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[bookmark: _Toc27327360]Introduction

	Treelines occur along elevational stress gradients where climatic conditions severely limit the growth of seedlings and saplings above a distinct forest edge, creating a transition zone with a unique spatial structure between the forest and the tundra ecotypes. Although each treeline is unique to the region’s climate, geology, and geomorphology, there are several mechanisms that enforce this spatial structure, mainly growth limitation, dieback, and seedling mortality (Malanson, 2007). These spatial structures can take multiple forms based on the previous factors listed. Treelines are typically defined as either abrupt, when the transition zone from forest to tundra is very narrow, diffused, when the transition zone is much larger, or island, when the forest does not have a clear edge and instead extends up in clumps of trees with large spaces with no vegetation in between. 
Studying specific alpine treeline ecosystems gives insight onto how others may behave in similar geological and climatic conditions and can help further our understanding of how ecologic edge systems work along stress gradients in general. Additionally, treelines have been used as indicators for climate change for many years. As temperatures warm, woody vegetation is able to grow at higher altitudes causing treelines to migrate to higher altitudes in several places around the world (Grace et al, 2002 and Körner & Paulsen, 2004). This could have implications for water and nutrient cycles in these areas, but more immediately will continue to encroach upon the tundra ecosystem until these treeless regions and all the unique wildlife they provide habitat for will no longer exist.
There are several factors to consider when studying alpine treeline ecosystems, but some are more directly influential to the creating and maintaining of treeline structure than others. In the article “Treeline form – a potential key to understanding treeline dynamics” Melanie Harsch and Maaike Bader highlight what they consider to be some of the most important, or “first-level,” mechanisms maintaining treeline spatial structure: growth limitation, dieback, and seedling mortality. These mechanisms control tree performance, determining where trees are growing and establishing well, thus inherently creating treeline form and dynamics between both individual trees and tree clusters. Factors affecting tree performance are influenced by physiological stress or damage, or “second-level” mechanisms. Growth limitation (the ability or inability to grow new biomass) could be influenced by factors such as bud freezing in winter or desiccation in summer. Dieback (loss in biomass that is not fatal) could be caused by breakage from freezing or wind damage. Seedling mortality could occur due to damage from freezing, snow fungi, or drought, among other factors. (Harsch & Bader, 2011). 
Neighborhood interactions strongly influence second-level mechanisms, consequently affecting first-level mechanisms as well. Tree islands, or clusters of large trees that expand upwards in a “finger-like” pattern from the forest edge, play a large role in both seedling establishment and growth. A seedling’s proximity to a tree island impacts the amount of sun it receives, along with nutrient availability and enrichment, albedo, and amount of sheltering from wind (Malanson, 2011). These complex neighbor-neighbor interactions seem to have a strong influence on seedling growth, survivorship, and establishment, but it seems that snow and sheltering may have a larger effect on their establishment (Resler et al, 2005).
	Seedling establishment along with growth into a sapling plays a vital role in creating the structure of the treeline. Although seed dispersal for these species may be fairly random, the locations that seedlings do grow and thrive predicts where the next islands and forest edge will be. That is to say, seedlings may establish in certain areas but never grow into a sapling, and thus influence the spatial structure by not being able to thrive there while other seedlings that dispersed at the same time could be thriving in other areas.
The first-level mechanisms related to an individual tree or seedling’s ability to grow and establish are heavily influenced by sheltering from harsh conditions at altitude. In their paper “Topographic Shelter and Conifer Establishment and Mortality in an Alpine Environment, Glacier National Park, Montana,” Lynn Resler, David Butler, and George Malanson assert that the main factor driving the growth and mortality rates of seedlings, and hence, the spatial structure of the treeline, is likely sheltering from harsh climatic conditions. Apart from typical tree-to-seedling growth facilitation and inhibition (shading, nutrient transfers, distribution of water between neighbors, etc), it is very probable that physical sheltering is of more importance for seedlings in this specific ecosystem. Sheltering itself is driven by the wind patterns of the treeline, where large tree islands or abiotic objects will create eddies on their leeward sides. This creates a pocket of still air directly behind the object but intensifies the strength of wind on either side of the object, and further behind itself behind the still pocket of air. Because of this, seedlings on the edges of tree islands often die quickly because of harsh blasts of wind and snow, whereas seedlings directly behind tree islands, rocks, or terrace risers are better protected from these elements and are more likely to establish well because of this (Resler et al, 2005). 
Sheltering near tree islands also has implication for the temperatures at which seedlings are establishing. Soil temperature is significantly cooler underneath tree canopies due to shading and snowpack melt in the early summer, which can both have negative effects for seedling growth (Scott et al, 1993 and Malanson, 2011). However, large trees in islands will radiate heat downwards at night time and provide warmth for the surrounding seedlings that could otherwise freeze at night (Wadehra, 2018). For these reasons, the mixed facilitative and inhibitive relationship between seedlings and large tree islands could result in the success or failure of seedlings survivorship in these areas, possibly heavily influenced by the shape of the island determining sheltering effects of snow in various places around the island.
The locations of these tree islands and different sheltering objects also strongly influence snow depth and distribution. In the paper “Alpine Treeline of Western North America: Linking Organism-To-Landscape Dynamics,” George Malanson describes the beneficial properties of the distribution of snow caused by tree islands for seedling growth and establishment. Large eddies formed by tree islands deposit higher volumes of snow on leeward sides of the sheltering object, thus burying the previous year’s established seedlings that are seeking shelter behind the object in a large amount of snow. Snow burial provides seedlings with protection from sun damage and desiccation, which is particularly important at high elevations because of sun intensity and during the wintertime because trees are not growing. Being underneath snow also helps seedlings maintain their temperature, with snow acting as an insulator (Malanson, 2007). During the summer months, the melting of the snowpack provides the seedlings underneath it with moisture but depending on its depth and time it takes to melt it can potentially limit the seedling’s growing season. However, snowmelt leads to damage due to snow fungus within the snowpack, which has been said to be the number one cause of seedling mortality (Barbeito et al, 2013). 
Depth of snow has a strong effect on seedling growth and recruitment, which we know determines the spatial distribution of the treeline, meaning that snow distribution is also very important. Redistribution of snow after snowfall from wind, snow creep (snow slowly sliding downhill), and tree island eddies can result in snowpack accumulation in certain areas that is three times the season’s snowfall and scouring of snow to the tundra ground in other areas (Scott et al, 1993). The tundra ecotype, which has very few living seedlings or saplings, can have very little snow throughout the winter in some cases. In these situations, after a fresh snowfall, within 2-3 days most of the snow on the tundra will have been redistributed to the sheltered zones and the forest (Kershaw & McCulloch, 2007). For this reason, the presence of tree islands is very important for snow redistribution, creating large enough eddies to capture enough snow to fully bury seedlings on the leeward sides of islands in cases where snow is not as evenly distributed. Additionally, harsher winters with more intense wind oftentimes result in a shallow, irregular snowpack, which decreases sheltering for seedlings (Batllori et al, 2009).  The distribution of these large tree islands that change snow depth in areas will also later affect the time it takes for the snowpack to melt, influencing the effects of snow fungi and shortening or lengthening the growing season (Hiemstra et al, 2002). 
Given these complex ecosystem dynamics, we wondered how several of these factors were influencing seedling mortality and spatial distribution at our abrupt treeline site on Pikes Peak in Colorado. In order to confirm the previously stated relationship between neighbors, tree islands, and snow distribution, we aimed to (1) to quantify neighbors impacts on seedling distribution and mortality, and (2) to analyze the relationship between snow and seedling distribution and mortality. 
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[bookmark: _Toc27327362]Site Description

	Our abrupt treeline site is located on the northwest side of Pike’s Peak in Teller County, Colorado at about 3,500m above sea level. We accessed the site through the Crag’s Campground near Divide, CO, and followed the Devil’s Playground trail upwards about 2 miles until we travel to the site by hiking off-trail. The site is primarily composed of Engelman spruce, with only 2 limber pines marked throughout the past few years of our study. Taller trees in the forest reach up to about 15m in height, while the saplings above the forest edge measure to about an average of 5m in height. Spruce islands appear every few meters or so, varying in length and size, and creating large pockets of empty space with no standing trees in between them. The wind at our site comes from skier’s left and moves uphill diagonally. These winds create a sheltered zone on the leeward side of tree islands with low wind speeds that helps large piles of snow to form on the behind these islands. The full treeline was divided into four “ecozones” laterally, because we expected harsher conditions at areas further from the sheltering effects of forest edge. The ecozone lowest in elevation was marked by the forest edge, the ecozone at the highest elevation was marked according to lowest locations of wind-damaged trees (to create the tundra zone). Drawing boundaries for these forest and tundra ecozones created an in-between section that was cut in half using the midpoint to create a lower and an upper sheltered zone. The tundra ecozone is heavily scoured in winter, with most snow redistributing to lower elevations about 3 days following a fresh snowfall. The snow received by this site comes from about 5-10 discrete storm events throughout the winter. The trees in the tundra show severe damage from wind and blowing snow. There are very few seedlings in the forest and the tundra, and the majority of the approximately 2,000 seedlings are within the sheltered zones. 
	Analysis of historical aerial imagery of the treeline shows that until the 1950s the area’s spatial structure was more similar to classic island treelines, with long bands of bare ground between “finger-like” treeline islands. Starting in the 1950s, seedlings began to establish between treeline islands, later forming an abrupt forest edge line as the bare patches between islands became populated with trees. In the 1970s, recruitment of saplings above the abrupt forest edge began to occur as it does today (Neumeyer, 2016). 
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Our objectives were to quantify the spatial distribution of seedlings and their mortality. In 2017, every seedling taller than 10cm and shorter than 0.5m was flagged at the site. 2,438 seedlings were marked in 2017 and 2018. On May 19th, 2019, snowpack depths were taken at various locations on the site, along with their GPS locations. 
During the summer of 2019, we revisited the site in order to obtain the locations of each seedling. We used a Trimble Geo7X GPS to mark the locations of the seedlings in the field and upload them to GPS Pathfinder Office and then to ArcMap. Each seedling was given a damage assessment in the comments of the GPS: (1) living with over 50% of canopy intact, (2) living with under 50% canopy intact, (3) previously living in 2017 and is now dead, (4) previously damaged in 2017 and is still living, and (5) previously damaged in 2017 and is now dead. Before switching to manually obtaining their GPS positions this way, some of the seedlings were marked with colored paper plates and surveyed with a Phantom drone in an attempt to automatize the process of marking each seedling in ArcMap later. However, after processing these drone flights, the image resolution of the orthomosaic was not high enough to automate this process, so we decided to switch to surveying the full site with the GPS. 
[bookmark: _Toc27327364]GIS and Remote Sensing of Snowpack

	At our site, we gathered drone imagery at a height of 35m in the summer of 2017, and again in May of 2018 to collect imagery with and without snowpack. Drone imagery that was collected in the field was processed using either Pix4D or Agisoft software, depending on the format of the drone images. Processing resulted in a 5-band orthomosaic and a 1-band digital elevation model (DEM), both with a cell size of 0.0217m, and pixel depth of 32bit. These products were obtained from the 3D mesh and 3D point cloud created in the processing of the flight images. 
The orthomosaic and DEM received from the processing of the May 2018 flight showed significant warping. To align the warped snow digital elevation models from the processed drone imagery with actual snow depth measurements from the field that were taken last May, the entire DEM had to be split into 10 strips. We then had to randomly create points in areas with no snow within each of the 10 strips and attribute the elevation values from the May DEM to these points. The elevations of these points within the May DEM were then compared to their “actual” elevations, found from the DEM from Summer 2017. The DEM from summer 2017 with no snowpack has a very high resolution and was processed with several ground control points to ensure a high level of accuracy. Based on the averages of the differences in elevation values for each point from the summer and winter DEM’s, the elevation was added to or subtracted from strips of the snow DEM to align them with actual elevations. When plotted, the snowpack DEM elevations and the actual elevations aligned well with a strong correlation (R2=0.8885, see figure 2). After aligning the two DEM’s, the snow was classified into eight categories, starting from no snow and increasing by 20cm until our largest 140cm depth. The snow was then made into eight different polygon layers, one for each depth category (see figure 7), along with one large snow polygon for analysis (excluding 0-20cm depths to minimize error). 
Canopy polygons were digitized by hand from an orthomosaic from 2018. Canopy areas of the polygons were found in ArcMap in order to divide trees into small trees (area between 0.5m2 and 5.0m2) and big trees (area larger than 5.0m2). We made sure to not analyze seedlings twice (once as a seedling and once as a canopy) by removing all canopies with area less than 0.5m2, after verifying in the field that our largest seedlings had a footprint of under an area of 0.5m2. A 1m buffer was then placed around all of the canopies to be sure to include all of the tree area in case there was any error in the imagery processing or canopy digitizing. Surrounding these canopies and 1m buffers, additional 1m buffers and 1-2m buffers were placed around both small trees and big trees. Counts of seedlings within these buffers and within their damage assessment categories were taken (see figure 5). Additionally, the small and big trees were aggregated to obtain counts of seedlings within these buffers around all trees larger than a seedling. 
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	All statistics were performed in either excel, SPSS, or using MedCalc’s online Relative Risk Calculator or SOC Statistics online chi square calculator.
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[bookmark: _Toc27327367]Seedling Distribution and Resulting Neighbor Interactions

	In an attempt to understand the relationship between the distribution of adult trees, saplings, and seedlings, spatial statistical analysis was needed. Chi square tests were performed comparing growth rates inside buffers around both big (area larger than 5.0m2) and small trees (area between 0.5m2 and 5.0m2) in each ecozone (forest, lower-half of sheltered, upper-half of sheltered, and tundra). With trees separated by size, the lower sheltered zone resulted in a strong underrepresentation of seedlings in 1m buffers surrounding both small and large trees (chi=33.40, p=<0.00001 and chi=198.40, p=<0.00001, respectively). The upper sheltered zone showed the same patterns, but with a less strong underrepresentation of seedlings in 1m buffers surrounding small and large trees (chi=27.54, p=<0.00001 and chi=40.44, p=<0.00001, respectively). In the forest, only the 1m and 1-2 m buffers around large trees showed statistically significant overrepresentation of seedlings (chi=14.19, p=0.00017 and chi=12.08, p=0.00051, respectively). In the tundra, a very slight overrepresentation of seedlings was found in 1-2m buffers around small trees (chi=7.72, p=0.0055). Other chi square tests showed no significant relationships.
[bookmark: _Toc27327368]Seedling Mortality

Mortality rates for both previously healthy and unhealthy seedlings were compared across all 4 ecozones, along with the results of the chi square tests considering the randomly distributed expected number of dead/alive seedlings for each area. For healthy seedlings, the forest had the lowest mortality rate with fairly high significance (2.43%, p=0.0016). The two sheltered zones had nearly equivalent mortality rates with low significance (~13.66%, p=0.803). The tundra had the highest mortality rate also with low significance (16.32%, p=0.301). As expected, for unhealthy seedlings, all of the mortality rates were higher than those of the healthy seedlings. These mortality rates showed a similar pattern, but the comparisons between the zones did not reach statistical significance (all p > 0.16). The forest had the lowest mortality rate (36.36%), the lower sheltered zone had the next highest mortality rate (58.29%), the upper sheltered had a higher mortality rate (72.37%), and the tundra had the highest mortality rate of all (100%) with only two previously unhealthy seedlings that have since died. 
In order to compare mortality rates between ecozones and relative risk rates between different proximity to trees, large and small trees were aggregated, and buffers were placed around all trees larger than 0.5m2 (see figure 4). In the forest, 1m and 1m-2m buffers saw the lowest and second lowest mortality rates, respectively (2.22%, 6.25%). The relative risk rate between the 1m and 1-2m buffers in the forest was the lowest overall relative risk (RR=0.9783, p=0.9855).
In the lower sheltered zone, mortality rates were lower (9.95%) the closer seedlings were to trees, rising to 23.48% on the outside of the 1-2m buffers. Relative risk rates in the lower sheltered zone between 1m and 1-2m buffers were not significant, while relative risk rates between 1m and 1-2m buffers compared to outside buffers were very significant (RR=2.359, p=0.002, and RR=1.903, p=0.005, respectively).
In the upper sheltered zone mortality rates had an opposite pattern from the lower sheltered zone, with seedlings within 1m buffers having the highest mortality rates (19.51%) and seedlings outside of buffers having the lowest mortality rates (12.21%). However, relative risk rates comparing all buffers were not statistically significant (all p > 0.17). 
In the tundra, the seedlings in the 1m buffers experienced the highest mortality rate (27.59%) for all groups of seedlings in buffers and ecozones. The mortality rate in the 1-2m buffer was drastically lower (9.43%), while outside the buffers saw a mortality rate of 16.56%. The relative risk rates comparing all buffers were not statistically significant (all p > 0.23).  
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	To quantify how snow depth affects seedling mortality, more geospatial statistics were necessary. We compared the digitized snow polygon and the full treeline free of snow which showed a very strong overrepresentation of seedlings within the snow polygon (chi=369.75, d=1, p=<.00001). Seedling densities within categories of snow depth were obtained and plotted, showing the highest densities of seedlings in 80-100cm snow, and the lowest densities in areas with no snow (see figure 1). Additionally, comparing mortality rates in each snow depth category resulted in a U-shaped distribution (R2=0.832, p=0.12, F=12.373, df1=2, df2=5), with highest mortality rates being in the shallowest and deepest snow (see figure 3).
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[bookmark: _Toc27327371]Neighbor Interactions and Seedling Establishment

	Our comparisons of seedling distribution between buffer zones at different ecozones inform us about where seedlings are able to establish. An underrepresentation of seedlings within 1m buffers around both big and small trees in the lower and upper sheltered zones suggests the possibility of competitive neighbor interactions in these areas, a finding that conflicted with our expectations. If large tree islands are inhibiting the establishment of smaller seedlings instead of facilitating, they may not establish in these patches near adult trees. However, a previous study has found what we expected, that P. englemanni seedlings occur most frequently near islands of adult trees, partly due to increased mortality rates with greater distance from tree islands (Germino et al, 2001).
Conversely, in the forest, both 1m and 1-2m buffers around small and big trees showed an overrepresentation of seedlings. This indicates possible establishment facilitation in the forest that could be due to the absence of low-lying vegetation below the forest canopy, which may allow seeds to more easily penetrate the soil and establish in the forest ecozone. In the tundra an overrepresentation of seedlings was also found within 1-2m buffers around small trees, showing possible facilitative interactions between small trees and seedlings in the tundra. This is most likely due to sheltering from wind and blowing snow in the tundra, which is undoubtedly the harshest ecozone at the site. There are very few large trees in the tundra because of these harsh conditions, explaining the inconclusive results for buffers around large trees in the tundra.
[bookmark: _Toc27327372]Seedling Mortality

	In the paper “Seedling Demography in and Alpine Ecosystem,” Tara Forbis challenges the idea that all alpine treeline climates are too harsh for seedlings to establish, and instead argues that in certain cases, seedlings do establish randomly, but the differences in their mortality rates depending on their location is what shapes the structure of the treeline (Forbis, 2003). For this reason, we decided to analyze mortality from a spatial perspective to investigate this hypothesis that seedling mortality is not random and instead is influenced by specific stressors in specific areas of the treeline. The pattern of mortality rates for healthy and unhealthy seedlings presented in this analysis between ecozones did not differ from previous years’ observations. The forest has the lowest mortality rate, and the rates increase at each of the other three zones moving uphill (2.44%, 13.62%, 13.73%, 16.32%). This is consistent with our assumptions that higher abiotic stress (wind, snow blasts, sun damage from lack of sheltering and deep snow) in the ecozones of higher elevation would lead to higher mortality rates. Interestingly, the healthy seedlings in the lower and upper sheltered zones had almost the same mortality rates, despite their differences in snowpack, tree island cover, and elevation. There are many factors that could explain these findings, such as the fact that the upper sheltered zone contains the highest number of seedlings out of all four zones. This is most likely due to the fact that this ecozone has fewer adult trees than the forest or the lower sheltered zone, reducing competition for nutrients and water in the upper sheltered zone as compared to the two zones further downhill. Another factor likely influencing these unexpected findings between the lower and upper sheltered zones is our arbitrary boundary line based on geographical area, separating the two sheltered zones in half (cutting through the snowpack) instead of separating them by factors that are known to influence seedling establishment or mortality.
	To understand the effect of the size of neighbors on the facilitative/inhibitory interactions between adult trees and seedlings, we aggregated small and large trees within each zone. The mortality rates and relative risk rates were lowest in the forest, regardless of distance from tree canopies. This is likely due to the fact that the forest experiences the least amount of abiotic stress and contains the most areas of sheltering. This would allow the seedlings to stay alive longer than those at higher elevations. In the lower sheltered zone, mortality rates and relative risk rates were lowest closer to tree canopies, increasing the further the seedling was from the tree. This indicates strong facilitation of survivorship in the lower sheltered zone, as expected. This zone has a large amount of tree islands that provide shelter from wind and snow blasts and that collect large amounts of snow on their leeward sides. This pattern is in line with relationships observed between seedlings and neighbors as sheltering objects in previous research (Resler et al, 2005). 
The upper sheltered zone showed almost an exact opposite (though not statistically significant) trend between seedlings and sheltering neighbors, having the highest mortality rate within the closest buffer and the lowest mortality rate outside of all buffers. Because of this, we believe that our process of splitting the area between the forest and tundra edges in half is not entirely representative of the differences between the lower and upper sheltered zones. We had expected relatively similar relationships between seedlings and sheltering tree islands between the two sheltered zones because of their similar spatial structure. Based on these findings, we propose, moving forward, to create this boundary in regard to differences in snowpack distribution and depths could be a better representation of differences between these sheltered ecozones. Analysis of seedlings around small trees in the tundra showed seedlings within the 1m buffers having the highest mortality rates, and seedlings within the 1-2m buffers having the lowest mortality rates. This does not match our expectations that seedlings would cluster near larger tree islands to use them for sheltering in the tundra, but this may be due to our low counts of both seedlings and small trees in the tundra (underpowered), along with the complete lack of large trees in this zone. 
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	Our results pertaining to snow distribution, density, and the relationship with mortality are well aligned with previous literature studying these snow-driven patterns (Sullivan, 2016, Hättenschwiler & Smith, 1999). The strong overrepresentation of seedlings within the snow polygon could insinuate a positive relationship for seedlings within snow regarding either establishment or survival. This could also be caused by the sheer amount of snow at the site, and that most of the ground in the sheltered zones (where the majority of the seedlings are) is covered by snow for the entire winter (see figure 6). Analysis of seedling densities within varying snow depths showed the highest densities of seedlings in 80-100cm deep snow, and the lowest densities of seedlings in areas with snow less than 80cm. This is most likely due to the redistribution patterns of snow caused by wind and sheltering objects, and the scouring of the snow in the tundra.
	The relationship between snow depth and seedling mortality showed a “sweet spot” of snowpack depth that was not too shallow (<60cm) or too deep (>100cm), that resulted in the lowest mortality rates. A similar “sweet spot” of snow depth was found in other studies, where snow spanning between 50cm and 150cm resulted in lower mortality for seedlings (Hättenschwiler & Smith, 1999). This is most likely due to the beneficial properties of snow burial on treelines. Deep snow provides insulation and can increase microbial activity and decrease the potential freezing of small roots, it provides water, organic litter, and nutrients to the soil during snowmelt, and provides shelter from harsh abiotic factors (Sullivan, 2016). Additionally, experiments involving snow and seedling growth showed more growth with deeper snow and hypothesized that a delayed melting event would push the growing season further into the summer, resulting in a growing season with warmer temperatures (Walker et al, 1999).
[bookmark: _Toc27327374]Combined Analysis

	It seems that at our abrupt alpine treeline site, it is more important for seedlings to establish in areas with high amounts of sheltering and snow, which typically accompanies being in closer proximity to large tree islands. In contrast, our spatial neighbor interactions suggest that both the lower and upper sheltered zones, where most of the seedlings exist, are areas of high competition due to the calculated underrepresentation of seedlings closely surrounding all trees. However, spatial mortality analysis suggests that it is still beneficial for seedlings to be closer to large trees and tree islands in this area. That is to say, establishing close to competitive trees and staying alive is more beneficial for a seedling than establishing in a less competitive area with no sheltering. 
This research shows that at our treeline site, the patterns of mortality and establishment in various ecozones and various distances from trees are not the same. In the forest, the lower sheltered zone, and the upper sheltered zone, seedlings were establishing in higher numbers in locations with lower rates of survivorship. The tundra does not reflect this misaligned relationship between establishment and mortality. This difference in the tundra is most likely due to the harsh climatic conditions that hinder both establishment and survivorship, along with the low counts of seedlings and trees in this ecozone. This information could be very beneficial to our future studies at this site, because determining where seedlings are establishing is essential for predicting the shape and migration of treelines. This gives insight into the interactions between trees along elevational stress gradients, and could possibly translate to other ecosystems experiencing similar stress gradients. 
[bookmark: _Toc27327375]Areas for Future Study

	Our analysis has successfully reinforced the importance of distance from neighbors and snow distribution and depth for the establishment and survival of seedlings. Moving forward, redefining our boundary between the lower and upper sheltered ecozones by snow depth is essential. Additionally, using historical data it would be interesting to corroborate the consistency of snowpack distribution between years to help form these new ecozone boundaries. One study asserted that the spatial distribution of seedling density is a better indicator of climate change and favorable growth conditions than the position of the treeline (Elliott & Kipfmueller, 2009). For this reason, mapping total seedling density in relation to neighbors and sheltering would be extremely beneficial. Future (and ongoing) analysis will include multiple logistic regression analysis to predict seedling mortality by the conditions discussed in this paper (snow depth, distance from shelter, size of sheltering object). We may also want to investigate constructing our buffers modelling the complex eddies formed by tree islands that facilitate growth on the leeward side of the island and inhibit growth along the sides, which create the “striped” patterns of seedling density.
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Figure 1
This figure shows seedling density (percentage expressed as a decimal) plotted against categories of snow depth, ranging from 0cm to 140cm, increasing in increments of 20cm. The R squared value for the line of best fit is shown in the top left corner. 

Figure 2
This figure shows the snow depth values from the Digital Elevation Model from a drone flight on May 16th, 2019 against the snow depth values measured in the field on May 16th, 2019. The R squared value for the line of best fit is shown in the top left corner. 
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Figure 3
This figure shows seedling mortality rates (percentage expressed as a decimal) plotted against snow depth, ranging from 0cm to 140cm, increasing in increments of 20cm. Descriptive statistics for the quadratic line of fit are shown below the graph.







Figure 4
This figure shows visual representations of buffers around all trees with area greater than 0.5m all four ecozones. The green dots represent the trees that the buffers were created around. The blue circle represents the 1m buffers around the tree canopies, along with the counts of dead and alive seedlings found within those buffers. The larger red circle represents the 1m-2m buffers created around tree canopies, along with the counts of dead and alive seedlings in just these buffers. Ecozone type and total counts for dead and alive seedlings within one specific ecozone are shown in the top left black box above each of the four groups of buffers. Mortality rates and relative risk rates for each buffer and outside of buffers are shown on the right side of each of the four groups of buffers. 
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Figure 5
This figure shows a screenshot obtained from ArcMap after finishing snow depth and buffer analysis. The blue polygons represent areas with snow cover, while the white patches represent areas with no snow. Tree canopies are shown in green, with 1m buffers around them shown in white to account for error in the digitizing of tree canopies from our processed orthomosaic. The white points represent seedlings that were living in 2018 and found living again in 2019. The pink points represent seedlings that were living in 2018 and found dead in 2019. The blue points represent seedlings that were damaged in 2018 and found dead in 2019. The orange points represent seedlings that were damaged in 2018 and found still living in 2019. 
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Figure 6
This figure shows multiple months of snowpack data overlain on top of each other. The bottom right hand corner of the map is uphill. The lighter areas have either no snow or the least amount of lasting snowpack throughout the winter, and the darker areas have the most amount of lasting snowpack throughout the winter (Campson, 2019). 
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Figure 7
This figure shows the distribution of snow depth within each subsection of the processed Digital Elevation Model. Lighter green color shows areas with shallower snowpack, while darker green color shows areas with deeper snowpack. The white points represent seedlings that were living in 2018 and found living again in 2019. The pink points represent seedlings that were living in 2018 and found dead in 2019. The blue points represent seedlings that were damaged in 2018 and found dead in 2019. The orange points represent seedlings that were damaged in 2018 and found still living in 2019. Tree canopies (white holes in the DEM) have been removed from the image. 





Seedling Density vs Snow Depth

density	
no snow	0-20cm	20-40cm	40-60cm	60-80cm	80-100cm	100-120cm	120-140cm	4.0488022719246598E-2	7.0004582149924596E-2	0.15578917171159901	0.29124837783165403	0.43971515036410302	0.63521730545992505	0.50527171609943999	0.56620341790358497	Snow Depth Categories


Seedling Density



Snow Digitial Elevation Model vs Snow Field Measurements
77	0	103	6	53	42	71	61	13	51	22	7	30	4	12	81	16	17	55	5	28	38	68	7	27	31	17	53	109	100	77.613919973400002	-1.6585409641300011	95.789480209399983	-10.387277603099999	66.028738021899926	38.245534896900011	51.609563827500011	43.528509139999997	3.489445149899999	55.393743514999997	14.5978435874	0.75507014989900001	29.905462265000001	5.192012339829998	22.8677928448	82.779902219799936	-2.2054485976699998	21.7935740948	59.607732296000002	1.9417181611100001	42.420232296000002	31.726872920999991	58.411508798600003	-6.2857568263999974	12.9769384861	8.6068212986000017	17.0052587986	63.172250986100003	95.32997608179997	72.551655769299998	




Russell 20

image2.png
Model Summary and Parameter Estimates

Dependent Variable: mort
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