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• Impact of in-stream structures assessed
for a suite of native fishes.

• Microsatellite markers and Bayesian ge-
notype clustering were applied.

• Population subdivision was not ob-
served a year after high flow conditions.

• Population subdivision was observed
during low flow conditions for three
species.

• Impacts to movement by in-stream
structures can be mitigated by flow
management.
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In-stream structures are recognized as significant impediments to movement for freshwater fishes. Apex preda-
tors such as salmonids have been the focus of much research on the impacts of such barriers to population dy-
namics and population viability however much less research has focused on native fishes, where in-stream
structures may have a greater impact on long term population viability of these smaller, less mobile species. Pat-
terns of genetic structure on a riverscape can provide information on which structures represent real barriers to
movement for fish species and under what specific flow conditions. Here we characterize the impact of 41 dam
and diversion structures on movement dynamics under varying flow conditions for a suite of six native fishes
found in the Truckee River of California and Nevada. Microsatellite loci were used to estimate total allelic diver-
sity, effective population size and assess genetic population structure. Although there is spatial overlap among
species within the river there are clear differences in species distributions within the watershed. Observed pop-
ulation genetic structurewas associatedwith in-stream structures, but only under lowflow conditions. High total
discharge in 2006 allowed fish to move over potential barriers resulting in no observed population genetic
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structure for any species in 2007. The efficacy of in-stream structures to impede movement and isolate fish
emerged only after multiple years of low flow conditions. Our results suggest that restricted movement of fish
species, as a result of in-stream barriers, can be mitigated by flow management. However, as flow dynamics
are likely to be altered under global climate change, fragmentation due to barriers could isolate stream fishes
into small subpopulations susceptible to both demographic losses and losses of genetic variation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Many freshwater fish species are highly impacted by anthropogenic
mediated alterations to river ecosystems (Rowe et al., 2009; Strayer,
2010; Branco et al., 2012, Matono et al., 2013; Van Haverbeke et al.,
2013;Walters et al., 2014). Not the least of these are dams andwater di-
versions for municipal and agriculture use, which fragment large
flowing systems into smaller isolated reaches reducing habitat size,
habitat diversity, and fish populations. Smaller less diverse habitats
limit the ability of individuals to fulfill all life history requirements,
thus negatively affecting population viability (Alexiades et al., 2012;
Cooney and Kwak, 2013; Keefer et al., 2013; Santos et al., 2013; Van
Haverbeke et al., 2013). In many instances anthropogenic impacts
have resulted in listings under the United States Endangered Species
Act (ESA) or the International Union for Conservation for Nature
(IUCN). For most species, ESA listing has been concomitant with losses
of genetic variation, and thus, evolutionary potential (Garrigan et al.,
2002; Hurt and Hedrick, 2004; Dowling et al., 2012; Peacock and
Dochtermann, 2012). As the impacts of global climate change intensify,
human pressure onwater resources, for example, in thewestern United
States will undoubtedly increase, escalating both conservation concerns
and challenges to maintain functioning aquatic ecosystems, their native
species, and the ecosystem services they provide.

Native fishes that are not of commercial or recreational interest have
few data to assess their status in large parts of their ranges precluding
informed decisions regarding extinction vulnerability (Cooke et al.,
2005; Quist et al., 2006). However, the ESA single species listing ap-
proachmay ignore important ecosystemprocesses critical to population
persistence for suites of interacting species (Franklin, 1993; Orians,
1993; Franklin, 1994; Tracy and Brussard, 1994; Whiteley et al., 2006).
A more “ecosystem based” approach would be to assess the ecological
viability of multiple species with multiple potential environmental
stressors with the aim ofmanaging for properly functioning ecosystems
that support biotic communities (Kviberg and Craig, 2006; Edgar et al.,
2016). Recent examples of an ecosystem based approach include
Teichert et al.'s (2016) work on the impact of nine anthropogenic
stressor categories on 90 estuary fisheries in the Northeast Atlantic
and McDonald-Madden et al.'s (2016) use of food-web theory to
guide ecosystem management of species networks.

Here we focus on themovement dynamics of a suite of native fishes
found in the Truckee River in western Nevada and eastern California in
the face of anthropogenic barriers. Aswithmanywatersheds inwestern
North America, the Truckee River has been highly impacted by anthro-
pogenic perturbations over the 20th and 21st centuries. A series of in-
stream dam structures and water diversions on the river impound
water for the urban centers of Reno and Sparks, Nevada and provide
water for irrigation. Construction of a large in-stream dam diversion
as part of the Newlands Reclamation Act of 1902 (P.L. 57-161) in 1905
and channelization by the Army Corp of Engineers in the late 1960′s
greatly impacted flow dynamics, reduced recruitment in riparian cot-
tonwoods stands in the lower river, and altered invertebrate commu-
nity structure (USFWS Truckee River Recovery Implementation Team,
2003).

Despite the fact that the native fish species found in the Truckee
River watershed are fairly common throughout their respective ranges,
there is little known about their population ecology in general and al-
most no information available for populations foundwithin the Truckee
River watershed specifically (Baker, 1967; Vondracek et al., 1982;

Marrin et al., 1984; Johnson, 1984; Vinyard and Yuan, 1996; Light,
2005; Dauwalter and Rahel, 2008; Taylor et al., 2012; Benjamin et al.,
2014). Therefore the impact of anthropogenic disturbance, including
the role that in-stream structures play in restricting movement, on the
long-term population viability for many of these species, which range
in size from small cyprinids, Lahontan speckled dace (Rhinichthys
osculus robustus), Lahontan redside (Richardsonius egregious) and
cottids, Paiute sculpin (Cottus beldingi) to larger catostomids, mountain
sucker (Catostomus platyrhynchus), Tahoe sucker (Catostomus
tahoensis) and salmonids, mountain whitefish (Prosopium williamsoni)
remains unknown.

In this studywe characterize the spatial distribution of the six fluvial,
native fish species found in the main stem Truckee River from its origin
at Lake Tahoe, California to its terminus at Pyramid Lake, Nevada
(Fig. 1). Hypotheses concerning both flow dynamics, which are highly
variable both temporally and seasonally in thiswatershed, and the pres-
ence and type of potential barriers on movement dynamics of these
fishes were tested. All fish species are not uniformly distributed
throughout the river due to differing ecological requirements such as
water temperature, flow and foraging needs. Additionally the type of
in-stream structure varies throughout the watershed. All in-stream
structures were recently evaluated for fish passage by United States
Fish and Wildlife Service (USFWS) (Table 1), and these designations
were used to generate predictions regarding potential barriers and indi-
vidual species.

Patterns of fish genetic structure in a riverscape can provide infor-
mation with which to assess potential barriers to movement and the
impact of flow conditions. We predict that population substructure
will be present for those specieswhose distributions overlapwith struc-
tures classified as complete in-stream barriers. Additionally, temporal
and seasonal barriers are likely to impact smaller, less mobile fishes
such as Paiute sculpin, Lahontan redside, and Lahontan speckled dace,
during protracted low flow conditions leading to additional population
substructure and small isolated groups of individuals. Smaller fishes are
likely to be impacted disproportionally by seasonal and temporal bar-
riers as studies on movement dynamics show that fish length can play
an important role in determining home range size and movement pat-
terns. Although none of the species from this study were included in a
meta-analysis of dispersal patterns in fluvial fishes, Radinger and
Wolter (2014) found fish length to be positively correlated with move-
ment distances. The cottids had among the shortest movement dis-
tances and a narrower total range of distances moved (1–100 m),
followed by cyprinids, salmonids, and catostomids (Radinger and
Wolter, 2014).

Because many more barriers classified as seasonal and temporal are
found on the Truckee River, they have the potential to impact move-
ment dynamics for the smaller fish species whose distributions largely
overlap with them. Only during periods of high flow could fish move
downstream over complete in-stream barriers, but larger fish species
may be able to negotiate other in-stream structures during low flows
thereby reducing the impact of such structures on movement, gene
flow, and population size. Barrier height can also be an impediment to
movement especially for smaller fish species. In-stream structures
with perch height N 15 cm represented barriers to upstreammovement
for the prickly (Cottus asper) and coastrange (Cottus aleuticus) sculpins
both small species (70–300 mm; 60–170 mm respectively) (LeMoine
and Bodensteiner, 2014). Small populations of fish isolated between
temporal and seasonal barriers are more susceptible to demographic
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and genetic stochasticity, which can result in losses of genetic variation
and increased risk of local extirpation, especially if low flows persist for
long periods of time, e.g. under drought conditions. Therefore we pre-
dict that species whose distributions overlap multiple temporal and
seasonal barrierswill have smaller genetic effective population sizes, re-
flective of more frequent, but transitory, population genetic structure,
which emerges during periods of low flow. Here we use microsatellite
loci and landscape genetic approaches to tease apart the effects of bar-
rier type and flow conditions on movement patterns, maintenance of
genetic variation and effective population size for fish species whose
distributions are interspersed with structures deemed fish passage
barriers.

2. Materials and methods

2.1. Study species

General characteristics of study species including life span, adult size
range and habitat are listed in Table 2. Mountain suckers arewidely dis-
tributed in Western North America and are often found in association
with Tahoe suckers and Lahontan speckled dace in Nevada and Califor-
nia (Decker and Erman, 1992). The Tahoe sucker is endemic to the

hydrographic Lahontan basin in northern Nevada, northeastern Califor-
nia and southeastern Oregon. Mountain and Tahoe suckers co-occur in
the Lake Tahoe basin and the Truckee River watershed (Moyle, 1995)
and have experienced declines in recent years. The mountain sucker is
currently listed as a species of special concern in California (CDFG,
1995).

Most of what is known about movement dynamics among the
catostomids comes from larger species where both resident sedentary
and mobile individuals have been documented within populations.
Tagged white suckers (Catostomus commersonii) in a main stem and
tributary system revealed both sedentary resident and a small number
of highly mobile individuals (Bliss et al., 2015). Home range size for
the Sonora (Catostomus insignis) (200–800 mm) and desert
(Catostomus clarkii) (100–410 mm) suckers in the Gila River, a smaller
tributary to the Colorado River, were small ≥ 150 m, but desert suckers
moved over 600 m in the Sonoita Creek in Arizona (Booth and Shipley,
2012; Booth et al., 2014).

The Paiute sculpin is the only sculpin species found in the Lahontan
hydrographic basin (Sigler and Sigler, 1987; Sigler and Sigler, 1996).
Though not listed under the United States ESA, Paiute sculpin co-occur
with species that are listed, including the Lahontan cutthroat trout
(Oncorhyncus clarkii henshawi), cui-ui (Chasmistes cujus), and bull

Fig. 1. The Truckee River watershed in eastern California and western Nevada. Sampling transects and barriers are indicated by black and red circles respectively.
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trout (Salvelinus confluentus). Despite that in general sculpin
are thought to be relatively sedentary there is considerable
variability in movement patterns both within and among cottid species
(Bailey, 1952; Hill and Grossman, 1987; Fischer and Kummer, 2000;

Natsumeda, 2007). Distance moved by slimy sculpin (Cottus cognatus)
individuals varied both among watersheds and age classes with youn-
ger fish moving father than older fish (Clarke et al., 2015). Twenty per-
cent of marked mottled sculpin (Cottus bairdii) moved N100 m with a

Table 1
List of all transects (T) per section (S) (bolded) andpotential barrierswith per site elevation, latitude and longitude andUSFWSbarrier assessment (sections: S8=Tahoe, S7=Truckee, S6
= Farad, S5 = Verdi, S4 = Reno, S3 = McCarran, S2 = Wadsworth, S1 = Nixon).

Transect/barrier name Section (S)
Transect (T)

Elevation (m) Latitude Longitude USFWS assessment of potential
in-stream fish passage barriers

1. Lake Tahoe Dam Barrier 6256 39.167 −120.144 In-stream dam complete barrier
TahoeB S8 T2 6225 39.162 −120.159
TahoeC S8 T3 6079 39.208 −120.198
TahoeA S8 T1 5909 39.274 −120.206
TruckeeC (TrkC) S7 T3 5751 39.334 −120.164

2. Prosser Creek Dam Barrier 5737 39.380 −120.138 Off channel on Prosser Creek
TruckeeB (TrkB) S7 T2 5676 39.348 −120.123
TruckeeA (TrkA) S7 T1 5598 39.361 −120.117

3. Martis Creek Dam Barrier 5825 39.327 −120.115 Off channel on Martis Creek
4. Boca Dam Barrier 5565 39.390 −120.094 Off channel Little Truckee River
FaradA S6 T1 5472 39.386 −120.086
FaradB S6 T2 5400 39.368 −120.041

5. Farad Power Diversion Barrier 5290 39.397 −120.024 In-stream dam complete barrier
FaradD S6 T4 5169 39.423 −120.035
FaradC S6 T3 5076 39.450 −120.005

6. Fleish Power Diversion Barrier 5074 39.452 −120.006 In-stream dam complete barrier
7. Steamboat Ditch Diversion Barrier 5017 39.466 −120.003 Temporal and seasonal barrier
VerdiA S5 T1 4984 39.475 −119.994

8. Washoe Power Diversion and Highland Ditch Barrier 4780 39.520 −119.962 In-stream dam complete barrier
9. Last Chance Ditch Diversion Barrier 4658 39.515 −119.92 Not a barrier to fish passage
VerdiC S5 T3 4854 39.509 −119.996

10. Verdi Power Diversion and Coldron Ditch Barrier 4917 39.493 −119.995 In-stream dam complete barrier
VerdiB S5 T2 4637 39.507 −119.902

11. Lake Ditch Diversion Barrier 4612 39.505 −119.891 Not a barrier to fish passage
12. Southside Ditch Diversion Barrier 4611 39.509 −119.876 Not a barrier to fish passage
13. Orr Ditch Diversion Barrier 4593 39.510 −119.874 Not a barrier to fish passage
14. Chalk Bluff Pump Station Barrier 4582 39.510 −119.866 Fish ladder present
15. Idlewild Pond Diversion Barrier 4515 39.523 −119.835 Not a barrier to fish passage
16. Idlewild Pond Return Drain Barrier 4497 39.520 −119.828 Not a barrier to fish passage

RenoC S4 T3 4500 39.524 −119.819
17. Cochran Ditch Diversion Barrier 4507 39.524 −119.817 Not a barrier to fish passage
18. Wingfield Park Dams Barrier 4504 39.525 −119.817 Temporal and seasonal barrier

RenoB S4 T2 4448 39.530 −119.795
19. Eastman Ditch Diversion Barrier 4481 39.527 −119.778 Temporal and seasonal barrier

20. Glendale Ditch Diversion Barrier 4480 39.528 −119.778 Temporal and seasonal barrier
21. Pioneer Ditch Diversion Barrier 4406 39.522 −119.773 Temporal and seasonal barrier

RenoA S4 T1 4394 39.514 −119.736
22. North Truckee Drain confluence Barrier 4400 39.521 −119.706 Not a barrier to fish passage
23. Steamboat Creek and Sparks-Reno Sewage Plant Barrier 4360 39.521 −119.703 Potential water quality barrier
24. Lagomarsino Noce Ditch Diversion Barrier 4368 39.511 −119.669 Not a barrier to fish passage
25. Murphy Ditch Diversion Barrier 4370 39.510 −119.667 Not a barrier to fish passage

McCarran RanchC (McRC) S3 T3 4309 39.526 −119.61
26. McCarran Ditch Diversion Barrier 4290 39.533 −119.599 Not a barrier to fish passage

McCarran RanchB (McRB) S3 T2 4284 39.545 −119.587
McCarran RanchA (McRA) S3 T1 4277 39.547 −119.573
27. Hill Ditch Diversion Barrier 4260 39.563 −119.541 Temporal and seasonal barrier
28. Tracy Power Plant Barrier 4246 39.565 −119.522 Not a barrier to fish passage

McCarran RanchD (McRD) S3 T4 4202 39.565 −119.487
29. Derby Dam and TCID Diversion Barrier 4212 39.586 −119.448 In-stream dam complete barrier

WadsworthA (WadsA) S2 T1 4189 39.585 −119.444
30. Marble Bluff Dam Barrier 3844 39.856 −119.393 In-stream dam complete barrier
31. Washburn Ditch Diversion Barrier 4129 39.588 −119.388 Temporal and seasonal barrier
32. Outlet Ditch Christensen Ranch Pond Barrier 4155 39.589 −119.38 Not a barrier to fish passage

WadsworthB (WadsB) S2 T2 4132 39.591 −119.368
33. Gregory Ditch Diversion Barrier 4146 39.597 −119.359 Temporal and seasonal barrier
34. Herman Ditch Diversion Barrier 4105 39.608 −119.318 Temporal and seasonal barrier

WadsworthC (WadsC) S2 T3 4099 39.613 −119.306
35. Pierson Ditch Diversion Barrier 4071 39.613 −119.306 Not a barrier to fish passage
36. Cersola Ditch Diversion Barrier 4045 39.643 −119.291 Temporal and seasonal barrier
37. Olinghouse No. 3 pump Barrier 3979 39.696 −119.288 Not a barrier to fish passage
38. Olinghouse No. 1 Pump Barrier 4050 39.640 −119.284 Not a barrier to fish passage
39. Proctor Ditch Diversion Barrier 4062 39.630 −119.283 Temporal and seasonal barrier
40. Gardella Ditch Diversion Barrier 4006 39.669 −119.274 Temporal and seasonal barrier

NixonA S1 T1 3988 39.727 −119.319
41. Numana Dam and Pyramid Indian Diversion Barrier 3916 39.790 −119.35 In-stream dam complete barrier

NixonB S1 T2 3903 39.818 −119.35
NixonC S1 T3 3850 39.854 −119.394
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single fish moving close to a kilometer in response to in-stream barrier
removal (Deboer et al., 2015).

The Lahontan speckled dace is a forage fish commonly preyed upon
by salmonids and other game fish and is endemic to the Lahontan hy-
drographic basin (La Rivers, 1962; Sigler and Sigler, 1987). Although tol-
erant of environmental variation within their respective habitats,
speckled dace subspecies are sensitive to degradations in water quality
(Carter and Hubert, 1995; Robinson et al., 1998; Robinson and Childs,
2001; Propst and Gido, 2004). There have been no systematic studies
on the population ecology of this particular subspecies anywherewithin
its range including the Truckee River watershed.

The Lahontan redside is endemic to interior basins of northern Cali-
fornia and northern and western Nevada including the Truckee, Carson,
Walker, Susan, Quinn, Humboldt and Reese river systems (Sigler and
Sigler, 1987). They are also found in the saline terminal lakes in Nevada,
Walker, and Pyramid lakes, aswell as oligotrophic Lake Tahoe. This cyp-
rinid is an important forage species for piscivorous game fish. There is a
large size range among cyprinid species, but species in the Rhinichthys
(N = 7 extant species) and Richardsonius (N = 2) genera tend to be
small (60–225 mm; 76–120 mm respectively). Although very little in-
formation is available on movement dynamics for species in these gen-
era, a single study in Sagehen Creek, a tributary which historically
flowed into the Truckee River and now flows into a reservoir, with the
same complement of native fishes as the main stem river, found that
changes in seasonal abundance of Lahontan redsides was likely tied to
breeding migrations of 500–1000 m from the reservoir into Sagehen
creek (Decker and Erman, 1992). However, this study did not quantify
movement patterns for stream resident fish (Decker and Erman,
1992). Home range data for other Rhinichthys, longnose (Rhinichthys
cataractae) and blacknose dace (Rhinichthys atratulus) from a small
Applacachian stream, show the majority of individuals moved
b500 m, with a few larger and heavier individuals, 0.2 and 0.3% of all
longnose and blacknose dace captured, moving farther distances
(Larson et al., 2002).

Mountain whitefish are widely distributed throughout the north-
western United States where they are found in most major river basins,
but not in the interior Great Basin. Populations of mountainwhitefish in
the Sierra Nevada are highly disjunct from the rest of the species distri-
bution (Sigler and Sigler, 1987; Whiteley et al., 2006).Where they have
been studied mountain whitefish have broad spatio-temporal move-
ments within large river systems, which suggest they require habitats
that are widely spaced in order to acquire sufficient food resources to
sustain metabolic needs (Al-Chokhachy and Budy, 2008; Benjamin
et al., 2014). As with many other fish species populations are primarily
comprised of age correlated resident and migratory individuals that
move 100s of km. Connectivity of large river networks appear to be im-
portant for long term population persistence (Benjamin et al., 2014).

2.2. Study system

The Truckee River in eastern California andwestern Nevada is one of
three major rivers which flow from the Sierra Nevada into the hydro-
graphic Lahontan basin. The main stem Truckee River flows 195 km
from oligotrophic Lake Tahoe in California (elevation 1900 m) to
endorheic Pyramid Lake (elevation 1157 m) in Nevada through both
high alpine and desert ecoregions (Fig. 1). The portion of the Truckee
River watershed in California has a temperate semiarid climate charac-
terized by cold wet winters and warm dry summers, whereas the Ne-
vada portion of the watershed lies mostly in the rain shadow of the
Sierra Nevada and has an arid desert climate with much less precipita-
tion and hotter summers. The different climatic conditions in thewater-
shed are apparent in precipitation data – Truckee, CA receives 78 cm
mean annual precipitation, while Reno, NV only receives an average of
18 cm annually (National Oceanic and Atmospheric Administration,
NOAA). The differences in climate, geology, and elevation create differ-
ent environmental conditions which support different faunal and floral
communities within the watershed. As withmany rivers in the western
United States, the flow is highly regulated on the Truckee through four
major reservoir impoundments and at least 41 in-stream structures or
irrigation ditch diversions.

2.3. Sampling

The river was divided into 8 large continuous sampling sections
(Tahoe, Truckee, Farad, Verdi, Reno, McCarran, Wadsworth and Nixon;
Table 1). Within each section three to four transects were established
depending on the length of the section, and the number of available
habitat types contained therein. Sampling transects were 500 m long
and incorporated as many in-stream habitat types as possible. In addi-
tion to the 500 m transects a 100 m stretch within each 500 m transect
was identified for sampling of shoreline habitat. The beginning and end
points of each transectwere delineatedusing handheld GPS units. Tran-
sects were sampled twice a year in summer and fall in order to account
for seasonal environmental conditions and both resident andmigratory
life histories.

Raft, barge, and backpack electrofishing methodologies were
employed to ensure that all species were adequately surveyed. Sam-
pling was conducted May through October in 2007 and 2008. Fish
within the main channel were sampled using a raft electrofisher once
per month during May–August, after August flows are typically too
low to permit raft sampling. In wadeable transects with discharges b
225 cubic feet per second (cfs) a smaller cataraft towed barge was
used with the raft electrofishing equipment mounted on the cataraft.
The barge was placed at the bottom of the 500 m transect and pushed
upstream, sampling as much of the river as possible. Because float

Table 2
Study species, life span, adult size range and habitat.

Family Species Life span Adult size
range (mm)

Habitat References

Catostomidae Mountain sucker ≤5 years 100–230 Favor pools with ample cover in the form of logs, overhanging
banks, and aquatic vegetation

Sigler and Sigler (1987, 1996),
Decker and Erman (1992)

Tahoe sucker ≤5 years ≤150 Benthic fauna found in cool waters (lakes and streams)
deeper waters in the daytime and near shore shallow waters
at night

Sigler and Sigler (1987, 1996),
Decker and Erman (1992)

Cottidae Paiute sculpin 3–5 years ≤90 Benthic fauna and can be found in a variety of substrate types
including silt, under logs, gravel, boulders, and in aquatic
vegetation, but prefer coarse substrates

Dietsch (1950), Ebert and
Summerfelt (1969), Sigler and
Sigler (1987, 1996)

Cyprinidae Lahontan speckled dace ≤3 years 50–63.5 Shallow, swift running, cold riffles La Rivers (1962), Sigler and Sigler
(1987, 1996)

Lahontan redside ≤4 years 25–76 Most common in pools and slow runs, and littoral zones in
lakes

La Rivers (1962), Sigler and Sigler
(1987, 1996)

Salmonidae Mountain whitefish 7–8 years 260–440 Tend to be found in pool habitat Sigler and Sigler (1987, 1996),
Whiteley et al. (2006)
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shockers are most effective with the larger species, smaller fish species
and younger age classes of larger species were sampled using a back-
pack electrofisher sampling protocol along the shoreline fromMay–Oc-
tober, as river flows permitted.

At each sampling location the species, individual size (fork length,
mm) and weight (g) were recorded for each individual caught. All indi-
viduals, N200 mm, received an individually numbered floy tag. Fin clips
were collected from all adults identified by length (mm) for genetic
analyses and were placed in wax paper, dried, and stored in individual
coin envelopes labeled with species identified, date collected and sam-
pling location. All fish sampled were released back into the river at
their capture location.

2.4. Water discharge

Monthly flow (m3/s) and total discharge (m3) data collected from
1945 to 2013 for eight gauging stations on the Truckee River were ob-
tained from the United States Geological Survey (USGS; http://wdr.
water.usgs.gov/wy2006/search.jsp) in order to characterize stream
flow dynamics in this system (Fig. 2). Discharge data for 2002–2008
were compared in order to test for an association among high flow
(2006) and low flow (2007, 2008) conditions with the distribution of
the species, presence of potential barriers, and the spatial distribution
of genetic variation.

2.5. In-stream structures

Of the 41 in-stream structures and irrigation ditch diversions on the
main stem river, eight are large in-streamdam structures for generation
of hydroelectric power and are considered complete in-stream barriers
to upstream, but not downstreammovement by USFWS (Table 1). Five
complete in-stream barriers are in the upper watershed clustered be-
tween the FaradB and VerdiB transects (Fig. 3). Upstream from FaradB
and above the FaradA transect the Truckee River has fewmain channel
barriers, with the exception of the Lake Tahoe Dam at the outflow of the
Truckee River, the three other barriers in this portion of the watershed
are associated with reservoirs on tributaries that historically flowed
into the Truckee River. The remaining three complete in-streambarriers
are in the lower river below the Reno/Sparks metropolitan area and the
McRD transect (Fig. 3). Twelve additional structures are considered
temporal and seasonal barriers in the main part of the river between
the FaradC and NixonA transects. The remaining structures are primar-
ily ditch diversions and are not considered barriers to fish passage, how-
ever, could potentially be barriers when flows are very low. Steamboat
Creek, below the RenoA transect, which drains into themain river chan-
nel receives treated sewage from the Sparks-Reno sewage plant and

mercury from legacy mining, may be a water quality barrier to fish
passage.

2.6. Laboratory methods

Total genomic DNA was isolated using DNeasy96 Blood and Tissue
kits (QIAGEN) according to the manufacturer's protocol and quantified
per individual using a Labsystems Fluoroskan Ascent fluorometer. Neu-
tral, nuclear di, tri, and tetra-nucleotide repeat microsatellite markers
available for these species were used, or markers we optimized from
closely related species (Table S1). Polymerase chain reaction conditions
can be found in Supplementary documents (Table S2). PCR products
were diluted to an appropriate concentration determined by dilution
tests. 1 μl of diluted PCR product was added to 19 μl of HiDye Formam-
ide/LIZ500 size standard (Applied Biosystems). Fragment analysis was
carried out on an Applied Biosystems 3730 Genetic Analyzer at the Uni-
versity of Nevada, Nevada Genomics Center (http://www.ag.unr.edu/

Fig. 2. Water discharge in the Truckee River. (A) Mean monthly discharge per year (m3/s) in the Truckee River from 1945 to 2013. (B) Average total discharge (m3) for 2002–2008 for
multiple USGS gauging stations on the Truckee River. Data obtained from http://wdr.water.usgs.gov/wy2006/search.jsp.

Fig. 3. Map of all potential barriers (red circles) and the 8 complete in-stream barriers
(green diamonds) with names labeled. Sampling transects are represented by open
circles. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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genomics/), and all alleles generated were scored and binned using the
ABI GeneMapper software (version 3.7).

2.7. Characterization of genetic variation

Genetic data were analyzed separately for each year and species.
Thiswas done to detect temporal trends in population genetic structure,
and to look for patterns in the spatial dispersion of allelic variation in re-
lation to water discharge and in-stream structures. The presence of null
alleles and allelic dropout were tested for all loci using the program
Micro-Checker (version 2.2.3; Van Oosterhout et al., 2004). Deviations
from Hardy Weinberg equilibrium were assessed (HWE; FIS) using the
program FSTAT (version 2.9.3.2; Goudet, 2001). Any locus which
showed systematic patterns of deviation from HWE or had evidence of
null alleles or allelic dropout across all sampling locations was removed
from the analysis. FSTAT was used to calculate the number of alleles
(A) and allelic richness (RS) per locus. Each species was characterized
for observed (Ho) and expected (He) heterozygosity per locus per sam-
pling location and averaged over all loci per sampling location usingMi-
crosatellite Toolkit in Excel (Park, 2001).

2.8. Population genetic structure

Pairwise FST among all sampling locations per species per year was
calculated using the program FSTAT [version 2.9.3.2; Goudet, 2001).
AMOVAs were conducted in GenAlEx (6.5; Peakall and Smouse, 2006;
Peakall and Smouse, 2012) for each species for each year to characterize
the partitioning of genetic variation on the landscape. Relatedness (r)
among individuals within each transect in each year was calculated
using the Lynch and Ritland (1999) method in GenAlEx to ensure that
full sibling family groups were not being sampled.

Recent comparisons amongmultiple Bayesian clustering techniques
suggests that datasets should be analyzed using multiple methods and
all clustering patterns that do not have a biologically meaningful expla-
nation should be suspect (Frantz et al., 2009). Contemporary clusters of
genotypically similar adults for each species in each yearwere therefore
analyzed using twoBayesian genotype clusteringmethods (STRUCTURE
version 2.3.4, Pritchard et al., 2000 and BAPS version 5.2, Corander et al.,
2008). In STRUCTURE, an admixture model was used wherein individ-
uals with novel genotypes can be identified and assigned. A specified
range of 10,000 iteration burn-in followed by five 500,000 Markov
chain Monte Carlo (MCMC) replicates per k for k = 1–20 was used to
approximate posterior allelic distributions against which individual ge-
notypes were compared and assigned to a cluster. The ΔK method of
Evanno et al. (2005) was applied to determine the optimal number of
genotype clusters. In BAPs 10,000 input iterationswere specified for ad-
mixture analysis and 10,000 input iterations were run specifying both
10 and 50 reference individuals per sampling location. Five replicates
per k for k = 1–20 were conducted. Multiple Mantel tests were con-
ducted in GenAlEx 6.5: 1) transects within each genotype cluster, and
2) transects between clusters identified per species per year to test for
an isolation-by-distance pattern.

2.9. Effective population size

Effective population size (Ne) was calculated for all genotype clus-
ters identified for each species in each year using NeEstimator (version
1.3; Peel et al., 2004).We used the linkage disequilibriummodule based
on a single point sample. The moment-based temporal method of
Waples (1989), which is available in NeEstimator, was not used as the
linkage disequilibriummethod has “greater precision”withmicrosatel-
lite data (Waples and Do, 2010). Additionally, because different num-
bers of genotype clusters were observed per year per species pooling
them to utilize the temporal method would be inappropriate.

3. Results

3.1. Species distribution

Five thousand four hundred and twenty-six individuals were sam-
pled (all species: 2007, N = 1894; 2008, N = 3548; Table 3). Fin clip
samples were collected and genotypes generated for 2643 adults (all
species: 2007, N = 792; 2008, N = 1851). Although there was spatial
overlap among species within the river there were clear differences in
distribution within the watershed related to habitat characteristics
such as stream flow, temperature, and gradient (Table 3, Figs. 3 and
4). Paiute sculpin were only found in the upper reaches of the river, in
the VerdiB transect and above, whereas mountain whitefish were
found in the upper andmiddle reaches primarily above the RenoA tran-
sect. Although in 2008, six mountain whitefish were found in the
WadsA transect in the lower river. Both sucker species and Lahontan
redside were found primarily in the lower sections of the river, in the
Reno transects and below (Table 3). Only Lahontan speckled dace was
found in all transects sampled.

3.2. Water discharge

USGS gauging station flow data from 1945 to 2013 show the highly
variable nature of annual discharge in the Truckee River (Fig. 2a). Flows
in 2006 were statistically higher compared to the previous four years
(2002–2005) as well as flows recorded for 2007 and 2008 (Fig. 2b)
(F6,49 = 7.522, P = 0.000, Tukey HSD multiple comparisons, P =
0.000). Whereas, 2002–2005, 2007, and 2008 were low flow years
where flows were not statistically different among years (F5,42 =
0.218, P = 0.953, Tukey HSD multiple comparisons, P ≥ 0.968; Fig. 2b).

3.3. Genetic variation

3.3.1. Catostomids
The mountain sucker had high levels of observed and expected het-

erozygosity as well as high allelic diversity at all loci (Table S3). There
were no significant FIS values in 2007, but significant FIS for two loci in
one transect in 2008 (VerdiB: US3, FIS = 0.246; DLU451, FIS = 0.202;
P=0.00064). The high positive FIS values indicate a deficit of heterozy-
gotes at those loci for fish sampled in that transect for that year, suggest-
ing inbreeding a possible effect of subpopulation structure. AMOVA
results indicate that 89–90% of molecular variance was within individ-
uals, 9–10% among individuals, 0–1% among populations (transects),
and 0–1% among regions (sampling sections i.e., Tahoe, Truckee,
Farad, Verdi, Reno, McCarran, Wadsworth, and Nixon) for 2007 and
2008, respectively.

Tahoe sucker also had high levels of observed and expected hetero-
zygosity and allelic diversity at all loci (Table S3). There were no signif-
icant FIS values in 2007, but in 2008 there were significant FIS values for
single loci in five transects (RenoA, US9, FIS = 0.270; McRA, US3, FIS =
0.306; McRD, US9, FIS = 0.467; NixonA, DLU451, FIS = 0.328; NixonB,
US3, FIS=0.219; P=0.0005). The high positive FIS values indicate a def-
icit of heterozygotes at those loci for fish sampled in those transects.
AMOVA results indicate 78–84% of the molecular variance was within
individuals, 14–21% among individuals, 1% among populations, and 0–
1% among regions.

3.3.2. Cottids
Heterozygosity and allelic diversity per locus in the Paiute sculpin

ranged from very low (LCE219, He = 0.206, Ho = 0.229; CGO310,
A = 3) to very high (CGO18, He = 0.965, Ho = 0.926; A = 54;
Table S3). There were no significant FIS values in any year for any
locus. The majority of molecular variance was within individuals
(95%) with 4% among individuals, 0% among populations, and 1%
among regions for 2007 and 2008.
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Table 3
Total number of individuals (adults and juveniles) sampled per species, per transect, per year (2007, 2008). Dark gray shading indicates transects with the greatest abundance per species
and light gray shading shows additional transects where species were found.

River

Section

Paiute

Sculpin

Mountain

Whitefish

Mountain

Sucker

Tahoe

Sucker

Lahontan

Redside

Lahontan 

Speckled dace

2007 2008 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008

Tahoe 66 112 1 10 0 1 9 6 16 7 31 51

Truckee 69 189 1 14 0 1 0 0 0 0 23 15

Farad 63 170 4 19 4 3 1 0 0 0 7 10

Verdi 100 56 45 8 10 58 2 6 0 0 0 7

Reno 0 0 24 70 69 133 22 51 26 52 33 39

McCarran 0 0 1 0 85 70 237 485 256 401 16 61

Wadsworth 0 0 0 6 13 82 122 339 210 402 6 13

Nixon 0 0 0 0 40 13 96 118 98 154 88 306

Total 298 527 76 127 221 361 489 1005 606 1016 204 502

Fig. 4. Bayesian genotype clustering results. The sampling sites (open, blue or green circles) and barriers (red circles) are graphed by latitude (Y axis) and longitude (X axis) to show
location on the river (see Fig. 1). The name of each transect is indicated (see Table 1). Each panel represents a single species and year. All transects where a species was found are
indicated by a colored circle (blue or green). (A) Sampling locations for Mountain sucker, Tahoe sucker, and Lahontan redside in 2007 when no population genetic structure was
observed; (B) STRUCTURE, and (C) BAPs results for species with population genetic structure in 2008. The color of the circle (blue or green) corresponds to the genotype cluster
membership in each year of the study. Inset graphs represent the proportional membership per genotype cluster (Y axis) by transect (X axis). Arrows indicate structures which acted
as barriers to movement for individuals species in 2008 as indicated by genotype cluster membership (see text for barrier details).
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3.3.3. Cyprinids
Observed and expected heterozygosity and allelic diversity were

high for all loci genotyped for Lahontan speckled dace (Table S3).
There were no significant FIS values in 2007 and a single significant FIS
at locus Lsou08 in the McRA transect in 2008 (FIS = 0.276, P =
0.0004) indicating heterozygote deficiency. AMOVA results indicate
81–85% of the variance was within individuals, 13–18% among individ-
uals, 0–1% among populations, and 0–2% among regions for 2007 and
2008 respectively.

Allelic diversity was high at all of the loci genotyped for Lahontan
redside (Table S3). Observed and expected heterozygosity ranged
from low for locus CypG1 (He = 0.367, Ho = 0.391) too high for locus
CypG3 (He = 0.971, Ho = 0.872) and CypG27 (He, Ho = 0.967)
(Table S3). There were no significant FIS values in 2007, but significant
positive FIS for the CypG3 locus in the RenoA, McRB, McRA, McRD,
WadsA transects (FIS = 0.232, 0.097, 0.174, 0.139, 0.158; P = 0.0008)
in 2008 indicating heterozygote deficits. AMOVA results show most of
the molecular variance was within individuals 85–89% with 7–10%
among individuals, 3–4% among populations, and 0–2% among regions
for 2007 and 2008.

3.3.4. Salmonids
Mountain whitefish was the least abundant fish species in the

Truckee River (2007, N=76; 2008, N=127; Table S3). Allelic diversity
and heterozygosity were low for two loci COCL32 (He = 0.374, Ho =
0.327, A = 7) and OmyFGT25 (He = 0.161, Ho = 0.181, A = 3;
Table S3). Although heterozygosity was relatively high for locus
ONEμ8 (He = 0.572, Ho = 0.556) the number of alleles was low
(A = 4) (Table S3). There were no significant FIS values in either 2007
or 2008 (P = 0.0007). AMOVA results indicate 87–93% of the variance
was within individuals, 6–10% among individuals, 0–2% among popula-
tions, and 1% among regions.

3.4. Population genetic structure

None of the six species sampled showed evidence of multiple geno-
type clusters in 2007, the year following the high flow year of 2006
(Fig. S1). While in 2008 multiple genotype clusters were observed for
mountain sucker (STRUCTURE k = 3, Δk = 121.76; BAPs k = 2, p =
0.961), Tahoe sucker (STRUCTURE k = 2, Δk = 411.76; BAPs k = 2,
p = 0.96), and Lahontan redside (STRUCTURE k = 2, Δk = 304.53;
BAPs k = 2, p = 0.979)(Fig. 4), but not for Paiute sculpin, mountain
whitefish, or Lahontan speckled dace (Fig. S1, Fig. 5).

To determinewhether the population genetic structure observed for
mountain sucker, Tahoe sucker, and Lahontan redside in 2008 was sim-
ply due to the larger sample sizes for 2008 compared to 2007, the 2008
data for each species was randomly subsampled using the 2007 sample
sizes per section and re-ran the analysis. For each species 10 randomly
sampled datasets were created and re-ran the Bayesian genotype clus-
tering analysis (STRUCTURE) using a 10,000 burnin and five, 500,000
MCMC replicates per species. Although the number of genotype clusters
observed in 2008, were not observed for all replicates for all species
using 2007 numbers, the 2008 patterns of population genetic structure
were observed for all species except Lahontan redside (Fig. S2,
Table S4). Population genetic structure was observed using the 2007
sample sizes for Lahontan redside, but it did not follow the samepattern
observedwith the full 2008dataset. This result is likely due to the lack of
samples collected from the upper watershed sampling sites in 2007.
Lahontan redside also had the greatest difference in number of sample
sizes between 2007 (N = 145 individuals genotyped) and 2008 (N =
509). However, we conclude that the smaller sample sizes in 2007 did
not account for the lack of population genetic structure observed in
that year. Average relatedness among individuals per species per tran-
sect per year was also low (Fig. S3), therefore the population genetic
structure observed in 2008 was not a result of sampling sibling groups
within transects.

Fig. 5. Distribution of species with no population structure in either year of the study. Sampling sites (open or blue circles), and barriers (red circles) are graphed by latitude (Y axis) and
longitude (X axis) to show location on the river. The name of each transect is indicated (see Table 1). Each panel represents a single species and year, (A, 2007; B 2008). All transects where
a species was found are indicated by a blue circles.
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3.4.1. Catostomids
There were no significant pairwise FST between any transects for

mountain suckers sampled in 2007 (P = 0.0007, obtained after 1320
permutations) results which are consistent with Bayesian genotype
clustering results. In 2008, there were statistically significant pairwise
FST between the VerdiB, RenoC, and RenoB (the three uppermost tran-
sects where mountain suckers were found, that were not differentiated
from each other) andmost transects lower in the river (P=0.0006 ob-
tained after 1560 permutations; Table S5a). There are three temporal
and seasonal barriers (Table 1; Eastman, Glendale and Pioneer ditch di-
versions) between these three upper sites and the RenoA transect (the
lower most Reno site). All individuals from the RenoA transect and
nine transects down river assigned primarily to a single genotype clus-
ter (green), while VerdiB, RenoC and RenoB assigned to a different ge-
notype cluster (blue, Fig. 4). Only 162 individuals were sampled in the
upper three transects where all genotyped individuals assigned to the
blue cluster. Individual mountain suckers in the remaining nine tran-
sects (N=199) occupied a large portion of the river and assigned either
completely or primarily to the green genotype cluster (BAPs and
STRUCTURE). An isolation-by-distance pattern was not observed in
2007 (R2=0.000, P=0.949) (Fig. 6). In 2008, transects within each ge-
notype cluster and between cluster transect comparisons also did not
show evidence of isolation-by-distance (R2 = 0.335, 0.022, 0.03; P =
0.134, 0.191, 0.156 respectively) (Fig. 6). These results suggest that indi-
viduals from transects within each genotype cluster were able to mix.

Similarly, there were no significant pairwise FST between transects
sampled in 2007 for the Tahoe sucker, however, theMantel test showed
a significant isolation-by-distance pattern (R2 = 0.189, P=0.008) sug-
gesting limited movement by individuals. Transects RenoA and McRD
were differentiated (pairwise FST) from most transects sampled below
them in the river in 2008 (P = 0.00047, obtained after 2100 permuta-
tions; Table S5b). In 2008, there was a marginally significant isolation-
by-distance pattern in the blue cluster (R2 = 0.198, P = 0.055), which
included the VerdiA to RenoA andMcRD transects, but no pattern for ei-
ther the green (R2 = 0.000, P=0.797), or comparisons between geno-
type clusters (R2 = 0.000, P = 0.38). Sixty-three individuals were
sampled in the VerdiA to RenoA and McRD transects while 942 were
sampled in the remaining nine transects whose individuals all assigned
to the green cluster. The break between the blue and green clusters
comes between the RenoA and McRC transect, where Steamboat
Creek flows into the main stem river, the hypothesized water quality
barrier. Between the McRD transect, which assigns to the blue cluster,
andWadsA in the green cluster is DerbyDam, a complete in-streambar-
rier to upstreamfish passage. BetweenMcRD and the upstream transect
McRA, which assigns to the green cluster is the Hill Ditch diversion, a
temporal and seasonal barrier (Table 1, Fig. 4).

3.4.2. Cottids
There were no significant pairwise FST between any transects sam-

pled in 2007 for Paiute sculpin (FST range, −0.0018–0.039). In 2008,
the FaradA transect was differentiated from three upstream transects;
TahoeC (FST = 0.0461), TahoeB (FST = 0.045), and TrkC (FST = 0.033)
(P=0.0006, obtained after 1560 permutations). Therewas a significant
isolation-by-distance pattern in 2007 (R2 = 0.084, P = 0.018), but not
2008 (R2 = 0.000, P=0.573; Fig. 6). However, geographic distance ex-
plains very little of the variance in genetic distance in 2007. No genetic
structure was observed despite three complete in-stream barriers and
one temporal and seasonal barrier within the portion of the river occu-
pied by Paiute sculpin (Figs. 3 and 5). However, the majority of Paiute

sculpin occurred in transects upstream of the complete in-stream bar-
riers in both years (upstream 2007, N = 110; 2008, N = 319: down-
stream 2007, N = 44; 2008, N = 126).

3.4.3. Cyprinids
There were no significant pairwise FST in 2007 for Lahontan redside

transects, however, therewas a significant isolation-by-distancepattern
(R2 = 0.103, P = 0.032), but the R2 value was low and therefore geo-
graphic distance does not explain much of the observed variance in ge-
netic distance (Fig. 6). In 2008, there were multiple genotype clusters
and significant differentiation among a large number of transects
(P = 0.0007, obtained after 1320 permutations; Table S5c, Fig. 4). All
significant pairwise FST were between transects which assigned to dif-
ferent genotype clusters (Fig. 4). Both the STRUCTURE and BAPs analy-
ses group the three most upstream occupied transects (TahoeB, RenoA,
and McRC) together with spatially separated McRD into a single geno-
type cluster (blue). Only fifty-nine individuals were sampled in these
three transects. Individual Lahontan redsides in the remaining eight
transects (N = 957) occupied a large portion of the river and assigned
either completely to the green genotype cluster (BAPs) or to a mixture
of both green and blue (STRUCTURE) (Fig. 5). The break in genotype
cluster assignment occurred between the McRC and McRB transects,
which are separated by theMcCarran Ditch diversion that is not consid-
ered a barrier, and again between McRD and McRA (upstream) and
WadsA (downstream) which are separated by Hill Ditch diversion
(temporal and seasonal barrier) and Derby Dam (complete in-stream
barrier) respectively (Fig. 4). There was no pattern of isolation-by-
distance among transects within or between genotype clusters
(R2 ≤ 0.000, P ≥ 0.169; Fig. 6).

In 2007, Lahontan speckled dace in the NixonB transect in the lower
river were differentiated from FaradC (FST = 0.039) in the upper river
and from the McRC mid-river (FST = 0.02), just below the Reno metro-
politan area (P=0.0004, obtained after 2400 permutations). There was
no isolation-by-distance pattern observed in 2007 (R2 = 0, P = 0.525)
and while there was significant isolation-by-distance (R2 = 0.078,
P=0.001) in 2008, very little of the variance in genetic distancewas ex-
plained by geographic distance (Fig. 6). Only the TahoeB transect in the
headwaters was differentiated (significant FST) from multiple down-
stream sites (Table S5d).

3.4.4. Salmonids
Despite the fact that the pairwise FSTwere typically larger than those

observed for the other species (FST range,−0.1169–0.165), there were
no statistically significant pairwise FST between any of the mountain
whitefish transects in either year of the study (2007, P = 0.001, ob-
tained after 720 permutations; 2008, P = 0.0005, obtained after 1820
permutations). An isolation-by-distance pattern was also not observed
in either year (R2 = 0.05, 0; P = 0.102, 0.785 respectively; Fig. 6).

3.5. Effective population size

Paiute sculpin had a comparatively high Ne compared to all other
species in both years despite the fact that they occupied only 78 km of
river habitat, the lowest of all species sampled (Table 4). However, the
section of the river occupied by Paiute sculpin also had the fewest in-
stream structures. Tahoe sucker, found primarily in transects within
and below the Renometropolitan area, occupied 123–176 kmof habitat
depending on the sampling year, had the next highest Ne both in 2007,
when no genetic structure was evident, and 2008 when two genotype

Fig. 6.Mantel tests. Each panel represents a species and year. Genetic distance [FST/(1− FST)] (Y axis) and Ln geographic distance (X axis) were calculated between transects. In 2007 there
was no population genetic structure for any species and the blue diamonds represent all pairwise comparisons. In 2008, for those species with population genetic structure (mountain
sucker, Tahoe sucker, and Lahontan redside), tests for isolation-by-distance patterns were conducted for all pairwise comparisons within genotype clusters (transects within the green
cluster = green squares; within the blue cluster = blue diamonds) and between clusters (transects between clusters = triangles). The red symbols represent significant pairwise FST
between pairs of transects. Note that significant FSTs were between transects whose individuals assigned to separate genotype clusters. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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clusters were identified (Table 4). Lahontan speckled dace and moun-
tain sucker had lower Ne values ranging from 319 to 499. Lahontan
redside had very lowNe in both years (Table 4). Wewere unable to cal-
culate Ne for Mountain whitefish in 2007, but Ne estimated for 2008
was large (1708). However, we were unable to fit reasonable confi-
dence interval around the 2008 estimate.

4. Discussion

The Truckee River is a medium sized river found in the interior
Lahontan hydrographic basin of northern Nevada, northeastern Califor-
nia and southeastern Oregon. Flowing from an oligotrophic source to an
endorheic terminus, the Truckee River supports a suite of fishes native
to western United States waters. Some species found in the Truckee
River, such as the Lahontan redside and Tahoe sucker, are narrowly dis-
tributed within Nevada and eastern California. As in most river drain-
ages there was overlap in species distributions within the Truckee
River, but there were also clear patterns of spatial segregation moving
down the watershed with occurrence and abundance of individual spe-
cies related to stream flow, temperature, gradient, elevation, substrate,
and riparian vegetation which dictate allochthonous inputs and in-
stream autochthonous production. In-stream structures varied from
dams deemed complete barriers to upstream fish passage to structures
classified as seasonal or temporal barriers to fish movement. In this
study we observed spatial and temporal variability in the effectiveness
of in-stream structures as barriers to movement for a suite of mostly
small (except for the larger salmonid, the Mountain whitefish), short
lived fish species, as a result of variation in total yearly discharge (see
Fig. 2).

In 2007 and 2008 discharge into themain stem river below tributary
reservoir inputs was 20–50% of the 2006 flows depending upon the
USGS gauging station. We hypothesized that as a result of the high
flows in 2006 movement over in-stream structures would be facilitated
and we did not observe population genetic structure in 2007 for any
species. The lower discharge in 2007 and 2008, however, set up a sce-
nario whereby multiple in-stream structures were again effective at
preventing movement of individual fish and population substructure
was observed for three species, mountain and Tahoe suckers and
Lahontan redside in 2008. Because population substructure is based ul-
timately upon differences in allele frequencies among groups, our re-
sults suggest fish with different subsets of alleles were trapped above
and below specific in-stream structures asflows decreased. Distance be-
tween the in-stream structures varies and therefore the number of fish
that subsections can support will also vary. If low levels of water isolate
fish between barriers for long periods of time, random genetic drift will
erode genetic variation and increase genetic differentiation.

We recognize that temperature and flow conditions are correlated
and therefore that temperature likely plays a role inmovement dynam-
ics, an effect that we are unable to tease apart in this study. However, a
PCA analysis of fish and environmental data collected from fall 2008

through 2010 at the same sites used in this study showed that river sec-
tion (r=0.96) and elevation (r=0.95) explained most of the variance
in fish distribution and density. River section and elevation had in turn
negative associations with temperature (−0.68) and conductivity not
surprisingly (r = −0.89; Moore, 2011). Additionally, fish distribution
and density were highly correlated with flow (r = 0.82) and season
(r = −0.76) suggesting that the biggest seasonal influence on the
Truckee Riverwas river discharge followed by the influence of discharge
on river temperatures (r=0.50;Moore, 2011). Therewere no sharp de-
marcations in temperature above and below the in-stream structures
which separated genotype clusters (Moore, 2011). Thus, the observa-
tion of distinct genotype clusters above and below specific in-stream
structures strongly suggests that low flow conditions in 2008 prevented
upstream movement over these structures.

The top most complete barrier, Tahoe Dam, is at the outflow of the
Truckee River from Lake Tahoe, and is used to manage lake level. This
dam prevents fish frommoving into Lake Tahoe from the river. The bot-
tommost complete barrier,Marble Bluff Dam, prevents fishmoving into
the river from Pyramid Lake. USFWS operates a fish passage facility (es-
sentially an elevator) at Marble Bluff to allow cui-ui and Lahontan cut-
throat trout, ESA listed species, to pass into the lower river from
Pyramid Lake for spawning. Paiute sculpin, mountain whitefish and
Lahontan speckled dace have distributions which overlap the five
upper most complete in-stream barriers. However, we did not observe
population substructure for these species in either year of the study.
For Paiute sculpin the upstream barriers were clustered at their lower
distributional limit and downstream movement over these barriers
was possible. There were no in-stream structures above these dams
where the majority of sculpin were found. Additionally, no isolation-
by-distance pattern within their distribution suggests Paiute sculpin
movement was primarily unrestricted throughout the upper 78 km of
river. Although mountain whitefish were found in transects above and
below the five complete in-stream barriers found in the upper water-
shed, the majority of individuals were found in the Verdi (B and
C) and Reno transects where multiple temporal or seasonal barriers
occur, but movement dynamics of whitefish did not appear to be im-
pacted by these in-stream structures. Lahontan speckled dace was
sparsely distributed throughout the entire river, but found in greatest
numbers in the NixonB and C transects below Numana Dam in the
lower river.

The species with population substructure in 2008, mountain and
Tahoe suckers and Lahontan redsides, were found primarily below the
five complete in-stream barriers in the upper watershed, but over-
lapped with 12 seasonal or temporal barriers, one putative water qual-
ity barrier and several complete in-stream barriers. Below the creek
input to the river, total mercury, nitrogen, phosphorus, and sulfate
loads increase to three to four times the concentrations above the
creek input (Pizarro-Barraza et al., 2014). Previous work, usingmercury
and isotopes, revealed limited upstream movement over the creek in-
flow point for all species examined suggesting this was a water quality

Table 4
Effective population size (Ne) per year, per species and genotype cluster with the 95% confidence interval, and kilometers (km) of river occupied.

Paiute sculpin Mountain whitefish Lahontan speckled dace

2007 2008 2007 2008 2007 2008

Ne 996.8 3105.7 No estimate 1708 473.5 499.4
95%CI 590–2888.3 1161.8–8909.8 No estimate 268.2–infinity 322.1–858.5 417.7–615.5
River km occupied 65.34 78.03 111.82 128.85 184.79 184.79

Mountain sucker Tahoe sucker Lahontan redside

2007 2008 2007 2008 2007 2008

Blue Green Blue Green Blue Green

Ne 319 394.5 433.2 843.1 553.9 2012.8 194.6 83.9 177.5
95%CI 244.9–448.6 278.5–657.1 349–563.8 584.5–1467.9 316.6–1920.7 1047.8–18,087.3 167–231.3 75.8–93.6 167.2–188.6
River km occupied 127.75 32.22 89.89 176.51 95.40 76.51 131.30 108.78 73.47
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barrier (Pizarro-Barraza et al., 2014). The patterns of population sub-
structure that emerged in 2008 for mountain and Tahoe sucker and
Lahontan redside coincide primarily with in-stream structures, but not
all species were similarly impacted by the same barriers.

There are three seasonal or temporal barriers separating the two ge-
notype clusters identified for mountain suckers. These same structures,
however, do not represent barriers to movement for Tahoe suckers and
Lahontan redsides whose distributions also overlap with them. The
change in genotype cluster membership for Tahoe suckers comes be-
tween the RenoA-McRC transects, which are separated by the water
quality barrier discussed above,which does not appear to impactmoun-
tain suckers or Lahontan redsides, suggesting Tahoe suckers may be
more sensitive to nutrient pollution. Lahontan redside individuals in ad-
jacent transects (McRC andMcRB) assign to different genotype clusters
despite the fact that the McCarran ditch diversion, which separates
these transects, is not considered a barrier. Tahoe suckers and Lahontan
redsides individuals sampled in the McRD transect assign to the up-
stream blue clusters, which are disjunct from the McRD transect. One
temporal or seasonal barrier separates McRD from McRA transect up-
stream and a complete in-stream barrier (Derby dam) separates
McRD from WadsA downstream.

Although we cannot definitely say whether there was upstream
movement, as fish floy tagged in this study were not recaptured, the
fact that no population genetic structure was observed in 2007 suggests
that fish can move at least downstream over in-stream structures in
high water years. AMOVA results for all species showed genetic varia-
tion was primarily within individuals and most species did not have
isolation-by-distance patterns in 2007, results which suggest wide-
spread mixing and transitory population genetic structure due to bar-
riers during differing flow conditions. Overall, these results suggest
that species distributions within a watershed, which are ultimately de-
termined by habitat preference and life history, together with barrier
type and placement, and flow dynamics determinewhether population
substructure will emerge during low flow conditions.

The levels of genetic diversity observed for these fishes was quite
high (see Table 4) and similar to, or even higher, thanwhat has been re-
ported for closely related species (Estoup et al., 1993; Scribner et al.,
1996; Englbrecht et al., 1999; Sakamoto et al., 2000; Tranah et al.,
2001; Baerwald and May, 2004; Rogers et al., 2004; Nolte et al., 2005;
Girard and Angers, 2006; Cardall et al., 2007; Dubut et al., 2009;
Robinson et al., 2009; Lamphere and Blum, 2012). Mountain whitefish
had the overall lowest levels of allelic variation and heterozygosity,
but was the least abundant species in the river and levels of genetic di-
versity were similar to what has been reported in the literature
(Whiteley et al., 2004;Whiteley et al., 2006).Movement bymobile indi-
viduals and genetic mixing during periods of high flow has likely ame-
liorated the impact of in-stream barriers on the erosion of genetic
diversity.

However, Ne was variable and tended to be smaller for species that
exhibited population substructure. We recognize that the species in
this study, albeit short lived, have overlapping generations and that
we have estimated as per Luikart et al. (2010) something between Nb
(number of breeding adults) and Ne and as a result may have
underestimated Ne. However, our aim is to compare Ne among species
in the context of emergent population structure and not necessarily to
estimate a precise Ne per species. We interpret the lowNe as consistent
with long term population fluctuations driven by subpopulation isola-
tion between barriers, losses of genetic variation due to bottlenecks,
small subpopulations, and random genetic drift.

Althoughwe only observed the emergence of two genotype clusters
for those species with population genetic structure in 2008 we have
only two years of data. The distribution of these species in the river is
interspersed with 12 separate temporal and seasonal barriers and
additional subpopulation structure is likely under continued dry
conditions as we have seen in the western United States where recent
snow packs have been well below average.

Habitat fragmentation has greatly impacted a wide variety of taxa –
e.g., the Mediterranean esparto grasshopper (Ramburiella hispanica)
(Ortego et al., 2015), golden lion tamarin (Leontopithecus rosalia)
(Zeigler et al., 2013), Mojave tortoise (Gopherus agassizii) (Averill-
Murray et al., 2013), mountain lion (Puma concolor) (Foley et al.,
2013), yellow-tufted (Lichenostomus melanops) and white-plumed
(Lichenostomus penicillatus) honeyeaters (Harrisson et al., 2014) – and
not least of which are the fresh water fishes (Labonne and Gaudin,
2006; Peterson et al., 2008; Sato and Harada, 2008; Nislow et al.,
2011; Pepino et al., 2012). Much research has focused on apex salmonid
predators and the impact that fragmentation of once large, multiple
order stream networks has had on population viability (Neville et al.,
2006; Gresswell and Hendricks, 2007; Fausch et al., 2009; Sanderson
and Hubert, 2009; Alexiades et al., 2012; Pepino et al., 2012). However,
declines in population numbers due to water diversions and habitat
fragmentation, for many small native species found in inland waters,
has received much less attention (but see Roberts et al., 2013;
Osborne et al., 2014). In-stream structures which can isolate larger spe-
ciesmay have even greater impacts to the long termpopulation viability
of smaller less mobile species that have more restricted distributions,
smaller effective population sizes, and a greater dependence upon
gene flow to maintain genetic diversity. In a mark-recapture study on
the endangered Bullhead (Cottus gobio) most marked individuals
moved b10m from their capture location, with 35% of recaptured indi-
viduals moving up to 270 m from their capture site (Knaepkens et al.,
2005), suggesting limited movement and fine scale spatial structure
for this sculpin. In contrast, a mark-recapture study on Potomac sculpin
(Cottus girardi) showed that while the majority of marked individuals
stayed within 30 m of their original capture location some individuals
moved as far as 2 km (Hudy and Shiflet, 2009). Genetic structure has
been found among catchments for the prairie stream fish, the creek
chub (Semotilus atromaculatus), which was attributed to anthropogenic
impoundments (reservoirs) with further substructure within catch-
ment due to habitat types (Hudman andGido, 2013). Lentic habitat rep-
resents a barrier to movement for this species, thereby reducing the
probability of genetic rescue (gene flow and introduction of additional
allelic variation) for populations in tributaries that drain into impound-
ments (Hudman andGido, 2013). Other examples include the small and
endangered benthic Roanke logperch (Percina rex) where hydroelectric
damplacement explains the pattern of genetic structure among streams
within a catchment basin over other hypotheses such as isolation-by-
distance, with some isolated populations having less than half the allelic
diversity of populations found in larger stream fragments (Roberts et al.,
2013).

In studies of multiple species found in the same watershed, the im-
pact of barriers on individual species varies, not surprisingly. Hanging
culverts were a complete upstream barrier to native burbot (Lota
lota), and a partial impediment tomovement for native spoonhead scul-
pin (Cottus ricei), sucker and minnow species, but did not prevent up-
stream movement of nonnative rainbow trout (Oncorhynchus mykiss)
(MacPherson et al., 2012). Similarly, brook trout (Salvelinus fontinalis)
were able to move upstream over culvert barriers, but many smaller
species, e.g., catostomids (sucker spp.) and cyprinids (chub and dace
spp.) were not (Nislow et al., 2011). While, three native catostomid
spp. (bluehead suckers Catostomus discobolus, flannelmouth suckers
Catostomus latipinnis, and roundtail chub Gila robusta) were able to
move both upstream and downstream over an irrigation diversion
dam, they could not move over a fish barrier designed to exclude non-
native salmonids from the upperwatershed (Compton et al., 2008). Bar-
rier type is clearly an important determinant of fish passage.

The genetic results of this study show that in-stream structures
found in themain stem Truckee River can fragment riverine habitat iso-
lating fish between barriers, which depending upon flow conditions,
can isolate fish for varying periods of time. Longer periods of isolation
between barriers due to low flow conditions can thus lead to reductions
in genetic variation and impact long term population viability. The
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highly variable yearly discharge in this system is driven largely by
drought cycles and global climate change is likely to exacerbate fre-
quency and duration of population structure as well as changes in
timing, amount, and type of precipitation. However, management of
stream discharge could ameliorate at least temporally the impacts of
in-stream structures found in many river systems especially for species
with both sedentary and mobile individuals, which can move consider-
able distances, thereby providing connectivity among groups of seden-
tary fish within a watershed.

5. Conclusions

The results of this study illustrate the complexities of watermanage-
ment for large riverine ecosystems, heavily impacted by anthropogenic
use, that support a wide variety of fishes and have a large number of
non-randomly spaced in-stream structures of various types. Removal
of fish passage barriers in recent years has largely focused on in-
stream structures deemed complete barriers (Stanley et al., 2007;
Kornis et al., 2015). However, the majority of species in this study
were not affected by such barriers due lack of spatial overlap with
many of these structures, butwere impacted by the numerous temporal
and seasonal barriers, such as water diversions and pollution inputs,
barrier types which have received much less attention in addressing
fish passage issues. Given the large number of dams and diversions on
the Truckee River, dammitigation or removal may not be feasible or so-
cially palatable in the short term. A more “ecosystem based” approach,
however, could include strategic management of water releases from
in-stream reservoirs in order to mimic the natural hydrograph as well
as the use of periodic pulse flows to overcome the temporal and sea-
sonal barriers tomovement for the suite of small nativefishes andmain-
tain connectivity. Such a flow management approach could reduce
the impacts of small population size, mitigate genetic bottlenecks,
and decrease losses of genetic variation through random genetic
drift over periods of prolonged drought. Indeed, Leasure et al.
(2016) characterized natural flow regimes in the Ozark-Ouachita in-
terior highlands region of Arkansas in order to identify
ecohydrologic regions potentially useful for conservation planning
for communities of aquatic organisms.

We have shownwith this work that in-stream structures and “water
quality” barriers together with flow dynamics can influence whether
and when these features function as barriers to fish movement. For
many streams and rivers that were once free flowing, multiple in-
stream structures now overlap with a wide variety of fish communities.
Even structures deemed temporal or seasonal can have an impact on
movement and genetic mixing. Global climate change may influence
the duration of low flow periods, emergence of subpopulations and ex-
tent of isolation. The take home conservation message here is that in-
stream structures need to be evaluated in the context of the entire fish
community. While whole scale removal of structures within rivers is
unfeasible, understanding of the impacts in-stream structures and
water quality changes to species with different life histories is the first
step in formulating management strategies.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.04.056.

Acknowledgements

We thank the Pyramid Lake Paiute Tribe for allowing us access to the
Truckee River within the Tribal Reservation and for technical assistance
in project planning. We also thank Lisa Heki, Project Leader, U.S. Fish
and Wildlife Service National Fish Hatchery Complex for providing
funding (USFWS Federal Account Number 843206J306/842407J01)
and USFWS personnel for sample collection. Scientific collection per-
mits were awarded to the USFWS Region 8, by Nevada Fish andWildlife
Office Section [10 (a) (1)(A)], Nevada Department ofWildlife (S36420),
and California Department of Fish and Wildlife (SC-6923). Kris Kruse

and Craig Osborne, Nevada Genomics Center, provided sequencer
output to genotype all individuals included in the study.

References

Al-Chokhachy, R., Budy, P., 2008. Demographic characteristics, population structure, and
vital rates of a fluvial population of bull trout in Oregon. T. Am. Fish. Soc. 37,
1709–1722.

Alexiades, A.V., Peacock, M.M., Al-Chokhachy, R., 2012. Movement patterns, habitat use,
and survival of Lahontan cutthroat trout in the Truckee River. N. Am. J. Fish Manag.
32, 974–983.

Averill-Murray, R.C., Darst, C.R., Strout, N., Wong, M., 2013. Conserving population link-
ages for the Mojave desert tortoise (Gopherus agassizii). Herpetol. Conserv. Biol. 8,
1–15.

Baerwald, M.R., May, B., 2004. Characterization of microsatellite loci for five members of
the minnow family Cyprinidae found in the Sacramento-San Joaquin Delta and its
tributaries. Mol. Ecol. Notes 4, 385–390.

Bailey, J.E., 1952. Life history and ecology of the sculpin Cottus bairdi punctulatus in
Southwestern Montana. Copeia 4, 243–255.

Baker, P.H., 1967. Distribution size composition and relative abundance of Lahontan
speckled dace Rhinichthys osculus robustus (Rutter) in Lake Tahoe. Calif. Fish Game
53, 165.

Benjamin, J.R., Wetzel, L.A., Martens, K.D., Larsen, K., Connolly, P.J., 2014. Spatio-temporal
variability in movement, age, and growth of mountain whitefish (Prosopium
williamsoni) in a river network based upon PIT tagging and otolith chemistry. Can.
J. Fish. Aquat. Sci. 71, 131–140.

Bliss, S.M., Midwood, J.D., Stamplecoskie, K.M., Cooke, S.J., 2015. Seasonal movements and
residency of small-bodied fish in a north temperate urban watershed demonstrate
connectivity between a stream and stormwater drain. Hydrobiologia 742, 327–338.

Booth, M.T., Shipley, A.J., 2012. Spatial dynamics and growth of two native species of
catostomids: are movements restricted? Southwest. Nat. 57, 248–256.

Booth, M.T., Flecker, A.S., Hairston Jr., N.G., 2014. Is mobility a fixed trait? Summer
movement patterns of catostomids using pit telemetry. T. Am. Fish. Soc. 143,
1098–1111.

Branco, P., Segurado, P., Santos, J.M., Pinheiro, P., Ferreira, M.T., 2012. Does longitudinal
connectivity loss affect the distribution of freshwater fish? Ecol. Eng. 48 Special SI
70–78.

California Department of Fish and Game, 1995. California natural diversity database, fish
species of special concern in California, mountain sucker. Can. J. Fish. Aquat. Sci. 53,
833–841.

Cardall, B.L., Bjerregaard, L.S., Mock, K.E., 2007. Microsatellite markers for June sucker
(Chasmistes liorus mictus), Utah sucker (Catostomus ardens), and five other fishes of
western North America. Mol. Ecol. Notes 7, 457–460.

Carter, B., Hubert, W.A., 1995. Factors influencing fish assemblages of a high-elevation
desert stream system in Wyoming. Great Basin Nat. 55, 169–173.

Clarke, A.D., Telmer, K.H., Shrimpton, J.M., 2015. Movement patterns of fish revealed by
otolith microchemistry: a comparison of putative migratory and resident species.
Environ. Biol. Fish 98, 1583–1597.

Compton, R.I., Hubert, W.A., Rahel, F.J., Quist, M.C., Bower, M.R., 2008. Influences of frag-
mentation on three species of native warm water fishes in a Colorado River basin
headwater stream system, Wyoming. N. Am. J. Fish. Manage. 28, 1733–1743.

Cooke, S.J., Bunt, C.M., Hamilton, S.J., Jennings, C.A., Pearson, M.P., et al., 2005. Threats, con-
servation strategies, and prognosis for suckers (Catostomidae) in North America: in-
sights from regional case studies of a diverse family of non-game fishes. Biol. Conserv.
121, 317–331.

Cooney, P.B., Kwak, T.J., 2013. Spatial extent and dynamics of dam impacts on tropical is-
land freshwater fish assemblages. Bioscience 63, 176–190.

Corander, J., Marttinen, P., Siren, J., Tang, J., 2008. Enhanced Bayesian modeling in BAPS
software for learning genetic structures of populations. BMC Bioinforma. 9, 239.

Dauwalter, D.C., Rahel, F.J., 2008. Distribution modelling to guide stream fish
conservation: an example using the mountain sucker in the Black Hills National
Forest, USA. Aquat. Conserv. 18, 1263–1276.

Deboer, J.A., Holtgren, J.M., Ogren, S.A., Snyder, E.B., 2015. Movement and habitat use by
mottled sculpin after restoration of a sand-dominated 1st-order stream. Am. Midl.
Nat. 173, 335–345.

Decker, L.M., Erman, D.C., 1992. Short-term seasonal-changes in composition and
abundance of fish in Sagehen Creek, California. T. Am. Fish. Soc. 121, 297–306.

Dietsch, E., 1950. The ecology and food habits of sculpin in relation to the eastern brook
trout. University of California, Berkley, M.A. Thesis.

Dowling, T.E., Saltzgiver, M.J., Marsh, P.C., 2012. Genetic structure within and among
populations of the endangered razorback sucker (Xyrauchen texanus) as determined
by analysis of microsatellites. Conserv. Genet. 13, 1073–1083.

Dubut, V., Martin, J.F., Gilles, A., van Houdt, J., Chappaz, R., et al., 2009. Isolation and
characterization of polymorphic microsatellite loci for the dace complex: Leuciscus
leuciscus (Teleostei: Cyprinidae). Mol. Ecol. Resour. 9, 1001–1005.

Ebert, V.W., Summerfelt, R.C., 1969. Contributions to the life history Paiute sculpin,
Cottus beldingi, Eigenmann and Eigenmann, in Lake Tahoe. Calif. Fish Game 55,
100–120.

Edgar, G.J., Bates, A.E., Bird, T.J., Jones, A.H., Kininmonth, S., et al., 2016. New approaches to
marine conservation through the scaling up of ecological data. In: Carlson, C.A.,
Giovannoni, S.J. (Eds.), Annual Review of Marine Science. Book Series: Annual Review
of Marine Science Vol. 8, p. 435+.

Englbrecht, C.C., Largiader, C.R., Hangling, B., Tautz, D., 1999. Isolation and characteriza-
tion of polymorphic microsatellite loci in the European bullhead Cottus gobio L.
(Osteichthyes) and their applicability to related taxa. Mol. Ecol. 8, 1966–1969.

234 M.M. Peacock et al. / Science of the Total Environment 563–564 (2016) 221–236



Estoup, A., Presa, P., Krieg, F., Vaiman, D., Guyomard, R., Links, D., 1993. CT)n and (GT)n
microsatellites: a new class of genetic markers for Salmo trutta L. (brown trout).
Heredity 71, 488–496.

Evanno, G., Regnaut, S., Goudet, J., 2005. Detecting the number of clusters of individuals
using the software STRUCTURE: a simulation study. Mol. Ecol. 14, 2611–2620.

Fausch, K.D., Rieman, B.E., Dunham, J.B., Young, M.K., Peterson, D.P., 2009. Invasion versus
isolation: trade-offs in managing native salmonids with barriers to upstream
movement. Conserv. Biol. 23, 859–870.

Fischer, S., Kummer, H., 2000. Effects of residual flow and habitat fragmentation on
distribution and movement of bullhead (Cottus gobio L.) in an alpine stream.
Hydrobiologia 422 (423), 305–317.

Foley, J.E., Swift, P., Fleer, K.A., Torres, S., Girard, Y.A., et al., 2013. Risk factors for exposure
to feline pathogens in California mountain lions (Puma concolor). J. Wildl. Dis. 49,
279–293.

Franklin, J.F., 1993. Preserving biodiversity: species, ecosystems or landscapes? Ecol. Appl.
3, 202–205.

Franklin, J.F., 1994. Preserving biodiversity: species in landscapes. Response to Tracy and
Brussard, 1994. Ecol. Appl. 4, 208–209.

Frantz, A.C., Cellina, S., Krier, Schley L., Burke, T., 2009. Using spatial Bayesian methods to
determine the genetic structure of a continuously distributed population: clusters or
isolation by distance? J. Appl. Ecol. 46, 493–505.

Garrigan, D., Marsh, P.C., Dowling, T.E., 2002. Long-term effective population size of three
endangered Colorado River fishes. Anim. Conserv. 5, 95–102.

Girard, P., Angers, B., 2006. Characterization of microsatellite loci in longnose dace
(Rhinichthys cataractae) and interspecific amplification in five other Leuciscinae
species. Mol. Ecol. Notes 6, 69–71.

Goudet, J., 2001. FSTAT, a program to estimate and test gene diversities and fixation
indices (version 2.9.3). Available from http://www.unil.ch/izea/softwares/fstat.html.

Gresswell, R.E., Hendricks, S.R., 2007. Population-scale movement of coastal cutthroat
trout in a naturally isolated stream network. T. Am. Fish. Soc. 136, 238–253.

Harrisson, K.A., Pavlova, A., Amos, J.N., Radford, J.Q., Sunnucks, P., 2014. Does reduced
mobility through fragmented landscapes explain patch extinction patterns for three
honeyeaters? J. Anim. Ecol. 83, 616–627.

Hill, J., Grossman, G.D., 1987. Home range estimates for three north American stream
fishes. Copeia 2, 376–380.

Hudman, S.P., Gido, K.B., 2013. Multi-scale effects of impoundments on genetic structure
of creek chub (Semotilus atromaculatus) in the Kansas River basin. Freshw. Biol. 58,
441–453.

Hudy, M., Shiflet, J., 2009. Movement and recolonization of Potomac sculpin in a Virginia
stream. N. Am. J. Fish Manag. 29, 196–204.

Hurt, C., Hedrick, P., 2004. Conservation genetics in aquatic species: general approaches
and case studies in fishes and springsnails of arid lands. Aquat. Sci. 66, 402–413.

Johnson, J.H., 1984. Comparative diets of Paiute sculpin, speckled dace, and subyearling
steelhead trout in tributaries of the Clearwater River, Idaho. Northwest Sci. 59, 1–9.

Keefer, M.L., Taylor, G.A., Garletts, D.F., Helms, C.K., Gauthier, G.A., et al., 2013. High-head
dams affect downstream fish passage timing and survival in the middle fork
Willamette River. River Res. Appl. 29, 483–492.

Knaepkens, G., Baekelandt, K., Eens, M., 2005. Assessment of the movement behaviour of
the bullhead (Cottus gobio), an endangered European freshwater fish. Anim. Biol. 5,
219–226.

Kornis, M.S., Weidel, B.C., Powers, S.M., Diebel, M.W., Cline, T.J., et al., 2015. Fish commu-
nity dynamics following dam removal in a fragmented agricultural stream. Aquat. Sci.
77, 465–480.

Kviberg, K., Craig, J., 2006. Woodhill Forest: a candidate for ecosystem management.
J. Roy. Soc. New Zeal. 36, 129–141.

La Rivers, I., 1962. Fishes and fisheries of Nevada. 1994 ed. University of Nevada Press,
Reno.

Labonne, J., Gaudin, P., 2006. Modelling population viability in fragmented environments:
contribution to the conservation of an endangered percid (Zingel asper). Can. J. Fish.
Aquat. Sci. 63, 650–659.

Lamphere, B.A., Blum, M.J., 2012. Genetic estimates of population structure and dispersal
in a benthic stream fish. Ecol. Freshw. Fish 21, 75–86.

Larson, G.L., Hoffman, R.L., Moore, S.E., 2002. Observations of the distributions of five fish
species in a small Appalachian stream. T. Am. Fish. Soc. 131, 791–796.

Leasure, D.R., Magoulick, D.D., Longing, S.D., 2016. Natural flow regimes of the Ozark-
Ouachita interior highlands region. River Res. Appl. 32, 18–35.

LeMoine, M.T., Bodensteiner, L.R., 2014. Barriers to upstream passage by two migratory
sculpins, prickly sculpin (Cottus asper) and coastrange sculpin (Cottus aleuticus), in
northern Puget Sound lowland streams. Can. J. Fish. Aquat. Sci. 71, 1758–1765.

Light, T., 2005. Behavioral effects of invaders: alien crayfish and native sculpin in a
California stream. Biol. Invasions 7, 353–367.

Luikart, G., Ryman, N., Tallmon, D.A., Schwartz, M.K., Allendorf, F.W., 2010. Estimation of
census and effective population sizes: the increasing usefulness of NDA-based
approaches. Conserv. Genet. 11, 335–373.

Lynch, M., Ritland, K., 1999. Estimation of pairwise relatedness with molecular markers.
Genetics 97, 6.

MacPherson, L.M., Sullivan, M.G., Foote, A.L., Stevens, C.E., 2012. Effects of culverts on
stream fish assemblages in the Alberta foothills. N. Am. J. Fish Manag. 32,
480–490.

Marrin, D.L., Erman, D.C., Vondracek, B., 1984. Food availability, food-habits, and growth
of Tahoe sucker, Catostomus tahoensis, from a reservoir and a natural lake. Calif.
Fish Game 70, 4–10.

Matono, P., Sousa, D., Ilheu, M., 2013. Effects of land use intensification on fish
assemblages in Mediterranean climate streams. Environ. Manag. 52, 1213–1229.

Moore, B., 2011. Truckee River monitoring report 2007–2010. United States Fish and
Wildlife Service, Nevada Fisheries Resources Office 44 pp.

Moyle, P.B., 1995. Conservation of native freshwater fishes in the Mediterranean-type
climate of California, USA: a review. Biol. Conserv. 72, 271–279.

McDonald-Madden, E., Sabbadin, R., Game, E.T., Baxter, P.W.J., Chades, I., Possingham, H.P.,
2016. Using food-web theory to conserve ecosystems. Nat. Commun. 7, 10245.

Natsumeda, T., 2007. Movement patterns of Japanese fluvial sculpin Cottus pollux in a
headwater stream. T. Am. Fish. Soc. 136, 1769–1777.

Neville, H.M., Dunham, J.B., Peacock, M.M., 2006. Landscape attributes and life history
variability shape genetic structure of trout populations in a stream network. Landsc.
Ecol. 21, 901–916.

Nislow, K.H., Hudy, M., Letcher, B.H., Smith, E.P., 2011. Variation in local abundance and
species richness of stream fishes in relation to dispersal barriers: implications for
management and conservation. Freshw. Biol. 56, 2135–2144.

Nolte, A.W., Stemshorn, K.C., Tautz, D., 2005. Direct cloning of microsatellite loci from
Cottus gobio through a simplified enrichment procedure. Mol. Ecol. Notes 5, 628–636.

Orians, G.H., 1993. Endangered at what level? Ecol. Appl. 3, 206–208.
Ortego, J., Aguirre, M.P., Noguerales, V., Cordero, P.J., 2015. Consequences of extensive

habitat fragmentation in landscape-level patterns of genetic diversity and structure
in the Mediterranean esparto grasshopper. Ecol. Appl. 6, 621–632.

Osborne, M.J., Perkin, J.S., Gido, B., Turner, T.F., 2014. Comparative riverscape genetics
reveals reservoirs of genetic diversity for conservation and restoration of Great Plains
fishes. Mol. Ecol. 23, 5663–5679.

Park, S.D.E., 2001. Trypanotolerance in West African Cattle and the Population Genetic
Effects of Selection (Ph.D. Thesis) University of Dublin.

Peacock, M.M., Dochtermann, N.A., 2012. Evolutionary potential but not extinction risk of
Lahontan cutthroat trout (Oncorhynchus clarkii henshawi) is associated with stream
characteristics. Can. J. Fish. Aquat. Sci. 69, 615–626.

Peakall, R., Smouse, P.E., 2006. GENALEX 6, genetic analysis in excel. Population genetic
software for teaching and research. Mol. Ecol. Notes 6, 288–295.

Peakall, R., Smouse, P.E., 2012. GenAlEx 6.5, genetic analysis in excel. Population genetic
software for teaching and research – an update. Bioinformatics 28, 2537–2539 Freely
Available as an open access article from, http://bioinformatics.oxfordjournals.org/
content/28/19/2537.

Peel, D., Ovenden, J.R., Peel, S.L., 2004. NeEstimator, Software for Estimating Effective
Population Size, Version 13. Queensland Government, Department of Primary
Industries and Fisheries.

Pepino, M., Rodrigues, M.A., Magnan, P., 2012. Fish dispersal in fragmented landscapes, a
modeling framework for quantifying the permeability of structural barriers. Ecol.
Appl. 22, 1435–1445.

Peterson, D.P., Rieman, B.E., Dunham, J.B., Fausch, K.D., Young, M.K., 2008. Analysis of
trade-offs between threats of invasion by nonnative brook trout (Salvelinus fontinalis)
and intentional isolation for native westslope cutthroat trout (Oncorhynchus clarkii
lewisi). Can. J. Fish. Aquat. Sci. 65, 557–573.

Pizarro-Barraza, C., Gustin, M.S., Peacock, M., Miller, M., 2014. Evidence for sites of
methymercury formation in a flowing water system, impact of anthropogenic
barriers and water management. Sci. Total Environ. 478, 58–69.

Pritchard, J.K., Stephens, M., Donnelly, P., 2000. Inference of population structure using
multilocus genotype data. Genetics 155, 945–959.

Propst, D.L., Gido, K.B., 2004. Responses of native and nonnative fishes to natural flow
regime mimicry in the San Juan River. T. Am. Fish. Soc. 133, 922–931.

Quist, M.C., Hubert, W.A., Rahel, F.J., 2006. Concurrent assessment of fish and habitat in
warm water streams in Wyoming. Fish. Manag. Ecol. 13, 9–20.

Radinger, J., Wolter, C., 2014. Patterns and predictors of fish dispersal in rivers. Fish Fish.
15, 456–473.

Roberts, J.H., Angermeier, P.L., Hallerman, E.M., 2013. Distance, dams and drift, what
structures populations of an endangered, benthic stream fish? Freshw. Biol. 58,
2050–2064.

Robinson, A.T., Childs, M.R., 2001. Juvenile growth of native fishes in the little Colorado
River and in a thermally modified portion of the Colorado River. N. Am. J. Fish
Manag. 21, 809–815.

Robinson, A.T., Clarkson, R.W., Forrest, R.E., 1998. Dispersal of larval fishes in a regulated
river tributary. T. Am. Fish. Soc. 127, 772–786.

Robinson, M.L., Kirchoff, V.S., Peacock, M.M., 2009. Characterization of 13 microsatellites
for Lahontan cutthroat trout (Oncorhynchus clarki henshawi) and cross amplification
in six other salmonids. Mol. Ecol. Resour. 9, 134–136.

Rogers, S.M., Marchand, M., Bernatchez, L., 2004. Isolation, characterization and cross sal-
monid amplification of 31 microsatellite loci in the lake whitefish (Coregonus
clupeaformis, Mitchill). Mol. Ecol. Notes 4, 89–92.

Rowe, D.C., Pierce, C.L., Wilton, T.F., 2009. Fish assemblage relationships with physical
habitat in wadeable Iowa streams. N. Am. J. Fish Manag. 29, 1314–1332.

Sakamoto, T., Danzmann, R.G., Gharbi, K., Howard, H.P., Ozaki, A., et al., 2000. A
microsatellite linkage map of rainbow trout (Oncorhynchus mykiss) characterized
by large sex-specific differences in recombination rates. Genetics 155, 1331–1345.

Sanderson, T.B., Hubert, W.A., 2009. Movements by adult cutthroat trout in a lotic system,
implications for watershed-scale management. Fish. Manag. Ecol. 16, 329–336.

Santos, A.B.I., Albieri, R.J., Araujo, F.G., 2013. Influences of dams with different levels
of river connectivity on the fish community structure along a tropical river in
Southeastern Brazil. J. Appl. Ichthyol. 29, 163–171.

Sato, T., Harada, Y., 2008. Loss of genetic variation and effective population size of
Kirikuchi charr, implications for the management of small, isolated salmonid
populations. Anim. Conserv. 11, 153–159.

Scribner, K.T., Gust, J.R., Fields, R.L., 1996. Isolation and characterization of novel salmon
microsatellite loci, cross-species amplification and population genetic applications.
Can. J. Fish. Aquat. Sci. 53, 833–841.

Sigler, W.F., Sigler, J.W., 1987. Fishes of the Great Basin. University of Nevada Press, Reno.
Sigler, W.F., Sigler, J.W., 1996. Fishes of Utah, A Natural History. University of Utah Press,

Salt Lake City.

235M.M. Peacock et al. / Science of the Total Environment 563–564 (2016) 221–236



Stanley, E.H., Catalano, M.J., Mercado-Silva, N., et al., 2007. Effects of dam removal on
brook trout in a Wisconsin stream. River Res. Appl. 23, 792–798.

Strayer, D.L., 2010. Alien species in fresh waters, ecological effects, interactions with other
stressors, and prospects for the future. Freshw. Biol. 55 (Supplement 1), 152–174.

Taylor, M.K., Cook, K.V., Hasler, C.T., Schmidt, D.C., Cooke, S.J., 2012. Behaviour and
physiology of mountain whitefish (Prosopium williamsoni) relative to short-term
changes in river flow. Ecol. Freshw. Fish 21, 609–616.

Teichert, N., Borja, A., Chust, G., Uriarte, A., et al., 2016. Restoring fish ecological quality in
estuaries: implication of interactive and cumulative effects among anthropogenic
stressors. Sci. Total Environ. 542, 383–393.

Tracy, C.R., Brussard, P.F., 1994. Preserving biodiversity - species in landscapes. Ecol. Appl.
4, 205–207.

Tranah, G.J., Agresti, J.J., May, B., 2001. Newmicrosatellite loci for suckers (Catostomidae),
primer homology in Catostomus, Chasmistes, and Deltistes. Mol. Ecol. Notes 1, 55–60.

USFWS Truckee River Recovery Implementation Team, 2003. Short term action plan for
Lahontan cutthroat trout (Oncorhynchus clarkii henshawi) in the Truckee River
basin 145 pp.

Van Haverbeke, D.R., Stone, D.M., Coggins Jr., L.G., Pillow, M.J., 2013. Long-term
monitoring of an endangered desert fish and factors influencing population
dynamics. J. Fish Wildl. Manag. 4, 163–177.

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M., Shipley, P., 2004. MICRO-CHECKER,
software for identifying and correcting genotyping errors in microsatellite data.
Mol. Ecol. Notes 4, 535–538.

Vinyard, G.L., Yuan, A.C., 1996. Effects of turbidity on feeding rates of Lahontan cutthroat
trout (Oncorhynchus clarki henshawi) and Lahontan redside shiner (Richardsonius
egregius). Great Basin Nat. 56, 157–161.

Vondracek, B., Brown, L.R., Cech, J.J., 1982. Comparison of age, growth, and feeding of the
Tahoe sucker from Sierra-Nevada streams and a reservoir. Calif. Fish Game 68, 36–46.

Walters, D.M., Zuellig, R.E., Crockett, H.J., Bruce, J.F., Lukacs, P.M., et al., 2014. Barriers
impede upstream spawning migration of flathead chub. T. Am. Fish. Soc. 143, 17–25.

Waples, R.S., 1989. A generalized-approach for estimating effective population-size from
temporal changes in allele frequency. Genetics 121, 379–391.

Waples, R.S., Do, C., 2010. Linkage disequilibrium estimates of contemporary Ne using
highly variable genetic markers, a largely untapped resource for applied conservation
and evolution. Evol. Appl. 3, 244–262.

Whiteley, A.R., Spruell, P., Allendorf, F.W., 2004. Ecological and life history characteristics
predict population genetic divergence of two salmonids in the same landscape. Mol.
Ecol. 13, 3675–3688.

Whiteley, A.R., Spruell, P., Allendorf, F.W., 2006. Can common species provide valuable
information for conservation? Mol. Ecol. 15, 2767–2786.

Zeigler, S.L., De Vleeschouwer, K.M., Raboy, B.E., 2013. Assessing extinction risk in small
metapopulations of golden-headed lion tamarins (Leontopithecus chrysomelas) in
Bahia State, Brazil. Biotropica 45, 528–535.

236 M.M. Peacock et al. / Science of the Total Environment 563–564 (2016) 221–236


