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Abstract Bristlecone pine (Pinus longaeva) (PILO) trees exhibit exceptional longevity. Their tree-ring
width (TRW) series offer valuable insights into climatic variability. Maximum latewood density (MXD)
typically correlates better with temperature variations than TRW, yet PILO MXD records are non-existent due
to methodological challenges related to tree-ring structure. Here, we used an X-ray Computed Tomography (X-
ray CT) toolchain on 51 PILO cores from the California White Mountains to build a chronology that correlates
significantly (r = 0.66, p < 0.01) with warm-season (March-September) temperature over a large spatial extent.
This led to the first X-ray CT-based temperature reconstruction (1625-2005 CE). Good reconstruction skill
(RE = 0.51, CE = 0.32) shows that extending MXD records across the full length of the PILO archive could
yield a robust warm-season temperature proxy for the American Southwest over millennia. This breakthrough
opens avenues for measuring MXD in other challenging conifers, increasing our understanding of past climate
further, particularly in lower latitudes.

Plain Language Summary Ancient Bristlecone pine trees can live for several millennia and hold
invaluable climate information. Their annual rings were used to develop millennium-length records of the
Holocene climate. Maximum latewood density (MXD), which is the highest wood density value in the latewood
of a tree ring, has been shown to closely follow summer temperature in different conifer species, but not yet in
Bristlecone pine. The gnarly and twisted growth of these ancient trees has presented significant hurdles for
MXD analysis. Here we apply an X-ray Computed Tomography toolchain that allows us to 3D scan through the
tissue of a tree ring and to map MXD variations. Using this new technique, we were able to reconstruct warm-
season temperature for the American Southwest back to 1625 CE. With these findings, we are confident that a
full-length reconstruction (back to 2575 BCE) can yield the longest annually resolved temperature
reconstruction for this continent.

1. Introduction

Our understanding of temperature variability in the American Southwest over the past centuries to millennia is
incomplete (King et al., 2024; Trouet et al., 2013; Wahl et al., 2022). Climatologically speaking, this region is
important because of its sensitivity to variability in the El Nifio Southern Oscillation system (Cayan et al., 1999)
and in the Hadley Circulation (Alfaro-Sanchez et al., 2018). Furthermore, the region is characterized by the past
occurrence of multiyear droughts with profound impacts on ecosystems and human systems (Cook et al., 2004;
Williams et al., 2020). In contrast to hydroclimate, the temperature history of the American Southwest is less well
understood (King et al., 2024). The most highly resolved and precisely dated records of past climate over the
Holocene are derived from tree-ring series (Ahmed et al., 2013; Emile-Geay et al., 2017; Esper et al., 2012). For
the American Southwest, millennial-length tree-ring chronologies that extend deep into the Holocene are limited
to Bristlecone pine (Pinus longaeva D.K. Bailey, PILO) records (Salzer et al., 2019). Lower forest border sites
such as the iconic Methuselah Walk site (~37.38°N, 118.16°W) (Ferguson, 1968), of which the chronology was
recently updated to 8349 BCE (Salzer et al., 2019), provide an accurate estimation of past precipitation variability,
but lack a strong temperature signal. Samples from upper treeline sites in the same region have been shown to
carry a temperature signal (Kipfmueller & Salzer, 2010; LaMarche & Stockton, 1974; Salzer et al., 2009). Salzer,
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Figure 1. The X-ray Computed Tomography (X-ray CT) toolchain. (a) The iconic Bristlecone pine trees from the California
White Mountains, with their gnarly and slow growth that makes their rings hard to measure with traditional X-ray
densitometry, (b) an X-ray CT 3D rendered image (created with VGStudio Max from Volume Graphics) of a polymer sample
holder with solvent-extracted tree cores in paper straws. Black holes and filled holes are air and reference material
respectively to convert gray-value voxels into wood density values. An extracted core from the sample holder is shown where
subregions (green) containing the ring boundaries are indicated, and where grain and ring angle are taken into account. The
resulting MXD values are calculated by retaining the 95th percentile of the values within this volume (inset). Scanning
resolution is 15 pm.

Larson, et al. (2014) developed a tree-ring width (TRW)-based temperature reconstruction (2575 BCE-2006 CE)
based on living and dead upper treeline PILO trees. However, the temperature signal in this TRW record is limited
to carefully selected trees growing near the very upper treeline (Salzer, Larson, et al., 2014) and is best expressed
at (multi-) decadal time scales, rather than annual scales. PILO TRW variability is also influenced by memory
effects and by subtle micro-topographical effects (Bruening et al., 2017; Bunn et al., 2011; Tran et al., 2017),
which makes an annually resolved temperature reconstruction from the PILO TRW archive challenging. At both
high latitudes (Briffa et al., 1988; Esper et al., 2018) and mid latitudes (Biintgen et al., 2010; Klippel et al., 2020;
Trouet et al., 2012), maximum latewood density (MXD) has been shown to be a better proxy for summer tem-
perature than TRW. MXD captures the temperature signal at the end of the growing season, when smaller and
thicker-walled latewood cells are formed (Rathgeber, 2017). Warmer growing season temperatures generate
higher MXD values as the duration of the cell-wall thickening process is extended.

However, the International Tree-Ring Data Bank only has 575 sets of MXD data available globally, compared to
over 4,200 sets of TRW data (St. George & Esper, 2019; Zhao et al., 2019). MXD chronologies from low-latitude
and semi-arid regions are even more rare. Hence, there is a need to both update and extend MXD chronologies (St.
George & Esper, 2019). The main limitation of MXD is the restricted availability of the necessary measurement
equipment and its time-consuming nature compared to TRW: fewer than a dozen facilities exist worldwide that
conduct conventional X-ray densitometry. Moreover, conventional MXD facilities use measuring equipment that
requires the X-ray beams to be parallel to the tracheids (Schweingruber et al., 1978). This has prohibited MXD
measurements on PILO samples due to the twisted tracheid angle of the wood, illustrated by its gnarly growth
shape (Figure 1a). Nevertheless, PILO records have the potential to drastically extend the current temporal extent
of MXD data, which reaches back to 138 BCE (Esper et al., 2012). X-ray Computed Tomography (X-ray CT) has
emerged as a valuable tool for deriving TRW and density variables from wood samples with varying grain angles
(De Mil et al., 2016; Van den Bulcke et al., 2014). It can be used to correct for grain angle, thus overcoming
tedious and destructive laboratory steps and allowing to extract information from deformed tissues (De Mil
et al., 2017). X-ray CT has shown its reliability for generating accurate MXD values (Bjorklund et al., 2019;
Bytebier et al., 2022; De Mil et al., 2021).

Here, we apply X-ray CT to PILO samples from the California White Mountains and present the first ever X-ray
CT based MXD temperature reconstruction. To achieve this, we (a) measure MXD with X-ray CT, (b) examine
the strength of the signal and spatiotemporal stability of the MXD-temperature correlation, and (c) assess skill and
compare our reconstruction with other local and regional temperature reconstructions.
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2. Materials and Methods
2.1. Scanning and Processing of Tree-Ring Cores

We selected 51 mounted and dated PILO cores from the collection of the Laboratory of Tree-Ring Research
(University of Arizona) originating from the California White Mountains site (Figure 1a) (37.57°N 118.21°W—
37.51°N 118.17°W). The site contains the following treeline microsites: (a) Sheep Mountain (SHP) (3,395—
3,501 m ASL) (24 cores from 23 trees from a field mission in September 2005), (b) South Face (3,445-3,480 m
ASL) (14 cores from nine trees sampled in September 2009), and (c) Cottonwood Upper (CWU) (3,470-3,512 m
ASL) (13 cores from 10 trees from a field mission in September 2014). Initial pre-selection was based on previous
TRW dating, avoiding cores with many missing rings. We unmounted the cores, placed them into paper straws
and refluxed in a Soxhlet apparatus for 24 hr in an ethanol/toluene mixture, followed by a 24 hr hot water bath.

We used the X-ray CT toolchain (De Mil & Van den Bulcke, 2023) to non-destructively process the dried and
conditioned cores. We scanned the cores at 15 pm approximate volume pixel (voxel) pitch (further referred to as
resolution) (70 kV, 20 W, 180 ms, source detector distance 540 mm, source object distance 54 mm, 4,250
projections per full rotation) using a helical scanning procedure (Van den Bulcke et al., 2014) with the CoreTOM
scanning system (TESCAN - XRE, Ghent, Belgium). The resulting projections were then reconstructed to 3D
volumes using Octopus Reconstruction software (Vlassenbroeck et al., 2007). We then treated the 3D images with
the X-CT software (www.dendrochronomics.ugent.be (De Mil & Van den Bulcke, 2023)). We first extracted 3D
core volumes from the virtual sample holder (Figure 1b) and then calibrated the volume with the reference
material and air hole of the sample holder (De Ridder et al., 2011).

We then indicated tree-ring boundaries using a graphical user interface (De Mil et al., 2016). Small deviations in
ring or grain angle can impact the density values (Bjorklund et al., 2019): therefore, both the radial and transversal
planes of the cores were corrected for ring and grain deviations (Van den Bulcke et al., 2014). To avoid resin ducts
or wavy ring boundaries, a subvolume was selected for every ring (Figure 1b). To calculate the MXD value for
each ring, we selected the 95th percentile of values from all the voxels from this subvolume.

Finally, we checked our TRW series against the crossdated TRW series for the same cores that were previously
measured with a Velmex system to 0.001 mm precision (Salzer, Larson, et al., 2014) and exported the MXD data
for chronology development.

2.2. Chronology Development and Climate Data

We additionally checked the crossdating of the MXD series using COFECHA software (Holmes, 1983). We used
Dplr (Bunn, 2008, 2010) in the R programming environment (R Core Team, 2023) to assess the chronology
statistics such as mean interseries correlation (RBAR) and Subsample Signal Strength (SSS) (Wigley et al., 1984),
as well as to detrend the series and for chronology building. We tested various detrending options for the MXD
data (Figure S1 in Supporting Information S1) and decided to use an age-dependent spline with signal-free
implementation (Melvin & Briffa, 2008). Then, we used a bi-weight robust mean to average the obtained
dimensionless indices into the final MXD chronology, which was based on 51 dated series with an average length
of 259 years and 13,202 measurements in total. We cut the resulting chronology off in 2005, as sample repli-
cations drops rapidly thereafter. We extracted monthly mean air temperature and monthly precipitation sums
(1895-2005) from the Parameter-elevation Relationships on Independent Slopes Model (PRISM) data set (Daly
et al., 2008) using a NetCDF file with 0.25° spatial resolution from KNMI Climate Explorer (Trouet & Van
Oldenborgh, 2013). The values were averaged over an area approximately 350 by 350 km (35.1875°-38.1875°N;
119.1458°-115.1458°W) to the east, north and south of the study area, roughly corresponding to the region of the
highest correlation between the developed MXD chronology and the gridded mean temperature from PRISM data
set. We correlated our MXD chronology (Pearson correlation coefficient) with monthly and seasonal mean
climate data, both for the whole period and within a 30-year sliding window. We then selected the seasonal
temperature with the strongest correlation with MXD as a reconstruction target. We fit a linear regression model
to predict the temperature with the MXD chronology as an independent variable.

To assess the skill of the reconstruction, we performed split calibration-validation tests for 1895-1949 CE and
1950-2005 CE. We calculated correlation in the calibration (r,) and validation (r,) periods, coefficient of
determination in the calibration period (RZC), reduction of error (RE) and coefficient of efficiency (CE) of the
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Figure 2. The PILO MXD chronology, its statistics and correlation to climate variables. (a) MXD chronology of PILO. (b) Sample size (orange curve), 30-year (with 15-
year lag) running Subsample Signal Strength (SSS) (gray curve) and RBAR (blue curve). Horizontal red line indicates the SSS = 0.85 threshold. (c) Pearson correlation
coefficients between the MXD chronology and monthly and seasonal PRISM mean temperature (Daly et al., 2008) for the period 1895-2005 CE. Significant
correlations are indicated in blue (p < 0.05), and the correlation value for the target season is indicated with a number. (d) Spatial correlation map (p < 0.10) between the
MXD chronology and mean March-September (MAMIJAS) temperature during 1895-2005 (PRISM data). The map was generated using the KNMI explorer (Trouet &
Van Oldenborgh, 2013). Sampling location is marked with a dot.

model (Cook et al., 1994). Then we used the full instrumental period (1895-2005 CE) for the final calibration of
the model.

We further generated field correlation maps between our MXD chronology and the PRISM gridded temperature
data using the KNMI climate explorer (Trouet & Van Oldenborgh, 2013).

3. Results
3.1. MXD Chronology and Temperature Correlation

The MXD values generated have a mean value of 0.72 g-cm™ and a standard deviation of 0.07 g-cm™. Mean
RBAR and SSS of the resulting MXD chronology (Figure 2a) are 0.255 and 0.948 respectively (Figure 2b). A cut-
off of SSS >0.85 restricted our reconstruction to the earliest date of 1625 CE. For this period, the mean signal-to-
noise ratio is 18.12 and the first-order autocorrelation is 0.41. The MXD chronology does not correlate with the
TRW chronology (r = —0.005, p = 0.92). PILO MXD is significantly (p < 0.05) positively correlated with
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Figure 3. X-ray CT based March-September (MAMIJAS) temperature reconstruction. (a) Scatterplot between mean MAMIJAS temperature and MXD chronology
indices. (b) Mean MAMIJJAS temperature reconstruction over the instrumental period (1895-2005 CE) (red) and the PRISM temperature data (black). Fifty-year
smoothing splines show agreement in the 20th century. (c) Mean MAMIJAS temperature reconstruction for the American Southwest over the 1600-2005 CE period
(black), a 25-year smoothing spline is shown in red. The horizontal line reflects the average of the reconstructed values for the 1901-2000 CE period.

monthly mean temperatures from current March to September, with a peak in May and a drop in correlation below
the significance level in July (Figure 2c). The strongest correlation coefficients are obtained with the March-
September (MAMIJJAS) mean temperature (» = 0.66, p < 0.01). This correlation is temporally stable, which is
confirmed by performing a moving window (Figure S2 in Supporting Information S1). Correlation coefficients
with precipitation were negative for most months and less significant than for temperature (Figure S3 in Sup-
porting Information S1). TRW records from the same samples yield lower correlations with temperature (Figure
S4 in Supporting Information S1). Significant correlations of the PILO MXD record with temperature extend over
a large part of the American Southwest (Figure 2d). Correlation coefficients were high (r > 0.6, p < 0.01) over the
Sierra Nevada and the Great Basin and significant (r > 0.4, p < 0.1) over California, Nevada, Arizona and Utah.
Correlation coefficients decrease rapidly to the east of the Rocky Mountains and to the north of the Great Basin, in
the states of Oregon, Idaho, Wyoming, Colorado and New Mexico (Figure 2d).

3.2. Reconstruction Potential

A split-period calibration and validation test shows that the MXD chronology carries a robust signal that can be
used for reconstruction of mean MAMIJAS surface temperature (Table S1 in Supporting Information S1). The
reconstruction explains 43% of the variance in instrumental MAMIJAS temperature (Figures 3a and 3b). Positive
RE and CE values on both validation periods (RE = 0.45, CE = 0.27 for 1950-2005, and RE = 0.51, CE = 0.32
for 1895-1949) indicate a good reconstruction potential.

MXD indices and the MAMIJJAS mean temperature are generally in a good linear dependence (Figure 3a), which
supports the use of a linear regression model for the reconstruction. Good agreement between the MXD chro-
nology and the instrumental temperature data on the inter-annual and decadal time scale also supports the
reconstruction potential of the tree-ring data (Figure 3b). At decadal scale (obtained with cubic smoothing splines,
50% variance cut-off at 50-years period) we see that the tree-ring data follow the temperature variations, with an
increase in early 20th century until the 1940's, after which a decrease is observed that re-inflects from the 1980's
onward. The amplitude of the reconstructed values is lower than that of the instrumental ones by the square root of
unexplained variance due to the application of the linear regression method (Esper et al., 2003).
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Our American Southwest warm-season temperature reconstruction shows that the most recent two decades
(1996-2005) are the warmest since 1625 CE (Figure 3c). Our reconstruction shows cold temperatures during the
Little Ice Age that are interrupted by a relatively warm period in the late 18th century (1770-1780 CE). After this
short period, there is a rapid cooling in the first half of the 19th century followed by a gradual increase for the rest
of the 19th century and throughout the 20th century. The coldest 20-year period observed in our reconstruction is
centered around 1823 CE, and the coldest single year is observed in 1860 CE.

4. Discussion and Conclusions
4.1. The Superiority of MXD as a Temperature Proxy

Our warm-season temperature reconstruction for the American Southwest is the first X-ray CT based MXD
temperature reconstruction. We found that PILO MXD correlates significantly with a wide 7-month warm-season
temperature window (Figure 2c), as was also observed in MXD series of other lower latitude sites, but contrasts
with typically narrower seasonal windows at high-latitude sites (Bjorklund et al., 2017). Tree-ring records are
most frequently studied in the extratropical latitudes (40°-90°) (Anchukaitis et al., 2017; Zhao et al., 2019). The
prevailing TRW-based paradigm of tree and site selection (Frank et al., 2022; Fritts et al., 1965; St. George, 2014;
Wilson et al., 2021) dictates that at lower latitude sites, moisture availability is the dominant limiting factor for
tree growth and trees are predominantly sensitive to moisture availability. Lower latitude tree-ring collections are
thus predominantly used for hydroclimate reconstructions (Belmecheri et al., 2016). However, sampling of high-
elevation sites in these regions increases the strength of the temperature signal (Kipfmueller & Salzer, 2010),
which is even more explicitly the case for MXD data (Biintgen et al., 2010; Klippel et al., 2019; Trouet
et al., 2012) and confirmed in our study (Figure 2c). MXD RBAR values (Figure 2b) are rather low compared to
TRW-based RBAR values from PILO (Salzer, Larson, et al., 2014), which is also observed in other studies, for
example, MXD records from the European Alps (Lopez-Saez et al., 2023) or blue intensity records in the
Southern Rocky Mountains (Heeter et al., 2020). This is probably due to its lower autocorrelation compared
to TRW.

Earlier claims have been made that five-needle conifers, such as PILO, are not suitable for X-ray densitometry due
to (a) invariability of the latewood as well as (b) the small rings hindering the standard procedures (F. H.
Schweingruber, 1993). Both claims are disputed in our study showing a strong sensitivity of PILO MXD values to
warm-season temperature. The strong MXD temperature signal (Figure 3a) (r = 0.66) may be further fine-tuned
with (a) high-resolution anatomical X-ray CT scanning (Van den Bulcke et al., 2019) or (b) through traditional
quantitative wood anatomy (Bjorklund et al., 2023; Lopez-Saez et al., 2023), however at the expense of
significantly lower throughput for both methods.

PILO MXD correlates most strongly with inter-annual temperature variability during those months when cell
rehydration and expansion start (April) until cell maturation is completed in September (Ziaco et al., 2016) and
thus to the PILO growing season. The correlation gap in July (Figure 2c¢) is also known as the midsummer decline
(Bjorklund et al., 2017), which has been observed in other species and regions and is more pronounced at lower
latitudes. This can be due to July being an intermediate period in the middle of the warm season, with less
probability of being affected by lower temperatures, thus not necessarily limiting tree growth (Stine &
Huybers, 2017).

4.2. An X-Ray CT Warm-Season Temperature Reconstruction (1625-2005 CE)

Our warm-season temperature reconstruction for the American Southwest (Figure 3c) is one of only a handful of
temperature reconstructions for the western part of the USA (Bocinsky & Kohler, 2014; Briffa et al., 1992; King
et al., 2024; Salzer, Bunn et al., 2014; Wahl & Smerdon, 2012). In contrast to a previous reconstruction based on
TRW from the same PILO sites (Figure 4b), our MXD-based temperature reconstruction preserves inter-annual
variability. On a lower frequency scale, our reconstruction matches well with the PILO TRW-based recon-
struction (Salzer, Larson, et al., 2014), which signifies the presence of a low-frequency variability in our MXD-
based reconstruction.

Like other regional temperature or temperature-related reconstructions (Figure 4), our reconstruction shows a
clear recent warming, as well as a distinct warming phase at the end of the 18th century, which co-occurs with a
period of increased solar activity (Figure S5 in Supporting Information S1 (SILSO, World Data Center, n.d.)).
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Figure 4. Regional temperature reconstructions from the American West. (a) Our X-ray CT MXD-based MAMIJJAS mean
temperature reconstruction. (b) Decadal TRW-based JAS temperature reconstruction (Salzer, Bunn et al., 2014) for the Great
Basin (USA), based on PILO high-elevation tree-ring collections. (c) AMIJJAS air temperature averaged for four nearest
gridpoints of the gridded reconstruction (Britfa et al., 1992). (d) JJA maximum temperature reconstruction (King et al., 2024)
averaged for the corresponding region. (e) Growing season growing-degree days above 10°C reconstruction (Bocinsky &
Kohler, 2014), averaged for three 1° squares of the spatial reconstruction. (f) Annual mean temperature reconstruction for
Western North America (Wahl & Smerdon, 2012). Thirty-year splines highlight lower frequency variations. Decadal
fluctuations of our reconstruction above or below long-term trends that also correspond to other considered reconstructions
are highlighted by pink and blue shading respectively.

This late 18th century warming interrupts a relatively cool Little Ice Age, with its coolest period in the early 19th
century, when the Dalton solar minimum coincided with a series of large volcanic eruptions (Raible et al., 2016;
Sigl et al., 2015). The warming period at the end of the 18th century, as well as the recent warming, is also visible
in other regional and continental temperature reconstructions (Figure 4). Some of the considered reconstructions
are quite similar to the reconstruction from this study in terms of both decadal and centennial (Figures 4b—4f)
(Wahl & Smerdon, 2012; Bocinsky & Kohler, 2014; Salzer, Larson, et al., 2014; King et al., 2024) variability,
while some correlate on higher frequencies (Briffa et al., 1992; King et al., 2024) (Table S2 in Supporting In-
formation S1). Interestingly, the growing-degree days (GDD) reconstruction from Nevada (Figure 4¢) (Bocinsky
& Kohler, 2014), which is very similar to the reconstruction from this study (Figure 3a, Table S2 in Supporting
Information S1), is logically linked by the target climate variable: GDD higher than 10°C should be closely
related to the average MAMIJJAS temperatures. The reconstruction of Bocinsky and Kohler (2014) has also used
tree-ring chronologies as predictors, although the data used is completely independent from our study. Many low-
frequency variations of our reconstruction from 1700 onwards closely covary with hemispheric and especially
continental-scale temperature variability (Figure S5 in Supporting Information S1).
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Given the longevity of PILO and its potential to develop multi-millennia long tree-ring chronologies, the strong
temperature signal we found in PILO MXD, as well as the large spatial extent of that signal, provide a strong proof
of concept for the successful development of an unprecedented multi-millennial and annual-resolution assessment
of past temperature variability in the American Southwest. Furthermore, this new X-ray CT approach for
measuring MXD in long-lived and slow-growing trees could be expanded to other regions worldwide that host
long-lived, ring-forming species that have a limited temperature signal in their TRW. Examples of such tree
species include Rocky Mountains Bristlecone Pine (Pinus aristata) in the American Southwest (Salzer &
Kipfmueller, 2005; Tintor & Woodhouse, 2021), foxtail pine (Pinus balfouriana) (Graumlich, 1993) from the
Sierra Nevada, Alerce (Fitzroya cupressoides) (Boninsegna & Holmes, 1985) in southern South America, Kauri
(Agathis australis) in New Zealand (Boswijk et al., 2014), as well as Qillian juniper (Juniperus przewalskii) on
the Tibetan Plateau (Yang et al., 2014).
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