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Abstract Briffa et al. (1998), https://doi.org/10.1038/35596 published a seminal paper on the reduced
sensitivity of annual tree growth to temperature across Northern Hemisphere treeline stands. By averaging tree‐
ring chronologies to sub‐continental means, they found decade‐long trends in maximum latewood density
(MXD) progressively diverging from observed warming temperatures since the 1960s. This divergence
challenges the reliability of the proxy, but the lack of an intercontinental network of up‐to‐date MXD
chronologies extending into the 21st century hindered large‐scale evaluations of the phenomenon, leaving it
unresolved. Here, we introduce nine new MXD chronologies along the North American Rocky Mountains
between 38◦ and 69◦N and analyze their trends after applying novel approaches to preserve low‐frequency
variability. When following the original Briffa et al. (1998), https://doi.org/10.1038/35596 methodology, the
divergence between increasing temperatures and MXD chronologies reaches offset values greater than 1◦C by
2020 CE. However, divergence markedly decreases and even disappears entirely when MXD chronologies are
(a) based on high‐replication data sets including differently old trees, (b) detrended using signal‐free age‐
dependent splines instead of Hugershoff curves, and (c) calibrated against optimum season instead of
April–September temperatures. MXD chronologies north of 60◦N exhibit stable relationships with regional
summer temperatures on interannual to multi‐decadal timescales, but at the southern sites, a lack of high‐
frequency proxy‐target coherency is evident starting in the second half of the 20th century. This study
emphasizes the importance of careful site and target selection, sampling design, and chronology development
for overcoming the divergence problem and reconstructing summer temperatures from MXD data in North
America.

Plain Language Summary Trees growing in cold regions of the Northern Hemisphere often produce
denser wood during warm summers. Because of this, wood density from such locations can be used to estimate
past climate conditions. However, previous research has found that many of these tree‐ring records do not reflect
the strong warming trend observed in recent decades. This problem, known as “divergence,” questions how
reliable tree rings are for reconstructing past climate. Here, we present new wood density data from nine
locations along the Rocky Mountains in western North America. We demonstrate that divergence in these sites
can be minimized by using a large number of trees of different ages, applying suitable techniques for analysis,
and selecting the part of the year that most strongly affects tree growth at each site. Our results show that the link

RESEARCH ARTICLE
10.1029/2026JG009783

Key Points:
• Tree‐ring density continues to track

recent warming trends in Western
North America

• Divergence between proxy and
instrumental data is minimized by
thorough site and target selection and
suitable methodology

• Interannual variations in tree growth in
the southern Rocky Mountains are
increasingly determined by water
availability

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
M. Kunz,
mkunz01@uni-mainz.de

Citation:
Kunz, M., Torbenson, M. C. A., Reinig, F.,
Martinez del Castillo, E., Büntgen, U.,
Wilson, R., et al. (2026). Exorcizing
divergence in tree‐ring density along the
Rocky Mountains. Journal of Geophysical
Research: Biogeosciences, 131,
e2026JG009783. https://doi.org/10.1029/
2026JG009783

Received 6 FEB 2026
Accepted 8 MAY 2026

Author Contributions:
Conceptualization: Marcel Kunz, Max
C. A. Torbenson, Frederick Reinig,
Edurne Martinez del Castillo, Jan Esper
Data curation: Marcel Kunz,
Björn Günther, Christian Gerber
Formal analysis: Marcel Kunz, Jan Esper
Funding acquisition: Ulf Büntgen,
Jan Esper
Investigation: Marcel Kunz, Jan Esper
Methodology: Marcel Kunz, Max
C. A. Torbenson, Frederick Reinig,
Edurne Martinez del Castillo, Jan Esper
Project administration: Jan Esper
Supervision: Max C. A. Torbenson,
Jan Esper
Visualization: Marcel Kunz,
Frederick Reinig, Jan Esper

© 2026. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

KUNZ ET AL. 1 of 18

https://orcid.org/0009-0001-7116-1114
https://orcid.org/0000-0003-2720-2238
https://orcid.org/0000-0001-6839-8340
https://orcid.org/0000-0003-1542-2698
https://orcid.org/0000-0002-3821-0818
https://orcid.org/0000-0002-3965-8622
https://orcid.org/0000-0002-7525-8706
https://orcid.org/0000-0002-8509-8080
https://orcid.org/0000-0002-2683-8704
https://orcid.org/0000-0002-9148-5562
https://orcid.org/0000-0003-1557-8465
https://orcid.org/0000-0001-9195-3146
https://orcid.org/0000-0002-7001-4470
https://orcid.org/0000-0002-6794-3922
https://orcid.org/0000-0002-1246-6030
https://doi.org/10.1038/35596
https://doi.org/10.1038/35596
mailto:mkunz01@uni-mainz.de
https://doi.org/10.1029/2026JG009783
https://doi.org/10.1029/2026JG009783
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2026JG009783&domain=pdf&date_stamp=2026-05-18


between instrumental temperatures and tree‐ring data has remained stable in the northern half of our study area
across both short and long periods. In contrast, in the southern Rocky Mountains, changes in tree growth from
year to year are increasingly influenced by dry conditions rather than temperature.

1. Introduction
The divergence problem (D'Arrigo et al., 2008), describing an offset between instrumental temperature mea-
surements and tree‐ring proxy data since the mid‐20th century, remains a significant issue in paleoclimatology
(Büntgen, Allen, et al., 2021). Such non‐stationary responses to climate forcing can be characterized by either a
temporal shift in trend or interannual coherence, two phenomena that may occur simultaneously and contribute to
each other (Esper & Frank, 2009). Briffa et al. (1998) identified divergence as becoming increasingly prevalent
toward the end of their investigated period in the 1980s, primarily in terms of trend rather than interannual
correlation between the proxy and the instrumental target. They showed that smoothed tree‐ring width (TRW) and
maximum latewood density (MXD) mean chronologies underestimated instrumentally measured temperatures by
more than 1 and, in some cases, even 2 standard deviations when averaged over larger regions. These observations
questioned both the reliability of proxy‐based temperature reconstructions and the extent to which forests could
act as carbon sinks in a warming world. Since then, a variety of studies, primarily based on TRW, have addressed
regional expressions of divergence and potential explanations such as increasing drought stress (Barber
et al., 2000; D'Arrigo et al., 2009; Kirdyanov et al., 2025; Porter & Pisaric, 2011; Wang et al., 2017), thermal
thresholds (D'Arrigo et al., 2004; Vaganov et al., 2011), target temperature limitations (Esper et al., 2010),
“global” (Stanhill & Cohen, 2001; Wild, 2009) or “Arctic dimming” (Büntgen, Kirdyanov, et al., 2021; Kir-
dyanov et al., 2020; Stine & Huybers, 2014) caused by anthropogenic aerosols, stand dynamics (Grudd, 2008),
and methodological issues (Büntgen et al., 2008, 2011; Esper et al., 2005; Frank et al., 2007; Loehle, 2009).
MXD, as well as latewood and delta blue intensity as its less expensive surrogates (Björklund et al., 2024; R.
Campbell et al., 2007; Wilson et al., 2019), are often considered superior proxies for tree‐ring based temperature
reconstructions (De Mil et al., 2024; Esper et al., 2018; Klippel et al., 2020; Reid et al., 2025) due to weaker
inherent autocorrelation and memory effects compared to TRW (Esper et al., 2015). Although blue intensity
measures similar wood properties to MXD (Wilson et al., 2019) and has increasingly been used for regional
temperature reconstructions (Fuentes et al., 2018; Harley et al., 2021; Heeter et al., 2021), its potential limitations
include discoloration issues, color differences between heartwood and sapwood as well as measurement reso-
lution (Björklund et al., 2024; Rydval et al., 2014; Seftigen et al., 2022). An update based on MXD data as the
state‐of‐the‐art proxy has been largely missing on a continental scale.

In their original study, Briffa et al. (1998) compiled 314 single sites at high latitude or elevation across the
Northern Hemisphere, 83 of which are located in North America, from which typically 24 to 30 samples (from 12
to 15 trees) were taken. They detrended the TRW and MXD data using the “Hugershoff” method, which is a
combination of polynomial and exponential functions (Hugershoff, 1936). They derived site chronologies by
calculating simple arithmetic means of the detrended single series and subsequently combined these into eight
large regional means. Subtracting instrumental temperature from tree‐ring (TR) data, after scaling these to equal
mean and standard deviation, revealed greater trend divergence in northern than in southern regions with the most
significant offset in Siberia. Divergence was less pronounced but still evident in Western North America (WNA)
(Briffa et al., 1992). With all MXD series used in their paper ending in 1983, the most recent 40 years of
accelerated warming across the region (Booth et al., 2012; IPCC, 2023) along with an increased frequency of
heatwaves (Perkins‐Kirkpatrick & Lewis, 2020) were not part of their analysis.

Here, we present an updated assessment of divergence along the Rocky Mountains, the major longitudinal
mountain chain in WNA, by resampling through the domain of the original Briffa et al. (1998) network that
outlined an offset in trend with instrumental records (Figure 1). Our nine new MXD chronologies span
147–460 years, including the crucial 40‐year period of rapid warming since the 1980s. We compare our results
with those of Briffa et al. (1998) and examine the influence of larger replication and a more diverse age structure
of our samples. We test how different detrending methods as well as target temperatures and seasons affect
divergence‐like effects. Finally, we combine our single sites into a northern and southern composite to emphasize
larger‐scale covariance structures and different characteristics.
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2. Material and Methods
2.1. Sampling and Site Description

Samples were collected during several field campaigns in the summers of 2022 and 2023 within the context of a
larger sampling effort for the Monostar project, which aims to assess and explain divergence across the Northern
hemisphere (CORDIS | European Commission, n.d.). The nine sites (Figure 1, Table 1, and Figure S1 in Sup-
porting Information S1) are distributed throughout the entire length of the Rocky Mountains. Five sites form a
northern group (Mancha Creek (MAC), Twelvemile Summit (TWE), North Klondike River (NKL), Canyon Lake
(CNY), Pink Mountain (PIN)) while the southern group consists of four sites, Sunwapta (SUN), Baker Lake
(BAK), Pikes Peak (PIK), and Mount Belknap (BEL). Site selection aimed to represent near‐treeline conditions
with elevations ranging from 566 m a.s.l. at the northernmost site (MAC) and 3583 m at the southern PIK site,
reflecting the altitudinal increase of the treeline with decreasing latitude. At each location, at least 50 living trees
were sampled: white spruce (Picea glauca [Moench] Voss.) at the five northern sites and Engelmann spruce
(Picea engelmannii, Parry ex. Engelmann) at the four southern sites. In deviation from common den-
droclimatological approaches, efforts were made to sample trees of mixed ages, including relatively young in-
dividuals of less than 50 years.

The separation between the northern and southern regions not only reflects the boundary between the North‐West
(NWNA) and South‐West North American (SWNA) regions in Briffa et al. (1998) but also the boundary between
the boreal forests of the north and temperate climate conditions in the south (Frelich, 2020). Average climate
patterns vary greatly among the sites with large differences between winter and summer temperatures in the north
and smaller amplitudes in the south (Table 1). The increase in annual mean temperature since 1981 ranges from
0.20◦C (CNY, SUN) to 0.33◦C (TWE) per decade (Rohde & Hausfather, 2020). The highest amounts of annual
precipitation are measured in the southern half of the transect (Table 1), albeit with large differences in seasonal
distribution (Daly et al., 1994; Harris et al., 2020), for example, a typical dry spell in early summer before the

Figure 1. Divergence at nine tree‐ring sites along the Rocky Mountains. Horizontal black line indicates the boundary between
the North‐West (NWNA) and South‐West North American (SWNA) regions according to Briffa et al. (1998). Diagrams
show 10‐year smoothed April–September temperature anomalies in ◦C (black; Rohde & Hausfather, 2020) and scaled MXD
data (colored curves) on y‐axes.
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onset of monsoonal rainfall at the southernmost BEL site (Birch et al., 2024) and drier winters at the eastern PIK
site. Effects of different sampling strategies and tree replication on climate‐growth relationships were assessed by
comparing trends and correlation statistics of Briffa et al.'s (1998) nearest sampling sites to our locations. Their
northern sites were at lower elevations than in this study, but locations and elevations were more similar in the
south (Table S1 in Supporting Information S1).

2.2. Data Composition and Treatment

After measuring TRW reference data using LINTAB 6 devices (Rinntech, Germany) and TSAP software
(Rinn, 2003) to later facilitate MXD crossdating, samples were cut into 1.2 mm thin sections orthogonal to the
tracheids' longitudinal axis to account for changes in fiber angle. After X‐raying, the brightness of the resulting
images was recorded at a resolution of 0.01 mm using a DENDRO2003 X‐ray microdensitometer (WALESCH
Electronic GmbH, Switzerland) as described in Björklund et al. (2019) and the resulting MXD values were
extracted. Crossdating of all measurements was validated using COFECHA (Holmes, 1983) software. To
compare the updated MXD data with those from Briffa et al. (1998), we selected the sites in their study that were
closest to our locations (Table S1 in Supporting Information S1). For each location, we compared three MXD data
sets, each of which were power‐transformed and detrended using the Hugershoff function (Cook & Kairiuk-
stis, 1990) in ARSTAN (Cook, 1985; Cook et al., 2017a): (a) our new full‐replication MXD data sets (Mono-
starALL) including 93–113 series per site, (b) the respective Briffa et al. (1998) counterparts, and (c) a subset of
the oldest series at each of our sites with the same replication as the corresponding Briffa sites as an attempt to
reflect the conventional dendroclimatological sampling strategy (MonostarOLD). In addition, the MonostarALL
data sets were detrended using the signal‐free version of an age‐dependent spline (Helama et al., 2017; Melvin &
Briffa, 2008; Melvin et al., 2007) with an initial spline stiffness of 50 years and positive trend retention in SigFree

Table 1
Sampling Site Characteristics

Site
Mancha
Creek

Twelvemile
Summit

North Klondike
River

Canyon
Lake

Pink
Mountain Sunwapta

Baker
Lake

Pikes
Peak

Mount
Belknap

Code MAC TWE NKL CNY PIN SUN BAK PIK BEL

Latitude 68.67 65.38 64.44 61.12 57.04 52.21 45.89 38.87 38.42

Longitude − 141.02 − 145.95 − 138.26 − 136.99 − 122.86 − 117.22 − 114.27 − 105.07 − 112.40

Elevation [m a.s.l.] 566 971 984 1108 1512 2051 2423 3583 3179

Summer Tmean [◦C] − 2 6 6 6 9 4 10 5 8

Winter Tmean [◦C] − 24 − 19 − 21 − 14 − 9 − 9 − 3 − 7 − 4

Summer Prec [mm] 80–140 140–200 190–250 110–170 305–350 435–495 340–4000 450–500 410–470

Winter Prec [mm] 5–65 15–75 100–160 30–80 165–225 685–720 580–640 160–220 740–800

May‐July
Prec [mm]

45–75 950–125 105–135 75–105 190–220 230–260 170–200 225–255 130–160

Period 1794–2021 1612–2021 1795–2021 1820–2021 1864–2022 1480–
2021

1460–
2020

1539–
2021

1560–2021

Period n ≥ 5 1808–2021 1873–2021 1823–2021 1835–2021 1874–2022 1561–
2021

1727–
2020

1567–
2021

1607–2021

Replication 100 99 100 100 100 99 96 113 93

MSL 117 73 118 120 115 169 177 140 175

AR1 0.22 0.00 0.27 0.23 0.13 0.30 0.36 0.36 0.48

Rbar 0.3 0.42 0.22 0.29 0.38 0.21 0.17 0.23 0.09

Year EPS ≥0.85 1868 1891 1886 1870 1894 1796 1766 1699 1850

Note. Climate data refer to nearest including coordinates, elevation, mean temperature and precipitation estimates for summer (April–September) and winter (Octo-
ber–March) half‐years and May–July (1961–90) based on single month estimates according to nearest CRU TS 4.08 grid cells (Harris et al., 2020) in Alaska and Canada
and nearest PRISM grid cell (Daly et al., 1994) in the contiguous US. MSL is mean segment length, AR1 is first‐order autocorrelation, Rbar is interseries correlation, and
EPS the Expressed Population Signal (Wigley et al., 1984).
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(Cook et al., 2017b), which has successfully been applied in research across the region (Heeter et al., 2021; Kunz
et al., 2025; Leland et al., 2025; Reid et al., 2025; Wilson et al., 2019).

2.3. Divergence Assessment

For each proxy‐target combination, 31‐year moving Pearson correlations were calculated to assess higher‐
frequency changes in the relationship between MXD and monthly temperature anomalies of the 1◦ × 1◦ grid
cells in the Berkeley Earth data set (Rohde et al., 2013; Rohde & Hausfather, 2020) surrounding each site.
Monthly Berkeley Earth mean (Tmean) and maximum (Tmax) temperature data (1893–2020) as well as precipi-
tation and self‐calibrated Palmer Drought Severity Index (PDSI) (Wells et al., 2004) data from version 4.08 of the
CRU TS data set (0.5◦ × 0.5◦ grid cells) (Harris et al., 2020) were extracted from the KNMI climate explorer
(Trouet & Van Oldenborgh, 2013). Additionally, the detrended MXD chronologies were scaled to the instru-
mental temperature series by adjusting mean and standard deviation for the period 1893–1950, which we here
define as the baseline period before what is traditionally considered the divergence “problem” (Esper &
Frank, 2009). Residual trends (RT) for the post‐calibration period (1951–2020) were calculated by multiplying
the length of the period in years by the slopes of linear regressions of 10‐year low‐pass filtered residual chro-
nologies between scaled MXD and temperature timeseries to quantify trend differences. To initially compare with
the Briffa et al. (1998) sites, the period was split into two parts (1951–1983 and 1984–2020). For the same periods,
root mean squared errors (RMSE) of these smoothed residuals between the proxy and target were computed,
serving as a combined measure of trend and higher‐frequency coherence. Divergence was assessed using
instrumental temperature data of the April–September seasonal average (Briffa et al., 1992, 1998) as well as
individual optimum single months or seasons for each site, which were determined using static (1894–2020)
correlations of first‐differenced temperature and MXD timeseries. Analyses were conducted using R version
4.5.1. (R Core Team, 2024) as well as the “dplR” (Bunn, 2008), “treeclim” (Zang & Biondi, 2015), and “den-
droTools” (Jevšenak & Levanič, 2018) R packages and correlation maps were produced using the KNMI climate
explorer (Trouet & Van Oldenborgh, 2013).

3. Results
3.1. Chronology Characteristics and Comparison With Briffa et al. Sites

Our five northern sites are notably younger (each reaching a replication of five samples only during the 19th
century) than the four southern ones, for which the initial dates vary between 1561 (SUN) and 1727 (BAK)
(Table 1). Similarly, the mean sample length is shortest in TWE in Alaska (73 years) and longest in BAK in
Montana (177 years). First‐order autocorrelation of the detrended MXD chronologies was significantly higher in
the south (0.30–0.48) than in the north (0.00–0.27), likely reflecting the age difference between the two groups.
Mean interseries correlation (Rbar) is typically higher in the north (0.22–0.42 vs. 0.09–0.23) and the EPS of all
site chronologies exceeds the commonly utilized value of 0.85 (Wigley et al., 1984) by 1894 at the latest (Figure
S2 in Supporting Information S1), indicating sufficient quality over the common period with instrumental data.

Moving correlations with April–September mean temperatures, the target used in Briffa et al. (1998), reveal
slightly higher values for MonostarALL compared to MonostarOLD (Figures 2a and 2c) but overall similar
patterns and periods of significance. For the southern part of the transect, the correlation mean and correlations for
all sites (Figure S3 in Supporting Information S1) decrease toward the end of the 20th century and become
temporarily insignificant (p < 0.05). Also, correlations across the full period (1893–2020) are higher for Mon-
ostarALL on average and for most single sites with the largest difference for MAC and SUN (Figure S4 in
Supporting Information S1). However, the decrease in correlation at BEL is even stronger when using all samples
instead of the old subset. Results for the Briffa et al. sites differ between the northern and the southern groups.
Their MXD chronologies consistently show weaker correlations to April–September mean temperatures in the
north, and similar correlations as the Monostar data sets in the south during the common period of all data sets
(1893–1983). Residual trends within the two regions (Figures 2b and 2d) are similar among MonostarALL and
MonostarOLD with increasingly negative residuals from the 1970s onwards. RT differences between the
Monostar data sets are minor before the end of the Briffa chronologies in 1983 and RT is more negative for
MonostarOLD in the north (− 0.97 vs. − 0.86) and less negative in the south (− 0.66 vs. − 0.74) for the subsequent
period (1984–2020). The RMSE of MonostarALL is lower for the north than the south (0.32 and 0.94 vs. 0.40 and
1.05) and all values are slightly lower than the respective results with MonostarOLD for both periods. From 1951
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to 1983, the Briffa et al. (1998) residuals decline more strongly in the north with a substantially higher RMSE than
MonostarALL and OLD (0.66 vs. 0.32 and 0.33), while showing a sharp increase toward the end in the south.
Overall, the strongest results regarding highest correlation strength and stability, weakest RT, as well as lowest
RMSE are achieved with MonostarALL, which is therefore used for further analysis.

3.2. Selecting Optimal Temperature Parameters and Detrending Versions

Moving correlations between MXD chronologies and instrumental temperatures are slightly higher for Tmax than
Tmean in both the north and south (Figures S5a and S5c in Supporting Information S1). The gap between Tmax and
Tmean correlations is overall larger in the first half of the 20th century, especially for NKL, CNY, and PIK (Figure
S6 in Supporting Information S1). RMSE values are lower for Tmax than Tmean in both regions (0.70 vs. 0.72 in the
north, 0.74 vs. 0.81 in the south) (Figures S5b and S5d in Supporting Information S1), highlighting Tmax as the
more suitable calibration target for higher‐frequency variability. To exclude potential biases due to gridded data
set selection, the results were additionally calculated for CRU TS temperatures (Figure S7 in Supporting In-
formation S1), indicating notably stronger moving correlations for Berkeley Earth in the north and very similar
results in the south.

Utilizing signal‐free age‐dependent spline detrending (SF ADS) (Melvin & Briffa, 2008) instead of Hugershoff
functions (Figure 3) leads to only slightly stronger moving correlations but strongly improves both RT (− 0.9 vs.
− 1.49 in the north, − 0.38 vs. − 1.14 in the south) and RMSE values (0.41 vs. 0.70 and 0.37 vs. 0.74, respectively)
by increasing consistency between the trends of MXD and target Tmax. Single sites (Figure S8 in Supporting
Information S1) demonstrate a similar shift in trend and again only marginal improvement in interannual
coherence. CNY, SUN, and BEL show the greatest improvement in terms of trend and CNY, BAK, and BEL in
terms of RMSE.

Figure 2. Centered 31‐year moving correlations (a, c) and 10‐year smoothed residual trends (b, d) between regional
April–September mean temperatures and Hugershoff detrended MonostarALL, MonostarOLD, and Briffa et al. (1998)
chronologies. All chronologies were scaled from 1893 to 1950. Thin lines refer to single sites and solid lines to group means.
RMSE and linear residual trends (RT) in ◦C are calculated over the 1951–1983 common period and the 1984–2020 recent
period (dashed lines in panels b and d). Vertical dashed lines indicate the final years covered by the Briffa et al. (1998) sites.
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3.3. Variations in Optimal Target Seasons

To test the effect of varying seasonality on divergence, first‐difference detrended Tmax and MXD timeseries were
correlated for various combinations of current year spring and summer months across the whole period
(1894–2020; Figure 4). Correlations were strongest for May–August for the three northernmost sites and BAK,
July–August for CNY, PIN, and SUN, and August only for PIK and BEL. These optimum season correlations are
highly significant for all sites (p < 0.001) and range from 0.64 (BEL) to 0.76 (SUN). Correlations for the original
April–September season ranged from 0.40 (BEL) to 0.67 (NKL) and differences between April and September
and optimum seasons were larger for the northern and southern ends of the transect than for intermediate sites.
Mean correlations across all sites are slightly higher for first‐differenced compared to non‐transformed versions
and are highest for the May–August season (Figure 4j).

Applying site‐specific optimum seasonal windows enhances coherence for regional averages (Figures 5a and 5c)
and all single sites (Figures S4 and S9 in Supporting Information S1) and yields continuous significant (p < 0.05)
mean moving correlations also for the southern part of the transect (Figure 5c) where the April–September version
temporarily declined and became non‐significant toward the end of the 20th century. Choosing individual
windows for each site compared to the Briffa et al. (1998) April–September season also eliminates a large part of
the residual trend between MXD and target temperatures. Specifically, RT values become less negative, changing
from − 0.90 to − 0.33 in the north and from − 0.38 to − 0.12 in the south (Figures 5b and 5d). Compared to the fixed
April–September window, the RMSEs are further minimized and limited to 0.25 in the north and 0.36 in the south
when optimum season temperatures are applied.

3.4. Regional Composites and Drought Impacts

Combining the five northern sites into a single regional data set and correlating and scaling it against larger‐scale
regional temperature data further enhances interannual coherence. Correlations are highly significant (p < 0.001)
across the entire region from Central Alaska to Northern British Columbia (Figure 6c) with May–August as the
strongest target season (r = 0.76; Figure 6a). Moving correlations (Figure 6b) are continuously stronger for the

Figure 3. Centered 31‐year moving correlations (a, c) and trends of 10‐year smoothed residuals (b, d) calculated between
regional April–September maximum temperatures and Hugershoff or signal‐free age‐dependent spline (SF ADS) detrended
MXD chronologies. All chronologies were scaled from 1893 to 1950. Thin lines refer to single sites and solid lines to group
means. RMSE and linear residual trends (RT) in ◦C are calculated over the 1951–2020 period.
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composite than for the simple site mean, representing the approach originally used by Briffa et al. (1998), apart
from a short period during the 1970s. The regional instrumental temperatures (Figure 6e) have risen more sharply
in recent decades compared to the single grid point mean (Figure 6d), but the scaled MXD composite closely
tracks this warming, producing an almost horizontal residual trendline (Figure 6f; RT = − 0.09). Merging the four
southern sites similarly minimizes trend divergence and even creates a slightly positive residual trend (Figure 6l),
indicating that temperatures derived from MXD are higher than instrumental temperatures toward the end of the
investigated period. However, the composite residuals show a striking negative peak in the late 1980s, which does
not exist in the site mean. Also, correlations with August Tmax (Figure 6g) are weaker than for the site mean and
April–September is the overall strongest season for the southern composite. The decline in correlation since the
1960s is also amplified in the south when using the regional composite, resulting in a non‐significant (p < 0.05)
period during the 1980s and 1990s. Single‐site correlations for equally long early and late periods (1894–1957
and 1957–2020) demonstrate that this decline in the south is not the result of a shift in seasonality, but occurs
rather uniformly across months and seasons (Figure S10 in Supporting Information S1).

Figure 4. Correlations between first‐differenced site chronologies and maximum temperatures for warm‐season months and seasons from 1894 to 2020 (a–i). Maps show
spatial first‐differenced correlations of the strongest season for each site. ( j) Mean correlations for original (light gray) and first‐differenced (dark gray) data.
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Periods of reduced soil moisture may provide an explanation for this loss in sensitivity. For the southern com-
posite, droughts around 1960 as well as in the 1980s (Trenberth et al., 1988) and 2000s (Piechota et al., 2004)
correspond to large negative residuals between MXD and Tmax (Figure 7a). Accordingly, residuals between MXD
and Tmax are strongly and increasingly correlated with regional PDSI, concurrent with declining coherence be-
tween MXD and Tmax (Figure 7b). Spatial correlations between MXD‐Tmax residuals and PDSI sharply increased
during the 1961–2020 period (Figure 7d) compared to 1901–1960 (Figure 7c) and now cover large parts of the
western and central US.

4. Discussion
4.1. Effects of Data Set and Site Selection

The residual trends of the Briffa sites align surprisingly well with those of the two Monostar data sets, considering
the largely different sampling locations. Potential end‐effects (Sullivan et al., 2016) that occur as a sharp increase
toward the southern Briffa record's final year of 1983 (Figure 2d) may arise from the applied detrending. Weaker
interannual coherence with temperatures for the northern Briffa sites likely results from them being sampled at a
lower elevation than the Monostar sites (Table S1 in Supporting Information S1). No climate records exist from
the exact Briffa locations, but average temperatures at those northern sites are likely 1–5◦C higher, considering
elevational differences of 221–822 m (except for MAC, which is at similar elevation as the closest Briffa site but
more than 600 km further north) and an assumed average lapse rate of 0.6◦C per 100 m, and they are therefore in
an environment where growth is less limited by temperature (Hartl et al., 2022; Salzer et al., 2009). In this context,
these lower‐elevation Briffa sites might have experienced declining temperature control under rapidly warming
climate conditions of the recent decades, along with potential treeline moving upslope (Büntgen et al., 2022;
Liang et al., 2026). This effect has recently been demonstrated for blue intensity data from the Yukon, where a
group of high‐altitude locations within a dense network of sites provided substantially stronger temperature
signals than those further from treeline (Reid et al., 2025). In the south, the Briffa sites were sampled at a similar
elevation as the Monostar sites, and a potential adverse effect of lower replication is masked by generally stronger

Figure 5. Centered 31‐year moving correlations (a, c) and 10‐year smoothed residual trends (b, d) between regional
April–September and optimum season maximum temperatures and signal‐free age‐dependent spline detrended MXD
chronologies. All chronologies were scaled from 1893 to 1950. Thin lines refer to single sites and solid lines to group means.
RMSE and linear residual trends (RT) in ◦C are calculated over the 1951–2020 period.
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results of their Electric Lake site compared to our neighboring BEL site (Figure S3 in Supporting Information S1),
despite the latter being located 200 m higher. Potential explanations might be related to slightly different mi-
croclimates, slope gradients and aspects, or soil depths (Fritts, 1976; Klesse et al., 2018; Stage, 1976) limiting the
temperature response of tree growth at BEL during warm summers. However, this cannot be stated conclusively
because the coordinates of Electric Lake documented in the International Tree‐Ring Databank (ITRDB) might be
inaccurate and do not match the recorded elevation.

Overall slightly stronger correlations with temperature for moving windows (Figures 2a and 2c) and the complete
period (Figure S4 in Supporting Information S1) as well as lower RMSE (Figures 2b and 2d) for MonostarALL
compared to MonostarOLD suggest beneficial effects of increasing sample replication, possibly related to using
trees of different sizes and age classes. The “classic” sampling approach focusing on a limited subset of oldest
trees (Nehrbass‐Ahles et al., 2014) may lead to a subset that is not representative of the entire population,

Figure 6. Correlations of the northern single sites means (green) and regional composites (brown) (1894–2020) (a). 31‐year
moving correlations (b) and spatial correlations (1894–2020) (c) as well as 10‐year low‐pass filtered, scaled (1893–1950)
MXD chronologies and target temperatures (d, e) and resulting residuals (f) for the season of highest correlation. RMSE and
linear residual trends (RT) in ◦C are calculated over the 1951–2020 period. Black borders in maps denote the grids from
which instrumental temperatures were extracted. Panels (g–l) show the same data for the southern sites.
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potentially introducing biases when analyzing climate‐growth relationships (Bowman et al., 2013). However,
including a large number of young samples, TWE being the most notable example in our transect (Figure S2 in
Supporting Information S1), also increases the risk of removing part of the warming‐induced positive trend by
introducing or amplifying the segment‐length curse (Cook et al., 1995). Although our RT results are ambiguous
between MonostarALL and MonostarOLD and show no direct evidence of this effect (Figures 2b and 2d and
Figure S3 in Supporting Information S1), we acknowledge a potential tradeoff between incorporating trees of all
ages and optimally capturing the recent warming trend, the extent of which is also dependent on the applied
detrending method.

4.2. Effects of Instrumental Target and Detrending Method Selection

While Briffa et al. (1998) used Tmean as their calibration target, several more recent studies across WNA (King
et al., 2024; Seftigen et al., 2022; Wilson et al., 2014; Wilson & Luckman, 2003) showed that their TR data
aligned better with Tmax, both interannually and in terms of trend. These observations are confirmed by stronger
Tmax correlations with our MXD data for both parts of our transect (Figures S5a and S5c in Supporting Infor-
mation S1) and all sites along the Rocky Mountains (Figures S4 and S6 in Supporting Information S1). While
speculative, this pattern could be related to the stronger association of Tmax with solar irradiation (G. G. Campbell
& Vonder Haar, 1997) and its inverse relationship with cloud cover (Portmann et al., 2009), which is corroborated
by independently recorded instrumental data from WNA (Figure S11 in Supporting Information S1). Light
availability as an additional limiting factor (Fritts, 1976) has been suggested to be an influence at some high
latitude locations, that is, in our northern group (Stine & Huybers, 2014). Stronger coherence between MXD and
Tmax than Tmean appears to be a persistent feature of our sites in continental WNA across both space and time. An
additional impact of recent trend changes between the temperature parameters and reduced daily temperature
ranges as suggested by Wilson and Luckman (2003) for southern British Columbia is not reflected in our data.
Conversely, some of our individual sites (Figure S6 in Supporting Information S1) even indicate a stronger offset

Figure 7. Effect of droughts on MXD temperature signals of the southern composite with MXD‐Tmax residuals (black bars),
regional PDSI (colored areas) and major droughts of the last 120 years (gray rectangles) (a), 31‐year moving correlations
(centered) between MXD and Tmax as well as between MXD‐Tmax residuals and PDSI (b) and spatial correlations (colors
according to horizontal bar) between MXD‐Tmax residuals and PDSI for the 1901–1960 (c) and 1961–2020 periods (d) with
black borders in maps denoting the grid from which instrumental temperatures and PDSI were extracted.
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in correlation of Tmean and Tmax with MXD during the early and middle parts of the 20th century rather than
the end.

The trends of the MXD chronologies produced by SF ADS are substantially more similar to the instrumental
temperature trend than the original Hugershoff version (Figure 3 and Figure S8 in Supporting Information S1). In
contrast, a weak influence of detrending method selection on coherence results is not surprising, considering the
inherent trend removal when calculating moving correlations. The Hugershoff method has been widely
considered suitable for density proxies due to its ability to track the typical trend of an initial increase followed by
a logarithmic decline (Rydval et al., 2014; Schweingruber & Briffa, 1996). However, it evidently fails to
adequately emphasize mid‐frequency variation that may be linked to the recent warming. The SF ADS version
applied here is more likely to avoid such a loss of warming signal in tree‐ring data, provided that positive slopes of
the age‐dependent spline, as a data‐adaptive method, are constrained. A non‐increasing ADS without signal‐free
as available from ARSTAN produces intermediate results (Figure S12 in Supporting Information S1). The change
in the detrending curve considerably enhances the fit with the instrumental temperature trend (Wilson et al., 2019)
without causing an unnatural increase in amplitude compared to the earlier parts of the investigated period
(McPartland et al., 2020; Pearl et al., 2017). While simply adjusting the standardization method does not
completely “solve” the issue of divergence, detrending effects represent a crucial factor in the assessment of trend
offsets.

4.3. Effects of Target Season Selection

The optimal seasons for dendroclimatic calibration vary significantly among regions and tree species (Hwangbo
et al., 2025; Wilson et al., 2016). A comparatively long period (April–September) was used by Briffa et al. (1998)
to include two distinct response peaks in early and late summer, which had been identified in former density
network analyses (Björklund et al., 2017; Briffa et al., 1988, 1992). Stronger climate signals in MXD are
frequently observed for seasons of two to 4 months (Esper et al., 2016) or even a single month (Edwards,
Anchukaitis, et al., 2025; Torbenson et al., 2025; Trouet et al., 2018), which can, however, be more temporally
unstable, as seasonal response changes over time. Overall, spatial trends of correlation strength in our data
indicate a latitudinal shift southward from longer to shorter optimum target seasons for MXD calibration
(Figure 4), a pattern also found in LWBI data from the Western US (Heeter et al., 2021). Among other effects
(Heeter et al., 2021), this might be related to shorter growing seasons and steeper temporal gradients of solar
radiation at higher latitudes (Linderholm, 2006). Thus, interannual temperature differences during spring and
early summer may exert a greater influence on latewood formation in the northern half of the transect. Such
conditions can be particularly impactful in the context of the complex interplay with snow melt (Kirdyanov
et al., 2003; Mu et al., 2025) as well as soil thawing (Chen & Jeong, 2024), and their respective effects on tree
growth. July and August are comparably crucial at the northern sites while August is clearly the most influential
month for latewood formation in the south. However, a comparison of the first and second half of the investigated
period (Figure S10 in Supporting Information S1) reveals that correlations with spring and early summer and thus
April–September temperatures have also decreased in the north, indicating that the season used by Briffa
et al. (1998) was more relevant under pre‐divergence (or pre‐warming) conditions than it has been since the
1960s. Meanwhile, correlations with July, August, and July–August temperatures have remained stable or even
increased. The southernmost BEL site indicates the most striking example of a “midsummer decline” in corre-
lation, as observed by Björklund et al. (2017). Although the reasons for such bimodal correlation patterns have not
been conclusively identified (Maxwell et al., 2025), a simple explanation might be that midsummer temperatures
in these regions are warm enough in virtually every year and do not represent a growth‐limiting factor (Büntgen &
Esper, 2024). Instead, heat and the resulting higher evapotranspiration may temporarily impair growth even at the
upper treeline, particularly in semi‐arid environments such as the Mediterranean (Römer et al., 2021) but also
parts of the Western US (Elliott et al., 2020). Spatially, areas of significant correlation with temperature sur-
rounding the nine sites encompass the entire length of the Rocky Mountains when the optimal season of highest
correlation is considered and first‐differencing is applied (Figure 4). Optimum seasons not only notably reduce
divergence in high‐frequency coherence but also in trend. Since the seasonal windows were derived from time
series free of any trend after first‐differencing, these improvements do not merely result from our methodology
but indicate that the trends of our MXD data better match temperature trends during seasonal windows of highest
sensitivity to interannual growth variability.
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4.4. Regional Composites and Effects of Drought

The results for the northern part of the Rocky Mountain transect suggest that combining data into regional
composites may also help mitigate non‐stationarity in climate‐growth relationships (Figures 6a–6f) in this region
characterized by substantial spatial homogeneity in climate and tree growth patterns (Anchukaitis et al., 2013;
D'Arrigo et al., 2009). Composite tree‐ring and climate data may be less impacted by site‐specific characteristics
such as the negative outlier in MXD of 1959 at NKL, which was caused by an intense cold snap in late summer
(Kunz et al., 2025; Leland et al., 2025), providing a more representative assessment of regional growth responses.
Following this approach, divergence is virtually nonexistent in the north regarding both coherence and trend
(Figures 6b and 6f), similar to Anchukaitis et al.'s (2013) results from the Firth River near MAC and an update
from the same site based on anatomical MXD (Edwards, Anchukaitis, et al., 2025). More recent studies across
NWNA have demonstrated the advantages of regional composites in combination with blue intensity data (Reid
et al., 2025; Wilson et al., 2017, 2019).

The decoupling of interannual growth response and long‐term trends in the south is not necessarily contradictory.
While counterintuitive, it may be related to a general increase in wood density and simultaneously reduced
temperature sensitivity, both caused by a larger offset between potential and actual treeline under recent warming
(Büntgen et al., 2022). Droughts in the second half of the 20th century were identified as a driver of decreasing
interannual temperature response of our southern sites while growth seems to have been less impaired by the
“Dust Bowl” drought of the 1930s (Cook et al., 2009). Increasing aridity toward the southern edge of the Rocky
Mountains (Beck et al., 2018), again in combination with the complex growth dynamics related to the regionally
different upward shift of treeline and its dependence on moisture availability (Lu et al., 2025), may have
weakened the relationship between MXD and temperature. This trend is particularly striking for BEL and to a
lesser extent for BAK and PIK (Figure S13 in Supporting Information S1), and consistent with recent results from
high‐elevation pines in New Mexico (Edwards, Tintor, et al., 2025). This situation may be aggravated by an
earlier loss of snowpack due to warmer spring temperatures (Hale et al., 2023; Siirila‐Woodburn et al., 2021), an
effect which would be most relevant for the southern sites. Although MXD is commonly considered a strong
proxy for summer temperatures, drought effects on density have been observed not only at low‐elevation sites,
where growth is typically controlled by moisture availability (Akhmetzyanov et al., 2023), but also in generally
temperature‐limited sites at upper‐treeline locations (De Mil et al., 2024; Römer et al., 2021; Trouet, 2014), even
at high latitudes (Kunz et al., 2025). While MXD from our southern composite was strongly positively correlated
with Tmax for most of the 20th century, TRW of the same trees was negatively correlated with previous‐year
summer temperature throughout the entire investigated period (Figure S14b in Supporting Information S1).
This relationship has become stronger in recent decades while TRW‐correlations with PDSI and precipitation
turned significantly positive in the 1970s, hinting at increased drought stress (Griesbauer et al., 2021). Similar
observations have been made for the Pyrenees, which represent a comparable environment on the European
continent (Diego Galván et al., 2015). Contradictory sensitivities of TRW and MXD to temperature and pre-
cipitation are not unheard of (Esper et al., 2020; Klippel et al., 2017). However, while the exact physiological
processes contributing to MXD are still under debate (Björklund et al., 2019), insufficient water supply during
early growing season, reducing photosynthesis rates and carbohydrate accumulation, may also negatively impact
the density of latewood cells (Björklund et al., 2017; Kienast et al., 1987). This effect may counteract the potential
of MXD to capture temperature variability in such years (Cleaveland, 1986; Yang et al., 2023). Such a reduction
in signal might be amplified during longer drought periods with several consecutive years of below‐average soil
moisture. Growing season precipitation at our two southernmost sites is likely linked to the timing and intensity of
the North American monsoon (Birch et al., 2024), which may in turn be related to ENSO (Cayan et al., 1999),
further increasing the likelihood of strong precipitation anomalies and thus extensive dry spells. However, such
questions regarding the interplay between functional traits, tree growth, circulation patterns, and climate response
are complex (Björklund et al., 2017; Camarero, 2019) and cannot be conclusively answered with our data.
However, an increasing frequency of hot droughts, represented by stronger negative correlations between Tmax

and PDSI (King et al., 2024), may further obscure interannual temperature signals, even of high‐elevation sites,
across this part of the WNA. In the future, such effects may become more relevant at higher latitudes under
continued and accelerated warming.
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5. Conclusion
We have assessed maximum latewood density (MXD) responses to temperature at nine new tree‐ring sites along
the Rocky Mountains and demonstrated that tree‐ring records have generally continued to track instrumental
temperatures despite accelerated warming across the region. This result, however, rests on highly replicated MXD
data sets from near‐treeline sites, application of suitable detrending methods, and consideration of site‐specific
seasonal temperatures. While Briffa et al.'s (1998) sampling strategy provided remarkable spatial coverage,
many of their sites, particularly in NWNA, were located at elevations substantially lower than treeline, which
likely weakened their temperature sensitivity. Hugershoff‐detrending further limited the potential of their MXD
chronologies to pick up temperature increases compared to the SF ADS detrending applied in our study. Simi-
larly, whereas the focus on one target season (April–September) in Briffa et al. (1998) is a sensible approach to
integrate different latitudes and regions across the Northern Hemisphere, it inevitably neglects the fact that the
timing and length of latewood formation vary among species and sites. Correlation results, representing sensi-
tivity to interannual temperature variability, are overall stronger in the northern half of the WNA, whereas the
southern sites appear additionally affected by moisture limitations. Increasing sensitivity to hydroclimatic
changes, even at high‐elevation locations, will further complicate the selection of tree sites suitable for tem-
perature reconstruction in the future. Site selection, sampling strategy, and methodological detrending and
calibration choices must be considered not only in WNA but also in similar settings on different continents when
evaluating divergence in tree‐ring based temperature reconstructions.
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