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Executive Summary

This report examines the geologic setting and natural processes influencing Peale Island and the
historic cabin there, part of Yellowstone National Park. A variety of coastal adaptation strategies are
described, with potential benefits and impacts on function, duration, wilderness values, and natural
and cultural resources.

Yellowstone Lake in Wyoming has only one river outlet: the Yellowstone River on the north side of
the lake. The elevation of this outlet and fluctuations in annual runoff control lake levels. The
northern portion of the lake is located within the Yellowstone Caldera, which is tectonically active
and has continuous but frequently changing uplift and subsidence events that affect both the
elevation of the river outlet and the elevation of lake and island shorelines. Waves, wind, ice, and
tectonics affect lacustrine processes and associated shoreline change. Over the last four decades, the
lake has frozen over later in the year and has thawed earlier.

Peale Island is located in the South Arm of Yellowstone Lake. It is composed of glacial till and has
no source of new coarse sediment but does receive a minor supply of erodible fine sediments. The
historic Peale Island cabin is located on a narrow spit on the eroding north end of the island. As of
2013, the shoreline had moved closer than 2 m (6 ft) of the cabin porch, and the number of live trees
along the shoreline continues to decrease. Several processes may be accelerating shoreline erosion,
including a change in sediment transport processes, tectonic uplift, longer ice-free periods, tree death,
and changes in wave and wind patterns.

Eight coastal adaptation options for the Peale Island Cabin are presented and described. These
include continuing current management practices; elevating the cabin; reducing site erosion through
beach nourishment or shoreline armoring; relocating the cabin to the island interior or to the outer
shore of the lake; and replacing the cabin function and structure. Cost and relevant policies and
legislation (e.g., NEPA and NHPA processes) will also factor into the decision-making process.
Many of the adaptation options suggest similar "no-regrets™ actions, including monitoring shoreline
position and lake water level; documenting the historic resource and cultural landscape; and
monitoring the condition of the historic structure. Several datasets would improve estimates of how
long each option would protect Peale Island resources: historic wave and wind conditions; detailed
erosion rates for the Peale Island shoreline; and tree stand chronology data.

Climate change has the potential to drive several process changes: increased precipitation may raise
Yellowstone Lake water levels and increase shoreline submergence; higher summer temperatures
may increase evaporation that lower water levels; and warmer temperatures may increase the number
of ice-free days on Yellowstone Lake and cause a corresponding increase in exposure of the Peale
Island shoreline to wind-driven waves and coastal erosion.
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Introduction

The purpose of this report is to examine the geologic setting of the Peale Island Cabin and to
consider potential coastal adaptation strategies for this historic resource and its current function.

Yellowstone Lake Setting

Yellowstone Lake in Wyoming (Figure 1) is 32 km (20 mi) long and 22 km (14 mi) wide (NPS
1984). It has an elevation of 2357 m (7733 ft), a surface area of 341 km? (132 mi?), and 227 km (141
mi) of shoreline. Its deepest point is 131 m (430 ft) deep, located due east of Stevenson Island
(Morgan et al. 2003). Over 141 rivers and streams flow into the lake, but the only outlet is at Fishing
Bridge, where the Yellowstone River flows north; peak annual streamflow, according to USGS
gauge records from 1923 through 2013, has ranged from 51 m*/s (1800 cfs) in 1934 to 282 m®/s
(9950 cfs) in 1997 (USGS 2014).

The northern portion of Yellowstone Lake is located within the Yellowstone Caldera. The caldera,
which is in the middle of the Yellowstone National Park, is an oval depression 85 km (53 mi) long
and 45 km (28 mi) across. This caldera was formed 640,000 years ago during the most recent of
Yellowstone’s caldera-forming events. The caldera and surrounding area is in continuous but
frequently changing movement; episodes of uplift and subsidence occur at various locations and over
different time scales (Brantley et al. 2004).

Relative water levels in Yellowstone Lake, outside of fluctuations related to annual runoff, are
controlled by changes in the elevation of the outlet (Hamilton 1987 as cited in Locke and Meyer
1994). Lake levels have lowered by about 27 m (89 ft) during post-glacial time. The outlet has been
downcut at a rate of about 2.5 to 3 mm/yr (0.9 to 0.1 in/yr), interrupted by a period of slower incision
between about 9,000 to 4,500 years ago (Locke and Meyer 1994).

There is no precise water level gauge on Yellowstone Lake. There is a USGS gauge on Yellowstone
River at Fishing Bridge, several hundred meters downstream from the northern shoreline of the lake
(USGS 06186500, Yellowstone River at Yellowstone Lk Outlet YNP). Water level is also measured
manually at an NPS-maintained station at the Bridge Bay ranger station boat dock (Farnes 2002), on
the western shoreline at the northern end of the lake (44°31°59”, 110°25°23”, former USGS gauge
number 06186000). Water levels recorded at this location may differ significantly from water levels
at the south end of the lake, where Peale Island is located, depending on wind set-up, a process by
which which sustained high winds can push water from one area, where water level drops, to another
area, where water area is raised. The average maximum water elevation at the Bridge Bay gauge is
1.71 m (5.26 ft) and occurs on an average date of June 26 (Phil Farnes, Snowcap Hydrology) (Figure
2A). Peak daily outflow has an average maximum of 137 m*/s (4896 ft*/s) and occurs on an average
date of June 26 (P. Farnes) (Figure 2A). Over the last few decades, maximum water level and
outflow at the gauge location have been decreasing (Figure 2B); this may be related to uplift of the
northern side of the lake and may not reflect conditions at the southern end of the lake where Peale
Island is located.



Yellowstone Lake freezes over in the winter with ice thicknesses up to 1 m (3 ft)
(http://www.shannontech.com/ParkVision/Yellowstone/Yellowstone9.html). Ice begins to form in
October, but December 25 is the average date when the lake is completely frozen over (P. Farnes).
The average date for ice-off is May 21, based on records from 1981 through 2010 (P. Farnes). Over
the last four decades, the lake has frozen over later in the year and has thawed earlier (Figure 3).

Almost daily, sudden winds can create waves as high as 1.5 m (5 ft). These waves are choppy and
very close together (NPS 2014). Active undercutting occurs along much of the shoreline, causing
ongoing shoreline erosion (Meyer and Locke 1986). Storm waves have been observed to erode the
wave-cut cliff back 1.2 m (4 ft) through compact silt in less than 1 hr (Richmond 1976). Although
Richmond (1976) suggests that such catastrophic erosion would be rare, Meyer and Locke (1986)
assert that events of this magnitude are probably frequent over tens of years. Ice is another physical
force capable of moving unconsolidated sediment along the shores of Peale Island.

Peale Island is composed of glacial till from the melting of the Pinedale Ice Cap about 14,000-16,000
years ago (Figure 4) (Richmond 1974; Licciardi and Pierce 2008). The supply of coarse-grained
sediments is limited to the amount of Pinedale till that already exists on Peale Island (Jaworowski
2012). With no apparent source of coarse sediment able to reach Peale Island, the boulders, cobbles,
and pebbles in the till are redistributed along the shore, are reworked into active ridges of well-sorted
sediments, and comprise the primary sediment that forms the shore in front of Peale Island Cabin.

Around Peale Island, prevailing winds control seasonal distribution of fine sediments that have been
eroded from nearby hills and formed deltas in the shallowest portion of the South Arm of
Yellowstone Lake (Jaworowski 2012). The physical forces of nearshore waves and currents may
winnow the fine sediments from Peale Island. Additional fine sediments from the north side of
Yellowstone Lake appear to be driven southward by north winds, to be deposited on the south side of
Peale Island (review by D. Hallac, YELL, 8 July 2014). The net effect of no apparent new source of
coarse sediments and a potentially minor supply of erodible, fine sediments is a major factor in the
erosion along the shores of Peale Island.
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Figure 1. Peale Island is located on the South Arm of Yellowstone Lake in Wyoming. The eroding shoreline and historic Peale Island cabin are
located on the northeast shoreline.
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Figure 2. A) Maximum daily outflow of Yellowstone River and maximum daily lake water level elevation
for each year 1922-2013. All maximums occurred during the months of June or July of each year. B)
Over the last few decades, maximum water level and outflow at the gauge location have been
decreasing; this may be related to uplift of the northern side of the lake. Lake level data were recorded at
Lake Hotel Dock (1921-1939), NPS Dock near Lake Hotel (1940-1966), and Bridge Bay Dock (1967-
2013); gauge was replaced in 1988. Data compiled by Phil Farnes, Snowcap Hydrology.
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decades, the lake has frozen later and melted earlier. Observations were recorded from Yellowstone

Lake at Bridge Bay. Data compiled by Phil Farnes, Snowcap Hydrology.
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Figure 4. Surficial geologic map and bathymetric map draped over a digital elevation model. Map shows
the South Arm of Yellowstone Lake and Peale Island. Bathymetric contours are 10 feet. Figure from
Jaworowski (2012).



Peale Island Cabin Setting

U.S. Bureau of Fisheries Peale Island Cabin, 48YE943, is located on Peale Island in the South Arm
of Yellowstone Lake (Figure 1). The historic cabin (HS-0954) is approximately 0.3 km (0.2 miles)
from the south shore of Yellowstone Lake at an elevation of 2360 m (7740 ft). It is located in
wilderness and is only accessible by non-motorized watercraft. The cabin is on the north end of the
island on a curved spit of land approximately 23 m (75 ft) wide (Figure 5).

Peale Island Cabin has a diverse history from its first use as a fisheries cabin by fish hatchery staff
gathering eggs to its current function of hosting VIP visitors and backcountry patrols in the
wilderness of Yellowstone National Park. It was built in 1940 with National Industrial Recovery Act
funds for repairs and improvements to the Yellowstone fish hatchery facilities that were owned and
managed by the Bureau of Fisheries. The cabin is eligible for the National Register because it
contributes to the significance of the Lake Fish Hatchery Historic District, which is nationally
significant for its significant role in the development of national policies regarding parks &
conservation, and for its role as the primary source for wild cutthroat trout eggs for over 50 years
(Wyoming SHPO, 20 January 2005).

The cabin is a rectangular, wood frame building measuring 6.6 m by 7.2 m (21.5 ft by 23.5 ft). The
cabin rests on a concrete foundation. It has simple, functional characteristics (rough-sawn siding,
wood shingle roof, and stone chimney) that were promoted to harmonize with nature near the end of
the Rustic Style period. The off-center front door and concrete porch are protected by a gabled roof
supported by false purlins and brackets. Proximity to the eroding shore will mean that this front stoop
is likely the first area of the structure to be impacted by erosion of the retreating shoreline (Figure 6).



Figure 5. A) Peale Island cabin is located on a small spit of land on the northwest corner of Peale Island.
Note standing dead trees on low lying isthmus of land connecting cabin site to western portion of Peale
Island. Photo by Yellowstone National Park. B) Photo of Peale Island Cabin and shed along spit. Photo
by Rebecca Beavers, NPS, 23 July 2013. C) Obligue aerial photo of Peale Island looking to the
southwest. Photo by Yellowstone National Park.



Figure 6. High water at Peale island Cabin (left) and Shed (right) illustrates erosion and shoreline
proximity. Photo by Yellowstone National Park, 2011.

Shoreline Erosion

Peale Island cabin is located on unconsolidated glacial till, and there is no apparent source of new
sediment to this location. The northern shoreline is experiencing net erosion and loss of sediments
from this island due to transport by wind-driven waves and currents, while the southern shoreline
gains some fine sediments driven by north winds from the northern side of Yellowstone Lake. The
gravel and boulder lag and downed trees have helped to armor the northern shoreline.

Field work and observations conducted on 24-25 July 2012 confirm ongoing shoreline erosion
around Peale Island that is consistent with results of a preliminary analysis of georectified aerial
photographs from 2001 CIR imagery, 2006 NAIP imagery and 2009 NAIP imagery. Peale Island’s
useable area (relict sediments) (Figure 7) decreased over the 2001-2009 period of study (Jaworowski
2012). The northeast spit of land on which Peale Island Cabin is located continues to decrease in
useable area (relict sediments) with no apparent source for resupply or increase in future useable
area.

Figure 7 is a comparison of imagery from 1969-2012 that is useful to observe the decrease in the

number of standing live trees on the northeast corner of Peale Island. Island erosion is exacerbated by

the loss of numerous trees on the shoreline and interior of the island, including trees that have died
within the last 10 years according to tree core analysis presented in this report.
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Figure 7. Comparison of imagery from 1969-2012 showing the decreased number of trees on the
northeast corner of Peale Island and ongoing shoreline erosion.
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Shoreline erosion estimates have been made by staff visiting the cabin and recording observations in
the cabin’s log book (Figure 8). In 2013, the shoreline was within 1.8 m (6 ft) of the cabin porch, 3.4
m (11.2 ft) from the northeast corner of the cabin foundation, and 3.1 m (10.2 ft) from the northwest
corner (review by M. Curtis, YELL, 9 July 2014) (Figure 8).

Figure 8. View of shore from front window of cabin (left). Shoreline is within 1.8 m (6 ft) of the cabin porch
in 2013 (right). Photo by Rebecca Beavers, NPS, 23 July 2013.

Study of Live Tree Cover on Peale Island

One of the earliest observations of Peale Island change, in the early 1970s, was an increase in dying
trees on the island (email from Dr. Bob Smith, Research Professor at University of Utah, to Dr.
Cheryl Jaworowski, Yellowstone National Park, 2012). Along the south shore of Yellowstone Lake,
trees were dying because their trunks were partly below water and a boat dock had become
completely submerged (Figure 9) (Brantley et al. 2004).
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Figure 9. Low lying area of Peale Island where prior boat docks are submerged. Photo by Rebecca
Beavers, NPS, 23 July 2013.

To aid in assessing cause of recent tree deaths, tree cores from Lodgepole Pine and Englemann
spruce were collected from Peale Island on July 23, 2013 (Figure 10). Three living samples (“L”)
were taken from trees on Peale Island, and three dead snags (“D”’) were sampled from trees that
appeared to have been killed by the changing shoreline (Table 1). The ground elevation of the trees
ranges from 2351 to 2358 m (mean elevation = 2354 m). Dead samples were cross-dated using
marker years from 1995-1993 (thick latewood with relatively short growing seasons three years in a
row), a 1991-1989 (two tough years with thin rings, followed by a thick ring) and 1967-1968 (thick
latewood, only a slightly below average growing season overall). No marker years could be
determined prior to 1967 because there were no consistent markers due to the variability in age of the
trees leading to growth patterns that overwhelmed the environmental signals.
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Figure 10. Field Crew collecting and logging tree cores. Note extensive downed trees in interior of Peale
Island. Photo by Rebecca Beavers, NPS, 23 July 2013.

Table 1. Englemann Spruce and Lodgepole Pine tree cores collected on July 23, 2013.

Sample Elevation Establishment Record Record Observations
(m) start end
L1 2356 Pith was just missed. 1866 2013

Establishment date was
within a couple years before

1866.

L2 2358 No pith 1929 2013

L3 2355 1924 1924 2013

D1A/D1B 2352 No pith 1953 2008

D2 2351 No pith 1867 2012

D3 2352 No pith 1969 2005 or Dense outer rings

2007 indicate tree

stressed before
death

The three living trees sampled on Peale Island were established prior to 1929, in 1924, and within a
couple years of 1866. The three standing dead trees were established prior to 1969, prior to 1953, and
as far back as prior to 1867. The sampled dead trees are found at slightly lower elevations from the
living trees and died within recent years including in 2012, 2008, and 2005 or 2007. The dense outer
rings in sample D3 indicate that the tree was likely stressed prior to succumbing.

The end dates of the sampled dead trees show that they were not killed during a single high-water
year. Itis possible that lower elevation trees around the cabin are gradually dying due to progressive
encroachment of the shoreline and drowned root systems. All of the sampled dead trees had died
within the preceding nine years, which suggests that dead snags do not remain standing in the water
for very long. Given that these trees’ deaths are relatively recent, the shoreline may have risen to the
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dead trees’ respective locations relatively recently. These data should be considered very
preliminary.

Potential Causes of Peale Island Shoreline Erosion
Several processes may be contributing to erosion along the Peale Island shoreline. Many of these
processes are described in more detail in this document.

e Sediment transport to the Peale Island shoreline may have changed (e.g., riverine sediment
discharge may have decreased), accelerating the natural ongoing erosion of the island’s shoreline.

e Tectonic uplift occurring north of Peale Island may cause the lake basin to tilt, so that water
levels near Peale Island have risen relative to water levels at the north end of the lake.

e The ice-free period on Yellowstone Lake may be lengthening due to warming conditions, thereby
exposing the shoreline to wave-induced erosion for longer periods of time each winter.

e The height or period of waves affecting the shoreline may be increasing.

e Tree death may be due to biological factors (e.g. virus, pests, Spruce Budworm) and/or higher
groundwater levels; reduced tree cover releases more sediments that were previously bound by
root systems.

e Changes in wind speed and direction may have produced increased wave energy or fetch (i.e.,
stronger and longer duration northerly winds).
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Coastal Adaptation Options for Peale Island

This section describes potential coastal adaptation options (summarized in Table 2) for the protection
and use of Peale Island Cabin:

e Monitor, learn, and interpret the change: Continue current management practices
e Record, then let go: Deconstruct cabin

e Improve structure resiliency: Elevate cabin

e Indirect/offsite action: Nourish shoreline

¢ Indirect/offsite action: Armor shoreline

e Relocate cabin to Peale Island interior

e Relocate cabin to outer shore of Yellowstone Lake

e Replace cabin function and structure

Each of these options would affect the duration of the cabin’s functionality differently. The time
frame estimates below are based on best available data and professional judgment.

All options are presented in the context of the Preserving Coastal Heritage effort underway within the
NPS (2014) and should be evaluated with the “Siting and Design Criteria” (2013) in current use by
the NPS. All actions would be subject to compliance with NEPA, NHPA, and other relevant
legislation. The provisions of the Wilderness Act in analyses and decision-making concerning
cultural resources would also be relevant, because “the laws pertaining to historic preservation also
remain applicable within wilderness but must generally be administered to preserve the area’s
wilderness character” (see NPS Management Policies § 6.3.8 Cultural Resources).

Monitor, learn, and interpret the change: Continue current management practices
Continuing the current management practices assumes that the cabin will be functional for the short-
term (1-5 years), during which time it would continue to be available for patrol use. Short-term
access would be dependent on the number and extent of high water events. There is no plan for if
and when the cabin becomes unusable or inaccessible due to continued shoreline erosion, foundation
undermining, or structural deterioration. The cabin would become an eyesore as it deteriorated,
impacting the viewshed and creating debris that would impact the lake and would likely require
removal.

Simple actions, such as mitigating social trails so that the shore access path is not directly in front of
the cabin (Figure 11), could reduce shoreline erosion. Small social trails lead to cuts in the bank and
lower routes along the shore that focus wave runup during high water and wave events. Another
simple action is to leave downed trees where they fall near the shoreline. Large woody debris
stabilizes the shoreline when it is located in an orientation that dissipates wave energy. Downed trees
along the Peale Island shoreline should not be removed unless there is a concern on a very high water
year that these logs will be dislodged and forced into the cabin, causing destruction of elements of
the cabin or adjacent shed. These logs protect areas of the shoreline from erosion by wind driven
waves by dissipating incipient wave energy (Figure 12).
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If this option is selected, the park might want to document the historic resource and interpret the
change in place. Future decision-making would benefit from monitoring data on changes in water
level, shoreline position, and changing condition of the cultural resources.

The option to allow the loss of this historic resource is consistent with NPS Policy Memo 14-02
“Climate Change and Stewardship of Cultural Resources,” although the memo notes that no
guidelines for how to make this decision have been developed. In recognizing loss, this memo states
that “Responsible stewardship requires making choices that promote resilience and taking
sustainable management actions. Funding temporary repairs for resources that cannot, because of
their location or fragility, be saved for the long term, demands careful thought. Managers should
consider choices such as documenting some resources and allowing them to fall into ruin rather
than rebuilding after major storms. Such decisions for loss cannot be made lightly nor without
appropriate consultation and compliance. ” There are other historically significant structures in
wilderness (e.g., Enchanted Valley Chalet in Olympic National Park, Portsmouth Village in Cape
Lookout National Seashore) that NPS has considered allowing to go to failure.

-

Figure 11. There should be a path to access the shore that is not directly in front of the cabin.
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Figure 12. Fallen trees and cobble and boulder lag provide naturally occurring shoreline protection. The
tree in this image was cut in order to remove it from the cabin porch where it had fallen. Photo by
Rebecca Beavers, NPS, 23 July 2013.

Record, then let go: Deconstruct cabin

Documenting and then deconstructing the cabin assumes that the cabin will be functional for the
short-term (1-5 years), during which time it would continue to be available for patrol use. Short-term
access would be dependent on the number and extent of high water events. It does not include any
actions to protect or restore the historic structure. Instead, this option would involve fully
documenting the structure its associated cultural landscape, and related resources via the Historic
American Buildings Survey/ Historic American Engineering Record (HABS/HAER) program. Then,
it would follow a timeline to remove hazardous materials and to salvage materials as appropriate.
This option removes the vulnerable structure, which would not be available to patrol use or any other
purpose following deconstruction. This action would remove some evidence of human impact on
this wilderness area, thereby enhancing wilderness character.

Improve structure resiliency: Elevate cabin

Elevating the cabin would prolong the cabin’s accessibility and extend its functionality over a
medium-term period (10-20 years) by elevating the structure on pilings and creating piers or docks.
This would protect both the historic structure and the location in the short term, although it would
affect the appearance of the historic site.

Designing the jack up foundation would require further consultation with Denver Service Center. On
July 23, 2013 the base of the foundation was exposed by Michael Curtis (YELL) by digging a small
hole. The depth of the current foundation is approximately 0.4 m (14”) (Figure 13). While elevating
the structure may be feasible, it is very important to consider the limited amount of time that this
structure may be viable while the island around the cabin continues to erode and separate from the
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western portion of Peale Island. As shoreline erosion continued, the piling foundations and cabin
access docks would be vulnerable to shoreline erosion and undercutting, and could lead to a situation
in which the access to cabin might be threatened before the cabin structure itself. Furthermore,
construction could affect shoreline processes; pilings and other structures in the water will affect
existing hydrodynamics. This option would increase human impact on a wilderness area, and would
require mechanized tools in wilderness for the temporary construction work. This option does not
plan for if and when the structure becomes unusable or inaccessible in the long-term. Future
decision-making would benefit from monitoring data on changes in water level, shoreline position,
and changing condition of the cultural resources.

Figure 13. The cabin foundation is approximately 35 cm (14 in) deep. Photo by Rebecca Beavers, NPS,
23 July 2013.

Indirect/offsite action: Nourish shoreline

Nourishing the shoreline would protect access, function, structure, and location of the cabin over the
medium-term (10-20 years) by placing sediment along the shoreline, thereby reducing the
vulnerability of the cabin to shoreline erosion. This action would temporarily increase the human
influence in the wilderness area, because sediment transport and placement of material would likely
require mechanized tools. Shoreline change should be monitored to determine the effectiveness of
the nourishment and to identify need for renourishment. Future decision-making would benefit from
monitoring data on changes in water level, shoreline position, and changing condition of the cultural
resources.

NPS Management Policies (2006) specifically allow for intervention such as beach nourishment
when manipulation is necessary to “preserve cultural and historic resources as appropriate based on
park planning documents; or protect park developments or the safety of people” (see NPS
Management Policies 8 4.8.1.1; Dallas et al. 2012). This alternative would help supplement one of
the diminishing physical resources, unconsolidated sediment, at this location. The island is located on
unconsolidated glacial till and there is no apparent source of new sediment to this location. The use
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of coarse native sediment could be used to augment the native cobbles and boulders that naturally
armor the shore in front of Peale Island cabin (Figure 12).

Indirect/offsite action: Armor shoreline

Armoring the shoreline would protect the historic structure in the medium-term (10-20 years) and
prolong accessibility to the cabin by placing structures along the eroding shoreline. Any structure
placed along the shore of Peale Island in front of the cabin will provide some temporary protection
from the wind driven waves along the south arm of Yellowstone Lake. However, when wave forces
are not dissipated by an unconsolidated shoreline, edge effects and scour may cause erosion of the
edges of the land around the cabin to such a large extent that the cabin remains as a small island
separated from the main portion of Peale Island (Figure 14). Structures might also fail due to impacts
from scour, ice push, and wave overtopping. Additionally, engineering structures would impact
natural shoreline processes and would affect the character of the historic site and the viewshed, and
their deterioration might leave debris. The sight of these structures would impact wilderness
character, and construction would require the use of mechanized tools.

Over the years, attempts have been made to stabilize the shoreline at the Peale island Cabin with
rock, log, and cement barricades to prevent further erosion and the loss of the cabin. These barriers
have deteriorated over time (Curtis, 2012). An offshore breakwater would diminish incipient wave
heights, but would be ineffective at deflecting some of the shoreline impacts driven by ice and short
period wind driven waves. Sheetpile or riprap armoring placed in front of the cabin would reduce
erosion on the landward side of the engineering structure, but would accelerate erosion in front of
and adjacent to the structure. A bank stabilization proposal developed by YELL staff member
Michael Curtis (Curtis 2012) proposes building a retaining wall, 30 m (100 ft) longand 1.4t0 2.1 m
(4.5 to 7 ft) wide, made of logs and large rocks, and backfilled with native or transported fill (38 m?
[50 yd®] of material), then topped with soil to encourage re-vegetation (Figure 15). This proposed
shoreline structure would be placed at the low water line and extend up to the current Peale Island
elevation (Figure 1). The shoreline impacts of such a structure, although built from different
materials and supporting some aspects of a living shoreline, would be similar to that of riprap
armoring.

Future decision-making would benefit from monitoring data on changes in water level, shoreline
position, and changing condition of the engineering structures and the cultural resources.
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Figure 14. Any effort to armor the shore on the north side of Peale Island must consider the edge effects
that will likely lead to accelerated erosion on the east (top image) and west (bottom image) sides of the
spit. Photo by Rebecca Beavers, NPS, 23 July 2013.
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Figure 15. Potential log retaining wall and gabion structure proposed by Yellowstone NP staff. Figure
from Curtis (2012).

Relocate cabin to Peale Island interior

Relocating the cabin to a wider, higher location in the interior of Peale Island would protect the
structure near its historic setting, and prolong accessibility, in the medium- to long-term (10-50
years). The cabin would remain available for patrol use, assuming that the shoreline remains
accessible despite continued shoreline erosion. Relocation would increase human influence in this
wilderness area due to construction and tree clearing at the new site. Removal of the trees’
stabilizing root systems could accelerate shoreline erosion, depending on site location. The island is
already covered by numerous downed trees on the interior and shoreline of the island (Figure 16).
There is no plan for if and when the cabin becomes unusable or inaccessible due to continued

21



shoreline erosion. Future decision-making would benefit from monitoring data on changes in water
level, shoreline position, and changing condition of the cultural resources.

Figure 16. The shoreline southwest of Peale Island Cabin is lined with downed trees. Any effort to
relocate the Peale Island cabin to another portion of the island would require removal of additional trees.
Photo by Rebecca Beavers, NPS, 23 July 2013.

Relocate cabin to outer shore of Yellowstone Lake

Removing the cabin from Peale Island, and relocating it along the outer shore of Yellowstone Lake,
would preserve the historic structure and prolong accessibility in the long-term (50 years), provided
that the cabin is sited in a low-vulnerability area. This alternative has the highest potential for the
longest-term preservation of the structure.

This option would have the greatest effect on the current function of the cabin that provides
backcountry lodging for visitor and park staff including a unique Yellowstone Lake experience with
many strong staff ties to the current Peale Island setting. The new site could be selected to improve
availability by patrol and other staff or visitor use. Construction could impact resources at the new
cabin site. Relocation would impact the historic character by removing it from its historic setting, but
would also remove a human imprint from a wilderness area.

Future decision-making would benefit from monitoring data on changes in water level and shoreline
position relative to the new cabin location.

Replace cabin function and structure
A range of options could replace the current cabin structure and its function in supporting patrols and
visitors. Depending on the type of structure and location chosen, this option would extend
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functionality and accessibility in the medium-term (if located on Peale Island) or long-term (if
located off Peale Island).

Changing the use (function) and allowing an area to be subject to natural processes (e.g., getting wet
and periodically inundated) is a strategy provided by the NPS Cultural Resource directorate as a
viable adaptation strategy (NPS 2014 Policy Memo 14-02). The historic structure could be
deconstructed or relocated, and the function of this cabin as backcountry lodging could be replaced
with an undeveloped campsite at the same location, or a built structure at another location along the
outer shoreline of Yellowstone Lake. This option would be combined with other alternatives related
to the fate of the Peale Island cabin and shed. Sites along the Peale Island shoreline would continue
to be vulnerable to shoreline erosion, inundation, and foundation failure (if any structure is
maintained). This option would not fully protect or restore the historic structure in its historic
location; changes to the structure will affect the site appearance.

At some point in the future, elements of the cabin would need to be removed to minimize
environmental impacts from the degrading structure. Olympic National Park used this option at the
Enchanted Valley Chalet, a backcountry cabin that is on the National Register of Historic Places and
that was imminently threatened by erosion of the East Fork of the Quinault River (Ollikainen, 2014),
with high winter flows shifting the channel by at least 15 feet, undercutting the structure. Park crews
removed equipment, supplies and hazardous materials from the chalet, along with windows and
window casings to prevent glass from impacting the river downstream, and to preserve historic
elements.

Before deconstructing the cabin, the structure, its associated cultural landscape, and related resources
should be fully documented. Future decision-making would benefit from monitoring data on
changes in water level and shoreline position relative to any new structure and location.
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Table 2. Summary of shoreline adaptation options for Peale Island Cabin. Continued on subsequent pages.

Adaptation Duration of Response to | Staff and Wilderness Short-term Long-term Natural Cultural
Option* Cabin Natural Visitor Use Access Access Resource Resource
Function? Coastal and Management Management
Processes Experience
and Effects
of Climate
Change
Monitor, Short-term (1- | Vulnerable to Continued No change Dependent on No planning for | Monitor No action to
learn, and 5 years) shoreline availability for high water if and when changes in protect or
interpret the erosion, patrol to use events structure is water level and | restore
Change: inundation, unusable or shoreline structure
Continue and Will become an Mitigating inaccessible position
current foundation eyesore as it social trails Monitor
management failure deteriorates and leaving Deterioration | condition
practices downed trees will create change
in place may debris that will
help to slow impact lake Document
shoreline and will require | hjstoric
erosion removal resource and
interpret the
change in
place
Record, then Short-term (1- | Removes No access Removes a No access No access Identify No action to
let go: 5 years) vulnerable after human after after timeline for protect or
Deconstruct structure deconstruction | influence deconstruction | deconstruction | removing restore
cabin hazardous structure
materials and
salvage. Document
historic
resource

! All actions would be subject to compliance with NEPA, NHPA, and other relevant legislation.

% Time frames are estimates based on best available data and professional judgment.
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Table 2 (continued). Summary of shoreline adaptation options for Peale Island Cabin. Continued from previous page.

Edge effects
may accelerate
erosion on
east and west
sides of spit

Adaptation Duration of Response to Staff and Wilderness Short-term Long-term Natural Cultural
Option* Cabin Natural Visitor Use Access Access Resource Resource
Function? Coastal and Management Management
Processes Experience
and Effects of
Climate
Change
Improve Medium-term Piling Prolongs Increased Temporarily No planning Construction Structure and
structure (10-20 years) | foundations accessibility human inaccessible for if and when | may affect location are
resiliency: and cabin influence during structure is shoreline protected in
Elevate cabin access docks | Access to transition; unusable or processes the medium-
would be cabin may be prolonged inaccessible term
vulnerable to threatened accessibility
shoreline before the following Construction
erosion and cabin structure construction will affect site
undercutting itself appearance.
Indirect/offsite | Medium-term | Would reduce | Prolongs Increased Prolonged Prolonged Monitor Structure and
action: (10-20 years) | vulnerability of | accessibility human accessibility accessibility shoreline location are
Nourish cabin to influence change to protected in
shoreline shoreline during determine the medium-
erosion renourishment need for term
events renourishment
Indirect/offsite | Medium-term | Would Prolongs Increased Prolonged Prolonged Natural Structure and
action: (10-20 years) | accelerate accessibility human accessibility accessibility shoreline location are
Armor erosion in front influence processes will protected in
shoreline of and be impacted the medium-
adjacent to term
riprap, and Deteriorating
reduce erosion structures may | Construction
behind it leave debris will affect site
appearance
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Table 2 (continued). Summary of shoreline adaptation options for Peale Island Cabin. Continued from previous page.

Adaptation Duration of Response to Staff and Wilderness Short-term Long-term Natural Cultural
Option* Cabin Natural Visitor Use Access Access Resource Resource
Function? Coastal and Management Management
Processes Experience
and Effects of
Climate
Change
Relocate Medium to Vulnerable to Continued Increased Prolonged No planning Reduced tree Structure is
cabin to Peale | longterm (10- | shoreline availability for | human accessibility for if and when | cover protected in
Island interior | 50 years) erosion patrol to use influence structure is the medium to
unusable or Accelerated long term near
Tree removal inaccessible shoreline its historic
may erosion setting
accelerate
shoreline
erosion
Relocate Long-term (50 | Cabin could Improve Removes a Temporarily Maintains Monitor Preserves
cabin to outer | years) be sited in availability for | human inaccessible long-term shoreline historic
shore of low- use by patrol influence during access change and structure and
Yellowstone vulnerability and other staff transition; water level protects
Lake area prolonged relative to new | against wave
Impacts accessibility location erosion and
historic following ice during
character construction Construction spring thaw
may impact
resources at Removes
relocation site cabin from
historic context
Replace cabin | Long-term (50 | Vulnerable to Use and No change Use and Maintains Monitor Structure may
function and years) if off- shoreline function may function may long-term shoreline not be fully
structure island erosion, change change access change and protected or
inundation, water level restored
Medium-term | and foundation Use and relative to new
(10-20 years) | failure function may structure Changes to
if on-island change structure will
affect site
appearance
Document
historic

structure




Tectonic Influences in the Yellowstone Lake Area

The geologically young Yellowstone caldera, which underlies much of Yellowstone Lake, exhibits a
complex process of ground deformation that is not well understood. In the northern Yellowstone
Lake area, net relative uplift of at least 10 m has occurred during the last 2500 years, most likely due
to magmatic activity in the caldera (Meyer and Locke 1986, Dzurisin et al. 2012). In recent decades,
the caldera has continued to show many signs of unrest, with rapid variations of uplift to subsidence
over decadal periods (Puskas et al. 2007). Visual observations between the 1950s and 1970s noted
that the shoreline along the southern arm of Yellowstone Lake had subsided, and continuous GPS
measurements indicate renewed caldera subsidence beginning in 2010 (Dzurisin et al. 2012).

Measurements of Uplift and Deformation

A resurvey of benchmarks and level lines established along the road system of Yellowstone showed
doming within Yellowstone Caldera (Figure 17) between 1923 and 1985. The maximum uplift (0.95
m) over the 62 year period was centered near Le Hardys Rapids, just north of Yellowstone Lake and
a few miles downstream from the lake’s outlet (Pierce et al. 2007). This uplift raised the north end of
Yellowstone Lake much more than the south end (Brantley et al. 2004). Uplift was lower in other
parts of the lake, and decreased towards the caldera rim, where little change was evident (Locke and
Meyer 1994). Uplift unexpectedly ceased in 1985 when a large earthquake swarm began near the
northwest rim of the caldera (Dzurisin et al. 2012), and between 1987 and 1995, the caldera floor
subsided 11.2 cm (4.4 in) +/- 2.4 cm (0.9 in) near the Sour Creek Dome (Puskas et al. 2007).

Radar-interferometry studies indicate that patterns have changed over recent years. The area of
greatest subsidence migrated from the northeast to the southwest part of the caldera from 1992 to
1995 (Dzurisin et al. 2012). Subsequently, the area of greatest uplift migrated similarly, with
renewed inflation of the Sour Creek resurgent dome area from 1995 to 1996 and migration of
inflation to the Mallard Lake dome area, just west of Yellowstone Lake, from 1996 to 1997 (Wicks et
al. 1998 as cited in Pierce et al. 2007). During that 1995-1998 period, the northeast part of the caldera
experienced an uplift of 2.4 cm (0.9 in) +/- 0.3 cm (0.1 in). Subsequently, while the north rim had an
uplift of up to 8 cm (3 in) between 1995 and 2000 (Dzurisin et al. 2012), the entire caldera floor
subsided 2.7 cm (1 in) +/- 1.8 cm (0.7 in) from 2000 to 2003 (Puskas et al. 2007). Beginning in 2004
and continuing into mid-2006, the northeast Yellowstone caldera began to rise at rapid rates of up to
7 cml/yr (2.7 in/yr), while the north rim area subsided at a slower rate (Dzurisin et al. 2012). In
contrast, the continuous GPS station at the Promontory, which is about 10 km (6 mi) from Peale
Island, indicates that no significant (> 5 mm [0.2 in]) uplift nor subsidence occurred between 2007-
2009 (Dzurisin et al. 2012; Hank Heasler, YELL, personal communication, 13 May 2014).

Following an earthquake swarm in early 2010 near the northwest caldera rim, continuous GPS
stations recorded the onset of caldera subsidence (Dzurisin et al. 2012).

Causes of Uplift and Deformation

There appear to be three distinct sources of deformation (the Mallard Lake dome, the Sour Creek
dome, and the north rim), each of which may interact with the other two sources; source depths are 5-
15 km (3 to 9 mi) deep (Dzurisin et al. 2012).
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Locke and Meyer (1994) describe several major caldera-wide processes and cite previous research
that might explain all or part of the observed deformation history.

1)

2)

3)

4)

5)

6)

Glacioisotacy. The Yellowstone ice cap was up to 1 km (0.6 mi) thick at its maximum
~20,000 years ago; deglaciation was rapid beginning about 15,000 years ago (Richmond
1976, 1986; Pierce 1979). Glacioisostatic depression and postglacial rebound are very likely
given the large (100 km [62 mi]) diameter of the ice cap and the underlying hot and weak
crust. Immediately following deglaciation, the caldera interior subsided rapidly, likely due to
depressurization and rapid loss of hydrothermal fluids due to removal of the glacial ice load.
Subsequently, the caldera margin experienced slow, continuous subsidence. Since
deglaciation, the lake basin has subsided a net 3 m (9.8 ft) within the caldera compared to
outside of the caldera. Within the caldera interior, late Holocene uplift is in contrast to the
subsidence trend (Meyer and Locke 1986).

Extensional tectonic deformation. Extension along the regional N-S trend has been an
important source of net vertical surface deformation both within and outside of the caldera.
Regional tectonic deformation. Uplift may be caused by compression of deformable material
at depth (Meertens and Levine 1985) or rebound following earthquakes in 1959 and 1975
(Reilinger 1986). Warping and subsidence of hanging-walls may be associated with
postglacial surface offsets along faults with a N-S strike (Otis et al. 1977; Locke et al. 1992);
overall subsidence and crustal thinning may be caused by extension of the hot, weak
intracaldera area (Dzurisin et al. 1990).

Ascent of magma. Pelton and Smith (1982) concluded that the most probable explanation for
the historic (1923-1975) uplift is due to magma ascending into the upper crust beneath the
caldera, based on geophysical evidence suggesting magma or partially molten material at a
shallow depth. However, Locke and Meyer (1994) believe that vertical migration of magma
occurs over longer time periods than the postglacial uplift considered here.

Storage and loss of evolved magmatic fluids. Local subsidence can be caused by draining of a
near-surface magma chamber or lateral transfer of magma, and widespread subsidence can
occur due to volume loss (minimum 9 km?®) through cooling and crystallization over the last
11,500 years (Dzurisin et al. 1990). This process is probably not a major factor on the short
timescale considered (e.g., the post-1984 subsidence).

Hydrothermal processes. The speed and magnitude by which the surface changed from
uplifting to subsiding (from 25 mm/yr [1 in/yr] to -35 mm/yr [-1.4 in/yr] in less than two
years) suggest movement of a low-viscosity fluid. Uplift would occur when evolved
magmatic fluids are trapped beneath an impermeable cap created by the hydrothermal
system. Fluid loss and subsidence may then occur when the confining pressure is exceeded
and fluid either vents to the surface or moves into void space beneath the surface (Dzurisin et
al. 1990; Fournier 1989), or when an earthquake swarm ruptures a seal in the deep
hydrothermal system beneath the northeast part of the caldera and allows magmatic fluid to
escape (Dzurisin et al. 2012). This process should be considered as a possible contributor to
deformation, but an increased flux of fluids in the surface waters had not yet been observed
as of 1994. Deformation along the north rim may occur when magma or magmatic fluid
escapes the caldera system at a three-way structural intersection of (1) the northern caldera
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boundary, (2) an active seismic belt to the north-northwest that is associated with the Hebgen
Lake fault zone, and (3) the Norris—Mammoth corridor, a zone of faults, volcanic vents, and
thermal activity that strikes north from the north rim of the caldera near Norris Geyser Basin
to Mammoth Hot Springs near the northern boundary of YELL,; increased fluid flux would
cause subsidence, and decreased fluid flux would cause uplift (Dzurisin et al. 2012).

Causes of Lake Level Changes

According to Morgan and others (2003), the primary cause of lake level changes over the last 9,500
years is the episodic uplift and subsidence (inflation and deflation) of the central part of the
Yellowstone Caldera. There has been episodic uplift and subsidence of the caldera interior of 5-20 m
(16-66 ft) over approximately 1000 years (Locke and Meyer 1994). Vertical movement of the lake
outlet directly controls lake level. Doming along the caldera axis reduces the gradient of the
Yellowstone River from Le Hardys Rapids to the Yellowstone Lake outlet, causing an increase in
lake level (Pierce et al. 2007). Meyer and Locke (1986) calculated that the lake outlet is being
uplifted relative to the lake basin, resulting in rise of relative water level over the entire lake basin, as
indicated by lake gauge data and the drowning of shoreline vegetation. Sonar data suggest that outlet
uplift has overwhelmed outlet erosion in the past and has caused submergence of shorelines (Meyer
and Locke 1986).
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Figure 17. Map showing Yellowstone NP, the Yellowstone Caldera, Yellowstone Lake and Yellowstone
River, and contours on the historic dome of uplift from 1923-1975 (after Pelton and Smith 1982).
Upstream from Le Hardys Rapids (LHR), uplift raises the level of the Yellowstone River and Yellowstone
Lake, thereby tying the level of Yellowstone Lake to uplift and subsidence at LHR. Figure from Pierce et
al. (2007) using uplift contours from Pelton and Smith (1982).
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Expected Changes and Research Needs

Future Climate Scenarios

Ongoing and projected climate change will affect lake and shoreline dynamics at Yellowstone Lake.
Mean annual temperature could increase 4.4 + 1.2° C [7.9 £ 2.2° F] by 2100 (Gonzalez 2012).
Warmer temperatures may increase the number of ice-free days and cause a corresponding increase
in exposure of the Peale Island shoreline to wind-driven waves. Additionally, most of the Global
Climate Models project an average 5 + 8% increase in precipitation for Yellowstone National Park
(Gonzalez 2012). The effect of this increase in precipitation on Yellowstone Lake levels is unknown,
will depend on the timing of precipitation, and may raise water levels and increase shoreline
submergence. It is also possible, though, that higher summer temperatures will increase evaporation
rates, which will lower overall lake levels.

Outstanding Data Needs

There are several specific datasets that could help in evaluating the causes of Peale Island shoreline
erosion and any changing trends. Datasets should extend back before 1970 to capture any changes
leading up to the accelerated erosion and tree death noted in the early 1970s.

e Historic wave conditions. This would help to evaluate whether wave impact on the Peale
Island shoreline has increased.

e Historic wind data. Identifying changes in average wind speed and direction may clarify the
case for increased wave impacts on the shoreline.

e Peale Island Erosion Rates. A detailed topographic survey (via theodolite and LiDAR) and
shoreline change rates from historic photography for Peale Island will enable park managers
to better define the timeline before the useable area of the island at the Peale Island cabin
affects the function and integrity of the Peale Island Cabin

e Tree core analysis. Results from tree core samples collected in 2012 may indicate why trees
were stressed prior to succumbing; higher water levels would stress trees by submerging
roots and trunks and by increasing groundwater salinity.

e Tree stand chronology. Further work has been proposed to map and date dead and living
trees on the island (M. Caffrey, NPS, personal communication, 22 May 2014). The
construction of a tree stand chronology for both the dead and living trees could be used to
calculate the rate of the shoreline change over time. Information about the rate of change
would be instrumental in determining the potential causes of the shoreline erosion.

Summary

Ongoing shoreline erosion, tectonic processes, and climate change forecasts create a tenuous setting
for the historic Peale Island Cabin. A variety of adaptation options may be considered in order to
protect the historic structure and natural resources, to maintain or improve wilderness character, and
to maintain the cabin’s function as backcountry lodging. Each option described has a unique set of
implications for the duration of cabin function, and the potential impacts on staff and visitor use,
wilderness, and natural and cultural resources. Additional data analysis would improve estimates of
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how long each option would protect Peale Island resources. Cost and relevant policies and
legislation (e.g., NEPA and NHPA processes) will also factor into the decision-making process.

There are several ‘no-regrets’ actions common to many of the coastal adaptation options described.
These are actions that will benefit the park in a variety of scenarios, under various rates of resource
condition changes, to inform decision-making and to assess success of management actions. No-
regrets actions include monitoring shoreline position and lake water level; documenting the historic
resource and cultural landscape; and monitoring the condition of the historic structure.
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