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Studies assessing the potential for large predators to affect, via trophic cascades, the dynamics of riparian
plant communities and the morphology of river channels have been largely absent in the scientific literature.
Herein, we consider the results of recent studies involving three national parks in the western United States:
Yellowstone, Olympic, and Zion. Within each park, key large predators were extirpated or displaced in the
early 1900s and subsequent browsing pressure by native ungulates initiated long-term declines in
recruitment (i.e., growth of seedlings/sprouts into tall saplings and trees) of palatable woody species and
impairment of other resources. Channel responses to browsing-suppressed riparian vegetation included
increased widths of active channels via accelerated bank erosion, erosion of floodplains and erraces, increased
area of unvegetated alluvium, channel incision, and increased braiding. A reduced frequency of overbank
flows indicated these rivers have become increasingly disconnected from historical floodplains because of
channel widening/incision. Results from Zion National Park also identified major biodiversity affects (e.g.,
reduced abundance of plant and animal species). Although these studies were conducted in national parks,
results may have implications concerning riparian plant communities, biodiversity, and channel morphology
for streams and rivers draining other public lands in the western US. It is on these lands that native and
introduced ungulates have often heavily utilized riparian areas, largely in the absence of key predators, with
significant consequences to plant communities and channels.
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1. Introduction

The morphology and dynamics of alluvial channels is normally a
function of flow regime, the quantity and character of sediment in
transport, the composition of material comprising the bed and banks,
and riparian vegetation. Of these factors, early texts in fluvial
geomorphology (e.g., Leopold et al., 1964; Morisawa, 1973; Gregory,
1977; Richards, 1982; Knighton, 1984) emphasized physical process-
es as determinants of channel morphology and provided limited
insights regarding the potentially important role of vegetation. This
emphasis on physical processes led Hickin (1984) to conclude that a
need existed for studies designed to isolate the influence of vegetation
on channel morphology and rates of channel migration.

To illustrate recent patterns of research in fluvial geomorphology,
we undertook a search of the GeoRef database using keywords
“channel” and “morphology” that identified a total of 3151 entries; by
additionally including “vegetation” in the search we obtained only
260 entries (8% of 3151). Of these 260 entries, nearly 95% were
published after 1984 and indicate that authors of early fluvial
geomorphology publications had limited information to synthesize
with respect to vegetation and its potential role in channel dynamics.
In recent years, however, a broadening awareness or riparian plant
communities has found them (a) to provide important information as
indicators of channel adjustments and form (e.g., Hupp and Bornette,
2003) and (b) to effectively influence the morphology of alluvial
channels (e.g., Bennett and Simon, 2004). Furthermore, an abundant
ecological literature details the structure and functioning of riparian
plant communities (e.g., Cummins, 1974; Gregory et al., 1991;
Ohmart, 1996; Naiman and Decamps, 1997; Baxter et al., 2005).

When large predators, such as graywolves (Canis lupus) or cougars
(Puma concolor), are present in an ecosystem, theymay affect both the
behavior and population size of ungulate (hooved mammal) prey
such as elk (Cervus elaphus), mule deer (Odocoileus hemionus), and
others. The presence of these apex carnivores can limit ungulate
herbivory, thus preventing significant impacts to the composition,
structure, and functioning of native plant communities (Ripple and
Beschta, 2004a). This top-down forcing and progression of direct and
indirect effects across successively lower trophic levels represents a
“trophic cascade” (Paine, 1980; Terborgh and Estes, 2010).

As Euro-Americans extended their influence across the western
United States (US), any effect that Indians may have had on mammal
populations via hunting or habitat modification (e.g., through the use
of fire) decreased. In addition, Euro-American settlement of the
western states displaced or extirpated large predators from much of
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their original range (Laliberte and Ripple, 2004; Ripple and Beschta,
2005). For example, widespread poisoning, trapping, and hunting
during the late 1800s and early 1900s, in combination with a
concerted effort at predator eradication by federal agencies, frag-
mented cougar ranges and almost completely extirpated gray wolves
and grizzly bears (Ursus arctos). These reductions in large predator
distributions raise several important questions concerning riverine
ecosystems of the western US: What are the effects, if any, to the
structure and functioning of riparian plant communities following the
loss of large predators? Are additional consequences likely with
regard to channel morphology?

Although the trophic cascades associated with large predators in
terrestrial ecosystems of the conterminous US has been little studied,
research is beginning to provide important insights with respect to
ecosystem changes that might occur in their absence (Fig. 1). Thus,
our objective herein is to provide a synthesis of recent research
relative to how riparian plant communities and channels are affected
by the absence of key predators. To do so, we focus primarily on
results from three national parks (NP) in the western US: Yellowstone
NP in the northern RockyMountains, Olympic NP in the coastal Pacific
Northwest, and Zion NP in the canyonlands of southern Utah.

2. Predators, prey, plants, and channels

Yellowstone, Olympic, and Zion NPs are widely separated
geographically (Fig. 2) and each has a distinctive geology, topography,
climate, and hydrology (Table 1). For each park, historical records and
publications were used to identify when large predators were
extirpated or displaced, subsequent changes in native ungulate
populations, and descriptions of flora before and after large predator
loss. From a trophic cascades perspective, the principal “predator–
prey” species of interest were “wolves–elk” in Yellowstone and
Olympic NPs and “cougar–mule deer” in Zion NP. Field measurements
were used to assess contemporary characteristics of riparian vegeta-
tion and river channels; historical photographs were used to assess
Fig. 1. Top-down perspective of how extirpation of wolves can cascade through lower
trophic levels (ungulate prey and plants) to eventually affect the character of river
systems.
Adapted from: Ripple and Beschta, 2004a.
changes in these characteristics. Study reaches in Yellowstone NP
were predominantly located in elk winter range whereas year-round
habitat use by elk occurred at sites in Olympic NP. Study reaches in
Zion NPwere located along canyon bottoms that provided year-round
habitat for mule deer.

2.1. Yellowstone National Park

The upper Gallatin Basin along the northwestern corner of
Yellowstone NP experiences a continental climate with winters that
are characteristically cold and most annual precipitation occurs as
snowfall (Table 1). Annual peak discharge of the Gallatin River normally
occurs during springtime snowmelt. Because significant amounts of
snow accumulate at higher elevations eachwinter, the Gallatin elk herd
migrates towards lower-elevation terrain in thevalley to satisfy foraging
needs during the fall, winter, and early spring. This winter range has
forested and shrub-steppe hillslopes with willows (Salix spp.) domi-
nating riparian plant communities along valley bottoms.

Yellowstone NP was established in 1872. While increased
protection of most wildlife species soon followed, wolves continued
to be persecuted and were eventually extirpated by the mid-1920s
(Lovaas, 1970; Weaver, 1978). Historical reports for the upper
Gallatin chronicle a general suppression of woody browse species
by elk following the loss of wolves, including impacts to willows in
riparian areas and aspens (Populus tremuloides) in uplands (Lovaas,
1970; Halofsky and Ripple, 2008). Although the Gallatin elk
population initially increased after the loss of wolves, their numbers
have generally declined since the 1930s because of (a) an annual
harvest, by hunters, of elk that leave the park and (b) losses from
periodic starvation during severe winters because of an elk-damaged
winter range (Peek et al., 1967). Whereas willows occupied much of
the Gallatin River floodplain in 1924, considerable browsing-caused
suppression and mortality of willows occurred in the following years
and bank erosion became a prominent feature of the channel. A
chronosequence of photographs for the years 1925, 1949, and 1961
illustrate continued deterioration of willow communities following
the loss of wolves (Fig. 3; see also Fig. 1 in Beschta and Ripple, 2006a).

Three reaches along the Gallatin River were selected for measuring
channels and floodplains (see Fig. 2 in Beschta and Ripple, 2006a).
Reach A, the “control” reach, was located upstream of the winter
range. This reach normally experienced relatively little foraging
pressure from elk during winter periods and has retained an intact
riparian plant community of willows and sedges (Carex spp.)
throughout the 20th century. Reaches B and C (treatment reaches)
were located within the elk winter range and, following the loss of
wolves, experienced significant foraging pressure from elk each
winter (Patten, 1968; Lovaas, 1970). At each study reach, four channel
cross-sections were surveyed for calculating bankfull discharge (m3/s)
using Manning's equation (Beschta and Ripple, 2006a). Discharge–
frequency relationships for rivers in southwesternMontana (Parrett and
Johnson, 2004) were then used to estimate the return period (years)
associated with the bankfull discharge at each cross-section.

Inspection of 1979–99 aerial photographs indicated Reach A
(control) had experienced little change in planform morphology over
this period of record (Beschta andRipple, 2006a). Aerial photographs for
Reaches B and C (treatment) had a more extended period of coverage
(i.e., 1947–99) and showed a general shift in planformmorphology over
time. Originally a sinuous, single-thread channel in 1947, the Gallatin
River subsequently began to experience increased lateral movement,
decreased sinuosity, increased active channel width, and an increased
amount of unvegetated alluvium. Inspection of channels upstream and
downstream of Reaches B and C on the 1947–99 aerial photos indicated
similar channel changes were occurring as well as increased braiding
(i.e., channel splitting around unvegetated bars and islands).

The average ratio of bankfull width/depth for Reach B (118 m/m)
was considerably greater than Reach A (42 m/m), the control reach,



Fig. 2. Location of Yellowstone, Olympic, and Zion National Parks and associated biomes in the western United States.
Adapted from Olson et al. (2001).
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whereas average bankfull width/depth for Reach C, which was
experiencing channel incision, was 39 m/m, a value similar to that
of the control reach (Beschta and Ripple, 2006a). Bankfull flows in
Reach A had an average return period of 3.2 years whereas average
return periods for bankfull flows at Reaches B and C were 33.4 and
9.1 years, respectively (Fig. 4). The greater return periods for Reaches
B and C appear to be the result of increased cross-sectional areas from
streambank erosion and/or channel incision that have occurred in
recent decades.

2.2. Olympic National Park

The Hoh, Queets, and Quinault Rivers originate at elevations of over
2000 m in theOlympicMountains that occupy the center of theOlympic
Peninsula. Fromtheirheadwater sources, these rivers steeply descend to
an elevation of ~300 m and then continue westward along relatively
low-gradient channels with broad floodplains and alluvial terraces
before ultimately discharging into the Pacific Ocean. Annual peakflows
usually occur from October through February during extended periods
of heavy rain, or rain-on-snow. Coastal rain forests of the western
Olympic Peninsula contain several deciduous and coniferous tree
species as well as a varied understory shrub community (van Pelt
Table 1
General characteristics of the parks and study areas.

National
Park

Year of park
establishment

Park area Study area elev

(km2) (m)

Yellowstone 1872 8983 ~2000
Olympic 1909 3743 b100
Zion 1918 593 ~1300

a Long-term air temperature, precipitation, and snowfall averages based on annual dat
n=60 years), Olympic NP (Forks, WA; n=60 years), and Zion NP, (Zion Park Headquart
(Bachelet et al., 2000; Daily et al., 2000).
et al., 2006). These highly productive forests also provide physical
habitat needs and food-web support for nearly 230 wildlife species
(Quinault Indian Nation and US Forest Service, 1999).

Widespread hunting of predators, ungulates, and other wildlife
occurred as Euro-Americans began settling the western portion of the
Olympic Peninsula in the 1890s (Morgenroth, 1909). In 1909 Mt.
Olympus National Monument was created (becoming Olympic NP in
1938) for the primary purpose of protecting elk and their habitat.
Wolves, originally considered common on the peninsula, continued to
be persecuted and were extirpated by the early 1920s (Ratti et al.,
2004). With elk protected from human hunting, wolves absent, and
other large predators suppressed, the elk population rapidly
increased. Heavy browsing of riparian vegetation and winter losses
of elk from starvation along the western rivers of the park began to
occur in the 1920s (Webster, 1922; Sumner, 1938). Whereas the
rivers of the Olympic Peninsula have historically supplied important
habitat for anadromous salmon (Oncorhynchus spp.) and trout
(Salvelinus spp.), declines in wild fish runs during the 20th century
have been observed for the Hoh (Bakke, 2009) and upper Quinault
(Quinault Indian Nation and US Forest Service, 1999) Rivers.

Red alder (Alnus rubra), black cottonwood (Populous trichocarpa)
and bigleaf maple (Acer macrophyllum) are the primary deciduous
ation Climatic conditionsa

Temp.
(°C)

Precip.
(cm)

Snowfall
(cm)

NPP
(kg/m2)

1.7 34 240 1.3
9.9 300 33 2.1

16.3 38 23 1.1

a from the following weather stations: Yellowstone NP (Lamar Ranger Station, WY;
ers, UT; n=80 years); NPP=net primary productivity in kg of dry biomass/m2/year

image of Fig.�2
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trees occurring along rivers in western Olympic NP. Although young
red alder plants are relatively unpalatable to elk, the seedling and
sprouts of black cottonwood and bigleaf maple, species with very
different autecologies, are highly palatable. Thus, we determined
historical patterns of cottonwood and maple recruitment (i.e., growth
of seedlings/sprouts into tall saplings and trees) to evaluate long-term
patterns of elk herbivory. The age structure, or number of trees by
date of establishment, for black cottonwood and bigleaf maple along
the Hoh, Queets, and East Fork Quinault Rivers indicated that
recruitment began to decline soon after the extirpation of wolves as
an enlarged elk population increasingly utilized riparian vegetation as
a source of browse (Fig. 5). Even though elk populations subsequently
decreased, browsing impacts in riparian areas have intensified over
time and in recent decades elk herbivory appears to have largely
terminated recruitment of black cottonwood or bigleaf maple along
these rivers.

Wetted width, active channel width, and the presence/absence of
multiple channels (used to calculate the % of a reach that was braided)
were measured on 1994 orthophotos at 0.25-km intervals (n=32
measurements per reach) along 8-km reaches of the Hoh, Queets, and
East Fork Quinault Rivers (Table 2). The ratio of active channel width
to wetted width was also calculated for each reach. For comparative
purposes, these same measurements were compiled for 8-km reaches
of the Clearwater and lower Quinault Rivers, both outside the park.
The Clearwater catchment is located between the Hoh and Queets
catchments whereas the lower Quinault River occurs downstream of
Lake Quinault and is, thus, buffered by the lake from any upriver
changes in large wood or sediment production that may originate
within the park (Beschta and Ripple, 2008).

Whereas average wetted widths were similar for the 8-km long
reaches inside and outside the park (46 vs. 44 m, respectively),
braiding occurred along 37% of reaches inside the park versus only 2%
for those outside the park, a nearly 20-fold difference (Beschta and
Ripple, 2008). Furthermore, the ratio of active channel width to
wetted width for reaches inside the park (x=3.0 m/m) was double
that of rivers outside the park (x=1.5 m/m). Overall, active channels
inside the park were typically wider than those outside the park and
had approximately four times as much bare alluvium. An example of
the wide and braided channel morphology that are now characteristic
of rivers within the western portion of Olympic NP is shown Fig. 6.

2.3. Zion National Park

Canyons and valleys of Zion NP have been largely formed by long-
term down-cutting of streams and rivers through Jurassic rock units of
the Markagunt Plateau. Annual peakflows can be generated by several
mechanisms, including rapid melt of accumulated winter snowfall,
convective storms during the summer, or infrequently occurring
subtropical depressions in late summer–early autumn. Along the
valley bottoms of Zion NP, riparian gallery forests are typically
dominated by Fremont cottonwood (Populus fremontii) with willows
and other shrubs common in understory plant communities.

In the late 1800s and early 1900s, native vegetation along the
North Fork of the Virgin River in Zion Canyon had been impacted by
grazing of domestic livestock and the agricultural practices of
ranchers and homesteaders. Zion NP was established in 1918 and by
Fig. 3. Photo chronosequence of the Gallatin River and its floodplain showing the status
of riparian willow communities in (a) summer of 1924, (b) summer of 1949, (c) late
spring of 1961, and (d) summer of 2003. Riparian vegetation associated with the
floodplain shows progressive degradation from 1924 through 1961 because of high
levels of elk browsing following wolf extirpation in the mid-1920s. Also, conifer “high-
lining” (i.e., removal of lower branches by elk browsing), not evident in the right center
of the 1924 photo, is visible in the 1949 and 1961 photos. In 2003, 7 years after wolf
recolonization, willow communities along the Gallatin River floodplain are beginning to
recover.
Adapted from: Ripple and Beschta, 2004b.

image of Fig.�3


Table 2
Catchment area and other channel characteristics associated with 8-km long river
reaches inside and outside of Olympic National Park in the western Olympic Peninsula
(adapted from Beschta and Ripple, 2008). Reach elevation and channel slope
measurements from 1:24,000 USGS topographic maps; wetted and active channel
width measurements (±standard errors) from 1994 orthophotos (1-m resolution).

Characteristic Inside park Outside park

Hoh River Queets River East Fork
Quinault R.

Clearwater
River

Lower
Quinault R.

Catchment area
(km2)

280 560 205 355 1070

Approximate
reach elevation
(m)

180 45 150 30 10

Channel slope
(m/m)

0.006 0.003 0.005 0.003 0.001

Wetted width of
river (m)

52 (±2) 60 (±3) 28 (±2) 31 (±2) 56 (±2)

Active channel
width (m)

184 (±15) 155 (±9) 74 (±7) 43 (±2) 82 (±4)

Fig. 4. Discharge–frequency relationships (dashed lines) for Reaches A, B and C of the
upper Gallatin River, based on regional equations from Parrett and Johnson (2004). The
shaded area encompasses the range of return periods for Reach A (control) and plotted
points represent bankfull discharges and associated return periods for four cross-
sections within each reach.
Adapted from: Beschta and Ripple, 2006a.
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the 1920s vegetation recovery along the river was well underway as
predators kept the mule deer population at a low level (Presnall,
1938; Smith, 1943). Park development and a dramatic increase in
visitors displaced cougars from the canyon in the 1930s andmule deer
numbers increased dramatically (Dixon and Sumner, 1939). In the
late 1930s and early 1940s the park service began a program of
trapping and removing mule deer in an attempt to reduce herbivory
impacts associated with these wild ungulates. The agency terminated
this program, however, even though the superintendent repeatedly
expressed concerns in annual reports about the impacts to plant
Fig. 6. (a) A 1994 orthophoto showing the Hoh River and its active channel along a
portion of the Hoh River study reach (Olympic National Park visitor center is located on
the north side of the river near photo center). (b) A 1.8-m high (above water surface)
transitional fluvial terrace along the north side of the Hoh River south of the visitor
center. The terrace is comprised of coarse gravel/cobble in the lower 1.2 m and grades
into sand in the upper 0.6 m. Erosion of these vertical banks during periods of high flow
continues to increase the width of the channel as well as increase the input of coarse
sediment and organic debris (trees) into the river.
Adapted from: Beschta and Ripple, 2008.

Fig. 5. Age structure of (a) black cottonwood (n=547 trees) along the Hoh, Queets, and
East Fork Quinault River and (b) bigleaf maple (n=282 trees) along the Hoh and East
Fork Quinault Rivers, western Olympic National Park, showing decline in tree
recruitment following the extirpation of wolves. The exponential function (dashed
line) was fitted to measured tree frequencies for the period1800–1910; its extension
into the period 1910–2000 represents a general expectation of tree frequencies had
wolves not been extirpated. Tree frequencies outside the lower 95% confidence limit are
represented by “*”.
Adapted from: Beschta and Ripple, 2008.

image of Fig.�6
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communities that were being caused by mule deer. In contrast,
diverse riparian vegetation occurs in the North Creek catchment, an
area of limited human visitation and continued cougar presence,
located immediately west of Zion Canyon (Ripple and Beschta,
2006a).

The age structure of Fremont cottonwood within riparian areas of
North Creek (Fig. 7a, cougars common) showed continuous recruit-
ment over timewithmore young trees than old ones, a normal feature
of healthy gallery forests. In contrast, riparian areas along the North
Fork of the Virgin River in Zion Canyon (Fig. 7b, cougars rare)
experienced decreased tree recruitment since the 1930s because of
heavy browsing by mule deer after cougars were displaced from the
canyon (Ripple and Beschta, 2006a).

The frequency of eroding streambanks along the North Fork of the
Virgin River (cougars rare) was over 2.5 times that of North Creek
(cougars common). In addition, the average width/depth ratio for the
North Fork of the Virgin River channel was approximately double that
of the North Creek channel (Fig. 8a). The effects of intensive long-term
herbivory was also reflected in the reduced occurrence of hydrophytic
plants, wildflowers, amphibians, lizards, and butterflies (Fig. 8b). For
all of these categories, the relative abundance of indicator plant and
wildlife species was much less for riparian areas along the North Fork
of the Virgin River (cougars rare) than along North Creek (cougars
common). Lastly, native fish densities in the North Fork of the Virgin
River were lower relative to those in streams where cougars were
“common” (Ripple and Beschta, 2006a).

3. Synthesis

The establishment of Yellowstone, Olympic, and Zion NPs in the
western US during the late 1800s and early 1900s created a series of
natural experiments (Diamond, 1983) where, except for large
predators, wildlife was generally protected. These national parks
thus provided important benefits for undertaking research on trophic
cascades and channel morphology because potentially confounding
Fig. 7. Age structure of riparian cottonwood along (a) North Creek (cougars common; n=77
trees) in Zion National Park. The exponential function (dashed line) was fitted to measured
along with tree frequencies for the Zion Canyon study reaches illustrating a general cessation
deer became abundant.
Adapted from: Ripple and Beschta, 2006a.
effects of various land uses, such as forest harvesting, livestock
grazing, agriculture, and others, were either absent or had diminished
following park establishment. Conducting research in these parks had
an added advantage in that streams and rivers were free-flowing (i.e.,
undammed) and, thus, riparian vegetation and channels experienced
natural hydrologic disturbance regimes. Because these parks were
widely separated geographically and had differing climatic and
topographic settings, we considered each to represent an indepen-
dent case study.

3.1. Uncoupling the trophic cascade

Historically, humans have modified many boreal and temperate
ecosystems by reducing native animal populations, with large predators
especially subject to persecution (Ripple et al., 2010b). As wolves were
being extirpated from the western US and cougar ranges increasingly
fragmented in the early 1900s, widespread human hunting also
devastated many wild ungulate populations. Depleted elk and deer
populations, however, were eventually protected in most areas of the
West whereas persecution of large predators typically continued.When
ungulate populations subsequently began to increase, in the general
absence of large predators andwith reduced human hunting, impacts to
vegetation from irrupting ungulate populations were soon observed
(Leopold et al., 1947). The effects included intensively browsed woody
species and also reduced diversity of flora, loss of habitat for nongame
species, and accelerated soil erosion (Leopold, 1939, 1943).

Plants, although they occupy the lowest trophic level in terrestrial
ecosystems, are fundamental to the productivity, sustainability, and
functioning of these systems. Thus, when riparian plant communities
are significantly altered, the capacity to provide a full range of
ecosystem services can be greatly diminished. Results from each of the
three parks, and others (Beschta and Ripple, 2009), consistently
indicated that major alterations of riparian plant communities
occurred from increased wild-ungulate herbivory following the loss
of an apex predator, with these effects becoming more severe over
7 trees) and (b) the North Fork of the Virgin River in Zion Canyon (cougars rare; n=262
tree frequencies for North Creek study reaches; this same relationship has been plotted
of cottonwood recruitment (i.e., missing age classes) after cougars were displaced and

image of Fig.�7


Fig. 8. (a) Trophic cascade indicated by inverse patterns of abundance across trophic levels to stream channel variables, and (b) observed species abundance of biodiversity indicators
associated with “cougars common” and “cougars rare” areas of Zion National Park.
Adapted from: Ripple and Beschta, 2006a.
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time and often extending to a wide range of plant species. Furthermore,
as willow communities along the Gallatin River in northwestern
Yellowstone NP were being heavily altered by elk browsing, aspen
communities onupslopeareas of theupperGallatin basinwere similarly
experiencing a browsing-causeddecline (Halofsky andRipple, 2008). As
recruitment of black cottonwood and bigleafed maple on floodplains
and alluvial terraces of rivers inwestern Olympic NP deteriorated in the
decades following wolf extirpation, comparable impacts to palatable
young conifers, such as western hemlock (Tsuga heterophylla) and
Douglas-fir (Pseudotsuga menziesii), also occurred (Fonda, 1974;
Harmon and Franklin, 1983; van Pelt et al., 2006; Larson and Paine,
2007). In Zion NP, a decline in recruitment of Fremont cottonwood
within gallery forests (Ripple and Beschta, 2006a) was accompanied by
impacts to other browse plants along the North Fork of the Virgin River
(Presnall, 1938).

In the northern elk winter range of Yellowstone NP, located
approximately 50 km east of the Gallatin catchment, long-term
changes to cottonwood, willow, and upland aspen communities

image of Fig.�8
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from elk herbivory following extirpation of wolves in the 1920s have
been widely documented (Bailey, 1930; Rush, 1932; Grimm, 1939;
Kay, 1990; Chadde and Kay, 1996; Singer, 1996; Ripple and Larsen,
2000; Kay, 2001; Barmore, 2003; Beschta, 2005; Wagner, 2006;
Beschta and Ripple, 2009). Additionally, the loss of functional willow
communities in the northern range led to abandonment of beaver
dams during the 1920–30swith stream incision, unprecedented in the
last two millennia, occurring within two decades (Wolf et al., 2007).

In various national parks and areas along the Canadian Rockies, the
near elimination of wolves during the mid-1900s allowed intensive elk
herbivory to greatly reduce aspen recruitment and severely impact plant
communities (Kay, 1997; White et al., 1998; White, 2001; Beschta and
Ripple, 2006b).At theedgeof theGreat Plains, near theBlackHills of South
Dakota, the loss of a large predator guild atWind CaveNP allowed elk and
bison (Bison bison), even after the elimination of cattle from the park, to
curtail recruitment of cottonwood (Populus spp.), bur oak (Quercus
macrocarpa), aspen, and various shrub species (Ripple and Beschta,
2007a). On the Kaibab Plateau of southern Utah–northern Arizona, the
loss of cougars and wolves in the early 1900s allowed native mule deer
populations to irrupt, thus causing aspen recruitment to plummet
(Binkley et al., 2005). The displacement of cougars from Yosemite Valley
in Yosemite NP, much like that which occurred with Zion Canyon in Zion
NP, allowed the mule deer population to increase (Cahalane, 1941) and
initiated amajor decline in California black oak recruitment, a decline that
has continued through recent decades (Ripple and Beschta, 2008).

Of the nearly 1.4 million square kilometers of public lands in 11
conterminous western states, most occur outside of national parks
where aggressive predator control programs have been practiced and
where gray wolves, with the exception of recent reintroductions and
recolonizations in parts of Idaho, Montana, and Wyoming, have been
extirpated for many decades. With the long-term suppression of
predators since the early-1900s, wild ungulate numbers have increased
greatly in many areas of the West. In addition, domestic livestock
grazing has been widespread on public lands for most of the 20th
century. For example, approximately one million square kilometers of
public land, managed by the US Forest Service and Bureau of Land
Management, are generally available for grazing livestock. Thus, plant
communities across amajor portion of public land in theAmericanWest
have annually experienced throughout much of the 20th century the
combined foraging pressure of domestic and wild ungulates.

The capability of domestic livestock, such as cattle and sheep, to
significantly alter vegetation and watershed conditions has been widely
studied. For example, reviews by Kauffman and Krueger (1984), Platts
(1991), and Belsky et al. (1999) found that the grazing/browsing of
streamside areas by livestock can have significant effects to the
composition and structure of riparian plant communities and soils.
Because much of the American West is relatively arid, this increases the
likelihood of livestock use in riparian areas and impacts to diverse plant
communities (Kauffman and Krueger, 1984). Trimble and Mendel
(1995), in their review of the “cow as a geomorphic agent,” similarly
identified impacts to upland soils and hydrologic processes as well as
altered streambanks associatedwith the foraging and trampling of cattle.
Of 17grazing strategies evaluatedbyPlatts (1991) regarding capability to
maintain riparian plant communities for protecting in-stream conditions
and fisheries habitat, only three strategies rated “9” or better on a 10-
point scale. These three involved closure of riparian areas to livestockuse,
a fenced riparian corridor toexclude livestock, or short-termuseby sheep
only. Most of the remaining grazing strategies, the ones commonly used
on public lands, rated between 1 and 5, indicating that theywere poor to
fair, respectively, in maintaining riparian plant communities and the
protection these plants provide to streams and aquatic habitats.

3.2. Altered channels

In the absence of an apex predator, studies from the three widely
separated national parks highlighted in this paper found that relatively
unimpeded herbivory by wild ungulates altered riparian plant commu-
nities that, in turn, allowed for major changes to occur in the
morphology of channels. Alternative hypotheses for the observed
impacts to vegetation and channels changes were explored for each
park and ranged from consideration of hydrologic disturbance regimes
and climate in YellowstoneNP(Beschta andRipple, 2006a) andOlympic
NP (Beschta and Ripple, 2008) to climate, human interventions, and site
attributes in Zion NP (Ripple and Beschta, 2006a). None were able to
explain, however, the observed changes in channel morphology.

The geomorphic indicators used to assess possible changes in
channels varied between parks and ranged from a hydraulic character-
ization of cross-sections (Yellowstone NP), an analysis of channel
dimensions from orthophotos (Olympic NP), to measurements of
channel widths and depths (Zion NP). Yet results indicated a consistent
channel response to impaired riparian plant communities—increased
bank erosion that eventually led to either a widening of the active and
wetted channel, or channel incision. When channel widening and/or
incision occur, a reduction in the frequency of overbank flows results
and, in turn, contributes to the loss of moist-site riparian plants and a
conversion of floodplain plant communities to species that are more
tolerant of drier conditions (Chapin et al., 2002; Rost and Rasmussen,
2004). An inability to maintain functional riparian plant communities
because of altered moisture regimes is thus likely to encourage
additional channel widening.

In the northern range of Yellowstone, aerial photographs of the
Lamar Valley only go back to 1954 which is two to three decades after
riparian and upland plants had begun experiencing intensive elk
browsing (Barmore, 2003; Beschta, 2005). Inspection of the 1954
photos, in combination with coverage in the 1960s, 70s, 80s, and early
90s, however, indicated the active channel of the Lamar River had
become increasingly wider over time (thus creating large surface
areas of unvegetated alluvium). Over a period of nearly four decades,
accelerated streambank erosion has allowed the channel to experi-
ence major lateral shifts in location, become increasingly braided, and
export large volumes of alluvium from eroding floodplains and
terraces to downstream reaches (Fig. 9a). Even though wolves have
been reintroduced into the park, an increasing population of northern
range bison in recent years continues to impact riparian vegetation and
streambanks along the LamarValley (Fig. 9b), effects that begandecades
earlier from elk (Kay, 1990; Beschta and Ripple, 2010; Ripple et al.,
2010a). Thus, wild ungulate herbivory in the northern range continues
to suppress riparian plant communities in the Lamar Valley and
prevents them from helping to stabilize streambanks along the river.

A study of the Little Bighorn River in south-eastern Montana
(Beschta, 1998) found that removal of riparian vegetation initiated a
period of major channel changes. Over a period of nearly five decades
(i.e., 1938–87), measurements from aerial photographs indicated that
the original narrow, sinuous, and laterally stable channel changed
dramatically. Beginning in the early 1950s, riparian forests of the well-
vegetated floodplain were mechanically removed with subsequent
grazing of these areas by cattle. Following vegetation removal the
widths of active channels increased and channel sinuosity decreased
(thus steeping the gradient of the river). In comparison to an
upstream reach where vegetation had not been removed, the
vegetation-impacted reach becamewider, shallower, and increasingly
braided. During high flows, accelerated bank erosion of former
floodplains increased the width of the active channel and in
conjunction with channel down-cutting decreased the occurrence of
overbank flows, thus effectively uncoupling the flow regime of the
river with its former floodplain. The combined effects of increased
active channel width and channel down-cutting resulted, on average,
in an estimated loss of 160 m3 of floodplain soil and alluvium per
meter of channel length.

More recently, the role of reduced riparian shrub densities on the
stability of floodplains was evaluated for the Clark Fork of the Columbia
River in western Montana. Using a process-based model of overbank



Fig. 9. (a) Up-valley view of the Lamar River from near its confluence with Soda Butte
Creek (August 2003). Vertical river banks continue to erode during periods of high flow,
wide active channels, expansive areas of unvegetated alluvium, and the generally
braided character of channel following the loss of riparian vegetation in previous
decades from intensive elk herbivory after the extirpation of wolves. (b) Trampling and
high level herbivory in recent years by bison along the Lamar River limit recovery of
riparian plant communities and prevent streambanks from stabilizing (September
2009).
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flows, Smith (2004) found that dense shrub communities, which
historically existed along the Clark Fork, would have been able to
maintain a single-thread, meandering channel even during large floods.
With a decrease in the density of woody vegetation, however, results of
the model indicated that the single-thread channel would become
destabilized. Along the Carmel River of California, Groeneveld and
Griepentrog (1985) found that groundwater extraction was linked to a
decline of riparian vegetation, followed by severe bank erosion.
Accordingly, degradation of riparian vegetation, by herbivory or other
means, can lead to accelerated bank erosion and alteredmorphology of
an alluvial channel.

3.3. Loss of biodiversity and ecosystem functions

Although riparian areas comprise only about 1–2% of the land area
in thewestern US, they normally provide critical habitat and food for a
diversity of wildlife (Kauffman et al., 2001; Baker et al., 2004). For
example, nearly two-thirds of neotropical migrant birds depend upon
riparian vegetation during the breeding season (Bureau of Land
Management, 1998). Where high levels of grazing and browsing of
riparian areas have occurred over time, major impacts to terrestrial
(e.g., wildlife habitat, food webs, microclimates) and aquatic (e.g.,
water quality, bank stability, channel morphology) ecosystems have
been a common consequence (Elmore and Beschta, 1987; Platts, 1991;
Ohmart, 1996; Belsky et al., 1999; National Research Council, 2002;
Kauffman and Pyke, 2005). Beaver (Castor canadensis), considered a
keystone species in stream systems (Wright et al., 2002; Pollock et al.,
2003), usually cannot exist where riparian plant communities experi-
ence high rates of browsing from either wild (Baker et al., 2005) or
domestic (Fouty, 2003) ungulates.

The geomorphic transformation of alluvial channels via accelerat-
ed bank erosion and/or incision, sometimes in conjunction with
channel aggradation in downstream reaches, can have pronounced
ecological consequences. Some of these effects were documented in
Zion NP where the abundance of various species of hydrophytic
plants, lizards, amphibians, butterflies, and fish were drastically
reduced as herbivory from deer decimated riparian plant communi-
ties, altered channels, and degraded terrestrial and aquatic habitats
(Fig. 8). A review of invertebrate studies (Baxter et al., 2005) indicated
that the riparian zones and adjacent streams are closely connected by
reciprocal fluxes of invertebrate prey where terrestrial invertebrates
can provide up to half the annual energy budget for drift-feeding
fishes such as salmonids. In turn, the emergence of adult insects from
rivers can constitute a substantial component of the energy needs of
riparian consumers such as birds, bats, and spiders. Accelerated bank
erosion and channel widening (Figs. 6 and 9) increasingly fragment
these linkages.

As streambanks erode, the mixing of coarse streambed sediments,
with an influx of finer sediment during floodplain erosion, decreases
the median size and sorting of sedimentary material on the bed and
makes them relatively mobile (Smith, 2004). This increased mobility
during lower flows makes benthic habitats less habitable for many
insect larvae that normally live within the interstices of the coarse bed
sediments. Even where streambeds remain stable, the intrusion of
fines associated with increased sediment transport can effectively fill
gravel interstices and cause deterioration in benthic habitats (Beschta
and Jackson, 1979). Eroding streambanks and wider channels also
allow for increased stream temperatures because of shallower depths
and lack of shading canopy cover as well as a loss of vegetatively-
stable overhanging banks typically used as cover and refugia for fish
(Platts, 1991; Beschta, 1997). A loss of vegetation along streambanks
and floodplains further decreases habitat values for birds, beaver, and
other terrestrial and aquatic wildlife, and effectively truncates
allochthonous inputs to a stream that can be a major source of organic
carbon for aquatic organisms (Gregory et al., 1991; Ohmart, 1996;
Berger et al., 2001; Dobkin et al., 2002). Thus, the cascading effects of
excessive herbivory of riparian plants can significantly alter the basic
structure and function of riparian and aquatic ecosystems.

Because herbivory-altered ecosystems are a common feature along
many western streams and rivers, recovering the resiliency and
ecosystem services that such systems would normally provide
represents a major opportunity and challenge (National Research
Council, 1992; Beschta, 1996; Kauffman et al., 1997; Hill and Platts,
1998; Verry et al., 1999; National Research Council, 2002; Wissmar et
al., 2003). In the case of Yellowstone NP, the reintroduction of wolves
in the winters of 1995–96, after seven decades of absence, appears to
have reestablished a tri-trophic cascade of wolves–elk–plants and
initiated the recovery of willow and aspen in portions of the Gallatin
winter range as well as a spatially patchy recovery of cottonwood,
willow, and aspen in the northern range of the park (Ripple and
Beschta, 2006b; Beschta and Ripple, 2007; Beyer et al., 2007; Ripple
and Beschta, 2007b; Halofsky et al., 2008; Beschta and Ripple, 2010).
For example, along Blacktail Deer Creek in the northern range, canopy
cover over the stream increased from b5% prior to wolf introduction
to between 14 and 75% by 2003 along three sample reaches (Beschta
and Ripple, 2007). Whether gray wolves can have similar ecosystem
effects in other areas of the northern Rocky Mountains where
reintroductions or recolonizations have occurred remains to be
documented.

For those areas of the West where riparian ecosystems have been
significantly altered by wild or domestic ungulates and top predators
are unlikely to recolonize, reducing the impacts of ungulates needs to
be a high priority if the recovery of riparian plant communities is to
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occur. Whereas improvements in riparian plant communities can
often be attained relatively quickly when levels of herbivory are
reduced, recovery of highly altered channel systems is likely to
require a longer period of time.
4. Conclusions

Early biologists, such as A. Leopold, E.L. Sumner, V.H. Cahalane, and
others,whoobserved thedegradation of ecosystems in the early tomid-
1900s, often expressed concern in their writings about the on-going
alteration of plant communities following the loss of large predators. In
some cases, they also identified the occurrence of accelerated soil
erosion when terrestrial vegetation was heavily altered by intensive
ungulate herbivory. Yet, they were generally unable to foresee the
changes in streams and rivers that were to follow the loss of large
predators, as the capability of riparian plant communities to function
was increasingly disrupted by large herbivores. With the exception of
the studies described herein, we are unaware of any previous reports
indicating that the removal of top predators might create cascading
effects through the ungulate prey to plants such that themorphology of
stream and river channels are significantly altered.

Even today, we suggest that fluvial geomorphology, hydrology,
and related fields are only beginning to recognize that functionally
intact plant communities can play a fundamental role in the character
and morphology of streams and rivers (e.g., GeoRef database).
Whereas great strides have been made in these fields regarding an
improved understanding of physical processes such flow mechanics,
sediment transport, flow frequency andmagnitude as well as regional
assessments of hydraulic geometry and channel patterns, increased
integration is needed with ecologists, botanists, and other biologists
for whom the integrity of riparian plant communities and the
geomorphology of channels takes on an added dimension.

In retrospect, the widespread loss of apex predators and increased
herbivory from ungulates in the western US over the last century
appear to have initiated major ecosystem effects that have eventually
contributed to altered biological and physical attributes of many
streams and rivers. The recent Yellowstone experience, however,
indicates such effects may be reversible in areas where ecologically
effective populations of previously removed apex predators can again
be re-established. In areas where recovery of such predators is not
possible, controlling the potential impacts associated with ungulates
needs to be a high priority if the productive capacity and functioning of
riparian plant communities and aquatic ecosystems is to be restored.
Acknowledgments

We appreciate the critical comments and suggestions provided by
two anonymous reviewers.
References

Bachelet, D., Lenihan, J.M., Daly, C., Neilson, R.P., Ojima, D.S., Parton, W.J., 2000. MC1: a
dynamic vegetation model for estimating the distribution of vegetation and
associated ecosystem fluxes of carbon, nutrients, and water. USDA, General
Technical Report PNW-GTR-508. 95 pp.

Bailey, C.T., 1930. Animal Life of Yellowstone National Park. Charles C. Thomas,
Baltimore, MD.

Baker, B.W., Ducharme, H.C., Mitchell, D.C.S., Stanley, T.R., Peinetti, H.R., 2005.
Interaction of beaver and elk herbivory reduces standing crop of willow. Ecological
Applications 15, 110–118.

Baker Jr., M.B., Ffolliott, P.F., DeBano, L.F., Neary, D.G., 2004. Riparian Areas of the
Southwestern United States: Hydrology, Ecology, and Management. Lewis
Publishers, Washington, DC.

Bakke, B., 2009. Hoh River wild steelhead issue paper: stock and fishery information.
Native Fish Society Conservation Report, No. 1.

Barmore, W.J., 2003. Ecology of Ungulates and their Winter Range in Northern
Yellowstone National Park: Research and Synthesis 1962–1970. Yellowstone
Center for Resources, Yellowstone National Park, Mammoth, WY.
Baxter, C.V., Fausch, K.D., Saunders, W.C., 2005. Tangled webs: reciprocal flows of
invertebrate prey link streams and riparian zones. Freshwater Biology 50,
201–220.

Belsky, A.J., Matzke, A., Uselman, S., 1999. Survey of livestock influences on streams and
riparian ecosystems in the western United States. Journal of Soil and Water
Conservation 199, 419–431.

Bennett, S.G., Simon, A. (Eds.), 2004. Riparian vegetation and channel morphology.
Water Science and Application, 8. American Geophysical Union, Washington,
D.C.

Berger, J., Stacey, P.B., Bellis, L., Johnson, M.P., 2001. A mammalian predator–prey
balance: grizzly bear and wolf extinction affect avian neotropical migrants.
Ecological Applications 11, 947–960.

Beschta, R.L., 1996. Restoration of riparian and aquatic systems for improved aquatic
habitats in the upper Columbia River Basin. In: Stouder, D.J., Bisson, P.A., Naiman,
R.J. (Eds.), Pacific Salmon and Their Ecosystems: Status and Future Options.
Chapman and Hall, New York, NY, pp. 475–491.

Beschta, R.L., 1998. Long-term changes in channel morphology of gravel-bed rivers:
three case studies. In: Klingeman, P.C., Beschta, R.L., Komar, P.D., Bradley, J.B. (Eds.),
Gravel-bed Rivers in the Environment. Water Resources Publications, Highlands
Ranch, CO.

Beschta, R.L., 1997. Riparian shade and stream temperature: an alternative perspective.
Rangelands 19, 25–28.

Beschta, R.L., 2005. Reduced cottonwood recruitment following extirpation of wolves in
Yellowstone's northern range. Ecology 86, 391–403.

Beschta, R.L., Jackson, W.L., 1979. The intrusion of fine sediments into a stable gravel
bed. Journal of the Fisheries Research Board of Canada 36, 204–210.

Beschta, R.L., Ripple, W.J., 2006a. River channel dynamics following extirpation of
wolves in northwestern Yellowstone National Park, USA. Earth Surface Processes
and Landforms 31, 1525–1539.

Beschta, R.L., Ripple, W.J., 2006b. Wolves, elk, and aspen in the winter range of Jasper
National Park, Canada. Canadian Journal of Forest Research 37, 1–13.

Beschta, R.L., Ripple, W.J., 2007. Increased willow heights along northern Yellowstone's
Blacktail Deer Creek following wolf reintroduction. American Naturalist 67,
613–617.

Beschta, R.L., Ripple, W.J., 2008. Wolves, trophic cascades, and rivers in Olympic
National Park, USA. Ecohydrology 1, 118–130.

Beschta, R.L., Ripple, W.J., 2009. Large predators and trophic cascades in terrestrial
ecosystems of the western United States. Biological Conservation 142, 2401–2414.

Beschta, R.L., Ripple, W.J., 2010. Recovering riparian plant communities with wolves, in
northern Yellowstone USA. Restoration Ecology 18, 380–389.

Beyer, H.L., Merrill, E.H., Varley, N., Boyce, M.S., 2007.Willow on Yellowstone's northern
range: evidence for a trophic cascade? Ecological Applications 17, 1563–1571.

Binkley, D., Moore, M.M., Romme, W.H., Brown, P.M., 2005. Was Aldo Leopold right
about the Kaibab deer herd? Ecosystems 9, 1–16.

Bureau of LandManagement, 1998. Birds as Indicators of Riparian Vegetation Condition
in the Western U.S. US Department of Interior. BLM/ID/PT-98/004+6635.

Cahalane, V.H., 1941. Wildlife surpluses in the National Parks. Transactions of the Sixth
North American Wildlife Conference, pp. 355–360.

Chadde, S., Kay, C.E., 1996. Tall-willow communities on Yellowstone's northern range: a
test of the ‘natural regulation’ paradigm. In: Singer, F.J. (Ed.), Effects of Grazing by
Wild Ungulates in Yellowstone National Park, National Park Service, Technical
Report, NPS/NRYELL/NRTR/96-01, Denver, CO.

Chapin, D.M., Beschta, R.L., Shen, H.W., 2002. Relationships between flood frequencies
and riparian plant communities in the upper Klamath Basin, Oregon. Journal of the
American Water Resources Association 38, 603–617.

Cummins, K.W., 1974. Stream ecosystem structure and function. BioScience 24,
631–641.

Daily, C., Bachelet, D., Lenihan, J.M., Neilson, R.P., Parton, W., Ojima, D., 2000. Dynamic
simulation of tree–grass interactions for global change studies. Ecological
Applications 10, 449–469.

Diamond, J.M., 1983. Laboratory, field and natural experiments. Nature 304, 586–587.
Dixon, J.S., Sumner, E.L., 1939. The deer problem, deer trapping, and deer removal at

Zion Canyon, Utah. Transactions of the 4th North American Wildlife Conference,
February 13–15, 1939, Detroit, MI, pp. 231–236.

Dobkin, S.D., Singer, F.J., Platts, W.S., 2002. Ecological Condition and Avian Response in
Willow, Aspen, and Cottonwood Communities of the National Elk Refuge, Jackson,
Wyoming. High Desert Research Institute, Bend, OR.

Elmore, W., Beschta, R.L., 1987. Riparian areas; perceptions inmanagement. Rangelands
9, 260–265.

Fonda, R.W., 1974. Forest succession in relation to river terrace development in
Olympic National Park, Washington. Ecology 55, 927–942.

Fouty, S.C., 2003. Current and historic stream channel response to changes in cattle and
elk grazing pressure and beaver activity. Ph.D. Dissertation, University of Oregon,
Eugene.

Gregory, K.J. (Ed.), 1977. River Channel Changes. Wiley, New York, NY.
Gregory, S.V., Swanson, F.J., McKee, W.A., Cummins, K.W., 1991. An ecosystem

perspective of riparian zones: focus on links between land and water. BioScience
41, 540–551.

Grimm, R.L., 1939. Northern Yellowstone winter range studies. Journal of Wildlife
Management 8, 329–334.

Groeneveld, D.P., Griepentrog, T.E., 1985. Interdependence of groundwater, riparian
vegetation, and streambank stability: a case study. In: Johnson, R.R., Ziebell, C.D.,
Patton, D.R., Ffolliott, P.F., Hamre, R.H. (technical coordinators), Riparian ecosys-
tems and their management: reconciling conflicting uses. First North American
Conference. USDA Forest Service, General Technical Report RM-120, Fort Collins,
CO, pp. 44–48.



98 R.L. Beschta, W.J. Ripple / Geomorphology 157–158 (2012) 88–98
Halofsky, J., Ripple, W., 2008. Linkages between wolf presence and aspen recruitment in
the Gallatin elk winter range of southwestern Montana, USA. Forestry: An
International Journal of Forest Research 81, 195–207.

Halofsky, J., Ripple, W., Beschta, R.L., 2008. Recoupling fire and aspen recruitment after
wolf reintroduction in Yellowstone National Park, USA. Forest Ecology and
Management 256, 1004–1008.

Harmon, M., Franklin, J.F., 1983. Age distribution of western hemlock and its relation to
Roosevelt elk populations in the South Fork Hoh River Valley, Washington.
Northwest Science 57, 249–255.

Hickin, E.J., 1984. Vegetation and river channel dynamics. Canadian Geographer 12,
111–126.

Hill, M.T., Platts, W.S., 1998. Ecosystem restoration: a case study in the Owens River
Gorge, California. Fisheries 23, 18–27.

Hupp, C.R., Bornette, G., 2003. Vegetation as a tool in the interpretation of fluvial
geomorphic processes and landforms in humid temperate areas. In: Kondolf, G.M.,
Piegay, H. (Eds.), Tools in Fluvial Geomorphology. Wiley & Sons, San Francisco, CA,
pp. 269–288.

Kauffman, J.B., Beschta, R.L., Otting, N., Lytjen, D., 1997. An ecological perspective of
riparian and stream restoration in the western United States. Fisheries 22, 12–24.

Kauffman, J.B., Krueger, W.C., 1984. Livestock impacts on riparian ecosystems and
streamside management implications.. a review. Journal of Range Management 37,
430–437.

Kauffman, J.B., Matthew, M., Mahrt, L.A., Edge, W.D., 2001. Wildlife of riparian habitats.
In: Johnson, D.H., O'Neil, T.A. (Eds.), Wildlife–Habitat Relationships in Oregon and
Washington. Oregon State University Press, Corvallis, OR, pp. 361–388.

Kauffman, J.B., Pyke, D.A., 2005. Range ecology, global livestock influences. In
Encyclopedia of Biodiversity 5, 33–52.

Kay, C.E., 1990. Yellowstone's Northern Elk Herd: A Critical Evaluation of the “Natural—
Regulation” Paradigm. Dissertation Utah State University, Logan, UT.

Kay, C.E., 1997. The condition and trend of aspen, Populus tremuloides, in Kootenay and
Yoho National Parks: implications for ecological integrity. Canadian Field Naturalist
111, 607–616.

Kay, C.E., 2001. Long-term aspen exclosures in Yellowstone ecosystem. In: Shepperd,
W.D., Binkley, D., Bartos, D.L., Stohlgren, T.J. (compilers). Sustaining aspen in
western landscapes: symposium proceedings, RMRS-P-18, USDA Forest Service,
Fort Collins, CO, pp. 225–240.

Knighton, D., 1984. Fluvial Forms and Processes. Edward Arnold, Baltimore, MD.
Laliberte, A.S., Ripple, W.J., 2004. Range contractions of North American carnivores and

ungulates. BioScience 54, 123–138.
Larson, A.J., Paine, R.T., 2007. Ungulate herbivory: indirect effects cascade into the

treetops. PNAS 104, 5–6.
Leopold, A., 1939. A biotic view of the land. Journal of Forestry 37, 727–730.
Leopold, A., 1943. Deer irruptions. Transactions of the Wisconsin Academy of Sciences,

Arts, and Letters 35, 351–366.
Leopold, A., Sowls, L.K., Spencer, D.L., 1947. A survey of over-populated deer ranges in

the United States. Journal of Wildlife Management 11, 162–183.
Leopold, L.B., Wolman, M.G., Miller, J.P., 1964. Fluvial Processes in Geomorphology.

W.H. Freeman and Company, San Francisco, CA.
Lovaas, A.L., 1970. People and the Gallatin Elk Herd. Montana Fish and Game

Department, Helena, MO.
Morgenroth, C., 1909. Roosevelt elk in the Olympic Mountains. Olympic National Forest

Report: Olympia, WA.
Morisawa, M. (Ed.), 1973. Fluvial Geomorphology. Publications in Geomorphology,

State University of New York, Binghamton, NY.
Naiman, R.J., Decamps, J., 1997. The ecology of interfaces: riparian zones. Annual

Review of Ecology and Systematics 28, 621–658.
National Research Council, 1992. Restoration of Aquatic Ecosystems. National Academy

Press, Washington, DC.
National Research Council, 2002. Riparian Areas: Function and Management. National

Academy Press, Washington, DC.
Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell, G.V.N.,

Underwood, E.C., D'amico, J.A., Itoua, I., Strand, H.E., Morrison, J.C., Loucks, C.J.,
Allnutt, T.F., Ricketts, T.H., Kura, Y., Lamoreux, J.F., Wettengel, W.W., Hedao, P.,
Kassem, K.R., 2001. Terrestrial ecoregions of the world: a new map of life on earth.
BioScience 51, 933–938.

Ohmart, R.D., 1996. Historical and present impacts of livestock grazing on fish and
wildlife resources in western riparian habitats. In: Krausman, P.R. (Ed.), Rangeland
Wildlife. Society for Range Management, Denver, CO, pp. 245–279.

Paine, R.T., 1980. Food webs: linkage, interaction strength and community infrastruc-
ture. Journal of Animal Ecology 49, 667–685.

Parrett, C., Johnson, D.R., 2004. Methods of estimating flood frequency in Montana
based on data through water year 1998. USDI, Geological Survey, Water Resources
Investigations Report 03–4308.

Patten, D.T., 1968. Dynamics of the shrub continuum along the Gallatin River in
Yellowstone National Park. Ecology 49, 1107–1112.

Peek, J.M., Lovaas, A.L., Rouse, R.A., 1967. Population changes within the Gallatin elk
herd, 1932–65. Journal of Wildlife Management 31, 304–316.

Platts, W.S., 1991. Livestock grazing. Influences of Forest and Rangeland Management
on Salmonid Fishes and Their Habitats. : In: Meehan,W.R. (Ed.), Special Publication,
19. America Fisheries Society, Bethesda, MD, pp. 389–423.
Pollock, M.M., Heim, M., Werner, D., 2003. Hydrologic and geomorphic effects of beaver
dams and their influence on fishes. American Fisheries Society Symposium 31, 1–21.

Presnall, C.C., 1938. A survey of the deer situation in Zion Canyon, Utah. Proceedings of
the Utah Academy of Sciences, Arts, and Letters 15, 107–110.

Quinault Indian Nation and US Forest Service, 1999. Quinault River Watershed Analysis.
Quinault Indian Nation, Taholah, WA.

Ratti, J.T., Scott, J.M., Wiseman, P.A., Gillesberg, A., Miller, C.A., Szepanski, M.M.,
Svancara, L.K., 2004. Feasibility of wolf reintroduction to Olympic Peninsula,
Washington. Northwest Science 78, 1–76 (special issue).

Richards, K., 1982. Rivers: Form and Process in Alluvial Channels. Methuen, New York.
Ripple, W.J., Beschta, R.L., 2004a. Wolves and the ecology of fear: can predation risk

restructure ecosystems? BioScience 54, 755–766.
Ripple, W.J., Beschta, R.L., 2004b. Wolves, elk, willows and trophic cascades in the upper

Gallatin Range of Southwestern Montana, USA. Forest Ecology and Management
200, 161–181.

Ripple, W.J., Beschta, R.L., 2005. Linking wolves and plants: Aldo Leopold on trophic
cascades. BioScience 55, 613–621.

Ripple, W.J., Beschta, R.L., 2006a. Linking a cougar decline, trophic cascade, and
catastrophic regime shift in Zion National Park. Biological Conservation 133, 397–408.

Ripple, W.J., Beschta, R.L., 2006b. Linking wolves to willows via risk-sensitive foraging
by ungulares in the northern Yellowstone ecosystem. Forest Ecology and
Management 230, 96–106.

Ripple, W.J., Beschta, R.L., 2007a. Hardwood tree decline following large carnivore loss
on the Great Plains, USA. Frontiers in Ecology and Environment 5, 241–246.

Ripple, W.J., Beschta, R.L., 2007b. Restoring Yellowstone's aspen with wolves. Biological
Conservation 138, 514–519.

Ripple, W.J., Beschta, R.L., 2008. Trophic cascades involving cougar, mule deer, and black
oaks in Yosemite National Park. Biological Conservation 141, 1249–1256.

Ripple, W.J., Larsen, E.J., 2000. Historic aspen recruitment, elk, and wolves in northern
Yellowstone National Park, USA. Biological Conservation 95, 361–370.

Ripple,W.J., Painter, L.E., Beschta, R.L., Gates, C.C., 2010a.Wolves, elk, bison, and secondary
trophic cascades in Yellowstone National Park. The Open Ecology Journal 3, 31–37.

Ripple, W.J., Rooney, T.P., Beschta, R.L., 2010b. Large predators, deer, and trophic
cascades in boreal and temperate ecosystems. In: Terborgh, J., Estes, J.A. (Eds.),
Trophic Cascades. Island Press, Washington, DC, pp. 141–161.

Rost, A., Rasmussen, B., 2004. Characterization of a sub-alpine meadow: incision and its
effect on riparian zones. Riparian Ecosystems and Buffers: Multiscale Structure,
Function, and Management: In: Lowrance, R. (Ed.), American Water Resources
Association Specialty Conference, Middleburg, pp. 1–7.

Rush, W.M., 1932. Northern Yellowstone Elk Study. Montana Fish and Game
Commission, Helena, MT.

Singer, F.J., 1996. Differences between willow communities browsed by elk and
communities protected for 32 years in Yellowstone National Park. In: Singer, F.J.
(Ed.), Effects of Grazing by Wild Ungulates in Yellowstone National Park. Natural
Resource Information Division, National Park Service, Denver, CO, pp. 279–290.

Smith, J.D., 2004. The role of riparian shrubs in preventing floodplain unraveling along the
Clark Fork of the Columbia River in the Deer Lodge Valley, Montana. Riparian
Vegetation and FluvialMorphology. : In: Bennett, S.B., Simon, A. (Eds.), Water Science
and Application, 8. American Geophysical Union, Washington, DC, pp. 71–85.

Smith, C.J., 1943. Report of deer reduction program in Zion national Park. Unpublished
report, Zion National Park Files, 12 pp.

Sumner, E.L., 1938. Special Report of Elk in Olympic National Park. USDI National Park
Service, San Francisco, CA.

Terborgh, J., Estes, J.A., 2010. Trophic Cascades: Predators, Prey, and the Changing
Dynamics of Nature. Island Press, Washington, D.C.

Trimble, S.W., Mendel, A.C., 1995. The cow as a geomorphic agent—a critical review.
Geomorphology 13, 233–253.

Van Pelt, R., O'Keefe, T.C., Latterell, J.J., Naiman, R.J., 2006. Riparian forest stand
development along the Queets River in Olympic National Park, Washington.
Ecological Monographs 76, 277–298.

Verry, E.S., Hornbeck, J.W., Dolloff, C.A. (Eds.), 1999. Riparian Management in Forests of
the Continental Eastern United States. Lewis Publishers, Washington, D.C.

Wagner, F.H., 2006. Yellowstone's Destabilized Ecosystem. Oxford University Press,
New York, NY.

Weaver, H., 1978. The wolves of Yellowstone. USDI, National Park Service, Natural
Resources Report 14.

Webster, E.B., 1922. State and Forest Officials Make Study of Conditions of Elk Herds of
the Hoh. Olympic National Forest, Olympia, WA.

White, C.A., 2001. Aspen, elk, and fire in the Canadian Rocky Mountains. Ph.D.
dissertation. University of British Columbia, Vancouver, B.C.

White, C.A., Olmsted, C.E., Kay, C.E., 1998. Aspen, elk, and fire in the Rocky Mountain
National Parks of North America. Wildlife Society Bulletin 26, 449–462.

Wissmar, R.C., Braatne, J.H., Beschta, R.L., Rood, S.B., 2003. Variability of riparian
ecosystems: implications for restoration. In: Wissmar, R.C., Bisson, P.A. (Eds.),
Strategies for Restoring River Ecosystems: Sources of Variability and Uncertainty in
Natural and Managed Systems. American Fisheries Society, Bethesda, MD.

Wolf, E.C., Cooper, D.J., Hobbs, N.T., 2007. Hydrologic regime and herbivory stabilize an
alternative state in YellowstoneNational Park. Ecological Applications 17, 1572–1587.

Wright, J.P., Jones, C.G., Flecker, A.S., 2002. An ecosystem engineer, the beaver, increases
species richness at the landscape scale. Oecologia 132, 96–101.


	The role of large predators in maintaining riparian plant communities and river morphology
	1. Introduction
	2. Predators, prey, plants, and channels
	2.1. Yellowstone National Park
	2.2. Olympic National Park
	2.3. Zion National Park

	3. Synthesis
	3.1. Uncoupling the trophic cascade
	3.2. Altered channels
	3.3. Loss of biodiversity and ecosystem functions

	4. Conclusions
	Acknowledgments
	References


