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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

21



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-flow regime,



reflecting groundwater discharge, supports the
aquatic and riparian habitats between runoff
events. The life-cycle needs of aquatic and
riparian plants and animals are tied to these
natural patterns (Rodriguez-Iturbe and
Porporato 2004).

Droughts are expected to be more severe in the
21%* century and will correspond additionally with
La Nifna events (Seager et al. 2007). Droughts
affect ecosystems in numerous ways. The water
flow and level in rivers can decrease to critical
thresholds due to decreased precipitation in the
summer and increased evaporation, increasing
the exposure of fishes to predators, decreasing
the availability of habitats, and diminishing water
quality (Matthews 1998). Water quality can
decline due to reduced oxygen levels and
increased water temperatures; these effects can
be fatal to aquatic species.

Droughts reduce the natural recharge of
aquifers, resulting in lower water tables and
reductions in base flows to streams (Kuhn 2005).
The reduction in natural recharge could
adversely affect ecosystems dependent on
shallow aquifers and subsurface flows, such as
springs and riparian communities, particularly
where these aquifers are already stressed from
withdrawals for human use (Scott et al. 1999,
Lodiciga 2003). Lower water tables are of
particular concern with regard to spring
ecosystems that support endemic species (Sada
1990, Williams et al. 2005).

In the Southwest, droughts affect aquatic
ecosystems such as the Colorado River Basin and
the Rio Grande Basin, which have some of the
highest rates of endemism on the continent (Mac
et al. 1998). In the Colorado River Basin, 35% of
all native genera and 64% of the 36 fish species
are endemic (Carlson and Muth 1989 as cited in
Mac et al. 1998). In the Rio Grande Basin, 30% of
the species are endemic. Species such as the
pikeminnow (Ptychocheilus lucius), catfish

One certain trend is that the
growing season is getting lo
in higher latitudes and large
due to increasing minimum
temperatures.

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.

(Ictalurus lupus), and spikedace (Meda fulgida)
are susceptible to droughts because of declines
in habitat and water quality (Probst 1999).

Droughts directly reduce water supplies in the
desert and indirectly affect the health of wildlife
populations by decreasing vegetation quantity
and quality (CLIMAS 2007). Species such as the
bighorn sheep (Ovis canadensis) have been
indirectly affected by severe droughts in Kofa
National Wildlife Refuge (Arizona) (McKinney
et al. 2006). Suitable habitat for amphibians such
as the Chiricahua leopard frog (Rana
chiricahuensis) and waterfowl may be greatly
reduced, affecting the viability of these species
in the Southwest (TWS 2004).

Droughts and water scarcity in the Southwest
and elsewhere diminish supplies of surface water
and groundwater. Meanwhile human populations
and economic activity have risen rapidly in
several regions, increasing demands for water
(Figure III-2). Water is an essential factor of
production (Gatto and Lanzafame 2005), such
that economic growth requires increasing water
withdrawals from the ecosystem. As Barbier
(2004:15) noted, “there is inevitably a trade-off
between maintenance and protection of
[ecological services] and the increasing
allocation of water for use in the economy.”
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In Arizona, for example, GDP grew 7.4% in the
1990s (BEA 2013), reflecting a 40% increase in
population (Carter 2003) and a 3.8% increase in
per capita GDP (BEA 2013). The high growth
rates of the 1990’s were the culmination of a

century of water-dependent growth (Kupel 2006).

By the end of the 20" century 33% of Arizona’s
original wetlands had been lost (EPA 2013) and
less than 1% of Arizona was comprised of
wetlands (USGS 1999). The limited wetlands in
Arizona are crucial to waterfowl and other
migratory birds, which use the wetlands as rest
stops (Ducks Unlimited 2007). Nevertheless, the
eight-county “Arizona Sun Corridor” is one of 11
“megaregions” — connected clusters of
metropolitan areas — in which rapid rates of
population and economic growth are planned
through at least the middle of the 215 century
(Hagler 2009) (Figure III-3). To the extent this
occurs, less water will be available for fish and
wildlife, especially in the megaregions,
exacerbating the effects of drought.
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Droughts and water scarcity in the
Southwest and elsewhere diminish
supplies of surface water and
groundwater. Meanwhile human
populations and economic activity
have risen rapidly in several re-
gions, increasing demands for wa-
ter. Water is an essential factor of
production, such that economic
growth requires increasing water
withdrawals from the ecosystem.

Figure III-2. Percentage Real GDP Growth by
State, 2001-2010. (GDP = population X per
capita production and consumption of goods and
services in the aggregate.) (Data and interactive
mapper compliments of U.S. Bureau of
Economic Analysis.)



Figure III-3. “Megaregions” of Disproportionate Population and Economic Growth Planning.
(Credits: America 2050, a program of Regional Plan Association.)

At the other end of the precipitation spectrum, more intense rainfall will lead to increases in the
frequency, and potentially the duration, of high-magnitude flows in streams. The frequency of high-
flow events helps to define the composition and relative abundance of species that make up aquatic
and riparian communities; i.e., species’ life histories are adapted to particular flow regimes (Poff et al.
1997). As the frequency and duration of high-magnitude events increases, the composition of
associated plant communities is expected to change with more frequent disturbance/scouring of
habitats and the disruption of environmental cues that trigger certain life history events such as fish
spawning (Poff et al. 1997, Lytle and Poff 2004).

At higher latitudes and elevations, the type of winter
precipitation is expected to shift to more rain and less
d of the snow as the climate warms. This pattern is already
observable in many parts of the U.S. (Feng and Hu

Pectfum, more 2007, Miller and Piechota 2011). In addition to less

/ snow, snowmelt is occurring earlier in the spring
I'will lead to (Stewart et al. 2005). Both of these factors have
€ fl'elllleﬂcy, and substantial implications with regard to seasonal flows
duration, of h,gh- and water availability in mountain snowpack-

: dependent areas such as much of the western U.S.

S In streams. Snowpacks are natural reservoirs, storing
precipitation in the winter and releasing it over a
relatively predictable period during the late spring
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and early summer. With more rain and less snow,
winter flows increase and reduced flows occur in
the spring. This can adversely affect aquatic and
riparian species that are adapted to flows of
predictable timing and magnitude (see also the
phenology chapter), as well as human
communities that depend on spring runoff for
agricultural and other purposes.

Water Temperature

Stream water temperatures are expected to rise
as a consequence of increasing surface
temperatures, particularly in sub-alpine locations
(van Vliet et al. 2011). An increase in the relative
contribution of rain versus snow in winter
precipitation will also result in higher water
temperatures. The extent to which water
temperatures rise will vary locally, depending
primarily on elevation and the relative
contribution of groundwater (base flow) to total
stream flow. High alpine streams fed by melting
snow will remain cold. Streams that are highly
dependent on groundwater input generally will
not exhibit as much variation in temperature as
those with little or no groundwater contribution.
However, the relative contribution of
groundwater is already decreasing in some
snowmelt-dominated systems where earlier
spring runoff has led to decreased summer base
flows, thereby increasing summer stream
temperatures (Mayer and Naman 2011).

An increase in water temperatures will have
potentially severe consequences for cold-water
fishes and the conservation efforts therefor
(Mantua et al. 2010). Habitats suitable for these
species will become increasingly restricted to
higher elevations, and these species may
disappear where such “climate refugia” are not
available (Shoo et al. 2011:1, Keppel et al.
2012:398). Habitat and population fragmentation
will increase accordingly. This will likely lead to
regional extirpations as stochastic events such as
droughts and wildfires transform the remaining
habitats (Isaak et al. 2012). For species with
small and non-expanding geographic ranges, such
extirpations may lead to species endangerment
and ultimately extinction.

Rising water temperatures also affect
environmental contaminants and invasive species
(addressed in separate chapters).
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INVASIVE SPECIES

Invasive species are one of the biggest threats to
biodiversity and ecosystem services. The
damage from invasive species worldwide is
estimated at more than $1.4 trillion annually,
with impacts across a wide range of economic
sectors including agriculture, forestry,
aquaculture, transportation, trade, power
generation and recreation (Pimentel et al. 2001,
TNC 2011). Conversely, growth and trade in
those same sectors is a root cause of species
invasions (Ericson 2005, Kelly 2007). Invasive
species are especially problematic in island
ecosystems, where they have been responsible
for one half to two thirds of all species
extinctions in modern times (Donlan and Wileox
2008, IUCN 2009). They are the leading cause of
species endangerment in the U.S. and the sixth
leading cause on the contiguous mainland (Czech
et al. 2000).

The federal definition of an invasive species is
“an alien species whose introduection does or is
likely to cause economic or environmental harm
or harm to human health” (Executive Order
13112, February 3, 1999). The coherence of this
definition is challenged by climate change. An
“alien species” is defined as one “not native to
that ecosystem,” but there are no clear and
lasting criteria for determining what is “native”
in the context of climate change. Species’ ranges
shift as a funection of climate change; are such
species “non-native” in their new geographic
ranges? Refuge managers will have to address
these questions on a case-by-case basis.
Although climate change challenges existing
concepts of invasive species, few would argue
with the fact that invasive species exist and are
extremely challenging to wildlife conservation.

Climate change increases opportunities for
invasive species because invasive species tend to
be more adaptable than non-invasive species to
environmental disturbance (Méchler and
Altermatt 2012). With more environmental
tolerance than that of native species, invasive
species have a larger array of suitable habitats
(Walther et al. 2009). Warmer air and water
temperatures may also facilitate movement of
species along previously inaccessible pathways
(Burgiel and Muir, 2010). Invasive species also
compete for resources that become scarcer in



CAsEe Stupy: AppLicATION OF AQUATOX 10 THE Rum RIVER NEAR SHERBURNE NWR

AQUATOX is a mechanistie, aquatic ecosystem
model distributed by the U.S. Environmental
Protection Agency (Park et al. 2008). One of the
simulation files distributed by the EPA is of a
site on the Rum River within six miles of
Sherburne National Wildlife Refuge (Minnesota).
As an example of how the model may be used on
the Refuge System, the study file for the Rum
River was recalibrated slightly from the original
application (Carleton et al. 2009) to better repre-
sent the fish community, including species that
are potential prey for sandhill cranes (Grus cana-
densis) and bald eagles (Haliaeetus leucocepha-
lus). The average annual water temperature was
increased by 2.8°C to approximate the change for
Minnesota in 2041 predicted for the high-
emissions (A2) scenario using multiple climate
models . Flow rate was not changed because only
a 5% increase in precipitation is anticipated, with
no change during the summer growing season.

Based on these parameters AQUATOX predicts that net primary productivity will increase from 346 to 382 g/
m? year; secondary and tertiary productivity will increase from 32.2 to 36 g/m*yr. Biomass of the periphyton
and benthic invertebrates will increase. AQUATOX also predicts that bluegill (Lepomais macrochirus) and
smallmouth bass (Micropterus dolomieu) will increase, northern pike (Esox lucius) and walleye (Sander
vitreus) will decline slightly; and sculpin (Cottoidea spp.) will develop a bimodal annual response as their opti-
mum temperature is exceeded in the summer.

Biomass (AFDW/m2)
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Baseline data for calibrating the model run.
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some areas due to climate change, such as water
in the Southwest.

Evidence exists for coevolution between invasive
and native species. For example, garlic mustard
(Alliaria petiolata), not native to the U.S.,
produces sinigrin. Sinigrin is allelopathic to the
fungi that help native plants extract nutrients
from the soil. Research in the U.S. has shown
that garlic mustard produces more sinigrin in
areas where native plants such as clearweed
(Pilea pumila) are present and that clearweed
expresses higher levels of resistance to sinigrin
in areas where the two species have a longer
history of coexistence (Lankau 2012). These
types of co-evolutionary adaptations may be
disrupted by differential effects of climate
change on species. A shift in temperature, for
example, might have a significant impact on a
native species, but little or slower impact on an
invasive species, thereby altering the dynamic
between them. Similarly, changes in precipitation
patterns, CO; levels and nitrogen deposition may
have differential effects on native and invasive
plants (Richardson et al. 2000).

Changes in competitive dynamics will not be
uniform globally or nationally, particularly when
considering changes across tropical vs. temperate
systems or low vs. high-altitude systems. Higher
latitudes and altitudes will probably host shifting
sets of species as temperatures increase and
“new” species arrive from adjacent, previously
warmer climates (Parmesan 2006). As the
warmest tropical ecosystems warm even more,
they will not face the same threat because there
is no pool of species coming from even warmer
climes. However, changes in precipitation and
other climatic variables may still stress such
ecosystems, thereby increasing their
vulnerability to invasive species. Conversely,
there may be range contraction or diminished
impacts of invasive species depending on the
influence of climatic and other variables
(Hellman et al. 2008, Richardson et al. 2000).

Changes in flood and drought eycles, fire
regimes, and permafrost stability will be
advantageous to invasive species. Storms
increase the disturbance of habitats already
providing opportunities for invasive species. A
pronounced example was after the major tsunami
in Southeast Asia in 2004, when “Sri Lanka
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Climate change increases

opportunities for invasive

species because invasive
species tend to be more

adaptable than non-invasive

species to environmental

disturbance.

witnessed a significant expansion of prickly pear
cactus (Opuntia dillennii), mesquite (Prosopis
juliflora), lantana (Lantana camara) and Siam
weed (Chromolaena odorata) in degraded
coastal areas, as well as of water hyacinth
(Eichhornia crassipes) and cattails (Typha
angustifolia) in lagoons and estuaries” (Burgiel
and Muir 2010:9; see also Bambaradeniya et al.
2006). A hurricane can stir the elements of
indoor and outdoor environments, too, and in the
process exacerbate or cause invasive species
problems. For example, lionfish (Pterois
volitans) were evidently “introduced into
Atlantic waters when a Florida aquarium was
damaged during Hurricane Andrew in

1992” (Pappal 2010:3).

Climate change may also alter the physiology of
plant tissue, with far-reaching effects. For
example, increased CO; levels increase the
rigidity of plant tissue and reduce the efficacy of
glyphosate (Ziska et al. 2004), which is
sometimes used for invasive species control (as
well as in agricultural production). Another
important method for invasive species
management, biological control, is dependent on
specific relationships of target species with
control agents. As an invasive species’ range
shifts, so might the range of the biological
control agent be expected to shift, at least to the
extent that the fitness of the agent is enhanced
by the host. But climate change may alter the
interactions between host and agent (van Asch
and Visser 2007), with unpredictable effects on



population dynamics.

Some of the effects of climate change on invasive
species have clear implications for human health.
For example, growth rates and pollen production
of ragweed (Ambrosia sp.) increase sharply in
response to higher CO, concentration (Wayne et
al. 2002). Meanwhile, increased nitrogen
deposition (typical in and around agricultural
landscapes) increases overall plant size, reduces
herbivory, and also raises pollen production
(Throop and Lerdau 2004). These synergistic
effects on ragweed vigor and pollen contribute to
respiratory problems including asthma.

New pathways for invasion and unforeseen
economic developments have the potential to
exacerbate the invasive-species effects of climate
change. For example, receding ice is opening the
Arctic to new types and levels of economic
activity. Williams et al. (2011:4) described how,
“Over the next 20 years, shipping, oil and gas,
mining, tourism and aquaculture will be the key
sectors of economic activity” in the Arctic.
Meanwhile warmer water temperatures will allow
invasive species to live longer in ship ballast and
on ship hulls, two of the primary marine vectors
for invasive species (Johnson et al. 2006).
Similarly in other regions, alternative energy
companies may want to use invasive plants for
biofuels, and large-scale wind and solar energy
projects may disturb intact ecosystems, thereby
facilitating species invasions. In general, “Wider
global issues such as climate change, economic
growth, population increase, and an increase in
food and energy demand will have a notable
effect on resource-rich corners of the

planet” (Williams et al. 2011:21). All of these
factors are interrelated, and all are related to the
spread of invasive species.

SEA-LEVEL RISE

Eustatic and Relative Sea-Level Rise

During Earth’s geological history, eustatic (i.e.,
global and due to the volume of oceanic water)
sea level has risen and fallen many times, but is
now rising at a relatively rapid and accelerating
rate due to climate change (IPCC 2007a). Global
warming, in particular, causes sea-level rise via
thermal expansion of ocean water, melting of
small glaciers, and melting of ice sheets in
Greenland and Antarctica.

Global mean sea level rose approximately 19 cm
from 1901-2010 (IPCC 2013), corresponding to
an average of 1.7 mm per year. However,
satellite altimetry measurements indicate a rate
of 3.2 mm per year from 1993-2010 (IPCC 2013).
Published schedules of projected sea-level rise
typically call for accelerating rates throughout
or during most of the 21% century (see for
example Rahmstorf 2012). Eventually the rate of
sea-level rise is expected to decline, partly due
to the liquidation of ice stocks. However, the
geophysical momentum of ice-mass melting as
well as deep oceanic heating is such that sea-
level rise will be ongoing for centuries, even if
greenhouse gases and temperatures stabilize in
the 21st or 22nd century (Meehl et al. 2012).

A well-known range of sea-level rise projections
for the 21st century is 0.18-0.59 m. This range
corresponds to a suite of climate scenarios
described by the IPCC in its Fourth Assessment
(Meehl et al. 2007a). However, peer-reviewed
projections of sea-level rise have increased as
more variables have been analyzed (Overpeck
and Weiss 2009). Even within the Fourth
Assessment, Nicholls et al. (2007:317) described
an expectation of “an accelerated rise in sea
level of up to 0.6 m or more by 2100.” Vermeer
and Rahmstorf (2009) developed a model for
linking global sea-level variations to global mean
temperatures. The model was corroborated with
data from 1880-2000. Building on the model with
IPCC global temperature scenarios, they
projected sea-level increases from 0.75-1.90 m
by 2100. The range in estimates results from
uncertainties about future rates of economic
growth (including population and per capita

New pathways for invasion and
unforeseen economic
developments have the potential
to exacerbate the invasive-
species effects of climate
change. For example, receding
ice is opening the Arctic to new
types and levels of economic
activity.
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consumption growth), greenhouse gas emissions
per unit of GDP, the melting of Antarctic and
Greenland ice sheets, and the significance of
montane glaciers in the planetary water budget
(Meier et al. 2007). However, the “take-home
point of the new work” (Overpeck and Weiss
2009:21461) “is that it would be wise to assume
that global sea-level rise could significantly
exceed 1 m by 2100 unless dramatic efforts are
soon made to reduce global greenhouse gas
emissions.”

One of the latest efforts to assess and summarize
21%* century sea-level rise scenarios was
conducted by Parris et al. (2012) to assist in the
development of the National Climate Assessment
(USGCRP Draft). Parris et al. (2012:10)
expressed “very high confidence (>9 in 10
chance) that global mean sea level will rise at
least 0.2 meters (8 inches) and no more than 2.0
meters (6.6 feet) by 2100.” They also referred to
a 0.5-m scenario and a 1.2-m scenario as
“intermediate-low” and “intermediate-high,”
respectively. Parris et al. (2012:15) also
recommended “that the choice of scenarios
involve interdisciplinary scientific experts, as
well as coastal managers and planners who
understand relevant decision factors.”

Based on the best available peer-reviewed
science, refuge managers and planners should
explicitly plan for 1-1.5 m eustatic sea-level rise
by the year 2100. In addition to being
scientifically defensible, this approach will
ensure consistency among Refuge System
planning documents and public outreach efforts.
There is also precedent for using this range of
planning scenarios on the Refuge System based
on the use of SLAMM analysis (see below).

Numerous factors unrelated or indirectly related
to eustatic sea-level rise also influence regional
and local rates of sea-level rise, or “relative” sea-
level rise. Such factors include subsidence due to
subsurface extraction (most notably of
groundwater and oil), exposure to winds and
ocean currents, tidal range, sediment supply,
sediment transport, localized climate, latitude,
wetland drainage, deforestation, and
effectiveness of artificial coastal defenses (Inman
1994, Brooks et al. 2006, IPCC 2007a). Geological
processes including plate tectonies and post-
glacial (“isostatic”) rebound also affect sea levels
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The geophysical momentum of ice-

mass melting as well as deep
oceanic heating is such that sea-
level rise will be ongoing for
centuries, even if greenhouse gases
and temperatures stabilize in the

21st or 22nd century.

over large areas.

The amount and extent of tectonic movement
depends on the geomorphology of the coast, and
the particular type of coast is an important
consideration when assessing potential effects of
sea-level rise. The three major types of tectonic
coasts are collision, trailing edge, and marginal
sea coasts (Inman 1994). Additional specific
coastal types include arctic coasts and coral reef
coasts. Each coastal type is represented in the
U.S (Table 111-2).

Post-glacial or “isostatic” rebound refers to the
rising of the earth’s crust after being
compressed by glaciers, in this case by the
Laurentide ice sheet of the Wisconsin glacial
episode, the last glacial period of the Pleistocene
ice ages. The rate and extent of isostatic
rebound depends on the viscosity of the earth’s
mantle and the elasticity of the lithosphere of a
particular region (Fowler 1990). In North
America some of the highest rates of post-glacial
rebound are in Alaska and reduce the
vulnerability of some Alaskan refuges to sea-
level rise. Meanwhile some of the highest rates
of subsidence are along the Gulf of Mexico coast,
especially in Louisiana (Tidwell 2003, National
Research Council 2006).

Modeling the Effects of Sea-level Rise

A variety of models are available to help predict
effects of sea-level rise on coastal refuges.
Digital elevation models (DEMs) have been
developed by the National Geophysical Data
Center (NGDC) and the University of Arizona.
Some DEMs are topographic in nature, some are
bathymetric, and some have both components




(Divins and Metzger 2007). DEMs are useful for
quickly identifying areas susceptible to sea-level
rise and performing simple "bathtub-ring"
projections of future shorelines.

Proceeding toward more complex analysis, the
U.S. Geological Survey’s (USGS) Coastal
Vulnerability Index (CVI) is a physical model
accounting for tidal range, wave height, coastal
slope, shoreline change, geomorphology, and
historic rate of relative sea-level rise. The six
parameters are quantified and summed, and
cumulative CVI scores range from 1-40 (low to
high vulnerability, respectively). The USGS has
calculated CVIs for the Gulf Coast region,
Atlantic Coast, and Pacific Coast. Similar to
bathtub models, a CVI score can provide refuge
planners with a quick assessment of the relative
vulnerability of long stretches of coastline, but
the CVI is not an ecological index.

The most widely used sea-level rise model on the
Refuge System is the Sea Level Affecting
Marshes Model (SLAMM). SLAMM was
developed in the 1980s by Dick Park at Butler
University. Park continued developing SLAMM
over the next 15 years with colleagues at Butler
and Indiana University. Since then Jonathan
Clough of Warren Pinnacle Consulting
(Waitsfield, Vermont) has been the primary
SLAMM developer and modeler through versions
5, 6, and 6.1 beta.

SLAMM is the primary tool for sea-level rise
planning on the Refuge System due to a unique
combination of characteristics. Most notably it is
a long-tested, freely available, transparent,
spatially explicit model (necessary for producing
maps). It is applicable at the refuge, regional,
and national level and conducive to systematic
usage and economies of scale. Furthermore, it is
tailored to use with the Classification of
Wetlands and Deepwater Habitats of the United
States, the wetland classification system that
evolved from the well-known “Cowardin

system” (Cowardin et al. 1979, FGDC 2005). This
modified Cowardin system is used by the FWS
National Wetlands Inventory (NWI) to map and
monitor wetlands on (and off) refuges.

The primary processes that SLAMM models and
integrates are inundation by saltwater, erosion of
shoreline, vertical accretion of sediments and

plant material, barrier island overwash, and
saturation of uplands with fresh water resulting
from rising water tables. Each of these
processes is instrumental in determining the
development or devolution of coastal marshes
and related habitats including beaches,

mudflats, and swamps. SLAMM does not account
for complex hydrodynamies (such as
labyrinthine channeling effects), sediment
transport, differentiation of substrate, or
offshore effects (such as sea-grass ecology).
Details of the model’s logical structure,
assumptions, equations and algorithms are found
in the technical documentation (Clough et al.
2010). A user’s manual is also available (Warren
Pinnacle Consulting 2010).

The primary outputs of SLAMM for refuge
planning purposes are data tables and maps that
help predict the location and extent of marshes
and other coastal ecosystems. This is useful for
ecosystem management and planning, but on any
given refuge, more detailed planning and
management may be called for because of the
particular effects of sea-level rise on fish and
wildlife habitats and populations. An example is
salinization, which may occur through a variety
of processes, including tides, storm surges,
saline pollutants, and the release of marine
water from geologic formations (FAO 1997). Sea-
level rise exacerbates these processes as well as
directly causing inundation and salinization.

Based on the best available peer-
reviewed science, refuge
managers and planners should
explicitly plan for 1-1.5 m
eustatic sea-level rise by the
year 2100. In addition to being
scientifically defensible, this

approach will ensure
consistency among Refuge
System planning documents and
public outreach efforts.
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Salinization threatens water supplies and many
aquatic species. Salinity ranges change gradually
from open ocean to freshwater zones. At the
interface of freshwater and saltwater, there is
also seasonal variation in the degree of salinity
due to seasonal freshwater runoff (Murawski
1993, Nuttle et al. 2000).

Species’ responses to sea-level rise and
salinization depend on their salt tolerance,
inundation tolerance, nutrient availability, and
other factors such as capacity for ecological
reorganization. Some species may be able to
move inland to avoid the presence of excessive
salinity (Williams et al. 1999, Hull and Titus
1986). If a species is not able to move inland (e.g.,
if movement is blocked by coastal development),
it may become extirpated from long stretches of
coastline, endangered, and potentially driven
extinet.

Status of SLAMM Modeling on the Refuge
System

The Refuge System includes 173 marine coastal
refuges. SLAMM is not significantly applicable
to 26 of these refuges where rocky islands are the
predominant feature. Also, SLAMM is not yet
applicable or appropriate for the ten Alaskan
coastal refuges (with some localized exceptions)
or Palmyra Atoll (central Pacific Ocean) because
of a lack of high-quality elevation and wetlands
data. All other (136) coastal refuges possessed a
SLAMM analysis as of April 2012, and 16 refuges
had undergone “re-SLAMMing” by April 2013.

The large number of Refuge System SLAMM
reports is, of itself, not a measure of success in
sea-level rise planning or adaptation, much less
mitigation. However, it ensures that each coastal
refuge for which sea-level rise is a significant
issue is equipped with an analysis based on sound
science. A SLAMM analysis enables coastal
refuge managers and planners to meet the charge
of Secretarial Order 3226, Secretarial Order
3289, the FWS Climate Change Strategic Plan,
and other policies calling for climate change and
sea-level rise planning on the Refuge System.

Future developments in Refuge System SLAMM
analysis include improvement of the model, data
acquisition for Alaskan SLAMM analysis,
incorporation of Sedimentation-Erosion Table
(SET) data for finer and more localized accretion
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rate inputs, species-specific applications, and
landscape-level assessments.

Czech et al. (in preparation) are developing a
cumulative SLAMM analysis of Atlantic Coast
refuges. Preliminary results based on a 1-m sea-
level rise scenario (by 2100) are highlighted by
significant gains in open water (primarily
oceanic and estuarine), losses of dry land, and
substantial loss of cypress swamp, tidal swamp,
other low swamp forests, and brackish
(irregularly flooded) marsh. Somewhat
surprisingly, substantial gains of salt marsh are
projected, although these gains are not
projected under higher sea-level rise scenarios.

SLAMM is the primary tool for
sea-level rise planning on the
Refuge System due to a unique
combination of characteristics.
Most notably it is a long-tested,
freely available, transparent,
spatially explicit model
(necessary for producing maps).
It is applicable at the refuge, re-
gional, and national level and
conducive to systematic usage
K and economies of scalty




Coastal Type Location Features Significance

Collision Coast California | Narrow shelves, wave-cut Beaches erode easily from
cliffs, sediment from rivers high wave energy events,
cliffs with urban infrastrue-
ture may be compromised.

Trailing-Edge Coast Mid- Wide shelf with coastal plains, | Relative sea-level rise caus-
Atlantic large estuaries, sediment from | es shoreline recession and
beach erosion barrier islands to migrate.
Marginal Sea Coast Mid- Similar to trailing-edge but Similar to trailing-edge ef-
Atlantic less wave energy, sediment fects.

from river deltas

Arctic Coast Alaska Broad shelf with coastal Coast frozen in winter lead-
plains, small tidal amplitudes, | ing to ice push phenomena.
ice/water controlled by wind Thawing in summer leads to

erosion.

Coral Reef Coast Hawaii Dependent on latitudinal con- | Light, temperature, and nu-

ditions and biogenies of reefs, | trients are critical,
sediment from corals, algae,

foraminifera increased depth and temper-

ature compromise reef
health.

Table III-2. Examples of Coastal Types within the U.S. (based on Inman 1994).
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CASE STuDY: FOREST RETREAT ALONG THE GULF COAST

Forest retreat due to sea-level rise depends on
geomorphology and soil characteristics. Williams et al.
(1999) proposed three major categories for considering

The large number of Refuge System

the prospects of coastal forest resilience: SLAMM re po rts iS, of itse If, not a
. Lovg—lyin lifr_n%?tor}del: coastlines such as on the
west coast of Florida ; ;
* Deltaic coastlines such as in Louisiana measure of success in sea-level rise
* Sandy coastlines ) )
The major change to plant communities of low-lying planning or adaptation, much less
limestone coasts is a lack of seedling regeneration due . . .
to excess salt, leading to non-viability of certain tree mitigation. However, it ensures that

species. In contrast, the major stress on tree species in
a deltaic system is flooding which eliminates flood-
intolerant species. Soil characteristics add another layer
of complexity. In this example, it is clear that although
an observable response to sea-level rise is the same (i.e., - - -
forest retreat) thepmechanisms are different equipp ed with an analy sis based on
(salinization versus inundation). Detecting and sound science
monitoring causes of forest retreat will be a key to ’
strategic habitat conservation in coastal ecosystem.

each coastal refuge for which sea-

level rise is a significant issue is
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CASE STupy: SLAMM ANALYSIS OF SWANQUARTER NATIONAL WILDLIFE REFUGE

One of the first FWS SLAMM analyses was of Swanquarter in 2006. Between then and 2012, projections of
eustatic sea-level increased, two significant phases of SLAMM development occurred (from SLAMM 4.0 to
SLAMM 6.0), LiDAR-derived elevation data became available, and the NWI layer was updated. Therefore in
2012 Swanquarter was “re-SLAMMed” with the new parameter values and with the additional sea-level rise
scenarios of 1, 1.5, and 2 m by 2100.

Sample of parameter values for the 2012 Swanquarter SLAMM analysis.

Parameter Value Parameter Value
NWI Photo Date (YYYY) 2010 Marsh Erosion (horizontal m /yr) 1.8
Digital Elevation Model Date (YYYY) 2007 | Tidal Flat Erosion (horizontal m /yr) 0.5
Direction Offshore [n,s,e,w] South | Regularly Flooded Marsh Accretion (mm/yr) 3.7
Historic Trend (mm/yr) 2.66 Irregularly Flooded Marsh Accretion (mm/yr) 4.1
MTL-NAVDSS correction (m) -0.03 | Swamp Accretion (mm/yr) 0.3
Great Diurnal Tide Range (m) 0.127 | Beach Sedimentation Rate (mm/yr) 0.5
Salt Elevation (m above MTL) 0.19 | Frequency of Overwash (years) 25

Swanquarter is highly vulnerable to sea-level rise. Most of the tidal swamp and much of the salt marsh and
brackish marsh habitats are projected to disappear by 2100.

Regularly-flooded Marsh

Land cover loss by 2100
Irregularly-flooded Marsh Land cover category Initial y ’
Tidal Swamp . . three SLR scenarios
Estuarine Open Water (major categories only) acreage

0.69 m 1m 1.5m

Estuarine Beach

Transitional Salt Marsh Regularly-flooded Marsh 6079 20% 54% 72%
SYVa mp Irregularly-flooded Marsh 3299 26% 62% 97%
Tidal Fresh Marsh Tidal Swamp 2601 84% 96% | 100%
Inland Fresh Marsh -

Undeveloped Dry Land Estuarine Beach 1447 79% 98% 100%
Inland Open Water Transitional Salt Marsh 783 13% 41% 91%
Open Ocean Swamp 486 75% 89% 100%

Tidal Flat

Initial conditions 2100, 1-m SLR scenario




SOUTHWEST DESERTIFICATION

The United Nations Convention to Combat Desertification defined desertification as “land
degradation in arid, semi-arid and dry sub-humid areas resulting from various factors, including
climatic variations and human activities” (United Nations 1994). The term “desertification” has
connotations that pertain as much to cultural and economic welfare as to ecological processes,
especially in international forums (Hutchinson 1996, Adeel et al. 2007). Perhaps for that reason,
“desertification” is not a frequently used term in North America climate or ecological science. For
example, it was not included in the 1193-page draft National Climate Assessment issued by the U.S.
Global Change Research Program in January 2013 (USGCRP Draft). However, it is not uncommon in
the jargon of land-management gray literature and it does have clear ecological implications.

The area covered by North American deserts — Chihuahuan, Great Basin, Sonoran, and Mojave —-was
approximately 1,277,000 square kilometers during the latter decades of the 20" century (MacMahon
1988 as cited in Peinado et al. 1995). Desertification had affected approximately 950,000 North
American square kilometers by the beginning of the 21% century (GEF and IFAD 2002).
Desertification often manifests as the replacement of somewhat homogeneous grasslands with
spatially complex shrublands having little herbaceous cover (Schlesinger et al. 1990, Brown et al.
1997).

Climate change is predicted to increase desertification in the Southwest, both in the near future and
in the long term (Seager et al. 2007, Manabe et al. 2004). This will affect at least six LCCs (Table III-
3), especially the Desert LCC but also the Great Basin, California, Southern Rockies, Great Plains,
Gulf Coast Prairie, and Great Northern LCCs, roughly in that order of desertification.

Desert LCC

Great Basin Great Basin
Great Northern
Southern Rockies

Sonoran Desert
California
Chihuahuan Desert

Gulf Coast Prairie
Great Plains

Mojave Desert

Southern Rockies
Great Basin
California

Table III-3. Landscape Conservation Cooperatives Corresponding With North American Deserts.
Prominence of deserts (in the U.S.) and LCCs is indicated by order presented in columns 1 and 2,
respectively.
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In addition to desertification per se (i.e., as
consistent with the UN definition), the
cumulative North American desert has been
increasing in size and will continue to do so
(Manabe et al. 2004), including as part of a
poleward expansion of subtropical dry regions
(Seager et al. 2007). For example, Weiss and
Overpeck (2005:2065) suggested that “ecological
responses may include contraction of the overall
boundary of the Sonoran Desert in the south-east
and expansion northward, eastward, and upward
in elevation” for a net gain in Sonoran area.
However, they also noted the likelihood for a
different type of Sonoran Desert over at least
some of its general range, given the unlikelihood
of wholesale movement of the ecosystem.

Regardless of the classification of ecosystems as
“desert” or the nuanced aspects of
“desertification,” increasing winter and spring
temperatures have characterized the Southwest
for several decades and the frost-free season is
lengthening (Hoerling et al. 2012). Although
there is more variability (geographic and
temporal) associated with precipitation, the
Southwest as a whole is becoming drier (Seager
et al. 2007). [Note to designer: Capitalize
“increasing” in the highlight box.]

Southwest precipitation is characterized by a
bimodal regime with rainfall peaks in summer
and winter (Sprigg and Hinkley 2000). Recent
modeling suggests that the summer “monsoon”
season is likely to be less intense (with less
rainfall) in June and July but more intense in
September. The general effect is expected to be a
delayed monsoon season extending somewhat
into October (Cook and Seager 2013). Although
there are discrepancies among models (see
Seager et al. 2007, Sprigg and Hinkley 2000),
some predict an increase in winter precipitation
(IPCC 2001b, Felzer and Heard 1999). Unusually
wet winters in the Southwest have contributed to
the expansion of shrub vegetation, with cascading
ecological effects (Turner et al. 2003).

Increasing temperatures coupled with recent
drought have been implicated in desertification
and related effects including the modification of
vegetative communities (Weiss and Overpeck
2005), tree mortality (Allen et al. 2010),
increasing fire frequency (Westerling et al. 2006),
insect outbreaks (Bentz et al. 2010), and effects

Increasing winter and
spring temperatures have
characterized the
Southwest for several
decades and the frost-free
season is lengthening
Although there is more
variability (geographic and
temporal) associated with
precipitation, the
Southwest as a whole is
becoming drier.

on wildlife distribution and abundance.
Grasslands in the Sonoran and Chihuahuan
deserts have been shifting to a shrubbier
coverage (Dick-Peddie 1993) due to the
advantage of C3 over C4 plants under higher
CO; levels (Wilson et al. 2001 as cited in Webb et
al. 2002). For example, the woody C3 honey
mesquite (Prosopis glandulosa) has increased
substantially on C4 grasslands dominated by
little bluestem (Schizachyrium scoparium) in
the last 150 years (Polley et al. 1994). Bare soil
area is also increasing while the surface litter
cover decreases (Asner and Heidebrecht 2005),
diminishing habitat suitability for the species
adapted to the erstwhile environment.

Grassland species such as the banner-tailed
kangaroo rat (Dipodomys spectabilis) have been
extirpated from some areas, whereas shrubland
species such as Bailey’s pocket mouse
(Chaetodipus baileyi) have become more
abundant. With the decline of some rodents,
predators such as the Mojave green rattlesnake
(Crotalus scutulatus) and burrowing owl
(Athene cuniculria) have also declined.

Resident and migratory grassland species will
continue to be negatively affected by
desertification. Grassland birds such as the
aplomado falcon (Falco femoralis), reptiles such
as the sand dune lizard (Sceloporus graciosus
arenicolous), mammals like the pronghorn
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antelope (Antilocapra americana), white-sided
jackrabbit (Lepus callotis), and kit fox (Vulpes
macrotis), as well as other wildlife characteristic
of the Chihuahuan desert (Desmond and Montoya
2006) are some of the species likely to be
impacted by grassland loss. Many species
endemic to the Southwest, such as the white-
sided jackrabbit, are fairly dependent on desert
grassland (Desmond 2004).

Soil moisture is also expected to decrease in the
Southwest (IPCC 2001b), as is surface runoff
(Seager et al. 2012). These expectations are due
to decreased annual precipitation and increased
evaporation and evapotranspiration, especially in
the summer and due to higher temperatures
(Manabe et al. 2004). Dryland vegetation depends
on soil moisture to sustain growth through dry
periods (USGS 2006a).

Reduced soil moisture and runoff will affect
many species in the Southwest, including
threatened species such as the endemic Pecos
sunflower (Helianthus paradoxus) (Bush 2006).
The sunflower grows in wet alkaline soils along
spring seeps, wet meadows, and pond margins of
New Mexico and Texas (FWS 2005). It also grows
in riparian ecosystems including Sonoran
riparian Populus-Salix forests (Stromberg et al.
1996), which are characterized by species
richness and habitat for other endangered
species including the willow flycatcher
(Empidonax traillii) (van Riper IIT et al. 2004).
Impacts of desertification on riparian vegetation
could also affect migratory birds such as the bald
eagle (Haliaeetus leucocephalus), which
congregates in riparian areas through the
Southwest in winter for feeding purposes (van
Riper III et al. 2004).

PRAIRIE POTHOLE DYNAMICS

The Prairie Pothole Region (PPR) occupies
>800,000 km? where areas of high wetland
density intersect with grasslands of the northern
Great Plains (Figure I11-4). Precipitation is the
primary water source for prairie pothole
wetlands (Winter 1989), which are generally
small (< 0.5 ha) and isolated (Kantrud et al.
1989). Water loss is due mainly to
evapotranspiration, which exceeds precipitation
across most of the PPR, with highest deficits in
the western PPR (Winter 1989).
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Prairie pothole wetlands exhibit a continuum of
characteristics and water permanence (Euliss et
al. 2004), but are generally classified as having
temporary, seasonal, semipermanent, and
permanent water regimes (Cowardin et al. 1979).
Short-term drying is an important aspect of
prairie pothole ecology. In fact, varying wetland
water levels, which can fluctuate dramatically
within and among years, are major drivers of the
ecological funetions of wetlands, influencing
primary productivity, water salinity, nutrient
cycling, invertebrate communities, composition
and configuration of emergent vegetation, and
wildlife population dynamics (Kantrud et al.
1989, Murkin et al. 1997, van der Valk 2005a).

Prairie pothole wetlands are extremely
productive because their shallow waters warm
early in spring and their dynamic nature
facilitates nutrient cycling and regeneration of
vegetation and associated macro-invertebrates
(van der Valk 2005b). High primary and
secondary productivity are largely responsible
for the ability of prairie potholes to attract and
support large numbers of wildlife. The PPR has
long been known for hosting >50% of North
America’s ducks (Batt et al. 1989, Zimpfer et al.
2011) and harbors similar large proportions of
many species of grassland birds, shorebirds, and
waterbirds (Peterjohn and Sauer 1999,
Beyersbergen et al. 2004). Mammals also play an
important role in the ecosystem. Muskrats
(Ondatra zibethicus) are important wetland
grazers, and meadow voles (Microtus
pennsylvanicus) are a major prey species for
carnivores (Fritzell 1989).

Prairie potholes have declined in number and
quality due largely to agricultural disturbance,
as agriculture is the dominant land use in the
region (Doherty et al. 2013). Drainage rates vary
across the region, ranging from >85% in the
eastern portion of the PPR to 27% in the
western PPR (Dahl 2006, Johnson et al. 2008).
Agriculture has altered historie disturbance
regimes, increasing sedimentation and altering
the structure and species composition of wetland
vegetation (Kantrud et al. 1989, Bartzen et al.
2010). In addition, runoff containing pesticides
has been shown to reduce aquatic invertebrates
(Grue et al. 1998). Wetlands, grasslands, and
associated species in the PPR now appear to be
at risk from climate change as well.



Because waterfowl population size, nesting
propensity, and clutch size are positively related
to wetland numbers (Sorenson et al. 1998, Pietz
et al. 2000), declines in the number and
distribution of wetland basins containing water
during the breeding season would reduce the
ability of the PPR to attract and produce
waterfowl. Because nesting success of upland-
nesting waterfowl is positively related to the
amount of grass in the landscape (Bethke and
Nudds 1995, Stephens et al. 2005, Reynolds et al.
2006), declines in the amount of grassland in the
landscape would also reduce waterfowl

production in the PPR.

Figure I1I-4. The Prairie Pothole Region
(PPR). The PPR is where high wetland
densities intersect with grasslands of the
northern Great Plains. (Credit: U.S. Fish and
Wildlife Service, Habitat and Population
Evaluation Team Office, Bismarck, North
Dakota.)

Predicted Changes in Temperature and
Precipitation

A variety of models project that future
temperatures and precipitation in the PPR will
be higher than historic levels, although models
recognized by the IPCC are highly variable with
regard to precipitation estimates (Ojima and
Lackett 2002, Christensen et al. 2007, Meehl et
al. 2007b). The general projections are supported
by recent trends, as temperatures and
precipitation have increased in the PPR since the
early to mid-1900s (Zhang et al. 2000, Karl et al.

—

2009, Millett et al. 2009), although patterns
differ between measures and among regions,
timeframes, and studies.

Impacts on Prairie Pothole and Waterfowl
Numbers

Wetlands in the PPR may be particularly
vulnerable to drying caused by increased
temperatures associated with climate change
because of their tenuous water balance and
dynamic nature. This is a long-standing concern
in the ecology of climate change (see for example
Poiani and Johnson 1991). Statistical and
simulation models developed to assess potential
effects of climate change on prairie pothole
wetlands suggest that increased temperatures
will reduce wetland numbers and hydroperiod,
with subsequent reductions in waterfowl
populations (Poiani and Johnson 1991, Larson
1995, Sorenson et al. 1998, Johnson et al. 2005,
Johnson et al. 2010). However, increased
precipitation could offset some effects of higher
temperatures on pond numbers and hydroperiod
(Larson 1995, Sorenson et al. 1998, Johnson et
al. 2010).

Simulating a 3°C (5.4°F) temperature increase
and a 10-percent increase in precipitation
resulted in a 12% decline of wet basins (Larson
1995). A simulated 3°C (5.4°F) temperature
increase resulted in a 28-percent decrease in the
number of wet basins, while a 6°C (10.8°F)
temperature increase led to a 56-percent
decrease (Larson 1995). Based on simulations
that incorporate projected climate scenarios, the
PPR is projected to experience “increased
drought conditions...under nearly all global
circulation model scenarios” (Johnson et al.
2005:864), with consequences for waterfowl

A variety of models project that
future temperatures and
precipitation in the PPR will be
higher than historic levels,
although models recognized by
the IPCC are highly variable with
regard to precipitation estimates.
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predicted to be negative in the western and
central PPR due to drier conditions but positive
in the eastern PPR, which is expected to become
wetter (Johnson et al. 2005, Johnson et al. 2010).
Subsequently, a recommendation from studies
that have addressed potential effects of climate
change on wetlands and waterfowl conservation
in the PPR is to shift conservation efforts to the
eastern portion of the PPR (Johnson et al. 2005,
Ando and Mallory 2012).

However, wetland data from aerial and ground
waterfowl surveys conducted each May 1974-2012
by the FWS Division of Migratory Bird
Management and the Canadian Wildlife Service
indicate that May wetland numbers have actually
increased in six of the 20 PPR waterfowl survey
strata (FWS Habitat and Population Evaluation
Team, Bismarck, North Dakota, personal
communication). Wetland data collected during
1974-2003 indicate that July pond numbers in one
stratum in Canada declined significantly,
whereas wetland numbers in seven strata
increased significantly. Also during the 1974-2003
time period, three strata showed significant
increasing trends in an index of wetland
hydroperiod, and none of the 20 strata showed
significant decreasing trends. These results
suggest that increases in precipitation have been
sufficient thus far to offset effects of increased
temperatures on numbers of May and July ponds
across most of the PPR.

Trends in pond numbers suggest that the
primary conservation strategy in the US PPR of
protecting grasslands and wetlands in areas of
high waterfowl density (Reynolds et al. 2006,
Niemuth et al. 2008) is not presently jeopardized
by long-term drying of wetlands. However,
increased temperatures and precipitation in
recent decades have likely contributed to
intensification of land use in the PPR, in
conjunction with the availability of drought-
resistant hybrids and genetically modified crops
(Krapu et al. 2004, Karl et al. 2009, Laingen 2012,
Doherty et al. 2013). In addition, growing human
populations and demands for food have increased
crop prices, which drive conversion of grasslands
in the PPR to row crop fields (Rashford et al.
2011). Regardless of the mechanism, trends
suggest that the more intensive agriculture
typical of the traditional corn belt of the U.S.
may be shifting northwest into the core of the
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More information is needed before
substantial changes are made to
conservation strategies in the PPR,
but this should not be construed as
inaction. Competing hypotheses

about how climate change is
impacting waterfowl in the PPR
should be tested, wetland change
monitored, and waterfowl response
measured, enabling sound adaptive
management.

PPR (Laingen 2012). The consequences of
increasingly intensive agriculture to waterfowl
include direct habitat loss, reduced population
size, reduced nesting success, and decreased
availability of preferred, high-energy foods
(Bethke and Nudds 1995, Krapu et al. 2004).

Increased precipitation will also increase the
desire of farmers to drain wetlands in erop
fields, resulting in a permanent loss of those
wetlands. Requests to the U.S. Department of
Agriculture, Natural Resources Conservation
Service for wetland determinations on cropland
parcels, which typically precede installation of
drainage tile, increased from about 500 in 2007
to >4,710 in 2011 in the PPR portion of eastern
South Dakota (Jeff Zimprich, Natural Resources
Conservation Service, Huron, South Dakota,
personal communication). Wetland drainage
remains a major threat to waterfowl populations
regardless of the effects of climate change. If
wetlands partially or totally embedded in
cropland, not protected for conservation
purposes, of temporary or seasonal class or <
0.4 ha were drained, the PPR of North Dakota
and South Dakota could experience a 37%
reduction in populations of five primary species
of waterfowl (Reynolds et al. 2006).

If future conditions do lead to long-term drying,
conservation strategies may need to evolve. For
example, if hydroperiods decrease, as suggested



by stable May pond numbers followed by decreasing July ponds in the northwestern PPR, the
construction of deep wetlands with longer hydroperiods may be necessary to provide brood habitat in
areas with large numbers of paired waterfowl on smaller ponds with a shorter hydroperiod.
Management of refuges in the area, many of which are on river systems that are less prone to drying
than small potholes, should be to maintain high ecological function including wetland productivity
(Euliss and Smith 2010).

Given the magnitude of conservation efforts in the PPR and the potential impact of climate change on
waterfowl and other wetland-dependent species, recommendations to shift conservation efforts to the
eastern portion of the PPR need to be carefully considered because of complex interactions among
climate, biological systems, socio-economic factors, and conservation costs (Niemuth et al. 2010,
Loesch et al. 2012, Doherty et al. 2013).

More information is needed before substantial changes are made to conservation strategies in the
PPR, but this should not be construed as inaction. Competing hypotheses about how climate change is
impacting waterfowl in the PPR should be tested, wetland change monitored, and waterfowl response
measured, enabling sound adaptive management.

T .
CASE STuDY: NATIONAL WETLANDS INVENTORY (NWI) AND THE REFUGE SYSTEM,
PARTNERS IN CLIMATE CHANGE ADAPTATION

Wetlands, refuges, and species of special concern — Wetlands provide crucial habitats in virtually every unit of
the Refuge System. Many refuges were established precisely because of their wetlands and associated wildlife.
Wetlands provide habitats for numerous species of special concern, including a large proportion of North
American breeding birds and federally listed threatened and endangered species. Many fish species use
wetlands for breeding and rearing, while other aquatic species are wetland obligates for entire life cycles. Even
marine mammals use wetlands during some portions of their life cycles. Yet among broad categories of
ecosystems, wetlands are expected to be most impacted by climate change (IPCC 2007b).

NWI and the Refuge System — Geospatial data produced by the NWI are readily available to refuge managers
and planners. New NWI products show where the wetlands are, and NWI records show where the wetlands
were. As such, NWI is a de facto tool in helping monitor the effects of climate change as well as the numerous
other stressors to wetland health and existence. On the Refuge System, NWI maps are especially useful for:

land acquisition planning for new or existing refuges;

SLAMM analysis on coastal refuges;

planning of infrastructure development in the context of climate change;
calculating performance pursuant to the FWS Operational Plan, and;
monitoring of wetland status as part of the SHC cycle.

Refuge Boundaries and the Wetlands Mapper — To support these and other uses, NWI works closely with the
Refuge System to dovetail updates with refuge manager needs. As part of this collaboration, NWI has added a
refuge boundary layer to the Wetlands Mapper.! When you click on a wetland polygon within refuge boundaries
(or elsewhere), a pop-up box provides the wetland classification code and a hot link to a decoder and metadata
such as acreage, date of the imagery used to circumscribe the wetland, type of imagery used, ete. Using the
Wetlands Mapper, refuge personnel who are more intimately familiar with a refuge can also overlay wetland
imagery with USGS topo maps for fine-tuning purposes.

Strengthening the Collaboration — Widespread use of the Mapper is encouraged, as is regular input of refuge
personnel to regional NWI coordinators. Such input is useful for prioritizing NWI updates, refining the wetlands
layer as needed and, over time, will provide a piece of the climate change puzzle, helping FWS and partners to
better understand the effects of climate change on wetlands of the Refuge System and beyond.

L hittp://www.fws.gov/wetlands/Data/Mapper. html
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PERMAFROST THAWING

Alaska is one of the most vulnerable regions in

the U.S. to climate change, with thawing of Alaska is one of the most
permafrost one of the most challenging issues. . .

Permafrost, or permanently frozen soil, ranges in vulnerable regions in the U.S. to
thickness from centimeters to more than 600 . . .
meters (Nelson et al. 1999). Tt underlies climate change, with thawing of
approximately 85% of Alaska, absent only from a

small portion of the southern coast (NAST 2001). Pe’mafl’OSt one of the most

It is an extremely important ecological variable
because of the degree to which it provides
physical support to ecosystems, regulates surface
and subsurface temperatures, and restricts
drainage, affecting hydrology, root zones,
microtopography and habitats (Woo 1992).

challenging issues.

Climate change can alter permafrost directly through changes in air temperatures and soil heat
conduction, or indirectly through changes in wildfire frequencies leading to changes in the soil
thermal regime (Osterkamp et al. 2000). The temperature of permafrost is an important indicator of
its stability (Chapin III et al. 2006). The closer the temperature gets to 0 °C (32 °F), the more
susceptible permafrost is to thawing. Permanency of snow cover and site wetness are additional
factors involved in permafrost warming.

Mean temperatures of Alaskan permafrost have increased approximately 2.8 °C (5 °F) in the past
three decades (Romanovsky et al. 2010). Substantial thawing has already transpired in southern
and interior Alaska, where permafrost temperatures are near the thaw point (Romanovsky et al.
2010). Permafrost thawing will continue in Alaska (Lawrence and Slater 2008, Avis et al. 2011), with
some models projecting the loss of near-surface permafrost from large areas during the 21°* century
(Marchenko et al. 2012).

Thawing leads to the loss of wetlands, ponds and lakes in which water is impounded by permafrost.
Lakes have generally decreased in size in the last 50 years in central and southern Alaska due to a
combination of permafrost thaw, drainage, and the increased rates of evaporation that accompany

warmer temperatures (Rover et al. 2012). Conversely, in some cases lakes are growing in area due
to lateral permafrost thawing (Roach et al. 2011).

In the coming decades permafrost thaw will probably increase the cumulative areal extent of lakes
in areas of continuous permafrost and decrease areal extent in the discontinuous permafrost zone
(Avis et al. 2011). Meanwhile the ratio of continuous:discontinuous permafrost is itself decreasing
as a function of permafrost thawing such that the ratio of decreasing areal effects to increasing
areal effects will also increase (with a net effect of exacerbated decreasing areal extent of lakes)
until some landscape-scale threshold or equilibrium is reached. Large landscape-drying effects are
possible over much of Alaska and have already transpired on the Kenai Peninsula (Klein et al.
2005).

Permafrost thawing and the associated drying of Alaskan lakes and wetlands will have major
effects on Refuge System habitats and populations, most notably pertaining to waterfowl and other
migratory birds. Alaskan refuges provide breeding habitats for millions of migratory birds (Griffith
and McGuire 2008); these habitats are declining and will decline as a function of permafrost
thawing. The waterfowl harvest will likely be impacted accordingly.

Meanwhile fire ecology is altered in Alaska by permafrost thawing. Tundra, the primary biome
typified by permafrost, was usually too cold and wet to support extensive fires in Alaska for
approximately the past 5,000 years (Hu et al. 2010). Wetland drying, warmer drier summers, and
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associated thunderstorms contributed to the
occurrence of more large fires in the first decade
of the 21%* century than in any other decade since
record keeping began in the 1940s (Kasischke et
al. 2010). (See “Increased Wildfire Frequency
and Severity” below for more details.)

CORAL BLEACHING AND OTHER EFFECTS ON
CORAL REEFS

Coral reefs, hotspots of marine biodiversity,
suffered significant declines in abundance and
biodiversity during the 20*" century due primarily
to economic activities such as overfishing and
byproducts such as pollution (Pandolfi et al.
2003). By the beginning of the 21% century,
approximately 27% of coral reefs had been
permanently lost and the rate of degradation
remained high (Cesar et al. 2003). Also by then,
climate change was recognized as a significant
and growing threat (Hoegh-Guldberg 1999). The
most-known effects of climate change on coral
reefs are coral bleaching, sea-level rise and ocean
acidification — these are covered below — but
reefs are also increasingly susceptible to the
more frequent and intense tropical storms
associated with climate change (Emanuel 2005,
Ostrander et al. 2000). Given their sensitivity to
environmental change, coral reefs are sometimes
called the “canaries of the sea.”

The Refuge System includes fourteen refuges
that represent the most widespread collection of
protected coral reefs on the planet under a single
country’s jurisdiction. Because of their relatively
pristine conditions, distance from human-related
stresses, and legal protections, these refuges
serve as natural laboratories for scientific study
of climate change impacts on coral reefs (Sandin
et al. 2008). Protected coral reefs are more
resilient and adaptable to climate change,
possibly helping to counteract global trends in

coral reef decline (Hughes et al. 2003). Refuges
may also provide a source of corals and coral-
dependent species for recolonizing reefs
damaged by economic activities and climate
change.

Coral Bleaching

One of the biggest threats to coral reefs is
bleaching and mortality associated with
inecreasing ocean temperatures (McClanahan et
al. 2009, Hoegh-Guldberg and Bruno 2010).
Corals are dependent upon a symbiotic
relationship with specialized unicellular algae,
zooxanthellae, located within their tissue.
Outside of a narrow temperature range
(typically 25-29 °C, or 77-84 °F'), corals become
stressed and may expel their zooxanthellae
(Manzello 2010). Coral bleaching results when
the loss of the pigmented zooxanthellae leaves
the coral's white skeleton visible through the
clear tissue.

Global coral bleaching events have resulted, in
part, from the temperature fluctuations
associated with El Nifio (McClanahan et al.
2007). In 1998 a single bleaching event led to the
loss of almost 20% of the world’s living coral
(Hoegh-Guldberg 1999). Considering the
projected rate of ocean warming over the next
century (i.e., approximately 1-2 °C, or 1.8-3.6 °
F), many corals may be unable to adapt to the
cumulative effects of climate change and other
major stressors (Knowlton 2001, Hoegh-
Guldberg and Bruno 2010). Reducing these
stressors can bolster reef resilience to bleaching
and other climate change effects (Hughes et al.
2010, Anthony et al. 2011). For example, water
quality improvements such as the control of
nutrient inputs can ameliorate effects of climate
change (Wooldridge and Done 2009).
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The most-known effects of climate change on coral reefs are coral bleaching, sea
-level rise and ocean acidification — these are covered below — but reefs are also
increasingly susceptible to the more frequent and intense tropical storms
associated with climate change (Emanuel 2005; Ostrander et al. 2000). Given their
sensitivity to environmental change, coral reefs are sometimes called the
“canaries of the sea.”
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Sea-level Rise

Sea-level rise can influence coral reefs directly
and indirectly. The zooxanthellae within coral
polyps are dependent on ample light to maintain
growth. Therefore coral reefs form only in clear
shallow waters, typically 100 m or less, where
reef growth exceeds reef erosion. The rate of sea-
level rise over the next century may exceed that
of potential reef growth in some areas,
endangering corals and reef communities
(Buddemeier and Smith 1988).

Corals are also extremely vulnerable to declines
in water quality caused by coastal runoff
(Fabricius 2005). Coastal erosion and inundation
due to sea-level rise may result in increased
runoff of sediment, nutrients, and chemicals into
off-shore waters. Declines in coral reef density
and growth have been documented in areas
where mangroves and other coastal ecosystems
have been purposely altered (Rogers 1990).

Ocean Acidification

The effect of increased atmospheric CO, on ocean
chemistry is a growing concern (Caldeira and
Wickett 2003, Doney et al. 2009). Approximately
one third of the CO; emitted from the burning of
fossil fuels is absorbed by the oceans and as a
result the partial pressure of CO; in ocean
surface water is expected to double over its pre-
industrial value by the middle of this century
(Sabine et al. 2004). Currently, seawater is
slightly alkaline with a pH of approximately 8.06.
However, CO; reacts with seawater, forming
carbonic acid (H,CO3) and lowering pH (Caldeira
and Wickett 2003). Since the beginning of the
industrial revolution, the pH of the surface ocean
waters has decreased approximately 0.1 units,
corresponding to a 30% increase in acidity
(Hoegh-Guldberg et al. 2007).

By 2100, increases in atmospheric CO;
concentration are projected to correspond with a
decline in pH of 0.3-0.4 from pre-industrial levels
to a range of 7.76-7.86 (IPCC 2007a). Although

not actually causing seawater to become acidic
per se (i.e., pH < 7), ocean acidification is
expected to significantly affect many marine
organisms. At current pH, the surface ocean is
saturated with respect to calcium carbonate, the
mineral required by all calcifying marine
organisms including corals. As pH decreases, the
additional hydrogen ions combine with carbonate
ions to form bicarbonate thus reducing the
concentration of calcium carbonate in the water.
As a consequence, the growth rate of many
marine calcifying organisms, including corals
and coralline algae, may become carbonate-
limited (Caldeira and Wickett 2003, Pandolfi et
al. 2011). Although geological evidence suggests
that ocean pH has fluctuated over the past 300
million years, the current rate of acidification
may be too fast for coral ecosystems to adapt to
(Cicerone et al. 2004). The effects of ocean
acidification will lower the resilience of coral
reefs to other stressors (Veron et al 2009,
Anthony et al. 2011). An example is overfishing,
which has a nuanced relationship to the health of
corals (see case study below).

Coral Reef Protection

The cumulative effects of human disturbance
and climate change are increasing at rates that
challenge the natural evolutionary capacities of
coral and zooxanthellae to adapt (Hughes et al.
2010, Anthony et al. 2011). The emerging field of
coral genetics is demonstrating the importance
of maintaining biodiversity in coral reefs (Baums
2008). An intact reef with full biotic diversity is
more resilient to disturbance and climate change
than coral reef ecosystems that have been
overfished or otherwise degraded (Bellwood et
al. 2004). The global decline of coral reef
ecosystems has inspired calls for ereating
marine protected areas, implementing
sustainable fishing practices, and reducing
pollution and other land-based threats (Graham
et al. 2008).
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The cumulative effects of human disturbance and climate change are
increasing at rates that challenge the natural evolutionary capacities of
coral and zooxanthellae to adapt. )
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With fourteen coral-reef refuges in the Florida
Keys, Caribbean, and across the central Pacific
Ocean, the Refuge System plays a major role in
conserving the global diversity of coral reefs. A
conservation advantage of the coral-reef refuges
is that their boundaries extend across the land-
sea interface protecting the entire continuum of
interconnected ecosystems. Coral reefs are
intricately connected with other nearshore
ecosystems including seagrass meadows,
mangrove forests, and tropical atoll forests
(Nagelkerken et al. 2000).

SEAGRASS RESPONSE

Extensive coastal seagrass meadows range from
the tropics to the Arctic and are some of the most
productive ecosystems in the world, rivaling even
agricultural crops in some cases (Hemminga and
Duarte 2000). Seagrasses act as a vital linkage
between terrestrial and marine ecosystems,
performing many important ecological functions
such as providing habitats, facilitating nutrient
cycling, stabilizing sediments, and providing a
substantial energy base for higher trophic levels.
The importance of these ecosystems to local
economies is emphasized where development and
urbanization of the coastal zone results in
deterioration of water quality and rapid loss of
seagrasses (Waycott et al. 2009).

Seagrass ecosystems are not as well-studied and
understood as many others (Hemminga and
Duarte 2000), making it even more difficult to
plan for the effects of climate change. However,
basic ecology provides some guidance. For
example, increased water temperature can
increase growth rates, lengthen growing seasons,
and expand areas for seagrasses to colonize
(Short and Neckles 1999).

However, the higher ecosystem respiration rates
conduced by warmer water could also cause
problems for seagrasses in some areas.
Seagrasses pump photosynthetically derived
oxygen into sediments (Hemminga and Duarte
2000). During peak growing season, when
sunlight is highest, seagrass photosynthesis
produces enough oxygen to offset respiratory and
other oxygen demands above and in the benthos.
During an unseasonably warm fall or winter,
respiration can remain high while less sunlight
results in lower rates of photosynthesis. The
result is decreased dissolved oxygen

The loss of seagrass meadows
can expose sediments that were
previously held in place by the
extensive below-ground root-
rhizome structure and lead to
increased water column turbidity.
The decrease in light penetration
then leads to lower seagrass
photosynthesis, which leads to
more seagrass mortality. This
positive feedback loop can result
in extensive die-off of seagrass
meadows.

concentration in the submerged sediments.
These sediments can become anoxic, leading to
toxic sulfide production and seagrass mortality
(Borum et al. 2005).

The loss of seagrass meadows can expose
sediments that were previously held in place by
the extensive below-ground root-rhizome
structure and lead to increased water column
turbidity (Hemminga and Duarte 2000). The
decrease in light penetration then leads to lower
seagrass photosynthesis, which leads to more
seagrass mortality. This positive feedback loop
can result in extensive die-off of seagrass
meadows (Rudnick et al. 2005). Once lost, a
seagrass meadow can take decades to recover
(Duarte 2002).

The effect of sea-level rise on seagrasses is also
difficult to predict, but all else equal, a deeper
water column results in less light reaching the
seagrass leaves, resulting in lower plant
productivity where they are light-limited
(Shaughnessy et al. 2012). On the other hand,
flooding of coastal zones can open up new areas
for colonization. However, rising sea levels will
also adversely affect salt marshes and other
intertidal vegetation. In many situations the loss
of coastal marshes results in shoreline erosion
which then increases turbidity and lowers light
availability for seagrasses (Duarte 2002).
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. The possible effects of ocean acidification on
The yeograph'c rangs of seagrasses are not straightforward. Seagrasses

mangrove forests in southern are often carbon-limited, so increased CO,

North America is expected to concentration in the water would boost
p productivity. Some research suggests dense

expand, especially northward seagrass meadows could provide a buffering effect
= ; ; from ocean acidification in surrounding waters
and mcludmg via th because of the high amount of CO; used in the
replacement of saltmar photosynthesis of seagrass (Semesi et al. 2009).

A remarkable attribute of seagrasses is their
ability to store large portions of the carbon fixed during photosynthesis in their roots and soil and to
continue accumulating carbon for centuries (Fourqurean et al. 2012). Researchers estimate that
seagrasses store approximately 10% of the carbon in the world’s ocean. Unfortunately, approximately
29% of historic seagrass meadows have been destroyed and an estimated 58% of remaining meadows
are in decline (Waycott et al. 2009).

MANGROVE RANGE EXPANSION

Coastal wetlands of the southeastern U.S. are responsive to changes in climate and freshwater
outflow resulting from varying patterns and frequencies of freeze, drought, storm, sea-level, and
runoff events. Salt marshes and mangroves thrive in the intertidal zone between land and sea.
Therefore, these ecosystems are subject to the cumulative effects of marine influence (e.g., sea-level
rise, salinity), freshwater drainage (e.g., flooding, nutrients, pollutants), and extreme climate events
such as hurricanes.

Tidal freshwater forests of the Gulf Coast are retreating from sea-level rise, and this trend is
expected to continue and accelerate (Doyle et al. 2010). Meanwhile saltmarshes are adapted to
salinity regimes of coastal fringe ecosystems and are expected to persist and replace tidal freshwater
ecosystems under moderate rates of relative sea-level rise (Morris et al. 2002). However, the
“migration” of salt marshes may not keep up with higher rates of relative sea-level rise, and salt
marshes are susceptible to coastal erosion, whereas mangroves have unique root structures that may
help stabilize coastal areas from erosion. For these and other reasons, the geographic range of
mangrove forests in southern North America is expected to expand, especially northward and
including via the replacement of saltmarshes (Comeaux et al. 2011, Osland et al. 2013).

Mangroves are halophytes that thrive along tropical

coastlines, reaching their latitudinal limits in the
subtropics. Mangrove expansion is a relatively new
and unexplored aspect of the ecology of climate

change, but apparently some climate-related Fire regimes are strongly coupled
mangrove expansion has already occurred in Texas with broad-scale climate patterns

(Tresaugue 2012), Louisiana (Michot et al. 2010), . ) .
and Florida above the tropical Everglades where (e.g., El Nifio—Southern Oscillation)

mangroves dominate the coastal land margin that influence fire potential, timing,
(Doyle et al. 2010). frequency, duration, size, and
Mangroves are limited by latitude across the severity...Increasing wildfire
northern Gulf of Mexico in relation to chill frequency and severity is related to

tolerance (Sherrod and McMillan 1985, Osland et

al. 2013). The new records of the northerly spread the combined influence of climate

of mangrove species documented in recent years change and accumulation of fuels
appear to be related to reductions in chilling from decades of fire suppression.
frequency and intensity. For example, black

mangrove (Avicennia spp.) in coastal Louisiana K /
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CASE STuDY: THE BALANCE OF NATURE AND CORAL REEF RESILIENCE

Ecosystem resilience is the ability to tolerate stresses and recover from disturbance without losing ecological
structure, function or services (Carpenter et al. 2001). For example, a resilient coral reef can recuperate rela-
tively soon after a bleaching event (Hughes et al. 2010). Resilience of reefs throughout the world has declined

due to chronic human impacts including pollution, overfishing, climate change, and ocean acidification

(Hughes et al. 2010).

Coral reefs depend on a diverse biotic community in ecological balance (Burkepile and Hay 2010). Without
herbivorous fish, reefs can be overtaken by algae that compete for light, nutrients, and space (Burkepile and
Hay 2010). Some species, such as tangs and surgeon fish (Acanthuridaeare spp.) graze algae off the surface of
corals. Others such as parrot fish (Scaridae spp.) eat coral whole (to optlmlze algae intake). Therefore, a

healthy predator
population is also needed to maintain balance in a coral
ecosystem (Ruttenberg et al. 2011).

We should seek to protect diversity and balance among
reef fish populations as a strategy to maintain resili-
ence of coral reefs in the context of increasing anthro-
pogenic disturbance (Rasher et al. 2011). Remote and
relatively pristine coral reefs with fully intact biotic
communities, like those found in the Pacific Reefs Na-
tional Wildlife Refuge Complex, show greater resili-
ence to climate change than those found in areas where
overfishing has occurred (Hughes et al. 2007).

has expanded since the last damaging freeze in
1989 (Michot et al. 2010). To the extent that
periods between freeze events lengthen,
mangrove expansion is expected landward and
poleward along the northern Gulf Coast,
increasing the ratio of mangrove to salt marsh
(Krauss et al. 2011).

Recent field and mapping studies of the northern
Everglades have documented upslope migration
of mangroves into tidal freshwater wetlands over
the last century concomitant with sea-level rise
(Doyle et al. 2010, Krauss et al. 2011). Landscape
simulation models of coastal wetlands of the
Everglades and northern Gulf Coast have been
applied to reconstruect historical migration and to
forecast potential expansion of mangrove
ecosystems in relation to tropical storms and sea-
level rise (Doyle et al. 2010, Osland et al. 2013).

Conv1ct tangs (Acanthurus trwstegus) at
Midway Atoll NWR. Credit: Pete Leary

Mangrove expansion throughout the Gulf region
would have many and major implications for fish
and wildlife. For example, a change from salt
marsh to mangroves would be highly conducive to
increasing brown pelican (Pelecanus
occidentalis) populations (Visser et al. 2005).
Other species (among many) likely to benefit
from mangrove expansion are mangrove snapper
(Lutjanus griseus), roseate spoonbill (Ajajia
ajata), and spiny lobster (Panulirus argus).

INCREASED WILDFIRE FREQUENCY AND
SEVERITY

Changing fire regimes have been implicated as
one of the top ten causes of species
endangerment in the U.S., ahead of stressors
such as logging, road construction, and wildlife
diseases (Czech et al. 2000). Yet fire is a
fundamental ecological process and under the
right conditions can contribute to future adaptive
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capacities (Driscoll et al. 2010, Fischer et al.
2006).

Fire regimes are strongly coupled with broad-
scale climate patterns (e.g., EI Nifo—Southern
Oscillation) that influence fire potential, timing,
frequency, duration, size, and severity
(Schoennagel et al. 2004). Major climate factors
that influence fire regimes include inter-annual
and seasonal variation in global atmospheric
circulation patterns, precipitation, atmospheric
stability, lightning, temperature, relative
humidity, and winds (Baker 2009, MacKenzie et
al. 2011). Increasing wildfire frequency and
severity is related to the combined influence of
climate change and accumulation of fuels from
decades of fire suppression (Swetnam and Baisan
1996). Land management practices (e.g., grazing,
logging, fire suppression) and invasive species
have also altered historic fire regimes, for the
most part decreasing fire frequency and causing
the build-up of unsustainable accumulations of
hazardous fuels (Czech 1996, Czech et al. 2000,
Hunter et al. 2007).

Marlon et al. (2012) found a “fire deficit” in the
western U.S. attributable to the combined effects
of managerial and economic activities (e.g.,
suppression and fuel alteration from livestock
grazing, respectively), and ecological and climate
changes. They concluded that large wildfires in
the late 20th and early 21st centuries have begun
to lower the fire deficit. The frequency and
severity of wildfires >250 acres has increased in
the western U.S. including Alaska (USGS 2006b).
Westerling et al. (2006) attributed these trends
to dryer winters, warmer springs, earlier snow
melt, dryer soils in early summer, and longer dry
seasons. Miller et al. (2009) also found evidence
of increasing area burned and fire severity in the
Sierra Nevada and Southern Cascades. Fire
regimes have also changed during recent decades
in the North American Boreal Region including
Alaska (Kasischke and Turetsky 2006). Increased
temperature, changes in precipitation patterns,
and longer snow-free periods have allowed fires
to grow faster and burn over longer periods of
time (Kasischke et al. 2010).

Severe fires cause ecosystem fragmentation and
affect wildlife habitat availability, increasing
erosion rates and diminishing water quality.
They impact post-fire ecological recovery,
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Although many wildfires have
benefited various native species,
the recent escalation in fire size
and severity could be a warning
sign of rapid climate change and
may foreshadow widespread
ecological degradation. For
example, increased fire severity in
boreal forests may increase
mercury emissions, presenting a
growing threat to aquatic habitats
and food chains.

seedling recruitment, carbon sequestration, and
other ecosystem processes related to adaptive
capacities (Miller et al. 2009). Changes in
seasonal distribution and sizes of fires may
result in an increase in depth of peat burning
and seasonal thawing of permafrost. Deeper
burning of surface organic layers accelerates
changes in ecosystem characteristics and
processes, such as soil respiration, nutrient
cyeling, species composition, and vegetation
recruitment and growth rates (Bergner et al.
2004).

Although many wildfires have benefited various
native species, the recent escalation in fire size
and severity could be a warning sign of rapid
climate change and may foreshadow widespread
ecological degradation. For example, increased
fire severity in boreal forests may increase
mercury emissions, presenting a growing threat
to aquatic habitats and food chains (Turetsky et
al. 2006). Friedli et al. (2009) suggested that a
warming climate in boreal regions, which contain
large carbon and mercury pools, will
increasingly contribute to local and global
mercury emissions due to more<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>