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Significance

 Recent warming has decreased 
snow and ice cover and increased 
the elevation of most subalpine 
treelines around the world. A 
mid-Holocene (c. 5,950 to 5,440  
cal y BP) whitebark pine forest 
preserved within a perennial ice 
patch in the Greater Yellowstone 
Ecosystem provides insights into 
the consequences of past climate 
change and ecosystem dynamics. 
Mid-Holocene treeline expanded 
~180 m above its modern 
elevation when warm-season 
temperatures were similar to 
mid-to-late-20th-century 
conditions. Treeline elevation was 
subsequently lowered due to 
periods of cooling related to 
increased volcanism, but primarily 
from declining summer insolation 
during the late Holocene. As 
current ice-patch temperatures 
exceed the warmest mid-Holocene 
conditions, we expect regional loss 
of ice patches and possibly 
renewed upslope treeline 
expansion.

Author contributions: G.T.P., D.B.M., M.A., J.R.M., and 
C.W. designed research; G.T.P. and D.S. performed 
research; M.T. and J.J. contributed new reagents/analytic 
tools; G.T.P., D.S., and N.K. analyzed data; G.T.P., D.S., 
D.B.M., C.L., M.A., N.C., and J.R.M. collected field data and 
contributed data; and G.T.P., D.S., D.B.M., M.T., J.J., C.L., 
J.M., M.A., N.K., N.C., J.R.M., and C.W. wrote the paper.

Reviewers: A.G.B., Western Washington University; and 
B.N.S., University of Wyoming.

The authors declare no competing interest.

Copyright © 2024 the Author(s). Published by PNAS. 
This open access article is distributed under Creative 
Commons Attribution-NonCommercial-NoDerivatives 
License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
gpederson@usgs.gov or whitlock@montana.edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2412162121/-/DCSupplemental.

Published XXXX.

ENVIRONMENTAL SCIENCES

Dynamic treeline and cryosphere response to pronounced 
mid-Holocene climatic variability in the US Rocky Mountains
Gregory T. Pedersona,1 , Daniel Stahlea,b, David B. McWethyb , Matthew Tooheyc , Johann Jungclausd, Craig Leee, Justin Martina , Mio Altb,  
Nickolas Kichasa, Nathan Chellmanf , Joseph R. McConnellf , and Cathy Whitlockb,1

Affiliations are included on p. 10.

Contributed by Cathy Whitlock; received June 20, 2024; accepted November 27, 2024; reviewed by Andy G. Bunn and Bryan N. Shuman

Climate-driven changes in high-elevation forest distribution and reductions in snow and 
ice cover have major implications for ecosystems and global water security. In the Greater 
Yellowstone Ecosystem of the Rocky Mountains (United States), recent melting of a 
high-elevation (3,091 m asl) ice patch exposed a mature stand of whitebark pine (Pinus 
albicaulis) trees, located ~180 m in elevation above modern treeline, that date to the 
mid-Holocene (c. 5,950 to 5,440 cal y BP). Here, we used this subfossil wood record to 
develop tree-ring-based temperature estimates for the upper-elevation climate conditions 
that resulted in ancient forest establishment and growth and the subsequent regional 
ice-patch growth and downslope shift of treeline. Results suggest that mid-Holocene 
forest establishment and growth occurred under warm-season (May-Oct) mean tempera-
tures of 6.2 °C (±0.2 °C), until a multicentury cooling anomaly suppressed temperatures 
below 5.8 °C, resulting in stand mortality by c. 5,440 y BP. Transient climate model sim-
ulations indicate that regional cooling was driven by changes in summer insolation and 
Northern Hemisphere volcanism. The initial cooling event was followed centuries later 
(c. 5,100 y BP) by sustained Icelandic volcanic eruptions that forced a centennial-scale 
1.0 °C summer cooling anomaly and led to rapid ice-patch growth and preservation of 
the trees. With recent warming (c. 2000–2020 CE), warm-season temperatures now 
equal and will soon exceed those of the mid-Holocene period of high treeline. It is likely 
that perennial ice cover will again disappear from the region, and treeline may expand 
upslope so long as plant-available moisture and disturbance are not limiting.

whitebark pine | cyrosphere | climate change | treeline | Yellowstone

 Recent warming across the western United States and globally has substantially trans-
formed mountain ecosystems through reductions in snow and ice ( 1     – 4 ), increased fire 
and insect disturbance ( 5   – 7 ), and altered species ranges ( 8 ,  9 ). Globally, high-elevation 
treeline exhibits a strong sensitivity to temperature ( 10   – 12 ), responding through changes 
in elevation as well as growth and density ( 13 ). The thermal sensitivity of global treeline 
elevations, as first documented by Hermes ( 14 ) and subsequently Körner ( 10 ), is strongly 
reflected by the close correspondence to global snowline elevations and a narrow 
growing-season temperature range of 5.5 to 7.5 °C associated with treeline elevations 
irrespective of growing-season length (ranging from 2.5 mo at high latitudes to 12 mo in 
the tropics and subtropics). Northern Hemisphere treelines at mid-latitudes (30°N to 
50°N), in particular, are sensitive to temperatures over a five- to seven-month warm season 
( 10 ), specifically those of “diffuse” form that are characterized by a gradual upslope decrease 
in tree height and density ( 13 ). At local to regional scales, however, other topographic 
and climate factors, such as winter temperatures, snowpack, and moisture availability, 
may be most limiting and determine whether a particular treeline is stable or dynamic 
(i.e., actively advancing or retreating), as well as its specific spatial pattern or “form” (e.g., 
diffuse, abrupt, island, and krummholz treeline) ( 15       – 19 ). Variations in local conditions 
likely explain why recent warming documented at approximately 70% of treelines globally 
only resulted in ~50% exhibiting upslope advances ( 13 ,  15 ). Although the rapid rates of 
warming projected for high elevations ( 20 ) in the future may promote treeline expansion 
in many locations, the complexity of factors that amplify or inhibit treeline establishment 
poses challenges for predicting specific ecological dynamics. Investigating long-term eco-
system responses to a range of high-elevation climate conditions over the Holocene (c. 
12,000 y BP to present) facilitates our ability to assess current and future treeline dynamics, 
snow and ice cover, and the associated implications for high-elevation sourced water 
resources.

 Perennial ice patches are a widespread and unique land cover found at most latitudes 
that provide new information on past high-elevation ecosystem dynamics, climate, and 

OPEN ACCESS

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gpederson@usgs.gov
mailto:whitlock@montana.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2412162121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2412162121/-/DCSupplemental
mailto:
https://orcid.org/0000-0002-6014-1425
https://orcid.org/0000-0003-3879-4865
https://orcid.org/0000-0002-7070-405X
https://orcid.org/0000-0002-3523-6596
https://orcid.org/0000-0002-1117-1046
https://orcid.org/0000-0001-9051-5240
mailto:


2 of 11   https://doi.org/10.1073/pnas.2412162121� pnas.org

even human lifeways ( 21     – 24 ). Unlike glaciers, ice patches do not 
flow, and until recently, they exhibited slow, near-continuous ice 
accumulation, allowing preservation of deposited materials such 
as pollen, charcoal, and macrofossils within their frozen layers, as 
well as biological materials beneath the stable ice mass that predate 
ice establishment ( 21 ,  22 ). Across the Greater Yellowstone 
Ecosystem ( Fig. 1 ), ice patches are distributed from near-modern 
treeline to the highest elevations, and radiocarbon dating of 
organic matter from ice cores and remnant wood collected at 
numerous ice-patch locations indicate that some initiated growth 
and persisted during the early- to mid-Holocene warm period 
(10,500–6,000 y BP) ( 21     – 24 ). Recent warming-driven ice melt 
( 25 ,  26 ) has exposed archeological and biological materials at the 
margins and threatens the loss of the chronologically ordered 
organic layers contained within the ice patches. Currently, these 
ice-patch archives provide Holocene-length records of high- 
elevation climate and ecosystem change that are rare or absent 
from other interior continental proxies.        

 During a field survey, over 30 well-preserved large trees (>25 
cm diameter) were found melting out of an ice patch (named 
“TOL,” elev. ~3,091 m asl) on the Beartooth Plateau in the north-
eastern corner of the Greater Yellowstone Ecosystem. The site is 
located ~150 to 180 m above a diffuse modern treeline (named 

“TAL,” elev. ~2,908 m asl) ( Fig. 1  and SI Appendix, Supporting 
Information Text S1 ; hereafter, “S” signifies Supporting 
Information) ( 24 ). The subfossil trees at the ice patch (TOL) were 
identified as whitebark pine (Pinus albicaulis ) based on their wood 
anatomy and proximity to downslope whitebark pine forests ( 27 ). 
Radiocarbon dates obtained from bulk-wood samples suggest the 
ancient stand persisted over multiple centuries in the 
mid-Holocene, with median calibrated dates centered around 
5,500 y BP. The presence of the stand raises important questions 
about the climate conditions that led to tree establishment, 
demise, and preservation within the ice patch. Whitebark pine 
trees growing at or near upper treeline today exhibit growth-climate 
relationships predominantly controlled by warm-season temper-
ature, even during periods of drought, and often across multiple 
growing seasons due to lagged climate and physiological processes 
(e.g., carbon storage) ( 28 ,  29 ). This temperature-growth relation-
ship is shared with other five-needle pines, such as bristlecone pine 
(Pinus longaeva ), growing at or near upper treeline, and results in 
the retention of a strong temperature signal at decadal to multi-
centennial timescales ( 30   – 32 ). The extraordinary quality of wood 
preservation at the TOL ice-patch site provides an opportunity to 
generate a multicentury, mid-Holocene record of high-elevation 
temperature during the life of the forest stand, and to elucidate 
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Fig. 1.   (A) Location of the ice patch (TOL) with the mid-Holocene whitebark pine stand relative to the modern treeline site (TAL). The map inset shows the 
approximate location of the study site (purple circle) within the Greater Yellowstone Ecosystem (GYE; green polygon) (Basemaps from Natural Earth and Google 
Earth courtesy of Maxar Technologies). (B) Aerial image showing the ice patch and ice-patch margin where the whitebark pine trees were sampled (red polygon) 
(photo by Joe McConnell, captured 6 Sep 2021). (C) The sampled subfossil whitebark pine trees along the margin of the TOL ice patch (photo by Daniel Stahle). 
(D) Panoramic view of the forefield of the ice patch showing the exposed ice surface from extensive melt during the 2024 ablation season (photo by Gregory 
Pederson, captured 8 Sep 2024).
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the climate conditions that contributed to the stand’s demise and 
subsequent growth of the ice patch.

 At a nearby (within ~5 km) ice patch (named “TL1,” elev. ~3,145 
m asl), well-dated ice cores have provided both a cool-season temper-
ature and moisture record for the last 10,400 y along with a paleobo-
tanical record of treeline dynamics ( 21 ,  22 ). The paleoclimate record 
was interpreted from the ice-derived water isotope (δ18 O) chronology 
and estimated ice accumulation rates between radiocarbon-dated 
organic layers. Pollen and plant macrofossils within the ice-patch 
organic layers and at a nearby wetland were used to reconstruct the 
vegetation history. The TL1 records indicate that, during the early 
Holocene (9,000–6,500 y BP), tundra vegetation was more wide-
spread than at present due to dry conditions and potentially cold 
winters. The maximum upslope forest cover expansion at the TL1 ice 
patch was inferred by Alt et al. ( 21 ) to have occurred during the 
mid-Holocene (6,500–4,200 y BP), when increased plant-available 
moisture was attributed to cooler warm-season and wetter cool-season 
conditions than before. During the late Holocene (after 4,200 y BP), 
cool summers reduced forest cover and shifted treeline downslope to 
near-modern elevations ( 21 ).

 Here, we use the subfossil whitebark pine tree-ring record recov-
ered from the TOL ice patch to compare the recent magnitude of 
high-elevation warming with mid-Holocene conditions and to 
understand the late-Holocene changes in climate that resulted in 
regional ice-patch growth and lowered treeline elevation. We uti-
lize the whitebark pine tree-ring record to infer mid-Holocene 
high-elevation temperature by 1) developing cross-dated ring-width 
chronologies for the ice-patch (TOL) and nearby modern-treeline 
site (TAL); 2) accurately dating the mid-Holocene floating chro-
nology (TOL) using calibrated radiocarbon dates from individual 
growth rings in multiple trees; 3) establishing growth-climate 
relationships from the modern-treeline (TAL) chronology and 
historical snow and climate records; and 4) applying linear and 
nonlinear transfer functions based on modern growth-climate 
relationships to infer the climate conditions (predominantly at 
decadal to centennial timescales) that supported the growth of the 
subfossil whitebark pine stand. Additionally, we compare our 
tree-ring-based reconstruction with results from mid-Holocene-to- 
present transient climate model simulations ( 33 ,  34 ) to disentan-
gle the climate forcings, seasonality, and sequence of events that 
led to the establishment and the eventual demise of the whitebark 
pine stand and to the rapid tree burial and preservation within 
the growing ice patch. The simulations carried out with the Max 

Planck Institute Earth System Model (MPI-ESM, Materials and 
Methods ) apply a new global volcanic stratospheric sulfur dataset 
from Sigl et al. ( 35 ) and include the effects of changing 
greenhouse-gas concentrations, aerosols, landcover, and insolation 
on regional climate patterns and trends. 

Results and Discussion

Radiocarbon Dating of the Ice-Patch Subfossil Whitebark Pine 
Chronology. Accurate calendar dating of the floating ice-patch 
(TOL) chronology (SI  Appendix, Fig.  S1A and Table  S1) was 
achieved by first obtaining individual 14C values and uncertainty 
ranges from eleven cross-dated and sampled annual growth rings 
and plotting these along the “IntCal20” calibration curve (Fig. 2A 
and SI Appendix, Table S2). The eleven dated rings were sampled 
from different growth years across the 512-year-long chronology, 
which allowed us to jointly use the radiocarbon dates to produce 
more accurate calibrated dates by wiggle-matching against the 
calibration curve. Median calibrated radiocarbon dates of the 
youngest and oldest individual rings suggest that the forest stand, 
at a minimum, spanned years 5,940 (5990–5910 2 �  range) to 
5,520 (5,578–5,479 2 �  range) y BP (Fig. 2A and SI Appendix, 
Table  S2). We further reduced the dating uncertainty of the 
chronology by regressing the median calibrated radiocarbon dates 
against the growth years of the eleven dated and sampled rings 
from within the floating chronology (Fig. 2B). Since cross-dated 
growth rings have annual dating accuracy, the linear relationship 
between samples jointly leveraged all the radiocarbon dates to 
estimate a more precise calibrated date for the chronology. The 
resulting calibrated date range for the floating ice-patch chronology 
spanned c. 5,950 to 5,440 cal y BP with the root-mean-squared 
error (RMSE) from the linear regression providing a conservative 
uncertainty estimate of ± 51 y (Fig. 2B). This chronology places 
the whitebark pine record within the mid-Holocene period of 
higher treeline inferred from the nearby TL1 site (21) and with 
ancient bristlecone pine treeline sites in the Great Basin of the 
southwestern United States (30, 31).

Mid-Holocene Temperature Reconstructions. Whitebark pine 
growth at treeline may be limited by a range of climatic controls 
(e.g., temperature and snowpack) across seasons and over multiple 
years (37). Comparison of growth characteristics and dominant 
frequencies of variability between the modern (TAL) and 

A B

Fig. 2.   (A) The individual dated annual growth-ring calibrated radiocarbon ages versus the 14C ages and uncertainty range (green crosses) plotted along the 
“IntCal20” radiocarbon calibration curve (black line) (36). (B) Regression analysis establishing the accurate calibrated dates (shown in years B.P.) of the TOL 
whitebark pine chronology. Accurate dating was established using the linear relationship (black regression line bounded by gray 95% CI) between the calibrated 
median radiocarbon dates (red circles with 2� uncertainty) from the radiocarbon age distributions (green violin plots) and the dated growth year assigned to 
the same cross-dated ring.
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mid-Holocene (TOL) chronologies suggests the records exhibit 
similar interannual persistence and significant (P < 0.1) multidecadal- 
to centennial-scale variability consistent with temperature-limited 
growth (SI Appendix, Text S2 and Figs. S2–S4). Evaluation of the 
modern (1900–2018 CE) growth-climate response of whitebark 
pine at the TAL treeline site (Fig. 1A and SI Appendix, Fig. S1B) 
indicates primary control by warm-season (May–Oct) average 
temperature in current and prior years (SI Appendix, Text S2 and 
Figs. S5–S8). This multiyear growth-temperature relationship was 
the basis for reconstructing average warm-season to biennial (prior 
Jan–Oct; 22-mo span) temperature at the TOL ice patch.

 Linear (MLR) and nonlinear (BRNN) transfer functions ( Fig. 3  
and SI Appendix, Fig. S9 ) were used to estimate temperatures from 
the subfossil wood at the ice patch (TOL) and bracket uncertainty 
in the reconstructed temperatures on the reasoning that predictions 
of past temperatures were partially based on extrapolation from the 
colder and slower growth end of the modern treeline (TAL) 

distribution (SI Appendix, Table S1 and Fig. S2 ). Over the calibra-
tion period (1900–2018 CE), both regression approaches exhibited 
highly similar results, with the biennial reconstructions producing 
more accurate predictions with smaller associated uncertainty ( Fig. 3  
and SI Appendix, Figs. S10–S12 and Tables S3 and S4 and Text S2 ). 
Similar results were evident for the mid-Holocene period with minor 
differences between methods shown, as expected, for the coldest 
estimated temperatures ( Fig. 4  and SI Appendix, Figs. S13–S15 ). 
Nonetheless, both versions of the reconstructions show common 
low-frequency variation and trends in temperature. Though the 
biennial growth-temperature responses were statistically the most 
skillful, the strongest monthly-to-seasonal temperature correlations 
occurred during the warm seasons (SI Appendix, Figs. S5 and S7 ), 
suggesting that overall growth response and resulting seasonal recon-
structions were weighted to reflect growing-season climate condi-
tions. Additionally, the dominant low-frequency variability common 
to both chronologies (SI Appendix, Fig. S4 ) suggests that the records 

A
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Fig. 3.   Calibration of the average temperature (Tave) reconstructions based on linear (MLR) regression analysis for the (A and B) warm season (May–Oct) and  
(C and D) biennial period (prior Jan–Oct) over the 1900–2018 common interval. The reconstructions are bounded by the root-mean-squared error of the prediction 
(RMSEp) and the modern mean temperature for the period of record at the TOL ice-patch (blue line) and TAL modern-treeline site (green line) are shown for 
reference. The scatter plots (C and D) include the transfer function linear relationships (MLR) with 95% CI and are shown with years labeled and plotted on a 
color gradient reflecting recent decades of anomalously warm temperatures (red) corresponding with higher average growth.

http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials


PNAS  2024  Vol. 121  No. 0 e2412162121� https://doi.org/10.1073/pnas.2412162121 5 of 11

retain the warm-season temperature signal mostly at decadal to mul-
ticentennial timescales, a result similar to that for bristlecone pine 
growing near treeline ( 30 ). Consequently, we focus our discussion 
primarily on the decadal- to centennial-scale changes in warm-season 
(May–Oct) and biennial (prior Jan–Oct) average temperature due 
to their role in governing treeline and ice dynamics and correspond-
ingly greater statistical skill.                

 Substantial uncertainty exists in the mid-Holocene treeline  
temperature estimates and stems from multiple contributing 
sources, including: 1) the dating uncertainty of the floating 
ice-patch chronology (TOL); 2) the multiyear and predominately 
low-frequency growth-climate response; 3) determination of the 
actual mid-Holocene treeline elevation and associated cold zone 
of temperature-limited tree-growth (i.e., the relatively narrow ele-
vational band of strong growth limitation from temperature, below 
which moisture becomes most limiting)- the TOL ice-patch trees 
only provide a minimum estimate; and 4) the potential confound-
ing influence of persistent snowpack or possible presence of a 
reduced ice patch on the mid-Holocene forest microclimate. From 
the multiple methods employed herein, and the growth character-
istics of the forest stand (SI Appendix, Text S1 and S2 and Figs. S2–
S8 ), we minimized the dating and climate-growth uncertainties 
associated with the mid-Holocene temperature estimates. However, 
these relationships suggest that the temperature response of the 
trees was strongest at decadal to centennial timescales, and the 
resulting reconstructions are primarily a record of low-frequency 
temperature change. Thus, we argue the mean and range of recon-
structed temperature estimates are most representative of the dec-
adal- to centennial-scale seasonal temperature mean, and the 

root-mean-squared error from the reconstruction prediction 
(RMSEp) of withheld observed temperature values characterizes 
the range of interannual temperature variability. These relationships 
are shown in  Fig. 3 , where the reconstructed temperatures from 
the modern-treeline site (TAL) closely track the long-term observed 
temperature mean and trend, and the RMSEp bounds most of the 
range of observed annual temperature values.

 The mid-Holocene temperature reconstructions span nearly five 
centuries, covering a period from c. 5,900 to 5,440 cal. y BP ( Fig. 4  
and SI Appendix, Figs. S13–S15 ) after omitting the early portion 
of the record where sample number falls below four individual 
trees (EPS < 0.85). Over the early half of the reconstructions (c. 
5,900–5,650 y BP), temperatures varied by ~0.2 °C around an 
average warm-season mean of 6.2 °C (0.0 °C biennial mean), a 
temperature range that was conducive to, but suboptimal for, tree 
growth ( 11 ). A 200-y-long period of cooling began after c. 5,650 y  
BP and ended in conditions approximately equivalent to early- to 
mid-20th-century average temperatures at the ice patch ( Fig. 4 ). 
Over recent decades (2000–2020 CE), observed and tree-ring 
estimated temperatures at the ice patch equaled and exceeded the 
warmest reconstructed temperatures of the mid-Holocene ( Fig. 4 ).  

Climate Controls on Mid-Holocene Treeline and Ice-Patch Dynamics.  
The warm-season and biennial average temperature reconstructions 
at the ice patch (TOL) indicate that temperature was the primary 
control limiting tree growth and persistence of the whitebark pine 
forest stand (Fig. 4 and SI Appendix, Figs. S13-S15). The estimated 
warm-season temperature mean of 6.2 ± 0.2 °C from 5,900 to 5,650 
y BP falls well within Körner’s estimated 5.5 to 7.5 °C growing-season 
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Fig. 4.   Mid-Holocene climate compared to modern conditions at the TOL ice-patch site, based on 50-y (binned) reconstructed average temperature (Tave) 
for the (A and B) warm-season (May-Oct) and (C and D) biennial (previous Jan–Oct) reconstructions. Box and violin plots of the linear (MLR; blue) temperature 
reconstructions are shown bounded by the root-mean-squared error of the prediction (gray boxes) representing the range of interannual temperature variability*. 
In panels B and D, observed 50-y average temperature bins are plotted as light gray violin plots (with horizontal lines indicating the 25, 50, and 75% interquartile 
range) along with the temperature estimates from the TAL modern reconstructions (blue violin and light blue notched box plots). The mean temperature for 
the modern record (1900–2020 CE) at the TOL ice patch (blue line) and TAL forest site (green line) are shown for reference. *Note, the gray prediction error 
bounding boxes for period 5450–5436 y BP appear lighter because only 14 y of data are contained within the bin.
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temperature range associated with modern global treeline positions 
and nearly equals the global average of 6.4 ± 0.7 °C (11, 12). It 
also suggests the trees were growing within or near the treeline cold 
zone of temperature-limited growth (± 50 to 150 m) (19, 31, 38). 
However, if a small ice-patch remnant cooled the proximal forest 
temperatures, the actual treeline elevation may have been higher. 
A subsequent 200-y-long period of cooling after c. 5,650 y BP 
reduced mean warm-season and biennial temperatures by ~0.4 °C, 
and led to the cessation of growth and demise of the whitebark 
pine stand by c. 5,440 y BP. During this period, mean warm-season 
temperatures were estimated to be ~5.8 °C, and the inferred range 
of interannual temperatures frequently exceeded the 5.5 °C lower 
threshold for tree growth (Fig. 4). Tree canopies at treeline are tightly 
coupled to atmospheric temperatures, and the root zone beneath a 
closed canopy forest is much colder than under surrounding low-
stature vegetation due to reduced solar heat flux (10, 11). These 
factors result in trees at treeline frequently experiencing reduced 

or blocked meristem and root growth, and these conditions have 
been shown to occur globally when daily air and below-canopy soil 
temperatures fall below a temperature threshold of 6 to 7 °C even 
though photosynthesis rates are sufficient for growth (11). Thus, we 
infer that centuries-long cooling likely surpassed the temperature 
threshold required for growth and resulted in stand-wide growth-
rate declines, increased tree mortality, and increased ice accretion at 
the ice patch. This cooling extended to high-elevation areas across 
the Greater Yellowstone Ecosystem, as evidenced by increased ice-
accretion rates at TL1 (22), and the formation of new ice patches 
and glaciers in nivation hollows and other topographically suitable 
locations for ice accumulation (39). From the demise and subsequent 
lack of whitebark pine reestablishment at our study site, we estimate 
an average warm-season mortality temperature threshold of ~5.8 °C 
(−0.3 °C biennial) (Figs. 4 and 5 A and C).

 Potential climate forcings underlying mid-Holocene cooling, 
treeline suppression, and ice-patch growth were investigated through 

A B

C

D

Fig. 5.   (A) Conceptual illustration of changes in treeline elevation and ice-patch dynamics from the mid-Holocene to potential future at the TOL ice-patch site. 
The treeline and ice dynamics are driven by reconstructed, observed, and modeled changes in warm-season temperature represented by the thermometers. 
(B) Stratospheric Aerosol Optical Depth (AOD; annual values plotted with gray line are smoothed with a blue 50-y spline) representative of volcanic sulfate 
aerosols used in the transient Holocene climate model simulation for the 45ºN latitude band (35). (C) Model simulated mid-Holocene average summer (Jun-Aug) 
temperature anomalies (gray lines are smoothed with black 50-y spline, left black y-axis) for the Greater Yellowstone Ecosystem compared with the ice-patch 
(TOL) warm-season (May-Oct) average temperature reconstruction (right red y-axis). The linear (MLR) reconstruction was smoothed with a blue 50-y spline and 
bounded in blue shading by the root-mean-squared error of prediction, which represents the range of annual temperature variability. The modeled temperature 
data are from a 2° × 2° grid cell located over the Greater Yellowstone Ecosystem and plotted as anomalies from the 6,000−4,500 y BP mean. (D) Same as C but 
showing the simulated mid-Holocene regional summer temperature declines up to 1850 CE, with the modern (1900−2020 CE) warm-season average temperature 
record at TOL plotted for reference (gray line smoothed with red 50-y spline) on the same axis as the reconstruction (right red y-axis). The Medieval Climate 
Anomaly (MCA) and the Little Ice Age (LIA) are labeled and highlighted with light red and light blue shading, respectively.



PNAS  2024  Vol. 121  No. 0 e2412162121� https://doi.org/10.1073/pnas.2412162121 7 of 11

a comparison with simulations from a high-resolution, global tran-
sient climate model. For mid- to high-latitude regions north of 30°N, 
Bader et al. ( 40 ) simulated gradual mid-Holocene cooling in annual 
average temperatures that accelerated around 4,000 y BP. Most rel-
evant to the Greater Yellowstone Ecosystem, a region of pronounced 
cooling developed over the western United States at this time that 
was driven by increasing Arctic summer sea-ice cover and decreasing 
summer high-latitude insolation ( 40 ). This mid-continental cooling 
event is also shown as a millennial-scale temperature decline begin-
ning about 5,600 y BP in a pollen-based temperature reconstruction 
by Shuman and Marsicek ( 41 ), as well as in multiple independent 
proxies ( 42 ). In addition to the general cooling trend, van Dijk et al. 
( 33 ) speculate that a severe, multidecade-long cooling anomaly at 
5,100 y BP occurred in the Northern Hemisphere that was poten-
tially forced by sustained high-latitude volcanic eruptions, likely in 
Iceland. However, the severity of the cooling event at 5,100 y BP 
possibly was overestimated in the Bader et al. ( 40 ) simulation, both 
globally and for North America, since volcanic sulfate forcings within 
the model were based on the Greenland Ice Sheet Project 2 (GISP 
2) sulfate record, which may have been overly influenced by Icelandic 
volcanic emissions. For our study, we therefore employed another 
MPI-ESM simulation ( 28 ,  29 ) to compare forced temperature 
changes estimated for the Greater Yellowstone Ecosystem with our 
tree-ring reconstructed high-elevation temperature records ( Fig. 5 
﻿B −D  ). This simulation uses the same model as Bader et al. ( 40 ) but 
with an improved stratospheric aerosol forcing reconstruction based 
on synchronized bipolar ice-core sulfate records ( 35 ).

 Direct comparison of the tree-ring reconstructed warm-season 
(May–Oct) average temperature when scaled against the modeled 
summer (Jun-Aug) regional average temperature record shows strik-
ing agreement in low-frequency temperature variability, with the 
prediction error of the reconstruction capturing the range of mod-
eled interannual variability ( Fig. 5B  ). Differing magnitudes in the 
simulated-versus-reconstructed temperature decline and variance 
primarily reflect a difference in seasonal-window length. Only the 
summer months (Jun-Aug) were averaged together in the simulation 
data, whereas the six-month warm-season mean (May–Oct) of the 
reconstruction includes the influence of the cooler shoulder season 
months. The simulated summer-season mean was used along with 
the winter season and annual mean for comparison against the 
warm-season reconstruction to identify the primary seasonal driver 
underlying the cooling trend. With declining summer insolation in 
the mid- to late-Holocene, the core summer months of Jun-Aug 
cooled more rapidly than months in the shoulder seasons, while 
concurrently winter months were warming. Hence, the differing 
magnitudes of the simulated and reconstructed temperature declines 
shown in  Fig. 5  are physically supported. Furthermore, the records 
show a general inverse relationship between stratospheric aerosol 
optical depth (AOD) and reconstructed and modeled temperature 
variability ( Fig. 5 B  and C  ), thus indicating that persistent multi-
centennial cooling anomalies were related to volcanic sulfur emis-
sions ( 33 ). Most notably, the sustained 200-y-long regional summer 
cooling anomaly of 0.8 °C (0.4 °C warm-season reconstructed) that 
began at c. 5,600 y BP coincided with a decline in the number of 
living trees and a termination of tree growth at the ice patch (TOL). 
This cooling anomaly was followed by the prolonged ~68-y-long 
“Leitahraun” sulfate injection ( 35 ) at c. 5,100 y BP that resulted in 
a nearly century-long 1 °C regional summer cooling anomaly in the 
simulation. This volcanic cooling event does not correspond directly 
to tree mortality at the ice patch (TOL), but together with declining 
summer insolation through the mid- and late Holocene, it suggests 
that relatively rapid regional cooling allowed for greater accumula-
tion and persistence of snow and ice, which in turn suppressed tree 
regeneration and led to high-quality wood preservation.

 The mid-Holocene upslope expansion of treeline at the ice 
patches (TOL and TL1) was preceded (before 6,500 y BP) by an 
insolation-driven summer warming of 1.0 °C and a period of 
lower treeline elevation in the early Holocene at the nearby TL1 
site ( Fig. 5 A  and D  ) ( 21 ,  22 ). The timing of the subsequent 
upslope shift in treeline in the Greater Yellowstone Ecosystem is 
not well constrained. The mid-Holocene treeline expansion cap-
tured in the ice-patch records generally coincides with that 
recorded for bristlecone pine in the southwestern United States, 
though the maximum mid-Holocene treeline elevation captured 
by the ice patches (TOL and TL1) in the Greater Yellowstone 
Ecosystem occurred about 1,000 y earlier ( 30 ,  31 ). Pollen records 
from comparable elevations on the Beartooth Plateau suggest that 
an expansion of subalpine parkland forest into tundra-steppe veg-
etation began at some point during the early Holocene 
insolation-driven warming ( 21 ,  43 ). Thus, the forest structure, 
demography, and record of growth preserved in the ice patch 
(TOL; SI Appendix, Text S1 ) likely represents the end of a long 
period (i.e., several centuries to millennia) of forest expansion. 
This final record of forest expansion at high elevations on the 
Beartooth Plateau coincides with the rapid growth of the ice 
patches (TOL and TL1) ( Fig. 5 A  and D  ), although it is possible 
that small stands of trees persisted for millennia after the ice 
patches became established ( 43 ).

 The amplification of the seasonal cycle of insolation in the early 
Holocene (prior to 6,500 y BP) had a strong influence on upper 
treeline across the Greater Yellowstone Ecosystem ( 43 ,  44 ). At this 
time, summer temperatures were >1 °C above mid-Holocene con-
ditions (as estimated by the climate model,  Fig. 5D  ) and winter 
conditions were colder than present (as evidenced in the TL1 
ice-patch δ18 O isotope record ( 22 )). Though the timing and spatial 
extent is uncertain, the combination of summer aridity and cold 
winters may have reduced plant-available moisture and led to a 
lowering of treeline elevation as suggested by pollen records at the 
TL1 ice patch. Tree establishment at c. 5,900 y BP at the TOL 
ice-patch site and high levels of subalpine tree pollen at TL1 coin-
cide with a period of anomalous winter warmth and insolation- 
driven summer cooling relative to the early-Holocene conditions 
shown in the simulation. During this period, treeline elevations 
at the ice patches (TOL and TL1) are estimated to be a minimum 
of ~150 to 180 m above modern treeline. This shift corresponds 
to a simulated regional summer warming of 2.6 °C (or 0.6 °C 
annual) during the mid-Holocene (c. 6,500–5,500 y BP) relative 
to cool conditions during the past millennia (c.1,100–100 y BP) 
that reduced modern treeline elevations ( Fig. 5 A  and D  ).

 Following the mid-Holocene treeline high-stand at the ice 
patches (TOL and TL1), between 3,930 and 3,560 y BP, the TL1 
ice-accumulation rate and δ18 O isotope records ( 22 ) provide evi-
dence of persistent and severe cool, wet winter conditions that 
coincided with the sustained insolation-driven summer cooling 
trend shown in the model simulation ( Fig. 5D  ). This cooling 
caused continuous freeze-over of the TL1 meltwater pond ( 21 ), 
increases in nearby lake levels ( 45 ) and sedimentation rates ( 46 ), 
regional glacier advances ( 39 ), and a rapid decrease in regional 
human population size ( 47 ). Regional anomalies in summer aver-
age temperature at this time (c. 4,000 to 3,500 y BP) were below 
−1 °C in the simulation, translating to warm-season temperatures 
at the TOL ice patch below 5.8 °C. Low temperatures persisted 
through the Medieval Climate Anomaly (MCA; c. 1,100–500 y 
BP) until recent decades ( Figs. 4A   and  5 A  and D  ). This millennial- 
scale cooling trend was interrupted by a minor summer warming 
anomaly during the MCA that either caused a modest upslope 
shift in treeline elevation or simply sustained treeline elevations 
higher than those of the Little Ice Age (LIA; c. 500–100 y BP). 

http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
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During the subsequent LIA, the coldest summer temperatures of 
the Holocene further suppressed treeline to near-modern eleva-
tions ( 43 ,  48 ).  

Recent Warming and Modern Treeline and Ice Dynamics. 
Exceptional warming over the past half-century has increased 
the growth, density, and distribution of subalpine forests in the 
Greater Yellowstone Ecosystem (Fig. 4 and SI Appendix, Figs. S14 
and S15) (48) and in high-elevation regions throughout the world 
(15, 37). The early-to-mid-20th-century temperature estimates for 
the ice patch (TOL) fall within the range of mid-Holocene average 
temperatures that were conducive for ice persistence and growth. 
In contrast, warmer temperatures in recent decades have favored 
ice loss and upslope forest expansion (Figs. 4 and 5). Relative to the 
LIA and early-20th century (c. 1900–1950 CE), the first decades 
of the 21st century are estimated to be >1.2 °C warmer across 
all seasons at the ice patch (TOL). Moreover, the upper quartile 
(75%) of the estimated average temperature range at the ice patch 
today is nearly equivalent to the average 20th-century temperatures 
associated with modern treeline elevation, while the lower quartile 
(25%) no longer bounds temperatures that would support ice 
persistence. Though ice patches are relatively resilient to melt 
due to the insulative properties of deep and persistent overlying 
snowpack, the magnitude of recent warming is conducive to rapid 
melting of ice and treeline expansion throughout the Greater 
Yellowstone Ecosystem (Figs. 4 and 5D). Indeed, 21st-century 
warming in the Greater Yellowstone Ecosystem and globally has 
led to rapid melting of ice patches (25) and glaciers (39), and 
future projections of continued and rapid regional warming (49) 
suggest the likelihood of near-term and complete melt-out of the 
TOL ice patch (and many others within the region). Conditions 
at the ice-patch site (TOL) may once again become suitable for 
tree establishment if precipitation and plant-available moisture 
remain adequate. Alternatively, if continued rapid warming results 
in increased aridity (from reduced precipitation and/or enhanced 
evapotranspiration) and ecological disturbances (e.g., fire, insect 
infestation, disease) treeline may be depressed in elevation as it 
was during the early Holocene. Thus, the future magnitude of 
warming may lead to two divergent high-elevation scenarios: one 
in which treeline expands upslope with moderate warming and 
the other in which it shifts downslope due to increased aridity and 
disturbance from severe warming. Each carries implications for 
possible future high-elevation hydrologic conditions and water 
resources.

Conclusions

 Mid-Holocene treeline expansion may have reached its maximum 
extent in the Greater Yellowstone Ecosystem between 6,500 and 
5,500 y BP when ice patch records (TOL and TL1) suggest an 
elevational increase of at least ~180 m above modern treeline. 
Other paleobotanical records indicate the forests preserved in the 
ice patch (TOL) likely represent the end of a long period of forest 
expansion on the Beartooth Plateau that began during the summer 
insolation maximum of the early Holocene. It is not currently 
possible to determine the exact timing of early to mid-Holocene 
forest expansion or the details of the forest structure (e.g., density, 
structural continuity, patchiness) during this period, as it is inferred 
from pollen and plant macrofossil data ( 21 ,  43 ). Our data show 
that a combination of cooler summers ( Fig. 5 ) and warmer winters 
( 22 ) in the mid-Holocene allowed forest establishment at the ice-
patch site. Increased plant-available moisture at this time facilitated 
tree growth and recruitment and cooler summer temperatures also 
maintained steady ice-patch growth across the high elevations of 

the Greater Yellowstone Ecosystem ( 21 ,  43 ). Decreased summer 
insolation later in the mid-Holocene and increased sulfur emissions 
from volcanism at c. 5,600 y BP likely played an important role 
in a 200-y-long cool period in which summer temperatures 
decreased by 0.8 °C (or 0.4 °C warm-season reconstructed). Warm-
season average temperatures at treeline fell below ~5.8 °C and 
resulted in a lack of tree growth and establishment and stand-level 
tree mortality at the ice patch (TOL). A transient global climate 
model simulation suggests that within a few centuries of the initial 
cooling event, the 68-y-long “Leitahraun” sulfur injection at  
c. 5,100 y BP forced a near century-long 1.0 °C regional summer 
cooling anomaly. This cooling hastened ice-patch growth, pre-
vented tree reestablishment, and preserved dead trees in rapidly 
forming ice. Continued reduction in summer insolation during 
the late Holocene (c. 4,000 y BP to present) resulted in a summer 
cooling of 2.6 °C (or 0.6 °C annual) below mid-Holocene  
(c. 6,500–5,500 y BP) conditions. This cooling was greatest during 
the LIA and led to rapid growth of ice patches and glaciers and 
the maximum treeline suppression of the Holocene across the 
Greater Yellowstone Ecosystem. Recent warm-season temperatures 
≥6.5 °C at the ice patch (TOL) represent a warming of more than 
1.2 °C relative to early-20th-century conditions, and temperatures 
now equal or exceed the estimated mid-Holocene warm-season 
temperatures when the ice-patch forest stand was present and ice 
cover was greatly reduced ( Figs. 4  and  5D  ). Ice patches and glaciers 
across the Greater Yellowstone Ecosystem are shrinking, and with 
continued warming in the coming decades, most will disappear 
along with the paleoarchives they preserve. Treeline elevation may 
rise again across the high elevations; however, the current rate and 
magnitude of projected future warming may also limit moisture 
and increase ecological disturbances that ultimately restrict future 
treeline expansion.  

Materials and Methods

Modern and Subfossil Whitebark Pine Chronology Development. Cross-
sectional samples were extracted from 28 intact subfossil whitebark pine stems 
melting out of the margin of the TOL ice patch (Fig. 1). At the adjacent modern 
whitebark pine treeline site (TAL), we extracted increment cores from living trees 
of similar diameter (>25 cm) and upright growth form (i.e., non-krummholz) to 
the subfossil logs recovered from the ice patch. Cross-sections and increment 
core samples were mounted and sanded to a fine polish to expose the anat-
omy of each annual growth ring. All samples were examined using a binocular 
microscope and classic visual and statistical dendrochronological methods were 
used to cross-date the tree-rings for both the subfossil ice-patch and modern-
treeline site collections (50, 51). The tree-rings were measured using a sliding 
stage micrometer with a precision of 0.001 mm, and the dating quality was sta-
tistically verified using the “dplR” package (version 1.7.2) (52) in the statistical 
program R (version 4.0.5) (53).

The cross-dated growth chronology for the floating subfossil ice-patch (TOL) record 
was then anchored in time using radiocarbon dates from 11 annual rings sampled 
from different trees that spanned the duration of the record (Fig. 2 and SI Appendix, 
Table S2). The samples were submitted to the National Ocean Sciences Accelerator 
Mass Spectrometry Lab (NOSAMS) at the Woods Hole Oceanographic Institution for 
14C radiocarbon dating. The individual rings were then jointly radiocarbon dated 
using the dated growth year of the sampled ring within the chronology and each 
sample’s measured 14C value and the associated uncertainty (Fig. 2A). The calibra-
tion was performed using the “IntCal20” (36) curve using the Bayesian radiocarbon 
chronology package “Bchron” in R (54, 55). The calibrated age probability density 
functions of each sample were generated by randomly calibrating the 14C date and 
uncertainty range 10,000 times against the IntCal20 curve. The median calibrated 
age for each sample was then regressed against the dated growth year assigned to 
each sampled individual growth ring to estimate the calendar year range and dating 
error of the floating ring-width chronology (Fig. 2B). This regression procedure effec-
tively leveraged all the radiocarbon dates to produce a more precise age than any one 

http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412162121#supplementary-materials
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radiocarbon date can offer by fixing the number of years in both directions from that 
best constrained mid-point. We provide the Rms-error (RMSE) from the regression 
as a conservative estimate of the chronologies dating uncertainty, though the actual 
dating error range is likely smaller. Calibrated ages are presented in years B.P. (0 y 
BP = 1,950 CE) and are provided in the publicly available datasets (56) (https://doi.
org/10.5066/P147TVZU) in the Georgian calendar notation of year BCE—as estimated 
without inclusion of a year 0.

To assess growth-climate relationships for both the ice-patch (TOL) and modern 
treeline (TAL) collections, we utilized the unstandardized (raw) ring-width meas-
urements as well as a standardized, unitless ring-width index (std). For the raw 
ring-width chronology, each tree-ring measurement series was individually edited 
using a similar approach as described in Salzer et al. (30) to remove the juvenile 
biological growth curve, along with any obvious ecological disturbance registered in 
the tree-rings to produce a quality-controlled measurement series. This functionally 
removed the majority of the nonclimatic growth factors (including the geometric 
growth decline) and enabled us to avoid detrending and transforming the raw ring-
width data into unitless indices, preserving the measurement values (mm units) for 
each tree-ring series. This step was critical for the construction of growth-climate 
transfer functions (described below), since preservation of the mean and distribu-
tion of the unstandardized growth measurements is required to capture potential 
mean changes in reconstructed climate based on the ice-patch wood record. As an 
initial check to evaluate the dominant climate-growth limitations were common 
between the raw ring-width records (i.e., had not switched from temperature limited 
to moisture limited), we then compared the growth and spectral characteristics 
using partial autocorrelation coefficients and wavelet analysis (57, 58).

To evaluate the quality of the retained climate signal in the modern treeline 
(TAL) raw tree-ring chronology, a conservatively detrended version of the record 
was produced for use in monthly and seasonal correlation analyses. We conserva-
tively detrended each series by fitting either a negative exponential curve, nega-
tive regression, or mean line (59, 60). The resultant series were then standardized 
by dividing by the fitted trend line, transformed into unitless ratio (index), and 
then combined into a composite chronology by calculating the weighted mean 
across all samples (61). We computed the average raw and standardized ring-
width chronologies using the “dplR” package (62), and in both chronologies, only 
the period of record where the express population signal (EPS) remains above 
0.85 was retained, limiting additional error attributable to decreasing sample 
number through time to <15% (63).

Growth-Climate Analyses and Mid-Holocene Temperature Reconstruction. 
Climate data for the study sites covering the period of 1900–2018 were obtained 
from the Parameter-elevation Regressions on Independent Slopes Model (PRISM) 
at 4 km2 spatial resolution using the AN81m version of the dataset (64). Point esti-
mates of surface temperature and precipitation at the locations of the ice-patch and 
modern-treeline sites were generated using inverse-distance squared weighting 
from surrounding grid points for each site elevation. Basin-scale and individual sta-
tion snow water equivalence (SWE) data were obtained from observational records 
collected by the Natural Resource Conservation Service’s SNOTEL stations and snow-
course sites (65) located within the basin, as well as from previous hydrologic unit 
code 6 (HUC6) watershed analyses performed for the region (66–68).

The potential climate variables (i.e., average temperature, accumulated snow-
pack, total precipitation) and seasons selected for growth-climate analysis and 
potential reconstruction were identified using the modern treeline (TAL) whitebark 
pine chronology (Fig. 1). We used the “seascorr” function in the “treeclim” (69) and 
“dendroTools” (70, 71) R software packages, as well as nonparametric Spearman 
rank correlation and regression analyses, to investigate seasonal relationships 
between tree growth (both raw mm ring-widths and the standardized ring-width 
index), total precipitation (mm), temperature (°C), and snowpack (measured as 
April 1 SWE). The “seascorr” function was used to identify periods of time within 6-, 
12-, and 24-mo windows exhibiting the strongest relationships between modern 
tree growth and each climate metric. Within this function, nonparametric partial 
correlation analysis was used to assess the significance of a primary climate var-
iable (e.g., temperature) within the context of secondary, often colinear, climate 
variables (e.g., precipitation, snowpack) to identify the dominant growth-climate 
response. We identified warm-season average temperature as the primary growth-
climate response and four seasonal target windows for climate reconstruction. The 
optimal mean temperature seasons identified for reconstruction were 1) warm 

season (current May–Oct), 2) annual (current Jan–Dec), 3) optimized annual (prior 
Mar to Jan), and 4) biennial (prior Jan to Oct) (SI Appendix, Fig. S8).

Following methods similar to Csank et al. (72, 73) to infer past climate condi-
tions from floating subfossil wood chronologies, we constructed transfer functions 
to reconstruct past temperature from the ice-patch (TOL) chronology using the 
contemporary relationship between tree growth and temperature across the four 
optimized seasonal windows. We developed linear (MLR) and nonlinear (BRNN) 
transfer functions since the subfossil chronology exhibits slower growth and 
reduced variability relative to the modern treeline (TAL) chronology (SI Appendix, 
Figs.  S2 and S9). This implied that predictions of past temperature would be 
made from one end of the modern temperature-growth distribution (SI Appendix, 
Fig. S2), so the shape of the relationship and prediction quality at the cold end of 
the distribution needed to be assessed and utilized to bound a range of past tem-
perature estimates. We tested the robustness of our transfer functions, estimated 
prediction errors, and selected the best seasonal climate reconstruction target 
with the lowest prediction error across the range of observations and extremes 
using a boot-strapped k-folds cross-validation method, and a Central-Edge test 
(70, 71) (SI Appendix, Text S3). We then interpret the optimized warm-season to 
biennial average temperature reconstructions for the mid-Holocene within the 
context of the TOL and TL1 ice-patch dynamics and ecological changes influencing 
treeline, as well as other climate model and proxy-based paleoclimatic records 
for the region. Since the multiyear temperature-growth relationship in these 
records retains the strongest temperature signal at decadal to multicentennial 
timescales, we utilized the root-mean-squared-error of prediction (RMSEp) to 
infer the range of interannual temperature variability around the low-frequency 
mean changes captured by the reconstruction.

MPI-ESM Transient Holocene Climate Model Simulation. The Holocene 
climate model simulation used here was documented in detail by Dallmeyer 
et al. (34) and the effect of volcanic forcing on Northern Hemisphere climate 
variations was described in van Dijk et al. (33). It was performed with the MPI-
ESM1.2 model (74), which consists of the ocean general circulation model 
MPIOM (75), including the ocean biogeochemistry model HAMOCC (76), 
coupled to the atmospheric general circulation model ECHAM6.3 (77). The 
terrestrial carbon cycle and vegetation dynamics are simulated by JSBACH3 
(78) incorporating a dynamic vegetation module developed by Brovkin et al. 
(79). ECHAM6 and the land model were configured with a spectral resolution 
of T63 (corresponding to a horizontal resolution of approximately 200 km on a 
Gaussian grid) with 47 levels in the vertical atmosphere. The ocean model was 
configured with the horizontal resolution GR15 (corresponding to a horizontal 
resolution of 12 to 180Â km, and 40 vertical levels). The transient Holocene 
simulation was branched from a spin-up simulation of over 1,000 y, performed 
with all forcings fixed to the values of the year 6000Â BCE. The transient sim-
ulation then started from this equilibrium state and continued until 1,850 CE.

The transient Holocene simulation included prescribed time-varying forcing 
agents (34), including 1) orbital-induced insolation changes, 2) greenhouse gas 
concentrations inferred from ice-core records, 3) stratospheric sulfate aerosols 
from volcanic eruptions, 4) total and spectral solar irradiance forcing, and 5) 
changes in land use (only for 800–1,850 CE). The volcanic forcing reconstruction 
was updated compared to that used in the transient simulation of Bader et al. 
(40), by incorporating synchronized ice core sulfate data from both Antarctica and 
Greenland, as described by Sigl et al. (35). Uncertainties in the aerosol forcing 
for individual eruptions are substantial, but forcing variations on centennial time 
scales are expected to be more robust as the random uncertainties for individual 
eruptions average out when multiple eruptions are added together (80). Based 
on the WD2014 chronology, dating uncertainty for eruptions in the reconstruc-
tion is estimated to be 0.5%, corresponding to ±25 y at 5,000 y BP, although 
dendrochronological evidence suggests actual dating errors to be considerably 
smaller in the mid-Holocene (35).

Data, Materials, and Software Availability. Tabular Digital Data have been depos-
ited in U.S. Geological Survey, ScienceBase-Catalog (56) (https://doi.org/10.5066/
P147TVZU).
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