U.S. Fish & Wildlife Service i P o

€ x WILDLIF
SERVICE ’W

NATIONAL

WILDLIFE
REFUGE
SYSTEM

Planning for
Climate Change
on the

National Wildlife
Refuge System




PLANNING FOR CLIMATE CHANGE
ON THE NATIONAL WILDLIFE REFUGE SYSTEM

ABOUT THIS DOCUMENT

This document originated in 2008 as a collaborative project of the U.S. Fish
and Wildlife Service (FWS) and the University of Maryland’s Graduate
Program in Sustainable Development and Conservation Biology. The
original title was A Primer on Climate Change for the National Wildlife
Refuge System. The Primer has evolved into Planning for Climate Change
on the National Wildlife Refuge System in response to DOI and FWS
mandates. In particular, Planning for Climate Change is a Conserving the
Future deliverable. The purpose of Planning for Climate Change is to help
Refuge System planners and managers fulfill DOI and FWS mandates to
incorporate climate change considerations into planning documents.

Collaborators since the 2008 project have included the U.S. Geological
Survey (including the National Wetlands Research Center), U.S. Forest
Service (including the Rocky Mountain Research Station), USA National
Phenology Network, University of Arizona, South Dakota State University,
Biodiversity Research Institute, Colorado State University, and National
Oceanic and Atmospheric Administration. Given the proliferation of climate
change effects, issues and literature, ongoing collaboration and future
editions of Planning for Climate Change are likely.
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|. OVERVIEW & GOALS

THE REFUGE SYSTEM AND REFUGE
PURPOSES

The mission of the U.S. Fish and Wildlife Service
(FWS) is working with others to conserve,
protect, and enhance fish, wildlife, and plants and
their habitats for the continuing benefit of the
American people. The National Wildlife Refuge
System (Refuge System) helps to fulfill that
mission with a national network of lands and
waters devoted to wildlife conservation. As of
February 26, 2014, the Refuge System consisted
of over 150 million acres, including 562 national
wildlife refuges comprising 97% of Refuge
System area. Other significant units in the
Refuge System include waterfowl production
areas (approximately 34,000 tracts comprising
2% of the Refuge System) and coordination areas
(1% of Refuge System; managed by states).

The purpose of a particular refuge (or other unit
of the Refuge System) is defined by the
legislative authority or executive action through
which it was acquired or established. A refuge
may have multiple purposes. Nearly 300 refuges
have been established for migratory birds under
the Migratory Bird Conservation Act. Fifty-eight
have been established to protect threatened and
endangered species pursuant to the Endangered
Species Act (ESA), and many other refuges
include parcels purchased under the authority of
the ESA or otherwise contribute to threatened
and endangered species conservation. Other laws
frequently used to authorize the establishment of
refuges include the Fish and Wildlife Act of 1956,
the Fish and Wildlife Coordination Act, and the
Refuge Recreation Act. Refuge purposes may
also be defined by executive orders,
proclamations, secretarial orders, and public land
orders. Each refuge is required to fulfill its
particular purposes, as well as contribute to the
mission of the entire Refuge System.

DOI AND FWS RESPONSE TO CLIMATE
CHANGE

Secretarial Orders

The FWS response to climate change is rooted in
Department of the Interior (DOI) Secretarial

Order 3226 (January 19, 2001), which states:

“...there is a consensus in the
international community that global
climate change is occurring and that it
should be addressed in governmental
decision making...This Order ensures that
climate change impacts are taken into
account in connection with Departmental
planning and decision making...Each
bureau and office of the Department will
consider and analyze potential climate
change impacts when undertaking long-
range planning exercises, when setting
priorities for scientific research and
investigations, when developing multi-
year management plans, and/or when
making major decisions regarding the
potential utilization of resources under the
Department’s purview.

Secretarial Order 3289 (September 14, 2009)
reiterated the mandate of Secretarial Order 3226
with regard to climate change planning and
established institutions (including Climate
Science Centers and Landscape Conservation
Cooperatives) to “enable the bureaus and
agencies to fulfill these planning requirements.”

Subsequent to these orders, FWS has played a
lead role in the development of two key, national-
level climate change planning documents, Rising
to the Urgent Challenge (FWS 2010) and the
National Fish, Wildlife, and Plants Climate
Adaptation Strategy (NFWPCAS Partnership
2012). The goals of each document are listed
below and should be considered in all Refuge
System planning efforts.

Rising to the Urgent Challenge

Rising to the Urgent Challenge is the FWS
strategic plan for responding to climate change.
The key principles of this plan are setting
priorities in the context of climate change,
vigorous partnership and interdependence with
others, use of the best available science,
landscape-level conservation, using state-of-the-
art technology, and taking a global approach in
addressing climate change (FWS 2010:2). These
principles are woven through three strategic




themes: adaptation, mitigation, and engagement,
and eight goals are allocated among these themes
as follows:

Adaptation

Goal 1: We will work with partners to
develop and implement a National
Fish and Wildlife Climate
Adaptation Strategy.

Goal 2: We will develop long-term
capacity for biological planning
and conservation design and apply
it to drive conservation at broad,

landscape scales.

Goal 3: We will deliver landscape
conservation actions that support
climate change adaptations by fish
and wildlife of ecological and

societal significance.

Goal 4: We will develop monitoring and
research partnerships that make
available complete and objective
information to plan, deliver,
evaluate, and improve actions that
facilitate fish and wildlife
adaptation to accelerating climate

change.
Mitigation
Goal 5: We will change our business

practices to achieve carbon
neutrality by the Year 2020.

Goal 6: To conserve and restore fish and
wildlife habitats at landscape
scales while simultaneously
sequestering atmospheric
greenhouse gases, we will build
our capacity to understand, apply,
and share biological carbon
sequestration science; and we will
work with partners to implement
carbon sequestration projects in
strategic locations.

Engagement

Goal 7: We will engage FWS employees;
our local, State, Tribal, national,
and international partners in the
public and private sectors; our key
constituencies and stakeholders;

and everyday citizens in a new era
of collaborative conservation in
which, together, we seek solutions
to the impacts of climate change
and other 21% century stressors of
fish and wildlife.

National Fish, Wildlife, and Plants Climate
Adaptation Strategy

In its FY2009 appropriations, Congress directed
the Secretary of the Interior “to develop a
national strategy to assist fish, wildlife, plants,
and associated ecological processes in becoming
more resilient, adapting to, and surviving the
impacts of climate change” (U.S. House of
Representatives 2010:77). Working closely with
the Council on Environmental Quality, FWS
(representing DOI) assembled federal, state, and
tribal partners, and with input from numerous
scholars the National Fish, Wildlife and Plants
Climate Adaptation Strategy was developed. The
collection of participants was called the
“NFWPCAS Partnership.” The national strategy
was reviewed by the public and published
(NFWPCAS Partnership 2012).

The primary purpose of the national strategy is
“to inspire and enable natural resource
professionals and other decision makers to take
action to conserve the nation’s fish, wildlife,
plants, and ecosystem functions, as well as the
human uses and values these natural systems
provide, in a changing climate” (NFWPCAS
Partnership 2012:16). Seven specific goals are
also adopted:

Goal 1: Conserve habitat to support
healthy fish, wildlife and plant
populations and ecosystem
functions in a changing climate.

Goal 2: Manage species and habitats to
protect ecosystem funections and
provide sustainable cultural,
subsistence, recreational, and
commercial use in a changing

climate.

Goal 3: Enhance capacity for effective
management in a changing climate.

Goal 4: Support adaptive management in
a changing climate through



integrated observation and
monitoring and use of decision
support tools.

Goal 5: Increase knowledge and
information on impacts and
responses of fish, wildlife and

plants to a changing climate.

Increase awareness and motivate
action to safeguard fish, wildlife
and plants in a changing climate.

Goal 6:

Goal 7: Reduce non-climate stressors to
help fish, wildlife, plants, and
ecosystems adapt to a changing

climate.

Conserving the Future

Climate change is also a significant planning
issue in key Refuge System documents of
broader scope, most notably Conserving the
Future: Wildlife Refuges and the Next
Generation (FWS 2011). This document
comprises a vision for the Refuge System,
developed over an 18-month period with partners
and stakeholders. Among other things,
Conserving the Future calls for landscape-level
planning in the context of climate change. See for
example Recommendations 1 and 2:

Recommendation 1: “Incorporate the
lessons learned from our first round of
CCPs and HMPs [Habitat Management
Plans] into the next generation of
conservation plans, and ensure these new
plans view refuges in a landscape context
and describe actions to project
conservation benefits beyond refuge
boundaries” (FWS 2011:35).

Recommendation 2: “Develop a climate
change implementation plan for the
National Wildlife Refuge System that
dovetails with other conservation
partners’ climate change action plans and
specifically provides guidance for
conducting vulnerability assessments of
climate change impacts to refuge habitats
and species as well as direction for
innovation in the reduction of emissions
and improved energy efficiency on federal
lands” (FWS 2011:39).

Common themes among the mandates, goals and
recommendations issued by DOI and FWS
include adaptive management, conservation
design, landscape-level planning, responding to
climate change in various ways, and working with
partners. Planning for Climate Change will help
planners and managers to integrate these themes
in a coherent manner while providing practical
guidance for incorporating climate change into
planning documents.



Il. CLIMATE CHANGE PLANNING CONCEPTS FOR

THE REFUGE SYSTEM

CLIMATE CHANGE BASICS

Climate change is a change in the state of the
climate characterized by changes in the mean
and/or the variance of its properties, persisting
for an extended period, typically decades or
longer (IPCC 2007a). There is consensus in the
scientific community that climate change is
occurring, particularly that Earth and its climate
are warming and that changes in atmospheric
composition are the primary drivers (Bierbaum
et al. 2007, USGCRP 2009, EPA 2012). As the
IPCC (2013:3) described, “Warming of the
climate system is unequivocal, and since the
1950s, many of the observed changes are
unprecedented over decades to millennia. The
atmosphere and ocean have warmed, the amounts
of snow and ice have diminished, sea level has
risen, and the concentrations of greenhouse
gases have increased.”

The greenhouse effect is a natural process by
which greenhouse gases such as water vapor
(H,0), carbon dioxide (CO,), nitrous oxide (N-,0),
methane (CHy), and ozone (O3) absorb infrared
radiation emitted by the Earth’s surface, by the
atmosphere itself, and by clouds. These gases
also trap heat within the surface-troposphere
system (IPCC 2007a), heating the Earth’s
surface and the lower atmosphere. This warming
process has occurred naturally and by means of
human activities, primarily economic production
activities (IPCC 2007b). “It is extremely likely
that more than half of the observed increase in
global average surface temperature from 1951 to
2010 was caused by the anthropogenic increase in
greenhouse gas concentrations and other
anthropogenic forcings together” (italics in
original) (IPCC 2013:12).

During the 20" century atmospheric CO,
increased at a rate of 1.7% per year, from 280
parts per million (ppm) to about 380 ppm (Feely
et al. 2004, U.S. Department of State 2004). As of
January 2014 atmospheric CO, was
approximately 397.8 ppm (NOAA 2014).
Atmospheric CO; is projected to increase by 2100

to a range between 470 and 1,000 ppm (IPCC
2011a).

The key factors determining projected CO,
concentrations are social and economic goals and
trends (IPCC 2011b). For example, the high-CO,
scenario is a “future world of very rapid
economic growth, low population growth and
rapid introduction of new and more efficient
technology... In this world, people pursue
personal wealth rather than environmental
quality” (IPCC 2011b). In contrast, the low-CO,
scenario is “A convergent world with the same
global population as in the Al storyline but with
rapid changes in economic structures toward a
service and information economy, with reductions
in materials intensity, and the introduction of
clean and resource-efficient technologies” (IPCC
2011b). However, rapid or significant changes in
sectoral proportions are limited by the trophic
structure of the economy (Czech 2008, Czech and
Richardson 2011, Czech 2013). Trophic exigencies
limit the prospects for the low-CO; scenario and
help explain why greenhouse gas emissions have
increased faster than expected under most
scenarios (Davis et al. 2010, Manning et al. 2010).

Projected increases in global average surface
temperature range from 0.6 °C to 4 °C (1.1 °F to
7.2 °F) by 2100, relative to 1980-1999 levels
(IPCC 2007a). However, the Intergovernmental
Panel on Climate Change (IPCC) is considered to
be a relatively conservative source of climate
change projections (Watson 2010, Scherer 2012).
Pursuant to the assessment of the U.S. Global
Climate Research Program, global average
temperature is projected to increase from 1.1 °C
to 6.4 °C (2.0 °F to 11.5 °F) by 2100 and the U.S.
average temperature “is very likely to rise more
than the global average over this

century” (USGCRP 2009:9).

With regard to post-2100 scenarios, even
assuming constant emissions, global
temperatures are projected to rise 0.10 °C to 0.15
°C/decade (0.18 °F to 0.27 °F/decade) for two
centuries after 2100



The key factors determining projected CO, concentrations are
social and economic goals and trends.

(Titus and Narayanan 1995, van Vuuren et al. 2003).
The intensification of the greenhouse effect has contributed to:

e 341 consecutive months (as of July 2013) with a global average above the 20th century average
(for the respective month) (NOAA 2013);

e shrinking of the Greenland and Antarctic ice sheets, Arctic sea ice, and glaciers “almost
worldwide” over the past two decades (IPCC 2013:5);

e an increase in global mean sea level of approximately 2.0 millimeters per year between 1971 and
2010, and an increase of approximately 3.2 millimeters per year since 1993 (IPCC 2013);

e increasing Arctic temperatures at nearly twice the global average rate since 1900 (IPCC 2007a);
e an increase in intensity and length of droughts since the 1960s (USGCRP 2009), and,;

o alikely increase in the frequency or intensity of North American and European terrestrial heavy
precipitation events (IPCC 2013).

CLIMATE CHANGE AND STRATEGIC HABITAT CONSERVATION

Responding to climate change calls for adaptation, mitigation, and engagement (FWS 2010). At the
same time, Refuge System planning documents must function within the already existing cycle of
strategic habitat conservation (SHC) (FWS 2008). The basic SHC components are planning,
implementation, and evaluation (Figure 11-1).
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Figure II-1.
The Strategic Habitat
Conservation cycle
(from FWS 2008).
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Dovetailing adaptation, mitigation, and engagement with the basic SHC
components ensures that current refuge programs and personnel are
able to incorporate climate change concerns without “reinventing the
wheel.” Fortunately, this can be done in a straightforward manner, and
the result is nine general categories of climate change responses
(Table I1-1).
\ /

SHC COMPONENT

CLIMATE
CHANGE PLANNING IMPLEMENTATION EVALUATION
RESPONSES
Adaptation Planning for adaptation Adapting Evaluating adaptation
Mitigation Planning for mitigation Mitigating Evaluating mitigation
Engagement Planning for engagement Engaging Evaluating engagement

Table II-1. Coupling of adaptation, mitigation, and engagement with SHC components, resulting
in nine categories of climate change responses.

When this basic framework is supplemented with a time dimension, a more meaningful framework for
climate change planning appears (Figure I1-2). Planners handle the time dimension by identifying at
least one action that may be taken immediately for each general category. Planners also identify
actions that may be taken within the next few years and actions to commence during subsequent
years (e.g., up to 15 years for CCP purposes). Some actions will be “once-and-done,” such as the
publication of the first educational factsheet about climate change issues on a refuge. Other actions
will become long-term or ongoing exercises; e.g., installment and monitoring of tide gauges on a
coastal refuge.

The time dimension of planning refers not only to how soon the action will be taken, but to the
longevity of the issue. For example, engaging the public about climate change may focus on current
issues (such as whether to repair a levee damaged by a hurricane) or long-run issues (such as
stabilizing atmospheric carbon). Therefore, “planning now” (Figure II-2) does not preclude planning
for long-term or ongoing issues. Conversely, imminent problems do call for planning now!

Refuge System plans should include specific actions falling under the general categories shown in
Figure II-2. Consider the following examples:

e For adapting to climate change, specific responses may include the revision of land acquisition
plans, restoration of acquired lands to enhance resilience, and subsequently conducting population
surveys. These three specific responses correspond with the SHC components of planning,
implementation, and evaluation, respectively.



Planning for adaptation Adaptation Evaluating adaptation

Planning for mitigation Mitigation Evaluating mitigation

Figure II-2. Framework for climate change planning over time.

e For mitigating climate change, specific responses may include fleet management plans,
transitioning to hybrid vehicles, and annual energy audits (corresponding with planning,
implementation, and evaluation, respectively).

e For engagement on climate change, specific responses at a refuge might include the development
of climate change outreach plans, publication of climate change fact sheets, and public opinion
surveys (i.e., planning, implementation, and evaluation, respectively).

CLIMATE VULNERABILITY ASSESSMENT

Planning for climate change on the Refuge System entails assessing the vulnerability of the refuge or
landscape to climate change. Vulnerability is a function of exposure, sensitivity, and adaptive capacity
(Glick et al. 2011). Exposure means the degree of climate stress upon the resource or management
activity in question; “it may be represented as either long-term change in climate conditions, or by
changes in climate variability, including the magnitude and frequency of extreme events” (Comer et
al. 2012:6). Sensitivity is the degree to which the resource or management activity will be affected by
climate change. Adaptive capacity is the potential for adjusting to climate change “so as to moderate
potential damages” or “cope with consequences” (Comer et al. 2012:6). Resources or management
activities with high exposure, high sensitivity, and low adaptive capacity are very vulnerable to
climate change.

Assessing vulnerability to climate change may or may not warrant a formal process resulting in a
climate vulnerability assessment (CVA) per se. In some areas the effects of climate change may have
already been studied and modeled extensively. In such cases the vulnerability of habitats and species
may already be well established and valuable planning resources can be summarily devoted to climate
change adaptation, mitigation, and engagement within the SHC model (Figure I1-2).

However, in other cases a formal CVA will prove useful for planning purposes. In general, this will be
so where the effects of climate change are subtle, doubtful, multifarious or complicated. A CVA may
also be called for when numerous partners are involved in a planning effort and consensus about

climate change effects must be built.
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Numerous guidelines and precedents for climate
vulnerability assessment are available including
those of McCarthy et al. (2010), Glick et al.
(2011), and Comer et al. (2012). Typically,
however, the basic steps are to identify
assessment targets, assemble an assessment
team, select a time period or periods of concern,
and analyze the aspects of vulnerability
(exposure, sensitivity, and adaptive capacity)
using a combination of peer-reviewed literature,
expert opinion and modeling. Thought should
also be given in advance to how the assessment
will be used, because user needs will determine
much of the assessment approach and level of
detail.

Assessment targets are the foci of a CVA. They
may be species, guilds, habitat types, ecosystems,
or even public uses or management activities.
For a refuge, the selection of assessment targets
is steered by refuge purposes. For example, if
the refuge is charged with conserving an
endangered species, then the vulnerability of that
species is likely to be the primary (and possibly
the only) assessment target in the refuge’s CVA.
However, most refuges have more complex
purposes, entailing the assessment of
vulnerability for a variety of targets. This
process should become wieldier with the
surrogate species approach, currently under
development in FWS.

A team of climatological, ecological, geological,
hydrological or other relevant experts is
assembled to conduct and author a CVA.
(Alternatively, it is possible for one devoted
scholar, such as a Ph.D. student, to conduct a
detailed assessment.) The team seeks
collaboration from refuge staff, conservation
partners, and general stakeholders.
Collaborators may contribute additional
expertise and/or help refine the vision of what is
needed from the assessment. A Landscape
Conservation Cooperative (LCC; see Part V) is a
typical starting point for finding such
collaborators and in some cases may comprise the
full set of collaborators.

Regarding time periods of concern, there is
substantial precedent for considering the effects
of climate change throughout the 215 century.
This approach fits with the long-running nature
of climate change and with our concern for

Assessing vulnerability to
climate change may or may not
warrant a formal process
resulting in a climate
vulnerability assessment (CVA)
per se.

“present and future generations of Americans”
as specified in the Refuge System mission
statement. Dates beyond 2100 are less
frequently mentioned, but it is generally
assumed that planning out to 2100 connotes very
long-range considerations as well.

There is also some precedent for considering
representative decades of the 21* century, such
as the 2020s, 2050s, and 2080s (NASA 2012).
This approach clarifies the meaning of short-,
mid-, and long-term planning horizons. It also
works well with climate models that produce
time-series output data such as mean annual
temperature, which may be averaged by decade.

Models play a major role in climate vulnerability
assessment (Wilsey et al. 2013). The two broad
categories of the most relevant models are
climate models and ecological response models.
Climate models range from global climate
models (GCMs) to regional climate models
(RCMs) of variable resolution. “GCM” may also
refer to general circulation model, a major
building block of a global climate model (Figure
11-3). The two terms — general circulation model
and global climate model — are sometimes used
interchangeably. (Yet a third term, “global
circulation model,” typically connotes an
intermediate category between general
circulation models and global climate models and
is also often used interchangeably.)

GCMs are typically named for the organizations
or laboratories where they originated, then
acquire shorter names for general usage. For
example, a well-known GCM developed by the
Met Office Hadley Centre for Climate Change is
called the “Hadley Model.” Meanwhile, Version
2.X of a GCM developed by the Geophysical
Fluid Dynamics Laboratory is called “GFDL
CcM2.X.”
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Typically Refuge System staff will not be direct users of climate models, but ideally some expertise
in climate modeling per se is available on the assessment team. This is especially helpful if
downscaling from GCMs is required for functionality in RCMs or ecological response models.
Downscaling is not necessarily required for some types of landscape-level planning. However, RCMs
and ecological response models are typically downscaled and derived with inputs from several GCMs
for purposes of spreading the risks of uncertainty.

An RCM may be nothing more than the application of finer-scale mathematics and/or the
incorporation of finer-scale data in an existing GCM, but for a limited portion of the Earth’s surface.
An RCM may also incorporate a more complex conceptual model and additional variables, equations
and algorithms than what are found in the “host” GCM.

To clarify, almost all CVA at the refuge or landscape level requires some type or level of downscaling
from GCMs, which are global in scope, but in many cases modelers in academia or government
agencies have already conducted downscaling into RCMs.

The outputs from these RCMs may serve as inputs to ecological response models. However, if there
is a lack of useful RCM outputs in an area where CVA is to be performed, one of the first steps may
be the downscaling of climate projections from GCMs.
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Figure II-3.

Schematic diagram of a global climate model (GCM), its cells, and some of the physical
processes modeled. The schematic is simple enough that it represents primarily the general
circulation modeling aspects of a global climate model.

(Credits: Colorado State University)
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Ecological response models vary widely in their construction, maintenance and utility, but these are
the models that will typically be most directly useful to Refuge System planners. They are difficult to
classify, but Glick et al. (2011) labeled the types of ecological response models most relevant to CVA
as conceptual, general characterization, expert opinion, habitat and occupancy, vegetation/habitat
response, and ecological. These are generally listed in order of complexity, and key aspects of the
models are identified with the labels. Otherwise there is no unifying theme to the classification. For
example, expert opinion models are distinguished primarily by how they are constructed, whereas
habitat and occupancy models are distinguished by what they produce.

Conceptual models are qualitative and typically manifested in diagrams showing the relationships
among climatic trends and ecological responses. General characterization models deal with the effects
of climate change on broad (generalized) taxa or ecological groups, such as a vertebrate family or
guild, respectively. Expert opinion models are usually detailed conceptual models derived in a
structured environment with the benefit of substantial expertise on the assessment targets; these
models are sometimes built upon to produce data-driven, quantitative models. Habitat and occupancy
models describe the development or evolution of wildlife habitats (and/or the presence of species
associated with those habitats) as a function of climatic trends. Vegetation/habitat response models
are much like habitat and occupancy models, except focused on responses of plant species and the
evolution of plant communities. The latter two categories of models are sometimes combined into
complex ecological models. In fact numerous models combine elements of the basic types labeled by
Glick et al. (2011) and in some cases with other biological, physical, or chemical processes such as
photosynthesis, hydrology, and acidification, respectively.

CASE Stupy: CoASTAL WETLAND CONCEPTUAL MODEL

Planning for Climate Change does not include comprehensive lists of climate or ecological response
models. Such lists would be difficult to procure and unwieldy to classify, but more importantly quickly
dated. Climate change and ecological response models are proliferating as climate change and its
effects become major topics in academic, government, and private research programs. Therefore real-
time networking is a prominent feature of climate vulnerability assessment, and one role of the expert
team (or certain members thereof) in climate vulnerability assessment is to provide the latest
information on relevant models and/or where to go for such information. Nevertheless, several models
will be encountered below and/or listed in Appendix B.

———— The effects of climate change
on coastal marshes have been
considered by many scholars.
The conceptual model
diagrammed here stems from
USGS research in the
Chesapeake Bay Ecosystem
(Cahoon 2007). It highlights
direct and indirect effects of

l (.— increasing atmospheric CO,
Binmass Aram.lation and sea-level rise on coastal

Eulrophication k
| Euroshicaon S| s [ marsh evolution. (Credits: U.S.
Geological Survey).
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RETROSPECTIVE AND PROSPECTIVE PLANNING

Refuge managers are required to manage for the “biological integrity, diversity, and environmental
health” of the Refuge System pursuant to the National Wildlife Refuge System Improvement Act of
1997. This mandate is a cornerstone of Refuge System philosophy and management. As Fischman
(2004:1023) described, in the evolution of federal land management the Refuge Improvement Act
brought the Refuge System back “to the forefront of management reforms,” and “no provision in the
1997 Act better exemplifies this renaissance than the mandate to maintain biological integrity,
diversity, and environmental health.” It might also be said that no provision in the Refuge
Improvement Act is more challenged by climate change.

The framework for fulfilling the mandate is provided in Refuge System Policy 601 FW 3, which calls
for the maintenance of “historic conditions,” which are defined as “Composition, structure, and
functioning of ecosystems resulting from natural processes that we believe, based on sound
professional judgment, were present prior to substantial human related changes to the landscape.” In
other words, the policy is intended to induce management for natural conditions and with natural
processes, using historic conditions to help identify such conditions and processes.

For purposes of implementing 601 FW 3 and other ecological integrity policies, a particular frame of
reference is necessary (Noss 2004, Oliveira and Cortes 2006). 601 FW 3 provides some guidance
beyond simply historic conditions with the phrase “prior to substantial human related changes.”
However, even that phrase is subject to a wide range of interpretation and does not address the
question of how far back in time should be considered relevant. Czech (2004) suggested the
millennium 800-1800 AD to provide a firmer frame of reference and to accommodate some degree of
climate change. The suggested millennium encompassed the Medieval Warm Period (approximately
950-1250 AD) as well as most of the Little Ice Age, which commenced approximately 1300 AD.
Although the Little Ice Age ran until the mid-19" century, 1800 AD was proposed as a non-arbitrary
endpoint for-natural conditions due to the rapid economic growth — and concomitant human-related
changes — enabled by the American phase of the industrial revolution.

The philosophy of managing for ecological integrity is not to precisely replicate conditions as they
existed at any particular time, but rather to remain consistent with naturally occurring evolutionary
and ecological processes. A challenge to using a

The philosophv of manaaina for chronological frame of reference is that we cannot
P phy aging fo know what would have transpired in the absence of

ecalayical inteyrity is not to substantial human-related changes. On the other

precisely replicate conditions h2nd, we would have even less such knowledge
without the frame of reference. As Oliveira and

as they existed at any Pafﬁcu,ﬂf Cortes (2006:486) noted, “Historical data provides not

time, but rather to remain only the knowledge of past conditions, but it becomes
. . essential to estimate the current ecological

consistent with ”at"ra”y potential.” For example, if historical data indicate

occurriny eya[uﬁanary and that javelina (Tayassu tajacu) were expanding their

loaical Th range northward prior to anthropomorphic climate
ecoiogicail processes...ihe change and other effects of the industrial revolution,

concept of ecolagical integrity managing for javelina somewhat northward of their

. . pre-1800 range may be perfectly consistent with
and the cohesion of ecologlcal ecological integrity (Czech 2004). This example

integrity policies are illustrates that unprecedented conditions do not

- automatically imply the loss of ecological integrity.
challenyed and undermined by 601 FW 3 called for the consideration of what may

anthropogenic climate change, have naturally developed, ecologically, in the absence
of substantial human-related changes, but the effects
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of anthropogenic climate change are not
consistent with what may have naturally
developed.

Some refuges have purposes that may not readily
conform to the maintenance of natural conditions
or ecological integrity (Schroeder et al. 2004). In
that sense, such refuges may be considered less
vulnerable to climate change. For example,
"development of the agricultural, recreational,
industrial, and related purposes" are among the
purposes of Crab Orchard National Wildlife
Refuge (61 Stat. 770, Aug. 5, 1947). Although
particular economic sectors may be threatened
by climate change, such as wheat farming in the
latitudes of Crab Orchard, climate change is not
thought of as threatening the existence of
general sectors of economic activity such as
“agricultural, recreational, and industrial.”
Therefore these general purposes of Crab
Orchard National Wildlife Refuge are not very
vulnerable to climate change.

601 FW 3 clarifies that refuge purposes have
primacy over the maintenance of natural
conditions, and provides guidance for how to
proceed when refuge purposes do not readily
conform to the maintenance of ecological
integrity. These and other nuances of managing
for ecological integrity are beyond the scope of
this primer, but Refuge System staff should
revisit 601 FW 3 and Volume 44, Issue 4 of
Natural Resources Journal when faced with
difficult decisions about managing for ecological
integrity in the context of climate change.

The concept of ecological integrity and the
cohesion of ecological integrity policies are
challenged and undermined by anthropogenic
climate change. In the context of climate change,
the term “sound professional judgment” from the
Refuge Improvement Act takes on renewed
importance. Sound professional judgment is
defined as “a finding, determination, or decision
that is consistent with principles of sound fish
and wildlife management and administration,
available science and resources, and adherence to
the requirements of this Act and other applicable
laws.” Balancing considerations among refuge
purposes, the mission of the Refuge System, and
maintenance of ecological integrity requires a
large dose of sound professional judgment,
especially in the context of climate change.

Balancing considerations
among refuge purposes, the
mission of the Refuge System,
and maintenance of ecological
integrity requires a large dose
of sound professional
judgment, especially in the
context of climate change.

The use of sound professional judgment also
affords a certain degree of latitude or flexibility
in responding to climate change. For example,
responding to climate change falls on a spectrum
from retrospective to prospective (Magness et
al. 2011). This is especially the case with
adaptation responses. Prospective adaptation is
proactive and designed to “fit” ecologically with
climate change trajectories; retrospective
adaptation is designed toward maintaining
historic conditions (Magness et al. 2011). These
two basic philosophies may also be reflected in
engagement strategies, and to some degree even
affect mitigation efforts.

Deciding when to apply retrospective or
prospective strategies is challenging for
managers (GAO 2007). Ecosystem response to
climate change may not be simple or linear, and
a transition from one ecosystem to a markedly
different one may occur suddenly due to
threshold effects (Burkett et al. 2005). The best
approach may be to proceed “conservatively” at
first; i.e., managing against climate change
impacts in the short term by sustaining or even
restoring historiec or recent conditions (as
consistent with 601 FW 3), then moving toward
managing “with” climate change as the certainty
of climate change effects and our knowledge of
ecosystem resilience increases. In other words,
planning now is retrospective and becomes more
prospective over time. These contrasting
approaches have effects on implementation and
evaluation over time as well (Figure 11-4).
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Figure II-4. Moving from retrospective to prospective approaches in planning,
implementation, and evaluation.

Cautious and mixed approaches that spread the risks of planning for various potential scenarios are
conducive to adaptive management. Efforts to restore or maintain historic or baseline conditions may
build resilience in ecosystems and “buy time” for gaining certainty of climate change effects.
Meanwhile some of the most likely and least avoidable climate change effects can immediately be
planned for prospectively. Some modeling approaches are available to combine retrospective and
prospective philosophies in planning for the ecological effects of climate change, such as in the case
study below.

CASE STuDY: POTENTIAL CLIMATE STRESS T0 WILDLIFE HABITATS

The Issue — Complex feedbacks among climate, land use, and land cover make it difficult to predict how wildlife
may respond to future climates. However, habitats are key determinants of species composition, so habitat
alterations serve as leading indicators of wildlife response to climate change (Ibafiez et al. 2006). In this case
study it is assumed that shifts in habitat composition under future climates can serve as a template for decision
makers to evaluate potential wildlife responses to climate change.

Analysis — Researchers from the Rocky Mountain Research Station (USDA Forest Service 2012:134-135)
evaluated habitat stress attributed to climate change across the conterminous U.S. based on an area’s (1)
historical baseline climate (retrospective), (2) future climate from GCMs (prospective), and (3) climate-induced
changes in productivity and distribution of broad vegetation types (prospective). They defined the Terrestrial
Climate Stress Index (TCSI) as the sum of three separate terms that reflect changes to the climate regime
(shifts in temperature and precipitation), habitat quality (change in productivity), and habitat area (distribution
shifts in broad vegetation types). They estimated a mean TCSI score for each grid cell across a set of alternative
futures.



Findings — Areas most sensitive to climate change in the conterminous U.S. were associated with transitions
between biomes and areas of high topographic relief. The areas most exposed to habitat stress occurred along
the grassland-forest transition throughout the central portion of the country and the steep elevation gradients
in the Intermountain West (Figure 11-5). The states with the highest TCSI scores tended to be located inland
where the climate is continental and less buffered by oceanic effects.

Limitation — The TCSI is limited to terrestrial habitats. Where coastal wetlands are primary ecosystems of
concern, models such as the Sea Level Affecting Marshes Model (SLAMM) provide more relevant insights for
coastal refuge managers and planners.

Figure II-5.
Index of climate
-induced stress
to wildlife
habitats based
on the average
across
alternative

Mean of TCSI
Low (<0.80)

U Mod (1.11-1.72)
[

_
B High (>2.10)

futures (USDA

Forest Service 2012:134).

As managers transition to working with climate change, taking more prospective but also more
uncertain approaches, additional ecological risks can be expected. Translocation (a form of assisted
migration) of species outside existing distributions (McLachlan et al. 2007), realignment of ecological
processes into the range of current or expected climate, and the establishment of neo-native forests
(Millar et al. 2007) are examples of prospective adaptation that may have unexpected ecological
consequences.

Managers and planners should be explicit about the approach taken and the rationale used.
Approaches will vary depending on the species or ecosystem affected, the resilience of the resource
or activity, the scale of climate change effects, the certainty of future conditions, refuge purposes,
and the intrinsic values held by refuge managers and biologists (Magness et al. 2012). With well-
articulated reasoning and goals, adaptive management can then become the process by which
progress is assessed and the likelihood of unexpected, negative consequences is minimized (Nichols et
al. 2011)

F
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AVOIDING MALADAPTATION AND SEEKING
CO-BENEFITS

In addition to its effects on wildlife, climate
change affects economic sectors such as
agriculture, logging, mining, commercial fishing,
energy extraction, transportation, and the
concentration of service sectors in urban areas.
Many federal agencies, states, local governments,
tribes, and private-sector firms are preparing to
address these effects. As affected interests
respond to climate change pursuant to their
distinctive missions and goals, there is potential
for various adaptation efforts to conflict with
wildlife conservation and other goals.
“Maladaptation” may occur when a response to
climate change for one purpose actually increases
climate change vulnerability for other purposes.
For example, southwestern cities seeking
additional water supplies in response to
desertification may lower water availability on
refuges where water is often the limiting factor
for wildlife conservation.

Maladaptation is also characterized by high
opportunity costs and reduced incentives for
other adaptation efforts. For example,
constructing seawalls in response to sea-level
rise may reduce opportunities for coastal marsh
development, lowering incentives to invest in
wildlife conservation and marsh-related public
uses on refuges.

Interdisciplinary and multi-sector planning is
necessary for avoiding maladaptation, and may
provide opportunities for coordinated adaptation
strategies providing co-benefits for multiple
sectors or parties. Wildlife conservation activities
tend to protect a wide range of economically
valuable ecosystem services for local
communities (Tercek and Adams 2013), and in

“Maladaptation” may occur
when a response to climate

change for one purpose actually

increases climate change
vulnerability for other purposes.

The next two parts of Planning
for Climate Change serve as a
primer on the ecological effects
of climate change most relevant
to the Refuge System (Part Ill)
and particular social,
economic, and cultural effects
(Part IV). Part V provides a
framework and suggestions for
incorporating climate change
considerations into Refuge

K System planning dacuments./

many cases this may become more relevant or
evident in the context of climate change. A well-
known example on the Refuge System is coastal
land conservation that buffers local communities
from sea-level rise, flooding and hurricanes.
Another prevalent example is interior wetland
restoration that increases high-quality water
supplies for nearby cities.

CLIMATE CHANGE AND PLANNING ISSUES ON
THE REFUGE SYSTEM

The effects of climate change on the Refuge
System may be classified under two broad
categories: ecological effects and all other
effects. Among the other effects, certain social,
economic, and cultural effects stand out as
especially relevant for planning purposes. The
next two parts of Planning for Climate Change
serve as a primer on the ecological effects of
climate change most relevant to the Refuge
System (Part III) and particular social,
economic, and cultural effects (Part IV). Part V
provides a framework and suggestions for
incorporating climate change considerations into
Refuge System planning documents.
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lll. ECOLOGICAL EFFECTS OF CLIMATE CHANGE ON

REFUGES AND THE REFUGE SYSTEM
T

Sweeping changes to the American landscape
are not new to the Refuge System. Intensive
agriculture, widespread industrialization, the
Dust Bowl, and rapid urbanization were some of
the 20th-century forces that led forward-
thinking American leaders to set aside refuges
for future generations. Not even climate change
is entirely new, but the rate and magnitude of
21st-century climate change is unprecedented.
One place to look for its effects is at the
ecosystem level.

Figure III-1 shows Refuge System lands with
respect to the major ecoregions of North
America. Refuges are found in all of these
ecoregions, but approximately 82.5% of Refuge
System terrestrial area is in the tundra and
taiga ecoregions of Alaska (Scott et al. 2004).
Meanwhile there are substantial conservation
deficits, as measured against the commonly cited
goal of conserving 10% of an ecosystem’s area,
for most ecoregions in the contiguous 48 states.
There, the average conservation coverage
(including all conservation lands, on and off the
Refuge System) is approximately 4% (Dietz and
Czech 2005), underscoring the need for effective
wildlife conservation on refuges of the
contiguous mainland.

GENERAL IMPACTS ON SPECIES AND
ECOSYSTEMS

Ecosystems are comprised of dynamic
communities of biota within unique abiotic
environments. Refuge System ecosystems do
and will respond to climate change in different
ways and to varying extents, due in part to the
heterogeneous impacts of climate change factors
themselves and in part to other factors, such as
the amount of stress an ecosystem may already
be under and the adaptability of the species
within it (Griffith et al. 2009). However, the
ability of species to adapt to changes in
temperature and precipitation depends on
multiple factors including: mobility and motility
of the species, degree of specialty, the extent to

Sweeping changes to the
American landscape are not new
to the Refuge System. Intensive
agriculture, widespread
industrialization, the Dust Bowl,
and rapid urbanization were some
of the 20th-century forces that led

forward-thinking American
leaders to set aside refuges for
future generations. Not even
climate change is entirely new,
but the rate and magnitude of 21st-
century climate change is
unprecedented.

which life cycles are timed with natural events,
and other characteristics. The rate of potential
adaptation may or may not be sufficient to keep
pace with current and future rates of climate
change (Parmesan 2006).

Range Shifts

Paleoecological studies have shown that the
distribution of vegetation is highly influenced by
climate. Historically, vegetation ranges have
shifted in response to glacial expansion and
contraction (Lomolino et al. 2010). Meanwhile,
the distributions of wildlife species are largely
determined by the distributions of vegetation
(McCarthy 2009). As temperatures increase,
range shifts are likely. The general trends are
expected to be poleward latitudinal shifts and
upward elevational shifts (Zuckerberg et al.
2009). Such shifts have already occurred over a
broad range of taxa (Parmesan and Yohe 2003).
For example, in a study of 329 species,
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representing 16 taxonomic groups found in Great
Britain’s terrestrial and freshwater ecosystems,
275 species had experienced northward range
shifts and 227 had shifted to higher elevations
(Hickling et al. 2006). Parmesan et al. (1999)
looked at 35 species of non-migratory European
butterflies and found that 63% had northward-
shifting ranges over the past century.

However, exceptions to these trends are expected.
For example, Tingley et al. (2012) detected 20"
century elevational range shifts among 99 avian
focal species in the Sierra Nevada Mountains
(California). Rather than exhibiting a strong trend,
responses among these species were highly
variable because rising temperatures tended to
“push” species upward while rising precipitation
“pulled” them downward. Tingley et al. (2012:3279)
noted, “While 84% of species shifted their
elevational distribution, only 51% of upper or
lower range boundary shifts were upslope.”

For species ranges that expand poleward or
upward, the low-latitude and low-elevation
boundaries of these ranges may be expected to
retract. It can be challenging to attribute losses at
the southern or lower boundaries to climate
change, given the variety of other threats facing
wildlife (e.g., invasive species and habitat loss).
However, retracting ranges and extirpations have
been linked to climate change in some butterfly
species (Franco et al. 2006, Thomas et al. 2006).
Meanwhile some ranges have expanded in area,
with southern range boundaries remaining stable,
so far, as northern boundaries shifted further
north (Parmesan et al. 1999).

Movements and range shifts will likely be species-
specific; i.e., species that comprise a given
community are not expected to shift together
(Gitay et al. 2002). Historic climate change events
resulted in the reassembling of communities into
compositions that were taxonomically similar to
those that existed before the event (Parmesan et
al. 2000). This type of outcome is less likely in the
21°% century due to the synergistic effects of
climate change and other stressors such as
invasive species, modified fire regimes, and habitat
fragmentation. Urbanization, economic
infrastructure, built capital, land uses, and housing
have blocked many species from moving or moving
efficiently (Czech et al. 2000).
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Movements and range shifts will
likely be species-specific; i.e.,
species that comprise a given
community are not expected to
shift together.

Species Extinctions

Evidence suggests that climate change will
result in the loss of species (Gitay et al. 2002),
and it already appears to have played a role in
some extirpations and extinctions. For example,
two populations of the Bay checkerspot butterfly
(Euphydryas editha bayensis) have been
extirpated due to climate change (most notably
increased precipitation) combined with habitat
loss (McLaughlin et al. 2002). Loss of some
amphibian populations and species has been
linked to climate-related events (Carey and
Alexander 2003). Table III-1 lists some of the
characteristics of vulnerable species.

Also relevant from a taxonomic standpoint, at
least among animal species, is the “molecular
clock,” or the rate at which genetic mutations
occur (Gibbs et al. 1998:552). All else equal,
large-bodied, K-selected species (i.e., long-lived
species with low reproductive rates) have slower
molecular clocks and therefore evolve less
quickly, putting them at a disadvantage in the
context of environmental perturbations (Czech
and Krausman 1998). Small-bodied, “r-selected”
species (i.e., short-lived species with high
reproductive rates) are able to evolve more
quickly, producing complex phylogenies fitting
multiple types of environments. This also
suggests an advantage of invasive species, which
frequently are small-bodied species, partly
because smallness of body size is conducive to
inadvertent, undetected transport as well as
relatively rapid evolution.

Phenological Changes

Climate change alters the timing, or phenology,

of biological events of species (Root et al. 2003).

Studies examining long-term records have found
that many plants and animals have shifted
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spring activities earlier. For example, breeding is occurring earlier for some birds in North America,
as well as in Latin America and Europe (Gitay et al. 2002). Other species have experienced delays or
no changes in their phenology (Parmesan 2006, Cleland et al. 2007). Such patterns are a result of
species-specific responses to environmental cues, such as temperature thresholds and chilling
requirements (Cook et al. 2012). These patterns have been confirmed across taxa including birds,
plants, butterflies, and mammals (e.g., Sparks and Carey 1995, Inouye et al. 2000, Both et al. 2006,
Inouye 2008).

Phenological change has major implications for wildlife management. For example, the earlier spring
documented in many areas is leading to a longer growing season, which increases the number of
broods or generations that animals may produce in a single year (Monroe et al. 2009, Jonsson et al.
2009). Increases in productivity have been documented in forests and lakes as a function of longer
growing seasons (Shuter and Ing 1997, Richardson et al. 2009). Phenology also affects the magnitude
of disease outbreaks, wildfire risk, and the activity of invasive species (Westerling et al. 2006, Willis
et al. 2010, Grulke 2011, Ziska et al. 2011). The timing of visitation to public lands is affected by
climate and phenology, too (Buckley and Foushee 2011).

The magnitude and direction of changes in phenology varies by region and latitude due to differing
driving forces, sometimes with counterintuitive results. For example, the southeastern U.S. has
experienced a general delay in spring phenology. Shortened winter chilling days associated with
recent warmer winters have been insufficient for fulfilling many plants’ chilling requirements, leading
to a slower, more gradual spring green-up (Zhang et al. 2007, Schwartz and Hanes 2010). Arid and
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Factor Highly Vulnerable Species Less Vulnerable Species
Population Size Small Large

Dispersal Mechanisms Limited, slow Various, rapid

Range Extent Restricted or patchy Wide and contiguous
Elevation High or low Intermediate areas
Habitat Requirements Narrow or specific Broad or general
Climatic Range Limited Extensive

Adapted from Gitay et al. 2002
Table ITI-1. Some Vulnerability Characteristics of Species..

semi-arid ecosystems have complex phenological responses to climate change because these systems
are generally water-limited rather than temperature-limited (Beatley 1974, Crimmins et al. 2010,
Kimball et al. 2010). Because temperature increases are more pronounced at higher latitudes,
phenological changes may be stronger in those areas (Root et al. 2003).

A challenging consequence of changing phenology is the potential for mismatching of key events
among species in a community (Memmot et al. 2007, Willmer 2012). For example, plants and
pollinators may respond differently to climate change, leading to a temporal mismatch in their
interdependent activities (Miller-Rushing et al. 2010). Other interactions that could be affected are
competition, pathogen-host interactions, and the seed dispersal resulting from animal movements
(Warren et al. 2011). Such disruptions of synchrony among species could cause cascading ecosystem
effects, affecting reproduction, mortality, and distributions of species (Chuine 2010). We may see the
development of new types of communities and interactions.

Some recent studies suggest that plants and pollinators are responding similarly to climate change
(e.g., Bartomeus et al. 2011, Forrest and Thompson 2011), while others researchers have clearly
documented unequal changes in phenology among interacting species, with dramatic impacts to
community composition, structure, and functioning (Winder and Schindler 2004, Pearce-Higgins et al.
2005, Memmott et al. 2007, Both et al. 2009). Whether interacting species were precisely synchronized
prior to anthropogenic global warming influences the degree to which they are affected by climate
change-induced shifts in phenology (Singer and Parmesan 2010).

Monitoring phenology is one of the simplest ways to track species’ and ecosystems’ responses to
climate change (IPCC 2007c). The Refuge System’s I&M Initiative provides an opportunity to monitor
phenology in direct collaboration with the USA National Phenology Network (USA-NPN). At the web-
based “Phenology Hub” (http://www.usanpn.org/fws/), planners, managers, and biologists can learn
more about phenology, network with other Refuge System personnel in monitoring phenology, and
access Nature’s Notebook, the USA-NPN online monitoring program. Phenological observations may
be entered for over 800 species, contributing to a growing National Phenology database. Users of
Nature’s Notebook can take advantage of visualization tools and mobile phone applications to facilitate
observation entry and phenology project development. Phenology monitoring can also be carried out
using automated digital tools, such as picture posts (http:/picturepost.unh.edu/) and repeat
photography (e.g., Ahrends et al. 2008).

Primary Productivity

Net primary production (NPP) is declining due to large-scale, intensive economic activity on the
Earth’s surface (Haberl et al. 2007), but global primary productivity (a rate) seems to be rising (Gitay
et al. 2002). Increasing CO; and temperature can lead to an increase in photosynthesis up to threshold
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levels that vary among different types of plants
(TWS 2004). Most notably, C3 and C4 plants
respond differently to increasing CO; and climate
change.

“C3” and “C4” refer to nuances of
photosynthesis. In C3 plants, an enzymatic
reaction results in a three-carbon compound as
the first stable product of carbon fixation (FAO
2009). More than 95% of plant biomass on Earth
is of C3 plants, which include trees and large
proportions of other plant taxa (Flexas et al.
2012). As a group, C3 plants do best in relatively
cool, moist, cloudy climates. With adequate
water, the stomata stay open, allowing intake of
more carbon dioxide. Conversely, carbon losses
through photorespiration are high.

C4 plants have more recently evolved
mechanisms to increase carbon dioxide
concentration at the site of fixation (Monson and
Collatz 2012). This reduces carbon loss by
photorespiration. C4 plants do best in hot dry
environments and use water efficiently, “allowing
up to twice as much photosynthesis per gram of
water as in C3 plants” (FAO 2009:6). However,
C4 metabolism is inefficient in cool or shaded
areas. Only a few percent of the earth’s plant
species can be classified as C4, although their
biomass and productivity comprise somewhat
higher percentages because they include widely
distributed, dominant grass (Poaceae) species
and cultivated varieties such as corn, sugar cane,
millet and sorghum (Monson and Collatz 2012).

The most relevant difference vis-a-vis climate
change in North America is that photosynthesis
in C3 species increases more rapidly with rising
levels of CO; and may continue increasing to
higher CO; levels than is possible with C4 plants.
On the other hand C4 plants are likely to benefit
more from higher temperatures than C3 plants,
and C4 plants do better in drier conditions (IPCC
2007b, von Fischer et al. 2008). In either case,
water and soil nutrients may be limiting factors
for primary productivity. The complex and
uncertain potential for differential adaptation to
climate change by C3 and C4 plants prompted
von Fischer et al. (2008:13) to write, “Under such
swift and drastic environmental changes,
ecological and evolutionary surprises are almost
sure to happen.”
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A challenging consequence of
changing phenology is the
potential for mismatching of key
events among species in a
community.

One certain trend is that the growing season is
getting longer in higher latitudes and largely
due to increasing minimum temperatures
(NOAA 2012). This, combined with increases in
primary productivity, may result in greater
accumulation of biomass, which could increase
the risk of wildfires (NAST 2001). It is also
likely in some areas that the growing season of
predominant vegetation may be shortened as a
function of climate change due to drought
(Hatfield and Singer 2011).

The chemical and nutrient composition of plants
may also change in response to increasing CO,
levels. For example, protein content may decline
in some grains (IPCC 2001b) and nitrogen
content has been shown to decline in herbaceous
plants (Nowak et al. 2004).

HYDROLOGICAL EFFECTS

Altered Precipitation and Water Resources

Climate change affects the magnitude, timing,
distribution, and type of precipitation, with
corresponding effects on surface and
groundwater resources. Both drought and heavy
precipitation events are anticipated to increase
in frequency (IPCC 2007¢). The certainty of
these outcomes increases during the 21 century
(IPCC 2013).

Changes in precipitation affect the timing and
magnitude of floods and droughts, shift runoff
regimes, and alter groundwater recharge
characteristics (Gleick 2000, van der Molen and
Hildering 2005). Groundwater discharges, as
well as surface water runoff from precipitation
and snowmelt, provide water flows that maintain
habitats and species (Haney 2007). These
processes have complementary ecological
functions. The variable surface runoff regime is
essential for mobilizing sediments, revitalizing
certain habitats, and recharging alluvial
aquifers. The relatively stable base-f