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Northeastern Mountain Ecosystems: Shifting Pressures and Changing Climate
Mountains in the Northeast are critical for maintaining biodiversity, recreational
opportunities, and freshwater resources, and as potential refugia for cold-dependent
flora and fauna. The mountain regions of Maine, the rest of northern New England
and New York’s Adirondacks, and eastern Canada (Fig. 1) are within a day’s drive
of the largest metropolitan areas in the US and Canada, yet are recognized as being
largely unfragmented and intact. Many mountain ecosystems are protected from
local pressures such as human development, agriculture, and other anthropogenic
change via conservation efforts or de facto due to inaccessible terrain, but other
stressors such as climate change are affecting these fragile and unique systems.
The northeastern US is warming faster than most other regions of the world, and
these trends are projected to continue (Karmalkar and Bradley 2018). Although
detailed data are lacking from Maine’s mountains, research has shown that mid- to
high-elevation areas, as well as more northerly regions, are experiencing the largest
climate changes (Pepin et al. 2015). These changes are affecting biodiversity and
ecosystem services at all levels (Weiskopf et al. 2020). Thus, mountain ecosystems are of great interest for scientific research that tests hypotheses about species
interactions, landscape ecology, physical processes (hydrology, geochemistry),
climate-change refugia and tipping points, and physiological response of biota in
an extreme environment.
These issues were explored in several regional events over the past 5 decades.
On April 29, 1972, the first Maine Mountain Conference convened in Augusta, ME,
“for the purpose of discussing the nature of the Maine mountain environment and
also the present and future uses of these areas” (Maine Mountain Committee 1972).
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Figure 1. Mountain areas displayed as shaded bands from >500 m to >800 m elevation;
based on Publicover et al. (2021 [this issue]), depending on state guidance and purpose of
defining high-elevation areas, the lower limit can vary between ~490 m and ≥823 m. Localized studies reflected in this issue are denoted with dots. Blue outline shows the Maine
Lakes and Mountains Tourism Region, study area for Horne et al. (2021 [this issue]). Not
shown: other regional studies presented in this issue. Map courtesy of Cathy Poppenwimer
(Appalachian Mountain Club).
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In his opening remarks, Elmer Violette noted that the conference was timely in
highlighting and proactively addressing the “potential problem” of development
in the mountains, which was yet to happen on a large scale. In 2006, the Second
Maine Mountain Conference was convened at Saddleback Mountain by Dick Fecteau and Bob Cummings (Protectthemountains 2007). At that time, the pressing issue
for Maine’s mountain landscape was still largely focused on development; much
of Maine’s unorganized territory had changed ownership from vertically integrated
forestry operations to timber investment management organizations and real estate
investment trusts (Sass et al. 2021).
The Third Symposium on Climate Change in Maine’s Mountains in 2020 was
focused on a new issue: addressing the ecological impacts of climate change in the
Maine Mountain Region. Coincident with the final stages of the Maine Climate
Council, which convened in 2019 and produced “Maine Won't Wait, A Four-Year
Plan for Climate Action” in 2020 (Maine Climate Council 2020), the Symposium
convened 102 researchers, stakeholders, and land managers to (1) share the stateof-the-science regarding climate change (current and predicted) and its implications
for Maine and northeastern alpine and montane ecosystems and forested lands, and
(2) engage in facilitated discussions in order to advance new conservation and management strategies and practices to address those impacts. The multi-disciplinary
and multi-institution conference-planning committee engaged researchers and
practitioners spanning fields such as forest ecology and forestry, climate science,
recreation science and management, aquatic ecology and geochemistry, hydrology,
botany, traditional ecological knowledge (TEK), and alpine specialists. Additionally, the Symposium acknowledged that lands and water across Maine were and are
currently the homeland of Indigenous peoples, including the Aroostook Band of
Micmacs, Houlton Band of Maliseet Indians, Passamaquoddy Tribe, and Penobscot
Nation. Multiple ways of knowing, including Indigenous knowledges, are essential
to understanding and addressing climate change.
The papers in this issue address the question: how will changing climate affect
northeastern mountain ecosystems that protect rare and unique species and
exceptional outdoor experiences, as well as communities downslope?
Resource managers are at the nexus of balancing uses and working to develop
adaptation strategies in light of changing climate in a complex landscape. Maine’s
mountains support highly visible conservation efforts and often intense recreational
use, including two million visitors per year at Acadia National Park, an estimated
three million hikers using Appalachian Trail sections, and recent record numbers of
nearly three million people visiting Maine State parks and historic sites. Remote,
mountain ecosystems also provide critical resources to their downstream watersheds. For example, the Saco River, with its headwaters in the White Mountains
of Maine and New Hampshire, provides drinking water for ~250,000 residents in
southern Maine (Saco Watershed Collaborative 2021). Perspectives of stakeholders
were important in the Symposium, and Horne et al. (2021 [this issue]) highlight the
perceptions and needs of community members in adaptation to climate change.
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In the Symposium and in this special issue, we take a broader geographic focus
than the State of Maine, in part to recognize the connected landscape of the Northern Appalachian Mountains and the Adirondack peaks, which both are situated in
the Northeast region as defined in the National Climate Assessment (Reidmiller et
al. 2018), located in similar climate divisions (NOAA PSL 2021), and thus experiencing similar trajectories in climate indicators (e.g., Contosta et al. 2019). Placing
Maine’s mountains in a regional context allows us to draw on the overlapping geological, ecological, and cultural histories of peaks from the Adirondacks to Acadia.
To an outsider, the region’s mountains may seem uniformly small in stature, but
a closer look reveals a range of peak elevations, treeline elevations, conservation
histories, and communities. These northeastern mountains support ambitious research across a diversity of ecological and abiotic gradients (Berend et al. 2019).
In this Introduction to the special issue, we report on the sessions from the 2020
Symposium on Climate Change in Maine’s Mountains, summarize the papers in
this issue, and present the research and conservation agenda that grew from these
collaborations.
Topical Summaries: Symposium on Climate Change in Maine Mountains
Aquatic connectivity
Discussion topics in the Aquatic Connectivity session explored considerations
for physical habitats and biological communities in high-elevation lakes and rivers.
Session participants, including managers, researchers, and conservationists, identified a set of priorities for future research and habitat protection in these aquatic
systems. Headwater tributaries are often distinct from lower-elevation reaches
in geomorphology, hydrology, biological communities, and other attributes, and
therefore warrant special and separate consideration regarding impacts of climate
change and development and their role as potential refugia for cold-water species
(e.g., Birrell et al. 2020). Prioritizing riparian zones or aquatic indicator species for
protection would emphasize watershed-scale landscape conservation, and additionally benefit terrestrial species that use these corridors. To facilitate these research
and management goals, the group identified the importance of building datasets
that can address human and ecosystem priorities; these include aggregating available data throughout watershed networks (e.g., water flow and temperature, species
occurrence, habitat quality), and establishing protocols for data sharing and data
collection, including community science data, in remote areas.
Alpine habitat and management
The Alpine Habitat and Management session brought together conservation
managers and academic researchers to present new work on the impacts of climate
change on alpine communities, including a case study from Nepal. From paleoecological macrofossils to contemporary plant monitoring, we considered our tools for
assessing risk and resilience above the treeline. The session discussion emphasized
the importance of collaborating across management jurisdictions and mountain
ranges to answer pressing questions about the vulnerability of alpine taxa to climate
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change. We recognized that we do not know enough about population dynamics—
dispersal, regeneration, and connection across ridges—of alpine plants throughout
the Northeast. We need to expand the baseline data on existing conditions and look
beyond temperature to other physical and biological factors that may be influencing
alpine community composition and diversity. Leveraging longer timelines (e.g., paleoecological data) and lower-elevation sites can provide insight into the dynamic
responses to climate change. Finally, the group shared a common call for science
communication and advocacy on behalf of alpine habitats. Through partnerships
with educators, naturalists, and summit stewards, and with more support and training for managers and researchers, we hope to move the public and alpine lovers of
the Northeast from facts to understanding to empathy to action.
Forest ecosystems and management
The Forest Ecosystems and Management session included perspectives from
scientists, forest managers, and conservation organizations. As a group, we identified 3 key priorities: (1) improving communication strategies to get relevant
research to land managers and decisions makers, (2) providing funding sources for
research that better match the needs of forest managers and decision makers, and
(3) creating a conservation landscape that embraces the value of actively managed
and unmanaged forests. We concluded that although scientists may often seek more
complete understanding, forest managers need to make decisions now and will do
so with the best information they have. If we can improve communication among
forest managers, scientists, and conservation organizations, we will see strong positive outcomes for forest ecosystems.
Snow and ice cover and extreme weather events
This session focused on changing winters in the northeastern region and the
implications of shifts in the winter–spring transition period. Presentations outlined
ensemble modeling projections for winter indicators (e.g., Contosta et al. 2019) that
paint a picture of continued declines in snowcover and cold days. The lengthening
vernal window—the time between snowmelt and canopy closure—in the Northeast
indicates that much of the region could transition away from snowmelt-dominated
hydrology by the end of the century (Grogan et al. 2020). Implications of these
changes were discussed in terms of past and future flood flows and low flows (Demaria et al. 2016, Dudley et al. 2020, Hodgkins et al. 2019). The ensuing discussion
focused on 2 questions: (1) How do you see these future conditions affecting your
current and future work, and the efforts on which you (or your organization) are
most focused? and (2) What research, conservation, and management strategies and
practices do you think would be most important to pursue given these conditions?
As in other sessions, the importance of effective communication was highlighted,
especially towards ensuring that data and findings are available, useable, and
presented in a compelling narrative. The group recommended enlisting and empowering new “trusted messengers”, such as forest-harvesting practitioners, who can
make the case for adaptation strategies from the bottom up. It was expressed that
local sense of place and the role of communities are important. The group noted less
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attention has been paid to date on mountains than coastal locations in climate planning and adaptation, as well as the lack of widespread data to support hydrologic
and physical science underpinnings across the varied terrain in the region. Given
our funding-limited world, the tension between research and action was raised; for
example, should we be studying basins or get to work replacing culverts? Also, the
need to plan for staffing in the shoulder seasons by recreation-focused organizations
was highlighted, given the lengthening warm season, particularly in sensitive areas
like the alpine.
Species range shift and refugia
As climates are changing, species are shifting their ranges to follow their climate
niches (Weiskopf et al. 2020). These movements include northward and upward
shifts in Maine, both of which will affect montane ecosystems. Whether species
track their niches will depend not only on dispersal ability and other traits but also
on interactions with other species; Mortelliti et al. (2019) have shown that small
mammals will influence the shifting ranges of trees and thus forest communities.
The landscape configuration, including connectivity or lack thereof, will also have
a large impact. These changes provide unique challenges to local management.
Climate-adaptation options to increase persistence of local and regional biodiversity include resistance, resilience, and transformation (also sometimes described as
resist, accept, and direct; Schuurman et al. 2020, Stein et al. 2014). For example,
Acadia National Park staff are using transformational tactics by preparing for
managed relocation; assisting species to follow their climate niches to Cadillac
Mountain and other areas of the park experiencing rapid changes (Smetzer and
Morelli 2019). Alternatively, researchers and natural resource managers are working together to identify places that are buffered from warming, drying, flooding,
and other climate changes; these climate-change refugia can be conserved to help
resist climate change and thus enable persistence of target species and other key
resources (Morelli et al. 2020). The session covered our current knowledge on these
topics, but also highlighted the need for a lot more research and discussions of how
these management options intersect with our values and management goals: What
changes are acceptable? When are active management options acceptable? And how
do we best engage the public in the science and decision-making processes?
Summary of this Special Issue
The papers in this issue highlight mountain ecosystem research relevant to climate change, with a strong focus on montane forest and alpine plant communities.
Despite some growing interest in “sky islands” and the potential role of mountain
ecosystems as climate-change refugia, research in these ecosystems has lagged
behind studies in locations that are more easily accessible; in other cases, such as
for mountain ponds, the perceived low elevations of the northeastern mountains
have left them out of the most extensive alpine ponds research (Moser et al. 2019).
However, the Symposium and findings in this set of papers documented great interest in mountain ecosystems from scientists, practitioners, resource managers,
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recreation managers, conservation groups, and community members. Across these
stakeholders, there was recognition that the effects of climate change on montane
systems warrant further study and, especially, given the implications for not only
the ecosystems themselves but downstream systems and the communities and
economies that depend on mountain resources, relevant and focused communication. This shared interest was a strength for eliciting future support for such
work. The papers in this issue summarize current and potential future conditions
for high-elevation areas (Publicover et al. 2021 [this issue]), which include forest
and alpine ecosystems (Howard et al. 2021 [this issue], Kimball et al. 2021 [this
issue], Vellend et al. 2021 [this issue]) in light of climate change that is occurring
regionally and projected to continue (Burakowski et al. 2021 [this issue]). As an
example, Murray et al. (2021 [this issue]) documented loss of winter conditions on
the highest peak with the most famous extreme weather in the Northeast. The characteristics of proposed sentinel sites for monitoring change in mountain ecosystems
provide a place-based, multi-media monitoring framework (Wason et al. 2021 [this
issue]). Combining such place-based studies with existing and ongoing data collection across Maine, including at montane sites (Schlawin et al. 2021 [this issue])
would allow focused research and monitoring at core observatories and could place
research in a broader spatial context if such strategies were employed regionally.
Biota that have short, constrained reproductive cycles tied to the timing of seasonal
weather, such as Rana sylvatica (LeConte) (Wood Frogs; Smyers et al. 2021 [this
issue]), could highlight implications of these climate changes. Horne et al. (2021
[this issue]) provide a model for social science research in the communities that are
likely to be directly affected by these changes and provide guidance on providing
compelling data and fostering clear and relevant communications.
Outcomes and a Research and Conservation Agenda for Northeastern
Mountain Ecosystems
The Symposium on Climate Change in Maine’s Mountains and the papers in
this Special Issue set an ambitious research and conservation agenda that requires
communication across stakeholders and research subdisciplines for place-based
collaborative work. Long-term monitoring and repositories for these data underpin our ability to track changes in the abiotic and biotic components of montane
ecosystems (Schlawin et al. 2021 [this issue], Wason et al. 2021 [this issue]). The
foundational research on the impacts of climate change on aquatic, alpine, and forest communities overwhelmingly tracks responses to changes in temperatures. We
need monitoring data and experimental research on other facets of climate change,
along with non-climate stressors like nutrient deposition, for an integrated approach to identify, understand, and meet the threats to biodiversity and ecosystem
function in our mountains (Berend et al. 2019, Capers et al. 2013).
Communication and collaboration underpin this research and conservation
agenda. The Northeast’s “sky islands” are isolated by topography and a patchwork
of federal, state, non-governmental organizations (NGO), and private management (Capers et al. 2013). Collaborations across state lines and management
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jurisdictions to integrate monitoring across elevational gradients are extremely
important. In addition to monitoring networks, researchers and managers can draw
on existing local datasets that may be underutilized in conservation. For example,
efforts to identify refugia for cold-dependent flora and fauna in the region could
look to paleoecology: data from peaks in New York and New Hampshire show that
these sites may have supported relatively stable alpine plant assemblages throughout the climatic changes of the Holocene (Jackson and Whitehead 1991, Miller and
Spear 1999). As conservation practitioners implement management approaches to
meet the challenges of climate change inthe region’s mountains, decisions to resist,
accept, and direct climate change will benefit from long-term abiotic and biotic
monitoring of montane ecosystems. Experiments with management approaches
draw on the knowledge of researchers, stakeholders, and conservation managers.
We need to communicate the results of these experiments across “sky islands”. In
addition to working with each other, the research and conservation communities
must work with the public. We need to engage the public in science, discussions,
and decision-making for these culturally and ecologically important landscapes.
To meet this goal, we recognize a need for science-communication trainings for
researchers and managers. We also need to foster partnerships with professional
science communicators as we work to build a broad community of advocates for
the future of the mountains of the Northeast. Climate change is a major threat to
these alpine ecosystems, and our response to it requires interdisciplinary, collaborative, ambitious conservation work (Kimball et al. 2021 [this issue], Publicover
et al. 2021 [this issue]). This special issue embodies the creative, interdisciplinary
research that will help us meet these challenges.
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