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 INFLUENCES OF HERBIVORY AND WATER ON WILLOW

 IN ELK WINTER RANGE

 LINDA C. ZEIGENFUSS,1 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Fort Collins,
 CO 80525, USA

 FRANCIS J. SINGER, U.S. Geological Survey, Midcontinent Ecological Science Center, and Natural Resources Ecology Lab,
 Colorado State University, Fort Collins, CO 80523, USA

 STEPHEN A. WILLIAMS, Natural Resources Ecology Lab, Colorado State University, Fort Collins, CO 80523, USA
 THERESE L. JOHNSON, National Park Service, Rocky Mountain National Park, Estes Park, CO 80517, USA

 Abstract: Elimination of large predators and reduced hunter harvest have led to concerns that an increasing elk
 (Cervus elaphus) population may be adversely affecting vegetation on the low-elevation elk winter range of Rocky
 Mountain National Park, Colorado, USA. Beaver (Castor canadensis) and their impoundments also have declined
 dramatically (94%) in the same area over the past 50 years coincident with a 20% decline in willow (Salix spp.)
 cover. From 1994 to 1998, we studied vegetation production responses of willow communities to elk herbivory and
 water availability. We estimated willow production by measuring current annual growth of shrubs in 9.3-m2 circu-
 lar plots, and we measured herbaceous production by clipping vegetation within 0.25-m2 circular plots. Elk her-
 bivory suppressed willow heights, leader lengths, annual production, and herbaceous productivity of willow com-
 munities. Water impoundment had a positive effect on herbaceous plant production, but little effect on shrubs,
 possibly because water tables were naturally high on the study sites even without beaver dams. Nevertheless, the
 winter range environment previously included more riparian willow habitat because of more stream area (47-69%)
 due to larger beaver populations. Elk herbivory appears to be the dominant force determining vegetation pro-
 ductivity in willow sites, but the effects may be exacerbated by lowered water tables. Fewer elk or protection from
 browsing, and water enhancement for <10 years along with management to encourage elk movement away from
 willow communities, could possibly work as strategies to reestablish sustainable willow communities.

 JOURNAL OF WILDLIFE MANAGEMENT 66(3):788-795
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 Large mammalian herbivores can significantly
 influence plant species abundance, richness, and
 ecosystem processes (McNaughton 1984, Hobbs
 1996). Habitat loss from development often con-
 centrates animals on smaller ranges, increasing
 population densities and diminishing forage avail-
 ability (Smith and Robbins 1994). National parks
 often are perceived as pristine (Krausman 1998);
 however, most national parks have been subject to
 human influence (Leopold et al. 1963). Large
 predators and some herbivores have been elimi-
 nated, intact complements of native habitats have
 been lost, and exotic plant species have been
 introduced (Huff and Varley 1999, Wright 1999).

 The impact of ungulate herbivory on plant pro-
 duction is controversial. Some researchers have

 postulated that grazing optimization occurs and
 plant productivity increases in response to graz-
 ing--a result of overcompensation for tissues lost
 (McNaughton 1979, 1984; Dyer et al. 1991). How-
 ever, the evidence of this theory for U.S. western
 rangelands is limited, and the importance of
 plant physiological characteristics and environ-

 mental conditions in response to herbivory has
 been stressed (DeAngelis and Huston 1993,
 Painter and Belsky 1993, Patten 1993).

 Decreases in willow communities that have

 occurred in the presence of high elk densities
 (>15 elk/km2) have been documented in the
 intermountain western United States, including
 Rocky Mountain National Park (RMNP), Col-
 orado (Boyce 1989, Singer et al. 1994, Smith and
 Robbins 1994). Two causes have been proposed
 for willow declines in RMNP. First, elk are pro-
 tected and large predators were eliminated. Large
 predators and Native Americans might have lim-
 ited elk populations and protected willow com-
 munities in the past (Kay 1990, 1994; Hess 1993).
 Elk populations were maintained at lower levels
 through removals by park management from the
 1930s to 1967, but have increased 3-fold from
 about 700 to about 3,000 in 2001, since cessation
 of elk removals in 1968 (Hess 1993).
 Second, lowered water tables and plant stress

 due to declines of beaver and their dams, drain-
 age of meadows by early park staff, and a slightly
 warmer (0.89 'C) and drier (approx. 1 cm less
 precipitation) climate may contribute to the wil-
 low declines (Singer et al. 1998). Willows become IE-mail: linda_zeigenfuss@usgs.gov
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 established on disturbed sites with abundant

 water and are adapted for rapid vertical growth
 and large below-ground storage of nutrients
 (Bryant et al. 1983). An increasingly arid climate
 would reduce water availability to willows and
 other forage. Water stress may make plants more
 vulnerable to herbivory and reduce the ability to
 compensate for tissue losses. Physiologically
 stressed plants produce less resins and phenols
 compared to healthy plants (Kozlowski 1971;
 Singer et al. 1994, 1998), and may, as a result, be
 consumed preferentially by herbivores (Halls et
 al. 1994, Swihart and Picone 1998). Herbivory
 may interact with water stress to lower shoot:root
 ratios and reduce transpiration in leaf and stem
 tissues (Wright et al. 1989).
 Our objectives were to test 3 hypotheses: (1)

 plant productivity has declined due to excessive
 elk herbivory, (2) plant production in willow sites
 will respond positively to increased water avail-
 ability, and (3) willow canopy structure has been
 altered by high elk herbivory.

 STUDY AREA

 The RMNP straddles the Continental Divide in

 the Rocky Mountains of north-central Colorado,
 USA. Elk winter range in RMNP encompassed
 approximately 10,000 ha in 4 major valleys in the
 upper montane zone along the eastern boundary
 of the park near the town of Estes Park. Eleva-
 tions ranged from 2,400 to 2,800 m. Valley bot-
 tom vegetation included sedges (Carex spp.),
 grasses, and riparian shrubs (willow, birch [Betula
 spp.]). Slopes contained ponderosa pine (Pinus
 ponderosa)-shrub, mixed conifer (ponderosa
 pine-Douglas-fir [Pseudotsuga menziesii]), lodge-
 pole pine (Pinus contorta), aspen (Populus tremu-
 loides), and upland grass-shrub (predominantly
 bitterbrush [Purshia tridentata]) vegetation types.
 Herbaceous consumption averaged 55% of annu-
 al production, and shrub consumption averaged
 33% of current annual growth throughout the
 study period (E J. Singer, unpublished data).

 METHODS

 Experimental Manipulations

 We delineated vegetation communities in elk
 winter range using a geographic information sys-
 tem (GIS) and randomly selected 12 study sites
 located in riparian willow communities in
 Moraine and Horseshoe parks within RMNP. Pre-
 dominant willow species throughout all areas
 were mountain willow (Salix monticola), plane-leaf

 willow (S. planifolia), and Geyer willow (S. geyeri-
 ana) mixed with other shrubs, such as shrubby
 cinquefoil (Dasiphora floribunda), bog and river
 birches (Betula pumila, B. occidentalis), and alder
 (Alnus incana spp. tenuifolia). Eight of the sites
 were located in areas that beaver had abandoned

 and contained short, heavily browsed (approx.
 34% of annual production consumed) willow. In
 half of these sites (2 in each drainage, n = 4), we
 attempted to raise the water table by placing
 sheet metal check dams in ephemeral stream
 channels that had previously held beaver im-
 poundments, to impede the flow of runoff. This
 treatment, referred to as "short-watered," was im-

 posed in spring 1995. The rest of the short willow
 sites were left to their normal hydrologic regimes
 and referred to as "short-control." The 4 remain-

 ing sites (2 in each drainage, n = 4) were located
 in areas with natural, mostly high, water tables
 that supported tall willow plants subject to less
 severe hedging (approx. 26% consumption) by
 elk and were referred to as "tall."

 We selected 2 paired plots (30.5 m x 45.7 m) at
 least 20 m apart at each site with similar willow
 cover and surface hydrology. We randomly chose
 1 plot to be fenced to exclude elk. Exclosures
 were erected during August-November 1994. We
 conducted simulated browsing treatments during
 winter (Jan-Mar) each year. Each exclosure was
 divided into equal sections that were randomly
 assigned to either clipped treatments or un-
 grazed-unbrowsed treatments. In clipped sec-
 tions, we clipped 75% of the current year's
 growth (over twice the observed average level of
 33% consumption of shrubs by elk) from all wil-
 low, birch, alder, and the herbaceous layer. The
 higher levels of clipping were intended to simu-
 late greater herbivory that might occur with an
 additional increase in elk numbers. All clipped
 plant material was removed from clipped plots
 within the exclosures. Ungrazed-unbrowsed
 treatments were unmanipulated areas within the
 exclosures. The unfenced plots were left to
 unregulated herbivory.

 Hydrological Monitoring

 During summer 1994, we installed 81 shallow
 wells (<1-2 m depth) in the study sites to monitor
 natural fluctuations in water levels and those

 changes in water level induced by our damming
 treatments. These water wells consisted of 5-cm-

 diameter PVC pipe wells--50 in the Horseshoe
 Park sites, 31 in the Moraine Park sites. Well pipes
 were slotted along the entire underground length.
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 Wellheads were referenced to the same arbitrary
 plane of elevation. We determined depth of wells
 by the maximum depth that could be reached
 using a gas-powered auger or 0.5 m past the first
 sign of the water table, and varied from <1 m to
 just over 2 m below the surface. During the grow-
 ing seasons from 1995 to 1998, we recorded
 groundwater levels 21 time/month at all sites. We
 evaluated the effect of dams on water levels by
 comparing levels at the paired undammed sites.

 Shrub and Herbaceous Production

 During 1994, we established 3 randomly select-
 ed circular plots (9.3 m2) in each treatment at
 each site to measure shrub production and struc-
 ture. Plots were located at least 2.5 m from the

 fence to avoid fenceline effects of sun, wind, rain,

 and snow interception. During late summers of
 1994-1996 and 1998, we collected data on shrub

 production, including species, canopy diameters
 (widest and perpendicular to widest diameter),
 plant height, number of stems, and percent of
 canopy dead (Singer et al. 1994). Several willows
 (n = 2-4) of the 3 predominant species-S. mon-
 ticola, S. planifolia, and S. geyeriana-in each treat-
 ment at each exclosure were tagged for more
 intensive measurement, including catkin counts
 (total n = 157/yr). We collected plant material
 removed from the tagged plants during annual
 clipping treatments to create log-log predictor
 regression models to estimate annual above-
 ground production (dependent variable) on
 canopy volume (independent variable) following
 Peek (1970). Within approximately 0.5 km of the
 study sites, we randomly selected 49 willows of all
 3 species from a range of sizes to determine plant
 production during late summer 1995 and 1996.
 We used clipped current annual growth (CAG)
 from these plants to determine corrections for
 total plant production because winter-tagged
 plant samples contained twigs but not leaves.

 We developed separate regression equations for
 each species in Moraine Park and Horseshoe Park
 for 1995 and 1996, and we pooled data from these
 2 years to predict willow production for 1994 and
 1998 because tagged plant production samples
 were not available for these years. To determine
 whether these equations were suitable to cover a
 range of willow morphology, we tested for differ-
 ences in slopes of the regression lines between
 models for tall (>125 cm) and short (<125 cm)
 willows, unbrowsed and browsed willows, and
 Horseshoe and Moraine parks. We concluded that
 these regressions (r2 values ranged from 0.75 to

 0.92) adequately estimated willow current annual
 growth. We found no differences in slopes of the
 regression lines between models for tall and
 short, or unbrowsed and browsed willows.

 We collected pretreatment herbaceous stand-
 ing-crop biomass data by clipping 5 randomly
 located circular plots (0.25 m2) in late summer
 1994 at each study site. During July-August 1995,
 1996, and 1998, 3 of these plots were randomly
 placed in each treatment at each site to measure
 annual herbaceous production. In the grazed
 treatment, we sampled 0.25-m2 plots from
 beneath 1-m2 movable grazing exclosures that
 had been randomly placed at the beginning of
 the growing season. We clipped and sorted by
 species all graminoids and forbs within the plot
 to measure annual peak production. Litter also
 was collected from within each quadrat. We then
 oven-dried (55 'C for 48 hr) and weighed the veg-
 etation to determine dry weight mass.

 Statistical Analyses

 We tested shrub production, height, canopy
 area, canopy volume, catkin production, and
 herbaceous production for differences between all
 treatments using SAS PROC MIXED (SAS Institute
 2000), an analysis procedure that is a generaliza-
 tion of the standard linear model designed to ana-
 lyze data generated from several sources of varia-
 tion. This method allowed us to account and test

 for the effects caused by the different drainages
 (Moraine vs. Horseshoe) and random sites. When
 assumptions of equal variance were not met, we
 log-transformed variables. Due to small sample size
 and the impracticality of additional replication in
 the park, we accepted significance at the 90% con-
 fidence level (P 5 0.10). Because water additions
 were limited in magnitude (12-37 cm) and dura-
 tion (May and Jun only), we also investigated the
 response of all willows to depth to the water table.

 RESULTS

 Hydrological and Precipitation Conditions

 Total precipitation for May through mid-June
 of the 1995 growing season was 20 cm above the
 30-year average and combined with the heavy
 snowpack runoff, led to high water tables in our
 study sites. Total 1995 growing season precipita-
 tion was 14 cm above average. Totals for the next
 3 growing seasons (1996-1998) were within 3 cm
 of the 30-year average. Rain gauge measurements
 in 1997 indicated similar rainfall patterns and
 totals for both drainages (27.4 cm and 26.5 cm).
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 Fig. 1. Distance to groundwater (m) in: (a,b) tall willow sites, (c,d) short-watered willow sites, and (e,f) short-control willow sites
 in Moraine and Horseshoe Parks, Rocky Mountain National Park, Colorado, USA, 1995-1998. Tall willow sites were located in
 areas with natural, mostly high, water tables that supported tall willow plants subject to less severe hedging by elk; short-watered
 sites were similar to short-control except that sheet metal check dams were placed in ephemeral stream channels to impede the
 flow of runoff in an attempt to raise the water table; short-control sites were located in areas that beaver had abandoned and
 contained short, heavily browsed willow.

 Dates of peak river levels varied from early June
 in 1998 to the end of June in 1995, as a function
 of melting of the annual snowpack at higher ele-
 vations (L. Zeigenfuss, personal observation).
 Fluctuations in groundwater levels from year to
 year were directly related to timing and volume

 of snowpack melt and peak stream runoff
 (May-Jun) and variations in precipitation
 throughout the remainder of the growing season
 (Fig. 1). Even when low rainfall conditions
 occurred, groundwater levels at the study sites
 never averaged any lower than 1 m below the sur-
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 Fig. 2. Willow production (kg/ha) under different grazing treat-
 ments (different letters denote significant difference, P < 0.02)
 on elk winter range of Rocky Mountain National Park, Col-
 orado, USA, 1994-1998. Bars represent 1 standard error.

 face. These groundwater levels appeared to be
 high enough to be accessible to willows even dur-
 ing the dry months of July and August all years
 (Alstad et al. 1999). We hypothesized that tall wil-
 low sites would have higher groundwater levels
 than short willow sites (i.e., that higher water table
 contributed to the presence of taller willows). We
 also hypothesized that our check dams would
 raise groundwater levels resulting in higher water
 tables in short-watered than short-control sites.

 Sites in Horseshoe Park followed this pattern.
 However, in Moraine Park, the pattern for willow
 sites over the entire season was the reverse of pre-
 dicted. The short willow sites had higher water
 tables than the tall willow sites (Fig. 1).
 The check dams successfully held additional

 water at the sites only during the early growing
 season, but by early July, water no longer backed
 up behind the check dams, and there was no

 E ungrazed 9clipped 0 grazed
 160

 140

 120

 E 100

 80 b b

 T 60
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 Fig. 3. Average heights (cm) of willows under different grazing
 treatments on elk winter range of Rocky Mountain National Park,
 Colorado, USA, 1994-1998. Bars represent 1 standard error.
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 Fig. 4. Annual herbaceous production (g/m2) under differen
 grazing treatments on elk winter range of Rocky Mountain Na
 tional Park, Colorado, USA, 1994-1998 (different letters denote
 significant difference, P < 0.10). Bars represent 1 standard error

 longer a difference in mean groundwater levels
 between short-watered and short-control willow

 sites. Within each park, differences (P ? 0.058)
 between groundwater levels in short-watered and
 short-control willow sites occurred only at the
 beginning of the growing season (May).

 Plant Production Responses
 Grazing by elk resulted in 67-73% lower willow

 production (P= 0.017) than clipped and ungrazed
 treatments by 1998 (Fig. 2). Willows browsed by
 elk were shorter than those protected or treated
 with clipping (P< 0.002) after only 2 years (Fig. 3).
 Willow catkin production (catkins/m3 of shrub
 canopy volume) was approximately 70% lower
 under clipped (21.2 ? 3.5, i + SE) and grazed (16.8
 ? 6.1) than the ungrazed (69.0 ? 13.6) treatment.
 Elk were the primary ungulate herbivore on these
 sites, and although mule deer (Odocoileus hemionus)
 inhabit the winter range, neither deer nor deer
 pellets were observed in the sites during the study.
 Herbaceous production in grazed and clipped

 treatments was 18-29% lower than in the

 ungrazed treatment by 1998 (P = 0.016; Fig. 4).
 We detected higher pretreatment biomass in
 those sites later selected for the grazing treat-
 ment, mainly in Horseshoe Park, but this differ-
 ence was no longer significant by 1996. Less litter
 accumulated (P? 0.009) in grazed (60% less) and
 clipped plots (38% less) by 1996 and later.
 The water impoundments did not have any im-

 pact on willow production (Fig. 5). Willow produc-
 tion ranged from 2 to 4 times greater in tall sites
 than either short-watered or short-control willow

 sites during 1994-1996 (P < 0.001); however, in
 1998, this difference was not significant (P =
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 Fig. 5. Willow production (kg/ha) under different water treat-
 ments in willow communities on elk winter range of Rocky
 Mountain National Park, Colorado, USA, 1994-1998 (different
 letters denote significant difference, P? 0.05). Bars represent
 1 standard error.

 0.118) for short-watered sites. The height differ-
 ences for tall and short willows selected at the

 start of the study were maintained, despite water
 impoundment, and heights were 1.5 times
 greater (P< 0.036) in tall sites than short-control
 or short-watered sites in all years.
 Herbaceous production response to the water

 impoundment was difficult to interpret. At the
 onset of the study in 1994, herbaceous produc-
 tion was 52% greater in short willow sites destined
 for water impoundments than other short willow
 sites. However, in 1995, the first year of damming,
 herbaceous production was, on average, 30%
 greater (P= 0.006) in tall willow sites than in both
 grazed and ungrazed short willow sites. Following
 water impoundment, biomass in short-watered
 sites was significantly greater than in short-con-
 trol sites (P = 0.051 and P = 0.036, respectively),
 and exceeded tall sites (although not significant-
 ly so) both years (Fig. 6). This effect may have
 been due to a priori site differences between
 short-control and short-watered sites, or a

 response to water impoundment on the sites.
 Depth to water table in June and July was weak-

 ly correlated to herbaceous production and
 annual growth of willows, but the percent of vari-
 ation explained was low (r2 ranged from 0.04 to
 0.06). For herbaceous plants, the association was
 positive, with consistently higher production with
 higher water tables. However, the influence of
 water on willow growth was difficult to interpret.
 While the highest production levels were achieved
 in sites with the highest water tables, overall, the
 association was slightly negative. When the data
 were categorized by drainage, we found that most
 of this negative association was attributed to the

 600 1 Oshort-control ES short-watered Utall b

 500b

 _E 400 aa bb

 . 300 -
 o 200
 0-

 100

 1994 1995 1996 1998
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 Fig. 6. Herbaceous production (g/m2) in willow sites with dif-
 ferent water treatments on elk winter range of Rocky Mountain
 National Park, Colorado, USA, 1994-1998 (different letters

 denote significant difference, P_ 0.05). Bars represent 1 stan- dard error.

 Moraine Park sites, which had fewer wells, partic-
 ularly in tall willow sites, and less variation in
 water table with no very dry sites.

 DISCUSSION

 The high level of elk herbivory in RMNP is the
 primary factor driving productivity decreases in
 willow communities. High elk herbivory is pri-
 marily responsible for the shorter stature of many
 willows. Although we found no interaction effect
 between herbivory and water table depth in our
 experimental manipulations, this may have been
 due to our small sample size (n = 4) and high sam-
 ple variance, the naturally high water tables in the
 study area (even where beaver had abandoned for-
 merly occupied sites), relatively short time frame
 (4 years post-treatment) for measurement of
 effects, and the relatively short-lived and small
 effect of our water impoundments. If the water
 tables had been lower (e.g., >2 m) and the dam
 treatment larger, we might have detected more
 positive responses by willows. Our inferences
 about water dynamics were limited by the smaller
 number of wells in Moraine Park, particularly in
 tall willow sites, and the fact that our sampling did
 not include dry years (1995-1998 had average or
 above-average annual precipitation). The impor-
 tance of the amount of available water to plant pro-
 duction was further verified when we compared
 grazed sites in years of different growing season
 precipitation. Production was much lower during
 1994, a year with lower-than-average precipitation.
 Herbivory by ungulates can influence many

 aspects of plant structure, growth, and net pri-
 mary productivity. The shift of some tall willow
 patches to shorter patches may influence insect,
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 bird, or small-mammal diversity. For example,
 higher songbird diversity was found in tall willow
 patches where the number of browsing moose
 (Alces alces) and browsing levels were reduced by
 sport hunting in the Jackson Valley than in the
 adjacent Grand Teton National Park where hunt-
 ing was not allowed (Berger et al. 2001).
 Net primary productivity can either increase or

 decrease as a result of ungulate herbivory
 (McNaughton 1979, Painter and Belsky 1993). In
 RMNP, elk herbivory reduced herbaceous and
 willow productivity. Based on observations of
 older exclosures in RMNP and Yellowstone

 National Park (Singer et al. 1994, 1998), we ex-
 pect continued increases in canopy cover and
 annual production within protected sites for
 some years. Herbaceous production in protected
 sites may decrease as increasing shrub canopy
 takes over areas or shades out understory herbs.
 Herbivory by elk reduced willow production

 more than higher levels of artificial clipping
 removals. Willow production and average heights
 were lower in clipped than unclipped treatments,
 and lowest in sites grazed by elk. The timing of
 clipping versus elk herbivory may explain the
 smaller negative response to clipping. Elk
 removed plant material during the spring, after
 the emergence of new shoots and leaves, and dur-
 ing winter, which was the period when the clip-
 ping treatments were conducted. However, win-
 ter clipping and browsing by elk had equivalent
 negative effects on seed production.
 Hydrologic changes may be exacerbating the

 effects of elk herbivory in RMNP. Coincident with
 the elk population increase, stream surface areas
 decreased 47-69% and willow cover declined 20%

 (54-69% for tall willows) on the study area over
 the past 50 years (H. R. Peinetti, Natural Resources
 Ecology Laboratory, unpublished data). Beaver
 activity and their ponds have declined (94%) over
 the past 58 years on the study area (T. L.Johnson,
 unpublished data). The decline in beaver popu-
 lations may contribute to declining willow popula-
 tions through both reduced local water tables and
 through reduced recruitment sites. Recently aban-
 doned beaver ponds often provide an ideal sub-
 strate for establishment of willow seedlings (Cottrell
 1995) as does the stimulation of suckering in wil-
 low following beaver-cutting (Kindschy 1989).
 Several decades following beaver abandonment
 of dams, with no reoccupations, water and/or
 nutrient-stressed willows may become less able to
 recover from tissue losses caused by ungulate her-
 bivory (Kozlowski 1971, Bryant and Kuropat 1980).

 Other limiting factors to willows on the RMNP
 elk winter range may be the drainage of meadows
 by humans and the change to slightly warmer,
 drier conditions over the previous 9 decades
 (0.89 'C warmer, approx. 1 cm less precipitation;
 Singer et al. 1998). All of the meadows in the
 major elk-feeding areas experienced water diver-
 sions. In recent decades, >50% of these diversions
 have been eliminated (K. Czarnowski, National
 Park Service, personal communication). Howev-
 er, there is no way of knowing whether restoration
 of diverted water reverses changes to the ecosys-
 tem that may have occurred during years of lower
 water availability. Similarly, no information exists
 on whether the slight climate change to aridity, in
 conjunction with the high elk herbivory, could
 have contributed to the willow declines. This ten-

 dency to aridity was punctuated by a wetter peri-
 od during the study years (Singer et al. 1998).

 MANAGEMENT IMPLICATIONS

 Reducing elk numbers and/or reducing elk
 concentrations will result in increases in willow

 productivity and heights of willow. Fencing some
 willow communities to encourage greater seed
 production and establishment, and to allow some
 individual willows to increase in size beyond the
 reach of elk, may also help sustain willow com-
 munities over the long term. Management of elk
 to decrease localized dense concentrations of

 animals could lead to lowered levels of consump-
 tion, and thus increased plant productivity and
 potentially a return to larger communities of tall,
 healthy willows.
 Reintroduction or restoration of beaver popu-

 lations to parts of this range, or artificial manipu-
 lations of hydrology in willow areas to simulate
 beaver ponds, could encourage willows by im-
 proving water relations, protecting some willows
 from herbivory due to standing water, and by pro-
 viding new recruitment sites. While beaver ponds
 drown some willows and beaver may remove
 many of the stems, past beaver presence in the
 study area apparently resulted in a more-watered
 (50-70% more-watered) environment with sub-
 stantially more riparian habitat, even in areas
 located away from ponds and between pond inter-
 vals. Simulated beaver cuttings (Kindschy 1989) to
 stimulate suckering, and plantings from cuttings,
 could be used to increase willow establishment.
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