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Introduction
Summer temperatures are the primary driver of tree growth at 

both high latitudes and high elevations (Fritts, 2001; Kauppi and 

Posch, 1985; Rossi et al., 2008), and with ongoing climate change 

these locations are expected to experience the greatest tempera-

ture increases in the future (IPCC, 2013; Mountain Research Ini-

tiative EDW Working Group, 2015). Consequences of this 

warming include northward and upward shifts in the ranges of 

plant species (Grace et al., 2002; Holtmeier and Broll, 2005; 

Körner, 2003; Schwörer et al., 2017), and altered treeline compo-

sition and structure because of changes in growth, recruitment, 

and population density of component tree species (MacDonald 

et al., 1998). These ecological changes can subsequently impact 

ecosystem services, microclimates, biodiversity, and at some 

scales, surface energy budgets and related climate feedbacks 

(MacDonald et al., 1998; Schwörer et al., 2017; Smith et al., 

2009). One avenue for better understanding the potential effects 

of ongoing warming is to examine how treeline ecosystems have 

responded to climate change in the past.

In the Greater Yellowstone Ecoregion (GYE) and western 

United States (US), researchers have used paleoenvironmental 

records to examine Holocene climate change and shifts in forest 

composition. Treeline advance and other post-glacial changes 

during the early-to-middle Holocene, including during the warmer 

Climate Optimum from ca. 9000–5000 cal yr BP, have been 

documented using evidence in lake-sediment cores (e.g. pollen, 

charcoal, wood fragments, conifer needles) from the Wind River 

Range of northwestern Wyoming (Fall et al., 1995; Lynch, 1998), 

the Snowy Range of southeastern Wyoming (Mensing et al., 

2012), and Yellowstone and Grand Teton National Parks (Krause 

and Whitlock, 2013; Krause et al., 2015; Whitlock, 1993). Addi-

tional studies in the western US used radiocarbon and tree-ring 

dates from subfossil wood to document higher-than-present 

treelines during intervals of the Holocene, including for the White 

Mountains of California (LaMarche, 1973; LaMarche and 

Mooney, 1967, 1972; Salzer et al., 2014), the Snake Range of 

Nevada (LaMarche and Mooney, 1967; Salzer et al., 2014), the 
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Ruby Mountains of Nevada (Salzer et al., 2014), the Rocky 

Mountain Front Range of Colorado (Carrara and McGeehin, 

2015), the Sierra Nevada of California (Lloyd and Graumlich, 

1997; Scuderi, 1987), and the Wind River Range of Wyoming 

(Morgan et al., 2014). Missing from, or incomplete within many 

of these records, however, is evidence of the influence of impor-

tant climate changes of the late-Holocene, specifically the Medi-

eval Climate Anomaly (MCA) and the Little Ice Age (LIA), on 

important treeline ecosystems.

The MCA (ca. 900–1350 CE) has been characterized as a 

period of anomalous warmth in the Northern Hemisphere (Brad-

ley et al., 2003; Crowley and Lowery, 2000; Mann et al., 2009; 

Reinemann et al., 2014), but the duration, magnitude, and spatial 

patterns of warming are debated (Crowley, 2000; Crowley and 

Lowery, 2000; Reinemann et al., 2014). In contrast, the LIA (ca. 

1350–1850 CE) was a period punctuated by decadal to multi-

century-scale cooling events in the Northern Hemisphere, largely 

attributed to solar and volcanic forcing (Anchukaitis et al., 2017; 

Crowley, 2000; Crowley et al., 2008; Wagner and Zorita, 2005; 

Wanner et al., 2008; Wilson et al., 2016). In the western US, a 

series of prolonged droughts from 900 to 1300 CE occurred dur-

ing the MCA (Coats et al., 2016; Cook et al., 2004; Herweijer 

et al., 2007; Stine, 1994), followed by generally cooler and wetter 

conditions and glacial advances during the LIA (Carrara, 1989; 

Luckman, 2000; Marcott et al., 2009; Osborn and Gerloff, 1997; 

Wiles et al., 2004). Spatial variability in the timing, duration, and 

magnitude of change during the MCA and LIA documented by 

dendroclimatological studies in the northern US and Canadian 

Rocky Mountains (Biondi et al., 1999; Kipfmueller, 2008; Luck-

man, 2000; Luckman and Wilson, 2005) indicates that additional 

studies are needed to more completely characterize these climate 

periods in the western US.

Millennial-length paleoenvironmental records are needed to 

capture both climate and ecological change during the MCA and 

LIA but are limited in the western US and GYE. Few of the lake-

sediment based paleoclimate studies for the GYE have detected 

treeline changes during the MCA or LIA; researchers have instead 

concluded that modern treeline established by 5750–3000 cal. yr. 

BP based on pollen assemblages (Mensing et al., 2012; Whitlock, 

1993). In the western US, studies of paleoclimate from remnant 

wood have shown wide variability in the timing of treeline 

advance and decline. A few documented higher-than-present 

treelines that predate the MCA by hundreds to over 1000 years 

(Carrara and McGeehin, 2015; LaMarche and Mooney, 1967, 

1972) or indicated that higher-than-present treelines declined into 

and during the early MCA (LaMarche, 1973; Lloyd and Graum-

lich, 1997; Salzer et al., 2014; Scuderi, 1987). Only two studies 

have documented changes specific to the MCA and LIA. In the 

Sierra Nevada of California, Lloyd and Graumlich (1997) deter-

mined that treeline had experienced two declines in the last 

1000 years, one during the MCA attributed to drought stress and 

another during the LIA attributed to cooling. Morgan et al. (2014) 

also documented treeline decline during the MCA, based on 

radiocarbon dating of remnant trees in the Wind River Range of 

Wyoming. In the GYE, paleoclimate data in lake sediment cores 

from Yellowstone National Park have provided evidence of MCA 

and LIA climate and environmental change, although not treeline 

change (Bracht et al., 2008; Meyer et al., 1992; Pierce et al., 

2004). Studies of alluvial stratigraphy indicated increased fire-

related sedimentation during warmer and drier periods, including 

the MCA, and decreased fire-related sedimentation and increased 

erosion under cooler and wetter conditions of the LIA (Meyer 

et al., 1992; Pierce et al., 2004). Shifting diatom assemblages in a 

sediment core from Crevice Lake, Yellowstone National Park, 

indicated changes in temperature and wind strength, which 

affected isothermal mixing and nutrient recycling during the tran-

sition from the MCA to the LIA (Bracht et al., 2008). While these 

data provide evidence of MCA and LIA climate changes in the 

GYE, they lack the resolution to examine spatial and especially 

temporal variability. Millennial-length tree-ring records, which 

remain quite rare for North America in general (Anchukaitis 

et al., 2017; Wilson et al., 2016), have the potential through 

annual resolution to not only inform variability within longer-

term climate changes, but to provide multiple lines of proxy evi-

dence for the impact of these changes on important ecosystems.

While knowledge of the MCA and LIA are incomplete in the 

GYE, this ecoregion is also of particular interest in the western 

US because it contains important treeline species and environ-

ments under threat from ongoing climate change. An improved 

understanding of late-Holocene climate will help to clarify the 

climatological and ecological history of the region, providing 

context for modern changes. Here, we use dendrochronological 

analyses of living and remnant whitebark pine (Pinus albicaulis 

Engelm.) and Engelmann spruce (Picea engelmannii Parry ex 

Engelm.) trees to examine the influence of late-Holocene climate 

change, specifically during the MCA and LIA, on tree growth and 

temporal patterns of establishment and mortality in a treeline, 

whitebark pine ecosystem in the GYE. The objectives of this 

work were (1) to develop two new millennial-length tree-ring 

chronologies for whitebark pine and Engelmann spruce, rare for 

both studied species and for the northwestern US, (2) to recon-

struct summer temperatures for the late LIA, and (3) to examine 

temporal patterns of growth, establishment, and mortality in rela-

tion to MCA and LIA climate changes. Results provide important 

insight into how past climate change affected important GYE eco-

systems and highlight the value of using multiple lines of proxy 

evidence, along with climate reconstructions of high spatial reso-

lution, to better describe spatial and temporal variability in MCA 

and LIA climate and the ecological influence of climate change.

Methods

Study site

Fantan Lake (FTL; 44.926 °N, 109.544 °W, 2800–3020 m eleva-

tion), located near the Beartooth Highway (US Highway 212) in 

the Shoshone National Forest (Figure 1), is a mixed subalpine 

ecosystem near treeline (3100–3200 m). The site is characterized 

by alpine meadows and clusters, or “islands,” of whitebark pine, 

Engelmann spruce, and subalpine fir (Abies lasiocarpa (Hook.) 

Nutt.) trees, which tend to concentrate on outcrops of Precam-

brian granite and metamorphic rocks (Lageson and Spearing, 

1991). We selected the site primarily because of the presence of 

large (approximately 70–90 cm diameter) whitebark pine and 

Engelmann spruce remnants, both scattered within the living tree 

islands and isolated in the alpine meadow (Figure 1). None of the 

living trees in the same area (average 38.6 cm diameter) rivaled 

the size of the remnant trees. This pattern suggested a significant 

mortality event that killed a mature, ancient forest and occurred 

recently enough that this forest has not been replaced by similarly 

aged trees. Additionally, many of the remnant trees still had intact 

outer rings. This combination of unique site features presented a 

prime opportunity to examine patterns of past climate and envi-

ronmental change, as well as to provide historical insight and con-

text for future changes in the ecosystem.

Sample preparation and chronology development

We targeted living, mature whitebark pine and Engelmann spruce 

trees from a variety of age groups at FTL to capture both the earli-

est and more recent periods of establishment. From selected 

whitebark pine and Engelmann spruce trees, we collected at least 

two increment cores as close to the root interface as possible to 

obtain the maximum number of growth rings and increase dating 

accuracy for individual trees (Stokes and Smiley, 1996). We 
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collected at least one cross section or wedge from all apparently 

intact remnant trees, including standing dead trees, or snags, and 

discarded those samples that were too rotten or broken to analyze 

in the laboratory. We sanded all cores and cross sections to a fine 

polish, progressively from ANSI 80-grit to 400-grit sandpaper, to 

ensure visibility of tree-ring boundaries. We then measured total 

ring width to the nearest 0.001 mm using scanned images and the 

software WinDENDRO (Regents, Inc. ver. 2012a). To measure 

extremely narrow or resinous rings, we used a Velmex measuring 

system coupled with Measure J2X (VoorTech, ver. 5.0) software. 

When rings were too small and in some cases obscured by resin to 

measure, or when rings did not crossdate, we used ring counts to 

estimate inner (n = 3) and outer (n = 5) ring dates.

We performed segmented, time-series correlation analyses in 

the software COFECHA (Holmes, 1983) to first relatively date 

and then absolutely date the tree rings on remnant samples. 

Figure 1. (a) Regional setting for the Greater Yellowstone, (b) Greater Yellowstone and locations of the FTL study site and the Mount 

Washburn (MW) and Sylvan Pass (SP) reference chronologies, (c) The FTL study site, delineated by black box, with more continuous 

woodland-type landcover represented by gray shading, and (bottom) author M. Rochner for scale of remnant sample found in alpine 

meadow. Map prepared by Donald J. Biddle of the University of Louisville Center for GIS. Data Citation: USGS: The National Map: National 

Hydrography Dataset and National Transportation Dataset; ESRI: USA Federal Lands; USGS Land Cover – Woodland for Wyoming 20160525 

State or Territory Shapefile; ESRI: World Hillshade Map Service; USGS Land Cover – Woodland for Wyoming 20160525 State or Territory 

Shapefile; U.S. Census Bureau.
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COFECHA provides an output containing potential relative dating 

adjustments with correlations and associated t-values. We used a 

standard t-value of ⩾3.5, along with a minimum interseries cor-

relation coefficient of ⩾0.40 to indicate statistical crossdating 

between different series (Holmes, 1983) and developed a set of 

measurement series that were dated relatively to each other, but 

had not yet been anchored in time. We then used the same analyses 

in COFECHA to absolutely date the floating FTL chronologies 

against reference chronologies for whitebark pine (Mount Wash-

burn, WY050, 44.798 °N 110.434 °W, 937–1998 CE) (King, 

2014) and Engelmann spruce (Sylvan Pass, WY023, 44.464 °N 

110.131 °W, 1388–1983 CE) (Briffa and Schweingruber, 2002), 

both approximately 70 km from FTL, downloaded from the Inter-

national Tree-Ring Data Bank (ITRDB, 2019). Early in the pro-

cess, the temporal depths of the living whitebark pine and 

Engelmann spruce chronologies were not sufficient for use as ref-

erence chronologies for the remnant samples. Once sufficient tem-

poral depth was achieved, we also used the living chronologies 

from FTL for the absolute dating of remnant samples. We tested 

the remaining remnant series one at a time against the growing 

data set and added a series to the chronology when its interseries 

correlation coefficient was ⩾0.40 and COFECHA suggested no 

statistically significant secondary temporal adjustments.

To quality-check absolute dating, evaluate chronology statis-

tics, and develop final whitebark pine and Engelmann spruce tree-

ring chronologies for FTL, we again performed segmented, 

time-series correlation analyses using COFECHA (Holmes, 

1983). We evaluated 50-year segments, lagged by 25 years, and 

used an interseries correlation cutoff of ⩾0.40 to consider a tree-

ring series as crossdated with the other series. We evaluated the 

strength of the common signal in these chronologies using the 

interseries correlation statistics in COFECHA and the expressed 

population signal (EPS) (Wigley et al., 1984), calculated using 

functions in the R dendrochronology program library (dplR) 

(Bunn, 2008). For further analyses, we truncated chronologies 

where the EPS fell below 0.85 (Wigley et al., 1984). We used a 

two-thirds, or 67% smoothing spline (Cook and Peters, 1981) in 

dplR to develop final, standardized chronologies for each species. 

This age-dependent detrending technique best accounted for age- 

and disturbance-related growth trends and changes in sample 

depth back in time; maintained low-frequency, and assumed cli-

mate-related trends in the tree-ring data; and did not artificially 

inflate the ends of our time series. For the purposes of this study, 

the chosen detrending technique allowed for visual examination 

of low-frequency growth trends at FTL. For the evaluation of 

additional lines of tree-ring evidence, we determined detrending 

techniques best suited to the analyses performed, as explained 

below.

Living and remnant tree establishment and mortality

We estimated establishment dates for living trees using pith esti-

mators when no pith (tree center) was present (Applequist, 1958). 

We only determined establishment dates for remnant trees when 

pith was present. We report establishment dates in decadal, 

10-year bins to reasonably accommodate error in these estimates 

and based on age-correction statistics from a previous study at the 

site (Axelson et al., 2014). To evaluate remnant tree mortality, we 

recorded if remnant trees still possessed: (1) sapwood, (2) curva-

ture, or (3) bark. Curvature was indicated by a smooth, outer sur-

face along a continuous ring boundary and in conjunction with 

sapwood. Sapwood was indicated by color and the presence of 

beetle galleries. These characteristics indicate death dates (curva-

ture and/or bark) or dates near the time of death (sapwood). Rem-

nant trees with remaining curvature had sapwood and a smooth 

outer surface that followed a ring boundary for all or a portion of 

remnant circumference. We used 50-year bins for mortality 

estimates to account for potential error and based on estimated 

rings per cm calculated from intact sapwood on living and rem-

nant trees.

Analyses of tree growth patterns

To evaluate potential correspondence between changes in tree 

growth and periods of climate change, establishment, or mortal-

ity, we identified single years of substantial negative growth 

change and periods of growth suppression. First, we determined 

ring-width minima (narrowest 5% of ring-width indices) and 

multi-year periods of reduced growth (at least three minimum 

years within a decade) within standardized FTL chronologies. To 

emphasize both the most negative growth years and periods of 

decreased growth within a decade, we standardized raw tree-ring 

data using a highly flexible 32-year spline. We then compared 

ring-width minima with pointer years and periods of growth sup-

pression detected by relative growth change analyses (15-year 

moving window) in the R package PointRes (Van der Maaten-

Theunissen et al., 2015). We used the raw ring-width chronolo-

gies for these analyses, and set the following thresholds for 

pointer years in R: (1) Growth Suppression: 40% relative growth 

change, and (2) Minimum Percent Recording Trees: 75%, accord-

ing to Schweingruber et al. (1990) and the defaults used in poin-

tRes (Van der Maaten-Theunissen et al., 2015), such that a pointer 

year marking extreme negative growth change would be a year 

where >75% of recording trees experienced a >40% reduction in 

growth. We compared growth reductions to establishment, mor-

tality, and frost ring data from FTL tree rings and to blue-intensity 

based, reconstructed summer temperature values for the FTL site.

Blue intensity data

We evaluated blue intensity (BI, McCarroll et al., 2002) data, an 

innovative approach in dendroclimatology and alternative to 

maximum latewood density, for reconstructing temperature 

(Björklund et al., 2015; Heeter et al., 2019, 2020; Wilson et al., 

2014) from FTL Engelmann spruce tree rings. To develop BI 

series, we refinished the Engelmann spruce samples up to 

1000 grit and rescanned them on an Epson 12000 XL flatbed 

scanner at 3200 dpi, calibrated using an IT8.7.2 calibration card 

coupled with Silverfast 7.9 software. As the quality and consis-

tency of BI measurements rely heavily on the appearance and 

color of sample surfaces, we developed our BI chronologies from 

samples that did not exhibit discoloration from weathering or fun-

gal staining. We measured earlywood (EWB), latewood (LWB), 

and delta (ΔB) BI from scanned samples using the software 

CooRecorder (Larsson, 2014) and ultimately obtained BI metrics 

from 86 samples. We checked BI data crossdating using COFE-

CHA (Holmes, 1983), detrended the data using an age-dependent 

spline in the SignalFree framework (Melvin and Briffa, 2008), 

and evaluated signal strength using the EPS statistic, with cutoff 

of 0.85 (Wigley et al., 1984).

We evaluated the climate sensitivity and reconstruction poten-

tial of BI data from Engelmann spruce and compared this to the 

reconstruction potential of full ring-width data from both Engel-

mann spruce and whitebark pine. We examined spatial relation-

ships between ring-width and EWB, LWB, ΔB data and monthly 

mean, maximum, and minimum and seasonal average tempera-

ture variables derived from the nearest gridpoint to FTL in the 

CRU 4.3 dataset (Harris et al., 2014) in KNMI Climate Explorer 

(Trouet and Van Oldenborgh, 2013). We also examined spatial 

correlations in 1 to 5-year time steps back in time to assess the 

temporal stability of significant relationships over the instrumen-

tal period 1920–2016 CE. Based on these comparisons, we 

selected LWB data from Engelmann spruce for use in the recon-

struction; LWB exhibited the strongest relationship overall: 
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r = 0.63 with the average of June, July, and August (JJA) maxi-

mum temperatures (T
max

), as compared to the strongest relation-

ship between Engelmann spruce ring widths and JJA T
max

: 

r = 0.40. This finding is consistent with previous studies that dem-

onstrate the strength of BI-temperature relationships over ring-

width data (Harley et al., 2021; Heeter et al., 2019, 2020; Wilson 

et al., 2014).

Temperature reconstruction

We used linear regression to model JJA T
max

 back to 1600 CE using 

a combination of regional instrumental data and the FTL LWB 

chronology. We used cross-validation (Meko, 1997; Michaelsen, 

1987) to validate the reconstruction model, splitting the instrumen-

tal period into two equal halves, early (1920–1960 CE) and late 

(1961–2015 CE), with the earliest year (1920 CE) representing 

when at least two stations were available for interpolation into the 

CRU dataset for FTL. We first calibrated on the late period and 

verified on the early period, and then calibrated on the early and 

verified on the late period to ensure the time stability of the model. 

We used two goodness-of-fit statistics, the reduction of error (RE) 

and coefficient of efficiency (CE), in which positive values indicate 

that the model is a better predictor than the average of the instru-

mental data over the same period (Cook et al., 1999; Fritts, 2001). 

Final cross-validation statistics included calibration and verifica-

tion period coefficient of determination (CR2 and VR2), verification 

period RE and CE (VRE and VCE), and root mean squared error 

(RMSE). With successful model validation, we used linear regres-

sion to reconstruct the chosen temperature variable. We used the 

Durbin-Watson statistic to evaluate the model residuals for first-

order autocorrelation and linear trends (Durbin and Watson, 1971) 

and quantified model uncertainty using maximum entropy boot-

strapping (MEBoot), set at 300 replicates (Vinod and López-de-

Lacalle, 2009). We transformed reconstructed values to z-scores, 

using the mean and standard deviation calculated over the full 

reconstructed record to examine annual and 10 and 20-year tem-

perature anomalies. We used runs analysis, also known as severity-

duration analysis (Bekker et al., 2014; González and Valdés, 2003; 

Gray et al., 2011; Griffin and Anchukaitis, 2014), performed on the 

non-standardized reconstructed temperature values to determine 

the magnitude and intensity of temperature changes.

Results

Living tree establishment

The final living whitebark pine chronology covered the period 

1332–2016 CE, and the final living Engelmann spruce chronol-

ogy covered the period 1652–2016 CE (Table 1). We estimated 

establishment dates for 84% of the crossdated, living trees (for 

124 of 128 whitebark pine trees and 99 of 118 Engelmann spruce 

trees). The establishment dates for both species indicate an 

increase in establishment after the end of the LIA; most whitebark 

pine (>76%) and Engelmann spruce (>65%) established after 

1850 CE (Figure 2c and e). The remaining trees established dur-

ing earlier portions of the LIA (pre-1715 CE), except for one 

whitebark pine tree that established during the MCA (~1282 CE) 

and survived until the present. An additional whitebark pine tree 

had an inner measured ring indicating establishment during the 

MCA (1332 CE), but we could not determine an exact establish-

ment date due to irregular growth near the innermost rings. These 

two living whitebark pine predate the establishment of the next 

oldest whitebark pine (1506 CE) by about two centuries and the 

next oldest Engelmann spruce (1621 CE) by about three 

centuries.

Remnant tree establishment and mortality

We initially developed site-specific reference chronologies for each 

tree species through successful crossdating with statistical signifi-

cance of 15 whitebark pine remnants against the Mount Washburn 

reference chronology (r = 0.45, n = 874 years, t = 14.88, p < 0.0001) 

and 15 Engelmann spruce remnants against the Sylvan Pass refer-

ence chronology (r = 0.43, n = 596 years, t = 11.61, p < 0.0001). We 

then dated an additional 76 remnant trees against the GYE and FTL 

living reference chronologies for a total of 106 dated remnants from 

the FTL site (Figure 3, Supplemental Table S1). Of the 78 whitebark 

pine remnants sampled, 37 (47%) contained evidence of preserved 

outer rings (Supplemental Table S1). Excluding those trees without 

definitive inner- and outer-ring dates, 12 of 21 (57%) whitebark pine 

remnants indicated establishment before or during the MCA and 

mortality during the period 1593–1807 CE, or the middle-to-late 

LIA. An additional seven of the 21 (33%) established during the 

period 1379–1498 CE (early-to-middle LIA) and died during the 

period 1757–1832 CE (middle-to-late LIA). Of 16 whitebark pine 

remnants without pith but possessing intact outer rings, two had ter-

minal ring dates during the early-to-middle LIA and 10 had termi-

nal-ring dates during the middle-to-late LIA. In total, 31 of the 37 

(84%) whitebark pine remnants with evidence of outer rings indi-

cated terminal dates during the LIA, and more specifically, 29 of the 

37 (78%) had terminal ring dates during the middle-to-late LIA 

(Figure 3, Supplemental Table S1). Of the 28 Engelmann spruce 

remnants sampled, 19 (68%) contained evidence of preserved outer 

rings (Supplemental Table S1). Excluding those trees without defin-

itive inner- and outer-ring dates, four of 11 (36%) Engelmann spruce 

remnants indicated establishment during the MCA and mortality 

during the period 1608–1800 CE, or the middle-to-late LIA. An 

additional three of the 11 (27%) established during the period 1527–

1576 (early-to-middle LIA) and died during the period 1800–1876 

CE (middle-to-LIA). All of the Engelmann spruce remnants without 

pith but possessing intact outer rings (eight of eight) had terminal-

ring dates during the middle-to-late LIA. All 15 of the 19 (79%) 

Engelmann spruce remnants with evidence of outer rings indicated 

Table 1. Final remnant, living, and combined chronologies developed by this study and associated statistics.

Chronology1 Measured 

series

Total 

trees

Length 

(yrs)

Mean length 

series (yrs)

Average interseries 

correlation

Average mean 

sensitivity

Percent segments 

flagged2

Time span 

(CE)

EPS Rbar

Remnant PIAL 134 78 1250 340.7 0.54 0.22 9.97 708–1958 0.94 0.30

Remnant PIEN 44 28 1253 341.4 0.63 0.22 3.70 754–2007 0.83 0.29

Living PIAL 299 148 684 136.0 0.60 0.24 9.87 1332–2016 0.96 0.28

Living PIEN 232 118 364 148.0 0.63 0.23 8.86 1652–2016 0.97 0.27

Combined PIAL 433 226 1308 199.0 0.57 0.23 7.69 708–2016 0.96 0.29

Combined PIEN 276 146 1262 178.0 0.63 0.23 3.61 754–2016 0.94 0.28

PIEN LWB 86 58 417 172.1 0.54 0.042 18.58 1600–2016 0.92 0.33

1ITRDB Species Codes, where PIAL = whitebark pine (Pinus albicaulis Engelm.) and PIEN = Engelmann spruce (Picea engelmannii Parry ex Engelm.)
2Indicates percent of tested segments in COFECHA for which the interseries correlation fell below the statistical threshold for significance at the 0.01 

level. These were re-inspected and found to be correctly placed in time.
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terminal dates during the middle-to-late LIA (Figure 3, Supplemen-

tal Table S1). For both species combined, 46 of 56 (82%) total rem-

nant samples with preserved outer rings had terminal-ring dates 

during the LIA, and more specifically, 44 of 56 (78%) had terminal 

ring dates during the middle-to-late LIA (Figures 2c, f and 3). Rem-

nant spruce trees with intact pith and sapwood (n = 11) were on 

average 375 years old when they died, and remnant spruce trees 

without pith but with some sapwood (n = 8) contained on average 

437 rings. Remnant whitebark pine trees with intact pith and sap-

wood (n = 21) were on average 446 years old when they died, and 

remnant whitebark pine trees without pith but with some sapwood 

(n = 16) contained on average 397 rings. The average age of all 

Figure 2. Comparisons of (a) Full-length, 10-yr smoothed ring-width index series for whitebark pine (PIAL) and Engelmann spruce (PIEN) 

where vertical dashed lines indicate EPS cutoff year (EPS < 0.85), (b) 10-yr smoothed, mean growth deviation from relative growth change 

analyses, with pointer years indicated by vertical, dashed blue lines, (c) Establishment and mortality frequency (# of trees) per 50-year bin 

over the full ring-width record, and for the period 1600–1950 CE: (d) mean growth deviation and pointer years, (e) establishment frequency in 

decadal bins, (f ) mortality frequency in 50-year bins, and (g) 10-yr reconstructed JJA Tmax anomalies (z-scores). Grey area highlights the late LIA 

period 1800–1850 CE.
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remnant trees with intact pith and sapwood (n = 32) was 422 years, 

and remnant samples without pith but with some sapwood (n = 24) 

contained on average 411 rings, for an average of 417 years (n = 56, 

SD = 126).

Final chronologies and analyses of growth

The final whitebark pine chronology covered the period 708–2016 

CE, and the final Engelmann spruce chronology covered the 

period 754–2016 CE (Figure 2a, Table 1). Multiple periods of sup-

pressed growth are evident in both FTL tree-ring chronologies for 

the last millennium, especially for whitebark pine (Figure 2a and 

b, Table 2). Based on tree-ring minima and relative growth change 

analyses, notable periods of decreased growth include the 1330s, 

1450s, early 1700s, 1810s, and 1830/40s (Figure 2b, Table 2). 

Decreased growth during the 1330s was the most extreme growth 

suppression detected by our analyses, aside from the narrow rings 

and growth suppressions of the 19th century. The years 1330 and 

1335 CE are two of the five most extreme tree-ring minima in FTL 

whitebark pine, and 1330 CE is the tenth most extreme tree-ring 

minimum in FTL Engelmann spruce. Relative growth change 

analyses also revealed narrow rings and suppression in whitebark 

pine during the 1330s CE, with pointer years 1330 and 1334–1336 

CE (Figure 2b). We identified only one frost ring in 1329 CE asso-

ciated with this period of suppressed growth (Table 2). For the 

1450s, only 1 year, 1458 CE, is indicated by both relative growth 

change analyses and tree-ring minima, and only in whitebark pine 

(fourth most narrow ring) (Figure 2b, Table 2). Decreased growth 

in the period 1700–1710 CE is indicated by pointer years in white-

bark pine (1702–1703) and tree-ring minima in both tree species 

(1702–1704 and 1704–1707 respectively) (Figure 2b and d, Table 

2). Decreased growth during the 1450s and early 1700s was not 

associated with any frost damage in tree rings (Table 2).

Growth suppressions during the 1810s and 1830/40s CE are most 

extreme in the FTL whitebark pine chronology. Thirteen of the nar-

rowest 5% (n = 59) of tree-ring minima for whitebark pine occur dur-

ing the periods 1814–1818 CE (n = 5) and 1838–1845 CE (n = 8) 

(Table 2). In addition, six of the narrowest 1% (n = 12) of tree-ring 

minima for whitebark pine occur in the period 1838–1844 CE. Rela-

tive growth change analyses of raw ring widths in whitebark pine 

trees also revealed pointer years in 1814 and 1816 CE and every year 

from 1838–1844 CE (Figure 2b and d). In FTL Engelmann spruce, 

ring-width indices for the years 1814, 1838, 1844, and 1845 CE fall 

within the narrowest 5% (n = 43) of ring-width minima (Table 2). The 

year 1838 CE was the only pointer year identified by relative growth 

change analysis in PointRes for Engelmann spruce tree rings at FTL. 

The 1838 CE growth ring was the most extreme tree-ring minimum 

in the whitebark pine chronology and the second most extreme in the 

Engelmann spruce chronology. In addition to decreased growth, we 

identified a cluster of latewood frost rings in the 1830s (1832, 1836, 

1837, and 1838 CE) (Table 2). Frost rings (Figure S1) occur when 

temperatures well below freezing occur during the growing season, 

which can lead to intracellular freezing and the deformation of cell 

structure. While frost rings are not uncommon in FTL tree rings 

(Table 2), the 1830s is the only period in which a sequence of frost 

rings occurred in conjunction with prolonged suppressed growth. In 

all, the most extreme periods of decreased growth occurred during 

the periods 1330–1336 and 1838–1844 CE in whitebark pine.

Blue intensity-based temperature reconstruction

We developed a reconstruction of summer (JJA) T
max

 back to 1600 

CE using a combination of regional instrumental data and the FTL 

LWB chronology (Figure 4, Table 1). Examination of multiple data-

sets of temperature variables indicated that the LWB chronology 

exhibited the strongest, positive, and significant (r = 0.63, p < 0.01) 

relationship with JJA T
max

 (°C) derived from the CRU 4.3 dataset 

(Harris et al., 2014). This relationship was temporally stable over the 

period 1920–2016 CE. We determined that the LWB chronology had 

adequate sample depth for a reconstruction over the period 1600–

2016 CE. Cross-validation statistics (Table 3) indicated robust pre-

dictive skill over the instrumental period (Figure 4a and b). The 

reconstructed JJA T
max

 record (Figure 4c and d) displays decadal to 

multi-decadal variability in summer temperatures over the last four 

Figure 3. Plot of series time spans, which shows inner and outermost rings (and ring types) in relation to the MCA and early-to-middle and 

middle-to-late LIA. Note that despite establishment, few trees survived the extent of the LIA.
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centuries, thereby capturing both warmer and cooler periods within 

the middle-to-late LIA. The coolest periods of the full reconstructed 

record center on 1699, 1841, and 1971 CE (Figure 4d, Table 4); the 

coolest, 20-year periods, not reported in Table 4 are: 1962–1981, 

1690–1709, and 1832–1851 CE, with average z-scores of −0.80, 

−0.56, and −0.50, respectively. These periods were also ranked by 

severity-duration analysis within the top-10 of 88 total cooling events 

captured in the reconstruction from 1600–1950 CE (Table 4). They 

mark the two coolest periods of the middle-to-late LIA and a 20th 

century cool event lasting nearly four decades (1960–2000 CE) (Fig-

ure 4d). The warmest periods of the full reconstructed record center 

on 1654 and 2006 CE (Figure 4d, Table 4); the warmest, 20-year 

periods, not reported in Table 4, are 1645–1664 and 1997–2016 CE, 

which have average z-scores of 0.66 and 0.64, respectively. These 

periods are ranked by severity-duration analysis within the top-10 of 

89 warm events captured by the reconstruction (Table 4). They mark 

both the warmest period of the middle-to-late LIA, and modern 

warming, marked by short duration but high magnitude (highest 

intensity) warming events in 2011–2013 and 2015–2016 (Table 4).

Discussion

Climate-induced mortality

Analysis of remnant and living trees at FTL provided a basis to 

evaluate the influence of past climate on growth and establish-

ment in high-elevation whitebark pine and Engelmann spruce. 

Tree-ring dating of remnant samples suggests that the large dead 

trees at FTL represent the remains of an open woodland that 

established and grew during the late MCA (1100–1350 CE) and 

perished during the middle-to-late LIA (1600–1850 CE). Tempo-

ral patterns of establishment and mortality, along with tree growth 

patterns and frost damage, indicate conditions favorable to 

recruitment during the latter half of the MCA and possible cli-

mate-induced mortality of trees during the middle-to-late LIA. 

This period of higher mortality was followed by a period of low 

recruitment and rare survival during the first half of the 19th cen-

tury. While mortality dates were spread throughout the LIA, few 

of the remnant trees survived past the end of the LIA at 1850 CE, 

and more than 65% of living trees established after this date. 

While some trees did establish and survive through the LIA, 

results indicate that conditions during the middle-to-late LIA 

were primarily unfavorable to seedlings as well as mature trees. 

The near eradication of trees from the FTL site during the middle-

to-late LIA points to drastically different environmental condi-

tions at this time than during the preceding MCA, when many of 

the large trees established, and indicates a climate event signifi-

cant enough to kill a mature, ancient forest that is unparalleled in 

the contemporary period. The removal of most mature, old white-

bark pine and Engelmann spruce (~422 years, ~70–90 cm diame-

ter) and their replacement by younger trees (~142 years, ~38.6 cm 

diameter) after 1850 CE indicates that the site was potentially 

affected by shifting treeline during the middle-to-late LIA. The 

few trees that survived the middle-to-late LIA likely occupied 

more favorable microclimates within the complex site topography 

or benefitted from facilitation. These factors are important local 

drivers of treeline migration, and of conifer establishment and 

survival at high elevations (Bekker, 2005; Elliott, 2011; Elsen and 

Tingley, 2015; Holtmeier and Broll, 2005; Pyatt et al., 2016; 

Resler et al., 2005).

Although fire or insect disturbance could have killed trees at 

the FTL site, the asynchronous patterns of mortality point to cli-

mate change as the most likely driver of tree mortality. We found 

only limited evidence of fires and insect outbreaks in our samples. 

The spatial distribution of the handful of cross-sections on which 

we identified fire scars indicates that the fires were small and iso-

lated, likely lightning-started and affecting only one to a few 

trees. While cooler and wetter conditions during the LIA led to 

increased fuels and fire in ponderosa pine (Pinus ponderosa 

Douglas ex P. Lawson & C. Lawson) ecosystems of the GYE, 

these fires were found to be low severity and not stand replacing 

(Pierce et al., 2004). We found little to no evidence of the blue 

stain fungi Ceratocystis montia Rumb. or Europhium clavigerum 

Robinson and Davidson in the sapwood of remnant trees, markers 

for bark beetles (Reid et al., 1967; Solheim, 1995; Whitney, 

1971). We also rule out old age as the cause of mortality based on 

the average age of remnants containing intact pith and outer rings 

(422 years); while advanced, this is less than the maximum identi-

fied ages for whitebark pine and Engelmann spruce (>600 years, 

this study, Fryer, 2002; Luckman et al., 1984; Perkins and Swet-

nam, 1996; Steele et al., 1983; USDA, 2013).

We interpret tree death during the LIA as driven by climate, 

based on (1) asynchronous but tightly clustered patterns of mor-

tality, (2) the lack of widespread evidence of fire- or insect-

induced mortality at FTL, (3) the fact that growing season 

temperatures are most limiting to growth in high-elevation trees 

(Fritts, 2001; Rossi et al., 2008), and (4) the importance of grow-

ing-season length to ring formation in whitebark pine, such that a 

ring may not form if growing-season length falls below 3 months, 

most often due to cold temperatures (Weaver, 2001). Based on 

these lines of evidence, we interpret the current landscape at FTL 

as representative of post-1850 recovery from late LIA treeline 

decline and the transition into late-20th century, anthropogenic 

warming. We further suggest climate-induced mortality as the 

dominant driver of treeline change at FTL based on additional 

lines of tree-ring evidence, which highlight the final phase of the 

Table 2. Tree-ring minima (narrowest 5%) from the FTL whitebark 

pine and Engelmann spruce chronologies.

Century (CE) Year(s)

FTL Whitebark Pine

9th 847 (898)

10th 946, 990 (945, 981, 993, 996)

11th 1009 (1008, 1049, 1066)

12th 1118, 1120, 1142

13th 1200, 1230 (1274)

14th 1330, 1334, 1335, 1336, 1351 (1329)

15th 1408, 1458, 1475 (1472)

16th 1541 (1537,1557)

17th 1612, 1618, 1627, 1646, 1647, 1663, 1664, 1667, 1680, 

1681 (1601, 1641)

18th 1702, 1703, 1704, 1755, 1779, 1782, 1791 (1725)

19th 1814, 1815, 1816, 1817, 1818, 1838, 1839, 1840, 1841, 

1842, 1843, 1844, 1845, 1883, 1884, 1899 (1832, 1836, 

1837, 1838)

20th 1915, 1916, 1917, 1918, 1951, 1966, 1989, 1996 (1965)

21st —

FTL Engelmann Spruce

9th —

10th —

11th —

12th 1192

13th 1204, 1223, 1226, 1244

14th 1321, 1330, 1366, 1383, 1393, 1399

15th 1408, 1417, 1429, 1447

16th 1500, 1505, 1524, 1596

17th 1601, 1641, 1663

18th 1704, 1705, 1706, 1707, 1746, 1791

19th 1809, 1814, 1838, 1844, 1845, 1879, 1883, 1884

20th 1971, 1972, 1989, 1992, 1993

21st 2004, 2007

Frost rings for each century are noted in parentheses for whitebark pine 

and did not occur in Engelmann spruce.
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LIA as one of the coldest periods over the last four centuries, and 

potentially over the last millennium in the GYE. We discuss these 

multiple lines of evidence in the following sections, focusing our 

interpretation of the correspondence between climate, establish-

ment, and mortality to the period 1600–1950 CE (Figure 2d–g). 

The focus on this period is due to lower sample depths for estab-

lishment and mortality data prior to 1600 CE, the skillful length 

of the reconstruction, and the fact that our study design did not 

include saplings.

The terminus of the LIA

The middle-to-late LIA (1600–1850 CE) was a period of increased 

mortality and decreased recruitment of trees, with a majority of 

current, mature trees at FTL having established after 1850 CE. 

Growth patterns of both species, and especially whitebark pine, 

track reconstructed summer temperatures well (Figure 2d and g). 

This highlights the importance of temperatures to tree growth 

during short growing seasons, approximately 3 months, at high 

elevation sites like FTL. Within the middle-to-late LIA, periods 

of higher mortality and reduced establishment correspond with 

generally cooler periods, broken only by short and/or weak (low 

summer maximum temperatures) periods of warmth, for example, 

approximately 1600–1650, 1770–1800, and 1810–1855 CE (Fig-

ure 2e–g). This is especially evident in the 1810–1855 CE period; 

limited temperature recovery after cooling during the 1810s does 

not appear to have been sufficient to support recruitment of either 

tree species before the return to cold conditions in the late 1830s. 

Apart from a few years of warmth during the turn of the 19th 

century, cooler conditions persisted for nearly 100 years, from 

approximately 1770–1855 CE, likely resulting in low recruitment 

and high mortality. In contrast, increased establishment during 

1710–1760 CE (Figure 2e) occurred during a period of prolonged 

relative warmth, interrupted only by short and/or weak cooling. 

Within the middle-to-late LIA, periods of increased mortality and 

decreased recruitment correspond with longer periods consisting 

of multiple, decade-long episodes of cooler summers (much of 

the middle-to-late LIA), with one period of increased establish-

ment and decreased mortality (1710–1760 CE) having occurred 

during a longer period of relative warmth. These patterns, how-

ever, do not hold for periods after 1850 CE, with increased estab-

lishment and decreased mortality during two cold periods, 

1875–1884 and 1904–1913 CE, suggesting different influences 

on more recent patterns of growth, establishment, and mortality.

Comparisons to local summer (average of June, July, August, 

JJA) Palmer Drought Severity Index (PDSI) (Cook et al., 2010) and 

April 1st snow-water equivalent (SWE) (Coulthard et al., 2019) 

reconstructions for the GYE (Figure 5) reveal the potential com-

pounding influence of snowpack or drought at FTL, although pat-

terns are less clear than for temperature. In our comparison, 

summertime PDSI represents soil moisture conditions with high, 

positive values indicating wetter conditions and low, negative values 

indicating drier conditions (Cook et al., 1999; Palmer, 1965), and 

April 1st SWE reflects the maximum annual snowpack measure-

ment in the region (Coulthard et al., 2019) (Figure 5). Within 1600–

1950 CE, periods of reduced growth, decreased establishment, and 

increased mortality are consistently associated with cooler summer 

temperatures but less consistently with drought or snowpack. The 

Figure 4. Summer (JJA) Tmax (°C) reconstruction for FTL: (a) Scatter plot of the CRU 4.3 instrumental JJA Tmax values versus LWB with 

linear function y = –1.173 + 24.003× (dashed), (b) Comparison of CRU 4.3 instrumental (red) and reconstructed (black) JJA Tmax values, 

(c) Reconstruction of JJA Tmax using FTL LWB chronology from 1600–2016 CE, smoothed with 20-year low-pass filter (red), and (d) 10-

year running average of reconstructed JJA Tmax anomalies (z-scores), calculated using the mean and standard deviation of 1600–2016 CE 

reconstructed values.

Table 3. Cross-validation statistics for the final reconstruction 

model y = –1.173 + 24.003x.

Calibration period Verification period CR2 VR2 VRE VCE RMSE

1961–2015 1920–1960 0.45 0.33 0.33 0.31 0.92

1920–1960 1961–2015 0.33 0.45 0.40 0.38 0.98
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periods 1697–1706 and 1814–1818 CE were cold, dry, and snowy 

while 1835–1844 CE was cold, wet, and less snowy (Figure 5). Peri-

ods of increased growth, increased establishment, and decreased 

mortality are consistently associated with warm and dry summers 

but less consistently with snowpack. The periods 1717–1726 and 

1889–1898 CE were warm, dry, and less snowy while 1858–1874 

CE was warm, dry, and more snowy (Figure 5). Overall, warm and 

dry summers appear to have been most optimal for both growth and 

establishment at FTL, especially after 1850 CE, with pluvials, such 

as during the 1910s/20s, having led to slight reductions in both (Fig-

ure 5). Higher mortality overall from 1600–1850 CE is likely due to 

increased April 1st SWE (Coulthard et al., 2019) during much of 

this period, which may have limited establishment and increased 

mortality by limiting growing season length, especially in years with 

cooler summers. Negative relationships between tree growth and 

winter snowpack (December-January precipitation) for both studied 

species (Rochner, 2019) indicate the role of snowpack in limiting 

growing season length, and perhaps also damaging trees at FTL, 

rather than providing additional summer moisture or offsetting 

drought conditions at the site (Coulthard et al., 2021). During the 

terminus of the LIA, however, we see a climate shift from cold, dry, 

and snowy to cold, wet, and less snowy, making less clear the roles 

of drought and snow in treeline mortality during this period (Figure 

5). Potentially, overall cold and wet conditions from 1800–1825 CE 

due to snow and from 1825–1850 CE due to summertime moisture 

made the entire period too cold and wet for establishment, while 

limited growing seasons and late-season frost killed mature trees.

The two coldest periods of the middle-to-late LIA were 1690–

1709 and 1832–1851 CE, corresponding to the Maunder and Dal-

ton solar minima and with volcanically-forced cool periods 

(Anchukaitis et al., 2017; Crowley, 2000; Crowley et al., 2008; 

D'Arrigo et al., 2020; Wagner and Zorita, 2005; Wilson et al., 

2016) noted in other regional reconstructions in the western US 

and Canada (Luckman and Wilson, 2005; Salzer et al., 2014; Wil-

son et al., 2014). The cold and snowy Maunder Minimum 

especially limited establishment and led to mortality and 

decreased growth in both species (Figures 2e–g and 5). The period 

1832–1851 CE, however, saw more transformation at FTL. Mul-

tiple lines of evidence point to the terminus of the LIA as a period 

of dramatic and likely climate-driven change at the site. Recon-

structed cool temperature anomalies for 1800–1850 CE corre-

spond to patterns of decreased establishment and increased 

mortality, decreased growth, and frost damage in whitebark pine 

and Engelmann spruce. The period was one of rare survival and 

low recruitment for both tree species (Figure 2e and f), and growth 

rates for surviving trees were some of the lowest of the millennial 

record (Figure 2a and b). These findings of exceptionally low 

temperatures during the late LIA are consistent with documented 

glacial advances in the western US and Canada (Carrara, 1989; 

Luckman, 2000; Marcott et al., 2009; Osborn and Gerloff, 1997; 

Wiles et al., 2004), and with continental and hemispheric tem-

perature reconstructions (Anchukaitis et al., 2017; Bradley and 

Jonest, 1993, 1995; Briffa et al., 2001; Brönnimann et al., 2019; 

Crowley, 2000; Crowley et al., 2014; Jones et al., 1998; Mann 

et al., 2008, 2012; Trouet et al., 2013). Results from this study 

also agree with regional paleoclimate records that document 

cooler summer temperatures during the first half of the 19th cen-

tury in the Canadian Rockies (Luckman and Wilson, 2005), 

southern British Columbia (Wilson et al., 2014), the Sawtooth-

Salmon River region of Idaho (Biondi et al., 1999), the Selway-

Bitterroot Wilderness Area of the northern Rocky Mountains 

(Kipfmueller, 2008), the US Great Basin (Salzer et al., 2014), and 

the southern Colorado Plateau (Salzer and Kipfmueller, 2005). 

The cold, final phase of the LIA has been attributed to separate 

solar and volcanic forcings, with eruptions in 1808, 1815, 1822, 

1831, and 1835, including from Tambora and Cosigüina (Anchu-

kaitis et al., 2017; Brönnimann et al., 2019; Crowley, 2000; 

Crowley et al., 2014; Hegerl et al., 2003; Wilson et al., 2016). 

Multiple volcanically-driven “cold snaps,” especially after 1830 

CE, are then the likely dominant driver of mortality at FTL.

Table 4. (Left) Anomalies (z-scores) are calculated over the full reconstructed period (1600–2016 CE) and (Right) Results from runs analysis 

based on FTL reconstructed JJA Tmax (°C) values. Magnitude equals the mean cumulative departure from the mean of reconstructed values. 

Intensity equals duration (years) divided by the magnitude. After ranking, overall score equals duration plus magnitude rank.

Single and 10-year anomalies Runs analysis

Coldest 

rank

Year 

(CE)

JJA Tmax 

(°C)

Z-score 10-year 

anomaly

Avg. Z-

Score

Period Duration 

(years)

Magnitude Intensity Duration 

rank

Magnitude 

rank

Overall 

score

1 1968 18.59 −4.39 1697–1706 −0.90 1697–1708 12 −9.34 −0.78 9 88 97

2 1993 19.03 −3.95 1971–1980 −0.90 1974–1980 7 −8.49 −1.21 7 87 94

3 1641 19.18 –3.79 1984–1993 –0.80 1964–1968 5 –8.31 –1.66 5 86 91

4 1951 19.62 –3.36 1959–1968 –0.76 1621–1629 9 –7.05 –0.78 8 83 91

5 1787 19.82 –3.16 1835–1844 –0.76 1640–1644 5 –7.45 –1.49 5 85 90

6 1698 20.21 –2.76 1875–1884 –0.74 1786–1791 6 –7.08 –1.18 6 84 90

7 1621 20.37 –2.60 1621–1630 –0.67 1875–1880 6 –5.38 –0.90 6 82 88

8 1975 20.37 –2.60 1782–1791 –0.64 1905–1909 5 –5.12 –1.02 5 81 86

9 1727 20.57 –2.41 1636–1645 –0.54 1837–1840 4 –4.61 –1.15 4 80 84

10 1985 20.57 –2.41 1904–1913 –0.51 1992–1993 2 –4.24 –2.12 2 79 81

Warmest 

rank

Year 

(CE)

JJA Tmax 

(°C)

Z-score 10-year 

anomaly

Avg. 

Z–score

Period Duration 

(years)

Magnitude Intensity Duration 

rank

Magnitude 

rank

Overall 

score

1 2015 27.31 4.37 2007–2016 1.13 1929–1940 12 7.90 0.66 8 89 97

2 2013 25.07 2.11 1649–1658 1.04 1717–1724 8 7.39 0.92 7 87 94

3 1649 24.99 2.03 1793–1802 0.79 1649–1654 6 7.48 1.25 6 88 94

4 1647 24.87 1.91 1931–1940 0.72 1679–1684 6 5.39 0.90 6 84 90

5 1949 24.87 1.91 1717–1726 0.60 1946–1950 5 5.66 1.13 5 85 90

6 1721 24.79 1.83 1751–1760 0.55 1792–1796 5 5.22 1.04 5 83 88

7 1756 24.75 1.79 1630–1639 0.52 2015–2016 2 5.99 2.99 2 86 88

8 2012 24.75 1.79 1680–1689 0.50 1798–1803 6 4.37 0.73 6 81 87

9 1722 24.67 1.71 1940–1949 0.47 1741–1745 5 4.28 0.86 5 80 85

10 1794 24.67 1.71 1889–1898 0.45 2011–2013 3 4.69 1.56 3 82 85
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Multiple lines of tree-ring evidence, including patterns of 

establishment and mortality, growth patterns, frost rings, and 

reconstructed summer temperatures, snowpack, and drought, 

indicate that the early 19th century was one of transition at FTL. 

Within a longer period of increased mortality and decreased 

establishment from 1600–1850 CE, the timing and magnitude of 

particular cold events at the site likely explain the heavy influence 

of the terminus of the LIA. The cool period 1690–1709 CE was 

short in duration, preceded by the warmest period of the 1600–

1950 record (warmest 20-year period, 1645–1660 CE), and fol-

lowed by a warm period of recovery from 1710–1760 CE (Figure 

4d, Table 4). In contrast, the period 1832–1851 CE marked 

extreme cold at the end of nearly a century of cooling from 1770–

1855 CE, broken only by a few years of warmth after 1800 CE. 

Growth was reduced during the early part of this period, with a 

slight recovery at the turn of the century, before declines in the 

1810s (Figure 2d). In recent hemispheric summer temperature 

reconstructions, the early 19th century is marked by significant 

cooling, in many cases showing the coolest summer temperatures 

of the LIA, and marking the end of a long cooling trend through-

out the LIA (Anchukaitis et al., 2017; Wilson et al., 2016). The 

period is marked as well by an exceptional amount of volcanic 

activity, expected to have driven the final cold pulse of the LIA 

(Anchukaitis et al., 2017; Brönnimann et al., 2019; Wilson et al., 

2016). Likely, repeated effects of volcanic cooling during the LIA 

made the trees at FTL more vulnerable to the back-to-back, volca-

nically-driven cold snaps of the early 19th century, and especially 

to the sudden drop in temperatures after 1830 CE. This vulnera-

bility was likely enhanced by the fact that FTL trees were at the 

limit of their elevational range and advanced in age (~422 years) 

for both species. While likely not the cause of death based on 

maximum ages for both species (> 600 years, Fryer, 2002; Luck-

man et al., 1984; Perkins and Swetnam, 1996; Rose et al., 1996; 

Steele et al., 1983; USDA, 2013), more advanced tree ages may 

have increased vulnerability to colder temperatures. Age may 

have also played a role in decreased mortality during earlier cold 

periods like the Maunder Minimum when the remnant trees were 

younger, as well after 1850 CE when new trees had established. 

The influence of the 1832–1851 CE period is marked in surviving 

trees by the continuous sequence of marker years and tree-ring 

minima (growth decline), predominately in whitebark pine, from 

1838–1844 CE, as well as by latewood frost damage in the years 

1832 and 1836–1838 CE. The continual decrease in growth each 

year indicates conditions unfavorable to growth and recruitment. 

Latewood frost damage during these years in particular points to 

abrupt ends to already short growing seasons for multiple years, 

highlighting the importance of the timing of cold in frost damage, 

and potentially mortality. Compared to the 1830s, the cold period 

1690–1709 CE is not marked by frost damage in the tree-ring 

record (Table 2). Further research is necessary to examine the role 

of seasonal timing in the influence of cold on tree growth and 

mortality. Eventually, most of the trees that had survived earlier 

LIA cooling were killed by the final pulse of the LIA.

The medieval climate anomaly

Temporal patterns of establishment and mortality indicate condi-

tions favorable to recruitment during the latter half of the MCA, 

but limitations in the current dataset restrict our interpretation of 

the MCA at FTL. Several studies from the Rocky Mountains have 

provided evidence of treeline fluctuations during the middle to 

late-Holocene, although most of these studies suggest a pre-MCA 

warm period, with estimated, higher elevation treelines before 

and sometimes declining into the MCA (Carrara and McGeehin, 

2015; LaMarche, 1973; LaMarche and Mooney, 1967, 1972; Scu-

deri, 1987). Other studies have focused on treeline and other post-

glacial changes that occurred even earlier, during warmer periods 

of the early to middle Holocene (Fall et al., 1995; Iglesias et al., 

2015; Krause and Whitlock, 2013; Krause et al., 2015; Lynch, 

1998; Mensing et al., 2012; Whitlock, 1993). Relatively little is 

known about how the MCA affected treeline ecosystems in the 

GYE. Variability in how data are presented and provided, for 

Figure 5. (a) Comparison of the JJA Tmax anomalies from this study (10-year z-scores) with (b) reconstructed JJA PDSI (10-year) from Cook 

et al. (2010) and (c) reconstructed April 1st SWE (annual maximum) snowpack (10-year z-scores) from Coulthard et al. (2019) for the Greater 

Yellowstone. Grey area highlights the LIA terminus 1800–1850 CE.
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example, how they are standardized, from regional paleoclimate 

records make them difficult to compare, and many of the tree-ring 

based temperature reconstructions from the area do not describe 

conditions prior to the late MCA (Biondi et al., 1999; Kipfmuel-

ler, 2008).

We identified only one treeline study in the region that docu-

mented changes specific to the MCA, and this study indicated 

treeline decline, not advance, during that period (Morgan et al., 

2014). At a site approximately 180 km from FTL, Morgan et al. 

(2014) documented treeline decline during the MCA based on 

radiocarbon dating of remnant trees in the Wind River Range of 

Wyoming. They interpreted evidence of tree death and treeline 

decline to reflect drought stress during the MCA, contrary to our 

findings at FTL that trees established during that time. While this 

difference may represent real disparities between FTL and the 

nearby Wind River Range, it may partly reflect differences in 

scope and methods. Radiocarbon dating can only provide ranges 

of potential dates, in some cases centuries-wide. In contrast, the 

annual resolution provided by tree-ring dating can provide exact 

dates. The difference in resolution of these two approaches is 

especially important when relating dates to short climate intervals 

like the MCA and LIA. Because they found remnant trees up to 

100 m above modern treeline, Morgan et al. (2014) could defini-

tively conclude that treeline was once higher at their study site. 

However, based on our experience at FTL, we propose that inter-

pretations of remnant death dates would benefit from combining 

radiocarbon with tree-ring dating techniques, such as seen in 

other studies of remnant wood at treeline (Carrara and McGeehin, 

2015; LaMarche, 1973). Tree-ring dating would have allowed 

Morgan et al. (2014) to also examine the establishment dates of 

remnant trees. Still, we recognize that real differences may exist 

between the history of treeline forests at our sites. Currently, we 

cannot rule out decline at FTL during the MCA; many of the rem-

nant trees at our site established after the middle-to-late MCA, 

and many of those that established earlier did not survive the 

period (Figure 3). Extreme growth suppressions during the MCA 

also require further investigation (Figure 2b). The potential exists 

for two declines: a drought-induced decline during the early 

MCA, and a temperature-induced decline during the LIA, such as 

recorded by Lloyd and Graumlich (1997) in the southern Sierra 

Nevada. Warm and dry conditions are known to have caused 

downslope movement of whitebark pine elsewhere in the Yellow-

stone region during the middle Holocene (Fall et al., 1995). More 

data are necessary to determine if this is true for the early MCA at 

FTL, although it will be difficult to locate remnants of trees with 

intact inner and outer rings that perished during this much earlier 

period.

Ecosystem implications

A widespread treeline mortality event at the terminus of the LIA 

would have had a dramatic impact on the health and function of 

whitebark pine ecosystems in the GYE by killing most of the 

mature, old whitebark pine and Engelmann spruce on the land-

scape. Now, a “reset,” relatively young (<150 years), and endan-

gered whitebark pine ecosystem faces a novel future under 

anthropogenic climate change. Young whitebark pine and Engel-

mann spruce trees may thrive under warmer and drier conditions, as 

the previous cohort did during the middle-to-late MCA, and the 

landscape at FTL may eventually transition back into open wood-

land. Both species will likely experience initial increases in growth 

and recruitment under warming temperatures, such as purported 

during the MCA and documented during even greater warming in 

the GYE during the middle Holocene (Carlson et al., 2017; Fall 

et al., 1995; Iglesias et al., 2015; Krause and Whitlock, 2013; 

Krause et al., 2015; Lynch, 1998; Mensing et al., 2012; Whitlock, 

1993). However, the future of FTL and similar sites in a warming 

world will depend on the complex interplay of climate, disturbance, 

and competition. Twenty-first century temperatures in the GYE 

have exceeded those of the last 6000 years (Shuman, 2012). Dra-

matic environmental and ecological changes are likely to occur 

with projected warming, decreased winter snowpack, and increased 

moisture deficits in the western US (Iglesias et al., 2015; Leung 

et al., 2004; Mote, 2006; Sepulveda et al., 2015; Shuman, 2012). 

Warmer and drier future conditions are likely to affect important 

competitive and facilitative relationships, including between white-

bark pine and Engelmann spruce (Callaway, 1998; Hill et al., 2018; 

MacFarlane et al., 2013; Tomback et al., 2001, 2016; Weaver, 

2001). Threats to both species, including bark beetle outbreaks, 

devastating wildfires, and spreading invasive species, are expected 

to increase under warming conditions (Bentz et al., 2010; Buer-

meyer et al., 2016; Hart et al., 2014; Hebertson and Jenkins, 2008; 

Resler and Tomback, 2008; Westerling et al., 2006, 2011). While 

cold, either persistent or sudden, was the most likely killer identi-

fied by this study, we do not discount the role of drought in treeline 

mortality. The threat of local extinction of high-elevation species in 

the face of warming temperatures, intensifying droughts, shifting 

ranges, and changes in fire regimes, forest pests, and diseases 

underscores the need for continued study of the ecology and history 

of vulnerable treeline species, to better anticipate change and to 

inform conservation and management.

Conclusions
The two millennial-length chronologies developed during this 

work provide important insight into the influence of past climate 

changes on GYE ecosystems. Multiple lines of dendrochrono-

logical evidence suggest climate-driven mortality of whitebark 

pine and Engelmann spruce trees in treeline ecosystems of the 

GYE during the cold, final phase of the LIA. Reconstructed nega-

tive temperature anomalies, patterns of establishment and mortal-

ity, growth suppression and decline, and frost damage in both 

species show 1800–1850 CE to be a period of dramatic environ-

mental change in the region. In particular, cooler summer tem-

peratures after 1830 CE, a period marked by the Dalton solar 

minimum and increased volcanic activity, strongly influenced 

mortality, recruitment, and the growth rates of trees at FTL. Our 

results provide insight into how past climate change affected 

important treeline species and environments of the GYE and 

highlight the need for more spatially-resolved climate reconstruc-

tions to better describe spatial and temporal variability in the 

influence of climate change during the MCA and LIA on treeline 

communities.
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