics
and social sciences as well as policy makers and conservation and development practitioners.
The Ministry of Environment, Water, Forests and Tourism (MEEFT) of Madagascar hosted
the workshop. The Minister of Environment, Water, Forests and Tourism, the United States’
Ambassador to Madagascar and the President of Conservation International gave the opening
remarks.

Participants focused on identifying the key impacts, vulnerabilities and threats climate
change poses to Madagascar’s marine and terrestrial ecosystems and the rural and coastal
communities that depend on them. Discussions built on model predictions for species
distributions and vulnerability to climate change, climate scenarios specially prepared for the
workshop as well as experts’ knowledge. Recommendations were made to enhance the
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resiliency of natural ecosystems and the ability of communities to adapt to the impacts of
climate change. A central goal of the workshop was to develop and test processes for
identifying areas for protection that may have natural resiliency or serve as important areas
for corridors and restoration. The fate of biodiversity conservation and rural development in
Madagascar is closely interlinked and climate stress is likely to impact both severely.
However, there are opportunities within the current global framework through funding for
avoided deforestation to promote both conservation and development, at least for terrestrial
forest ecosystems. International mechanisms such as the Adaptation Fund are being
established to facilitate adaptation to the impacts of climate change.

The following sections draw upon knowledge gathered prior to the workshop and from
workshop presentations and discussions.  Presentations elucidated the likely climate
scenarios for Madagascar and implications for terrestrial and marine biodiversity, human
livelihoods and ecosystems. The thematic sections highlight technical session discussions,
main impacts and the recommendations emerging from each focus group to address these
impacts and build resiliency for terrestrial and marine systems. Recommendations for
integrating climate change considerations into the protected areas network, identifying
synergies and potential conflict with human adaptation and needs, and the challenges and
opportunities presented by tourism are addressed. A focus on regional cases explores the
vulnerability, impacts and recommendations for adaptation for four regions of Madagascar:
the Northeastern Tip (Cap d’Ambre to Ambodivahibe), the Central Highlands, the Northeast
(Masoala, Makira, Antongil Bay) and the Southwest region around Toliara. The report is
concluded with the text of the overall recommendations emerging from the workshop and
discussions for next steps.

Section 1: Physical Change and Oceanography

Climate projections and oceanography around Madagascar were presented during plenary
sessions to policy makers, government representatives and technical participants at the
start of the workshop. Further presentations on different methods used for building
climate projections and on understanding the nature of these projections were made
during technical sessions on the second day.

Projected Future Climate Change

Projected changes in climate for Madagascar show warming across the island and areas of
both increased and decreased precipitation'. Southern Madagascar is projected to have the
greatest warming, with the coast and north showing lower projected temperature increases.
Precipitation increase is centered in the northwest, while drying is projected in the east.
These spatial characteristics are biologically significant because the south is already the
driest region in the country, while the eastern forest is highly fragmented and vulnerable to
drying.

! Tadross, M. Presentation at the Climate workshop.
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Atmospheric temperature change projections are available from a suite of Global Climate
Models (GCM), downscaled using a dynamic regional model or interpolated to 1km using
splining. Figure 1 indicates the multi-model (13 GCMs taken from the World Climate
Research Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3)
multi-model dataset?) minimum and maximum expected change in surface temperature for
the period 2046-2065. These changes are produced using the change predicted by a regional
climate model PRECIS - which better represents the local topography and therefore the
spatial distribution of change according to Tadross et al. (2005), which is then scaled by the
minimum and maximum change from the 13 GCMs. Downscaling using statistical methods
and Regional Climate Models better accounts for local influences on climate and can aid
convergence between multi-model estimates. However, downscaling is currently hampered
in Madagascar because of the lack of a comprehensive network of weather stations. Most of
the monitoring stations are located in airports and cities, with none in montane and forested
areas, regions of conservation interest where long-term climate data are most needed.

Together the minimum and maximum temperature changes (Figure 1) represent the envelope
of expected change given many model simulations. The lowest expected changes are in the
north of the country and along the coastal regions (increases in excess of 1.1 °C). Expected
warming increases away from the coast and especially towards the south where it is in excess
of 1.5 °C. Around the coast the maximum expected change is in excess of 1.8 °C, which rises
to more than 2.6 °C in the south of the country, indicating that the maximum expected
change varies more depending on the spatial location than does the minimum expected
change. It is also apparent that the range of projected temperature changes from the different
GCMs is greatest and hence less constrained for southern Madagascar.

Projected changes in rainfall for Madagascar are available from the statistical downscaling of
6 GCMs, three of which were used in the IPCC 3" assessment report (HadCM3, CSIRO MK
I, ECHAM 4.5) and three used in the IPCC 4™ assessment report (GFDL, MIROC, MRI
CGCM). These downscaled projections of changes in rainfall are explained in (Hewitson
and Crane 2006) and presented in Christensen et al. 2007.

The projected median changes in rainfall suggest that rainfall will increase throughout the
summer months of January to April. Throughout the winter months of July, August and
September the southern half of the east coast is projected to be drier by 2050, whilst the rest
of the country is projected to be wetter. In October the dry region is only indicated for the
most southerly station with the rest of the country becoming progressively wetter.

Models predict an increase in the intensity and thus the destructive power of cyclones over
2060 - 2100. However, efforts are underway at Meteorological Office to assess where, when
and how these changes in cyclone intensity may occur. Changes need to be assessed in terms
of probabilities of change rather than absolute predictions.

2 http://www-pcmdi.linl.gov/ipcc/about_ipce.php
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Lowest Change Highest Change
Lowest and highest changes in temperatures (2046-2065)
- Lowest change around the coast and in the north (1.1+ °C)
- Highest change in the southern interior (2.6+ °C)

Figure 1. Minimum and maximum temperature changes over 2046-2065

Oceanography and Climate Change

Oceanography around Madagascar is complex, and scientific understanding is incomplete
(see e.g. Lutjeharms 2006; Reason et al. 2006). For instance, it is only within the last decade
that oceanographers realized that there was no Mozambique current as such flowing between
Madagascar and the mainland; instead, flow in the channel is characterized by a series of
unpredictable eddies that vary in size, strength, direction, and temporal persistence (De
Ruijter et al. 2002). Efforts are underway to model future oceanographic conditions and to
establish a regional oceanographic observation system. The latter is essential to create a
detailed and accurate view of current and future regional oceanography. Without better
measurement and modeling of present oceanography around Madagascar, it is impossible to
make specific predictions about possible changes.

Oceanic variables most used to inform analyses of the impacts of global warming on oceans
are sea surface temperature (SST), sea level rise and, where available, pH or carbonate
saturation state, as well as variables of particular concern relative to coral bleaching. Global
models suggest an increase of SST from 0,5 to 0,6°C in the next 100 years, and an increase
of the sea level from 20 to 50 cm (IPCC 2007b), but actual changes will vary significantly
between regions. Rate of local sea level rise is influenced by tectonic factors, rates of
sediment input, and local or regional atmospheric conditions, and SST by upwelling,
currents, and other factors. Ocean acidification is occurring as a consequence of increasing
concentrations of dissolved CO2 in ocean water. This in turn results in stunted growth rates
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for corals and other carbonate based species. Under current predictions for atmospheric CO2
levels, by 2100 the growth rates of scleractinian corals will be significantly compromised
(Kleypas et al. 2006).

In preparation for this workshop, a series of maps were created showing the sea surface
climatology around Madagascar, including SST, PAR (photosynthetically active radiation),
UV, chlorophyll a, surface winds, and currents. Analysis of these data suggest a more
uniform oceanographic climate along the east coast (the influence of the South Equatorial
Current), with greater latitudinal zonation along the west coast. There is a distinct zone of
cool water along the south coast, and a relatively sharp demarcation between the cooler
northeast coast and warmer northwest coast. Sea surface temperature is most variable in the
southwest, and least variable in the northwest and southeast (see Fig. 2 b, c).
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Section 2: Terrestrial Biodiversity and Ecosystems’ Impacts and
Recommendations

Terrestrial biodiversity and potential impacts of climate change were highlighted during
opening day plenary presentations and on the following day’s the technical sessions in
taxonomic working groups. The groups identified impacts and species’ vulnerability
within each of the following taxonomic groups: plants, small mammals and birds,
primates, amphibians and reptiles, and invertebrates (butterflies). Representatives from
each of these working groups then reassembled into regionally focused discussions to
identify particularly threatened species and habitats. Following these discussions
taxonomic specialists joined with practitioners and livelihood experts to identify areas in
need of protection and regions important for human livelihoods and adaptation in sessions
dedicated to evaluating protected areas and livelihood needs.

Terrestrial Biodiversity Vulnerability

Pre-workshop modeling of species distribution patterns under climate change, analyses of
how changing temperature impacts tree phenology and their subsequent impacts on lemur
populations in Ranomafana National Park, and a feasibility study to aid in the design of
dispersal corridors for lemur species under two climate scenarios were used to inform
discussions. Species distribution models that combine distribution ranges of plant and animal
species with an analysis of environmental variables associated with the known distribution of
a taxon can be coupled with climate scenarios to predict the total potential suitable habitat for
species’ in the future. As an example, the Milne Edwards Sifaka display lower reproductive
success in warmer ENSO years — and this may be an indication of how this species will
respond to warming temperature due to climate change. Species distribution modeling for
over 190 endemic species of butterflies indicate that 62% may have declined and 38%
expanded their ranges. A comparison of deforestation and climate change impacts shows
that climate change is an emerging threat and the availability of suitable habitats to allow for
dispersal of species as they track their climate envelopes will be a major determiner of
extinction versus survival for species.

Taxonomic group discussions focused on identifying particularly vulnerable species,
characteristics that could enhance vulnerability and regions at risks within Madagascar for
plants, amphibians and reptiles, butterflies, small mammals and birds, and primates. The
objective was to identify biological traits and distribution patterns that could render species
and regions particularly sensitive or vulnerable to climate change, and areas that are
important because of their potential for serving as biodiversity corridors and refuge habitats
under predicted climate scenarios.

Taxonomic Groups

Plants

Presentations and pre-workshop species’ modeling focused on over seventy endemic
Malagasy plant species to shed light on their distributions under three future climate
scenarios for 2020, 2050 and 2080. Some of the results of this modeling exercise and post-
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modeling analyses are highlighted here (Schatz and Cameron 2008). For example, in the
south and southwest for sub-arid spiny forest species’ projections for 2020 and 2050 show
relative stability. However, by 2080, the core central part of their ranges is projected to
become unsuitable with suitable habitat becoming restricted to the extreme southern coastal
strip, as well as shifting eastwards toward Fort Dauphin. Beginning by 2020, and continuing
through 2050 and 2080, distributions of western dry forest species are projected to shift
eastwards and inland away from the coast. In contrast, the Menabe region north and south of
Morondava is projected to be relatively stable throughout the modeled time intervals.
Beginning immediately by 2020, the extreme northern areas around Antsiranana and to the
north towards Cap d’Ambre become unsuitable for dry forest species. By 2050, and
continuing through 2080, suitable habitat shifts dramatically to the south toward the Daraina
region and lower slopes of the Northern High Mountains. In addition, suitable habitat is
predicted on the mid slopes of the Montagne d’Ambre massif at 2050, but disappears by
2080. Many of these dry forest species endemic to the far North exhibit high substrate
specificity to either limestone or sand, which are absent from the predicted climatically
suitable areas to the south. Nearly all humid forest species show significant range
contraction by 2080. Essentially no suitable habitat is predicted by 2080 for species
currently restricted to the narrow littoral forest belt along the east coast. Distributions of
mid-elevation escarpment species are predicted to shift to the areas of higher elevation in the
Ankaratra, Ibity, Itremo and Andringitra massifs and alternately toward the Northern
Mountains, whereas species already restricted to the Ibity and Itremo massifs are predicted to
have essentially no suitable habitat by 2080. In contrast, the Masoala peninsula, with the
exception of the extreme eastern coastal strip along the Indian Ocean, would appear to
constitute a climate refugium, with nearly all species currently distributed in low elevation
humid forest from Betampona to Sambava strongly predicted there through 2080.

Discussions during the technical sessions identified particularly vulnerable regions of
Madagascar to include most of the Northern region where deforestation coupled with
droughts and cyclones is already causing severe stress. In the north, plant species are
projected to move southwards from the coast and to some extent migrate up the Montagne
D’Ambre such that several localities in the region of Antsiranana are predicted to become
unsuitable by 2080, and thus were identified by experts as highly vulnerable under climate
change. Hence, although Boswellia madagascariensis exhibits overall range expansion
according to model predictions, that expansion is mostly outside of its current distribution.
Several humid to sub-humid forest species are projected to experience range size contraction
by 2080 under the impacts of changing climate. Experts identified the littoral forests of
eastern Madagascar as vulnerable because of projected reduction in their distribution area in
addition to the vulnerability caused by their coastal habitats from potential sea level rise.
Distributions of mid-elevation escarpment species are projected to shift to the areas of higher
elevation in the Ankaratra, Ibity, Itremo and Andringitra massifs, whereas species already
restricted to the Ibity and Itremo massifs are projected to have essentially no suitable habitat
by 2080. The Masoala Peninsula, with the exception of the extreme eastern coastal strip
along the Indian Ocean, is likely to constitute a climate refugium, with nearly all species
currently distributed in low elevation humid forest from Betampona to Sambava strongly
projected to maintain their presence there through 2080.
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In addition to regional range restrictions, the plant group participants also identified species
with irregular fruiting patterns as more likely to be susceptible under climate change. Many
Malagasy plant species exhibit strong substrate preference (limestone, quartzite, marble,
sandstone and unconsolidated sands, and basalt), which will further limit their ability to track
climate change through migration. Tight co-evolutionary and mutualistic relationships
involving pollination and dispersal will confer additional sensitivity to climate change for
many plant species. For example, in Madagascar approximately 400 plant species, including,
many orchids (Angraecoids), Rubiaceae (Ixora, Hyperacanthus, Mantalania,
Pseudomantalania), = Lamiaceae  (Clerodendrum),  Apocynaceae  (Pachypodium),
Bignoniaceae (Stereospermum), Solanaceae (Tsoala tubiflora), are pollinated by long-
tongued sphingid moths; climate change impacts to pollinators will in turn effect plants, and
vice versa. Participants identified dispersal modes as an important factor in increasing
sensitivity to climate change given potential imperatives for migration. Thousands of plant
species depend upon lemurs for dispersal, which in turn depend upon fruit as a major food
source. Climate change impacts that disrupt fruiting cycles will adversely effect lemur
populations, which in turn will reduce fruit dispersal. Species with low reproductive rates
will be potentially more sensitive to climate change, and less able to adapt.

Primates

Data analyses and modeling exercises prior to the workshop included a preliminary study to
design potential dispersal corridors for lemur populations to track their climate niche under
two climate scenarios. Long-term data from Ranomafana on daily temperature, daily
rainfall, monthly phenology and fruit production of over 200 individual trees, as well as
lemur demography and feeding behavior was analyzed to detect the impacts of changing
phenology on lemur feeding behavior and population demographics. Although these
analyses show no discernible change in the mean annual rainfall total, the data do suggest an
increase in number of dry season months. In response to these subtle climatic differences are
changes in fruiting patterns in some species of trees. Other studies exist that suggest a
decrease in successful reproduction in lemurs during years with extended dry seasons (King
et al. 2005). The analysis of the daily temperature data over a 20 year period did not show
high temperatures rises or annual temperatures increases in the rainforest. However
minimum temperatures during the cold season were higher during the past ten years,
compared to the previous decade. Future analysis will establish if this higher minimum
temperature has an effect on tree reproduction, and consequently on lemur feeding behavior
and demographics.

During the technical sessions, primate group discussion identified characteristics that can
potentially increase the vulnerability of primate species under climate change to include traits
such as hibernation, restricted habitat ranges, low dispersal abilities, low reproductive rates
and small isolated populations. Disruption in the diet of lemurs through changes in fruit
production can cause food stress, particularly in species that hibernate. Specialist species
such as the Prolemur, Varecia, Hapalemur aureus, Hapalemur alaotrensis, are at risks from
potentially destructive events such as increased intensity of storms, cyclones and flooding
because of the impact on their diet fruits as well as direct impact on mortality and
reproductive rates. Hapalemur alaotrensis is found only in the wetlands of Alaotra and can
be impacted by changes in water level impacting the forests. Species with restricted ranges
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are more vulnerable to loss of habitat and fragmentation of forests, and many species found
in the north and west are especially likely to be impacted by climate change. In the west,
temperature rise and a longer dry season may increase the risk of fires causing further habitat
destruction and degradation.

Within the humid forests of Madagascar, the species that are highly vulnerable include the
Varecia variegate and V. rubra, Propithecus candidus, Indri, Prolemur, Allocebus, H.
aureus, Indri, Eulemur albocollaris, while in the far north, species more likely to be
vulnerable include the Eulemur coronatus, Propithecus tattersalli, P. perrieri, and L.
septentrionalis. Around the southwest of Madagascar, the species that are particularly at risk
include the Propithecus verrauxi, Cheirogaleus/Microcebus, Menabe species, Lepilemur
hubbardi, L. ruficaudatus and in Northern Madagascar the Eulemur coronatus, Propithecus
tattersalli, P. perrieri, and L. septentrionalis.

Small Mammals and Birds

During breakout group discussions, experts identified regions vulnerable for birds and small
mammals excluding primates to include the west from north of Bemaraha to south of
Mahafaly. This region has the largest number of taxonomic groups of the Afrosoricida with a
strong micro-endemism and extremely isolated populations. Vulnerable regions in the east
are from 1200 to 1600 m altitude. Species which are habitat specialists like the forest species
are likely to be more threatened, and can only be conserved if the forest habitats remain
connected.  Riparian forests, particularly in the west, are important for maintaining
Madagascar’s avifauna and small mammals. Vulnerable species include Mungotictis
decemlineata and Galidictis grandidieri, aquatic birds, Nesomys audeberti, Nesomys rufus,
and Nesomys lambertoni.

Amphibians and Reptiles

The available distribution model forecasts for amphibians and reptiles under future climate
scenarios suggest important range contractions. Few observations are available on changes
in rainy season and effects on amphibian species; however, delay in the onset of rainy season
in western Madagascar may imply a longer period of aestivation, phenological changes and
may affect reproductive output. Similar observations made on freshwater fishes in two areas,
Anjingo in the NW and Nosibolo — Marolambo in the east, where the fry period is longer and
affects fishes. Species distribution models suggest that mid-elevation rainforests species
where most of the diversity occurs are likely to be affected by warming, while low elevation
areas seem to be less vulnerable to climate change.

During discussions experts identified mountaintop endemic species of amphibians and
reptiles as highly susceptible to the impacts of climate change. The summits of the highest
mountains (Andringitra, Tsaratanana, Marojejy) are a target priority for monitoring the
impacts of climate change on Malagasy herpetofauna. In addition, all species found on
mountain tops within humid forests may be affected by warming temperatures. Restricted
ranges and aquatic habitat niches make Malagasy herpetofauna more vulnerable to the effects
of climate change. These species are characterized by a high degree of narrow endemism,
and for most species only a few locality data records are available, so actual ranges are
unknown, limiting the ability to model species’ distributions. Several restricted range species
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are found in areas other than mountain tops, and species showing fragmented distribution
ranges due to deforestation may be particularly at risk.

Invertebrates (Butterflies)

Experts identified mountaintop endemics as the most vulnerable under climate change.
Changes in precipitation, fire regimes, forest fragmentation and ecological dependence on
other species (e.g. plants), and removal of suitable climate space all increase the vulnerability
of butterfly species greatly. Distribution and biological traits that increase the vulnerability
of butterfly species to climate change include dependence upon other animals, plants,
elevational limits to distribution which could be a function of either temperature or host plant
distribution and dietary restrictions to specific host plants.

Coastal rainforest endemics are likely to be more vulnerable, some have not been seen since
1950. Species with limited to narrow elevation ranges are much more vulnerable, as are
species with narrow ecological amplitude.

Reqgional Focus Groups

Following the taxonomic breakout sessions, four groups each with representatives of each of
the taxonomic groups were formed to identify specifically threatened or at risk species in
each of those regions. These four regions were: the Humid forest of the east, the Dry forest
in the west, the extreme North, and the Spiny forests of the south and southwest.

Humid Forest of the East

Within the humid forests of the east, mountaintop amphibians and reptiles show great
vulnerability, while nearly all of the humid forest plant species are projected to show
significant range contractions by models. According to the primate experts species identified
as vulnerable in the humid forests include Varecia variegate and V. rubra, Propithecus
candidus, Indri, Prolemur, Allocebus, H. aureus, Indri, and Eulemur albocollaris.

All of Madagascar’s endemic reptiles and amphibians are at risks under global warming.
Some species have been suggested to have moved upslope, for others there is no evidence.
Several species have not been found anymore during the last decade, some may be extinct.
Those include: Boophis williamsi, Mantidactylus pauliani, Platypelis tsaratananensis,
Anodontohyla montana, Mantella cowani, Calumma tsaratananensis, Calumma
andringitrensis, and Lygodactylus mirabilis.

Nearly all humid forest plant species show significant range contractions by 2080. Potential
distribution models for plants suggest that mid elevation rainforest species, where most of the
diversity occurs, are projected to be affected by global warming. Low elevation areas seem to
be less vulnerable to climate change. Essentially no suitable habitat is predicted by 2080 for
species currently restricted to the narrow littoral forest belt along the east coast.
Distributions of mid-elevation escarpment species are predicted to shift to the areas of higher
elevation in the Ankaratra, Ibity, Itremo and Andringitra massifs, and/or toward the Northern
Mountains, whereas species already restricted to the Ibity and Itremo massifs are predicted to
have essentially no suitable habitat by 2080. In contrast, the Masoala peninsula, with the
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exception of the extreme eastern coastal strip along the Indian Ocean, would appear to
constitute a climate refugium, with nearly all species currently distributed in low elevation
humid forest from Betampona to Sambava strongly predicted there through 2080.

Dry forest of the West

Plant species modelling indicates a shift of dry forest species eastwards, while for many
amphibians and reptiles the length of the dry season can affect aestivation and phenology.
For example, according to expert insights Aglyptodactylus laticeps is likely to be impacted.
In addition, if the canyon habitats in Isaola National Park are impacted by the stochasticity of
the rainfall pattern groups such as the Scaphyophrine and the Brookesia chameleons are
likely to be affected. According to the species distribution modelling for endemic plants in
the region, beginning by 2020, and continuing through 2050 and 2080, species’ distributions
generally shift eastwards and inland away from the coast, such that the Ambongo-Boina
region including Ankarafantsika in the North, and the Mangoky river valley in the South, are
strongly projected to be suitable for western dry forest species by 2080. In contrast, the
Menabe region north and south of Morondava exhibits relative stability with strong
projections throughout the future time intervals. Discussions in this group gave rise to a
consensus amongst participants that riverine forests have an important role to play in
maintaining connectivity and providing refuge habitats based on paleoecological records and
insights from experts present.

Northern Forests

The north is seen by a region where plant species are highly vulnerable to climate change.
Vulnerable species of primates in this region include: Eulemur coronatus, Propithecus
tattersalli, P. perrieri, and L. septentrionalis. Reptile and amphibian fauna of Ankaranana is
thought to be wvulnerable, however there is minimal data. Some karst formations are
projected to have less humidity than usual impacting groups such as the Tsinguimantis.
According to plant distribution models, beginning immediately by 2020, the extreme
northern areas around Antsiranana and to the north are projected to become unsuitable for the
species modeled. By 2050, and continuing through 2080, suitable habitats are projected to
shift dramatically to the south toward the Daraina region and northern lower slopes of the
Northern High Mountains. In addition, suitable habitat is projected to occur on the mid
slopes of the Montagne d’ Ambre massif for 2050, but then disappears by 2080.

Spiny Forest of the South and Southwest

According to expert insights, spiny forest amphibian endemic species are unlikely to be
affected and available models for reptiles do not suggest any certainty of impacts for reptiles.
In the immediate future plant species in this area are likely to remain stable. Experts
identified the following primate species as vulnerable in this region: Propithecus verrauxi,
Cheirogaleus/ Microcebus, Menabe species, Lepilemur hubbardi, and L. ruficaudatus. It is
likely that increasing duration of the dry season can potentially affect aestivation and
phenology of many species of amphibians and reptiles. Plant distribution models for 2020
and 2050 show relative stability throughout the southwest with the exception of the extreme
coastal strip north and south of Toliara. However, by 2080, the core central part of the
southwest spiny forest is projected to become unsuitable, and suitable habitat is projected to
be restricted to the extreme southern coastal strip, as well as to migrate eastwards toward Fort
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Dauphin. Thus, the Mandrare basin is projected to remain a stable refugium for subarid
spiny forest species through 2080.

Technical Recommendations for Management and Research

l. To reduce the vulnerability of biodiversity and enhance the resiliency of species and
ecosystems to face climate change, the following management and conservation
action recommendations are made:

» Protect all remaining forests to provide habitat for species and to facilitate
species’ movements.

* Maintain and/or restore connectivity between forest fragments, to create and
maintain corridors and allow for species dispersal.

» Protect and restore riverine forests, recognizing their role in providing refuge
habitat and migratory corridors to enable species to move, especially in the
western region.

» Establish REDD projects, which can aid in both protecting forests for biodiversity
and generate funds from carbon sequestration.

1. To better understand the impacts of climate change on Madagascar’s biodiversity,
further research is needed on:

» Fragmentation and edge effects, habitat types and specificity, dispersal abilities,
distribution ecology of many newly described or identified species and
reproductive patterns across sites for all taxon considered here.

» Restoration ecology studies especially for corridors to assess the feasibility of
growing existing habitat.

» Identifying variables necessary for understanding species’ responses to climate
change and their capacity to adapt to it.

» Establishing long-term monitoring and data collection programs for a variety of
taxonomic groups to gather data on indicators for a set of target species over long
time periods, and obtain information such as a measure of population abundance
changes between years. Monitoring of altitudinal transects for faunal and floral
composition, and establishing genetic analyses programs to understand population
movements better. Monitoring of invasive species’ whose broader ecological
tolerance may result in an expansion of distribution out-competing native species
under climate change.

» Ground-truthing of climate model predictions, for example, how accurately can
climate models predict the presence of species communities in contiguous versus
fragmented survey sites.

Section 3: Marine Biodiversity and Ecosystem Impacts and
Recommendations

Marine and coastal biodiversity and potential impacts of climate change were highlighted

during the plenary presentations at the start of the workshop and during the following
day’s technical sessions in taxonomic working groups. The groups identified impacts and
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species’ vulnerability within each of the following taxonomic groups: coral reefs,
mangroves, sea turtles, and marine mammals. Following taxon-based discussions,
participants rearranged themselves into groups focusing on marine protected area (MPA)
site selection and prioritization, MPA management, and interactions between climate
change, livelihoods, and MPAs. The whole group then reconvened to discuss ways of
moving forward given the relatively large gaps in biological and oceanographic data.

Marine Biodiversity Vulnerability

For coastal and marine biodiversity and ecosystems in Madagascar, there is insufficient
biological and physical data available to facilitate detailed range mapping. One clear risk,
however, is loss of coral reefs to bleaching as a result of warmer sea surface temperatures
across the region. Coral reefs play a vital role for human livelihoods by supporting reef
fisheries and tourism and provide protection for coastal communities. Reefs across the
tropics have already suffered massive bleaching events. Ocean acidification — the decrease
of the ocean’s pH due to absorption of excess CO2 from the atmosphere — will slow the
ability of corals to build their skeletons and consequently decrease their ability to keep up
with erosion and sea level rise. Mangrove forests are also at risk from climate change, both
from rising sea level (which may drown mangrove forests), a potential increase in extreme
freshwater flooding during heavy rains, and increased soil salinity due to increased
evaporation as temperature increase. Mangroves are an essential source of fuel, building
supplies, and food (from mangrove-dependent fisheries), and also serve to slow coastal
erosion. This last function will become even more important in the face of warming-induced
sea level rise. Sea turtle nesting beaches are also at risk from rising seas and an increase in
heavy rainfall events.

Coral Reefs

Significant information on coral reefs and their vulnerability to climate change and other
stressors is included in a coral reef focused white paper produced prior to the workshop.
Here we summarize major points discussed during the technical sessions.

Madagascar’s corals are already suffering to varying degrees from both temperature- and
non-temperature-related stresses, including mass bleaching events. Areas where reefs are
overexploited seem particularly vulnerable to climate-related stressors. For instance, the
relatively intact Motsadiniky reef near Belo Sur Mer recovered much more quickly from
bleaching than the more degraded Antanambe reef near Mananara Nord (Maharave 2008).
The Great Barrier Reef of Toliara is now highly degraded due to a combination of
temperature-related bleaching, unsustainable use, and sedimentation. Green algae which
used to grow only during the hot season now remain year-round in some parts of the reef
(Maharave 2008). Working with local communities to limit unsustainable extractive uses,
and at a larger scale to reduce terrestrial runoff, is fundamental to increasing the resilience of
reefs to effects of climate change.

In broad terms coral species have relatively well known susceptibilities to changes in water

temperature as a result of climate change. With respect to temperature, three broad groups of
corals are known:
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» Highly Susceptible — The fast growing branching genera such as Acropora,
Pocillopora, Stylophora and Seriatopora, with the first two being important reef-
building and pioneer species respectively.

» Resistant — The slow growing massive genus Porites and some genera such as
Turbinaria and Pavona — Porites is a key reef-building coral and they all persist in
many low-quality environments such as under high sedimentation regimes. These
conditions are common around Madagascar, so resistant species may be common.

* Intermediate — Almost all other coral genera are highly intermediate and/or
variable in their response to temperature.

Using a variety of variables known to affect bleaching risk (SST, PAR, UV, winds, and
currents), a rough spatial model of coral vulnerability to bleaching was created (see Fig. 3).
Modeled vulnerability does not clearly parallel observed patterns of bleaching, however. In
particular, higher bleaching occurred in the southwest, and least in the northwest, the exact
opposite of predicted vulnerability. There are several possible reasons for the disjunction
between model results and actual bleaching patterns. Reefs in the southwest were already
degraded from local anthropogenic stresses, and may have been rendered more susceptible to
bleaching as a result (Obura 2005). While SSTs closer to the equator are higher than those in
subtropical latitudes, corals acclimate locally (Coles and Brown 2003), thus the absolute
temperature driving the model may inappropriately force the model for bleaching responses
on current time scales. It may be more appropriate to ignore mean local temperature and
model local variability and extremes.

Other climate change threats to corals are less well understood. Ocean acidification is
expected to slow coral growth rates, and in the extreme could make it difficult for stony
corals to persist (Caldeira and Wicket 2005, Kleypas et al. 2006). Slower growth may
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exacerbate the effects of sea level rise, since corals will be less able to keep pace with
increasing sea level. Sea level rise may also increase sedimentation from coastal erosion.
Certain areas may be somewhat protected from water temperature increase because of a
combination of topography and currents. For instance, there is an upwelling zone off the
southeast coast of Madagascar, near Fort Dauphin, that keeps sea surface temperature in that
region several degrees cooler on average that other regions (Fig. 2). As this upwelling is
driven by topography and large-scale ocean currents, it is likely to persist even in the face of
climate change, providing a cool refuge for marine species. This area is relatively poorly
studied, however, but is unlikely to contain extensive reefs due to the presence of large,
permanent rivers. Another area that may remain relatively cool due to upwelling linked to
permanent currents and topography is Ambodivahibe in the North. Although the scale is
much smaller than the region around Fort Dauphin, this bay and others like it in the North
may serve as refuges for a variety of corals and other marine organisms.

The group discussed the relative vulnerabilities of different coral reefs around Madagascar.
The southwest coast is an area of significant reef development in Madagascar, including the
Grand Recif of Toliara, the third largest barrier reef in the world. These reefs were in good
condition until recently but they are today fairly degraded, affected by coral bleaching
phenomenon in 1998 (Maharave 2008). Turbid water from river outflow is now a constant
phenomenon. According to the participants, offshore bank reefs north of Toliara appear to be
in good condition, but fringing reefs and reef flats are highly degraded degradation condition.

The northwestern coast of Madagascar is sheltered from monsoon winds, providing a very
calm environment. Two types of coral reefs are found here, coastal fringing reefs and isolated
coral banks on sediment bottoms, some distance from the coast on the broad shallow
platform. Overall, the open sea coral banks are in good condition whereas fringing corals are
affected by human activities, particularly around Nosy Be. During the rainy season, turbidity
in reef waters is very high.

The northeast coast is highly exposed to strong monsoon winds and swell, is subject to
cyclones, and has a narrow continental shelf. Reefs fringe the coast from Diego bay to the
Masoala peninsula and are generally in good condition due to poor accessibility and
hazardous sea conditions. Ambodivahibe, a small bay southeast of Diego bay, has the highest
coral cover of sites reported from the region which is attributed to its unique geophysical
attributes (Maharave, 2008). Some reefs, close to highly populated areas in Antalaha district,
are degraded. In the Masoala region, there is high pressure on reefs and consequently high
levels of degradation.

The east coast of Madagascar is highly exposed to wind and waves, and has high rainfall,
under the direct influence of monsoon winds. It is also strongly affected by cyclones on an
annual basis, and consequent heavy rains, coastline erosion and sedimentation. Reef flats are
highly exposed to intense human activities. The Mananara Nord region was affected by large
scale coral bleaching in 1998 (Maharave 2008). The southeast coast has not been as well
explored. It does not have much coral reef due to the presence of large permanent rivers,
hence low salinity and sediments that are not conducive to coral development. Corals grow
on rocky substrata, with less carbonate reef development.
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Sea turtles

As highly migratory species, Madagascar’s sea turtles are threatened not only by changes in
Madagascar’s seas and coasts, but also by changes in conditions affecting their migratory
routes and other areas where they spend parts of their lives. Five species of sea turtles occur
in Madagascar, four of which nest in the area (Ratsimbazafy 2003). Little is known about
how climate change is likely to affect sea turtles in the open ocean, but potential effects are
clearer for the four species of sea turtle that breed on Madagascar’s coasts. Nesting beaches
may be lost to rising sea levels and increased storm intensity and frequency. Increased influx
of terrestrial sediments due to a predicted increase in extreme precipitation events and
increased erosion caused by poor land use and deforestation upstream can change beach sand
characteristics. This can discourage females from nesting or make it impossible for young
turtles to dig their way out of the nest. The latter effect has been observed in the Masoala
region (Bemahafaly pers. comm., January 29, 2008). Increasing temperatures will also
change the sex ratio of hatchlings, increasing the number of females relative to males. A
survey of nest beach locations was carried out in 1992, but anecdotal evidence suggests that
some former nesting beaches are no longer in use (Harris, pers. comm., January 30, 2008).

The most significant non-climate stressor for sea turtles is human pressures. Both eggs and
adults are commonly eaten, particularly in the southwest, and turtle carapaces are used to
create items for use or sale. According to participants, there is virtually no data on turtle
harvests.

Marine Mammals

Up to 31 cetacean species as well as the dugong and two pinnipeds are known to occur in
Madagascar’s waters (Wildlife Conservation Society 2006). A variety of characteristics
affect the vulnerability of a given marine mammal species. Resident species such as the
dugong may have less flexibility in location than the highly migratory species that pass
through the area, such as large baleen whales, but national conservation efforts could have a
bigger impact on resident species. Some species spend most of their time off-shore, while
others live closer to shore. All pelagic animals, particularly long-distance migrants, will be
affected by changes in large-scale current and temperature patterns.

The central problem with predicting the response of Madagascar’s marine mammals to
climate change is a lack of basic information about distribution, abundance, trophic
interactions, and other key ecological/biological variables. Although many species of
mammals, including offshore delphinids, pilot whales, and Risso dolphins, are known to feed
extensively on squid, the actual diet of mammals around Madagascar is unknown (Cerchio
2008, workshop presentation). Studies elsewhere suggest that ocean warming will have a
negative effect on squid populations, however. In the North Sea and the North Pacific,
increased water temperatures were correlated with decreased fecundity in several species of
marine mammals (e.g. Greene et al. 2003). Monitoring is needed to evaluate the impacts of
increased water temperatures on Madagascar’s mammal populations.

Although mammals end up as bycatch in some fisheries (primarily industrial off-shore

pelagic fisheries that use seines), this is not nearly as important as direct hunting of marine
mammals. Species living close to shore are most vulnerable to the combined effects of
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climate and non-climate stressors. In particular, many delphinids are a key food resource for
certain coastal populations. Participants highlighted the potential of increasing hunting
pressure on these populations as conditions in the south and southwest become less favorable
for farming. Participants stated that in some Malagasy communities, delphinid hunting is
important culturally as well as for subsistence, which poses a particular challenge. In
contrast, for some cultures, such as the Sakalava people, it is a "fady” or taboo to Kill
dolphins.

Participants discussed the relative merits of ecotourism, particularly in the Southwest. On
the one hand, demonstrating the monetary benefits of ecotourism based on protecting
populations of whales, sharks, and turtles is a good way to encourage conservation. On the
other hand, tourism can put a significant strain on local ecosystems. This may be particularly
problematic in the southwest, where water and food resources are already under stress.
Climate change has the potential to affect ecotourism, since there may be major distributional
changes in mammals.

Mangroves

Because they occur along the coastline, mangroves are highly vulnerable to sea level rise.
Their ability to keep pace with sea level depends to a large extent on sufficient sediment
input and peat formation (McKee et al. 2007). The predicted increase in frequency of
extreme rainfall events, particularly when combined with deforestation and poor land use
practices, will likely increase the delivery of sediments to coastal ecosystems. However, the
predicted increase in frequency and intensity of storms is likely to increase the rate of coastal
erosion due to wind and waves. Too much sedimentation all at once can smother mangroves
and associated flora and fauna, leading to massive die-off (e.g. NEMA 2007; Young and
Harvey 1996; Smith et al. 1994). On the other hand, a sufficient rate of sediment input is
essential if mangroves are to keep pace with sea level rise. If they are unable to accrete
sediments rapidly enough to keep pace with sea level rise, it is also possible that mangrove
forests can shift inland with the rising seas (Ellison 1993). If sediment input is too low, sea
level rise is too fast, or topography or other factors prohibit mangrove forests from shifting
their position inland, however, mangroves drown and mangrove forests disappear. Currently,
there are no good estimates for rates of sea level rise or mangrove peat accumulation around
Madagascar.

Effects of other elements of climate change - increased atmospheric CO2, higher
temperatures, changes in storm patterns - have received less attention. Both sea level rise and
altered precipitation patterns will affect salinity, which structures mangrove zonation.
Extreme flooding may also create deposits of debris in channels within mangrove forests,
changing the flow of water within the forest and therefore the structure of the forest itself.

The group discussed the relative vulnerabilities of different mangrove locations around
Madagascar. Riverine mangroves, such as those at Mahajanga or Bombetoka, are vulnerable
to flooding and sedimentation; most are also vulnerable to the effects of land use practices
upstream. Mangrove forests fringing small islands receive little or no sediment input, making
it less likely that they will be able to keep pace with sea level rise. They also have little or no
space for landward migration, and are thus strongly vulnerable to climate change. Mangroves
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in the southwest have few rivers draining them thus are limited by freshwater input, and this
problem is likely to get more severe with climate change. Not only do models predict
increasing drought for the region, but human demand for freshwater in the region is
increasing. Mangroves in the northeast are most exposed to cyclones.

A variety of physical and biological factors are likely to increase resilience of mangrove
forests to climate change (group discussion and McLeod and Salm 2006). A gently sloping
topography increases the likelihood that mangrove forests will be able to expand inland as
sea level rises. This likelihood is further increased if the substrate is appropriate for
mangrove growth in terms of porosity and chemical composition, and if sediment input is
sufficient to support peat deposition but slow enough to allow time for seedlings to colonize
new areas. Reliable freshwater input, such as from large rivers, may prevent excessive soil
salinization. Because each species of mangrove has distinct environmental tolerances and
preferences, mixed species stands are more likely to persist through time than single-species
stands. Maintaining a large population size as well as genetic interchange among populations
supports genetic diversity within species, which is also likely to increase resistance and
resilience to climate change. The greater the genetic diversity, the greater the likelihood that
some individuals will possess characteristics better suited to the changing climatic regime.

Many west coast mangrove sites meet most of the above criteria for resilience. Most have
mixed stands with at least 3 or 4 species. Deltaic mangrove forests in bays from Bombetoka
to Ambaro, such as Belo-sur-Tsiribihina, are backed by favorable topography (gentle slope)
that would facilitate landward migration and receive significant freshwater input. A key
question for these mangrove forests would be the likelihood of a major flood/sedimentation
event that could decimate the trees. Although the topography of the northeast is much
steeper, this is an extremely wet area with significant freshwater input. It may also be that
mangroves here have developed somewhat of a tolerance for lower salinities due to frequent
heavy rains.

Mangrove clearing for charcoal, timber, shrimp farming, tourist development, and
urbanization will make mangroves more vulnerable to climate change effects. This is
particularly true in the southwest, where regulations governing charcoal production have
been temporarily suspended following instances of political upheaval (de Fontaubert, pers.
comm., January 31 2008). Although regulations at the national level mandate that all
development be set back from the shore by a certain distance, these regulations are poorly
enforced (participant consensus). Shrimp farmers claim to preserve extensive mangrove
forests around shrimp ponds, but this has not been independently verified. Shrimp farming
and urbanization may further stress mangrove forests by releasing pollutants such as sewage
or other waste products. Mangroves in the south are currently protected from the threat of
shrimp farming because the climate is too cold for shrimp. This situation may change as
global temperatures rise, however. Plans should be put in place now to ensure that if shrimp
farming shifts further south, mangroves will be sufficiently protected.
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Technical Recommendations for Management and Research

To reduce the vulnerability of biodiversity and enhance the resiliency of species and
ecosystems in the face of climate change, the following management and
conservation action recommendations are made:

Create a marine reserves system based on factors likely to increase resistance and
resilience to climate change, such as creating a network of reserves along
latitudinal gradients, protecting source populations for larvae, protecting naturally
resilient areas, establishing multiple reserves for each habitat type including
deeper and offshore areas, and creating reserves to address a variety of needs
(fisheries, biodiversity, etc.).

Significantly increase the total area of MPAs; 1 million hectares will not be
enough.

Promote Integrated Coastal Zone Management, and consider the effects of upland
watershed activities on coastal marine ecosystems such as mangroves, coral reefs,
and sea turtle nesting beaches.

Incorporate climate change into outreach efforts focused on marine resource use.
Reduce non-climate stressors, including pollution, and unsustainable harvest, and
excessive sedimentation, while providing alternative, sustainable, culturally
appropriate sources of food and income.

Use national legislation and enforcement to better govern the behavior of large
companies and international interests.

Support community engagement with reserve design, management, and
enforcement.

Support a coordinated, centralized database such as the one ReBioMa has created
for terrestrial ecosystems that cover marine ecosystems as well.

To better understand the impacts of climate change on Madagascar’s biodiversity,
further research and/or action is needed on:

Establishing long-term monitoring and data collection networks to document
spatial and temporal changes in basic biological and oceanographic variables.
Basic distribution, abundance, behavior and diet on marine vertebrates,
particularly mammals and turtles, which should include migratory pathways.
Identifying and mapping variables (e.g. natural variability, anthropogenic impacts,
climatic variables) that contribute to species’ responses to climate change and
their capacity to adapt to it, and creating and refining vulnerability models such as
the one created for coral bleaching.

Oceanographic models for the region around Madagascar that accurately reflect
current conditions and likely future changes.

Finer-scale (sub-meter) topographic maps of the coastline.

Probable changes human pressures on marine ecosystems as a result of climate
change (e.g. migration from farmland to the coast).
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Section 4: Livelihoods, Impacts of Climate Change and Recommendations for
Adaptation

The impacts and vulnerability of food security and livelihoods to climate change in
Madagascar were addressed during plenary presentations at the start of the workshop and
during the following days’ technical sessions with sector based breakout discussions. The
sectors examined through presentations during the technical sessions include agriculture,
fisheries, human health, forestry, food security and water accessibility. During breakout
discussions, the groups identified key vulnerabilities, constraints to minimizing impacts
and recommended adaptation measures for certain sectors. Climate change implications
for human well-being were addressed again during discussions on Protected Areas (PAS)
and Livelihoods, Tourism and in regional case studies to suggest adaptation mechanisms
aimed at enhancing the potential for ecologically sensitive human adaptation.

The livelihood discussions were organized and facilitated by USAID and the International
Resources Group (IRG), and partner organizations. Through their support, USAID
Madagascar and the USAID Climate Change team within the Office of Economic Growth,
Agriculture and Trade (USAID EGAT) enabled the integration of a more in-depth
consideration of projected livelihood impacts thus further facilitating the preliminary
identification of synergies and conflicts between human adaptation needs and
conservation priorities.

Livelihoods

Prior to the workshop, surveys were conducted on community perceptions to climate change
in three regions of Madagascar: the Northeast around Masoala and Makira, the Central
Highlands and the Southwest around Toliara. In particular, the field level stakeholder
meetings, consultation and focus group discussions with local communities were designed to
gather information about the vulnerability of local livelihoods and rural production systems
to increased climate variability and climate change (step 1), to identify adaptation options
(step 2) and to conduct initial analysis (step 3) to summarize and report on community level
perceptions, concerns and recommended interventions (Combest-Friedman 2008).

The impacts of climate change will increase the challenge of ongoing poverty alleviation
efforts in Madagascar. Communities with close dependence on natural resources for their
livelihoods will be the hardest hit. Survey findings point to particularly high vulnerability
among the most climate sensitive livelihood systems, namely agriculture- and fishing-based
communities. Within these subsistence systems, those groups already marginalized will be at
a higher risk; for example, special attention should be given to reducing vulnerability
amongst women, young children, elderly, and the ill or disabled.

The following sections are based on presentations and discussions during the technical
sessions.  Preparatory work include, in addition to the community surveys, preliminary
modeling to project future rice production, yields and vulnerability in Madagascar. The
Madagascar Action Plan (MAP) is committed to doubling rice production over the next five
years. What are the measures needed to do so and how will climate change influence this
goal were some of the issues presented and discussed during the technical group sessions.
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Technical discussions focused on the key vulnerabilities resulting from the impacts of
climate change on livelihoods for agricultural and fishing communities and on local use of
forest resources, adaptation options to reduce these vulnerabilities and mechanisms that can
be used to scale-up proposed adaptations.

Agriculture and Husbandry

Overall, there is predicted to be a continued increase in the intensity of cyclones (particularly
in coastal Northeast zones), in the intensity and frequency of flooding, and in the variation of
temperature and rainfall. In the South and highland areas, droughts are predicted to increase
in intensity, frequency and duration. Locust and pest invasions are also expected to increase
in the Southern regions of Madagascar.

These climatic changes will negatively impact soil fertility, particularly in highland areas
where increased rainfall coupled with deforestation is decreasing soil cover through erosion.
Variation in the rainfall and temperature (along with increased cyclone activity in some
regions) has already led to shifts in the farming schedule/calendars of local farmers, and
consequently an increase in crop failure. Water supply for agriculture on the whole is
expected to decrease, with increasing concerns for the level of water management/control
necessary to intensify agricultural production. These impacts coupled with the existing
challenges of deforestation, inadequate agricultural intensification, predominance of rain-fed
agriculture, inadequate management of hydro-agricultural resources, erosion within
watershed areas, and poor management of pasture lands, will lead to increased vulnerability
of agricultural-based livelihoods.

Current rice yields are extremely low. In the immediate future the need and opportunities for
intensifying rice production are minimally affected by climate change, but it is necessary to
understand and factor in change in water availability into plans for intensifying rice
production. If yield is increased via through agricultural extensification rather than
intensification, we need to identify non forest habitats to do so in. To maintain coherence
with one of the main recommendations emerging from the workshop — maintaining and/or
restoring forest corridors, increasing crop yield has to be done in non forest habitat areas.
This can be done through a rehabilitation of irrigation schemes, amongst other approaches.

Scaling up natural fertilizer production would be very useful to cope with soil degradation,
particularly compost centers that collect compost waste and produce enough to sell back to
surrounding farmers at a low cost. Reforestation activities have also been started in many
communities, but need to be scaled up for real impact. An increase in counter-season
cropping and vegetable gardening is already observed, but should be scaled up. In addition,
increased research into adaptive seed varieties and consequent access to these varieties is
necessary. Overall increased infrastructure and capacity-building for use and maintenance of
water management systems will be required.

Technical Recommendations for Agriculture and Husbandry
* Increase efforts in the implementation of the Second Green Revolution.
» Increase agro-meteorological stations; Establish and/or improve the research-
action platform; Establish climate change observatories.
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* Reinforce and improve the national microfinance strategy.

* Promote farmer-to-farmer learning.

» Strengthen the basis for fair trade.

» Professionalize the cattle herding livelihood and increase/reinforce cattle herder
associations.

* Increased access to veterinarians.

» Promote (via production, multiplication, and dissemination) adapted/climate
resilient seed varieties.

» Establish or enhance communication structures and mechanisms at all levels.

Forestry

Forest-based livelihoods will be increasingly vulnerable as forest cover decreases and the
number of both natural and human-induced fires rises. In particular, forests around protected
areas are projected to increase in vulnerability with the increasing pressures of climate
change. A proliferation of invasive species, linked to natural disasters (e.g. cyclones in the
Northeast) and human activities (e.g. slash and burn agriculture), as well as a reduction in the
natural regeneration capacity of forests has already been observed. Landslides have
increased in frequency with forest loss while current government services have been too
weak to seriously counteract the continued degradation.

In order to adapt to the increased vulnerability posed by a reduction in forest cover and
extractable timber products, an evaluation of agro-forestry options and use of non-timber
products should be emphasized. To capitalize on the benefits of reforestation, there must be
increased knowledge of, and consequent promotion of, native species. In addition,
diversification of reforested species should be promoted, in part to better control invasive
plant and animal species. These coping mechanisms should be integrated into continued
efforts in management transfer around protected areas and support for co-management
systems.

Technical Recommendations for Forestry

* Reduce the vulnerability around protected areas while assuring that the human
demand is met.

e Treat protected areas that are near each other as a collective entity rather than
isolated protected areas.

» Promotion of multi-species plantations and native species over monospecies.

» Improve zoning, land use planning, and forestry planning.

* Improve governance at all levels (national, regional, local).

» Ensure proper allocation and management of funds.

e Improve inter-ministerial communication and dissemination of key climate
change reference documents.

Fishing

Offshore fish stocks have been greatly affected by sedimentation (impacting coral, acidity,
temperature), which has been exacerbated by the increase in frequency and intensity of
cyclones in the Southwest and Northeast. There has been increased migration to new fishing
grounds, increased supplementary livelihoods, and, in the worst case scenario, conversion
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from the livelihood altogether. This latter coping mechanism is especially worrisome
because conversion from a fishing-based livelihood to a livelihood based principally on
agriculture (vulnerable itself) may not be a viable or sustainable alternative. Fishermen are
on the whole required to travel longer distances out to sea to fish, creating an increased
reliance on material and financial aid to obtain the necessary equipment (e.g. motors) to do
so. Climate related stresses coupled with over-fishing increase the vulnerability of fishing-
based livelihoods. Onshore fishing is most vulnerable to water supply and quality,
sedimentation, and the migration of species.

In order to best obtain material, financial, and technical aid, as well as increase the rights of
small-scale and line fishermen, more attention should be given to the creation and
improvement of fishermen’s associations/cooperatives. Further energy should also be put
into the development and improvement of community management systems for marine
resources. For onshore aquatic resources, there should be increased attention given to land
use planning, including the intensification of fish-farming in rice fields and the protection of
watersheds. Overall, a diversification of fishing activities will help mitigate vulnerability of
fishing-based livelihoods. Achieving resilience to climate changes relative to fishing will
require reinforcement of coastal management, including the planning and prioritization of the
implementation of a national network of marine protected areas, improved regional
communication strategies, and improved coastal surveillance; as well as intensification of
onshore fishing activities.

Technical Recommendations for Fisheries
e Stop or reduce sedimentation, improve water quality for the protection of
watersheds
» Communication frameworks to include all stakeholders.
* Reinforce an institutional framework for the implementation of the PANA and
incorporate climate change in the MAP.

Section 5: Integrating Climate Change into Conservation Strategies

Protected Areas (PA) and Tourism were discussed during technical sessions as two
conservation strategies that need to be made resilient to the impacts of climate change.
The PA and Livelihood session formed a central piece of the workshop, with the goal of
informing the decision making process of the Durban Vision on selection of new PA sites
for both marine and terrestrial biomes. For the PA sessions, discussions were first split
into two focal groups: identifying targets for conservation priorities and identifying
regions important for livelihood adaptation and needs. Subsequent to these discussions,
terrestrial participants reassembled into four groups categorized along the earlier habitat
type discussions (humid forests, dry forest, spiny forest and extreme north), with each
group including representatives from the biodiversity and human livelihoods’ fields. The
ultimate objective of these discussions was to improve our understanding of the synergies
and potential conflicts between land use priorities for conservation and human adaptation.
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Protected Areas and Livelihoods on Land

Madagascar is committed to expanding its protected area network from 1.7 million hectares
to six million hectares, a threefold increase of area under protection, over a period of five
years starting in 2003. The process of identifying sites for establishing protected areas is
guided by the Durban Vision Group, formed after President Marc Ravolomanana of
Madagascar made this commitment at the 5™ IUCN World Parks Congress held in Durban,
South Africa, in 2003. The process for expanding the network of PAs is well underway,
however, without considering the potential impacts of climate change on vulnerable species
and habitats. One of the primary objectives of holding this workshop was to generate the
information needed to integrate potential impacts of climate change into the design of the
protected areas network. An additional consideration was the potential of the indirect
impacts of human adaptation strategies on areas identified as conservation priorities. The
goal of the protected areas and livelihoods’ session was, thus, to establish regions important
for protection and regions important for livelihoods (herding livestock, rice agriculture, etc.).
This would be a first step towards understanding the potential synergies and conflicts
between adapting conservation strategies and human adaptation priorities.

The goal for the biodiversity and PA discussions was to synthesize the prioritization of
important regions identified during the earlier taxonomic groups and regional discussions
based on habitat types: humid forests, spiny forests, dry forests and the extreme north. The
biodiversity discussion identified habitats for inclusion into the protected areas network
based on resilient areas, critical corridors and vulnerable regions discussed in earlier sessions.

During the integrated biodiversity and livelihoods’ discussions participants highlighted the
regions prioritized for human adaptation based on importance for animal husbandry,
agriculture, and cattle and regions prioritized for conservation. Experts were tasked with
comparing between these regions to identify:
» Areas of conflict.
» Opportunities to minimize biodiversity and livelihood impacts simultaneously
(“win-win”).
» Most appropriate management interventions to minimize and moderate impacts
on biodiversity and livelihoods.
 Identify critical knowledge gaps (site-based or cross-cutting).

Outcomes and Next Steps

Participants recommended that all further forest degradation and destruction be stopped
immediately to re-build and maintain ecosystem resiliency. Continued deforestation and
degradation will greatly exacerbate the impacts of climate change and will amplify its
expected consequences. Pre-workshop modeling of vegetation and species’ ranges together
with experts’ insights have helped to identify priority regions to build the resiliency of the
network of protected areas, but more sophisticated analyses will also be needed to ascertain
the value of including these areas and prioritizing the process of inclusion. Participants
recommended that the government embrace ecological restoration as an important way to
contribute to environmental resilience and biodiversity conservation in the face of climate
change, and to provide a valuable source of wood and non-timber forest products to
communities dependent upon natural resources. Plans for the protected area system also
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need to integrate environmental functions that are provided by protected areas. New
protected areas should be established specifically to maintain environmental functions in
areas where human livelihoods are the most vulnerable to climate change. Human benefits
of mechanisms such as payments for ecosystem services (PES) need to be further evaluated
and instituted around these protected areas. For example, an initial study conducted on
bundling and mapping of ecosystem services (biodiversity benefits, water provision and
carbon sequestration) yields priority areas that can be targeted for ecosystem services and
provide both human and conservation benefits. Provision of water weighted for irrigation,
direct human consumption and mangrove growth is shown in Figure 4a and areas suitable for
targeted ecosystem services are demonstrated in Figure 4b. The preliminary results of this
study indicate that 41% of the areas most suitable for PES are already protected areas, 21%
are in areas proposed for new protected areas, 18% are in areas proposed for new forest
reserves that would allow for sustainable timber management, and 20% did not overlap with
any existing or proposed conservation intervention (Honzak 2008).

The discussions also built consensus around the importance of seeing the emerging carbon
markets as a major development opportunity for Madagascar through REDD and the CDM
mechanisms. However, in order to ensure the long-term viability of these adaptation and
financing strategies, the Government of Madagascar should ensure that resources from
carbon markets flow to local communities to provide human livelihood benefits.

As a preliminary step participants identified regions important for human livelihoods and for
biodiversity. An initial discussion shows overlaps between zones that are important for
agriculture, husbandry, rice production and biodiversity conservation. For example, the
south which emerges as a critical region for protecting forests and ecological restoration of
habitats is also important for various livelihood activities — livestock and agriculture.
Similarly areas in the west around Menabe are important for both livelihoods and
conservation, as well as in the north. However, this analysis needs to be done in greater
detail and more methodically to produce verifiable results on overlaps between regions
important for biodiversity and human adaptation. Such an analysis would be the first step in
understanding the role of human adaptation in forcing land use changes with potential
detrimental impacts on conservation. Alternatively, such an exercise is also necessary to
evaluate opportunities for synergistic adaptation for communities and conservation efforts.

The critical next step is to hold discussions within regions on what the opportunities for
simultaneous management for biodiversity conservation and livelihood benefits are while
identifying potential conflicts well in advance in order to moderate such conflict causing
impacts. One of the policy recommendations is to set up cross-sectoral task forces to address
these overlaps and identify opportunities and management options to minimize impacts on
biodiversity and livelihoods.
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Fig 4a Provision of water quality weighted for benefits to communities, irrigation and mangrove
forests. Fig 4b Suitable areas identified for targeted ecosystem services.
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Marine Protected Areas

Madagascar has taken a strong stand on protecting its rich biodiversity by expanding its
existing terrestrial protected area network to six million hectares and by establishing an
initial goal of one million hectares of marine protected areas. Workshop participants
emphasized that one million hectares will not be enough to ensure sustained marine
biodiversity and livelihoods, and recommended that the government significantly expand its
goal for total area of MPAs. Discussions were split into two focal groups: climate-smart
selection criteria for MPAs, and strategies for MPA management that maximize resilience to
climate change.

Within the past few years, the Commission for Environment and Fisheries (CEP) has
undertaken a planning exercise using nine criteria to identify 29 potential MPA sites.
Climate change effects were not included in the nine criteria, but as the MPA selection and
designation process is still relatively new, there is an excellent opportunity now to
incorporate climate change into marine protected area prioritization and management. Thus,
this workshop was held at a critical time in the development of the MPA selection process.

Key questions that need to be considered as the siting process goes forward are:

* Do any new sites need to be added to the list? Sites that may be resistant and
resilient to climate change may not have been included if they did not rank highly
in the existing criteria.

* Do the existing sites need to be re-ranked amongst one other, as climate
vulnerability may affect the urgency of establishing protection at one or more
sites?

» Do the zoning, shape and size characteristics of any of the potential sites need to
be revised with respect to climate change? In particular, bigger protected areas
will include more habitat and more potential climate refuges, with greater options
for buffering against future climate change threats.

» Does the distance or separation between protected areas need to be considered to
ensure that MPAs function as a network? Connectivity between individual MPAS
is a critical feature for network functionality, and needs to be incorporated.

Another emerging concern in Madagascar is the rapid expansion of oil and gas exploration
and mining. It is essential that Madagascar take a pro-active approach to minimizing the
potential harm caused by this expansion to marine ecosystems and the communities that
depend on them. Terrestrial mining can have significant detrimental effects on marine
ecosystems, so any new mining operations should be considered with an eye on implications
for marine habitats. Offshore and deep water habitats should be included in the declaration
and zoning of MPAs. These habitats are particularly vulnerable to oil and gas exploration
and have often been ignored when it comes to protection, yet many ecological processes
depend on deep-shallow linkages. With the extension of national boundaries over seabed
areas likely to come into force in 2009, the government must consider how new habitats
(especially pelagic and deep water) soon to be under its jurisdiction will be included in MPA
networks and climate change considerations.
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To protect both marine diversity and livelihoods, it is also essential to anticipate potential
effects of climate change on livelihood activities, and the implications for pressure on marine
resources. By thinking ahead in this way, and by engaging communities early in discussions
of how to ensure their needs are met in the long-term, we can work to minimize conflict over
protected areas.

Outcomes and Next Steps

Participants agreed on the need for a background document for guidance on incorporating
climate change concerns into the MPA design and management process. Such a document
could explain the benefits of building climate change into planning at the beginning, as well
as illustrating how to apply principles of network resilience to planning and management.
This workshop should serve as a springboard to a series of discussions between CEP and
workshop participants to identify a way forward for incorporating climate change concerns
into the CEP process. Specifically, participants recommended the following:

» Bring the findings of this conference to the attention of the CEP through a series
of CEP meetings to identify a way forward for incorporating these into the CEP
process.

* Identify a period of 6-12 months in which CEP members can consider the
recommendations herein, identify priority areas for further clarification and/or
study, and/or targeted information gathering.

* Identify a target date for finalizing transformation of the list of potential MPA
sites into a coherent network of MPAs, for tabling and approval by the CEP, and
follow-up action by members and responsible parties.

Understanding and mapping biological, physical, and socioeconomic factors that contribute
to marine ecosystem and species resistance and resilience to climate change effects is critical.
The coral vulnerability model created for this workshop highlights the benefits of
vulnerability mapping for highlighting areas where further work is needed while
simultaneously facilitating effective planning.

There is also a strong need to increase awareness of climate change in communities around
Madagascar, and to build support for marine management approaches that protect both
biodiversity and livelihood needs. This is true at all levels, from the government to
individual villages.

Tourism Development

Tourism and its development potential were discussed by development experts and
practitioners to identify vulnerabilities and adaptation options. Changes in the distribution of
particular ‘charismatic’ species (such as particular species of lemurs or frogs or whales) as
well as changes in popular recreational areas (such as the reduction of fine sand beaches,
coral bleaching) have affected tourists’ choice of destination and the tour routes or packages
themselves in the recent years. Present tourism infrastructure is vulnerable to cyclones,
flooding, and erosion threats; and problems in water and power supply are predicted to
worsen. In terms of handicraft production, climate changes are expected to reduce raw
materials used in basket-weaving and the production of wood sculptures. One of the greatest
risks to developing ecotourism is the threat of coral bleaching. While the Toliara region has
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seen significant reef degradation, Madagascar still boasts of tourism attracting beaches and
reefs. In order to safeguard this growing revenue stream for the nation, threats from coral
bleaching need to be assessed for the various coral reef sites.

Building resiliency to climate change in tourism will require the rapid identification of new
tourism sites with charismatic species and coral reefs that demonstrate resiliency to date, to
promote ecotourism as a development pathway. Coral bleaching threats need to be
minimized by limiting non climate stressors such as land-based pollution and sedimentation
on these high value coral reefs. Reefs identified as resilient to date to bleaching events
should be protected and developed for ecotourism. Within each ecoregion, there is a need for
research, implementation, and extension of ecotourism technology (including infrastructure
and management of water and power) adapted to climate factors such as cyclones, flooding,
and erosion. Development of tourism should be promoted in ways that reflect changes in
resources availability under likely climate change scenarios. For instance, areas that have
limited fresh water now and are likely to become drier should see only limited tourist
development. In order to support communities in the management of raw materials used for
handicraft production, it will be important to support initiatives to improve land tenure,
increase technical capacity-building and craftsmen management, and implement a transfer of
management process.

Outcomes and Next Steps

» Recognizing the importance of beach tourism in Madagascar, limiting non-
climate stressors on coral reefs by addressing sedimentation, overfishing and
runoff issues is critical.

» Conduct resiliency assessments for coral reefs that can identify sites such as
Ambodivahibe where special oceanographic or geological features provide
resilience to corals under warming sea surface temperatures.

* Implement a management transfer process for basket-weaving and sculpture
craftsmanship.

» Inform and sensitize tour operators as to the effects of climate change and support
tourism beneficiaries (hotel owners and protected area managers) in the
implementation of new, climate appropriate technologies.

» Promote research in technologies for climate change adaptation/resilience
(universities and academic institutions).

* Revise code of tourism.

» Establish a network of databases on climate change related trends.

Section 6: Regional Assessments

Four regions were explored in greater detail to assess risks to biodiversity and livelihoods
and develop a more in-depth set of policy and conservation recommendations for these
regions. The four regions were: the Northeastern tip of Madagascar, the Northeast
(Masoala, Makira, Antongil Bay), Southwest (Toliara) and the Central Highlands. These
regions were selected partly on the basis of discussions during the May 2007 planning
meetings, early climate change projections and areas identified as biologically more
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vulnerable. Sessions comprised of participants from all the representative biome types
(marine, terrestrial) and livelihood specialists. Presentations on threats and implications
for specific taxonomic groups, ecosystem types, livelihoods and subsistence sectors were
followed by discussions aimed at evaluating particular needs and opportunities for each
region. The goal of these focused regional discussions was to identify the particular
vulnerability or vulnerability enhancing biological, physical and socio-economic attributes
(where relevant) and recommend adaptation measures. For Makira, Masoala, Tulear and
the Central Highlands surveys were conducted to assess community perceptions of climate
change impacts and adaptation measures adopted. These surveys were used to inform
much of the discussion for these three regions. For the Northeastern Tip region, existing
socio-economic data were used. These regional cases are summarized below.

Northeastern Tip

The Northeastern tip (NET) of Madagascar considered for this session comprises marine and
terrestrial ecosystems extending from a latitude 12°20’S to the uppermost tip of Madagascar
(Fig. 5). It consists of the coastal regions from Ambodivahibe to Cap d’Ambre. For the
purpose of this regional discussion session the NET region was divided into two different
areas based on the difference in vulnerability to climate change and anthropogenic pressures.
These two areas are the Bay of Diego Suarez (BDS) and the Bay of Ambodivahibe (BOA)
and the marine sites outside the BDS.

BDS

BOA

Figure 5. Area showing the extreme northern region under consideration for this case
study
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Group discussions during this session were split along marine and terrestrial foci, and
considered both anthropogenic and bio-geophysical factors that could either promote
resiliency or increase the vulnerability of the region.

The main pressures in this region include urban industries, shipping ports, and tourism.
Rural communities depend upon fisheries for livelihoods; however, the Bay of Diego Suarez
is heavily impacted by sedimentation. Agriculture and charcoal production are important
livelihood and energy bases in the region and much of the forests are under pressure.
Important forests remain in Montagne de Frangais and Orangea. While the marine
environment of Diego is already impacted by land based activities and sedimentation, the
Bay of Ambodivahibe is a high priority region for marine biodiversity protection.
Ambodivahibe is home to coral reefs in good health that have managed to escape bleaching —
a fact attributed to the bay’s unique bathymetry, a deep marine canyon, moderated warming
sea surface temperatures by being a conduit for cold water into the bay. Ambodivahibe is
ringed with mangroves in good health, and fishing is the main occupation for the villages
living in close proximity. Much of the fishing pressure reportedly comes from villages
further north (towards Diego) or south, rather than from the small population that lives in its
vicinity.  Little agriculture is practiced in the region, with cattle raising one of the
occupations.

This region sits in the path of cyclones and is witness to frequent high-intensity storms
during the months of November to March. These climatic factors are already taking a high
toll on the development capacity of the region. With a projected increase in high intensity
storms and cyclones, agriculture, infrastructure, energy and other human development
indicators are likely to be greatly impacted. This in turn increases the pressure on natural
resources — both marine and terrestrial. Other factors that increase vulnerability of the
region’s marine and terrestrial biodiversity, and human communities include a high
population density in and around the city of Antsiranana or Diego, lack of transportation and
infrastructure, high rates of deforestation and overfishing, and physical attributes such as
low-lying areas.

The coral reefs in Ambodivahibe have exhibited exceptional resilience to bleaching events to
date, making the protection of the bay a top priority as a climate change marine protected
area. Participants recommended that the planned boundaries of the MPA to be established in
Ambodivahibe be extended to enhance the adaptation capacity of the surrounding areas to
climate change. Pollution and sedimentation of the Bay of Diego Suarez from different
sources should be limited and monitored in order to minimize the impacts of climate change
in the bay. Restoration needs to be made on Orangea forest because of its role in the
protection of the Bay of Diego Suarez. The current plan to establish a protected area in this
site should incorporate the climate change impacts regarding its design and size. Coastal
management should be put in place to avoid development in low-lying areas. Forest
management should be improved to keep key forested areas to maintain the provision of
important services for the adaptation of climate change.

Participants recommended the establishment of a monitoring system to detect the impacts of
climate change on the region’s biodiversity. Further studies are needed on marine
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biodiversity, including, biomass, connectivity, and species distribution to obtain a better
understanding of the impacts of climate change and the relevant measures that need to be
taken for adaptation in the region. Studies on terrestrial connectivity should be undertaken to
learn about the dispersal of species in the face of climate change.

The apparent resiliency of the coral reefs in Ambodivahibe makes this a potential site to
promote ecotourism to diversify the income base for surrounding communities and to provide
further impetus for protecting this region.

NorthEast: Makira, Masoala, Bay of Antongil

The potential impacts and vulnerabilities in the regions of Masoala Peninsula, Makira and
Bay of Antongil were evaluated during presentation and discussions, with recommendations
made to cope with risks, minimize impacts and adapt to changes.

The main factors contributing to the vulnerability of biodiversity include: deforestation,
unsustainable exploitation of natural resources, pollution of freshwater and near shore coastal
waters, excessive sedimentation, and biological attributes such as slow regeneration capacity
of littoral forests. These factors together with insufficient agricultural technology and
information, under valuation of cultivable land, practices such as tavy, and a lack of long-
term planning to incorporate potential risks and trends combine to undermine sustainable
livelihood options. Together these factors exacerbate the vulnerability of both biodiversity
and human livelihoods to the impacts of climate change. In addition, insufficient public
services and a lack of funds to develop and maintain agricultural extension and socio-
economic enhancement activities perpetuate the cycle of poverty in the region. The region is
prone to cyclones, intense rains and regular flooding — conditions that significantly influence
infrastructure, access to markets, agricultural practices and opportunities, and thus
conservation.

During the discussions, participants recommended forest restoration using native species as
one of the primary mechanisms for reducing vulnerability in the region. The river Mananara
was recommended for protection as it is the second most important region for freshwater fish
endemism in Madagascar. Participants stressed the need to accelerate the process of creating
the protected areas around Makira and Bay of Antongil, implementing all the regulations
aimed at patrolling and management of the protected areas. It is also necessary to conduct an
analysis of the human dependence on natural resources around these PAs and the capacity of
the zones of exploitation to meet these needs.

Participants recommended the need to have a comprehensive development plan for the
northeast, which can harness the synergies between rural development needs and
conservation priorities to reduce vulnerability amongst human communities and biodiversity.
Reinforcing the capacity of small holder farmers and artisanal fishermen, developing pilot
sites for alternative livelihood strategies and investing in region specific agricultural research
were amongst the suggestions made to enhance human well-being. In addition, there is an
urgent need to elaborate a plan of action to address and moderate the impacts of cyclones in
the region.
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Efforts need to be made to sensitize all levels of management and government to incorporate
the potential impacts of climate change into their planning. Research to detail the impacts of
climate change on various aspects of biodiversity and natural resources’ based livelihoods is
also a high priority. In order to fill key gaps in data on climate trends to facilitate planning
for climate change, participants recommended the immediate establishment of climate
monitoring stations in the Northeast.

Southwest

The southwest region, home of the VVezo people, is also home to the Toliara Reef System and
extensive mangrove and spiny forest ecosystems. Although both marine and terrestrial
ecosystems have been significantly degraded, the region is an increasingly popular tourist
destination. Both government and non-governmental agencies are working to harmonize
conservation and development by engaging local communities in the development of
revenue-generating activities linked to protected areas.

The major non-climate threats in the region are depletion of fisheries stocks, sedimentation
and dune displacement. All of these are likely to be exacerbated by the predicted climatic
changes in the region.

Significant deforestation results from charcoal production, particularly following the recent
de-regulation of charcoal production in the region. The de-regulation was in part a response
to unreliable access to other energy sources in the region, suggesting that addressing energy
concerns in a climate-friendly way, for instance through solar panels, might help to reduce
deforestation. Agriculture, particularly of corn for export, is also an increasing cause of
deforestation in this region.

Degradation of upland areas resulting in increased sedimentation has a strong effect on
marine ecosystems around Toliara, as does pollution and runoff from the city of Toliara.
Extractive mining is another major threat in the south because of the important mineral
deposits there.

Human pressure on marine ecosystems has increased in response to decreased opportunities
for land-based subsistence and declines in the productivity of these resource-dependent
subsistence activities. These pressures may increase in the future as a result of the negative
effects of decreased rainfall and increased temperature on agriculture. Severe droughts have
occurred in this region in the past and down-scaled climate models suggest that this region
will become even more hot and dry as climate change progresses.

Three populations of dolphins in the area have been found to be negatively affected by
habitat degradation. Climate change impacts may make the situation even worse. Higher
ocean temperatures may lead to reduced food availability, increased diseases, or other
effects.

There are a number of actions that can reduce the vulnerability of this region to climate

change. There must be capacity building at all levels, including widespread education on
climate change and improved knowledge-sharing both through a centralized database such as
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ReBioMa and through improved communication among individuals and organizations
working in the region. There are many organizations working to protect biodiversity in this
region; improved coordination among these organizations would greatly increase the
likelihood of success. Key first steps in climate-smart conservation planning include
identifying the most resistant and resilient areas and targeting them for protection, and taking
immediate action to halt and reverse the rapid decline of the region’s coral reefs.

Central Highlands

This evaluation took a stronger human livelihoods-focused approach to assessing the
potential impacts of climate change. The discussions during this session focused on
identifying the main factors influencing vulnerability of agriculture, forestry, public health
and tourism around Fianarantsoa and Ranomafana National Park. Here, some of the last
remaining tracts of the eastern rainforests with unparalleled biodiversity can be found in
close quarters with high farming pressure. Strengthening the livelihoods of people living
around the protected areas and other areas of conservation significance is of critical
importance to safeguarding conservation actions and goals for the region. Participants
recommended strategies for minimizing impacts and overcoming barriers to adaptation such
as promoting ecological restoration and reforestation, reducing land tenure insecurity and
strengthening local forestry governance.

Adaptation mechanisms identified during this session include reforestation of land from a
watershed perspective — in order to minimize the destructive impacts of regular flooding in
the rainy season, ecological restoration needs to be done at watershed scale. This is also
needed to minimize the excessive loss of agriculturally suitable topsoil and prevent
sedimentation of rivers, all of which flow into coastal waters. The participants recommended
expediting the award of plantations and promoting long-term forest management schemes as
a means of sustainably managing forest resources to prevent further loss of forests. There is
a need for improved management of existing plantations to enhance income generation and
maintain connectivity with corridors.

Participants recommended the restoration of degraded areas to improve ecological services,
especially exploring opportunities for agroforestry to promote species that contribute to food
security and income generation. Agriculture development should be clarified and planned
along ecologically sensitive pathways — that is, adopting more of an eco-agriculture
approach. Developing improved fallows, increasing farmer to farmer extension approaches,
and dissemination the best farming practices are amongst recommendations aimed at
enhancing the yields from agriculture to safeguard livelihoods and thus minimize the impacts
of human adaptation on biodiversity. Participants recommended the diversification of
agricultural practices to promote alternative livelihoods such as beekeeping, fish farming and
promoting small scale animal husbandry. Ecotourism and agrotourism should be promoted
to facilitate an income diversification strategy where possible. Amongst the most immediate
recommendations for overcoming obstacles to adaptation is the need to strengthen local
forestry governance and land tenure systems. Participants also recommended maximizing
the rural benefits from economic valuation of ecosystem services, improved micro-finance
schemes and reviewing the opportunities and challenges presented by climate change
mitigation activities (e.g. growing biofuels).
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Section 7: Monitoring and Measuring Changes

Presentations and discussions on the morning of the third and last day of the workshop
focused on ecological monitoring needs and measuring change methodologies needed to
collect relevant data over a length of time to shed light on the impacts of climate change on
the floral and faunal community of Madagascar. While this session was specifically
dedicated to more in depth presentation and discussion of knowledge gaps and monitoring
needs, these long-term data and information constraints were recognized and highlighted
in most sessions from the onset of the technical discussions.

Terrestrial

Presentations focused on monitoring the loss of forests, forest fires, and linkages between
increases in forest loss and EI Nino years which could shed light on future trends under
climate change. Potential linkages between lemur feeding behavior and changes in tree
phenology under changing precipitation patterns were considered based on the analysis of a
twenty year dataset from Ranomafana. Participants recommended restoration ecology
studies to fill existing knowledge gaps and assess the feasibility of growing forests and
restoring degraded lands.

Experts stressed the need for monitoring to increase our understanding of how species could
respond in the future to climate change. Participants discussed the role played by riverine
forests in providing refuge and migratory corridors under past climate change events, and
recommended further research and feasibility studies on existing riverine forests. These
studies would help assess options for riverine forests’ restoration and their use as migration
pathways by biodiversity. One of the avenues for disseminating all available ecological and
biological data collected in Madagascar is the ReBioMa program.

Recommendations for Measuring and Monitoring of Terrestrial Ecological and Climate
Variables:

» Establish appropriate climate monitoring stations at representative sites, to capture
seasonal and long-term trends in changing precipitation and other climate variables
within regions of conservation interest as well as rural areas.

» Maintain and restore riverine corridors, spanning elevational gradients.

» Collect empirical data to understand how different taxa could use riverine corridors
for dispersal (e.g., how far; and over which elevations).

» Collect long-term quantitative data on several taxa, land cover change and climate in
a coordinated fashion, and spanning a range of elevations, at representative sites in
each of the major centers of endemism.

» Ecological and climate data should be made broadly available to government, NGOs
and scientists to improve both climate forecasts and projections of species range
shifts.

* Many changes currently observed in Madagascar are being driven by human activities
at a global scale. The government of Madagascar should take advantage of REDD, as
a new and unprecedented financing mechanism for increasing the resiliency of
ecosystems in Madagascar to global change.
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Marine

Presentations focused on remote sensing techniques for coastal management, monitoring
protocols for coral reefs, current work on building resilient MPAs in the region, and
approaches to network design and site selection. While satellite images provide a wealth of
critical information, there is a need for information with finer spatial resolution for coastal
MPA planning. Participants debated the need for a uniform monitoring protocol. While data
inter-compatibility is important, it is not essential that everyone use exactly the same method.
The first focus should be on what we want to measure, and the second on choosing site-
appropriate methods that best measure the desired variables. Another MacArthur-funded
project is developing a rapid bleaching assessment protocol, and it would be useful to
develop something similar for other ecosystems. A key need in the development of such
protocols in other ecosystems will be improved understanding of metrics that best measure
resilience to climate change. All participants felt that the opportunity for knowledge-sharing
and coordination provided by this session was important, and recommended exploring ways
to maintain coordination in the future.

Recommendations for Measuring and Monitoring of Coastal and Marine Ecological
and Climate Variables:

» Coordinated regional coastal and oceanographic monitoring networks to improve our
understanding of basic oceanographic and coastal processes and capture seasonal and
long-term trends in variables such as sea level, ocean temperature at a variety of
depths, pH, etc.

» Updated mapping of sea turtle nesting beaches, and programs to engage local
communities in monitoring and protecting turtle nests.

» Complete assessment and mapping of coral reef and other critical habitat distributions
around the country, particularly in areas currently not well-documented.

» Detailed mapping of mangrove species distribution for several key areas, along with
long-term monitoring of changes in species composition, mangrove health, and rate
of peat build-up relative to sea level rise.

* Fine-scale (sub-meter) topographic mapping for key mangrove and sea turtle nesting
areas, either through LIDAR (Light Detection and Ranging; an airplane-based
remote-sensing technology) or on-the-ground work; without this, it is impossible to
systematically and accurately assess the vulnerability of these ecosystems to sea level
rise.

* Long-term monitoring programs for key taxa (e.g. marine mammals, sea turtles,
seagrasses, important fish and invertebrate species), coupled with funds and capacity
for data analysis. This should include increased tracking of migratory species to
allow coordinated conservation efforts throughout a species’ migratory range.

* Increased modeling and measuring of terrestrial runoff into marine ecosystems, both
for current conditions and for projected future conditions. Models and measurements
should address effects of upstream habitat degradation on marine ecosystems, and
terrestrial and marine monitoring efforts should be more closely coordinated.

* Increased remote sensing capacity in the region.
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Section 8: Conclusion and Workshop Recommendations

The final plenary presentations on technical recommendations emerging from the
terrestrial, marine, livelihoods and integrated biodiversity-livelihood discussions were
made on the afternoon of the third and last day of the workshop. Plenary presentations
highlighted the findings of the technical sessions on projected climate change, threats to
and implications for various taxonomic groups and socio-economic sectors examined,
their vulnerability and recommendations to build resiliency and enhance adaptation.
These presentations were followed by a plenary discussion to draft the main conclusions
and overall recommendations of the workshop. The text of the recommendations follows
at the end of this section.

Discussion

The three days of discussion between climate, ecology and livelihood experts, conservation
practitioners and policy makers provided a forum for understanding the vulnerability of
marine and terrestrial biodiversity and the livelihood sectors to changing climate. These
discussions laid the groundwork for integrating an understanding of climate change impacts
into conservation planning in Madagascar, and specifically into the ongoing process for
expanding terrestrial and marine protected areas, by identifying strategies to facilitate
enhanced conservation and enable human adaptation while maintaining natural resources.

For adaptation to climate change, the technical steps necessary in follow-up to the workshop
are feasibility studies of riverine corridor protection and restoration, income from REDD,
CDM and energy production, restoration of fragmented forests, provision of alternatives to
community use of natural forests that are needed for biodiversity adaptation, study of human
adaptation to climate change and how it may impact biodiversity, and improved monitoring
systems and how to maintain them in remote locations.

Biological considerations suggest that conservation of riverine forest corridors, restoration of
native forest for connectivity and management of all native forest for species' responses to
climate change are essential elements of an adaptation strategy. On the research and
implementation side, immediate priority should be given to protecting all remaining forest
habitats, restoring corridors linking fragmented and highly vulnerable forests. Mechanisms
linking benefits from carbon mitigation to human well-being need to be elucidated. Just as
important, synergies between areas of mitigation and ecological adaptation need to be
assessed. A first step in reinforcing ecological resiliency through the restoration and
maintenance of corridors should be a study to assess the options and feasibility of protecting
and, where necessary, restoring riverine corridors. Riverine corridors are important to
maintain migration pathways that have facilitated species range migrations in the past and
that may be expected to do so in the future. The status of riverine corridors is poorly-known,
and is a major research priority. Restoration of these connective habitats will facilitate future
biological responses to climate change through mechanisms indicated to have been important
in past changes.

Between the riverine corridors, areas of endemism have developed that are vulnerable to
fragmentation. Decreasing fragmentation in these forests restores capacity for them to
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endure climate change with little excess species loss. The high endemism in these areas
exists precisely because they lack broader connectivity. These forests are very vulnerable to
climate change in their current, fragmented state. Because Madagascar has already lost most
of its natural forest, the forest that remains will play a critical role in allowing species
movements in response to climate change. Madagascar has already committed to tripling the
size of its protected area system. The roughly 30% of natural forest remaining outside of
protected areas is needed to provide wood, forest products and income to some of the poorest
communities in the world. Resolving the conflict between biological need for natural forest
and human needs for subsistence and income is best met by restoration of native forest and
creation of forest plantations on degraded land. Restoration of forests and minimizing forest
loss will also address excessive sedimentation and flooding during rains, thereby improving
water quality and preventing damage from crops. Managing land use at a watershed scale is
extremely important to safeguard water, limit sedimentation and runoff into rivers and
coastal waters, and ultimately limit the non-climate stresses on both terrestrial and marine
ecosystems to build resiliency.

A critical next step is the establishment of a comprehensive climate monitoring network.
This is necessary given the lack of adequate climate monitoring stations, especially in areas
of conservation interest such as forested and montane areas, and marine habitats. This is
needed to not only inform climate scenario modeling to generate more accurate projections
but also to monitor species’ response to climate variables. Such a network of terrestrial,
freshwater and marine monitoring sites will involve systematic and standardized collection of
quantitative data on taxonomic groups, water quality, and habitat quality, socioeconomic and
climatic variables.

The next steps for integrating climate change into marine conservation in Madagascar
include improved vulnerability modeling for key species and habitat types, increased climate
change expertise for marine conservation practitioners and policy makers in Madagascar,
coordinated monitoring and data sharing programs for variables linked to climate
vulnerability, and improved maps of species distribution in priority areas identified by
workshop participants. The relative dearth of basic information on coastal and marine
species and habitat types must be addressed. Rapid assessments of mangrove and reef
ecosystems in areas identified by experts as having the potential to be particularly resistant or
resilient to climate change effects will verify initial impressions, provide baseline data from
which to measure future changes, and support effective management planning. For instance,
Ambodivahibe in the northeast has a unique topography that keeps water cooler than much of
the surrounded ocean, providing a refuge during regional coral bleaching events. From
bathymetric maps, it appears possible that similar “cool spots” may occur further south along
this stretch of coastline, but on-site measurements are needed to confirm this.

Fine-tuning the coral reef vulnerability assessment model presented at the workshop will
highlight what information is needed to further improve country-wide vulnerability mapping
for this critical ecosystem, as well as helping to pinpoint key sources of climate change
vulnerability which could be the target of focused action to increase resilience (e.g. land-
based pollution, unsustainable harvest, etc.). Workshop participants expressed a strong
desire to expand spatial vulnerability mapping to other habitat types and species, with
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mangroves and sea turtle nesting beaches identified as the top priorities. Mangrove
vulnerability mapping would synergize with other efforts in the region (e.g. a GEF-funded
project on mangroves and climate change in Cameroon, Tanzania, and Fiji), and work with
sea turtle nesting beaches could closely parallel the MacArthur-funded project in the
Caribbean.

An overarching theme is the importance of integrating assessment and management of
terrestrial and marine health. We need to incorporate the conservation and overall health of
upland terrestrial areas into vulnerability assessments for coastal marine ecosystems, and
work to link marine and terrestrial protection and management.

Protected areas expansion on land and water under the Durban Vision needs to integrate
climate considerations. Information generated at the workshop is the first step in enabling
this process to become “climate conscious.” Immediate priorities include in depth analyses
to confirm the resiliency and/or vulnerability of regions identified for priority action during
the discussions on PAs. Additionally, further analysis of potentially conflicting and
complementary resource use patterns for regions identified during these discussions by
livelihood and biodiversity experts needs to be initiated. This would enhance our ability to
predict zones of synergies and conflicts well in advance, to implement actions necessary and
plan with a long-term, climate change- integrated vision.

Much of what is needed to facilitate the integration of climate change considerations into
conservation planning needs to be done in tandem with safeguarding human livelihoods.
There is an urgent need to diversify the income base for many communities, to strengthen
agricultural systems via ecologically sensitive intensification, enhancing access to markets
and technology transfers to improve yields. An insurance scheme to provide a safety net to
farmers should be considered with future climate risks from increased storm and cyclone
intensity in mind.

To plan effectively for climate change scenarios biodiversity conservation strategies need to
take into account community based adaptation actions already being adopted. We need to
understand how future resource use changes may impact priority areas for conservation and
minimize these impacts to the extent possible. Madagascar presents opportunities for both
climate mitigation and adaptation. Given the close linkages between biodiversity and human
well-being, conservation planning has to be in coordination with human adaptation under
climate change and vice versa.
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Key Recommendations
The overall recommendations generated by participants at the end of the three days of
discussions and presentations are highlighted below.

Technical Recommendations
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Strengthen national policies and institutions for Marine Protected Area (MPAS)
selection and establishment, including climate change criteria for prioritization of key
sites. Focus the planning and establishment of MPAs on a robust and resilient network
covering all marine and coastal habitats, protecting key species and extending from the
shore down the continental shelf and to deep sea habitats.

The Government of Madagascar, in collaboration with the conservation and scientific
community, should develop an action plan to maintain, restore and advance
understanding of riverine corridors, including those that span elevation gradients.

Maintain or restore forest corridors to reconnect forest fragments.

Ensure sustainable forest management to maintain habitat for biodiversity and to
provide refugia to ensure availability of future necessary habitat.

Implement a long-term monitoring program with a network of marine, terrestrial and
freshwater sites, distributed across latitudinal gradients and that cuts across the
hypothesized gradients of change. This will involve systematic and standardized
collection of quantitative data on taxonomic groups, water and habitat quality, and
socioeconomic and climatic variables. The climate-monitoring network should be
implemented immediately. Data generated by the network should be immediately and
freely available (in both raw and synthesized forms).

Clear synergies exist between human well-being and ecosystem functions and between
terrestrial and marine ecosystems. Actions are needed to enhance resiliency and
adaptation across all spatial scales with ecological restoration and watershed
management being a crucial part of this response.

In high biodiversity regions, promote land tenure, environmentally respectful and
ecologically sustainable intensification and diversification of agriculture,
environmentally sound energy sources, infrastructure more likely to withstand
predicted climate changes, following the specific strategy for rural development (see
above).

Support risk assessments and improve our understanding of ongoing community-based
initiatives to reduce vulnerability and adapt rural livelihoods to climate change, to
better understand how human migration will be affected under stress from climate
change.



e Reinforce SAPM and CEP planning and the effective management of protected areas
iby integrating climate change impacts, and ensure sustainable management in order to
maintain all of Madagascar’s natural forest, marine and freshwater ecosystems.

Policy Recommendations

e Establish an Inter-Ministerial Task Force on Climate Change under the supervision of
the EPP/PADR that will integrate environmentally sound adaptation measures across
sectors (Oil, Tourism, Mines, Agriculture, Fisheries, Regional Planning), in the
Madagascar Action Plan (MAP), in regional MAPs, and in national strategies, with the
support of the institutions attending the workshop.

e Re-examine and adapt the PANA by integrating data and recommendations from this
workshop.

e Develop and disseminate methods of information-education-sensitization on climate
change and adaptation across all levels and sectors.

e Develop a rural development policy around areas most vulnerable to climate change,
in particular through updating the Rural Development Policy Letter (LPDR) to include
the recommendations of this workshop.

e Take advantage of the opportunities presented by a variety of different financing
mechanisms like the MDP (under the Kyoto Protocol), Adaptation Fund, etc. The
government should develop a national vision to utilize these mechanisms and tools to
finance and promote rural development and conservation.

e Explore different methods and mechanisms that are in place for ecosystem service
payments (water, disaster prevention, etc.).

e Madagascar should pay very special attention to developing a national strategy for
Reduction in Emissions from Deforestation and Degradation (REDD) interlinked with
national policy on adaptation. REDD provides multiple benefits, including
maintenance of carbon stocks and other critical ecosystem services, as well as
providing added resources for biodiversity conservation and direct benefits to local
communities. Madagascar has already led with some of the world’s first pilot projects
on REDD, and REDD post-Bali now presents a unigue historic opportunity to continue
protecting forests and to secure investments in forest conservation far beyond anything
else realized thus far. Madagascar is for the moment uniquely positioned to become a
world leader in further development of methodologies and in securing major
international investments through this new approach.
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Appendix I. Workshop Agenda

Workshop Agenda

Monday, January 28th (Salle de Réunion, Ministére de I’Economie, du Commerce et de
I”’Industrie, Anosy)

14:00 - 15:30
Opening Remarks:

e Dr. Russell Mittermeier, President of Conservation International

e His Excellency Niels Marquardt, United States Ambassador to Madagascar

e His Excellency Harison Randriarimanana, Minister of Environment, Water,
Forests and Tourism

Presentations (Government of Madagascar)

e Objectives of the workshop within the context of Madagascar’s current environmental
and rural development goals and guidelines

¢ Climate Change context for Madagascar based on existing international and national
frameworks and strategies for adaptation.

15:45 - 18:00 Plenary Presentations: Modeling Climate Change Predictions and
Implications of Climate Change

15:45 — 16:00 — Climate change trends and adaptation in Madagascar
Presented by: Zo Rabefitia, Direction Générale de la Météorologie

16:00- 16:15 — Future climate scenarios for Madagascar based upon modeled layers by
University of Cape Town, using precipitation and temperature data
Presented by: Mark Tadross, University of Cape Town

16:15 — 16:30 — Scenarios for terrestrial species’ distribution changes under climate
predictions based upon ReBioMa and MBG species’ modeling
Presented by: Alison Cameron, University of California, Berkeley

16:30-16:45 — Oceanography and Climate Change for Madagascar
Presented by: Juliet Hermes, South African Environmental Observation Network

16:45 — 17:00 - Scenarios for marine species
Presented by: David Obura, CORDIO

17:00 — 17:15 — Projected and observed impacts on livelihood sectors (agricultural
productivity) from modeling and stakeholder consultations

Presented by: Harifidy Ramilison (Consultant), Patrick Rasolofo (CNIS); Andoniaina
Ratsimamanga (WB)
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17:15 - 18:00 — Questions and Answers

Tuesday, January 29% (Palais National de la Culture et des Sports, Mahamasina)

8:30 — 8:45 — Presentation of the agenda for the technical sessions

8:45 - 9:15 — Plenary: Climate scenarios for Madagascar
Presented by: Mark Tadross (UCT) and Robert Hijmans (IRRI)

9:30 - 13:00 Technical Sessions: Parallel interactive working group sessions

Objective: Provide a platform for focused presentations and discussions in order to assess
the level of climate change induced risk, adaptation needs, and regional priorities for each of
the following key area types:

e Terrestrial Ecosystems
e Marine and Coastal Ecosystems
e Rural Livelihoods

1. Terrestrial Ecosystems —
Coordinating Agency: Missouri Botanical Gardens — Madagascar and MEEFT
Facilitators: Pete Lowry and Omer Laivao

2. Marine and Coastal Ecosystems
Coordinating Agency: WWF, SAGE, MEEFT
Facilitator: David Obura, CORDIO East Africa, Hajanirina Razafindrainibe, Laurette
Rasoavahiny
3. Impacts of Climate Change on Livelihoods
Coordinating Agency: USAID-Madagascar and IRG, MAEP, MEEFT
Facilitator: Harifidy Ramilison (Consultant), Patrick Rasolofo (CNIS)
13:00 — 14:00 — Lunch
14:00 — 16:15 — Technical Sessions Continue
16:15-16:30 Coffee Break
16:30-18:00 — Plenary: Report back on Technical Sessions
Objective: (1) Report back on key results, recommendations and regional priorities by each

session group and (2) Discuss overall regional priorities for Madagascar based on the
priorities identified by individual sessions
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16:30 — 17:00 — Terrestrial Ecosystems’ Group
17:00 — 17:30 — Marine and Coastal Ecosystems’ Group

17:30 — 18:00 — Livelihoods’ Group

Wednesday, January 302 (Palais National de la Culture et des Sports)

8:30 — 9:00 - Plenary: Brief presentation on previous day’s concluding discussions

9:00 — 13:00: Sessions in parallel: Protected Areas and Livelihoods (Marine and
Terrestrial)

9:00 - 13:00 - Protected Areas and Livelihoods

Objective: Propose mechanisms to address regional problem areas or vulnerabilities for
protected areas located in each region

1. Protected Areas and Livelihoods (Terrestrial)

Coordinating Agency: Cl, ReBioMa, ANGAP, DGEF

Facilitators: Claire Kremen (ReBioMA), James MacKinnon (Cl Madagascar), ANGAP,
Laurette Rasoavahiny, Harifidy Ramilison

2. Protected Areas and Livelihoods (Marine)
Coordinating Agency: WWF, ANGAP, SAGE, CORDIO,
Facilitators: Jennifer Hoffman, David Obura

13:00 - 14:00 — Lunch
14:00 — 14:30: Report back on Protected Areas discussions
14:30 — 18:00 Regional Case Study Sessions

Objective: Identify problems, vulnerability and potential adaptation measures to address the
impact on both biodiversity and livelihoods within regions
Coordinating Agencies: ClI, WWF, WCS, ANGAP, DGEF, USAID/IRG
- Multiple breakout groups with representation from the livelihood, terrestrial, and
marine sessions for each of the four regions:
o Southwest (Toliara) - WWF
Central (CAZ & COFFAV) — USAID/IRG
North-East (Maronstetra & Baie D’ Antogil) - WCS
North (Diego & Ambodivahibe) — ClI

O OO
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Thursday, January 312 (Palais National de la Culture et des Sports)

8:30 — 9:30 — Plenary: Report back on regional group discussions
9:30 - 12:00 — Sessions in Parallel: Measuring and Monitoring Changes

1. Measuring and Monitoring Changes: Research priorities and filling knowledge gaps
(Terrestrial)

Coordinating Agency: CI (TEAM) and ONE

Facilitator: Sandy Andelman

2. Measuring and Monitoring Changes: Research priorities and filling knowledge gaps
(Marine)
Coordinating Agency: WWF

12:00 - 13:00 -
Coordinating Agency: Cl & WWF
Discussion on recommendations and validation of presentations to be given in the afternoon

13:00 — 15:00 - Lunch

15:00 — 16:30 — Plenary
Concluding presentation by the Government of Madagascar and partners on workshop
results, priorities, and future action needed.

16:30 Closing Remarks, Poster Session and Reception
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Appendix 1. English Literature Review

Introduction — Madagascar’s present day climate

Madagascar is home to the world’s richest concentration of endemic flora and fauna (Wilme
et al. 2006). It has been designated a biodiversity hotspot, an attribute that is in part a consequence of
geographic variation in climatic regimes. Madagascar is located off of the southeast coast of Africa at
12-25°S, 43-51°E, extends 1,650 km long and 580 km wide and has both tropical and subtropical
climatic conditions. The topography and terrestrial ecosystems are diverse, ranging from spiny desert
forests at sea level in the southwest to montane rainforests at altitudes of >3,000 m along the eastern
ridgeline (Kull 2002, Jury 2003). Southwestern Madagascar is dry and cool (precipitation: 350 mm
year™, temperature range: 20-27°C) relative to the humid north (precipitation: 3,500 mm year™,
temperature range: 26-29°C; Ingram and Dawson 2005). Grassland and savanna are common
throughout low-elevation, inland portions of Madagascar, and tropical dry forest habitats are located
along the west coast (see Figure 1, Kull 2002). In upland, mountainous areas, temperatures below
freezing are common and rarely exceed 20°C during the austral winter (Jury 2003). Madagascar’s
climate is characterized by two seasons. Dry trade-wind conditions are common in the austral winter
(May-September), whereas monsoon-driven wet conditions occur during the austral summer
(December-March; Jury 2003). During the wet season, rainfall on the east coast is often two- to
three-fold greater than on the west coast (Jury et al. 1995).

Abiotic changes to Madagascar’s terrestrial environment

Geographic and seasonal variation in Madagascar’s abiotic environment will likely be altered
by anthropogenic climate change (Williams et al. 2007). The accumulation of greenhouse gases in
the atmosphere is predicted to lead to an increase in average global air temperature and altered
patterns of precipitation in the terrestrial environment. Globally, the average air temperature has risen
by 0.74°C over the last 100 years, and 0.2°C warming per decade is expected during the coming
century (IPCC 2007a). Similar changes are expected in Madagascar (IPCC 2007b). Total annual
rainfall has also increased steadily in Madagascar between the 1960s and the 1990s, the most recent
years for which we found data (Jury et al. 1995), and precipitation during the wet season is expected
to increase by 5-20% throughout the country over the next century (IPCC 2007a). In contrast, the dry
season in Madagascar is expected to become drier: precipitation is predicted to drop by 10-30% in the
next 100 years (IPCC 2007a). Since the 1950s, average wind speeds in Madagascar have increased
by >1 m s, and the probability of extreme events—specifically, tropical cyclones—has increased and
will continue to do so (Jury 2003).

Anthropogenic climate change will also affect larger-scale, oceanographically-driven
phenomena, such as the EI Nifio Southern Oscillation (ENSO) and the Indian Ocean Dipole (10D).
In the southwest Indian Ocean, ENSO events, which occur in ~4 year cycles (Timmermann et al.
1999), are characterized by higher sea surface temperatures (SSTs), increased precipitation, and
increased monsoon winds (Jury et al. 1995, Jury 2003). In southern Africa (Thomson et al. 2003) and
in Madagascar in particular (Ingram and Dawson 2005), the year following an ENSO event is often
characterized by drought and wildfires. ENSO events are expected to become more frequent with
increasing greenhouse gas concentrations (Timmermann et. al.1999). The 10D, recently identified by
Saji et al. (1999), occurs with a 4 — 6 year periodicity (Behera et al. 2006) and is thought to have
occurred for >6,500 years (Saji et al. 1999). The positive phase of the 10D, like ENSO, is
characterized by increased SSTs and greater precipitation in the southwest Indian Ocean. During its
negative phase, drier, cooler conditions occur in this region (Saji et al. 1999). Though there is little
consensus on whether 10D events require ENSO forcing (Baquero-Bernal et al. 2002, Black et al.
2003, Saji and Yamagata 2003, Yu and Lau 2004, Behera et al. 2006) or how the 10D may interact
with climate change, climate models suggest that in the absence of ENSO events the 10D would
occur every 2 years (Behera et al. 2006). In years in which ENSO and the positive phase of the IOD
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co-occur in the southwest Indian Ocean, SST, rainfall, and wind anomalies tend to be greater than
average (Behera et al. 2006). Together, these observations imply that the increasing frequency of
ENSO events resulting from anthropogenic climate change (Timmermann et al. 1999) may cause the
10D to occur less often, but to have more pronounced effects when it co-occurs with ENSO events.

Anthropogenic climate change is expected to increase precipitation in Madagascar during the
wet season, as a result of more frequent ENSO events, and via stronger positive phase 10D events.
This increase in rainfall will have important hydrological effects on Madagascar’s freshwater
ecosystems. Madagascar is characterized by a variety of rivers, streams, and other freshwater habitats
(Benstead et al. 2003a) that drain primarily along the west coast (Cooke et al. 2003). These
freshwater habitats include at least 143 native fish species (e.g. cichlids, rainbow fishes), of which
65% are endemic (Sparks and Stiassny 2003, Benstead et al. 2000). Though invasive, tilapiine
cichlids are also a critical resource for the aquaculture industry and occur throughout Madagascar
(Benstead et. al. 2000). Aquatic ecosystems are highly threatened by human land-use practices such
as deforestation (Benstead et al. 2003b, Benstead and Pringle 2004) because ecosystem protection and
reserve design have not been implemented from a watershed perspective (Benstead et al. 2000).
Because of deforestation, freshwater temperatures have increased and natural erosion processes have
accelerated, increasing the sediment load in rivers and altering the natural habitat (Green and
Sussman 1990, Benstead et al. 2003a). Increased rainfall expected as a result of climate change will
aggravate these already seriously degraded aquatic ecosystems by further hastening erosion and
sedimentation rates. The lack of vegetation on deforested lands will reduce the ability of soils to
retain moisture, and increases in river runoff are expected to be on the order of 10-40% (Gable et al.
1991, IPCC 2007b). Loss of vegetation will increase soil dryness in the wet season, and worsen
flooding in the wet season. For instance, many drainages in deforested regions have already shown,
and may continue to show, a shift from continual to intermittent or even nonexistent flow during the
dry season as the storage capacity of the land declines with decreases in vegetation (Benstead et al.
2003a). In contrast, deforestation combined with enhanced precipitation will increase the potential
for loss of flood control during the wet season (Wells and Andriamihaja 1997, Kremen and Ostfeld
2005). The lrodo River, the rivers draining the Tsaratanana Massif, rivers of the Masoala Peninsula,
all of the rivers draining parcels of relatively intact eastern rain forest, and rivers draining the region
of Andohahela are particularly vulnerable to climate change impacts because these regions
correspond to areas of high human pressure (Benstead et al. 2000). Whether deforestation will in turn
affect patterns of precipitation, in addition to climate change, is unclear. Long-term data on rainfall
patterns in forested, deforested and savannah regions of the Amazon basin suggest that deforestation
increases rainfall (Chagnon and Bras 2005). In contrast, simulation models of the Amazon region
have traditionally shown that deforestation will decrease rainfall (Nobre et al. 1991, Walker et al.
1995).

Ecological responses to climate change in the terrestrial environment

Changes in Madagascar’s abiotic environment will influence the physiology, morphology, and
behavior of individual organisms (Harley et al. 2006). In addition, some impacts of anthropogenic climate
change will materialize through population- and community-level interactions (e.g. dispersal, consumer-
resource dynamics). Together, these effects will produce emergent ecological responses such as species
extinctions and/or changes in species distributions, increasing temporal variability in the abundance of
species, and alterations in phenology (reviewed by Parmesan and Yohe 2003, Root et al. 2003). In this
section, we review the published, peer-reviewed English literature documenting and/or predicting
ecological responses to climate change in Madagascar’s terrestrial environment (see Appendix for details
about literature review).
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Over geological time, variation in the geographic location of microclimates on Madagascar is
thought to have been critical to its unparalleled rates of endemism (Wilmé et al. 2006).
Microendemism is the hypothesis Wilmé and colleagues put forth to explain the small spatial scale
patterns of endemism in Madagascar. According to this hypothesis, glacial cycles caused variation in
climatic conditions and thus repeated species’ expansions and retreats along riverine corridors.
Vicariance events separated populations, eventually leading to allopatric speciation among
Madagascar’s watersheds (Wilmé et al. 2006). Today, terrestrial biodiversity on Madagascar faces
new pressures as the possibility of disappearing and novel climates, especially in central and northern
regions, becomes a reality (Williams et al. 2007). That is, microclimates that existed on Madagascar
in the 20" century will be eliminated in the 21% century, while at the same time never before seen
microclimates are expected to develop. Tropical montane regions of Madagascar will see especially
rapid changes (Williams et al. 2007). These climatic shifts increase the likelihood of species
extinctions and/or changes in species distributions. Changes in species distributions in turn can cause
community disruption and the formation of novel species assemblages (Williams et al. 2007).

Together, the microendemism hypothesis and the potential for disappearing and novel
climatic conditions raise particular concern about the effects of anthropogenic climate change on
Madagascar’s flora and fauna. First, many of the potential dispersal corridors along Madagascar’s
montane riverine passes are degraded or lost due to deforestation (Green and Sussman 1990, Benstead
et al. 2003a). This observation suggests that range changes may not be viable options for terrestrial
flora and fauna in Madagascar’s present day landscape. Second, many Malagasy taxa have narrow
climate envelopes, or ranges of climatic conditions in which they occur, including plants (Dumetz
1999), lemurs (Goodman and Ganzhorn 2004, Lehman et al. 2006), reptiles and amphibians
(Raxworthy and Nussbaum 1994, Lehtinen et al. 2003, Raxworthy et al. 2003), butterflies (Lees et al.
1999, Lees 2002), snails (Emberton 1996, 1997), and ants (Fisher 1999, 2003). It remains an open
question as to (1) how the distributions of these species will shift in response to anthropogenic
climate change, and (2) how quickly Malagasy species can adapt to accelerating anthropogenic
climate change, if at all. However, there exists a substantial body of research that may help identify
which anthropogenically-induced changes in the abiotic environment will produce the greatest
stresses on specific taxa.

Vegetation

The published literature on climate-change induced effects on the flora of Madagascar
suggests that it will be stressed via increased climatic variability through the disappearance or shifting
of climatic conditions (Ingram and Dawson 2005, Dumetez 1999). From 1982-2000, the strength of
ENSO events in one year was negatively correlated with the green leaf biomass on Madagascar (i.e.,
NDVI) in the following dry season (Ingram and Dawson 2005). Increases in the frequency or
strength of ENSO and/or 10D events (Timmermann et al. 1999), and the corresponding variability in
patterns of precipitation, suggest that Madagascar’s vegetation may show increasing temporal
variability in abundance in response to anthropogenic climate change. In addition, anthropogenic
climate change may exacerbate threats to plant species that are restricted to narrow ranges and/or are
threatened by deforestation. For example, plant species that occur in coastal lowland forests are
currently severely threatened by deforestation (Dumetz 1999), and are at risk from predicted increases
in sea level and from increases in tropical cyclone frequency due to their geographic location.

Lemurs

Explicit links between anthropogenic climate change and the distribution and abundance of
lemurs have not been drawn in the published literature. However, we can make educated inferences
about the likely effects of climate change on lemurs given what we know about their ecology. The
most serious effects of climate change on lemurs may occur indirectly, as a result of impacts on the
abundance and phenology of their food resources. Fruits and young leaves are the principal items in
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lemur diets. Tree mortality that may result from an increase in the intensity and frequency of
cyclones (e.g. Jury 2003) will reduce fruit set and the abundance of young leaves. Such declines in
these food resources will in turn have negative impacts on lemur populations (Sauther 1998,
Ganzhorn et al. 1997, Wright 2006). For instance, in 1997 the worst cyclone in Madagascar’s history
resulted in an 80% canopy loss and a 50% decrease in the size of lemur populations at Manombo
reserve (Wright 1999). In addition, if climate change causes longer, more intense dry seasons and/or
more drought years (e.g. IPCC 2007a), lemur populations could become food-stressed and intra- and
inter-specific competition for food resources could increase (Gould et al. 1999, Schulke 2003, Wright
2006, White et al. 2007, Lahann 2007). For example, a prolonged drought in 1991-1992 caused ring-
tailed lemur (Lemur catta) survival to decline precipitously (up to 30% mortality for adults and 80%
mortality for infants) in the Beza-Mahafaly Reserve of southwestern Madagascar (Gould et al. 1999).
The authors attributed this increased death rate to the reduced abundance of high-quality food
resources during and following the drought period (Gould et al. 1999).

Anthropogenic climate change may also cause changes in plant phenology (Root et al. 2003,
Parmesan and Yohe 2003) that have indirect negative effects on lemur survival and reproduction.
Lemur species have adapted to the seasonality of food resources by relying on a variety of tree
species that produce fruit at different times throughout the year (Sauther 1998, Ganzhorn et al. 1997,
Overdorff 1993, Wright 2006) and moving more frequently and farther distances during the dry
season to acquire food (Tarnaud 2006). Thus, variation in rainfall in Madagascar, brought on by
anthropogenic climate change (e.g. IPCC 2007a), may alter tree phenology, in turn reducing lemur
survival (Wright 2006). Additionally, the coexistence of many lemur species on Madagascar is made
possible in part by strict temporal differentiation of breeding periods that last for short time periods
(i.e., 1-2 weeks; Wright 1999, 2006). Changes in plant phenology may constrain or eliminate
breeding opportunities for certain lemur species, or cause the breeding periods of different species to
overlap. Both possibilities could potentially lead to declines in species abundance. Lastly, the
adaptation of lemurs to plant phenology allows females to successfully lactate and wean their young
(Wright 2006). If anthropogenic climate change causes longer, more intense dry seasons and/or more
drought years (e.g. IPCC 2007a), the survival of infants produced by older female lemurs may be
reduced, potentially threatening species persistence (King et al. 2005, Wright 2006).

Amphibians and reptiles

Amphibians, and to a lesser extent reptiles, are perhaps the poster children of anthropogenic
climate change (e.g. Daszak et al. 2005, Reading 2007, Whitfield et al. 2007, and references therein).
Recent evidence from Costa Rica suggests that the well-documented, negative effect of anthropogenic
climate change on amphibian and reptile populations does not result from the recent emergence or
climate-driven outbreaks of chytridiomycosis (a fungal pathogen). Instead, warming-induced
reductions in standing leaf litter the preferred microhabitat of amphibian and reptiles, causes declines
in their populations (Whitfield et al. 2007). Warming effects on amphibian populations have also
been documented in temperate regions (Daszak et al. 2005, Reading 2007).

The available data suggest that habitat loss due to deforestation (Raxworthy 1988, Raxworthy
and Nussbaum 1994, Andreone et al. 2005) rather than anthropogenic climate change poses the
greatest threat to Malagasy amphibian and reptile populations (Andreone et al. 2005). However,
many of Madagascar’s herpetofauna are restricted to particular climate envelopes (Raxworthy and
Nussbaum 1994, Raxworthy et al. 2003) as well as specific habitat types (e.g. primary forest,
Raxworthy and Nussbaum 1994). As a consequence these taxa may be particularly vulnerable to the
direct impacts of anthropogenically-induced changes in climatic conditions. For example, while low
altitude specialists may find refuge at higher elevations as temperatures increase, high altitude
specialists may suffer if the climatic conditions currently present at high elevations disappear
(Raxworthy and Nussbaum 1994, Williams et al. 2007). Of course, biotic interactions (e.g.
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interspecific competition, predation) may also limit the extent to which retreat of low altitude
specialists is possible. Nonetheless, the disjunct present-day distribution of reptiles in Madagascar
indicates that these types of adjustments to changing climatic conditions are likely to have occurred in
the geological past (Raxworthy and Nussbaum 1997). Ecological niche models that predict species
distributions based on a suite of climatic variables may serve well to generate expectations for future
distributions of amphibians and reptiles in Madagascar under different anthropogenic climate change
scenarios. Just such an ecological niche model was developed for Malagasy chameleons by
Raxworthy et al. (2003).
Butterflies

The butterflies of Madagascar have been used frequently as an indicator taxon for
biodiversity patterns in its humid forests (Lees et al. 1999). In the face of anthropogenic climate
change, Malagasy butterflies will likely prove sensitive to changes in environmental conditions (e.g.
temperature; Lees 2002). Though butterflies perform poorly as surrogates of plant diversity, they
perform well as indicators of anthropogenic disturbance (Kremen 1992). Furthermore, species
richness of butterflies peaks at mid-latitudes and at mid-elevations on Madagascar, as does species
richness of beetles, moths, chameleons, frogs, birds, lemurs, tenrecs, and rodents (Lees et al. 1999).
In fact, Kremen (1994) proposed that the endemic species of Malagasy butterflies in the genus
Henotesia, alone, are as good as the entire butterfly fauna for delineating topographic, elevational,
and other environmental gradients. Similar to the situation with the amphibians and reptiles of
Madagascar (e.g. the occurrence of altitudinal specialists), the consensus view regarding Malagasy
butterflies is that each species occupies a relatively narrow niche and species distributions can be
defined well by specific climate envelopes (Lees 2002). Biotic interactions (e.g. interspecific
competition, predation) may contribute to the limits of species ranges (e.g. upper altitudinal limits) in
Madagascar, but the extent to which these factors will interact with human-induced changes in
climatic conditions has not been treated in the peer-reviewed literature. Together, these observations
suggest that the butterfly community will be sensitive to anthropogenic climate change and its
ecological responses may provide insights into the severity of changes in climatic conditions
occurring on Madagascar. The climatic envelope models of Lees (2002) should prove useful in
predicting future distributions of Malagasy butterflies under different anthropogenic climate change
scenarios.

Invasions

Anthropogenic climate change may shift environmental conditions in directions that facilitate
the success of invasive or exotic species. Though many possibilities exist, we present two examples
of how inferences can be made about the effects of increasing greenhouse gas concentrations on
invasive species. One approach involves choosing to focus on an invasive species that has been
particularly successful in establishing itself in non-native ranges, but has yet to establish in the focal
area. By characterizing the invasive species’ climate envelope, one can then ask which uninvaded
regions are most vulnerable to future establishment. Roura-Pascual et al. (2004) and Hartley et al.
(2006) use this tactic with Argentine ants (Linepithema humile), one of the most successful invasive
species on the planet, to demonstrate that Madagascar is particularly susceptible to invasion under
current climatic conditions. However, Roura-Pascual et al. (2004) also simulated the predicted
climate in Madagascar in 2050, and found that the island will become less hospitable or inhospitable
to Argentine ants under typical global warming scenarios.

An alternative approach to predicting how anthropogenic climate change will affect
invasiveness is to focus on an invasive species that has already established itself in a focal non-native
region. One can then ask if the focal region’s future climatic conditions are likely to include the
invasive species’ climate envelope. For instance, the Asian snakehead (Channa maculata) thrives in
Malagasy freshwater systems with low oxygen content, where it can prey easily on native fish species
(Benstead et al. 2003a). Warmer waters often are characterized by lower oxygen concentrations. One
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can infer that if anthropogenic climate change leads to warmer waters surrounded by less vegetation
(e.g. due to an interaction with deforestation), the oxygen content of rivers will be lower. These future
conditions would facilitate the invasive spread of Asian snakeheads in Madagascar.

Implications of climate change impacts on terrestrial ecosystems for human communities

Though the potential impacts of climate change on the Malagasy people are many (e.g.
species extinctions may reduce ecotourism revenues), here we mention two ecological responses that
have been addressed in the peer-reviewed literature. First, vector-borne diseases like malaria are
likely to be influenced strongly by changes in climatic conditions associated with greenhouse
warming. Malarial risk increases with temperature (Bouma 2003), a change that is virtually
guaranteed under current anthropogenic climate change projections (e.g. IPCC 2007a). In fact, if
anthropogenic climate change brings even small increases in temperature in normally cool highland
areas like Antananarivo province, malaria transmission intensity, duration of the transmission season,
and areas susceptible to transmission are likely to increase greatly. As a consequence, it is expected
that malaria incidence among its inhabitants will also increase. In addition, a nearly 20-year long
time series of malaria incidence in Antananarivo province suggests that there tends to be an increased
risk of epidemics in the year following ENSO events (Bouma 2003). Should ENSO events increase
in frequency as predicted (Timmermann et al. 1999), so too will the incidence of malaria in at least
some areas of Madagascar. The expected increase in frequency of ENSO events may also lead to
crop failure in Madagascar. For example, following the 1982-83 ENSO event maize crops in
Madagascar failed altogether due to prolonged dry conditions (Tadross et al. 2005). Others have
suggested that commercially important exports such as coffee, cotton, and vanilla may also decline
due to anthropogenic climate change (e.g. Jury 2003). Reductions in agricultural products could have
devastating impacts on an already impoverished nation (Kremen et al. 2000).

Geography and physical properties of Madagascar’s marine and coastal environment

Madagascar is best known for its terrestrial biodiversity and endemism. However, the
approximately 6,000 km of Malagasy coastline (Gabrié et al. 2000) are also home to an impressive
diversity of marine habitats and species. Extending from tropical waters in the north (mean annual
sea surface temperature, SST = 28°C) to the interface between temperate and tropical systems in the
south (mean annual SST = 22°C), the island’s waters include coral reefs, mangroves, seagrass beds,
estuaries, sandy beaches, rocky inter-tidal reefs, and pelagic habitats (see Fig. 14. in Gabrie et al.
2000; Cooke et al. 2003). These near-shore marine ecosystems are influenced by two exogenous
sources: offshore patterns of oceanographic circulation and terrestrial inputs from Madagascar’s
rivers and streams.

A complex system of ocean currents influences the SST around Madagascar and transports
nutrients to its nearshore ecosystems. The south equatorial current moves west bringing warm water
from across the Indian Ocean. Encountering the east coast of the island, it deflects north into the
North Madagascar Current and south into the East Madagascar Current (Pollock 1993, Cooke et al.
2003, Palastanga et al. 2006). The North Madagascar Current wraps around the northern tip of the
island and runs through the Mozambique Channel, becoming the Mozambique Current (de Ruijter et
al. 2002, Cooke et al. 2003, Palastanga et al. 2006). A series of cyclonic eddies form regularly in the
Mozambique Channel, and are potentially important retention centers of marine larvae which then
settle in the coral reefs and mangroves along the western coast of Madagascar. In contrast, the East
Madagascar Current moves extremely fast (in some places up to 100 cm/s) along the east coast and
toward the south of the island in an area of major upwelling and productivity between Tolagnaro and
Tulear (Cooke et al. 2003). Typical patterns of ocean circulation can be altered by the 10D. For
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instance, during the positive phase, waters of the eastern Indian Ocean cool; however, these cooler
waters do not reach Madagascar because of a simultaneous weakening of the south equatorial current.

Nearshore marine ecosystems are also influenced by patterns of land use on Madagascar. In
particular, deforestation and burning of grasslands increase sedimentation rates in rivers and streams
(Gabrie et al. 2000, Webster and McMahon 2002, Cooke et al. 2003). In Madagascar, the largest
rivers drain on the west coast of the island where most of the coral reefs and mangroves occur. The
rivers dump sediments, alter salinity levels, and increase levels of turbidity, nutrients and suspended
organic matters in these sensitive habitats (Cooke et al. 2003). Large scale soil erosion affects 80% of
the land in Madagascar and is most severe in the east coast and northwest of the island (Gabrie et al.
2000, Webster and McMahon 2002).

Predicted changes to the marine and coastal environment

Anthropogenic climate change will likely alter the marine and coastal environments of
Madagascar. However, because information in the peer-reviewed literature specific to Madagascar is
sparse, we briefly list the global predictions, indicating which information is local. First, global air
and SST have risen by 0.5-0.9°C over the last century (IPCC 2007a) and are predicted to rise 1-6°C
by the end of the 21* century. Second, sea levels are projected to rise ~ 2mm/yr, to a total of 0.2-0.6
m above pre-industrial levels by the end of the 21* century (IPCC 2007a). Third, the world’s oceans
are expected to acidify (Kleypas et al. 1999, 2006, Feely et al. 2004, Sabine et al. 2004, Orr et al.
2005). Average ocean pH has already declined by 0.1 units since pre-industrial times and is expected
to drop by another 0.14-0.35 units over the next century (IPCC 2007a). However, this trend is slower
in the tropical oceans than in the polar regions (Kleypas et al. 2006; Feely et al. 2004). Fourth, global
storm intensity and frequency is predicted to increase, including ENSO events (Timmerman et al.
1999) and intensified wind fields along coastlines (IPCC 2007a, Harley et al. 2006). On a regional
scale, more frequent tropical cyclones are expected to hit East Africa, leading to increased erosion
and shoreline recession (Gable et al. 1991). Fifth, anthropogenic climate change may alter natural
patterns of ocean circulation in the Indian Ocean and Madagascar region. For example, warm waters
of the southwest Indian Ocean typically feed the Alguhas Current, transferring warm salty water into
the Atlantic Ocean. However, IOD and ENSO events interact with this process, creating greater
variability in the transfer of water masses into the South Atlantic (de Ruijter et al. 2005). Because of
potential impacts of anthropogenic climate change on the intensity and frequency of 10D and ENSO
events, this process, which is key to thermohaline overturning in the global ocean (Lutjeharms et al.
2000), could be disrupted. Changes in ocean circulation and sea level rise may also disrupt marine
speciation processes. For example, the genetic structure of Malagasy lobster populations was affected
by climate-induced sea level rise in the geological past (Pollock 1993). Finally, the warming of
surface waters from climate change will likely increase stratification of the water column, which can
decrease dissolved organic matter and increase UV penetration deep into the water column (VVodacek
etal. 1997).

Madagascar’s marine and coastal habitats: geographic distribution and vulnerability to climate
change

Anthropogenic climate change may cause a variety of ecological responses in marine
systems, such as changes in species distributions (for non-Madagascar examples of fishes see
Holbrook et al. 1997 and Roessing et al. 2004; invertebrates see Sagarin et al. 1999; for a general
review see Harley et al. 2006), increased heat stress and oxygen consumption (Roessing et al. 2004,
Harley et al. 2006), and increased incidence of disease (Roessing et al. 2004). Here we indicate
potential vulnerabilities of each marine ecosystem in Madagascar to climate change. Very few papers
were available in the peer-reviewed literature that explicitly tested for effects of climate change on
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marine ecosystems and/or species in Madagascar. Therefore, much of the information about
vulnerability presented here comes from studies of similar ecosystems occurring elsewhere around
the world. We indicate which information is specific to Madagascar in the text. We also describe
basic geographic information for coral reefs, mangroves, seagrasses, and other Malagasy coastal and
marine ecosystems to provide additional information on some of these lesser known habitats.

Coral reefs

Coral reef ecosystems in Madagascar cover an area of 2,000 km? (Gabrie et al. 2000) and
extend along >3,450 km of coastline (Cooke et al. 2003), including the entire west coast and parts of
the north and central east coast. Much of the information about Malagasy coral reefs in the peer-
reviewed literature comes from two French research centers, the National Center for Oceanographic
Research (CNRO) started in 1954 in Nosy Be and the Institute of Saltwater Resources and Marine
Sciences (IHSM) in Tulear (Gabrie et al. 2000). The most recent information comes from a program
created in 1999 to assess the health of Indian Ocean Coral reefs in 11 countries: Coral Reef
Degradation in the Indian Ocean, or CORDIO (www.cordio.org). The consensus view from the
CORDIO research is that Madagascar’s coral communities are healthy relative to other coral reefs in
the western Indian Ocean. Recent surveys suggest that average live coral cover is 38% in
Madagascar (Webster and McMahon 2002). For instance, near Nosy Be in the northwest live coral
cover is 27-53% (Webster and McMahon 2002) and near Tulear coral cover is ~40% (Quod and
Bigot 2000). The most pristine reefs in Madagascar are located between Morombe and Morondava
(Belo-sur-mer), which is a submerged barrier reef (Cooke et al. 2003). To put these figures in a
regional context, the average live coral cover in Kenya, Tanzania, and Mozambique is 11%, 26%, and
35%, respectively (Obura 2002), whereas the global average is 33% (Hodgson 1999).

Although coral cover in Madagascar might be comparable to, if not higher than, other areas in
the Indian Ocean, the most dramatic impact of anthropogenic climate change on Madagascar’s coastal
ecosystems nevertheless may be the bleaching of coral reefs. The reefs in Madagascar are extremely
diverse. More than 300 species of reef-building corals occur in the waters around the island (Gabrie
et al. 2000, Webster and McMahon 2002) with more than 112 species and 57 genera of corals
identified in the Tulear region alone (Pichon 1978, cited in Sheppard 1998). Corals are dependent on
symbiotic algae called zooxanthellae. Coral bleaching occurs when coral polyps expel zooxanthellae,
disrupting the mutualism (Hoegh-Goldberg 1999, West and Salm 2003). Factors influencing the
occurrence of bleaching include elevated or decreased SST, freshwater flooding (reduced salinity),
pollution, sedimentation, disease and changes in light availability (Hoegh-Goldberg 1999, West and
Salm 2003). Because many of these threats will likely increase with anthropogenic climate change,
scientists predict a higher frequency and severity of coral bleaching, especially in the Indian Ocean, in
the future (Sheppard 2003). For example, Sheppard and Rayner (2002) demonstrated that the 1998
ENSO-associated bleaching event was the largest of its kind in the Western Indian Ocean for more
than 130 years. Coral mortality in the Indian Ocean averaged 50-80%, and in some locations was as
high as 100% (Obura 2001, Sheppard 2003). In some areas of Madagascar, 80-90% of the corals died
(McClanahan and Obura 1998). Other reefs in Madagascar that were affected include Tulear, where
bleaching caused 23% mortality at one site and 70% at another (Quod and Bigot 2000), and the
pristine reefs between Morombe and Morondave where 40-60% of the surface was bleached (though
bleaching-induced mortality in this location was not reported; Cooke et al. 2003). Obura (2005)
reported 10% and 30% bleaching mortality in southwest and northeast Madagascar, respectively.
Though these different bleaching mortality reports conflict to some degree, the overall impression is
that bleaching-induced mortality in Madagascar was not as pervasive as in other areas in the western
Indian Ocean (McClanahan et al. 2007).

Evidence from the 1998 event also demonstrated that certain species of corals suffered
greater mortality due to thermal-stress induced bleaching than other species. Acropora and
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Montipora corals tended to be extremely sensitive to bleaching (McClanahan et al. 2007). For
instance, fast-growing Acropora colonies around the Masaola Peninsula likely experienced total
mortality in 1998 (Obura 2001, 2005), as did Acropora colonies in the nearby Maldives (McClanahan
2000). Though Acropora and Montipora corals are currently the dominant genera on Madagascar’s
reefs (McClanahan et al. 2007), the expected increase in the frequency of warming events in the
Indian Ocean do not bode well for their survival (Sheppard 2003).

In addition, Madagascar’s corals may be particularly vulnerable to bleaching because they
likely have exclusively type C zooxanthellae (Burnett 2002), which Rowan and colleagues (1997)
showed are not very tolerant towards heat stress. Increases in global temperatures of as little as 1-3°C
are likely to lead to a heightened frequency of bleaching and extent of coral mortality (IPCC 2007b).
Between 2010 and 2050, most sites in the Indian Ocean between 1° and 15°S latitude have a 20%
chance, annually, of experiencing a month as warm as the temperature during 1998 when the large
bleaching event occurred (Sheppard 2003). Taxa that are particularly vulnerable to future extinction
based on their response to warm water, population density, and commonness include largely low-
diversity genera with narrow environmental ranges, such as Gyrosmilia interrupta,
Plesiastreaversipora, Plerogyra sinuosa, and Physogyra lichtensteini (McClanahan et al. 2007).

In addition to temperature stress from climate change, coral reefs are threatened by ocean
acidification. Global predictions indicate that calcification rates will decrease up to 60% within the
21% century, with a decrease of 30% likely for most coral reef ecosystems (Kleypas et al. 2006).
Decreased carbonate ion concentration significantly reduces the ability of reef-building corals to
produce their calcium carbonate skeletons, affecting growth of individual corals and the ability of the
reef as a whole to maintain a positive balance between reef building and reef erosion. For instance, in
a recent paper from the Red Sea, scientists showed that corals exposed to low pH in a laboratory
experiment lost their calcium carbonate skeletons and took on the appearance of soft-bodied
anemones (Fine and Tchernov 2007). Other shell-forming organisms that live in and around corals,
such as coralline algae, foraminifera, molluscs, and echinoderms may also be negatively affected by
ocean acidification. In the long term, the negative effect of decreasing pH could cause a shift in
dominance to shell-free invertebrates and algae or other organisms with siliceous shells and skeletons.

The Fine and Tchernov (2007) study indicates some ability of corals to adapt to lower pH
levels by transforming into soft-bodied organisms. However, loss of the hard, complex structure that
these animals provide could have severe consequences for fishes using coral reef habitats. Thus,
while Malagasy fish species might suffer from direct effects of climate change, such as altered
metabolic rates and oxygen deprivation (Roessing et al. 2004), indirect effects, via the negative
impact of climate change on corals, are likely to be important as well. The loss of structural
complexity due to coral bleaching has led to declines in fisheries yields (Hoegh-Goldberg 1999) and
changes in fish communities (Wilson et al. 2006 meta analysis of studies in Australia, Hawaii, Japan,
Dubai, Seychelles, Polynesia, Tanzania, and Papua New Guinea). For example, a meta-analysis of 17
studies by Wilson and colleagues (2006) showed that disturbances causing greater than 10% decline
in coral cover leads to a decline in fish species richness within 3 years. While the Hoegh-Goldberg
(1999) study is not specific to Madagascar, coral bleaching has occurred and will continue to occur
around the island, potentially jeopardizing fish communities. On a longer time scale of decades to
centuries, coral mortality could lead to loss of energy capture by zooxanthellae and coral polyps, and
result in a reduction in trophic transfer of these energy sources to fishes on coral reefs (Hoegh-
Goldberg 1999).

The combination of coral mortality and altered fish communities may have cascading effects

on Malagasy coral reefs that will likely become difficult to reverse. The main space competitors with
corals are seaweeds (i.e., macro algae). When corals bleach and die, space opens and macroalgae
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increase in abundance (Hughes et al. 2003, Obura 2005). If loss of coral structure leads to a reduction
in the abundance of herbivorous fishes, then macro algal populations will replace corals as the
dominant members of the benthic community (Hughes et al. 2003). This problem is compounded on
reefs, such as those in Madagascar, that are exposed to sedimentation, pollution and increased nutrient
inputs from deforestation and erosion.

Mangroves

The role of mangrove ecosystems in protecting coastlines from the impact of waves and from
erosion, capturing nutrients, fixing carbon, providing a source of wood for fuel, harboring
commercially-important fisheries species, and maintaining water quality in nearshore waters is long
established (Gable et al. 1991, Gabrie et al. 2000, see Alongi 2002 for a recent review). In
Madagascar tidal marshes cover 425,000 ha of this area, 327,000 are mangrove forests (Cooke et al.
2003, Roger and Andrianasolo 2003). Almost all mangroves (98%) occur on the west coast of
Madagascar (Roger and Andrianasolo 2003). Some mangroves line the east coast north of the
Masaola peninsula and a few occur just north of Tolagnaro in the southeast. More than 70% of the
western mangroves are large stands, >500 ha (Cooke et al. 2003). Eight species of mangrove trees
have been identified in Madagascar and of those, one (Ceriops boiviniana) is endemic (Roger and
Andrianasolo 2003).

The peer-reviewed research on mangroves in Madagascar indicates these ecosystems could
also be affected by anthropogenic climate change. Of all the possible effects of anthropogenic
climate change, sea-level rise likely presents the greatest threat to mangrove ecosystems worldwide
(Field 1995). Evidence from Caribbean mangrove ecosystems during the Holocene suggests that
mangroves may be able to adapt to sea level rise by shifting towards land (Parkinson et al. 1994), and
if sea level rise is slow enough accretion may allow mangrove forests to persist in situ (Ellison, 1989).
However, the extent to which such shifts inland are possible depends on nearshore topography and
coastal development (Alongi 2002). In addition to the threat of sea level rise, increased greenhouse-
warming induced heat stress may influence Malagasy mangroves. Like many intertidal organisms
(Helmuth et al. 2002), mangrove tree species must cope with heat stress during low tide cycles. In
Tulear, mangroves drain completely at low tide (Laroche et al. 1997), so that the entire root systems
of the mangrove plants are exposed to air for some portion of the day. Thus, Tulear mangroves
cannot use water as a refuge from the increase in air temperatures predicted to occur with
anthropogenic climate change. Such shallow habitats are also at risk of becoming increasingly saline
as evaporation rates increase with temperature.

Like coral reefs, mangrove forests provide habitat and structure for ecologically and
economically important fishes and invertebrates. In Madagascar, mangroves are habitat for >60 fish
species (Laroche et al. 1997) and serve as nurseries for juvenile fishes. Commercially valuable
shrimp, in particular Penaeus indicus and P. monodon, also rely on mangroves for habitat. The
cyclical presence of freshwater in mangrove ecosystems is vital to the breeding cycle of these shrimp
(Cooke et al. 2003). The effect of anthropogenic climate change on salinity levels via increased run-
off may directly reduce shrimp abundance in some mangroves. Likewise, indirect negative effects of
anthropogenic climate change on shrimp populations, acting through the loss of mangrove habitat, are
also possible.

Other marine and coastal habitats in Madagascar

In this section we briefly describe the geographic distribution and vulnerability to climate
change of other marine and coastal ecosystems that occur in Madagascar. Seagrass beds and salt
marshes (or estuaries) generally develop in lagoons adjacent to coral reefs and are found mostly on
the west coast of Madagascar. Sandy beaches are most common on the eastern side of Madagascar
and around some of the small islands off of the northeast and northwest coasts. Rocky inter-tidal
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reefs are located predominantly on the east coast. Pelagic ecosystems occur on many oceanic banks
off the coast of the island (Cooke et al. 2003). In our peer-reviewed literature survey, we found
virtually no information about the potential impacts of anthropogenic climate change on these
ecosystems in Madagascar. Below, we borrow from research in other regions of the world to
speculate on some of the potential impacts to Madagascar’s coastal habitats.

Seagrass beds are indirectly vulnerable to anthropogenic climate change, via the negative
effects on coral reefs. Seagrass habitat in Madagascar occurs in lagoons (Cooke et al. 2003). These
bodies of water are formed by coral reefs separating nearshore waters from the open ocean and wave
action. If anthropogenic climate change degrades coral reefs as expected, lagoons may disappear and
seagrass habitat will be lost. Rising sea levels could also dramatically alter seagrass communities and
their composition, as seagrass distribution and abundance are determined by salinity, light, depth and
currents (Short and Neckles 1999). Seagrass beds may also be negatively influenced by indirect
effects of anthropogenic climate change on rates of sedimentation and eutrophication. If climate
change results in periodic spells of abnormally high rainfall on Madagascar (e.g. during the wet
season, IPCC 2007b), sedimentation could smother seagrass beds and high nutrient loads could
encourage growth of epiphytes which would in turn decrease seagrass growth. Enhanced UV light
penetrance is also expected to affect seagrass photosynthetic ability (Larkum and Wood 1993),
although seagrasses may have some ability to protect themselves from slow changes through
increased production of UV-blocking pigments (Dawson and Dennison 1996).

Salt marshes, and the associated fish and invertebrate communities, may be affected by the
impact of sea level rise on habitat availability (Roessing et al. 2004). In Madagascar, loss of salt
marshes would have consequences for many other species, such as the fish eagle, which rely on salt
marshes for habitat and are already threatened by overfishing and deforestation (Watson and
Rabarisoa 2000). In addition to providing habitat for fish and invertebrates, salt marshes are also
used by people for salt production (Roger and Andrianasolo 2003).

Sandy beach ecosystems may also be affected by sea level rise. The degree to which these
ecosystems move landward will depend on coastal development (Harley et al. 2006). The loss of
coral reefs via climate change will also negatively affect sandy beaches in Madagascar. The highest
diversity beaches occur near the Masoala Peninsula and they are currently protected by coral reefs
(Soares 1997). Loss of sandy beaches and/or increased thermal stress due to anthropogenic climate
change may lead to loss of the species that use these habitats, such as sea turtles that use sandy
beaches in Madagascar for their nesting grounds (Cooke et al. 2003, Ratsimbazafy 2003). Sea turtles
have temperature-dependent sex determination, so changes in the temperature of the sand will change
the sex ratio of sea turtle populations. If the sex ratio becomes too strongly skewed towards one sex
or the other, this would further threaten sea turtle populations.

Organisms living in the pelagic ecosystems around Madagascar, such as marine mammals
and planktonic taxa, may also experience effects of anthropogenic climate change. The potential
impacts of climate change on marine mammals include effects of increased water temperatures on
species distribution or migration patterns, and changes in food availability because of effects of
climate change on prey species (Learmounth et al. 2006). For instance, a study in Scotland used
whale stranding records to show that formerly abundant cold water dolphin species were lost from the
community during the last 10 years and ~2 new warm water species showed up each decade during
the last ~20 years (MacLeod et al. 2006). In Madagascar, humpback whales use bays as a wintering
and breeding areas (Rosenbaum 2003a, 2003b). For example, Antongil Bay, where more than 1,200
whales winter each year, is a preferred habitat for calving females. Anthropogenic climate-change
induced changes in SST may cause humpbacks to alter the location of their breeding grounds or their
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migration patterns. Climate change may also affect Madagascar’s upwelling regimes, which could
influence humpback feeding grounds and might in turn have effects on ecotourism.

Anthropogenic climate change induced acidification may also affect planktonic calcifers such
as coccolithophores, foraminifera, and shelled pteropods (Kleypas et al. 2006). Decreased
calcification in plankton in turn would influence marine food webs and, combined with other climatic
changes in temperature, salinity, and nutrients, could substantially alter the biodiversity and
productivity of the ocean. The suite of planktonic calcifers includes larval stages of many benthic
invertebrates. However, little information exists on how these early calcifying stages may be affected
by decreased carbonate saturation state. In a laboratory experiment, larval stages of two sea urchins
showed smaller calcite skeletons, as well as decreased developmental rates and larval size, under high
pCO2 conditions (Kurihara and Shirayama 2004).

Implications of anthropogenic climate change impacts on marine and coastal ecosystems for human
communities

The negative effects of anthropogenic climate change on Madagascar marine and coastal
ecosystems will have repercussions for the people that rely on these natural habitats for food,
livelihood or other services such as protection from storms. Nearly half (43%) of the fisheries yield
in Madagascar comes from its coral reefs (Westmacott et al. 2000). Because of the almost
unavoidable increase in the frequency and intensity of coral bleaching in Madagascar (Sheppard
2003), and the negative consequences of coral bleaching for associated fish communities (Wilson et
al. 2006), Malagasy reef-based fisheries are certain to suffer under future climate change scenarios.
Pelagic fisheries, such as the longline tuna fishery, may also be influenced by changes in ocean
circulation (e.g. ENSO and 10D events) that result from anthropogenic climate change. The longline
fishery occurs throughout Madagascar and brings in >50,000 tons per year of billfish and tuna in the
south and skipjack and yellowfin tuna in the north (Cooke et al. 2003). The purse seine fishery
operates in northwestern Madagascar and brings in >11,000 tons year of skipjack and yellowfin tuna
(Cooke et al. 2003). In addition, if increases in thermal stress and sea level (Field 1995) degrade
mangrove and estuarine habitats as expected with increased greenhouse warming, the services
provided by these ecosystems in Madagascar will decline as well. The economic and cultural value
of mangroves and estuaries in Madagascar are many. For example, the mangroves in Tulear support
44 species of commercially-valuable fish species (Laroche et al. 1997), and penaeid prawns, which
occur in mangroves as juveniles, are the most important fisheries export in Madagascar (Cooke et al.
2003). Malagasy mangroves are also important sources of timber, firewood, and medicine (Roger
and Andrianasolo 2003). Estuaries, together with mangroves, are used for salt production and shrimp
farming (Roger and Andrianasolo 2003). Last, but perhaps most importantly, mangroves and coral
reefs fulfill the irreplaceable function of coastal protection (Gable et al. 1991, Gabrie et al. 2000), as
witnessed in the Indian Ocean following the 2004 tsunami (Danielsen et al. 2005). The potential for
anthropogenic climate change to directly eliminate the suite of ecosystem services provided by these
coastal habitats poses serious threats to the well-being, economic and otherwise, of the Malagasy
people.

Unfortunately, current human impacts on the marine and coastal ecosystems of Madagascar
may interact with anthropogenic climate change to increase the rate and extent of their decline. One
of the most pressing threats is overfishing and the cascading effects from fishing-induced loss of top
predators on nearshore reefs could be aggravated by climate change. In 1972, carnivorous fishes
were dominant in Tulear, making up 74% of the species and 63% of individuals (Harmelin-Vivien
1979). However, the number of fishers on Tulear’s reefs increased by 57% between 1972 and 1988
(Laroche and Ramananarivo 1995), and by 2000, carnivorous fishes (such as groupers) made up only
2.5% of individuals (Gabrie et al. 2000). At the same time, the average size of captured fish declined
in Tulear and is comparable to overfished reefs on Mauritius (Laroche and Ramananarivo 1995).
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Across all of Madagascar, fishing effort has increased fivefold between 1977 and 1994 (Westmacott
et al. 2000). Overfishing of predators on coral reefs will cause loss of top-down control, and may
interact synergistically with increased bleaching-induced coral mortality produced by anthropogenic
climate change. The almost universally expected outcome is a shift toward the domination of reefs by
seaweeds, most species of which are not biogenic, reef-building organisms (Hughes et al. 2003,
Obura 2005). Though not as well-discussed in the peer-reviewed literature, habitat loss due to
trawling, increased sedimentation in coastal drainages as a result of continued deforestation, and the
magnified effects of agricultural pollution on decreasing ocean pH (e.g. near Nosy Be in northwestern
Madagascar) may also interact with anthropogenic climate change to further degrade costal and
marine ecosystems in Madagascar (Gabrie et al. 2000, Sheppard 2001). Place-based management
strategies (e.g. no-take areas), such as those that have been implemented on the Masaola Peninsula
(Cooke et al. 2003), may serve well to increase the resistance and resilience of these habitats to
human-induced climate change (West and Salm 2003).

Appendix

We used a two-pronged approach to review the peer-reviewed English literature on the
potential impacts of anthropogenic climate change on Madagascar’s biodiversity. First, we searched
Web of Science (1945-2007) for publications that explicitly linked climate change with expected
ecological responses of terrestrial biodiversity in Madagascar. We did not perform a review of the
general ecological literature on key Malagasy flora and fauna, nor did we systematically review the
general literature on the effects of climate change on terrestrial environments worldwide. Our search
terms were: “Madagascar AND climate AND biodiversity”, “Madagascar AND climate AND
change”, and “Madagascar AND climate”. After identifying key papers, we also performed a forward
and backward search of the cited references section and of other publications citing them. Finally, we
searched for publications by authors known to study anthropogenic climate change issues in
Madagascar, including B. Fisher, C. Kremen, D. Lees, C. Raxworthy, M. Stiassny, M. Tadross, and
P. Wright (L. Hannah, personal communication).

Second, we used Web of Science (1945-2007) to find peer-reviewed literature relevant to
anthropogenic climate change and Madagascar’s marine and coastal ecosystems. The marine
literature review focused on major marine habitat types occurring in Madagascar: coral reefs,
mangroves, estuaries, seagrass beds, sandy beaches, rocky intertidal, and pelagic. We proceeded in a
hierarchical manner, with priority given to published literature directly related to anthropogenic
climate change impacts in Madagascar, followed by publications relating to climate change impacts
in East Africa and/or the West Indian Ocean regions, and where necessary, publications on climate
change impacts predicted for similar marine habitats elsewhere around the globe. Specifically, we
searched for publications that contained the word *‘Madagascar’ plus any of the following terms:
benthic, coelacanth*, coral*, dispersal, dolphin*, dugong*, El Nifio, ENSO, estuar*, fish*, grouper*,
intertidal, invasive species, Kappaphycus [an invasive algae], lobster*, Mananara-Nord, mangrove*,
marine AND endemic, ocean*, Pacific Decadal Oscillation, PDO, pelagic, phytoplankton, prawn*,
recruit*, salinity, salt marsh*, sawfish, sea bird*, sea cucumber*, sea level rise, seagrass bed*, shark*,
shrimp, subtidal, tuna, turtle*, upwelling, wetland*, whale*, zooplankton. We also searched for
publications containing the phrases “global warming AND Indian Ocean”, “global warming AND
East Africa”, and “climate change AND Indian Ocean dipole.” As above, after identifying key
papers, we also performed a forward and backward search of the cited references section and of other
publications citing them.
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