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ABSTRACT
Vertical growth is an important element to consider when evaluating the
movement of an alpine treeline. The vertical growth of trees is decisive in the
establishment of trees upslope of the existing treeline, as trees must be able to grow up,
mature, and reproduce in order for the treeline to advance. The purpose of this study was
to explore the possible causes of, and factors influencing, the vertical growth of trees in a
treeline environment, specifically at the alpine treeline of Pike’s Peak, CO. Vertical
growth was first studied on an individual scale, specifically investigating the thermal
regime of trees and its impact on growth. The air temperature profile showed a nighttime
inversion of daytime conditions. During the night there was a lapse rate of approximately
1°C, with the coldest conditions closest to the ground. Thus, the smallest trees were in
significantly colder environments during the night than the largest trees. During the day,
there was a lapse rate of approximately 3°C per meter, a very high lapse rate, with the
warmest conditions occurring closest to the ground. Thus, the smallest trees were in the
warmest conditions throughout the day. Additionally, it was found that small trees were
coupled to ground conditions during the day as well as the night, and that the taller trees
were coupled to atmospheric conditions. Yet, the coupling relationships were not exact,
as the tree temperatures never exactly matched the ground or atmospheric temperatures.
Finally, I investigated whether daytime or nighttime temperatures impacted growth more
closely. It was found that daytime conditions were more important for the growth of trees
at the study site on Pike’s Peak.
The second part of the study investigated tree growth on a stand-wide scale,
considering whether or not there were larger spatial patterns affecting the vertical growth
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of trees. I found that a shelterbelt-like system was in place at the treeline, the presence of
which seemed to be affecting the growth of the trees within its bounds. Specifically, there
was depression of growth directly upslope of the trees creating the upper bounds of the
treeline, then an area of facilitated growth, ending with a return to normal conditions.
Yet, these shelterbelt conditions were only detected for trees one meter or taller. The
growth patterns for trees under 1 meter did not correlate to the growth patterns of taller
trees. Additionally, the shelterbelt conditions would only be present during the day,
which further confirms the importance of daytime conditions found in the first study.
This exploratory study was a first look into the drivers of vertical growth of trees at an
alpine treeline.
INTRODUCTION
Alpine treeline, or the high-altitudinal limit of forests, is a vegetation boundary
marking the ecotone between the uppermost closed canopy forests to treeless alpine
tundra (Körner & Paulsen 2004). Alpine treelines occur globally, and form at specific
climatic boundaries above which temperatures are too low to support the establishment or
growth of tree species (Grace et al 2002, Körner 1998). As a climate-constrained
boundary, the position of treeline, its dynamics, and the possibility of treeline movement
are all going to be determined by climatic variables such as temperature, air moisture,
heat transport, and transport of momentum in the air (Grace et al 2002, Körner 1998). In
a treeline ecotone, the vertical growth of trees determines the location of the treeline
itself. If trees are able to grow up, the treeline can move on the slope. Thus, in a treeline
ecotone environment, it is important to consider what climatic variables affect growth,
and in what ways.
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The formation of treeline is a phenomenon that has been studied on a global scale.
Alpine treeline is generally considered to be a direct function of temperature, with alpine
treelines forming across the globe at altitudes where the mean growing season
temperatures are about 6°C (Grace et al 2002, Körner 1998). According to a 1998 study
by Christian Körner, low temperatures are thought to provide a limit to individual tree
growth through the inhibition of sink activities. Such sink activities include cell
production that allows for growth of a tree. This temperature-controlled inhibition of
physical processes is an explanation known as the growth limitation hypothesis (Körner
1998, Shi et al 2008). The growth limitation hypothesis proposes that at temperatures
below 4°C, tree species cannot utilize their produced nonstructural carbohydrates, and
thus growth is halted. This explanation for the restriction of growth is supported by
studies showing that trees near to or at altitudinal treelines had surplus levels of
nonstructural carbohydrates, meaning that a carbon limitation in tree species at treeline
could not be causing the lack of growth (Grace et al 2002, Shi et al 2008). Moreover,
temperature will limit the growth of a tree before it limits its photosynthetic abilities, as
growth cannot occur below approximately 4°C, whereas photosynthesis can continue
down to about 0°C (Grace et al 2002). Given that neither photosynthetic nor carbon
limitation hypotheses seem to be able to explain the constraint on tree growth, the growth
limitation hypothesis appears to be the most credible of the three.
Over time, a consensus has been forming regarding why global treeline movement
is occurring (Harsch et al 2009, Körner 1998). As treeline is a climatically constrained
boundary, as temperatures increase, the treeline will move up a slope until it once again
reaches its climate-determined limit (Körner 1998). Yet, there are certain characteristics
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of a treeline that will alter how its moves. The spatial structure of the treeline edge is a
factor in how a treeline will move, with diffuse treelines having the highest likelihood of
moving (Harsch et al 2009) However, though these mechanisms that control treeline
movement have been studied on a larger, global scale, there are many other variables that
impact treelines on a local scale, and possibly global as well, that have not been
considered. Such factors include seed dispersal, the impact of facilitation, airflow in a
stand of trees, and human impacts.
Regardless of what factors control treeline movement, trees must grow vertically
in order to establish themselves. Thus, the vertical growth of trees is an important facet to
consider when examining the different drivers of treeline. Considering the accepted
definition of a tree as having a height of at least 3 meters, the vertical growth of a tree
plays a vital role in its ability to be classified as such (Harsch et al 2009, Körner 1998,
Shi et al 2008). Furthermore, treeline dynamics are intimately linked with the ability of
trees to grow taller. Specifically, treeline form is affected by such vertical growth. In the
situation of a diffuse treeline, the forest gradually transitions into tundra with trees
decreasing in height with increasing elevation. With an abrupt treeline, there are tall, fullgrown trees, then nothing – the transition is abrupt. In a krummholz environment, there is
an elevation at which trees stop growing in an upright manner, and instead grow in shrublike forms for up to 100 meters further. Each type of treeline form has a unique and
specific dynamic, and the height of the trees is important in determining how each
treeline will act (Harsch & Bader 2011). Thus, the ability of a tree to grow up into a tree
form is very closely intertwined with the dynamics of the ecotone.
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From a micrometeorological perspective, vertical tree growth also assumes an
important function. As a tree grows taller, the manner in which it interacts with its
immediate environment changes along with it. Small seedlings encounter different
microclimates than their taller counterparts. Specifically, seedlings exist in an
environment that is closely related to ground-level thermal conditions, and should be
decoupled from atmospheric conditions (Grace et al 2002). On the other hand, full grown
trees, using the definition of a tree as 3 meters or taller, should be well coupled to the
atmosphere and are expected to be affected by air temperature rather than ground
temperature fluctuations (Grace et al 2002).
Past studies have considered the effect of daytime temperatures on the advantages
of being coupled to the ground or the atmosphere, respectively. Such studies have found
that during the day, the temperatures of seedlings coupled to the ground are significantly
higher, as much as 5-10°C, than those of taller trees coupled to the atmospheric
conditions (Grace et al 2002). This increase in temperature is due to less mixing of air
closer to the ground as well as to radiation from the ground, which heats the plants
(Grace et al 2002). These differences in daytime temperatures lead to an assessment of
ground coupling as the more beneficial environment for a tree to exist in (Körner 1998,
Oke 1978, Grace et al 2002).
There have been studies conducted that address the nighttime thermal conditions
of tree species, specifically considering the low-temperature photoinhibition that affects
seedlings close to the ground (Germino & Smith 1999). Yet, such studies, whether
addressing nocturnal or diurnal conditions, lack the full thermal context. This is to say
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that the effects of nighttime and daytime conditions are not examined in how they relate
to one another, or in how they impact tree growth.
Another significant effect of vertical growth of trees is in the manner in which
trees of different sizes structure the environments around them. Specifically, trees of
different heights will have different effects on airflow, affecting the micrometeorology of
the location they are in. A taller tree will have a greater effect on the surrounding air
movement than a shorter tree, as it has a greater Reynolds number, meaning that it will
create more turbulence in the air that flows around it. The kinds of turbulence created will
also differ depending on the tree size, with larger trees creating horseshoe-type eddies,
while the smallest trees do not create eddies at all. Additionally, taller trees extend higher
up into the atmosphere, meaning that, by the nature of the wind profile, they are coming
into contact with higher velocity winds than smaller trees. This will also increase their
Reynolds numbers, as faster moving air will cause more turbulence than slower moving
air. As the trees affect the air around them, this causes changes in the wind and thermal
conditions downwind of the trees. Thus, the height of the tree or of the canopied forest
will affect the distance to which the downwind environment will be affected.
Vertical tree growth is an important factor when considering site-specific alpine
treeline movement. Vertical tree growth at treeline will be constrained by the
phenomenon described by the growth limitation hypothesis, yet it is not know whether
there are more factors at play affecting the vertical growth of these trees. In this study, I
consider the question of what determines vertical tree growth, specifically at the alpine
treeline ecotone of Pike’s Peak. I have conducted an exploratory study on what impacts
the vertical growth of trees. I have specifically considered the immediate microclimate
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surrounding a tree as it relates to height, as well as climatic trends within a stand of trees,
their effects on thermal and wind related forces, and how those trends might affect the
vertical tree growth.
In this paper, I first provide a detailed description of the field site on Pike’s Peak.
I then give an explanation of tree growth in relation to its immediate microclimate. Next,
I analyze tree growth within a larger spatial context using GIS. Finally, I integrate the
two scales of study in a discussion of what drives vertical tree growth.
SITE DESCRIPTION
The study site was a section of a rectangular transect originally mapped in 2012
by Kelsey Elwood. The transect was 50 meters wide by 350 meters long, with the center
of the transect located at 105°5’25” W and 38°51’35” N (Elwood, 2012). The transect
contains 1,163 trees. The transect was divided up into seven quadrants, each 50 by 50
meters in size. The transect ran perpendicular to topographic contours, and had a
northwestern aspect. The specific site used in this study was the top 5 quadrants of the
original seven (Figure 1).
The transect was located on the western slope of Pike’s Peak (Front Range of the
Colorado Rocky Mountains). The treeline is known to be advancing within the area of the
transect, which spans the transitional ecotone from closed canopy forest to alpine tundra
(Earnest 2011, Feiden 2010). Tree density changes significantly from the lower to the
upper boundary of the transect. The treeline at the site is diffuse, though the treeline was
abrupt for likely up to 400 years before 1938. The lower boundary of the transect was at
3609 masl, also the location of the 2009 treeline (Earnest 2011, Feiden 2010). The upper
boundary was at 3719 masl, at the tree species maximum, meaning that no trees exist on
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the slope above the upper boundary of the transect. Additionally, there are no krummholz
present at the site, all trees within the transect grow upright.
The only tree species present within the transect is Picea engelmannii
(Engelmann Spruce). Other species present on the slope include grasses and wildflower
species. The hillside on which the transect is located is absent of large cliffs, avalanche
shoots, or any other physical features, including anthropogenic changes, that might
impede the natural growth of trees. Thus, it is known that the treeline at the study site is
climatically controlled. This idea is confirmed by the fact that the treeline at the study site
is moving in response to changing temperature.
The continuous treeline ends with a group of trees called the M Clusters. These
trees are, on average, 4-6 meters tall, and clustered in groupings of up to 15 trees. Below
the M Clusters are more evenly spaced trees making up the canopied forest, whereas
above the M Clusters are shorter trees, typically 3 meters or less, randomly spaced and
further apart from each other than the trees growing in the M Clusters. The growth
patterns of these trees reflect the ways in which the Pike’s Peak treeline moved over time.
From 1938, when the treeline first started advancing, until around 1950, the treeline
jumped up the mountain in clusters, what we have designated as the M Clusters. After
around 1950, the treeline started advancing in a different manner, with trees establishing
alone, not clustered together. These are the randomly spaced trees growing above the M
Clusters.
Past studies have confirmed the presence of an air jet on the slope where the
transect is located (Dickson 2013, Zia 2014, Sondermann 2015). The jet develops at
approximately 150 cm above the ground, with the air moving uphill. This jet is only
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present during the day when the winds are traveling upslope (Dickson 2013). The
movement of the jet serves to separate the atmospheric conditions above and below it,
creating two distinct layers that essentially do not mix (Sondermann 2015). Additionally,
the jet serves to export heat uphill during the daytime. There is sensible heat sue to the
warming of the ground from the sun, then the ground warming the air right above it. This
warm air rises up in small parcels in a process of small-scale eddy diffusion. When this
eddy diffusion of warm air hits the jet, it gets carried uphill.
I established a secondary transect within the larger transect established by Kelsey.
The smaller transect consisted of 94 focal trees at an elevation of 3445 masl in the upper
transition zone of the treeline. This elevation corresponds to the 4th quadrant within the
larger transect. The focal trees range in size from 9-500cm. The focal trees were almost
all freestanding, with only a few clusters of no more than 2-3 trees.
THERMAL REGIME OF TREES
Introduction
Trees of different sizes interact differently with the environment around them.
This concept is especially applicable to the idea of a tree’s thermal regime. As discussed
in the introduction, thermal environments of small trees differ greatly from those of larger
trees. Specifically, small seedlings are warmed and cooled by interactions with the
ground, and are not highly affected by air temperatures and wind higher up (Grace et al
2002). The air close to the ground is relatively still, and therefore there is minimal
mixing. This means that seedlings are mainly affected by radiation from the ground. On
the other hand, tall trees are coupled to the atmosphere. Whereas the air close to the
ground is relatively calm, the air higher up is much more turbulent and fast moving. This
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fast moving, turbulent air serves to transfer heat well, creating an environment in which
larger trees are coupled quite closely to the atmosphere (Grace et al 2002).
Temperature is known to affect the growth of a plant. It has been determined that
trees growing in treeline conditions cannot grow in temperatures under 4°C, and cannot
photosynthesize in temperatures under 0°C (Grace et al 2002). Furthermore, if
temperatures at night fall even lower than freezing, plants can experience photoinhibition
when strong sunshine returns in the morning, which prevents them from
photosynthesizing for a period of time even after temperatures pass above 0°C. Above
4°C, trees at treeline conditions are able to both photosynthesize and utilize their
photoassimilates for growth.
Since all trees have different relationships with their specific environments, and
differently sized trees are affected by different micrometeorological conditions, it is
possible that a tree’s thermal regime may affect its growth. The purpose of the current
study is to understand the thermal regime of trees at treeline, and determine whether the
thermal regime impacts the vertical growth of a tree. Within this study, I will measure
how a tree’s thermal regime changes in different atmospheric conditions, as wells as how
a tree’s thermal regime changes from day to night. If thermal regime does impact the
vertical growth of a tree, I will try to determine in what way it impacts the growth, and
whether specific aspects of the thermal regime play a more important role than others.
Methods
Thermal measurements were taken both during the nighttime and the daytime.
Nighttime temperatures were measured on two occasions (6/30/2014, 8/12/14) during the
hours of 4:35 to 6:35 AM, during which the environment was void of solar input. A total
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of 113 trees were measured during the nighttime collections. Daytime temperatures were
measured on three occasions (7/3/2014, 7/7/2014, 8/19/2014) during the hours of 10:49
AM to 12:43 PM, after the hillside had time to adjust to the daytime solar input. A total
of 82 trees were measured during the daytime. All temperature measurements were taken
on the trees within the focal transect.
Temperature measurements for each tree included three measurements of the
shoot of the tree, three measurements of the ground within ½ meter of the lowest
branches of the tree, and three measurements of the air surrounding the shoot of the tree.
Shoot and ground temperatures were measured using an infrared camera (FLIR B-Series),
while air temperatures were measured using a thermocouple based handheld weather
station (Kestrel 3000).
Averages were calculated for each of the three measurements for the shoot,
ground and air temperature. The calculated averages were used as the temperature values
in further analysis.
Results & Discussion
The thermal data show an opposite pattern between daytime and nighttime
temperature profiles. During the night, trees closer to the ground exist in a colder
environment that warms up as distance from the ground increases. During the daytime,
the trees closest to the ground exist in the warmest conditions, and temperatures decrease
with increasing height from the ground.
The temperature during the night increased with increasing height from the
surface of the ground (Figure 4). On the first night of measurements, air temperature at
ground level was approximately 6°C, and increased to a temperature of 10°C at
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approximately 4 meters (Figure 4). The temperature was increasing at approximately 1°C
per meter, indicating a very stable environment. For the second set of nighttime
measurements the results were qualitatively the same, though actual values differed
slightly (Figure 4). On that night, the air temperature rose from around 3°C at the ground
to around 8°C at approximately 3.5 meters, meaning there was a lapse gradient of about
1.4°C per meter, which also indicates a very stable atmospheric environment.
Shoot temperatures of trees followed a similar pattern to that of air temperatures,
further indicating the nighttime inversion of daytime conditions (Figure 3). Shoot
temperature on the smallest trees, closest to the ground, was about 1.46°C, and increased
to a temperature of 9.2°C for the tallest shoots (Figure 3). These results demonstrate that
smaller trees exist in a much colder environment than do taller trees during the nighttime.
The nighttime inversion is due to the radiative cooling occurring during the night,
as there is not any solar radiative input, only output from the ground. During the night,
the sky is radiating longwave radiation onto the ground, and the ground is radiating
longwave radiation into the sky. The sky, though, is unable to capture all the longwave
radiation coming from the ground, and some escapes into space through the atmospheric
window. Thus, an energy imbalance is created at the ground surface. This results in a
continual cooling of the ground because the energy output is greater than the energy
input. In an attempt to equilibriate the system, sensible heat is transferred from the air to
the ground, which decreases the air temperature close to the ground. Yet, the radiative
output from the ground is so much larger than all the inputs that the ground receives, and
thus the ground and the air close to the ground continue to cool throughout the night.
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The nighttime temperature profile indicates a stable atmospheric condition. The
stable condition means that if the cold air close to the ground were to rise, it would cool
off adiabatically, and it would be met by the much warmer air above it. This warmer air
is more buoyant than the cold air, and thus the cold air would fall back down, returning to
its original location close to the ground. The reverse process would occur to a parcel of
warmer air from higher up that got pushed down. This stable atmospheric condition
prevents much mixing of air, meaning that the cold air down low will not move, and the
smallest plants will continuously be bathed in cold air, while taller plants will continually
receive warmer air. The only method of heat transfer readily available to the smallest
trees would be diffusion, yet diffusion works poorly as a mechanism for heat transfer in
the air.
The data indicate that the difference between the shoot temperature of trees and
ground temperatures increased with increasing height of trees (Figure 5). The shoot
temperatures of shorter trees are closer to ground temperatures than the shoots of larger
trees. Thus, shorter trees can be said to be coupled to the ground, and the strength of the
coupling relationship decreases with increasing tree height. Yet, no differences are
exactly zero, meaning that no trees, even those closest to the ground, are completely
coupled to ground conditions. Instead, the shoots of all trees are at least somewhat
warmer than ground (Figure 5). This is possibly because of water content in the trees, as
water has a large specific heat capacity, and thus can lose a large amount of energy
without having a large effect on its temperature.
The opposite coupling relationship is shown through the difference between air
and ground temperature in relation to height (Figure 6). As trees get taller, the difference
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between the shoot and air temperature decreases. This leads to an assessment of taller
trees as being coupled to atmospheric conditions. The shoots of these taller trees, coupled
to the atmosphere, are bathed in warmer air during the nighttime. Additionally, the air
higher up around the shoots of taller trees is more likely to move around than the air
closer to the ground. Close to the ground, there is a layer of still air that forms due to
friction with the ground surface. Within the system on Pike’s Peak, this still layer extends
anywhere from 5-25cm above the surface (Zia 2014). Above this still layer, the air
becomes increasingly more turbulent. This turbulent air up high creates an environment
in which there is a significant amount of advective transfer of heat between the air and
the shoots of taller trees. Additionally, the shoots of trees, even the smaller trees, are
typically cooler than the air temperature (Figure 6). Thus, in the process of turbulent heat
transfer, the energy will flow out of the air and into the trees.
The daytime data, especially ground temperatures, are more scattered than the
data collected at night, making it harder, though not impossible, to interpret trends.
Possible causes for such scattered results include variations in the specific heat of
different topographical features on the ground, shading, and winds present during the
daytime.
During the daytime, the thermal measurements reflected the same coupling
relationships as did the nighttime data (Figure 9, Figure 10), The data demonstrating the
difference between shoot and ground temperatures in relation to height do not reflect a
very significant relationship (Figure 9). This is most likely due to the scattered nature of
the ground temperature data. Yet, the results still do show that there are smaller
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differences between ground and shoot temperatures on smaller trees than larger ones,
indicating the coupling of small trees to ground conditions.
The data show a clearer correlation between tree height and the difference between shoot
and air temperatures (Figure 10). The difference between the shoot and air temperature
decreases as trees get taller, confirming the coupling between tall trees and atmospheric
conditions seen in the nighttime data.
Though the coupling relationships are the same from nighttime to daytime, the
nighttime temperature profile reflects an inversion from daytime conditions (Figure 7,
Figure 8). During the daytime, the air temperature closest to the ground is 25.36°C
whereas the air temperature at the height of the tallest trees is 12.35°C, a difference of
13.01°C over approximately 4 meters (Figure 8). This lapse gradient of approximately
3°C per meter is a steeper gradient than during the night, and indicates a very unstable
atmospheric condition. This temperature decrease is far greater than predicted by the
adiabatic lapse rate of approximately 10°C per kilometer, meaning that the daytime
temperature profile is highly unstable, as opposed to the stable nighttime conditions. This
atmospheric instability means that air should have a propensity to move upward, which
would occur through eddy diffusion of heat from the ground upwards, in a thermally
driven process of very small scale turbulence.
The shoot temperatures follow a pattern that is similar to air temperatures, with
the shoots of the smallest trees having temperatures of up to 25.8°C while the shoots of
the tallest trees were observed to be as low as 14.13°C. As you move further from the
ground, shoot and air temperatures both decrease, meaning that the shortest trees exist in
the warmest environment during the daytime, while taller trees are bathed in colder air.
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The daytime hours were found to be more influential to the growth of a tree than
the nighttime hours. In order to attempt to understand the factors impacting vertical tree
growth, we used growth as a dependent variable, with shoot, ground, and air temperatures
as independent variables. Before analysis, though, some data processing had to be done.
Because of the inherently close relationship between growth and height, we first had to
correct a tree’s growth for its height. We ran a regression of tree growth against height,
and found that a power function best fit our data (y=0.3761x0.7111). Additionally, it was
found that using a power function as a model for the relationship between height and
growth is an accepted practice (Matejka & Leugner 2013). In order to correct for tree
height, we used deviations from expected growth calculated from the power function as
our dependent variable.
A multiple regression analysis was conducted for growth (corrected for height) as
the dependent variable and air, ground and shoot temperatures as the multiple
independent variables. We ran the model with the data for both the daytime and nighttime
regimes. For the nighttime data, the results were not significant, with only 5% variance
explained by the relationship (R2 = .057). The nighttime data had an overall p value of
0.094, and considerably less significance for each independent variable alone. Thus,
climatic variables during the nighttime were not significantly contributing to tree growth.
On the other hand, the daytime data did prove to be significant, though only 14%
of variance was explained through the relationship (R2 = .143). The daytime data had an
overall p value of .007. Additionally, of the three climatic variables (shoot temperature,
air temperature, ground temperature), two individual variables were determined to be
significant. Ground temperature had a p value of .014, and a positive beta, meaning that
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warmer ground temperatures are associated with faster tree growth. Shoot temperature
had a p value of .002, but a negative beta, indicating that colder shoot temperatures are
associated with faster growth.

SPATIAL ANALYSIS OF TREE GROWTH WITHIN TRANSECT
Introduction
In the focused assessment of the thermal regime of trees and its relation to tree
growth, the trees were each analyzed as individuals existing on their own and were
removed from the spatial context of treeline as a whole. For the use of the study, each
tree was treated as completely unrelated to any tree around it. In reality, though, the
treeline ecotone is a spatially distributed system with many different components. If we
believe that these different components interact and work together to create the treeline
dynamics we observe, then we must consider trees in a more inclusive spatial context.
In analyzing the spatial dynamics of the treeline ecotone, I move from a treespecific focus to a forest-wide focus. The purpose of this study is to determine whether
trees grow differently in different locations within the treeline, and how spatial dynamics
influence growth, both in the context of one growing season and over a longer period of
time. The most basic expectation was that tree growth should decrease with increasing
elevation on the slope, as there is a colder and harsher environment as you move up the
slope, which would inhibit growth. Yet, various factors lead to an assessment that the
situation might be more complicated than explained above. Specifically, that even at the
same elevation, tall trees exist in a different microclimate than do short trees. Thus, I
delved further into the question to try and better understand the factors at play.
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A more complex view of a treeline could be that of a shelterbelt, which a treeline
environment physically resembles. In a true shelterbelt system, a row of trees (the
windbreak) exist, whose primary effect is a reduction in wind speed. This reduction in
wind speed serves to influence turbulent transport processes, which, in turn, alters the
microclimate behind the windbreak (Wang & Takle, 1995). In this shelterbelt system,
wind patterns are determined by the physical structure of the object causing the
windbreak. In a treeline ecotone, the objects causing the windbreak are the trees forming
the treeline. In a classic shelterbelt situation, wind accelerates over the top of the shelter,
causing a pressure differential behind the shelter, creating a leeward eddy. Typically,
wind speeds decrease dramatically both in the eddy and in the outwash behind the eddy.
Behind the eddy, the air moves downward until it eventually returns to its normal flow
pattern. Within this area, the temperature and humidity level of the air are higher than
outside of the shelterbelt system, facilitating the growth of the plants within the sheltered
zone (Wang & Takle, 1995, Tamang et al 2010, Oke 1978). The extent of the impact of
the shelter is typically close to 10h, or 10 times the height of the shelter, with the eddy
forming in the space from 2-5h.
A treeline system displays many similar characteristics to a shelterbelt system.
Because the treeline ends relatively abruptly, there is a large change in the roughness of
the surface that the air is passing over (Oke 1978). On a mountain hillside such as Pike’s
Peak, there are daytime upslope winds and nighttime downslope winds that are driven by
differential warming and cooling and the resulting gravitational effects. The upslope
winds create shelterbelt conditions, as the wind flows perpendicular to the line of treeline,
rather than across the slope (Oke 1978). For these reasons, the idea of a row of trees
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planted between fields as a windbreak is an applicable concept to a treeline. If a
shelterbelt system is considered to be an applicable framework in a treeline situation, we
would expect to see similar effects as documented in shelterbelt environments in the
transitional ecotone on Pike’s Peak. Specifically, we would expect a band of poor growth
behind the trees creating the treeline, with an area of facilitated growth upslope of the
band. In the results section, I will analyze whether or not such characteristics seem to be
present within the study site.
Methods
Field Methods
Trees in the transect T7 were re-measured, starting with those at the highest
altitudes. All trees from quadrant 7 to quadrant 2 (approximately 630 trees out of the
1,163) were re-measured. Measurements for each tree included height and shoot growth
for 2013 (past season’s growth) to the nearest ½ cm. Dead trees were noted as such, and
trees present but not designated on the original transect were added, excluding trees under
10cm.
Data Analysis
For the data collected in the field, the aim of analysis was to understand the
spatial distribution of tree growth. Specifically, if there are there areas where the trees are
growing well versus growing poorly. Yet, this process is not as simple as plotting the raw
growth data, as the main determinant of tree growth is its height. Thus, the height of a
tree needs to be accounted for before variations in tree growth can be analyzed. This was
done by calculating the deviation from expected growth, as described below.
Generally, in the literature, a power function is used to describe the relationship
between growth and height of trees (Matejka & Leugner 2013). Such a function also best
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fit our gathered data (y=0.04036x^0.6776, R2 = 0.62). Deviations from the power
function were calculated and were used as values for growth corrected for different
heights. The calculated deviations were used in further analysis to determine whether a
tree was growing slower or faster (and how much slower or faster) than expected based
on its height. From this information, it can be determined whether an area, represented by
a group of trees, is either conducive or restrictive to growth.
The height of a tree in relation to its age also gives insight to how the tree has
been growing over time. It reflects the longer-term growth trends of a tree rather than just
one season’s growth. Yet, similar to the relationship between growth and height, height
of a tree is primarily determined by its age. Thus, in order to infer whether a tree is taller
or shorter than expected for its age, height must first be corrected based on its age.
A linear function fit best the height and age data, thus a linear fit was used to
determine deviations from this ‘expected’ height of trees according to their age
(y=4.5807x-54.29). A factor to note is that, according to the linear function fit to this
data, the youngest trees would have a height of negative value (-54cm), which is not
possible. However, this issue is reconciled when considering that the minimum height of
age of trees measured was approximately 15 years old. When put into the linear function,
these trees would have a height of about 14 cm, which is realistic. Thus, the linear fit for
this data is an acceptable model. The deviations calculated from this data were used to
determine whether a tree was shorter or taller (and by how much) than expected due to its
age. Shorter trees than expected based on their age were considered to be growing slower
than expected over their lifespan, and taller trees than expected were considered to be
growing faster than expected over their lifespan.
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Data were processed using Excel, and then the Excel file was uploaded to
ArcGIS. The data set included latitude and longitude coordinates for every data point,
tree heights, tree growths, deviations of growth corrected for height, and deviations of
height corrected for age. The data set, once in the ArcGIS program, was converted from
having latitude/longitude coordinates to UTM, as UTM allows unit measurements in
meters rather than in fractions of latitudinal degrees, making calculations and distances
much easier to interpret. Furthermore, UTM allows for distance in the x direction to be
measured in the same units as distance in the y direction.
Point data were plotted on a base aerial photograph (and checked to ensure that
data were geographically located in the correct spot). Symbology was then used to
visualize spatial trends from the point data. Analysis was difficult, though, using this
method, so kriging was used to interpolate the point data and create a clearer
representation of spatial trends in growth.
A kriging process was used to interpolate the point-specific data reflecting the
deviation of growth for each individual tree. It was used to understand how areas within
the transect related to growth (whether they were conducive or restrictive) across the
whole two-dimensional surface.
First, kriging was done for growth deviation as corrected for height. In order to
match the kriging map to the area of the T7 transect, a polygon of the transect was
created, and a mask of the polygon was set as the processing extent for the kriging. A
kriging map was created for all re-mapped trees within the T7 transect. Next, the trees
were divided up into height classes that roughly corresponded to trees under the jet
(under 1 meter), trees within the jet (1-2 meters), and trees taller than the jet (above 2m),
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in order to understand the effect of the jet on growth. The map of growth deviations
corrected for height was used in the kriging process. In this process, the data from each
point was processed along with its 12 closest neighbors in order to interpolate from the
data and create a map showing larger trends across the whole transect.
A second round of kriging was done for height deviation corrected for age.
Procedures were the same as for the growth deviation above, with the exception of the
classification system used to divide up the trees. For analyzing height deviations, trees
were divided up into age classes (under 30 years, 30-60 years, above 60 years) in order to
understand longer-term trends in vertical tree growth. These age classes roughly match
the height classes created for the growth deviation analysis. Specifically, trees under 30
years correlate to trees under 1 meter, trees 30-60 years correlate to trees 1-2 meters tall,
and trees over 60 years correlate to trees above 2 meters. The two classification systems
do not match up perfectly, but do have a large amount of overlap, and thus are
comparable.
The maps created through the kriging process display the area of the transect from
right behind the trees creating the shelter, the M Clusters, up to the top of the transect.
The bottom of the maps corresponds to the trees lowest on the hill, with the top of the
map corresponding to the top of the transect. All trees within the area of the map are
represented as points. The coloring of the map reflects the growth trends as interpolated
from the kriging process.
Results & Discussion
When analyzing the spatial patterns for the growth deviation of all trees
measured, the map did not show distinct patterns. One explanation for the lack of clear

23

trends was the idea that the jet of turbulent air was affecting trees of different heights in
different ways. Thus, the trees were divided up into height classes based on their relation
to the jet, as described in the methods above. In looking at the height classes individually,
more spatial trends are evident.
One important spatial trend that emerged within the height classified data was the
indication of the presence of a shelterbelt system. Specifically, there was a depression of
growth at 2H, facilitation of growth from 2H to 10H, and a return to normal conditions
around 10h. The shelterbelt effects were most clearly seen when looking at trees in the
categories from 1-2 meters in height and above 2 meters in height (Figure 12, Figure 13).
In considering only trees in the category between 1 and 2 meters of height, all the
classic effects of a shelterbelt system are present (Figure 12). The bottom of the map
corresponds with the 2H band of the shelterbelt, reflecting a distance of approximately 20
meters on the transect. This band is directly upslope of the trees creating the shelter, and
is within the eddy created by the pressure differential behind the windbreak. In this area,
trees are growing fairly poorly, less than expected based on their height. Upslope of the
eddy is a large area where trees are growing better than expected. This area roughly
corresponds to downdraft of air, which extends to about 10H behind the windbreak, or
the ‘outwash’ of the eddy. Upslope of this 10H area of better growth than expected is
another area of poor growth. This poor growth corresponds to the recovery of normal
conditions beyond the shelterbelt. These results indicate that, for a tree experiencing the
shelterbelt effect on Pike’s Peak, the most beneficial location to live is upslope of the
eddy, but still within the bounds of the shelterbelt. It is not as beneficial to live within the
eddy itself, or out of the range of the shelterbelt effects.
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Trees above 2 meters displayed roughly the same patterns as the trees within 1-2
meters of height. The kriging map of trees above 2 meters showed the band of poor
growth at 2H, and the area of better growth than expected upslope of the eddy. Finally, it
showed a return to normal conditions, or growth as expected, at around 10H (Figure 13).
When considering trees less than 1 meter in height, the shelterbelt effects are not
observable (Figure 11). The only feature that is similar to a shelterbelt system, and the
growth of the trees described above, is the area of poor growth at the bottom of the
transect, corresponding to the location of the updraft of the leeward eddy. Otherwise, the
map shows seemingly random patches of good and poor growth, in locations that do not
correlate to the growth trends expected in a shelterbelt system. Furthermore, there are no
spatial connections between the growth patterns of these smaller trees and the taller trees
above the jet. This is most likely because the shelterbelt does not extend fully to the
ground at the Pike’s Peak transect. Instead, it ends at the jet, approximately 1 meter off
the ground. Thus, the drivers for growth of trees less than 1 meter tall are unrelated to the
effects of the shelter, and it is unclear what determines the patches of growth seen on the
map. The growth of these smaller trees is possibly impacted by microtopographical
features of the area and a height undulation of the jet.
Growth deviations corrected for height reflect spatial trends in just the past year’s
(2013) growth. While informative, they do not necessarily reflect long-term growth
trends. To understand whether an area is persistently good or bad for tree growth, we
must consider deviation from expected height based on a tree’s age.
The kriging map created for trees under 30 years of age displays the long term
growth trends for the trees under 1 meter tall. The map created for the trees under 30
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years of age does not show recognizable patterns as to the spatial trends of tree growth
over time. The pattern of tree growth does not seem to reflect a shelterbelt environment
(Figure 14). This is most likely due to the presence of the jet, which separates conditions
above and below it. The trees under 30 years of age largely exist underneath the jet,
which would detach them from the shelterbelt conditions above it.
Neither of the two maps representing the smallest trees (trees under 1 meter, trees
under 30 years) seems to reflect shelterbelt patterns, or any recognizable trends in
growth. Additionally, the two do not seem to correlate with each other (Figure 11, Figure
14). The inconsistency between the two maps indicates that the environments beneficial
to the growth of these small trees do not remain the same from year to year. Another
factor that could be contributing to the lack of clear patterns is the fact that trees under 30
years of age will, in large part, be under 1 meter, but not every one of them will be. Thus,
some of the trees in the under 30 age class may be in or above the jet, and consequently
part of the shelterbelt system, creating differences between the map of trees under 30
years and the map of trees under 1 meter.
The map of trees 30-60 years of age reflects the long-term growth trends of 1-2
meters in height. The kriging map for trees 30-60 years of age correlates with its partner
map (Figure 15). Thus, the long-term growth trends for trees of this height accurately
reflect the past season’s growth. Shelterbelt effects can be seen in both maps. The trees
are shorter than expected given their age in the 2H band and in the return of normal
conditions, and are taller than expected in the ‘outwash’ of the eddy.
The long-term growth trends of the tallest trees are analyzed based on the kriging
map of trees older than 60 years of age. This map does not reflect a band of poor growth
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corresponding to the leeward eddy, unlike the map showing the past year’s growth for
these trees (Figure 16). The lack of a clear location of the leeward eddy on the map for
trees above 60 years old is possibly due to the fact that the location of the leeward eddy
has changed over the years due to treeline movement. If the treeline has moved upslope
over the years, and the eddy is located right upslope of the treeline, it is possible that the
leeward eddy would have historically been further down on the slope. Thus, the eddy
would be downslope of the bounds of the map, and consequently the band of poor growth
would not show up.
Though the map for long-term growth does not reflect the band of poor growth
associated with the leeward eddy, an area of facilitated growth can be seen (Figure 16).
Above the area of facilitation, there is a return to growth as expected for the map of
height as determined by age, which is also present in the map reflecting past year’s
growth (Figure 13, Figure 16). The area of facilitation ends at approximately the same
spot for both. Thus, shelterbelt conditions are present in the kriging analyses of the tallest
class of trees, and the shelterbelt environments correlate to each other.
One consideration to note is that the upper parts of both maps for the tallest trees
are difficult to trust. This is due to the fact that there are so few trees of this height class,
especially further up in the transect as the environment is transitioning to an alpine
tundra. The kriging process works by interpolating data from the 12 closest trees to each
data point, and thus a lack of trees in the upper transect would decrease the clarity of the
data.
After an analysis of the kriging maps, it seems to be clear that what is occurring
below the jet is disconnected from what is occurring above the jet. Above the jet, growth
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patterns exhibit a striking resemblance to a shelterbelt system, and seem to be stable over
time. On the other hand, below the jet, shelterbelt effects seem to be absent, though it is
unclear what exactly is happening. Additionally, the growth patterns do not seem to
remain the same year to year.
The height deviation data seem to confirm that the trends seen in the past year’s
growth are reflective of longer-term growing patterns, with the exception of trees under
the jet. Growth of trees taller than 1 meter is controlled by shelterbelt effects, whether
considering growth over the past year or over a tree’s lifetime. Such shelterbelt dynamics
demonstrate that it is preferable to live in the downdraft area upslope of the leeward eddy,
but not ideal to live within the eddy itself or behind the shelterbelt system where the
conditions return to normal. For trees that are shorter than 1 meter, or younger than 30
years, it also seems to be detrimental to live in the updraft of the leeward eddy, though it
is unclear whether or not this is due to effects of the shelterbelt system. In general, trees
under 1 meter are not controlled by shelterbelt effects, though it is not known what they
are controlled by. Yet, the likely influences to the growth of these trees, as discussed
above, are the microtopography of the surface as well as interaction of the surface with
the jet above it.
It can be seen that the area corresponding to the facilitation of growth in the
shelterbelt is smaller on the maps reflecting the tallest trees (above 2m, older than 60
years) (Figure 13, Figure 16). The same shelterbelt features are present, including the
leeward eddy, the following area of better growth than expected, and an area of less
growth than expected as the shelterbelt conditions dissipate. Yet, on the kriging maps of
the tallest trees, each feature of the shelterbelt is compressed. This is due to the fact that
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taller trees are emerging from the shelterbelt conditions sooner than shorter trees. –at the
same altitude, a taller tree would have already emerged from shelterbelt conditions,
whereas a shorter tree would still be within the bounds of the shelterbelt.
INTEGRATED DISCUSSION
The main question of my study was what factors influence the vertical growth of
trees, specifically the trees at the treeline of Pike’s Peak. In order to answer this question,
I decided to concentrate on two main scales of study. The first was an individual scale,
meaning that every tree was considered alone, in order to determine the causes of growth
to each tree independently. Yet, this scale assumes that every tree studied is growing in
isolation of the system as a whole, which is not the case. Thus, the second scale on which
I studied growth was a stand wide scale, to see whether the location where a tree grows
affects how it will grow. In this section, I am going to integrate the results from these two
main studies in order to create a more complete idea of what factors influence the vertical
growth of trees.
An analysis of the thermal regime of trees at the Pike’s Peak treeline revealed a
nighttime inversion of the daytime temperature profile (Figure 4, Figure 8). This
inversion creates a very different environment for trees during the day versus the night.
Specifically, small trees that are coupled to the ground conditions exist in the coldest
environments during the night, but the warmest environments throughout the day. On the
other hand, large trees, which are coupled to the atmosphere, are in the warmest
environment during the night, but are colder during the daytime.
These results indicate a thermal regime for trees at treeline that is important to
understand within the context of some of the most recognized work on treeline

29

conditions. Christian Körner’s work asserts that the successful establishment of a tree is a
result of a seedling surviving the transition out of the warmer boundary layer close to the
ground and into the colder, harsher atmospheric conditions above (Körner 1998). This
theory assumes that smaller trees are bathed in warm air and live in a milder environment
than their taller counterparts. Yet, from the data I gathered this summer, it is evident that
this is not the full story, at least for the trees at the treeline of Pike’s Peak. During the
daytime, the smaller trees do exist in warmer, calmer conditions, but the nighttime
temperature inversion creates very different conditions during those hours. Throughout
the night, as discussed above, the smaller trees are trapped in near freezing conditions
without any mixing of air. Growth in conifers cannot continue below 4°C. The
temperatures of the smallest trees during the night fall below this threshold, and there is
little to no mixing of air during those hours. Such conditions would be expected to retard
the growth of these smallest trees. On the other hand, taller trees can grow at all times of
the day and night. Thus, a question emerges regarding whether the warmer temperatures
the smallest trees exist in throughout the day can make up for the bad conditions during
the night. All of these elements must be considered when evaluating the growth of trees.
Thus, Körner’s theory cannot be fully accepted, as the environment is more complex than
he portrays.
In considering the effect of the thermal environment on a tree’s growth, a multiple
regression analysis showed that daytime conditions play a more significant role than
nighttime conditions. Specifically, that warmer ground temperature as well as colder
shoot temperature of a tree correlated to better vertical growth. The importance of
daytime temperatures to the growth of shoots is consistent with the results of a study
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performed by Way and Oren (2010). Further studies find that higher daytime
temperatures correlate to faster stem elongation in trees (Cremer 1975). It is surprising
that colder shoot temperatures correlated to faster growth, and this peculiarity will be
discussed in greater detail later on in this section.
In contrast to the 1975 study by Cremer, a 1970 study done by Hellmers found
that Engelmann Spruce were regulated by nighttime temperatures rather than daytime
temperatures (Hellmers et al 1970). My results, though, indicated that daytime conditions
affected growth more than the nighttime conditions. Though my results seem
contradictory to those of Hellmers’ study, that may not be the case. In Hellmers’ study, it
was determined that nighttime conditions controlled growth overall. Yet, it was found
that the growth of seedlings grown in nighttime conditions between 3-11°C and daytime
conditions between 19-27°C was not directly impacted by nighttime temperatures. These
temperatures correspond with the thermal conditions measured on Pike’s Peak. Since the
thermal conditions on Pike’s Peak fall within the range where nighttime temperatures are
not affecting growth, they are instead affected by daytime fluctuations. Yet, if the
nighttime temperatures on Pike’s Peak had been approximately 10°C warmer, according
to Hellmers’ study, growth would have been controlled by nighttime temperatures. This
is consistent with the data regarding vertical tree growth on Pike’s Peak.
The seeds used in Hellmers’ study were collected at a lower elevation and in a
slightly different geographical location than the Pike’s Peak transect. This could put the
applicability of their results to this study into question. One was to correct for this
incongruence would be to redo the experiment with local seeds from the correct

31

elevation. For the purpose of this study, though, we will use Hellmers’ data with the
knowledge that the variables do not exactly match up.
The hypothesis that the daytime conditions have a larger effect on the growth of
trees, specifically at the treeline of Pike’s Peak, is consistent with other data gathered this
summer. Bud openings on 13 trees were measured. This data was collected on July 7, a
day early in the growing season when only a portion of the buds were open, with some
partially open and some still closed. Thus, analyzing where the most buds were open on
the tree gave us insight as to where buds were opening first. This, in turn, gave us an
indication of the location of the most conducive environments on the tree for growth. An
analysis of the bud openings on these trees revealed that the most open buds were located
towards the bottom of the trees (Marshall 2015). From the data collected regarding the
thermal regime of trees at the treeline of Pike’s Peak, it is known that the bottoms of trees
experience warmer conditions during the daytime, and warmer temperatures correlate to
better growth, as I will discuss later in this section.
Another piece of evidence pointing to the importance of daytime temperatures
relates to the architecture of the trees. Many trees had architecture indicating preferential
growth towards the warmer side of the tree. These trees had a statistically significant
difference in growth preference towards the leeward side versus the windward side
(Marshall 2015). On the leeward side of the tree, there is a pocket of air that is warmer
than the surrounding air. Additionally, the pocket of air does not mix with other air, and
thus it remains warmer and calmer than the air around it. This pocket of air extends out to
the lee of the tree up to about 1 meter. This warmth on the leeward side of the tree is a
phenomenon that would only occur during the daytime, as during the night there are cold
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winds blowing down from upslope. Thus, if warmth creates better conditions for growth,
and the trees are preferentially growing towards where the warm conditions exist only
during the daytime, it would indicate that daytime conditions are significant influences of
tree growth.
As mentioned earlier, an inconsistency arises in the data when considering the
significance of colder shoots for growth. This inconsistency relates to the fact that
warmer temperatures seem to positively affect growth. The positive correlation between
warmer temperatures and tree growth is supported by the theory of a treeline as a
climatically constrained boundary. If a tree is at the upper limit of its climatic boundary,
as is considered to be the case for trees growing at or above the defined treeline, then an
increase in temperature should correlate to better growth (Harsch & Bader 2011, Shi et al
2008).
The relationship between warmer temperatures and better growth is evidenced by
the fact that the warmer sides of trees had more open buds, and the buds opened sooner
on that side than the colder side of the tree (Marshall 2015). More buds were also found
to be open towards the bottom of the trees, where conditions are warmer. Additionally,
trees tended to preferentially grow toward their warmer side (Marshall 2015). These data
support the possibility that warmer temperatures facilitate tree growth.
The multiple regression analysis concluded that colder shoot temperatures
facilitate tree growth. Yet, colder shoot temperatures do not correlate with warmer air
temperatures. Conversely, warmer shoot temperatures correlate with warmer air
temperatures.
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One explanation for this inconsistency is the fact that temperatures were collected
for the most recent growing season (2014), whereas growth data reflect last year’s
growing season (2013). Thus, there could theoretically be differences between the drivers
of last year’s growth and this year’s. Another explanation stems from the close
relationship that exists between ground and shoot temperature. Since ground and shoot
temperatures are closely related, data might be misrepresented when the two are analyzed
together. When both are present in a multiple regression analysis, the output might not
represent the true contribution of each variable. Another possible cause of confusion
stems from the fact that the trend line fitted to the data is not a perfect fit. The tallest trees
are growing more than expected, and also have the coldest shoots, which could create a
false correlation.
It is unclear exactly what is occurring with the connection between shoot
temperatures and growth, as this relationship is inconsistent with all other gathered data.
A conclusion to the discovery of this inconsistency is that the relationship between
growth and temperature regime of trees must be studied more exactly. A correlation must
be made between current temperatures and the current season’s tree growth. With further
time and resources, this relationship could be made more exact through the use of
thermocouples to measure shoot temperatures. Ultimately, an experiment in a growth
chamber would be beneficial to control for more of the variables at hand.
Though I have inconsistent results, it has been shown through my data as well as
in past studies that warmer temperatures correlate to better tree performance. Thus, for
the purpose of this paper, I will accept warmer temperatures to be a suggestion for better
growth.
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It is still unclear exactly what is occurring with the connection between shoot
temperatures and growth, as this relationship is inconsistent with all other gathered data.
A conclusion to the discovery of this inconsistency is that the relationship between
growth and temperature regime of trees must be studied more exactly. A correlation must
be made between current temperatures and the current season’s tree growth. With further
time and resources, this relationship could be made more exact through the use of
thermocouples to measure shoot temperatures. Ultimately, an experiment in a growth
chamber would be beneficial to control for more of the variables at hand.
If we accept that warmer conditions lead to better tree performance, it becomes
important to consider how thermal conditions are distributed at the treeline, and what
affects this distribution of temperatures. During the daytime, the wind moves up the
slope, bringing warmer air from the closed canopy forest to the treeline. Conversely,
during the night there are downslope winds carrying cold air from higher elevations (Oke
1978). During the daytime, the upslope winds create conditions at the treeline that appear
similar to those of a shelterbelt environment. A system such as a shelterbelt at the treeline
would affect the distribution of temperatures.
As the wind moves upslope towards the treeline, it travels from more to less
rough conditions (Dickson 2013). The change in surface roughness as the upslope winds
encounter the treeline should cause a shelterbelt like effect to the lee of the treeline. This
shelterbelt environment would create a warmer area with higher humidity, which would
facilitate the growth of the plants within its bounds. Additionally, a leeward eddy would
be present directly to the lee of the treeline, corresponding to a patch of expected poor
plant growth.
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The spatial analysis of tree growth within the T7 transect was consistent with the
theory of a shelterbelt effect occurring at the treeline (Figures 13, 14, 17, 18). The GIS
analysis (kriging) showed an area of better growth than expected behind the treeline.
Such an area would be expected in a shelterbelt system, as shelterbelts serve to decouple
trees from their harsher environments and create for them less extreme conditions, with
warmer temperatures and higher humidity.
This area of better growth than expected ended at approximately 10H on the
maps, and gave way to a patch of worse growth than expected. Such results are also
consistent with shelterbelt conditions, as 10H is the distance at which the effects of the
shelter diminish, and normal conditions return. This means higher wind speeds, and a
return to typical temperatures and humidity (Wang & Takle 1995).
A band of less growth than expected was seen on all maps starting at 2H upslope
from the treeline. This band extended to approximately 5H, and then transitioned into the
large section of good growth, as described above. This band of poor growth corresponds
to the location of the leeward eddy formed in a shelterbelt system, indicating that this
eddy is not a favorable place to live.
One possible explanation for the poor growth of trees within the bounds of the
leeward eddy is that snow accumulation in that spot might inhibit growth. The leeward
eddy would correspond to decreased air velocities. The capability of air to transport
materials is directly proportional to its velocity, thus the slower-moving air in the eddy
would be able to transport less. This means that the snow falling within the area of the
eddy would not be moved away from that spot, and would accumulate more than in the
areas around it. This snow might lead to a fungus that kills parts of the tree, or might keep
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the plant in colder conditions for longer periods of time without the ability to
photosynthesize. Another reason that the leeward eddy would not be a beneficial location
for growth is that cold air is likely getting trapped and recycled in the location of the
leeward eddy. During the nighttime, the trees just downslope of the leeward eddy might
trap the cold air moving downward and serve as a barrier. During the morning hours, the
eddy might trap cold night air and keep it cycling in that one location. This trapping and
cycling of could air would create adverse conditions for the growth of trees in that
location.
The leeward eddy forms directly upslope of the trees designated as the M clusters.
More specifically, the M Clusters are the trees that create the ‘shelter’ at the upper edge
of the treeline. The M Clusters are clusters of tall trees, with tree seedlings and tundra
vegetation growing between the clusters. Additionally, the M Clusters are also the trees
that create the treeline within the transect. The M Cluster trees are, on average, 4-5
meters tall, whereas the trees just upslope from them are typically 3 meters or less. Thus,
the area upslope of the M Clusters is the location of the leeward eddy (Figure 1).
The gaps in the treeline created by the clustered growth of these trees create areas
through which air can travel. This likely leads to a funneling effect, where cold air will be
pushed through these gaps faster than the air around it, creating areas of poor growth,
even worse than expected due to the leeward eddy, corresponding to the locations of the
gaps. Conversely, the areas where the clustered trees do stand will correlate to relatively
better growth, as the air will be diverted around them, either through the gaps, or over
those stands of trees. Thus, the clustered growth of these trees will create patches of
varying suitability of growth within the band of the leeward eddy. This patchiness can be
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seen on the kriging maps corresponding to the locations directly upslope of the M
Clusters.
The band of poor growth correlates to a band of approximately 20-30 meters
designated as part of a “reach-and-fill pattern” (Elwood 2012). As the treeline on Pike’s
Peak was advancing, the treeline reached a certain elevation, and then recruitment
increased at or below that elevation. Then, the treeline ‘jumped’ approximately 20-30
meters uphill on the slope and recruitment started at the higher elevation, leaving the
band in between void of trees. Only when the higher patch of trees had started to become
denser did tree recruitment begin to backfill and trees started to grow in the 20-30 meter
band (Elwood 2012).
As the band found in the 2012 study by Elwood correlates with the location of the
leeward eddy, it is likely that the lag in growth found in her study is due to the shelterbelt
effect, as the GIS analysis has shown the eddy to be an unfavorable location to live. One
explanation for the ‘jump and backfill’ phenomenon is that as the trees growing below
the band of poor growth filled in and became denser, the porosity of the stand decreased,
and the wind began to be diverted above the canopied trees. Shelterbelt effects started to
occur, creating a strong leeward eddy before the elevational jump occurred. Then, when
the jump did occur, the eddy was creating adverse conditions in the 20-30 meter band,
preventing trees from establishing in that location. Yet, once the trees above the band
started filling in, the whole system possibly started warming up and weakening the
effects of the eddy. This is when trees would have started backfilling and growing in the
area of the leeward eddy.
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The weakening of the eddy would have enabled trees to establish and grow in that
area, but its effects are not completely diminished. This is evidenced by the growth trends
over time showing poor growth in the area of the eddy, as well as the analysis of last
year’s growth showing trees in the area of the eddy growing less than expected. Thus,
trees in that area are now able to establish themselves and grow, yet conditions remain
poor, creating an environment in which the trees are not growing as much as expected.
The GIS analysis showed that trees shorter than 1 meter did not seem to be
affected by shelterbelt dynamics. Their growth patterns both for the past year and in
longer term trends did not reflect the expected spatial patterning associated with a
shelterbelt system. The one exception to this was less growth than expected at the 2h
band, the location of the leeward eddy. This was consistently bad for all height and age
classes analyzed. In general, though, spatial trends for growth of trees under 1 meter did
not reflect the effects of a shelter. This is likely due to the presence of the jet at
approximately 1 meter.
The jet, located approximately 1 meter above the ground surface, serves to
separate the environment below it from the environment above it (Sondermann 2015). It
serves as a thermal internal boundary layer, and prevents mixing of air below and above
it. As air from above moves downward, it gets caught in the jet and transported upslope,
never moving below the jet. Likewise, air below the jet, if it moves around, will get
transported upslope as well if it comes into contact with the jet. Thus, the taller trees are
affected by the shelterbelt dynamics occurring due to the winds above the jet, but the
smaller trees under the jet are not influenced by these same dynamics, as the jet cuts them
off from shelterbelt conditions. A question to consider regarding the separation of
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environments above and below the jet is whether one environment is more beneficial to
the performance of a tree than the other, and which one would be the preferential
environment.
It appears that the jet itself is created by the shelterbelt effect. Past studies have
determined that the jet is not formed due to the funneling of wind throughout trees, but
instead is caused by the leeward eddy present in a shelterbelt system. This is evidenced
by the fact that the jet does not decrease in height as it gains distance from the obstacle,
as would be expected in a funneling situation. Rather, the jet gradually increases in height
with distance from the obstacle, and eventually ceases to exist, as expected in an
environment associated with an eddy (Zia 2014). Yet, it is not entirely clear why the jet
forms at its given height. The fast downward movement of air directly to the lee of the
shelter, or treeline, resolves itself into the jet, explaining the presence of the jet at
treeline. But, the reason for the jet forming at approximately 1.5 meters is not known.
The kriging analysis of the treeline transect indicated a shelterbelt system at the
treeline of Pike’s Peak. Yet, the upslope winds that cause the shelterbelt effects to occur
are only present during the daytime, so the shelterbelt effects are only present during the
day. My analysis showed that these shelterbelt effects seem to be affecting the vertical
growth of trees growing at treeline. Thus, daytime conditions impact the growth of these
trees, as examined in the investigation of the growth of individual trees.
It appears as though shelterbelt conditions are one of the influences of growth of
trees at treeline. Yet, a question that arises from this knowledge is whether or not these
shelterbelt conditions are driving the treeline upslope. Shelterbelts create conditions
advantageous to tree growth, as can be seen in the kriging maps showing more growth
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than expected within the shelterbelt. It is possible, then, that the shelterbelt allowing trees
to its lee to establish and grow is facilitating a cycle that is advancing the treeline.
Yet, the treeline conditions are more complicated than a typical agricultural
shelterbelt. The treeline ecotone is the climatic boundary to the tree species, the transition
zone where trees stop being able to grow. Inherently, it is a difficult place to establish and
grow to maturity. On the other hand, a typical shelterbelt is location in cropland, an
environment meant to be favorable to plant growth. Thus, even if shelterbelt dynamics
are causing the treeline to advance, it is not the only reason, and works in conjunction
with many other factors affecting trees at treeline.
Furthermore, shelterbelts function to facilitate growth of plants within their
bounds. This facilitation occurs due to warmer temperatures and higher relative humidity
than the environment surrounding the shelterbelt (Wang & Takle 1995). I have
determined the presence of a system at the treeline that reflects the characteristics of a
shelterbelt system, yet the only data gathered was tree growth and height data. In order to
more fully understand the dynamics at hand, it would be beneficial to have both
temperature and relative humidity measurements both within and outside of the
shelterbelt. This data would either further evidence, or possibly reject the idea that a
shelterbelt system exists at the treeline of Pike’s Peak.
Another area of future focus regards spatial distribution of thermal conditions.
Although nighttime temperature measurements were taken for individual trees, the larger
scale spatial distribution of nighttime temperatures within the transect is not known. In
fact, it is not definitively known for daytime hours either, though an analysis of the
kriging maps has led to an understanding of the daytime conditions as a shelterbelt-like
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environment. Additionally, it is known that shelterbelt conditions are not present at night
due to downslope winds. It remains unknown, though, what affects nighttime
temperatures at a larger scale than individual trees. It would be useful in further studies to
attempt to understand the spatial distribution of nighttime temperatures. One way to
gather such data would be through the use of an Unmanned Aerial Vehicle, or UAV.
The use of a UAV could prove to be beneficial in having a way to see the
topography and characteristics of the hillside. The use of such a tool would be especially
helpful in relation to the trees under 1 meter whose growth we believe to be affected
more than others by topographical features. Additionally, the use of a thermal camera
attached to the vehicle would allow a spatial assessment of thermal conditions both
during the day and night, as discussed above. A project was started which was intended
to high quality maps such as would be needed for this purpose, but the UAV to be used
for the project went out of commission before the transect had been mapped. For future
studies, the use of a vehicle such as this would be of use.
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APPENDIX

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and
the GIS User Community

Figure 1. Aerial images of the study site at Pike’s Peak, CO. The top image shows the
bounds of the study site. The smaller rectangle within the study site reflects my focal
transect. The very bottom of the study site corresponds with the M Clusters, and the very
top corresponds with the boundary of the tree species, where the uppermost tree is
growing. The bottom image shows the same study site, just zoomed out for perspective.
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Figure 2. Diagram of a shelterbelt system. The trees represent the trees on the mountain
that create the treeline. There is a leeward eddy directly upslope of the treeline, from
about 2H to 5H. Upslope of the eddy is its outwash, where airflow slowly returns to
normal conditions at approximately 10H. On Pike’s Peak, there is a jet of air moving
uphill around 1 meter off the ground. Both the jet and the shelterbelt effects are only
present during the day.
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Figure 3. Temperatures of tree shoots during the night measured against tree height.
Measurements were taken on 6/30/2014 and 8/12/14.
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Figure 4. Air temperature during the night at the shoot of each tree measured against
height of tree. Measurements were taken on 6/30/2014 and 8/12/14.

Figure 5. Tree height measured against the difference between the shoot and ground
temperatures during the night. Two nights of measurements (6/30/2014, 8/12/14) are
integrated.
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Figure 6. Tree height measured against the difference between the shoot and air
temperatures during the night. Two nights of measurements (6/30/2014, 8/12/14) are
integrated.

Figure 7. Temperatures of tree shoots during the day measured against tree height.
Measurements were taken on 7/3/14, 7/7/14, 8/12/14, and 8/19/14.
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Figure 8. Air temperature during the day at the shoot of each tree measured against
height of tree. Measurements were taken on 7/3/14, 7/7/14, 8/12/14, and 8/19/14.

Figure 9. Tree height measured against the difference between the shoot and ground
temperatures during the day. Measurements were taken on 7/3/14, 7/7/14, 8/12/14, and
8/19/14.
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Figure 10. Tree height measured against the difference between the shoot and air
temperatures during the day. Measurements were taken on 7/3/14, 7/7/14, 8/12/14, and
8/19/14.

Figure 11. Kriging map showing growth deviation as expected due to height of trees
under 1 meter tall. Green represents poorest growth, while the lightest pink represents the
best growth. Yellow represents growth close to or as expected.
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Figure 12. Kriging map showing growth deviation as expected due to height of trees
from 1-2 meters tall. Green represents poorest growth, while the lightest pink represents
the best growth. Yellow represents growth close to or as expected.

Figure 13. Kriging map showing growth deviation as expected due to height of trees
from above 2 meters tall. Green represents poorest growth, while the lightest pink
represents the best growth. Yellow represents growth close to or as expected.
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Figure 14. Kriging map showing height deviation as expected due to age of trees under
30 years old. Green represents poorest growth, while the lightest pink represents the best
growth. Yellow represents growth close to or as expected.

Figure 15. Kriging map showing height deviation as expected due to age of trees 30-60
years old. Green represents poorest growth, while the lightest pink represents the best
growth. Yellow represents growth close to or as expected.
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Figure 16. Kriging map showing height deviation as expected due to age of trees above
60 years old. Green represents poorest growth, while the lightest pink represents the best
growth. Yellow represents growth close to or as expected.

53

