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 ABSTRACT  
 

We assessed aspen stand conditions in 2012 

in 87 stands randomly located across the northern 

winter ungulate range of Yellowstone National Park 

(YNP), and compared these data to baseline conditions 

measured in 1997-98 shortly after wolves were 

reintroduced. In 1997-98, browsing rates (the 

percentage of leaders browsed annually) in aspen 

stands were consistently very high, averaging 88% of 

stems browsed; only 1% of young aspen in sample 

plots were taller than 100 cm and none were taller than 

200 cm, the height at which aspen begin to escape 

from browsing by elk. Using the same methods in 

2012, 17 years after wolf reintroduction, browsing 

rates were much lower averaging 44%, 34% of 

sampled young aspen were taller than 100 cm, and 5% 

taller than 200 cm. Mean heights of young aspen in 

2012 were inversely correlated with browsing 

intensity (R2=0.64, p=<0.001), but heights were not 

associated with current annual growth in height (an 

index of site productivity; R2= 0.02, p=0.2). Some 

stands were still heavily browsed in 2012 with wide 

spatial variation across the range and between stands, 

but on average, browsing declined after 2003 followed 

by a relatively rapid increase in height of the tallest 

saplings. The greatest change was on the eastern side 

of the northern ungulate winter range, corresponding 

with recent changes in elk population distribution. 

Recent growth of young aspen into tall saplings will 

likely result in the regeneration of overstory trees and 

the persistence of aspen stands into the future, though 

aspen recovery will take many years and some stands 

may continue to decline. These results support the 

hypothesis that a trophic cascade following the return 

of wolves to Yellowstone has begun to reverse the 

decades-long trend of aspen decline on the northern 

range. 

 

 

 INTRODUCTION  
 

Aspen (Populus tremuloides) stands were 

unable to regenerate and declined in northern 

Yellowstone National Park (YNP) in the 20th century 

due to intensive browsing of young aspen by elk 

(Cervus elaphus) (Romme et al. 1995, NRC 2002, 

Barmore 2003). Through their effects on elk 

population densities and foraging behavior, wolves 

(Canis lupus) can play a role in the relationship 

between elk and aspen (White et al. 1998), and the 

reintroduction of wolves to YNP  in 1995-96 (Smith 

and Bangs 2009) provided an opportunity to observe 

this interaction. Larsen and Ripple (2001, 2005), 

working on the Yellowstone northern ungulate winter 

range (“northern range”) in 1997-98, found that about 

90% of young aspen leaders were browsed annually, 

and most young aspen were kept shorter than 100 cm 

by repeated browsing, preventing stand regeneration. 

Through analysis of tree cores, they found that the 

historical decline of aspen tree recruitment (i.e., 

growth of young aspen into trees) roughly coincided 

with the time that wolves were eliminated in the park, 

supporting the idea that the decline of aspen was due 

to a trophic cascade following the loss of wolves 

(Larsen and Ripple 2003). Subsequent research by 

Ripple and Beschta (2007, 2012) in 2006 and 2010 

supported the trophic cascade hypothesis, with 
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evidence that aspen were beginning to recover in the 

eastern part of the northern range following the return 

of wolves. However, Kauffman and others (2010) 

found no evidence in 2004-07 that aspen were 

recovering in northern Yellowstone, and concluded 

that elk herbivory was still intensive enough to 

suppress aspen regeneration. These studies used 

different methods (Beschta and Ripple 2011) and 

sampling was limited to either a small number of 

stands (Kauffman et al. 2010) or to one portion of the 

YNP northern range (Ripple and Beschta 2012). More 

research is needed to explore the developing 

relationship between aspen, elk and wolves in the 

northern Yellowstone ecosystem.  

 

In the eastern portion of the YNP northern 

range elk densities have declined to relatively low 

levels in recent years (White et al. 2012), so changes 

in aspen are likely in at least some areas, but aspen 

stands did not recover in the 1950s and 1960s despite 

more than two decades of relatively low elk population 

densities when elk and bison (Bison bison) herds were 

annually culled (Yellowstone National Park 1997, 

Beschta and Ripple 2011). Trophic cascades from 

wolves to elk to aspen have been observed in other 

ecosystems (White et al. 2003, Hebblewhite et al. 

2005, Beschta and Ripple 2007); these have varied in 

the strength of the cascade, and in the importance of 

other factors affecting aspen regeneration (Eisenberg 

et al. 2013). In northern Yellowstone, the history of 

exceptionally high elk population densities, complete 

absence of wolves, and nearly complete absence of 

aspen regeneration (Wagner 2006) makes the area 

exceptionally well-suited for a natural experiment to 

detect the influence of wolves on aspen. 

 

The 1997-98 research of Larsen and Ripple 

(2003, 2005) provided a baseline for aspen conditions 

shortly after wolf reintroduction. In the summer of 

2012, we used this baseline to assess changes in 

browsing rates and heights of young aspen over time 

in 87 stands randomly selected across the YNP 

northern range within the park boundary, compared to 

79 of the same stands sampled by Larsen in 1997-98. 

The ability to compare aspen conditions over a 14-year 

span of time is a distinct advantage of this study. We 

collected additional data as well, for a more detailed 

analysis of aspen stand conditions in 2012, and to 

account for factors other than browsing that could 

affect aspen growth such as differences in stand 

productivity. 

 

 

 

 

 METHODS  

 

Larsen randomly located 93 aspen stands on 

the northern range to assess the age distribution of 

aspen trees, and collected data on young aspen in 79 

of those stands. Between July 24 and September 1, 

2012, we revisited 76 of these 79 stands (three did not 

have GPS locations), plus 11 more stands from the 

1997-98 study for a total of 87 stands sampled in 2012. 

We excluded one stand on a steep scree slope, which 

previous research has shown to inhibit ungulate 

browsing as a partial exclosure (St. John 1995, Larsen 

and Ripple 2005). A stand was defined as a group of 

aspen separated from other aspen by >30m. We 

recorded the GPS location, slope, aspect, elevation, 

distance to roads, distance to conifer forest, plant 

community type (xeric, mesic, or wet), and 

topographic position (riparian or upland; see Ripple 

and Beschta 2007, 2012). Conifer cover in aspen 

stands was classified as 0 (none), 1 (few, little cover), 

2 (<half covered), or 3 (>half covered). As an index to 

ungulate use of the area, ungulate fecal piles, including 

elk, bison, deer (Odocoileus spp.) and pronghorn 

(Antilocapra americana) were counted in four 2x50 m 

plots spaced 7 m apart, placed outside of the stand 

perimeter in the nearest open area used by ungulates 

accessing the stand. Sampling plots for fecal piles 

were not placed within aspen stands because many 

stands were wet with very dense vegetation, some with 

standing water for part of the spring and summer. 

Placing the scat plots outside of the stands resulted in 

a much more consistent probability of scat detection, 

and a useful index to relative ungulate densities across 

the landscape. A viewshed index was calculated from 

the average of the distance at which view was 

obstructed, (to 900 m, the limit of the laser 

rangefinder) in each of the four directional quadrants 

(Ripple and Beschta 2006), from the point of origin of 

the ungulate scat plots.  

 

Most stands were relatively small and each 

stand was sampled with a 2x30 m plot (Kay 1990), 

beginning at the closest tree on the perimeter of the 

closest stand to the GPS location, and extending 

toward the centroid of the stand. Plots were not 

duplicates of the 1997-98 plots, but were in the same 

aspen stands. An aspen tree is defined as having a 

diameter-at-breast-height (dbh) >5 cm; aspen <5 cm 

dbh are called young aspen, and young aspen 200 cm 

tall or taller are saplings. In each sampling plot we 

recorded the dbh of all aspen trees and saplings, and 

all other species of trees taller than 200 cm. For young 

aspen in the sampling plot, we recorded the height and 

browsing status (browsed or not) of the tallest leader 

for fall 2012 (top height), spring 2012, and spring 

2011, as indicated by bud scars and browsing scars 

(Keigley and Frisina 1998). If the righthand side of the 
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plot (1x30 m) had 25 or more aspen sprouts older than 

one year, sampling of young aspen was ended with this 

reduced plot. If the entire 2x30 m plot had less than 15 

aspen sprouts, the plot was extended in increments of 

30 m2 to reach a count of at least 15. We also located 

the five tallest young aspen in the stand (within 60 m 

of the sampling plot) and used plant architecture to 

assess height and browsing status over all previous 

years for these five tallest young aspen (Ripple and 

Beschta 2012). 

 

In the 1997-98 aspen data, the heights of 

young aspen in sampling plots were classified as taller 

than 100 cm or 200 cm. We compared between 1997-

98 and 2012 the mean percentage of young aspen in 

these two height categories, and the mean percentage 

of stems browsed (browsing rate), using bootstrapping 

to test for differences and generate confidence 

intervals. Browsing rate calculations did not include 

aspen >200 cm tall, following Larsen (2001). Most 

browsing by elk occurs at heights below 200 cm, so 

taller shoots could bias the result if included. Values 

were first calculated within a plot, and then averaged 

across plots for a grand mean. Bootstrapping was used 

because the distribution of the data was not suitable for 

distributional analysis methods. A 95% confidence 

level was used to assess statistical significance for all 

tests. 

 

Data collected in 2012 permitted a more 

detailed analysis of browsing intensity and young 

aspen height. The 1997-98 data did not identify 

sprouts new that summer that had not been exposed to 

winter browsing, so the browsing rate underestimated 

the true browsing rate in plots that contained new 

sprouts. For further analysis of 2012 data we 

calculated an adjusted browsing rate that did not 

include new sprouts, resulting in a slightly higher 

browsing rate in plots that had new sprouts than was 

used in the comparison with 1998. As an index of site 

productivity the mean leader length or current annual 

leader growth was calculated as the difference 

between spring height and fall height, averaged across 

the sampling plot. Confidence intervals and tests for 

differences for mean height, leader length, and 

browsing rates were calculated using t-statistics, as the 

2012 data were approximately normally distributed 

and less skewed than the 1998 data. Multiple 

regression was used to test for the significance of 

leader length, browsing rate, and other site variables as 

explanatory variables for the average height of young 

aspen, with natural logarithm transformations where 

needed to meet the assumption of constant variance. 

Coefficients were tested for significance using extra-

sums-of-squares F-tests. The fit of the models was also 

assessed using the coefficient of determination (R2). 

 

 PRELIMINARY RESULTS  

 

Compared to 1997-98, browsing rates of 

young aspen were significantly lower in 2012, the 

percentage taller than 100 cm or 200 cm was much 

greater, and both browsing and height had greater 

variation (Table 1).  Recruitment of tall young aspen 

>100 cm and saplings >200 cm had increased 

compared to 1997-98, with a much higher of 

percentage of plots containing at least one young 

aspen in these height categories (Figure 1). 

 
Table 1. Summary of young aspen browse rates and heights 

in 1997-98 and 2012, with 95% CI in parentheses. 

Years %Browsed %>100cm %>200cm n 

1997-98 88 (84, 91) 1 (0.5, 2) 0 79 

2012 44 (39, 49) 34 (28, 40) 5 (3, 8) 87 

 

 

 
Figure 1. Percentage of samplings plots with at least one 

young aspen >100 cm or >200 cm tall or taller. 

 

These results show that aspen have begun to 

recover in northern Yellowstone, but new saplings 

were small, most <3 cm dbh, and there were no trees 

in sampling plots smaller than 27 cm dbh indicating a 

large gap in recruitment. This gap is the legacy of past 

conditions, when there were no saplings (Figure 1) and 

no recruitment of aspen trees. Today, the new saplings 

are tall enough to escape from elk browsing and are 

likely to replace dying overstory trees, thus ensuring 

the persistence of northern range aspen stands into the 

future (Figure 2). This recovery is in an early stage, 

which may explain why Kauffman and others (2010) 

did not find recruiting saplings with limited sampling 

in 2004-7.  

 

Ripple and Beschta (2007, 2012) used a 

method of measuring the five tallest saplings in a 

stands, a method more likely to detect the beginnings 
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of aspen recovery. We also measured the five tallest 

saplings in each stand and found that 46% of stands 

had one or more taller than 200 cm in the spring of 

2012, and 25% of stands had five or more saplings 

taller than 200 cm, a strong indication that the stand 

will successfully regenerate by replacing overstory 

trees (Kay 2001). Most of these tall saplings originated 

after 2003, an indication that survival and heights of 

young aspen have recently increased, but this change 

would have been difficult to detect by random 

sampling when Kauffman and others did their 

research. 

 

 
Figure 2. Aspen stand in northern Yellowstone showing 

overstory aspen trees and young saplings. Lack of 

intermediate ages and sizes classes is due to the legacy of 

lack of recruitment due to suppression by herbivory; young 

saplings in this stand are now taller than the normal browse 

level of elk and thus likely to grow into new trees. 

 

Could the recent changes in aspen from 

decline toward recovery be the result of changes in 

climate? The long-term trend in the region has been 

toward milder, shorter winters with less snowpack, 

and dry hot summers (Wilmers and Getz 2005, 

McMenamin et al. 2008), conditions that would be 

likely to inhibit aspen recovery due to increased 

herbivory and drought stress (Brodie et al. 2011, 

Hanna and Kulakowski 2012). A longer growing 

season could cause greater annual height growth, 

contributing to recovery, but if that were the cause of 

aspen recovery we would expect to find an association 

between the average length of annual leader growth in 

a stand and the average height of young aspen. The 

relationship between leader length and height was very 

weak (R2= 0.02, p=0.2), but there was a strong inverse 

relationship between browsing rate (averaged over 

2011-12) as an explanatory variable for height 

(R2=0.64, p<0.001). Differences in height between 

stands appeared to be driven primarily by the amount 

of browsing, with differences in rates of growth 

coming into play only where browsing has been 

reduced. None of the other site variables we collected 

were statistically significant as explanatory variables 

for stand browsing rates or heights of young aspen.  

 

In 1997-98, young aspen in nearly all stands 

experienced high browsing rates and were relatively 

short, but this was not the case in 2012. After adjusting 

browsing rates by removing new sprouts from the 

analysis, in 2012 about 40% of stands had browsing 

rates greater than 60%, and remained short with little 

variation in height among stands, an indication of 

suppression of height by browsing. The remaining 

60% of stands with browsing rates from 0-60% 

showed increasing variation in height, with the tallest 

heights and greatest variation associated with lower 

browsing intensity. Browsing rates were generally 

lower and heights taller on the eastern side of the 

northern range, which is consistent with recent trends 

in elk population distribution (White et al. 2012). On 

the eastern side of the range elk population densities 

have dropped considerably in recent years, with much 

less change on the western side of the range. Our scat 

counts showed the same trend, with an overall 

reduction compared to surveys done in 1999 (Ripple 

et al. 2001) when scat counts ranged about 20-40 

piles/100m2, and strong contrasts across the range in 

2012 with the lowest elk scat densities in the eastern 

part of the range (Table 2). Our East, Central and West 

sectors follow the same divisions as the Upper, Middle 

and Lower Inside sectors of White and others (2012). 

Bison scat showed the opposite trend, with the greatest 

density in the eastern sector reflecting the large herds 

of bison that gather there in summer. Willow (Salix 

spp.) and cottonwood (Populus angustifolia, P. 

trichocarpa) are browsed by bison in the Lamar Valley 

area, compensating for some of the reduction in elk 

herbivory and weakening the effect of a trophic 

cascade from wolves to woody plants (Painter and 

Ripple 2012), and bison may have a similar effect on 

aspen. 

 
Table 2. Mean elk and bison scat densities in sectors of the 

Yellowstone northern range in 2012, with (95% CI). 

Sectors 

Elk pellet 

piles/100m2 

Bison scat 

piles/100m2 

East 4 (3, 6) 11(9, 14) 

Central 11 (7, 15) 7 (5, 9) 

West 17 (11, 22) 0.7 (0.4, 1) 

 
The spatial distribution of elk across the 

northern range (White et al. 2012), lower in the east 

and greater in the west (Table 2) appears to have been 

the most important factor influencing aspen herbivory, 

suggesting that changes in elk population density have 
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been driving aspen recovery. The fact that a general 

aspen recovery did not occur without substantial 

reductions in elk numbers, suggests that behavioral 

responses to predation alone were not enough to bring 

about aspen recovery at a landscape scale. However, 

predation risk responses such as changes in elk 

grouping dynamics (White et al. 2012) and habitat 

selection (Mao et al. 2005) may be driving some of the 

small-scale variation between stands in the same area, 

and predation risk may also be a factor in the large-

scale redistribution of the elk herd (Proffitt et al. 

2009). Elk numbers increased in the portion of the 

Yellowstone northern range outside of the park before 

the return of wolves, but this did not result in reduced 

elk densities or reduced herbivory inside park 

boundaries. The fact that aspen did not recover during 

a period of low elk population density in the 1950s and 

1960s suggests that something more than a simple 

reduction in elk numbers was needed to reverse the 

aspen decline. 

 

Our results update and expand knowledge of 

aspen stand conditions across Yellowstone’s northern 

range. We found that aspen stands have begun to 

recover relative to conditions before wolf 

reintroduction, but this recovery is in an early stage 

and highly variable across the landscape. The 

reductions in browsing and associated height increases 

of young aspen were greatest in the eastern part of the 

range, but within each sector there also was wide local 

variation. The recent increase in recruitment of aspen 

saplings was associated with a reduction in browsing, 

linked most plausibly to the return of wolves and 

subsequent changes in elk numbers and distribution. 

The Yellowstone example suggests that wolves could 

play a role in support of aspen conservation through 

reduction of herbivory. The complex relationship of 

wolves, elk and aspen will continue to unfold, 

interacting with an increasing bison population, 

warming climate, changes in land use and hunting 

outside the park, and other facets of the Yellowstone 

ecosystem. 
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