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Project Summary: Climate change is impacting freshwater ecosystems worldwide, yet the potential and realized effects on
aquatic ecosystems and resources in the Crown of the Continent Ecosystem (CCE) are poorly understood. The continued
research described herein builds on an existing climate change and transboundary research program evaluating physical
(thermal, hydrologic, geomorphic) and biotic (invasive species) effects on foodwebs (rare macroinvertebrates), native
salmonids (threatened bull trout and westslope cutthroat trout), and habitats in the Transboundary Flathead River system
and CCE. The project will integrate downscaled and regionalized climate models with riverscape data, fine-scale aquatic
species vulnerability assessments, population genetic data, and remotely sensed riparian and aquatic habitat and connectivity
analyses. Results will identify populations and habitats most susceptible to climate change, prioritize conservation options in
response to or in anticipation of climate change and other cumulative stressors (e.g., habitat loss and invasive species), and
develop an Aquatics Adaptation Plan for the Transboundary Flathead and CCE.

Need for Project: Climate change poses a serious threat to natural resources, biodiversity, and ecosystem services in the
United States (Botkin et al. 2007), especially in the Rocky Mountain Ecoregion (Hauer et al. 1997; Hauer et al. 2007).
Increasingly, natural resource managers require scientifically robust and regionally relevant information on climate change
and associated variability to assess key impacts and species sensitivities to future climate conditions. The CCE is experiencing
warmer winters, less snowpack, increased fires, increased stream temperatures, and more variable hydrologic regimes
(Pederson et al. 2010). These climate-induced environmental changes are likely to result in significant changes in the
distribution, abundance, phenology, and genetic diversity of many aquatic species (Parmesan and Yohe 2003), particularly
inland salmonids (Haak et al. 2010; Isaak et al. 2012; Muhlfeld et al. In-review) and rare invertebrates (Muhlfeld et al. 2011).
Therefore, understanding the potential impacts of climate change on aquatic ecosystems is needed to develop and implement
pro-active conservation, recovery, and management programs at regional and watershed scales in the GNLCC.

The CCE is considered one of the largest, most pristine, and biodiverse ecosystems in North America (UNESCO 2010). In the
heart of the CCE is the Transboundary Flathead Watershed, a significant portion of which forms Waterton-Glacier
International Peace Park, a World Heritage Site and Biosphere Reserve (Fig. 1). The Transboundary Flathead originates in
British Columbia and flows into Montana and is considered one of America's wildest and most biodiverse river systems. Its
water quality is pristine, it harbors abundant and diverse aquatic life, and it has long been recognized as a range-wide
stronghold for two hallmark threatened fish species, the bull trout and the westslope cutthroat trout (Hauer and Muhlfeld
2010). As such, UNESCO (2010) recently concluded: “The Flathead is regarded as one of the last of America’s remaining wild
rivers and of global ecological significance…and recognizing the clear evidence for ecological and environmental stress under
changing climatic regimes, specific programs of management and associated monitoring and research should be developed to
combat climate change impacts. Adaptive management strategies should give emphasis to enhancing the resilience and capacity
of wildlife and plants in adjusting to changing environmental conditions”.
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As the CCE undergoes rapid change, there is an urgent need to
conduct vulnerability assessments for those aquatic species and
habitats most susceptible to climate change. Further, there is a
need to develop population and habitat models and link them to
adaptation strategies in order to best direct conservation efforts
in the face of climate change and other existing stressors (e.g.,
land-use and invasive species).

Overarching Goals: The project described herein is part of an
ongoing research program to assess aquatic integrity in the
Transboundary Flathead Basin of Canada and USA. We propose to
continue our regional assessment of aquatic ecosystem processes,
population vulnerabilities, and the modeling of potential
responses to both climate change and human-induced change as
the basis for adaptive planning and management of aquatic
ecosystems in the GNLCC, using the Transboundary Flathead
Ecosystem as a case example. Indeed, the Transboundary
Flathead and the ongoing research, policy applications, and
political complexities has many of the elements specifically
coherent with all four conservation goals of the GNLCC; thus, the
proposed activities described herein can be viewed as a unique
opportunity to set a strong pace for future GNLCC development.
Objectives: We propose to build on our ongoing research
through the following specific objectives:

Fig 1. The CCE and Transboundary Flathead Watershed.

(1) Conduct vulnerability assessments of native salmonids and stream invertebrates: Develop vulnerability
assessments for native threatened salmonids and stream macroinvertebrates in the Transboundary Flathead and CCE.
Produce spatially explicit distribution, abundance, and genetic diversity models of aquatic biota at multiple trophic
levels. Apply new and existing techniques for combining downscaled, regionalized climate models with spatially
explicit vulnerability and habitat data to predict effects of climate change on connectivity, distributional shifts, gene
flow, genomic integrity, demographics and persistence of bull trout, westslope cutthroat trout, and rare
macroinvertebrate populations.
(2) Linking Remote Sensing Data of Fluvial Habitat to Hydrologic and Geomorphic Change Analyses: Integrate
spatially explicit hydrogeomorphic, thermal and habitat models of critical stream and riparian habitats of the
Transboundary North Fork (developed in previous years of this program) with vulnerability assessments and
connectivity models and the thermal and flow tolerance assessments. Use NetMap tools to understand, visualize,
discuss, and integrate outcomes.
(3) Develop an Aquatics Adaptation Plan for the Transboundary Flathead: Develop an aquatics adaptation plan for the
Transboundary Flathead Ecosystem (Canada and USA) to identify conservation options in response to climate change
and other important cumulative stressors (e.g., habitat degradation and fragmentation, and invasive species).

Methods and Approaches

Overview of Linkages and Approaches - This project will dovetail with our previous GNLCC funding, as well as NPS, USFS,
USGS Pacific Northwest Climate Science Center, USGS, and NSF funded projects. These other projects are currently underway
in the Transboundary Flathead Basin, and while not duplicating the effort described here, they strongly couple with the above
objectives, thus leveraging efforts into a more comprehensive mission. Specifically, we have developed hydrologic, thermal,
and geomorphic models that link climate effects to specific stream reaches throughout the Transboundary Flathead and CCE,
and have further developed biological models that predict trout population attributes from past, current and future stream
habitat conditions. When coupled with our proposed stream corridor/hydraulics habitat analysis and thermal imagery data,
we will have direct linkage between the downscaled climate models, the habitats that lead to specific thermal and hydrologic
regimes, and the geospatial analysis of the distribution and abundance of those habitats. We will use these climate models and
predictions of future climate conditions based on downscaled data (S. Hostetler, USGS) to predict changes in habitat
distributions and risks posed to trout and key-indicator invertebrate populations throughout stream networks of the
Transboundary Flathead Basin for a range of plausible climate scenarios. These data will be combined with new genetic data
of the two fish species using spatially explicit ‘demogenetic’ modeling approaches to project effects of climate change on trout.
All these data and modeling tools will be used to develop a Transboundary Flathead Adaptation Plan for aquatic species.
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Objective 1: Vulnerability assessments of native salmonids and stream invertebrates: Vulnerability assessments are key
for assessing potential impacts of environmental change on species and ecosystems, thereby informing adaptation planning
and management decisions. Understanding the interactions between climate shifts and existing stressors is critical for
identifying which species and ecosystems are likely to be affected by projected changes and why they are likely to be
vulnerable. This component of our research will provide a better understanding of how climate change will influence native
salmonids and aquatic invertebrate populations, their persistence and vulnerability to climate change, and the adaptability of
species to thermal and hydrologic change.

Our previous (see our GNLCC-funded publications below) and proposed ongoing GNLCC-funded research will: 1) link species
vulnerability assessments with climate and habitat model outputs; 2) use spatially explicit temperature and flow models to
identify habitat change; and 3) provide future casting scenarios that allow analysis and synthesis of management actions that
may enhance sustainability of stream foodwebs. Specifically, we will use fine-scale submodels using high resolution (22 m)
data in a spatially explicit framework to examine risk associated with increasing temperatures, modified hydrologic regimes,
disturbance events, habitat modification, and invasion of non-native species in the Transboundary Flathead and CCE.

In 2014, we propose to develop a high-resolution, spatially
explicit daily stream temperature model for the entire CCE (Fig.
2). This will be the first daily stream temperature model
developed within the GNLCC, and it will allow more accurate
assessments of species vulnerabilities throughout their entire
life cycle across multiple hydrophysiographic regions. Recently,
we worked with CMP partners to develop and maintain a
comprehensive stream temperature monitoring network (>900
sites; Fig. 2) throughout the CCE. These data will be used to
develop a high-resolution spatial-temporal statistical model to
predict daily stream temperatures under historic, current
(1980–2013) and future climate conditions at a 30 m resolution.
The model, which corrects for spatial and temporal
autocorrelation, is empirically based using correlations between
observed stream temperatures and climatic, geomorphic, and
geographic predictor variables. Model inputs include: (1) High- Fig 2. Stream temperature sites (left) and air temperature surfaces (right).
resolution climatic surfaces, including air temperature (800m) as the driving climatic covariate in the model, along with
precipitation, solar radiation, and snow water equivalent (NASA Daymet; 1km) to describe landscape processes at the regional
scale; (2) Groundwater-surface water exchange is characterized using a combination of covariates (alluvial valleys,
hydrogeology); and (3) Glacier and lake effects, which are estimated using empirical data. Results will be used to identify
thermal and hydrologic exceedances for aquatic species under climate change scenarios (e.g., Jones et al. 2013).
Understanding how climate change will influence population persistence,
connectivity (both demographic and genetic), genetic integrity and
expansion of invasive species is increasingly urgent for management and
restoration of aquatic biota in the CCE. We have developed novel
techniques for combining downscaled spatial climate data with population
abundance, distribution, and genetics data to predict effects of climate
change on connectivity and persistence of bull and cutthroat trout
populations in the Flathead system and CCE. For example, the following
are products from our 2013 GNLCC funding:
•

Muhlfeld et al., (In-revision). Invasive hybridization is accelerated by
climate change in a threatened species. Nature Climate Change

Here, we combined long-term genetic monitoring data with high
resolution climate and stream temperature predictions to evaluate how
recent climate warming has influenced the spatiotemporal spread of
human-mediated hybridization between threatened native westslope
cutthroat trout and non-native rainbow trout (Fig. 3). During a 30-year
period of accelerated warming, hybridization spread rapidly and was
strongly linked to climate-induced decreases in spring precipitation and
increases in summer stream temperature. This study shows that rapid
climate warming can exacerbate interactions between native and nonnative species through invasive hybridization, which could spell genomic
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extinction for many species. Results will be used in our Adaptation Plan for the Flathead system (see Objective 3).
•

Landguth, Muhlfeld et al., (In-press). Combining demographic and genetic factors to assess population vulnerability in
stream species. Ecological Applications

We developed a novel modeling framework for aquatic systems that integrates spatially-explicit, individual-based,
demographic and genetic (demogenetic) data with environmental variables (e.g., water temperature, flow, habitat complexity,
physical barriers) to assess population vulnerability of aquatic species. This tool allows researchers and managers to evaluate
the impacts of stressors on genetic diversity and demography of populations through time.

In 2014, we will use these and other products (see previous GNLCC proposals and publications below) to produce spatially
explicit vulnerability assessments for incorporation in our habitat analyses (i.e., NetMap; Objective 2) and ultimately the
Transboundary Flathead Aquatics Adaptation Plan (Objective 3). Results will help guide conservation and restoration
strategies for protection of the most threatened stream segments and populations at risk in the Transboundary Flathead and
CCE.

Objective 2: Linking Remote Sensing Data of Fluvial Habitat to Hydrologic and Geomorphic Change Analyses:
Fundamental to understanding the distribution and abundance of species and their potential response to climate change is
quantifying the biophysical space (habitat) that promotes successful growth and reproduction in different species or life
stages. Physical and biological attributes of riverscapes vary in time and space and can interact to determine the quantity and
quality of specific habitat. Sufficient habitat, as well as complexity of habitat, are not only required for species-specific
persistence, but also biodiversity across a landscape. However, habitats are constantly changing within a dynamic landscape
and feedback mechanisms are often complex and nonlinear, ultimately making habitat for different species in a landscape
difficult to define.

We have recently developed the technology for collecting and processing airborne remotely sensed data (ARS) for the purpose
of habitat evaluation and analysis (Hauer and Lorang 2004). Specifically, airborne remotely sensed data are collected with an
ultra-high resolution multispectral imagery system deployed from an aircraft. We have collected the multispectral imagery
data for riparian and water cover classification among Montana (2011) and British Columbia tributaries (2012). To date, we
have completed quantification of specific river and tributary habitats in the Transboundary Flathead, including: 1)
quantification of stream channel (e.g., riffles, runs, pools) and riparian (e.g., forest, shrub and wetland complexes) habitat; 2)
geomorphic setting of subsurface habitats of low and high hydraulic conductance of ground water (e.g., the hyporheic zone);
and 3) thermal refugia and winter ice cover. We have conducted vulnerability assessments based on hydrologic and
geomorphic drivers of habitat change across the significant bull trout spawning and rearing tributaries of the Transboundary
Flathead River in the US and Canada. We now need to link these physical, biological and thermal habitat markers to the
distribution and productivity and critical life histories of bull and cutthroat trout.
The Transboundary Flathead and CCE encompass a complex mix of federal, state, tribal, and private lands in the US, and
federal, provincial and private lands in Canada. As such, natural resource managers must deal with a complexity of land-uses
and conservation planning at multiple scales (watershed, drainage, and landscapes). In 2013, the GNLCC provided financial
support to extend NetMap into the BC portion of the Transboundary Flathead for use in our Aquatics Adaptation Plan. NetMap
is a community-based watershed science system consisting of uniform databases and shared analysis tools for watershed
planning, restoration, and conservation at multiple spatial scales (Benda et al. 2007). The application of NetMap allows
spatially explicit identification of impacts from various land-uses, such as roads and associated surface erosion, in support of
restoration planning and prioritization for improving watershed processes and stream habitats for aquatic organisms. Our
objective for 2014 is to link trajectories of habitat change (i.e., persistence, spatial change, change in frequency) with the
regionally downscaled climate models within NetMap to understand the processes of habitat change. Ultimately, this will be
used to develop a long-term diagnosis of how hydrologic, thermal and geomorphic change in the Transboundary Flathead
system influence critical habitats for aquatic biodiversity.

Objective 3: Develop an Aquatics Adaptation Plan for the Transboundary Flathead: Adaptation planning has emerged as a
powerful management tool to help people prepare for and cope with the current and projected impacts of climate change and
other stressors on ecosystem dynamics and services. Developing comprehensive and effective adaptation strategies, therefore,
requires understanding the potential impacts and uncertainties associated with climate change, and assessing the
vulnerability of populations, species, and ecosystems to climate change and existing stressors. As such, climate change
adaptation planning is rapidly becoming the optimal method by which conservationists and natural resource managers can
develop approaches that minimize risk for increasingly different and uncertain future changes.
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In 2013, the CMP adopted a general framework to
develop an Aquatics Adaptation Plan for the
Transboundary Flathead, focusing on cumulative
impacts of climate change, invasive species, and
habitat loss/degradation (Fig. 4). The Adaptation
Plan focuses on three principles: (1) building
resistance to climate-related stressors; (3)
enhancing resilience to change; and (3) anticipating
and facilitating ecological transitions that reflect
changing environmental conditions (Glick et al.
2011). We propose to use our vulnerability
assessments and spatially explicit tools (described
in Objectives 1-2; also see previous proposals,
reports and project publications below) to develop
an Aquatics Adaptation Plan for the Transboundary
Flathead (FY2013-15). The adaptation strategy is
driven by the conservation and management goals
identified in the 2010 MOU between Canada and the
USA, including cultural, biological and economic
components. The adaptation framework (Fig. 4;)
Fig 4. Transboundary Aquatics Adaptation Plan adopted by the CMP.
involves five elements: (1) identifying conservation
targets; (2) assessing vulnerability to climate change and existing stressors; (3) identifying and prioritizing management
options; (4) risk assessment of management options; and (5) implementing management options.

We will use our spatially explicit models of stream temperature (daily and seasonal) and flow to forecast changes in the
suitability of bull trout and westslope cutthroat trout populations and habitats over the course of their entire life cycle. The
physical and bioclimatic model predictions will be coupled with our new genetic and demographic vulnerability mapping tool
(Landguth et al. 2012; Landguth, Muhlfeld et. al. 2014) that uses a demogenetic vulnerability index in combination with
simulations (above) to identify subpopulations at risk given a riverscape scenario of current or future river conditions. Finally,
we will assess the relative vulnerability of populations and habitats to the combined effects of climate change, habitat
alterations, and invasive species using NetMap. The plan will be used to identify which species and systems are most likely to
be impacted by ongoing and projected climate change and why they are likely vulnerable. This information can be used to
prioritize and implement effective conservation strategies for the entire aquatic ecosystem via adaptation planning. Elements
3-5 will involve other technical, financial, and policy-level considerations (including chance of success) and will require
obtaining input from multiple stakeholders and resource management agencies in the Transboundary Flathead Ecosystem
(e.g., CMP). Results may be used to: a) develop pro-active, on-the-ground conservation programs to reduce existing stressors;
b) manage ecosystem function and diversity; c) provide refugia and improve habitat connectivity and complexity; d) monitor
populations and habitats (physical, biological – including invasives); and e) implement management and restoration programs
to build resistance and resiliency for adaptation.
Deliverables and Timeline:
•
•
•
•
•
•
•
•
•
•
•

High resolution climate data sets produced by our regional climate models (FY2012-14)
High resolution (<1m) habitat classification and analysis of selected and representative stream reaches (from
alpine to valley floor, FY2012-14)
Fine scale species distribution modeling with supportive data with scenarios for agency conservation strategies
and conservation efforts (FY2012-FY2014)
Physiological responses of aquatic organisms to changes in flow and temperature (FY2011-14)
Vulnerability assessments for bull trout and cutthroat trout in the Transboundary Flathead (FY2012-14)
Development of a daily stream temperature model for the CCE (FY2014)
Link habitat assessments with NetMap (FY2014)
Completion of an Adaptation Strategy for the Transboundary Flathead (FY2015)
Data sharing in the GNLCC [Data will be made available to resource managers dealing with aquatic systems,
including the Crown Managers Partnership, USGS, FWS, USFS, BLM, provincial, state management agencies, and
private organizations (e.g., Trout Unlimited, Nature Conservancy) (ongoing)
Workshops to present the results and decision support tools to managers and provide hands‐on training (2015)
Multiple peer reviewed publications of the study (ongoing, see publication list below)

Statement of compliance: Both Principal Investigators had read GNLCC Information Management, Delivery, and Sharing
Standards and agree to comply with those standards if the proposal is selected.
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