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Introduction
Global change drivers, such as climate change acting in concert with competition, have the potential to greatly influence the spatial distribution of plant species (Lenoir et al. 2009). Such changes in species distributions have already been demonstrated and are predicted to continue in the coming century (Iverson et al. 2008). Tree species will be especially susceptible to changes in climate given their slow growth, dependence on climate sensitive dispersal agents, and slow adult population turnover (Aitken et al. 2008; McKenney et al. 2007). Trees perform a wide array of important ecosystem services including nutrient cycling, carbon sequestration, and habitat provisioning, thus, understanding how they will be affected by global change drivers is of paramount importance for ecosystems and humans alike (Beck et al. 2011). 
	A large body of research has been devoted to detecting shifts in tree ranges, possible proximal causes of such shifts, and their ecosystem level consequences (Wason & Dovciak 2017; Woodall et al. 2009). Spatial gradients that covary with climatic variables are useful as natural experimental settings and have been used as backdrops for exploring plant range shifts (Brown & Vellend, 2014; Jump et al. 2009). Gradients of elevation along mountain slopes are seen as sensitive indicators of forest community change driven by highly correlated gradients of temperature, precipitation, and edaphic variables (Beckage et al. 2008; Harsch et al. 2009).  
The mountains of the northeastern US are expected to experience increased temperatures and fluctuating precipitation regimes over the next several decades as climate change accelerates (Janowiak et al. 2018). While prevailing theory suggests that trees of lower elevations will need to expand upslope to keep pace with regional warming trends (Janowiak et al. 2018) there is mixed evidence of this from field observations (Iverson et al. 2008; Wason & Dovciak 2017). Some studies do find a dramatic upslope shift in tree species distribution (Beckage et al. 2008; Boisvert-Marsh et al. 2014), while others find no supporting evidence (Fei et al. 2017; Foster & D’Amato 2015). Other studies note a slow expansion that does not keep pace with climate warming, suggesting some other inhibitory mechanism (Alexander et al. 2018; Liang et al. 2018; Sittaro et al. 2017). 
High elevation forests and mountain alpine zones are an integral part of the cultural heritage and physical landscape of the northeastern US. These areas harbor rare species, provide important ecological services, and are known nationally for their contribution to conservation and recreation. The treeline, which defines the transition between these high elevation forests and mountain alpine zones, has often been used as a barometer for the impact of climate change, both regionally in the Northeast and across the globe. As the climate warms, treelines are expected to advance upslope as the unique and diverse alpine plant communities of mountain summits retreat. The rate of this advance serves as an indicator of ecosystem sensitivity in this important system to changing climate. In partnership with the Appalachian Mountain Club (AMC), and supervised by AMC Assistant Director of Research Dr. David Publicover, I used current and historical imagery provided by the organization from the Presidential Range of New Hampshire and Katahdin Range of Maine to quantify the advance of treelines over the past 40 years. I hypothesized that treelines on both ranges have advanced upslope during this period as climate change has accelerated. 

Methods
This study was conducted on montane alpine slopes in the northeastern United States in two states (New Hampshire and Maine – Figure 1). This region encompasses diverse forests associated with the transition between the broadleaf deciduous temperate forest biome to the south and the boreal evergreen conifer forest to the north (Janowiak et al. 2018). The region is within the Adirondack-New England highlands which is characterized by a highly variable terrain (generally ranging from 150 to 1,220 meters above sea level), rocky spodosol soils, and continental forest climate with warm summers and cold and snowy winters (mean annual temperatures between 3 and 11˚C; mean length of the frost-free period ~100 days; mean annual snowfall > 2,550 mm) and evenly distributed precipitation (annual mean precipitation of 890 mm, Albany, New York) (Janowiak et al. 2018).	
Physical copies of historical aerial imagery were acquired from the AMC. Imagery for the Presidential Range was taken in 1978 and for Katahdin in 1991. Images were photo scanned and converted to TIFF format at 300 dpi. Contemporary landscapes comparisons were facilitated by 2018 false-color near-infrared NAIP imagery using a NAD1983 datum. Using ArcGIS 10.9, historic imagery was ortho- and georectified using newer imagery via a spline function, and then converted into one orthomosaic image. All areas above treeline were manually digitized and then converted to a raster format for both new and historic imagery. Alpine rasters were multiplied by a 1m resolution DEM for the region in order to calculate elevation of treelines. A total of 200 random sampling points were selected along treelines on the new NAIP imagery. Differences between the elevation of these points and the elevation of the nearest treeline location on historic ranges were calculated to quantify mean treeline advance over the intervening time period. 
In addition to the spatial analysis, field sampling was done to characterize the forest community occurring at treeline. A total of 54 belt transects (33 in the Presidential Range, 21 in the Katahdin Range) were established. Each transect was 100 m in length and was placed vertically in elevation running from forest interior to beyond the treeline. Trees were recorded that intersected the transect. Tree species, dbh, height, and position to and along the transect were recorded. Additionally, at 20 m intervals I recoded slope, aspect, elevation, and soil depth to bedrock. GPS points were taken at the start and end of each transect.   	

[image: ]Figure 1: False-color near-infrared images of the Presidential Range (left) and Katahdin Range (right) and their locations within the northeastern United States. Red areas represent forest canopy cover and lighter areas are generally exposed rock or low-lying alpine vegetation.

Results
	Treelines have advanced in the Presidential Range an average of ~12 m in the last 40 years. Treelines have also advanced on Katahdin approximately ~8 m in the last 30 years, however, this is not statistically significant (Figure 2, Tables 1 and 2). Forest trees have encroached on all aspects of both ranges, but more so on western aspects (Figure 3). Treelines seem to be constrained somewhat by soil depth (Figure 4). Lastly, total potential area for alpine vegetation has decreased on both ranges, but most dramatically in the Presidentials (14.3% reduction – Table 2). 
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Figure 2: Top panels – Presidentials; bottom panels – Katahdin. Left panels are rasters of alpine areas derived from historic images; middle panels are rasters of alpine areas derived from contemporary images; right panels show areas of forest encroachment in the intervening time periods (highlighted in yellow). 

Table 1: Statistics of forest cover and treeline locations for historic and new imagery.
	Range
	2018 Max Elevation (m)
	2018 Min Elevation (m)
	2018 Mean Elevation (m)
	Historic Max Elevation (m)
	Historic Min Elevation (m)
	Historic Mean Elevation (m)
	Change in Mean Elevation (m)

	Presidentials
	1769.6
	1111.2
	1462.8
	1759.2
	1087.4
	1440
	22.8

	Katahdin
	1429.1
	732.7
	1157.1
	1410.8
	732.7
	1152.2
	4.9




Table 2: Statistics of treeline elevation based on randomly distributed sampling points for historic and new imagery. 
	Range
	Elevation Change (m ±SE)
	Area Above Treeline (ha, 2018)
	Area Above Treeline (ha, Historic)
	Area of Forest Gained (ha)
	Area of Forest Gained (% of Total from Historic Imagery)

	Presidentials
	11.77±1.65
	1536.6
	1789.4
	252.8
	14.13

	Katahdin
	8.39±11.12
	1008.7
	1016.7
	8.0
	0.79
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Figure 3: Radar plot of treeline elevation change by aspect (direction slope faces). 
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Figure 4: Positive linear relationship between tree density at treeline and soil depth to bedrock (Presidentials: R2 = 0.95, p < 0.001; Katahdin: R2 = 0.95, p < 0.001)
Conclusions
	The results of this study suggest that treelines in the Presidential Range and Katahdin Range have shifted upslope over the past several decades, consistent with observations and ecological theory which posits that trees will migrate upslope as climate change causes increased temperatures. The magnitude of this shift was greater in the Presidentials than on Katahdin, as is the area of potential alpine habitat lost as a result of warming. It is not clear from this study why treeline advance between these two ranges are so different, although other studies have found significant treeline variation within the same region (Greenwood et al. 2014).  
Field data also allow us to speculate on some of the drivers that can act to facilitate or limit upslope shifts. Westerly aspects allowed for greater change in treeline position in general. These aspects are more sheltered from direct solar radiation but more exposed to prevailing winds from the atmospheric jet stream. This could promote greater recruitment of tree seedlings beyond treeline. However, soil depth severely limited tree densities, suggesting that exposed bedrock at higher elevations can act to stall upslope shifts in treeline. 
Mapping treeline locations can contribute valuable knowledge to the AMC’s longstanding mountain research program and serve as a baseline to promote better management of regional mountain communities. It is clear that a loss of alpine area is extremely detrimental to sensitive and rare alpine vegetation. My results are foundational for researchers and land managers in prescribing potential climate adaptation strategies and to conserve these sensitive species and communities. Most importantly, the people who enjoy these irreplaceable areas will benefit from the improved conservation and understanding of mountain peaks in a warming world.  
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