
 

30 Years of Change: Visualizing Hotter 

Drought at Upper Treeline Along the Colorado 

Trail 

__________________________________________ 

 

A Thesis presented to 

The Faculty of the Graduate School 

at the University of Missouri - Columbia 

__________________________________________ 

 

In Partial Fulfillment of 

the Requirements for the Degree 

Master of Arts 

__________________________________________ 

 

By 

COREY J. ALDRED 

Dr. Grant P. Elliott, Thesis Supervisor 

May 2023 

 

 



 

APPROVAL 

The undersigned, appointed by the dean of the Graduate School, have examined the 

thesis entitled  

30 YEARS OF CHANGE: VISUALIZING HOTTER DROUGHT 

AT UPPER TREELINE ALONG THE COLORADO TRAIL 

presented by Corey Aldred,  

a candidate for the degree of Master of Arts,  

and hereby certify that, in their opinion, it is worthy of acceptance. 

 

                                                                                             

Dr. Grant Elliott 

 

                                                                                             

Dr. Clayton Blodgett 

 

                                                                                             

Dr. Michael Stambaugh 

 

  



ii 
 

ACKNOWLEDGEMENTS 

My thanks to the Department of Geography for bringing this lost mountain man 

not only into this program, but into this wonderful community of good folks. I would like 

to extend my gratitude to John Fielder, who has spent a lifetime capturing the beauty of 

Colorado and compiling important photographic artifacts of landscapes that have 

undergone substantial change. I thank him for being supportive of my work and helping 

me to relocate his original photographs from 30 years ago. My heartfelt thanks to my 

advisor, Dr. Grant Elliott, who provided me with the opportunity to conduct academic 

research in the mountains and forests that I had recreated in for many years. My special 

thanks to my committee members; Dr. Clayton Blodgett, who went out of his way and 

spent many hours assisting me with complicated geospatial tools, and Dr. Michael 

Stambaugh, who helped edit early drafts and provided important perspective on forest 

disturbances. I thank the Biogeography Specialty Group and the Graduate Professional 

Council for helping to fund the fieldwork portion of this research in Colorado. Last, but 

certainly not least, I would be remised if I did not thank my thoughtful and supportive 

partner, Becca Elder. She brought me to Missouri, encouraged me to apply for graduate 

school, took care of our dogs and house while I was away all summer working and 

conducting research, dealt with my stress that grad school entails, and critiqued and 

edited my work throughout. 

 

  



iii 
 

TABLE OF CONTENTS 
 

ACKNOWLEDGEMENTS ................................................................................................ ii 

LIST OF ILLUSTRATIONS ............................................................................................. iv 

ABSTRACT ....................................................................................................................... vi 

1. INTRODUCTION ....................................................................................................... 1 

2. STUDY AREA ............................................................................................................ 6 

2.1 TOPOGRAPHY .................................................................................................... 6 

2.2 CLIMATE ............................................................................................................. 7 

2.3 VEGETATION ...................................................................................................... 8 

3. METHODS.................................................................................................................. 9 

3.1 REPEAT PHOTOGRAPHY ................................................................................. 9 

3.2 CLIMATE DATA ............................................................................................... 10 

4. RESULTS.................................................................................................................. 11 

4.1 TREELINE DYNAMICS .................................................................................... 11 

4.2 SPRUCE BEETLE .............................................................................................. 11 

4.3 WILLOW EXPANSION ..................................................................................... 12 

4.4 CLIMATE PATTERNS ...................................................................................... 12 

5. DISCUSSION ........................................................................................................... 13 

5.1 TREELINE ADVANCE...................................................................................... 13 

5.2 SPRUCE BEETLE-INDUCED MORTALITY .................................................. 15 

5.3 VEGETATION COMPOSITION SHIFT ........................................................... 17 

5.4 TEMPERATURE-MOISTURE INTERACTIONS ............................................ 21 

6. CONCLUSION ......................................................................................................... 23 

7. REFERENCES .......................................................................................................... 25 

8. TABLES, FIGURES, AND PHOTOS ...................................................................... 37 

8.1 TABLES .............................................................................................................. 37 

8.2 FIGURES............................................................................................................. 41 

8.3 REPEAT PHOTOS.............................................................................................. 51 

 

 

 



iv 
 

LIST OF ILLUSTRATIONS 

Table 1. Repeat photo site information. ......................................................................................... 37 

Table 2. Observed results from repeat photo pairs. ....................................................................... 37 

Table 3. Annual precipitation, 1895-2022 Tukey HSD Test. ........................................................ 38 

Table 4. Annual precipitation data summary, 1895-2022. ............................................................. 38 

Table 5. Annual precipitation data summary, 1992-2022.. ............................................................ 39 

Table 6. Warm Season VPD Min Tukey HSD Test. ..................................................................... 39 

Table 7. Warm Season VPD Max Tukey HSD Test.. .................................................................... 40 

 

Fig. 1. Study area along the Colorado Trail ................................................................................... 41 

Fig. 2. Spruce beetle mortality Google Earth screenshot ............................................................... 42 

Fig. 3. Spruce beetle mortality Google Earth screenshot ............................................................... 42 

Fig. 4. Defoliated spruce at upper treeline in the west San Juan Mountain Range. ....................... 43 

Fig. 5. Upper treeline forest near San Luis Peak in the La Garita Wilderness.. ............................ 44 

Fig. 6. Precipitation pie chart, 1895-2022. ..................................................................................... 44 

Fig. 7. Annual deviations from the 20th Century mean of precipitation, 1895-2022. ................... 45 

Fig. 8. Annual deviations from the 20th Century mean of warm season VPD Min, 1895-2022. .. 45 

Fig. 9. Annual deviations from the 20th Century mean of warm season VPD Max, 1895-2022. . 46 

Fig. 10. Annual deviations from the 20th Century mean of cool season VPD Min, 1895-2022. .. 46 

Fig. 11. Annual deviations from the 20th Century mean of cool season VPD Max, 1895-2022... 47 

Fig. 12. Summer (June-Aug) temperature graphs.. ........................................................................ 48 

Fig. 13. Upper treeline forest near San Luis Peak in the La Garita Wilderness.. .......................... 49 

Fig. 14. Spruce living amongst willow. ......................................................................................... 49 

Fig. 15. Standing bristlecone pine. ................................................................................................. 50 

 

Photo Site 1. ITR 1......................................................................................................................... 51 

Photo Site 2. ITR 2......................................................................................................................... 52 

Photo Site 3. San Luis Peak ........................................................................................................... 53 

Photo Site 4. Sunflower. ................................................................................................................ 54 

Photo Site 5. Southern Sawatch ..................................................................................................... 55 

Photo Site 6. Antora Peak. ............................................................................................................. 56 

Photo Site 7. Fooses. ...................................................................................................................... 57 

Photo Site 8. Searle Pass ................................................................................................................ 58 

file:///D:/CO%20Trail/Thesis%20-%20Final%20Draft1%20-%20ge.docx%23_Toc131938763
file:///D:/CO%20Trail/Thesis%20-%20Final%20Draft1%20-%20ge.docx%23_Toc131938765
file:///D:/CO%20Trail/Thesis%20-%20Final%20Draft1%20-%20ge.docx%23_Toc131938766


v 
 

Photo Site 9. Breckenridge. ........................................................................................................... 59 

Photo Site 10. GP Pond 1. .............................................................................................................. 60 

Photo Site 11. GP Pond 2. .............................................................................................................. 61 

Photo Site 12. GP Snow. ................................................................................................................ 62 

 

 

  

 

file:///D:/CO%20Trail/Thesis%20-%20Final%20Draft1%20-%20ge.docx%23_Toc131938769
file:///D:/CO%20Trail/Thesis%20-%20Final%20Draft1%20-%20ge.docx%23_Toc131938770
file:///D:/CO%20Trail/Thesis%20-%20Final%20Draft1%20-%20ge.docx%23_Toc131938771
file:///D:/CO%20Trail/Thesis%20-%20Final%20Draft1%20-%20ge.docx%23_Toc131938772


vi 
 

ABSTRACT 

Over the last 30 years, the Southern Rocky Mountains (SRM) have experienced 

an unprecedented period of warming and aridity. The consequences of this hotter and 

drier climate are becoming increasingly evident across Rocky Mountain forests, where 

megadisturbances are resulting in state shifts from forested to non-forested ecosystems. 

This research, which revisits twelve photographs taken along the Colorado Trail in 1992, 

has revealed alarming new findings. It shows that some of the highest treeline ecotones 

along the spine of the Rockies have been devastated by spruce beetle-induced mortality 

and that spruce seed production will be increasingly constrained by threshold high 

temperatures. The repeat photos also reveal that a dramatic vegetation composition shift 

is occurring in the SRM with the accelerated proliferation of willow into alpine tundra, 

thriving under warmer conditions amid spruce beetle devastation. Furthermore, this study 

highlights that projected declines in forest cover in western North America must now 

take into account the loss of Engelmann spruce from upper treeline ecotones and that the 

trend of expansion of the mountain forest belt via treeline advance appears to be 

particularly unlikely and is instead likely to be one of forest contraction. Ultimately, the 

results of this regional-scale repeat photography study point to a future of spruce at 

treeline that is not promising because of (1) beetle-induced mortality, (2) rising 

temperature stressing seed production, (3) the need for moisture, (4) challenges to natural 

seed dispersal, and (5) willow encroachment throughout the alpine tundra.
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1. INTRODUCTION 

The combined disturbances of climate change and hotter drought on regional 

vegetation and landscape demography threaten the resilience of high-elevation mountain 

forests and the scenic beauty of popular trails like the Colorado Trail (CT). Rates of 

warming at high altitudes are more than twice as high than for the rest of the world 

(Pepin et al. 2015). As the climate continues to warm and alter disturbance regimes, 

increases in disturbance extent, frequency, and interactions will result in the continuation 

of widespread tree mortality (Allen et al. 2015, Abatzoglou & Williams 2016, Hammond 

et al. 2022) and a reduction of climatic suitability for high elevation species (Bell et al. 

2014) where a lack of water availability increasingly threatens survivorship (Gill et al. 

2015, Hammond et al. 2019). Critically, intensifying drought stress (Breshears et al. 

2005, Allen et al. 2015, Hammond et al. 2022) is eroding forest resilience and resulting in 

state shifts to non-forested ecosystems (Millar & Stephenson 2015, Harvey et al. 2016, 

Kemp et al. 2016, Stevens-Rumann et al. 2018, Rodman et al. 2020, Schapira et al. 2021) 

and novel successional trajectories (Zhang et al. 2023). Vegetation projections in western 

North America (NA), for example, suggest a reduction of about half of the needleleaf 

evergreen tree coverage and just a 14% increase in grasses and shrubs by the end of the 

21st century (Jiang et al. 2013). The resulting effects on carbon storage (Bonan 2008, 

McDowell et al. 2020) due to extensive tree reduction create the potential to convert the 

forests of western NA from a net carbon sink to a net carbon source (Jiang et al. 2013). 

Climate change is already materializing across mountain forests (Davis et al. 2019, 

McDowell et al. 2020, Hammond et al. 2022) by lengthening the growing season and 
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increasing evaporative demand (Kueppers et al. 2017), which is augmenting the 

geographic distributions of plant species (Andrus et al. 2021). This poses substantial 

management challenges in sustainable forest conservation.  

The position of upper treeline throughout a large portion of the U.S. Rocky 

Mountains is at the highest extent in at least the past 350 years (Elliott 2012a) primarily 

from pulses of tree establishment since 1950, which in central Colorado, matched the 

highest recorded elevation of treeline for the past 1200 years (Carrara & McGeehin 

2015). Sustained warming in mountain environments has been temporally aligned with 

this abrupt upslope advance of many upper treeline ecotones since 1950 (Camarero & 

Gutiérrez 2004, Walther et al. 2005, Beckage et al. 2008, Lenoir et al. 2008, Elliott & 

Kipfmueller 2011, Case & Duncan 2014, Liang et al. 2016, Huang et al. 2017, Du et al. 

2018, Elliott & Petruccelli 2018) and forest density increases (Szeicz & MacDonald 

1995, Klasner & Fagre 2002, Lloyd & Fastie 2003, Camarero & Gutiérrez 2004, Danby 

& Hik 2007, Batllori & Gutiérrez 2008, Liang et al. 2011, Millar et al. 2015, Camarero et 

al. 2017). It is noteworthy, however, that varied spatial and temporal patterns of tree 

establishment (Elliott & Kipfmueller 2010) from ecologically important local scale 

processes (Elliott 2011, Loranger et al. 2016, Lyu et al. 2016, Bader et al. 2021) suggest 

that soil moisture conditions are increasingly influencing seedling establishment in upper 

treeline ecotones (Daniels & Veblen 2004, Elliott 2012a, Liang et al. 2014, Sigdel et al. 

2018, Elliott et al. 2021, Wang et al. 2021). Across portions of the Southern Rocky 

Mountains (SRM), for instance, pulses of tree recruitment over the past 30 years have 

been increasingly confined to wetter north-facing slopes (Elliott et al. 2021). Perhaps 

most striking, there has been a complete lack of recruitment over the past decade within 
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upper treeline ecotones along the Sangre de Cristo Mountain Range within the SRM 

(Bailey et al. 2021). Consequently, temperature-moisture interactions at upper treeline 

and across the mountain forest belt are frequently associated with the crossing of a 

bioclimatic threshold where it is now too hot and too dry for successful recruitment of 

conifer tree species in recent decades (Elliott 2012b, Elliott & Cowell 2015, Moyes et al. 

2015, Zhang et al. 2015, Kueppers et al. 2017, Andrus et al. 2018, Babst et al. 2019, Jiang 

et al. 2019, Lu et al. 2019, Shestakova et al. 2019, Zhang et al. 2020, Elliott et al. 2021, 

Bailey et al. 2021, Lu et al. 2021).  

In the western United States, the two major disturbance agents that kill trees are 

wildfire and bark beetle outbreaks, both of which are made more frequent and severe 

from hotter drought stress. Spruce-fir forests across high elevations of the Rocky 

Mountains have recently experienced epidemic proportions of spruce beetle 

(Dendroctonus rufipennis Kirby) outbreak that have resulted in >95% mortality of 

overstory Engelmann spruce (Pettit et al. 2019). Between 2011 and 2015, spruce beetle 

activity in and around the San Juan and Rio Grande National Forests, both of which the 

CT passes through, left very little of the region unaffected by spruce beetle attack 

(Woodward et al. 2018). The spruce beetle has remained the most damaging forest pest in 

the state of Colorado for ten consecutive years, as of 2022 aerial surveys data (US Forest 

Service 2022). In 2021, spruce beetle affected roughly 53,400 acres (21,400 hectares) of 

high-elevation Engelmann spruce forests in Colorado, with the most intense infestations 

in south-central Colorado where much of the CT is located (US Forest Service 2022). 

Bark beetle epidemics have also expanded into persistent infestations in habitats that 

previously had only rarely been affected (Raffa et al. 2008). Because bark beetles cause 
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mortality to both the trees and the seed source, soil moisture deficits from persistent 

drought will reduce the likelihood of future germination of the seeds that are left and thus 

challenge the retention of spruce forests. 

In addition to tree recruitment across treeline ecotones, shrub cover has expanded 

at an exponential rate since the 1950’s (Formica et al. 2014) and there have been 

consistent and increasing rates of recruitment of alpine willows (Salix planifolia; 

planeleaf willow) (Myers-Smith & Hik 2018). Additionally, variations of aspect, 

elevation and species identity do not explain variation in recruitment patterns, suggesting 

a regional factor, such as climate, as the driver of observed shrubline advance (Myers-

Smith & Hik 2018). Indeed, observed increases in woody plant species in arctic tundra 

ecosystems over decadal time scales are frequently linked to concurrent periods of 

climate warming (Chapin et al. 2005, Weintraub & Schimel 2005, Formica et al. 2014). 

Warming temperatures are facilitating willow growth and are advancing encroachment 

into many arctic and alpine tundra herbaceous-dominated communities (Sturm et al. 

2001, Stow et al. 2004, Tape et al. 2006, Cannone et al. 2007, Hallinger et al. 2010, 

Myers-Smith et al. 2011, Rundqvist et al. 2011). Yet what this means for upper treeline 

dynamics remains less clear. 

The expansion of shrub cover in recent years is the result of multiple interacting 

factors, including climate warming, changes in nutrient cycling, altered disturbance 

patterns, and local variability in topography and hydrology (Mekonnen et al. 2018). 

Under warmer conditions, tall deciduous shrubs can be more competitive than other plant 

types in tundra ecosystems because of their taller maximum canopy heights and often 

dense canopy structure (Mekonnen et al. 2018). An increase of shrub cover in alpine 
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tundra is expected to cause a net decrease in both summer and winter albedo, increasing 

summer and winter soil temperature (Formica et al. 2014). Although shrubs are capable 

of trapping snow, studies suggest that they typically have similar melt-out dates as tundra 

vegetation, since shrub areas start melting earlier (Sturm et al. 2005a, 2005b). Overall, 

lower albedo along with both increased N (Mack et al. 2004, Sturm et al. 2005b, 

Weintraub & Schimel 2005) and C cycling (Shaver et al. 1998) suggests that increased 

soil temperatures may generate positive feedbacks, further accelerating willow 

encroachment (Sturm et al. 2001, 2005b). 

To assess how the aforementioned vegetation dynamics are manifesting across 

upper treeline environments across the SRM under the influence of unprecedented and 

catastrophic hotter drought conditions (Williams et al. 2022), this research uses ground-

based repeat photography along the CT to examine how thirty years of sharp rises in 

temperature have affected upper treeline ecotones. The notoriety, extensiveness, and 

abundance of treeline terrain along the CT make for the ideal medium to extract how the 

differences in continental-scale climate patterns, biogeography, and latitudinal gradients 

influence upper treeline response to the emergence of a global acceleration of lethal 

climate conditions (Hammond et al. 2022). Given the rapidity of threshold-induced 

regime shifts seen in recent years in ecological systems (Wolkovich et al. 2014, Cooper et 

al. 2020, Turner et al. 2020), thirty years of photographic evidence (i.e. Munro et al. 

2008) provides an appropriate temporal scale to answer the following research questions 

regarding high-elevation treeline environments along the Colorado Trail:   

1. Is there evidence of upper treeline advance?   

2. Is there evidence of spruce beetle-induced mortality at upper treeline?   
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3. Is there evidence of willow encroachment into alpine tundra? 

2. STUDY AREA 

2.1 TOPOGRAPHY 

The CT is a 782 km (486 mi) popular recreational trail that spans from Denver to 

Durango, entirely south of 40° N latitude (Fig. 1). The trail cuts through six National 

Forests, six Wilderness areas, and crosses five major river systems, while passing over 

eight of Colorado’s mountain ranges (Jacobs & Fielder 1994). At an average elevation of 

3,140 m (10,300 ft), it spans across the Continental Divide (CD) through the heart of the 

SRM. Much of the CT is over 2,740 m (9,000 ft) in elevation and occasionally exceeds 

3,960 m (13,000 ft) in the San Juan Mountain Range, placing it in direct contact with and 

often in plain view of upper treeline, which averages 3,350 m (11,000 ft) – 3,660 m 

(12,000 ft) in the region (Peet 200). All the photos for this study were taken from sites 

that lie between 3,530 m and 3,950 m. 

 The La Plata Mountain Range outside of Durango is situated in a semi-arid 

environment and offer a unique ecosystem due to their position on the eastern edge of the 

Colorado Plateau and their proximity to the CD. The San Juan Mountains (SJM) are an 

east–west-oriented range formed from Miocene to Quaternary volcanic deposits (Baker 

2009). Soil properties including moisture and total N and P are highest on the lee side of 

existing vegetation at treeline (Bourgeron et al. 2015). The Sawatch Range is a prominent 

mountain range of the CT located to the northeast of the SJM. It occupies a pivotal 

position between the drier north-south oriented ranges to the east and the moister east-

west oriented ranges to the west. The range extends over 130 km (81 mi) in a north-south 
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direction, with much of the 8450 sq. km (5250 sq. mi) area above timberline (Hartman & 

Rottman, 1988).  

2.2 CLIMATE 

The timing and duration of the growing season have been shifting, with earlier 

snowmelt leading to earlier spring growth, and longer growing seasons leading to 

changes in the composition and structure of vegetation at treeline (Kueppers et al. 2017). 

The SRM of southern Colorado warmed at one of the highest rates in the contiguous US 

in the early 21st century, accompanied by drying trends and modifications of climate type 

at higher elevations (Blair & Bracksieck 2011). Annual soil water deficits are low in this 

region and gradually increase moving north (Elliott & Cowell 2015) as moist air masses 

move inland from the Pacific Ocean and Gulf of Mexico and strike the Western San 

Juans first in the SRM region (Blair & Bracksieck 2011). Synoptic-scale Pacific climate 

patterns resulting from the El Nino Southern Oscillation (ENSO) are relatively uniform 

across the SRM south of 40° N, with infrequent intrusions of Pacific air masses during 

the winter and an influx of monsoonal moisture from July through September (Blair & 

Bracksieck 2011, Elliott et al. 2021). Regional climate models project 2°C or higher 

increases in minimum temperature (Tmin) and maximum temperature (Tmax) for all 

seasons (Rangwala et al. 2012). However, there are much greater (>3°C) increases in 

Tmax during summer at higher elevations and in Tmin during winter at lower elevations 

(Rangwala et al. 2012). Critically, Tmax increases during summer are associated with 

drying conditions (Rangwala et al. 2012), contributing to hotter drought. Extremely low 

temperatures are rarely observed west of the CD, as bitter arctic air is generally confined 

to the east (Barry 2008).  
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2.3 VEGETATION 

The SRM comprise the highest treeline ecotones along the spine of the Rocky 

Mountains and include the broadest expanse of climatically sensitive boundaries where 

subalpine forest borders alpine tundra capable of supporting treeline advance upslope 

(Butler et al. 2007, Elliott & Petruccelli 2018). Forests cover 55% of the SRM and 

subalpine forests lie at the highest forested elevations c. 2700–3600 m, making up 51% of 

the total forest area (40,000 km2) (Rodman et al. 2021). Notably, the Sawatch Range 

contains the southern range limit of lodgepole pine forests in the Rocky Mountains (Peet 

2000). Forest cover at upper treeline is dominated by Englemann spruce (Picea 

engelmannii) and subalpine fir (Abies lasiocarpa), with Colorado bristlecone pine (Pinus 

aristata) on south-facing slopes east of the CD (Elliott et al. 2021). Most spruce-fir stands 

at or near treeline, however, are composed purely of Engelmann spruce (Blair & 

Bracksieck 2011) in a more open canopy or patch-like structure than at lower elevations. 

For this study, the focus is on Engelmann spruce, which is a later successional species 

tolerant of shade and adapted to higher moisture substrates (Jabis et al. 2020). These trees 

are well-adapted to the region's high elevation and cold, snowy winters, and are able to 

survive in a variety of soil types and moisture conditions. The shrub vegetation in the 

alpine zone of the SRM are typically dominated by willows (Salix planifolia) (Blair & 

Bracksieck 2011). 
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3. METHODS 

3.1 REPEAT PHOTOGRAPHY 

Repeat photography involves locating the exact photo point to take a photograph 

that is identical to the original, usually taken several decades earlier (Zier & Baker 2006). 

Most examples of repeat photography compare present-day scenes with historical 

photographs taken over a century ago (e.g., Veblen & Lorenz 1991, Fielder 1999, Elliott 

& Baker 2004, Zier & Baker 2006), yet this study seeks to capture rapid threshold 

changes that climate is capable of triggering across high-elevation mountain landscapes 

since sharp rises in temperature began in the early 1990s (see Elliott et al. 2021).  

For this research, I re-took original ground-based photographs published in two 

books: Along the Colorado Trail (Fielder & Fayhee 1992) and The Colorado Trail: The 

Official Guidebook (Jacobs & Fielder 1994). The original photos in the study came with 

minimal location data. The descriptions in the books the photos were pulled from only 

provided general mountain range information, as well as which CT Segment they were 

within, but no coordinate information. Inherently, finding the exact photo points thirty 

years later involved a little guess work, a lot of hiking, and extensive location scouting. 

Given that I was not thru-hiking the CT to find all the photos, it was important to make a 

plan in advance of which roads were navigable, where to camp, and where the best CT 

access trails were to each of the general photo locations. Once along the CT, in order to 

know that I was in the right location to repeat the photographs, I had the original photos 

with me in the field and took great care to identically lineup landscape features in the 

foreground, such as boulders or ridges, with mountain peaks in the background. Once in 
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the right location, I set up a tripod and used a Nikon D3400 DSLR camera to take 

multiple photos with slightly different angles in an iterative process before obtaining the 

correct match to the original. It was often the case that I had to wait for cloud cover to 

dissipate or change my position on the ground just slightly to accurately replicate the 

photo. I then geo-referenced each photo location with lat/long/elevation data so that 

future visits to these sites would be more straightforward and repeatable (Table 1; 

Hammond et al. 2020). Along the CT, I photographed relevant examples of more 

widespread changes observed in the repeat photo pairs to help illustrate the ongoing 

changes within these landscapes. Once back from the field, all photos were visually 

observed on a projector screen to classify more accurately which of the result types, 

according to the research questions, occurred in each 30-year photo pair (Table 2). 

3.2 CLIMATE DATA 

Climate data for this study were downloaded from PRISM (PRISM Group, 

Oregon State University, http:// www.prismclimate.org) for five repeat photo locations 

for the entire climate record available, 1895-2022. These data are extracted from 4km 

grid cells that accurately represent precipitation and temperature values across remote 

mountain regions that are heavily influenced by varied elevation and complex topography 

(Daly et al. 2008). The following climate variables were analyzed and graphed using 

Microsoft Office’s Power BI software: (1) Total Annual Precipitation, (2) Annual 

Deviation from the 20th Century Mean of Precipitation (3) Annual Warm Season Vapor 

Pressure Deficit Maximum, (4) Annual Warm Season Vapor Pressure Deficit Minimum, 

(5) Annual Cool Season Vapor Pressure Deficit Maximum, (6) Annual Cool Season 

Vapor Pressure Deficit Minimum. Statistical computations of precipitation data were 
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conducted utilizing the open-source, web-based platform Vassar Stats ANOVA 

(http://vassarstats.net/). 

4. RESULTS 

4.1 TREELINE DYNAMICS  

For this study, I successfully repeated 12 photographs of upper treeline 

environments along the CT (Table 1). The primary landscape changes evident over the 

past thirty years of warming include treeline advance and densification, spruce beetle-

induced mortality, and the expansion of willow into alpine tundra (Table 2). A clear 

increase in either treeline advance, densification, or seedling establishment is visually 

observed in all twelve (100%) repeat photography scenes (Table 2). Treeline advance and 

increased tree recruitment were particularly notable in the photo from the Tenmile Range 

above the town of Breckenridge (Photo Site 9). 

4.2 SPRUCE BEETLE 

Spruce beetle-induced mortality at treeline was observed in five (42%) photo 

pairs (Table 2). The foreground forests in both images from the Eastern San Juans (ESJ) 

in the La Garita Wilderness near San Luis Peak (Photo Site 3 & 4) reveal near-total 

spruce beetle-induced mortality, contracting the forest belt hundreds of meters downslope 

from treeline (Fig. 2 & 3). The three replicated photographs in the southern end of the 

Sawatch Range (Photo Site 5, 6, & 7) all reveal an outbreak of spruce beetles at upper 

treeline, but not at the density or spatial extent seen in the ESJ. Additionally, I 

photographed the defoliation of an Engelmann spruce actively under beetle attack west of 

http://vassarstats.net/
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the CD in the western San Juan mountains where spruce-beetle mortality is not otherwise 

evident (Fig. 4). Interestingly, I found no evidence of spruce beetle at any of the repeat 

photo sites, or at upper treeline in general, north of 39° latitude within the study area. 

4.3 WILLOW EXPANSION 

Willow expansion was observed in ten of the 12 (83%) replicated photographs, as 

well as an overall increase in vegetation density in all mountain ranges photographed 

except for the southern Sawatch. Willow expansion was particularly notable in the ESJ in 

repeat photography scenes and from extensive field observations (Fig. 5) where spruce 

beetle-induced mortality was also the most widespread. Additionally, the three photos of 

a single location in the Front Range (Photo Site 10, 11, & 12) revealed substantial 

proliferation of willow in a snow melt-driven, persistently wet alpine environment.  

4.4 CLIMATE PATTERNS 

Synoptic climate patterns produce significantly different (P < 0.01) precipitation 

regimes across the five mountain ranges, with the La Plata range west of the Continental 

Divide receiving the most precipitation (Table 4). The mean precipitation for all five 

ranges combined fell from 850 mm in the1895-2022 record (Table 4) to 831 mm during 

the 1992-2022 repeat photo study period (Table 5). Notably, however, the La Plata, ESJ, 

and southern Sawtach ranges experienced a reduction in annual precipitation from 1992-

2022 compared to the entire climate record, while the Mosquito and Front ranges 

received more average precipitation during the 1992-2022 period compared to the entire 

record (See Table 4 & 5). Interestingly, while the La Plata Mountain Range receives 

considerably more precipitation than the other mountain ranges, accounting for nearly 
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30% of the total precipitation of all five mountain ranges from 1895-2022 (Fig. 6), this 

range also experienced the sharpest dips from the 20th Century mean in the early 21st 

Century with multiple years approaching a deficit of as much as 650 mm below the mean 

(Fig. 7). 

The deviations from the 20th century mean of warm season vapor pressure deficit 

(VPD) revealed a notable increase in minimum VPD values across all mountain ranges 

(Fig. 8) compared to maximum VPD values (Fig. 9). However, both have steadily risen 

early in the 21st Century, reaching their peak in 2020 before dropping the two following 

warm seasons. Deviations from the 20th Century mean of cool season VPD remained 

mostly steady for the period of record for both min and max (Fig. 10 & 11). However, the 

cool season VPD min data reveal a considerable trend upwards beginning in the mid 

1990’s and continuing to the present day (Fig. 10). Notably, warm season minimum VPD 

values for the La Plata Mountain Range were significantly higher (P < 0.01) than all 

other ranges (Table 6). On the other hand, warm season maximum VPD values for the 

southern Sawatch were significantly higher (P < 0.01) (Table 7). Furthermore, in 

congruence with rising warm season VPD values, mean summer (June-Aug) 

temperatures are quickly rising across all five mountain ranges analyzed when compared 

to the 1970-2000 mean, particularly on Searle Pass in the Mosquito Range (Fig. 12). 

5. DISCUSSION 

5.1 TREELINE ADVANCE 

At upper treeline, with trees positioned at or near their physiological range limit, 

there is an increased probability of even subtle variations in climate parameters exceeding 
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critical thresholds that initiate rapid changes in the pace and pattern of tree establishment 

(Danby & Hik 2007, Bailey et al. 2021, Elliott et al. 2021). Moreover, treelines are 

sensitive to temperature increases associated with anthropogenic climate change, and 

they can provide early indications of the responses to be expected elsewhere in forest 

ecosystems (Greenwood and Jump 2014). Warmer growing season temperature in 

conjunction with sufficient moisture seem to benefit seedling emergence and growth at 

alpine treelines (Kueppers et al. 2017). One of the key benefits of warming may be that 

early and late in the growing season, it has been shown to alleviate seasonally low 

temperature stress (Kueppers et al. 2017).  

However, warming throughout the growing season, which is increasingly 

common (Fig. 12) appears to counteract this benefit by enhancing moisture stress (Moyes 

et al. 2015). For example, scenes from both the ESJ and southern Sawatch are indicative 

of the passing of a threshold at some point in the 30-year span, whereby a warming 

climate released these forests from previous temperature limitations allowing for range 

expansion. More recently, however, spruce beetle infestations overwhelmed these forests 

either because of the depleted soil-moisture conditions triggered by hotter drought (i.e. 

Hart et al. 2014) or due to a sharp rise in temperature alone (Fig. 12; Pettit et al. 2020). 

Without a simultaneous increase in precipitation, warmer temperatures are likely 

increasing the evaporative demand of the soil to the point of a bioclimatic threshold 

where intensifying drought stress is also limiting seedling establishment (Elliott et al. 

2021). Moreover, rather than on the enhanced growth of established trees (Holtmeier & 

Broll, 2007), the ascent of alpine treeline depends on the successful recruitment and 

establishment of young trees, which is increasingly difficult without a nearby or local 
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seed source (Jabis et al. 2020). Consequently, treeline shifts in temperate areas, such as 

the SRM, may slow down or even reverse as the climate becomes warmer and drier (Lu 

et al. 2020). While all the sites photographed exhibited evidence of treeline advance, this 

research cannot quantify whether any new establishment has occurred within the past 

decade (c.f. Bailey et al. 2021). Yet it remains clear that upper treeline advance has 

occurred over the past 30 years along the CT. This continues the trend that began during 

the 1950s along the spine of the Rocky Mountains (Elliott 2012b, Elliott & Petruccelli 

2018) and underlies the importance of studying the pace and pattern of vegetation change 

at upper treeline at relatively fine temporal scales under the influence of 21st-century 

warming. 

5.2 SPRUCE BEETLE-INDUCED MORTALITY 

The subalpine zone of the SRM has been greatly impacted by bark beetle 

outbreaks, resulting in extensive tree mortality since the late 1990s (Rodman et al. 2021). 

In the San Juan Range specifically, a severe outbreak event occurred between 2011 and 

2015 (Woodward et al. 2018), and repeat photography evidence from Elliott et al. (2021) 

confirms spruce beetle-induced mortality at upper treeline in the region. However, this 

study expands upon this work at a broader regional scale along the CT and provides 

important context to these findings.  

The two scenes photographed in the ESJ (Photo Site 3 & 4), along with other 

photos shot in the region (Fig. 13), reveal the most striking results of mortality in this 

study. The near complete loss of overstory Engelmann spruce from spruce beetle 

infestation at upper treeline shows that hotter drought conditions have pushed these 
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forests beyond their bioclimatic optimum for survival (e.g. Elliott et al. 2021). 

Importantly, these two photos show spruce beetle devastation across both north- and 

south-facing slopes, suggesting that even the mediating role of slope aspect on moisture 

availability cannot offset intensifying drought stress in this region.  

Because high-severity spruce beetle outbreaks result in limited regeneration, 

especially from years 2016-2018 in the San Juan Mountains when a severe warm fall-

winter drought occurred (Carlson et al. 2020), a return to a dominant spruce stand in this 

location seems unlikely. Furthermore, increases in seed output of any remaining spruce 

will likely be constrained by threshold high temperatures (ca. 20% above 1970-2000 

mean summer temperature; Buechling et al. 2016) in the seed maturation year, which are 

increasingly common at all sites (Fig. 12). The extensive canopy disturbance 

photographed in the ESJ contains the most convincing evidence yet that upper treeline 

ecotones of the SRM should be considered for long-term predictions of forest decline 

with climate change and that an abrupt transition in foundation tree species is possible. 

The spatial pattern of spruce beetle-induced mortality at the Fooses Creek site 

(Photo Site 7) suggests that there are different biogeographical factors mediating its 

spread compared to the pure spruce stands to the south in the ESJ. Because spruce is less 

abundant here and increasingly shares space with lodgepole pine, the spatial extent was 

reduced, but not necessarily the vulnerability to attack (de Groot et al. 2023). Indeed, 

spruce beetle mortality appeared high for the percentage of spruce present and as such the 

existence of lodgepole pine did not hamper the outbreak severity, only the spatial extent 

and/or density of mortality. Because this was not a homogenous stand like those in the 

ESJ, the spatial pattern is more varied, and more live trees of other species still stand. The 
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fact that no observations were made of spruce beetle-induced mortality north of the 

Sawatch range, I assumed could be due to the increased presence of lodgepole pine in 

these areas. It appeared that lodgepole pine were acting as a buffer against spruce beetle 

expansion in these upper treeline communities. A recent publication by De Groot et al. 

(2023), however, suggests that tree species diversity does not prevent bark beetle 

outbreaks in forests, but it does influence the severity of potential outbreaks. While the 

outbreak itself is not limited by tree species diversity and can still cause mortality to the 

majority of the population under attack, the presence of live trees allows for some of the 

forest structure to persist, and thus the resilience of treeline forests. Importantly, De 

Groot et al. (2023) also found that largescale factors such as temperature or drought have 

a larger effect on the onset of an outbreak event than stand level variables such as tree 

species richness. While temperatures have risen rapidly (Fig. 12) even at sites with no 

visual evidence of spruce beetle infestation, an increase in precipitation has also occurred 

in the Mosquito and Front Range mountains (Table 4 & 5), which could be supplying 

enough moisture to inhibit the onset of hotter drought conditions, and thus the onset of 

spruce beetle outbreaks, at those sites.  

5.3 VEGETATION COMPOSITION SHIFT 

With spruce beetle continuing to be the most damaging forest pest in Colorado 

and Engelmann spruce not being well-adapted to warming climate conditions (Jabis et al. 

2020), shifts in forest composition, particularly towards subalpine fir, are likely to endure 

for decades (Rodman et al. 2022). While recent outbreaks of native bark beetles have 

been widespread, causing tree mortality across millions of hectares throughout western 

North America (Raffa et al. 2008), these outbreaks are not catastrophic disturbances 
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driving forest loss (Rocca & Romme 2009). The upper treeline ecotone, however, is not 

accounted for in these previous studies because mortality events as catastrophic as the 

one photographed in the ESJ have never been reported throughout upper treeline 

ecotones. Engelmann spruce demonstrates low potential for range expansion where 

moisture availability is limited (Jabis et al. 2020), which will be increasingly constrained 

with projected warming temperatures. Reductions in the current range of Engelmann 

spruce under warming climate conditions (Dobrowski et al. 2015, Kueppers et al. 2017) 

are likely to occur on both dry south-facing slopes where recruitment has been 

nonexistent over the last decade (Bailey et al. 2021) and on wetter and cooler north-

facing slopes with better habitat suitability for bark beetle where they can proliferate in 

dense, homogenous stands of spruce (Hart et al. 2015). Additionally, the upper treeline 

forests of the ESJ are composed purely of Engelmann spruce (Blair & Bracksieck 2011). 

Consequently, the shift to subalpine fir, a species that relies heavily on seed dispersal 

from live trees (Rodman et al. 2022), at upper treeline is improbable and will result in a 

large contraction of treeline forests, driving forest loss in these high-mountain 

ecosystems. Because rising temperatures are increasingly approaching the 20% threshold 

above the mean at each photo site and wind dispersal can only spread seed rain up to a 

few hundred meters (Holtmeier & Broll 2010), it is unlikely that if a bark beetle 

infestation were to occur at these sites, that Engelmann spruce would be able to 

successfully regenerate. Since the successful establishment of seedlings is limited by the 

requirement of a suitable microenvironment following successful dispersal, current trends 

of warming across the CT heighten the susceptibility to mortality of newly established 

seedlings by introducing heat-induced moisture stress and by limiting both the temporal 
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and spatial range of habitat suitability at treeline (Elliott 2017). Thus, the trend of 

expansion of the mountain forest belt via treeline advance appears to be particularly 

unlikely and is instead likely to be one of forest contraction as evidenced by the mortality 

downslope from treeline in the ESJ exceeding the seed dispersal range (Fig. 2 & 3).  

The shift in vegetation composition, particularly the expansion of willows, in 

response to rapid climate warming in these high-altitude ecosystems is a crucial 

observation. During my extensive hiking along various sections of the CT, I witnessed 

and captured photographs of rapid willow expansion that is narrowing the trails, 

replacing spruce in disturbed forests, and establishing at higher elevations. This trend is 

consistent with a broad range of evidence indicating that woody plants, especially tall 

deciduous shrubs, are experiencing accelerated growth, abundance, and expansion 

upslope into alpine tundra (Formica et al. 2014, Kambo & Danby 2018) and northward 

into Arctic tundra (Myers-Smith & Hik 2018, Mekonnen et al. 2021). The thermal 

limitations of woody plants at the limits of their latitudinal ranges are similar to those at 

high altitudes (Randin et al. 2013). Therefore, the demographic and range dynamics of 

both latitudinal and alpine shrublines should be comparable (Wang et al. 2021). My field 

research suggests that a shrubification of the upper treeline ecotone has been taking place 

in the SRM. It appears that hotter drought, a severe climate-mediated disturbance, has 

exceeded the threshold of forest resilience in this ecosystem, triggering a transition from 

a forest-dominant to a shrubland-dominant landscape amidst standing dead spruce (sensu 

Millar & Stephenson 2015). However, without data at a finer temporal resolution, it 

cannot be determined whether the trend of willow densification and advance are ongoing. 

Indeed, alpine ecosystems may have already passed their climatic optima, as evidenced 
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by the slowed rate of shrub recruitment and shrubline advance under climatic warming 

post-2010 on the Tibetan Plateau, driven by moisture limitation, which has acted as an 

important environmental modulator of changes to alpine vegetation (Wang et al. 2021). 

Due to its preference for high soil moisture and shade, the retention of Engelmann 

spruce across upper treeline ecotones may be strongly influenced by the ideal 

microclimate (Jabis et al. 2020) created by the proliferation of willow (Myers-smith & 

Hik 2013) in alpine communities following bark beetle mortality (See Fig. 14). However, 

diverging patterns of spruce seedling establishment from the presence of shrub cover can 

occur, on the one hand, from increased snow depth that can provide overwinter protection 

and minimize seedling damage (Renard et al. 2016). An overabundance of shrubs, 

however, can hinder seedling occurrence by competing for soil nutrients (Kambo & 

Danby 2018). There appears to be a seedling preference for areas of intermediate shrub 

cover and density (between 9% and 72%; see Kambo & Danby 2018), which suggests 

that if shrub cover becomes too dense it will set into motion positive feedbacks that will 

hasten the transition of the upper treeline ecotone to one that is no longer dominated by 

Engelmann spruce in the SRM. However, due to their ability to tolerate low moisture 

conditions, their deep roots, and their ability to survive without protection from 

neighboring species (Jabis et al. 2020), 5-needle pine species (bristlecone pine and limber 

pine) (Kueppers et al. 2017) and even lodgepole pine (Elliott 2012b) appear to be well-

suited to replace Engelmann spruce in upper treeline ecotones.  
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5.4 TEMPERATURE-MOISTURE INTERACTIONS 

The increase in atmospheric water demand and decreased relative humidity 

caused by the upward trend of both minimum and maximum VPD values can have 

significant ecological implications. With a rise in VPD, the amount of water vapor in the 

air is reduced, which can lead to a decline in plant growth and survival (McDowell et al. 

2020, Hammond et al. 2022). As trees rely on atmospheric moisture to meet their water 

needs, a decrease in relative humidity may result in a higher risk of tree water stress and 

reduced productivity, which has been observed in the past decade (McDowell et al. 

2020). Rising temperatures which force an exponential rise in VPD ultimately help drive 

the type of species composition shifts (McDowell et al. 2020) that this study 

photographed along the CT. Adult trees experiencing prolonged drought conditions are 

also at greater risk of mortality from pests or pathogens due to stomatal closure in 

response to high VPD and low soil moisture (Brodersen et al. 2019).  

Given that most plants cannot reduce their size, which would be advantageous to 

transport water in arid conditions, forests respond through increased mortality of large 

plants, which are replaced by smaller ones (McDowell et al. 2020), such as willow (Fig. 

5). Hydraulic theory suggests that under rising VPD, functional traits of high 

conductance, low stature, and low leaf area should best enable survival, all of which are 

characteristics of pioneer, shrub, and weed species (McDowell et al. 2020). Due to rising 

VPD values along the CT, Engelmann spruce, which are later-successional tree species, 

are being outcompeted by willow in high-mountain environments. Because mountain 

ecosystems contain forests that are particularly vulnerable to the influences of a rapidly 

changing climate, it appears likely that the unprecedented warming of the 21st century, 
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along with projected intensifying drought stress, will foster dramatic changes in 

vegetation community dynamics across upper treeline in the SRM. 

Over the course of the 30-year photo period, the trend of decreasing precipitation 

across the mountain ranges was evident, but surprisingly not as much as assumed, with 

the mean only dropping 19 mm across all five ranges combined compared to the entire 

record. Notably, the La Plata Mountain Range experiences precipitation patterns that are 

solely independent of the other four ranges studied. The data reveal that not only does a 

significantly more amount of precipitation accumulate there (Table 3), but this site also 

experiences more extremes with multiple recent years approaching or surpassing 600 mm 

below the 20th Century mean (Fig. 7). The annual mean from 1895-2022 in the La Plata 

Range was more than twice that in the Front Range (Table 4), yet both study sites 

appeared visually healthy and thriving during the summer of 2022 field work. This could 

be due to the fact that during the repeat photo period, the Front Range mean actually 

increased compared to the 1895-2022 mean (Table 5), while the La Plata Range 

experienced a decline, but still received a significant amount more than the Front Range. 

The fact that the average summer temperatures were roughly equivalent to the 

1970-2000 mean before steadily rising beginning in the 1990’s indicates a clear departure 

from historical norms. This also suggests that because precipitation values have remained 

steady in recent decades that the rapid rise in temperature is likely to be the main cause 

for the dramatic shifts seen in the repeat photo sites (sensu Pettit et al. 2020). Indeed, 

rapidly rising temperatures in high-elevation mountain forests with water-limited 

growing seasons, such as in the SRM, are likely to trigger recruitment declines as the 

climate continues to warm, growing seasons lengthen, and evaporative demand increases 
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(Kueppers et al. 2017). Warmer temperatures could also be leading to a reduction in soil 

moisture driven by increased evapotranspiration at alpine treeline ecotones (Sigdel et al. 

2018), thus weakening the health and defense mechanisms of trees in upper elevation 

forests (McDowell et al. 2020). 

6. CONCLUSION 

The findings from this regional-scale repeat photography study suggest that the 

ongoing hotter drought affecting upper treeline ecotones could potentially lead to 

substantial contractions in the ranges of Engelmann spruce in certain mountain ranges, 

ultimately bringing about significant changes to these high mountain ecosystems. Given 

that spruce beetle-induced mortality extends across all size classes (Fig. 5) and willow 

expansion (Fig. 14) is prominent across the SRM, it appears that bioclimatic conditions in 

this region are favoring a vegetation composition shift to willow and pine species at the 

expense of spruce. The lack of evidence of spruce regeneration in the dead forests is 

concerning considering that rising temperatures will increasingly constrain spruce seed 

production. Nevertheless, the standing bristlecone pine captured in the ESJ (Fig. 15) 

suggests that the future of the upper treeline forest belt in that area may involve an 

increase in pine and as evidenced, willow, while the surrounding ranges maintain their 

traditional coverage of spruce, fir and occasionally lodgepole pine, at least until a 

mountain pine beetle (Dendroctonus ponderosae) outbreak occurs. The new pockets of 

willow expansion filling in alpine ecotones, densification of spruce-fir forests in some 

ranges, and forests that have been affected by spruce beetle in others are giving rise to 

novel landscapes. These changes will have significant implications for the biodiversity 

and functioning of the SRM, as well as its overall resilience in the face of climate change. 
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This research provides important insights into how upper treeline conifer forests 

are responding to regional hotter drought in the SRM. The vegetation conditions captured 

in the 30-year repeat photos reflect many of the patterns observed in previous literature 

on forest response to a warming climate, such as increased densification, upslope 

advance, significant vertical growth, contraction of Engelmann spruce, and willow 

regeneration. However, the uniqueness of this study lies in the fact that it has revealed 

near-total spruce beetle-induced mortality of upper treeline forests at some of the highest 

treeline ecotones in the Rocky Mountains along the CT. This study shows that 

temperature and moisture thresholds have been crossed in the ESJ and Southern Sawatch 

ranges, but it remains unclear if the other mountain ranges in this study will experience 

similar results. Rapidly rising temperatures on Searle Pass in the Mosquito Range suggest 

that if a bark beetle outbreak does occur there, it is extremely likely that this upper 

treeline ecotone will undergo a vegetation composition shift to one that no is no longer 

dominated by Engelmann spruce. Overall, the results of this repeat photography study 

point to a future of spruce at treeline that is not promising because of (1) beetle-induced 

mortality, (2) rising temperature stressing seed production, (3) the need for moisture, (4) 

challenges to natural seed dispersal, and (5) willow encroachment throughout the alpine 

tundra. 
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8. TABLES, FIGURES, AND PHOTOS 

8.1 TABLES 

 

Table 1. Repeat photo site information. Color-coded by mountain range. Side of CD (E/W) indicates 

whether the photo site was East or West of the Continental Divide. 

 

 

Table 2. Observed results from repeat photo pairs, color-coded by mountain range. “X” denotes that the 

result type was observed in the 30-year repeat photo span. 
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Table 3. Annual precipitation, 1895-2022 Tukey HSD Test. Results gathered from Vassar Stats One-Way 

ANOVA. M1 = La Platas. M2 = ESJ. M3 = Southern Sawatch. M4 = Searle Pass. M5 = Front Range. 

 

 

Table 4. Annual precipitation data summary for the entire period of record, 1895-2022. Results gathered 

from Vassar Stats One-Way ANOVA. 1 = La Platas. 2 = ESJ. 3 = Southern Sawatch. 4 = Searle Pass. 5 = 

Front Range. 
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Table 5. Annual precipitation data summary for the repeat photo period, 1992-2022. Results gathered from 

Vassar Stats One-Way ANOVA. 1 = La Platas. 2 = ESJ. 3 = Southern Sawatch. 4 = Searle Pass. 5 = Front 

Range. 

 

 

Table 6. Warm Season VPD Min Tukey HSD Test. Results gathered from Vassar Stats ANOVA. M1 = La 

Platas. M2 = ESJ. M3 = Southern Sawatch. M4 = Searle Pass. M5 = Front Range. 
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Table 7. Warm Season VPD Max Tukey HSD Test. Results gathered from Vassar Stats ANOVA. M1 = La 

Platas. M2 = ESJ. M3 = Southern Sawatch. M4 = Searle Pass. M5 = Front Range. 
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8.2 FIGURES 

 

Fig. 1. Study area along the Colorado Trail. US HWY 50 is shown as an important dividing line where sites 

to the south have extensive spruce beetle mortality (except for La Platas) while sites to the north do not. 
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Fig. 2. A Google Earth screenshot measuring the distance of spruce beetle mortality downslope from the 

highest climatic treeline on Photo Site 3, measuring 742 m. 

 

 

Fig. 3. A Google Earth screenshot measuring the distance of spruce beetle mortality downslope from the 

highest climatic treeline on Photo Site 4, measuring 370 m. 
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Fig. 4. Defoliated spruce from spruce beetle at upper treeline in the west San Juan Mountain Range. 
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Fig. 5. A close-up shot of a representative upper treeline zone near San Luis Peak in the La Garita 

Wilderness. This is not a repeat photo and provides clear evidence of spruce beetle-induced mortality 

across multiple size classes of trees along with willow proliferation. 

 

Fig. 6. Pie chart representing the total precipitation accumulated across all five repeat photo sites by 

percentage from 1895-2022. 
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Fig. 7. Annual deviations from the 20th Century mean of precipitation, 1895-2022 across five of the six 

repeat photo site locations. Notice the sharp dips in the early 21st Century, especially in the La Plata 

Mountain Range. There are also no notable years above the mean in the early 21st Century. 

 

Fig. 8. Annual deviations from the 20th Century mean of warm season VPD Min, 1895-2022 across five of 

the six repeat photo site locations. Notice the upwards trend for much of the early 21st Century, before 

falling in the two most recent years. 
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Fig. 9. Annual deviations from the 20th Century mean of warm season VPD Max, 1895-2022 across five of 

the six repeat photo site locations. 

 

Fig. 10. Annual deviations from the 20th Century mean of cool season VPD Min, 1895-2022 across five of 

the six repeat photo site locations. Notice the upwards trend in the most recent decade. 
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Fig. 11. Annual deviations from the 20th Century mean of cool season VPD Max, 1895-2022 across five of 

the six repeat photo site locations.  
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Fig. 12. Summer (June-Aug) temperature graphs. 1970-2000 mean represented by solid line. 20% increase 

from mean to show threshold temperature which constrains spruce seed production (cf. Buechling et al. 

2016) represented by the dashed line. 
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Fig. 13. Upper treeline forest near San Luis Peak in the La Garita Wilderness. This is not a repeat photo, 

but it does provide clear evidence of spruce beetle-induced mortality. 

 

 

Fig. 14. Spruce living amongst willow while the dense stands have been killed by spruce beetle. 
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Fig. 15. Standing Rocky Mountain bristlecone pine (Pinus aristata) with interspersed young Engelmann 

spruce on a south-facing slope opposite Photo Site 3 in the ESJ. Heterogeneity and more open-canopy 

stands on south-facing slopes may offer resilience against severe spruce beetle outbreaks in the face of 

hotter drought at upper treeline. 
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8.3 REPEAT PHOTOS 

 

Photo Site 1. View is looking northeast from Indian Trail Ridge at an elevation of 3,727 m along Segment 

27 of the CT. It showcases a vast expanse of undisturbed forested landscape unaffected by recent fire or 

bark beetle outbreak in San Juan National Forest, in the La Plata Mountains. The original photo (A) was 

taken by John Fielder in 1992, (B) was taken in July of 2022. Source: Along the Colorado Trail, 1992.  
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Photo Site 2. View is looking southwest from Indian Trail Ridge in the La Plata Mountains at an elevation 

of 3,720 m along Segment 27 of the CT depicting a patch of healthy upper treeline forest with no visible 

signs of disturbance. The original photo (A) was taken by John Fielder in 1992, (B) was taken in July of 

2022. Source: Along the Colorado Trail, 1992. 
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(B) 

Photo Site 3. View is looking southwest from an elevation of 3,852 m below San Luis Peak, in the 

La Garita Wilderness. The original photo (A) was taken by John Fielder in 1992, (B) was taken in 

July of 2022. Source: Along the Colorado Trail, 1992. 
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Photo Site 4. Northeast looking view of 14,014 feet San Luis Peak captured from an elevation of 3,922 m, 

in the La Garita Wilderness. The original photo (A) was taken by John Fielder in 1992, (B) was taken in 

July of 2022. Source: Along the Colorado Trail, 1992. 

 



55 
 

 

 

 

Photo site 5.  

 

 

 

(B) 

Photo Site 5. View is north, looking at the southern Sawatch Range from the top of Windy Peak 

at 3,634 m along the Continental Divide. The original photo (A) was taken by John Fielder in 

1992, (B) was taken in July of 2022. Source: Along the Colorado Trail, 1992. 
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Photo site 6.  

 

 

(B) 

Photo Site 6. View is southeast, looking at of 13,269-foot Antora Peak from the top of 

Windy Peak at 3,634 m along the Continental Divide. The original photo (A) was taken 

by John Fielder in 1992, (B) was taken in July of 2022. Source: Along the Colorado 

Trail, 1992. 
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Photo Site 7. Northward looking view of 14,155-foot Tabeguache and 14,225-foot Shavano peaks from the 

head of Fooses Creek from an elevation of 3,630 m in San Isabel National Forest. The original photo (A) 

was taken by John Fielder in 1992, (B) was taken in July of 2022. Source: Along the Colorado Trail, 1992. 
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Photo Site 8. View is east, from Searle Pass at 3,745 m, in the Mosquito Range. The original photo (A) 

was taken by John Fielder in 1992, (B) was taken in July of 2022. Source: Along the Colorado Trail, 1992. 
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(B) 

Photo Site 9. View is south above the town of Breckenridge at 3,581 m in the Tenmile Range. The 

original photo (A) was taken by John Fielder in 1992, (B) was taken in July of 2022. Source: The 

Colorado Trail Official Field Guide, 1994. 
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Photo site 10.  

(B) 

Photo Site 10. View is south along the Jefferson Creek Loop Trail near Georgia Pass at 

about 3, 535 m in the Front Range. The original photo (A) was taken by John Fielder in 

1992, (B) was taken in July of 2022. Source: The Colorado Trail Official Field Guide, 

1994. 
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(B) 

Photo Site 11. View is east along the Jefferson Creek Loop Trail near Georgia Pass at about 3,535 

m in the Front Range. The original photo (A) was taken by John Fielder in 1992, (B) was taken in 

July of 2022. Source: The Colorado Trail Official Field Guide, 1994. 
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Photo site 12.  

 

 

 

(B) 

Photo Site 12. View is southwest along the Jefferson Creek Loop Trail near Georgia Pass at about 

3,550 m in the Front Range. The original photo (A) was taken by John Fielder in 1992, (B) was taken in 

July of 2022. Source: Along the Colorado Trail, 1992. 
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