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Abstract 

 

The mechanisms that determine the spatial structure of ecotones are not 

entirely understood. The structure of an alpine treeline ecotone is likely 

determined by an interaction between plant physiology and the underlying 

harshness gradient, and these influences are modified by neighbor interactions 

among the trees. The stress gradient hypothesis (SGH) postulates that neighbor 

interactions are inhibitory at the benign end of the gradient and facilitatory at the 

harsh end of the gradient. Through neighbor interactions, the current spatial 

pattern of a treeline will influence the future pattern, thus it is essential to 

understand the extent these interactions influence treeline structure. This project 

hypothesized that seedling establishment and growth at this site could be modeled 

with a linear SGH. The study analyzed seedling establishment and growth with 

respect to canopies of adult trees (derived from a drone based orthomosaic) at a 

380m by 90m treeline site on Pikes Peak, CO. The field site was divided into four 

equal sized zones along the elevation gradient. 

The results indicated that neighbors influence seedling establishment and 

growth differently. The density of seedlings in each zone reflected patterns of 

seedling establishment across the entire site. Transition 1 had the highest seedling 

establishment, which indicated that seedlings preferentially established away from 

adults in the lower two zones but established randomly in in the upper two zones. 

Data regarding 10-year growth showed seedlings grew somewhat better outside 

the 1m tree buffer across the entire site (t=-1.804, df=224, p=0.073). In the Forest 

Zone and Transition 1 there was no significant difference between seedling 
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growth inside and outside the buffers. In Transition 2, seedlings grew 

significantly better within the buffers (t=2.552, df=33, p=0.016). Across the entire 

site, the growth in the Forest Zone and Tundra Zone was lower than the growth in 

the transition zones (one-way ANOVA: F (3,222) = 32.936, p<0.005). 

Additionally, a kriging interpolation of 1-year and 10-year growth for all 

seedlings, seedlings inside the 1-meter buffer, and seedlings outside the 1-meter 

buffer indicated that seedlings grew best at intermediate levels of stress. The 

results of this study indicate that the relationship between neighbor interactions on 

an underlying stress gradient at this site can be described with a linear model in 

regard to seedling establishment and a hump-shape curve in regard to seedling 

growth. Additionally, signals of neighbor influence are better detected over longer 

growth periods. 

 

Introduction 

Ecotones are the transitional zones between two distinct biomes or 

ecosystems. The interface of these ecosystems can be wide or narrow, and exhibit 

gradual or abrupt shifts. Underlying plant physiology and external abiotic 

conditions are known to influence ecotone structure (Körner, 1998; Körner & 

Paulsen, 2004), but ecotones are also formed through internal feedbacks, such as 

neighbor interactions between plants (Malanson et al., 2011; Risser, 1993; 

Walther et al., 2005). The nature of neighbor interactions is contingent upon 

space. Short-range interactions, for example, occur directly between adjacent 

neighbors and therefore affect plants more rapidly than do long-range 
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interactions.  Long-range interactions, on the other hand, impact entire 

communities of trees and the high tree density can impact overall site 

characteristics like snow depth, ground temperature, or wind shear. Neighbors 

impact each other differently through competition and facilitation, and the effects 

of these interactions impact the life stages and life history of plants. These can all 

occur simultaneously, such that within a single community short distance plant 

facilitation can create long distance inhibition, eliciting varied responses that will 

affect the establishment, survivorship, and growth of plants. These internal 

feedback loops operate on an underlying harshness gradient and are continuously 

impacted by external abiotic conditions. The balance of external mechanisms and 

internal feedbacks within an ecotone are delicate and easily influenced by 

environmental disturbances. As a result, ecotones are indicators of the effects of 

climate change and could provide insight into the ways transitional ecosystems 

will be affected by future climate change (IPCC, 2019; Malanson et al., 2011; 

Risser, 1993; Walther et al., 2005).   

Alpine treeline ecotones are marked by the transition from a closed 

canopy forest to the uppermost elevational gradient where tree species can 

survive, at which point the system transitions into a tundra landscape. The 

altitudinal extent of treelines is constrained and constructed by a variety of abiotic 

and biotic mechanisms, but the uppermost limit of growth is primarily constrained 

by temperature (Körner, 1998; Körner & Paulsen, 2004; Smith et al., 2003; Grace 

et. al., 2002). The growth-limitation hypothesis, originally argued by Körner 

(1998), proposed that trees at high elevation are unable to utilize carbon 
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sequestered during photosynthesis because of low soil temperatures. Trees at high 

elevations have a sufficient amount, or even a surplus of carbon, but are unable to 

convert the carbon into growth. Therefore, treelines should be especially affected 

by climate change because the effects of global warming are more pronounced at 

higher elevations and latitudes (IPCC, 2019; IPCC, 2019). In the context of global 

warming, the growth-limitation hypothesis supports the conjecture that treelines 

have been and will continue to be highly impacted by warming temperatures. 

Evidence of treeline advancement has been observed globally and is well 

documented in current literature (Feiden, 2010; Grace et. al., 2002; Harsch & 

Bader, 2011). 

Spatial Structures of Treelines  

Treelines exhibit general similarities but are marked by distinct spatial 

structures at the stand-level, such as abrupt, diffuse, krummholtz, or island. 

Abrupt treelines exhibit sharp boundaries between the forest and tundra 

ecosystems. Diffuse treelines gradually decrease in height and density as 

elevation increases. Krummholtz treelines are comprised of stunted and deformed 

trees that appear in patches, bands, or as a gradual diffusion above the forest 

ecosystem. Krummholtz are sometimes excluded from treeline forms because the 

trees do not meet height requirements (≥ 3m) of the current literature’s definition 

of a standard tree (Harsch & Bader, 2011; Körner, 1998; Körner & Paulsen, 

2004). Island treelines are patches or bands of upright and krumholtz trees that 

establish above the forest but before the tundra ecosystem. (Harsch & Bader, 
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2011). Individual treeline forms are likely controlled differently by separate and 

overlapping external mechanisms and internal feedbacks (Harsch & Bader, 2011).  

Treeline Dynamics 

This study analyzed the dynamics at a diffuse treeline that is rapidly 

advancing due to climate change. Globally, diffuse treelines are advancing more 

frequently than other treeline forms (Harsch & Bader, 2011). This is partly due to 

growth-limitation which is the most dominant external mechanism at a diffuse 

treeline (Harsch & Bader, 2011; Körner, 1998; Malanson et al., 2011). While 

advancements in understanding have been made in recent years, the ways in 

which external mechanisms specifically interact with internal feedbacks between 

neighbors to create treeline structure is not understood. In addition to the effect of 

external mechanisms on plant physiology (growth-limitation hypothesis), it is 

believed that the underlying harshness gradient (the changing severity of abiotic 

conditions on some gradient) greatly impacts internal feedbacks and may be 

responsible for the establishment and growth of seedlings at treeline.  

The stress gradient hypothesis (SGH) has been referenced as a connection 

between the changes in internal feedbacks at varying degrees of harshness on a 

treeline gradient. The SGH postulates that neighboring plants will compete in 

benign conditions, but that facilitation will increase with abiotic environmental 

stress. In benign environmental conditions, the SGH posits that competition is the 

net result of neighbor interactions because effects of high-density neighbor 

competition for resources outweigh any benefits of environmental amelioration. 

In harsh conditions, positive effects of environmental amelioration by neighbors 
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compensates for negative impacts of resource competition (Butterfield et. al., 

2013; Callaway, 1998; Callaway, 2007; Callaway et. al, 2002; le Roux & 

McGeoch, 2010; Maestre et. al., 2009; Klanderud et. al., 2017).  

Models of the Stress Gradient Hypothesis  

The relationship between facilitation and competition along an 

environmental stress gradient is typically described with a linear model 

(Butterfield et. al., 2013; Callaway, 1998; Callaway, 2007; Callaway et. al, 2002; 

Leong et. al, 2019). An increasing number of studies conducted in a variety of 

environments that have analyzed different parameters (multiple species, the 

removal of one species, the effects of multiple abiotic stressors, etc.) are now 

indicating that this relationship may be modeled differently. In addition to linear 

models, the curve has taken a symmetrical hump shape, an asymmetrical hump 

shape, and a plateau in recent literature (Figure 1) (Leong et. al, 2019; le Roux & 

McGeoch, 2010; Maestre et. al., 2009; Michalet et al., 2014; Klanderud et al., 

2017). 

 

 

 

 

 

 

 

 
Figure 1: Hypothesized shapes of the relationship between facilitation and competition along 

environmental stress gradients. (Adapted from: le Roux & McGeoch, 2010, pg. 735, Figure 1a) 
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Symmetrical Hump Shape. The curve represented by a symmetrical hump shape 

is defined by facilitation at intermediate environmental stress and competition at 

both extremes of the gradient. The results of neighbor interactions at the benign 

ends of the harshness gradient are consistent with the linear curve of the SGH. 

The symmetrical hump shape operates under the assumption that competition 

does not decrease with increasing stress, such that neighbor facilitation cannot be 

sustained under extreme environmental severity, because benefits incurred by 

neighbors are negligible compared to their negative impacts. 

 

Asymmetrical Hump Shape. Similar to the symmetrical hump shape, this curve 

exhibits the highest facilitation between neighbors at intermediate levels of 

environmental stress. Plant interactions become neutral under severe 

environmental conditions because both the amelioration of severe abiotic stressors 

and the competition for resources are equally insignificant. This model assumes 

the reduced competition is a result of the slow rate and minimal growth of plants 

in stressful environments. 

 

Plateau. Similar to the linear shape, facilitation increases with the underlying 

harshness gradient, but the plateau model is constrained by a positive asymptote. 

This curve suggests that it is consistently beneficial to grow close to a neighbor 

across the harshness gradient, but that there is some limit to the strength of this 

net facilitation (le Roux & McGeoch, 2010). 
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Further speculation about how models of the SGH may describe the 

structure of treeline is needed. This study contributed to the field a better 

understanding of how internal feedbacks operating on an external gradient impact 

treeline structure. It was hypothesized that the diffuse treeline would exhibit a 

linear SGH response where trees would compete with neighbors at benign and 

low elevational gradients (in the forest ecosystem) and increasingly facilitate each 

other farther up the harshness and gradient (approaching the tundra ecosystem).  

The research questions included: (1) What would the balance of 

competition and facilitation look like at treeline? (2) Would there be different 

responses to these interactions for establishment and growth? (3) Over what 

distances would signals be observable? These questions were addressed through a 

spatial analysis of neighbor interactions and the ensuing establishment and growth 

response of seedlings to help determine if the treeline structure exhibited a linear 

or alternative model of the SGH. An improved understanding of the structure and 

descriptive model of treeline ecotones will inform the ways ecotones in general 

are structured. This knowledge is critical in the context of climate change, as it 

will allow ecotones to be more accurate indicators of future disturbances in 

transitional ecosystems. 
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Methods 

Site Description 

The field site was a transitional ecotone between a closed canopy Picea 

engelmannii (Engelmann spruce) forest and alpine tundra. The ecotone boundary 

was a diffuse treeline that exhibited a gradual decrease in tree density with 

increasing elevation. The site was located in a bowl on the west slope of Pikes 

Peak within the Front Range of Colorado and was chosen because the diffuse 

treeline here is known to be significantly advancing (Earnst, 2011; Elwood, 2012; 

Feiden, 2010). The center of the site was located at 105º5’25” W and 38º51’35” N 

and the elevation across the middle of the transect was 3609m to 3719m a.sl. The 

field site was sectioned into an approximately 150 meters long and 60 meters 

wide transect that ran parallel to the elevation gradient with a northwest aspect. 

The transect spanned from the 1999 treeline (identified using a 1999 aerial 

photograph of the site and Jenks Natural Breaks Algorithm in ArcGIS Pro; 

Feiden, 2010) at the lowest boundary of the Forest Zone and extended to the 

uppermost tree in the Tundra Zone. The upper boundary of the transect aligned 

with the elevational limit at which trees can exist (approximately 3,700 m above 

sea level at this site). The transect was divided into four approximately equal 

zones (~35 meters by 60 meters). Starting in the forest and moving up the 

elevation gradient, the zones were labeled the Forest Zone, Transition Zone 1, 

Transition Zone 2, and the Tundra Zone. The space between the trees was 

occupied by tundra grass and forbs. No other tree or shrub species were present at 

the site. Granite boulders were present throughout the site with the most 
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significant outcropping located at a small rockslide near the bottom of the 

Transition 1 zone. The vast majority of the P. engelmannii trees had a primarily 

vertical stature. Very few krummholtz mats were present at the field site; instead, 

some trees exhibited mild to moderate flagging, especially on the upper portion of 

the ecotone. The site is generally covered with snow from early October until the 

middle of June. 

Field Methods 

This field site transect was initially established by Elwood in 2012, and 

the audit in this study was partially based on that prior research. Every Engelmann 

spruce greater than 10 centimeters in height within the transect was given an 

identification tree tag (n=1110), geolocated with a Trimble GeoExplorer GeoXT 

GPS, and mapped within ArcMap 10 in the ArcGIS Pro geographical information 

system. Engelmann spruce smaller than 10cm in height were not included in this 

study because it was not possible to consistently find them among the tundra 

grass. The Engelmann spruce were divided into three distinct size classes based 

on height: seedlings (0.10m and 0.50m in height), saplings (0.50m to 3.0m in 

height), and adults (greater than 3.0m in height). This study was primarily 

interested in the seedlings, how they were distributed, and how they grew in 

adjacency to saplings and adults. As such, the sapling and adult age classes were 

grouped together in the analysis, and the combination is referred to as ‘adults’ for 

the remainder of the paper. During data collection, age, height, 1-year growth 

rate, 10-year growth rate, and percent damage were all recorded. Dead trees 

greater than 10cm in height were tagged, geolocated with the GPS and mapped in 
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ArcGIS Pro, but no other data was collected. The age of seedlings was estimated 

by counting apical bud scars where the length from one bud scar to the next 

represents the growth of that year. One-year growth was estimated by measuring 

the distance from the top of the leader scar to the closest bud scar, and 10yr 

growth measured the distance from the top of the leader scar to the tenth bud scar. 

The tree height was recorded for all trees that could be accurately measured by 

hand. The height of trees that could not be measured manually were estimated in 

ArcMap 10 using a drone-based 3D orthomosaic of the transect site.  

GIS Analysis  

 A map of trees and their canopies was created in ArcMap 10 in the ARGIS 

PRO geographical information system, to identify establishment and growth of 

seedlings in relation to adults over space. The Trimble geolocations and the 

ArcGIS mapped trees were cross-referenced to more accurately locate trees and 

project their spatial distribution. The trees and their canopies across the entire site 

were digitized using the drone-based orthomosaic and the tree geolocations. An 

individual layer was created for all seedlings (n=302), and groups of two or more 

adult trees were digitized as a single unit and are referred to as clusters (n=417). 

The impact of adult neighbors on seedling establishment was analyzed by creating 

a one-meter buffer around all clusters and individual adult trees. This buffer layer 

and the seedlings layers were joined to identify all seedlings established within 

the buffer area (n=131) and outside the buffer area (n=171). This was done across 

the entire site, and for each zone, in order to determine whether seedlings 

preferentially established close to or away from adult neighbors and clusters. The 
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drone-based orthomosaic map of the transect site in Figure 2 was created to allow 

a better visualization of the clusters of connected canopies and the diffusion of 

tree density with increasing elevation. The orthomosaic base-map in Figure 2 is 

overlaid with the layers depicting the boundaries for each zone, the adult trees and 

cluster areas, and the 1m buffer around clusters (values are displayed in Table 1). 

An ordinal Kriging interpolation equation (𝑍(𝑠) =  𝜇 +  𝜀(𝑠)) utilized 

through the Raster Kriging tool in ArcMap 10 interpolated the 1yr and 10yr 

growth rates across the study transect for seedlings established in the buffers, 

seedlings established outside the buffers, and all seedlings to determine whether 

trees grew faster close to or away from clusters and adult neighbors. A spatial 

analysis of the Kriging interpolations highlighted how these relationships changed 

across the site as a whole and within each zone. The maps of the kriging 

interpolations were created to visualize seedling growth across the site and within 

each zone (Figures 3). The kriging interpolation of the 1-year growth rates are 

mapped for all seedlings (Figure 3A), seedlings inside the buffer (Figure 3B), and 

seedlings outside the 1m buffer (Figure 3C). The kriging interpolation of the 10-

year growth rates are mapped for all seedlings (Figure 3D), seedlings inside the 

buffer (Figure 3E), and seedlings outside the 1m buffer (Figure 3F).   

The area of the entire transect site (8581m²), the total cluster area 

(1008m²), and the total buffer area (4323m²) were calculated. The total area, 

cluster area, and buffer area were also calculated for each zone. Seedlings cannot 

establish directly into clusters, so cluster area was deemed unavailable for 

establishment. Thus, the area across the entire site and within each zone that was 
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available for seedling establishment was calculated as the difference between the 

total area and the cluster area. The density of seedlings was calculated to identify 

an overall pattern of establishment and survivorship in zones and across the entire 

site (Table 1). This was done by dividing the number of seedlings in each zone by 

the available space and multiplying the result by 100 to determine the number of 

seedlings per 100m². 

Seedling Establishment and Spatial Distribution Analysis 

 A chi-square (χ²) analysis was used to determine whether seedlings (0.10m 

≤ seedlings ≤ 0.50 m) preferentially established inside or outside the 1meter 

buffers around adult trees (combined saplings and adults ≥ 3.0m) and tree 

clusters. It is possible that some adult krummholz trees may have been recorded 

as seedlings because their stunted not-upright stature resulted in a height 

measurement less than 0.50m. The chi-square analysis was run by determining the 

number of seedlings expected and actually observed in each zone, and across the 

entire site given the total area available for establishment (remember seedlings 

cannot establish directly into clusters).  

 

Equation 1:  

 1 𝑚𝑒𝑡𝑒𝑟 𝐵𝑢𝑓𝑓𝑒𝑟 𝐴𝑟𝑒𝑎 ×
𝑇𝑜𝑡𝑎𝑙 𝑆𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐴𝑟𝑒𝑎
 𝑆𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑖𝑛 𝐵𝑢𝑓𝑓𝑒𝑟 𝐴𝑟𝑒𝑎 (𝑆𝜀) 

𝑆𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑖𝑛 𝐵𝑢𝑓𝑓𝑒𝑟 𝐴𝑟𝑒𝑎 (𝑇𝑎𝑏𝑙𝑒 1) = 𝑆𝜊 

 

Equation 2:  

𝜒2 =  ∑ ∑
(𝑆𝜊𝑖𝑗 −  𝑆𝜀𝑖𝑗)2 

𝑆𝜀𝑖𝑗

𝑐

𝑗−1

𝑟

𝑖−1
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The number of seedlings that were expected inside the buffers was the 

product of the 1-meter buffer area and the ratio of seedlings to available area 

(Equation 1). The number of seedlings expected outside the buffers was the 

difference between the total number of observed seedlings and the number of 

seedlings expected in each zone (Table 2). This chi-square analysis (Equation 2) 

of the spatial distribution of seedling establishment determined whether seedlings 

were over- or under-represented inside and outside buffers. 

Seedling Growth  

Seedling growth was analyzed to determine how well seedlings faired at 

different gradients and in proximity to neighbors. Seedling growth is a function of 

the individual’s size, so for each seedling, its growth was corrected for its size. To 

establish a function of seedling growth corrected for size, the height of each 

seedling in the entire site was compared to its respective 1yr and 10yr growth rate 

(1-year: y = 0.0223x + 0.014, R² = 0.0525; 10-year: y = 0.4554x + 0.0568, R² = 

0.5312). The difference between the function of seedling growth corrected for 

size and the actual recorded growth for each seedling was used to find the 1yr and 

10yr growth rate residuals. To estimate where seedlings grew best, the growth rate 

residuals were compared to seedling location within the transect site, within each 

zone, and within proximity to neighbors. An independent samples t-test was used 

to compare the corrected growth of seedlings established inside and established 

outside the buffers to determine where seedlings grow best in proximity to 

neighbors. A one-way ANOVA test with post-hoc Bonferroni tests was used to 
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test for significant differences in mean growth rates between the zones in order to 

better determine where seedlings grew best on the underlying harshness gradient.  

 

Results 

Spatial Distribution of Seedling Establishment  

The density of seedlings in each zone was calculated in order to elucidate 

the overall pattern of seedlings establishment across the entire site (Table 1). 

Unsurprisingly, the lowest density of seedlings was found in the Tundra Zone 

(0.8±1.6 seedlings/m²), but the highest density of seedlings was found in 

Transition 1 (9.89±2 seedlings/m²), suggesting the conditions in this zone were 

the most hospitable for seedling establishment. The density of seedlings in the 

Forest Zone was 3.44±1.5 seedlings/m² and 2.15±0.9 seedlings/ m² in Transition 

2. It appears that is it very challenging for seedlings to establish in the upper two 

zones of the transect and moderately challenging to establish in the Forest Zone.  

 The spatial distribution of seedling establishment determined whether 

seedlings were establishing preferentially next to adults, away from adults, or 

randomly in respect to adults.  The chi-square analysis (Table 2) of the number of 

seedlings that were expected to have established within 1m buffer compared to 

the number of seedlings observed within the 1m buffer adult was less than 

expected based on a random distribution of seedlings for the total site area 

(χ²=11.13, p<0.001). This indicated that seedlings preferentially established 

outside the 1m buffers across the entire transect. Chi-square analyses were also 

conducted for the individual zones to better account for the impact of the 
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harshness gradient on seedling establishment. The number of seedlings 

established within a 1m buffer around adult trees was less than expected in the 

Forest Zone and in Transition 1, the two zones at the benign end of the harshness 

gradient. In the Forest Zone, seedlings preferentially established away from adult 

neighbors (χ²=10.53, p=0.002) and in Transition 1 seedlings also preferentially 

established away from adult neighbors (χ²=60.69, p<0.001). The number and 

distribution of seedlings established inside and outside the 1meter buffer in 

Transition 2 (χ²=0.049, p=0.825) and the Tundra Zone (χ²=0.82, p=0.365) were 

not significantly different from a random distribution. These results indicate that 

vicinity to neighbors does not significantly influence seedling establishment in 

zones at the stressful end of the harshness gradient.  

Seedling Growth   

Mean growth rates in each zone were compared to determine how well 

seedlings grew as the underlying harshness gradient changed between zones. The 

one-way ANOVA test comparing the mean seasonal growth between zones was 

significant (F (3,293) =5.904, p=0.001). The plot of mean growth for each zone is 

displayed in Figure 5A. The results of the post-hoc Bonferroni analysis indicate 

that the mean seasonal growth in the Forest Zone was statistically smaller than all 

other zones. In Transition 1, the mean seasonal growth was greater than in the 

Forest Zone but less than in Transition 2 and the Tundra Zone. The greatest mean 

seasonal growth was in Transition 2, and growth in this zone was statistically 

significantly larger than all other zones. The mean seasonal growth in the Tundra 

zone was also greater than the growth in the Forest Zone and Transition 1 but less 
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than in Transition 2. The one-way ANOVA test comparing the 10yr mean growth 

between zones was significant (F (3,222) =32.94, p<0.001) and the plot of mean 

growth for each zone is displayed in Figure 5B. After the post-hoc Bonferroni test 

the lowest mean 10yr growth was again in the Forest Zone and the highest mean 

10yr growth was in Transition 2 where the growth was statistically significantly 

greater than all other zones. The mean 10yr growth in Transition 1 was greater 

than the mean growth in both the Forest and Tundra Zones. The mean 10yr 

growth in the Tundra Zone was greater than the Forest Zone but less than in both 

the Transition Zones. These results indicate that for both seasonal and 10yr 

growth, the seedlings grew the worst when the underlying harshness gradient was 

at its most benign (Forest Zone) but grew the best when the gradient was 

moderately harsh (Transition 2). 

In addition, it was important to understand whether seedlings grew better 

when established inside or outside the 1m buffers. Seedling growth as a function 

of size was analyzed to determine how well seedling fared at different gradients 

and in proximity to neighbors. The function of seedling growth corrected for size 

is displayed in Figure 4A for a single season (1-year growth) and Figure 4B for 10 

years of growth. The independent t-test comparing the seasonal growth of 

seedlings corrected for size that established inside the buffers and the growth of 

seedlings corrected for size that established outside the buffers across the entire 

site was not significant (t=-1.470, df=295, p=0.143). A t-test comparing the 

seasonal growth of seedling corrected for size established inside vs. outside the 

1m buffers was run for each zone to understand how distribution on the elevation 
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gradient would effect establishment; Forest Zone (t=-0.219, df=50, p=0.828), 

Transition 1 (t=-0.0686, df=181, p=0.494), Transition 2 (t=0.549, df=43, 

p=0.586), and the Tundra Zone (t=-0.084, df=39, p=0.934) were also not 

significant. The independent samples t-test comparing the 10yr growth of 

seedlings corrected for size that established inside the buffers and the growth of 

seedlings corrected for size that established outside the buffers across the entire 

site was nearly statistically significant (t=-1.804, df=224, p=0.073), indicating 

that seedlings grew somewhat better outside than inside the 1m buffer across the 

entire site. As with the seasonal growth, the t-test of comparing the 10yr growth 

of seedling corrected for size established inside vs. outside the 1m buffers was run 

for each zone; Forest Zone (t=0.543, df=47, p=0.590), Transition 1 (t=-0.592, 

df=126, p=0.555), and the Tundra Zone (t=0.996, df=12, p=0.339) were also not 

significant. The results for Transition 2 were significant (t=2.2552, df=33, 

p=0.016), indicating that seedlings grew better inside the 1m buffer in this zone. It 

is important to note that the majority of seedlings were found in Transition 1 

(n=185) and very few in the Tundra Zone (n=16). Although the t-test for both 

Transition 1 and the Tundra zone were insignificant, Transition 1 was the only 

zone with greater growth outside the buffer and may be affecting the results of the 

t-test for the entire site.  

The maps of the kriging interpolation indicated that seedling grew better 

in Transition 1 and Transition 2 for both seasonal 1yr and 10yr growth inside the 

1m buffers. The interpolations of seedling growth outside the 1m buffer indicated 

that seedlings grew better in the Forest Zone where impacts of competition with 
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neighbors were more severe. There were concentrated spots of extremely high and 

low growth within individual zones (especially Transition 1) on almost all the 

maps. Unlike the results of the t-tests, the maps of the kriging interpolation did 

have signals of neighbor interaction that impacted seedling growth, and that could 

be registered between zones. Additionally, these signals were bettered registered 

over the 10yr growth period than in the seasonal growth.  

  

Table 2: Chi squared (χ²) of seedling establishment. Included are the number seedlings 

expected based given the area available for establishment and the number of seedlings 

observed inside and outside the 1m buffer for each zone and the entire site.  

Table 1: Total area, cluster areas, areas available for establishment, and seedlings counts 

for each zone and across the entire transect. 
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Figure 2: The transect site drone based orthomosaic map. The transect boundary and zone 

division is in purple. The drone based orthomosaic is inverted. The upper left zone section is the 

forest that transitions to the tundra towards to bottom right of the image. Adult trees and clusters 

are digitized in the Clusters layer (green).  
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Figure 3:  Kriging Interpolation across the entire site of A. 1-year growth for all seedlings, B. 1-

year growth for seedlings inside the 1m buffer, C. 1-year growth for seedlings outside the 1m 

buffer, D. 10-year growth for all seedlings, E. 10-year growth for seedlings inside the 1m buffer, F. 

10-year growth for seedlings outside the 1m buffer. The entire transect boundary is in purple and is 

also divided by zone. The drone based orthomosaic is inverted. The upper left zone section is the 

forest that transitions to the tundra towards to bottom right of the image. The legend displays the 

color ramp that is divided into nine colors associated with amount of growth (m).  
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Discussion 

Signals of neighbor interaction varied spatially and in intensity level 

which appear to affect seedling establishment and growth in different ways. The 

density of seedlings in each zone helped to establish an overall pattern of seedling 

establishment and survivorship across the entire transect site. The density of 

seedling establishment was moderately high in the Forest Zone and highest in the 

intermediate Transition 1 zone (Table 1). The density of seedlings decreased from 

Transition 1 to Transition 2 and was at its smallest in the Tundra Zone. The 

overall pattern of the density of seedlings established appears to fit a linear SGH, 

which is congruent with other studies of the SGH (Butterfield et. al., 2013; 

Callaway, 1998; Callaway, 2007; Callaway et. al, 2002; Leong et. al, 2019). 

The chi-square analyses indicated that seedlings preferentially established 

away from adult neighbors (outside the 1m buffer) in the Forest Zone and in 

Transition 1 and established randomly in Transition 2 and the Tundra Zone (Table 

2). These findings indicate that growing close to adult neighbors is not 

advantageous at the benign end of the stress gradient. This may be a result of 

competition for resources in the high-density forest, where seedlings in close 

proximity to adult neighbors are outcompeted for light, water, and nutrients. 

Seedlings established randomly with respect to adult trees at the harsh end of the 

gradient, and it appears that proximity to neighbors does not significantly 

influence where seedlings establish when in stressful abiotic conditions (Table 2). 

It may be neither particularly advantageous nor disadvantageous to establish near 

adults under moderate to high environmental stress. This may be an indication of 
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a net neutral neighbor interaction where the benefits of neighbor facilitation 

barely compensate for the costs of competition and external abiotic stress. The 

linear model for establishment of seedlings near adult neighbors on the underlying 

harshness gradient is congruent to similar results that support the linear SGH 

(Butterfield et. al., 2013; Callaway, 1998; Callaway, 2007; Callaway et. al, 2002; 

Leong et. al, 2019). 

Across the entire site, seedlings grew significantly better away from 

neighbors. The majority of seedlings were found in the Transition 1 (n=185) 

where seedlings preferentially established outside the buffers. The chi-square 

finding for the entire transect site may be somewhat over-representative of 

establishment patterns exhibited in Transition 1. These findings are congruent 

with the linear model of the stress gradient hypothesis supported in current SGH 

literature (Butterfield et. al., 2013; Callaway, 1998; Callaway, 2007; Callaway et. 

al, 2002; Leong et. al, 2019).  

The independent samples t-test comparing the seasonal and 10-year 

growth of seedlings corrected for size that established inside the buffers and the 

growth of seedlings corrected for size that established outside the buffers 

indicated very little to no neighbor interactions across the entire site. However, if 

it was truly the case that neighbors were not influencing each other, the results of 

the t-tests should be congruent with the results of the chi-square analysis of 

seedling establishment or the Kriging Interpolations of seedling growth, which 

they are not. It appears that the inside vs. outside buffer analysis of the t-tests 

were unable to fully capture relationships of seedling establishment. This study 
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treated all clusters and adult trees equally, but it is likely that the density of 

clusters or size of individual adults impacts whether they inhibit or facilitate 

seedling establishment. Additionally, the 1-meter buffer around the adult trees and 

clusters was assumed to be the maximum spatial extent to which seedlings could 

benefit from adult trees, but this appears to be somewhat inaccurate. Signals of 

facilitation may better register or only register over a greater spatial area, and this 

may be an indication of facilitation on a communal but not an individual scale. 

This too may account for the random establishment of seedlings in the upper half 

of the transect site and how unaffected seedling growth rates were dependent on 

establishment inside or outside the buffers. Establishing within a 1-meter buffer 

may subject seedling to net competition with their adult neighbors; instead, 

establishing some intermediate distance may be most beneficial. A series of 

concentric buffers expanding out from adult trees and clusters could help to locate 

the distance from neighbors at which the benefits of facilitation outweigh the 

costs of competition and environmental stress. Alternatively, seedling 

establishment itself could be analyzed in continuous space so that instead of 

buffers around adults, bands of elevational gradients would be utilized to 

understand how distance from neighbors affects growth. Incorporating the 

different effects of multiple neighbors on a seedling within bands of elevational 

gradients could better capture community level facilitation in continuous space.  

The overall relationship represented in the plots of the one-way ANOVA 

analysis was that of a hump-shaped stress gradient (Figure 5A & 5B). A general 

trend for both seasonal and 10-year growth emerged where seedlings grew best at 
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intermediate levels of stress (Transitions 1 & 2) and exhibited the lowest growth 

at the poles of the underlying stress gradient (Forest & Tundra Zone). The post-

hoc Bonferroni test results showed that mean seedling growth increased from net 

negative interactions in the Forest Zone to positive net interactions in the 

transition zones for both seasonal 1-year and 10-year interactions. Neighbor 

interactions were weakly positive for seasonal 1-year growth and strongly positive 

for 10-year growth in Transition 1. All neighbor interactions were strongly 

positive in Transition 2.  The curve of 1-year growth indicated a low but positive 

net neighbor interaction in the Tundra Zone, and a net negative neighbor 

interaction for 10-year growth in the Tundra Zone. After peaking in Transition 2, 

the 1-year growth model in Figures 5A returns to a neutral to slightly positive net 

interaction, which best fits an asymmetrical hump shape model of the stress 

gradient. The shape of the 10-year growth curve in Figure 5B increases from 

negative in the Forest Zone to positive in the transition zones and returns to a net 

negative interaction in the Tundra Zone, which best fits the symmetrical hump 

shape model of the stress gradient. The results of this study are in support of 

alternate forms of the SGH that indicate a linear or monotonic curve may not be 

the best description of neighbor interactions on an underlying stress gradient (le 

Roux & McGeoch, 2010; Maestre et. al., 2009; Michalet et al., 2014; Klanderud 

et al., 2017).  

While this relationship is described by a hump-shape here, these 

relationships are likely site-dependent, spatially dependent, and dependent upon 

the qualities of the underlying stress gradient. The field site had a marked lack of 
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krummholtz mats (formed in response to strong snow blasts), so its underlying 

stress gradient is likely unrelated to the strength of wind and snow crystal 

abrasion. In this case, stress may be a measure of the effect that increasing 

elevation has on temperature or resource availability. This study assumed stress 

increased with the elevation gradient, but it did not account for the source or 

sources of severity associated with different elevations. A potentially improved 

conceptualization of site-dependent stress gradients would isolate the mechanisms 

of severity effecting seedling growth or establishment.  

The Kriging Interpolation was an attempt to better understand seedling 

growth across a space. The interpolation of 1-year and 10-year growth of 

seedlings established inside the buffers indicated that growth was the highest in 

the two transition zones (Figure 3B & 3D). The difference in amount of growth 

between the zones was more extreme for 10-year growth where the Transition 

Zones had high concentrated growth, but the Forest and Tundra Zones had 

considerably smaller growth. Seedlings established inside the buffers grew best at 

intermediate environmental stress for both 1-year and 10-year growth. Neighbor 

interactions are most beneficial at intermediate levels on an underlying stress 

gradient. Poor growth at the poles of the stress gradient indicate that neighbor 

facilitation cannot outweigh the negative effects of competition at benign 

gradients nor extreme environmental stress at harsh gradients. The observation of 

the most successful plant growth at intermediate levels of stress is consistent with 

the hump-shape (symmetrical or asymmetrical) stress gradient hypothesis, which 
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has also been observed in SGH literature (le Roux & McGeoch, 2010; Maestre et. 

al., 2009; Michalet et al., 2014; Klanderud et al., 2017). 

The interpolation of 1-year seasonal growth of seedlings established 

outside the buffer (Figure 3C) showed the greatest growth along the boundary of 

Transition 1 and the Tundra Zone. The high growth indicated in the Tundra Zone 

may be an overestimation of reality (i.e. a small shift in this otherwise arbitrary 

boundary would produce a large change in the mean growth and in the 

interpretation of the data). There were relatively high growth rates in the Forest 

Zone, which may be a result of the success of the seedlings that managed to 

establish away from the competitive influence of neighbors. Transition 1 had 

patches of extremely high and extremely low growth throughout the zone. It 

appears conditions within Transition 1 are varied, and as a result seedling growth 

is affected differently across the zone. The patches of poor growth in the lower 

region of Transition 1 may mirror conditions in the Forest Zone where 

competition with neighbors inhibits seedling growth. The patches of high growth 

in the upper regions of Transition 1, where tree density is decreasing, reflect a 

shift from competition to facilitation with neighbors benefitting seedlings at this 

moderately stressful gradient. 

The interpolation of 10-year growth of seedlings established outside the 

buffer (Figure 3F) showed a concentrated patch of extremely high growth and a 

patch of extremely low growth in Transition 1. This was similar to the above 

interpolation of seasonal growth outside the 1m buffer where seedling growth 

varied across the zone. An area of moderately high growth extends from the patch 
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of extremely high growth in Transition 1 into Transition 2. There was moderate to 

low growth in the Forest Zone and very low growth in the Tundra Zone. These 

results are consistent with the hump-shape SGH again showing that seedlings 

grow the best at intermediate levels of stress but poorly at the most benign and 

harsh ends of the stress gradient (le Roux & McGeoch, 2010; Maestre et. al., 

2009; Michalet et al., 2014; Klanderud et al., 2017).  

The overall growth of seedlings (joining of seedlings established inside 

and outside the 1m buffer) was interpolated in an attempt to identify general 

trends of seedling growth. The interpolation of the seasonal 1-year growth for all 

seedlings (Figure 3A), similar to the seasonal growth inside and outside the 

buffers (Figure 3B & 3C), exhibited a general increase in seedling growth along 

the stress gradient, with the exceptions of patches of extremely high and low 

growth in Transition 1. Seedling growth appeared to taper off in the Tundra Zone, 

but again the few seedlings found in this zone makes it difficult to draw 

conclusions The interpolation of the 10-year growth for all seedlings (Figure 3D) 

showed extremely poor growth in the Forest Zone and in the Tundra Zone and 

moderate to high growth in the transition zones. The results of the Kriging 

Interpolation Analysis strongly suggest that seedlings grow best under moderately 

stressful environmental conditions, congruent with the hump-shape SGH (le Roux 

& McGeoch, 2010; Maestre et. al., 2009; Michalet et al., 2014; Klanderud et al., 

2017). These environments were too harsh to support the high-density growth 

found in the Forest Zone where competition is the net outcome of neighbor 

interactions yet were not so harsh as to prevent facilitation being the net outcome 
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of beneficial neighbor interactions and abiotic stress. Additionally, the signals of 

facilitation and neighbor interactions in general were stronger in the 10-year 

growth than in the seasonal growth data, indicating that a longer growth period is 

necessary to register trends in neighbor interactions.  

The combination of the Kriging Interpolation analysis and the one-way 

ANOVA analysis give shape to the model describing the relationship of neighbor 

interactions on a stress gradient. Seedlings consistently grew the best in Transition 

1 and 2 at intermediate levels of stress but poorly in the Forest and Tundra Zones 

in highly competitive or stressful environments. This pattern of growth supports 

the stress gradient hypothesis described by a hump-shape. 

The four zones were an approximately equal division of the transect site 

but otherwise were established somewhat arbitrarily. Specifically, the divisions of 

zones did not account for any underlying gradients and are potentially unable to 

accurately capture neighbor interactions over space. This may account for some of 

the lack of statistical insignificance of the seedling establishment in the t-tests or 

the variability in the kriging data where some of the highest growth areas were 

along a zone boundary. It appears that adult trees and clusters facilitate seedlings 

over a different conceptualization of space than captured by the zones. A follow 

up analysis should specifically account for spatial variability of seedling 

establishment and growth. A continuous conceptualization of space could 

potentially more accurately capture the desired relationships that the zonal 

conception of space. Comparing seedling growth along the elevation gradient 

would better identify how altitude and the stress mechanisms associated with 
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higher altitudes affects seedling fitness and growth rates. Such an analysis would 

flush out the hump-shape trends in the model of the SGH.  

 

Conclusion 

Generally, SGH literature suggests that the relationships between 

neighboring plants at an individual site are described with a single model of the 

SGH. However, the results of this study indicate that neighbors impact life 

history, stages, and characteristics (establishment, growth, survivorship, etc.) of 

seedlings differently. Multiple models of the SGH were present at this site, where 

seedling establishment was best described with a linear SGH where neighbors 

inhibit seedling establishment in benign environments but affect their 

establishment very minimally in harsh environments. In contrast, seedling growth 

was better modeled with a hump-shape SGH at this site. In this model, seedlings 

grew best at intermediate levels of stress where the benefits of facilitation 

compensated for intermediate environmental stress and competition with adult 

neighbors. At the benign end of the stress gradient, high tree density resulted in 

competition, and at the harsh end of the gradient, severe environmental conditions 

made benefits of neighbor facilitation negligible.  

Generally, treelines worldwide and the diffuse treeline analyzed in this 

study are advancing. The rate of advancement observed in diffuse treelines is 

supported by the growth-limitation hypothesis (Feiden, 2010; Grace et. al., 2002; 

Harsch & Bader, 2011; Körner, 1998). Treeline growth is also affected by 

ecological facilitation and competition within an ecotone (Harsch & Bader, 2011; 
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Smith, et. al., 2003), and these relationships depend on the underlying stress 

gradient (Callaway, 1998). A combination of growth limits established by 

external mechanisms, tree physiology, and internal plant interactions and 

feedbacks is responsible for treeline form and seedling establishment. At this site 

in particular, treeline advancement appears to be a combination of neighbor 

interactions generated through the linear SGH describing seedling establishment 

and the hump-shape SGH describing seedling growth. The Forest Zone appears to 

be a relatively stable state where the net outcome of seedling establishment and 

growth leaves this area unchanged. The dynamics in Transition 1 are 

establishment driven where, unlike in the forest, seedlings are able to establish but 

the density driven competition prevents significant growth. These dynamics 

switch in Transition 2, where seedlings struggled to establish but grew very well 

once they did. In the Tundra zone, severe environmental stressors resulted in low 

seedling establishment and growth, but the system was changing unlike in the 

Forest Zone. It appears that the diffuse treeline at this site is advancing by 

seedlings establishing into safe sites in Transition 1. These seedlings reach a 

density level that allows them to alter the environment such that the conditions are 

similar to those hospitable to growth in Transition 2. Seedlings will continue to 

establish and grow in the patches between trees until the formerly diffusive edge 

of the treeline fills in and becomes a forest, thus advancing the treeline.  

The zones within the site transect and 1-meter buffers around adult trees 

and clusters were created somewhat arbitrarily. These spatial conceptualizations 

failed to completely capture the impacts of facilitation on community dynamics in 
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this stressful environment. Stress does not affect all species of a community 

equally (López et. al., 2013) and this study indicated that signals of facilitation 

were registered on a community scale. A continuous conceptualization of space 

would better capture community-wide interactions and would be a less arbitrary 

division of space. Building on the foundations of this study, a follow-up analysis 

of spatial variability could more accurately identify the spatial characteristics of 

the stress gradient at this site and the effects it has on neighbor interactions. 

Specifically identifying different mechanisms of severity would also be useful in 

determining forms of the stress gradient and the capacity of neighbor facilitation 

to compensate for these forms.  

The purpose of this study was to understand the community dynamics of 

an advancing treeline ecotone. To understand ecotones, such as a treeline, 

neighbor interactions and how they change in abiotic environments is important 

(Callaway, 1998). This study predicted that changes in neighbor interactions 

would align with the SGH. This prediction was true, although the data took a 

hump-shape rather than a linear stress gradient form. Understanding these 

dynamics and the different curves of the stress gradient hypothesis is imperative 

in the face of climate change. Climate change will impact adult trees and 

seedlings differently, which can cause neighbor interactions to collapse, 

strengthen, or switch from competition to facilitation. Alpine species and ecotones 

are particularly vulnerable to these changes (Harsch & Bader, 2011; Malanson et 

al., 2011), and the patterns described in this study will facilitate understanding of 

how climate change will help predict future treeline structures.   
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