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Introduction
Climate change and forests

Ensuring survival of life forms on planet earth has been a matter of concern for mankind during
the last many decades. The intricate dependence of human survival on the health of forests has
long been recognized. Forest ecosystems play an important role in the global biogeochemical
cycle and exert significant influence on the earth’s climate (Stephenson, 1990). Around half of
the increase in global average surface temperature has been attributed to human activities (IPCC,
2014). Rapid industrialization during the last century has thus brought in the added dimension of
the impact of human activities on earth’s climate and their potential impact on the already fragile
and threatened forest ecosystem. Effects of climate on the evolution of a forest type have been
recognized, and is considered as the most important determinant of vegetation patterns globally
with significant influence on the distribution, structure and ecology of forests (Kirschbaum et
al.1996). The boundaries of forest biomes are known to closely follow patterns of temperature
and/or moisture regimes (Stephenson, 1990). This interconnectedness of climate and forests thus
implies that a dramatic change in one will influence the other (FAO, 2013). Through the
inferences from paleoecological records, it has emerged that forest vegetation has the potential to
respond within years to a few decades of climate change (IPCC, 2014). Fischlin (2007) report
that 20-30% of the plant and animal species would be at increased risk of extinction if the global
average temperature increase exceeded 2-3°C above the pre-industrial level. According to
Intergovernmental Panel on Climate Change (2014), climate and non-climate stressors are
projected to impact forests during the 21st century leading to large-scale forest die-back,
biodiversity loss and diminished ecological benefits. It has been projected by IUFRO that the
existing forests that are functioning as carbon sinks would later become a net source of CO later
in the century.

Significance of Vulnerability Assessment of India’s Forests

India is one among the 18 mega diversity countries and is endowed with 8 % of the world's
biodiversity, and hosts 4 biodiversity hotspots including Western Ghats, the Eastern Himalayas,
the Indo- Burma and the Sundaland. India is home to about 7.6 % of mammalian, 12.6 % of
avian, 6.2 % of reptilian, and 6.0 % of flowering plant species
(https://en.wikipedia.org/wiki/Portal:Indian_wildlife). India is home to 2.9 %, of IUCN-
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designated threatened species, that includes the Asian elephant, the Asiatic lion, the Bengal tiger,
the Indian rhinoceros, the mugger crocodile, and the Indian white-rumped vulture
(https://en.wikipedia.org/wiki/Wildlife_of India). Habitat of these endangered flora and fauna
are India’s forests. As per the State of Forest Report, 2017, India has 708273 sq km of forests,
which comes to 21.54 % of geographic area of the country (FSI, 2017). India is endowed with
diverse forest types ranging from tropical wet evergreen forests in the northeast and the
southwest, to tropical dry thorn forests in central and western India. The forests of India are
classified under 16 major types comprising 221 sub-types ( Champion and Seth, 1968). Around
200,000 villages are classified as forest villages (Ravindranath et al., 2004). In addition to the
dependence on forest resources by these communities, these forests provide a range of ecosystem
services like functioning as catchment areas for water and as carbon sinks. These diverse forests
also make available a diversity of forest produce thereby helping meet the wood, food and feed
demands of India’s growing population.

Climatic stressors include rising CO, concentrations, increased/ decreased rainfall patterns and
associated drought and flooding, drought associated risks like forest fires, rising sea levels and
associated flooding and salinity. Global mean temperatures in 2017 were 1.1 °C £ 0.1 °C above

pre-industrial levels (WMO, 2017). Global mean sea level has been rising at a rate of ~3 £ 0.4

mm/y since 1993 ( Nerem, et al., 2018) and has been projected to rise by 0.2 meters to 2.0 meters
by 2100 (Melillo, et al., 2017). These climatic stressors are known to affect forests in terms of
species composition, biodiversity and productivity. Migration of species towards higher
latitudes/ elevations, spread of invasive species, decrease in area of socio-economically
important species, asynchrony of flowering plants and associated fauna and leading to threats on
endangered species are the other likely impacts of these stressors. The changes in the vegetation
or forest type may be taken as an indicator of the vulnerability of the forest ecosystems to
projected climate change (Rabindranath et al., 2006). Available studies have reported the likely
change in vegetation of India’s forests to the extent of 30.6% by 2035 and 45.9% by the end of
the century (Gera, 2018). IPCC defines vulnerability as “The degree to which a system is
susceptible to or unable to cope with, adverse effects of climate change, including climate
variability and extremes. Vulnerability is a function of the character, magnitude, and rate of
climate variation to which a system is exposed, its sensitivity, and its adaptive capacity” (IPCC,
2001). The study of the vulnerability of natural systems to climate change and variability, and
their ability to adapt to changes in climate hazards, is a relatively new field of research (Brooks,
2003). It has been widely recognized that certain forest types are more vulnerable to climate
change while certain forests types benefit from the altered CO,, temperature and moisture
regimes. The importance of a identification and scientific evaluation of the most vulnerable
forest types has therefore been recognized for focusing on climate mitigation efforts. This status
paper elaborates on the methodologies used for assessment of vulnerable forest types and
vulnerability assessment studies undertaken in the India’s forests.
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Methodology for forest ecosystem vulnerability assessment

Assessing the vulnerability of forest ecosystems to climate change is important to determine
appropriate mitigation and adaptation strategies. A methodology provides full framework for
guiding the assessment of vulnerability (UNFCCC 2005). An ecosystem model can provide
results about the vulnerability of ecosystem services to climate change. Various methods and
tools are available for assessing the vulnerability of forests, forest ecosystem services and forest-
dependent people or economic sectors (Locatelli et al., 2008). The tools and methods generally
used for vulnerability assessment at different levels of complexity, range from simple tools and
methods (e.g. using expert judgment or comparing with similar cases) to complex ones (e.g.
simulation of integrated socio-ecological systems or dynamic vegetation modeling). The
methodologies described in this section have essentially been quoted from the CIFOR’s working
paper 43 by Locatelli et al (2008).

Generic methods and tools can be applied to diverse systems for analysing vulnerability
interactively with stakeholders (e.g. cognitive mapping or expert judgment) and for building
empirical models from observations (e.g. meta analysis or data mining). Indicators, fuzzy
systems, and uncertainty analysis can be applied for various purposes. Numerous ecosystem
models can be used for studying the impacts of climate change on forests. Some models are
restricted to specific ecosystem processes (e.g. the productivity of managed forests, forest
perturbations or specific ecosystem services). Simple bioclimatic models can represent the
distribution of ecosystems and help assessing ecosystem vulnerability to climate change. Other
simple ecosystem models deal with community and landscape dynamics, with an emphasis on
the interactions between species or patches of ecosystems. Other simple ecosystem models work
on biogeochemical cycles in ecosystems.

Generic methods and tools

Expert judgment is a method for eliciting informed opinions from experts of a specific topic.
An expert is defined as ‘anyone especially knowledgeable in the field and at the level of detail
being elicited” (Meyer and Booker, 1991). It is a useful method when resources are lacking for
conducting an in-depth analysis of scientific literature, collecting data or modeling.

Empirical Models from Observations When observations are available about a phenomenon
(e.q. forest fires) and possible explanatory variables (e.g. climate or human activities), empirical
models can be built. These models aim at establishing a relationship between an observed impact
and explanatory variables and can be used for testing the effects of changes (e.g. climate change
or adaptation practices) on the phenomenon.

Meta-analysis is a statistical technique for combining the quantitative findings of different
studies. It has the advantage of producing quantitative results about impacts and uncertainties
(Arngvist and Wooster, 1995). In an impact or vulnerability assessment, meta-analysis can be
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used for example for summarising the results of different studies of the impacts of climate
change on ecosystems or human health. Meta-analysis has been applied to study the effect of
global warming on biodiversity (Root et al. 2003; Parmesan, 2006) and soils (Rustad et al. 2001),
the effects of elevated CO, on plants (Curtis and Wang, 1998).

Data mining consists of sorting through large datasets and picking out relevant information.
Data mining is a more powerful tool than classical statistics for searching patterns in voluminous
data (Witten and Frank, 2005). It can reveal complex relationships between a dependent variable
and explanatory variables. Data mining methods include classification of trees, classification
rules and artificial neural networks. Examples of applications include modelling forest fire
(Javier Lozano et al. 2008), forecasting drought (Mishra and Desai, 2006), modelling
deforestation (Mas et al. 2004), modelling rainfall-runoff relationships (Dawson et al. 2006), or
modelling the distribution of vegetation in future climate (Hilbert and Ostendorf, 2001).

Uncertainty analysis Many methods and tools exist for analyzing uncertainties (New and
Hulme, 2000). The most common approach is the application of different climatic or socio-
economic scenarios and the presentation of the range of outcomes. Another approach can involve
applying different ecosystem models or different representations of a social system, for exploring
a different sensitivity or adaptive capacity. It is also possible to combine different scenarios with
different system models. In addition to the simple presentation of the range of outcomes, more
formal methods can be applied, such as Monte Carlo analyses or Bayesian methods (Katz, 1999).
Zaehle et al. (2005) describe uncertainty analyses in forest and global vegetation modelling.

Specific ecosystem services: Some models deal with specific ecosystem services, such as
hydrological services. Empirical or process-based hydrological models can be used for assessing
the impacts of climate and land-use change (or impacts of climate change on ecosystems) on
hydrological regimes (Ewen and Parkin 1996; Parkin et al. 1996; Bathurst et al. 2004).

Simple Ecosystem Models

Bioclimatic models are widely used tools for assessing the impacts of climate change on species
or ecosystems. Such models are static and link the geographical distribution of species or
ecosystems to their environment (Guisan and Zimmermann, 2000). The simplest bioclimatic
methods applied to ecosystems are based on existing classifications using environmental
characteristics to predict ecosystem distribution (Leemans et al. 1996). Empirical models are also
used for modeling the distribution of ecosystems, e.g. with tools such as BIOCLIM (Beaumont et
al. 2005) or with an artificial neural network (Hilbert and van der Muyzenberg, 1999). These
models can be applied for studying the future distribution of ecosystems under climate change
(Hilbert and Ostendorf, 2001).

Locatelli and Imbach (2008) studied the vulnerability of protected areas to climate change in
Central America. The sensitivity was assessed with the displacement of Holdridge life zones
under changing climate. Regarding the distribution of species, models can be built from
observations and applied with climate change scenarios for predicting potential future
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distributions. Different methods can be used for modelling species distribution (Guisan and
Zimmermann, 2000), such as rectilinear models (Miles et al. 2004), regression tree analysis
(Iverson and Prasad. 2001), linear models, additive models, classification trees and artificial
neural networks (Thuillier et al. 2006).

Community and landscape dynamics: Goudriaan et al. (1999) studied the interactions between
species in an ecosystem and between ecosystem patches in a landscape. Price and Flannigan
(2000) developed the patch level, gap models simulate dynamics of tree regeneration, growth
and mortality and represent successional dynamics of forests over long periods of time.
Examples of application include studying the distribution of trees under scenarios of climate
change (Sykes et al. 1996) and developing forest management strategies for adaptation to climate
change (Lindner, 2000). Schmitz et al. (2003) give examples of models representing the trophic
interactions in ecosystems for studying the effects of climate change, for instance a dynamic
system, linking climate with three trophic levels (plants, herbivores and carnivores) and
illustrating the interactions among level in food webs. These interactions can determine the
effects of climate change on ecosystems. Landscape models simulate the interaction between
spatially connected patches (Goudriaan et al. 1999).

Integrated Ecosystem Models

Many models integrate different components, for example the distribution of ecosystem types
and the functioning of these ecosystems in terms of biogeochemical cycles. These models are
generally complex, especially the dynamic global vegetation models. They are generally applied
at a global or continental scale but can also be used for studies at a more local scale.

Equilibrium models: Peng (2000) predicted the distribution and functioning of ecosystems
under the assumption of equilibrium conditions of climate and vegetation. The BIOME3 model
predicts ecosystem state in terms of plant types, total leaf area index and net primary production
(Haxeltine and Prentice, 1996). These outputs allow classifying ecosystems into biomes for
comparison with vegetation maps. MAPSS was applied in Mesoamerica for assessing the
impacts of climate change on ecosystems’ hydrological functions. The model requires input
about monthly climate (precipitation, temperature, humidity and wind speed) and soils. The
outputs of the model include vegetation characteristics (such as leaf area index of trees, shrubs
and grasses), monthly soil moisture, surface runoff and base flow.

Dynamic models: Dynamic global vegetation models (DGVMs) are the most advanced
ecosystem models for studying the impacts of climate change on ecosystems. They link
dynamically vegetation structure and functioning, and simulate how climate change and natural
disturbances affect ecosystem dynamics and processes (Peng, 2000). Opposite to equilibrium
models, they can simulate transient changes in ecosystems. Examples include IBIS (Foley et al.
1996; Foley et al. 2005), LPJ (Sitch et al. 2003), MC1 (Daly et al. 2000), and Orchidee (Krinner
et al. 2005). These models require a high level of expertise in ecosystem modelling.
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Integrated ecosystem models, static or dynamic, consider many ecosystem processes and are
generally complex. Many methods and tools are available for analysing the vulnerability of
ecosystems or social systems, methods are lacking for integrating them into vulnerability
assessments of coupled socio-ecological systems. Even if different tools and methods can be
applied separately to ecosystems and social systems, the challenge is to link them into an
integrated assessment. Ecosystem tools are generally quantitative, while social methods are often
qualitative. Time horizons and spatial scale differ also greatly between large-scale, long-term
ecosystem modelling and local, short-term social vulnerability assessment. The challenge is to
build methods that facilitate the links among the different approaches of vulnerability.

Vulnerability Assessment of Forests in India

Climate is one of the most important determinants of vegetation patterns globally and has
significant influence on the distribution, structure and ecology of forests (Kirschbaum et al.,
1995). India is a mega-biodiversity country where forests account for about 21.54% (70 million
ha) of the geographical area (FSI, 2017). With nearly 200,000 villages classified as forest
villages, there is obviously large dependence of communities on forest resources (Ravindranath
et al., 2004). Thus it is important to assess the likely impacts of projected climate change on
forests and develop and implement adaptation strategies for both biodiversity conservation and
the livelihoods of forest dependent people (Ravindranath et al., 2006). Forests in India are
already subject to multiple stresses, including over extraction, pest outbreaks, fuel wood
collection, livestock grazing, forest fires and other anthropogenic pressures. Climate change will
be an additional stress, which may have an overarching influence on forests, through other
stresses (pest incidence and diseases etc.,) (Gopalakrishnan et al., 2011). Despite utility of the
forests and ecological importance, forests in India are degrading due to number of pressures like
diversion of forest lands for development purposes, unsustainable harvest of forest products,
encroachments, forest fires, invasive species and various other biotic interferences (Gera, 2016).

The impacts of climate change on forests in India are assessed based on the changes in area
under different forest types, shifts in boundary of forest types, and net primary productivity
(NPP) (MoEF, 2012). As per the Second National Communication to the UNFCCC, 2012, the
existing assessments are based on (i) spatial distribution of current climatic variables, (ii) future
climate projected by relatively high-resolution regional climate models for two different periods
for the A1B climate change scenario, and (iii) vegetation types, NPP, and carbon stocks as
simulated by the dynamic model Integrated Biosphere Simulator (IBIS v.2). The IBIS model is
designed around a hierarchical, modular structure, which is based on four modules, namely, (i)
the land surface module, (ii) vegetation phenology module, (iii) carbon balance module, and (iv)
vegetation dynamics module. These modules, though operating at different time steps, are
integrated into a single physically consistent model. The state description of the model allows
trees and grasses to experience different light and water regimes, and competition for sunlight
and soil moisture determines the geographic distribution of plant functional types and the relative
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dominance of trees and grasses, evergreen and deciduous phenologies, broadleaf and conifer leaf
forms, and C3 and C4 photosynthetic pathways. Scenarios of climate change: SRES scenario
AlB is considered for two future time-frames: (i) timeframe of 2021-50 (atmospheric CO,
concentration reaches 490 ppm), which is labelled as “2035” and (ii) time frame of 2071-2100
(atmospheric CO;, concentration reaches 680 ppm), which is labelled as “2085”. Observed
climatology for the period 1961-91 was treated as the baseline for the simulations (MoEF,
2012).

Using climate projects of the Regional Climate Model of the Hadley Centre (HadRM3) and the
dynamic global vegetation model IBIS for A2 and B2 scenarios Chaturvedi et al., (2011)
reported that 39 and 34% of forest grids in India are likely to undergo change of forest type
under the A2 and B2 scenarios, respectively by the end of this century. This study also
concluded that the upper Himalayas, northern and central parts of Western Ghats and certain
parts of central India are most vulnerable to projected impacts of climate change, while North-
eastern forests are more resilient. In a similar study, Gopalakrishnan et al., (2011) have reported
that at the national level, about 45% of the forested grids are likely to undergo change. The
vulnerability assessment in the study showed that the vulnerable forested grids are spread across
India. However, their concentration is higher in the upper Himalayan stretches, parts of Central
India, northern Western Ghats and the Eastern Ghats. The study also reveals that in contrast, the
north-eastern forests, southern Western Ghats and the forested regions of eastern India were
estimated to be least vulnerable.

Himalayan ecosystems are projected to be extremely sensitive to future climate (Chaturvedi et
al., 2011). Further, Himalayan ecosystems are highly vulnerable due to the stress caused by
forest land diversion, increasing pressure from human population, exploitation of natural
resources, infrastructure development, mining, and other related challenges. The effect of these
stressors is likely to be exacerbated due to climatic changes, which would be additional
(Ravindranath et al., 2006). Analysis of temperature trends in the Himalayan region shows that
temperature increases are greater in the uplands than that in the lowlands (Shrestha et al., 1999).
Gopalakrishnan et al., (2011) have reported that the high-altitude mountainous forests (sub-
alpine and alpine forests, the Himalayan dry temperate forest and the Himalayan moist temperate
forests) are susceptible to the adverse effects of climate change.

While there are national level assessments studies for impact of climate change on forests.
However such studies are lacking at the regional level (Sujata Upgupta et al., 2015). On regional
level, Sharma et al., (2013) had attempted to assess the inherent vulnerability of forests using a
methodological approach. This methodological approach was applied at local scale to Aduvalli
Protected Forest, Kopal division of Chikamagalur district of Karnataka in Western Ghats in
South India, where a vulnerability index value of 0.248 was estimated. Results of the case study
indicate that ‘preponderance of invasive species’ and forest dependence of community are the
major sources of vulnerability for Aduvalli Protected Forest.
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Climate change is expected to increase species losses. Changes in phenology are expected to
occur in many species. The general impact of climate change is that the habitats of many species
will move poleward. Species that make up a community are unlikely to shift together (MoEF,
2012). A study conducted by Singh et al (2012) on the alpines of Uttarakhand reveals shift of
treeline ie., Betula utilis from the year 1970 to 2006 due to the impact of ongoing warming under
the background influence of increasing levels of GHGs. A study in Arunachal Pradesh in 2011
by Bharali and Khan, reported the phenological changes in some floral species (Rhododendron
species and Orchids).

The second communication of India to UNFCCC, MoEF, 2012 reports that ecosystems
dominated by long-lived species will be slow to show evidence of change and slow to recover
from the climate-related stress. Climate change and modelling studies on tree species like sal
(Shorea robusta), teak (Tectona grandis), eucalyptus, and pine (Pinus spp.) have been
undertaken for A2 and B2 climate change scenario. Test run studies on teak and sal trees, highly
characteristic of central India, have indicated that there would be a net increase in primary
productivity with increase in temperature and rainfall, but this would also lead to a dieback with
the induced stress to nutrient availability. The report also states that the enhanced levels of CO,
are expected to lead to an increase in the NPP of forest ecosystems, with more than 75% of the
grids showing an increase in NPP. Even in a relatively short span of about 50 years, most of the
forest biomes in India seem to be highly vulnerable to the projected change in climate. Further, it
is projected that by 2085, 77% and 68% of the forest grids in India are likely to experience shift
in forest types under A2 and B2 scenarios, respectively. Indications point towards a shift to
wetter forest types in the north-eastern region and drier forest types in the central and north-
western region, in the absence of human influence. Increasing atmospheric CO, concentration
and climate warming could also result in the doubling of NPP under the A2 scenario and nearly
70% increase under the B2 scenario (MoEF, 2012).

Ravindranath et al., (2006) had estimated the impact of climate change on net primary
productivity (NPP in g C/m2 per year) under the current and GHG scenarios. In their study it
was observed that among the dominant vegetation types (tropical xerophytic shrubland, tropical
deciduous forest, warm mixed forest and tropical semi-deciduous forest), the NPP increases by
1.35 to 1.57 times under the GHG scenarios (A2 and B2) over the current scenario of NPP. The
NPP under tropical evergreen forest increases by 1.5 times under the GHG scenarios. The rate of
increase on NPP was lower for cool conifer forest, cold mixed forest and temperate deciduous
forest. Generally the rate of increase is higher for warmer vegetation types.

Assessment of vulnerability is an urgent task because any adaptive measures undertaken would
need time to develop before the adaptive capacities actually build-up (Seidl and Lexer 2013).
Vulnerability assessments are necessary at local scale (forest stand or patch) as well as larger
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scales like landscapes, ecoregions and biomes and serve different objectives. While the
assessments at larger scales would assist in identification of vulnerable forest areas and to
prioritize them for efficient resource allocation (Ness et al. 2006), the assessments at local scale
are necessary for designing site specific forest resilience enhancement measures. The results of
inherent vulnerability assessment of forest would inform development of appropriate forest
management practices and policies to restore disturbed forests, as restored forests would have
higher adaptability than un-restored forests under climate change (Ciccarese et al. 2012).

Knowledge Gaps in Vulnerability Assessment

The MoEF report 2012 states that although climate change is a global issue for discussion, there
are some gaps and constraints visible in the knowledge of vulnerability assessment, adaptation
and mitigation aspect of forestry. Key knowledge gaps include the linkages between impacts of
climate change and adaptation and mitigation options. Despite the emergence of more and more
regional and country specific studies on climate change in India in recent years, knowledge gaps
remain huge. There is an urgent need for undertaking more research at regional level to better
understand the climate change and its impact, risks and vulnerability, adaptation needs, and
mitigation potential at local levels.

The forestry sector in India has the potential to be a major source or sink of CO; in the future.
The uncertainty in the estimates of inventory in the forestry, land use and land use change is
shown to be higher than other sectors such as energy transformation, transportation, industrial
processes, and even agriculture. The availability and access to information on activity data,
emission coefficients, and sequestration rates in the forestry sector in India are limited, and the
uncertainty of the data is high, as in most countries. Thus, there is a need for improvement in the
information generation processes for the inventory so as to reduce the uncertainty involved in the
estimation of GHG inventory in the forestry sector (MoEF, 2012).

Conclusions:

Considerable knowledge gaps exists for the purpose of modelling future climate change impacts
and bringing up with robust adaptation strategies. Knowledge gaps include uncertainty in the
estimates of inventory in the forestry, land use and land use change, and inadequate knowledge
on the relationship between climate and ecosystem responses. There is therefore an urgent need
for developing regional and national level dynamic vegetation models for assessing climate
change impacts on forest ecosystems and biodiversity. Ecological studies on endemic and
endangered species in relation to climate variability and change, and understanding changes in
the phenological patterns of vegetation and its impact on associated fauna, primarily at the
species level are a prerequisite for developing adaptation strategies and practices to reduce
vulnerability of forests to climate change.
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Summary

India’s forests harbours several endemic and endangered species. The rapidly growing human
population and attendant development needs have already pushed the forests and their dependent
life forms to the precipice of irreversible destruction. The added dimension of climate change
and its potential impact on the survival of forests calls for immediate studies for the
identification of the most vulnerable forest areas where in concerted conservation/ mitigation
efforts could be taken up. Vulnerability assessment methodologies including generic approaches,
simple ecosystem models and integrated ecosystem models as reviewed by Locatelli et al (2008)
have been briefed.

Few studies have already been taken up in India for assessment of vulnerability of India’s forests
to climate change. The impacts of climate change are assessed based on the changes in area
under different forest types, shifts in boundary of forest types, and net primary productivity
(NPP). Several studies have tried to evaluate the changes in the forest ecosystems due to the
changes or projected climate change scenarios. It is projected that by 2085, 77% and 68% of the
forest grids in India are likely to experience shift in forest types under A2 and B2 scenarios,
respectively (MoEF, 2012). In another study it has been observed that the upper Himalayas,
northern and central parts of Western Ghats and certain parts of central India are most vulnerable
to projected impacts of climate change, while North-eastern forests are more resilient.
Himalayan ecosystems are projected to be extremely sensitive to future climate.

Besides national level assessments, there are number of studies on regional basis assessing the
vulnerability of the forests. Regional level climate change studies have assessed shift in tree line
of Betula utilis in the alpine vegetation in Uttarakhand. In similar such studies, phenological
changes in Rhododendron and orchids have been reported from Arunachal Pradesh. However
such studies are staggered spatially and do not reveal changes occurring to the landscape. More
such regional studies could help better understand the climate change and its impact, risks and
vulnerability, adaptation needs and mitigation potential. Importantly there is urgent need to
devise research strategies to evaluate the ecological assessment of endemic and endangered
species vis-a-vis the climate change scenarios. Uncertainty in estimates of inventory in forestry,
land use and land use change calls for refinement of information generation processes in the
forestry sector.
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Introduction

Orthoptera is one of the largest orders of the class insecta, and includes the well known
grasshoppers, locusts, crickets, and katydids. They form a dominant group of herbivorous
insects throughout the world, and their high diversity, functional importance and sensitivity to
disturbance make them potentially useful bioindicators for land management. They are known to
occur in a wide variety of habitats, ranging from the littoral zone of the sea shore to grasslands,
forests and mountaintops, well above the tree line. There are models that explain that the number
of species in the 100m altitudinal bands increases steeply with altitude until 1,500 m above sea
level, and between 1,500 and 2,500 m, little change in the number of species is observed, while
above this altitude, a decrease in species richness is evident (Mathew and Mohandas, 2001).
However, certain models indicate that insect distributions should be expected to shift towards
higher latitudes, and altitudes (Régniere et al., 2009). The montane forests are the stunted ever
green forests locally known as ‘sholas’. They are found only above 1500 m in the glens, hollows
and valleys of the mountains. Nilgiris sholas are situated in the higher mountain tracts of the
southern Western Ghats, at an altitude above 1800 m, interspersed with rolling grasslands. In the
sholas the trees are stunted with crooked branches thickly laden with moss and other epiphytes.
Nilgiris sholas are unique in terms of their vegetation and species diversity. The natural
vegetation in the sholas and the grasslands depleted very fast due to introduction of
commercially valuable fast growing trees like Wattle, Eucalyptus, Cypress and Pine to provide
pulp for the Rayon and paper industries by English during 19" Century. Fortunately by late
eighties, there was a shift in Government policies. Further plantations of wattle and Eucalyptus
were stopped. Experiments are now on to reconvert these plantations into sholas. Studies have
shown that majority of the endemic plants of the Nilgiris tract are highly threatened and many
are already extinct because of loss of habitat due to anthropogenic pressure. Since orthopteran

insects are good indicators of climate and landscape changes, and no authentic record of
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Orthoptera in theses sholas was available, an attempt has been made to study the diversity of

Orthoptera in Nilgiris shola forests.

Study sites

There are three locations each with a total of six sites under Nilgiris North, and South Forest
Divisions viz., Kothagiri Longwood shola, Uppati shola, Nedugula shola in former and
Avalanche cauliflower shola, ninth mile shola and Parson’s valley shola in latter respectively
selected for the study. They are located between 11° 12° 68.2” N and 11°44° 18.00” N latitude
with the elevation ranges from 1937 m MSL to 2295 m MSL.

Sampling and analysis of data

The entire vegetation was covered during the intensive search out method, which involved hand
picking the insects from the vegetation after locating them; sweep nets were also used for
collecting specimens. Sanjayan (1994) showed that this was the best sampling method for
species of Orthoptera. Orthoptera were observed between 0700 hrs to 1300 hrs. Collected
specimens were narcotized with menthol crystals brought to the laboratory and air-dried for
identification. All the specimens were examined carefully and identified specimens were labeled
and preserved in insect boxes. A cotton wad immersed in preservative (Phenol, Naphthalene, and
Para dichlorobenzene in equal ratio) was kept in the corner of the box to restrict ant and fungal
attack. The specimens collected were identified using various publications of Rentz (1979),
Tanton and Shishodia (1972), Ingrisch (1990, 2002), Ingrisch and Shishodia (1997,1998,2000),
Shishodia (2000a, b), Shishodia and Tandon (1990), Naskrecki (1994, 1996a,b, 2000), Naskrecki
and Otte (1999) and Senthilkumar et al. (2001, 2002). As a measure of oa-diversity (diversity
within a habitat), the most popular and widely used Shannon's diversity index (H') was
calculated since it is well accepted that all species at a site, within and across systematic groups
contribute equally to its biodiversity (Ganeshaiah et. al., 1997). In addition, Simpson's diversity
index (A) and coverage estimators were also calculated as per Colwell (2004) using the software

EstimateS 7.
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Results and discussion

The study of Orthoptera of the Shola Forests has come up with promising results. Fifteen genera
and 15 species including an unknown gryllid and two unidentified acridid were recorded from
Nilgiris Shola forests and grasslands (Table 1). Seven species belonged to the family Acrididae,
6 species to Tettigoniidae. The family Gryllidae was represented by only two species. A greater
diversity of short-horned grasshoppers was recorded in all the shola forests under study followed
by tettigoniids. It is common belief that natural ecosystems, still untouched by man, are
characterized by a great diversity of animal and plant species. These heterogeneous conditions
form the basis of a stable and well-balanced environment in which population oscillates within
certain limits (Senthilkumar et al. 2006). This study on Orthoptera has again supported the fact
that a heterogeneous and undisturbed habitat like the forestlands harbour greater number of
insect species. This observation is supported by the study of acridids diversity in Tamil Nadu
(Senthilkumar et al., 2009). The species recorded namely, Orthacris maindronii, Hetracris
pulcher, Gastrimargus africanus, Phaleoba infumata, Mecopoda elongata, Mirrollia cerciata
and Hexacentrus major, were earlier found in the low to mid elevations, lowland forests in
particular. (Sanjayan et al., 2002; Senthilkumar et al., 2009) None of these species were reported
earlier in high altitudes. (Senthilkumar, 2002). It is evident from the study of Ching Chen et al.
(2009) that tropical insect species have undertaken a shift towards higher altitudes, confirming
the global reach of climate change impacts on biodiversity. The species richness in shola forests
under Nilgiris North and South divisions were similar (Table 2.). However, the species
composition differed. The species such as Mirrollia cerciata, Hexacentrus major, Hetracris
pulcher, Elaemaea securigera and Phaneroptera gracilis were found only in the Cauliflower
shola, Parson’s valley shola, Nedugula shola and Uppati sholas respectively. The species namely
Orthacirs maindronii, Gryllodes sigillatus, Gastrimargus africanus and Phaleoba infumata were
recorded in more than four locations. The occurrence of the rare species like Mirrollia cerciata,
unknown gryllid and unknown acridid in Avalanche Cauliflower shola indicate that the habitat is
unique with characteristic vegetation types. Grasshoppers diversity was predicted to decrease
significantly and species rich locations were predicted to move towards higher altitudes (Maes et

al., 2010). The large turnover rates were predicted to occur at higher altitudes for grasshoppers.

Shannon's diversity index was calculated as a measure of diversity within a habitat. The

diversity indices H', and A appear useful as they incorporate both species richness and evenness
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into a single value. Shannon’s (H’) diversity index appears to have more value (1.43) (Table 3).
The present study indicates that orthopteran species are more diverse in Nilgiris Shola forests.
However, the Shannon’s index gave high values in Nedugula followed by Longwood and
Avalanche shola forests. Simpson’s diversity index, ‘A’, also gave high value for aforementioned
sites. It indicates that the shola forests and grasslands in these locations are occupied by species
with more individuals. The availability of host plants in the habitat is vital for insect
colonization. The type of vegetation in a habitat influences not only species presence, but also
the number of individuals. Though the study sites fall under Nilgiris North and South divisions,
the assemblage of orthopteran community varies and the similarity index was worked out to
understand the closely related sites between Nilgiris North and South divisions. The dendrogram
(Fig.1.) showed the similarity between sites of two different divisions in relation to Orthoptera
diversity. Nedugula shola forest in Nilgiris North division is grouped under Ninth mile and
Avalanche sholas in Nilgiris South division. However, Parsons’ valley shola in Nilgiris South is
grouped under Longwood and Uppati sholas in Nilgiris North Division. At middle latitudes,
distribution shifts towards higher latitudes and altitudes seem to be prevalent, especially in
highly mobile and polyphagous species (Ching Chen et al. 2009). Detailed models of the
responses to climate of each insect species are needed to predict distribution changes with any
accuracy. However, it seems difficult to make general predictions about the responses of major
forest insect species from the point of view of climate change in their current ranges. There is an
increasing risk of “invasion” into increasingly hospitable temperate ecosystems by the more
mobile species. However, certain models indicate that insect distributions should not be expected
to expand, but rather to shift towards higher latitudes and altitudes (Régniére, et al., 2009).

It may be concluded that upward elevation shifts of grasshopper species in Nilgiris shola
forests and grasslands are consistent with responses to the climate change observed in the region,
either as a direct physiological response to climate or as a consequence of altered interactions
with other species. If plant elevation increases this could be facilitating elevation increases by
the insects that feed on them. It is too early to judge whether these responses are due to climate
change. But the Nilgiris shola forests become important climate change refugia for low elevation
species. However, high mountains will only become important refugia for low-elevation species

if surrounding lowland forests and other natural habitats are maintained. The conservation of
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lowland forest will permit lowland species to survive locally and so be available to colonize
upwards while also minimizing additional regional impacts on climate change associated with
lowland deforestation. High tropical mountains and their surrounding lowland habitats represent
some of the most important locations in the world to maintain biodiversity in the face of climate
change. Our study would advocate that possible conservation and policy measures to mitigate the
potentially strong impacts of climate change on insect diversity in Nilgiris should be much more
proactive and flexible than is the case presently. Considering the importance of the sholas and to
protect this cluster of rare and endangered species permanently, Tamilnadu Forest Department,
has made chain-link fence under the Hill Area Development Programme. In 2008, 225 hectares
of plantation was again reconverted into Shola forests by Nilgiris North Forest Division. 100
hectares of the exotic species were cleared in the Mukurti National Park. It has resulted in the up-

gradation of the degraded area and augmentation of the dwindling shola species.

Conclusion
Climate change and habitat destruction have been linked to global declines in vertebrate

biodiversity, including mammals, amphibians, birds, and fishes. However, invertebrates make up
the vast majority of global species richness, and the combined effects of climate change and land
use on invertebrates remain poorly understood. The vast majority of research on insect responses
to altered climatic factors has focused on butterflies and beetles in temperate ecosystems, with a
strong bias on diversity of Orthoptera. Studies regarding, tropical forest insects are still very
incipient. The present study fulfils the felt need. The study on distribution and diversity of
Orthoptera in Nilgiris upland shola forests and grasslands showed that the species found only
distributed in lowland forests are now observed in high altitude evergreen forests. At higher
elevations, we observed clear upward shifts in the elevational ranges of species, with the
influence of global warming. It supported the prediction that the shifts of species towards higher
altitudes seem to be prevalent, especially in highly mobile insects. It is evident from our study on
the diversity of grasshoppers in Nilgiris shola forests that tropical insect species have undertaken

refuge at high altitudes, confirming the global reach of climate change impacts on biodiversity.
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Summary
Uplands are expected to provide refuges for insects subject to lowland habitat loss, but
information on their response to climate change has been lacking. It was predicted that at middle
altitudes, there is a significant reduction in diversity of grasshoppers. However, shifts towards
higher altitudes seem to be prevalent, especially in highly mobile and polyphagous species. It is
evident from our study on the diversity of grasshoppers in Nilgiris shola forests that tropical
insect species have undertaken refuge at high altitudes, confirming the global reach of climate
change impacts on biodiversity. The species found distributed only in lowland forests are now
recorded in the high altitudinal stunted wet evergreen forests locally known as sholas. This is a

case where upland forests provide refuges when lowland sites are subject to climatic fluctuations.

Acknowledgements

The authors are grateful to the Director, IFGTB, Coimbatore for providing facilities
during the course of the study and Forest Department, Tamilnadu for granting permission to

work in protected areas.

References

Ching Chen, Hau-Jie Shiu, Suzan Benedick, Jeremy D. Holloway, Vun Khen Chey, Henry S. Barlow,
Jane K. Hill, and Chris D. Thomas. (2009). Elevation increases in moth assemblages over 42
years on a tropical mountain. Proceedings of National Academy of Science USA, 106 (5): 1479-
1483

Colwell, R. K. (2004). EstimateS, Version 7: Statistical Estimation of Species Richness and Shared
Species from Samples (Software and User's Guide). Freeware for Windows and Mac OS.

Ganeshaiah, K.N., K. Chandrasekara, and Kumar, A.R.V. (1997). A new measure of biodiversity based
on biological heterogenity of the communities. Current Science, 73(2): 128-133.

George Mathew and Mohandas, K. (2001). Insect fauna of the shola forests of Munnar and Wynad. KFRI
Research report, 206.pp47

Ingrisch, S., and Shishodia, M.S. (1998). New species and records of Tettigoniidae from India
(Ensifera). Mitteilungen der Schweizerischen Entomologischen Gesellschaft, 71: 355-371.

Ingrisch, S., and Shishodia, M.S. (2000). New taxa and distribution records of Tettigoniidae from India.
Mitteilungen Muenchener Entomologischen Gesellschaft, 90: 5-37.

Ingrisch, S. (1990). Grylloptera and Orthoptera s. str. From Nepal and Darjeeling in the Zoologische
Staatssammlung Miinchen. SPIXIANA, 13(2): 149-182.

Ingrisch, S. (2002). Orthoptera from Bhutan, Nepal, and North India in the Natural History Museum
Basel. Entomologica Basiliensia 24: 123-159.

Ingrisch, S., and Shishodia, M.S. (1997). A new species of Agraecinii from Northeast India.
Entomologische Zeitschrift, 107(12): 510-512.

21


http://www.pnas.org_cgi_doi_10.1073_pnas.0809320106/
http://viceroy.eeb.uconn.edu/EstimateS
http://viceroy.eeb.uconn.edu/EstimateS

ICFRE - National Research Conference Compendium

Maes,D., Titeux, N., Hortal, j., Anselin, A., Decleer, K., De Knijf, G., Fichefet, V. and Luoto, M. (2010).
Predicted insect diversity decline under climate change in an already impoverished region.
Journal of insect conservation.14: 485-498.

Naskrecki, P. (1994). The southern African Mecopodiane - their taxonomy, phylogeny and distribution
(Orthoptera: Tettigoniidae). Journal of African Zoology, 108: 279-320.

Naskrecki, P. (1996a). Systematics of southern African Meconematinae (Orthoptera:Tettigoniidae).
Journal of African Zoology, 110: 1-28.

Naskrecki, P. (1996b). An interactive key to katydids of La Selva Biological Station. Costa Rica. (http://
viccroy.eeb.uconn.edu/interkey/titlepg)

Naskrecki, P. (2000). Katydids of costa rica 1. Systematics and bioacoustics of the cone-head katydids.
The Orthopterist Society. USA. Pp 163.

Naskrecki, P., and D. Otte (1999). An illustrated catalog of orthoptera vol.l. Tettigonoidae (CD ROM).
The Orthopterists Society at the Academy of Natural Sciences of Philadelphia, Publications on
Orthopteran Diversity.

Rentz, D.C.F. (1979). Comments on the classification of the Orthopteran Family Tettigoniidae, with a
key to subfamilies and description of two New subfamilies. Australian Journal of Zoology, 27:
991-1013.

Régniere, J., V. Nealis, and Porter, K. (2009). Climate suitability and management of the gypsy
moth invasion into Canada. Biological Invasions, 11: 135-148.

Sanjayan, K.P. (1994). Relationship between grasshopper and crops in an agroecosystem of Tamil Nadu,
India. Beitraege zur Entomologie., 44(1): 232-241.

Senthilkumar, N., A. Karthikeyan, M.C. Muralirangan, and Mahalingam, V. (2001). Tettigoniidae of
Tamil Nadu. Insect Environment, 7(2): 56-57.

Senthilkumar, N., A. Karthikeyan, M.C. Muralirangan, V. Mahalingam, and Sanjayan, K.P. (2002).
Tettigoniids of Tamil Nadu:A study on biodiversity. Proceedings on the vistas of entomological
research for the new millennium, 37-45.

Senthilkumar, N., Nizara D. Barthakur and Borah, N.J. (2006). Orthoptera fauna of the Gibbon Wild Life
Sanctuary, Assam, Zoo'’s Print, 21(8):2347-2349.

Senthilkumar, N., R. Prakash, K.P.Sanjayan, V. Mahalingam and Muralirangan, M.C. (2009). Diversity
and distributional pattern of acridids (Orthoptera:Acrididae) in Tamil Nadu, India. Indian Journal
of Forestry, 32(2):277-284

Shishodia, M.S. (2000b). Orthoptera (Insecta) fauna of Andaman and Nicobar Islands. Records of the
Zoological Survey of India, 98(3): 1-24.

Shishodia, M.S. (2000a). Short and Long-horned grasshoppers and crickets of Bastar District, Madhya
Pradesh, India. Records of the Zoological Survey of India, 98(1): 27-80.

Shishodia, M.S. and S.K. Tandon (1990). The Grylloidae (Orthoptera) of Tripura, India. Records of the
Zoological Survey of India, 87(2):99-107

Tandon, S.K. and Shishodia, M.S. (1972). Notes on the collection of Grylloidea (Orthoptera) from
NEFA, India. Oriental Insects, 6(3):281-292.

22



Table 1. Orthoptera insect fauna in Nilgiri sholas.
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S. No. | Diversity index Family Avalanche | Longwood | Nedugula | Ninethmile | Parson’s | Uppati
valley

1. Orthacris maindroni Bolivar Acrididae - + - + + -
2. Oxya fuscovittata (Marsh.) Acrididae - + - - - -
3. Gryllodes sigillatus (Walker), Gryllidae - + + + - -
4. Phlaeoba infumata Brun. Acrididae + + + + - -
5. Elimaea (Orthelimaea) securigera (Brun.) Tettigoniidae - - - - - +
6. Phaneroptera gracilis Burm. Tettigoniidae - - - - - +
7. Heteracris pulcher (Bol.) Acrididae - - + - - .
8. Gastrimargus africanus (Saus.) Acrididae + - + - - -
9. Mirrolia cerciata Hebard. Tettigoniidae + - - - - -
10. Mecopoda elongata (Linn.) Tettigoniidae + - - - - -
11. Euconocephalus incertus (Walk.) Tettigoniidae - - - + - -
12. Hexacentrus major Redtenb. Tettigoniidae - - - - + -
13. Unknown Acridid 1 Acrididae - - - - - +
14. Unknown Acridid 2 Acrididae + - - - + -
15. Unknown gryllid 1 Gryllidae - - + . ; }

No. of species 5 4 5 4 3 3

Table 2. Species richness and diversity of Orthoptera in Nilgiris sholas.
Location Division Latitude Longitude | Altitude No. of H’- Shanon’s index
°N °E M (MSL) | species

1. Longwood shola Nilgiris North 11.26 76.52 1970.6 4 1.34
2. Uppati shola Nilgiris North 11.30 76.54 1937.1 3 0.91
3. Nedugula shola Nilgiris North 11.36 76.53 1941.2 5 1.43
4. Avalanche shola Nilgiris South 11.12 76.35 2036.0 5 1.29
5. Ninthmile shola Nilgiris South 11.44 76.62 1946.0 4 1.24
6. Parson’s valley shola  Nilgiris South 11.38 76.58 2295.0 3 0.99
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Table 3. Diversity indices of Orthoptera in Nilgiris sholas

S. No. | Diversity index Avalanche | Longwood | Nedugula | Ninethmile | Parson’s | Uppati
valley
1. Species richness 5 4 5 4 3 3
2. Singletons 2 0 0 1 0 0
3. Unique 2 0 0 1 0 1
4. ACE 7.01 4 5 4.34 3 3
5 ICE 7.16 4 5 4.42 3 3.88
6. Chaol 5.75 4 5 4.5 3 3
7. Chao?2 5.75 4 5 4.5 3 3.12
8. Jack 1 6.75 4 5 4.87 3 3.87
9. Jack2 7.60 4 4.55 5.62 1.71 3.98
10. Bootstrap 5.79 4 5.12 4.37 3.20 3.44
11. MM mean 5.99 4.52 5.75 5.30 4.30 5.59
12. Colewel 4.73 391 4.99 3.87 2.98 2.98
13. Alpha diversity index  2.29 1.07 1.50 1.59 1.35 1.35
14. Shannon index 1.29 1.34 1.43 1.24 0.99 0.91
15. Simpson’s index 3.47 3.99 3.91 3.82 2.89 2.81

Tree Diagram showing the similarity of sites with reference to Orthoptera
Ward™s method
Euclidean distances

ANVALANCH

NEDUGULA

NINEMILE

LONGWOOD

PARSON

UPPATI

1 2 3 4 5 6 7 8 9 10 11
Linkage Distance

Fig. 1. Dentrogram showing the similarity of sites in realtion to Orthoptera species assemblages.
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1 Imtrod e Gon

Climate is one of the most important determinants of vegetlation pattems globally and has
significant influence on the distribution, structure and ecology of forests (Kirschbaum et al.
1996). Several climate—vegetation studies have shown that certain climatic regimes are
associated with particular plant communities or functional types (Walter 1985). It is
therefore logical to assume that changes in climate would alter the distribution of forest
ecosysiems. Based on a range of vepetation modeling studies, TPCOC 2007 suggests potential
forest dieback towards the end of this century and bevond, especially in tropics, boreal and
mountain areas (Miles 2002; McoClean et al. 2005). The most recent report from
International Union of Forest Research Organization (Seppild et al. 20009) paints a rather
gloomy picture about the future of the wordd forests in a changed climate as it sugpests that
in a warmer world, the current carbon regulating services of forests (as carbon sinks) may
be entirely lost, as land ecosvstems could turn into a net source of carbon dioxide later in
the century.

Acssessments of potential climate changs impacts on forests in India (Ravindranath and
Sukumar 1996 Ravindranath and Sukumar 1998 Ravindranath et al. 2006) were based on
BIOME model (versions 3 and 4} —which being an equilibrivm model, does not capture the
transienl responses of vepetation o climate change. The recent study (Ravindranath et al
2006) concludes that 7724 and 68% of the forested grids in India are Likely to experience shift
in forest types for climate change under A2 and B2 scenarios, respectivelyv. In addition there
have been two regional studies, the first focusing on potential climate change impacts on
forests in the northern state of Himachal Pradesh (Deshingkar 1997) and the second in the
Western CGhats (Ravindranath et al. 1997). These studies indicated modemte to lape-scale
shifis in vegetation types with implications for forest dieback and hodiversity, The studies
conducted for India so far have had several limitations, e.g., coarse resolution of the input
data as wal as the use of BIOME which 5 an equilibrivim model with limited capability in
cateporizing plant functional types and dyvnamic representation of growth constraints.

Impacts of climate change on forests have severe implications for the people who
depend on forest resources for their livelihoods. India is a mega-biodiversity country where
forests account for more than one fifth of the geographical area. With nearly 173 ({0
villages classified as forest villages, there is a large dependence of communities on forest
resources in India (Kishwan et al. 2009}, India has a large afiprestation programme of over
1.32 Mha per annum (Ravindranath et al. 2008), and more area is likely o be afforested
under programmes such as “Green India mission” and “Compensatory A fforestation Fund
Management and Planning Authority” (CAMPA). Thus it is necessary o assess the likely
impacts of projected climate change on existing forests and afforested areas, and develop
and implement adaptation strategies to enhance the resilience of forests to climate change.

The present study investigates the projected impacts of climate change on Indian forests
using a dyvnamic global vegetation model (DCGW M), It specifically assesses the boundary
shifts in wvegetation vpes, changes in NPP and soil carbon stocks, as well as the
vilnerability of existing forests to future climate change,

2 Status of forests in India

According to the Forest Survey of India (FST) “all lands, more than one hectare in area, with a
tree canopry density of more than 10946 is defined as Forest™ (FS1 2008). The status of forests
and forest management systems contribnite to the wilnerability of forests to climate change.
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2.1 Forest area

The Forest Survey of India has been pericdically estimating the forest cover in India since
1987 using remole sensing techniques (FS1 198%). I can be observed from Fig. 1 that the
forest cover in India has nearly stabilized and further it is increasing marginally over the
vears. In addition to forest cover, FSI has also included the tree cover in its 2000, 2003
20005, and 2007 assessrments.

2.2 Diistribution of forest Dvpes

Indian forests are extremely diverse and heterogeneous. Classification of Indian forest tvpes
is available from two main sources—one by Forest Survey of India (FST 2001 ) and another
by Champion and Seth (1968). Due o forest hetemogeneity, Forest Survey of India®s
classification scheme has a pan-Indian “miscellaneous forest” category (with no dormi nant
species), which accounts for 63%% of forest area. This lampe miscellaneous catepory makes
the F5I classification rather unatiractive for further analyvsis. Howewer, Champion and Seth
(1968) classify Indian forests into 16 distinct forest types. Henoe, we use the Champion and
Seth classification for further analysis. The distribution of forest types in India according to
Champion and Seth (1968) is shown in Fig., 2

2.3 Carbon stocks in Indian forests

Estimates for forest carbon stocks, including biomass and sodl carbon from litemtire are
shown in Fig. 3. Forest carbon stocks incloding biomass and soil carbon for the vear 1986
are estimated to be in the range of 8.5 o 9.5 GuC (the smdies differ in the methods used).
According to an FACQ study, total forest carbon stock was estimated to be 10 GUC for 2005,
Thus, carbon stocks in Indian forests may not have declined. Additionally, Kishwan et al.
(2005 estimate that the carbon stock in biomass as well as soil has increased by 377 Mt C
betwesn 1995 and 2005, Forest soil carbon accounts for over 50°% of the total forest carbon
stock according to different estimates (Fig. 3).

2.4 Adfforestation trend in India

Indiaimtiated larpe-scale afforestation under the social forestry progrmme starting in the early
1980s. Figure 4 presents the progress of afforestation in India for the period 19512005, It can
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Montane Wet Temperate Forest
Subalpine and Alpine Ferest
Subiwropleal Broadleaved Hill Forest
Subwropical Dry Evergreon Forest
Subiropical Pine Forest

Tropical Dry Decidious Forest
Tropical Dy Evergreen Forest
Tropical Moist Deciduous Forest
Tropical Semi Evergreen Forest
Tropical Thoin Forest

Tropical Wet Evergreen Forest

200 0 200 400 Kilometers

Fig. 2 Forea types of India (Chanpion and Scth, 1968). “Blanks” indicate that the region s not classified
by Champion and Seth

be seen from Fig. 4 that the cumulative area afforested in India during the period 19802005
is about 34 Mha at an average anmal rate of 1.32 Mha (Ravindranath et al. 2008).

3 Methods

The impacts of climate change on forests in India are assessed based on the changes in area
under different forest types, shifis in boundary of forest types and NPP. This assessment

was based on: (i) spatial distribution of current climatic variables, (ii) similar data for future
climate projected by relatively high-resolution regional climate models for two different
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Fig. 3 Carbon sinck estimates for Indian forests {Source: | BR0—Richands and Flint 1 994 1 280—Richands
and Flint 1994; 1986—Ravindranath et al 1997, 1986—Chhabra and Dadhosal 20604; 1994—Haripriya
203, 1995 —E shwan et al. 2009, DF—FA0 2005, 2005—Kishwan ot al. 20

climate change scenarios, and (i) vegetation types, NPP and carbon stocks as simulated by
the dyvnamic model IBIS v.2 (Integmted Biosphere Simulator).

3.1 Vepetation rmoedel

The dyvnamic vegetation model IBIS is designed armound a hierarchical, modular strocture
(Kucharik et al. 20000, The model s broken into four modules namely 1) the land surface
mrdule, 2) Vegetation phenology module, 3) Cartbon balance module and 4) Vepetation
dyvnamics module. These modules, though operating at different time steps, are integrated
into a single physically consistent model that may be directly incomporated within ACGCMS
(Armospheric General Circulation models). For example, TBIS is currentl v incorporated into
two AGCMs namely GENESIS-IBIS (Folew et al. 2000) and OCM3-IBIS (Winter 20 ).
The state description of the model allows trees and grasses o experience different light and
water regimes and competition for sunlight and soil moisture determines the geogmphic
distribution of plant functional tvpes and the relative dominance of trees and grasses,
evergreen and deciduous phenologies, broadleal and conifer leal forms, and C3 and C4
photosynthetic pathwanys.
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3.2 Input data

IBIS requires a range of input parameters including climatology as well as soil pamimeters.
The main climatology parameters required by IBIS are: Monthly mean cloudiness (%),
Monthly mean precipitation rate (momdday), Monthly mean relative humidity (%e), Monthly
minimm, maximum and mean temperature (C) and wind speed (mfs). The main soil
parameter required is the texture of soil (i.e percentage of sand, silt and clayv). The model
also requires topography informa thon.

Observed climatology is obtained from CRLU (Mew etal. 1999, while soil data was obtained
from IGEBFP (GBP 2000, For climate change projections, RCM outputs from Fadley centre
mirdel TladRMS3 were used (Rupakumar et al. 200M6). The climate wvariables for fure
scenatos were obtained using the method of anomalies. Briefly, this involved computing the
difference between the projected wvalues for a scenario and the control min of the HadRM3
midel, and adding this difference to the value corresponding to the current climate as obtained
from the CRU climatology. Climate Data Opemtors (CDO) software (Schuleweida and
Formnblueh 2006} was used for the data editing and Climate Data Analyvsis Tool (CDAT)
(Drach et al. 2007) for data processing and generation of various maps and plots.

3.3 Selection of forested prids

A digital forest map of India (FSI 2001 ) was used to determine the spatial location of all
forested areas. This map was based on a high-resolution mapping (2.5 by 2.5"), wherein the
entire area of India was divided into over 165,000 grids. Out of these, 35 899 grids were
marked as forested grids (along with the forest density and the forest tvpe). Figure 5 shows
the spatial location of these grids. Furthermore, these forest grids were classified into three
categories as per forest density: 1) *“Very dense forests™ with crown density abowve 705, 2)
“Moderately dense forest” with crown density between 4004 and 70%; 3) “Open forest”
with crown density between 10P6 and 40%6.

3.4 Scenarios of climate change

SRES scenario A2 (atmospheric C0s concentration reaches 740 ppm by 20835) is selected
as one of the scenarios. However, since a more constrained emission pathway may emerge
as a result of global mitigation actions, we also chose B2 scenario (575 ppm by 2085) in
this stmdy. We compare the results of these with the “baseling” scenaric, which represents
the simulation using the 196191 observed climatology. “Baseline” is also referred to as
gither “meference’ or “control” case.

4 Model validation

We simulated the current vegetation patiern, NPP, biomass and soil carbon over India using
the IBIS model driven by observed climatology from CRU (MNew et al. 1999). The
validation of this baseline {or control) simulation s described below.

4.1 Vegetation distribution

Comparison of simulated wvegetation cover with the observed wvegetation map (Fig. 6)
(Champion and Seth 1968) shows fair agreement. Many important observed wvegetation
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Fig. § The location o se, 4.3% of gnd points
o

(blwe) were classified as “very dense forests”, 54.9% (green) as “modermakcly dense forest™ and 40.7%%

f the 35899 forest gnid points (coloweed) in India Out of

(vedlow) as “open forests™

distribution patterns are reproduced in the simulation, including (1) the tropical evergreen
forest vegetation in Western Ghats and North-east; 2) desert and thorny vegetation types in
Westem and south central parts, 3) wopical deciduous forests in most of its present day
locations except parts of western Madhya Pradesh where the model simulates savanna and
shrublands; 4) temperate evergreen conifer forests in Himalavas and higher elevatons of
Norh east.

IBIS simulates forests at about 70% of the FSI forest grids (FSI 2001) However it
simulates savanna and shrublands over most grids in westem Madhya Pradesh, Gujarat and
Rajasthan whereas Champion and Seth (1968) classify these regions as forests. This
anomaly of IBIS under-representing forests in the tropics is documented in previous studies
(Kucharik et al. 2000; Cramer et al. 2001; Bonan et al. 2003) which find that IBIS has
higher (than observed) grass coverage in the great plains, scuthem South America, Affrica
and India.
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Fig. & Model simulated cwment vegetaton diswributon (righr) compared with observed wegetation
distwibution {({ef, Champion and Seth 1'946GE)

4.2 NFP

The remotel yv-sensed mean NPP data from satellites for the pericd 19822006 was oblained
from Memani et al. (2003) (as well as personal correspondence). It was regridded to a 0.5%=
0.5 format and the geographical region outside India was masked out. The correlation
between this distribution and the NPP simulated by IBIS conirol case is estimated to be
about .65, ndicating fair agreement (Fig. 7). IBIS simulations of NPP (Mean: 4240, Min:
7.0, max: 1374.0 _p,-'r[:".-'g.-rﬂ.rr show a reasonable match with satellite observations { Mean:
43 1.0, min: 00, max: 11950 _p,-'r::".-'3-:arr owver India. . It should be noted that simulated NPP
represents the WPFP of natural potential vegetation but observations represent NPFP of current
vepetation (including croplands).

4.3 Soil organic carbon

We compared the soil ompanic cathon data from EGBP (IGBP-DIS 1998) with the IBIS
simulated soil carbon estimates for the control case (Fig. 8). We find that the mean from
both the sources is approximately 5 k_lg;'rl::u‘l over India {mean of IBIS=5.0 k_lr-,-'r::" ard mean
of IGBP =47 kg/n”). However, we find that the IBIS simulated spatial distributions (spatial
starlard deviation=-4 27: Max=20.83: Min=0_13) to be substantially different from IGBP
estimates (Standard deviatwon= 1. 33; Max=11; Min= 1_8).

For a more detailed investigation, we selected a grid point in the Western Ghats. We
selected this grid point as it is nearer to the field research centre operated by the Indian
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NPP (kg/m?) Comparison

Satellite observation IBIS

nl ns n7 ne 11

Fig. 7 Model simulated cumment NPP (kgC/m™) compared with the remoke-sensing-denved mean NPP data
from 1982 to 2006

Institute of Science (I1ISc), Bangalore. Location of the grid can be seen in the map of India
(inset of Fig. 9).

A total of 35 different locations were sampled in the Western Ghats out of which 15
sample locations were situated in forested areas and 20 were situated in non-forested areas.
Sample sites are shown in Figs. 9 and 10. About 250 gms of soil samples were sampled

SOC simulated by IBIS (kgC/m2) Observed SOC (IGBP 1998, kgC/m2)

14 18

Fig. 8 Model simulated current SOC distribution compared with the observed SOC disribution
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Fig. ® Sample lcations in forested sites

from two depth classes e, 015 cms and 1530 cms. Soil organic cartbon was anal vaed
using the Walkley and Black (1934) method.

Forested sites were found to have higher soil ompanic carbon with an average of 97 tonnes
carbon per hectare (0C'ha) with a standard deviation (SD) of 198 tC'ha compared to non-
forested areas with an average of 64 tC ha (SD =27 .2 1/ ha). The average soil organic carbon in
the region is estimated to be TE.15 tCha (5. D=292 tC ' ha) whereas TBIS simulates 8913
tonnes C'ha for this patticular grd. | Given the huge uneertainty involved with sodl carbon
estimation (Swdha et al. 2003}, the model predictions appear to be reasonable.

Totad carbwn stocks For the contmol case ( 1975) IBIS sumulated a total 3000 Mt of carbon m
biomass owver India while a review of published studies suggests a mean of 33864989 MMt of
carbon in biomass (Fig. 3). Further, IBIS simulations sugeest a total of 4705 Mt of carbon
in the form of S0OC in the forested grids, while a review of published studies suppests a
mean of 5,000+ 1464 Mt of S0C in Indian forests. S50 estimates are, in general,
associated with larger uncertainty. In summary, [BIS simulates a total carbon stock
(biomass plus SOC) of 7785 Mt of carbon for India while observational estimates sugmest a
mean of 8141+ 1705 Mt of carbon in Indian forests.

5 Impacts of climate change on forest tvpes and extents
5.1 Changes in the distnbution of forests

The wvepgetation distribution simulated by IBIS for baseline, A2 and B2 scenario in the
forested grids are shown in Fig. 11, One can notice that there is an expansion of tropical
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evergreen forests (IBIS wvegetation type 1) in eastern India platean for both A2 and B2
seenaries. The same trend can be seen in the Western Ghats. It is interesting to note that
there is almost no vegelation vpe change in the north-east Further, there is a slight
expansion of forests inte the western part of centml India. Owemll, there is negligible
difference between forest extents predicted for the future in the A2 and B2 scenarios excepl
that forest expansion is higher into the western part of central India in the A2 scenario. This
could be attdabuted to higher precipitation levels in A2 scenario relative to B2 in this region.
One caveal o the expansion trend of forests (like tropical evergreen) is the assumption that
forests are un-fragmented, and there is no dearth of seed-dispersing agents. In the real
word, forests are fragmented, and, seed dispersal mayv not be efficient in the view of loss or
reduction in number of dispersal agents due to human habitation pressures and climate
change (Rosenzweig 1995). As the population of sead-dispersing agents may decline,
predicted forest expansion is nol guarantead.

The vepetation change matrix corresponding o Fig. 11 (for both A2 and B2 scenario) is
presented in Tables 1 and 2. One can notice from the table that the bulk of forest-tvpe
conversions are from tropical deciduous forests to tropical evergreen forests.

For further analysis, we comnsider the forested grid points obtained from Champaon and Seth
1968 forest tvpe classification (Fig. 2). Then, we identified grids where vegetation tvpe
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UT-Basaline WT-2085 [(A2)

B 10 12 14
I I : I
2 11 1a 15

Fig. 11 Forest type distribotion and extent simulated by TBIS for the baseline case and A2 and B2 scenanos.
White arcas roepresent non-forested grids, (VT—refers to Vegetation Types. The numbers mefer to the
finl lowing vegetation types | tropical evergroen forest [ wosndland, 2 tropical deciduous forest [ wondland, 3.

temyperate evergreen broadleaf forest / woodland, 4: temperate evergroen conifer forest / woodland, 5:
temyperate docidwous forest / wondland, & boreal evergroen forest / woodland, 7: boreal decideows forest
wondland, &: mixed forsst / woodland, 9: savanna, 10 gassland’ sieppe, 11 dense shrubland, 12: open
shrubland, 13: tumdra, 14: desert, 15, polar desernt / mosck / ice)

(simulated by IBIS) is projected to change under A2 and B2 scenarios compared to baseline
seenario (Fig. 12). Approximately 39 and 34%% of forested grid are projected to experience
vegelation tvpe change under A2 and B2 climate scenarios, respectively. In agreement with
carlier siudies (Ravindmnath et al. 2006), we oo find a trend towards expansion of wetler
forest types. Tropical dry deciduous forests currently constitute mwore than 4094 of the Indian
forested gnds. Our analvsis suggests that approximately 47 and 4296 of these tropical dry
deciduons grids undergo change under A2 and B2 climate change scenarios, respectivel v, as
opposed o less than 16%% grids for § tropical wet evergreen forests. Tropical moist forests,
which constitute 209 of the grid points, appear to be relatively stable with only 38 and 34%
of forested gnds expenencing change under the two scenarios. However, tropical thorny scrub
forest which constitutes 2004 of the Indian forested area is projected to experience a larger
change with majonty of grids (more than 8004 undenroing change under A2 scenario ard
0% grids experiencing change under the B2 scenario.
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Fig. 12 Percentage of forsst grids undergoing vegetation change by 2085 under A2 and B2 scenarios
acoording & forest types

5.2 Impact on MNPP

The NPP tends to increase over India (Fig. 13) for both A2 and B2 scenarios. It increases
by an average of 66.5%% by 2085 under A2 scenario and 49% by 2085 under the B2
secenario. MNotably, increase 15 higher in the north-eastern part of India doue to warmer and
welter ¢limate predicated there.

Figure 14 shows the percent change in NPP under the A2 scenario compared to the
baszline. While there is an increase in most places, the hgure sugessts that in central and
western Indian forests NPF remains the same or increases only modemtely and in some places
even decreases by up to 1294 It must be noted that these areas already have a very low level
of baseline NPP to start with (in most of cases, not exceeding more than 0.4 kg,-'mz}.

We analveed the NPP change under A2 and B2 scenan os compared to the baseline scenario
for forest grids classified according to Champion and Seth (Fig. 15). On an avemge, NPP
increased by 67%% and 499 under A2 and B2 scenarios, respectively, for these grids. Under
A2 spenarie, the Himalavan dry tempemte forests and sub-alpine and alpine forests register
maximum increase in NMPP Vegetation growth in these forests 15 limited by the lower
temperatures, and hence increase in tempemiure (and precipitation) would favor WNPP
increase. The subtropical diy evergresn forests register lowest increase in NPP

5.3 Impact on soil organic cathon (SOC)

A trend similar to NPP distribution can be observed for soil organic carbon (Fig. 16}, which
is o be expectad as increased NPP s the primary driver of higher litter input to the sodl.
However, the quantum of increase compared o baseline in this case is lower around 3724
and 30%, for the A2 and B2 scenarno respectively (averaged over whole of India). This
increase is less doe to the inertia of the SOC pool and increased soil respiration.

The SOC changes for A2 and B2 scenarios compared to baseline scenario for forested
grids according to Champion and Seth 1968 forest tvpe classification s presented in
Fig. 17.

%Tr-np'u:al mwrist deciduous forests and sub-alpine and alpine forests are projected o have
large (40-45%) increases in SO, The increase in WPP mesults in angmented litter fall
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MPP-Baseline MNPP-2DB5 [82)
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0.2 L. 1 1.4 1.A 2.4

Fig. 13 NPP distribution {kel>'m™) simulated by [BIS for the baseline case and A2 and B2 scenanios

which contributes to higher S0C. In contrast subtropical pine forests and Homalavan maosist
temperate forests have much smaller increases (20-30%) m S0,

Ouar estimates for both WNPP and SOC increase should be viewed with cauntion as
IBIS, compared with other dyvnamic vepetation models, tends to somilate a fairly strong
COs fertilization effect (Cramer et al. 2001 ; MoGuire et al. 2001). This can partly be
explained by the fact that the nitrogen cvcle and acclimation of soil microbiology o the
higher temperatures are nol exphoitly taken mto account m IBIS (Kirschbawm 20000
Tjoelker et al. 2000 1). It also does not simulate forest fires dyvnamically which are very
comimod especially i dev deciduous forests of India { FAO 2001 ). IBIS does not simulate
changed pest attack dvnamics. Majority of forest species inn India are susceptible to psest
attack, and we have not included the impact of increased or decreased pest attack in a
changed climmate.

5.4 Implication at the state lewvel
Statewise forest prid change estimates are provided i Table 3. Chattisgarh, Karnataka,

Andhm Pradesh and Madhwva Pradesh experience the larpest percentage change in forested

grids at 73 P, 67%%, 62% and 49%: respectively, under the A2 scenario while NMorheastern

states expenence the least amount of changes in forested grids.
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Increase in NPP{%), ol forest grids(2085)
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Fig. 14 The effect of climate change on the NPP of te foresied grids by 2085 under A2 scenario, The
valwes indicate percentage change in WPP compared to the baseline year

5.5 A vulnerability mdex for Indian forests

Forests in India are alreadv subjected to multiple stresses including over extraction, insect
outhreaks, lhive-stock pmzing, forest fires and other anthropogenic pressures. Climate
change will be an additional stress. Disturbed and fragmented foresits and monoculinre
forests are likely to be more vulnerable to climate change (Rosenzweig 1995; Jandl et al

Elimalayen dry emperale fooest
Subalpine wnd alpine fooes
Liloral s swamgp fooest
Tropiced medst deckSoums. fooest
Tropical sem evengreen foeest
Teopicl wel evergeen fooest
Tropécal thom Soest
Subiroprical Broad- eaved hill fooest
Teoprical dry evergreen i
Ponsne wei empele fooest 5
Teospical dry decudoows fooesi |5
Himalayan moisl emperle fooest g
Sobiropicel pane Fooesi
Subiropical dry evergreen fovest [

| oAl mli? ]

Fig. 15 Percentage change in NPP by 2085 for A2 and B2 scenarios compard to baseline {acconding &
Champion and Seth 1968 classification)
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SOCRaseline SOC-2085 (A2)

SOC-2085 (R2)

I I
2.5 7.5 12.5 17.8 22.5 27.5

Fig. 16 Distribution of SOC (keC'm™) simulated by IBIS for the baseline case and A2 and B2 scenarios

2000 7). Therefore, we develop a vulnerability index and assess the vulnembility of different
forest types afd regions.

The vanous vulnerability index classes (Table 4) were defined by spatially combinimng
mformation on forest diversity (monoculture versus natural forest), forest density (an
indicator of degradation) and IBIS wvegetation tyvpe change estimates for the forest grids
under A2 scenario. For example, iff a particular forest grid point had monoculiore
vegetation, a low forest density (or higher levels of degradation}) and if there was a
vepelation tvpe shift m the future as predicted by IBIS, then this grid point s given the
highest vulnerability Index of 7. The last row in Table 4 defines the “least vulnerabality™
seenarie with no chmate change. The distribution of this wvulnerability mdex over the
country 15 shown m Fig., 18,

From Table 4, one can notice that nearly 39%: of forested grids are vulnerable to climate
change i India.

The forests in the central part of India, especially the north-western part of India are
highlv vulnerable. There are regions of vulnerability surrounded by non-vulnemble
regions n that area.

There are relatively few areas in the northeastern part of India that have a high
vilnembility mdex. This low vulnerability mdex in this regions is because climate s
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Fig. 17 Percentage change in SO by 2085 for A2 and B2 scenarios compared to baseline

predicted o get hotter and wetter there, which 18 conducive to the exisling vegelation
types (such as tropical evergresn forests)

A significant part of the Himalavan bio-divesity hotspot that stretches along the north-
western part of India along the states of Punjab, Jammun and Kashmir and Himanchal
Pradesh is projected to be highly wvulnerable. This may be mostly attributed o the
higher elevation of these regions. OQur studies have shown that these regions will
expenence higher levels of warming,

Morthern and central parts of the Western Ghats seem 1o be wulnerable to climate
change. Northern parts of the Western Ghats contain significant extent of open forests,
which drive up the vulnerability score. High values of the index in the centml part of

Table 3 MNumber of forested grid points projocied to underoo change in different states

St name T, Mum forest grids % forest grids Wum. forest grids ¥ forest grids
forest grids changed (A2) changod (AX) changed (B2} changed (B2)
Madhya 4437 2183 49,20 ;21 40,73
Pradesh
Avpumachal 3410 @3 273 a3 273
Pradesh
Chhattisgarh 3130 1202 73.23 2202 73.23
Anddhra I5ERE 1615 G240 1191 446,02
Pradesh
Maharashira X338 G 45.34 BT 35.37
Oirissa ¥333 205 1264 25 B.RE3
Kamataka 4 1344 &7.07 LI 45.11
Jammaw and 1535 (5] 12.31 518 33.75
Kl ashmnir
Assam 1247 12 0945 12 095G
Littarakhand 1 14 2R3 24.63 2546 rarlies
Oithers Ldg 2573 24.73 2367 X275
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Table 4 “Vulnerability Index for forcsted grid points in India

Forest diversity Forest cromn Wegetation type change Volnerahility %% of forest grids that
{moneec ulhre vs, dhensity (IBIS projoc tions) 1% 5 fall inky this vulnerability
nahural forest) cateoory (A2 sosnario
Yes Lo Yes T {most 1.8
v Ieerable)
Yes Medium Yes [ 44
Yes High Yes 5 048
Mo Lo Yes 4 1161
Mo Mg dium Yes 3 18146
Mo High Yes 2 .68
Yes or Mo Laow or Mo I {least 6075
Mediwm or v lecrable)
High

the Gihats are likely caused by the negligible precipitation increase owver there (with
mwore than 37C rise in temperature). Forests in the southern Western Ghats appear to be
quite resilient as forests in this region are less frapmented, more diverse and they also
support tropical wet evergreen forests which, according to IBIS simulations, are likely
to remain stable.

6 Tmplications of climate impact assessment

We note that wvulnerable forested grid points are spresd across India. Flowever, their
concentration 15 higher in the upper Himalavan stretches, parts of central India, northern
Westem (hats and Eastern Ghats, In contmst, northeastern forests, southern Western Ghats
and the forested regions of eastern India are estimated to be least wvulnerable.

6.1 Implications for afforestation and reforestation (A8R)

Currently, within the forested area of 6% Mha only 8.35 mha is categorized as very dense
forest. More than 20 Mha of forest is monoculture and more than 28 .8 mha of forests are
fragmented (open forest) and have low tree density (FS1 2001 FSI 2009 Low tree density,
low bic-divemsity statms as well as higher levels of fragmentation contribute to the
viulnerability of these forests. It is very mely that Govemment of India under NAPCC
(Mational Action Plan on Climate Change), has brought a proposal to afiorest more than
& Mha of degraded forested lands (Government of India 2008). We recommend that care
should be taken to plant mixed species and planting should also be executed in such a way
as tw link the existing fragmented forests. Efforts should also be made to convert open
forests o dense forests. Our analvsis sugpests that Western Ghats, though a bio-diversity
hotspot, has fragmented forests in its northern parts. This makes these forests additionally
vidlnerable to climate change as well as o increased risk of fire and pest attack. Similarly,
forests in parts of western as well as central India are fmgmented and are having low bio-
diversity. At the same time these are the regions which are likely to witness a high increase
in temperatire and either decline or marginal increase in raingll
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1 3 5 7
Fig. 18 Distribution of forest vulnerability index for A2 climate change scenario {(for FSI foresied gnd

points). Green colour indicates a vulnerability index of | (least vulnerable), while colours of yellow to red

ing vulnerability with red indicating a vulnerability level of 7 (most vulnerable)

indicate Incres

We notice that most of the mountainous forests (sub-alpine and alpine forest, the
Himalavan dry temperate forest and the Himalayan moist temperate forests) are susceptible
to the adverse effects of climate change (Fig. 12). This is because chimate change is
predicted to be larger for regions that have higher elevations. There is a need to explore
win-win adaptation practices in such regions such as anticipatory plantations, sanitary
harvest, and pest and fire management

Forests are likely to benefit to a large extent (in terms of NPP) in the northern parts

of Western Ghats and the eastern parts of India, while they are relanvely adversely
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affected in western and central India (Fig. 14). This means that afforestation,
reforestation and forest management in northern Western Ghats and eastern India may
experience carbon sequestration benefits. Hence, in these regions, a species-mix that
maximizes carthon sequestration should be planted. On the other hand, in the forests of
western and central India, hardy species which are resilient to increased temperature and
drought risk should be planted and care should be taken to further increase forest
resilience. This may be achieved by planting mixed species, linking up forest
fragmentations, devising effective pest and fire manapgement strategies and carryving out
anticipatory plantation activities.

6.2 Implication for forest conservation and REDID+

MNortheastern forests, southern Western Ghats and Forests of eastern India are estimated
o be least vulnerable. This is on account of their high biodiversity, low fragmentation,
high tree density as well as low rates of vegetation change (as these regions experience
lower levels of temperature increase and gain substantially in terms of precipitation).
The resulting low wvegetation vulnerability makes these regions especially suitable for
reduced deforestation and forest conservation projects such as REDD+ (UNFOCC
2003 ). For example, northeastern India which has more than 8024 of land area classified
as forests is currently under severe pressure of deforestation. This region wilnesses the
highest rate of deforestation in India (65%% of total deforestation in India over the period
of 20052007}, mainly due to encroachment and shifting cultivation (FST 2000). Owver
the period 20052007, amm‘di.t:g to the latest FSI {211119}, 201 km® in Magaland, 119 km~>
in Arunachal Pradesh, 100 km™ in Tripura and 66 km™ in Assam were deforested. Given
that the ecosvstem in this region appears robust in the face of climate change, it is
desirable to create REDD+ projects in this area to combat deforestation and resulting loss
of flora

T Uncertaintes, model and data lEmitatons

There are a few notable limitations in this study. IBIS tends to simulate a farly strong OO
fertil zation effect (Cramer et al. 2001 ; McoGure et al. 2001 ) becanse TBIS does not have
representation for nitrogen and other nutdent cveles (Crarmer et al. 2001). It is known to
over-predict gmsslands (Bonan et al. 2003).

IBIS model, in its current form, does not include a dyvnamic fire module (Foley et al.
19%a). It does not account for changes in pest attack in a changed climate. We belhieve that
many of these limitations of the model have led to the overstimation of future NPP and
S0OC gmns, Climate projections are currently not available in probabilistic terms, which
currently limit us from presenting a probability based forest dvnamics scenanio for Tndia.

There is uncertainty in climate projections, particularly in precipitation at down-scaled
regional levels. Land-use change and other anthropogenic influences are nol represented in
the model projections. Effects of Afforestation and regeneration (e.g. on abandoned
croplands or wastelands) on climate are also not taken into acoount.

Finally, due to lack of regional model predictions for short (2025) and medinm term
(2050), we could not provide policy relevant recommendations for short and mediom
periods. Flowewver, it 15 important o recognize the likely trends in the impacts, adopt win-
win adaptation strategies and expand research programs to reduce uncertainties in climate
projections and impacts of climate change in the forest sector
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Abstract Assessment of vulnerahility is an importint sep in building long4erm rasilience in
the forestry sector. The objective of this paper is to present 2 methodological appmach to
558 imherent vulnerability of forests at landscape level. The approach involves use of
vulnerability indicators, the pairwise comparison method, and geogmphic information system
(GIS) tools. We apply this approach to assess the inherent vulnembility of forests of the
Western CGhats Karnataka (WGEK) landscape, which is a part of the Western Ghats biodiversity
hotspot in India. Four vulnerability indicators, namely biologeal nchness, dsturbance index,
canopy aowver, md slope, are selected. We find that forests in 30, 36, 19, and 15 % grid points
in this region show low, medium, high, and very high inherent vulnerabilit v, respectively. The
forest showing high and very high inherent vulnerabibity are maostly dry deciduous forests and
plantations located larpely on the eastern side of the landsape. We also find that canopy cover
is one of the key indictors that determine the inherent vulnembility of forests, and natural
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forests ame inherently less vulnerable than man-made plantations. Spatial assessment of
inherent vulnerability of forests at landscape level s parbiculady wseful for developing
stratemies to build resilience to current stressors and climate changs in fiture.

Kevwords Forest - Indicators - Inherant vulnembility - Plantation - Resilience - Vulnerability
a5 sessment

1 Introduction

Forests are a vital global resource with lange implications for global biodiversity (Myers et al.
20041), distribution of fresh water (Elhson et al 2002), and carbon evele. However, during the
twenty-fimst century, forest ecosyvstems coukd become vulnerable to climate and non-climate
stressors ([PCC 20104). Exposure and vulnerahility are ey detemminants of such risk md
reducing vulnerability and mereasing resibenes are mportmt nsk management appmoaches
(IPCC 2012). To deal with the reks to forests, assessment of vulnembility to identify the
drvers of vulnembibity & a cotical pre-requesite (Murthy et al. 2001 ; Ribot 2001).

The concspt of vulnerability and its assessment can be operaionalved either prior to
(starting-point appmach) or after (end-point approach) the occumence of a hazand. The
starting-point appmach @ assess vulnerability considers vulnerability to be “something that
exists within systems independently of external hazands™ (Brooks 2003, p. 4). Brooks (2003,
p. 4) further argues that “for vulnerability arismg purdy from the mherent properties of non-
human systems or svsterns for which the term “social” s not appropnate the tenm ‘inherent
vl nerability” might be used.” Forest ecosystems are biophysical systems and are characterized
b a host of compositional (2.2, species divemsity), structral (2.2, canopy cover density), md
process-based (e.g., photosynthesis) inherent properties. These inherent proparties make an
undisturhed forest mesilient. Corvesey, in case of a disturbed forest, these properties are
degraded and determing the propensity of forsst to suffer adverse effeds. Inherent vulnerability
thus represents the extent by which the compositional and structural attributes and funetion-
ality of a forest are degmded a5 comparad to undisturbed forasts. it further provides a measure
for lack of curent potential to counter and prevent harm in future. Application of the concept
of inherent vulnerability s uwseful to understand the factors that enhance such propensity of a
forest scosystem (Sharma et al. 200 5). In our opimon, the manageability of forest ecoswstems
in anticipation of climate change begins with the assessment of imherent valnerability md
imprves by addressing the cument sources of vulnembility.

Wulnembility assessment studies exclusively for forests at landscape level are lackng; the
available studies combine forsstry sector along with several other sedors at landscape level
(Wang et al. 2008) or remonal scale (Lindner et al. 2000; Meteger etal. 2006). In this study, we
develop a tool to assess inherent vulnerability of forests for rek management under curnent
climate. The choice of ssessment at lmdscape level & guidad by the inderstanding that to
preserve fomests, the whole landsape should be considensd a8 a conservation unit (Miemeli
1999; Haila and Koula 1994). In the present study, landscape is undemstood as an area
composed of adjacent and interacting scosysiems that are related because of geology, land-
forms, soils, climate, ota, and human mfluences, Futhemore, landsape leve i forestry
plamming and pracices stands for “the appropriate spatial or temporal scale for plmning,
analysis, and improvement of management activities to achieve ecosystem management
objectives”™ (Price 2008). The following are the speafic objectives of the study.

8 Sprioges
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(2} To develop a methodological appmach to assess inherent vulnerability of forests at
landscape level.

(b} To apply the mahodologmeal approach for assessment of the mberent vulnembility of
forests in Western (rhats Kamataka (WGE) landscape.

1.1 The Western Ghats Karnataka landscape

WGK landscape is a global biodiversity hotspot (Myers et al. 2000) located along the westemn
coastin peninsular India and is spread across st states. This 1| 300-km-long ( between 8% W mnd
217 M latitude) and 48 lan (minimum) © 210 km (maximun) wids (between 72° E and 78° E
longituds) landscape mests the water needs of about 245 million people (GOI 20101). The
topogmphical hetemganeity in the WG landscape s highhighted by the altitudinal varition
from sea level to about 2675 m above sea level. Humid md tropicl climate dommates the
landscape and the main soil types found are red, lateritic, black, and humid soils
(Subrammmyam md Mayvar 1974). About 60 % of WGK landscape fills in Kamataka state
(WGEK landsaape), which constitutes the vulnembility assessment area for the present cse
study, Of the 38 natuml hentage sites dentified by the United Nations Educational, Scientific
and Cubural Onganieation (UNESCO) 10 sites are in WGE landscape in Karnataka state, The
WGK landscape is characterized by high species endemicity, high ranfall grdient (7500 to
600 mm per ver acmss the lmdscape from west to east), distingt 6-month-long wet season
(June—Novemnber), altitudinal variation of about 1100 m, designated wildlife protected ares
(WPA) spreading over 15 % of the forest area, nd a human population density of <100
pemonan” in forest dominated areas (GO 2011).

1.2 Delincating the boundary of the WGK landscape

WGK landscape spreads between 117 and 167 N latitude and 747 and 77° E longitude. The
boundary of the WGE landscape was obtamed in geographic information svstemn (GIS) format
from the Karnataka Forest Department (KFD). Identification and delineation of WGK land-
sape by KFD is based on considerations of geological fentures, contiguity of forests, sodo-
cultural perception by the communities, and identification of Westem Ghats area for imple-
mentition of povernment schames in the past. The total area of the landscape is 4479 Mha of
which 2609 Mha (58 %) is under forest cover,

L3 The forest tvpes in WGK landscape

Four major tropical forest tyvpes, namely wet evergresn (EG), semi-evergreen (SEG), moist
deciduous (MD) and dry deciduows (DD forests, and man-made plantstions (PL), are
found i WOK landscape. The wet evergresn forests have multiple canopy lavers with
species such as Dipeterocarpus almus, Fateria indica, Conaritm strictum, and Mesua
Sfermea in the top @nopy; Alhizia odoratissima and Arocarpus lakoocha i the middle
canopy; and Limonica acidizsima and Fitex negumdn in the undemstory. Placed between wet
evergreen and moist deciduous, the semi-evergresn forests host evergreen as well as
deciduous forest species. The common species found in these forests are Dipterocarps
indiens and Fopen parviflora. In the moist deciduous forests, the species remain deciduous
only for a short time durng March and April. The prominent spedes found in these fomests
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meclude Dalhergia latifolia, Tectona grandis, Terminalio paniculota, and Anogeises latifolia.
The uindergmwth in these forests consists of bamboo in open patches and canes on wet
grourl. The dry deaduous forests in the Westem Ghats are located on the eastern side in
the rain shadow region and host species such as Terminafia tomentosa, Logerstronia
lanceolata, Phyllanthus emblica, and Cassia fistula. In the plantation forests, Teak (Tectona
grandis), Acacia (Acacia awricwiformis, Acacia hvbrid, ete), Bucalvptus (Ewcalvptus
grandis, Eucalyptus citiodora, etc), Casuanana (Cavugriang equisetifolia), and Silver
Oak (Greviliea robusta) species are found.

2 Methods and materials

The conceptual framework to understand and assess the inherent vulnersbility of forests in the
comext of WGE landscape is presented in Fig 1. The pumpose of assessing the inhensnt
vulnerability of forests of the WGK landscape is to conserve the forests and the forest
ecosysten services in the long term,

The following steps are used in the assessment.

Step 1@ Stmtification of the forests in the landscaps
Forests within WGK landscape differ in terms of foresttyvpe, status of biodiver-
sity, and the extent of disturbance, and thus their inherent vulnembility s expected to
he different. The assessment and analysis of imherent vulnerability in the present
study is carried out for di Ferent forest types and for two cimopy cover density classes
(open forests having <40 % and dense forests having =40 % canopy cover density).
Step 2@ Sdection of indimtors
The famework for selection of vulnerability indicators for WGE landsape
presented n Fig, 2. The choice of vulnerability mdicators s narrowed down by
invoking expert judgment to quantifisble variables pertaining to biodiversity, phys-
ical structurs of forests, and the factors of disturbance. The purpose of the

Exposure

| Inherent vulnerability | /

Adaptive Capacity

Vulnerability

Fig. 1 Concepiual model adopled for assessing the inherent vulershility of foresis in te Westem Glas
Eamatsls (WK bndscape. Sensitivity and adaptive capacity are inlemal properties of a system and deermine
the inherent vulnerability. Inherent valnembility of a system is directly proportional o senmsitivity and nverse by
proportional to adaptive capacity. Dewhed bne indicsies reduction in inhemn vuhershility owing o adsptive
capacity of a sydem. A sysiem with bywer inherent vulnershility i likely o be more resilient
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Fig. 2 Framework for identification of indicators for sssesament of inherent valnesblity of foresis at landscape
level Inherent vulnerability of a forest sysiem i estimaied by asesament of its iniemal daie, which & deermined
by the composition and amctune of a forest and the staus of ecological pro@ses The framework combines
infbrmation about forests and the facors nfluencing forests in the bndscape and employs expent judgment to

identify the ndicatons

wssessment, the principal characteristics of the landscape pertaining to climate,
peology, fomest types, anthropogenic pressurss on fomests, forest management, md
the constraints with respect to availability of data on the indicatons are considerad in
the expent judgment. Often, the lack of data beoomes the deciding factor in selection
of vulnerahility mdicators. Four vulmerabality dicators, namely biological nchness,
canopy cover, distuthance index, md slope, are identi fied for assessment.

Step 30 Indicator weizhts

To develop waghts for the indicatons, pairwise companison method (PCM) was
used (Wang et al. 2008). Ten experts and researchers independently assigned weights
using PCM techmque (Saaty 2008). Anthmetic mean of indicators weights assigned
by the ecperts and researchers was caleulated and adopted. The weights msigned to

the indictors are presented in Section 4.

Step 4 Placing the landscape onto a regular grd

The boundary of the landscape s marked and the landscape aren is divided into
area grids of 2 5" 25" sige (approxmat v 18,66 kan®). There are 2400 grid points m
the lamdscape. The forsst types map for the landscape was obtaned fom the
Karnataka Forest Department. Using GIS technigue, the landscape area was stratified
into five strata, namely wet evergresn forests (BG), semi-evergresn forests (SE),
muoist deciduous forests (MD), dry dedduows forests (DDY), and man-made forestry

plantutions (PL).
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Step 5:

Step 6:

Classification of forest grd pomts under a particular forest-type

A prid point having forest area (area with =10 % tree canopy cover) is classified
a5 forest-grid. Out of a total number of 2400 grid pomts in the WGE landscape, 2372
are forest grid points, and the remaining 28 are non-forest pomts. A forest grid point
is classified under a foresttype that constitutes majonty of the forest amea.
Estmation of vuhnerability value at a gnd point

The daails of the indicator values and their categorization in different vulners
ahility classes, the sources of data, and the messured variables are provided in
Table 1. The rmge of stimated value for an indicator s fist clustersd into low,
medium, and high vulnerability classes. For example, the value of biological
richness (BR) obtamed from the datsbase of Indian Institte of Remote Sensing
(TIR5) waries between 2 md 91 with biological richness imeresing from 2 to 91,
This dataset classifies BR waluss mito four classes namely low (2-33), medium
(34-49), lugh (50-69), and very high (70-91) BR. In the present study, we have
considered only three BR clsses by merging high md very high BR classes into
one class and termed it as high BR class (50-91) As vulnerability varies
inversely with the BR, the vulnembility class values of 1 (low), 2 (medium),
and 3 (high) are assigned for BR mnge values of 5091, 3449 and 2-33,
respectvely. The vulnembility valhe (FF) for a gnd pomt s obtamed in thres

Table 1 Dewik on the indicaions selected for assesament of inherent vulnerability of Western Ghats Karnataka
{WGE) bndacape foresds

Indicator values and vulnersbility clases for the WGE bndscape

Inlicator Ramge of mdicsior value  Soume of mdicator vales Indic sor mesiumhble
{vulnerabil ity class)
{indicaior messure
value asigned)
Bivkrgeal  Biodiversity nchness value Indian Ingitue of Remok Aress vl ghied average
richness a S0-91 {low) (1) Sensdng ([IRS) data set available baodiversity richness value
b 3449 (medium) (2) & it of Biodiversity Infrmation
€ 233 (high) {3) System (BIS) at wwowdbis. i govin.
hswrbance Diwrence Index value  As above Auress vl ghied average
Il a <18 {kow) (1) Dmanidanees Indes vaue
b 19-23 (medium) (2)
e 24-72 {high) {3)
Canogyy Canopy cover percentage Forest Survey of India (FSI) data Auress vl ghied average
CIRET a =W {low) (1) sel on fomd camopy cover cimer density
b, 4074 {medium) (2)
e 10-4 {highy (3)
Slope Ciround slope in degree CGieom Brrenced coniour byer Aures vl ghied average
a <5 {low )| 1) oblamed from Kamataka dlope wing 50 m
b 515 {matium) (2) Forest Department (KFD) mierval comours

e =15 (high) (%)

The indicsior dats sounces ane the national leve] data bases generated by the agencies of the govemment in India,
High indicaor vadues for biological richness and canopy cover indicate low vulnershility, while high indicator

values for

disurbance index and dope indicale high whersbility, Vale of an ndicaior a1 a grid point &

calcubsted as the sres-weighied average for an indicsior obtained by wing the indicsior values for all the pixels
falling within that grid point
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steps. In the first step, arsa-weighted vulnerabilitvclass value (FOF) for an
indicator for a grid point is obtainad a5 sum of the products of the proportion
of fomest area under different vulnerability classes and the corresponding
vulnerability-class values (3-high, 2-medivm, and 1Hdow wulnembility). In the
seoond siep, MOV is multiplied by waght (W) to obtain sulnerability due to an
indicator. Finally, the vulnembility value ot a grid point (FF) is obtained by
adding the vulnerability values for all the mdicators.

Step I: FCHp=(Fp =1+ Fp=2+FpxJ)
Step 2 FF=( P'EP};K L]
Step 3 FF,= ¥ (FFy)
VCV, is the vulnersbility class value for ith indicator in jth grid point; P,
Fiz, and P are the proportions of the area of a grid pomt under vul nerability
clmses 1, 2, and 3 for ith indicator in fth grid point; #; is weight for ith ndicator;
F¥Fyis vulnerability value for ith indicator in fth gnd point; FF¥; is vulnerability
value for jth gnd point.
Step 70 Developing inherent vulnerability profile
To devdop the spatial profile of mherent vulnembility, the vulnembility values for
forest grid points are subjected to cluster analysis inbuilt in the Arch GIS 10
software, Four wulnembility classes namely low, medium, high, and very high
vulnerabil ity are wlentified The pofile of inherent vulnembility s presented n
Fig 3.

3 Summary deseription of indicators

Four indicators, namely biologmeal rnchness, disturbanee index, canopy cover, and slope, are
sedected to assess the mherent vulnembility of the forests of WGK landscape.

3.1 Biological richness

The dataset for Wolopeal nehness fand disturbance mdex) indictor s obtaimed fom the
Indian Institute of Remote Semsing ([IRS), a Govemment of India apency. This datsset hosted
by RS is part of Biodivemsity Information S ystem (BIS) available at waow: bis i, govin. The
hiokgiml nchness (BR) indicator is a composite of five parameters, namely species richness
(5R), scosvstem uniqueness (ECQ)), terrain complexity (TC), biodivesity value (BV), and
disturhance index (DI) (Rov o al. 2002). BR takes into account Bwctors of ecology, peology,
escomomic value, usefulness to stakeholders, and disturbances and indicates the present status
of the species diversity as well as the habitats. It provides a measure of potential for hosting
biodivemity (Roy et al. 2012). Therefore, by wsing the mformation about BR, it is the loss in
potential of a habitat to be biologically richer that is estmated © assess inherent vulnerability.
Thus, in this study, a lower value of BR 5 considered to represent lower adaptive capacity of
forests or converssly higher sulnerability. Accordingly, the following sulnerability classes
have besn identified for different BR value classes in the WGK landscape: low vul nerability
(BR value 50-91), medium vulnembility (BR value 34-49), and high wvulnerability (BR value
2-33) (Table 1).
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Crenerally, forest grid points with high and very high inhenent vunerability ane kcated in plantation foreas, andin
the dry deciduous foress on the easiem side in the bndseape
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3.2 Disturbance imdex

The spatial dataset for DI is also part of Biodiversity Information System (BIS) dataset. D is
composed of five variables, namely fmgmentation (F), pomsity (F), interspersion (1), juxtapo-
sitiom (J), md biotic disturbance (BD) (Roy et al. 2002). DI combines the cument spatial
structure of forests and ground-hased distutbance indicators such as status of mvasion,
regeneration, and low girth class (Roy et al. 2002). Furthermore, DI s one of the five
components of BR. DI is included as part of BR to account for the “leve of stress on the
biologically rich areas™ (Roy et al. 2012). However, the implications of DI for forest
vulnerability are mome and arise from the compromised status of the resilience building
attributes of forests such as complec forest structure and forest contiguity, D represents these
forest attributes through porsity, mterspersion, judaposition, md forest fragmentation. Since
BE and DI account for different aspects of vulnemability—BR accomnts for vanerability due to
loss of species nchness and the potential of a habitat, and DI accounts for the change in the
spatial structuml elemants and fragmentation of forests—D1 s also seleded as an independent
indicator. The IIRS data computes the DI walues in the range 0-72 and classifies in four
classes, namely very high (29-72), high 24-28), medium (19-23), nd low (<1 8) disturbance
(Row et al. 2002). In the present study, the high and very high DI clisses have been merpgsd mnd
three chsses mdicatmg low (DI value: <18), medium (DI value: 19-23), and high (DI value:
24-72) vulerability are uwsed & vuherability inoreases with disturbance (Table 1).

3.3 Canopy cover

The canopy cover indicator provides a meassure for forest are covered by tree canopy, which
determings the microclimate inder a forest. Kanffman and Uhl (1990) have reporied that a
50 % reduction in canopy cover in Amasmmian forests increased avemgs temperatune by 10 9C
and decremsed relative humidity by 35 %, Thinning of cmopy cover can therefore dmstically
alter the conditions of light, temperature, moisture, and wind in a forest and thereby can have
severs implications for forest resibience. These chinges @ potentially mediake or trigeer other
changes in a forest eosystem such s inoeased inter-sped & competition. Thinning of canopy
cover is therefore an important indicator of forest vulnerahbility.

The spatial data on canopy cover was obtaned from Forest Survey of India (F5I), a
Government of India agency. The three canopy cover classes (open, moderately dense, mnd
viery dense forests comespond o 1040, 4070, md =70 % canopy density, mespectively) used
by the FSI for reporting the sttus and quality of forests have been adopted for cateporizing
canopy cover in diffrent voanembility dasses. In the present study, the canopy cover classes
with 1040, 40-70, and =70 % canopy density have been idemtified with high, medium, nd
low vulnerability classes, respectively (Table 1)

3.4 Slope

Forasts lomted on steqp slopes are mherently more vulnemble fom landslides md soil eresion
than those located on gentle slopes. WGK lndscape has undulating terrain that frequently
rises and trans forms into mountain-valley system with steep slopes. The steep slopes combined
with heavy memsoon raimfall, network of roads, and anthropogenic pressure add to the
vulnembility of forests. Furthermore, terrain complexity, a component of BR indicator,
aocounts for variability of temain and thereby the habitat heterogeneity but not for the
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propermsity of the habitat to erosive forces of water and wind. Slope is thus selectal as a
vul nerability indicator. The spatial pattern of slope at 50-m contour-mterval was obtuned from
the Karnataka Forest Department. The slope classification values of <5, 5-15, and >15°
indicating gentle, strong, and steep slope classes e used to represent low, medium, and high
vulnerability (Wang et al. 2008; FSI 2002).

4 Results and discussinon

The spatial data on forest types obtained fom the Kamatala Forest Department shows the area
under different forest types: evergresn—0.58 Mha, semievergreen—024 Mha, moist dead-
wous—>0.76 Mha, dry deciduous—03 1 Mha, and plantations—0.72 Mha,

4.1 Distribution of the forest area

Break-up of forest area into forest types & presented in Table 2. Out of the 2372 forest gnd
points in the landscape, it 18 found that 64 %% have more than 1000 ha (e, at least 533 % of the
total peographical area s under tree canopy cover) and only B %% forest gnd pombs have
<100 ha of the total geogmphical area under forest cover. There are no grid points that have
<100 ha forast cover in case of semi-evergneen forests. For plantation forest, 18 % (138 out of
751) grid points have <100 ha under forest cover. Furthermore, 74 % (138 out of 187) gnd
points having forest arsa < 100 ha are plantation grid points md m remaning 26 % natural
forests ans magonty forest-tvpe. Genemlly, the number of gnd points having low forsst cover
(Lee <100 ha of the arsa under forest cover) in case of natiral forest is significantly less
comparal to plantation forests. Majornity of the plantaition forests are located in the eastern mmd
western finge of the landsape. These ansas ane under severe anthropogenic pressure,

All the 2372 forest grid points have been considerad for assessment. Very few grid points
(=5 %) have <50 ha forest area and 76 % of these have forest area betwesn 10 and 50 ha
Considenng all the forest grid points rrespective of the extent of forest area at a grd point is
necassary because the pupose of assessment is to identfy the forest grd points under different
vulnerability classes.

Table 2 Forest grid poinis in diferen area clsses acconding o forea types

Forest-types Mumber of grids with fores anea (ha)

=5 10 10-50 50106k 100-500 5041000 10001 S =150

Bvergres a2 F! 5 8 28 168 233
Semi everreen 0 0 0 0 4 41 4 40
Moist deciduioss 3 0 2 § 48 85 233 208
Diry deciduous 20 il 1 72 B0 &4 o0
Plansiations Y 72 47 170 122 237 o4
Totl i5 13 89 70 30 186 766 754

Majority of the low forest cover (= 106 ha) grid poinis ane contribuied by men-made plantstion foresis. Matural
forest grid podnis have higher proportion of anes under fomea cover
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4.2 “Open™ versus “dense” canopy forests in the landscape

Factoms such as soil depth, moisture regime, nd chmate in WGE landscape are frvorable to
high vepgetative productivity and dense forest anopy. However, over a penod of time, human
activities in the landscape such as cultivation of cash crops (eg., coffes), expansion of
agriculture, housing and road network, forest biomess harvesting, cattle grasimg, forest fire,
and mining activities have had adverse implications for forest canopy cover. In the present
study, forests having <40 %5 canopy cover density have been considered as open forests (FSI
200 1). Such forests are chameterizad by high disturbanes, low stocking, and higher abundanes
of mvasive species, and as a comsequence are likdy to have lower resilience and higher
inherent vulnembility, Forests with =40 %% canopy cover density have been considersd as
dense forests, OfF the 2372 forest gnd points, 702 (30 %5) have average canopy cover of less
than 40 % and 1670 (70 %5) have avemge canopy cover of mome than 40 % (Tabk 3) n the
landscape. Considering forest types, it i observed that evergreen forest gnd points have lest
percentage (7 %5) with <40 % canopy cover followed by semi-evergreen (9 %), moist
deciduous (23 %), dry deciduous (40 %), and plantations (48 %4).

4.3 The vulnerability indicators and indicator weights

Inherent vulnerability has besn assessed by agprepating four valnerahbility indicators, namely
biokgiml nchness (BR), detrbmes index (D), canopy cover (OC), and slope (5). The
weights for the mdicators are BR-0.552, DR0.266, CC-0.123, and 5-0.059,

4.4 Segregating forest grid points in different inherent valnerability classes

The vulnerahility valuss for forest prid points in the landscape are estimated between 106 md
2.90. This mnge of grid point vulnerabilty values are seprepted inder four chister-groups
using Jenks natural breaks classi fication mathod, which defines data clusters by minimising
vanance within a cluster and mucmizmg it between clusters. Accordmgly, the forest gnd

Table 3 Mumber and pexentage of forest grid poinis having open (<40 % density) and dense (=40 % demsity)
canoqy cover acoording o foreat types

Foressi-types Foma area (ha)  Towl grids Giride with <40 % Girids with =4 %
CHIOPY COver CHTKPY COVEr

Mumber Paocen — Number Pex et Mummber Peroent

Evergreen S84, S0 456 1922 K% T2 4 G208
Semi evemzneen 240, AWy 15% 670 15 943 144 W57
Miaoist deci dwous T, e 677 2854 158 334 519 T6.66
Dy deciduous 306,300 329 1387 133 AhA3 196 59.57
Plantations T18, 000 151 Iles 36 4847 i 51.53
Tiovtal 2,608, 2 ek Iy pil 160

Mum-Forest 30, B0y 28

Approximaely 68 and 32 % grid points have natural and planmtion forests, nespectively. Compared o
plamations, naral foress have higher percentage of grid poinis under dense canogy cover
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points are clustersd under low (1061 44), medium (1.44-187), high (1L87-2.40), and very
high (2 40-2.90) inherent vulnerability classes.

4.5 Profile of inherent volnerability in the landscape

Ot of the 2372 forest grid pomts in the landscape, 30, 36, 19, and 15 % grd pomts are
assessed i low, medium, high, and very high inherent vulnembility classes, respectived v The
spatial distibution of inherent wulnerability in the lmdscape is shown spatially in Fig. 3.
Crenemlly, high and very high vulnerability grid points are located toward the finges of the
landscape in dry deciduous forests and plantations. While for evergreen, semi-evergreen, md
moist deciduous forests, the percentags of grids with high and very high mherent vulnerability
i less than 14 %G in the case of dry daciduous forests and plantations, this percentage is 47 md
65 %, respectively (Table 4). The gnd pomts having higher inherent vulnerahility are located
mainly on the eastern side of the bndscape, which predominantly hosts dry dedduoos forests
and plantations. The higher inherent vulnembility of dry dedduous forests and plantations
could be atinbuted to the following reasons. (1) Because of the more gentle terram on the
eastern side the forests mre more accessible and have higher anthropogenic pressure (2) The
forests on easten side have lower productivity because of less rainfall. (3) In the dry deciduous
belt, planttions have been mised because such forests could not repenerate due to unrelentng
anthropogenic pressure and these aress wene in vanous stages of degradation. The results
sugpest that plantation forests ane more vulnerable than natural forests i the WGE landscape
(Thompson et al. 2009),

Among the natural forest types, sami-everprem forests are least vulnerable as no semi-
everpreen forest gid point is assessad in very high inherent wolnerability cliss and the total
percentage of grid ponts with high and very high inhernt vulnembility for this forest-type
is the lowest (11 %) (Table 4). The evergreen foresttvpe has a total of 12 % gnd points
under high and wvery high mherent vulnembility classes. Under evergmeen and semi-
everpreen forsst types, BE and B9 %% prid points, respectively, are under (combined) low
and medivm inherent vulnembility classss. The moist dedduows forests ame placed in
betwesn evergreen and semi-everpresn on ong side and dry deciduous and  plantation
forests on the other with 35, 51, 12, and 2 % of grid points in low, madium, high, md
very high inherent sulnerabiiy, mespectively. Among natuml forest-tvpes, dry deciduous
forests have hghest mherent volnembibty n WGE landsape.

Table 4 Perceniage of forest grd poini in low, medium, high, and very high nhemn vuherability clases
acconding o forea types. Plantion forests show higher inherent vulnembility than nabural fores-types

Forest-type Inherent vulnersbility {pencent grid points)
‘ery high High Medium Livw

Evergreen 2188 Ao 2544 [y
Semi evenzreen 000 1068 ELEL] 346
Mot deciduos 142 182 5126 350
Dy deciducus 1064 36,78 48.63 395
Plantations 40,35 24.50 2224 12492
£) Springer
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4.6 Forest degradation and inherent vulne rability

The ecologeal carrving capacity of the WGE landscape 15 sufficient to host dense canopy
forests (GOI 2001 and any thinming of canopy cover to lower stocking is considered a sign of
disturbance. Thus, fonessts with <40 % canopy cover have been considersd as degraded forests,
In ths study, we consider forests having =40 % canopy cover density as mesilient.

The dstnbution of high and very high inherent vulnerability gnd points in open canopy nd
derse canopy cover categonies shows that while 60 % forest grid points have high and very
high inherent vulnerability in open forests, only 23 %6 dense forest grid points are inder these
classes. As aminst 9 % grid points in low inherent vulnerabi bty class for open canopy forests,
theme are 39 % such grid points in dense canopy cover forests. This demonstmtes that degraded
forests with more open @nopy cover have higher inherent vulnembility compared to those
with derser canopy. Thus, it could be inferred that canopy cover s e of the most mmportant
contributing Getors for the mherent valnerahility of forests in WGK landscape.

Forevergraen, semi<evergreen, md moist deciduous forest-types, about 30%, grid points ane in
high and very high inherent vulnerability classes when the canopy is open. However, only about
10 % ofthe grid pomts show high and very high imherent valnembiity for thess forest-types when
the canopy cover is dense. The combimed proporton of high and very high inherent vulnerability
gnid points, between open and dense canopy covers within a forsst-type, is found to be 41 for
semi-evergmeen, 31 for moist deciduous, 2.7:1 for evergreen, 231 for dry deadueous, nd 1.28:1
fir plantutions. This sugpests that, with other fwctors remaining constant, the sensitivity of
inherent vulnembility to canopy cover change is maximum in case of semi-evergreen fonsts
and mimimum for planition forests. Comparad to man-made plntaion forests, the mbement
vilnerahility of natiml forest-types is murkedby more sensitive to amopy cover

4.7 Inherent vulnerahility and forest management

The term inherant vulnerabiiy of forests relates to the loss in capacity of forests o resst or
adapt to change. Such capacity depends on forest resibence, which s strongly tied to
biodivemsity (Thompson et al. 2009). Therefore, the factors that impact the stats of biodiver-
sity must be addressed to msure resilience and adaptability of forests. Climate change is lkely
to bring additional stress to the forests of WGK landscape (Chaturvedi et al. 2001). Swh
additional climate stress may have implicatons for inherent vulnembility through exacerhated
mmpacts of non-climate stressors. It 15 therefore useful to wdentify the current non-climate
stressoms and address them to secure resilience aginst future stressors ncluding climate
change. The present study in WGE landscape has addressed the following questions.

(a) What is the status and distibution of inherent vulnerability in WGEK Landscape?
() How does mherent valnerbility m the landscape vary among frest-tvpes?

Such information s wseful for decision-making and has vital implications for forest
management in the WGE landscape in following respects. Fimst, it helps by dentifving
vulnerable forest areas of entical conservation importance such as wildlife cornidors, special
habitats, and areas of exceptional biologeal richness. Second, it prompts forest management to
prohe the site-specific sources of vulershility mmd to design specific management response to
address such vulnembilitiss. Thind, such mformation & necessary to justify te demand of
forest management for resource allocation. Fourth, in the local sodo-political context, such
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information could improve the understanding and connect of the leadership and stakeholders
with the risks and thersby promote acton for takimg up adaptive forest managsment.

We have identified the locaton and canopy coverdependence ofinherent vulnerability in the
WOK landscape forests. Furthermaore, beuse of their socioeconomic and ecological impors-
tance, all the rannant forests in this landscape should be conserved and networked to maintain
the functionality of the landscape as one ecological unit. However, resource limitations
necesitate priontization of ansas for mmagement and hence aress having igh md very ligh
inherent vulnerability identified by the present study could provide puidmee in this regard.

Our study also finds higher inherent vulnembility in dry deciduous and plantation forests
locatad on the sastern side in the landscape. Participatory forest mamagament involving local
communities could be nitiated and strengthened in such areas to deal with the vulnerability
driven by anthropogenic pressure (Shamna et al. 2005). Community mvolvement would
facilitate addressing the inherent vulnembility and thereby enhance forest adapmbility under
cument dimate as well as future climate. Such a process can also hddp in evolving a balanced
policy approach with respect to development vis-i-vis fomest conservation. For the forest ares
of conservation importance (such as wildlife protected areas or those part of wildlife comidors)
showing medium or higher mherent vulnerability, vulnembility assessments at local scale are
required to wdentify the specific vulnerability source mechanisms to mitate appropnate
vilnerability redudtion actions. Periodic assessment of inherent wvulnerabiity would help in
identification of new factors that drive inherent vulnembility and could gude revision of forast
restomtion/adaptation plans (Fissel and Klein 2006; Sharma et al. 2013). Spatial dstnbuton
of mherent vulnermbility in the lmdscape confirms the locat on-specific nature of vulnerability,

4.8 Applicability of assessment methodology

The approach adopted to understand and sssess mherent vulnembility in the present study is
consistent with that adopied in the latest assessment report of intergovemmental panel on
chimate change, which considers vulnerabil it v acconding to starting-pomt approach in the risk
assessment framework for decision-making (IPCC 2010 4). Assessment of inherent vul nerability
is a precursor step, the outcome of which informs the process of developing mumagement
stmtemies for resource conservaion. Thus to mmnage the risk to global forest resources, @ is
useful to assess inherent vulnembility and evolve informead management strategies for reducing
it. Assessment of mherent wulnerahility of forests gams importance & an msumnee approach
for long-temm forest conservation under climate change (Sharma o al. 2013; Thompson et al.
200970 It is a “low or no regret™ appmach, as it would potentially yvield net ecologiml mmd
social benefits whether or not there is climate change.

T our knowledge, the present case study is the first attempt to assess inherent vol nerability
of forests at landscape level. The case study involves a typical high-bodiversity high human-
pressure tropical forest svstem However, we belisve that the methodological approach
adopted in the case study has universal applicability in other climatic cones including sub-
tropical and tempemte mne.

5 Conclusions

Use of vumembility indicators, pairwise comparson method (PCM), and GIS tools is a novel
approach in forstry sector to assess inherent vulnembility at lndscape level. Application of
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this methodological approach in the WGK landscape shows that 30, 36, 19, md 15 % forsst
gnd points in the landscape have low, medium, high, and very high inherent vulerability,
respectvely. Forssts having high and very high mherent vulnembility are located lagely
towand the eastern boundary of the landscape in dry deciduows forests and plantations. Among
the various forestdvpes found in the landscape, the inherent walnerability wvaries in the
following order: semi-evemmeen <evergresn< moist deciduous<dry deciduous forests<planta-
ton forests. We find that the biodiversity rich natural forests are less wolnerable han man-
made plantation forests. Inherent vulnembility of forests is found to depend on cmopy cover:
forests with open canopy cover (<40 %) have higher mherent volnerability compared to those
with dense cmopy cover (=40 %)) in the lmdscape. The spatial profile of inherent vul nerability
of forests in the WGK lmdscape shows that the forssts in the central and southern part of the
landscape have comparatively higher inherent vulnerability. The significance of inherent
vulnerability assessment hies inoits potential for rsducing the nsk under changng climate by
addressing the current non-climate sources of vulnerabilt v

In conclusion, the present case study demonstmtes the utility of owr methodological
approach, which s gmeric and can be applied to other forest landscapes by appropriate
sdection of wulnerability indicators and their waghts. The methodology and the @se study
wonld add to the capacity of forsst managens to assess the nherent volnembility of forests at
landscape level to address the nsks under climate change.
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Forest distwrbances are sensifive to climate. However, our understanding of disturbance dynamies
in response to climatic chanpes remams meomplete, parficnlarly regarding large-scale patterns,
inferaction effects and dampening feedbacks. Here we provide a global synthesis of chmate
change effects on important abiotic (fire, drought, wind, spow and ice) and biotic (insects and
pathogens) dishwbance zgents. Warmer and drier conditions particularly facihitate fire, dronght and
msect dishwbances, while warmer and wetter condihons increase dishwrbances from wind and
pathogens. Widespread interactions between agents are likely to amphfy dishobances, wiale
indivert chmate effects such as vegetation changes can dampen long-term distwbance sensitmities
to climate. Future changes m distwbance are hkely to be most pronounced in comferous forests
and the boreal brome. We conclude that both ecosystems and society should be prepared for an
increzsmgly distarbed future of forests.

Matwral distwrbances, such as fives, insect cuthreaks and windthrows, are an mtegral part of
ecosystem dynammes m forests around the globe. They ocowr as relatively discrete events,
and form charactenshic regimes of typical distwbance frequencies, sizes and sevenihies over
extended spahal and temporal scales],2. Thetwhbances disrupt the struchwe, compesihon and
fimchon of an ecosystem, compmmrty or populaton, and change msource avalability or the
phy=ical emvironment? . In domg =0, they create heferopenerty on the landscaped, foster
dmversity across a wide range of gulds and species5 6 and 1mifiate ecosystem renewal or
recrgamzation’, .

Dhistwbance regmes have changed profoundly m mamy forest ecosystems n recent years,
with chmate baing a prominent driver of disharbance change?. An merease n disharbance
ocommence and severtty has been documented over large parts of the globe, for example, for
firel(,11, insect outbreaks12.13 and drought14.15. Such alterations of dishorbance regimes
have the potential to shrongly mmpact the ability of forests to provide ecosystem services to
soctetyl. Momover, a climate-mediated merease in distarbances could exceed the ecclogical
resihence of forests, resulting i lastngly altered ecosystems or shafis to non-forest
ecosystems as Hppmg points are crossed] 6-18. Consequently, disturbance chanpe 1=
expected to be among the most profound mmpacts that clhinate change will have on forest
ecosystems in the coming decades]9.

The ongoing changes in dishurbance regimes in combmation with thewr strong and lashng
mpacts on ecosystems have led to an infensification of disturbance research in recent vears.
There 15 a long tradition of disthwrbance research m ecology3 20,21, with an increasing focus
on understanding the links between dishubance and climate mn recent decades] 22,23,
Syntheses on the effects of climate change on important disharbance agents such as fie?4,
bark beetles25, pathogens26 and droughtl 5 summanze ecent advances of a lnghly prolific
field of study. Considerably less synthehe knowledze 15 available on mberactions among
distarbance agents27-29. Furthermore, to date, no global synthess exsts that mbegrates
msights on changng dishorbance meimes across agents and repions. Yet, the mam dimvers of
disturbance change are global m seale (for example, chimate warming)), rendenng such a
global synthesis lnghly relevant30,31.

Specifically, a comprebencive analysis of the mubtiple pathwrays via whech climate mght
mfluence forest distrbances 1s stll lackmg. Interactions between different distwrbance
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agents can, for instance, result in strong and nonhnear effects of climate change on
distarbance activity32. In confrast, climate-mediated vegetztion changes can dampen the
climate sensitvity of dishorbances33. Many assessments of disturbance responses to climate
chanpe are cwrently peglecting such complex effect pathways34,35. More commonly stll,
the effects of changing dishobance regimes are disregarded entively in analyses of firture
forest development36,37 and studies quanhfying the climate change nutigation potental of
forest ecosysterns 38, potentially indueing sigmficant bias39 40,

Heare we review the cinrent understanding of forest dishubances under climate change
foeusing on patwzlly occwming agents of disturbance. Specifically, we synthesize the
exishing knowledze of how chmate change may affect distmbance regimes w1z dmect,
indirect and mferaction effects. We reviewed the dishobance literature published from 1990
onwards, applying a consistent analysis framework over a drverse sat of major forest
disturbamnee agents, mehuding four abiotie (fire, drought, wind, as well a5 snow and ice) and
two biotic agents (insects and pathogens). We compiled evidence for climate effects from all
bromes and continents, and analysed it 1n a quabitative modellimg framework. We tested the
kypothesis that climate change will considerably increase forest dishobance activity at the
global scale, and specifically that pesitive, amphfying effacts of climate changs on

Literature review and analysis

We screened the hiterature for peer-reviewed Enghsh-language papers addressing the climate
sensiinity of forest dishobances (that 1=, a change m dishwbance m response to a change m
climate]). Due fo concepiual advances in dishorbance ecology m the 198053,21 and the
increasing availability of climate scenano data and remotely sensed mformation, we chose to
searching for our six focal dishobance agents (fire, drought, wind, snow and ice, msects, and
pathozens) or apphicable aliases (for example. bark beatles or defoliators for the insects
category), mn combinztion with the termes climate and‘or chimatic change in the ftitle, abstract
and’or key words of publizhed papers. In the context of drought, 1t 15 important to note that
heae we apphed an ecological definition rather than a metecrological one, that 15, we focused
on events of severs water lmatation that affect ecosystem struchare and fimchioning, and thus
fall under the definihion of ecolegical distwhance. After imtially sereening the abshacts of
several thousands of papers, studies not divectly addressing chmahe controls of disturbances
{for example, work describing dishobance patterns but pot ther climatic dovers) and those
unrelated to the subject matter (for example, work on msect species that are eprodocmg in
dead trees and are thus not acting as a dishwbance agent) were excluded. and 674 papers
were selected for detanled review. As mdnadual papers frequently confaimed evidence for
more than one chmatic effect on distwbances, 1,669 observations were extracted from the
selected papers (see Supplementary Text as well as Supplementary Table 1 and
Supplementary Figs 1 and 2. We conducted an m-depth uncertainty analy=is of the
information synthesized from the hiterature, assessing how well the data conesponded with
the vanable of interest in owr anabysis (that is, distwbance activity and changes therein)) and
evaluzting the methodological rigour applied in its peneration (=ee Supplementary Text and
Supplementary Figs 3-5). We subsequently onutted information that we deemed to be a poor
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proxy for dishobance change or of hmited methodologmical ngour, resulting in 1,621
observations avallable for amalysis (Supplementary Dataset 1)

We applied a commoen analy=sis scheme to all reviewed papers. For each paper we recorded
meta-data on study lecation, methodological approach (empiical, experimental or
simmlation-based) and the dishwbance agent(s) studied. We distingushed divect, mdirect and
mterachon effects of chmate changed1-43 on distwbances m cur analysis of the kfterzhre.
Dhrect effects were defined as the unmediated mmpacts of climate vanables on disharbance
proceszes. Examples included changes in the frequency or seventy of wind events and
drought peniods, changes m hghtnmg actrvty or chmate-mediated changes in the metabolic
rates of pests and pathogens. Indivect effects were defined as changes in the dishwbance
regime through chmate effects on vegetation and other ecosystem processes not directhy
related to distobances. Promment processes considered here are climate-mediated changes
in the tree population and commmmity composition, and include an alteration of the
disturbanee susceptbihity through a change m free species composihion, size, density (for
example, fuel available for bomimg) and distnbution, as well as changes in tree-level
wunerability (for example, changes in soil anchorage of trees agamst wind due to vanaton
m zoil frost). Inferaction effects were defined as Imked or compounding relationships
between disturbance agents27, such a5 an mereased nsk of bark beetle cutbreaks resulting
from wind distwbance (creating large amounts of effectively defenceless breeding materal
supporting the unld-up of beetle populations) or drought (weskening tree defences against
beetlas). Only mterachons between the 1% agents imeshigated here were considerad
explicitly.

To characterize the climate sensitivity of distwrbances, we first collated the evidence for
direct, mmdirect and interaction effects of chmate change for each of the six distarbance
agents studied We sereenad the information for key climatic drivers of distwbances, and
analysed their vanation over biomes. As an awahary vanable, we determined the response
time of the ecosystem (that 15, the tme needed to respond to a respective change m a climate
driver) on an ordmal scale. Subsequently, we svnthesized the Literature regarding potential
future changes mn the dishobance regime. This analysis was conducted at two levels. Fust,
the sign of the climate effact (positve, more dishwbance; negatrve, less disturbanee) m
response to changes in the respective climate vanable(s) was assessed. Interachon effects
were grouped by drectionality (hnks between indmidual agents) and al=o analysed for the
zign of the mteracton. This information was syntheszed quahitatnely, serutim=ing whether
amphfying or dampening climate change impacts prevail for each distorbance agent
(Supplementary Fiz. 6). We conducted this anabysis separately for two broad trajectones of
change: (1) warmer and wetter conditions, which aszume an merease in both indicators of
the thermazl emirenment and water avalability (for exampls wammer temperatures, igher
levels of precipitation and so1l moishure, or lower levels of water deficit and drought
mdices); and () warmer and dier conditions, wath an opposite drection of change for
mdieators of water availability under warming temperzhures (see Supplementary Text for
detals). Second, we caleulated a mlative effect size {dishwbance change In response to
firture climate change relative to baseline chmate condibons, with a value of one mdicating
no change) across all the potential foture climate conditions studied m the hitershre. Relatree
effect sizes were tested agamst the null kypothesis of no change m dishobance as a result of
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climate change using Wilcoxon signed rank sum tests. All analyses were conducted nsing
the B lansuage and emaronment for statistical computingdd, specifically emploving the
packages ‘corchize'45 and “famb'46.

Pathways of climate influence

We found evidence for a substantial mfluence of climate on distwbances via all tes
scrutimired pathways, that 15, dvect, mdirect and interaction effects. More than half of the
observations reported m the literature related to divect climate effects (37.1%), wluch were
the most promunent pathway of climate influence for all analysed agents except insects (Fig.
1}. Dhrect effects were found to be particularly pronounced for abiotic agents: abeotic
disturbaneces are often the divect consequence of chimatic extremes, and are thus lnghly
sensifive to changes m ther coourence, intenaity and duwrshon (Table 1), Furthermore,

25 0% of the analysed obsarvations reported indirect effects of climate change on
distarbances. Climate-mediated changes m forest stuchure and composiion were
particularly relevant in the context of wind distmbance. Also mteractions between
distarbance agents are well documented m the analysed literature (17.9%% of the overall
observations). For insects, for instance, 40.8% of the reported effects were associated with
disturbance interactions. Links between abiotic (influencing agent) and biotie {influenced
agent) dishwbances were found to be paricularly strong (Fiz. 2a). The large majonty of the
recorded interzchon effects were positive or predommately positive (71.0%), mdicatmg an
amphfication of dishwrbance as a result of the Inferachon between agents. In particular,
disturbances by drought and wind strongly facilitate the activity of other distorbance agents,
such as insects and fire (Fig. 2b and Supplementary Table 2). Cherall, only 16.2% of the
studies on dishorbance mierachons reported 3 negative or predommately negative (that 15,
dampening) effect between mieracting dishwbance agents.

Climate drivers and response times

The climatic drrvers of disturbances vaned strongly wath agent and region. However,
temperature-related vanables were the most prominent chmatic dimvers reported in the forest
disturbance literature (42.0%0). Water avalability was a second important chmatic infiuence
on disturbance regimes (37.9%). The mportance of temperatre-related variables on the
distarbance regime increased with latitude and was lnghest in the boaeal biome
(Supplementary Fiz 9. Comversely, the importance of water avanlzbility decreased with
latitude and was lghest in the tropies. In addibon to temperature and water avanlability, a
wide range of other clmate-related variables were assoriated with dishorbance change,
ranging from wind speed and atmosphenc moisture content to snow pack and atmosphene
O concentration.

The response times of the disturbanece regrme to chanpes in the clomate systemn vaned
widaly, ranging from anmial to centenmal seales. Response times were clearly related to the
type of chimate effect, with dishowbance mterachons constitufing the fastest responding
pathway and indmect effects being the slowest (Supplementary Fiz. 10). For mteracthon
effects, the analysed literature reports a response time of <6 years mn 81.0%: of the reviewed
cases, and only 9.0% of the studied inferaction effects have a response time of =25 years.
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For indirect effects, only 38.6% of the systems responded within the first five years of the
espective climatie foremg, while 44.6% of the responses tock =25 vears.

Potential future disturbance change

At the global scale, our analysis suggests that distwrbances from five out of the six analysad
agents are hkely to merease in 3 wanming world. The exception was distarbances from snowr
and 1ce, which are likely to decrease m the future, especially under warmer and drier
conditions (Supplementary Figs 7 and 11). For warmer and drier fiufure condrfions, the large
majority of studies suggested an increase m fires (82.4% of the observations), drought
{74.2%%) and msect actvety (78.4%) (Fig. 3). Under warmer and wetter condibions, the
evidence for mereased activity from these dishubance agents was sigmficantly reduced
(35.0%%, 51.2% and 65.3%, respectively). Wetter conditions were found to partieularly foster
wind distarbance (expected to nerease in 89.1% of the cases) and pathogen actroty
{69.0%0). Indirect climate effects were dampening the overall climate sensitivity of the
system more often than direct climate effects (Supplementary Table 2 and Supplementary
Fizs 7 and §), although no sigruficant differences in effect sizes were found (Supplementary
Fiz. 13). Interaction effects were largely amphfyang chmate sensitmaty (Fig. 2).

Across all scenanios considered in the analvsed hterature, the ratio between disturbances
under future climate to disturbances imder baseline conditions was sigmficantly positive (P
= 0.05). The excephion was dishobances from spow and 1ce, which decreased sagnificantly
(median effect size of 0345 over all stodies and chmate change scenanos; see
Supplementary Fig. 11} Distwrbances from all other agents increased wmder fiufure climate
change, with median effect sizes of between 1.34 and 1.51. Climate-related disturbance
effects were positive across all biomes (P= 0.001) and moderately increased with latitude
{Supplementary Fiz. 12), with the lnghest values reported for the boreal zone (1.71).
Furthermore, coniferous forests had a sigmficantly higher firhre dishirbance effact size than
broadleaved and mixed forest types (Supplementary Fig. 14). Also, longer response times of
distarbances to clomate change were associated with mcrezsed effect sizes (Supplementary
Fig. 15).

Discussion and conclusion

We found strong support for the bypothess that climate change could markedly modify
fiture forest disharbance regimes at the global scale. Chr analysis of the global forest
particular are hikely to incTease m a warmong world (regardless of changes m water
availability). These apents and ther mteractions currently dominate dishwbance regimes m
many forests of the world, and will probably gamn fiwther importanee globally mn the conung
decades. Future changes of distarbances cansed by other agents, such as drought, wind and
snow, Will be strongly continpent on changes m water availability, which can be expected to
wary more stronghy locally and mmfra-anmually than temperatre changes. Wind dishorbance,
for instance which is currently the most important disturbance agent in Furopedd), 15
expected to respond more strongly to changes in precimiation (and the comesponding
chanpes mn tres soil anchorage and tree growth) than to warmmng termperatres (compare Fig.
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3). Yet the most mfluential climate variable determimng wind dishorbance remains the
frequency and imtensity of strong winds, for winch curent and futwre trends emaim
inconchisived 7,48, In general, owr global summary of the climate sensitivity of forest
disturbance resimes suggests that the recently observed increases in dishwbanee

actreity 10,4049 are hkely to confnue m the coming decades as climate warms firther 50,51

Chur synthesis of effect pathways showed that direct climate effects were by far the most
prommently reperted impact m the analysed hiteratre. This underlines the mportance of
climatic dovers as mertmg factors of tree mortzhity, and lnghhighis the strong dependence of
developmental rates of iotic distwbance agents on chimatic conditons26,35. However, the
prommence of dirert effects mn the literature may at least partially result from the fact that
they are easier to study and 1solate (for example, i laboratory experiments52) than mdivect
and mnferzction effects. Publication bias might thus result in an overestimation of the
importance of dwect effects relative to indirect and inferaction effects m our analysis.

Indirect effects, mediated by climate-related changes in vegetation structure and
composition, were most frequently reported for wind disturbance, but were documented in
the literature for all six studied dishwrbance agents. They are slower than climate effects via
dect and mterachon pathways, with response tmes frequently m the range of several
decades. Also, mdivect effects are often damperng dishwrbance mereases (Supplementary
Table ? and Supplementary Figs 7 and 8), for exanmple, when trees susceptible to an
increasingly aggressive Insect pest are outcompeted by indrnduals or species better adapted
to warmer climates, ulhmately resulfing in a system less vulnembls to dishrbances33,53. A
second important class of dampemng mdivect effects ocour when 2 previous dishwbance
event lowers the probability for subsequent disthwbances by the same agent, for example,
through a distarbance-induced alteration of forest stucture or the dapletion of the resoures a
distarbance agent depends on54—56. The temporal mu=mateh observed between divect and
ndwract effacts (Supplementzry Fig. 10) suzpests that dishwbances will probably merease
firther in the coming decades, as dampening effects of changes in forest structure and
composition take effect only with considerable delay. Here it has to be noted that our
estimate of response fimes to climatic changes 15 necessanly tuncated by the observation
penods of the underlying studies. It mught thus be biased agamst longterm effects8 and
underestmate the full temporal extent of climate effacts on dishowbances.

Ewidence for potential changes m distwbance imteractions was found for all six mrestigated
reported mn the literatwre are postimve, that 15, they amphfy distarbance actraty. We showed
that mieractons are especially mportant for the dynamics of biotie dishorbance agents. As
for disharbance interschions, biotic agents could be particularly prone to further
mtensification via the influence of other disturbance agents29 57, This 15 of Frowing
concern, as anplification of dishwbances through inferactions could also increase the
potential for the excesdance of ecological thresholds and tippmg pomt=27,58.

In particular, the indivect and mteracton effects of climate change on disturbance regimes
need to be better understood to comprehensively assess future trajectonies of dishobance ma
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are prome tools for this domam of mquiry39. Smoulation models are able to consistently
track vegetzhon—disturbance feedbacks over time frames of decades to centunes33,60 and
allow controlled expermments to 1solate the effects of mteractions between different
agents32 60, However, many cumrent dishorbance models either do not explicitly consider
wvegetaflon processes, of dishobance agents are simulated in 1solation, meglecting potential
interzchion effects. Futwre werk should thus focus on infegrating dishurbance and vegetation
dynamies m models, to address the complex inferrelations between climate. vegetation and
distarbaneef], 62, Furthermore, long-term ecological observations and dedicated
experimentaion are needed to mmprove our understanding of changme distwrbancs reprmes,
and provide the data needed for parameterizmg and evaluzting the above-mentioned
simmlation models59.

Oy analy=is revealsd 2 strong bizs of the htershore towards agents such a5 fire, drought,
msects and pathogens, as well as ecosystems located m North America and Europe
(Supplementary Table 1 and Supplementary Fiz. 1). However, climate change 15 a global
phenomenon, affecting forests n all regions of the world. To obtain a more comprehensmve
understanding of the global patterns of disturbance change, considerable knowledze zaps on
the chmate sensitvity of dishobance regimes need to be filled. It remains unclear, for
imstance, whether the increasing effect of fuhme chimate change with latitude reported here
(Supplemertary Fiz. 9) 1= the result of an inereazed exposure of boreal forests to clomate
chanpe in combmation with namrally lower tree spaces diversity, or whether 1t 15 simply the
effect of a publication bias towards these ecosystems. Furthermore, the fact that distorbance
research 15 cwrently focused on a lmited number of agents could be increasmehy
problematc m the fuhare, as agents that were of hittle regional relevance m the past could
gain imporfance under changing climatic conditions. In this regard, it should be noted that
imvasive alien peststl 54 were not in the focus of our analysis, but are Likely to contribute
considerably to fisture changes mn dishorbance regrmes.

Chmate-induced changes in dishorbance regimes are a major challenge for the sustainable
provistoning of ecosystem services to societyf, 14, Chr finding of promument mdirect affects
suggests that forest management can actvely modulate the chmate sensipaty of dishorbance
regmes via modifving forest stuctore and composition. However, mutigating the direct
effects of a changing climate through menagement will be ramely possible, which sugmests
that fishare management will need to find ways of coping with dishowrbance change A
promusing approach m this regard 1s to foster the resihence of forests fo changing
disturbance resimes, enabling their recovery from and adaptation to distwbances17 65, to
ensure a contimous provisionng of ecosystem services18 and ultmately, prepare both
ecosystems and society for an increasingly dishobed foture of forests.

Supplementary Material

Refer to Web version on PubMiad Ceniral for supplementary material.
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Figure 1. Distribution of evidence for direct, indirect and interaction effects of climate change on
forest disturbance agents in the reviewed literature.

For every agent, amow widths and percentages indicate the relative prominence of the
respective effect as expressed by the number of observations extracted from the analysed
literature supporting it. The central panel displays the aggregate result over all distwbance
agents. Direct effects are unmediated impacts of climate on disturbance processes, while
indirect effacts descnibe a chmate influence on distmbances through effects on vegetahon
and other ecosystem processes. Interaction effects refer to the focal agent being influenced
by other disturbance agents. Image credits: David R Frazer Photolibrary/Alamy Stock
Photo (fire); PhotoDisc/Getty Images/Don Famrell (drought); Chris Warham/Alamy Stock
Photo (wind); Royalty-Free/Corbis (snow and ice); Nigel Cattlin/Alamy Stock Photo
(mnsects); and Naturepie/Alamy Stock Photo (pathogens).
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Figure 1. Interactions between forest disturbance agents.

a, The sector size in the outer cirele indicates the distnbution of mteractons over agents,
while the flows through the centre of the cirele illustrate the relatrve importance of
interactions between mdnidual agents (as measured by the number of observations eporing
on the respective mteraction). Arrows point from the influencing agent to the agent being
nfluenced by the mteraction. b, Sizn of the interaction effect mduced by the mffuencms
agent on the influenced agent. » number of ohserations.
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Figure 3. Global disturbance response to changing temperature and water availability.

a,b, Radar surfaces indicate the dismbution of evidence (% of observations) for increasing
or decreasing disturbance activity under warmer and wetter (a) as well as warmer and dner
(b) climate conditions. The large radar plots to the nght summanze the responses over all
modelling applied can be found m the Supplementary Information.
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Table 1
Important processes through which climate influences forest disturbances.
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Summary

Changing climate and increases in biotic and abiotic pressures will economically and
ecologically affect forests and plantations. Climate change manifestations include spatial and
temporal change in temperature, rainfall pattern, wind speed, humidity and related elements.
These parameters directly or indirectly contribute to adaptive genetic variation in survival, shoot
phenology, growth rate, drought and frost hardness, morphology and physiology. Information on
climate change effects in temperate and boreal trees and adaptation to climate are well
documented, whereas, in tropical trees such information is very limited. Tree improvement and
biotechnological strategies recommended include the following: (i) Conservation and
maintenance of genetic diversity, where the genetic variations for adaptive traits will be recorded
to understand the genetic basis of adaptation. Conventional breeding requires identification of
genetic variability to various stress tolerance within a species or among sexually compatible
species and introducing these unique features into identified genotypes (ii) Assisted migration
and assisted gene flow, where seed zones and tree breeding regions will be delineated to
translocate the propagules of pre-adapted populations. Genetic variations across latitudes and
altitudes need to be assessed to guide the assisted gene flow. Composite seed sources from
multiple provenances are recommended to increase diversity and buffer against future climate
uncertainty. Genomic explorations are carried out to reveal local adaptation at gene level, which
facilitates movement of germplasm across geographical gradients. (iii) Marker assisted selection
for adaptive traits such as biotic and abiotic stress tolerance and growth through phenotype-
environment associations and phenotype-genotype-environment associations. Complementing
the traditional approach of trait improvement, Quantitative Trait Loci (QTL) analysis is an
important component of tree improvement strategy, where correlation between DNA markers
and adaptive traits will allow breeders and geneticists to hasten the development stress tolerant
genotypes. (iv) Genetic modification for adaptive traits to enhance the tolerance level of pests
and diseases, salt and drought by introducing stress-inducible genes into the genome of target

species.
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Introduction

Climate change poses a major threat to all life forms. Forest trees, being climate dependent
perennial species, are vulnerable to climate changes. The long life span and generation time
exhibited by several forest trees places them in a precarious position when changes in their
growing environment occur rapidly. The environmental challenges associated with climate
change include increased incidences of drought, heat, fire, floods, insect pest and pathogen
pressure, change in growing seasons and forest fragmentation. This adversely affects both
natural and managed forests, limiting survival, growth and reproductive fitness (Dai 2013).
The pressure on water and nutrient foraging and increased disease and pest infestations will
economically and ecologically affect forests and tree plantations. Unlike breeding of annual
crops, trees require several seasons of vegetative and reproductive phases to select or identify
best performing individuals for a defined utility. During these cycles, trees are susceptible to
the rapidly changing environmental conditions. Although increase in atmospheric CO;
concentration may stimulate photosynthesis and plant growth, but climate change side effects
will not compensate the general reduction of productivity (Rustad et al. 2011). Low rainfall and
increased temperatures are already contributing to spreading of desertification, mostly in arid and
semi-arid regions, and the situation is expected to worsen in the near future. Therefore, it is
imperative to develop and implement new strategies for improving forest productivity.

In India, the climate change can amplify the impact on the plantations due to poor soil
conditions, water availability, the magnitude of air, water quality and faster urbanization and
industrialization. When compared to other sectors, introduction of advanced technologies in
forestry sector is not adequate; as a result the forest ecosystem becomes more vulnerable to
climate change effects. Although lot of importance is given to tree planting considering the
advantages of forests, very less knowledge available about the species requirements and its
environmental interactions. Along with exotics, native tree species plays major role in
combating the climate change issues, as these species are naturally selected for various climatic
conditions of the local environments. In the recent days, there are studies and recommendations
at the clonal level on the suitability of the clones for matching the clones to specific site

conditions.
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The most important strategy for forest climate adaption is identification and planting of well-
suited tree species in a phased manner. At the same time, diverse climate resilient species, well-
adapted to future conditions needs to be maintained. It is also critical to preserve within species
diversity for a more stable forest plantations with resilient populations. These activities need to
be given at most importance as it will take few decades to shift the normal routine planting

programmes to climate resilient tree species.

Current selections focus on the vigorous growth of the trees on the present day climatic factors
and not envisaging climatic conditions of the future. Right trees need to be selected considering
the factors that may influence performance in the future. The basic information available on the
tolerances and responses of a species is frequently incomplete, adding uncertainty to decision-

making (Sjoman and Nielsen, 2010).

According to Harris et al. (1999), selection is a compromise among proposed function of the
plant and its adaptation to the site. Miller (1997) proposed a species selection model that
included site factors like environmental and silvicultural constraints, social factors like
aesthetics, functions and disservices and economic factors like cost of plant, establishment and
maintenance. Sabg et al. (2005) considered climate adaptation as primary selection criteria in
addition to growth and pest resistance for street and park trees. Yang (2009) evaluated the
potential effects of climate change on the biology of pests in Philadelphia, Pennsylvania, as well
as the suitability of tree species to future predicted climatic condition.

Plantation forestry is the source of industrially important products such as paper pulp, timber,
fuel wood, biofuel and charcoal. Plantations reduce pressure on natural forests and provide
ecosystem services, while contributing to economic growth and livelihood opportunities. These
plantations are continuously subjected to various challenges posed by climatic conditions and
associated threats, regardless of their contribution to mitigate climate change. Under such
conditions, productivity of plantations decrease significantly due to change in phenology,
increased challenges from native and exotic pests, enhanced salinity/acidity/alkalinity and
reduced rainfall, soil fertility and water availability. Evidences are mounting on climate change

risks of drought and heat induced mortality in forests trees (Allen et al. 2010). With burgeoning
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human population and increase demand for food production, plantations are likely to be pushed
to the marginal areas in the near future. Additionally, the requirement of wood is on rise
necessitating optimal productivity from traditionally un-cultivable land. At this juncture,
development of appropriate adaptation strategies in response to these challenges will require a
comprehensive approach. Various technologies from the fields of tree improvement, breeding

and biotechnology have an important role to play in mitigating the impending climate change.
Strategies for breeding climate resilient trees

Trees are in continuous interaction with below and above ground environments and over the
period, trees adapt to changes in climate. Such adaptations acquired are imprinted through
epigenetic modifications in the tree genome. The general strategy used by tree breeders to
alleviate the effect of climatic variation is by using seed zones and breeding regions which
ensures seedlings are well adapted to their planting environments. (Gray et al. 2016). It has been
argued that breeding for adaptive traits can be a long term goal in genetic improvement
programs, while delineation of breeding zones and deployment of planting material from
relatively homogenous local environments can ensure sustainable productivity and reproductive
fitness in the face of climatic changes (Mijnsbrugge et al. 2010). The strong linkage between
climate and genetic differentiation has been reported from several tree species and a study in
Pinus contorta has demonstrated that local populations are significantly climate resilient when
compared to introduce populations and hence can be a short term adaptive measure (Gray et al.
2016). Recently climate based provisional seed zone delineation based on minimum temperature
and aridity index was conducted in Mexico (Castellanos-Acufia et al. 2018), which
recommended moving seed sources from warm, dry locations towards currently wetter and
cooler planting sites, to compensate for climate change that has already occurred and is expected
to continue for the next decades. Such climate based seed zone system allows practitioners to
match seed procurement regions with planting regions under observed and anticipated climate

change.

Insect outbreaks due to climate change are significant disturbances in forests ecosystems.
Mountain pine beetle infestation in western North America is a classic example of pine forest

devastation due to increase in temperature. Ponderosa pine (Pinus ponderosa) and lodgepole
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pine (Pinus contorta) are the suitable hosts for this insect. It developed adaptive seasonality,
synchronous emergence of adults from host trees at an appropriate time, to overwhelm tree
defenses. Recently, a strategy for selection on growth rates over time was proposed to control the
insect pest by selecting fast (at juvenile stage) and slow (mature stage) growing genotypes thus
maintaining genetic diversity for growth rate in pine populations instead of fast growing families
(de la Mata et al. 2017). Including pest resistance traits in the breeding programs may contribute
to a sustainable protection. Warming climate is thought to be a major cause of epidemic
outbreaks of native diseases and pests that are causing relatively new and catastrophic problems;
recent examples include spruce bark beetle damage in Finland (Neuvonen and Viiri 2017) and

Larix defoliaters in China (Fan and Brauning 2017).

Biotechnological applications in forestry has been mainly focused on improving productivity,
monitoring diversity status at ecosystem and landscape levels and reducing vulnerability to biotic
and abiotic pressures. One of the main contribution of this technology was in energy saving,
waste reduction and remediation of toxic chemicals by using microbial enzymes in pulping
process (Ahuja et al. 2004). However, these applications of biotechnological tools are limited to
six genera (Pinus, Populus, Eucalyptus, Picea, Quercus and Acacia) (FAO, 2010), mostly of
temperate origin. Use of markers (DNA based and biochemical) in operational plantation
management is an area where the technology has expanded over decades and three major areas
were identified like genetic fingerprinting suitable for less intensively managed plantations;
markers tagging industrially relevant traits for intensively managed commercial plantations and
the third area includes the most sophisticated group of technologies like genomics approaches
and genetic modification of targeted traits (FAO, 2010; Gartland et al. 2013).

Maintenance of genetic diversity

In trees, the extent of genetic diversity determines the ecosystem integrity, evolutionary capacity,
adaptability and economic potential of the species. Knowledge on genetic diversity is important
for planning breeding strategies and provides a basis for improving the management of genetic
resources in forest tree species (Graudal et al. 2014). Long-term breeding is aimed at achieving a
balance between continuous genetic gains and maintenance of adequate levels of genetic
variation. High levels of heterozygosity in the population have been repeatedly shown to confer

resistance to environmental change.
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Climatic conditions mainly temperature determine the genetic differentiation and evolution of
locally adapted population (Linhart and Grant 1996) and temperature is the key parameter
governing natural selection and adaptive genetic variation as documented in conifers (Gray et al.
2016; Thomson and Parker, 2008) and Eucalyptus (Merchant et al. 2006). Adaptation and
phenological plasticity in trees with response to temperature presents strong differences between

species.

Landscape genomics determines the relationship between genetic and environmental
heterogeneity in populations and is a powerful tool for discovery of genes underlying complex
patterns of adaptation in forest ecosystems. In Acacia koa, an endemic species to Hawaiian
Islands, a strong association between genetic structure and mean annual rainfall was detected,
despite that genome level association studies predicted changing rainfall pattern may lead to
genetic offsets or maladapted population (Gugger et al. 2017). Similarly, In E. melliodora, a
foundation species of a critically endangered community in Australia, landscape genomic model
revealed that seed can be sourced broadly across the landscape, providing ample diversity for
adaptation to environmental change (Supple et al. 2017). Such knowledge on genetic changes
due to climate change would help in devising seed transfer guidelines across various ecological
zones of a species distribution. Such vulnerable geographic regions demand transfer of seed
material from pre-adapted germplasm. Recently, key considerations for planning genomic
assessment and monitoring of locally adaptive variation to inform species conservation has been
identified (Flanagan et al. 2017).

Assisted gene flow to mitigate climatic influence

The immediate response to environmental challenges is migration and changing spatial
boundaries. Existing models predict long-distance migration by seed dispersal in trees at 100—
200 m yr ! (Nathan et al. 2011), which is much slower than the temperature change rates across
geographical gradients. This was reported for temperate broad-leaf and mixed forests of North
America, where the expected migration rate predicted was 350 m yr * (Loarie et al. 2009)
suggesting that trees would need to migrate at 10 times the present rate to keep up with their
suitable habitats. This is further impeded by landscape fragmentation (Pearson and Dawson
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2005), indicating that integrated interventions are required to develop stress adapted trees to

improve forest lands and commercial plantations.

Transfer of seeds from such pre-adapted individuals or transfer of seeds within existing species
range is considered to be one of the effective tools in climate resilient tree generation. This type
of human assisted movement of plants is known as assisted gene flow (AGF). It will facilitate
planted forests adaptation, where these planting stock will have the capacity to maintain
production and fitness in a changing climate. Genecology, defined as knowledge on relationships
between genetic variation of natural populations and their geographic (native environment)
variations, would be the prerequisite for assisted gene flow to facilitate rapid adaptation of
species to climate change. In temperate and boreal forest species including Abeis, Pinus, Picea,
Quercus and Populus sufficient knowledge and rich history of research is available to initiate
managed translocation within the species range across climate gradients (Aitken and Bemmels
2015).

It is suggested that along with conventional strategies like within and between population
variation in phenotypic traits, height and girth, comprehensive understanding on clinal variations,
cold and drought hardiness, variation in adaptive and neutral genetic markers at population level,
genomic scans, along with well designed provenance trials are essential for translocation of
species and generation of climate resilient trees. Aitken and Bemmels (2015) had listed several
recommendations for AGF of forest trees, after synthesizing the broad knowledge that has
accrued on local adaptation over the past several centuries. Local adaptation involves alleles that
are beneficial in one environment and neutral elsewhere, hence, understanding the genetic basis
of adaptation to climate is of paramount importance for preserving and managing genetic
diversity. Studies of adaptive traits in temperate forest trees revealed the presence of clinal
variation in phenotypes, as well as genetic differentiation among populations, suggesting that
local adaptation is present in trees (Kramer et al. 2017). In conifers, considerable amount of
research was carried out to characterize the genomic basis of adaptation to local climate. Such
studies provided an important resource for breeding and conservation genetics in a changing

climate.
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Markers assisted selection for adaptive traits

Marker Assisted Selection (MAS) is one of the methods for a successful breeding for adaptive
traits, which relies on the identification of Quantitative Trait Loci (QTL) linked molecular
markers associated with traits of interest. In the past decades, few studies have been conducted
to map genes or QTL associated to drought tolerance in Conifers (Moran et al. 2017), Populus
(Viger et al. 2016), Eucalyptus (Mora et al. 2017; Sumathi et al. 2018), Quercus (Brendel et al.
2008) and salt tolerance in Salix (Zhang et al. 2017) and Eucalyptus (Subashini 2017). Genetic
basis of elevated CO, was studied in P. trichocarpa x P. deltoides and 3 genomic regions in 6
different linkage groups were recognized to determine above ground growth and root growth
response (Rae et al. 2007). However, till date, conversion of marker-QTL information to
breeding programs is highly limited mainly due to dependence of the QTL effects on genetic
background and environment.

The new genomic approaches like Next Generation Sequencing (NGS) allow massive discovery
of molecular markers to obtain ultra-high density genetic maps, which are very useful to
precisely locate genomic regions governing the trait. Moreover, Single Nucleotide
Polymorphisms (SNPs) generated through NGS can be used in high-throughput genotyping
platforms, which permit the simultaneous analysis of many markers and many individuals.
Presently, it is possible to move from the exploration of recent recombination through the
analysis bi-parental mapping populations to the Genome-Wide Association (GWA) studies,
which use the natural diversity to identify genetic loci associated with phenotypic trait variation

and provides better resolution.

Foliar and floral budburst timing is an important component of the fitness of trees. Chilling and
forcing temperature requirements are key traits determining a tree’s response of the date of foliar
budburst to temperature. In Sitka spruce (Picea sitchensis), association mapping for quantitative
trait variation in bud set timing and autumn cold hardiness was analyzed with SNPs and
associations were detected in several candidate genes, which cumulatively explained 28 and 34%
of the phenotypic variance in cold hardiness and bud set, respectively (Holliday et al. 2010). The
genetic basis of adaptation to climate using mean annual temperature and total annual
precipitation in Picea glauca was explored through association genetics and found that 43 genes
are most important for adaptation to climate which involves genes related to development,
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metabolism, and stress response and most of them were related to bud set phenology (Hornoy et
al. 2015). By analysing the provenance trials of European beech (Fagus sylvatica) established in
the year 1995 over a wide geographic and climatic range in Europe, Kramer et al (2017)
concluded that adaptive differences exist between provenances in the critical chilling and forcing
requirements triggering budburst and they show plastic response to local environmental
conditions. In a recent report, several genomic regions that strongly influenced cold hardiness in
Douglas-fir was documented (Vangestel, 2018). Similarly, numerous structural, functional and
regulatory genes were identified by analysing the transcriptome, small RNA, and degradome
for drought-responsiveness in Paulownia which is expected to provide new direction for

drought tolerance breeding (Zhao et al. 2018).
Genetic modification for adaptive traits

In the last three decades, genetic transformation has become an indispensible tool in gene
discovery programs. In trees, transgenics is considered as an efficient alternate for introgression
of essential traits, since conventional breeding is slow due to long generation time; high
background polymorphism and outcrossing nature of most trees (Busov et al. 2005).

Robust transformation systems are reported in trees from Populus (Busov et al. 2005; Han et al.
2013; Maheshwari and Kovalchuk, 2016); Eucalyptus (Matsunaga et al. 2012; Prakash and
Gurumurthi, 2009; de Alcantara et al. 2011) and conifers (Tang and Newton, 2003; Malabadi
and Nataraja, 2007; Pijut et al. 2007). The study is limited to few genera and traits like wood
formation, biomass enhancement and tolerance to pest and disease. Studies on adaptive trait
introgression are few due to limited genomic knowledge, inefficient regeneration/transformation

systems in species relevant to tropical ecosystems and regulatory issues in conducting field trials.

In E. camaldulensis, CodA from Arthrobacter globiformis was ectopically expressed and the
transgenic lines showed tolerance to high salinity and temperature (Yamada- Watanabe et al.
2003). Similarly, uptake of inorganic phosphate in acidic soil was achieved through heterologous
expression of mitochondrial citrate synthetase gene into E. grandis % E. urophylla (Kawasu et al.
2003). In subsequent studies, drought enhanced drought tolerance was demonstrated in

transgenics expressing the transcription factor DREB1(Kondo et al. 2003; Ishige et al. 2004)
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while freezing tolerance was imparted by ectopic expression of EquCBFla/b in Eucalyptus
hybrids (Navarro et al. 2010).

In Populus simonii x Populus nigra, over-expression of ERF76 enhanced salinity tolerance in
transgenic line (Yao et al. 2016). In recent reports, expression of Arabidopsis stress tolerant
genes AtSRK2C and AtGolS2 enhanced abiotic stress tolerance in transgenic P.
tremula x tremuloides (Yu et al. 2017), while expression of PtDRS1 enhanced both drought and
salinity in transgenic hybrid poplar (Mohammadi et al. 2018). Poplar transgenics expressing the
ABA signaling receptors, PtPYRL1 and PtPYRLS5 significantly enhanced tolerance to drought,
osmotic and cold stresses (Yu et al. 2017). Further, expression of effector genes in hybrid poplar
revealed tolerance to multiple-stresses including drought, salinity, water logging and insect
tolerance (Su et al. 2011).

Tree improvement strategies to combat climate change
The following are the major tree improvement strategies to combat climate change

e Identification of promising tree species: Economically important tree species are grown
widely by farmers and other planting agencies to meet the raw material demand of
industries. A number of native tree species are being planted by forest department in
government estates. Similarly, various tree species are being identified for planting in urban
areas for the purpose of shade and better climatic conditions. No specific emphasis is given
for climate change and need to have a resilient tree species. Available native trees need to be
relooked and identified for various end uses and can be grown with altered climatic
conditions.

e Delineation of common habitats and their characteristics with reference to climatic
conditions: These are unique agroclimatic conditions presently available, wherein specific
cropping pattern is present according to the climatic conditions and suitability of the tree
species in those areas. A detailed study would help to identify the extend of climatic
variation that the species withstand, the possibilities to continue with the existing tree
species in these agroclimatic conditions and the vulnerability of the existing tree species in

the changed climatic scenario.
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e Selection of Plus trees that are resilient to climate change: Characters that are related to
economic importance is given priority while selecting the trees. The economic importance
of the characters varies depending on the species and the selection criteria are fixed
depending on the end use. Even within a species, the selection criteria changes while
selecting for timber and fruits. However, pest and disease are considered for every end use.
Similarly, relevant parameters for climate change resilience need to be considered while
selecting plus trees.

e Collection of germplasm of resilient tree species with wide range of variability: A wide
germplasm is essential for every tree breeding program, although only a part of the
germplasm is largely exploited for commercial cultivation. The climate change scenario is
not explicit and the test conducted in expected change in scenario is also not complete.
Hence, a wide germplasm is required for actual testing of the germplasm during the changed
climatic conditions.

e Study the physiological and biochemical adaptations of selected tree species: Studies
have been carried out on the physiological and biochemical mechanisms of the tree species
with reference to various environmental conditions. Detailed studies would help us to
identify the possible physiological and biochemical characters that are to be considered
while selection trees for the changed climatic conditions.

e Study the genotype and environmental interactions: Genotype into environmental
interaction studies have been conducted in many species. However, these studies have been
conducted under the prevalent environmental conditions. Studies are meagre in the expected
changed climatic conditions. These are studies the reveals that the climate itself changes due
to cultivation of adopted tree species. GXE interaction studies in the expected altered
climatic conditions would be a key area for finding the climate resilient tree species.

e Testing of selected plus trees under extreme climatic conditions: Most stable genotypes
would be the better climate resilient trees to combat with the climate change situations.
Conducting the GXE studies in the extreme climatic conditions of the present day would
help us to find the extremely stable genotypes for future.
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Conclusion

Forests of the future will require more resilient trees than those of the past and trees that are more
resistant to temperature extremes, impacts like drought, diseases and insects need to be generated
to keep the land healthy and productive. Combination of various approaches of breeding and
biotechnology would pave way for production of climate resilient tree crops. Change in genetic
composition of forest stands, increased diversity by altering species consortium are inevitable in
developing forest trees adapted to changing climates and environments. Most of the climate
change related information generated is from temperate tree species while tropical trees need

special attention in this aspect.
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Introduction

Shifts and changes in temperature and precipitation patterns associated with global
climate change are likely to influence large areas of natural forests and forest plantations.
Climate change can potentially influence the frequency, duration, and severity of drought,
flooding, pest, and heat-wave events in forest ecosystems. Combined with abiotic threats,
emergence of new biotic agents is also a major concern for foresters. In temperate forest
ecosystems, warmer winters can encourage pests, both native and invasive, to expand rapidly and
affect areas more quickly and extensively, while more extreme weather patterns and episodic
forest events are likely to increase the intensity of wildfires in the tropics. Thus a variety of
threats, most importantly insect and disease infestation, will increase the risk that forest trees
could experience either population-level extirpation or species-level extinction.

Other milder consequences of climate change on forests may include reduced growth or
promoting a shift in some native and cultivated ranges of species. Species distribution models
predict a wholesale redistribution of trees in the next century due to climate change. Although
tree species can naturally migrate, they do so slowly, averaging less than one-half of a kilometer
per year (for subtropical and temperate conifers). Some climate models predict that trees would
need to migrate at 10 times this rate to keep up with suitable habitats. Hence the tree populations
would be maladaptive in a rapidly changing climate and it is necessary to correct these through
targeted planting. Typically in temperate forest ecosystems, on an average about half million
saplings are planted every year, and it is essential to control the genetic composition to them to
be adaptive to the rapidly changing climate. Therefore, alternative sources of seed for immediate
deployment to address climate change are needed.

Planting stress-adapted trees can improve the health of all forest types, including
commercial plantations and non-commercial natural forestlands. Adaptation strategy could be to
select and breed commercial species for optimum biomass production for the expected future
climate. Developing such next-generation trees that can withstand climatic and pest threats needs
an integrated approach considering above issues.

In this short summary we present evidence for climate-change-driven increased tree
mortality across globe, highlight a frame work that can possibly be adopted to prioritize the
species / traits for tree breeding, review common garden experiments that show some leads on
the strategy to improve tree species as well as touch upon genomic approaches for tree breeding
to cope with climate change effects.
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Is There Evidence to Suggest Climate Induced Forest Tree Mortality is on the Rise?

By reviewing over 150 global references, Allen et al., (2010) have recently documented
88 examples of forest mortality that were driven by the climatic water / heat stress. The
examples range from modest but significant local increases in background tree mortality rates to
climate-driven episodes of regional-scale forest die-off. Examples from each of the wooded
continents that collectively span diverse forest types and climatic zones were given. Although
examples from North America, Europe, and Australia were comprehensive, mainland Asia and
Russia were under-represented in this review. Further, events of tree mortality have increased
with a jump in 1998 and particularly in 2003-2004.

Climate-induced tree mortality and forest die-off is relatively well documented for North
America (Allen et al., 2010). Drought and warmth across western North America in the last
decade have led to extensive insect outbreaks and mortality in many forest types throughout the
region, affecting >20 million ha and many tree species since 1997 from Alaska to Mexico.
Examples of forest die-off range from >1 million ha of multiple spruce species in Alaska and
>10 million ha of Pinus contorta in British Columbia to drought-induced Populus tremuloides
mortality across a million hectares in Saskatchewan and Alberta. In the southwestern U.S., die-
off of Pinus edulis on over a million hectares was specifically linked to ‘global-change-type
drought’’. In the eastern portion of the continent, declines and increased mortality among oaks,
particularly in the red oak family, have been reported from Missouri to South Carolina in
relation to multi-year and seasonal droughts in the 1980s-2000s (Allen et al., 2010).

There are many more examples that have gone unnoticed because of poor documentation
and reporting. It is very essential that such an attempt be done in the Indian context by reviewing
a large number of gray literature.

Vulnerability Assessment of Tree Species to Climate Change

Priority setting frameworks are becoming increasingly important when climate changes
are rapid although capacity / resources / time to conserve are less. Species vulnerability
assessments allow managers to allocate limited resources to the management of those species
that are most threatened. By considering trait data of 339 native tree species and predictions of
expected climate change pressure, Potter et al., (2017) have prioritized and tree species for
conservation, monitoring, management and restoration across United States and Alaska. About
43 tree species were identified to be most sensitive and had high exposure to potential climate
change effects.

Understanding the adaptive genetic potential of forest tree populations is crucial for
evaluating their risk to climate change. Intensive efforts have been implemented to assess the
diversity of ecologically important traits and their underlying genes by combining genomic and
more traditional approaches. The traits that have received the most attention are apical bud
phenology, drought resistance and resistance to pests. The integration of functional traits into
vulnerability assessments is a promising approach to quantitatively capture differences in species
sensitivity and adaptive capacity to climate change, allowing the refinement of tree species
distribution models.
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Aubin et al., (2016) have identified such functional traits that help in drought resistance,
coping with fire and in migration to be focused while breeding. Traits that help in drought
resistance include: 1. Rooting depth 2. Stomatal sensitivity 3. Leaf mass 4. Xylum conductance
5. Xylum recovery capacity. Traits that help in cope with fire regime include: 1. Bark thickness
2. Leaf an bark flammability 3. Seed dispersal ability and 4. Resprouting ability. Traits that help
in dispersal to newer areas following a climate change include 1. Ecological amplitude 2. Age at
sexual maturity 3. Seed and pollen dispersal abilities 4. Bud burst timing.

Assessing the extent of genetic variations for and developing simpler protocol to measure
the above functional traits in tropical trees of India is one of the major tangential goal of a
modern tree improvement programme.

Common Garden Experiments to Arrive at Tree Selection Strategy for Climate adaptation

Common garden experiment is essentially a plantation in which tree populations
corresponding to different geographical origins (provenances) are compared using statistical
designs. Such experiments yield good information on the level of genetic variation at a
phenotypic level and on genetic differentiation among natural populations. In a comprehensive
regional case study, Gray et al., (2016) have tested over 1800 families and provenances of
lodgepole pine (Pinus contorta Dougl.) across six breeding regions of Canada, to assess
genotype x environment interactions, and show how this information allows the development of
a regional climate change adaptation strategy. The results indicated that local populations
perform well, but that some transfer opportunities do exist. With the exception of the highest
elevation populations, the general assumption guiding seed transfer policy, ‘‘local seed is best
for reforestation” appears largely valid for most of the lodgepole pine breeding programs in
Alberta. Hence the seed transfers suggested were minimum in geographic range. They also found
that some breeding regions could be amalgamated based on the observation of high positive
correlation of population performance and very low genotype by environment interactions. They
also showed that a large portion of the genetic variation resides within breeding populations, and
therefore an alternate adaptation strategy could be the selection of families within breeding
regions to enhance resilience to climate change.

MacLachlan et al., (2017) argue that as climates shift, breeding zones are no longer
optimal seed deployment zones because base populations are becoming dissociated from their
historical climatic optima. In response, climate-based seed transfer (CBST) policies
incorporating assisted gene flow (AGF) are being adopted to pre-emptively match reforestation
seedlots with future climates, but their implementation requires accurate knowledge of genetic
variation in climatically adaptive traits. They compared 105 natural stand and 20 selectively bred
lodgepole pine seedlots from Alberta and British Columbia grown in a common garden of 2200
seedlings. The effects of selection on phenotypic variation and climatic associations among
breeding zones were assessed for growth, phenology and cold hardiness. They found substantial
differences between natural and selected seedlings in growth traits, but timing of growth
initiation was unaffected, growth cessation was delayed slightly (average 4 days, range 0.7 days
to 10 days), and cold injury was slightly greater (average 2.5%, range 7% to 11%) in selected
seedlings. Clearly, selection, breeding and progeny testing combined produced taller lodgepole
pine seedlings that are not adaptively compromised relative to their natural seedling
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counterparts. Selective breeding produces genotypes that achieve increased height growth and
maintain climate adaptation, rather than reconstituting genotypes similar to populations adapted
to warmer climates.

The above two cited case studies point to different strategies to select trees for climate
resilience. The first one emphasizes on the naturally selected local seeds for adaptations with
little or no seed transfers; while the latter points to the requirement of fresh selections based on
the progeny tests and climate-based seed transfer. However, in India with a lack of strict
restrictions on seed transfers, it may too difficult to achieve climate-based seed transfer. Even for
economically most important species such as teak, the seed transfers are un regulated and un
documented in India since the last two centuries, resulting in admixtures of natural populations
and plantations raised from seeds of unknown origin. It is now time to achieve some level of
discipline in seed transfers and a have seed transfer policy in place for the country.

The Role of Hybridization in Forest Management and Conservation under Climate Change

Hybridization is broadly defined as the successful mating between individuals from two
populations, or groups of populations, that are differentiated on the basis of one or more
heritable. A hybrid zone refers to an area in which genetically distinct parental individuals form
hybrids of mixed ancestry, often resulting in genetic clines from one parental genotype to the
other across a variety of spatial contexts. Zones of mixed ancestry are important sources of novel
recombinant genotypes, in which hybrids are considered the raw material of evolution and a
source of functional novelty. Thus, hybrid zones are important sources of genetic variation for
examining the mechanisms that underlie evolution in natural environments.

Hybrid zones are valuable sources of genetic variation across a shifting landscape. With
the increasing availability of genomic tools, high-throughput phenotyping, and association with a
wealth of climatic data; forest hybrid zones are primed to address fundamental questions in
speciation, conservation, and community ecology under changing environments. The
mechanisms influencing species divergence, particularly the relative contribution of
environmental and non-environmental barriers to reproduction remains an area that has not
garnered much attention in forest trees. However, integrating genomic tools, provenance tests,
and experimental crosses holds great promise for teasing apart the mechanisms contributing to
species barriers, their frequency and the extent of the incompatibilities (Janes and Jill, 2017).

New Directions for Tree Breeding and Genomics

Tree breeders today live in a rapidly changing world faced with climate change and need
to create completely new forest (fJunknown?) products to cope with the climate change. White et
al. (2014) have proposed three philosophical ideas for ‘‘Breeding for Value in a Changing
World”’ viz.:

(1) adopt a robust philosophy that aims to ensure maximum value produced per ha even in a

future world that will be quite different;
(2) embrace technology at every phase in the tree improvement process; and
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(3) encourage interdisciplinary teams of scientists to solve complex problems that require
expertise ranging from molecular to landscape scales.
Putting resources toward restarting or increasing the capacities of tree breeding programs
can accelerate development of stress-adapted tree species and enhance deployment decisions by:

e Increasing capacity to predict adaptability of improved selections in various
environments, i.e., genetic X environment interaction;
e Promoting understanding of tree species and forest physiology to enhance tree resilience;
e Advancing novel ways to perform early screening and field testing for pest-resistance
traits, an important challenge in non-commercial and commercial tree species;
e Providing institutional support for maintenance and archiving of longterm studies
essential for understanding forest interactions with climate and pests; and
Common garden experiments can be informative in breeding for climate change, but their
power is dependent on the number of different test environments, the duration of the tests and the
genetic diversity of experimental populations. In addition, it is logistically challenging, costly
and time consuming to extract the full value of information from these resources. These
limitations impose a practical constraint on how much information can realistically be obtained
through common gardens in the timeframe needed by resource managers.

An alternative to the common garden approach is to estimate adaptive genetic potential
on the basis of information from DNA sequences and other genetic marker information from
population samples. This approach involves estimating population genetic parameters, such as
measures of nucleotide diversity and divergence, and performing tests for departure from
neutrality. Genomics is a foundational science for developing stress-adapted trees. It provides
information and tools for accelerating tree breeding, discovering genes useful for genetic
enhancement, and improving deployment and conservation decisions.

Molecular population genetics and landscape genomics approaches are just beginning to
be applied to forest tree populations, and the practical application of this work will be the
development of diagnostic tools, database and geographical information system (GIS)-based
tools to facilitate the management, conservation and restoration of forest tree populations. Neale
and Kramer (2011) have highlighted the following five priority research areas for genomics
research in forest trees. First, acquiring reference genome sequences for many genera of tree
species which is a necessary step for cataloguing the largely unknown diversity of tropical tree
species. Second, greater attention to be payed to the ecological functions of trees in terrestrial
ecosystems since the trees are major drivers of terrestrial biodiversity. Third, next generation
sequencing technologies should be used for assessing adaptive differentiation and species
divergence in natural populations. Genome-scanning approaches will allow the identification and
localization of the genomic regions that are responsible for the maintenance of phenotypic
species differentiation. Fourth, there must be a greater investment in genome database resources,
particularly construction of geo-referenced databases of genomic diversity data that will in the
long term allow the inference of the main ecological drivers of genomic and phenotypic diversity
in natural ecosystems. Fifth, development of improved phenotyping technologies, though forest
trees are difficult to phenotype. Geneticists will need to work more closely with physiologists,
ecologists and engineers to develop informative, precise and standardized high-throughput
phenotyping technologies.
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Abstract

Geographic vadation in trees has been investigated since the mid-18th century.
Similar pattems of clinal variation have been observed along latituding and ele-
vational gradients in common garden experiments for many temperate and bor-
eal species. These studies convinced forest managers that a Tlocal is best’ seed
source policy was usually safest for reforestation. In recent decades, experimental
design, phenotyping methods, climatic data and statistical amalyses have
improved greatly and refined but not radically danged knowledge of clines. The
maintenance of local adaptation despite high gene flow suggests selection for
local adaptation to dimate is strong. Concems over maladaptation resulting from
dimate change have motivated many new genecological and population geno-
mics studies; however, few junsdictions have implemented assisted gene flow
[AGF), the tramlocation of pre-adapted individuals to faclitate adaptation of
planted forests to climvate change. Here, we provide evidence that temperate tree
species show clines along dimatic gradients sufficiently similar for average pat-
terns or dimate modeks to guide AGF in the absence of species-specific knowl-
edge. Composite provenancing of multiple seed sources can be wed to increase
diversity and bufler against future dimate uncertainty. New knowledge will con-
tinue to refine and improvwe AGF as dimates warm further.

Introd uction

Long-lived, lrgely undomesticated and slow to reach
reproductive maturity, Drest trees have never been ideal
genetic subjects. As a result, genetic knowledge of trees
has lgged behind that of agrculiural crops and model
organisms. However, one area in which knowledge of
genetic varition within forest trees has led many other
life forms for over two centuries is genecology, the study
of ehtonships between natural populations and their
native environments The economic importance of tees
for wood and fibre combined with their ecological
importance as foundation species motivated scientists to
characterize geographic varition as a premquisite for
deciding what to plant where. The synchronization of
growth and domancy timing of trees with their local di-
mate was recognized early on to be a prerequisite for suc-
cessful reforestation and led to a general practice of using
locally collected seed for reforestation. A mpidly warming
global dimate is now disrupting adaptation of local pop-
ubstions, and the long historically appropriate conserva-
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tive tradition of Tocal is best’ has been sow to evolve to
address this new challenge.

The future health and productivity of tree populations
will depend on the match between genotypes and new envi-
ronments. Contemporary scientists are addressing these
questions using traditional common garden ap proaches, as
well as new phenotyping and genomic methods, to asess
capacity for adaptation to new dimates and inform “as-
sisted gene Aow’ (AGF), the managed tramlocation ofindi-
viduals within the current species range to facilitate mpid
adaptation to dimate change (Aitken and Whitleck 2013)
(Fig. 1). Here, we argue that we aleady have sufficient
knowledge from a rich history of research to initiate AGF
of temperate and boreal forest trees We do not extend our
amalysis or recommendations to tropica species as there
are fewer data available on local adaptation and the ecolog-
ical context differs greatly.

Gite Turesson (1923) coined the term genecology and
defined it & ‘race ecology’, the study of "hereditary varia-
tion in relation to habitat’, emphasizing the ecological
rather than genetic content of the definition. The current
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we of genecology is largely symonymous with the more
widely used termn ecological genetics, although Langlet
(1971 argued Turesson intended for the former to empla-
size ecology, while the latter emphasizes genetics. Genecol-
ogy is wed frequently by many forest geneticists; most
other botanists wse ecological genetics, perlaps becanse
genecology autocorfects in most software to a branch of
gender-specific medicine. The French term “provenance’
has long been used in foresiry to describe the place of ori-
gin of genetic material and is often used interchangeshly
with population, the interbreeding individuak of a species
at a location In this study, we will use genecology and
provemance to bonour a long and rich tradition in forest
biology.

Here, we meview the history of genecological research in
forest trees, emphasizing the relatiorships between popu-
lations and dinsate We then highlight advances in gene-
cology and other relevant fiekds in recent decades;
summarize key findings from population genetics and
genomics relevant to local adaptation; present data on
the concordance of genetic dines among tree species in
westermn Morth Amerdca; and discuss the implications o
managing tree populitions in a rapidly warming waorld.
This study builds on recent reviews and syntheses by the
senior author (Box 1) and others describing the mnge of
potential responses of forest trees to dimate change and
the factors controlling them [Aitken et al 2008); the

el
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potential for evolutionary and plastic responses to dimate
change in trees (Alberto et al. 2013) and planis in general
(Franks et al. 2014} and the genetic rids and benefits of
AGF (Aitken and Whitlock 2013).

Early studies of geographic variation in forest trees

Scientists have studied rehtionships between tree popula-
tions and environmental dwaractenstics of their prove-
rances in common garden experiments for over 250 years,
long before Clasen et al. (1940, 1948) conducted their
ruch-cited reciprocal transplant experiments in California
with the herbaceous peremnial Adullea riilefoliveg and
other species Olof Langlet (1971) compiled a detailed
history of genecology, and this brief historical summary is
largely derived from his work.

The need to grow trees for timber, particulady for ship-
building, drove pionees in forest genetics to seek optimal
seed sources for plnting. HL. Dubamel du Moncean, the
Inspector-General of the French Mavy and a forest botanist,
grew Scots pine (Pmuws sdvestris) from Central Eumope,
Russia, Scotland and the Baltic region on his estate in the
1740 and 1750, but the results were never published (Lan-
dget 1971). Around the same time, North American tree
species were being evaluated for wse in Europe, and von
Wagenheim (1787) emplosized the importance of consid-
ering provenance dinwte and soils within the native range
when selecting seed sources for either montane or lowlnd
Cerman planting sites. The need for maval timber also
motivated Patrick Matthew's (1831) litile-lnown book On
Naval Timber and Arboricufture, in the appendix of which
he published a theory of natural selection 28 years before
(harles Darwin

Pierre Philippe André de Vilmorin repeated the eadier
waork of Dubamel in France in the 1820s, establishing a
provemance study of Scots pine on his own estate that
induded seed collections from across Europe and Russia
comprising al previously described varieties and dosely
related species Vilmorin (1862, in Langlet 1971) was the
first to recognize the continvows mature of intraspecific
varation among populations acros geographic areas and
envimnmental gradients, rather than distinet tasonomic or
morphological varieties that might be described f only
populations at the ends of these gradients were sampled.
This work was highly influential in European forestry.

Chades Darwin was a keen observer of tree biology
among other things. In On the Orgrm of Species, e refer-
enced William Hooker's study of Himalavan pines and
thododendrons collected from provenances at difierent ele-
vations and observed they “pessess different constitutional
powers of mesisting cold” when grown at Kew Gardens in
London (Darwin 185%). Darwin abo recognized the
high lifetime fecundity of long-lived trees, and the great
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wide ranges and continuows distributions generally have
lower Fop estinnates and higher Qgr estinmates than species
with smaller or fragmented mnges (Albeno et al 2013).

Cold and drought hardiness

Cold and drought hardiness are important traits reflecting
adaptation to abiotic stresses, but they are difficult to assess
in field tests, as damage from exireme weather events
occus sporadically, and injury or mortality can be difficult
to attribute to the comrect agent. Methods have been devel-
oped to phenotype wedlings for cold hardiness, deought
hardines and phenology in commaon garden experiments
in controlled nursery or growth chamber environments (5t
Clair and Howe 2007; KJ. Liepe, A Hamann, P. Smets,
C.R. Fitzpatrick and SN, Aitken, unpublished data). Meth-
ods have ako been deweloped to screen for resitance to
specific insects and diseases, but these are host and pest
specific and beyond the scope of this review.

To be well adapted to local temperatunes, trees need to
be able to utilize the available frost-free period and grow
competitively @ long as other envieonmental conditions
remiain favourable for growth, vet cease growth and
develop cold hardiness in response to lengthening nights
before damaging fall frosts occur (Fig. 2). In a warming
wodd, cold hardiness may remain an important trait as dis-
ruptions to seasomal thermal cues can pesult in unseasonal
growth, especially in kte winter and spring (Harrington
and Gould 2015). Fall cold hardiness and bud set phenal-
ogy show strong population differentiation and strong di-
nes along  provenance thermal gradients, and less
phenotypic plasticity than spring events (Howe et al XW;
Savolinen et al. 2007; Alberto et al. 2013). Height growth
cessation and bud set in temperate and boreal trees can be
triggered by photoperiod, tem perature cues or endogenous
factors, depending on the species (Cooke et al 2012), and
drought or other stresses can result in eadier cessation
(Howe et al 2004). Winter and spring cold hardiness and
bud Aush phenology show weaker and more variable pat-
terms of varition among populations and show strong
plasticity in response to variation in chilling and heat sum
accumulbation (Duputié et al. 2015 Harrington and Gould
A15). Provemance varation in growth ofien reflects a
direct tradeoff with cold hardiness and frost-free growing
season length (Langlet 1971; Howe ot al. 2004; Savokinen
et al. A7) The dewlopment of methods for artificial
freeze testing of large mumbers of detached shoot or leaf
samples from commaon garden experiments has improved
phenotyping of cold hardines feg. Aitken and Adams
19he; Hanner et al 1999). Mot all phenalogical clines nec-
esarily evolve from avoidance of cold injury: Soularue and
Kremer (2014) showed through population simulations
that non-adaptive dines in meproductive phenology can

Botioen and Bemmek

evolve along environmental gradients a5 a mesult of
selection for overlipping Aowering periods in populations
in different environments.

Clines in growth rate in provenance trials are often more
strongly comelated with provenance temiperature regimes
than with annual or seasomal precipitation variables for
maany temnperate and boreal species (Rehfeldt et al. 1999
5t Chir et al. 2005 Wang etal 2006 K. Liepe, A
Harmann, P. Smets, CR Fizparick and SN, Aitken,
unpublished data) (also see "Shared patterns of adaptive
vadation' section below). While interspecific variation in
drought tolerance is high, drought-related phenotypic
traits generally show weaker population differentiation
than temperature-related traits (McDowell etal 2008
Alberto et al. 2013). Drought hardiness has become a
greater concern than it was historically, as dimate change
i having uncertain and variable effects on precipitation
patterns, and drought-related mortality in natural forests
due to hydraulic failure or carbon starvation has increased
McDowell et al. 2008; Allen et al 2000; Chmura et al
211). As rsing temperatures create greater evapolranspi-
mtional demands, teits relted to water use are aso
receiving mone attention. However, drought hardiness is
challenging to phenotype due to the complexity of
respanses to low water availability, including physiological
and morphological mechanisms of drought avoidance or
tolerance, and potential phenotypic effects of drought
induding growth reductions, injury or mortality. Many
species are quite drought tolerant biter in the growing sea-
son and acdimate following drought exposure (Kozlowski
and Pallardy 20dK2), but exposure to drought earlier can
result in injury of premature growth cessation. It B not
dear the extent to which greater water-use efficiency due
o higher OO concentrations will compensate for ternper-
ature-related increases in drought stress ((hmura et al
2011). Finally, predictions for changes to precipitation
regimes from gobal circulation models vary more than
temperature predictions, and so greater uncertainty exists
arpund future water availability than future termperatures.
Hanting forests with high genetic divessity, induding seed-
lings from wamer, drier populations, should provide
some buffering against this uncerainty as long a5 sites
remain within a species’ bioclimatic niche.

Population vadation in adaptive and neutral genetic
mearkers

While genecological studies suggest divergent selection on
phenotypic traits for local adaptation to dimate must be
relatively strong (Howe et al 2004; Savolainen et al. 2007;
Alberto et al 2013), population genetic studies suggest
gene flow is high, as most widespread species show weak-
to-moderate population differentiation (Fey) for selectively
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focus on phenotypic variation in common garden experi-
menis for characterizing patterns of local adaptation as few
comprehensive populstion genomic studies are available at
this timme.

Using common gardens to predict responses to
dimate change

The we of provenance variation to adapt tree populations
to dimate dunge & not & pew ides. Over 20 vears ago,
when the threat of dimate change to biodiversity was
emerging, Ledig and Kitzmiller {19%2) were the first to
recognize the potential for AGF:

‘If global warming materializes as projected, natural
or artificial regeneration of forests with local seed
sounces will become increasingly difficult. However,
ghobeal weanmming is far from a certainty and predictions
of its magnitude and timing vary at least twofold In
the face of such uncenainty, reforestation strategies
should emphasize conservation, divesification, and
broader deployment of species, seed sources, and fam-
ilies. Planting prograns may kave to deploy non-local
seed sources, imported from further south or from
lower elevations, which necessitates a system for con-
serving native gene pools in seed banks or done
banks’.

Mityis (1904) anticipated the value of provenance trials
as climate dunge experiments that could predict evolu-
tiomary responses to climate change and identify pre-
adapted provemances for future dimates, by substituting
spatial dimatic vardation for temporl variation (although
provenance trials have some limitations, Aitken et al XNW8;
Franks et al 2014). Matyis ako argued for selecting and
breeding gnotypes that peformed well over a wide range
of climates, and investigating what genetic medwanisms
produced phenotypes with broad dimatic stability and
consistent productivity. Twenty vears later, we still lave lit-
the idea why some provenances are productive over a wide
range of climates, while othes have a relatively narmow
productive niche (eg. Wang et al. 2006).

The first comprehensive analysis of provenance trial data
for predicting the mspomse of populations to dimate was
by Rehfeldt et al. (19%). They amalysed 20-year growth
data from the Mlingworth lodgepole pine provenance trial
in British Columbia, an incomplete reciprocal transplant
experiment with 118 provenances and 60 test sites.
Response  functions describing  individual  population
growth a5 a function of individual cimatic variables at test
sites were fit using a quadrtic regression appmach. It is
worth noting that 45% of the respomse functions were not
significant at P < (.1, indicating that local adaptation to
climate is not always detectable, and that there is a lot of
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unexplained site-to-site environmental variation in perfor-
meance at a given temperature or moisture regime (also see
supp. figures in this study). Wang et al. (2006) re-analysed
the Mlingworth trial using improved dimatic data and a
new approach for anchoring respomse functions of popu-
btions based on extrapobtions of niche marginsg from
transfer functions. Better matching oflodgepole pine popu-
lations to new dimates was projected to vield 10-35% mope
wiood than status que local seed wse & in the shorter term,
growth was projected to increxse over historic levels due to
warming of cold-limited environments, but then decrease
farther inmto the future as warmer sites beconse more heat
and deought limited. The same data were wed by Wang
et al. (20010 to develop the universal response function
(URF) approach, integrating the dimatic effects of prove-
mance and planting site in a single model, and to facilitate
selection of the best seed sources for projected Miure
dlimates for a given planting environment. While compre-
hensive field provenance triak can provide excellent know-
ledge for designing species-specific AGF steategies, Bw
species have such comprehensive studies for scientists to
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deaw on, and much data on provemance variation & from a
single nursery or feld test environment, or from sites that
are not warm enough to serve & proxies for future
climsates.

Shared patterns of adaptive variation in western
MNorth American species

To what extent are pattems of local adaptation along di-
matic gradients similar among species within a given geo-
graphic region? If dines in phenotypic tmits are similar,
can average pattems of sympatnic variation guide AGF or
identify critical dimatic variables as a first approximation
for untested species? We reamalysed data from the literature
on proverance trials in temperate tree species from western
North America to address these questions. This is an ideal
region of focus becawse of the many provenance triaks con-
ducied on native tree species that are important for for-
estry, and because its high topographic complexity means
that turnover in climate occurs rapidly and heteroge-
nepusly over short geographic spaces. Clines along dinzate
gradients are thus especially likely to reflect local adapta-
tion to dimate, mther than non-adaptive phenomena
resulting from population demographic history.

Provenance trial data sets

We focused on adaptive dines in three traits expected to
impact fitness of natural populations that are commonly
phenotyped: height growth potential, timing of spring
shoot phenological events associated with growth initiation
("spring events’), and timing of fall phenclogical events
asociated with growth cessation (“fall evenis'). We identi-
fied clines along gradients in mean annual temperature
(MAT), selected a5 a broad proxy for overall dimate, and
mean summer precipitation (MSP), intended to reflect
growing season drought stress. Due to few studies on trees
species from very dry dimaies, and less consistent adaptive
clines identified along the gradient in MSP, we focus pri-
muarily on results for MAT and caution that our results may
not be applicable to species and regions where dimates are
becoming much drier and drought-related mortality is a
major concem [ Allen et al 2010).

We searched the literature for data sets from provenance
trials in which height or timing of spring or fall shoot
evennts was reported. Our search was mstricted to temperate
tree species native to westem Canada and the United States,
west of and induding the Rocky Mountains. Species native
to this region but found primarily in boreal forests, deserts,
grasdands or Mediterranean dimates were exduded. We
initially searched using Web of Saence (Thompson Reuters,
New York, NY) for articles on provenance triak and com-
mon gardens individually for each tree species native to
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British Columbia (Flinka et al. 2000). We then expanded
this search to indude all conifers and common angiosperm
trees (Little 1971) that met our breader geographic and
ecological criteria, by scanning titles of search results for
species plus the word ‘provenance’ in the University of
Michigan Library (using Suremon™, ProQuest, Ann Arbor,
ML USA). We retained data sets in which multiple popula-
tions were grown in a common environment, induding
greenhouse environments and field sites within and bevond
the species’ native range. All data sets for “spring events’
recorded the timing of bud flush, wheress we pooled tim-
ing of bud set, growth cessation and leaf abscission into a
single category of ‘fall evenis' becanse of an insufficient
number of studies asessing bud set. All three fall events are
steps towards the initiation of dormancy prior to develop-
ment of cold hardines, and the timing of these events
reflects Jocal adaptation to maximize the length of the
growing season while avoiding fall frost injury (Howe et al.
2(dM; Rohde and Bhalerao 2007; Cooke et al. 2002). In mat-
ural populations of Pepulus, the timings of these events are
highly correlated (Robde et al. 2011, McKown et al 2013).
Although genetic mechanisms underlying these traits are
complex (Cooke et al 2012), pooling fall events is justified
given the shared pressures from natural selection that
underlie observed patterns in all three traits.

We applied four additional flters to contral for quality
and ensure comparability of data sets among species (i)
the commaon environment must have been free of major
pest or pathogen outhreaks, severe frost or drought dam-
age, and other biotic or abiotic siressors. These siressors
could different ially impact certain genotypes and thus mask
genetic differences in growth potential amaong populations.
{ii) Provenance geographic coordinates must have spanned
at least five degrees of latitude or 50% of the species distri-
bution to ensure dines reflect broad -scale species-level pat-
terns. Small, geographically isolated populations and
populations from a different subspecies or variety com-
pared to the rest of the other populations were ako
excluded. (iii) To avoid pseudoreplication, if height data
were available for the same set of populations tested at
multiple sites or messured at different ages, only the most
recent data from the site with the greatest mean height were
inchaded. Becanse height was assessed at locations with rel-
atively high site productivity, dines represent height
growth potential under good growing conditions. If multi-
ple observations of spring or Ball events were available, only
those from the vear with the greatest variance in timing of
these events were induded (iv) Studies must have met
minimum sample size criteria. These criteria recognize the
practical limitations to experiments in total sample size and
tedeoffs between the number of individuals per popula-
tion and the number of populations for estimating dines.
While experiments with many individuak per population
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(bulk samples) or more families per population estimate
means  precisely, experiments with many  populations
provide better estimates of clines. Thus, we acce pted stud-
ies that had (i) at least 50 populations with as few a3 three
individuak each, (i) at least nine populations of at least
three open-pollinated families each with at least three indi-
viduals per family, or (ii) at least nine populations with 25
individuak each, regardless of family structure. Populations
and open-pollinated families not meeting these critera
were excluded, if population size and family structure were
known (Tables 51-53). Timing of spring and fall events
mist have heen measured in units of calendar days, not
wsing a quantitative scale on a single day.

Provenance MAT was estimated for each population
wing ChrmateWNA (Wang et al. 2012) with provenance
latitude, longitude and eevation provided in original pub-
lications. Simple linear regressions of population mean
values of phenotypic trmits versus provenance MAT were
performed for each species (Fig. 4A). To facilitate com-
parisons among species, megression slopes for  height
growth potential were rescaled to units of percent change
per degree Cebsius increase in provenance MAT (%507,
with 1 asigned to the expected height growth poten-
tial at the midpoint of provenance MAT. Regression
dopes for timing of spring and fall events were retained
in days per degree Cekius increase in provemance MAT
id=C"), but a value of zero was asigned to the expected
date of spring and fall events at the midpoint of the
proverance MAT values. Similar analyses were conducted
for population MSP (Tables 51-53). Although variation
in phenotypic traits along climatic gradients may be non-
linear and better modelled by a quadratic function, visual
inspection  confimmed that most  relationships  wene
approximately linear (Figures 52-59), and linear models
were applied to all species to facilitate intempecific
COMIPArissns.

A total of 23 data sets (for 18 species) were available for
height growth potential, 11 data sets (eight species) for
spring events and six data sets (five species) for fall events
(Fig. 4B, Tables 51-53). Datasets containing population
means from all studies are archived in Dryad (Aitken and
Benumsels 2015). In addition to documenting adaptive di-
nes, we dete rmined how representative the provenandce trial
data sets are of climatic conditions found across each spe-
cies' geographic range. To assess this, we compared the
range of MAT and mean July precipitation [M]P) among
proversanoes to the ralized niche of each species llong gea-
dients in the same dimate vadables Species realized niches
were obtained from Thompson et al (2000), who calou-
lated niches based on the presence-absence data over a 25
by 25 ki grd of North Amerca. MJP estimates were used
to evaluate breadth of precipitation among Proveranoes as
Thompson et al. (2000) did not estimate MSP. The “ful’

e
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climatic niche of the species corresponding to 1% of the
presence observations is likely overestimated due to cli-
matic outliers induced by scaling and methodological error,
whereas the "core’ dimatic niche represented by the middle
80Fn of the presence observations may be a more realistic
estimate of niche (Thompson et a. 2000). Both the full
and core dimatic niches for each species were compared
with the climatic scope of each provenance trial (Fig 4B,
Figure 51B1. For two species (Cornws ruttalii and Populus
trichacarpa) that were not induded in the initial data set
(Thompson et al 20060, we estimated dimatic niches our-
selves we converted species distribution mwaps (Littde 1971,
1978 to the presence—absence data on a 25 by 25 km grid
and extracted climate data (10-arcminute resolution
(White 1987; Hijmans et al 2005)) from the geographic
centre of each grid cell in which the species was present.

Strong, shared dines in growth potential along a
temperature gradient

Regresions of population mean height growth potential on
proverance MAT were statistically significant (P < 0.05) in
14 of 23 data sets (13 of 18 species; Fig. 4, Table 51). Popu-
bation mean height growth potential increased by an aver-
age of 3.6% per degree Celsis incresse in provemance
MAT, which statistically differed from zero  (r-test:
P <0001, 95% confidence interval 2.1 to 5.1%-°C7,
non-significant regressions induded). Mean B was (143
(range: (.19 1o 084, significant regressions only). The rela-
tionship between height growth potential and provemance
MAT was positive in all statistically significant cases. It is
memnarkable that with such a simple amalysis and such a
broad proxy for overall cimate, adaptive dines of similar
magnitude and corsistent direction were detected in so
many species There B undoubtedly much nuance to pat-
terns of adaptation not captured by our results. For exam-
ple, genotype-by-enviromment interaction, induding the
impacts of danmage due to cold or drought, may create
adaptive dines that are nonlinear, or vary in magnitude or
even direction depending on the hashness of the test site
(White 1987; Ying 1997; Porter et al. 2013). Our linear cli-
nes from data collected in relatively warm but productive
sites, on average, could be considered indicators of growth
potential of provenances, rather than predictors of growth
on al sites Differentiation may also be associated with
other dimatic and non-dimatic factors. Despite these
rianoes, our consistent fndings suggest that local adajpta-
tion to dimate i commaon and that general clines in height
growth potential along a temperature gradient in this
region are shared among many species While these amaly-
ses are simiple and may not detect fine-scale patterns of
vadation asociated with other environmental gradiemts,
st seed pones and seed tramsfer guidelines for reforesta-
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tion do not curently address nuanced patierns of adapta-
tion  either, but rather delineste broad map-based
areas within which seed can be moved freely or within
elevational limits, Developing highly complex models to
incorporate al potential sources of variation for all species
into management recommendations is not feasible without
extensive data, operatiomally intractable to implement in
reforestation or restoration, and unnecessary given high
within-population variation.

The absence of a dine in height growth potential with
MAT in five species does not necessarily mean that they are
not locally adapted. Height growth potential was signifi-
cantly correlated with provemance MSF in Finus smontiook
(P < 0001, Figure 55) (Rehleldt et al. 1984]), and the
pattern was marginally non-significant in Psewdotsuga men-
ziesii (P= 0000, (Sweet 1965)) and Cuercws gempena
(P = 0055, (Huebert 2009)). These results sugpest that
adaptation to drought may be more apparent in certain
species than adaptation to temperature or that tempera-
ture-related adaptation may be expressed in traits other
than height growth potential For P albicaulis, Bower
and Aitken (2008) report higher Qe in traits related to
cold adaptation than in growth traits, not surphsing foran
extremely slow-growing species found at the upper treeline
in harsh subalpine climates. Only in Abies procera (Xie and
Ying 1994), a species with a relatively narrow and discon-
tinvous dimatic distibution, did our reamalyses detect no
evidence of adaptation, although traits that were not anal-
ysed may be locally adapted. At the other extreme, the
steepest dine in growth potential was for Picen sitchensis, a
species with a long, narmow distribution along the Pacific
coast and strong local adaptation (Fig. 5).

Local adaptation appears to be extremely common in
widespread tree species and more common than in plants
in general, although we have not wed stringent reciprocal
transplant criteria to define local adsptation. Leimu and
Fischer (2008) found evidence of meciprocal local adapta-
tion sensu striciy in plants in only 45% of pairwise popula-
tion comparisons and superior performance of local
genatypes in 71% of test sites. They also found that species
with large population sizes, true for most widespread tree
apecies, are mome likely to be locally adapted. While our cri-
teria are Jess stringent for detecting local adaptation, they
are more risk averse in terms of forest maragement and
conmservation, 4 it is safer to assume that populations differ
when they do not than to asume that they are not locally
adapted when they are.

Clines in shoot phenology are more congdstent in fall than
sprng

Statistically significanmt regresions of timing of sprng
events versus provenance MAT were found in six of 11 data
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sets (four of eight speciex; Table 52). The signs of dopes
vared and were mostly shullow, moging from —5.1 to 4.6
A0 with 2 mean B of 0046 (range: 026 to 0.82; signifi-
cant regresions only). In three species, spring events
occurred earliest in populations from colder provenances,
while in one species, the opposite trend was observed. In
contest, regressions of timing of fall events versus prove-
nance MAT weme statistically significant and comsistent in
direction in all six data sets (five species), with fall events
occurring earliest in populations from colder provenances
{Table 53). Population mean date of fall events increased
by an average of &3 d-°C" (range: (.89 to 114 45C 3 -
test for significant difference from zero: P = (00149, with a
mean B of 063 (range: 025 to 0.90). Alberto et al. (2013)
abo concluded elevational and latitudinal dines in bud set
wem more consistent among species than clines in bud
flush in a larger number of temperate and boreal tree
spedies from multiple continents

Weak or inconsistent clines in spring events, in contrast
to strong, consistent dines in fall events, may reflect maore
complex patterns of local adaptation in spring While fall
events are usually triggered by critical photoperiod, ar in
some cases by completion of predetermined growth,
spring bud flush is initiated after attaining both sufficient
chilling and an adequate heat sum (Fig. 2). The average
timing of bud flush for a population may depend on par-
ticular local dimatic pattems that allow for adequate chil-
ling and heat sum accumulation at the transition from
winter to spring. Chilling and heat sum requirements, and
the timing of bud flush in a given environment, can vary
anmsong sympatric species; for example, opposite directions
of adaptive dines in bud flush have been reported along a
shared devational gradient in Fagus syboatica compared to
Fraximy exelior and Quercus petram (Vitasse et al.
2010).

Complex and species-specific adaptive varation in bud
flush tioming would render the impacts of dimate change
and AGF much less straightforward for spring than for fall
events or height growth potential. While climate change is
increasing heat sum accumulation in the spring, its effects
on chiling are miced. In many locations, the occurrence of
effective chilling conditions (between O and 5%C) is
decreasing, but in some cold locations with common sub-
freezing terperatures, chilling is increasing with warming
(Harrington and Gould 2005). Chilling and heat sum acou-
mulation can occur simultaneousdy to some extent. Har-
rington and Gould (2015) predicted the effects of dinsate
change on bud fAush timing in 11 tree species in the US
Pacific Northwest and conduded that most species in most
locations would have far eadier bud flush with winter
warming of 3 to 5°C, with only a small rear-edge portion of
the range of a few species not receiving sufficient chilling
and having delayed bud fAush due to environmental effects.
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pared 10 the species malired nche. For esch species, the bottom Ine repgresents the core climatc nohe (Sabd Blad Boe) and full cimatic niche
{dashed extension) n MAT (see text; Thompeon et al. 2000). The upoes Enes represent the range of poeenance MAT values among populations
within eadh prowenance rial for that spedes. Open crces mpesent fie MAT at the test siel) for sach provenance trial Powenance trials mssng an
apen cicle wee grown n a contralied ervimnment. Mot that the y~aois scale in (4) and rois scale i (8) do not cower the full range of data for
sowmae species; this seaing wes applied to ncresse wsihilrty for e majority of the dats sef.

The gemetic varistion we observed in our analyses is far  to climate change is high, and this phenatypic plasticity is
outweighed by this environmental vadation. The potential not always adaptive (Duputié et al 2005). Even if a genetic
for phenotypic plasticity in bud flush timing a5 a response mismatch were introduced between realized and optimal
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timing of bud flush under future dimates through AGF,
this mismatch would likely be minor.

Knowledge of adaptive dines is extensive

The climatic scope of the 23 data sets we reamlysed for
height growth potential covers a large proportion of each
species’ realized niche in temperature (Fig 4B) and precip-
itation (Figure SIB). Provenances sampled spanned on
average 72% ofthe core dimatic niche in MAT and 87% in
MJP. A number of biases were evident in the data sets (i)
species composition is heavily biased towards commercially
important conifers. (i) The dimatic scope of data sets is
biased towards the warmer and wetter portions of species
ranges (average difference between midpoint of prove-
nances and midpoint of species core range: MAT = 1.4°C,
P =00003; MJP =78 mm, P =00511). This pattern
likely reflects greater interest of foresters in faster-growing
populstions from milder environments, and greater sam-
pling accessibility of these populations, and these are alo
areas where forest harvest and reforestation is most likely
tooccur. (iii) Test sites for common gardens were also war-
mer and wetter than average (average difference between
test site and midpoint of species core range: MAT = 2.9°C,
P = 00001; MJP = 20.8 mm, P = (.0349). This may ako
reflect our deliberate avoidance of data sets for experiments
with major damage due to biotic or abiotic stresses that
could differentially inhibit growth potential among popula-
tions.

Despite these bisses, the breadth of knowledge revealed
from provemance trials in westem Nonh American tree

Assisted gene flowin forest trees

species is large, and our analysis includes only a subset of
these trials. Our resulis are consistent with studies indud-
ing other species and regions (Howe et al. 2004; Savolainen
et al. 2007 Alberto et al. 2013). Overall, (i) the number of
species studied, (ii) the dimatic breadth included in prove-
nance trials, (iii) comparsons with analyses in other
regions of the world, and (iv) the consistent finding of
strong, shared adaptive clines in height growth potential
and fall events support the condusions that local adapta-
tion i common in widespread temperate trees, and that
pattems of adaptation along climatic gradients are often
very similar among species. For sympatric species in which
costly provenance trials have not been conducted and
specific knowledge of local adaptation is lacking, the aver-
age patterns of adaptive variation in tree species from this
region are likely 1o serve as a reasonable approximation of
adaptive dines. These average patterns can be used for pro-
ceeding with AGF in untested temperate species, with high
potential benefits and low risk of introducing genetic mal-
adaptation to populations. These patterns can ako be wsed
to make genetic decisions for assisted species migration
(Fig. 1), but because of the ecological effects of species
introductions, we limit our discussion here to AGF within

existing species ranges.

Recommendations for AGF for forest trees

It is time to change reforestation policies and practices
from an emphasis on local seed sources 10 a framework for
AGF in widespread temperate and boreal tree species.
These changes are under comsideration in some jurisdic-

Figwe 5 Pownance vasstion in S-year-aid Piass sichenss from acmss fie spedes ange grown in a comman gaden in Vanmuver, 8C, Canads.
For Bustastive purposes, trees were selecied Fom each populston that were cosest 1o the povenance mean. The state or irovinee of orign and the
prvenance mean amusl tempesture are ndicated . Ths speces shows the steepest cine of st species for height st age 2 in figume 4(A). The popula-
tion Fom Kodiak Band, AX (fg. 3) has poorer growth than expecied for an MAT of 5°C, fkely due tointreeding (Mimum and Atken 2007b).
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tions in Narth America and in Eorope, but many others
are waiting for more information before action, a delay
symdrome common to most dimate change adaptations.
For all such species, we recommend that seed zones and
seed transfer rules be adjusted so genotypes that are pre-
adapted to near-future conditions are used for reforestation
and restoration, either alone, or with composite prove-
mancing in intinate mixtuees with maore local seed sources
(Broadhurst et al 2008). Here, we consider how to best
mitigate fsks and capture benefits of AGF.

Avoiding disruption of seasomal cyces of growth and
dormancy

The risks of AGF need to be evaluated against status o
local seed use in projected future dimates. We have shown
above that most populstions from warmer provenances
compared with cooler provenances comsistently have greater
growth potential over a longer growing season, set bud and
develop cold hardiness later, and nay burst bud earlier oF
later (Fig. 2). Seedlings mowved from milder to cooler loca-
tions through AGF should better match new temperature
and moisture regimes than local populations, enabling them
to better utilize the available growing season.

Climate warming could canse extreme disruption of
growth cycdes in local populations in some limited cases for
environmental rather than gemetic reasons. Relationships
between chilling and heat sum requirements are oomm plex.
Some extreme southern and coastal populations of some
apecies iy no longer receive sufficient chilling to break bud
and resume growth normsally, while others may meet chilling
sums eadier due to an increase in days with temperatures
just above rather than below freezing and effective for chil-
ling (Harrngton and Gould 2015). Some species that
achieve necesary heat sums for bud flush very early in
spring may detect their critical night length well before the
summer sobtice, resulting in premature growth cessation, a
phenomenon observed in Populus blsmrifera transferred
large distances south (Soolanayakanahally et al. A013). How-
ever, if these extreme disruptions occur in local population,
they are unlikely to be exacerbated by AGF from warmer to
cooler locations, and may result in areas moving outside ofa
species” biodimatic niche space. Biodimatic niche modak
should be wed to determine whether an area is likely no
longer within the dimatic niche space of aspecies.

Research on individual species has shown that populations
from drier envimonments can have greater drought hardiness
(e.g White 1987, athough population difle rentiation i rel-
atively weak for most water wse and drought-related traits
{Alberto et al 2013) We recognize that our amalsis does
not directly address local adaptation to drought; however, it
i interesting that phenotypic relationships between growth
aind MSP are non-significant oF negative in species except Fi-
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rius paraderosa and Pieea pungens, where growth is positively
correlated with MSP, and Pmus montiorke, where the Cali-
fomia proverances have low growth potential (Figure S1A,
Tables 51-53). Moderate drought stress can reduce growth,
while severe drought stress can result in tree mortality
through hydraulic falure or carbon starvation (McDowell
ef al 20k Salaet al 2012).

Drought i likely to be a major driver of range contrac-
tion at species rear mnge marging, and bioclimatic mod-
elling should identify geographic amas becoming too dry
for any provemances of a species It will be important to
priortize such provenances as sources for AGF to suitable
habitats expected to persist within the species dimatic
niche, and forex situ comservation. In other pans of a spe-
cies mnge remaining within the species biodimatic nidse
but becoming warmer and drier, AGF of seedlings from
warmer, drier environments should be better adapted to
planting climates than local seedlings. We caution against
miving seedlings from warmer, wetter locations to drier
locations, although this ride will depend on the sesonal
timing of these stresses as seedlings can tolerate consider-
able drought stress late in the growing season [Kozlowski
and Pallardy 2002 McDowell et al Xs08). There is consid-
erably more uncertainty around precipitation than around
future tempermtue regimes in downscaled dimate change
projections. Assisted gene flow strategies should strive to
locate source populations that match both temperamure and
misture regimes, where possible, and mamagers should
consider composite provenancing with more than one
source populition to incresse diversity on drought-proie
sites. Species- and population-specific reseanch an variation
in ternperature and drought hardiness can be wsed to refine
initial AGF strategies over time.

imate projections and pattems of provenance varition
for priodtizing sournce populations and stes for AGF

The projected rate of dimate change varies geographically,
for example with higher latitudes warming more rapidly
than lower latitudes Assisted geme flow strategies should
be designed to re-match genotypes with projected cimatic
habitats in the near future. Depending on the information
available, AGF strategies and policies can be designed
based om (0) climate models alone, (i) climate models
combined with patterns of local adaptation identifying cli-
matic drvers of differentiation for sympatric species, or
(iii) dimate models combined with species-specific prove-
mance trial data. Gray and Hamann (2013) wsed dimatic
data in their amalysis of historic, current and future distri-
butions of population-specific biodimate envelopes of 15
tree species from western North America, assuming major
ecosystem units were a reasomable proxy for populations
They conduded that population already lag an average of
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130 ke in latitude or &)-m elevation behind their dimatic
niches, assuming populations occupied their optimal di-
mates prior to anthropogenic waming. They forecast that
this lag would increase to 340 km in ltitude or 140 m in
elevation by the 20205 While estimated lags varied some-
what among populations within species, and among
species within regions, they were generally of similar
magnitude and always in the same direction. Given the
rapidity with which these climate change-induced adapta-
tionmal lags are growing over time, using generalized pat-
tems of provenance responses or biodimatic envelop shifis
seems to carry less risks than continuing with local seed
use. In somse cases, projcted near-future dimates will have
oo analogues in the 2th century climate nornsl. In this
event, both species and genetic diversity should be
increased to buffer against uncertainty.

At any given location, the horzontal movement required
to track a given dimate spatially depends on both the local
rate of dimate duange and the topogrphic heterogeneity, as
climsate changes more rpidly with increasing elevation than
with increasing latitude or longitude. Loare et al. (20:]
developed the concept of velocity of dimate change, an esti-
mate of distance/tinee required to spatially track climate.
Their method did not take into sccount that movensnts
upslope end in cul-de-sacs once mountaintops are reached.
Hamannet al. (2014) developed newalgorit huns to take such
discontinuities into account. They produced maps of “for-
ward” and ‘revese’ velocities and vectos of dimate change
theat can be wsed to mank po pulations and sites for AGE.

Reverse velocities (future-to-present] <an be used to
evaluate planting sites that will beneft most from AGF, for
example in tems of health, productivity and cartbon
sequestration. In general, valley bottom sites and large, rel-
atively flat areas will likely benefit the maost from AGF as
they have the highest velocities and are farthest from pre-
adapted populations.

Forward velocities |present-to-future] indicate the dis-
tance and direction that populations would need to move
im order to track dimate. Higher forward velocities indicate
populations that are the farthest from suitable future labi-
tat. These populations should be high priority for both ex
sty conservation, and for AGF moving individuk to a
location where they are more likely to persist as dimates
warmn. Generally, mountaintops have the highest forward
velocities as populations in these areas cannot migrate
uphil farther and would have to travel large horzontal dis-
tances to find suitable future clinates.

Local topographical variation can affect levels of genetic
variation within populations due to gene Aow across
heterogeneous lindscapes Yeaman and Farvis (2006) found
lodgepole pine populations in mountainous areas of high
topographic variability had greater quantitative genetic
variation for phenotypic traits those in flatter lindscapes.
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This suggests that in addition to higher velocities, popula-
tioms in less topographically variable areas may have less
genetic variation for evolutionary respomses to dimate
change, and may benefit most from AGFE.

Extent of adaptational lag

Histaric seed transfer policies generally asumed that local
populations in different parts of a species minge were equally
well adapted to their local dimates. However, many wide-
spread, continuously distributed tree species likely have
abundant centre distributions, with higher population den-
sities in the centre of the range than at the perpheries. If
this is the case, gene flow is prdicted to be sy etrical
and greater from central populations to the perdphery than
the reverse (Kitkpatrick and Barton 1997), as estimated for
FPigea sitchenss based on single nudeotide polymaorphizms
(Halliday et al. 2012). For a species distibuted along a tem-
peratune gradient, for ecample latitudina oF elevational, this
means populations originating from near the warmer spe-
cies margin should be adapied to cooler conditions, on
average, than they inhabited historically, and those towards
the colder species margin should be adapted to warmer con-
ditions. Lodgepole pine in British Columbia shows evidence
of this pattem in porthem provenances (Rehieldt et al.
190 Wang etal 2006). The degree of maladaptation
resulting from climate change will be greater for popula-
tions from the warmest porion of the species range, while
those in the colder portion of the range may benefit from
slightly warmer temperatures i situ, and are at less risk of
maladaptation in the short term (Davis and Shaw 2001;
Diavis et al 2005). For species with abundant centre distri-
butions, populations towards the warmer species marging,
but expected to still be within the species dimatic niche,
and central populations will benefit the most from AGF,
with those towands the cooler margin still benefiting but to
a lesser extent. The different slopes of some species in
Fig. 4A may reflect varying effects of gene fllow homogeniz-
ing populations, mther than different selection pressures.

Timme frame to target for AGF

Climnate change presents a moving target for matching
genotypes to sites. For short-rotation length woody crops
such & poplars and Ewcalyprus, this is not a big problem,
but for the majority of temperate species with rotation
lengths ranging from 40 to 100 yeas, it is dullenging to
determine what life stage AGF should target. The first few
veas of a seedling's life are the most vulnerable to abiotic
stress, for example cold injury and drought stress, but
wood production and carbon sequesiration mtes are high-
est around mid-rotation. Trees that might be well adapted
to conditions bter in the rotation, but that do not grow
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well under conditions eady in the mtation, are likely to die
due to demsity-dependent competition and pot become
part of the ovestory. We recommend that if a single seed
source is wsed for reforestation, that it be matched for tem-
perature regime, and if posible for moisture regime, with
expected site conditions in about two decades. If composite
provemancing of multiple sounces is used, we reco mimend
combining seedlings from a source population where di-
mate matches current conditions with seedlings fom a
source where climate matches predicted conditions in
approximately two decades.

Genetic diversdty

For widespread temperate and boreal species, especially
those that are wind-pollinated (e.g all conifers), genetic
diversity for selectively neutral genetic markers diminishes
somewlat across species ranges from central to peripheral
populations, on average (Hampe and Petit 2005), but this
effect is generally very weak in widespread species with con-
tinuous ranges (S Aitken and B. Fady, unpublished).
Cenetic palymorphisms asocated with dimate or cimate-
related traits (eg. Prea sitchensis, Fig. 3) are genemally
widespread Asisted gene flow is unlikely to introduce
many adaptive alleles, but it will increase adaptive diversity,
frequency of pre-adapied alleles and frequency of pre-
adapted genotypes compared to local populations.
Increased genetic diversity should provide some buffer-
ing in the Bee of uncertain dimates, 25 many more seed-
lings are planted than can co-exist in a mature stand
Matural hybrid populations provide an example of divesity
facilitating adaptation across brosd climatic conditions.
They have higher levels of genetic diversity, on average,
than parental species, and this diversity has facilitated
adaptation to a wide range of dimatic niches. For example,
in western Morth America, Picea gliuca x engelmannii pop-
ulations are locally adapted to conditions spanning from
boreal to subalpine climates (De La Torre et al 2014), and
P. glawca x sitchensis populations are locally adapted to di-
mates ranging from martime to continental dimates
(Hamiltion and Aitken 2013). Limited introgression occurs
among all three species in areas where these major dimatic
zones meet (Hamiton et al. 2015). In species forming nat-
ural hybrid complexes without evidence of outhreeding
depression, AGF could be used to plant seedling mixtures
with a wide range of hybrid ancestries in source popula-
tions, allowing competition and selection to favour those
combinations that are well adapted to new climates.

Avoiding outhreeding dep ression
AGF is not recomimended between long-diverged evolu-

tiomary lineages (eg. varieties or subspecies) if those
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limeages and their hybrids have not been well studied, and
if populations are expected to maturlly regenerate in the
future {Aitken and Whitlock 2013). Phylogenetic and phy-
logeographic studies provide the data necessary to evaluate
divergence. Quthreeding depression could result from mix-
ing long-diverged lineages, although it appears to be less
commaon than previowsly thought (Whiteley et al 2015)
and i unlikely to occur between populitions of wind-paolli-
iated trees with a continious distributio n. Population sim-
ulations  suggest matural  selection will resolve  mild
outbreeding depression fairly quickly (Aitken and Whitlock
2013).

Raole of epigenetics

At present, not much is known about the extent of epige-
netic effects of matermal environments in forest trees
Research on Picea abies is the most comprebensive avai-
able. Tin this species, tempermtunes of maternal enviromm ent
during seed maturation can have a profound effect onseed-
ling physiological traits, with seed produced in wamer
envimonments producing delayed fall phenology and
decreased cold hardiness, with effect sizes varying geneti-
cally among families (Kvaalen and Johnsen 2008). If this
effect exists more broadly across tree species, then the dines
in Fig. 44 are likely inflated by epigenetic effects of prove-
mance environments where seed was collected. Assisted
gene flow can utilize both genetic and epigenetic variation
for pre-adapting forests to dimate change. Further research
& neaded in this area to understand epigenetic effects, but
this should not delay implementation of the modest degree
of AGF, we recommend here.

Selectively bred vesus natural populations

Optimsal dimatic distances for AGF may differ between
seedlots from selectively bred populations and those from
matural populations Selectively bred reforestation popula-
tions will typically have been tested over a range of
envimnments within a breeding zone, and be better charac-
terized than natural populations. Species with selective
breeding programs will abo usually have comprehensive
provemance trials. While in most species, population aver-
age growth and cold hardiness are negatively correlated, the
effects of selective breeding for increased growth on local
adaptation to dimate differ among species (Howe et al
204). For some species, selection for faster growth will
result in delayed budset (eg. Laroc occedentalis, Rehfeldt
1945), potentially pre-adapting material in breeding pro-
grams to new climates. For other species, faster growth
through selective breeding has been achieved through
incressed growth rate, not extended growing season
duration.
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Insect and disease resistance

We have not reviewed the literature on patierns of insect
amd disease pesistance, but warmer winters, longer grow-
ing seasons and changing precipitation regimes are alow-
ing pest and pathogen ranges to expand into areas that
were previowsly too cold (Weed et al. 2013). It is unlikely
that AGF from warmer to colder popubitions will
increase suwsceptibility to currently temperature-limited
insects and disesses compared to plnting local, ndive
populations that have not recently experienced pressure
from these pests. High lewels of genetic divesity from
AGF may also provide some resilience in the face of
changing pressures from both mative and exotic pests and
pathegens.

Local adaptation to non-climatic factos

For some species and environments, local adaptation to
non-climatic factors may alo need to be considered [Ait-
ken and Whitlock 2013). Most temperate species oceane
height growth, set terminal buds, and initiate cold-handi-
ness development in response to a critical night length, and
long bititudinal transfers northward may disrupt this rela-
tiomship (Aitken and Whitlod: 2013). We recommend
AGF be limited to a few degrees of latitude, especially at
high htitudes where photoperiod dwanges more quickly
than at lower hatitudes. Short latitodinal transfers or longer
elevational or longitudinal transfers will not disrupt pho-
toperiodic signaks.

While to date there have not heen many studies of local
adaptation to edaphic factors, AGF of populations or vari-
eties endemic to particular soil types or locally adapied to
soil biota may lead to maladaptation, for example with
mycorrhizal fungi (Kranabetter et al 2012; Kramabetier
2014). In Psewdotsugn mensiesi, a seedling greenhouse
common garden was used to test the performance of sev-
eral provenances with soils from each of those provenances
(Pickles et al. 2015). "Home' soils did not result in the
highest growth for most po pulations, and growth was high-
est, on average, for populations planted in soiks from drier
locations than their provenances. Survival was higher in
fungicide-treated soil than in non-treated soil, and showed
no Jocal adaptation. However, in non-fungicide-treated soil
a signature of local adaptation for survival was observed,
suggesting complex interactions may exist between fungal
and tree populations.

Summary and recommend aticns

When Ledig and Kitzmiler (1992) first wrote about the
potential for AGF, dimate change was fr from a centainty.
That is no longer the case: the evidence for global dimsate

Accicted gene flowin forest trees

change is now unequivocal, and it is time for both adapta-
tion and mitigation strategies to be implemented broadly
and rapidly. Here, we summsarize our recommendations
for AGF of forest trees, utlizing the broad knowledge that
has accrued on local adaptation over the past several cen-
turies.

1 Forspecies with long-term feld-tased provenance trial
data available, AGF strategies can integrate information
on provenance productivity and other traits with
dlimate change projections. Assisted gene flow can com-
pemsate for climate change and also increase productiv-
ity and carbon sequestration by correcting for pre-
global warming adaptational g a wel a expanding
planting arexs for exceptiomally productive prove-
nAnCes.

2 For species with information on genetic dines from
seedling experiments or comprebensive genome scans
for adaptation, environmental drivers of local adapta-
tion can be identified and populations adapted to simi-
lar dimates can be identified and grouped. Assisted
gene flow strategies can be designed to match these
genetic groups with new dimates.

3 Forspecies without studies available on adapiive popu-
lation divergence along climatic gradients, we suggest
designing AGF acconding to average patterns for sym-
patric species, or using purely dimatic data to match
provenances with anticipated site conditions. This will
be less risey than ignoring dimate change and continu-
ing with reforestation using local seed.

4 Forest managers should consider com posite provenanc-
ing, mixing seedlings grown from local sources with
AGF-selected non-local seedlings to increase divemsity
and resilience, and reduce risk of plntation or restora-
tion falure. Many more trees are planted than can co-
exist to maturity, and competition will thin them over
timse, retaining the best adapted The ratio of local to
non-local seedling should depend on species genecolog-
ical knowledge as well as forest maragement ob jectives.

5 To improve forest health and productivity, priortize
sites with high reverse velocities of dimate change for
AGF to incresse forest productivity.

& To conserve genetic divesity and genotypes adapted to
climatic extremes, prioritize AGF of populbations near
species rear edges to areas expected to persist within the
species biodimate niche.

T Until seed transfer guidelines or policies are rewritten
to include AGF, all seed transiers from colder collection
sites to milder planting sites within a seed zone should
CEaEE 45 3 SLOPEAP Measure.

8 Match populations with middle-of-the-road dimate
pmjections for two or so decades in the future. Seed-
lings need to be able to grow under typical conditions
and survive extreme cimatic evenis during establish-
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Box 1: Personal reflections on and lessons from a career inforest genetics — Sally Aitken’

T knew T wantad to be an evolutiomary biologist from an early age. When Twas 5 years old, my fmily spent 2 month camping at the
Burgess Shale, while my father worked as part of an international team of gealogists to quarty for hranch origins in the tree of life in
ame of the world' s most important nssil heds. At the age of 12, my fathe encowraged me 1o read Darwin's “On the Ongn of Sparis™.
This was 2 transformative experience that drove my areer interests in genetics and evolutionary biology. Guesing that genetics might
matter in lomestry, and wanting to work in @ applied field, T started the Forest Resources Management program in the Faalty of For-
estry at the University of British Columbia (LTBC) in 1979,

Don't avoid male-dominated fields: The almast complete mae domimtion of forestry in the 19705 did not dissuade me, thanks
to my parents’ influmce. My mother had 2 degree in agriculture and had worked in various resarch lahs prior to starting 2 Bmily,
and through my father T met many scientists, mostly men but a few women. At siteen, when looking for 2 part-time job that would
accommudate ski racing, [ ohseaved that only guys seemed to work 2s ski technicians. On hearing this, my father sid he never wanted
to hear me say T couldn’t do something because T was fermale. T applied at three skishops, md was offered three johs.

The value of chance meetings: At UBC, there were no female professors in the Faculty of Forestry while [ was an undergrduate.
However, my ahort had had a higher proportion of female students than ever hefore, and the envimonment was supportive. A sum-
mer job i 198 1 working on sibdcutural reseanch trials near Prinee George, BC, landed me by chance next to Jon Districhson, a Mor-
wegian forest geneticist, on 2 field trip bus. This enmunter strtal my arer in forest genetics; he hired me the next year asa Trainee
in Tree Brealing at the Norwegian Forest Ressarch Institute T remymmend that students and postdocs talk to panple they don’t know
at mnference coffes breaks, reeptions md field trips, as these enmunters might open doors unexpectedly.

The value of mentors: Tn 1984, T started graduate studies with WL [Bill) Libby at the University of California, Berkdey. Bill men-
tored many people, both women and men, in forest genetics. He was a prolific soure of new ideas and something of 2 futurist in pre-
dicting technologies, and he taught me to think broadly. T had many other mentom in Berkeley, induding Connie Millar, who
complaed her PhD with Bill Libhy 2 few years zhead of me in conife population and comservation genetics, and i nowa well known
expert on tress and climate change Tom Ledig and Tom Conkle were generous with their advice and with their lshomatory Boilities at
the USDA Forest Service Southwest Resenrch Station They hostad 2 weekly forest genetics coffee with W_B (Bill) (ritchhed, who
inspired me to study the origins of Pimes conforta ssp. bolanden in the Mendocing pygmy forest. An inemship at the historic Institute
of Forest Genetics with postdodor] fellows Clire Kinlaw and David Mele in the early days of DNA sequencing helped me decide T
did not want to bemme 2 molecular biokogist, but instead wanted to stick with population, quantitative and ecological genetics. Tt is
mare than a litle ironic that genomic methads now play a brge role in my research.

The value of applied experience and collaboration: My fist post-dodor] academic position was at Oregon State University,
a5 first 2 Research Associate then as Research Assistant Professor with the Pacific Morthwest Tree Tmprovement Research Cooperative,
warking with Direcior and Professor W, T. Adams {1990-1996). T gained experienc in tree hrealing and quantitative genetics, and
developed a batter understanding of seasonal growth and dormancy cpdes through repatedly phenotyping field @mmmon garders. T
also developal more fluency in operational forestry, which biter helped me establish colbborations, sucessfully obtin applial fund-
ing, and identify genetic questions that addressed applied problems. Close col bborators inchided Katy Eavanagh, Bathara Bond, Bar-
bara Lawchenbrach, and Les Fudhigami, all of whom taught me phenotyping techniques for dought and cold hardiness. T also learned
how nat i do some things: how not to be rdegaied i the role of 2 resemrch assistant while an assistant profesor; and how not to get
bogged down by administration and service at the expense of publishing. My daughter was an infint when 1 started this position, and
halancing work and motherhood was challenging. It gets much easier to publish and parent simubaneowsly with time. My daughier is
now a PhD student herself, and T leam a great deal from her.

Good fortune and good people: In academia, we get little say in where a tenure-trck ofler might come from, so it feht like win-
ning a lottery when I was oflered the job of my dreams, an NSERC Industry Chair at my alma mater in 199%. Given my research
remd at the time, my department took 2 chance on me In the 18 yers since then I have been very fortunate 1 have hardworking,
intdligent and kind grduate students, postdocs, research asociates and research assisnts; supportive colleagues; productive and
thoughthil mllzhomtors and good resmrch fimding. We startad the Centre for Forest Conservation Genetics in 2001, and T owe much
to our talentad Asociate Director Tongli Wang and b and project manager Pia Smets. Half the profsisoms in my Demrtment are
now women, and our undergadusie students in Forest Resources Management, Forest Sciences, and Naturzl Resources Conservation
are close to gender habned. Tudith Myers (fetured in this spedal issue) has been a key mentor for me and many other women scien-
tists at the University of British Columbia. The lamge-scale AdapTres gmnomics projedt has allvwed me o colbborate in an emerging
area of sdence with a2 group of outstanding evolutionary hiclogists, and they have taught me 2 great deal. My mriner Jack Woods i
very suppartive of my career, which has been an enormous help. While subconscious gender bias in science and academia remains
commuaon, T increasingly see both male and female colleagues working @moperatively against it. One imporent lesson T've learned over
my career s what really matters for wellbsing and productivity i maintaining a positive and supportive atmosphene in my research
group, and chomsing mllabomtors carefully. Fimlly, at this career stage, great pleasure comes from seeing young scientists T have
winrked with progress in their careers in the directions they desire.

"This paper has heen written for 2 special issue featuring women in evolutionary biokigy; and thee personal reflections are in
Tesponse to 2 request by the editors,
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ment. Projections farther into the future would ako
require choosing among or taking into acocount more
variable and uncertain dimate change projections.

@ AGF should be implemented with other silvicultural
practices that will increase forest mesilience, induding
mixing species and increasing planting density to allow
for greater monality during establshrment.

1 The genetic origin of plantings should be tracked over
time to alow for monitoring of health and effects of
interactions with biotic and abiotic agents, and to facili-
tate adaptive managenent a8 dinates change.
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1 | INTRODUCTION
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Abstract

Identifying amd monitoring locally adaptive genetic variation can have direct utility for
conserving species at risk, especially when management may include actions such as
tramslocations for restoration, genetic rescue, or assisted gene flow. Howewver, genomic
studies of local adaptation require careful planning to be successful, and in some cases
may mot be a worthwhile use of resources. Here, we offer an adaptive management
framework to help conservation biologists and managers decide when genomics is
likely to be effective in detecting local adaptation, and how to plan assessment and
monitoring of adaptive variation to address conservation objectives. Studies of adap-
tivee variation using genomic teols will inform conservation actions in many cases, in-
cluding applications such as assisted gene flow and identifying conservation units. In
others, assessing genetic diversity, inbreeding, and demographics using selectively
neutral genetic markers may e most useful. And in some cases. local adaptation may
be assesszed more efficiently using alternative approaches such as common garden
experiments. Here, we identify key considerations of genomics studies of locally adap-
tive varation, provide a road map for successful collaborations with genomics experts.
including key issues for study design and data analysis, and offer guidelines for inter-
preting and using results from genomic assessments to informn monitoring programs.
and consendation actions.

KEYWORDS
adaptive management, conservation genetics, conservation planning. lecal adaptation, natural
selection, next-generation sequendcing, outlier detection

other adaptations are advantageous only under certain local emviron-
mental conditions, termed local adaptation (Bax 1) Information on the

Matural selection is a powerful force that can shift the genetic makeup
of & populstion through tme, increasing average fitness of individuals.
Some adaptations, such as resistance to a widespread dizease, will in-
crease fitness of individuals in most or all populations of a species, while

TThazs sarthor contributed mgualy bo thiz work.

extant and nature of local adaptation can be used by managers to infom
conserdation actions to improve the evolutionary potential and adaptive
capacity of populations under the diverse stressors imposed by chang-
ing ervironments (Box 2. For esample, the success rate of restoration
and reintroduction efforts can be improved by matching genotypes to
current or future ervironmental conditions. In reforestation efforts,
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BOX 1 Definitions

Adaptive management- A structured decision-making framework for problems where decisions are recurrent and uncertzinty is an impedi-
ment to action (Runge, 2011}
Bioinformatics: A scientific field at the intersection of mathematics, computer science, and statistics, which develops methods and software
for analyzing and interpreting complex biological data. Bioinformatics is commonly wsed to analyze lerge next-generation sequencing
datasets.
Common garden: An experimental approach in which onganisms from two or more different emdronments are moved from their native
environment into & common ervironment and reared throwgh an entire life cyde under the same conditions. Traits are compared among
individuals from different native environments to determine whether there is a genetic component to the differences among
environments.
De novo assembly- Seguence reads are aszembled without the aid of a reference genome. Instead, sequence reads are assembled into
contigs (owerlapping sequences that are nearly identical) and scaffolds (sets of contigs oriented approximately in relation to each other).
Cuality of de nowve assemblies is assessed using metrics including the length of the contigs and the degree of sequence overlap. De nova
assembly is common in studies of nonmodel organizms where reference genomes from the focal spedies or related species are not
available
Effective population size (N |- The size of an ieal, randormiy mating population that experiences genetic drift at the same rate as the census
population (N ). Typically, N_is smaller than N, due o processes that accelerate drift such as nonrandom mating, unequal reproductive
success, and fluctuating population sizes. N_/N_ iz often 1/10t0 14, but sometimes much smaller. To simplify slightly, N_ i approsdmately
the number of individuals in a population who contribute to offspring in the next generation.
Exome: The subset of the genome that is composed of exons, the parts of genes that are tranccribed after RMA splicing oocurs (Le., se-
guence data not including introns or other noncoding regions of the genome).
Genetic drift: A change in allele frequencies owver time due to stochastic processes (random transmission from generation to generation).
Dirift occurs in all populations but operates more quickly in small populations (N, = 1000, althowgh there is debate on the exact threshald).
Crift decreases gensetic variation and drives alleles toward fixation (freguency of 0 or 1)
Genetic markers: Any type of genetic sequence information that can be used to identify differences between individuals, populations, and/
or species. Examples incluede (but are not: limited to} microsatellites, fragment length polyrarphisms, single nucleotide pobymaorphizms, and
EEnE SEqUences.
Genomic: A loosely defined term that can refer to the use of lange numbers of anomymous genetic markers [thousands to millions), the use
of targeted gene sequences, or anahyses that account for genomic context such &z linkage. recombination, or gene function (Allendor et al.,
2010; Gamer et al, 2014). The distinction between “genetic” and “genomic” studies varies acrass the tersture. Here, we differentiate
genetic studies a5 those using smaller sets of markers that can be treated &z independent, whereas genomic studies use many markers that
are na longer presurmed to be independent loci. Most genetic studies address questions related to neutral processes (e.g . gene flow, ge-
netic drift), while genomic studies often address guestions related to local adaptation, selection, and ecologically relevant traits. Due to the
large number of markers produced by genomic studies, questions related to neutral processes are also frequently addressed, providing
greater resolution than genetic studies.
Indicator variable: A variable that is being monitored, such as heterozygosity. When the indicator variable reaches a trigger point, a preds-
fined conservation action will be taken which aims to bring the indicator variable back below the threshold.
Limkage- A statistical association bebwean two genetic markers that anises due to the markers being physically located near each other on
a chromasome, close enough that recombination bebween the two markers iz unlikely. Genetic markers may exhibit statistical linkage iF
they are inhernted together (Le., do not independently assort], even if they are not physically proximal.
Local adaptation: Diue to the action of natural selection, resident genotypes have higher relative fitness in their local ervironmenit than
genotypes from other environments.
Microsatedlites: Anomymous markers whose alleles are defined by polymorphism in the length of the DNA sequence. Microsateliite markers
hawe mamy different alleles (in comparison with biallelic 5MPs), meaning that genstic variation can be captured by fewer microsateliite
markers than would be captured by the equivalent number of SMPs. Therefore, most microsatellite studies have feweer than 30 markers,
compared to mare than 1,000 markers for studies using 5MPs. However, this low number of markers doss not provide sufficient genom-
ewide coverage for estimating genomewide parameters.
Rediprocal transplant: An experimental approach in which organisms from two different emvironments are raized in both emvironments.
Traits are compared between environments to determine whether there is a genetic companent to the differences between environmenits
|adaptive differentiation).

(Continues)
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BOX1 (Continued)

Recombination: The exchange of gensatic material either between multiple chromosomes or between different regions of the same chro-
masome. Recombination typically accurs during meiosis, when homologous chromosomes pair up to be passed on to the gametes (this
process is also referred to as *crossover’).

Sensitivity analysis: The process of testing a vanety of paremeter settings wsing the same starting data (eg., raw reads) to compare the
results from different parameter combinations. If the results from different parameter settings are qualitatively similar, then the results are
likely & real signal. If the data are highly sensitive to parameter settings, it might be worth investigating to see whether there iz a major
source of bias in the dataset.

Singhe nuclectide pohymorphism (SMP: One base pair in @ DMA sequence that shows variation among individuals. SMPs are typically bial-
lefic (hawve only two alleles) and occur frequently throughout genomes.

Transaripbome: The set of messenger RMA transcripts that are produced in a cell or tizsue in response to factors such as the environment
or developmental stage. To generate sequencing data for these messenger RMA transcripts, RMA from a particular tissue is comverted to
DMA and sequenced in short reads on high-throughput sequencing machines (g, llumina machines). Thesa short reads are then biginfor-
matically aszembled to create sequences for genes; these consensus gene sequences are the “transcriptome.”

Trigger point: A value for an indicator variable that is decided before monitoring begins. When the indicator variable reaches this point, a

predefined conservation action will be implernented.

tre=s of local provenance outpearform those from distant seed sources,
with greater sundval, heafth, and productivity due to local adaptation to
climate (Aftken & Bermels, 2016, Langlet, 1971). By contrast, if local
adaptation exists but is not acoounted for, restoration and reintroduc-
tion may be less sucoessful because individuals fail to thrive under the:
local emvironmental conditions. This outcorme wastes resources and
may cause negative ecological impacs. For example, sowing poorty
adapted seed from native plant species in the Great Basin has resulted
in poar establishment despite 3 high price tag (Kulpa & Leger, 2013
Leger & Baughman, 2014; Rowe & Leger, 2012) Genetically based heat
tolerance may be similarly crucial for restoning or managing fisheries and
coral systems (Jensen et al, 2008; van Oppen, Oliver, Putnam, & Gates,
20151 In situstions like these, identifying geographic pattems of local
adaptation informs and improves conservation actions.

‘While the traditional method for testing local adaptation iz to assess
the relative survival and fitness of populations in reciprocal transplant:
or common garden experiments, this is costhy, time-consuming. and
often not feasible for spedies at risk. Another complementany approach
that can be used in any spedies is to screen large numbers of genetic
markers to identify variation associated with emdironmental factors or
adaptive traits. These analyzss, made possible dus to advances in ge-
netic saguencing technologies (.2, next-generation sequencing, NG5,
prowide unprecedented opportunities to integrate genomic data into
conservation management of nonmodel species (Harrizson, Paviowa,
Telonis-Scott, & Sunnucks, 2014; Hoffmann et al, 2015). However,
genomic studies of local adaptation are not appropriate, informative,
or necessary in all cases (Allendorf, Hohenlohe, & Lwikart, 2010).
Additionally, despite falling costs, these studies still require significant
financial and computational resources, as well bicinformatics expertiza.

Sevaral reviews already exdst on the pofentisl of using genomic
data to detect adaptive variation for conservation purpases (Allendorf
et al., 2010; Harrisson et al., 2014; Hoffmann & Sgro, 2011; Hoffmann
etal, 2015 Sgro, Lowe & Hoffmann, 2011; Stapley etal, 2010
Sadliman & Armstrong, 2005 Here, we aim to provide a guide to help

conservation biologists and managers decide whether using genom-
ics to detect local adaptation is an appropriate investment, as well as
a road map for successful collaboration with genomics experts. We
emphasize the iterative and challenging nature of studies of adaptive
vanation and the specific need for manitoring programs that are linked
to consenvation actions, which are often characterized by high uncer-
tainty. We also describe situations when identifying local adaptation
using genomic approaches iz not likehy to be useful. We use a modified
adaptive management framework (Rungz, 2011 Williams & Browr,
2016) to highlight the important steps in & genomic study of adap-
tive varistion that includes both assessment and monitoring (Figure 1k
Pian, Design and Implement, Evaluate and Act, and Adjust. & key dis-
tinction we make within this framework iz between genomics-bazsed
assessment, which is 3 point-in-time evaluation to identify exsting
adaptive variation in the populations or species of interest, and pop-
ulation genetic or genomics-based monitoring, which has a termparal
companent to monitor change (Schwartz, Luikart, & Waples, 20071
In most cases, a5 reflected in Figure 1, monitoring protocols will be
developed from the initial genomic assessment. The best resuls will
come from team members (ecologizts, geneticists, bicinformaticians,
oconservation managers) working together through the entire adaptive
management cyce and sharing their expertize while communicating
uncertainties, practicalities, and aszsumptions to other team members.

2 | PLAN: INCLUDING ADAPTIVE
VARIATION

21 | Determine whether knowledge of local
adaptation informs conservation objectives

Many projects with consenvation goals can be informed by knowledge
of local adaptation (Baox 21 In some cases, such as assisted gene flow
{Bax 2), incorporating adaptive variation into the assessment plan iz a
primary objectve [Aitken & Whitdock, 2013). Altematively, conservation
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Box 2 Conservation actions benefiting from knowledge of local adaptation

Identifying geographic patterrs of local adaptation, the environmental drivers of divergent selection among populations, and genes and
their variants imvobeed in local adaptation can inform consenvation strategies for species at risk (Allendorf et al., 2000; Shafer et al., 20135),
espedially in the context of changing emvironmental conditions (global changes in dimate or local changes in land wse, fire, hydrology, and
other processes altering & species’ local habitat). Genetic variants that help individuals within populations sunvive or reproduce more under
new ervirgnmental conditions would be considered adaptive. If adaptive genstic vanants are identified, individuals with genotypes mare
likely to have higher fitness in lecal environments could be used in breeding, reinforcement, or reintroduction programs to help ensure
sucoess of those programs (He, Johansson, & Heath, 2014; Kelly & Phillips, 2014; Sgro et al, 2011). Managers could also monitor the fre-
quency of these genstic varants over time to gauge the genetic health of a population, or to assess changes in allele frequendies following
management interventions (Schwartz et al., 2007; Shafer et al, 2015).

Although adaptive genetic variation is an important consideration for consenvation actions, it is dear that managing for specific adaptive
wanants without regard to genetic variation across the rest of the genome should generally be avoided (Pearse, 20146), unless such variants
are well verified by other evidence (e.g., aridity tolerance in eucalyptus; Steane et al,, 2014) and the situstion is urgent (e.g., disease progres-
sion). Even in cases where the evidence for genetic adaptation iz strong, management interventions should strive to consene adaptive vari-
ation without eroding genomewids variation (Giglio, vy, Jones, & Latch, 2014; Haig Ballow, & Demickson, 1990 Spisiman, Brook, &
Frankharn, 2004]. Convers=ly, management actions designed to preserve genomewide variation may either imeobve risks of disrupting local
adaptation to monclimatic factors (eg., biotic interactions, soils) if local adaptation is not well understood, or could result in outbreeding
depression if individuals from long-diverged populations are mixed and interbreed (see Frankham et al, 2011 for guidance on when thiz
might cocur). However, many conservationists angue that the benefits of infroducing needed genstic variation for challenging environmen-
tal conditions may outweigh these risks (Aitken & Whitlock, 2013; Whiteley, Fitzpatrick, Funk, & Tallmon, 2015}

Balow we provide some specific conservation actions that would benefit from the inclusion of assessment and monitoring of adaptive
wariation.

Assisted gene flowe Assisted gene fiow is the movement of individuals within the species range from an adaptively divergent source popula-
tion that has genetic variation predicted to be adaptive under future environmental conditions (Aitken & Whitlack, 20703; Prober et &, 2015).
MG5 can be used to characterize local adaptation based on environmental conditions. Then, *preadapted” genetic variants from a source
population can be moved into a recipient population to improve evalutionary potential ‘While appropriate source and recipient populations
could be selected based on climatic and other ecological data (a “best guess” approach), such efforts would be better informed by knowledge
of adaptive variation and climatic drivers of local adaptation. Assisted gene flow is expected to be especially beneficial in dispersal-limited,
long-iived spedies such as trees (Aitken & Bemmels, 2014 Gugger, Liang, Sork, Hodgskiss, & Wright, 2017; Steane et al., 2014,

Drefining conservation units: Starting in the 1990x, a few (5-25) selectively neutral markers (e.g., microsatellites and organellar DMA] were
commaonly used to delineate conserdation wnits. NGS provides increased resolution, while also allowing for characterization of adaptive
differentiation among populations. Funk, Mckay, Hohenlohe, and Allendor? (2012} explain how to use both newtral and adaptive dats in a
complementary way to delineate concenvation units that meximize adaptive capacity, while Ahrens et al (2017), Guo, Li, and Merila (20148),
Lsh et al {2016}, and Peters et al. (2016} provide empirical examples.

Emvironmental epidemiclogy and disease dynamics: MGS can be used to investigate the genetic basiz of disaase, parasite, and toxin resist-
ance. This is a relatvely undenutilized application of BG5S inwild populations, althowgh a few excellent eamples exdst. including identifying
the genetic besis of adaptation to harmful algal blooms in coastal and estuanine common bottienose dolphins (Cammen, Schuliz, Rosel,
‘Wells, & Read, 2015), and identifying a rapid evolutionary response to transmissible cancer in muttiple populations of Tasmanian devils
(Epstein et al., 2014).

Genetic rescues The aim of genetic rescwe is to improve the fitness of small populations by increasing (neutral) genatic diversity by moving
individuals between populations (Whiteley etal, 20151 The main concern with genetic rescue is outbreeding depression, a redwction in
fitmess due to the miking of divergently adapted genotypes and,/or the disruption of co-adapted gene complexes. Adaptive markers identi-
fied with NG5S can characterize adaptive differences among source and target populations, while neutral markers can be used to estimate
the extent of gene flow between these populations. This information can then be used to minimize the risk of outbreeding depraszion. See
Weeks et al. (2011) for a definitive discussion.

ldentifying hybridization: Although not strictly a conservation action, identifying hybrids has direct relevance for conservation managers,
because hybnidization can be both a conservation problem, threatening species identity and genetic integrity (Bohling. 2014 Wayne &
Shaffer, 20146}, and a conservation opportunity, enhancing evolutionary potential in changing ervironments through adaptive introgreszion
(Hamilton & Miller, 20108). In both cases, NG5 provides both improved resolution to identify hybridization and the data needed to develop

manitoring panels (Hohenlohe et al, 2011). .
(Continues)
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BOX 2 (Continued)

Minimizing adaptation to captivity: Although no examples are published to date, adaptive NGS could be used in captive breeding programs
to monitor for rapid changes in allele fraquencies that could be indicative of adaptation to captive conditions (Allendorf et al, 2010), which
can have severe fitness consequences for reintroduced populations {Black, Seears, Hollenbeck, & Samollow, 2017).

Site prioritization to maximize evolutionary potential: Site prioritization conventionally involves maximizing the amount of biodiversity
protected (e.g, number of species) while minimizing financial costs. Under climate change, protecting populations with complementary sets
of intraspecific adaptive genetic diversity has become increasingly important, as this adaptive variation is indicative of the evolutionary
potential of populations under changing conditions (Bonin, Nicole, Pompanon, Miaud, & Taberlet, 2007). NGS can provide both the neutral

and adaptive data needed for these analyses.

FIGURE 1 Adaptive management cycle
for NGS-based assessment and monitoring
of adaptive genetic vaniation. Cycle stages
numbered to match sections in the text
Stage 2 outlines the initial planning phase,
stages 3 and 4 are the genomic assessment,
and stages 5 and 6 are the genomic
monitoring phases. The red, un-numbered
arrows highlight the need for adjusting the
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goals may be adequately addressed using neutral genetic variation (e.g.,
to infer demographic parameters), and data on adaptive variation may
be unnecessary or secondary to the project. For example, assessment
and management of inbreeding through genetic rescue only reguires
knowledge of neutral variation, although an understanding of local ad-
aptation may reduce the rizks of outbreeding depression by minimizing
adaptive divergence between source and target populations (Box 2.
Several features of spedies and their populations should be consid-
erad when determining whether to use genomic approaches to study
adaptive vanation. Species where local adaptation is most likely to occur
and be detected using genomics are characterized by strong environ-
mental variation among populations (producing divergent selection), and
large effective population size (minimizing the effects of genetic drift).
When divergent selection is strong, local adaptation & likely to develop,
evenin the face of high gene flow(Yeaman & Whitlock, 2013). Signatures
of local adaptation are more likely to be detectad in species with minimal

neutral population structure, such as mobile spacies with high gene flow
(common in marine systems), because strong population structure or
complex evolutionary history can create many false positives (De Mita
etal, 2013; Lotterhos & Whitlock, 2014; de Villemereuil, Frichot, Bazin,
Frangois, & Gaggiotti, 2014). By contrast, local adaptation is less likely
in systems with homogenous environmentsl conditions or where env-
ronmental conditions fluctuate over time. Local adaptation is also less
likely n populations with small or highly variable effective sizes (where
genetic drift has stronger effects). Very low levels of gene fiow can lead
to strong neutral population structure that can make it difficult to distin-
guish pattams due to selection from those resulting from demography. if
managers are working with species that have charactenistics making local
adaptation less likely to develop or to be detectable, and where there i
no prior evidence of local adaptation, managers might consider allocating
scarce resources to other conservation activities, rather than investing in
genomic methods that may produce ambiguous results.
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22 | Decide how to evaluate local adaptation

If the project will benefit from understanding local adaptation, sew-
eral options exist For species that are amenable to experimental
approaches (eg. plants), pattemns of local adaptation can be reliably
addrezsed by traditional methods such & common gardens and re-
ciprocal trancplants (Blangquart, Kaliz, Muismer, & Gandon, 2013
Endler, 1986; Hereford, 200%; Kawecki & Ebert, 20041 Longer-term
field studies of wild populations can also be used to assess adaptive
wariation in some contexts (Charmantier, Doutrelant, Dubuc-Messier,
Fargevielle, & Szulkin, 201d; Charmanter et al, 2008; Czgul et al,
2009). For exampile, in Mediterranean blue tits, egg laying date is her-
itable and differs between populations in deciduous and evergreen
forests, and those differences are maintained in cormmeon garden
conditions (Charmantier et al,, 2014). These types of studies may be
more affordable and can be just as effective as genomic approaches
in providing necessary information on local adaptation. While trans-
plantation or long-term studies are not possible for all species of con-
servation concern, it will b= an option for some, including manry plants
{McKay et al., 2001; Raabova, Miinzhergova, & Fischer, 2007).

In many cases, haowsever, phenotypic methads will not be feasible
for the focal species, and genomics may be the prefemed altemative.
Manyy managermant issues related o local adaptation do not require a
complete assessment of adaptive vaniation, nor the functiona validation
of candidate adaptive variants. Instead, managers may simply nesd to
characterize geographic or environmental pattemns of adaptive varia-
tion across populations, information which can be generated for spe-
cies without prior genomic information (Catchen et al, 2017 However,
there are advantages to working with species that already have some
gEnomic resources developed (sometimes called a “genome-enabled”
species; Kohn, Murphy, Ostrander, & Wayne, 2006), such as an assem-
bled reference sequence or transcriptome. These: resources maximize
useable dats and can help validate and interpret potentially adaptive
wariation (2.g., by comparing to genes with known function). Additionally,
any genomic study is more difficult {eg. laboratory protocols will re-
guire mare troubleshooting and modification) and potendaly costier
in species with large genomes fe g, conifers, salamanders), Overall, be-
fore decding to emberk on a genomic study of adaptive variztion, we
recommend clearly defining the biological or management questions,
identifying how genomic dats will help address these questions, eval-
usting altemative nongenomic approaches, reseanching any existing ge-
netic resources for the focal or a dlosely related species (or identifying
whether those resources nesd to be developed), considering biological
and genomic characteristics of study species, and evaluating budgstary
constrints for both assessrment and management.

3 | DESIGN AND IMPLEMENT:
ASSESSMENT

31 | Design the sampling and genotyping protocols

In every genomics study, researchers make mamy small decisions
about sampling, genotyping, bioinformatics, and analysis, all of which

can have a substantial impact on downstream results. Managers
should not be expected to know every detsil, but some decisions,
which we highlight in this section and in Figure 2, should be discussed
carefully among the team members a:z they can impact the interpreta-
tion of the study.

3.11 | Sampling

Sample size and the number and location of populations sampled are
primary considerations that can dramatically facilitate or impede detec-
tion of local adaptation. Al methods for detecting local adaptation wil
benefit from sampling that is stratified across emvironmental gradients
likehy driving selection and replicated across those gradients (Lotterhos
& Whitlock, 201%; Schoville et al, 2012 How individual samples are
specifically amayed (eg, individual- or populstion-based sampling,
number of individuals per population, transects, or paired designs) is
less generalizable and depends on the analytical approaches to be wed
and the biclogy and distribution of the species. For example, many
genotype-environment association (GEA) methods for detecting local
adaptation can be used on either individual or pooled population sam-
ples, while differentiztion-besed approaches reguire population-based
sampling (zee below). Researchers will often try to accomplish multiple
goals when collecting genomic data e.g, estimate effective population
size, inbreeding, gene flow, and adaptive differentiaton), and charac-
terizing adaptive variation may be only one of several objectives. One
sampling plan may not fit all objectives; it is therefore important to
plan ahead and target sampling to mest primary objectives, while con-
sulting with collaborators on how data may be wsed to meet second-
ary goals. For this reason, sampling will imohe trade-offs, incuding
accommeodating multiple analytical goals, achieving sufficient geo-
graphic coverage to sample known or suspected genetically differenti-
ated populations, sufficiently sampling the emironmental conditions
thought to be driving selection, sufficiently replicating sampling along
environmental gradients, and sampling sufficient numbers of locations
and individuals per location. For example, De Mita et al. (2013} showed
via simulation that relatively good performance could be achieved with
at least eight zampled populations, using a srategy that samples the
extreme ends of the emvironmental gradient, but the best sampling in
real situations iz nat fully known.

Most genomics protocols (Etter, Bassham, Hohenlohe, kohnson,
& Cresko, 2011; Peterson, Weber, Kay, Fisher, & Hoekstra, 2012,
see below] require 30-300 ng of high-quality DMNA, taken from small
(often nonlethal) tiszue samples. Recent studies have sucoessfully uwsed
M5 on & litde a5 1 ng of DMA extracted from noninvasively collected
samples (Le., hair snags and museum samples, indicating that even
lowe-quality samiples can be wsed, but do require sdditional precautions
and genomic resources because DNA degrades over time (Bi etal.,
2013; Russello, Waterhouse, Etter, & Johnson, 201 3. These advances
have the potential to extend lecal adaptation studies to species that
are difficult to sample, and allow for the retrospective study of genstic
variation.

For analyses that incorporate environmental variation, such as
GEA, ervironmenital zampling will also be required. Key environmenisl
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factors will depend on the focal species, and experts with in-depth
kminwdedge of species biclogy can suggest potendally imporiant hab-
itat [eg., soil type, plant community, water guality, pollution) or oii-
matic factors (e.g. seasonal and annual temperature and precipitation
averages and extremes). Environmental characterization may be as
simple as collecting weather station data or relevant GIS layers from
online databaszes (see Daly 2004 for guidance on assessing the suit-
ability of spatial climate datazets). In these cases, the temporal scale
of environmental data should be considered in relation to the gener-
ation time of the spedies, such that environmental covariates include
multiple generations of selective pressures. Researchers should also
conzsider salection pressures that oocur at specific life history stages,
zuch as seedling establizhrment in long-ived trees, which may experi-
ence different selective pressures than those observed in fully growm
trees. When covariates such as emvironmental contaminants nesd to
be measured directly in the field, additional planning is required |e.g.,
for instrument: acquisition, deployment, maintenance, and data analy-
sis). When available, it is best to use proximal (e.g, temperature, pre-
cipitation} as opposed to distal (eg, elevation, latitude) predictors, as
proximal varniables may decouple from their distal proxdes, for xample,
under dimate change (Lockingbill & Urban 20051 Finally, consider-
ation of environmental variability should be included with mean pre-
dictors, espedially as temporal and spatial variability in climate may be
magnified by climate change (Bucklsy & Huey, 2016 Reusch, Ehlers,
Hammerdi, & Whorm, 2005 Schoepf, Stat, Falter, & McCulloch, 2015).
Detziled genetic and environmental sampling guidelines are reviewsd
elsewhere (Balkenhol & Fortin, 2014; De Mita etal, 2013; Hoban

etal. 2016; Lotterhos & Whitlock, 2015; Manel et al_, 2010; Prunier
etal, 2013; Rellstab, Gugerii, Eckert, Hancock, & Holderegger, 2015;
Schonille et al, 2012).

312 | Genotyping methods

Genomic data are most often produced using NGS technologies
that can sequence millions of DMA fragments across the genome
(Devey etal, 2011; Goodwin, McPherson, & McCombie, 20140 In
mast cazes, only a subset of the genome is seguenced. Two primary
methods are wsed to reduce the amount of the genome sequenced:
amonymous sequencing methods that sequence DMA adjacent to
restriction enzyme cut sites, and tangeted sequencing methods that
focws on known genes or seguences. The most commonly wsed anon-
ymaous approaches in ecological and evolrtionany studies are the fam-
ity of restriction-site-associated DMA sequencing (RAD=aq) protocols,
which include a diversity of library preparation methods (Andrews,
Good, Miller, Luikart, & Hohenlohe, 2014}, By contrast, targeted se-
quending focuses on capturing specific genomic regions, ranging from
specific neutral markers, to candidate genes to entire exomes [Grover,
Sadmon, & Wendel, 2012). Of the targeted seguencing methods, se-
quenoe capture is the most scalable to whole-genome applications
(Grover et al_, 2012, Jones & Good, 2014) and is particularly useful for
species with large genomes (Suren et al., 2014

Anoryrmous and targeted sequencing methods hawve trade-offs
in cost, sccuracy, and bias. Anonymious sequencing methods require
no prior genomic information and less starting DMNA and are usually
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conziderably less expensive than targeted seguencing. However,
depending on the protocol used, they are subject to problems with
error, bias, and miszing data. These issues include genotyping biases
[eg, false homozygosity) due to sowrces of ermor such as PCR bias
(Davey et al, 2011}, PCR duplicates [Davey et al, 2011}, polymorphic
restriction sites (e, allele dropout; Amold, Corbett-Dietig, Hartl, &
Bornblies, 2013; Cariow, Duret, & Charlat, 2016; Gautier et al, 2013),
and shearing bias (Davey et al,, 2013). Many of thess issues are spe-
cific to particular RADseq protocols and can be addressed with appro-
priabe planning and study design (for a review of problems, solutions,
and RADseq study design, see Andrews et al, 2014 Catchen et al,
2017; Lowry et al, 2017ab; McKinney, Larson, Seeb, & Seeb, 2017).
Bacause RADseq genotypes a subsample of regions across the ge-
nome, it will inclede both selectively nevtral and adaptive markers.

Targeted sequencing requires prior seguence resowmes |eg., a
transcriptome azsembled from RNA seguencing, reference genoms, of
anonymous sequences) for the design of capture probses (Grover et al,
2012 Jones & Good, 2018). The sucoess rate of sequence capture
probes increases with the use of a reference genome for identifying
intron-exon boundaries. If targets are designed based on a reference
genome from another species, the suite of koo may be biased when
applied to the focal species (a form of ascertsinment bias), although
aligning to & congener should redwce bizs.

Regardless of the genome complexity reduction method used
prior to sequencing, in most cases multiple individuals will be indi-
widually barcoded, then pooled in a lane of sequencing. Because of
emar and bias that can arse from library preparation and sequenc-
ing, randomizing samples throughout the process is instrumental in
reducing bias (Meirmans 2015). Individuals from the zame populations
or from nearby locations should be distributed among sample plates
and sequencing libranies. Ctherwise, estimates of population genetic
statistics may be bissed.

Drecisions on whether to use anomymous of Ergeted sequencing
should be besed on the overall study goals and the availability of prior
gEnomic resources. As total gene content does not vary as much as
gEnOme size, anomymous sequencing will be relatively poorer for de-
tecting adaptive variation in species with larger genomes, &z fewer se-
quences will contain coding regions, and mone missing data will result
from sequencing efforts scattered over a larger number of sequences
Loy et al, 2017ab). Prior to choosing a sequencing method, re-
searchers and managers should discuss and be aware of biases and
sources of ermor that will impact the downstream analtyses.

313 | Assembly and alignment of sequence reads

Mext-generation sequencing generates many short sequence reads
that need to be assembled into groups of similar, homologous se-
guences and then aligned to a genomic location within a reference
genome [if one is availablel. Polymorphic loci are then identified and
the genotypes of individuals inferred from their reads for these loci
{described in Section 3.1.4). In targeted sequence capture, probes are
often designed for exons of known genes. In anomymous Sequenc-
ing methods, sequenced regions are scattered across the genome in

introns and exons within genes, but also in intergenic regions, and so
are more vaguely refermed to as “lod.” Here, we will uze the term “loci
o refer to sequenced regions used in the analyses for simplicity.

For anonymous seguencing approaches, an impartant decision is
whether to use a reference genome to guide the assembly of loci or
to conduct a de novo assembly with the sequence data. This choice
will determine the appropriate type of assembly program to use (g,
GATHE: Mckenna etal, 2010; dePristo et al, 2011; Van der Auwera
eta, 2013 with a eference gemome; Stacks: Catchen, Amores,
Hohenlohe, Cresko, & Postlethwesit, 2011; Catchen, Hohenlohe
Bassham, Armores, & Cresko, 2013; Paris, Stevens, & Catchen, 2017;
or dDocent: Puritz, Hollenbeck, & Gold, 2004 for a de nowvo assembhy).
Using & high-quality and well-annotated reference genome facilitates
the identification of candidate genes and gene regions and allows for
& truly gemamic approach (2.5, considering physical linkage between
regions with adaptive variation; Manel et al, 20140 However, using a
reference genome from another species can also result in confirmation
bias, because the focal species may have divergent gene sequences or
different structural features of the genome that may result in infor-
mative loci being remowved from the analysis (Tamadan et al., 2016
Developing a high-guality reference gemome for the focal species
would ameliorate some of these issues, but is not abways necessary,
depending on objectives. Managers should be aware of whether a ref-
erence genome iz available, and whether it is for the focal species or
8 COngEner.

A major decision that will determine which lodi are induded in
the dataset iz choosing the parameters determining how closely
the sequences must match (either match the reference sequence or
match other seguences in de nove approaches; Catchen et al, 2011;
McKenna etal., 2010; dePristo et al, 2011; Van der Auwers et al,
2013) and how often the sequences ocour in individuals (e, cover-
agel. If the sensitivity of these parameters is too low, sequences will
be combined that are not from the same genomic region (ie., paral-
ogs; Mckinmey, Waples, Sesh, & Seeb, 2017). Alternatively, if settings
are too stringent, few lod will be included. To help identify the best
parameters and understand the limitations of the dataset, sensitivity
anabysis should be performed (Andrews & Luikart, 2014; Escudero,
Eaton, Hahn, & Hipp, 2014; Mastretta-Yanes et al, 2013; Paris et al,
2017). Bizzes identified by sensitivity analysiz, such as a lange num-
ber of PCR duplicates or excessive missing data, may be addressed
through more stringent filtering, or it may be necessary to collect more
data [resequencing, sampling more individuals, or considering another
sequencing approachl. For anonymaus methods, including technical
replicates [i.e., using the same DMNA but barcoding and processing the
replicate independenthy) in the genotyping library is recommended to
improve quality control (eg, estimating ermor rates) and pararmeter op-
fimization (Mastretta-Yanes et al, 2015).

3.1.4 | Calling genotypes and SMPs

Once lod are selected for analysis, sequence reads spanning each
locus from each individual are used to call genotypes (i.e., infer the
genotype at a locus for each individual Mielen, Paul, Albrechisen,
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& Song, 2011). Genotype-caling software programs wse either
maximum-likelihood (eg. Stacks; Catchen etal, 2011) or Bayesian
models (eg., GATE; McKenna et al., 2000; dePristo et al, 2011; Van
der Auwera et al, 2013 to assign individuals with genotypes. These
madels often incorporate some element of sequencing error, but the
primary determinant of whether individuals are accurately genotyped
as heterozygous or homozygous is the mumber of reads assigned to
each individual. While most pohymorphisms will be SNPz, one major
corsideration when grouping reads into exon regions (applicable
when a reference iz available) is identifying and cormectly aligning in-
sertion and deletion mutations (INDELs). The importance of oorrect-
ing for INDEL: in accurate SMIP calling depends on the mapping and
calling programes used |0 Rawe et al, 2013).

Simiilar to filtering polymonphic loci for analysis in the dataset, the
thresholds set for SMIP calling for individuals influence the guality of
the data (Mielsen et al, 2011). For example, if the dataset contzins
too few sequences for an individual across a given SMP, an individual
that iz a heteronygote may be wrongly genotyped &z a homazygote if
only one of the two alleles iz sequenced. Software programs typically
allow the user to specify coverage outoffs and other parameters de-
termining SNP calling stringency. Changing the parameters of these
madels, espedially the number of reads required to call heterozygotes,
can affect genotypic frequencies in the populations and alter popula-
tiom genstics statistics estimated in the analyses. Depending on the
depth of coverage, this threshold can also reduce the size of the dats-
zet (Huang & Knowles, 20014 In exome capture studies, quality con-
trol that is too stringent can lead to a loss of power if cauwsal variants
are remaoved (Auer, Wang, & Leal, 20131 An additional conzideration is
whether the phased haplotype within a locus can be analyzed instead
of zingle SMPs (Benestan et al, 2004 Manching etal, 2017). Many
ke have multiple SMPs within an exon or locus, and those SMPs can
be combined to infer a haplotype (Helyar et al., 2011). Additionally, if
a reference genome is available, the position of the SMPs in a broader
genomic region can be used to infer haplotypes (Andolfatto et al,
2011; Andrews et al., 2016). However, many of the common and user-
friendly downstream analytical programs only consider independent
SMPs.

To surnmarnize, we encourage concervation managers to become
familiar with the primary steps that can influence data guality and
interpretation of results. When planning a project, based on the ob-
jectives of the project, the team must decide (i) which NG5 method
will be used: (i) whether a eference genome is available: (i) how the
genotype-calling coverage and mismatch thresholds will be set, and
whether the sensitivity of the data to those parameters will be eval-
usted; and (v} what coverage cutoffs will be used to select loci and
azsign genotypes to individuats (Figure 2).

32 | Analyze the genomic assessment and identify
adaptive variation

The first step in analyzing genotypic data collected during the assess-
ment is quality control filtering. Data filtering is 3 multistep process,
with specific criteria dependent on the analyses to be parformed (see

T\ £y

Benestan et al, 2016 for a recent overview). Quality control filbers
are uwsed to ensure that uninformative markers and statistical artfacts
are remaoved prior to analyses. These filters consider sequencing error,
locus coverage, genotyping level (across lod, individuals, and popula-
tions), number of alleles per marker, and linkage (e.g., number of SMPs
per genomic contig or ewon). Filters may also be applied based on
minor allele freqguency and deviations from Hardy-Weinberg propar-
tions. These filbers can reduce the size of the datazet, but increase the
quaity of the analysis (Huang & Knowles, 2014). Patterns of missing
data across samples should also be evaluated both before and after fil-
ters are applied to reduce the risk of detecting spurious (nonbiclogical)
signals in downstraam analyses. Thiz includes visualizing relationships
be=bween mizzsingness and factors such as sequencing lane, sample
site, population, and heterozygosity (Gosselin & Bematchez, 2014)
These visuslizations can help determine if populations or individuals
should be excluded, for example, if they have both high miszing data
and elevated homozygosity, suggesting allele dropout (e, one diele
iz ot being seguenced). In some cases, populations may need to be
resamnpled or samples resequenced to compensate for missing data
{Figure 2.

Wany methods for identifying local adaptation reguire a dataset
without missing values, so missing data must either be pruned (=g
removing loci or individuals) or imputed. The impact of these different
strategies on downstream analyses is an area of active imestigation
teg. Chattopadhyay, Garg, & Ramakrishnan, 2014). Research in re-
lated fields indicates that strict filtering of missing data can reduce
statistical power (Makagawa & Freckdeton, 2008), undermine inferen-
tial accuracy (D, Fuczinshi, LeBlanc, & Kooperbeng, 2006), and intro-
duce bias (Huang & Knowles, 2014). With a lack of firm guidelines for
anonymous sequencing data, which tends to have relatively high levels
of miszing data, the best cumment approach is to perform a sensitivity
analysis using different filtering and imputation strategies. Gosselin
and Bematchez (2014 provide a largs (and growing) set of imputation
methods for anonymous sequencing data.

Methods for identifying candidate adaptive lod from genomic data
can be divided into two main approaches, those based on population
genetic differentiation (e.g, F.; outlier methods) and genotype—en-
vironment associatons (GEAs). These approaches, recently reviewed
iin Hoban et al (2014) and Rellstab et al. (20135), differ in their data
requirements and assurnpdions, and also inthe information they gen-
erate for conservation planning A third method associates genotypes
with phenotypic traits invobved in local adaptation to identify adaptive
SMPs (e, genomewide association studies; reviewed in Savolaimen,
Lascouw, & Merild, 2013}, but we do not cover this method as suf-
ficient phenotypic data are often unavailable for species of conser-
wation concem. Differentistion-bazed methods identify loc with
edreme allele frequency differences among populations relative to
owverall population structurs, 3 pattern consistent with divergent se-
lection. These studies cam be performed without prior knowledge of
the environmenizl factors driving local adaptation and for species that
edst in discrete populations, but often lack a specific hypothesis and
will mot identify environmentzl drivers of selection. Results are depen-
dent on assumptions about the underlying distribution of selectively
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neutral differentiation {eg., F) across loci. Some commonly used
methods include tests based on the island model of migration as pro-
pozed by Beaumont and Michols (1994) and implementad in LOSITAN
(Antan, Lopes, Lopes, Beja-Pereira, & Luikart, 2008], Mcheza/DFDIST
(Antao & Beaumont, 2011), Arlequin (Excoffier & Lischer, 2010),
and BayeScan (Foll & Gaggiottl, 200E). However, these methods are
sensitive to deviations from the assumptions of the infinite island
model (Flanagan & Jones, 2017; Hohenlohe, Phillips, & Cresko, 2010,
Lotterhos & Whithock, 2015) and are increasingly discouraged for em-
pirical studies. Alternative approaches test other population genetic
models (e.g, deviation from random genetic drift; Vislis, Glemin, &
Oiirvieri, 2004), relax the assumptions of a specific model (Lotterhos
& Whitlock, 20115), or use methods that do not rely on population
genetic models, such az principal compaonents analysis le.g. pcadapt:
Lune, Bazin, & Blum, 2017

By contrast GEA methods identify potentially adaptive loc
based on assodations between allele frequencies and environmental
variables hypothesized to drive selection, a pattern that iz consis-
tent with a selective advantage of certain alleles in certin environ-
ments (foost et al, 2007). Unlike differentiztion-based approaches,
these methods do not use an underlying population genetic modeld,
and maost can use either individual genotype or population allels
frequency data. These methods generally have higher power than
differentiation-based methods, and can detect divergent selection
even when it does not produce strong differentiation among popula-
tions (De Mita et al.. 2013; Rellstab et &l., 2015; deVillemereuil et al,
2014, Most GEA methods use some form of statistical control for
population structure and demography, which, when unaccounted for,
can produce high false-positive signals (Hoban et al, 2014&; Rellstab
et al, 2013), although adjustments for population structure, espe-
cially when it iz concordant with environmental gradients, can pro-
duce false negatives (e.g., Yeaman et al., 2016). Additionally, because
mast commonly used GEA methods (e.g, Bayenv2- Coop, Witonsky,
DiRenzo, & Pritchard, 2010; Gunther & Coop, 2013; lstent factor
mixed models (LFMM): Frichot, Schoville, Bouchard, & Francois,
2013} use a univarizte statiztical framework in which one locus and
ane environmental predictor are tested at a time, these methods re-
quire comrections for multiple tests to prevent elevated false-positive
rates (Frangois, Martinz, Caye, & Schoville, 2014). Multivariate GEAs
(g, redundancy anabyziz), which anabyze many loci and emvironmen-
&l predictors simulianeously, identify how groups of loc covary in
response to environmental predictors and may redwce or eliminate
the need for multiple testing while potentially identifying polygenic
zelection (Rellstzb etal, 2015, In simulations, multivariate GEAs
are more effective than wnivariate methods at detecting important
adaptive processes that result in weak multilocus signatures (eg,
zelection on stending genetic variation) and are robust to multiple
zampling designs and sample sizes (Forester, Lasky, Wagner, & Urban,
2017). Brauer, Harmmer, and Beheregaray (2014) provide a clear ex-
armple of local adaptation in @ threatened fish spedies that i mediated
by both divergent selection (detected through differentiation-based
methods) and polygenic selection from standing genetic variation
(detected with a multivariate GEA).

For &l of these methods of detecting locally adaptive vanation,
we recommend considering four key pointz: (i) Do the data mest the
rmiodel assumptions? (i) How is neutral genetic structure incorporated
inta the model? (i) Are univariate approaches oomected for multiple
testing? And (fv} what are the thresholds for detection? Thresholds
for differentiating loci potentially under selection are generally arbi-
trary (e.g, FOR = 0.1) and should be tested and modified based on the
study goals (Francois et al. 2016, de Villemersuil et al., 2014; Figure 2).

Conzervation managers also must evaluate the risks of acting
bazad on type 1 errors (concluding populations are not locally adapted
wihen they actually are) from the risk of type 2 ermors (concluding
thiey are locally adapted when they are not), as different sequencing
and analytical approaches carmy different type 1 and type 2 risks. For
example, if the proposed consenation action is genetic rescue, then
acting on type 1 emor increases the risk of outbreeding depression,
whermas acing on type 2 emor would minimize the numbsr of avail-
able source populations. The consenvation team can evaluate the risks
of each type of error through sensitivity anabysis. While to our knowl-
edge, sensitivity analyses have not yet been used in applications of
adaptive genomics in management, the benefit of these analyses iz
dearly evident in other aspects of conservation planning. including
climate change vulnerability aszessments Wiade et al,, 2017), syztem-
atic conservation network planning (Levin, Mazor, Brokowich, Jablon,
& Kark, 2013), and populstion viability anahysiz (Naujokaitis-Lewis,
Curtis, Arcese, & Rosenfeld, 2009). Testing the sencitivity of down-
stream management choices to upstream parameters will be an area
for developrment in applied adaptive genomics.

4 | EVALUATE AND ACT: ASSESSMENT

4.1 | Ewvaluate the assessment

Mext, the assessment should be interpreted in light of the conserva-
tion objectives and analytical limitations to determine whether the
information is sufficient to inform conservation actions or whether
further study is needed (Figure 1). Conclusions from the assessment
may be equivocal, 30 a manager may decide to collect mare data (i.e.
samiple more individuals, compare more populations, and sequence
targeted genes; Figure 1). Altematively, the assessment may clearly
identify pattemns of local adaptation and adaptive varants, providing
the groundweork for initiating monitoring or conservation actions (g,
identifying source populstions for restoration, genetic rescue, or as-
sisted gene flowl. This will depend on the overall conservation plan
and predefined thresholds for action.

In anomymous NGS5 studies, the number of candidate adaptive
markers will be determined by the detection threshold, so this num-
ber is mot reflective of the underlying processes but rather the cho-
sen cutoff. While these methods are useful in detecting pattems of
local adaptation, we caution against putting too much emphasiz on
any partcular locus or set of lod identified (Pearse, 20164, Instead,
broadscale patterns of geographic vanation and relationships between
genotypes and environmenial drivers will be more informative, &
wiill seeing if effects are localized on particular genomic regions (2.8
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sex chromosomes). Another potential challenge for these studies is
parallel evolution of adaptive traits via different genes and genetic
architectures (Bernatchez, 2014; Ralph & Coop, 2015). Thiz can con-
found zampling designs that are intended to improve the strength of
inference by detecting local adaptation along replicated environmen-
tal gradients. In thiz caze, the lack of 2 eplicated signal of SHP-en-
vironment comelations does not necessanily mean that the detected
signals are spurious, but may instead point to “imperfect” paralelism
(Bematchez, 2014). Finally, the differences in phenotypes underly-
ing local adaptation are often the product of small changes in allels
frequency acros: many genes, & well & the comelations among and
interactions betwesn these loc (Boyle, Yang & Pritchard, 2017 Le
Corre & Kremmer, 2012). While different approaches may identify some
of the zame “core” genes involved (sensu Boyle et al, 2017), different
subsets of the many “peripheral” genes will be detected with different
zampling approaches and analytical methods. However, the pattems
of variation identified will nonetheless provide important information
for consanvation actions.

Incorporating environmental data in GEA methods is a useful
way to identfy links between genetic mechanisms and emvironmen-
&l factors driving adaptation. However, it is important to rememnber
that these studies cannot pinpoint causative relationships, & they
are inherently correlative (Gunther & Coop, 2013). i it iz necessary
o identify a causative relationship before any management decizions
can be made, then conducting experiments such as common gardens,
genetic crosses, or genetic manipulations (e.g, gene editing or gens
kmockouts) will be required. Confirming causal relationships is wery
challenging, and to our knowledge has not been done for locally adap-
tive wariants; nor is it necessary to inform conservation strategies for
species in rapidly changing environments.

5 | DESIGN AND IMPLEMENT:
MOMNITORING

51 | Design monitoring plan

Evaluating changes in genetic variation ower time (eg, detecting
loss of genetic variability or changes in the freguencies of adaptive
wariants) reguires a manitoring program. In an adaptive manage-
ment context, monitoning is a means for both leaming more abaut
the system and evaluating the effectiveness of management actions
once they are initizted (Lyons, Runge, Laskowskd, & Kendall, 2008).
While monitaring can indude genetic or demographic assessments, in
all cases effective maonitoring programes identify threshold criteria for
detecting biclogically significant changes and spell out management
interventions to be triggered by changes prior to initiating monitoring
[Schwartz et al., 2007). kentifying trigger points can be challenging as
threshold values are case-dependent and likely differ among species
(Atkinson et al, 2004). An effective approach is to st trigger points
throughout the range of the indicator variable to ensure that manage-
ment action is initiated before a orisis point iz reached. Management
interventions should be dosaly tied to the indicator variables, such
that a triggered management action will directly affect the indicator
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and increase its value above the trigger point. For example, a con-
tinuous dedline in allelic richness at putatively adaptive loci, or anob-
senvation of low survival or fecundity over muliple sampling periods
may trigger 8 management intervention such as genstic rescue (Box 2)
to increase allelic richmess or fitness. By contrast, upgrading the spe-
cies’ listing status would not directhy impact the genetic indicator.
Unfortunately, best practices for designing sampling protocols and
interpreting genetic and other indicators for monitoring are sparse
(more below). However, like other steps in the adaptive management
frameworl, it iz expected that monitoring plans will be adjusted to
reflact new information (Section 6.1 This learning approach in the
face of uncertainty best ensures that monitoring will trigger effective
and timely management intenvention, rather than simply document-
ing dedine and *monitoring to exdinction” (Lindenmayer, Piggott, &
Winde, 2013}

Maonitoring panel: of neutral and candidate adaptive markers can
be developed from the inital genomic assessment using sequence
capture or SMNP amays (A et al, 2015 Hoffberg et al, 2014 Jones
& Good, 2018). These methads allow for consistent. efficient. and
inexpensive genobyping of many individuals over time to inform di-
verse management objectves (Amish et al, 2012 Aylanat, Lindgvist
Pritchard, & Primmer, 2016; Hohenlohe, Amish, Catchen, Allendorf, &
Luikart, 2011; Houston et al., 2014; Wright et al, 2015). This targeted
approach to monitoring iz preferred over repeated anomymous se-
quencing runs, as stochasticity inherent in that process will yield owver-
lapping but distinct sets of loci. Targeted genotyping, by contrast, will
optimize =fforts by encuring coverage of the zame neutral and adap-
tive loci acrass muldple time points. Hess et al. (20135) provide a par-
ticularly good example of how a genomic assessment was effectively
transitioned into a monitoring program for dedining Pacific lamprey.
Based on a genomic assessment (Hess, Campbsll, Close, Dacker, &
Marum, 2013), they developed a SMP panel consisting of 96 neutral
and candidate sdaptive markers that were diagnostic for parentage
amalysis, cryptic species identification, and characterization of neutral
and adaptive genetic variation. These 5MPs were chosen to monitor
the effectiveness of a diverse et of management actions including
translocations, artificial propagation, and habitat restoration, as well
&s to track population size and facilitate species identification at early
life stages. Adaptive markers linked to lamprey phenotypes (body size
and migration timing) were included in the SNP panel to manitor the
genetic basizs of finess-related traits across different habitat types.
Using one modest s=t of SMPs, the managers were therefore able to
track fitness, population size, and individual movements to identify
the sucoess of conservation actions, which would have required much
more intensive sampling and experimental work without the aid of ge-
nomics. However, because the number of adaptive markers () was
very small in the monitoring panel, the authors wamed against using
these markers as an indication of overall adaptation, an important cau-
donary note when managing populations based on subsets of adaptive
genetic variation.

Once the monitoring panel has been developed, the sampling
design (number and distribution of samples) and ternporal frequency
of sampling must be designed to detect significant changes in allele
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frequencies or loss of adaptive variants in key populations (Allendorf,
England, Luikart, Ritchie, & Ryman, 2008; Hoban etal, 2014
Schwartz et al, 2007). Bacause variation at neutral and adaptive loci is
usualy not correlated (Grueber, Hogg, vy, & Belov, 2015; Hartmann,
Schaefer, & Segelbacher, 2014; Holderegger, Kamm, & Gugerli, 2004
Kremer et al., 2002, the appropriate number of loc and individuals
manitored will depend on conservation objectives, biology of the or-
ganizm, recent demnographic history, and power of the genetic markers
to detect change. While broad guidelines for demonstrating adaptive
genetic changes have been outlined (Hansen, Sato, & Ruedy, 2002, lit-
tle specific advice exists on temporal monitoring of adaptive vaniation
[but see Landguth & Balkenhaol, 2012). As a general rule, if the goal is
‘o monitar change in allele frequency at a single locus, 30 individuals
per population is often considered a sufficient sample size to detect an
allele at a freguency of 5% however, we suggest using simulations to
determine a best sample size (Hale, Burg, & Steeves, 20121

‘While simulations have been used for decades to aid in the devel-
opment of genetic monitoring and the interpretation and evaluation of
manitoring results (Palm, Laikre, forde, & Ryman, 2003; Waples, 2002-
Waples & Teel, 1990), they have generdly been underutilized for these
purposes. Fortunately, user-friendy simulation programs can be used
to optimize sampling design and frequency to detect varying degrees
of change. These can be customized to the biology of the focal species,
seeded with current alele frequencies (Balkenhol & Landguth, 20115
Hoban, 2014), and parameterized for different outcomes in terms
of selective changes or bottlenecks (Hoban, Gaggiott, & Bertorells,
2013ab; Peery etal, 2012} Simulations can also be updated based
on monitoring results to adjust trigger points and interventions and
improve the effectiveness of management actions. Finally, simulations
can be used to aid in the interpretation of genetic monitoring resulis.
For example, Waples and Teel (1990) used simulations to test a set of
potential drivers of substantial allele frequency changes in hatchery,
bt not wild, Pacific zalmon populations. They were able to eliminate
selection and admixdure as potential causes and identify a how nurmier
of breeders per year as the driving factor.

52 | Analyze monitoring data to detect
temporal changes

In the case of both demographic monitoring and genomic monitor-
ing, detecting temporal change depends on the frequency of sampling
and the generation length of the organism. Manitoring data need to
be analyzed regularty, on a timescale that is relevant to the indicator
vanable and the biclogy of the organism. For example, sampling zllele
freguencies multiple times within a single generation may confound
changes in genetic structure across life history with changes across
generations, whereas analyzing one age cohort in successive genera-
tionz would be more informative. Monitoring data should be analyzed
soon after collection to ensure the prompt detection of changes that
might require conservation action. “Phase shifts” sudden changes that
occur with littde wamning (such as rapid dedines in population status),
are commeon aspects of biologica changes, but some methods can help
predict whether a phase shift iz imminent (Dakos et al,, 2012; Scheffer

et al, 2009). Comparing change in adaptive markers to change in a
reference set of selectively newtral markers can differentdate shifts
due to genetic drift hwhich would affect all loci approsimately equally)
from those only accurning in candidate adaptive markers.

It may be necessary or useful in some cazes to use museum or
other historical ex situ zamples (eg. from a seed bank) to deter-
mine historical genstic varation conditions and compare those to
contemporary and future changes (Bi et al, 2013; Harmann et al,,
2014; Larszon, Jansman, Segelbacher, Hoghund, & Koelewijn, 2008;
Mikcheyev, Tin, Arors, & Seeley, 2015; Schwartz et al, 2007). A disad-
wantage is that hiztorical =amples may not have all been collected at
the same time or lecations and may not have adeguate sample sizes
(which can reduce power) or DMA guality (which can cause errorz).
Regardless, keeping sample sizes consistent betwesn sampled time
points or adjusting estimates for zample size (e.g., through rarefac-
tion) is important to maximize power to detect changs (Dormelas et al,
20113y Samipling in excess of the terget number of samples for mon-
itoring is recommended (when feasible), as some samples may fail to
be genotyped, and additional samples may be useful for some future
objective (Schwartz et al, 2007).

& | EVALUATE AND ACT: MONITORING

6.1 | Ewaluate the monitoring results

Resulis from genetic monitoring should be evaluated in the context
of the prespecified criteria for significant change: Have trigger points
been met, and if so, when and how will management intenventions
be initiated? Do criteria indicate that a management intervention has
been successful? If so, does the monitoring program need to be ad-
justed or discontinued? Do project objectives need to be revisited and
updated? If the resuliz are equivacal, what can be leamed from the
data to effectively adjust the monitoring plan (Figure 17 For exam-
ple, consider & management intervention of assisted gene flow has
been implemented with the goal of introduced genotypes surviving
and reproducing at least 5% more than local genotypes. If monitoring
identifies that this threshold has besn met, then the intervention iz
likely sucoessful and should be continued or suocessfully concleded,
whereas the reverse pattern would indicate that the assisted gene
flow program needs adjustment or termination. While examples of
genetic manitoring of this sort are curmenthy scant, monitoring of phe-
niotypes and reproductive rates has been used suocessfully in wohes
and panthers (Hedrick & Fredrickson, 2010}, and monitoring whether
tranzlocated individuals have reproduced is increasingly common
(Koelewijn et al., 2010; Mulder et al,, 2017). 5o far, temporal genetic
monitonng of conservation intenventions has been most widely wsed
to undersiand the extent and efficacy of genetic rescue, including in
bighom shesp (Miller, Poissant, Hogg & Coltman, 2012) and Florida
panthers [Johnson et al., 20100

‘When monitoring adaptive variation, unexpected outoomes may
arise. One poasibility is that a follow-up study reveals some candidate
loci are false positives or identifies additional adaptive markers. If thiz
i= the case, a revised set of adaptive markers will need to be induded
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in genotyping and maonitoring. Ancther passibility is that truly adaptive
genetic variants are not changing in freguency, leading to the conclu-
sion that the emvironment is not changing. However, genome com-
plexity can constrain allele frequency changes in adaptive variants,
even in changing environments, through antagonistic pleictropy (one
gene has multiple phenotypic effects, and positive effects of an allele
on one trait are assocated with negative effects on anather), epistasis
|a gene has a different phenotypic consequence when in a new genetic
background due to interaction with another genel, or other evolution-
ary constraints {(Hoffmann & WAL 2008).

In all cases, data from genomic maonitoring should be considered
in the context of &ll available data for the species or population. For
example, if demographic monitoring identifies population declines not
reflected in the genetic data, the monitoring protocol and manags-
ment strategies should be adjested accordingly. Genetic indicators
assess one axpect of a population le.g., loss of genetic diversity) that
is influenced by multiple ecologica (population size, dispersal, breed-
ing) and evolutionary processes [drift, migration, selection] that often
interact. Therefore, interpreting causes of change (or lack thereof] in
indicators over time may be challenging.

7 | CONCLUSION

Inthis stwdy, we present a modified adaptive management framenwork
to help managers better understand the process of collecting NG5
data and the potential applications for assessment and monitoring of
adaptive variation (Figure 1. This framework emphasizes the iterative
nature of adaptive managerment and highlights the imporance of key
decisions, particularty in the experimental design phase prior to the
bk of data collection (Figure 2). Considering the entire asseszment
and monitoring cycle prior to developing a project plan will enable
resegrchers and managers to identify the scope of the project, clearly
state azsumptions and limitstions of the chosen approach, and ensure
that resources fior the monitoring and action are available.

Azzeszing and monitoring adaptive and neutral genetic variation
can be a powerful tool for consenvation biclogists and wildlife man-
agers, but it has limitations. MG5 i not a *silver bullet! but it may
be a useful tool, particularty when the entire adaptive management
framework is considered prior to embarking wpon a study, and with
the undersianding that implementation of management will be an it-
erative process that is likeby to require adjustments and improvements
over time.
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A. Forest Genetic Resources for Climate Resilience
Introduction

Forest genetic resources (FGR) are the heritable materials maintained within and among tree and
other woody plant species that are of actual or potential economic, environmental, scientific or
societal value and benefit to humans in present or future. FGR are essential for the adaptation
and evolutionary processes of forests and trees as well as for improving their productivity.

Trees and other woody species differ from other living organisms;they are generally long-
lived,and over the years, develop natural mechanisms to maintain high levels of genetic variation
within species. This is achieved through high rates of out-crossing and long-distance dispersal of
pollen and seed. These mechanisms, combined with the variable native environments, have
enabled the evolution of forest tree species into some of the most genetically diverse organisms.

Research, development, conservation and use of tree species, in particular tropical species, has
been insufficient with inadequate taxonomic knowledge (Newton and Oldfield, 2008). Based on
a literature review, it is conservatively estimated that more than 34000 tree species in more than
1000 genera are of socio-economic, environmental and scientific importance and used on a
regular basis by people throughout the world. It includes trees, large woody shrubs attaining
more than 2 to 3 m in height, fruit- and nut-trees and their wild relatives. The total comprises
both angiosperms (33,500 species in 976 genera and 131 families, including bamboos and palms)
and gymnosperms (530 species in 67 genera and nine families).

1. FGRs and their role in Nation building

Rural livelihood support: FGR have the potential to liberate people from hunger and alleviate
poverty. FGR provideswood, medicine, food, fibres, timber etc. In addition, Forest genetic
resources are the source material for the development of improved varieties. It also attends to
the most basic needs for sustainable development of the forest dependent communities. Forests
can provide a crucial contribution to Millennium Development Goals especially in achieving
environmental sustainability, poverty alleviation and women empowerment. With new policies
in place, planted forests and trees outside forests will also provide an increasing share of forest
products.
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Forests have traditionally been valued as a source of timber, pulp and fuel. All other products,
have been classified as Non-timber forest products (NTFPs). NTFPs are obtained from about
3,000 species in the country and form an important source of livelihood for communities,
particularly tribals and rural poor living adjacent to forests. Rural populations depend on
NTFPsfor food and environmental services. It is estimated that 340 million poor rural people in
India depend on NTFPs for their livelihood. In some areas, forests are the primary source of
energy, oils, medicines and even staple foods. Edible wild fruits, bamboo seeds and wild
legumes have played a very vital role in supplementing the diet of the rural communities. Tribal
communities and ethnic tribes use wild edible plant species, including roots and tubers, leafy
green vegetables, bulbs and flowers, fruits, seeds and nuts. These foodsgain significance due to
their seasonality, in the wake of periodic famines or shortages of crop-based foods. Rural
populations also use, protect and create forests as sources of agricultural inputs; they depend on
tree products to feed livestock and to maintain water flows.

In India, NTFPs contribute an income equivalent of US$ 2.7 billion per year and absorb 55% of
the total employment in the forestry sector. NTFP sector with annual growth rate between 5-15%
contributes to 75% of forest sector export income. They provide 50% of the household income
for approximately one-third of India’s rural population. The undisclosed indigenous knowledge
on medicinal trees held by the tribal communities is one of the valuable resources integrated with
biodiversity (FAO, 2012).

A potential source of revenue:Forests supply products for export in the form of wood, fibre,
processed goods, medicinal and ornamental products.Timber has been a major source of
investment for many tropical countries. In some countries, wood is processed into finished goods
to enhance employment and increase income. Foreg.Thailand derives substantial foreign
exchange from trade in furniture, orchids, specialty foods, medicines and wildlife. Forests also
attract recreational users.

FGR generate in-kind forest incomes, which in many instances, goes unaccounted.lIt is essential
to consider this contribution to the national economy, as hundreds of millions of people depend
on the forest as their only source of cash income.

Forests store carbon; maintain diverse, unique and rare forms of life; store biotic potential; and
encompass natural phenomena that have yet to be understood. These global attributes are gaining
value rapidly as institutions evolve to protect them and develop means to translate them into
tradable forms in the international market. Some examples of FGR in international trade in
global environmental services include debt-for-nature swaps, long-term purchases of forest
carbon storage for industrial atmospheric emissions, environmental conditions in trade
agreements and international contracts for biological prospecting rights.

Social, cultural, medicinal and scientific value: FGR have major social, cultural and spiritual
values, mainly at tree species level, with many individual tree species distinguished and named
in local languages. In India 100000 - 150000 sacred groves have been preserved. These groves
are natural temples, ancestral places and spiritual retreats that contribute to the strength of the
community. Certain tree species have tremendous social and cultural importance, e.g.
Ficusreligiosa in religious ceremonies, Santalum album in burial ceremonies and
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Azadirachtaindica in traditional medicines. FGRs are of major scientific value also. Intraspecific
diversity can be used, for example, to help understand the genetic, biochemical and physiological
basis for resistance to pests and diseases or environmental stresses such as extreme climatic
events (drought, flooding) and edaphic extremes (salinity, acidity, etc.). It can also be used to
identify biosynthetic pathways for production of important products and metabolites.

2. Status of FGRs in India

The forests of India are classified into 16 major forest types and these forests house a wide array
of species diversity. In terms of plant diversity India ranks 10"in the world and 4™in Asia. It is
reported that 46042 species of plants occur in India, representing 11% of world flora, of which
flowering plants account for 17527 species. Of this 2863 are trees that include some of the highly
valued timbers of the world.For about 145 species domestication and breeding efforts are in
progress.

The initiation of tree improvement programmes has been the motivation for studying the
intraspecific variation in many of the species. In these species, there is production and supply of
Forest Reproductive Material (FRM) in the form of seeds, seedlings and clones. Various SFDs,
research organizations and universities have established the FGR in the form of Seed Production
Areas, Clonal Seed Orchards, Seedling Seed Orchards, Vegetative Multiplication Gardens,
modern nurseries, provenance stands etc for production of quality planting stock. Recently,
attention towards improvement of fast growing native species and economically important
indigenous species to support the TOF programme has become the priority.

A mechanism and monitoring body (Variety Release Committee) for release of clones/ varieties
of forestry species has been evolved by the ICFRE. In species like Eucalypts, Casuarinas and
Poplar, genetically improved elite clones have been released in the market. Simultaneously, DUS
(Distinctness, Uniformity and Stability) descriptors have also been developed for species like
Eucalyptus, Casuarina, Neem, Artocarpusheterophyllus, Poplars, Melia, Salix, Pungametcas per
the guidelines of Protection of Plant Varieties and Farmers’ Rights Act, 2001 (PPV & FRA) to
mark specific identity to clones and ensure authority over the clones developed. Guidelines are
being developed for teak, sandal, red sanders and other species of commercial importance.

The Government of India has plans to establish a National Bureau of Forest Genetic Resources
(NBFGR) and as a precursor to that, a Forest Genetic Resources Management Network
(FGRMN) has been established in 2011 under ICFRE with its nodal centres at IFGTB,
Coimbatore and Forest Research Institute (FRI), Dehradun. The FGRMN has been established
with the objectives to plan, prioritize, organize, conduct and coordinate exploration, collection
and documentation of indigenous and exotic forest genetic resources to strengthen in situand ex
situconservation. It shall also undertake introduction, exchange and quarantine of genetic
resources of forest origin. It shall characterize, evaluate and conserve forest genetic resources
and ensure their sustainable management in collaboration with the user agencies. In this process
a large number of studies would be undertaken to understand the intraspecific diversity of the
economically important species and those of conservation importance. The FGRMN will also be
required to develop and maintain a national information network on FGR, develop molecular
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tools, techniques and approaches to characterize and validate the germplasm and conduct
research, teaching and generation of public awareness on FGRs.

In situ conservation: India has 102 National Parks, 514 Wildlife Sanctuaries, 47 Conservation
Reserves and 4 Community Reserves. Besides these there are 25 wetlands declared as Ramsar
sites and 15 areas in different biogeographic zones declared as Biosphere Reserves. The extent of
protected area (PA) network is around 157 826.773 sq. km over 4.8 % of the land area. The
National Wildlife Action Plan envisages increase of this to 10% of the land area. The
conservation of biodiversity within the PA network takes care of the FGRs also. Other means of
in-situconservation like Sacred Groves (SG), Gene Pool Conservation Areas (GPCA), Medicinal
Plant Conservation Areas (MPCA), Seed Production Area (SPA) and Permanent Preservation
Plots (PPP) are maint. To conserve wild germplasm, revitalize the indigenous health care and
livelihood security a ‘National Programme on Promoting Conservation of Medicinal Plants and
Traditional Knowledge for enhancing Health and Livelihood Security’ is under implementation.

Ex situ conservation: More than 150 species are conserved inex situwith a focus on tree
improvement, productivity and species conservation. India has more than 100 botanical gardens
under the Indian Botanical Garden Network (IBGN). There are ongoing long-term breeding
programmes for a large number of species, including provenance trials, progeny trials, clonal
trials, and seed orchards. Though these trials and seed orchards are established primarily for
genetically improved seed, they are also put under selective conservation, as one of the
objectives in ex-situconservation. Germplasm banks and clone banks have also been established
for economically important tree species. The germplasm in these banks are characterized for
morphological characters for the purpose of identification and registration of clones and
biochemical and physiological characters for the purpose of selection and breeding.

Defence Institute of High Altitude Research (DIHAR) under Defence Research and
Development (DRDO) has created a National Perma Frost Based Germplasm Storage Facility at
an altitude of 5360 m above mean sea level which will serve as a germplasm storage facility for
current and future food security in the era of global warming and climate change, and the same
can also be used for ex situconservation of FGR for the country.

Organizations involved: The main organizations actively engaged in forest genetic resource
conservation are the state Forest Departments, directlyconcerned withex situand in-
situconservation of forest genetic resources. Around 25 per cent of forest areaextending over 22
m ha is under Joint forest management (JFM) with the people of villages adjoiningforests. The
forestry research organizations, NGOs and wood based industries are mainly concernedwith the
ex situconservation of forestry species of their interest. The ICFRE Institutes maintainsa large
number of seed production areas, seedling seed orchards, clonalseed orchards, clone banks and
vegetative multiplication gardens, as a part of FGR conservation anduse. The Indian Council of
Agriculture Research (ICAR) and its institutes concerned with agroforestry,the National Bureau
of Plant Genetic Resources (NBPGR), New Delhi and the Agricultural Universitieswhich
conduct courses on forestry also maintain collections of forestry species as National Active
Germplasm (NAG) sites and as orchards in their ex situconservation and tree improvement
programmes. The Botanical gardens under the Indian BotanicalGarden Network (IBGN)
maintain forestry species in their collections all over India. There are alsoNon-governmental
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organizations, private research organizations and nurseries and wood-basedindustries maintain
collections of germplasm of forestry species.

3. FGRs prioritised by National and International bodies

The degree of endemism in plant species is high in India. About 11058 species are endemic to
Indian region, of which 6 200 are flowering plants. As per IUCN Red List India has 246 globally
threatened plant species, which is about 3% of the world’s threatened plants. About 1 500
species of flowering plants and few hundreds of Pteridophytes, Bryophytes, Lichens and Fungi
have been identified as threatened. After critical evaluation of their status and threat perceptions,
data sheets on 1182 species have been prepared out of which account of 708 species have already
been published as Red Data Book of Indian Plants.

Based on the economic utility and conservation value, a large number of forest tree species have
been prioritized for conservation and use, by the APFORGEN (Asia-Pacific Forest Genetic
Resources Network), the state Forest Departments and in the ‘Consultative Workshop on
Strategies for Formulation of Forest Genetic Resources Management Network’ held at the
Institute of Forest Genetics and Tree Breeding (IFGTB), Coimbatore in 2011.

Apart from this Indian Council of Forestry Research and Education (ICFRE) has identified
important tree species for research under All India Co-ordinated Programme (AICP). While
some of these species are extracted from the natural forests many are raised in the planted forests
and agroforestry systems.

4. Climate Vulnerability and FGRs

The major cause of concern for FGR in the global context is the increasing levels of atmospheric
CO; resulting from human activities such as burning of fossil fuels and forest destruction.
Deforestation and forestdegradation, due to human activities,account for nearly 20 percent of
greenhouse gasemissions.Elevated levels of CO, are predicted to contributeto more extreme
climatic events (IPCC, 2013). Climate alterations andincreased occurrence of extreme climatic
eventsare considered a threat to FGR.Prolonged drought, high mortality due to extreme climatic
events, incombination with regeneration failure, can resultin local population extinction and the
loss of FGR,particularly at the receding edge of a species’distribution.

Climate change could alter the frequency andintensity of forest disturbances such as
insectoutbreaks, invasive species, wildfires, and storms.A greater incidence of intense cyclones,
extremedrought, fires, flooding and landslides has beenobserved in tropical forest ecosystems
whichhave experienced increased temperatures andmore frequent and extreme EI Nino—
SouthernOscillation (ENSO) events. Some climate changemodels predict substantial dieback in
parts of theAmazon and other moist tropical forests (Bernier and Schoene, 2009).

Predictions regarding the impact of climatechange on FGR in natural forests, in plantedforests
and on farms vary. Hamrick (2004) in his report supports that treeshave sufficient phenotypic
plasticity and geneticdiversity at the population level to withstandthe negative effects of climate
change. On the contrary, another grouppredicts severe impacts on FGR depending on the types
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of species and environments they exist. (Vendraminand Fady, 2009; Rehfeldt et al., 2001).
Manycountries urgently need to generate baseline information on the impacts of climate change
on FGR andto promote and use FGR to help with climatechange adaptation and mitigation.

In India, there has been a simultaneous depletion of state forests and rapid growth of farm forests
outwards from urban centres. Natural forest depletion has been driven by the growth of
population relative to non-farm employment opportunities and the resulting quest for additional
land. The most extreme depletion has occurred just outside protected forests, displaying a
backwash effect against the protective boundaries. Forest growth and investment in tree crops
occurring outwards from cities are driven by market incentives, including rising prices for wood
products relative to agricultural crops, input prices and wage differentials. Forest growth also
occurs within irrigated areas, where tree crops fit in with other production activities through
complementary uses of the same inputs, household management systems and market networks.
This shift in the aggregate forest cover towards settled areas is accompanied by significant
changes in the species composition and social organization of forests. An added factor of climate
change is likely to worsen the scenario.

An example of the vulnerability of Indian forests to climate change is given below.

e Himalayan mountain system is highly fragile and sensitive to climate change, the rate of
warming is greater than the global average warming (IPCC, 2013; Pradhan and Shrestha,
2007; Xu et al., 2009)

e Studies indicate shifts in the Himalayan forests; western and central Himalaya more
vulnerable to projected impacts of climate change (Chaturvedi et al., 2011;
Gopalakrishnan et al., 2011; Joshi et al., 2012; Shrestha et al., 2012)

e Himalayan forests are also prone to serious ecological degradation (Ives and Messerli,
1989; Pandit et al., 2007)

However, an understanding of how adaptive the current Himalayan forests are, and how
heterogeneity in regional vulnerabilities influence such changes to broad range of ecosystem
functions and services, is lacking. This, in turn, enhances the vulnerability in the complex
Himalayan landscape. Further, current management practices have decreased adaptive capacities
of forests. The ever-increasing anthropogenic pressure and competition for forest-based
resources leads to additional stress beyond the capacities to withstand continuity of change from
nature. Under these circumstances, an amalgamation of new scientific approaches based on
empirical evidence, along with traditional knowledge from communities, a holistic approach for
forest resource utilization needs to be implemented. The anticipated future impacts of climate
change, identified by the Government of India (GOI) in its Initial National Communication to the
United Nations Framework Convention on Climate Change (UNFCCC) mention that over 50 per
cent of India’s forests are likely to experience a shift in forest types, adversely impacting
associated biodiversity and regional climate dynamics, as well as livelihoods based on forest
products (GOI, 2004).

5. Impacts of Climate Change on FGRs
Temperature and precipitation are the twomain climate drivers for forest ecosystems;
anysignificant changes in either of these will have animpact on species composition and forest

cover.Impacts can range from extreme disturbancessuch as forest fires or pest outbreaks to
effects onphysiological processes from more subtle changesin temperature.
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It has been reported in the literature that many trees have sufficient phenotypic plasticity and
genetic diversity at the population level to significantly reduce the negative effects of climate
change. Climate change impacts are expected to be severe in dry and high temperature regions
where trees at their adaptive limit (Lindner et al., 2010).

Based on the data available to date, expected impacts of climate change on FGR will be
experienced through demographic , physiological and genetic process, like high mortality due to
extreme climatic events in combination with regeneration failure will result in local population
extinction and the loss of FGR, pest and disease attack may be more severe, asynchronous
flowering resulting low seed production,new species invasions, altered patterns of gene flow and
the hybridization of species and populations(Loo et al., 2011). High mortality reduces the size of
available gene pool, may increase inbreeding among survivors, resulting reduction in products
and services to people.

In Asia, where key biodiversity hotspots are found, endemic species are predicted to decline,
with changes in ecosystem structure and function (FAO, 2010). Changes in precipitation may
have a greater influence than temperature for these species (Dawson et al., 2011). Changes in
water availability are a major emerging threat to FGR; they will be a key factor for the survival
and growth of tree species. The response to prolonged droughts will vary among tree species and
within genotypes of the same species (Lucier et al., 2009). In arid and semi-arid lands, increased
duration and severity of drought has increased tree mortality, resulted in degradation, and
reduced distribution of forest ecosystems, including Cedrusatlantica forests in Algeria and
Morocco (Bernier and Schoene, 2009). The indirect impacts also need addressing. When drought
becomes a limiting factor for agriculture, there will be a tendency to shift to forests for crop
cultivation, grazing and illicit harvesting of wood and other forest products, aggravating the loss
of FGR (Bernier and Schoene, 2009).

Even small changes in climate are likely toaffect the timing and intensity of floweringand
seeding events, which would in turn havenegative impact on forest biodiversity andecosystem
services. Increased frequency andintensity of extreme events, such as cyclones,may result in
shifts in species composition.Mangrove ecosystems are especially vulnerable,A projected sea-
level rise poses great threat to the mangrove ecosystems.They could potentially move inlandto
cope with sea-level rise, but anthropogenic pressures or the lackof necessary sediment would
restrict their spread. Temperaturestress will also affect the photosynthetic andgrowth rates of
mangroves (McLeod and Salm,2006). Climate change impacts are expected tobe severe in dry,
high-temperature regions wheretrees are at their adaptive limit (Lindner et al., 2010) and in
confined islands ofmoist forest that are surrounded by drier land (Williams et al., 2003).

Choat et al. (2012) found that of 226 forest treespecies from 81 sites worldwide, 70 percent
havenarrow safety margins in the event of injuriouslevels of drought stress and therefore
couldface long-term reductions in productivity andsurvival if temperature and aridity increase
aspredicted. While gymnosperms were found to bemore tolerant of reduced hydraulic
conductivitythan angiosperms, safety margins were seento be largely independent of mean
annualprecipitation, with all forest biomes equallyvulnerable to hydraulic failure and drought-
inducedforest decline. These findings help toexplain why drought and increased heat areresulting
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in forest dieback across a broad rangeof forest and woodland types around the world (Allen,
2009). These dieback problems haveoccurred at a time when increases in temperaturehave been
relatively modest, which does notbode well for forests given future temperaturepredictions.
Under a scenario of a 4°C increasein global temperature, greater mortality ratescan be expected
as well as significant long-termregional drying in some areas.

Plasticity: Changed hydrological conditions associatedwith climate change include increases
inseverity and duration of flooding, which can killwhole stands of trees. Even inundation-tolerant
species, such as Eucalyptus camaldulensis and Cocosnucifera, are killed by water-logging ifthe
trees have not been regularly exposed towater-logging and inundation through theirdevelopment.
Inundation due to sea-level rise isbeginning to Kkill vegetation in coastal areas.In temperate and
boreal regions, reduced snowcover, changed timing of snowmelt and shorterfrost periods are
contributing to forest changesand stresses.

Changes in phenology: In FGR, changesin the climate could have an impact on seedproduction;
asynchronous timing betweenflower development and the availability ofpollinators could result
in low seed productionfor out-breeding species that depend on animalvectors. Pollinators
worldwide are being affectedby climate change, and this will likely have a majordetrimental
impact on breeding systems and seedproduction, with consequences for forest healthand
regeneration.

Invasives: A changing climate also provides theopportunity for some plant species moresuited to
a wide range of climate conditionsto invade new areas (Dukes, 2003). The spreadof Leucaena
spp. and Eupatorium spp. is known to have adverseimpacts on biodiversity in subtropical forests
inIndia. In addition to new species invasions,changing climates will result in altered patternsof
gene flow and the hybridization of speciesand populations. Shifting ecological niches
willincrease the risk of invasion by more competitivetree species that are more precocious or can
movemore quickly than the present species. Invasionsof new genes via pollen and seed dispersal
maydisrupt local evolutionary processes, but couldalso be a welcome source of new adaptive
traits (Hoffmann and Sgro, 2011).

Changes in tree physiology: Teak (Tectona grandis), which is native to south and southeast Asia,
but is now grown throughout the tropics for its valuable wood, is especially sensitive to changes
in temperature and moisture. This sensitivity is reflected in the development of wood and tree
rings, and has led to teak’s widespread use in dendrochronology for the reconstruction of past
climate, particularly rainfall, throughout south Asia (Jacoby and D’Arrigo 1990; Sinha 2012).
Changes in rainfall and moisture availability may therefore affect the development of cambium
and the quality or grain of teak wood. Teak is also grows faster than other hardwoods and has
been estimated to store 2 MgCha™ yr™ of atmospheric carbon (Kaul et al., 2010).

Shift in ranges: Bamboos are also increasingly important plants to the global economy. However,
with a warming global climate the natural limit of bamboo forests is expected to move northward
(Rui 2002), which may open up new areas for the cultivation of these unigque grasses. Although
bamboo can form dense tall stands throughout much of the Asia Pacific, bamboo forests do not
store carbon effectively. Rather mature stands are in equilibrium between carbon taken up for
growth, and carbon released from stem death and decomposition (Duking et al., 2011).
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6. Adaptations of FGRs to Climate Change

Climate change adaptation includes carbon management as a part of the forest management
paradigm. Kaul et al. (2010) found that in the teak and sal (Shorearobusta) forests of India, the
length of rotation and the thinning regime utilised by forest managers can influence the carbon
stored by forests and the value of timber harvested. For instance maximum primary productivity
was seen at 60-year rotations, but declined as the rotation length was extended. However average
carbon stock increased by approximately 12% when rotation length was increased from 120
years to 150 years.

The ability of a tree species to survive the current rapid climate changes will depend on its
capacity to adapt quickly to new conditions at existing sites, to survive changing conditions
through a high degree of phenotypic plasticity without any genetic change, and/or to migrate to
an environment with the desired conditions for that species.

A number of climate-related traits, such as the timing of bud break in spring, leader shoot growth
cessation in summer, bud set in autumn and annual ring lignification, are regulated by
temperature during female reproduction; temperature-induced regulation of the level of gene
expression in the developing embryos is apparently maintained in the developing trees as an
“epigenetic memory”’. Many such epigenetic responses have been documented in plants exposed
to environmental stresses (Madlung and Comai, 2004), but the mechanisms involved are not
fully understood.

7. Gaps in knowledge (FAO, 2011)

e Adaptive potential of traits of importance under climate change and the underlying
genetic mechanisms: Field and nursery experiments to understand patterns of variation;
harness genomic tools to improve understanding of genes that are important in drought
tolerance and resistance, flood tolerance, phenology, response to elevated CO, levels, etc.
Transfer of knowledge obtained from model species in temperate regions to less known
“local” species that are of high importance to people in the developing world.

e The degree of phenotypic plasticity and its underlying genetic and epigenetic basis:
Phenotypic characterization through more field trials designed to understand impacts and
responses to environmental changes.

e Effect of changes in interspecific competition and reproductive potential in relation to
changing growth rhythms as temperature changes but photoperiod stays constant. Small-
scale assisted migration operations should be carried out and monitored to determine
whether the expected disconnect between temperature regimes and photoperiod can be
mitigated by mixing genetic sources and allowing natural selection

e Population dynamics and environmental limits for pollinator species: In all areas where
trees depend on pollinator species, action is needed to understand and respond to threats.

e Species distributions and effects of fragmentation on gene flow: Map species
distributions, accounting for rapidly expanding agricultural land and other developments,
and considering historical data; develop predictive models that take into account life-
history characteristics, the effects of fragmentation and levels of gene flow, in different
parts of a species range.
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e Requirements for maximizing productivity of trees in agricultural landscapes under
changing climate: Develop a portfolio of varieties that have phenotypic plasticity and that
perform well across a range of environments (national/ regional level)

e Past and current flows of germplasm, including quantities, origin of material and survival
at the destination: Improve documentation of germplasm flows, molecular typing of
origin.

e Design of effective germplasm delivery systems for large-scale plantation establishers
and smallholders: Improve international transfer of germplasm to make available high-
quality site-matched planting material of high-value trees to planters, with a broad
genetic base to ensure adaptive potential. Improve linkages between international
exchange and smallholders through revitalizing the role of national tree seed centres in
developing countries

e Cultivation requirements of currently or potentially useful species: Improve access to
information through education and training.

e Regions where high genetic diversity and significant threats coincide: Implement risk
assessments and threat analyses to identify coincidence. Prioritize conservation of
populations on the basis of importance to people, high diversity and significant threat.

e Most effective mix of in situ, circa situ and ex situ approaches to ensure conservation and
maintain evolutionary processes: Increase population representation and genetic diversity
of important and threatened species in conservation areas, in farmland and in seed
collections.

e Seed storage behaviour and germination requirements for many important species: New
approaches for “gene-banking” for many tropical species through seed physiology
research, cryopreservation, pollen storage, etc. Active conservation measures are needed
for species that are important for human well-being and are seriously threatened.

e Costs and benefits of FGR conservation: Application of economic valuation approaches
developed for other sectors to FGR, with an emphasis on high-value species for foresters
and small-scale farmers.

8. Approaches to develop resilient FGRs

Under changing environmental conditions, trees must first survive and then reproduce. To be
useful to humans, they must also continue to produce the products and services for which they
are valued. Some important traits needed for adaptation to different climatic conditions, but
which are not often considered in breeding programmes include the following:

Drought resistance: This is a complex trait that may include deep rooting systems, water use
efficiency and deciduous habit. For many tree species, altered moisture regimes will be of greater
concern than temperature changes. Information on these aspects would prove useful.

Pest resistance: Pest and disease resistance has received little attention in tree breeding. Climate-
change mediated changes in pest and disease attacks are becoming a crucial issue in plantation
forestry (Yanchuk and Allard, 2009).

Fire resistance/tolerance: Increased fire frequency results from decreased precipitation and
elevated temperatures combined with human activities such as forest clearance (Malhi et al.,
2009). Many tree species growing in semi-arid regions have developed mechanisms to confer a
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degree of resistance to periodic fires, but this may not be the case in more humid forest.
Increased fire frequency will require adaptations such as thicker bark.

Cyclone resistance/salt tolerance: The combined effects of a rising sea level and increased storm
frequency have the potential to wreak heavy damage on coastal forests. A differential ability to
withstand storms and salt may be found more commonly among species than within, but the
possibility of selection for suitable types within species needs to be explored.

Phenotypic plasticity: This information is vital for an adaptive response to changing climate and
can vary at intraspecific level.

Conclusion

The forest departments, research organizations and other stakeholders handling the forest genetic
resources in association with other government departments have to contribute to management
and conservation of FGRs through an integrated approach (MoEF, 2009). The areas that need
urgent attention in FGR conservation and management are:

i) Integrated database development at all organizational and management levels, to
effectively utilize the data for decision making and establishment of a national
information system

i) skill development at all levels,especially related to new biotechnologies, benefit sharing
mechanisms, tools in monitoring FGR diversity

iii) Develop modelling for economically important and threatened species due to climate
change

iv) monitoring and assessing biodiversity for representative landscapes on long term
continuous basis

v) Study genetic diversity, gene flow, seed characteristics and regeneration

vi) Establish tree species with mixed mating system

vii) Develop ex situ conservation stands, seed bank, field gene bank etc for FGR prioritized
species

viii) elimination of invasive alien species, that threaten the diversity

iX) incentives for sustainable utilization of resources

X) sustained research on genetic diversity

Forestry is one of the biological sciences whose study can contribute to a better understanding of
the role of forests in climate change mitigation. There is a need for an integrated approach to
study the problem cutting across disciplines of physical, social, biological, health and
engineering sciences for sustaining the FGRs for posterity.
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Summary

Broadly, the climate change research on FGRs can be grouped into Climate change modeling,
mitigation and adaptation.

Climate change modelling
In addition to global models, development of regional models are required at finer spatial
resolutions for decisions at micro-level. Besides the primary variables of temperature and
precipitation, information on secondary variables like heating degree days, heat index, starting
and ending days of seasonal monsoon rainfall, storm surge, need to be incorporated in the
model.
In order to tackle natural hazards, physico-chemical stresses faced by plants, pest and disease
spectrum, species migration, there is a necessity for GIS based framework for risk assessment
and to assist in decision making on spatio-temporal scale.
Impact assessment and modeling taking all relevant factors including socio-economic impact
assessment is essential to take the required measures for mitigation.

Mitigation
Integration of low-rainfall species into farming systems will provide green cover as well as
insurance in case of failure of agriculture.
Production of electricity using woody biomass, will help in reducing the use of fossil fuels.
The plantation that is cut for production of biomass can again be regenerated for sequestration
of more carbon. Species suitable for high-density plantation can be raised as energy
plantations for providing the feedstock for power generation.
Quantification of impacts of management practices on soil carbon dynamics due to agronomic
practices and irrigation are required for optimizing the management practices for efficient
carbon sequestration in soils.
Development of improved models of sequestration is required on the basis of carbon
sequestered, with a view to enhance the sequestration potential.
Quantification carbon fixed in timber and timber products that are maintained for longer
durations is essential.
Methods have to be developed for inclusion of wood products in carbon trading.

Adaptation
New varieties that are climate change ready have to be developed through conventional
breeding or molecular breeding. Breeding for increased tolerance to water stress, improved
nutrient use efficiency is the ‘need of the hour’.
Selection of broad leaved species tolerant to high temperature for CO, exchange and other
physiological mechanism is important.
Breeding for tolerance/ resistance to pests and diseases may also become necessary. As there
may be an increase in intensity and distribution range of pests and diseases.
Interactive effects of increased carbon dioxide and water/ nutrient deficiency need further
study with changing climate.
The anticipated beneficial effects of elevated carbon levels on grass land productivity may
increase the population of herbivores, which can pose a threat to the regeneration of forests.
The weeds showing phenotypic plasticity may increase in their invasive potential and expand
the range. These are required to be studied for appropriate remedial action.
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B. Forest Health Towards Climate Resilience
Introduction
Forests are subjected to a variety of disturbances that are themselves strongly influenced by
climate. Disturbances such as fire, drought, landslides, species invasions, insect and disease
outbreaks, and storms such as hurricanes, windstorms and ice storms influence the composition,
structure and function of forests (Dale et al., 2001). Climate change is expected to impact the
susceptibility of forests to disturbances and also affect the frequency, intensity, duration, and
timing of such disturbances. Increased temperatures and high levels of carbon dioxide in the
atmosphere along with changes in precipitation are having notable impacts on the condition of
the world’s forests, They affect the frequency and severity of extreme weather events by making
winters warmer or affecting the length of growing seasons. Such climate change events can
affect forest pests and the damage they cause by directly impacting their development, survival,
reproduction and spread; altering host defences and susceptibility; and indirectly impacting
ecological relationships such as changing the abundance of competitors, parasites and predators.
Insects and diseases may be the first indicators of climate change.
All of these impacts on trees and forests will inevitably have widespread impacts on the forest
sector. Changes in the structure and functioning of natural ecosystems and planted forests due to
climate changes will have negative impacts on the productive function of forest ecosystems
which in turn will affect local economies (FAO, 2005). Decreased forest ecosystem services,
especially water cycle regulation, soil protection and conservation of biological diversity, as a
result of climate change may imply increased social and environmental vulnerability. While
climate change is likely to increase timber production and lower market prices in general, the
increases in production will certainly not be evenly distributed throughout the world; some areas
will experience better conditions than others (Pérez-Garcia et al., 2002). For example, forests
with low productivity due to drought will likely face further decreases in productivity, while
areas where temperature limits productivity may benefit from rising temperatures.
Research has suggested that insect outbreaks can significantly affect the carbon sink or source
status of a large landscape. Thus preventing and reducing pest impacts on forests would provide
an opportunity to mitigate climate change. Management of pests and prevention of their spread
ensure that forests remain healthy, reducing the risk of forest degradation and increasing
resilience to climate change.
As forests are very stable ecosystems in time, a study of the evolution of the forests could help to
understand the effects of climate change. Holling (2001) notes that an adaptive capability to
climate change is a necessary component of sustainability, whereas other researchers have
determined that forest health is mainly affected by environmental stress, as critical ozone levels,
meteorological stress factor, air pollution stress,critical deposition level or nutrient deficiencies
(Garcia et al., 2001). Indicators of sustainable forest management and forest health indicators
could be used for climate change assessment (Ferretti, 1997).
Increased fuel loads, longer fire seasons and the occurrence of more extreme fire weather
conditions as a consequence of a changing climate are expected to result in increased forest fire
activity (Mortsch, 2006). A changing climate will also alter the disturbance dynamics of native
forest insect pests and pathogens, as well as facilitating the establishment and spread of non
indigenous species. Such changes in disturbance dynamics, in addition to the direct impacts of
climate change on trees and forest ecosystems, can have devastating impacts particularly because
of the complex relationships between climate, disturbance agents and forests. Any of these
disturbances can increase forest susceptibility to other disturbances.
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1. Impacts of climate change on forest pests

Changes in the patterns of disturbance by forest pests (insects, pathogens and other pests) are
expected under a changing climate as a result of warmer temperatures, changes in precipitation,
increased drought frequency and higher carbon dioxide concentrations. These changes will play
a major role in shaping the world’s forests and forest sector.

Climate change can exacerbate invasions of forest pests as well as impacts of native pests. For
example, climate change can facilitate the range expansion of both native and exotic pests
(insects and pathogens), or affect tree resistance to pests (Jactel et al., 2012a), and there is
increasing evidence that this is a widespread phenomenon (Anderegg et al., 2015). There is
evidence in the fossil record that previous episodes of rapid global warming were accompanied
by increased levels of insect herbivory (Currano et al., 2008).

Insects and pathogens have been noted to respond to warming in all the expected ways, from
changes in phenology and distribution to influencing community dynamics and composition
(Menéndez, 2007). While some impacts of climate change may be beneficial in terms of
protecting forest health (e.g. increase winter mortality of some insect pests due to thin snow
cover; slower larval development and increased mortality during droughts), many impacts will
be quite detrimental (e.g. accelerated insect development rate; range expansions of pests) (Ayres
and Lombardero, 2000).

Climate change can affect forest pests and the damage they cause by: directly impacting their
development, survival, reproduction, distribution and spread; altering host physiology and
defences; and impacting the relationships between pests, their environment and other species
such as natural enemies, competitors and mutualists.

2. Direct impacts

Climate, temperature and precipitation in particular, have a very strong influence on the
development, reproduction and survival of insect pests and pathogens and as a result it is highly
likely that these organisms will be affected by any changes in climate. Because they are cold-
blooded organisms, forest insects and pathogens can respond rapidly to their climatic
environment impacting directly on their development, survival, reproduction and spread. With
their short generation times, high mobility and high reproductive rates it is also likely that they
will respond more quickly to climate change than long-lived organisms, such as higher plants
and mammals (Menéndez, 2007) and thereby may be the first predictors of climate change.
Physiology: Climate influence on insects can be direct, as a mortality factor, or indirect, by
influencing the rate of growth and development. Some information on the impacts of increased
CO,, and O3, is becoming available but only for specific environments (Karnosky et al., 2008)
and only very partial information is available on changing UVB levels and altered precipitation
regimes.

Temperature is considered to be the more important factor of climate change influencing the
physiology of insect pests (Bale et al., 2002). Precipitation however can be a very important
factor in the epidemiology of many pathogens that depend on moisture for dispersal. Flexible
species that are polyphagous, occupy different habitat types across a range of latitudes and
altitudes, and show high phenotypic and genotypic plasticity are less likely to be adversely
affected by climate change than specialist species occupying narrow niches in extreme
environments (Bale et al., 2002).
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Increases in summer temperature will generally accelerate the rate of development in insects and
increase their reproductive capacity while warmer winter temperatures may increase over winter
survival (Ayres and Lombardero, 2000).Decreased snow depth associated with warmer winter
temperatures may also decrease the winter survival of many forest insects that overwinter in the
forest litter where they are protected by snow cover from potentially lethal low temperatures
(Ayres and Lombardero, 2000).The impact of a change in temperature will vary depending on
the climatic zone. In temperate regions, increasing temperatures are expected to decrease winter
survival while in more northern regions, higher temperatures will extend the summer season
thereby increasing growth and reproduction (Bale et al., 2002).

However, Deutsch et al. (2008) suggested that, in the absence of ameliorating factors such as
migration and adaptation, the greatest extinction risks from global warming may be in the
tropics. Warming in the tropics, though proportionately smaller in magnitude, could have the
most deleterious impacts because tropical insects have very narrow ranges of climatic suitability
compared to higher latitude species, and are already living very close to their optimal
temperature.

Some important forest insect pests have critical associations with symbiotic fungi but limited
information is available on how temperature changes may affect these symbionts and thus
indirectly affect host population dynamics. In some cases insect hosts and their symbionts may
be similarly affected by climatic change while in other cases, hosts and symbionts maybe
affected asymmetrically, effectively decoupling the symbiosis (Six, 2007).

Species Distribution: Climate plays a major role in defining the distribution limits of insect
species. With changes in climate, these limits are shifting as species expand into higher latitudes
and altitudes and disappear from areas that have become climatically unsuitable
(Menéndez,2007). Such shifts are occurring in species whose distributions are limited by
temperature such as many temperate and northern species. It is now clear that poleward and
upward shifts of species ranges have occurred across many taxonomic groups and in a large
diversity of geographical locations during the 20" century.

Parmesan and Yohe (2003) reported that more than 1700 Northern Hemisphere species have
exhibited significant range shifts averaging 6.1 km per decade towards the poles (or 6.1 m
perdecade upward).Climate change may also weaken the association between climatic and
habitat suitability. Forest pests are also occurring outside historic infestation ranges and at
intensities not previously observed. There is increasing evidence in the literature that insect
species are changing their genetic makeup in response to climate change.

Some examples of forest pest species that have responded or are predicted to respond to climate
change by altering distribution include the following.

e The outbreak of Leptocybeinvasa, gall infestation in eucalypts species in India is a
befitting example of this.

e Climate change, which is clearly felt in the traditional rubber growing regions of India,
may possibly alter the host-pathogen interactions leading to epidemics of otherwise
minor diseases (Narayanan and Mydin, 2012).

e A major epidemic of the mountain pine beetle (Dendroctonusponderosae) has been
spreading northwards and upwards in altitude in western Canada (British Colombia
andmore recently, Alberta) for several years.

e Jepsen et al. (2008) give ample evidence of northward outbreak range expansions of
twogeometrids  (winter moth, Operophterabrumata, and autumnal moth,
Epirritaautumnata)in Scandinavia.
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e The pine caterpillar (Thaumetopoeapityocampa) has significantly expandedits latitudinal
and altitudinal distribution in Europe.

e The European rust pathogen Melampsoraallii-populinais likely to spread northwards with
increased summer temperatures.

The ability of a species to respond to global warming and expand its range will depend on a
number of life history characteristics, making the possible responses quite variable among
species. Range-restricted species show more severe range contractions than other groups and are
considered most at risk of extinction due to recent climate change (Parmesan, 2006). Range
shifts may be limited by factors such as day length or the presence of competitors, predators or
parasitoids (Walther et al., 2002).

Phenology

Phenology is the timing of seasonal activities of plants and animals such as flowering or
breeding. It is mostly temperature dependent; hence phenology can be expected to be influenced
by climate change. It is one of the easiest impacts of climate change to monitor (Gordo and Sanz,
2006) and by far the most documented for a wide range of organisms (Root et al., 2003).
Common activities to monitor include earlier breeding or first singing of birds, earlier arrival of
migrant birds, earlier appearance of butterflies, earlier choruses and spawning in amphibians and
earlier shooting and flowering of plants (Walther et al., 2002).Evidence of phenological changes
in plants as a consequence of climate change is abundant and growing (Menzelet al., 2008).

In a review of phenological changes of interacting species, Visser and Both (2005) noted that
insects have advanced their phenology faster (early eggs hatching and early migration return
date) than their hosts (bud burst and flowering). They have also advanced their period of peak
abundance more than their predators (laying date and migration arrival of birds). The disruption
of synchrony between the winter moth (Operophterabrumata) hatching and bud burst of its host
oak trees has in turn resulted in an asynchrony between the pest and one of its predators, the
great tit (Parus major), which relies on the caterpillars to feed their young (van Asch et al.,
2007). Such climate induced phenological changes are clearly resulting in a great deal of
asynchrony between interacting species which will ultimately influence community structure,
composition and diversity.

Where insect life cycle events are temperature-dependent, they may occur earlier and increased
temperatures are likely to facilitate extended periods of activity (Harrington, et al., 2001). With
increased temperatures, it is expected that insects will pass through their larval stages faster and
become adults earlier. Therefore expected responses in insects could include an advance in the
timing of larval and adult emergence and an increase in the length of the flight period
(Menéndez, 2007). Members of the order Lepidoptera again provide the best examples of such
phenological changes. Gordo and Sanz (2005) investigated climate impacts on four
Mediterranean insect species (a butterfly, abee, a fly and a beetle) and noted that all species
exhibited changes in their first appearance date over the last 50 years which was correlated with
increases in spring temperature.

Parmesan and Yohe (2003) estimated that more than half (59 percent) of 1598 species
investigated exhibited measurable changes in their phenologies and/or distributions over the past
20 to 140 years. They also estimated a mean advancement of spring events by 2.3days/decade
based on the quantitative analyses of phenological responses for these species. Root et al. (2003),
in a similar quantitative study, estimated an advancement of 5.1 days per decade. Parmesan
(2007) investigated the discrepancy between these two estimates and noted that once the
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differences between the studies in selection criteria for incorporating data was accounted for, the
two studies supported each other, with an overall spring advancement of 2.3 to 2.8 days/decade
found in the resulting analysis.

Activity and abundance of natural enemies: Relationships between insect pests and their natural
enemies will change as a result of global warming, resulting in both increases and decreases in
the status of individual pest species. Changes in temperature will also alter the timing of diurnal
activity patterns of different groups of insects, and changes in inter-specific interactions could
also alter the effectiveness of natural enemies for pest management (Hill and Dymock 1989).
Quantifying the effect of climate change on the activity and effectiveness of natural enemies will
be a major concern in future pest management programs. The majority of insects are benign to
agro-ecosystems, and there is much evidence to suggest that it is due to population control
through interspecific interactions among insect pests and their natural enemies (pathogens,
parasites, and predators). Oriental armyworm, Mythimnaseparata (Walk.) populations increase
during extended periods of drought (which is detrimental to the natural enemies), followed by
heavy rainfall (Sharma et al., 2002). Aphid abundance increases with an increase in CO; and
temperature, however, the parasitism rates remain unchanged in elevated CO,. Temperature not
only affects the rate of insect development, but also has a profound effect on fecundity and sex
ratio of parasitoids (Dhillon and Sharma 2009). The interactions between insect pests and their
natural enemies need to be studied carefully to devise appropriate methods for using natural
enemies in pest management.

Plant—pollinator interactions under climate change

Tree-pollinator interactions are important ecosystem services that are threatened by global
warming and climate change. Pollinators such as birds, bees, butterflies, moths, flies, wasps,
beetles bats and even mosquitoes are essential for food production because they transfer pollen
between seed plants-impacting 35% of the world’s crops. Among the pollinator groups, bees
have been considered a priority group. Bees are synonymous with insect pollinators and they are
publicly shared assets, most species and populations belonging to nobody, yet benefiting all of us
through pollination — a perfect example of ’positive externality’, in economic parlance (Batra,
1995). According to Gallai et al., 2009, more than 40 % of honey bees have been disappeared
during last 25 years in India.Solitary bees and other insect pollinators play a great role in the
pollination of wild plants. They also pollinate many cultivated plants. There is a lack of data on
many invertebrate species that act as pollination agents. Many pollinator species that were
relatively rare in the past are becoming rarer, while more common species have become
widespread. The loss of bee pollinators is becoming a reality as reports all over the world have
pointed out that most pollinator populations have declined to levels that cannot sustain their
pollination services in both agro-ecosystems and natural habitats. European honeybees in North
America have suffered dramatic declines (up to 50% of managed colonies) (Kraus and Page,
1995).

Research activities in India on bees or on other pollinators are in a state of neglect. Despite the
global worry, no study had been done to assess directly the scale of the decline in natural
pollinators. In India at present, one hundred and fifty million colonies are needed to meet the
pollination requirement of around 50 million hectare bee dependant crops but there are only 1.2
million colonies present (TNAU agritech portal). On a global level, the Convention on
Biological Diversity has identified the importance of pollinators with the establishment of the
International Initiative for the Conservation and Sustainable Use of Pollinators (also known as
the International Pollinators Initiative-1PI) in 2000, facilitated and coordinated by FAO.
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International Pollinators Initiative includes a project involving seven nations (including India)
with the aim of identifying practices and building capacity in the management of pollination
Services.

3. Indirect impacts

Changes in temperature, precipitation, atmospheric CO, concentrations and other climatic factors
can alter tree physiology in ways that affect their resistance to herbivores andpathogens (Ayres
and Lombardero, 2000).

Elevated CO; levels can also result in changed plant structure such as increased leaf area and
thickness, greater numbers of leaves, higher total leaf area per plant, and larger diameter stems
and branches (Garrett et al., 2006). An increase in defensive chemicals may also result under
such conditions (van Asch and Visser, 2007). Either of these changes to host physiology would
influence palatability to insects, though the impacts on pests differ by species. Under increased
CO; levels the winter moth (Operophterabrumata) consumes more oak (Quercusrobur) leaves
due to a reduction in leaf toughness, while the gypsy moth (Lymantriadispar) exhibits normal
pupation weight but requires a longer time to develop as a result of an increase in tannin
concentrations (van Asch and Visser, 2007).

Drought: Drought is one of the most important climate-related events through which rapid
ecosystem changes can occur as it affects the very survival of existing tree populations. Long-
term drought can result in reduced tree growth and health thereby increasing their susceptibility
toinsect pests and pathogens. A number of insect pests and pathogens are associated with
stressed trees, such as Agrilusbeetles and the common and widespread Armillaria species which
have been linked to oak decline (Evans, 2008).

Drought can also elicit changes in plant and tree physiology which will impact pest disturbance
dynamics. Leaves may change colour or become thicker or waxier which could affect their
palatability to insects (Harrington et. al., 2001). The concentration of a variety of secondary plant
compounds tends to increase under drought stress which would also lead to changes in the
attraction of plants to insect pests. Moderate drought however may actually increase production
of defense compounds in plants and trees possibly providing increased protection against pests.
Sugar concentrations in foliage can increase under drought conditions making it more palatable
to herbivores and therefore resulting in increased levels of damage (Harrington et. al., 2001).
Increases in the sugar content in drought-stressed balsam fir for example have been known to
stimulate the feeding of certain stages of spruce bud worm(Choristoneura fumiferana) and
accelerate their growth (Mortsch, 2006). Another advantage for forest pests is the increased
temperature of drought-stressed trees, which can be 2 to 4 °C warmer, which can benefit the
fecundity and survival of insects (Mortsch, 2006).

The impacts of such changes to host tree physiology and susceptibility provoke different
responses from pest species. Rouault et al. (2006) investigated the impacts of drought and high
temperatures on forest insects and noted that woodborers were positively influenced by the high
temperatures which increased their development rates and the prolonged water stress that
lowered host tree resistance while defoliators benefited from the increased nitrogen in plant
tissues linked to moderate or intermittent water stress. The large natural spatial and temporal
variability in forest processes makes it difficult to positively relate drought-related tree mortality
to a greater incidence of insect pest or fungal pathogen damage.

Elevated levels of atmospheric carbon dioxide result in improved growth rates and water use
efficiency of plants and trees. This increased productivity leads to lower nitrogen concentrations
in trees and plants as carbon-nitrogen (C: N) ratios rise and thus reduces the nutritional value of
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vegetation to insects (Mortsch, 2006). In response insects may increase their feeding (and
consequently tree damage) in an attempt to compensate for the reduced quality and gain the
necessary nitrogen (Ayres and Lombardero, 2000). In many cases the increased feeding does
enable the insect to meet its nutritional needs but most often it does not and results in poor
performance, reduced growth rates and increased mortality (Harrington et al., 2001). Suchan
effect, however, is not consistently observed, and increased growth due to enhanced CO;, may in
fact more than compensate for the defoliation in some cases (Kopper and Lindroth, 2003).
Extreme events: Besides drought, climate change may affect the frequency and intensity of other
extreme climate-related events, with subsequent impacts on forest health. Direct damage to trees
or alterations in the ecosystem may increase their susceptibility to pest outbreaks. Climate
change also being associated with increased warm air mass movements towards high latitudes,
the frequency and extent of long-distance windborne dispersal events are likely to increase, as
was observed in a recent influx of diamondback moths on Svalbard Island in Norway, 800 km
north of the likely source population in the Russian Federation (Coulson et al., 2002).

Impacts on community ecology: Distributional changes and range shifts interfere with
community relationships as expanding species will begin to interact with other species in new
environments with which previous interaction may have been limited or non-existent (Menéndez,
2007).Species capable of responding to climate change by increasing their range will also benefit
from the lack of competitors and natural enemies in their new environment. Species expansions
may not be promptly followed by that of its natural enemies (Battisti, 2004).Some pathogens
may benefit from the improved survival and spread of their insect vectors.

Conclusion

It is likely that changing temperature and precipitation pattern due to climate change will
produce a strong direct impact on the health of both natural and man modified forests. The
climate change-induced modifications of frequency and intensity of forest wildfires, outbreaks of
insects and pathogens, and extreme events such as high winds, may be more important than the
direct impact of higher temperatures and elevated CO.,. Increased tree cultivation in private lands
and development of urban forests are on the rise and therefore, there is a clear need for extensive
research in India in the following line in future,

e Behavioural assessments of forest health agents (Insect pests, pathogens both native and
invasive species, natural enemies, pollinators, litter inhabiting fauna and flora) in forests
and plantations of economically important tress species.

e Development of pest management strategies for dealing with future pest adaptations to
climate change.

e Strengthening Plant Quarantine to meet the new challenges emerging due to the increased
risk and frequency of global trade-driven international pest movement with changing
climatic situations.

e Development of pest/disease tolerant trees identified through breeding programmes as an

alternative management practices to reduce subsequent vulnerability of plantation trees
due to climate change.
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Summary

e The challenge to understanding climate change impacts is not just in obtaining
information on the impacts of temperature, precipitation and other climatic factors on
forests and pests but also acquiring knowledge on the interaction between the different
climate change factors, and how climate change impacts disturbances and vice versa.

e Knowledge derived from the pests’ ability to adapt to climate shifts in their area of origin
may be a useful management tool but it is considered that increased opportunities for
pests to encounter new and suitable eco-climatic zones for establishment will result in
many new infestations and challenges in forest pest management. The forest sector needs
effective monitoring and detection activities to allow for quick action in the face of
changing or increasing pest outbreaks including continual pest risk assessments. There is
also a need for alternative practices to reduce subsequent vulnerability of forests, such as
planting pest tolerant trees identified through breeding programmes; noting however that
it is unlikely that such programmes can predict new pest risks in a timely fashion due to
shifting species adapting to new environments. Comprehensive risk assessments as well
as enhanced knowledge management systems using a variety of information technologies
such as simulation models, geographic information systems (GIS) and remote sensing
could also play a role in protecting forest health from the impacts of climate change and
forest pests.

e While a fair amount of information is already available concerning the impacts of climate
change on the world’s species and ecosystems, from the perspective of forests,
considerably more information is needed on the impacts on forests, forest pests and the
complex relationships relating to climate change. Much of the information available
comes from Europe and America. India is yet to generate reports on this aspect. There is
also scant information available on the effect of climate change on symbionts and host
dynamics. Further detailed studies of important forest pests would allow for the
development of pest management strategies for the future and assist forest managers and
policy-makers to better prepare for the challenge of dealing with climate change and
provide insights into future pest adaptations to climate change.
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Introduction

Forest genetic resources (FGRs) refer to the heritable materials maintained within and among
tree and other woody plant species that are of actual or potential economic, environmental,
scientific or societal value. A population of a particular tree species comprises all the individuals
of that species in the same geographical area and genetically isolated from other populations of
the same species. Trees and other woody species differ from other organisms in several key
respects. Forest tree species are generally perennial, long-lived and have developed natural
mechanisms to maintain high levels of genetic variation within species. They include high rates
of outcrossing and often long-distance dispersal of pollen and seed. These mechanisms,
combined with native environments that are often variable, have enabled forest tree species to
develop into some of the most genetically diverse organisms in existence. For long-term survival
at a particular site, they need to be able to endure environmental extremes and changes and/or to
persist in the soil seed bank or regrow from root suckers and coppice. The high genetic diversity
that characterizes tree populations and individuals, and associated stress tolerance and disease
resistance mechanisms, help explain their capacity to persist and thrive for long periods. Trees
are notable for their diverse breeding and reproductive systems, which are in turn major
determinants of spatial patterns of tree species genetic diversity. Most tree species reproduce
sexually, although many have a combination of sexual and asexual reproductive means, while a
few have lost the ability to reproduce sexually and are maintained as sterile, root-suckering
clones in certain parts of their range. Climate change poses a major threat to forestry,
biodiversity, agriculture and food security through extreme climatic events, droughts, increases
in temperature, more frequent and intense wildfires, and increased activity of pests and alien
invasive weeds. It will be increasingly vital to provide the deepest possible reservoir of genetic
variability on which natural and artificial selection can act, facilitating adaptation to changed
conditions.

Globally, deforestation has contributed significantly to climate change by releasing carbon
dioxide into the atmosphere and reducing the production of oxygen. Several countries have taken
significant steps in conserving the genetic resources of forest trees. However, they have rarely
taken into account the implications of climate change for the conservation of forest genetic
resources. Climate change poses unique conservation challenges that require specific responses.
Globally forests have been expanding in terms of area and timber stock and subsequently they
have acted as a carbon sink while they have been recovering from previous eras of deforestation.
The impacts of climate change on forests, and especially on their genetic diversity have not been
given proper consideration in forest management policies. Several recommendations for action
have been put forth. These focus on establishing additional genetic conservation units
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specifically to respond to climate change, enhancing cooperation among countries and enlarging
collaboration on the conservation of forest genetic resources, the need for continued and
expanded monitoring and sharing of data, including the development of decision tools and red
lists within each nation, and further research on aspects of assisted migration and on marginal
and peripheral tree populations.

Genetic diversity is a key component of resilience and adaptability. Overall, forest tree
populations are genetically very diverse, conferring them an enormous potential for genetic
adaptation via the processes of gene flow and natural selection. Recent progress in genetics can
contribute to the development of appropriate practical actions that forest managers and policy
makers can adopt to promote forest resilience to climate change. Gaps in our knowledge remain,
and we identify where additional information is needed (e.g., the adaptive value of peripheral
populations or the genetic determinism of key adaptive traits) and the types of studies that are
required to provide this key understanding.

No worthwhile paper could be seen on forest genetic resources in relation to climate change or
resilience in the Indian context. Majority of papers involved assessment of climate change
impacts or the sensitivity or vulnerability of forests to climate change and some considered
adaptation. This paper attempts to focus on forest genetic resources (FGRS), and it does so in the
context of trees in natural forests, plantations and agroforestry systems (Rodney, 2015).

The context

Forest trees are long-lived species that are genetically very diverse. Trees have developed natural
mechanisms to maintain high levels of genetic variation and reduce inbreeding, e.g. through
long-distance dispersal of pollen and reproduction among unrelated distant individuals. Because
native tree individuals with a particular genetic make-up occupy very diverse environments,
these mechanisms have maintained high levels of genetic variability within forest trees despite
strong selection. Climate change is expected to have a significant impact on forests, causing
changes in the geographic distribution of species, ecosystem functioning and interactions
between species. Given the long lifespan of trees, fast local adaptation will largely depend on the
genetic variability available within and among tree stands and populations. High levels of genetic
diversity are thus beneficial as they allow individual trees and populations to adapt more easily
to environmental changes.

Challenges facing Indian forests

Forests face major challenges from climate change and various native and exotic pests. In
particular, it is the uncertainty in predicting the nature and impacts of these threats that is
hampering efforts to plan mitigation. Despite a huge amount of modelling aimed at predicting
the likely pattern, speed and intensity of climate change, there is still great uncertainty in
forecasts of the magnitude of change at specific locations and the ability of our forest resources
to cope with them. Similarly, whilst many new disease causing pests have been identified as
present in India, perhaps the greater threat lies in those that are present but have not yet been
identified and those that have yet to arrive. There are numerous examples where introduced
pathogens have led to mass destruction of tree species elsewhere in the world, e.g. chestnut
blight (Jacobs et al., 2013) and white pine blister rust (Kinloch, 2003) in North America.

The interaction of virulent exotic pests with native trees coupled with climate change could

operate in several ways. This can induce maladaptation to changing future conditions. Trees that
are stressed may be more likely to succumb to both native and introduced pests and diseases.
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There will be altered balance between tree host and existing pests. For example, rising
temperatures may affect the synchrony between herbivore emergence and bud burst. Changed
climates cause species that were not previously damaging to develop into threats or facilitate the
establishment of new species from other warmer countries.

Genetic variation and the phenotypic plasticity found in forest tree populations provide the
means to cope with the new challenging conditions. Most genetic studies to date indicate that
there is a large amount of heritable adaptive variation available in tree species on which natural
selection can operate. Thus, the rather dramatic predictions made by climate envelope models of
large-scale changes in forest distribution within the coming decades require reassessment and
refinement to include genetic processes. However, adaptive potential depends on the species and
local ecological conditions and demographic constraints could severely limit the capacity of
populations to develop under the most severe climate changes. Thus, although usually
appropriate, management scenarios based solely on locally existing forest material and genetic
resources may be hazardous particularly at range and ecological edges (Bruno Fady et al., 2015).
The task of monitoring to determine whether the native species in natural woodlands are
currently at risk under climate change is vital. A lack of genetic adaptation and demographic
collapse can drive populations to extinction. Determining which genetic and demographic
thresholds will lead to maladaptation is crucial to make informed management decisions,
particularly in forests where, despite predictions, evidence of decline due to climate change is not
yet strong. This can be achieved by genetic monitoring. Monitoring the potential of forests to
adapt genetically under climate change is necessary over broad areas to inform management.
Monitoring based on parameters used in classical forest management (such as adult age classes,
seedling density and presence of pests) can now be coupled with molecular genetics assessment
methods to provide early warning signs of maladaptation risks (Bruno Fady et al., 2015).
Assisted migration can be the answer for managing forests and their habitats under climate
change. When sound evidence suggests that current genetic resources at a site will cease to offer
an appropriate option under future climate, and introduction of non-local resources is being
considered. One type of assisted migration concerns the sourcing of seed and planting stock and
can take two forms: the use of exotic species (i.e., species that do not naturally occur at the
planting location or, more generally, within the country) or the use of non-local genetic resources
(i.e., populations of naturally occurring species which originate from other parts of the species
distribution range). Assisted migration and assisted gene flow programs can disrupt local genetic
adaptation and affect the present and future dynamics of forest genetic resources. We can take
advantage of past experiences in the introduction of species and provenances, but these are not
real experiments to test the effectiveness of present-day-assisted migration programs. Caution is
needed in the use of extensive assisted migration as the responses will likely affect not only trees
but also the whole forest community in which they are established (Bruno Fady et al., 2015).
Natural regeneration is the most appropriate management technique for promoting the adaptation
of natural forests to climate change. Natural regeneration is being promoted in the context of
close-to-nature forest management for several reasons including those that relate to cost
reduction, decreased disturbance, better selection potential due to larger seedling density and
conservation and continuous natural development of the local gene pool. To provide sufficient
material on which natural selection can operate to bring about developmental change, the option
of natural regeneration is likely to be the most appropriate as it typically provides a much larger
base population than is the case for plantations. Forestry will need to rethink its strategies for
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long rotation species to make it possible for selection to occur in those areas where climate
change is expected to have its strongest impacts (Bruno Fady et al., 2015). The conservation of
genetic diversity has to be included as a component of habitat and species conservation
strategies. Foresters tend to give much less consideration to the conservation of genetic resources
(gene conservation) than to that of species and habitats. Gene conservation of forest tree species
should be viewed as an integral part of biodiversity conservation, alongside that for species and
habitats. Protected forest areas in which there is little or no active management can sometimes
directly contribute to the conservation of forest genetic resources, and genetic diversity
monitoring should become a priority concern there for the most relevant species (Bruno Fady et
al., 2015). Tree breeding involves selecting individuals that have particularly desirable traits and
crossing these individuals to improve that trait or traits of interest within populations. Breeding
programs can therefore produce genetic resources which are valuable in enabling forests to adapt
to climate change and to provide more and/or better ecosystem services. Whether based on a
high- or a low-input strategy, breeding programs should include the assessment of phenotypic
traits that are likely to be important in conferring genetic adaptation to climate change (which
may well be found outside the usually investigated resources and will require well-organized
international collaboration). Low-input breeding strategies represent an opportunity to do so for
species that are traditionally under-represented in breeding programs because of their low market
value. This may be useful, as in the future, such species (e.g., Mediterranean trees) may become
increasingly important under climate change (Bruno Fady et al., 2015). In addition to changing
perceptions of the importance of genetic resources for better coping with increased disturbances,
the views of society are also shifting regarding the role of genetic resources in meeting the
demands for forest goods and services. The two main current drivers of this shifting perception
are climate change and expected future demands by end-users. Increasing the societal perception
of the value of genetic diversity in managed forest ecosystems should be a priority. Raising
awareness among forest managers, policy makers and conservationists of the essential role of
genetic diversity on biodiversity dynamics and adaptability of forests to future conditions is
urgently needed. Improvements in knowledge transfer beyond academia are required (Bruno
Fady et al., 2015).

Need for resilience

Recently, attention has begun to focus on identifying and quantifying ways to bolster the
resilience of ecosystems (Folke et al., 2004; Batt et al., 2013), in a move from prevention to
mitigation of disturbances such as climate change. Now that both climate change and globalized
trade are realities, there is a need to find ways to ensure the persistence of essential ecosystems in
the face of new conditions, in other words, to maximize their potential to adapt to a changed
environment. All these aspects are difficult to measure and, even where clear negative effects are
expected, results have, on occasions, been counterintuitive. For example, some systems have
shown unexpected resilience even in the face of pressures that had been expected to cause
ecosystem change (Bestelmeyer et al., 2013; Ponce Campos et al., 2013). The policy shift
towards resilience appears to be emerging from a combination of increasingly visible change and
the lack of progress in international efforts to address these issues. Therefore, to find ways to
meet policy goals and to ensure the long-term persistence of the ecosystems we value, it is
essential to reach a working understanding of what resilience means and how it can be optimized
via appropriate management (Cavers and Cottrell, 2015).

Resilience in theory
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Resilience is defined as the extent of perturbation that a system can experience before it
undergoes a shift to an alternative state (Holling, 1973; Scheffer et al., 2001) or, more subtly,
‘the capacity of a system to reorganize whilst undergoing change so as to retain the same
function, structure, identity and feedbacks’ (Folke et al., 2004). Resilience can also be defined in
the case of an ecological network as its ‘capability to absorb, resist or recover from disturbances
and damage at the same time continuing to meet its overall objectives of supporting biodiversity
and providing ecosystem services’. Originating from engineering theory, these concepts of
resilience developed for the purposes of predicting how and when systems shift from one stable
state to another and are perhaps most advanced in the study of lakes, where the essentially closed
nature of the system makes them more amenable to model development. State shifts may be
complicated by hysteresis, where forward and reverse tipping points occur at different levels of
pressure, such that restoring the original state is not simply a case of reversing the initial
disturbance (Cote and Darling, 2010). A key element in resilience theory is the relationship
between diversity and resilience. Although positive relationships have been shown between
biodiversity and stability of ecosystem function (Laliberte et al., 2010), in theory it is the
functional redundancy associated with higher diversity that confers stability. However,
measuring the extent of functional redundancy is difficult, and this becomes more complicated
when applied to heterogeneous environments, where functional roles may alter with context
(Wellnitz and LeRoy Poff, 2001). Furthermore, depending on whether ecosystem resilience
(resilience of the ecosystem as a whole) or species resilience (the resilience of individual species)
or genotypic resilience is being considered, stability may depend on either species diversity or
intraspecific genetic diversity, respectively, and the processes governing their maintenance. If
one tree species within that forest becomes the focus of a severe threat, it might best be managed
by complete removal of that species and replacement with an alternative species or with natural
recruitment. In contrast, if the forest type is important, for example, if it is a priority habitat, then
the resilience of particular tree species within that woodland is essential. Exposure of that key
species to severe threat risks the delivery of the ecosystem service, and the internal diversity of
the species consequently becomes important. Direct evidence for the relationship between
diversity and resilience is typically experimental but has been shown for ecosystem resilience in
many systems (Norden et al., 2009; Batt et al., 2013; McGovern, 2013;Prober et al., 2013).
However, in the case of single species resilience, the evidence base is much poorer, with well
cited studies of eelgrass (Reusch et al., 2005) and model organisms such as yeast (Bell and
Gonzalez, 2009), Drosophila (Bakker et al., 2010) and Daphnia (Latta et al., 2010) providing the
best demonstrations. Such studies indicate that the level of intraspecific genetic diversity, the
integrity of gene flow mechanisms and population size all play key roles in delivering the
potential for ‘variability rescue’. The mechanism of variability rescue involves initial population
decline followed by recovery as genotypes adapted to the new conditions prosper via natural
selection (Cavers and Cottrell, 2015).

Salt tolerance to survive sea water incursion into coastal terrestrial environments

One way to address impacts of sea-level rise on coastal forests is to identify salt tolerance in
plants/trees. In Kiribati, a single king tide can kill established Artocarpus altilis (breadfruit)
trees. As these trees harbour seabirds such as terns which are used by local fishermen to locate
schools of fish, their loss has a major impact on food security and livelihoods. Given the impacts
of sea-level rise in Kiribati, Tuvalu, and other atoll island nations in Oceania, development of
salt-tolerant breadfruit is an urgent task. Studies with salt-tolerant non-halophyte trees (Thomson
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et al.,1987; Marcar et al., 1999) have frequently demonstrated considerable genetically based
resistance to salinity. Given the substantial genetic diversity in breadfruit, including putative salt
tolerance in particular varieties and natural hybrids between A. altilis and A. mariannensis
(Morton, 1987; Ragone, 1997), it is almost certain that salt-tolerant breadfruit can be selected
and further developed, illustrating the need to conserve and make use of genetic diversity in
multipurpose tree species.

Rapid transition from fire-sensitive to fire-resistant variability

Severe fire may have the same effect as clearing a forest, especially where fire creates large
patchy openings. The pattern and size of such openings in relation to the forest cover influence
genetic diversity. Where mortality among burnt species is heavy, it results in reduced population
sizes and increased genetic drift. For isolated populations, the migration rates of seed and pollen
exchange are therefore affected. Sources of migration could even be cut off, thus reducing the
effectiveness of pollinators (Kigomo, 2001). Adverse fire may directly affect biotic dispersal
agents, and this may decrease migration of genes between populations. Migration may increase if
the migration vectors are abiotic. A devastating fire may affect traits that could have a direct
bearing on fire-resistant species, resulting in direct selection that indiscriminately removes all
such genotypes (FAO, 2010). The cumulative impact of interacting disturbances can increase fire
risk. For example, drought often reduces tree vigour, increasing vulnerability to insect
infestations and diseases. Insect infestations and diseases add to the fuel available and therefore
increase the opportunity for forest fires, which in turn can support future infestations by
weakening tree defence systems (Dale et al., 2001).

Invasive species

Invasive species, including plants, insect pests and microbial pathogens, are increasingly being
identified and noted as major threats to ecosystem integrity and individual species, including
trees. The main invasive plant threat comes from “transformer” plant species which have the
capacity to invade natural or slightly disturbed forest associations, becoming the dominant
canopy species and completely modifying or displacing entire ecosystems, with the loss of
displacing entire ecosystems, with the loss of many of the existing species (trees and others). An
example is the introduced tropical American tree Prosopis juliflora in East Africa, which is
taking over large swathes of natural forest and woodlands, with considerable negative impacts on
native tree populations (in terms of both species and genetic diversity). It is also damaging local
livelihoods in the process (Mwangi and Swallow, 2005). In island countries and territories of
Oceania, excessive opening of the forest canopy through intensive timber harvesting, coupled
with major cyclones, has greatly favoured the spread of light-loving vines such as Merremia
peltata and Mikania scandens; these vines and creepers have now taken over large swathes of
forest ecosystems, thickly draping all trees and shrubs (Maturin, 2013; Kamusoko, 2014).
Drought and heat-induced tree mortality reveals emerging climate change risks for forests

Greenhouse gas emissions have significantly altered global climate, and will continue to do so in
the future. Increases in the frequency, duration, and/or severity of drought and heat stress
associated with climate change could fundamentally alter the composition, structure, and
biogeography of forests in many regions including the forest genetic resources. Of particular
concern are potential increases in tree mortality associated with climate-induced physiological
stress and interactions with other climate-mediated processes such as insect outbreaks and
wildfire. Episodic mortality occurs in the absence of climate change, studies suggest that at least
some of the world’s forested ecosystems already may be responding to climate change and raise
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concern that forests may become increasingly vulnerable to higher background tree mortality
rates and die-off in response to future warming and drought, even in environments that are not
normally considered water limited. This further suggests risks to ecosystem services, including
the loss of sequestered forest carbon and associated atmospheric feedbacks. Key information
gaps and scientific uncertainties that currently hinder our ability to predict tree mortality in
response to climate change which emphasise the need for a globally coordinated observation
system. The potential for amplified tree mortality due to drought and heat in forests worldwide
has been revealed (Allen et al., 2010).

Importance of forest genetic resources or intraspecific variability

Natural forests are reservoirs of genetic diversity for tree species or intraspecific variability
within species, essential to the adaptation of forests, and thus of the forestry sector to climate
change. Trees are long-lived, and maintaining resilient forest ecosystems requires more than
planting new tree varieties and species. Persistence will largely depend on the ability of existing
trees and populations to adapt locally. In particular, the existence of a high level of genetic
diversity within stands is a key prerequisite for forest trees to adapt and be resilient to the
unpredictable effects of climate change. There is need to examine genetic variation within forest
tree populations in India, and assess how this variability and its management could help forests
adapt to environmental changes. Tree species within (semi-)natural forests contain significant
genetic variation. Variable environmental conditions, such as temperature, light availability and
drought intensity maintain and promote genetic diversity within and between (semi-)natural
forests, even at short spatial scales. High genetic variation in forest tree populations allows for
more rapid adaptation to climate change. Genes associated with key adaptive traits (such as
trees’ resistance to drought, cold or forest fires) can vary in their frequency spatially and
geographically. This type of information is now easily accessible and should be included, along
with neutral genetic diversity, in the adaptive forest management toolkit. Forestry practices can
significantly modify the genetic composition and structure of forest trees and the development of
their genetic diversity.

Genetic variability and adaptation to environmental changes at local spatial scales

Earlier research has confirmed that within-species genetic diversity can be very high with
significant differentiation even among neighboring trees within the same forest. With sufficient
genetic variation, trees in forests can adapt rapidly to environmental changes. Researchers
identified genes associated with individual tree response to major environmental threats such as
drought, cold, heat, and recurrent forest fires. Within populations, genes associated with the
seasonality of new leaf emergence in spring, flowering time, and resistance to drought and cold
varied significantly along environmental gradients at small spatial scales. Experimentally it is
showed that the variability found for these genes is associated not just with migration and
population foundation, but also with varying environmental conditions, such as altitudinal and
latitudinal gradients, and is thus affected by natural selection. They also found that up to 80-90
percent of the genetic diversity underlying adaptive genes remains within populations,
suggesting that local environmental conditions can promote and maintain genetic diversity
within and among tree populations. They also found that genetic diversity for key traits can
develop within just a few generations, allowing rapid adaptation to a changing environment.
Knowledge of how genetic variability is partitioned in space for such important genes can thus
help improve models of future range distributions, and better inform the choice of trees in
reforestation projects.
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Other results point to the existence of significant genetic variability affecting tree survival and
reproductive output (fitness) in small forests. These studies revealed that the pollen output of
male trees is highly dependent on the microenvironment in which each tree is growing (e.g. soil
humidity, fertility and texture). Similarly, studies of three maritime pine forests located in the
Mediterranean region indicate that altitude has a measurable effect on genetic diversity at the
scale of a few hectares. They also showed that the local environment is very important for the
survival of transplanted trees. Indigenous trees showed a higher fitness than transplanted trees
only under certain microenvironmental conditions. This suggests that the difference in fitness
between populations depends strongly on the environmental context, and that it is affected not
only by regional climate but also by the local environment at very small scales. Consequently,
local genetic resources are not always best for all environmental conditions, such as in sites with
full sun exposure.

Genetic resources for forest management in a changing environment

To make forests more resilient to an unpredictable future, development of highly efficient
sequencing and genotyping methods previously restricted to model organisms only has added to
our knowledge of this aspect. These methods provide better information on the genetic make-up
of trees and their adaptative potential, thus helping them to sustainably manage forests in a
changing environment. As a short term perspective, it is conceivable that foresters will target the
collection of reproductive material for conservation, direct use and breeding programs for trees
carrying particular gene variants of interest for managed forests. In the longer term, surveying
changes in occurrence of different genotypes will considerably improve monitoring, allowing
predictions of whether or not particular stands have a good ability to withstand strong
environmental changes.

Water is a natural resource of vital importance in agriculture. This makes it also a limiting factor
for growing sufficient crops or commercial plantations or agroforestry stands to ensure food and
wood supplies for the world’s growing population. For harnessing genetic resources for
improving drought stress tolerance in crops, there is an urgent need for the genotyping of gene
bank accessions to benefit from the genetic diversity of gene bank material worldwide, and the
reliable phenotyping for drought stress tolerance. Thus genotyping and phenotyping of forest
genetic resources are vital. Adaptation to climate change involves monitoring and anticipating
change and undertaking actions to avoid the negative consequences and to take advantage of
potential benefits of those changes.

Managing climate change and forests in the face of uncertain future

Forest genetic resources managers will be challenged to integrate adaptation strategies (actions
that help ecosystems accommodate changes adaptively) and mitigation strategies (actions that
enable ecosystems to reduce anthropogenic influences on global climate) into overall plans.
Adaptive strategies include resistance options (forestall impacts and protect highly valued
resources), resilience options (improve the capacity of ecosystems to return to desired conditions
after disturbance), and response options (facilitate transition of ecosystems from current to new
conditions). Mitigation strategies include options to sequester carbon and reduce overall
greenhouse gas emissions (Millar et al., 2007).

Climate change increases the drought risk

In the case of the projected drought exposure of various regions of India, the anticipated
dynamics of the regional forests facilitate the adaptation of forests to climate change-induced
drought risk. On the basis of an ensemble of climate change scenarios we expect substantial
drying in various parts of India due to temperature rise, while such trends were found to be less
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pronounced during the past. In response to these climate trajectories, a change in species
composition towards a higher share of drought tolerant species as well as the use of drought
resistant provenances or variability are to be identified as paramount actions in forest adaptation
in the drier warm regions. Adaptation to aggravating climate change may need to use artificial
regeneration to enrich local gene pools and increase the drought tolerance of stands. Increasing
risks from pests and other disturbances are expected as a result of more frequent and severe
droughts, underlining the need to put a stronger focus on risk management principles rather than
on indicators of productivity in silviculture and forest planning. A consolidation of disturbance
monitoring systems and a broader use of pest dynamics and hazard rating models are paramount
tools to facilitate this adaptation process in forest management. Systematic and long-term
implementation of the presented measures should increase forest stability and resilience, and
further secure the sustainable provision of ecosystem services under climate change.

In regions where climate change is expected to be extensive and rapid, many tree species are
predicted to experience severe stress in their native ranges. Survival will then depend on the
capacity to undertake at least one of the following: (1) quickly adapt genetically to new
conditions at existing sites; (2) survive changing conditions through a high degree of phenotypic
plasticity without genetic change; and/or (3) migrate rapidly to newly found suitable
environments that match basic physiological requirements. The expected impacts of climate
change — and hence strategies for responding to it — differ among these environments. Assisted
migration and artificial selection for appropriate traits are approaches that can be applied to
planted trees, whether in commercial plantations or farms, but are less appropriate for natural
forests. Adapting to climate change poses a greater problem for naturally regenerating
populations where the potential for natural migration is hindered by forest fragmentation and
agricultural expansion, and when confounding factors for adaption include pests and diseases,
reduced population sizes, and simplified forest structures and species compositions. Lack of
information on the following hinders our ability to manage climate change impacts better: (1)
little is known about the sequences and functions of the genes conferring adaptation; (2) the
genetic and epigenetic basis of phenotypic plasticity and its role in producing responses to
environmental alterations is unclear; (3) the basic life-history characteristics, ecological
determinants and geographic distributions of many trees are not well studied; and (4) meaningful
syntheses of such information into predictive models of change and response are poorly
developed.

Trees harness the power of microbes to survive climate change

Microorganisms are the most abundant and diverse taxa on earth. They have the ability to
tolerate extreme environments, catalyze a range of metabolic functions, and rapidly develop in
response to changing environmental conditions. Imagine if plants and animals could harness
these powers. In fact, microorganisms confer numerous benefits to plants and animals. For
example, microorganisms in the mammalian gut improve nutrition, reduce susceptibility to
disease, and even alter host behaviour (Diaz et al., 2011). Some of the most complex
microbiomes are found in soils, where they are responsible for nutrient cycling, crop yield, and
carbon sequestration (Bender et al., 2016). In some cases, soil microbes can even rescue plants
from the negative consequences of climate change (Lau and Lennon, 2012). If plants and animals
can build associations with specific microbial members that maximize benefits, then harnessing
microbial powers may provide rapid and efficient solutions to the challenges resulting from
global change. Gehring et al. (2017) showed that the relationship between soil microbial
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communities and plants is not a fortunate coincidence. Instead, some pinyon pine genotypes
form associations with different belowground ectomycorrhizal fungal (EMF) communities that
help them contend with drought. These EMF communities were responsible for the observed
difference in drought tolerance between host tree genotypes. Because these microbial
communities are, at least partially, under plant genetic control, EMF community composition is
an extended phenotype of the host tree and potentially a mode of adaptation to the increased
drought stress pinyon pines face in a changing climate. Given the vast array of biogeochemical
and metabolic functions in the microbial arsenal, if similarly tight linkages occur between
diverse soil bacterial and fungal communities and host plant genotypes, then host plants may
possess a powerful tactic for adapting to environmental change. Gehring et al. (2017) provide
important advances for the idea that host-associated microbial communities may underlie
adaptation (Zilber-Rosenberg and Rosenberg, 2008). They piece together evidence showing that
the pinyon pine genotypes differ in their EMF microbial associates (even when they are grown in
the same soil), and that these divergent EMF communities influence host performance and
fitness in response to drought. Such findings support the view that plant-associated microbiomes
represent a heritable extended phenotype of the host genome, that microbial communities
influence fitness, and that the host traits controlling these associations can serve as adaptations to
changing environments. Although genetically based differences in plant colonization by
microbial partners are well known in other symbioses (Heath and Tiffin, 2009; Grillo et al.,
2016), rarely are connections between specific plant-controlled symbiotic associations and
fitness made. This critical link is necessary to show that these associations are adaptive. Gehring
et al. (2017) establish this link, between host-determined EMF communities and host fitness
variation, by carefully building evidence from a combination of long-term observational field
studies, manipulative greenhouse studies, and microbial community sequencing. They
characterize EMF communities associated with drought-tolerant and drought-sensitive trees in
both the field and greenhouse, while demonstrating how those microbial communities influence
tree fitness responses to drought. The mutualistic association between plants and EMF
communities is an ancient symbiosis in which hosts provide fixed carbon (from photosynthesis)
to their root symbionts in exchange for increased nutrient acquisition via the fungus. However,
EMF species can provide other benefits (e.g., stress tolerance) and can vary widely in the levels
of host benefits provided (Pena and Polle, 2014). Gehring et al. (2017) found that drought-
tolerant genotypes were colonized by EMF species in the genus Geospora at much higher rates.
Indeed, even drought-intolerant individuals that had higher colonization by Geospora showed
higher drought tolerance compared with other drought-intolerant individuals that failed to form
associations with Geospora. In the absence of EMF species (when soil was sterile), differences
between tree genotypes in drought tolerance disappeared. Given that plant genotypes also
influence diverse soil bacterial and fungal communities that perform a plethora of metabolic and
biogeochemical functions (Wagner et al. 2016; Edwards et al. 2015), the adaptive potential of
host traits underlying plant-microbe interactions could be extensive. Gehring et al. (2017) also
stimulate many new questions at the intersection of emerging fields in the biological sciences.
For example, perhaps the wealth of knowledge on plant—-microbe interactions at the biochemical
level and, more recently, at the genomic level can someday inform our understanding of global
change ecology and lead to better models of plant community responses to climate change.
Perhaps the recognition that genotypes vary in their associations with aboveground and
belowground microorganisms will change how we breed agronomic crops to feed the planet in
the face of the global changes dominating us.
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Recommendations for future forest managers and researchers

The nation would benefit from incorporating measures to maintain and if necessary increase
genetic variation within tree populations and stands to ensure the ability of forests to adapt to
climate change. The conservation of tree genetic resources should be promoted accordingly.
Management of different ecosystems should take into account that protected forests can act as
gene banks.

New knowledge from molecular genetics provides insights into the processes through which
forests adapt to changing conditions. Such knowledge is important for guiding forest
management decisions, and thus avoiding costly mistakes. The new knowledge highlights the
key role of genetic diversity of trees in determining forest resilience. All stakeholders in the
forestry sector should strengthen forest genetics conservation with support from ICFRE.
However, the conservation of forest genetic resources currently does not seem sufficiently
emphasized to ensure that agreed biodiversity targets are met.

Genetic adaptation of forest trees to climate change ultimately depends on specific genes, which
underlines the importance of studying and valuing the genetic variability stored in trees and to
identify genes involved in local adaptation. We can benefit from including such knowledge in
models forecasting climate-induced range shifts. In fact, the inclusion of genetic diversity in such
models may considerably modify the expected range shift of forest tree species.

The strategy should aim at increasing the contribution of agriculture and forestry to maintenance
and enhancement of biodiversity, and it is expected that by 2030, State-wise Forest Genetic
Resource Management Plans should be in place throughout India. Increasing the genetic
diversity of trees increases the species diversity of the forest community they harbour.

The marketing of forest reproductive materials should be improved with requirements on how to
maintain a high level of genetic diversity within traded seed lots. Requirements should address
the minimum number of seed trees to collect from a natural stand (typically more than 100), the
necessity to sample seed trees from ecologically variable microenvironments within stands, and
the importance of mixing seed lots collected within a region of provenance. Traded seed lots
should eventually be made of collections sampled from hundreds of seed trees. It is suggested
that such recommendations go beyond reforestation and afforestation projects and address all
ecological restoration efforts.

Forest management practices that maintain genetic developmental processes in naturally
regenerated forests should be promoted. If needed, forest adaptation potential can be accelerated
through tree breeding practices and transfer of suitable forest reproductive material.

Connectivity between protected areas facilitates gene flow and is important for the maintenance
of genetic variation and adaptive potential of species.

Experimental work is needed to test the extent to which intraspecific genetic diversity underpins
stability. This should encompass testing of multiple genotypes, but also multiple pressures. For
this, a decision-making framework should be developed, to let forest policymakers identify the
most appropriate action in specific pest threat situations. This should define a minimum set of
parameters for a host tree species, such as its ecology, distribution and diversity; those of the
threat organism(s) and likely future environments. Model-based testing could then be used first
to evaluate potential developmental rates in tree populations, taking into account genetic
diversity, adaptive potential and variations in demographic turnover, and secondly, to explore
and prioritize different management scenarios using both idealized populations and spatially
explicit simulations reflecting the known distribution of species in the Indian context.
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New information on genetic and adaptive variation for tree species should be collected at a fine
spatial scale. Detailed assessments of phenotypic variation in existing trials should be made,
including development of high-throughput methods for gathering such data. New, large-scale
trials should be established to test resistance related trait variation and to maximize the impact of
advanced genomic approaches. The coordination and collation of existing data sets on
intraspecific diversity in Indian tree species should be carried out as a priority, particularly for
those species as yet unaffected but with imminent serious threats, and encompassing both
molecular and phenotypic variation (Cavers and Cottrell, 2015).

Conclusion
Forests in India exist in many forms and composition, which include native woodlands with very
low levels of intervention, low impact silviculture plantations and woodlands of native and
exotic species in a mixture of man-made plantations composed of fast-growing exotic conifer
species. All are subject to biotic and abiotic change in the form of pests, climate change and
increasing frequency of weather extremes. Their ability to adapt to these challenges is dependent
on a number of factors including inter- and intra-specific diversity. The main factor influencing
adaptedness is the balance between natural selection and gene flow, and therefore, consideration
needs to be given to the best means of conserving the developmental process rather than the
genetic structure present at a given point in time. The importance of integrating developmental
considerations into adaptive forestry is being stressed in cases, where, more extreme climate
change is predicted (Lefe vre et al., 2013).
Research to support adaptation to climate change is still heavily focused on assessing impacts
and vulnerability. However, more refined impact assessments are not necessarily leading to
better management decisions. Multi-disciplinary research approaches are emerging that integrate
traditional forest ecosystem sciences with social, economic and behavioural sciences to improve
decision making. Implementing adaptation options is best achieved by building a shared
understanding of future challenges among different institutions, agencies, forest owners and
stakeholders. Research-policy-practice partnerships that recognise local management needs and
indigenous knowledge and integrate these with climate and ecosystem science can facilitate
improved decision making (Rodney, 2015).

Summary
Forest ecosystems can face a range of challenges in the coming decades, of which climate
change and pests are the most serious. These challenges will be overlaid on a background of
historically modified and fragmented forests managed in a wide range of ways for different
objectives over the years. As Indian forests are species rich in the global context, their resilience
to these challenges is fundamentally dependent on the expression of resilience of the variability
within individual species or their genetic resources. A better strategy for establishing long-term
resilience would be to harness natural developmental processes, to maximize the capability of
individuals of tree species to respond to new threats by the reorganization of populations via
natural selection or in other words, to be resilient. Such processes depend on the internal
variability of the species, their mechanisms of dispersal and their ability to recruit new genotypes
to a population. In this paper, a review of the theoretical concept of resilience will be presented.
In addition, it will examine how it might be applied to tree populations comprising of
intraspecific variability and assess the state of knowledge of forests from this perspective.

174



National Conference on “Towards Resilient Ecosystems: The Role of Forestry Research"
held at IFGTB, Coimbatore on 8-9 May 2018

Literature cited

Allen CD, AK Macalady, H Chenchouni, D Bachelet, N Mcdowell, et al. (2010) A global
overview of drought and heat-induced tree mortality reveals emerging climate change
risks for forests. Forest Ecology and Management, Elsevier 259(4):660 - 684.
<10.1016/j.foreco.2009.09.001>. <hal-00457602>

Bakker J, MEC van Rijswijk, FJ Weissing, R Bijlsma (2010)Consequences of fragmentation for
the ability to adapt to novel environments in experimental Drosophila metapopulations.
Conserv. Genet. 11:435-448.

Batt RD, SR Carpenter, JJ Cole, ML Pace, RA Johnson (2013)Changes in ecosystem resilience
detected in automated measures of ecosystem metabolism during whole-lake
manipulation. Proc. Natl Acad. Sci. USA 110:17398-17403.

Bell G, A Gonzalez (2009) Evolutionary rescue can prevent extinction following environmental
change. Ecol. lett. 12:942-948.

Bender SF, C Wagg, MGA van der Heijden (2016) An underground revolution: Biodiversity and
soil ecological engineering for agricultural sustainability. Trends Ecol Evol. 31:440-452.

Bestelmeyer BT, MC Duniway, DK James, LM Burkett, KM Havstad (2013)A test of critical
thresholds and their indicators in a desertification-prone ecosystem: more resilience than
we thought. Ecol. lett. 16:339-345.

Bruno Fady, C Joan Cottrell, A Lennart, A Ricardo, M Bart, P Arantxa, C Santiago, Gonza’lez-
Marti'nez (2015)Forests and global change: what can genetics contribute to the major
forest management and policy challenges of the t.... Regional Environmental
Change.DOI: 10.1007/s10113-015-0843-9.

Cavers S and JE Cottrell (2015)The basis of resilience in forest tree species and its use in
adaptive forest management in Britain. Forestry 88(1):13-26,
https://doi.org/10.1093/forestry/cpu027.

Cote I, ES Darling (2010) Rethinking ecosystem resilience in the face of climate change. PLOS
Biol. 8:1-5.

Dale VH, LA Joyce, S McNulty, RP Neilson, MP Ayres, MD Flannigan, PJ Hanson, LC Irland,
AE Lugo, CJ Petersen, D Simberloff, FJ Swanson, BJ Stocks, BM Wotton (2001)
Climate change and forest disturbances. Bioscience 51(9):723-734.

Diaz HR et al. (2011) Normal gut microbiota modulates brain development and behavior. Proc
Natl Acad Sci. USA 108:3047-3052.

Edwards J, et al. (2015) Structure, variation, and assembly of the root-associated microbiomes of
rice. Proc Natl Acad Sci.USA 112:E911-E920.

Folke C, S Carpenter, B Walker, M Scheffer, T EImqvist, L Gunderson, et al. (2004) Regime
shifts, resilience and biodiversity in ecosystem management. Ann. Rev. Ecol. Evol.
System. 35:557-581.

FAO (2010) FAO Global Forest Resources Assessment 2010. Main Report. FAO Forestry Paper
No. 163, UN Food and Agriculture Organization, Rome.

Gehring CA, CM Sthultz, L Flores-Renter’ia, AV Whipple, TG Whitham (2017) Tree genetics
defines fungal partner communities that may confer drought tolerance. Proc Natl Acad
Sci. USA 114:11169-11174.

Grillo MA, JR Stinchcombe, KD Heath (2016) Nitrogen addition does not influence pre-
infection partner choice in the legume-rhizobium symbiosis. Am J Bot. 103:1763-1770.

175


https://doi.org/10.1093/forestry/cpu027

ICFRE - National Research Conference Compendium

Heath KD, P Tiffin (2009) Stabilizing mechanisms in a legume-rhizobium mutualism. Evolution
63:652-662.

Holling CS (1973) Resilience and the stabilityof ecological systems. Ann.Rev. Ecol. System. 4:1—
23.

Jacobs DF, HJ Dalgleish, CD Nelson (2013) A conceptual framework for restoration of
threatened plants: the effective model of American chestnut (Castanea dentata)
reintroduction. New Phytologist 197:378-393.

Kamusoko C (2014) Mapping Merremia peltata in O le Pupu Pue National Park:
recommendations for ecological restoration. Report to Japan’s Grant Aid for the Forest
Preservation Programme (draft).

Kigomo NB (2001) State of forest genetic resources in Kenya. FAO/IPGRI/ICRAF Sub-
Regional Workshop on the Conservation, Management, Sustainable Utilisation and
Enhancement of Forest Genetic Resources in Sahelian and North-Sudanian Africa,
Ouagadougou, Burkina Faso, 22-24 September 1998. Forest Genetic Resources Working
Paper FGR/18E. Rome, FAO.

Kinloch BB (2003) White pine blister rust in North America: past and prognosis. Phytopathology
93:1044-1047.

Laliberte E, JA Wells, F Declerck, DJ Metcalfe, CP Catterall, Queiroz C, et al. (2010) Land-use
intensification reduces functional redundancy and response diversity in plant
communities. Ecol. lett. 13:76-86.

Latta LC, DL Fisk, RA Knapp, ME Pfrender (2010) Genetic resilience of Daphnia populations
following experimental removal of introduced fish. Conserv. Genet. 11:1737-1745.

Lau JA, JT Lennon (2012) Rapid responses of soil microorganisms improve plant fitness in
novel environments. Proc Natl Acad Sci. USA 109:14058-14062.

Lefe'vre, F., T Boivin, A Bontemps, F Courbet, H Davi, and M Durand-Gillmann, et al. (2013)
Considering evolutionary processes in adaptive forestry. Ann. For. Sci.,
d0i:10.1007/s13595-013-0272-1.

Marcar NE, S Ismail, AKMA Hossain, R Ahmad (1999) Trees, shrubs and grasses for
saltlands: an annotated bibliography. ACIAR Monograph No. 56. Canberra, Australian
Centre for International Agricultural Research.

Maturin, S (2013) Merremia peltata (big leaf) control at Vatthe Conservation Area, Vanuatu.
Technical Report for GEF/SGP.

McGovern ST, CD Evans, P Dennis, CA Walmsley, A Turner, MA McDonald (2013) Resilience
of upland soils to long term environmental changes. Geoderma 197:36-42.

Millar CI, LS Nathan, LS Scott (2007) Climate change and forests of the future:
managing in the face of uncertainty. Ecological Applications 17(8): 2145-2151.

Morton J (1987) Breadfruit. In J.F. Morton, ed. Fruits of warm climates, pp. 50-58. Miami, FL,
USA. Julia F. Morton.

Mwangi E, B Swallow (2005) Invasion of Prosopis juliflora and local livelihoods: case study
from the lake Baringo area of Kenya. ICRAF Working Paper No. 3. Nairobi, Kenya,
ICRAF.

Norden N, RL Chazdon, A Chao, Y-H Jiang, B Vilchez-Alvarado (2009) Resilience of tropical
rain forests: tree community reassembly in secondary forests. Ecol. lett. 12: 385-394.

Pena R, A Polle (2014) Attributing functions to ectomycorrhizal fungal identities in assemblages
for nitrogen acquisition under stress. ISME J. 8:321-330.

176



National Conference on “Towards Resilient Ecosystems: The Role of Forestry Research"
held at IFGTB, Coimbatore on 8-9 May 2018

Ponce Campos GE, MS Moran, A Huete, Y Zhang, C Bresloff, TE Huxman, et al. (2013)
Ecosystem resilience despite large-scale altered hydroclimatic conditions. Nature
494:349-352.

Prober SM, K Thiele, J Speijers (2013) Management legacies shape decadal-scale responses of
plant diversity to experimental disturbance regimes in fragmented grassy woodlands. J.
Appl. Ecol. 50:376-386.

Ragone D (1997) Breadfruit. Artocarpus altilis (Parkinson) Fosberg. Promoting the Conservation
and Use of Underutilized and Neglected Crops 10. Gatersleben, Germany, Institute of
Plant Genetics and Crop Plant Research and Rome, IPGRI.

Reusch TBH, A Ehlers, A Hammerli, B Worm (2005) Ecosystem recovery after climatic
extremes enhanced by genotypic diversity. Proc. Natl Acad. Sci. USA 102: 2826-2831.

Rodney JK (2015) Climate change impacts and adaptation in forest management: a review.
Annals of Forest Science 72(2):145-167.

Scheffer M, S Carpenter, JA Foley, C Folke, B Walker (2001) Catastrophic shifts in ecosystems.
Nature 413:591-596.

Thomson LAJ, JD Morris, GM Halloran (1987) Salt tolerance in eucalypts. In R.S. Rana, ed.
Afforestation of salt-affected soils, Vol. 3, pp. 1-12. Proceedings of an International
Symposium, Karnal, India.

Wagner MR, et al. (2016) Host genotype and age shape the leaf and root microbiomes of a wild
perennial plant. Nat Commun. 7:12151.

Wellnitz T, N LeRoy Poff (2001) Functional redundancy in heterogeneous environments:
implications for conservation. Ecol. lett. 4:177-179.

Zilber-Rosenberg |, E Rosenberg (2008) Role of microorganisms in the evolution of animals and
plants: The hologenome theory of evolution. FEMS Microbiol Rev. 32:723-735.

*kkkhkk

177


https://link.springer.com/journal/13595

ICFRE - National Research Conference Compendium

Harnessing Forest Genetic Resources for Climate Resilience and Forest

Health
RV Varma

Former Chairman, Kerala State Biodiversity Board

Forests are considered to be the richest storehouse of genetic resources which functions as the
repository on which agriculture, medicine and diverse array of ecosystem services rely on.
However, climate change has induced a myriad of direct and indirect challenges which
necessitates a relook at the function of forests and its ability to conserve genetic resources. This
paper looks at the climate resilience of tropical forests in the context of forest health. Although
forests have proved to be resilient to changes in the past, in recent times the quality of forests has
deteriorated mainly due to degradation and fragmentation. Large expanse of bamboo forests
undergo mass flowering and perish at the same time with grave impact on the food availability of
large mammals like elephants forcing them to move out of forests resulting in human-wildlife
conflicts. We need to have a wider genetic pool for our bamboo forests to ensure that the
flowering is evenly spaced and that the resources do not dwindle all at once. Teak is another
species which needs urgent consideration from the point of view of genetic variability. Starting
from the 1970s, the productivity of teak is on a sharp decline which has multiple reasons to it.
Decline in soil fertility in subsequent rotations, absence of good quality planting stock, impact of
pests like the Teak defoliator which can substantially reduce the volume increment and the Teak
trunk borer which can Kill older trees are of much concern. A recent study has demonstrated the
possibility of increased outbreaks of the teak defoliator which can nullify the productivity
enhancement predicted under higher CO, levels. Increased temperatures have also been
correlated with the higher incidence heart rot in young teak stands. From the forest health
perspective a high impact problem and which is not well addressed is the impact of exotic
species in the natural forests. For example, a total of 89 invasive alien species have been
recorded in Kerala, many of which have gained entry into natural forests. In most invaded
locations, the rich diversity of flora is brought down into a monoculture of the invading species.
As these chosen examples show, assessing the diversity of forest genetic resources at the species,
population and ecosystem levels is an immediate prerequisite to evolve conservation strategies.
Inventories on wild genetic resources of cultivated crops and medicinal plants whcih can resist
extreme climatic variations from the Proteced Areas are lacking. One of the key interventions
needed is to enhance the area of intact forests where evolutionary processes continue unimpacted
with appropriate long-term management plans. However, this is an uphill task considering the
increase in the area of open forests and the possibility of our intact forests getting more and more
fragmented owing to development pressures. A multisectoral approach is required to address this
grave problem.
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ABSTRACT

In rezions where climate change 15 expected to be extensive and rapid. many tree species are predicted
to expenence severe stress m therr natrve ranges. Swvival will then depend on the capacity to
undertake at least one of the followang: (1) quckly adapt genetically to new conditions at existing
sites; (2} survive changing conditions through a lgh degree of phenotypie plasterty without genetic
change; andfor (3) mugrate rapidly to pewly evoling environments that match basic physiological
requiremsents. Thiz paper considers forest genetic resources in the different seftings where people
depend on products and services from trees for a wide vanety of puposes, iIncludimg naturally
rezenerating forests, commercial plantations, and trees on farms {meluding planted trees and wild
remmants left standing for various functions). The expected impacts of climate change — and hence
strategies for responding to it — differ among these environments. Assisted migration and arificial
selechion for appropriate frarts are approaches that can be applied to planted trees, whether 1n
commercizl plantations or famms, but are less appropnate for natural forests. However, management
actions are confronted with senious challenges, meluding national and international policies that bt
the movement of genefic resources among countries, and long regeneration cveles that make tree
breeding time-consuming and costly. Adapting to climate change poses a greater problem for
natwrally regenerating populations where the potential for natural migration 1= lindered by forest
frazmentation and agnicultural expansion, and when confoundme factors for adaption mclude pests
and diseazes, reduced population sizes, and simplified forest stuctures and species compositions.
Lack of mformation on the following hinders our ability to manage climate change impacts better: (1)
Iittle 15 knowm about the sequences and functions of the genes confernng adaptation; (2} the genetic
and emigenetic basis of phenotypic plastictty and 1is role m producmg responses to environmental
alterations 1s unclear; (1) the basic life-hustory charactenisties, ecological detenmunants and geographic
distmbutions of many trees are not well studied: and (4) meanmeful synthesas of such mformation mtos
prediciive models of change and response are poarly developed.

L INTRODUCTION: FOREST GENETIC RESOURCES, ADAPTATION AND
CLIMATE CHANGE

While in the crop sector genetic improvement programmes use advanced technologies and have
procesded through many breeding eveles, n forestry there 15 heavy reliance on undomesticated
resources. In only a few cases (mostly eucalypts, poplars, and pines and other temperate conifers)
have public or prvate sector breeding programmes advanced beyond the thord generation. In the cases
where geneftic mprovement 15 taking place, a clear “nse value™ can be asenbed to FGE (often related
to trarts such as mereased yield, mereased stem straighiness, increased hznm content or resistance to a
particular pest or disease), but in other cases resowrces primanly present an “option value™.

Dhfferent ways of eshmating the value of genetic resources are available (Sarr e al., 2008), but few
have been apphed to FGE (although see Bosselmann er al., 2008; Hem and Gatzweiler, 200&). The
econonuc valuation of blodiversity and ecosystem services is particularly challenzing to undertake
(eg. Salle=, 20100, and this 1= especially so for often uncharacterized FGR (Elsasser, 2005). Thorsen
and Ejaer (2007) suggested that meamngful valuation in the context of climate change should extend
beyond tradihonal measures such a5 wood producton to melude indicators related to societal use and
ecosvstem fumction.

In thas paper, we do not attemnpt to provide an economic valuation of 1mpacts 1n terms of the products
and services of FGR under climate change, but judging by losses already experienced by the forest
mdustry in British Columbia, Canada, for example, these will be significant. We indicate that the
current portfolic of FGE used in breeding programmes, on farms and m conservation wmts should be
mereased. In the absence of appropriate mifigation and adaptation measures, there 15 a sigmficant
danger that climate change — together with other inter-related challenges such as high human
population growth, fuel scarcity, deforestation, soil degradation and beodrversity loss — may result in
catastrophic mpacts m many regions of the globe.
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11 The impact of climate change on FGR

Predictions regarding impacts on FGR in natural forests, forest plantations and on farms vary.
Although some authers (e.g. Hammck, 2004} consider that many trees have sufficient phenotypie
plasticity” and genetic diversity at the population level (bolstered by high zene flow among natural
stands) to significantly reduce the negative effects of climate change | others have taken a different
viewpoint and predicted severs mmpacts (e.g. Matyas 2007; Eehfeldt er al., 2001). Different posihons
relate partly to the types of species and emvironments being considered. Authors who make the more
pessmuistic forecasts often base thewr views on tropacal frees (Dawson ef al., 2011} or on margzmal
populations of temperate species (Matyas er al., 2009), while more optinustic authors often consider
temperate and boreal taxa (Lindner s al., 20100

Climate change impacts are expected to be severe in drv, lngh-temperature regions where trees are at
their adaptve bmit {e.g. Lindner ot al, 2010 for Ewrope) and in confined islands of moist forest that
are swrounded by drier land (e.z. moast forests in Austrahia; Williams ef al ., 2003). Whereas the
ranges of some tree species are expected to expand, others will divunich In temperate remions, rangs
reduction at the receding edge of distmbutions (Jow alevaton and lowr latitude) 15 expected to be more
rapid and of greater magmitude than expansion at the leading edze (lugh elevation and hagh latiude)
becanse of a pumber of factors that limut the abulity of tree species to mugrate across landscapes.
Thuwller et al. (2006} have also shown that tree species nichness and functional diversity will be
mpacted more at low than at lngh latitudes in Europe. In other regions such as the tropies, changes mn
precipitaton rather than temperature may be of key importance (Dawson ar al., 2011).

Based on the datz available to date, expected impacts of climate change on FGE wall be expenenced
through several demographic, plorsiclogical and genetic processes, which may melude the followmg:

s High mortahity due to extreme chmate svents, m combmaton with regeneraton fahore, wall
result in local population extimetion and the loss of FGR. This will be the case particularky at
the receding edze of distnbutions.

# Under chanzing climatic conditions, pest and disease attack may become more severe in soms
regions, bacanse of improved environmental copditions for the attackers and because trees
experience mole stress and are therefore more suscephible.

# The fecundity of trees will change due to sensitvity to spring temperatures (e.g. as obzerved
m the southeastern United States of Amenca; Clark eral., 2011} and other factors (Festoux,
20090, For example, in central Spain, a declne in cone producton in Pirmes pinea over the last
40 wears has been comrelated with warmung, espectally with hotter summers (Mutke er al.,
2005).

# (Changes mn climate may result in asynehroncus timing between the development of tree
flowers and the availability of associated pollinators, leadmg to low seed production for
outbreeding species dependent on animal vectors. Absolute population levels of some
pollinators are also hkely to be reduced. Many tropical tree spacies that are pollinated by
msects, birds or bats may be affected; m some cases, functonal use would be severely
affected.

# Increazed five frequency may eliminate fire-sensitive species altogether from woodlands and
parklands. In regions that have not regularly experienced wild fires in the past, fire may
become the maim diiver of change, with a raped transition from fire-sensifive to fire-resistant
SpECles.

# Changsing climates will result in new species mvasions, altered patterns of gene flow and the
hybndization of species and populations. Shifong ecological mches will mnerease the nsk of
mvasion by more competitive free species that are more precoclous or can move more
quckly. Invasions of new genes via pollen and seed dispersal may dizrupt local evolutionary
processes, but could also be a welcome source of new adaptive trats (Hoffmann and Sgro.,
2011).

4 A glossary of this and other terms usad in this paper are given in Box 4.
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L2 Adaptation needs at the ecosyotem level

At the ecosystem level, adaptation to climate change requires maintammng ophions at the species and
mira-spacies levels. Species diversity 1= a form of iIsurance that should inecrease the resilience of
natural forests and planted tree stands in the face of environmental variability 1f the variouws species
present respond differently to disturbances (Kindt er al., 2006}, As chmate changes, le=s wall-
performung species may be replaced through a process of natural selection and competition by other
trees that are already present within system= and that are better-swted to new condifions, such that the
relative atundance of different species mn the land=cape alters, although it 1= not desirable if one taxon
alone comes to dominate (see zbove discussion of species imvasions).

At miraspecific level, mamtaining genetic diversity within and among tree populztions can simlarly
merezse the stabibity of ecosystems (Whitham sr al., 2006; Thorsen and Ej=r, 2007), especially when
trma.rekmﬂ'tuneurfmmdanonalspeem Fnrexample the genefic variation of kevstone species has
I some cases been correlated with the interspecific drversity of their associated commmnities
(Barbour er al., 2009). In addition miraspecific diversity promotes the resihence and produchyvity of
mdrvidual species. For instance, modelling has shown that optinum production can be attained in
plantations by “composite provenancing” and'or by mumng different zenotyvpes from within species
(Bosselmann er al., 2008; Hubert and Cottrell, 2007).

Genetic adaptation 15 a process of shifhny fitness trait values over generafions fo track environmental
change and ensure better suaval. The speed of adaptive responses at the population level depends on
the amount of additrve genehic vanahon 1n a stand and the bentability of important traats, m
combination with the size of the selection pool, the mntensity of the selection pressure and generation
length. Many free species are known or believed to have high genetic vanability m adaptively
mmportant traits and have lngh fecundity, creating a large selechon pool (Pett and Hampe, 2006).
Thus, if environmental change 15 doechonal and contmuons, many tree species have the potential to
undergo relatively rapid evoluhon (Hammek 2004). However, the magnitude and speed of climate
change are often predicted to surpass the capacity of tree populations to adapt, at least at the receding
edze of species dismbutions where local extirpation may therefore ocour (Davis and Shaw, 20017

Clhimate change may also be expenenced as mereased vanability in temperature and precipitation,
with an associated elevated meidence of extreme events (e.z. drought followed by flooding; IPCC,
2007). The threat posed by increasing storm frequency due to chmate change m the Pacific has led to
efforts to 1denhfy cyclone-resistance species, such as Endosparmum medullosum (whtewood), for
larpe-zcale planting. In Vamuata for example, estabhishment of 200 000 hectares of plantations of the
species 15 planned over the next 20 vears, with a resultant high demand for permplasm. Natural
selection may, bowever, not efficiently mediate adaptation in sitnations of mcreased weather
vanability, becanse at least m the short-term. the selection pressure 1= not directional and the requred
traits may be imversely correlated at the gene level (Jump and Panuelas, 2003; although some features
for adaptation to, for exampls, drought, such a= deep root svstems, should also contribute to tolerance
to, for example, Scoding).

L3 The potential role of FGR in rezponding to climate change

Standing genetic variability. Thi= comprizes the potential of populations to adapt and depends on
population size and the amount of drversity expressed m traits that will influence survival and
reproduction under new conditions. Many tree species that have been studied have igh genetic
vanability and can grow under a range of conditions {(Gutschick and BassinBad, 2003; Pefit and
Hampe, 2006). Phenotypic traits of adaptive importance such as droughttulﬂan{:e, cold-hardiness and
flowering and finuting phenology have been shown to vary within some species across ecological and
g}eograpluc gradients to an extent that may be as important as the differences often observed among
sper:uz» {Astken et al_, 2008). Smularly. recent molecular-level studies have demonstrated allebe shifis
m genes related o d:mlght and heat tolerance among populations; conversely, however, genetic
vanability within pepulations can sometimes be low (Jump et al_, 2006; Grrvet eral., 2011; Hoffimann
and Sgro, 2011). Management plans can influence the genetic composition and struchre of naturalby
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regenerztng forests, providing opporfunities for sibvicultuwral interventions in order to respond to
chanpe (Guanguata et al., 2008; Sagnard e al., 2011).

Common garden expermments have been central m demonstrating the extent and distmbution of the
genetic drversity of fitmess-related traits, such as survival, growth, phenclogy, and adaptation to cold,
drought, pests and diseases, m free species. Most such experiments have been conducted on boreal,
temperate or a few commercially impertant tropreal species. Becently there has been a move to
melude 3 wider range of indigenous species important to local people (Box 1). Mot only 15 genetic
diversity in mmportant adaptrve traits expressed across reglons and provenances, but it can sometimes
be zbundant withim populations, reinforcing an optimistic view that chimate change challenges may be
met by standing genefic varation i such species (Hoffmann and Sgro, 2011). An example of the
confrast between species 1s provided by Pinus halspensiz and Pinus Brutia, two closely related pines
with extensive distributions around the Mediterranean; the amount of among-provenance varation for
survival under diverse chmatic condiions 15 greater m the former, encompassing and extending that
found in the latter (Banteau and Pommmery, 1992).

Box 1. Matching genetic variation with new climate in the Sahel: smallholders’ agroforestry and
the SAFRUTT project

The cwrrent understandmg of population-level emironmental responses in mdizenous tree species
planted by small-scale farmeers in Afiiea 15 lomated. New trials have, however, been establizhed fo
consider chmate change effects. Under the Sabelian Frnt Tree project (SAFEUIT, see
www.zafit.org), for example, trials on drought stress for important trees for smallholders, such as
Adanzonia digitata (baobab) and Parkia biglebesa (Afncan locust bean), are being conducted m the
semi-arid West African Sahel a region that has become drier over the last decades (Jensen er al.,
2011} In oursery expenments, pﬂp"l.illa‘l:lm:h- collected from locations with different ranfall levels have
been exposed to a range of watenng remimes (Sanou of al., 2007). Characters bemng measured mmelude
photosynthesis, water use efficiency, water potential and chlorophyll flucrescence. The mformation
obtamed on the effects of different treatments on root development, seedling vigour and other
important adaptive characteristics will inform subsequent germplasm distribution strategies.

In some cases, climate change considerations for seed dismbution are already being taken mnto
account m the region. One example 1= provided by Prosopiz gfficana, used for wood production;
based on field tnals measunng growth, suraval and wood density 1n relation to ranfall patterns across
seed collection sites, Weber or al. (2008) recommended that germplasm transfers of the species should
only be undertaken m a single direction, from drer to (cwrently) wetter zones. A simmlar strategy was
adopted for 2 recent Infernational Fund for Agncultural Development agroforestry project in the same
rezion. Different global crculation models wsed to explain environmental changes in temnperature and
precipitation profiles vary m future predictions of rainfall in the Szhel. with some indicating dner (e g.
Held ar al., 20035) and some wetter (2.z. Shanahan ef al_, 2009) conditions. Given current uncertainfies
i projectons, an emphasis in the region on matching seed sources to the more houting scenano of a
drer future climate would appear to be the most nsk-averse ophon.

Phenotypic plasticity. Plastic free species and'or provenances are those with flexable morphology and
phyv=1ology that zrow at least reasonably well under a range of different emironmental stresses
without genetic change (Gienapp etal., 2008). At least in the short term, thes charactenistic 15 likely to
be maore 1mportant than genetic adaptatmu:t m ensunng persastence m hghly vanable envirorments;
plastic trees do not need to genetically adapt, but can mstead modify thew phenotype m response to
new conditions. Processes related to phenotypic plasticity may thus oppose those related to genetic
adaptation, in that the selection pressure 15 reduced if plastieity 15 high, although a heratable basis for
plastcity means that there will be selection for genotypes with more flexable responses as the
environment becomes more vanable. If phenotypie plasheity supperts the persistence of trees it may
be a particularly desmable trait because of the fume taken for trees to mature and reproduce (thew nead
to survive for several yvears m order to set seed and thereby perpetuate).

A degree of phenotvpic plasticity 15 found in most trees (Prersma and Drent, 2003; Eehfeldt er al.,
2001}, but vanes among and within species (Aitken er al, 2008; Bouvarel, 1960; Skroppa and
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Eohmann 1997}, It 1s hkely to be more impaortant in species that contain limmited genetic diversity for
adaptation (Le Corre and Eremer, 2003). Examples of species with hittle genstic vanation include the
rare conifer Picea omerika found 1n Central Furope (Masn ef al ., 2008) and Pinus pinea found around
the Mediterranean (Vendramn et al., 2008); P. pinea has in fact been shown to display strong
phenotvpic plastieity for growth-related trats (Mutke af al, 2010). Selechns “generabist” species and
populations uwsing multi-locational field trials and environmental data may be an mportant strategy
with which to respond to climate change, especially for regions where greater vanzhion m weather
condifions 15 anficipated. Sometimes, frizls reveal that ees can have more plastic responses than
would be expected based on existng geosraphic dismbubions (Box 2).

The mechamsms underlying phenotvpic plasticrty remain poorly understood, but epigenstic effects,
where hentable changes in phenotype are the result of the modification of DA expression but not
sequence, for example through methvlation to down-regulate gene actvity, may be miportant {(Hedhly
et ai_, 2008). Emgenetic effects can be mhented across several generations and be vanable across
populzhions and indradunals (Bessdoif st al_, 2008). Accordmg to Artken er al. (2008), 1t 15 possible
that the epigenome provides a buffer against chimatic varnability that provides time for the genome to
“catch up” wath change. Epigenstic effects have been demonstrated m the phenology of bud set m
Picea abies, where progemes whose embrves develop 1n warm emvirorments are lass cold hardy than
those that develop under cold conditions (Jolmsen ef al_, 2005).

Box 1. Plazticity and the uze of chimate envelope models: the importance of field trials for
“ground-truthing™

Chmate envelope models, which operate on the basis that a species 15 optimally adapted to the habutat
condrtions of ift= cwrrent range, are frequently used to predict the 1mpacts of chmate chanpa. A=
demonstrated by van Zonmeveld er al. (200%), however, they can lead to false assumphions for a
mumber of reasons, inchiding mnattention to the degree of phenctvpic plasticrty exhibited by many
species, and the abzence of taxa from sites with optimal abiotic conditions due to factors such as
competfion bamers to mugration and large-scale hstorical distwbances.

The best way to test the aceuracy of climate envelope model predictions is through field frials. Ideally,
these should include many seed sources from the entive species range and be planted on a ranze of
sites meluding some outside the native distibution. Thanks to trials set up by the Cenfrzl America and
Mexico Comferous Resources Cooperative (CAMOORE) over the past two decades, data from such
trials were available to van Zooneveld er al. (2009) who found that tero Central Amencan pine
species, Pimes tecunumanii and P. parula (both mportant globally for plantation forestry), performed
well outzide the ecological space defined by the climate ervelopes of cwrent distnbutions. Both
species can thus be expected to perform better under climate change than otherwize anticipated.
Unfortunately, such data do not exast for the majonty of tree species and many more such field tnals
are needed to produce accurate predichions.

Gene flow: migration by pollen and seed. Gene flow among populations via pellen contributes to
genetic varability within populafions and bence to adaptve potential (Le Comre and Eremer, 2003).
For trees, it 1s known that pollen travels very long distances, particularly m wind-dispersed secial
broadleaves and comfers, but also sometimes for amimal pollinated species (Tha and Dick, 2010;
Eramer et al., 2008; Liepelt ot al., 2002; Oddou-Muwratonio er al., 2005; Ward e al., 2005).
Palzeoecolozical reconstuctions of the recolomzaton of temperate zones in the Holocene bave
mdicated that seeds were also capable of ravelling long distances rapidly (Brewer er al, 2002;
Mathan er al . 2002}, but these lngh rates have recently been challenged by new research approaches
(e_g. land=cape penetics methods), which mdicate slower mugration (MMeLachlan er al., 2003).

For natural forests in temperate regions, it has been estimated that migration rates of more than 1 km
per vear mav be needed for trees to overcome phyv=iological musmatchimg and keep pace with current
climate change. 2 rate around ten-fold greater than that observed m the past after glacial maxima
(Pearsom, 2006; data from pollen core studies and molecular marker analysis, see e.g. MeLachlan of
al., 2005; Olago, 2001; Pearson, 2006; Petit er al., 2008). In tropical regions, changes 1n precipitahon
may be the key factor to which species have to respond, as evidenced by molecular marker research
that indicates dryness as a particular barmer to genetic exchange (e.z. see Muchuz er al., 2006, 2008
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for discussion of the caze of the diy East Afincan Faft Valley lmmting past migratons). As with
temperate reglons, natural migration rates in the tropies will not keep up with anthropogenic climate
chanpe except in the case of a small range of mvasives that can respond very quickly to change
because they are highly precocious, seed are dispersed over exceptionally long distances, and'or frees
are very quick to reach matunty (Maleolm et al., 2002).

Rates of poszible natwral ougration are reduced by forest degradation and deforestation, increasing
vulnerabality (Maleobm of al., 2002; Eellomdk ef al, 2001). However, 1n some cases pollen-medizted
gene flow can be enhanced by fragmentation (Ward ef al., 2005) and trees planted m comdaors and as
stepping stones in farmland may provide opportumties for “reconnecting” forest patches, allowing
forest ecosystems to respond better to emvironmental change (Bhagwat er al, 2008; Thmller er ail_,
2008).

D to bamers to nugration, the response of trees in natural forests fo climate change mmst generally
mvolve adaptation and/or plasherty, at least m the shert term On the other hand | planted trees are
amenable to the “facbitated translocation” of permplasm, which 1velves human movemsent of tres
seed and seedhings, from exmshng ranges to sites expected to experience analogous environmental
conditions m future vears (Guariguata o al., 2008; MeLachlan af al, 2007). A fondamental
presumption 15 that the zlobal cireulation models used to explain the environmental changes m
temperahure and ranfall profiles that result from anthropogenic climate change can be used to predict
change with some certamnty at Ziven locations; such predictions are, however, not always rehiable or
precise (Chnstensen ef al., 2007).

Although the assisted migration of surtably adapted germplasm sowrces 1= recogmized as an mmportant
response to climate change, the approach has not yet been widely implemented through policy
recommeendations or practice. For example, in France as in most other nahons, local germplasm
sourcing 15 often still recommended on the basis that a certain level of local adaptation can be
expected (but see Apnex 2}, even though 1n a few decades from now the locations of smiable plantng
zones may have changed sigmficantly. An exception from Canada 15 given m Box 3.

Box 3. Changes in seed transfer guidelines in response to climate change: the caze of Canada
Brfish Columbia, Canada’s most westerly provinee, has a relatively long hastory of regulating tree seed
movement (Ying and Yanchuk, 2006), but the cumrent concept of “floating” seed zones was not adopted
until the mid 19805, Provenance trials wers estabhished for commeraally mmportant free species and
concwrently a erarchcal ecological classification of the provinee’s forest land was completed on the
basis of geography, climate and vegetation. The boundary of 2 seed zone 15 essentally an overlay of
adaptive genetic varation onto the ecological classafication of forest lands (Ying and Yanchuk, 20:06).
A zeed zone “floats" in the sense that seedlings may be planted cutside of the boundary as long as they
are wrthin 3 zone of adaptation based on a stahisheal predictive modsl that establishes geographic
patterns of lecal optimality.

Increasing concern about the effects of climate change has led to a new approach i the province.
Potential impacts of change were assessed using an ecosystem-based climate envelope modelling
method (Hamann and Wang, 2006) and realized miche space was modelled for tree species under
current and predicted future dimatE. The results of analyses were startling m predicting among other
effects that tree species that have their northern range lismt 1n Bratish Columbia could zain pew sutable
habitat at a rate of at least 100 km per decade.

On the basis of this and similar work (Wang er al_, 2006), seed transfer policies in the province were re-
examined and Brtish Columbia new claims to be the first jurisdiction to have modified seed transfer
standards specifically mn response to climate change. The modest modification allows seed of most
species In most areas to be moved 100 to 200 m further upwards i elevation (Brfish Columbia
Mimstry of Forests, Lands and Natural Resource Operations, 2008). This policy change constiutes an
mmplictt recogmtion and acceptance of the need for assisted nugration to ensure that plantations in the
province will be adapted to futare climates.

If assisted migration 15 to be widely adopted as a response strategy, 1t will require moving increased
quantities of germplasm across nationzl boundanes for both research and planting pwrposes. A recent
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study, bowever, indicated that the international transfer of tree germplazm for research purposes has
become mereasingly difficult and costly in recent years as nations seek to conform to their
commitments under the Cormrention on Biologieal Diversity; new approaches to facilitate exchange
are therefore required (Kozkela er al., 2009). At the same tome, however, the mdiscriminate movement
of poorly adapted germplasm, which mav be encowraged madvertently by some rezional policies
dezigned to promote free trade n tree seed, 15 pot advisable. In addition, duning exchange 1t 15 also
mmportant to take mto aceount the invasiveness potential of new mtroduchons, which may be
enhanced by altering enviromments (Melachlan ef al, 2007; Peterson af al ., 2008).

14 Potential role of FGE to mitizate climate changze

The role of natural forests and tree planfing m mihgating climate change through carbon sequestration
15 well recopmizad (see a.g. the UN-EEDD program: hitp://new . umn-

redd.org Home'tabid 565/ Default. aspx). The importance of genetic vanathon within species for
mantamng forests and ensurmg productvity in culavated trees 15 less often considered However, as
15 evident from the discussion above, only adapted and adaptable zenetic matenal will efficiently
mutigate, and confinme to be able to muhgate, global carbon emissions. For example, mutigation by
planted trees will not be successful if poorly adapted seedling= are used; appropniate sowrcing of
genehic resources 15 needed with proper site matching. In the case of smallholder plantings in
agroforestry systemns, trees will only be established 1f they provide clear livebhood opportumities for
local people (Lengkeek and Carsan, 2004). Since the cwrent parvment mechanisms to reward farmers
for the carbon sequestration funchions of agroforestry trees are generally inefficient mn reaching
growers and modest in valwe (Jack er al., 2008), the mam reason for farmers to plant rees will
contimue to be for the other products and services that they pronide, which depend on quality and
vield determined by genetic factors (Roshetko er al., 2007).

There are munerous examples in commercial forestry where poorly-adapted genstic resowrces have
been infroduced that have led to massive failures in production. For example, 30 000 ha of Pinus
pinaster plantations were destroved by frost in the Landes region of France in the vears 1984-5
following the introducton of non frost-resistant matenal from the Ibenan Pemnenla (Timbal e al.,
2005). The importance of choosmg the nght penefic resources for chmate change mutization 15 thus no
different from choosing the nght genetic material when wndertakimg assisted mugration: germplasm
must be approprately adapted for srowing conditions, with some prediction (see above) of howr these
conditions will change over the productive cyele of the species.

0. CHALLENGES AND OPPORTUNITIES POSED BY CLIMATE CHANGE TO THE
USE OF FOREST GENETIC RESOURCES

1l How iz clhimate change expected to affect the FGRT

Most tree species will not be able to mugrate naturally at a sufficient rate to keep pace with a rapidly
changing chmate, resulting in elevated mortality rates (Malcolm er al ., 2002; Davis ef al., 2005;
Mathan ar ol , 2011). High mortality reduces the size of the available gene pool, may increaze
mbreeding among survivors, and deprives people of the products and services that an intact forest
provides. Hizh mortality wall be particularly felt in marginal populations at the receding edges of
distnbutions or m localized populations m specific, threatened emironments. Tree species that have a
mixed mating svstem (zelf-ferhihization 15 possible as well as outcrozsing ) may be somewhat better
equpped against environmental changes becanse inbreeding depression cansed by reduced census
numbers may not be as severe. The species compositon of natural forest will shaft with chanzing
climate. In some cases, ligh-value, less ccmm}n“pemﬁ will be repla{:ed by “invasive” trees
(Maleolm et al., 2002). In theze cazes, the srosion of genetic resources in lugh-value specias wnll
hkelv be accelerated by competition for habitat by the invasrve taxa. The modification of species
compesition in mrxed stand forests will require changes 1o silvieultoral prachce for preductive forests
(Guaniguata er ai., 2008).
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In plantahon forestry, the impact of chimate-change mediated mmsect epidemics can already be
observed in western Canada where the mountain pine beetle (Dendroctonus ponderosae) has
devastated the forest industry throuzhout much of the intenior of the provinee of British Columbia
(Konkm and Hoplans, 2009}, The beetle 1= now attzcking more than 13 omlhion hectares of forest mn
the province. The sustained outhrezk 15 blamed on a long senes of umsually wamm winters. In
addifion to the loss of bundreds of thousands of hectares of plantation (and natural) forest, many
genetic frials that constituted 1mportant sources of genetic nformation and, 1n some cases, ive
gensbanks, have been destroved by the insect. BMuch of the natural forest will regenerate without the
substanfial loss of penetic resources, but the destruction of the zenstic tests represents an nretmevable
loss (although any trees almve in tals after beetle attack may provide a “genetic screen” that pounts to
resistant genotypes).

The mterdependence among countries n thewr needs for tree gemmplasm 15 hikely to meorease because
of demands for restoration planting, plantation and agroforestry use; new species and better-adapted
vaneties will be requured. Countries with large-scale plantations of species such as Pinus radiata and
Preudotsuga menziesii that have been widely planted across (warming) temperate zones of the world,
may be paricularty affected 1f such species have low resilience to emironmental change because of
the material chosen for planting. Breeding programmes will need to consider plasticity and adaptation
to increased drought, 3 substanfial change from current pracice. In theory, pest and dizease attacks
caused by climate change could also be addressed through breeding for resistance or tolerance, but
Yanchuk and Allard (2009) have suggested that the time required to do so0 may be too long in relation
to the rapad rate of change. Instead. the wse of tolerant genotvpes already found in nature, or of
enfirely mew species, may be required.

22 Specific genetic characteriztes traits needed for adaptation to the challenges idendfied

A momber of climate-related traits in some comfers, such as the timung of bud break m spring, leader
shoot growth cessation mn summer, bud set in autumn and anmial mng hgmfication, are regulated by
temperature durmg female reproduction; temperature-induced regulation of the level of pene
expression (through methyvlation) m the developmg embrvos 15 apparently maintamed 1 the
developimg trees as an “epigenetic memeory” . Many such epigenetic responses have been documented
m plants exposed to ervironmental stresses (Madlung and Conuan, 2004), but the mechanysms
mvolved are not fully understood.

Under changing envirommental conditions, trees must first surave and then reproduce. To be uzeful to
bhumans, they mmst alse conhimue to preduce the products and services for which they are valued.
Some 1mportant trarts needed for adaptation to different climatic condifions, but which are not often
considered in breeding programmes include the following:
®  Divought resizstance: This 15 a complex trait that may include deep rooting systems, water use
efficiency and deciduous habit. For many tree species, altered moisture regimes wall be of
greater concern than temperature changes.

& Pestresistance: Pest and diseasze resistance has recerved hittle attenfion in tree breeding.
Chmate-change mediated mereases m pest and disease attacks are becomung a cruecial 15sue m
plantzhion forestry (see above). Comventional breeding approaches are madequate a5 a
response (1 anchuk and Allard 20097,

*  Fire resistance’tolerance: Increased fire frequency results from decreased precipitation and
elevated temperatures combined with bwman activities such as forest clearance (Mall er al.,
2009). Many tree species growing m semu-and regions have developed mechamsms to confer
a degree of resistance to peniodic fives, but this may not be the case iIn more humd forest.
Increased fire frequency will require adaptations such as thicker bark.

*  (yclene resistance/salt tolerance: The combined effects of a msing sea level and mereased
storm frequency have the potenhial to wreak heavy damage on coastal forests. Low-elevation
15lands are at particular nsk. A differential alility to withstand storms and =alt may be found
meore commonly among species than within, but the possibility of selection for surtable types
within species needs to be explored.
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& Phemonpic plasticity: As already discussad, thas 15 an important but bittle understood
charactenistic that 15 vital for an adaptive response to changing chmate and can vary at
mtraspecific level.

III. THE POTENTIAL ROLE OF FOREST GENETIC RESOURCES IN ADAPTING TO
AND MITIGATING CLIMATE CHANGE

3l Analyvziz of the prezent use of FGR: are any of the characteristics needed already in
use/available?

The very fact that tree species contain high genetic diversity m many of the traifts and genes analysed
provides an immsurance policy or “eption value” agamst firhire enirenmental change (Jump er al.,
2008). This option value provides “ugh evolvability™ that supports the persistence of natural forest
stands that provide useful products (fuel food, imber, medicine, ete ) and emvironmental services
(odiversity conservation, watershed protection, carbon sequestration, ete.) to bumans. The same
vanation supports breeding programmes and allows the selechon of appropriate genotypes for
plantng to adapt to and mitigate chimate change.

Provenance tnals that have been established at mmltiple locations using germplasm sourced from a
vanety of ecological condrbons demonstrate that vanaton m adaptive trarts 15 often present within
tree species. However, many provenance frials were established before the need to respond to
anthropogenic emvironmental change was considered to be an impertant research issue, and so the
trarts measured 1m frials have offen not been the most important ones from a chmate change
perspective. Nevertheless, the performance of provenances in old mmltilocational trials provide an
maght mio behaviow under climate change scenanos and allow sources of (likely) adapted material
to be identified while new trials specifically established to assess climate change responses are being
established (see Box 1).

There has, however, been a general declime m the establishment of provenance trials mn recent vears
for a vanety of reasons, meluding inereased difficulty In mternational germoplasm transfer (see above;
Kozkela er al, 200%), thewr cost to maintain and measure, greater emphasis on social issues m the
forestry sector and more attention to new technologies such as molecular marker analysis of genetic
vanation. While the latter can provide parficular insight=, for example m the pew disciphne of
“climate change genomacs™ (Meale and Ingvarsson, 2008; Reusch and Wood, 2007}, molecular
analysis should be seen as complementary to field trnal analysis and not as an alternative to 1t
Genomic studies are beginmng to focus on the search for candidate genes that may be mportant
drought tolerance (Hoffmann and Willy, 2008). Association genetic studies in natural stands, where
allelic patterns at candidate genes are comrelated to phenotypic traits and ecological condifions, are
also becoming more commen In trees, making it possible to identify genes and variation linked to
adaptation (Grvet et al., 2011).

12 Gaps: kmowledge, collections, characterization

As noted above, there 15 hittle documented knowledge about adaptive traits or hie history
characteristies of the majority of tree species globally, particularly m the tropies where species
diversity 1= very high Although many boreal and temperate free species are relatively well
represented in genebanks, the majority of tropical species are absent. Partly, this reflects the
recaleitrant or intermediate properties of the seed of mamy tropical species, which means that they
cannot be stored for any length of time 1n seed genebanks. Even with boreal and temperate trees,
however, capturmg the range of genetic vanability 1n species m seed collechons has genemlly
recerved only a low priomty.

For all categones of FGE. therefore, there 12 a general lack of representative sead collactons that
could form the basis for desipning climate change responses. It follows that trials to study adaptive
trarts important under chmate change have also only recerved lmited attention, with sapmificant work
done on only a few tree species, mostly those of importance for plantation forestry but not neceszanly
prionity species for other growers (but see Box 1). Even in commereially important species where
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extensive provenance tests have been undertaken, range margins and atypreal populations that may be
cructal for climate change responses are rarely well represented. There 15, therefore, a zeneral lack of
mformation on which to base proper tree—zite matching dunng translocation. Understanding of the
molecular arehitechwre of adaptation 1= also 1n 1tz infancy, even for so-called model trees; the
appheation of molecular breeding to combat clinate change 1=, therefore, also mot well advanced.

Fundamental to predicting the future geographic “domams" in which particular tree species will (of
given the opportunity) zrow well depends on understanding curent species distnbutions, imformation
on which is also often lacking (e g worw Lifemapper crg), and the ecological niche model that i=
adopted (Peterson ar al., 2008). Projechions of future srowth domains are in any case more diffieult
for perennials than for anmual crops, as the long hfespans of trees mean that they can realize products
and services {such as carbon storage) over considerable penods of ime, possibly centunes from now
when climzatic condiions will depend on the effectiveness of current mitigation measures (TFCC
2007). This makes tree—site matching for the future very difficult.

3.3 Efforts needed to identify characterisdcs relevant to adaptation to climate change

Although field and nursery trials have fallen cut of favouwr in recent years, such tests are vital for
understanding chimate change responses and need to recerve new attention. Moere much tnals are
needed on a wider range of species important to commercial foresters and small-seale planters, m
which emphasis 15 placed on samphng from all parts of the ecological range of the species under
study, not yust those populations where suraval, growth and romass yield are best (Axtken & al,
2008). It 15 In “margmal” populations that the most inferesting adaptations may be found. Dhning
evaluation, more attention needs to be grven to the trauts that are involved in responses to
emvironmental changa

In addition genomic studies, in which the quantitative traxt loci believed to control responses are
studied at the gene level (Mamroud er al., 2008; Neale and Ingvarsson, 2008; Eeusch and Wood.
2007}, could be apphed. In the case of drought tolerance, which may be a particularly important
feature in responding to new climatic conditons, candidate genss imclude those imvohred in the
synthesis of abscisic acid, transcriptional regulators of drought-inducible pathways, and late
embryogenesis sbundant proteins; shofts at such loct have been hnked to responses to global warmmg
(Hoffmann and Willy, 2008). DNA-based techmques for penomic research are developmg very
rapidly and need to be extended from temperate model species to a wider range of boreal temperate
and tropical frees, using modern approaches to study relanonships between phenotype and genctype,
though methodological problems remain to be overcome (Bessega er al., 200%; Pawwels e al., 2008;
Pemberton, 2008).

Meutral molecular markers have been emploved to desonbe patterns of genetic drversity within many
free species and contrbute to an understanding of responses to past climate change events through
describing penetic disjunctions and refupa (Petit er al., 2003, 2008). Ths information 15 very helpful
for understandmg past and current gene flow and populahion strocture and 15 ghly relevant for
desigming in site conservation networks and pnontizmg populations to archive ex sim. Generally,
however, nentral genetic markers do not improve our understanding of adaptive traits, except perhaps
m =pecies with low population sizes (such a= rare or endermie species) where demographic bottlenecks
are likely to have affected neutral and adaptive genetic diversity simularly (Le Corre and Eremer,
2003}.

As well as studies on trees, more research 15 needed on the impact of chmate change on pollmators 1
forest and agroforestry systems, especially when tree species have speciahzed relabonships wath
parieular amimzl vectors (Bazzaz, 1998). Dechining tree—pollinator inferactions that may occur as a
result of chimate change (MRC, 2007; FAQ, 2008) would linmt gene flow in tree stands, reducing the
effective size of populations and therefore adaptive capacity. The extent of chimate change impacts on
tree pollinators 15, however, not well understood.

Fmally, foresters and scienhsts meed to learn from the success and fallure of cwrent planfing
mitiatives in responding to climate change. By monitorng die back, mortality and other features in
existing stands, much can be learmt when related to the ongin of plantmg material and the sibaculoral
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management that has been apphed. Some plantation forests should be left to “suffer” altered
environmental condifions m order to observe responses, even when these forests can no longer be
considered productive and so would otherwnse be replaced.

IV. CONCLUSIONS

Unbke mzjor agricultural crops, the genetic resouwrces of many important tree species have been hittle
studied Genetic evaluation of 2 few commercially important species that have been wndely planted
has mainly aimed to understand the inheritance of productivity-related trants rather than adaptrve traits
that could be important under clhimate change although a few model species are the subjects of
genomic ressarch to understand the pene expression of important characteristics. For most frees,
understanding the genetic basis of adaptation 15 still in 1tz infancy and as a result predictions of
responses to changing chimates are largely based on theory. Furthermere, breeding programmes are
generally based on maximizing productivity rather than increasing resilience, for example, through
using more genetically diverse vanetes and muxhwes. Table 1 presents sigmficant knowledge gaps
and the action prionfies that are needed to address these.

Seed zones and regions of provenance as they exst today, mainly in OECD countnes, to define
adaptation zones, will likely be of howted value under climate change and will peed to be redezigned
for climates of the future. The assisted migration of germplasm from existing ranges to sites expected
to experience anzlogous envronmental condiions in futare vears 15 a posstbality for high value
species, particularly in the case of managed. plantation and agroforestry ecosystems. Crucial,
however, 15 a greater understandmgz of trends i climate that will allow proper tree—site matchmg
dunng translocation (Saenz-Fomero er al, 2010). Assisted mugration may not only involve the
movement of tree germplasm_ but alse of associated micro-organi sms (such as mitrogen-fiang
bacteria essential for the growth of leguwminous trees) and 1mportant ammal pollinators. In the case of
natural forests, seed or pollen could be broadeast m areas where cwrent populations are expected to
become maladapted under future condrions, and other management achions such as reducing
harvesting mntensity may be appropriate to respond to change (Guanguata er al, 2008). Genenic
resource conservation must be dynamme, as it 15 the evolutonary potential rather than the genes
themsalves that require conservation, 1f chimate change responses are to be adequate.

51 Access and uze conditions (policies)

Mew approaches and flexible solutions are needed in order to allow mere effechve transfer of
germplasm across natonal borders and mn some cases within coumtries, possibly through greater
melusion of tree genetic resowrces within multlaterzl agreements such as the International Treaty on
Plant Genetic Resources for Food and Agnculture and by harmomzaton of phytosanitary
requirements (Eockela er al., 2009).

Polheies and regulations will also need to be developed or modified m the following three areas if
futwre generations are to benefit from the potential of todav’s forest genetic resources:

# Fegulations will need to be developed in comunyg vears to meet the requrements of the
Wagova Protocol It will be important to ensure that thess regulafions have the intended effect
of actively promoting inereassd research on, access to and exchange of forest penstic
resources, while at the same time guaranteems the fair and equitable shanng of benefits
arnsmg from their whhzation, beanng m mind that mereased access wall m the end foster
benefits for all.

=  National polhicies defiming seed zones will need to be modified to allow the assisted migraton
of genetic material within countnes and across country boundanes m order to respond to the
speed of chmate change.

«  Market mechamsmes are needed to reward the use of appropnate germplazm and conservation
actvities by growers, especially smallholder farmers, who are increasingly important as
harbourers of tree biodiversity in the tropics.
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Table 1. Knowledze gap: and priorities for action for FGE

Enowledge gaps

Action priorities

Sciendfic informanon

1. Adaptrve potential of traxts of
mportance under chimate change and
the inderlying genetic mechamsms

Field and mursery experiments to understand patterns of
vanation; harpess geromuc tools to mmprove understandmg
of genes that are impaortant in drought tolerance and
resistance, flood tolerance, phenclozy, response to
elevated C0, levels, ete. Transfer knowledze obtained from
model species m temperate reglons to less known “local”™
species that are of high importance to people m the
developing world.

2. The degree of phenctvpic plasticity
and its underlying genetic and
epizenatic basis

Phenotypic characterization through more field trials
designed to understand mmpacts and responses to
environmental changes.

3. Effect of changes in interspecific
competiion and reproductive potential
m relation to changing growth rhythms
as temperature changes but photoperiod
stays constant

Small-scale assisted mugratton operations should be camed
out and momtored to determmine whether the expected
disconnect between temperature regimes and photopeniod
can be mufigated by mxing genefic sources and allowmg
natural selection.

4. Populatton dynamics and

In zll areas where trees depend on pollmator species,

emvironmental hoats for pollmator action 15 needed o understand and respond to threats.
specles

5. Species dismbutions and effects of Map species distributions, accounting for ramdly
frazmentation on gene flow expanding agricultural land and other developments, and

considenng bistorical data; develop predictive models that
take into account life-hostory charactenistes, the effects of
fragmentation and levels of gene flow, in different parts of
3 specles TANge.

6. Requirements for maximmzing
productivity of trees in agnculiural
landscapes under chanzinz climate

Develop a portfolio of vaneties that have phenotypic
plasticity and that perform well across a range of
environments {natronal regonal level)

Availabilioy and use

7. Past and cumrent flows of germplasm,
meluding quantiies, ongin of material
and survival at the destination

Imiprove documentation of germplasm flows, molecular
typing of ongin.

8. Design of effectve germplazm
delivery systems for large-scale
plantztion establizhers and smallkolders

Imiprove international transfer of germplasm to muake
avallable lngh-quality site-matched planing matenal of
high-value trees to planters, wath a broad genetic base to
ensure adapiive potential Improve linkages between
internzhenal exchange and smallholders through
revitalizing the role of national tree sead centres m
developing counines

9. Cultrvation requirernents of curently
or potentially useful species

Imiprove access to informaton through education and
framing.
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Conservation

10. Repons where high genetic
diversity and siznificant threats comcide

Implement nzk assessments and threat analy=es to identify
commcidence. Prnonitize conservation of populations on the
basis of mportance to people, ngh diversity and
sipnificant threat.

11. Most effective max of in sitw, circa
situ and ex situ approaches to ensure
consarvation and marntain evolutonary
PIOCEsSes

Increase population representation and genetic diversity of
important and threatened specles In conservation areas, In
farmland and in seed collections.

12. Seed storage behaviour and
germination requitements for many
mmportant species

Mew approaches for “genebanking” are nesded for many
tropical species through seed physiology research,
crvopreservation, pollen storage, ate. Active conservation
measures are needed for species that are mportant for
human well-bemg and are senously threatensd

13. Costs and benefits of FGE.
comservation

Application of economac valuation approaches developed
for other sectors to FGE, with an emphaszis on high-value
species for foresters and small-scale farmers.

Box 4, Glossary

Adaptation: The process of genetic change m structure and/or fimetion that makes an crgamism or 2
population better suited to swvive in an environment (FAOQ 2003 ; Kok eral | 1997).

Aszisted migration: Citherwise known as facilitated translocahon, 3 response under climate change
m whech populafions are moved to compensate for environmental alterations to new sites expected to
experience analogous conditions to the ones they onzinated mn (Aitken or al., 2008).

Common zarden experiments: field experiments m which seed sowrces from different locations are
brought together for assessment under commaon environmental condibons.

Epigenetics: The study of hentable changes 1n gene expression and function that cannot be
explamed by changes m DA sequence. These changes are based on a set of molecular processes
that can activate, reduce or completely disable the activity of particular genes. The different classes
of processes are not independent from each other but often regulate gene activity m a complex,
mterachive fashion (Berger, 2007; Bod, 2007; Bossdarf er al., 2008; Grant-Diownten and Dickinson,
2005; Richards, 2006).

Leading edze: In a model of colomzation under changing climate, the leadng edgze 1= the front of
the distnbution expanding mto new, suitable teritory. Expansion may be controlled by rare long-
distance dispersal events followed by exponential population growth (Hampe and Petit, 2005).

Phenotypic plazticity: the ability of an orgamism to change 1ts phenotype in response to changes in
the exvironment without genetic change (Gienapp s al., 2008; Price a1 al., 2003).

Provenance: The geographical and'or genetic ongin of an mdmadual (FAO, FLD, IPGEL 2004).

EReceding edze: In a model of colomzation under changing chmate, the receding edze 15 the range
margin which 15 eroding and where populations are hkely to experience demographic bottlenecks.
Populations located at eroding range margins may migrate with chimate change or remam trapped m
suttable environments while the general range of the species is moving (Hampe and Petit, 2005).

Eesilience: resihence 15 one possible scosvstem response to a perfurbation or disturbance. A resihent
ecosvstem resists damape and recovers quekly from disturbances such as fires, flooding,
windstorms, msect population explosions, and human activities such as deforestation and the
mtroducthon of exotic plants or anmmals. However, disturbances of sufficient magmtude or duration
may force an ecosystem to reach a threshaold beyvend which a different regime of processes and
struchwes predorninates . The “demographic™ and “microclimzte” mertia (cansed by longervity and
the control of own climate, respectrvelv) of frees may promote a level of resihience.
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