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ABSTRACT 

 

 Alpine ecosystems offer a unique opportunity to study tree species at the edges of 

their distributions and physiological limits.  Clonal growth has shown to be an 

advantageous trait for woody species in alpine zones because it provides protection from 

high winds, freezing temperatures, and ice abrasion.  The two dominant tree species in 

the Medicine Bow National Forest, Engelmann spruce (Picea engelmannii) and subalpine 

fir (Abies lasiocarpa), possess the ability to reproduce asexually through the vegetative 

process of layering.  The current study investigated the frequency of vertical stems 

produced by layering versus seed germination within the krummholz and tree islands 

found across the alpine treeline ecotone.  Observational data on vertical stem origin, size, 

and cone production were collected for fifty krummholz mats and forty tree islands 

within the Libby Flats area.  Vertical woody stems originated mainly from layering in 

both the krummholz mats and tree islands with only small percentages originating from 

seed.  The results provide preliminary data and insight into the extent of layering and 

vegetative reproduction throughout the treeline ecotone.  In the face of changing climates 

it is important to understand the reproductive potential of these species.  
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INTRODUCTION 

 

Alpine ecosystems offer a unique opportunity to study tree species at the edges of 

their distributions and physiological limits, e.g. the alpine treeline ecotone.  Forest trees 

at these boundary alpine zones are considered sensitive indicators of climate change and 

may be some of the first to show differences or directional shifts in distribution due to 

climatic temperature changes such as warming (Millar et al. 2004).  The alpine treeline 

typically consists of a transitional zone or ecotone stretching from the closed-canopy 

forest to the alpine tundra.  The treeline ecotone of the current study, in the Medicine 

Bow Mountains of southeastern Wyoming, consists of four fairly distinct zones (Figure 

1).  At the upper limit of tree growth are krummholz mats, also called “elfin-wood” or 

“cripple-trees”.  Krummholz mats are shrub-like growth forms typically caused by harsh 

environmental conditions (Holtmeier 1981).  Moving down in elevation are the tree 

islands.  Tree islands are larger in area and height than krummholz mats, sometimes 

containing almost full-size mature trees.  Moving even lower in elevation is the ribbon 

forest which consists of bands of mature trees or closely spaced tree islands.  The ribbon 

forest acts as a natural snow fence, accumulating large drifts on the leeward side in the 

wintertime (Billings 1969; Körner 2003).  Finally, below the ribbon forest, is the closed 

canopy forest.  In the Rocky Mountain region, wind speeds decrease and temperatures 

increase with a drop in elevation from the alpine tundra to the closed canopy subalpine 

forest (Körner 2003).  

The location of the alpine treeline is globally associated with a low temperature 

limit (Körner 1998), but there are a variety of factors that may generate local treeline 
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variation, particularly exposure to high winds and harsh conditions at higher elevations 

above the closed canopy forest (Smith et al. 2003; Wieser and Tausz 2007; Körner 2012; 

Wieser et al. 2012).  Due to these harsh conditions, clonal growth has shown to be an 

advantageous trait for both herbaceous and woody species in alpine zones because it 

allows for growth close to the ground where wind abrasion is limited and convective 

cooling is decreased (Laberge et al.  2001).  As a result, needle temperatures on densely 

growing branches with packed needle arrangements are also typically higher than the 

surrounding air temperatures, creating more favorable growing conditions (Hadley and 

Smith 1987).   

 

Layering and Lateral Growth  

Not all tree species exhibit the ability to grow clonally by asexual sprouting. 

However, most conifer tree species found at the alpine treeline do posses the capability 

for lateral growth, or layering (Cooper 1911, 1931; Lutz 1939; Holtmeier 1981).  

Layering occurs when low lying branches produce adventitious roots and begin to grow 

laterally but maintain the ability to produce apical shoots, and even root, when conditions 

are favorable (Bannan 1942; Laberge et al.  2001).  These layered branches may initially 

root after being buried due to heavy snow pack, snow creep, or avalanches (Holtmeier 

2009)(Figure 2a).   Engelmann spruce (Picea engelmannii) and subalpine fir (Abies 

lasiocarpa), are the dominant tree species at high elevations within the Medicine Bow 

National Forest of southeastern Wyoming (USA) where wind and blowing ice crystal 

abrasion also play a primary role in the initiation of lateral shoot growth.  Blowing snow 

and ice causes needle desiccation and apical shoot damage on stems exposed above the 
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snowpack in the wintertime (Baig and Tranquillini 1980; Hadley and Smith 1987).  In 

contrast, lateral shoots typically remain buried under the snowpack throughout winter and 

protected from ice abrasion, creating a dominance of lateral shoot development instead of 

vertical growth.  In these high wind areas, krummholz mats are capable of moving up to 

2.5cm/year (Benedict 1985) as lateral growth continues in the leeward direction while 

stems on the exposed windward side die (Marr 1977; Bekker and Malanson 2008).  This 

process of abundant lateral shoot growth in response to apical shoot damage and death 

allows trees to survive much longer in the treeline ecotone (Tranquillini 1979), and  

ultimately leads to the facilitation of increased seedling establishment and advance of the 

treeline elevation upward (Smith et al. 2003; Weiser et al. 2012).  

 An important component of both the krummholz and tree island growth forms is 

vertical stem release (Figure 2b).  Vertical stem release, especially at the leeward edge of 

larger mats occurs when an apical shoot or stem is able to survive above the krummholz 

mat.  Generally, larger mats and/or several years of specific favorable climatic conditions 

are required for vertical stems to ‘escape’ the abrasive air layer immediately above the 

mat surface (Smith et al. 2003).  Even when an apical shoot and vertical stem is able to 

persist above the mat there is commonly needle death on the lower portion of the escaped 

stem, as well as the windward side of these stems, resulting in the classical flagged 

appearance of these vertical stems (needles and lateral branches only persist on leeward 

sides) (Wardle 1968; Smith et al. 2003).   
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Seedlings and Sexual Reproduction 

 In recent years more studies have been focusing on seedling establishment at or 

above the treeline (Johnson et al. 2004; Bansal and Germino 2010; Castanha et al. 2012; 

Kisanuki et al. 2012).  The movement of treeline is dependent on the establishment of 

new seedlings in the alpine tundra, above the current treeline.  At higher elevations it 

becomes increasingly difficult for seedlings to establish (Holtmeier 2009; Smith et al 

2003).  Due to a variety of factors including a short growing season, cold temperatures, 

and too much or too little solar radiation (Germino and Smith 1999; Körner 2003; Smith 

et al. 2003; Maher and Germino 2006; Holtmeier 2009; Munier et al. 2010), the few 

seedlings that manage to establish about the treeline ecotone rarely reach sexual 

reproductive status (Daly and Shankman 1985).  It is also likely that changes due to 

climate will be species and site specific (Knapp and Smith 1982; Castanha et al. 2012), 

thus making it even more difficult to predict changes in the treeline. 

 Another important factor for sexual reproduction is the presence of viable seed.  

Both P. engelmannii and A. lasiocarpa have wind-dispersed seeds and produce good seed 

crops every 3 to 4 years (Oosting and Reed 1952).  While seed viability can vary greatly 

by year, sometimes it is quite high. Picea engelmannii seed from Niwot Ridge, Colorado 

had seed viability over 80% in 2009 (Castanha et al. 2012).  Seedling establishment is 

dependent both upon microsite conditions, as well as the presence of a large enough and 

viable seed stock (Holtmeier 2009).  
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Spatial Distribution 

 Just as the microtopography of an area will influence the microclimate and 

establishment of a seedling, the presence and distribution of krummholz mats and tree 

islands across a landscape can greatly affect the local climate.  The size and distribution 

of gaps affects the amount of light, wind, snow accumulation, and ultimately air and soil 

temperature of a given area (Holtmeier 2009).  Changes in the spatial distribution of 

krummholz mats and islands may positively or negatively affect seedling establishment 

based on these other factors.  Krummholz mats and tree islands also provide valuable 

habitats for a variety of bird and small mammal species.  Potential shifts in tree 

distribution could not only affect wildlife habitat, but also shrub and herbaceous plant 

cover.  Fire and pathogen spread are also highly influenced by the local distribution of 

trees and vegetation (Dillon et al. 2005).  Krummholz mats and tree islands play a large 

role in snow drifting and distribution (Earle 1993) with snowdrifts on the leeward side of 

mats, islands, and ribbon forest persisting through most of the year.   

 

Treeline and climate change 

Global temperature increases and changing weather patterns are increasingly 

undeniable (IPCC 2007).  Changes in the spatial distribution and reproductive potential 

of these treelines should provide early indications about the future location of the treeline.  

While seedling establishment is necessary for the upward movement of the treeline, 

vegetative growth may play an important role in the facilitation of new seedling 

establishment, as well as the changing physiognomy of the subalpine forest and treeline 

ecotone.  The current study examines the extent of lateral stem growth, layering, and 
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vertical stem growth (asexual reproduction) compared with vertical stems produced from 

by seed establishment (sexual reproduction) found within krummholz mats found in the 

treeline ecotone in the Medicine Bow Mountains, Wyoming.  
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MATERIALS AND METHODS 

 

Study Site  

 The present study occurred during July and August of 2011 in the Libby Flats 

area of Medicine Bow National Forest, Wyoming, USA (41°20’N, 106°17’W).  This 

national forest is located in Southeastern Wyoming and encompasses over one million 

acres of forest including the Snowy Range Mountains (Figure 3).  At the base of the 

highest point in the Snowy Range, Medicine Bow Peak (3,661m), Libby Flats ranges 

from approximately 3,140m to 3,320m elevation and is dominated by the evergreen 

conifer trees Picea engelmannii (Parry ex. Engelm.) and Abies lasiocarpa (Hook.) Nutt. 

(Figure 4; Figure 5).  The treeline ecotone in the area ranges from approximately 3,100-

3,450m in elevation.  This site was chosen as representative of the alpine treeline ecotone 

of this area based on analysis of WyGISC satellite imagery using ArcGIS10 (Figure 6). 

 In the early 1900’s, Libby Flats was mined for gold, copper, and silver.  

Subsequently, there was some logging by miners as well as livestock grazing during this 

time.  There are no longer any active mines in the Libby Flats area but the National 

Forest is still open to livestock grazing (primarily sheep grazing in this area).  Lightning 

fires are common in this region of Wyoming.  Fire frequency increased in the late 1800’s 

when miners came to the area, however, due to fire-suppression practices by the United 

States Forest Service there have been no major fires in the study area since the early 

1900’s  (Billings 1969).   
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Mesoclimate 

Mean monthly temperatures in 2011 ranged from a minimum of -14.8º C in 

February to a maximum of 19.4º C in August.  Total annual precipitation was 688mm. 

The growing season, in this case defined as the total number of days between the last 

spring minimum and the first fall minimum of 0º C, totaled 67 days from June 27th 

through September 3rd, 2011 (data from National Climate and Data Center, 

http://www.ncdc.noaa.gov/oa/ncdc.html; station at Brooklyn Lake, Wyoming, at 10,220ft 

elevation and within study area).  In 2011, snowmelt occurred on June 29th at the 

Brooklyn Lake SNOTEL site (data from the National Water and Climate Center, 

http://www.wcc.nrcs.usda.gov/snotel/Wyoming/wyoming.html), although some snow 

drifts persisted through late August on Libby Flats.  Westerly winds occur at sustained 

hourly speeds of an average of 2-3m/s during the summer months and 7m/s during the 

winter months (Earle 1993).  A small amount of precipitation occurs in the form of rain 

during brief afternoon thunderstorms in the summer months.  The majority of the 

precipitation for the area falls as snow during winter (typically November through May) 

and can total up to 2m of snow accumulation in forested areas and as little as 5-10cm in 

wind exposed areas.  Drifts of up to 4m are commonly found on the leeward sides of 

krummholz mats and tree islands, with the largest drifts generating the ribbon forest at 

the windward edges of the subalpine forest (Glacier Lakes Ecosystem Experiments Site, 

in Earle 1993).  
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Study Species 

 Abies lasiocarpa (subalpine fir) is one of eight Abies species that are native to 

Western North America.  It grows generally in cold or high elevation mountain 

ecosystems ranging from Alaska and British Columbia south to New Mexico.  

Commonly associated with Picea engelmannii, it is also typically a dominant species in 

the ecosystems where it occurs.  While these trees can reach heights of 18-30m, they are 

commonly found in the krummholz form in alpine areas.  A. lasiocarpa seeds are a high 

energy food source for birds and small mammals and are generally dispersed by wind.  

Seed production is variable by year and larger trees between the ages of 150 and 200 

years old are the best seed producers (Uchytil 1991).   

 Picea engelmannii has a very similar distribution to A. lasiocarpa but with a 

slightly more extensive range.  It tends to dominate areas only when A. lasiocarpa is 

absent or present only in small numbers.  Mature trees reach heights of 14 to 40m and can 

begin producing seed between 15 and 40 years of age.  Picea engelmannii is long lived 

and can survive beyond 600 or 700 years, however, it is not very fire tolerant and even a 

low intensity ground fire can cause fatal root char.  Seeds are also wind dispersed and 

seedlings generally require some shade to survive (Uchytil 1991). 

 

Tree Dimensions and Classifications 

 Fifty krummholz mats and forty tree islands were randomly selected and sampled 

within the Libby Flats area.  For purposes of the present study, krummholz mats were 

defined as having fifteen or fewer vertical stems while tree islands were defined as 

having greater than fifteen vertical stems (Figure 7a,b).  A vertical stem was considered 
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to be any stem that was vertical emerging from the ground and extending beyond the top 

of the krummholz mat or island mat for 30cm or greater.  For both krummholz mats and 

tree islands, species was noted and the general dimensions of each were recorded (length 

of longest axis, width perpendicular to length, estimated height of tallest vertical stem).  

At each mat or tree island a GPS position was recorded using a Garmin GPS Map 62s 

(Garmin Ltd., Olathe, KS) and the slope and aspect of the site was measured using a 

Suunto Tandem clinometer (Suunto, Vantaa, Finland).  Each mat or island was also 

photographed from several angles using a small digital camera.  The total number of 

vertical stems was counted for each mat or island.  For krummholz mats, measurements 

were taken for each individual vertical stem present (n= 380 stems) including height, 

width at base (of where the stem became vertical), presence of cones, disease, and origin.  

Vertical stems within tree islands were sampled by randomly selecting circular 1m 

diameter sub-plots throughout the island. All vertical stems within each sub-plot were 

measured for the same parameters as those in the krummholz mats.  Four to forty 

subsample plots were measured in each tree island totaling n=775 stems overall.  The 

percentage of the total stems sampled within each tree island ranged from 28% to 98% 

with an average of 49% sampled for each tree island.  Linear regressions were used to 

examine the relationships between mat or island size and elevation and the amount of 

vertical stems present.  

 

Stem Origin 

 The ground-level origin was assigned to each vertical stem recorded and, 

ultimately, each stem was classified into one of two groups: originating from seed or 



  11 

originating from layering and/or lateral growth.  Base classifications included: 

Classification 1- vertical stem originating from ground, does not appear to be connected 

to any other vertical stems; 2- stem of unknown origin, or cannot determine origin; 3- 

stem originated from layering, curvature at ground level of greater than 30 degrees 

(Arseneault and Payette 1992), or obvious connection at or below ground level to another 

stem; and 4- stem originating from lateral growth, obvious above ground connection to 

another stem (Figure 8a-c).  Classification 2- stems of unknown origin were not included 

in the final analysis and made up 9% of stems measured in both tree islands and 

krummholz mats.  The total number of stem origin points was also estimated for each mat 

or island.  A Mann-Whitney test was used to determine differences between frequency of 

stem origins in krummholz mats and tree islands with a significance of P ≤ 0.05 using 

UCLA SOLC resources.  Microsoft Excel was used for all other tabular and statistical 

calculations. 

 

Cone Production and Other Observations 

 Cone production was noted for each individual stem measured as well as for each 

krummholz mat and tree island as a whole.  Presence or absence of cones on the ground 

in the vicinity of each was also noted.  The presence of any type of facilitation (generally 

guarding from wind or cold) was categorized as rock, topography, or log/woody debris 

(Figure 9).  Shrub species growing within or touching the mat or island were noted as 

well as any obvious pathogen or environmental damage (snow mold, dwarf mistletoe, 

needle death or desiccation).  The presence of any obvious seedlings within or in the 

immediate vicinity of an island or mat was also recorded.  
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Closed-Canopy Transects 

 Fourteen transects along an elevation gradient within the closed canopy forest 

were also sampled.  These transects ranged from 3,110-3,200m in elevation.  Ten 

transects were located in the ‘natural area’ (41°21'4.99"N, 106°14'19.97"W) 2.5km west 

of Libby Flats and four transects were located 1.5km west of Libby Flats in the Brooklyn 

Lake area (41°21'59.03"N, 106°14'40.64"W).  Transects were 50m by 10m and oriented 

parallel to one another within each of the two sites. Height, base width, origin 

classification, species, cone production, pathogen damage, and live status were recorded 

for all trees and vertical stems within each transect.  GPS points as well as slope and 

aspect were recorded for the 0m and 50m end of each transect.  Photos were taken at each 

end of the transect using a small digital camera.  
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RESULTS 

 

Structural Characteristics 

Krummholz mats sampled contained 2 to 18 vertical stems per mat with a mean 

density of 0.5±0.4stems/m2.  A total of 380 vertical stems were sampled within 

krummholz mats.  Tree islands contained from 9 to over 120 vertical stems per island 

with a mean density of 1.8±1.2stems/m2 (Table I). A total of 775 vertical stems were 

sampled within tree islands.  P. engelmannii dominated the landscape for both 

krummholz and tree islands. Tree islands contained both P. engelmannii and A. 

lasiocarpa 35% of the time, while krummholz mats rarely had more than one species 

present (Table II).  Krummholz mats ranged in height from 1.4m to 6.0m (estimated 

height of tallest vertical stem), while tree islands ranged from 5.0m to 12.0m in height.  

Mean area was 25.0±18.0 m2 for krummholz and 64.4±44.3 m2 for tree islands (Table 

III).  Krummholz mats were generally much longer and wider compared to their height 

with mean length to height ratios of 2.4±1.4m.  Tree islands tended to be taller in 

comparison with their length with mean length to height ratios of 1.4± 0.05m.  There was 

no apparent relationship between mat or tree island area and number of vertical stems 

present (krummholz: r2 < 0.01; tree islands: r2 < 0.2).  There was also no apparent 

relationship between the elevation of the mat or tree island and the amount of vertical 

stem release (r2 < 0.05).   

Two types of tree islands were recognized. The first, labeled transitional tree 

islands for the purpose of the current study (Figure 10a), contained many vertical stems 

of similar height that were densely clustered.  Many of these tree islands contained over a 
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hundred vertical stems.  The second type of tree islands, called mature tree islands for the 

purpose of the current study (Figure 10b), contained fewer, but generally taller stems that 

were larger in diameter and were similar in size to trees in the adjacent closed-canopy 

forest (over 10m in height).  Transitional tree islands also tended to be much longer than 

they were wide and occurred in less sheltered, higher wind areas of the study site.  

Eighteen of the tree islands sampled could be classified as transitional. There were no 

significant differences in stem origin between the two types of tree islands, so for the 

purposes of the current study they were grouped together for analysis. 

 

Facilitation 

 Apparent facilitation of initial establishment was observed in 58% of krummholz 

mats and 45% of tree islands.  Facilitation by a single boulder or group of boulders was 

the most common in both zones.  This observation may be biased due to the fact that 

krummholz mats are generally smaller in size and the original stems or points of 

facilitation were easier to identify.  Almost the same amount of facilitation by woody 

debris or fallen logs was observed in krummholz mats and tree islands (Table IV).  Some 

of the woody debris providing microsite facilitation may have come from previous tree 

islands or krummholz mats.  In a few cases there were large diameter decaying logs 

present (over 30cm diameter), many of which had obvious fire scarring.  A smaller 

number of krummholz mats appeared to be facilitated by the micro-topography of the 

area with the mat occurring in a natural low point on the landscape.  Tree islands 

exhibited a greater rate of facilitation by mesotopography and were found growing 

behind small rises or hills (sometimes man-made from mining activities in the early 



  15 

1900’s).  It was also noted that there were very few seedlings within the immediate 

vicinity of the tree islands and krummholz mats sampled.  

 

Shrub Associations 

 Other woody species were commonly found growing within or around both tree 

islands and krummholz mats.  All forty tree islands sampled had at least one species of 

shrub within the immediate vicinity of the island.  Shrubs were mostly found growing on 

the leeward side of the islands and almost never found on the windward side.  This 

indicates that the islands provide facilitation for shrub establishment and growth.  Only 

70% of the krummholz mats sampled had associated woody shrubs.  The krummholz 

mats that did not have shrub associations tended to be smaller and in more wind-swept 

areas.  The two most common shrubs found in association with mats and islands were 

Ribes montigenum, and Juniperus communis.  Salix sp. and Vaccinium sp. were also 

present in many mats and islands (Table V). 

 

Pathogens and Environmental Damage 

 Just over half of the krummholz mats sampled exhibited needle death or 

desiccation on vertical stems from ice abrasion or exposure during the winter months.  

Only 38% of tree islands exhibited the same type of damage.  Krummholz mats exhibited 

little damage from snow mold and no instances of obvious pathogens or infections.  Tree 

islands on the other hand, had snow mold (Herpotichia sp.) damage on lower branches in 

33% of the cases, typically on the leeward side of the islands were snowdrifts persist 

longer into the summer.  Another 15% of tree islands exhibited damage from other 
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pathogens such as dwarf mistletoe (Arceuthobium sp.) or by bark beetles or budworms 

(Table VI).  The tree islands exhibiting bark beetle infections were all located fairly close 

to the edge of the Libby Flats area in closer proximity with the closed canopy forests.  

These tree islands also contained some of the tallest and largest (by width) vertical stems 

sampled. 

 

Stem Origin 

 Krummholz mats sampled contained 1 to 9 vertical stem origin points (a point at 

which the vertical stems can be traced to the ground-- each origin point is considered to 

be a separate tree, while tree islands sampled contained between 1 and 6 origin points 

(Table VII).  There was no statistically significant difference between the number of 

origin points between tree islands and krummholz mats (Mann-Whitney p=0.45, α= 

0.05).   Vertical woody stems originated mainly from layering (stem origins 3 and 4 

combined) in both krummholz mats (84.8±24.4%) and tree islands (78.9±12.8%) with 

only small percentages of stems originating from seed (krummholz: 3.6 ± 9.8% and tree 

islands: 5.3±8.4%) (Figure 11). There was no significant difference between the mean 

number of vertical stems produced by seed across the elevational gradient from highest 

occurring krummholz mats to lowest tree islands (Mann-Whitney p=0.1096, α= 0.05).  

Within krummholz mats both P. engelmannii and A. lasiocarpa produced almost 

exclusively vertical stems from lateral growth (Figure 12).  There was no statistically 

significant difference between the species within krummholz mats (Mann-Whitney, p = 

0.99, α= 0.05).  This was the same for tree islands where 99% of A. lasiocarpa vertical 

stems and 95.6% of P. engelmannii vertical stems originated from lateral growth.   
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Cone Production 

 Cone production was greater in tree islands, with over 95% of all tree islands 

containing at least one cone-producing vertical stem.  Only 33% of krummholz mats had 

at least one cone producing stem at the time of the study (Figure 13).  Of the total vertical 

stems found in krummholz mats, only 9.4% were cone producing.  For tree islands only 

19.9% of the vertical stems were producing cones.  Stems from seed germination and 

stems from lateral growth had similar low rates of cone production within krummholz 

mats (7.1% and 9.7% respectively) (Figure 12).  Within tree islands, a greater percentage 

of the vertical stems originating from seed produced cones (47.8%) than those from 

lateral growth (18.8%) (Figure 14).   

 

Closed Canopy Observations 

 Trees growing in the closed canopy forest areas sampled appeared to be clumped, 

similar to the tree islands observed higher in elevation.  Although there were not large 

gaps in the overstory, tree stems occurred clustered in small groups (Figure 15).  Unlike 

the tree islands and krummholz mats where P. engelmannii was dominant, 55% of 558 

the trees and vertical stems sampled in the closed canopy forest transects were A. 

lasiocarpa.  There was almost an equal amount of stems from seed germination 

(50.5±16.8%) as from lateral growth (43.7±15.0%) within the closed canopy (Figure 16).   

Just under 16% of the stems sampled were considered seedlings or saplings with a height 

below 0.2m.  Many of the mature trees were dead (21.6%), and over 25% had obvious 

and severe pathogen or insect damage. This included most of the trees over 30cm DBH 

(diameter at breast height). 
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DISCUSSION 

 

Vegetative reproduction and expansion/contraction of existing trees may play an 

important role in the spatial dynamics of future treelines.  With many studies focusing 

primarily on sexual reproduction (seedling establishment) or layering within only the 

upper portions of the treeline ecotone, it is important to understand the impact of 

vegetative reproduction across the treeline ecotone during the past and future, e.g. during 

climate warming.  The current study investigated the spatial extent of lateral growth 

(layering) within several zones of the treeline ecotone.   

 

Stem Origin 

 It was expected that lateral growth would decrease with elevation loss and 

increasing proximity to the closed canopy forest. However, both krummholz mats and 

tree islands were dominated by lateral growth and layering.  Observations within the 

closed canopy forest revealed more stems from seed germination, but still exhibited large 

amounts of tree clustering.  Areas within the closed canopy forest closely resembled 

tightly packed tree islands with larger diameter, full grown trees.  Without genetic testing 

it is impossible to determine if these larger trees originated from a tree island-like form or 

from a group of separate seedlings.  The lack of stems from seed germination within tree 

islands implies that historically, conditions were not favorable for seedling establishment, 

i.e. tree islands and krummholz mats provide shelter from the wind and blowing snow, 

but also increase shade and decrease soil temperatures (Holtmeier 2009. Körner 2012, 

Weiser et al. 2012).  
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Climate Change 

 The krummholz and tree island zones in Medicine Bow National Forest are 

dominated by asexual reproduction through lateral growth.  If favorable conditions 

become more common, increases in vertical stem release and growth should contribute to 

changes in the spatial distribution of trees within the ecotone (Smith et al. 2003, Gamache 

and Payette 2004). These trees have the potential to grow vertically as well as expand 

laterally, decreasing forest gaps (Holtmeier 1981).  Even though previous studies have 

noted that in some cases forest gaps at treeline do not completely close over time, these 

studies were conducted at re-forested sites where seedlings had been planted and 

establishment through layering was less prevalent (Schönenberger 2001).  Increases in 

CO2 concentrations have also been shown to increase growth in certain species (Dawes et 

al. 2011). Regardless, the spatial distribution and growth form of trees within the treeline 

ecotone has a potentially strong impact on many other aspects of the spatial heterogeneity 

of local areas (Holtmeier 2009).  

 

Facilitation 

 High rates of apparent facilitation within the krummholz zone were consistent 

with previous studies and play a large role in the spatial distribution of species at treeline 

(Smith et al. 2003; Holtmeier 2009; Weiser et al. 2012).  Within the tree islands, this 

facilitation was less apparent.  This observation may be biased due to the fact that 

krummholz mats are generally smaller in size and the original stems or points of 

facilitation are easier to identify.  It is likely that the majority of the tree islands within 
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the study site were originally established due to some type of facilitation.  Positive 

feedback loops are created by facilitation in both the ribbon forest and upper treeline 

ecotone and will continue to be a driving force of future changes in the area (Smith et al. 

2003; Bekker 2005). 

 

Fire, Pathogens, and Environmental Damage 

 Forest fires are a natural and necessary part of the forest systems in the Rocky 

Mountain Region.  In recent years, drought and bark beetle epidemics have contributed to 

increasingly destructive fire seasons, with 2012 being one of the worst on record for 

Colorado and Wyoming.  Typically, fire does not reach into the upper portions of the 

treeline ecotone.  If climate changes do increase lateral or vertical growth and the closing 

of forest gaps within the krummholz and tree island zones, it is possible that fires may be 

able to move higher in elevation.  Historically, catastrophic fires have reached the ribbon 

forest, but it has been extremely rare (Billings 1969).  In the past is has been extremely 

difficult for seedlings to re-establish after catastrophic fire or ecologically similar cases of 

clear-cutting where almost all of the above ground woody species are removed (Stahelin 

1943; Noble and Ronco 1978).  It is likely that future fire events would have similar 

effects. 

 Similarly, smaller forest gaps could potentially contribute to easier pathogen 

spread (Holtmeier 2009).  Very high rates of insect damage were observed in the closed 

canopy transects.  Bark beetle and similar outbreaks have been slowing down in the 

Rocky Mountains since 2009, but this is mostly likely due to the dwindling number of 

host trees still living (Man 2012).  While no insect damage was observed in krummholz 
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mats and very little was seen in tree islands, the few trees that did have insect damage 

within the tree island zone were particularly close to the closed canopy forest, consisted 

of some of the largest diameter stems sampled, and were in generally more wind 

sheltered areas.  This indicates that it is possible for infestations to spread into the upper 

limits of the treeline.  Expanding islands and krummholz mats could potentially mitigate 

cold temperatures and high winds that may have previously suppressed insect populations 

or other pathogen infestations within the treeline ecotone.  

 Increases in snow drifting and accumulation can also affect the health of the trees. 

Snow mold (Herpotichia sp.), which was rarely seen in krummholz, but found in a third 

of the tree islands, occurred where branches were buried beneath snow for extended 

periods of time.  Increases in snowdrift depth, and subsequent later snow melt dates, 

could increase snow mold rates on the leeward side of islands leading to needle and shoot 

death.  The snowpack in 2011 was above average and resulted in some snowdrifts 

persisting into August.  In drier years it is possible that lower rates of snow mold are 

typical. 

 

Shrub Associations 

 Changing snow patterns can also have an effect on the woody shrub and 

herbaceous plant populations in the vicinity of the mats and islands.  Ribes sp., which was 

found growing on the leeward side of almost all of the tree islands, prefers moist, shady 

areas with sufficient winter snowpack while Vaccinium sp. prefers small light gaps (Earle 

1993).  Both shrubs provide berries that are a valuable food source for fauna that inhabit 

the area.  Ribes sp. is also an important part of the life cycle of white pine blister rust 
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(Cronartium ribicol), which is infecting western white pine (Pinus monitcola) and limber 

pine (Pinus flexilis) at alarming rates in the Rocky Mountains (Man 2012).  Even though 

these two species were not present in the study area, they do grow in nearby areas of the 

Rocky Mountains.  Increasing snow pack could potentially increase suitable habitat for 

Ribes sp. growth while surpassing Vaccinium sp. or other shrubs.   

 

Cone Production 

Cone production was prevalent in tree islands for both species.  Almost half of the 

vertical stems from seed germination within tree islands were producing cones in 2011. 

Unfortunately, the high rates of cone production are deceptive.  This only consists of 

about 2.5% of all the vertical stems present in the tree islands sampled.  For krummholz 

mats, less than one percent of the total vertical stems were both from seed germination 

and producing cones.  This is an obvious limit to the genetic diversity of the treeline 

ecotone at Libby Flats.  It is possible that wind dispersed seed from lower elevations can 

contribute to the genetic diversity of the area, but there are also potential genetic and 

phenotypic differences between the trees at the upper limits and those of the lower forests 

(Grant and Mitton 1977; Castanha et al .2012). It will also be important to consider 

potential changes in year-to-year seed viability and distribution when making future 

predictions about treeline movement.  

 

Conclusions 

Lateral growth and reproduction through layering was widespread throughout the 

upper portions of the treeline ecotone, but also prevalent at the lower edges and into the 
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closed canopy forest.  Within the study site, there was no reduction in lateral growth or 

increase in number of stem origins between the krummholz mats and tree islands, 

indicating that seedling establishment has not historically contributed to the expansion of 

the larger tree islands.  The few numbers of vertical stems from seed, and even smaller 

portion capable of sexual reproduction, implies that there is low genetic diversity within 

the upper portions of the ecotone.  This potentially leaves these trees more vulnerable to 

disease or environmental pressures.  If increases in favorable growing conditions for 

vertical and lateral stem release become more common, we may see shifts in the spatial 

distribution of trees or the closing of forest gaps within the treeline.  

Due to time constraints, the extent of layering within the ribbon forest zone was 

not determined.  However, the ribbon forest is an important link between the tree islands 

and the closed canopy forest in wind-exposed landscapes and should be included in 

future studies.  It will also be important to verify the observational methods used to 

identify layered and seed germinated stems in the current study with genetic testing or 

other means.  It is possible that some of the stems classified as originating from lateral 

growth in the current study are in fact the result of seed clusters at the time of seedling 

establishment. These two additions will be able to give a more comprehensive look at 

layering and its contributions within the treeline ecotone. 
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Table I.  Numbers of vertical stems observed for individual krummholz (n=50) and tree 
islands (n=40) sampled. 
 
Stems Krummholz Tree Islands 

Min 2 9 

Max 18 120 

Mean 0.5 ± 0.4 stems/ m2 1.8 ± 1.2 stems/ m2 

 

 

Table II.  Species composition observed for krummholz (n=50) and tree islands (n=40) 
sampled. 
 
Species Krummholz Tree Islands 

P. engelmannii 74.0% 57.5% 

A. lasiocarpa 20.0% 7.5% 

Mixed 6.0% 35.0% 
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Table III.  Structural characteristics of krummholz (n=50) and tree islands (n=40) 
sampled. 
 
 Krummholz Tree Islands 

Height   

Min 1.4 m 5.0 m 

Max 6.0 m 12.0 m 

Mean 2.4 ± 0.8 m 8.1 ± 2.1 m 

Area   

Min 4.0 m2 17.3 m2 

Max 80.0 m2 231.2 m2 

Mean 25.0 ± 18.0 m2 64.4 ± 44.3 m2 

 

 

Table IV.  Types of facilitation observed for krummholz (n=50) and tree islands (n=40) 
sampled. 
 
Facilitation Type Krummholz Tree Islands 

Rock 40.0% 17.5% 

Log/Woody Debris 12.0% 12.5% 

Topography 6.0% 15.0% 
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Table V.  Shrub associations observed for krummholz (n=50) and tree islands (n=40) 
sampled. 
 
Species Krummholz Tree Islands 

Ribes montigenum 40% 85% 

Juniperus communis 18% 8% 

Other (Salix; Vaccinium) 14% 20% 

 

 

Table VI.  Types of pathogen and environmental damage observed for krummholz (n=50) 
and tree islands (n=40) sampled. 
 
 Krummholz Tree Islands 

Needle death/abrasion 52% 37.5% 

Snow mold 2% 32.5% 

Pathogens 0% 15% 

 

 

Table VII.  Numbers of vertical stems origins observed for individual krummholz (n=50) 
and tree islands (n=40) sampled. There was no difference between the number of vertical 
stem origins between krummholz and tree islands (Mann-Whitney p=0.45, α= 0.05).   
 
Stems Krummholz Tree Islands 

Min 1 1 

Max 9 6 

Mean ± stdev 3.7 ± 2.1  3.2 ± 1.3  
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Figure 1.  Zones of the alpine treeline ecotone within Medicine Bow National Forest, 
Wyoming. 
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Figure 2a. Lateral growth in a krummholz mat. 
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Figure 2b. Vertical stem release from a krummholz mat. 
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Figure 3.  Map of the study site, Medicine Bow National Forest, Wyoming. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Libby 
Flats 



  36 

Figure 4.  Aerial view of Libby Flats from Medicine Bow Peak. 
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Figure 5.  Libby Flats study site. 
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Figure 6.  Initial analysis of treeline location, satellite image of Libby Flats study site. 
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Figure 7a.  Examples of krummholz mats sampled on Libby Flats. 
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Figure 7b.  Examples of tree islands sampled on Libby Flats. 

 



  41 

Figure 8. Origin 1: vertical stem originating from ground, does not appear to be 
connected to any other vertical stems, (A) Origin 3: stem originated from layering, 
curvature at ground level of greater than 30 degrees or obvious connection at or below 
ground level to another stem, (B) Origin 4: stem originating from lateral growth, obvious 
above ground connection to another stem (C). 
 
 

 

 

 

 

Figure 7.  Example of growth through facilitation by rocks on Libby Flats.  
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Figure 9.  Example of growth through facilitation by rocks on Libby Flats. 
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Figure 10.  Typical transitional (A) and mature tree islands (B). 
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Figure 11.  Vertical stem origin for krummholz (n=50) and tree islands (n=40).  There 
was no significant difference in stem origin between the two growth forms (Mann-
Whitney, p > 0.12, α= 0.05).  Standard deviation indicated by vertical bars. 
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Figure 12.  Krummholz vertical stem origin by species (n=50) and tree islands (n=40).  
There was no significant difference in stem origin between the two species (Mann-
Whitney, p > 0.99, α= 0.05). Standard deviation indicated by vertical bars. 
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Figure 13.  Percentage of samples with at least one cone producing stem per krummholz 
mat (n=50) or island (n=40). 
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Figure 14.  Percentage of vertical stems producing cones based on stem origins for 
krummholz (n=50) and tree islands (n=40). 
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Figure 15.  An example of tree clusters in one of fourteen closed canopy forest transects. 
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Figure 16.  Percentage of stems from seed germination and from lateral growth in 
fourteen closed canopy forest transects.  There was no statistically significant difference 
between the two types of origins (Mann-Whitney, p > 0.60, α= 0.05). Standard deviation 
indicated by vertical bars.  
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Lawrence Berkeley National Laboratory 
Berkeley, California 
 

August 2010 – May 2012  Teaching Assistant/ M.S. Student 
  Dr. William K. Smith, Advisor 
  Department of Biology 
  Wake Forest University 
  Winston-salem, North Carolina 
 
May 2010 – August 2010  Biological Science Technician 
  USFS Sierra Nevada Research Center 
  Dr. Malcolm North, Supervisor 
  Department of Plant Sciences 
  University of California, Davis 
  Davis, California 
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January 2010 – May 2010  Microbiology Lab Assistant 
  Quality Control Department 
  Proctor and Gamble 
  Hunt Valley, Maryland 
 
May 2009 – October 2009  Biological Science Technician 
  USFS Sierra Nevada Research Center 
  Dr. Malcolm North, Supervisor 
  Department of Plant Sciences 
  University of California, Davis 
  Davis, California 
   
May 2008 – October 2008  Biological Science Technician 
  USFS Teakettle Experimental Forest 
  Dr. Malcolm North, Principal Investigator 
  Department of Plant Sciences 
  University of California, Davis 

      Davis, California 
 
 June 2007 – October 2007  Conservation and Land Management Intern 
      Chicago Botanic Garden 
      Dr. Diane Pavek, Advisor 
      NPS Center for Urban Ecology 
      Washington, District of Columbia 
 
 September 2005 – May 2006  Lab Assistant 
      Department of Biology Core Labs 
      Steve Skinner, Lab Manager  
      Department of Biology 

Towson University 
      Towson, Maryland 
 

May 2004 – October 2004  Biological Science Technician 
  USFS Teakettle Experimental Forest 
  Dr. Malcolm North, Principal Investigator 
  Department of Plant Sciences 
  University of California, Davis 

      Davis, California 
 
Presentations 
 

“Lateral growth and reproduction in two alpine tree species”, 12th Annual 
Graduate Student and Postdoctoral Research Day, Wake Forest University, 
Winston-salem, North Carolina, March 29, 2012 (poster) 
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“Lateral growth and vegetative reproduction in the high elevation spruce-fir 
forests of the Medicine Bow Mountains, Wyoming”, 73rd Annual Meeting of the 
Association of Southeastern Biologists (ASB), Athens, Georgia, April 4-7, 2012 
(poster) 
 
“Lateral growth and vegetative reproduction in high elevation spruce-fir forests”, 
Department of Biology Seminar, Wake Forest University, Winston-salem, North 
Carolina, April, 11, 2012 (talk) 
 
“Lateral growth and vegetative reproduction in krummholz mats and tree islands 
in high elevation spruce-fir forests of southeastern Wyoming, USA”, 97th Annual 
Ecological Society of America (ESA) National Meeting, Portland, Oregon, 
August 5-10, 2012 (poster) 

 
Awards and Honors 
  

Graduate Fellowship, Department of Biology, Wake Forest University, August 
2010 – May 2012 
 
Tri Beta Undergraduate Biology Honor Society, Student Member, 2006 - 2007 

 
Professional Affiliations 
 
 The Ecological Society of America (ESA), 2011-2012 
 The Association of Southeastern Biologists (ASB), 2012 
 
Grants and Contracts 
 

Vecellio Grant, Department of Biology, Wake Forest University, Spring 2012 
 

Elton C. Cocke Travel Fund, Department of Biology, Wake Forest University, 
Spring 2012 

 
Vecellio Grant, Department of Biology, Wake Forest University, Spring 2011 

 
Committee and Community Service 
 

Honor Council, Biology Department Graduate Student Representative, Graduate 
School, Wake Forest University, 2011 – 2012 
 
Towson University Herbarium Collection, Volunteer, Towson University, 2006 
 
Upper Susquehanna River Keeper, Volunteer Water Quality Sampler, 
Susquehanna River, New York, Pennsylvania, and Maryland, 2005 

 


