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ABSTRACT
SUCTION DREDGE MINING IMPACTS ON PACIFIC LAMPREY POPULATIONS
AND HABITAT IN WASHINGTON STATE: A CASE STUDY OF THE ENTIAT
RIVER
by
Jaime Liljegren
Suction dredge mining is a largely unregulated recreational activity in
Washington State with potentially significant impacts to aquatic habitat. Although
dredging has the potential to cause widespread ecological effects, only impacts to select
species have been thoroughly assessed. Due to their reliance on freshwater habitat
throughout multiple life stages, Pacific lamprey are significantly vulnerable to impacts
from dredging practices. This thesis focuses on assessing the effects of dredging to
lamprey habitat within state-owned aquatic lands of Washington. Pacific lamprey are
anadromous, utilizing freshwater habitat throughout key life stages including spawning in
substrate ranging from coarse gravel to fine sand, and burrowing into streambeds as
larvae to grow for a maximum of seven years (Pirtle et al., 2003; Graham and Brun,
2006). By conducting a controlled dredging experiment along the Entiat River and
comparing alterations to water quality and stream morphology before and immediately
after dredging, two months later, and at the beginning of the following season, changes to
habitat were quantified. When water quality was assessed, no significant impact to
parameter levels were observed. Although changes to overall grainsize proportions were

small, distributions showed coarser material directly at dredged sites, while finer material
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increased downstream. Channel profiles showed reductions in material following
dredging, as well as minimal recovery two months after the activity and at the beginning
of the following season. Artificially created tailings piles were observed to experience a
55.40% reduction in material volume over two months, while total hole volume showed a
contrasting increase of 8.10%. Additionally, tailings experienced a 100% reduction in
volume 11 months following dredging activity while dredge holes were reduced by 9.6%.
Results can be related to habitat preferences of other aquatic species to determine
ecosystem-wide impacts as well as providing necessary data to extrapolate impacts to
similar systems throughout the state. Using these results, I provided recommendations to
apply throughout management decisions and developed further recommendations for

research.
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CHAPTER 1
INTRODUCTION
Problem

Suction dredging is a recreational mining activity that is well-established
throughout aquatic systems of Washington State. Dredge mining began in the early 1900s
following the large-scale removal of easily accessed gold deposits during the Gold Rush
of 1849 (Delcotto, 2010; Harris, 1993). Original dredges were composed of multi-story
floating barges that mined deposits within channel beds of large river systems (Harris,
1993). Since then, modernization of mining technology has led to the development of
small-scale suction dredges commonly used today in aquatic systems throughout the
West. Due to their increased efficiency in processing large amounts of material as well as
providing the ability to access previously inaccessible deposits, small-scale suction
dredges have gained popularity among prospectors. Through the mechanization of
traditional mining practices such as rocker boxes and gold panning, suction dredging
provides an efficient and time-effective alternate technique.

Dredging is a popular prospecting activity known to occur in Washington, as well
as Colorado, Oregon, Alaska, Idaho, and California. Occurring on marine beaches as well
as various sized freshwater creeks, streams and rivers, this activity is widely distributed
throughout many systems across Washington State. The large distribution of dredging
practices has increased the amount of aquatic habitat impacted from mining along with

increasing the potential for negative effects on native aquatic species.



A suction dredge is composed of floating pontoons equipped with an electric or
gasoline motor and a water pump to lift submerged bed materials through hydraulic
suction (Washington Department of Fish and Wildlife [WDFW], 2018). Suction
dredging takes place directly within the channel bed and focuses on placer deposits of
gold and other minerals of interest including platinum and silver. Placer deposits are
secondary deposits created after fluvial processes erode metals from superficial bedrock
(Healy, 1978). During dredging, material moves through an attached trough called a
sluice box concentrator with riffles along the bottom to recover gold and other heavy
materials (R2 Resource Consultants [R2RC], 2006). A motorized pump lifts sediment
from a river system containing minerals of interest, and in doing so, has the potential to
negatively affect sensitive species by simultaneously displacing fish larvae and eggs
through the dredge system (Harvey and Lisle, 1998). Once clear of the dredge,
individuals are suspended in the water column, increasing their vulnerability to predation
(Harvey and Lisle, 1998). Processed sediment is expelled back into the river system and
has been shown to result in large plumes of suspended sediment that are slow to dilute
and that reduce oxygen levels for sensitive redd habitat (United States Department of
Agriculture [USDA], United States Forest Service [USFS], 1997). Dredging activity has
also been shown to result in the simplification of a river system through the removal of
woody debris and boulders (R2RC, 2006).

Despite displaying significant negative impacts to natural ecosystems, dredge
mining is largely unregulated in Washington State. Unlike Oregon, California, and Idaho,

Washington currently allows suction dredge mining without requiring annual written



permits or fees. The 2018 WDFW Gold and Fish Pamphlet provides general rules for
prospecting and serves as the approved pamphlet Hydraulic Permit Approval (HPA) for
small-scale dredging in Washington State. This pamphlet allows dredging activity in all
specified locations and timeframes without any permit application and requires that the
dredge operator have it in their possession and follow all guidelines when dredging. With
the exception of required HPA applications to dredge outside approved timeframes or
locations, no cumulative permitting system or inventory exists leaving dredging intensity
and distribution throughout the state virtually unknown.

Previously documented impacts on aquatic ecosystems and the overall lack of
regulation has put multiple species being at risk of increased habitat destruction and
mortality rates. Current anti-dredging campaigns are focused on listed Endangered
Species Act (ESA) species including steelhead and salmonids, subsequently focusing less
on other species similarly dependent on stable stream bed substrate including native
freshwater bivalves, sculpin, dace, sturgeon, and multiple species of lamprey (Kreuger et
al., 2007; R2RC, 2006). Pacific lamprey, Entosphenus tridentatus, is a native
anadromous species of Washington State that depends on stable sediments for spawning
and rearing. Emerging 450 million years ago, Pacific lamprey are known to be the oldest
species of vertebrates still present (Mcllraith, 2015). Due to their ability to inhabit both
marine and freshwaters lamprey have been identified to effectively reduce predation on
recovering salmonids as well as provide a significant indication of aquatic habitat health
(Close, 1995). Unique life history patterns combined with low population counts has

limited the current knowledge of Pacific lamprey populations, although anecdotal



observations and discrete individual counts suggest decreasing populations throughout
the West (Columbia River Inter-Tribal Fish Commission [CRITFC], 2011). The
identification and mitigation of factors limiting towards juvenile lamprey spawning and
rearing habitat has been identified as a significant topic of concern and a goal for further
study (CRITFC, 2011). Large periods of time spent within shallow water regions subject
juvenile lamprey to direct and indirect effects from human activities including
recreational gold mining. Although briefly identified in previous studies (R2RC, 2006;
Oregon Chapter American Fisheries Society [ORAFS], 2013), evidence is largely lacking
on dredging impacts specifically to Pacific lamprey and their preferred habitat.
Purpose

The purpose of this research was to evaluate the effects of small-scale suction
dredge mining on Pacific lamprey populations and habitat within the Entiat River located
in the Eastern Cascade Mountains of Washington State. Working in collaboration with
the Washington Department of Natural Resources (WDNR), the overarching research
intent focused on assessing the amount of impact from dredging to Pacific lamprey
habitat specifically within state-owned aquatic lands (SOAL), with the Entiat River
serving as a representative river system. SOAL includes all aquatic lands deemed
‘navigable’ and not within private ownership (WDNR, 2012). WDNR currently manages
2.6 million acres of designated state-owned aquatic lands and is responsible for balancing
the protection of state resources with the appropriate level of public access to state-owned
lands for water-dependent activities (WDNR, 2012). The agency is therefore interested in

the assessment and regulation of activities potentially detrimental to public lands



including suction dredge mining. The Entiat River was identified as an appropriate study
site due to the previous identification of this river within SOAL boundaries, the present
documented lamprey habitat, the presence of similar habitat characteristics to commonly
dredged river systems, and minimal mining activity present for a more accurate pre- and
post-dredging analysis.

Research was completed by assessing changes in water quality, channel
morphology, and substrate composition that resulted after suction dredge mining within
an identified site in the Entiat River. This project provided an opportunity to monitor the
impacts of suction dredging activities to a river system and the potential to extrapolate
impacts to similar aquatic habitat in Washington State. The main questions addressed in
this research include: 1) how does small-scale suction dredge mining alter the water
quality of habitat units in natural aquatic environments of this size and composition? 2)
how does small-scale suction dredge mining alter the morphology and substrate grain-
size distribution of habitat units in natural aquatic environments of this size and
composition? 3) does dredge mining significantly reduce the availability of habitat
characteristics required by Pacific lamprey populations and other aquatic species? Survey
objectives determined to answer the identified research questions included: 1) collecting
baseline habitat conditions of sample reaches along the Entiat River in Washington’s
Northeast Cascade Range, 2) conducting a controlled dredging experiment at one sample
reach within the Entiat River, 3) comparing post-dredging to baseline conditions in order
to quantify change in substrate composition and water quality, and estimate related

impacts to preferred habitat of Pacific lamprey and other associated species; and 4)



utilizing research findings to provide recommendations to state agencies in regards to
inventory and regulation of suction dredge mining activities occurring within Washington
State.
Significance

This analysis quantifies specific impacts of suction dredging to aquatic habitat in
Eastern Washington and provides necessary data to extrapolate impacts to similar
systems throughout Washington State. Previous reports on suction dredging impacts to
ecosystems have focused on salmonids, macroinvertebrates, and freshwater mussels
(R2RC, 2006; Krueger, 2007; Maiyou and Moreau, 2015; Prussian et. al., 1999).
Although many reports rely on secondary data to assign general dredging effects, few
specific experimental dredge studies have been completed and none have been directly
related to Pacific lamprey. Serving as a predation buffer to salmonids, an effective
indicator of ecosystem health, and an important cultural resource to tribal nations, the
Pacific lamprey is an essential species to the Northwest and impacts deemed significant
to populations and habitat should be mitigated. These data will contribute to the limited
Pacific lamprey knowledge dataset with the potential to strengthen the push for listing
protection under the ESA.

By capturing geomorphic factors and water quality measurements in the Entiat
River before and after dredging, results can be compared to habitat preferences of
multiple species to determine impacts within the entire aquatic ecosystem. Through
specifically identifying habitat conditions of interest and creating a sampling frame that

replicates recreational suction dredging activity and has the potential to be repeated, this



assessment will provide a framework for further monitoring studies within various
environments where dredging occurs in Washington State.

Suction dredge mining policies in Washington State are currently being assessed
by state agencies including the WDFW and WDNR with the potential for increased
regulation if deemed appropriate. By providing primary data through research directly
completed in waters of the state, impacts to various sized systems can be addressed.
Through the collection and spatial analysis of at-risk regions in public lands, state
agencies can apply results throughout current and future land management decisions and
can provide further recommendations for research. In addition, these data established
methods for further suction dredging experimental research and contributed to a growing
scientific dataset on which to base policy decisions including the permitting and

regulation of small-scale mining within Western states.



CHAPTER 2
LITERATURE REVIEW

The following is a literature review of dredge mining history in the United States,
suction dredging equipment and methods, current policies for regulation, a summary of
dredging impact studies on sensitive species, and a description of Pacific lamprey life
history and potential threats to current populations.
Placer Mining History and Development

Gold and other minerals of interest are found throughout many Washington
streams and as a result, prospecting activities are common throughout the state. Mining
practices focus on either placer or lode deposits with suction dredge mining targeting
placers in both marine and freshwater aquatic systems. Placer deposits are created
through the erosion of lodes and the eventual deposition as alluvial material (WDNR,
2010). Placer deposits accumulate heavy minerals and can settle where velocities
decrease rapidly including eddies, pools, and downstream from channel obstructions
(McCracken, 2006). Minerals such as gold are designated as ‘heavy’ due to the substance
having greater weight than equal volumes of other minerals (WDNR, 2010).
California Gold Rush

Mining in the West began largely during the California Gold Rush between 1848
and 1855 which largely contributed to the formation of the state (Harris, 1993; Delcotto,
2010; Horizon Water and Environment, LLC [HWE], 2009), and led to the creation and
initiation of mining regulations within the mining community (Rickard, 1966). California

had been recently acquired from Mexico and the state was controlled by the military.



Although the mines were within the boundary of public lands, therefore under ownership
of the U.S. government, it was determined to be directly beneficial for the economy of
the country to allow miners to extract the valuable metal independently (Rickard, 1966).
Rules were created and self-regulated within the initial mining camps, eventually
becoming the basis of the Mining Law of 1866 enacted by U.S. Congress (Rickard,
1966). The idea of mining claims was brought to California through foreign prospectors
and many were established to create a system of property rights. Within each claim the
first locator of the site could hold an area ranging from 30 to 100 square feet depending
on the size of the deposit, until abandoned (Rickard, 1966).
Mining in Washington

Mineral prospecting in the Northwest was largely attributed to the growing fur
trade and expansion of missionaries (Rickard, 1966). Placer gold was initially discovered
in Washington in the 1850s, but placer mining did not become active until discoveries
were made in the 1860s on Peshastin and Swauk Creek (Moen, 1979). The first recorded
discovery of gold in Washington occurred in September of 1953 by a party of surveyors
led by George McClellan who were surveying for potential routes for the transcontinental
railway (Tozer, 1965). The party made camp at the Yakima River across from the mouth
of Manastash Creek near present-day Ellensburg and found the first traces of gold (Tozer,
1965). Into the early 1900s prospecting occurred throughout Washington, and many

streams were explored for placer deposits (Moen, 1979).



Evolution of Mining Technology

During the California Gold Rush, rocker boxers, or hand-powered concentrators
to wash the gravel and separate gold, became popular within the mining community
(Rickard, 1966; USFS, 2015). Rocker boxes utilized riffles along the bottom of the box to
capture gold in the transverse cleats and release unwanted material (Rickard, 1966). Once
most of the easily accessed gold was removed, mining was largely centered around
commercialized companies (HWE, 2009; Delcotto, 2010; USFS, 2015). Large floating
dredge systems were created in the early 1900s to mine deposits along rivers and outwash
fans using large steel buckets to collect gold and dump removed sediment back into the

river as large mounds downstream (Figure 1) (HWE, 2009).

Figure 1. Golci dredge in Fairbanks, Alaska operated by the Fairbanks Exploration Company.
Photo adapted from: https://alaskatours.com/day-tours/gold-dredge-no-8-tour/.

Dredges were also known to be utilized along the marine beaches of Nome,

Alaska in 1899 to extract large quantities of gold following the subsequent rush in the
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north (Rickard, 1966). Although commercial dredging continued to grow until the Great
Depression, large expenses associated with dredging coupled with low prices for
recovered gold led to a decline in the industry (HWE, 2009).
Suction Dredge Types

Dredge mining technology eventually re-emerged in the 1960s when the suction
dredge was initially developed by individuals as a way to access river deposits and later
became produced commercially for small-scale dredge mining, allowing the processing
of significantly larger amounts of sediment at a faster rate (HWE, 2009; Delcotto, 2010;
USFS, 2015). Suction dredges are composed of a flotation device such as a pontoon
framework, a water pump, a suction hose, and a sluice concentrator, and are driven by
small gasoline or diesel engines. Suction is created using a high-pressure water pump that
produces a powerful vacuum effect to uplift streambed substrate for filtration (Figure 2)

(WDFW, 2018).

Figure 2. 5-inch Keene suction dredge with a pontoon framework, gasoline motor, water intake
pump, and a header box to transport substrate over the attached sluice box for sorting. Photo
credit: Jaime Liljegren.
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Dredges typically utilize sluices as a concentrator to separate the minerals of
interest from the channel material. Within the sluice system, vacuumed substrate is
uplifted through the suction hose and transported to the concentrator equipped with riffles
along the bottom. Each riffle forms a small eddy current, allowing gold and other heavy
minerals to fall out of suspension at the bottom while lighter sediments are discharged
back into the stream as tailing piles and sediment plumes (USFS, 2015; Harris, 1993).
Header boxes are also used in conjunction with sluice systems as a separator to break up
consolidated material upon leaving the hose and entering the sluice (Harris, 1993). As the
water and substrate enter the header box, particles are loosened and released into a
classifier screen in which separates the heavier material before entering the riffles
(Harris, 1993).

Dredge size is based on the nozzle diameter of the suction intake hose entering the
sluice box (McCracken, 2006; WDFW 2018). Non-commercial dredges range from two
to eight inches in diameter with the most commonly used ranging from two to five
inches, and they include engines up to 15hp (ORAFS, 2017). The diameter of the suction
hose directly affects the amount of material processed. Increasing the hose diameter by
one inch doubles the available suction and increases the depth of excavation by a foot per
inch (McCracken, 2013). In addition, doubling the intake diameter also increases the
amount of processed substrate by a factor of four (Harris, 1993).

The two-inch suction dredge is a small system that can be quickly and efficiently
transported to a waterbody as a backpack and is typically used for small regions that

larger dredges cannot access (Harris, 1993). Due to the small capacity, the two-inch
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dredge is not typically used for production dredging and rather is used for sampling an
area to determine paystreak locations (HWE, 2009).

The four and five-inch dredge are most commonly used by small-scale production
dredge miners (Harris, 1993; HWE, 2009). Although requiring more effort to assemble
than smaller dredges, they are designed to be transported moderately easily while still
allowing the ability to process large amounts of substrate from channel beds (Harris,
1993). Dredges four inches in diameter and larger can use a double or triple sluice set-up
to more efficiently process sediment; however, the standard set-up uses a single sluice
concentrator (Harris, 1993; McCracken, 2006). Large 6 to 8-inch dredges are typically
used for commercial gold mining purposes and require a significant amount of people,
effort, and special permitting within certain states to be successfully operated (Harris,
1993). In addition, many large dredge systems include an air compressor as an air supply
system for diving in deeper water or working down to the bedrock. These systems are
referred to as ‘hookah’ air systems in which the compressor delivers air from the surface
to the diver using an air hose and regulator, allowing for a less-costly option when
compared to SCUBA diving (Delcotto, 2010; Harris, 1993).

Suction Dredge Mining Techniques

Dredging occurs typically during summer low flows to allow operators safe
access to streams and when required permits allow mining (R2RC, 2006; HWE, 2009).
According to a study on California suction dredging, recreational suction dredgers
represent approximately 90 percent of all suction dredgers and spends on average 5.6

hours a day dredging an area ranging from one to ten square meters (California
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Department of Fish and Game [CDFG], 1994). Dredge systems are commonly tied to
boulders, vegetation or other stable structures to maintain proper placement and
orientation in the channel (R2RC, 2006; McCracken, 2006).

When dredging, operators target placer deposits for gold and other valuable
minerals. Although possible for gold to reside on the surface of the streambed, the most
productive sediments are present at depth in the channel bed not usually mobilized during
floods (McCracken 2006, USFS 2015). Initial testing is completed through dredging
small holes, then surficial substrate is removed to access sediments deeper in the channel
where significant amounts of gold are available (McCracken, 2006).

Production dredging is focused on the recovery of a discovered deposit and is the
main technique once a paystreak is found using sample holes (Harris, 1993). To reach
significant paystreaks in a substrate transition zone, operators will dredge to bedrock or
hard-packed layers often removing all rocks and boulders (Marvin-DiPasquale et al.,
2011; McCracken, 2013). When working downward through channel substrate above
bedrock, operators may intercept ‘flood gold’ deposits residing above crevices in layers
that have been deposited through flooding and other precipitation events (USFS, 2015).
Streambed materials that exceed the intake pipe diameter are manually piled downstream
or adjacent to the dredging (ORAFS, 2017; Evans, 2017). Once processed, sediment is
released downstream and, if present, fine material is transported in a plume a further

distance down the channel.
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Regulations in the American West
Mining Claims

Under regulation by the Bureau of Land Management, individuals are allowed to
stake a claim to any permissible public land in the United States for surface mining
purposes (Moen, 1962; USDOI, 2016). Although citizens receive the right to mine within
the surface, a claim does not allow the claimant sole use of the land and can therefore be
used for any activity available on other public lands as long as it does not interfere with
mining activities (USDOI, 2016). Many individuals and prospecting clubs work under
claims in order to secure particular locations of interest. Claims are regulated using the
General Mining Law of 1872 and the Federal Land Policy and Management Act of 1976
on federal lands, and are based on the Public Land Survey System (PLSS) using
township, range, and section as the location identifiers (Moen, 1962). When receiving a
claim, users must pay a fee and are required to regularly utilize the area as well as follow
policies particular to the state (USDOI, 2016). Placer claims for individual claimants
cannot exceed 20 acres while an organizational claim cannot exceed 160 acres. Multiple
placer and lode deposits cannot be within the same claim (USDOI, 2016).
Federal Lands and Regulations

Various designated federal lands are subject to different regulations regarding
mineral prospecting. Lands managed by the National Forest Service (NFS) are open to
mining claim ownership as well as mineral prospecting outside of claims (WDFW, 2018).
In contrast, no new mining claims can be established in National Parks following the

Mining Law of 1872 and mineral prospecting is allowed only in pre-existing claims
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(WDFW, 2018; Moen, 1962). In regard to wildlife protection, all activities with the
potential to impact resident fish, plants or animals are under the authority of the United
States Fish and Wildlife Service (USFWS) while activities that can impact anadromous
species such as the Pacific lamprey have the potential to be regulated by the National
Marine Fisheries Service (NMFS) (WDFW, 2018). Both agencies are responsible for the
appropriate application of the Endangered Species Act (ESA), which requires agencies to
protect and conserve listed species.
State Regulations

Although small-scale suction dredge mining occurs throughout the American
West, policies regarding the activity significantly differ among states. Under the Mining
Act of 1872, a private citizen is allowed to ‘explore potential mining opportunities on
federal land’ and allows citizens the right to stake a claim to any available land (United
States Government Publishing Office [USGPO], 2011). Dredge mining is included within
the Mining Act of 1872 and therefore falls under federal regulation; however, certain
states including California, Oregon, and Idaho have taken responsibility to impose
additional local rules regarding approved locations, timeframes, and permitting processes
in order to accurately track activity and allow further environmental protection to state
resources.

In 2009, California passed Senate Bill 670 in which placed a temporary
moratorium on all dredging activity throughout the state until a final comprehensive
environmental review could be completed documenting all known impacts (CA S.B. No

670). Once completed, it was determined that if the ban was lifted, dredging would cause
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significant environmental harm to the state of California. Therefore, Senate Bill 637 was
implemented issuing a ban on suction dredging until a thorough and appropriate
regulatory system could be implemented (CA S.B. No.637). Under state law, it is a
criminal penalty for illegally operating a dredge and offenders could face fines of up to
$1000, a six-month incarceration, or both (Arsenault, 2019).

Although requiring state permits to dredge in specified locations under the Stream
Channel Protection Act (SCPA), Idaho has relied primarily on federal regulations
regarding enforcement within the state (Arsenaut, 2019). Under the Clean Water Act
(CWA), the Environmental Protection Agency (EPA) has issued a generalized National
Pollution and Discharge Elimination System (NPDES) permit for all suction dredging
activity within the state and all permitting is enforced under the authority of EPA (EPA,
2018). In the state of Idaho, illegal dredging is a civil penalty subject to fines of up to
$500 for violation of the SCPA (Idaho Department of Water Resources [[DWR], 2018).
With state permits costing $250 to obtain and the EPA focusing more attention on
industrial violators of the CWA, illegal dredging in Idaho is more likely to occur without
further enforcement of state law (Arsenaut, 2019).

The state of Oregon has taken a more balanced approach in an attempt to appeal
to both the mining and environmental communities. In 2013, a moratorium was
temporarily enacted while the state assessed known impacts to the environment of
Oregon from dredging (OR S.B. No. 838). The ban was lifted in 2017, and State Bill 3
was passed restricting mining to specific locations throughout the state (OR S.B. No. 3).

In the new legislation, all habitat deemed necessary for native anadromous salmonids was
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off limits to dredge mining, creating legislation that moderated mining activity with
critical habitat (Arsenault, 2019).
Regulations in Washington State

All stream and river channel habitat located below the mean high-water mark is
designated state-owned land; therefore, all instream activities are regulated through state
agencies (WDFW, 2018; Ivey, 2012). Designated state-owned aquatic land is managed
by the WDNR which is responsible for balancing the mitigation of water quality issues,
protection of aquatic habitat, and public access for recreational opportunities (WDFW,
2018). SOAL includes all land present in freshwater rivers and lakes deemed ‘navigable’
that are present below the designated ordinary high-water line (Moen, 1962). Within
state-owned aquatic land, WDFW coordinates with WDNR in order to conduct ESA
compliance work, provide public access, provide enforcement, and assist in protecting
species and local habitat (Joint Legislative Audit and Review Committee [JLARC],
2008).

Mineral prospecting policies for Washington State are located within the
Washington Administrative Code (“WAC’) under both 220-660-030 and 220-660-300.
The codes require all activities in Washington State that “use, divert, obstruct or change
the natural bed or flow of state waters” apply for an HPA through WDFW to ensure no
damage occurs to public shellfish and fish resources (WDFW, 2018). The Gold and Fish
pamphlet is recognized as the appropriate HPA for any mining or prospecting in

compliance with all pamphlet rules (Figure 3) (R2RC, 2006).
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Figure 3. The 2018 Gold and Fish HPA pamphlet serves as the approved HPA permit for all
prospecting completed in compliance with the stated guidelines.

No application or fees are required, although miners must follow the rules
outlined in the pamphlet and carry it with them in the field while performing mining
activities (WDFW, 2018). Prospectors must have the pamphlet on hand and follow all
policies regardless if they are working an established claim or within unclaimed public
lands. Regulations state when an applicant wants to work outside the pamphlet guidelines
in work period, timing method or location, written HPAs are available for approval
(WDFW, 2018). Applications must be completed and submitted to WDFW online and
will be approved unless determined that the activity will directly or indirectly negatively
affect fish life and an appropriate mitigation strategy cannot be identified (WDFW,
2018). Mineral prospecting performed under the general approval of the Gold and Fish
HPA are not inventoried, making documentation of mining frequency and location

largely absent (R2RC, 2006).
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Regulations were updated through the Washington State Legislature in May 2018
which remove suction dredging from the approved Gold and Fish pamphlet HPA and
requires all suction dredge miners to apply for individual HPA applications for review.
The new policy will be enacted beginning November 1, 2019 and will allow for a more
accurate inventory of current dredge mining activity in Washington State. Although a
more detailed look at dredging hotspots will be identified following the increased
regulation, mining will still be allowed in many aquatic systems that serve as critical
habitat for vulnerable species.

Placer and Suction Dredge Mining Distribution

A significant portion of current suction dredge mining overlaps critical fisheries
habitat in Washington (Trout Unlimited, 2017). Previous HPA applications for suction
dredging activity have locations widespread across Washington from marine regions
along the West Coast at Long Beach, Ocean Shores, and near Grays Harbor to the San
Juan Islands and freshwater reaches within the Skagit Valley, along the Cascade
Mountains, and many locations in Eastern Washington (Figure 4) (WDFW HPA APPS

database).
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Figure 4. Sites of known dredging locations throughout Washington State. Locations were

identified based on previous HPA applications via the WDFW APPs database as well as using a
layer provided by Trout Unlimited on dredging hotspots.

According to the WDFW APPS database, HPA permits for mineral prospecting
have been approved for many regions across Washington State with the most locations
occurring in Chelan, Skokomish, and Whatcom Counties based on 2014-2018 HPA
application data (WDFW APPS). Although written HPA permits provide a portion of
general areas where dredging occurs outside of approved timeframes or locations,
complete data on all dredging locations are unknown. Current HPA permits for suction
dredge activity outside the approved windows is estimated to encompass only 5% of the
total dredging occurring in Washington State (Davis, J. WDFW; personal interview with
Trout Unlimited, 2016).

Impact Studies of Suction Dredge Mining to Channel Geomorphology
Suction dredge mining alters natural stream channels and disrupt channel-forming

processes (ORAFS, 2017). Dredging activity typically focuses on depositional regions
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within aquatic systems including riffles, lower pool sections, channel margins and other
features creating slack water (Harvey and Lisle, 1998). These features are locations
where gold deposits are likely to occur. Large impacts to the channel have been identified
as a result of dredging including displaced boulders, cobbles, and logs along with the
creation of holes and substrate piles along stream channels (Evans, 2017). Habitat
alterations that mobilize channel substrate can result in the continued destabilization of
the streambed and increased channel erosion over time (Wilcock and DeTemple, 2005;
Parker and Klingeman, 1982). A study on suction dredge mining in Canyon Creek,
California identified the average hole depth to be four feet in 1984 and five feet the
following year with 9% of created tailings and holes still present at the beginning of the
next season (Stern, 1988). Similar research in Victoria, British Columbia found holes
ranging from two to six feet in depth following dredging (Hall, 1988).

In addition to directly observed impacts within the dredged region, processed
material has the ability to change channel morphology downstream by depositing tailings
in pools that can remain until a significant high-flow with sufficient flow to transport
gravel, which can have low recurrence interval in small streams (R2RC, 2006).
Significant sediment deposition has been shown to result in a depth decrease and width
increase of the channel (Thomas, 1982). Velocity reductions and adjusted riffle-pool
interactions have been observed following deposition downstream of dredging activity,
leading to a decrease in the overall number and depth of pools (Rulifson, 1979). The

capability of suction dredges to move large amounts of substrate can significantly alter
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features within a channel reach, subsequently impacting the species that rely on the
impacted habitat.
Dredging Effects to Species and Habitat

Ofent, the same areas of interest to gold miners also provide habitat for native
fishes and macroinvertebrates (ORAFS, 2015). This overlap in use increases the
likelihood of direct and indirect impacts to multiple species within the system. Suction
dredging has been shown to significantly affect channel morphology, resulting in reduced
spawning and rearing habitat of multiple species within a river system (Harvey and Lisle,
1999). During a dredging event stream habitat simplification can occur, increasing
negative effects by removing items that reduce water velocity including boulders and
large wood, as well as altering riffles that are essential to fish and aquatic insect habitat
(North, 1993; Quinn, 2005). A study performed on species diversity found the number of
species of fishes present was most strongly correlated with stream depth, suggesting deep
pools are extremely important to fish (Sheldon, 1986). Fine gravels released downstream
create substrate piles that are redistributed below the dredged region with the potential to
fill pool features used for habitat in less than a year (Thomas, 1982). These
unconsolidated, loose tailings piles may be utilized to construct spawning redds, making
them more prone to being washed downstream (Delcotto, 2010).

In addition to the direct alterations within the channel following dredging, many
other less visible yet equally significant effects to aquatic organisms can occur. While the
dredge is running, processed sediment is released onto undisturbed substrate downstream

along with a plume of fine sediment, dependent on the composition of the channel.
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Released sediment has been shown to cover downstream spawning gravel habitat
resulting in direct burial as well as deposition of fine sediment within interstitial spaces in
gravels that can cut off pathways for flushing metabolic wastes produced by larvae and
eggs (USFS, 2015; Somer and Hassler, 1992; Kreuger et al, 2007). Fine sediment
deposition can also affect permeability within gravel and dissolved oxygen levels,
affecting egg and embryo stages of salmonids that develop within gravel substrate
(Thomas, 1982). Sediment burial harms the development of fish eggs, reduces cover, and
increases the predation vulnerability of juvenile fish and macroinvertebrates (USFS,
2015).

The persistence of sediment plumes is dependent on sediment characteristics,
dredge operation, and stream flow. Previous studies identified water quality effects from
sediment plumes over 500 ft below dredging activity (Prussian et al., 1999). In addition,
sediment with larger proportions of clay content will have lower-density particles and
therefore more persistent sediment plumes (Marvin-DiPasquale, 2011). Increased
suspended solids can directly impact fishes and invertebrates by clogging gills and other
respiratory surfaces as well as impacting the uptake of filter-feeding species (Birtwell,
1999). A California study documenting dredge operation impacts found chinook salmon
avoided silted areas downstream from mining and concentrated in clear tributaries
resulting in overlapping redds and increased egg mortality (Sumner and Smith, 1939).
Later studies found high mortalities of salmonid fishes and macroinvertebrates

downstream from suction gold dredges (Campbell, 1953).
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Like fish, benthic aquatic insect distributions within lotic ecosystems are also
strongly dependent on present grain size (Cummins and Lauf, 1969). A study focusing on
substrate changes from dredging in multiple California streams was found to significantly
influence macroinvertebrate density and diversity following dredging activity (Harvey,
1986). Suspended particles have the potential to affect the respiratory systems of aquatic
organisms or remove vegetation and insects from the channel (Thomas, 1982). Previous
studies identified reduced populations of aquatic insects below silt outflows (Bjornn et
al., 1975; Nuttall and Bielby, 1973). A decrease in invertebrate populations over a
continuous timeframe would have significant implications to local aquatic health
(Thomas, 1982).

Cumulative Effects of Dredge Mining

Multiple dredge operators often work the same site on a designated claim and it is
common to repeatedly return to the same location (Delcotto, 2010). Significant
disturbance of streambeds resulting after dredging within a broad area or from the
activity of multiple dredges can persist over long periods (ORAFS, 2015). Dredged sites
where large amounts of boulders and cobbles are removed and piled in a concentrated
area or sites located away from the thalweg may affect streambeds for a longer duration
(Thomas, 1985; Harvey et al., 1982; Stern, 1988; Prussian et al., 1999). Multiple dredges
are more likely to affect the channel over a larger timeframe, diminishing its capacity to
support organisms (ORAFS, 2017). Persistent effects can result from dredging annually
at the same site or from multiple mining activities occurring within a specific area

(ORAFS, 2015). Little research has been completed on the physical and biological effects
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of multiple dredges operating concurrently and should be a focus of further study
(Harvey and Lisle, 1998).
Pacific Lamprey Distribution

Pacific lamprey historically occupied a range from Mexico to Japan along the
Pacific Rim (USFWS, 2004). Currently, lamprey are present in streams and rivers along
the West Coast of central and northern California, Oregon and Washington as well as
inland rivers throughout eastern Oregon, Washington and Idaho (Figure 5) (USFWS,

2015).
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Figure 5. Current and historic distributions of Pacific Lamprey populations within Washington
State. Blue represent current distributions while brown represent historical locations. (Map
modified from original by U.S. Fish and Wildlife Columbia River Fisheries Program Office,
2015).

Observations have identified declining populations in streams along the Pacific
Coast from Washington to California south of Point Conception as well as within the

Columbia River Basin (Close, 2001; Luzier et al. 2009; Swift and Howard, 2009; Moyle
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et al. 2009). Pacific lamprey were eradicated from multiple rivers throughout coastal
Washington, Oregon, and California (USFWS, 2004), above dams and barriers in west
coast streams, and above dams in the Columbia and upper Snake Rivers (Streif, 2007).
Within the South Fork Clearwater River sub-basin in Idaho, the abundance of lamprey
populations were documented to be dramatically reduced from historic populations
(USFS, 2016).

The NatureServe ranking system is a world-wide program developed to assign
conservation status using known science for further protection. Within the system, Pacific
lamprey populations within the Mid-Columbia and Upper Columbia River are designated
at ‘high risk’ while populations in the Lower Columbia are at lower risk, although facing
larger, continuous threats (Luzier, 2011). The Upper Columbia region represents all
Columbia River tributaries including the Wenatchee, Yakima, Entiat, Naches, Okanogan,
and Methow Rivers. Although accurate counts of the Pacific lamprey are difficult to
attain due to their complex life history, discrete counts at dams in conjunction with
observations have identified a dramatic decline in western populations.

Pacific Lamprey Life History

The Pacific lamprey is a unique anadromous fish species native to aquatic systems
throughout the Northwest (Figure 6). Although minimal information is known regarding
certain life stages, the lamprey has been identified as a species required for proper
ecosystem functions throughout the West. Lamprey utilize freshwater systems for

spawning, rearing, and juvenile development, followed by migration to marine systems
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throughout maturation, and finally return to available freshwater reaches for spawning

(Figure 6).

Figure 6. Adult Pacific lamprey. Photo adapted from: United States Fish and Wildlife Service.

Developmental stages of distinct lamprey populations are similar; however,
variation occurs between and within basin environments (Clemens et al., 2009).
Spawning generally occurs throughout the late spring and early summer in the Columbia
River Basin when temperatures reach 10°C to 15°C (Beamish, 1980; Luzier et al., 2011;
Moser et al., 2007). Similar to salmonids, Pacific lamprey spawn in habitat within gravel
streams in low-gradient stretches, upstream of riffle crests, and in downstream portions of
pools (USFWS, 2011; Stone, 2006; Moser et. al., 2007; USDA, 2016). When
constructing redds, lamprey move individual grains using sucking discs called buccal
funnels located on their mouths to clear the area and to deposit substrate around the redd
(Crandall and Wittenbach, 2015; Pletcher, 1963).

Larvae hatch after approximately three weeks, traveling in the downward flow
until appropriate habitat is present for burrowing or spring flows are reduced (Dawson et
al, 2015). Once emerged, juvenile ammocoetes remain three to seven years buried in
channel material typically at a depth of less than 20cm, feeding on microscopic algae and

organisms in the water column (Dawson, 2015). Although fine sediment is preferred,
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ammocoetes can use small gravel and cobble material for rearing if habitat provides
limited availability (Crandall and Wittenbach, 2015). Rearing habitat is typically within
close proximity to spawning habitat (Moser et al., 2007). Ammocoetes are commonly
found in pools, eddies, and along stream edges that provide low water velocity; however,
juveniles cannot tolerate areas of high anoxic conditions commonly found in regions of
high organic matter if unsuitable velocities are present (Crandall and Wittenbach, 2015;
Pirtle et al., 2003). Downstream regions of logs, boulders, and other channel obstructions
create suitable rearing habitat (Crandall and Wittenbach, 2015).

When individuals emerge from rearing habitat and outmigrate to the ocean
following maturation, Pacific lamprey will spend one to three years in the marine
environment feeding on various fish (Beamish, 1980; Kan, 1975). Once sufficiently
developed and matured, lamprey will stop feeding and return to freshwater systems for
overwintering and spawning (Cummings, 2007). Due to their unique life history patterns,
Pacific lamprey can be present within the channel bed at all times of the year, increasing
their vulnerability to human activities including dredging.

Dredging Effects to Pacific Lamprey

Several meetings of the Pacific Lamprey Conservation Initiative identified
specific threats to lamprey from human activities within aquatic systems including the
dewatering of rivers and reservoirs, navigational and recreational dredging, unscreened
surface water diversions, reduction of vegetation, channelization, large woody debris
removal, and the introduction of toxic contaminants and predatory fish (Luzier et al.,

2009).
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Minimal information is present regarding small-scale mining impacts on non-
salmonid fishes; however, lamprey habitat is known to significantly overlap with
common dredge mining streams (R2RC, 2006). Species with a spring spawning
timeframe including resident lamprey, rainbow, steelhead, trout, west slope cutthroat,
sturgeon, and cade species have a higher likelihood of being exposed to small-scale
mineral prospecting (R2RC, 2006).

Impacts identified from dredging activity with the potential to affect lamprey
include the uptake of individuals through the system, burial of eggs and larvae by fine
sediment, alteration of available food sources, reduction of nesting and rearing habitat,
increased vulnerability to predation, and re-mobilization of heavy metals to larval habitat
(ORAFS, 2015; HWE, 2009; Bettaso and Goodman, 2010). Like salmonids, lamprey are
affected by impaired water quality conditions and streambed instability during both
larval/juvenile migration downstream and adult migration upstream (CRITFC, 2011).
The simplification of channel habitat, increased streambed instability and gravel
embeddedness, and the discharge of fine sediment can impact present lamprey spawning,
holding, and rearing habitats (Stern, 1988). Pacific lamprey restoration goals have been
established in tribal management plans and are identified as a priority species for
recovery (CRITFC, 2011).

High variation in water quality are common throughout the Upper Columbia
tributaries with levels of dissolved oxygen, pH, pollutants, chemicals, along with
agricultural and sediment runoff (Luzier et al., 2011). Degradation of water quality from

either external environmental conditions or direct dredging activity have the potential to
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significantly affect lamprey throughout all freshwater life stages. A survey completed by
the Fish Ecology Division in the National Marine Fisheries Service and the Umatilla
Tribal Fisheries Program assessed thermal stressors to Pacific lamprey (Moser et al.,
2017). Groups of larvae were separated and assessed for their response to changes in
temperature according to different amounts and timeframes. In the study, larvae were
resilient to slow thermal changes with a 100% survival when increased from 13°C to
19°C in 1.5 hours and then returned to 13°C (Moser et al., 2017). Larvae experienced
slightly higher rates of mortality in abrupt temperature shocks with 96% survival after an
increase from 13°C to 20°C in 10 minutes and returned back to 13°C after one hour
(Moser et al., 2017). Aquatic systems that experience dredging have the potential for
rapid alterations to ambient temperature during dredging activity. Another survey
completed by the Fish Ecology Division in the National Marine Fisheries Service
(NMFS) analyzed minimum oxygen levels required for the transport and holding of
translocated Pacific lamprey (Moser et al., 2018). Results showed larvae were overall
resistant to low levels of dissolved oxygen with dramatically lower consumption rates
than adults with a mean oxygen consumption ranging between 0.2 to 2 mg/kg/hr when
exposed to dissolved oxygen levels ranging from 4.3 to 9.1 mg/L (Moser et al., 2018). In
contrast, adults experienced higher stress when dissolved oxygen fell below 2mg/L, and
they were less resistant to depleted oxygen conditions with a mean oxygen consumption
ranging between 5-600mg/kg/hr when exposed to dissolved oxygen levels ranging from
1-8.0 mg/L (Moser et al., 2018). In addition, adults could reduce respiration rates when

oxygen levels were low, whereas larvae continued similar levels of consumption (Moser
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et al., 2018). Due to the potentially significant effect of altered temperature and oxygen
levels to lamprey, it is necessary to monitor this parameter during dredging to identify
any detrimental effects present. In addition, when mature individuals experienced
increased levels of turbidity in holding tanks, behaviors of distress were identified
including climbing the sides of the tank (Moser et al., 2018). Dredging has a potential to
increase turbidity, conductivity, and suspended sediment levels within a system in a short
period of time through the uptake and release of substrate from the channel bed. It is
necessary to identify alterations to these parameters during dredging in order to identify

potential effects on lamprey populations
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CHAPTER 3
STUDY AREA
Geographic Setting
Located within the Eastern Cascade Mountains of Central Washington, the Entiat
River watershed is surrounded by the Entiat Mountains along the southwest, and the
Chelan Mountains and Lake Chelan drainage on the northeast (Sixta, 2010). The
watershed width ranges from five to 14 miles along the valley with a drainage area of
approximately 1080 km? (Chelan County Conservation District [CCCD], 1999). A
tributary to the larger Columbia River, the Entiat River flows southeast from the
headwaters located at the Cascade Crest approximately 53 miles to the confluence near

Entiat (Figure 7) (Sixta, 2010; Entrix, 2003).

Figure 7. Entiat River watershed, Washington State. The gold start represents the
approximate survey site location.
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Elevation extremes range from the headwaters at 9,000 feet to approximately 700
feet near the river confluence (Kirk et al., 1995; Andonaegui, 1999). Disregarding the
lower floodplain, the overall terrain of the watershed is mountainous and mostly forested
(Kirk et al., 1995).

Watershed Geology and Geomorphology

Bedrock composed of crystalline minerals is present throughout the watershed
with glacial and alluvial deposits along the valley that vary significantly with depth (Kirk
et. al., 1995). Crystalline rocks, common throughout the Chelan and Entiat Mountains,
include gneiss and schist, quartz diorite and granodiorite (United States Forest Service
[USFS], 1979). Within the watershed there are multiple terranes present including the
Mad River Terrane, Chelan Mountains Terrane, and Swakane Terrane (Figure 8) (Tabor
et al, 1987). Present terranes have experienced significant metamorphism and intrusion
events during the Late Cretaceous and outcropping of bedrock is common throughout the
Entiat River (Inter-Fluve, 2013; Tabor et al, 1987).

Glacial deposits are poorly sorted and typically consist of sand, cobbles, and
gravel with lower amounts of silt and clay while alluvial deposits are stratified (Kirk et.
al., 1995). Although now considered inactive, tephra from the previous volcanic activity

of Glacier Peak covers a large portion of the watershed (Tabor et al, 1987).
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Figure 8. Geologic terranes within the Entiat River watershed. The Chelan Mountains Terrane is
composed of Entiat pluton (blue), migmatite, and tonalite (gray), the Swakane Terrane is
composed of biotite and gneiss (turquoise), and the Mad River Terrane is made of heterogenous
schist and gneiss (yellow-green). (Map modified from USGS, 2001).
Composition of the Chelan Mountains Terrane is a mixture of plutonic and
metamorphic rocks and includes the Chelan Complex that was metamorphosed during the
Late Cretaceous (Inter-Fluve, 2013). Chelan Complex rocks are present along the Entiat

River from river mile (RM) 18.5-21.0 and are composed of gneiss and amphibolite
(Tabor et al, 1987). Entiat Pluton is an igneous intrusion composed of granitic rocks and
is present within the entire valley stretch from the Columbia River to the headwaters
(Tabor et al, 1987).

Previous glacial erosion of the surrounding mountains as well as current stream
flows contribute significant sediment to the watershed (Kirk et al., 1995). During the

Pleistocene Epoch, a thirty-mile-long glacier was present in the upper Entiat valley

(Long, 1969). The glacier extended from Mt. Maude to RM 15.1, five miles north of the
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town of Ardenvoir where a terminal moraine is present (Figure 9) (Long, 1951;

Andonaegui, 1999).
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Figure 9. Points of interest along the Entiat River, Washington.

Ice scoured the valley into a U-shape creating a wide floodplain. Below the region of

glacial activity, the Entiat valley has a typical V-shaped, incised stream habitat created

from downcutting and other processes (Andonaegui, 1999; United States Department of

Agriculture [USDA], 1979). Debris flows along hillslopes from erosional slope processes
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are an important contributor of sediment to the river channel (Bureau of Reclamation
[BOR], 2009). Sediment is fed into rivers through rock fall and mass wasting events
throughout the valley (BOR, 2009). Although certain reaches have compositions capable
of eroding fine sediment to the river, the majority of grains present in hillslopes adjacent
to the channel are composed of coarse rock that is transferred through mass wasting to
create steep slopes (BOR, 2009). Tributaries and debris flow have transported sediment
within the Entiat floodplain through a natural cycle of fill and scour as alluvial fans
during past flood events and are well sorted (Andonaegui, 1999; USDA, 1979).

The Entiat River was classified in 1996 using the Rosgen Classification system in
which the entire system from RM 0-53 was classified into Rosgen streamtypes as well as
into general ‘depositional’, ‘transitional’, or ‘transport’ zones based on present channel
characteristics (CCCD, 2002; USFS, 1996). Figure 10 depicts a diagram of the Entiat
River identifying features along the mainstem as well as present spawning habitat with
the most suitable substrate composition, gradient, and pool-riffle channel habitat for

anadromous spawning occurring at RM 16 to 26 (Andonaegui, 1999).
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Figure 10. Diagram of the Entiat River outlining channel gradient, dominant Rosgen channel
classifications and fish use (Modified from USFS, 1996).

For this study, the experimental site was located within the depositional zone at
RM 19, identified as Rosgen type ‘C’ with high suitability for anadromous spawning
(Figures 7 and 10). This zone experiences deposition as a dominant channel process with

periodic flooding from thunderstorms as an important method of substrate transport

(Andonaegui, 1999).

38



Fishes

Ecological processes within the watershed are influenced by present and historic
morphologic and climatic conditions. Sediment transport, channel slope, habitat
complexity and present streamflow are all factors that can affect fish populations present
(USFS, 1996). The Entiat River provides a large amount of spawning, rearing, and
predation cover habitat for various fishes including steelhead and salmon as well as
multiple populations of native, non-salmonid fishes (Entrix, 2003). Fish species
inhabiting the Entiat River that have received further protection under the Endangered
Species Act include the Columbia River bull trout (Salvelinus confluentus), Upper
Columbia steelhead (Oncorhyncus mykiss), and Upper Columbia spring chinook salmon
(Oncorhyncus tshawytscha) (USFS, 2004). According to the Washington State Salmon
and Steelhead Stock Inventory (SASSI) completed in 1992, the Entiat River has one
stock of spring chinook, and it is listed as ‘depressed’ due to consistently low numbers
and reproduction (Andonaegui, 1999). Other native salmonid species of management
focus include summer chinook salmon, west slope cutthroat trout (Oncorhyncus clarki
lewisi), rainbow trout (Oncorhyncus mykiss), and a small sockeye (Oncorhyncus nerka)
population (USFS, 2004). Coho salmon (Oncorhyncus kisutch) no longer occur in the
Entiat watershed, having been extirpateded from the upper and middle segments of the
Columbia River basin (Andonaegui, 1999). Recent spawner surveys performed in the
summer of 2018 directly in the survey site by the USFWS have identified several chinook
redds located upstream and downstream of the experimental region (Fraser, G. and Grote,

A. personal communication, 2018).
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Pacific lamprey still exist in the Entiat River system, but distribution and
abundance information is largely absent (Peven et al., 2004). According to a report by
the USFWS and the Pacific Lamprey Conservation Initiative in 2011, when compared
with other Upper Columbia watersheds and based on professional judgments, both the
Wenatchee and Entiat watersheds were presumed to have higher population counts
ranging from 250-1000 (Luzier, 2011). Within the same study, populations in the Upper
Columbia Region experienced a decline of 10% over 27 years (Luzier, 2011). Due to
declining populations of Pacific lamprey throughout the West as well as the absence of
accurate population data, a high level of effort to monitor and enhance these populations
is recommended (Peven et al. 2004). Recent USFWS lamprey surveys directly adjacent
to the study area have identified probable nests immediately upstream and downstream of
the experimental stretch, confirming the presence of lamprey and appropriate habitat
(Anne Grote, personal communication, 2018).

Weather and Climate

The variation in topographic setting along the Entiat River watershed creates
extreme variation in precipitation, temperature, and weather events (Entrix, 2003). Due to
the location of the up