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Introduction  

Treelines are frequently defined as temperature sensitive transition zones that demarcate 

the boundary between forested landscapes and treeless, alpine environments (Harsch et al. 2009). 

In areas where geography does not obstruct growth, this climatically constrained ecological 

boundary represents the uppermost physiological limit of trees, as most trees have a growth 

threshold for temperatures between 5.5-7.5˚C (Körner and Paulsen 2004). Current literature 

reveals that, photosynthesis and acquisition of carbon is not necessarily limited by lower 

temperatures, but allocation and utilization of that stored carbon for physical growth is restricted 

by the previously mentioned temperature threshold (Grace et al. 2002, Körner and Paulsen 

2004). In other words, trees should not be able to establish and grow anywhere that exceeds the 

5.5-7.5ºC temperature threshold. As a result, treelines are found at elevations and latitudes that 

coincide with mean growing season air temperatures in a similar range as the aforementioned 

growth threshold (Körner and Paulsen 2004). Therefore, on a global scale, treeline elevation and 

movement are externally, or exogenously, controlled by temperature patterns.  

For the past century, many treelines have been seeing tree recruitment and growth beyond 

historical elevations in conjunction with warming climate trends, yet not all are moving at the 

same rate (Harsch et al. 2009). Harsch (2009) found that diffuse treelines, characterized by 

decreasing tree density and height with increasing elevation, are moving at significantly faster 

rates than abrupt treelines that sharply end with no apparent decrease in density. Harsh and 

others have concluded that treeline shape and structure may be responsible for discrepancies in 

rate of movement despite global, widespread temperature warming trends.  
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While overall temperature and increases in temperature due to climate change are 

external determinants and drivers of treeline movement on a broad scale, a focus on smaller, 

endogenous factors may help elucidate why certain treelines are responding differently to 

climatic changes (Malanson et al. 2011). On smaller, more localized scales, tree to tree 

interactions, treeline structure influence on microclimates and the resulting feedbacks are 

relevant and important (Malanson et al. 2011, Case et al. 2014). Specific studies on endogenous 

factors aim to understand small scale abiotic and biotic factors (wind, snow, sun exposure, water 

availability) that may be influencing seedling establishment above treeline and how specific 

treeline structures can promote or interfere with growth and further establishment (Malanson et 

al. 2011, Case et al. 2014). These small-scale factors may interact in conjunction with 

larger-scale temperature trends to either create positive or negative feedbacks that could affect 

the future treeline positions.  

Our study at an abrupt treeline on Pike’s Peak focuses on these feedback mechanisms that 

might be influencing overall movement of treelines. As mentioned previously, treeline 

movement is influenced by both large-scale factors, such as temperature, and smaller-scale 

influences, such as microclimate facilitation and feedbacks. We would like to understand these 

feedback mechanisms and whether they are interconnected or separate mechanisms. In other 

words, we want to know whether the feedback that influences movement also impacts spatial 

structure of treelines and vice versa.  

Large scale factors  

The predominant large-scale factor determining treeline location is temperature. While it 

is widely acknowledged that tree growth is temperature-limited, there is some disagreement in 
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the literature on which season is the main driver and by which specific mechanisms growth is 

being affected. 

Körner and Paulsen’s (2004) study suggests that warming summer temperatures, during 

the growing season, could allow growth to occur in previously inhospitable conditions and allow 

treelines to advance upwards due to a longer growing season and milder temperature minimums. 

Since temperature and elevation are inversely correlated, then widespread increases in 

temperatures could allow growth at higher elevations.  

On the other hand, Harsch’s (2009) study shows that milder and warmer winter 

temperatures are the main drivers in treeline advance through mechanism of seedling 

survivorship. Milder, warmer winters could result in less freeze events as well as the likelihood 

snow fungi and overall temperature extremes that frequently cause seedling mortality when the 

trees are dormant. Freeze events can kill new growth and cold temperatures, allowing for the 

persistence of snow, make trees more susceptible to snow fungi (Harsch et al. 2011, Renard et al. 

2016). Thus, having warmer, shorter winters could reduce the chance of freeze events or 

susceptibility to snow fungi from persisting snow and allow more trees to survive into the 

summer growing season. On the other hand, exposure to warm air while roots are still frozen in 

the ground could lead to desiccation and increased mortality (Marchand 1987). In this respect, 

warmer winters might have a negative effect on seedling survivability. Therefore, the effects of 

warmer winter temperatures are still unknown and need to be researched further.  

Additionally, studies have been conducted on the effects of snowpack on seedling 

survivability. Since snowpack is directly related to temperature, it is important to discuss here. 

Several studies have revealed that snowpack insulates trees from temperature extremes, prevents 
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surrounding temperatures from dropping below freezing and protects seedlings from ice crystal 

blasting (Renard et al. 2016, Greenwood et al. 2015, Kroiss et al. 2015, Hagedorn et al. 2014, 

Malanson et al. 2011). Alternatively, persistence of snow can also make trees more susceptible to 

snow fungi and cause mortality. Therefore, warmer winters which could result in less snow, 

might negate the positive effects of snowpack and cause greater seedling mortality. Warmer 

winters might also mean shorter winters and a lower likelihood of snow fungi. Thus, the effects 

of snowpack are twofold and so are the effects of an overall warmer climate. 

 Warmer temperatures in conjunction with other factors could help advance the treeline 

or hamper its movement depending on how and during which season these temperature changes 

are the most pronounced. As a result, changing temperatures are likely to affect individual 

treelines differently depending on how these changes interact with microclimates and small-scale 

factors present at each treeline.  Large-scale changes in temperature are likely linked to 

smaller-localized phenomena and interactions occurring at treeline and thus, a smaller scale 

focus is required to understand these unique, endogenous interactions.  

 

Localized factors and feedbacks  

While temperature is the main external factor affecting treeline location, it cannot be used 

solely to explain treeline movement, structure and location (Malanson et al. 2011). In fact, 

localized factors are likely the drivers of discrepancies in treeline elevations, shapes and 

movement. Smaller-scale interactions encompass how individual trees and entire treeline 

structures interact with local climates to create microclimates that in turn, promote or inhibit 

growth and establishment of other trees. If microclimates and endogenous factors did not have 
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any effect on growth and distribution of trees, we would not see discrepancies in treeline shape 

that currently exist ranging from abrupt to diffuse and island to krummholz in shape (Malanson 

et al. 2011, Harsch et al 2009). Therefore, endogenous factors and microsite facilitation must be 

playing a role in determining treeline structures, as these distinct shapes can create favorable 

microclimates for growth in areas that are otherwise disadvantageous. Once these favorable 

microsites exist, they can be amplified through positive feedback mechanisms, allowing 

widespread growth in areas that have historically hampered growth. The main focus of many 

current studies examines how these microclimates impact localized factors such as, snowpack 

depth and persistence, wind and sheltering and open sky exposure.  

While snowpack can be affected by large-scale temperature shifts, snowpack distribution 

and persistence is also influenced by microclimates. Vegetation and microtopography can slow 

wind speeds on their leeward sides, allowing snow drifts to accumulate just downwind of them. 

This presence of snow can insulate young seedlings and their roots from extremely cold 

temperatures and protect them from winter snow blasting that can damage needles (Renard et al. 

2016, Greenwood et al. 2015, Kroiss et al. 2015, Hagedorn et al. 2014, Malanson et al. 2011). 

Alternatively, the persistent shadows cast by these trees could also allow snow to remain for long 

periods of time, which creates a conducive environment for snow fungus that kills trees. 

Therefore, the microclimates created by trees can influence snowpack at treelines, which can be 

favorable and create more available microsites for growth (a positive feedback) or kill trees and 

remain stagnant (a negative feedback).  

Neighboring vegetation can also impact open sky exposure for nearby trees. Trees 

exposed to more open sky at night experience much colder temperatures, due to radiative losses 
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that are not captured by nearby canopies, and much warmer temperatures during the day due to 

lack of shading (Smith and Germino 2003). During the day, trees are susceptible to 

photoinhibition from exposure to high solar radiation after experiencing extremely cold 

temperatures. Therefore, canopy cover might be beneficial in these respects, as it moderates 

temperature and potential photoinhibition (Kroiss et al. 2015, Greenwood et al. 2015, Pyatt et al. 

2016 and Smith et al. 2003). At the same time, shading from trees can produce extremely cold 

shadows that may persist throughout the day inhibiting growth by maintaining temperatures 

below the growth threshold. Therefore, sky exposure also mediates temperature and creates 

feedbacks that can inhibit or promote growth. Overall, research has found that increased canopy 

cover is overwhelmingly conducive for growth, and that the benefits of sheltering and 

moderating temperature offset the impact of the cold shadows (Malanson et al 2011). As a result, 

the beneficial effects of increased canopy cover are likely to promote growth, thereby increasing 

overall canopy cover and encourage further growth.  

Vegetation as well as microtopography is likely to influence the effect that wind has on 

growth rates and establishment. Extremely harsh winds, present at many treelines, can result in 

desiccation of trees by increasing evapotranspiration rates and abrasion. As a result, there are 

many stunted and misshapen trees at treeline coupling to the ground to avoid these high wind 

speeds (Körner and Paulsen 2004). Growing on the leeward side of already-established trees may 

reduce the amount of wind that seedlings are exposed to. The already-established trees can break 

wind and provide a warmer, more stagnant microclimate for trees to establish downwind 

(Malanson et al. 2011, 2013, Renard et al. 2016, Greenwood et al. 2015, Smith and Germino 

2003 and Case et al. 2014). Thus, tree-to-tree interactions can facilitate growth in otherwise 
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inhospitable conditions and allow for establishment and growth above historical limits regardless 

of temperature.  

Each of these localized, endogenous factors work in conjunction with larger-scale 

exogenous factors such as temperature (Case et al. 2014). The question is: how these 

microclimates created by existing treeline structures and individual trees impact growth and 

establishment, and how they will result in positive or negative feedbacks that determine the 

future structure and position of treelines.  

 

Microclimates present at abrupt treelines  

Our study on abrupt treelines aims to understand and examine how the specific shape of 

entire treelines can create microclimates and feedbacks that either facilitate establishment or 

hinder it. To understand the influence of these feedbacks, it is important to have a grasp of the 

microclimates that could arise on a mountain as a result of an abrupt treeline structure.  

During the day there are two potential microclimate scenarios. At daytime, heating of the 

lower air layer from solar radiation causes upslope anabatic winds to arise by creating a 

temperature gradient in the atmosphere (Oke pp.176). If this upslope flow is perpendicular to the 

treeline, the abrupt treeline is likely to act as a shelterbelt. Due to decreased resistance moving 

rapidly from a thick forest to sparse tundra, air will accelerate over the upslope edge of the 

treeline, creating a low pressure zone on the leeward side of the treeline. This pressure gradient 

beneath the accelerating air creates an eddy structure and the accelerating air itself forms a 

boundary between the eddy and the upper atmosphere. The accelerating air acts as a barrier that 

prevents mixing of air between the eddy and the upper atmosphere. With constant solar radiation 
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input throughout the day, the ground heats up consistently at the field site. Because the air 

temperature above the ground is cooler than the ground itself some heat will dissipate from the 

ground to warm the surrounding air. The air that warms up within the eddy zone remains warm 

due to its inability mix with the upper atmosphere. As a result, the gradient between the air and 

the ground in the sheltered zone is low, which allows the ground to continually warm from solar 

radiation. Ultimately, this eddy structure will result in a pocket of warm air and ground 

temperatures just upslope of the old growth treeline. 

 If the flow is not perpendicular and instead parallel, the moving air meets resistance and 

friction with the treeline and slows down. This slower air, which mixes less with the atmosphere, 

also has time to heat up from the warm ground. Like in perpendicular flow, sensible heat flux 

will be low and both the ground and air will remain warm. Thus, in either daytime scenario, a 

warm pocket of air and ground temperatures forms directly upslope of the treeline. This slow, 

warm pocket could augment growth during the summer growing season and promote snow drift 

build up that could insulate the trees during the winter.  

During the night, when solar input in no longer present, the ground cools due to radiative 

cooling. Because the ground is colder than the surrounding air the sensible heat flux goes down 

into the ground, resulting in the cooling of the lower air layer. Because the air atop a mountain is 

much thinner, it cools quicker, becomes more dense and flows downhill towards the valley floor 

(Oke 1987, pp. 178). Without trees, the air would flow continuously to the valley floor with little 

resistance, but with the presence of an abrupt treeline, the cold air gets “dammed” up against the 

abrupt and dense barrier. The air pools upslope of the dam creating a thick, stagnant pocket of 

cold air. Because this pool is so stagnant and cold, no mixing with the warmer upper atmosphere 
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occurs and the ground will cool rapidly due to radiative cooling and remain cold due to a absence 

of warm air mixing in reducing the amount of sensible heat flux.  

 

Research Focus  

With an understanding of potential microclimates created by an abrupt treeline and how 

they might influence seedling mortality and establishment, we can predict feedback mechanisms 

that could impact the future of the abrupt treeline at our field site on Pike’s Peak. As trees, prefer 

warm ground temperatures for growth and survival, they might recruit into the sheltered eddy 

zone that remains warm during the day. At the same time, the same eddy zone during the night 

might become extremely cold due to the cold air dam. Thus, one of our major questions is 

whether the night or day has a greater impact on seedling growth and distribution. Ultimately, if 

trees are able to recruit in front of the treeline, evolving into another abrupt treeline, this process 

will continue to repeat itself. If the microclimate created by this current abrupt treeline is not 

conducive for seedling growth and establishment, then the treeline will remain stagnant through 

a negative feedback mechanism. Therefore, our research aims to understand the microclimates at 

this abrupt treeline and how they impact seedling growth and establishment that will in turn 

affect the shape and movement of a future treeline through feedbacks.  

 

Methods  

Field Site  

The field site for this study is located on the northwest slope of Pike’s Peak in Southern 

Colorado at approximately 12,000ft. The site is almost exclusively composed of Engelmann 
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Spruce and characteristic of an abrupt treeline with a sharp and defined old growth boundary and 

minimal tree-island or krumholtz formations above the existing treeline. The transition between 

forest and tundra is particularly abrupt, approximately 20m wide, with no presence of a shrub 

belt between these two regions. There is a section of approximately 2-5m in width of tall 

saplings in front of the old growth treeline and several seedlings below 2m in height in the 

tundra. Within 60m of the old growth treeline, seedlings and trees completely disappear. Within 

this larger field site, an area of interest (AOI) of 30 by 60 meters was created to narrow the focus 

area. The AOI location was specifically chosen in a region of the treeline that appeared the most 

uniform, containing no holes or tree-islands, and spanned from inside the treeline to the tundra to 

capture the entire ecotone (Fig. 1). The AOI was then divided into three distinct regions: old 

growth forest, sheltered eddy zone and the tundra. The boundary between the old growth forest 

and eddy zone was distinguished by using a GPS and walking a line between the tallest (oldest) 

trees at the treeline and the younger, smaller trees slightly above the dense forest. The 

subsequent line dividing the eddy zone and tundra was created by walking a line between the 

lowest wind blasted trees present at the field site. Tree trunks visibly blasted by ice crystals in the 

winter indicate that they are no longer in the eddy zone and thus, mark the end of the sheltered 

area. All trees within the sheltered, eddy zone show no sign of winter snow abrasion. The 

sheltered zone itself was then divided into an upper and lower eddy zone at about halfway 

between the old growth treeline and the tundra. This was done because we noticed two distinct 

patterns in distribution within the eddy zone and wanted more specific regions to discuss 

trends.In 2016, the AOI was studied for the entirety of the month of September with intermittent 

data collection into October.  
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Data Collection 

Within the AOI, all seedlings (live and dead) under 30 cm were GPS-ed and surveyed 

(Fig.1). For each seedling found in the transect, the age, height, top and side bud growth and 

canopy cover was recorded. Age was approximated by counting bud scars on the trunks. The 

surveyor collecting age remained consistent throughout the study to prevent any discrepancies in 

aging techniques. The height (cm) was obtained by measuring from ground to highest needle, 

and the top and side growth measurements (mm) were measured from start of the current year’s 

bud growth to the longest needle. Canopy cover was measured using a spherical densiometer and 

counting the number of intersections on the grid of the spherical mirror that were filled with 

trees. Four canopy cover measurements were taken at each tree and averaged afterwards.  

A temperature grid was also created to obtain an estimation of ground temperatures 

throughout the AOI (Fig. 2). A 110-point grid was created within the transect with ten rows 

spanning from the tundra into the old growth forest, each containing 11 points that were 

approximately 3m apart. For each of these points, a GPS location was recorded and ground 

temperature measurements using a FLIR infrared camera were taken. Ground temperature 

measurements were taken before sunrise, which is representative of night time temperatures and 

in the early afternoon, which is more representative of the daytime regime. Each temperature 

reading was taken by the same person at the same height and distance from the point to minimize 

variation in measurements. Each image was then averaged to obtain a mean ground temperature 

reading for each point.  
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Data Analysis  

Upon completing data collection, all seedling and temperature grid data were entered into 

ArcGIS 10.0.4 to visually and statistically analyze. To examine ground temperature patterns 

within the AOI, the day and night grid values were used to interpolate the temperature as a 

surface. Utilizing the X,Y coordinates as the point location and the temperature as the Z value, a 

spatial analysis tool in ArcGIS can create a surface to visually represent the temperature values. 

Two different interpolation methods were considered when attempting to interpolate temperature 

surface and yielded somewhat different results. Spline interpolation, which passes the surface 

through every data point value, did not provide a reasonable or logical surface that was 

representative of what temperatures were observed in the field (“Interpolating Surfaces in 

ArcGIS Spatial Analyst”). Because the tool cannot interpolate within a certain polygon (our AOI 

in this instance), artifacts outside of the AOI were likely driving the interpolation. Instead, 

kriging, which uses a weighted average between nearby points to predict the surface, provided a 

more representative image of the temperature regimes. Though kriging did provide a better 

interpolation for our research purposes, some caution was taken when using kriging for analysis. 

Since kriging takes weighted averages and then predicts, instead of creating a surface that runs 

through actual values like spline does, kriging runs the risk of homogenizing rather heterogenous 

surfaces. In the case of the daytime temperatures in the lower eddy zone, which is quite 

heterogeneous due to shadows cast by trees, the kriged interpolation shows a far more 

homogenous AOI than is actually present. While initially troubled with this fact, the realization 

that shadows would shift throughout the day as the sun moved, made it more appropriate for the 

kriging to represent an average. From the kriged raster, each temperature class was converted 
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into a polygon with an integer representing a temperature range. For nightime temperatures the 

polygon values range from 1-5 with one representing the coldest recorded temperatures around 

-6 to -7˚C and five representing the warmest temperatures around -1 to -2˚C (Fig. 4). For daytime 

temperatures the polygon values range from 1-6 with one again representing the coldest recorded 

temperature range from 4 to 6˚C and six representing the warmest temperature range from 14 

-16˚C (Fig. 5).  

The growth of trees was represented in a similar way using interpolation. Growth 

residuals of each tree were calculated by plotting top growth versus height. Using the regression 

to predict growth, given height, actual growth was subtracted from expected growth to obtain the 

growth residuals. These residual values were then interpolated using the spline method. The 

spline raster was also converted into polygons with integers representing a range of growth 

residuals (1 representing the worst growth and 5 showing the best growth). 

For both the temperature and growth residual interpolation, the number of seedlings per 

temperature or growth class was summed up to determine whether seedling distributions were 

overrepresented or underrepresented in certain regions based on temperature or growth residuals. 

A chi-square statistical analysis helped determine whether distributions were random or not in 

relation to ground temperatures and growth residuals.  

 

Results and discussion 

Seedling distribution 

Based on an understanding of growth and temperature limitations for seedlings and 

microclimates, potentially created by an abrupt treeline structure, we would not expect to see 
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seedlings establishing in the tundra. This is likely due to harsh climatic extremes such as high 

winds and extremely low temperatures during the winter due to lack of insulating snow. With 

respect to the eddy zone, we would expect seedlings to establish within this region because it 

likely stays warm during the day with the sheltering from the eddy and insulated with the snow 

drifts during the winter. The effects that the extremely cold night regime should also be taken 

into consideration when predicting these seedling distributions. We expected to see few trees 

establishing in the old growth forest due to competition and shading.  

When mapped (Fig. 1), live and dead seedling distributions appear to be non-random. 

Using a chi-square analysis, live seedlings are significantly underrepresented in the tundra with a 

X2 of 33.032, df=1 and a p-value of 0.0001 and significantly overrepresented in the sheltered 

eddy zone with an X2 of 75.596, df=1, and a p-value of 0.0001. Within the closed canopy forest 

the seedlings are again underrepresented with X2 of 14.947, df= 1 and a p-value of 0.0001. 

Therefore, distribution appears to be nonrandom and results support our predictions.  

Live seedlings appear to cluster in distinct bands or pods that run perpendicular to 

existing treeline within the upper eddy zone. We predict that this is due to the sheltering 

provided by the eddy zone during the day. With knowledge of the shelterbelt mechanism, this 

eddy should protect seedlings from harsh winds, moderate temperature and result in the 

accumulation snow during the winter, which all assist in seedling growth.  The band of seedlings 

to the skier’s left continues to extend past the eddy zone and into the tundra mirroring the 

existing shape of the old growth and asymmetrical lines. In the lower eddy zone, adjacent to the 

old growth treeline, there is an absence of seedlings and an overabundance of dead trees, which 

is potentially due to the pooling of cold air at night or resource competition as the treeline moves 
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upwards. Thus, it appears as though there are preferential areas to establish and specific regions 

where tree mortality is likely to occur. Moreover, it appears as though and these regions of 

seedling survivorship are at distinct, separate elevations.  

A logistic regression (Fig. 3)  based on elevation and survivability reveals that mean 

elevation for living trees differs from mean elevation of dead trees. For the region above the 

treeline, the regression predicts a switching elevation between dead and live trees at 

approximately 3507 m with an r2 value of 0.301. This regression indicates that there is a 

significant correlation between elevation and survivability and that trees are surviving at a higher 

elevation above treeline than dead trees. This distinct pattern of live seedlings establishing in an 

abrupt, distinct band in the upper eddy zone might indicate a feedback in which mature, abrupt 

treelines facilitate the growth subsequent abrupt treelines in the sheltered zones they create 

upslope. In other words, abrupt treelines structures create more abrupt treelines that are likely to 

advance at very slow rates.  

 

 

 

Temperature regimes  

In order to understand the spatial structure of seedling recruitment, we examined 

temperature distributions within the AOI at night just before sunrise and during the day at solar 

noon. Interpolation of the temperature grid reveals distinct temperature patterns within the 

transect during the night (fig. 4) and day (fig. 5). At night, the old growth forest exhibits the 

warmest temperatures (~ -1.5˚C) as illustrated by the red and white bands in (fig. 4). These warm 
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temperatures can be attributed to the large quantity of trees in the forest radiating heat and 

warming up the entire region around them. Tree temperatures average in at approximately 3˚C 

and the ground temperature around 0 ± 2˚C. The coldest region (~ -6.5˚C), shown by the green 

band in fig. 4, exists in the upper eddy zone. This cold (green) band is likely the signature of the 

cold pool of air that dams up against the treeline at night. The extremely cold ground 

temperatures result from a lack of mixing between the dense and cold pool of air and warmer air 

from the upper atmosphere. Although this band of cold ground temperatures was expected, we 

anticipated its existence closer to the old growth treeline instead of in the upper eddy zone. This 

could be because the forest is radiating so much heat that the effects cold air pool are offset by 

the radiative heating effects from the forest. Fig. 6 , which is a image taken looking downslope, 

shows these temperature discrepancies between the forest and the ground temperatures during 

the early morning and aids in understanding how the the heat radiation from the forest could 

offset the effects of the cold air pool. The tundra overall exhibits warmer temperatures than the 

cold pool directly below it, likely due to cold air flowing freely over the tundra allowing for 

mixing of warmer air from the upper atmosphere.  

The daytime interpolation (fig. 5) reveals that temperature patterns are almost entirely 

reversed from the nighttime regime. The lower forested old growth zone has now become the 

coldest region due to a dense canopy that inhibits any solar radiation from reaching the forest 

floor. As a result, this area remains the coldest (~4.5˚C) throughout the course of the day. In the 

upper eddy zone, the coldest region at night becomes the warmest area (~15.5˚C) during the day. 

This is likely due to a combination of a high exposure to solar radiation and wind sheltering 

provided by the treeline. Because the air is more stagnant within the eddy zone, it has more time 
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to warm up from the ground and remain warm due to lack of mixing with cooler air from the 

upper atmosphere.  The kriged interpolation of the lower eddy zone illustrates some temperature 

variability in the region with pockets of ground temperatures ranging between 6 and 14˚C. While 

the interpolation does not capture the extent of this variability created by the cold shadows cast 

by trees, as shown by the FLIR image (Fig. 7), it does still successfully demonstrate that this 

region is not as homogenous as the other zones. These shadows and greater canopy cover likely 

have an effect on seedling growth as ground temperatures within shadows remain in the 1˚C 

range all day.  

Upon noticing somewhat of a reversal of temperatures between the night and day 

regimes, the temperatures were plotted against each other to see if there was any significant 

correlation. The regression (Fig. 8) reveals little to no relationship between night and day 

temperatures within the entire AOI with an r2 value of 0.023. This regression of the entire AOI 

indicates that night and day temperatures are not as strongly correlated as they appear when 

visually comparing the night and day kriged temperature maps. Though the regression of the 

entire AOI indicates little to no relationship, when qualitatively looking at figure 4 and 5, the 

coldest region during the night significantly overlaps with the warmest region during the day. 

Therefore, although the regression does not show a reversal of day and night temperatures within 

the AOI, it is important to note that the upper eddy zone does have the greatest temperature 

extremes.  

 

Temperature and seedling distribution  
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When seedling locations are overlaid on the kriged temperature maps, they do not appear 

to be randomly distributed in relation to temperature. To quantify and analyze whether 

distribution is in-fact related to temperature, a chi-squared statistical test was conducted. The null 

hypothesis in every case assumed that seedlings are randomly distributed and that their 

distribution is proportional to the size of the temperature class polygon created by the 

interpolation. The alternate hypothesis states that seedlings are not randomly distributed in 

proportion to each of the temperature classes. To find actual counts of seedlings present in each 

temperature class polygon, the points within each polygon were summed up. To calculate the 

number of expected seedlings in each polygon, the area of each polygon temperature class was 

summed up and then divided by the total area of interest. Using this proportion, we multiplied 

the total number of seedlings in the entire AOI by these proportions to find the expected count 

for each polygon temperature class. Using the chi-squared analysis, we were able to differentiate 

and analyze whether the distribution of seedlings within these temperature classes was random or 

not. Because we calculated each temperature class individually against the entire AOI, a 

Bonferroni adjustment for the p-value was necessary. Instead of comparing against the standard 

p-value of 0.05, we compared our p-values against a more stringent value of 0.01.  

Placed on top of the map of night temperatures, seedlings cluster densely directly on top 

of the coldest band (green) of ground temperatures in fig. 4. A lower-than-expected quantity of 

seedlings appear in the other temperature regions, especially in the warmer tundra zone and the 

much warmer lower eddy zone, which is predominantly composed of dead seedlings. The 

chi-square test (Table 1) revealed that the seedlings were significantly overrepresented in the 

coldest region (green) or gridcode 1 (upper eddy zone). The expected count, based on the size of 
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that temperature class, was around 52.67 seedlings, yet the actual count was 131 seedlings. The 

resulting X2 value was 52.67, df=1 and  p-value was 0.0001, which is statistically significant and 

indicates that seedlings are not randomly establishing in this area based on temperature. This is 

surprising, as we would expect seedlings to avoid the coldest temperatures based on temperature 

thresholds for growth. Other statistically significant findings were found in gridcodes 2 (tundra 

and mid eddy zone) and 3 (lower eddy zone), which correspond to the yellow and orange regions 

respectively. In these two regions, seedlings were found to be underrepresented (gridcode 2: 

X2=30.98, df=1, p-value=0.0001 and gridcode 3: X2=11.80, df=1,  p-value= 0.0006) indicating 

that seedlings are avoiding this lower eddy zone. The concept of growing degree days is widely 

recognized and best understood as a minimum development threshold that growing season 

temperatures must exceed for growth. In this case, gridcode regions 2 and 3 could be cold 

enough during both the night and day that the degree day threshold might not be reached. When 

a chi-square test was conducted for dead seedlings (Table 2), no statistically significant findings 

were discovered. This indicates that dead seedlings are randomly distributed throughout the AOI 

with respect to recorded nighttime temperatures.  

Considering that extremely low temperatures are not conducive to growth and survival, it 

was surprising to see such a high concentration of seedlings established in the coldest and most 

exposed region during the night. Despite being characterized by the worst growing conditions 

with the cold air pool and a high percentage of open sky, the upper eddy zone is seeing the 

highest seedling recruitment. Because the nighttime conditions cannot logically explain the 

presence of seedlings in this zone, daytime conditions could be having an overwhelming 

influence on seedling establishment and distribution. Additionally, it is surprising to see less 
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seedlings and significantly more dead trees establishing in the lower eddy zone which is 

relatively warm during both the night and day due to radiative heat from trees and sheltering. 

One potential explanation is that this inhospitable environment during the night, could be very 

conducive to growth during the day and vice versa.  

During the day, when seedlings are placed on top of the temperature map, seedlings tend 

to distribute in the warmer regions of the map. The coldest zone during the night becomes the 

warmest region during the day. Interestingly, the seedlings cluster densely in the second warmest 

temperature zone between 12.3-14.3˚C, yet tend to avoid the hottest region that ranges between 

14.4-16.4˚C. This is likely because too much heat will result in desiccation of the seedlings 

(Harsch et al. 2011). Additionally, a study conducted on physiological limits of Engelmann 

spruce shows that spruces prefer moderated microclimates that are neither too hot nor too 

sheltered. Therefore, they are likely avoiding the extremely warm zone because they are not 

physiologically adapted to those conditions (Bansal et al. 2011).  The seedlings tend to overall 

avoid the lower eddy zone, which during the day has the most heterogenous temperatures. This is 

somewhat surprising because this area likely receives the highest seed input, yet the lack of 

seedlings indicates that there are negative effects of the extremely cold shadows cast by the 

saplings in this zone. These findings rival all other conclusions (Smith et al. 2003) about canopy 

cover and shading being beneficial to seedling growth. Under the current circumstances on 

Pike’s Peak, the sheltered eddy zone created by the abrupt treeline is likely providing the 

sheltering that neighboring vegetation would otherwise provide and therefore, the neighboring 

vegetation is only heavily shading seedlings in this zone, likely discouraging growth.  
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For the daytime regime, the temperature class ranging from 10.2-12.2˚C appeared in the 

lower eddy zone as well in the tundra. To distinguish between those two zones, which are very 

different microclimates due to the shadow heterogeneity of the lower eddy zone, these two 

polygons were separated for the chi-square test into “gridcode 4 tundra” and “gridcode 4 eddy”. 

The chi-square test for the daytime regime (Table 3) revealed that seedlings were significantly 

underrepresented (X2=20.80, df=1, p-value=0.0001)  in gridcode 4, the cool tundra zone (coded 

orange in fig. 5) with an expected count of 28.92 and an actual count of 6 seedlings. The test also 

showed that seedlings were significantly overrepresented (X2=35.21, df=1, p-value=0.0001) in in 

gridcode 5(upper eddy zone, coded pink in fig. 5)  with almost twice the seedlings found than 

expected. Lastly, the test found that dead seedlings were significantly overrepresented in 

gridcode 4 eddy in the lower eddy zone (X2=19.97, df=1, p-value=0.0001). These chi-square 

results show that daytime temperature has a larger impact on seedling distribution (dead and live) 

than the nighttime regime.  

These temperature and distribution results overall indicate that seedlings are 

preferentially distributing into areas that appear to be the warmest during the day and coldest at 

night, which happens to be in the upper eddy zone. The distribution of dead trees in the lower 

eddy zone is overwhelmingly impacted by the daytime temperature regime. Overall, daytime 

temperatures and how they interact with microclimates are likely having a greater effect on 

seedling distribution than the nighttime temperatures.  

 

Growth and distribution  
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The growth and distribution relationship was analyzed in a similar manner to the 

temperature and seedling distribution by interpolating growth residuals (Fig. 9). The preferred 

interpolation for this analysis was spline instead of kriging, because spline managed to maintain 

a high resolution image of the variability in growth residuals throughout the AOI. On the map, 

the red and white colors are the only growth classes that represent positive growth residuals, or 

more growth than expected based on a linear relationship between height and top bud growth. 

The remaining color classes (orange, yellow and green) represent growth that was worse than 

expected. From a purely qualitative analysis, seedlings appear to cluster and distribute in areas 

that of good growth in the upper eddy zone. This qualitative analysis is confirmed by a 

chi-square test (Table 5) revealing that seedlings are distributing in areas of good growth and are 

significantly overrepresented in gridcodes 4 (X2=25.88, df=1, p-value=0.0001) and 5 (X2=2.26, 

df=1, p-value=0.0001) which correspond to the red and white regions respectively.  They are 

also surprisingly overrepresented in gridcode 3 (X2=80.38, df=1, p-value=0.0074) which does 

represent negative growth residuals. This may be due to the nature of the spline interpolation and 

how it interpolated between point values. Not surprisingly, seedlings are significantly 

underrepresented (X2=63.98, df=1, p-value=0.0001) in regions of poor growth. Dead seedling 

calculations (Table 6) reveal that they are overrepresented in the region that represents the worst 

growth, which appears to be around the lower eddy zone. As predicted, their distribution is likely 

driven by mortality. In contrast, not only is the upper eddy zone a preferential area to establish, 

but also an area of good growth. The microclimate in this upper eddy zone created by the eddy 

and the absence of shadows appears to create an area that is conducive to growth. In contrast, the 
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regions that represent the worst growth also appear to have the highest concentration of dead 

seedlings. Therefore, mortality is likely tied to distributions of lower than expected growth.  

Overall, this analysis shows that seedlings are recruiting into areas and near other 

seedlings that are growing well. This is likely indicator that a certain microclimate exists where 

these seedlings are recruiting and is also conducive to growth.  

 

Temperature and growth  

To understand whether growth is tied directly to ground temperature, growth residual 

values and ground temperature values, obtained by extracting the temperature raster data to each 

to each of the seedling points, were plotted against each other. As growth and meristem activity 

is limited by temperature (Körner and Paulsen 2004), we would expect to see a positive 

relationship between temperature and growth - the warmer the temperatures at both night and 

day, the better the growth. Our results, surprisingly, did not show this strong positive relationship 

between temperature and growth.  

Night ground temperatures versus growth (Fig. 10) showed an inverse relationship where 

growth residuals increased with decreasing temperatures. The reported r2 value was 0.098 

indicating that very little of the variation in this graph could truly be predicted by the linear 

regression. Therefore, there are other unmeasured factors or covariates that are affecting growth 

at treeline other than ground temperature. In contrast, day temperatures plotted against growth 

residuals (Fig. 11) revealed a positive relationship between temperature growth, as expected. The 

warmer daytime temperatures were also associated with the best growth. While this relationship 

exists, the r2 value, again, was very low at 0.109. As with the night temperatures, there are likely 
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other missing factors that are affecting growth other than just temperature. Existing literature 

points to snow cover and duration, canopy cover and air temperature as other likely factors 

influencing growth at treeline.  

While the individual night and day vs. temperature graphs revealed weak relationships, 

we wanted to see whether seedlings were growing well with a certain combination of night and 

day temperatures. When the day and night temperatures of the seedlings, obtained by extracting 

kriged raster data from the seedlings points, were plotted against each other (Fig. 12), a strong 

relationship arose. The regression, with an r2 value of 0.77, shows that seedling are preferring 

areas that are either warm during the day and cold at night or warm at night and cold during the 

day. They are entirely avoiding regions that are both cold during the night and day, and warm 

during the night and day. It is reasonable that seedlings would completely avoid areas that are 

both cold during the night and day due to an inability to accumulate degree days, yet the lack of 

data points in the warm day and night region is surprising. While this microclimate might be 

theoretically favorable, it may not exist in reality at this abrupt treeline. The areas that are warm 

at night are cold during the day due to the dense canopy of the old growth forest and the 

extremely cold shadows of the saplings in the lower eddy zone. Therefore, the seedlings may 

have no other option than to seek out areas that are at warm during at least one portion of the 

24hr period. Considering the carbon sink theory in which seedlings are able to photosynthesize at 

low temperatures, but unable to utilize that stored carbon for growth, seedlings may be able to 

acquire carbon under cold or warm conditions, but must be in a warm region during either the 

day or night to at least grow (Smith et al. 2003). Additionally, degree growing day theories 

support this data and could explain why warm temperatures during a portion of the 24-hour 
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period could be sufficient for growth.  Therefore, it is reasonable to see seedlings establishing in 

areas that are warm during the day and cold at night or vice versa.  

 

Conclusion 

The 2016 study of the microclimate and seedling distribution at an abrupt treeline on 

Pike’s Peak reveals several feedbacks involved in facilitating and inhibiting upwards movement 

of abrupt treelines. Our results show that seedlings are significantly distributing into the second 

warmest region during the day and the coldest region at night. This indicates that seedlings prefer 

to distribute in areas that see warm ground temperatures during the day (~12-14ºC) and cooler 

temperatures (~-7--6ºC) at night. Existing literature points to root growth of other conifer species 

being limited below 5-8ºC and rapidly increasing within the 10-20ºC range (Vapaavuori et al. 

1992, Korner 2004, Lopushinsky et al. 1990).  If seedlings have a difficult time growing below 

~4-8˚C range and the seedlings are still distributing into regions at night that drop far below the 

temperature threshold, the daytime regime, which reaches the perfect temperature range for 

growth, is likely responsible for the presence of seedlings in this zone. In addition to literature on 

the temperature thresholds for growth, many studies that focus on plant growth for agricultural 

purposes have focused on the concept of growing degree days. The theory of degree days stems 

from the fact that plant development depends on temperature and that, plants need to accumulate 

a specific amount of heat to continue developing (Miller et al. 2001). If we apply the idea of 

degree days to seedlings at treeline, this could indicate that seedlings only need to accumulate a 

certain amount of heat throughout the growing season. Therefore, the warm daytime 
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temperatures present in the upper eddy zone might be sufficient for continued growth, despite the 

fact that the same zone frequently drops far below the growth threshold at night.  

Since seedlings are practically underrepresented (some areas more significant than 

others) in all other regions, which shows that there is a significant pattern in distribution with 

respect to ground temperature, the upper eddy zone must be an extremely conducive 

microclimate for growth, likely created by the sheltering of the eddy. The other areas of 

underrepresentation (lower eddy zone and tundra) are somewhat expected. The lower eddy zone 

is likely a poor microsite for growth due to the cold shadows cast by the trees (which remain in 

the 1ºC range during the day and are even colder at night) or due to the heavy accumulation of 

snow from the eddy structure, which leads to a higher susceptibility to snow fungus and 

mortality. The tundra was also expected to have a lower quantity of trees as the area is not 

protected or moderated by the eddy leading to exposure to temperature extremes and high winds. 

The findings of under representation in the lower eddy zone disagree with existing literature on 

microsite facilitation and the benefits of growing on the leeward side of other vegetation (Pyatt et 

al. 2016, Greenwood et al. 2015, Renard et al. 2016, Harsch et al. 2011). The saplings in this 

lower eddy zone may provide some warmth during the night by capturing radiating heat, but the 

ground in this region still remains below freezing at night. During the day, the shading is so 

intense, that the ground temperatures barely rise above the aforementioned temperature 

threshold. In the case of our abrupt treeline, there is already sheltering from the eddy and 

therefore, the climate mediating effects of neighboring vegetation are negated by the larger 

shelter structure and the cold shadows. Additionally, due to the nature of the eddy created by the 

abrupt treeline, snow drifts are likely to accumulate and persist for too long in the lower eddy 
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zone, which could also be causing mortality during the winter season. Thus, in these other 

regions, besides the upper eddy zone, seedlings are likely underrepresented due to a combination 

of factors mentioned above and potentially other factors that have not been explored yet. In an 

abrupt treeline setting, where there is a larger sheltered microclimate, microsite facilitation from 

neighboring vegetation may not be as important as it was previously thought (Renard 2016, Pyatt 

2016, Smith 2003).  

Seedling growth and distribution analysis reveals that seedlings are preferentially 

distributing into regions and zones of observed good growth or areas where terminal buds grew 

the most during the growing season. Coincidentally, this zone of good growth coincides with the 

same region that is warm during the day and cold at night. Therefore, there might be some ties to 

how these fluctuations in temperature might lead to better growth observed through terminal bud 

lengths. Existing literature on the temperature effects on growth and development of Engelmann 

spruce states that night temperature was the most important factor in promoting all aspects of 

growth, except for terminal bud formation, which was controlled by day temperatures (Hellmers 

et al. 1970). Since the regions of good growth overlap with the warmer day temperatures, our 

data matches and is supported by previous findings. Therefore, the daytime temperatures may be 

responsible for the observed good growth in the upper eddy zone.  

Seedling growth and distribution analysis also reveals that distribution is tied to 

mortality, or that there is an absence of trees in areas where growth is bad. In other words, this 

means that trees are likely dying from experiencing consistently poor growth year after year. 

High mortality of trees in this region could be linked to a number of factors. As literature has 

previously pointed to, persistence of snow into the growing season can make seedlings more 
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susceptible to snow fungi (Harsch et al. 2011). During the summer, desiccation, overheating and 

photodamage are cited causes of seedling mortality (Harsch et al. 2011). Desiccation and 

photodamage are unlikely in the lower eddy zone, as saplings provide adequate shading from 

intense sunlight and slower moving air within the eddy zone would reduce mixing resulting in 

lower transpiration rates. Therefore, there are likely multiple variables at play and for future 

research, it will be valuable to establish and find out which season is likely causing the majority 

of the poor growth and resulting seedling mortality.  

Upon comparing temperature and growth, analysis shows that temperature is not the sole 

factor in influencing growth, and thus, some unmeasured covariate is likely impacting growth of 

the seedlings. Regressions between growth residuals and day or night temperatures shows no 

strong correlations. This means that solely temperature cannot predict how well seedlings will 

grow, but does not mean that temperature doesn’t play a role. It is likely a combination of 

endogenous and exogenous factors that need to be further explored.  

These results point to the most prevalent and important conclusion of this study that, this 

abrupt treeline structure on Pike’s Peak is creating a microclimate that is facilitating the 

establishment of another abrupt treeline several meters above the existing one. Once this new 

treeline, currently composed of young seedlings matures, it is likely to perpetuate the current 

pattern and create another abrupt treeline just upslope of itself. Thus, the slow advance of abrupt 

treelines can be explained by this feedback process that requires the growth and maturity of 

seedlings in order to continue advancing.  

The shape, location and movement of this treeline is therefore determined by both 

exogenous and endogenous factors. The warming climate in conjunction with the eddy may have 
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enabled initial establishment above the current treeline, but the current microclimates and small 

scale factors are likely to perpetuate and facilitate this upwards movement in the future. 

Therefore, for future studies of treeline dynamics, it will be important to consider these internal 

and external factors working on multiple scales to fully understand all the mechanisms at play.  

The next steps in this research will be to quantitatively understand the effects of canopy 

cover on seedling distribution and how the microclimates at this abrupt treeline are influencing 

snowpack and snow accumulation. Quantitatively analyzing canopy cover using the spherical 

densiometer measurements will elucidate and confirm conclusions about the effect that canopy 

cover has on seedlings. Analyzing snowpack can further clarify other feedback mechanisms for 

growth and whether snow accumulation at this field site is promoting or inhibiting growth.  

Overall, this research has added to the knowledge and discussion about treeline dynamics 

and formation by specifically focusing on the micrometeorology and feedback mechanisms 

present at an abrupt treeline. The insensitivity of abrupt treeline structures to climate change and 

global warming trends is now somewhat understood and similar research can be applied to study 

other treelines. Ultimately, this research aids in understanding how abrupt treelines may respond 

to warming global temperatures and how future treelines may look as a result.  
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Appendix A: Figures  

Figure 1: Map of AOI with live and dead seedlings  

 
Fig. 1 shows the AOI overlaid on an aerial image of the field site. GPS locations of live seedlings 
(<30 cm) are shown in light purple and the dead seedling locations are shown in dark red. The 
old growth treeline is represented by the teal line and the end of the “eddy zone” is shown by the 
light green line.  
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Figure 2: Map of AOI with 110-point temperature grid  

 
Fig. 2 shows a similar image to fig. 1 with locations of the temperature grid shown by the blue 
dots instead of seedling locations. The temperature grid consists of 10 rows of 11 points. The 
distortion in the grid closer to the old growth forest is likely due to satellite obstruction from 
large trees.  
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Figure 3: Logistic regression  

 
This logistic regression shows that there is a distinct elevation at which we can predict whether 
or not seedlings will be alive. Conducted for seedlings above the old growth treeline and within 
the AOI, this logistic regression shows trees above approximately 3507 m will survive.  
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Figure 4: Kriged nighttime temperature map with seedling distribution  

  

Fig. 4 shows the kriged nighttime temperature map with seedling distributions overlaid. Coldest 
temperatures are represented by the green and the warmest temperatures are shown by the light 
pink. Live seedlings (purple dots) appear to cluster in the green band, whereas dead seedlings are 
predominantly found in the yellow zone closer to the old growth treeline.  
Figure 5: Kriged daytime temperature map with seedling distribution  
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Fig. 5 shows the daytime kriged temperature map with seedling distribution overlaid. The coldest 
temperatures are still represented by the green and the warmest shown by the light pink. In 
contrast to fig. 4, the coldest region is now in the old growth forest and the warmest region is in 
the upper eddy zone. Seedlings appear to cluster, not in the warmest region, but in the 
second-warmest temperature class (salmon color). The lower orange region (next to the old 
growth forest) is distinct from the upper orange region (in the tundra) as they are two very 
different microclimates with similar interpolated temperatures.  
Figure 6: Early morning downslope FLIR IR image  
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Taken early in the morning, this image shows that trees are around 3.3ºC during the coldest time 
of the day and the ground is significantly colder around -4.8ºC.  
 
Figure 7: Afternoon FLIR IR image of shadows  

 
This image shows the heterogeneity in the lower eddy zone where the ground remains shadowed 
by trees. The ground with direct sun exposure shows temperature readings around 20ºC+, 
whereas the shadows remain in the 1ºC range.  
 
Figure 8: Day vs. night temperature regression  
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Figure 9: Growth residual spline interpolation map  

 
Fig. 9 shows a spline interpolation of the growth residuals. Light pink represents zones of 
positive growth residuals (ie. good growth) and green represents zones of the worst growth. 
Seedlings appear to cluster in zones of good growth and dead seedlings appear to be 
concentrated in the zones of worst growth (green and yellow).  
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Figure 10: Growth residuals vs. night temperature  

 
 
Figure 11: Growth residuals vs. day temperature 

 
 
Figure 12: Night vs. day temperature of seedlings 
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Appendix B: Tables  
 
Table 1: Chi-square test for nighttime distribution (alive) 

 
 
Table 2: Chi-square test for nighttime distribution (dead)  

 
 
Table 3: Chi-square test for daytime distribution (alive)  
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Table 4: Chi-square test for daytime distribution (dead)  

 

Table 5: Chi-square test for growth residual distribution (alive) 

 
 
 
Table 6: Chi-square test for growth residual distribution (dead) 
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