PAPER

CLIMATE CHANGE: ENVIRONMENTAL
EFFECTS AND MANAGEMENT
ADAPTATIONS

ROBERT C. SZARO' and BYRON K. WILLIAMS
1 Biological Resources Discipline, US Geological Survey

ABSTRACT: Species, natural communities, and ecological systems have evolved over time in
response to changing and dynamic environments. The natural variation of the physical environment
and biotic interactions within that environment create a dynamic template that shapes how species
evolve and what species may (or may not) be able to persist in any given area. Rapidly changing
climate has potentially profound implications for nature conservation and threatened and
endangered species management. Predictions include dramatic shifts in species populations and
their distributions with potentially increased extinction risk for those species with restricted ranges,
limited distribution, or mobility. For example, the rate of future climate change will likely exceed the
migration rates of most plant species. Given likely future climate scenarios, conservation planners
need to develop and use objective-driven learning-based adaptive strategies.
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1. Introduction

The impact of human actions on the rate and direction of global environmental
change is already being felt on biodiversity around the globe (Millennium
Ecosystem Assessment, 2005). Present evidence suggests strong and persistent
effects of such change on both plants and animals as evidenced by substantial
changes to the phenology and distribution of many taxa (Parmesan and Yohe,
2003; Root and Schneider, 1995, 2003). For example, the onset of bird nesting,
budburst, and migrant arrivals has markedly shifted over the last few decades
and many species (for example, birds and butterflies) have extended their ranges
further northward (Parmesan et al., 1999; Walther et al., 2002).

Some of the most pronounced ecological responses to climatic warming are
expected in polar marine regions, where temperature increases have been the
greatest and sea ice serves as a sensitive indicator of changes in climatic
conditions and effects on ice dependent species (Regehr et al., 2007). Terrestrial
Arctic animals will be vulnerable to warmer and drier summers, climatic changes
that interfere with migration routes and staging areas, altered snow and ice
conditions and freeze-thaw cycles in winter, climate-induced disruption of the
seasonal timing of reproduction and development, and influx of new
competitors, predators, parasites and diseases (Callaghan et al., 2004). One of
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the most striking examples is the concern over declines in Arctic sea ice and its
effects on the long-term conservation of polar bears (Ursus maritimus). Recent
changes in temperature and atmospheric circulation have led to marked declines
in the thickness, extent, and duration of sea ice in many parts of the Arctic (Rigor
and Wallace, 2004; Belchansky et al., 2005; Stroeve et al., 2005; Holland et al.,
2006). At the southern limit of polar bear range, a progressive change toward
earlier breakup of sea ice has been shown to negatively influence body
condition, reproductive rates and survival of bears (Stirling et al., 1999; Obbard
2006; Regehr 2007b). Most recently, Regehr et al. (2007a) and Hunter et al.
(2007) have shown that both survival rates and total population size of the
Southern Beaufort Sea polar bear population appears to be in decline and are
also significantly correlated with changes in ice distribution and the duration of
the open water season. Projected changes in future sea ice conditions, if
realized, will result in the loss of approximately 2/3 of the world’s current polar
bear population by the mid 21st century. Because models of melting Arctic sea
ice are likely to have grossly underestimated the rate of projected melting the
current assessment of future polar bear status may be overly optimistic (Amos,
2007; Whelan et al., 2007).

Other areas where climate change influence is pronounced are in various
mountain regions where climate-induced vegetation change has been well
documented (Walther et al., 2001) and for high-alpine assemblages in particular
(Keller et al., 2000; Theurillat and Guisan, 2001; Korner, 2003). Holzinger et al.
(2008) found an increased number of vascular plant species of as many as three
species per decade within the last 120 years on high alpine summits in
Switzerland. They noted upward migration rates were within the range of several
meters per decade, which is similar to results of in other studies (Grabherr et al.,
1994). These changes seem to be connected to temperature increases over the
past century (Grabherr et al., 2001; Walther et al., 2005).

The process of adaptation by species or ecosystems to climate occurs in a variety
of ways under many circumstances and is not likely to affect all species in the
same way (Millennium Ecosystem Assessment, 2005). The process depends on
many factors, including who or what adapts, what they adapt to, how they adapt,
what resources are used and how, and the effects of adaptation within and across
ecosystems, species and genetic levels (Maclver and Wheaton, 2005). Some
species or communities will be more prone to extinction than others due to the
direct or underlying effects of such climate change, and the risk of extinction will
increase particularly for those species that are already on the verge of extinction.
Vulnerable species often have limited climatic ranges, restricted habitat
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requirements, reduced mobility, or isolated or small populations (Millennium
Ecosystem Assessment, 2005).

From a conservation perspective, adapting to changing climate poses a daunting
task. Oftentimes managers develop plans for specific parts of the landscape
using past conditions as a guide to judge future outcomes. But what if future
conditions differ greatly from those in the past? Does it make sense to manage
for outcomes that are probably impossible to achieve? Does it make sense to
manage areas as if they were islands? Can we make decisions requiring an
interlocking cascade of actions across broad landscapes? Does it matter if a
species exists in a particular location or is it more important to ensure that it
exists somewhere? Such questions make adapting to changing climate regimes
much more complicated than the conservation approaches used up until now.
Conservation becomes a moving target in a climatically changing environment,
and although current reserve systems are a starting point, there is no clear end
point (Von Maltitz et al., 2006).

2. Climate Influences on Ecosystem Disturbances

Climate change, which contributes to habitat change, is becoming the dominant
driver of changes in habitat condition, particularly for vulnerable species and
habitats such as endemic montane, island, and peninsula species and coastal
habitats such as mangroves, coral reefs, and coastal wetlands (Millennium
Ecosystem Assessment, 2005). Both recent empirical evidence and predictive
modeling studies suggest that climate change will increase population losses in
many areas. Although there may be an increase in some regions in local
biodiversity (usually as a result of species introductions), the long-term
consequences of these increases are hard to foresee.

A review of how disturbances are influenced by climate and might be
exacerbated by climate change provides a background for examining ways to
deal with the impacts of climate change upon ecosystems and their services
(Dale et al., 2001). The effect of each individual disturbance is partly tempered
by prior adaptations to previous disturbances as well as by current conditions,
which are a function of past management practices. Assessments and decisions
based mainly on global modeling efforts would likely overlook the potentially
large ecological, social and economic impact that may occur at regional and local
scales (Higgins and Vellinga, 2004). This highlights the importance of scale in
assessing ecosystem responses and in scaling global models to regional and local
levels. Effects of climate extremes on forests can have both short-term and long-
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term implications for standing biomass, tree health and species composition
(Dale et al., 2001; Bush et al., 2004), and similar effects apply to semi-natural
grasslands (Grime et al., 1994). In addition, by creating forest gaps, disturbances
can provide places where species better suited to new prevailing climate regimes
can become established. Specific disturbances that affect and are affected by
climate change are fire, drought, floods, insect and pathogen outbreaks, invasive
species, hurricanes, ice storms, landslides, sea level rise and interactions among
these disturbances.

FIRE: In 2003, large fires in southeastern Australia, western Canada,
Mediterranean Europe, and southern California drew considerable public and
political attention to fire as a phenomenon through which ecological and human
dynamics collide (Lavorel et al., 2007). The frequency, size, intensity, seasonality,
and type of fires depend on interactions among climate, vegetation structure,
and land use on local to regional scales (Dale et al., 2001, Lavorel et al., 2007).
Fire initiation, propagation and spread depend on the amount and frequency of
precipitation, the presence of ignition agents, and conditions (for example,
lightning, fuel availability and distribution, topography, temperature, relative
humidity, and wind velocity). Fires and their effects on terrestrial ecosystems are
highly sensitive to climate change and can have dramatic impacts in the structure
and functioning of ecosystems (Lavorel et al., 2007). For example, the projected
climatic changes for the next century (IPCC, 2007a) are faster and more profound
than any experienced in the last 40,000 years (Bush et al., 2004), and probably in
the last 100,000 years. The simplification of ecological structure in Amazonia
from complex forest to the simplicity of agriculture coupled with the increased
probability of human-set fires and complex ecological interactions mediated by
climate takes us into unknown bioclimatic territory (Bush and Lovejoy, 2007).
Especially as it is now known that the hydrological cycle (rain coming from
moisture from the ocean that is transpired by plants), which produces a
significant fraction of Amazon rainfall, is also responsible for 40% of the rain
south of the forest in Brazil and northern Argentina. With 20% of the Brazilian
Amazon deforested, the point at which an irreversible drying trend is triggered
cannot be far away. The immediate consequence of that alteration to the modern
hydrological cycle, forest fragmentation, and human activity is the increased
probability of Amazonian wildfire (Bush and Lovejoy, 2007).

DROUGHT: Droughts can occur in nearly all ecosystems (Dale et al., 2001).
Drought effects are influenced by soil texture and depth; length and severity of
exposure; and species present and life stage. Ecosystem responses likely will
include feedbacks to the climate system with some potentially significant
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positive feedbacks occurring in biotic responses to changes in the hydrological
cycle (Higgins and Vellinga, 2004). These responses will likely amplify the
hydrologic impacts of climate change as regions with decreases (increases) in
precipitation shift to vegetation with lower (higher) leaf area and smaller (larger)
root systems (Higgins and Vellinga, 2004). These changes are likely to lead to
decreased (increased) atmospheric moisture through reduced (increased)
transpiration (Higgins and Vellinga, 2004). These types of positive feedbacks
from vegetation are implicated in persistence of the drought in the Sahel through
a reduction in atmospheric moisture and a resulting shift to a self-sustaining dry
equilibrium (Wang and Eltahir, 2000).

FLOODS: Evidence is growing that, as a result of global climate change, severe
weather events such as heavy precipitation during winter could become more
frequent. The likely result is an increased risk of large-scale flooding and loss of
topsoil due to erosion (Fuhrer et al., 2006). Large uncertainty in projections of the
hydrological cycle make predictions about the magnitude and location of
ecosystem perturbations also uncertain, limiting the potential for impact
assessment and adaptation (Higgins and Vellinga, 2004).

INSECT AND PATHOGEN OUTBREAKS: Climate influences the survival and
spread of insects and pathogens directly, as well as the susceptibility of their
hosts and associated ecosystems (Dale et al., 2001). Changes in temperature and
precipitation affect herbivore and pathogen survival, reproduction, dispersal,
and distribution. Indirect consequences of disturbance from herbivores and
pathogens include elimination of nesting trees for birds and negative effects on
mycorrhizal fungi (Gehring et al., 1997; Ayres and Lombardero, 2000). Other
indirect effects include the impacts of climate on competitors and natural
enemies that regulate the abundance of potential pests and pathogens.

INVASIVE SPECIES: Invasive species can affect ecosystems through herbivory,
predation, habitat change, competition, alteration of gene pools via
hybridization with natives, fire frequency and severity, and disease (as either
pathogens or vectors) (Dale et al., 2001). The effects of invasive species should
be considered concurrently with changes in native species distribution and
abundance that occur as a consequence of climate change (Hansen et al., 2001).
The impact of introduced species on ecosystems is influenced by such climatic
factors as temperature, drought, and cloud cover (Ayres, 1993). Invasion biology
is not yet adept at forecasting impacts of invasions (Williamson, 1999). The
complex interactions among introduced species, native communities, managed
ecosystems, and climate change compound this forecasting problem (Simberloff,
2000).
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HURRICANES: Historical observations suggest that the active hurricane seasons
of 2004 and 2005 may be part of a natural cycle in Earth’s climate system related
to changes in mean sea-surface temperature (SST) in the North Atlantic Ocean
(Poore et al., 2007). Hurricanes are well-documented to disturb ecosystems of
the eastern and southern coastlines of the United States, as well as those of the
Caribbean islands and the Atlantic coast of Central America (Dale et al., 2001).
Ocean temperatures and regional climate events influence the tracks, size,
frequency, and intensity of hurricanes (Emanuel, 1987). An average of two
hurricanes make land every 3 years in the United States (Hebert et al., 1996).
Estimates are that the Florida Everglades have been impacted by 38 storms since
1886 (Doyle and Girod, 1997). Mangrove forests, and the fish and wildlife species
dependant on them, rely on the interplay of a variety of physical factors for their
existence, including salinity of the water, the amount of oxygen in the soil, soil
type, nutrient availability, inundation by tides, and air and water temperature, to
name a few (Tomlinson, 1986; Smith, 1992). Because of the complex interactions
among these factors, wide-scale damage caused by hurricanes may have
unforeseen consequences that cascade throughout the ecosystem (Ward and
Smith, 2007). Another example is the catastrophic destruction of the floodplain
forests of the Pearl River in Louisiana after Hurricane Katrina will have both short-
and long-term consequences with the immediate structural changes having
significant impacts on migratory birds (Faulkner et al., 2007). Migratory birds are
likely to encounter increasingly altered landscapes along their migration paths in
part because of projected changes in habitats caused by such disturbances
(Barrow et al., 2007). Continued global warming may accelerate the hydrologic
cycle by evaporating more water, transporting that water vapor to higher
latitudes, and producing more intense and possibly more frequent storms
(Emanuel, 1987; Walsh and Pittock, 1998).

WINDSTORMS: Small-scale wind events are products of mesoscale climatic
circumstances and thus may be affected by climate change (Dale et al., 2001).
However the type and amount of alteration in windstorm characteristics cannot
be predicted because these smaller-scale events are below the resolution of
today's climate change models. For example, the more humid, warmer weather
patterns predicted for the future in the Arctic are expected to increase the
windthrow risk of trees through reduced tree anchorage due to a decrease in soil
freezing between late autumn and early spring, that is, during the most windy
months of the year. (Peltola et al., 1999). Yet, tornadoes, downbursts, and
derechos (a widespread and long lived windstorm that is associated with a band
of rapidly moving showers or thunderstorms) are probably the most important
agents of abiotic disturbance to eastern deciduous forests (Peterson, 2000).
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These disturbances can create very large patches of damage and may trigger
advanced regeneration, seed germination, and accelerated seedling growth
which can change successional patterns, gap dynamics, and other ecosystem-
level processes (Peterson and Pickett, 1995).

ICE STORMS: Ice storms are caused by rain falling through subfreezing air
masses close to the ground, which super-cool the raindrops and cause them to
freeze on impact (Dale et al., 2001). Ice storms have been increasing in frequency
over the last 50 years and may be affected by climate change. The 52-year
average annual number of severe ice storms in the United States was 1.3.
However, the average for 1949-1976 was 1.1 per year, increasing to 1.6 during
the 1977-2000 period (Changnon and Changnon, 2002). These storms can be
catastrophic disturbance events with potential impacts on carbon sequestration
and ecosystem recovery (McCarthy et al., 2006). Ice storms are important
disturbances affecting forests over a surprisingly large portion of the USA
extending from east Texas to New England (Irland, 2000). In the areas most
affected, icing events are a factor that shapes stand composition, structure, and
condition over wide areas. Impacts of individual storms are highly patchy and
variable, and depend on the nature of the storm.

LANDSLIDES: Climate is an important forcing factor of landslide activity,
especially as it effects precipitation and temperature as inputs into the landslide
system (Schmidt and Dehn, 2003). Either increases or decreases in landslide
activity can occur depending on the direction of change of precipitation and
temperature. For example, increasing winter temperature and reduced snow
storage has been shown to decrease landslide activity (Schmidt and Dehn, 2003).
Both slow and rapid movements of soil, rock, and associated vegetation are
triggered directly by climate factors and by climate-influenced processes (for
example, stream-bank erosion) (Dale et al., 2001). Triggering climatic events
include snowmelt and intense rainfall. Landslide frequency and extent are also
influenced by snow accumulation, distribution, and melt rate. Vegetation
influences the likelihood of sliding through the soil stabilizing effects of root
systems and the effects of vegetation structure and composition on hydrology.
Landslides in forest landscapes can damage aquatic resources and threaten
public safety but they are also important natural processes contributing to the
maintenance of needed structures in stream courses for fish populations.

SEA-LEVEL RISE: Global average sea level rose at an average rate of 1.8 [1.3 to

2.3] mm per year over 1961 to 2003 (IPCC, 2007b). The rate was faster over 1993
to 2003. As sea level rises as a result of global climate change, storm surge floods
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will become more frequent and larger areas will become inundated (Barros,
2005). For example, in the Coastal Areas of the Rio de la Plata, Argentina, the
major impact of climate change regarding coastal flooding will be in the
increasing frequency of floods caused by storm surges (Barros, 2005). Impacts of
sea-level rise will include increased coastal erosion, higher storm-surge flooding,
inhibition of primary production processes, more extensive coastal inundation,
changes in surface water quality and groundwater characteristics, increased loss
of property and coastal habitats, increased flood risk and potential loss of life,
loss of nonmonetary cultural resources and values, impacts on agriculture and
aquaculture through decline in soil and water quality, and loss of tourism,
recreation, and transportation functions (IPCC, 2001b).

INTERACTIONS AMONG DISTURBANCES: Many disturbances are cascading
with each successive disturbance building on previous events (Dale et al., 2001).
Warming temperatures across western North America, coupled with increased
drought, are expected to exacerbate disturbance regimes, particularly wildfires,
insect outbreaks, drought, windstorms, and invasions of exotic species (Bachelet
et al., 2007; McKenzie and Allen, 2007). Drought often weakens tree vigor,
leading to insect infestations, disease, or fire. Insect infestations and disease
promote future fires by increasing fuel loads, and fires promote future
infestations by compromising tree defenses. Increased fire intensity or extent
could also enhance the potential for landslides. One way invasive species can
affect native ecosystems is by changing fuel properties, which in turn can affect
fire behavior and alter fire regime characteristics such as frequency, intensity,
extent, type, and seasonality of fire (Brooks et al., 2004). Hurricanes generally
contribute to increased species richness and diversity in coastal forests (Battaglia
and Sharitz, 2005) but after Hurricane Katrina and Rita along the Gulf Coast of the
United States the invasion of the Chinese tallow tree (Triadica sebifera) became a
particular concern (Faulker et al., 2007). Bigler et al. (2005) demonstrated the
relative importance and the combined effects of fire and beetle outbreak,
vegetation, and topography on fire severity during extreme drought in Rocky
Mountain subalpine forests. Many ecologists and resource managers expect
ecosystems to change more rapidly from disturbance effects than from the direct
effects of a changing climate by itself (McKenzie and Allen, 2007).

3. Adapting To Climate Change

Existing climate data and models have highlighted general changes to global
climate (English Nature et al., 2003). However, uncertainties remain about the
rate and severity of change at the regional and local level. Global change does
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not mean the same amount of warming everywhere. Some places may even
become cooler. The challenge is less about dealing with projected impacts, than
it is about developing strategies to manage the uncertainties created by climate
change. A precautionary approach is needed that reduces current risk, accounts
for the potential movement of species, and keeps future management options
open. Developing techniques that allow species and ecosystem resources to be
adequately conserved and managed in the face of climate variability will require
addressing many challenges.

Climate change will result in both long-term changes in mean temperature
and/or precipitation, as well as increases in the frequency of extreme climatic
events (UNDP and GEF, 2008). Adaptation responses that focus on dealing with
year-to-year risks (for example, forests fires, hurricanes, floods) may not be
adequate for coping with long-term climate change impacts (for example, sea-
level rise, earlier snow melts, temperature increase). The temporal dimension of
climate change effects is therefore an important consideration in the
development of effective adaptation strategies (IPCC, 2001a; Niang-Diop and
Bosch, 2005). Developing such a strategy is not a simple one-time activity but
instead is an iterative, continuous learning process. To ensure effectiveness,
strategy development should incorporate the principles of an adaptive
management process, including the dynamic reassessment of objectives, actions,
monitoring, and implementation as environmental conditions change (Williams
et al., 2007).

As a result, conservation planners, managers, and policy makers need to become
better informed about the potential consequences of climate change on the
resources with which they work (Price and Root, 2004). Given the anticipated
impacts of climate change over the next 50 to 200 years, many species will have
to move from their current locations to other areas with suitable climates (Von
Maltitz et al., 2006). To facilitate this process and minimize species loss, a
multitude of strategies are needed. Key elements of these strategies will include
creating an environment permeable to species migrations through realignment
of reserves, and incorporating land use outside of reserves in the conservation
framework.

Among other things, this will require consideration of the placement of
conservation areas on a north-south axis or along altitudinal gradients to
enhance movements of habitats and wildlife by providing migration corridors or
stepping stones. Any management plan needs to be flexible enough to adjust to
ongoing and future change (English Nature et al., 2003). This means going
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beyond a static management plan and moving towards a dynamic approach that
tests assumptions, monitors results and adapts management actions accordingly.
Such management should aim to enhance current biodiversity and learn how to
accommodate the alterations in species range, distribution and population
density being triggered by climate change.

When such measures do not meet conservation objectives, other more active
approaches may need to be considered. For example, where species are unable
to move on their own, facilitated translocations will need to be considered. As a
last resort, it may be necessary to engage in ex-situ conservation for species with
no possible future habitats (for example, polar bears and sea ice) (Von Maltitz et
al., 2006).

Implementing these concepts calls for much more robust conservation thinking
and planning. Plans for specific sites must be viewed in the context of potential
change. Should plans continue to be retrospective in nature where decisions are
based on the range of historical variability? Or should planners ask questions
about what species and ecosystems they should manage based on those which
will likely persist at that site in the future? This kind of planning cannot be
effective at a single site. Rather, an interlinked strategy among sites placed in a
broader landscape will allow managers to manage for particular species and
ecosystems somewhere in that landscape. Many species will persist, but not
necessarily in the same locations.

In addition, there is a need to consider how people will adapt to climate changes
and how their changing behavior will affect ecological systems. For example, as
the temperatures in Florida increase and severe hurricanes become more
prevalent, many Floridians are moving to the eastern Tennessee and western
North Carolina. This migration may become more prevalent with sea level rise.
The resulting development pressures are occurring in the forested areas of high
biodiversity. At the same time, climate changes are resulting in an alteration in
the places, seasons, and ways that people recreate that can add new pressures
to ecological systems (Hall and Higham, 2005; Richardson and Loomis, 2004).
Comprehensive strategies to cope with climate change will need to consider
both natural and socio-political impacts.

Finally, changes will be needed not only in management concepts but also in
legal constraints and opportunities. In particular, managing for threatened and
endangered species will be problematic. The concepts of critical habitat and
viable species populations are often tied to particular places or areas. But what
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if habitat for a threatened or endangered species migrates further upslope or
northward as climate conditions change? Should a manager be held accountable
for declines in habitats or species that can no longer exist in that particular place
or area because of changes in the environment (warmer or cooler; wetter or
drier) and not as a result of management action? Conservation has always been
challenging, but now it is even more so in this era of dynamic climate change and
conservation.

A learning-based approach to decision making seems especially well suited for
meeting these challenges (Williams et al., 2007). A prominent example is
adaptive management, which applies to resource systems that are dynamic and
influenced by evolving environmental conditions and management strategies. In
particular, adaptive management is applicable to systems that are subject to
uncertainties about environmental and management impacts which limit
effective adaptation. From the above, it is clear that temporal variation and
uncertainty are key attributes of ecosystems that must be managed in the face
of climate change. An adaptive approach to climate change recognizes
uncertainty, and the need to learn about climate impacts and adaptation through
time. It must involve stakeholders in scoping and scaling adaptation strategy, as
well as the monitoring and assessment of impacts. Finally, it builds directly on
learning, to produce improved adaptive strategy based on what is learned. It is
through such an objective driven, science-based approach that opportunities for
adaptation can best be recognized and implemented, and threats from climate
change can be ameliorated.
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