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EXECUTIVEUMMARY

Temperatures inlhe San Juan Mountain regitiverisen approximatelyL.8°F over the last 30 years
primarily after 1990andare projected tocontinue warmingAs temperatures rise we expecicreased
rates of tree growth and tree establishmeit the subalpine/alpine ecotoné'treeline"). We wanted to
discern if upper treeline changes coulleady bedetected through remote sensingVe compared

aerial photograph$rom 1951and2011for 8 San Juan puntain peaks The images were georeferenced
and virtual transects were created to help establmsition oftreeline in eactsample yearWe found

that the treelinehas not moved, but that tree density has increaséterefore, lhe difference between
1951 and 2011 trdine was calculated bgeterminingdifferencesin tree density within the area

delimited as treelineDifferences in shadowsetween images were corrected for by examining shadows
of immutable objects and calculating a correction factDetected differeices varied widely, fror -

27% increase in tree density (me&@%)over the last 60 year®Ve concludehat treeline changes can

be detected, although the rate of change is slamd variableThe high variability may be due &spect

with the wetter aspectdncreasing fasteMe also suggest that this cestfective remote sensing
technique could be usefulmonitoring toolfor determining landscape changes in areas that are hard to

access.
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INTRODUCTION

The division between treeless alpine habitats and adjacent forests is generally acknowledged to be an
ecotonal transition zone, and the treeline itself is difficult, if not impossible, to locate on the ground
(Korner 2012). What appears at a diste to be a weltlefined treeline is typically a mixed zone of

closed forest patches, isolated seedling trees, dwarfed trees, and open herbacewoaskcovered

ground when viewedh situ In spite of the difficulty of locating treeline with precisiohetphenomenon

of a high elevation (or high latitude) limit to the growthtofes, and the tendency of tréiee elevation

to decrease with increasing latitude north or south of the equator has long been recognized
(Daubenmire 1954). The causes and varagtyigh elevation (alpine) North American treeline have been
the subject of ongoing debate since at least the latter years of thie d@ntury when Gannett (1899)
described the timber line in the U.S. south of Canada. Theories to account for treelinmtiaded a
variety of mechanisms such as direct stress on the tree (e.g., freezing or desiccation of plant tissues
freezing), disturbance (e.g., mechanical damage by wind or avalanche), limitations on reproduction, a
carbon balance incapable of maintainitig tree, or other growth limitation (Kérner 1998).

Treelinecontrolling factors operate at different scales, ranging from the microsite to the continental
(Holtmeier and Broll 2005). On a global or continental scale, there is general agreemesurtiresr
temperature is a primary determinant of treeline. Kérner (2012) attributes the dominance of thermal
factors at this scale to the relative consistency of atmospheric conditions over large areas, especially in
comparison to more local influence of soildamoisture factors. Furthermore, there appears to be a
critical duration olsummertemperatures adequate for the growth of trees in particul@rentice et al.
(1992) found that alpine treeline is not determined by winter temperatures but rather by summer
temperatures that support growth (e.g. treeline corresponds closely to areas with fewer than 350
growing degree day%°’ C base)ln other words the short growing season and cool summers assed

with alpine limits tree establishmernd growth At more local scales, soil properties, slope, aspect,
topography, and their effect on moisture availability, in combination with disturbances such as
avalanche, grazing, fire, pests, disease, and human impacts all contribute to the formation of treeline
(Richardson and Friedland 2009, Kérner 2012). Patterns of snow depth and duration, wind, insolation,
vegetation cover, and the autecological tolerancégach tree species influence the establishment and
survival of individuals within the treeline ecotone (Moir et al. 2003, Holtmeier and Broll 2005, Smith et
al. 2009).

The current location of treeline is a result of the operation of climatic andsgi€eific influences over

the past several hundred years, and does not exactly reflect the current climate (Kérner 20d.2).

treeline position lag time behind climate change is estimated to b&@D+ years, due to the rarity of
recruitment events, the slowrgwth and frequent setbacks for trees in the ecotone, and competition

with already established alpine vegetation (Kérner 2012). Nevertheless, on the basis of historic
evidence, treeline is generally expected to migrate to higher elevations as temperatares as

permitted by local microsite conditions (Smith et al. 2009, Richardson and Friedland 2009, Grafius et al.
2012). The gradual advance of treeline is also likely to depend on precipitation patterns. Seedling
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establishment and survival are greatlyeadted by the balance of snow accumulation and snowmelt. Soil
moisture, largely provided by snowmelt, is crucial for seed germination and survival. Although snowpack
insulates seedlings and shields small trees from wieglccation its persistence shortenthe growing

season and can reduce recruitment (Rochefort et al. 1994).

Global carbon dioxide levels have reached 400 ppm, an increase of 40% over-theéysteial era, due
primarily to the burning of fossil fuels. In combination with the dramaticdase of other greenhouse
gases such as methane and nitrous oxide, this anthropogenic forcing has added significant heat to our
climate system (Lukas et al. 201@plorado temperaturesncluding high elevationbave risen
approximately 2F(1.1° Cyine 1980 (Lukas et al. 20140).the San Juan Mountain regidRangwala

and Miller (2@0)reporteda 1.8 F(1° C)ncrease, primarilypetweenthe years1990-2005.Summer
temperatures increased slightly more than winter temperatunM#hile upward treemigration is
expectedwith increased temprature, we are less clear on the rate apthcewhere this is most likely to
occur.Our 2012 pilot projectRondeatet al. 2013 found that Krurmholz trees on Kendall Mountain
had new vertical growthwere settingseed and were generally losing their Krummholz foim

addition, we also documented an increased growth rate (larger annual rimeginning around 1996
(Figure 1)This increased growth rate was strongly correlated witlirmnease in growing degree day
i.e., a warmer and longer growing seas@vhile bolting Krurmholz and increased growth rate are good
indicators that avarming climate is positivelyffecting upper elevation trees, they are not the same as
treeline movement.

MOT MDY vy mpgMdE HANH AN HNM

Figure 1.Tree core from Kendall Mountain treelineshowing increasing growth rate after 199Rondeau et al.
2012).

In order to determindf the San Juan Mountains have already experienced somértesgovement we
conducted a remote sensing analysis comparing historic to current photos that include different aspects
on several mountains in the northern San Jiountain Range

METHODS

Ninemountainpeakswithin the Bureau of Land Managemenises Rios Field Offi€&esource

Management Areavere examined and a treeline change analysis was doregit Dome Mountain,

Eureka Mountainl.one Cone, Macomber Mountain, Storm Peak, Sugarloaf Mountain, and Treasure
Mountain (Figure2). Theninth, King Solomon Mountain, waetermined to be too constrained by bare

rock to show any difference in treeline position or density over tiReaks were chosen based on the

visual discreteness of their treelines. Varying slope aspects were selected to mitigate for any aspect bias.
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Scaned aerial singkérame photos from a flight in September 1981SGS 1951)ere compared to
digital compositel mimagery from 2011 (USDA 201Due to its distance from the other peaks, Lone
Cone was notovered inthe 1951 flight, and so a photo from June 1952 was used instd&¢6 1952;
wherever "1951" is used hereafter, know that for Lone Cone it was 18&#her the 1951 nor the 2011
images were posprocessed to correct for distortion, though the level@fs and angledistortion is
much higher in thd951photos. This resulted in highly complend imperfectgeoreferencingf the
1951 images tepatially match them teéhe 2011 oneThel951images were georeferencedd the 2011
imageusing the spline algorithnm ESRI ArcGIS Desktop 10.0 (ESRI 2010) with betweéB Béference
points per imageRecognizable, immovable landmarks (primarily boulders and exposed bedrock) were
used as reference point$he georeferenced 1951 photos were then converted to EStFrdsm
resolution, and snapped to the 2011 imagery.

To identify treelinepach image underwent a 10 m focal mean smoothing and then reclassified as either
"tree/shadow" or "not tree/shadow" (shadows being largely indistinguishable from the trees tlsat ca
them). The reclassification coff value was initially chosen v@alenks Natural Breaks classification, but
then adjusted by visually reviewing how well trees were represented in eash

Virtual transects were radiated from each peak (or Idighpoint, as appropriate) in either 2.5 or 5

degree increments, depending on the distance from the transect origin to the treeline. In this way, all
transects travel downhill through the treeline. A point was hand placed along each transect where it first
interseckd areas identified as "tree/shadow" for each time periddhese points were then connected

into lines representing the treeline at 1951 and 20The amount, in square metgrof "tree/shadow"

in the area between the 1951 and 2011 treelines walsulatedfor each yea(Figure 3)

Thedifferencesbetweenshadow shape, location, and sizdlie two imagesariedbecause of
remainingimage distortionanddifferencesin time of yearandtime of day the photographs were taken
To ensure that measudetree densiteswere not unduly influenced by thjshadow differencewere
measued by digitizing the shaped distinct shadows cast bgcognizableocks in the two image#s
many useabl@ock shadowss could be locatedlose to the treelinavere meaured Most slopes had -6
8, but Lone Cone only had 1sBadowcorrection factor was then applied to eattnee/shadow"
amount by multiplying it byhe percent overlap of the 1951 and 2011 shaddable 1)
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Figure 2. Location of peaks used in analysis
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Figure 3. Treeline analysis example. (A) Transé&itsover 2011 image. (B) 1951 (red) and 2011 (blue)
tree/shadow and placement of pointsPurple is where the blue and red overlafC) Ceation of 1951 (red) and
2011 (blue) treelines, and the area between the twjlight green).(D) Amount of tree/shadow in the area
between treelines for each year.




Table 1. Example of shadow correction applied to measured tree/shadow der{figm Macomber Mtn data)

Rock Shadows (fn
Rock 1951 2011 overlap
1 80.4 88.2 61.2
2 265.3 377.3 225.5
3 48.2 120.6 131
4 115.2 135.1 50.8
5 55.6 68.8 9.7
6 167.2 110.9 51.1
7 85.7 103.0 34.1
8 971.7 1,386.3 729.7
Totals 1,789.3 2,390.2 1,175.2
Shadow correction factor:
[overlap Total] / [1951 Total] 66%
[overlap Total] / [2011 Total] 49%
Corrected tree density: m?
Total area between treelines 207,070
Raw 1951 "tree/shadow" 14,966
Corrected 1951 ([raw] * 0.66) 9,829
1951 treedensity 5%
Raw 2011 "tree/shadow" 31,749
Corrected 2011 ([raw] * 0.49) 15,610
2011 tree density 8%

RESULTS

Because of the large size of the Storm Peak treeline, it was separated inte, neegt, and south

facing slopes and treeline change weadculated separately for each. The treeline on the sdatting

slope of Storm Pedhkad such a large difference in light reflectance values between the 1951 and 2011
images that there was no way to calculate any real change. This slogbevafore remowed from the
summary analysid.able2 andFigure 4show the results of the remaining treelimmalyses

Table2. Percent increase in tree density at treeline.

Peak Aspect 60 yr change
N-facing 27%
Storm Peak W-facing 14%
Dome Mountain NW-facing 19%
Eureka Mountain N-facing 2%
Lone Cone E & S facing 2%
Macomber Mountain SEfacing 3%
Sugarloaf Mountain NEfacing 15%
Treasure Mountain N & E facing 24%
Whitehead Mountain NW-facing 6%




Detected changes varied widely by peak, ranging from 2986 The mearchange is 1%with a
standard deviation of 109%1owever, the sample size (9 slopes) is very smalking the standard
deviation of questionableelevance

Percent increase in tree density at treeline over 60 years
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Figure 4. Results of treeline analysiEhe dotted lines are + 1 standard deviation frothe mean

Thetree density change angeneral aspect of each slopeswe graphed (Figure 5) to sékany aspect
trend could be seenThe graph may imply possible greater change on slopes that are not-Bwirih
but, again, lowsample size and high variation obscure any trend in aspect that may exist

Percent Increase of Tree Density by Aspect
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Figure 5. Results graphed by general aspect.



DISCUSSION

Many of the San Juan region ecosystems are vulnerable to being lost or severely degraded by 2100, due
to projected changed y / 2 f 2 NJ.Rr2dineeCobyAtafiis dofsidered one of the most
vulnerable (Decker and Ronde@014).0ne of the expected changes to the alpine zone"iseav"
vegetationstructure. The current forb and grass compositiare likely tobe replaced by trees and
shrubsthereby alteing/ 2 f 2 NI R2 Qa A Oéand iksQnigue fladh afdfaudd@eé G S Y
subalpine/alpine zone is also very important for rare plants which may be impacted by a change in
structure (Handwerk et al., 2014Managerscanbenefit by understanding the rate of change and where
the change is most likely to occuin. addition, detecting and monitoring changeessentiafor
managersand management decisionshe most coseffective monitoring tool has a better chanoé
long-term implementation.This study supports the use of remote sensing as aafésttive tool for
detecting changes in treeline.

Our remote sensing analysis®mountainssuggest that change is already evident, albeit the rate of
change is slowndhighlyvariable Most of the evidence points to tree density increasing at or near
treeline, rather than a clear upward advancement of treeliiés much more likely that a seedling will
establish near a parent plant than it is for a seedling to becestablished a great distance from the
parent, particularly uphillThus treeline movement may start with-itling prior to movinghotable
distances up the slop®ther site-specificfactorscancontrol treelinechange such as soil deptand
degree of 9pe. North-facing slopes may create a wetter environment that benefits seedling
establishmentWhile our sample size is too low to confidently state that aspect makes a difference we
did note that the largest increase in treeline density was calculatethe@morth-facing slope of Storm
Peak(27%), while the wesfacing slope of Storm Peak had 4% increaseOur 212 pilot project
(Rondeau et al., 2012) occurred on a predominately sdating slope o Kendell Mountain. Our
groundtruth part of the pilot poject found the most obvious changes in a small drainage with a
northerly aspect (Figur6é). A nearby subalpinalpine vegetation monitoring study supports our
findings.In 2014, he Gnter for Snow and Avalanche Studiepeated their study of Senator BeBhsin
(Lyon et al.in prep). A preliminary analysis of tH&0042014repeat photosfrom the study depicts a
changingsubalpine zoneThis is most evident on the norfacing slopes where Krummbholz trees have
bolted and shrubs have expanddelgure7 provides an example of the repeat photos.

Over the years, there has been research into the potentially positive effects of increadmah dioxide
(CQ) levels on plants, with some indication of highest benefit to tre&iasworth and Long2005).
Although increased CQevels can benefit the growth of virtually any plant, the effects of dropigbat
stress competition, diseaseand nutrient limitationsare likely toconfoundany positiveeffect
(Ainsworth and Long 2005, Zhao and Running 2010, Lats¢n2911).

We conclude thathanges are already occurring at the upfreeline areaand that thel.8°F increase in
temperaturesince 199 isthe most likely majoicontributing factor Different aspectsnayrespond at a
different rate, but more samplaites are required before this can be stated with certainty
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Remote sensing has its limitatigiwever the ability to quickly and caesffectively discern changes in
treeline in areas that are otherwigdifficult to access makes this type of dysis arexcellent tool for
landscape monitoringOnthe-ground monitoring sites could k@ioritized from this type of analysis.

Figure 6. A cohort of younger trees just bb\'/neeeline
more trees than the southerly aspect.
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Figure?. A north-facing slope at 12,100 feetlevationin Senator Beck Basin, nedrico Peak.The upper photo
was taken on July 7, 2004 while the lower photeas taken on July 21, 2014 ten years the tree height and
shrub densityvisibly increasedand Krummholz bolting was quite evidentTop photo talen by Peggy Lyon,
bottom by René& Rondeau.
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