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A B S T R A C T

Non-stationary growth responses have been identified in tree-ring width (TRW) and maximum latewood density 
(MXD) chronologies of north-west North America. Here, we present MXD and latewood blue intensity (LWBI) 
data from two areas of the Yukon Territory (YT) to explore divergent climate-growth relationships until 2021 CE 
and evaluate the underlying reasons considering different detrending methods and instrumental datasets. We 
examine divergent long-term trends and changing inter-annual signals using well-replicated chronologies inte
grating a mixture of young and mature trees. Both tree-ring parameters correlate significantly (p < 0.05) with 
May–August temperatures, but the MXD results are stronger and show less divergence in trend. Variability 
among differently detrended MXD chronologies is smaller and a signal-free version of age-dependent spline 
detrending appears to be optimal for both YT sites. Comparison of instrumental data products reveals that the 
highest and most stable correlations are achieved using the Berkeley Earth dataset. Additionally, using different 
sub-diurnal temperatures affects both trend and correlation divergence with maximum temperature consistently 
showing the strongest and minimum temperature the weakest results. We conclude that regional divergence in 
the YT is characterized by trend rather than high-frequency issues and is larger in LWBI than MXD data. Altering 
detrending methods and diurnal temperatures is of greater importance than varying instrumental data products. 
Most stationary responses are recorded when applying signal-free age-dependent spline detrending to tree-ring 
data and targeting Berkeley Earth maximum temperatures. Disregarding these methodological choices may 
amplify divergence in YT MXD and LWBI calibration models.

1. Introduction

Uniformitarianism implies a temporally stable relationship between 
environmental factors and tree growth and has been an essential prin
ciple of dendroclimatological research for many decades (Fritts, 1976; 
Wilmking et al., 2017). However, weakening climate responses of pre
viously temperature-limited sites in several regions of the Northern 
Hemisphere in recent decades (often referred to as the “divergence 
problem” (DP)) have challenged this assumption and questioned the 
value of tree-ring based climate reconstructions (Briffa et al., 1998; 
D’Arrigo et al., 2014, 2008). DP has been reported from regions thou
sands of kilometers apart in Alaska (Barber et al., 2000), Western Siberia 
(Kirdyanov et al., 2020), and Tibet (Zhang et al., 2018) whereas it has 
been less prevalent or non-existent at other sites such as in the European 

Alps (Büntgen et al., 2008). Various reasons for DP have been proposed 
including drought stress (Barber et al., 2000; D’Arrigo et al., 2004), 
“global dimming” resulting from reduced solar radiation in high lati
tudes caused by human activity (Stanhill and Cohen, 2001), or pollution 
(Kirdyanov et al., 2020; Rydval and Wilson, 2012) as well as method
ological issues (Allen et al., 2018; Esper et al., 2005; Loehle, 2009) and 
instrumental data uncertainties (Frank et al., 2007) Assessments of DP 
are complicated as different assumptions and decisions can be made 
during data treatment (Büntgen et al., 2021a; Esper and Frank, 2009). 
DP can be defined (D’Arrigo et al., 2008) as both a deviation in trend 
and/or a weakening of high-frequency covariance between instrumental 
and proxy data, two phenomena that may not be mutually exclusive 
(Büntgen et al., 2009).

An extensive amount of tree-ring width (TRW) data exists across the 
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northern and elevational tree line, allowing for regional estimates of DP. 
However, records based on maximum latewood density (MXD) 
(Björklund et al., 2019; Schweingruber et al., 1979) as the superior 
temperature proxy used in most robust temperature reconstructions 
(Briffa et al., 2001; D’Arrigo et al., 2014; Esper et al., 2020, 2016; 
Schweingruber and Briffa, 1996) are much sparser. In recent years, 
latewood blue intensity (LWBI) has been established as a more 
cost-effective surrogate for MXD (Kaczka and Wilson, 2021; McCarroll 
et al., 2002; Rydval et al., 2014; Wilson et al., 2019). Additionally, the 
Delta blue intensity parameter representing the difference between 
maximum earlywood and minimum latewood BI has been explored to 
mitigate potential low-frequency biases in raw LWBI data resulting from 
color changes of the wood surface (Björklund et al., 2014; Fuentes et al., 
2018; Reid and Wilson, 2020). One of the earliest observations of DP was 
made in the Alaskan portion of north-west North America (NWNA) 
(Jacoby and D’Arrigo, 1995) with more recent research confirming 
divergence for large parts of the region (Barber et al., 2000; Driscoll 
et al., 2005; Lloyd and Fastie, 2002; Porter and Pisaric, 2011; Wilmking 
and Singh, 2008). In the neighboring Yukon Territory (YT), the 
Twisted-Tree Heartrot Hill site was used for one of the first temperature 
reconstructions from NWNA (Jacoby and Cook, 1981), which has served 
as a striking example of a positive association between tree growth and 
temperature not only becoming weaker but even significantly negative 
in the second half of the 20th century. This has been related to tem
perature exceeding a threshold beyond which it is replaced by precipi
tation as the primary factor limiting radial tree growth (D’Arrigo et al., 
2004), an assumption which was already made for Alaska by Jacoby and 
D’Arrigo (1995). Subsequent studies in the YT found more stable 
climate-growth relationships in 1) MXD (Morimoto, 2015) and LWBI 
(Reid et al., 2025; Wilson et al., 2019) than TRW and 2) in the southern 
compared to the northern part of the region (Morimoto, 2015; Young
blut and Luckman, 2008). While the stronger performance of the 
density-based records is not surprising considering the lower impacts of 
memory effects on these proxies and their higher skill in replicating 
annual temperature variability (Esper et al., 2015), straightforward 
causes for different expressions of DP on a rather small spatial scale have 
yet to be identified.

Here, we aim to better quantify DP and its drivers by analyzing 
various factors that may cause shifts in both long-term trends and 
interannual coherence between instrumental temperatures and tree-ring 
(TR) data. While we address this differentiation whenever feasible, we 
acknowledge that the combination of these two sources may affect any 

tree-ring chronology and may not always be statistically separable. To 
first assess potential disparities between TR proxies, we present new 
TRW, LWBI, and MXD data from two white spruce (Picea glauca, Moench 
Voss.) sites across the YT, one site in the south (Canyon Lake, CNY) and 
one from the north (North Klondike River, NKL, Fig. 1a). As MXD and 
LWBI essentially measure similar wood properties (Björklund et al., 
2024, 2014), we compare respective measurements from the same trees 
and quantify differences regarding their climate signal and trends. White 
spruce is ideal for such a comparison as color changes between heart
wood and sapwood, which would affect LWBI values, are typically 
negligible in this species (Björklund et al., 2015; Reid et al., 2025; 
Wilson et al., 2019, 2017). Furthermore, we incorporate more MXD 
samples of different tree age classes to assess potential biases resulting 
from lower replication or age effects and allow data pruning as a 
simplified version of age-band decompositioning, a technique that may 
help preserve low-frequency variability (Briffa et al., 2001; Homfeld 
et al., 2024). Various detrending methods are tested to evaluate their 
effect on the magnitude of divergence estimates. A decoupling with the 
TR proxy records may also result if the instrumental data are not reli
able. Thus, we also consider differences between two widely used 
gridded datasets and identify inconsistencies in the underlying station 
records. Since regional differences in diurnal temperature ranges and 
their trends have been observed in previous research (Zhong et al., 
2023), we additionally evaluate DP by comparing maximum and mini
mum temperature with our TR data. Applying several statistical metrics, 
we systematically assess the effect of each of these potential drivers of 
DP in the YT considering shifts both in trend and interannual coherence.

2. Material and methods

2.1. Site characteristics

Core samples were collected in July of 2022 in the context of a larger 
sampling campaign, updating and extending a TRW and LWBI network 
in the southern and central YT (Reid et al., 2025; Wilson et al., 2019; 
Youngblut and Luckman, 2008). Both sites are mixed-age white spruce 
stands close to elevational tree line. NKL is located in central YT at 
64.44◦ N and 138.26◦ W at 990 m a.s.l. within the valley of the North 
Klondike River as part of the Ogilvie Mountains (Fig. 1a). Annual mean 
temperature of the area is − 7.8 ◦C and annual mean precipitation is 
345 mm (Fig. 1b; 1961–1990, Harris et al., 2020). CNY is located on a 
western slope near the eastern shore of Canyon Lake at 61.12◦ N and 

Fig. 1. Map showing the locations of study sites (trees), CRU TS 4.08 grid cells used for climate diagrams (grey rectangles) and climate stations (black dots) in the YT 
region (a). Climate diagrams for NKL (b) and CNY (c) tree sites show mean values from 1961–1990.
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136.99◦ W and 1100 m a.s.l. in the southern YT. The difference in site 
elevation reflects the latitudinal impact on local temperatures lowering 
tree line towards the north. The mean annual temperature is − 4.2 ◦C and 
precipitation 198 mm. The climate of both regions is characterized by 
large differences in mean temperature of more than 30 (CNY) or even 40 
◦C (NKL) between the coldest (January) and the warmest (July) month. 
Located on the leeward side of the St. Elias Mountains, the highest 
mountain range in Canada reaching almost 6000 m a.s.l., the southern 
part of the YT is particularly dry. Summer is much wetter than all other 
seasons with more than half of annual precipitation at both sites falling 
between June and September. All other months barely exceed 20 (NKL) 
or even 10 mm (CNY) causing a critical water deficit during the early 
growing season (Jätzold, 2000) and making the region’s forests sus
ceptible to drought stress related to climate change (Reid et al., 2022).

2.2. Sampling, measurements, and data treatment

One hundred TRW/MXD cores (2 each from 50 trees) and 31 LWBI 
cores (1 each from 31 trees) were sampled at each site with all three 
parameters being available from 25 (NKL) and 17 (CNY) trees. Whereas 
LWBI samples were only taken from mature trees, cores used for TRW 
and MXD aimed to represent a balanced age structure including young 
and old individuals. TRW data were measured using LINTAB 6 devices 
(Rinntech, Germany) and TSAP software (Rinn, 2003). To account for 
changes in fiber angle, each sample wascut into 2–4 cm long, and 
1.2 mm thin sections orthogonal to the tracheids’ longitudinal axis. 
After x-raying, 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 resulting MXD values were extracted. For LWBI, after 
being sanded to 1000 grit, samples were scanned at 3200 dpi using an 
Epson V850 pro scanner and SilverFast software. LWBI data were ob
tained in CooRecorder software (Cybis Elektronik and Data AB, Swe
den). All measurements were crossdated using TSAP (TRW, MXD) and 
CDendro (LWBI) (Cybis Elektronik and Data AB, Sweden) software, with 
final validation using Cofecha (Holmes, 1983). To evaluate the effect of 
detrending choice on climate signals, several methods were performed 
in ARSTAN (Cook, 1985; Cook et al., 2017a) and RCSsigFree (Cook 
et al., 2017b) programs including a negative-exponential curve (NegEx), 
a simple age-dependent spline (ADS, (Melvin et al., 2007)), and an ADS 
within the signal-free framework (SF), constraining a positive slope of 
the spline. The objective of SF is to account for trend distortion biases 
due to climate forcing by removing these common signals from raw 
series before iteratively estimating the detrending curve (Homfeld et al., 
2024; Melvin and Briffa, 2014, 2008). In addition, raw MXD series were 
pruned to a window of equal biological age to suit the regional curve 
standardization (RCS) detrending approach (Briffa et al., 1992; Cook 
et al., 1995; Esper et al., 2003) which aims to mitigate biases introduced 
by age effects in TR data (Esper et al., 2016) and may be a promising 
approach to address this potential driver of DP (Briffa et al., 2001; 
Homfeld et al., 2024; Römer et al., 2021). The time span between 31 and 
120 years was found to avoid distortions caused by juvenile growth 
while maintaining a minimum replication of over 20 series since at least 
1900. In addition to classic RCS, the pruned datasets were subsequently 
detrended using the SF RCS variant that has seen increasing popularity 
in recent years and is designed to combine the advantages of SF and RCS 
aiming to preserve a maximum amount of potential temperature vari
ance (Homfeld et al., 2024; Shi et al., 2020; Zhang et al., 2016).

2.3. Climate-growth relationship and divergence assessment

Since the selection of the instrumental calibration target can have a 
significant impact on proxy-based climate reconstructions (Frank et al., 
2007), we used mean (Tmean), maximum (Tmax), and minimum tem
perature (Tmin) data from the closest single grid cells from both sites 
(Tab. S1) of the gridded Berkeley Earth Surface Temperature (BEST, 

Rohde and Hausfather, 2020) and Climate Research Unit (CRU, version 
4.08, Harris et al., 2020) products while also considering information 
from individual stations. To investigate potential effects of limited water 
availability, CRU TS precipitation and self-calibrated Palmer Drought 
Severity Index (scPDSI, Wells et al., 2004) were used. For the common 
period of 121 years (1901–2021), we divided the interval into two 
halves. TR chronologies were scaled (Esper et al., 2005) to instrumental 
data of the first half (1901–1960) by adjusting their means and standard 
deviations accordingly to display and emphasize any potential 
non-stationary responses in the second half (1961–2021). Strength and 
stability of the relationship between instrumental and proxy data were 
determined using several metrics. These include the range of scaled TR 
chronologies in ◦C to illustrate the amount of temperature variation 
captured. Root-mean-squared deviations and linear regression slopes of 
residuals between proxy and target were calculated to assess both the 
overall difference between the two respective timeseries and its trend 
serving as a measure of low-frequency divergence. Bootstrapped sta
tionary and 31-year moving window correlations function as measures 
of strength of climate-growth relationships and their change over time. 
Analyses were conducted using R version 4.3.2. (R Core Team, 2023) as 
well as “dplR” (Bunn, 2008), “treeclim” (Zang and Biondi, 2015), and 
“dendroTools” (Jevšenak and Levanič, 2018) packages.

3. Results

3.1. Tree-ring parameter comparison

We present new TRW and MXD measurements from 100 living white 
spruce trees from two sites, both of which are at least 200 years old. 
These partially overlap with two sites sampled for the Yukon LWBI 
network (Reid et al., 2025). All three tree-ring parameters were 
measured from a subset of 25 (NKL) and 17 (CNY) trees. Despite the 
limited sample replication in these comparisons, EPS values for all 
proxies exceed the accepted common signal threshold of 0.85 (Table 1, 
Wigley et al., 1984) prior to 1901, marking the beginning of our 
climate-growth analysis period. In accordance with prior research, 
first-order autocorrelation (AR1) and rbar are higher for TRW compared 
with MXD and LWBI at both sites. However, there are also differences 
between the two wood density-based proxies, with LWBI showing a 
higher AR1 (0.73 (NKL) and 0.69 (CNY) vs. 0.45 and 0.35) and similarly 
a higher rbar (0.46 and 0.56 vs. 0.19 and 0.33) than MXD. After 
detrending (ADS), LWBI retains a higher AR1 across both sites (0.39 and 
0.30 vs. 0.31 and 0.20), however, rbar is identical at NKL and even 
slightly higher for MXD at CNY (Table 1). This is also reflected in the raw 
(Fig. S1a) and age-aligned mean curves (Fig. S1b) of both sites with 
LWBI, similarly to TRW, showing a marked decline with time and age. 
Conversely, MXD values decline less over time and show greater inter
annual variability, especially at NKL. Given these growth trends, ADS 
detrending was found suitable for initial comparisons. Tmax has been 
deemed the optimal calibration parameter for MXD and LWBI records 
from Western North America in numerous studies (Heeter et al., 2021; 
King et al., 2024; Reid et al., 2025; Seftigen et al., 2022; Wilson et al., 
2019), which is confirmed here with our sites showing higher correla
tions compared with Tmean across proxies and periods (Figs. S2–5). 
These results were stronger when using BEST rather than CRU data for 
both sites and in almost all months and seasons. Accordingly, BEST 
Tmax data were used for most of the following analysis.

Correlations between TRW and Tmax are negative for both sites 
(Fig. S6, r = -0.37 at NKL and − 0.33 at CNY, p < 0.05) for previous 
summer (JJA) and weakly positive (CNY) or insignificant (NKL) for 
current summer (Fig. 2). In contrast, MXD chronologies derived from the 
common subset series are strongly correlated with temperature 
(1901–2021) peaking in July at NKL and in August at CNY (Fig. 2a, c, 
r = 0.57 for both sites). Results for seasonal May–August (MJJA) tem
peratures are similarly robust (NKL r = 0.63, CNY r = 0.61), with 31- 
year moving correlations for this season remaining significant 
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(p < 0.05) throughout the entire period. LWBI correlation values, while 
also significant for July, August, and MJJA, are consistently weaker 
(MJJA: NKL r = 0.47, CNY r = 0.49) and moving windows reveal that 
this gap between MXD and LWBI opened in the 1950s after both proxies 
exhibited similar correlations during the first half of the 20th century 
(Fig. 2b, d). This is particularly evident at CNY where LWBI correlations 
sharply decrease between 1950 and 1970, becoming insignificant for 
over a decade, which corresponds to a marked decline in TRW corre
lations. Differences between MXD and LWBI are reduced when June
–August (JJA) instead of MJJA temperatures are used but MXD results 
generally remain stronger, especially for CNY (Figs. S2–5). Since MXD 
and LWBI correlations are overall higher with MJJA than JJA, except for 
NKL LWBI in the first half (1901–1960) of the investigated period, MJJA 
was utilized for all further comparisons.

Scaling the chronologies to instrumental data of the 1901–1960 

period to highlight trend divergence (Fig. 3) indicates a notable offset 
between MXD or LWBI and temperature after the 1970s (CNY; Fig. 3e, f) 
or 1980s (NKL; Fig. 3b, c). This divergence is stronger for LWBI at both 
sites, indicated by higher root-mean squared deviation (RMSD) between 
proxy and temperature and lower total change (TC) values of corre
sponding residual trends. Following declines in MXD and LWBI values in 
the 1990s and early 2000s at both sites, both proxies began to recover in 
recent years narrowing the gap with instrumental temperature. First- 
differencing MXD, LWBI, and temperature time series to remove any 
lower-frequency trends strongly reduces RMSD differences for both sites 
and moving correlation differences for NKL between the two tree-ring 
proxies (Fig. S7). However, correlations are still higher and more sta
ble with MXD for CNY. Given that MXD outperforms LWBI across all 
metrics, we focus on this parameter for subsequent analyses.

Table 1 
Descriptive statistics of TR datasets including sample replication (Rep.), mean segment length (MSL), first-order autocorrelation (AR1), interseries correlation (Rbar), 
and expressed population signal (EPS) for raw and age-dependent spline detrended series.

NKL Proxy Period Rep. MSL AR1 raw Rbar raw EPS raw AR1 ADS Rbar ADS EPS ADS

common subset TRW 1793–2021 25 158 0.85 0.70 0.98 0.55 0.35 0.93
​ MXD 1795–2021 25 155 0.45 0.19 0.86 0.31 0.24 0.89
​ BI 1793–2021 25 156 0.73 0.46 0.95 0.39 0.24 0.89
all samples TRW 1793–2021 100 125 0.80 0.36 0.98 0.55 0.27 0.97
​ MXD 1795–2021 100 118 0.41 0.20 0.96 0.27 0.23 0.97
​ BI 1772–2021 31 162 0.75 0.50 0.97 0.38 0.23 0.90
CNY Proxy Period Rep. MSL AR1 raw Rbar raw EPS raw AR1 ADS Rbar ADS EPS ADS
common subset TRW 1833–2021 17 160 0.77 0.48 0.94 0.46 0.46 0.93
​ MXD 1835–2021 17 155 0.35 0.33 0.89 0.20 0.35 0.90
​ BI 1825–2021 17 155 0.69 0.56 0.96 0.30 0.28 0.87
all samples TRW 1822–2021 100 130 0.72 0.35 0.98 0.46 0.37 0.98
​ MXD 1820–2021 100 120 0.37 0.26 0.97 0.25 0.30 0.98
​ BI 1825–2021 31 159 0.72 0.60 0.98 0.31 0.28 0.92

Fig. 2. Pearson correlation coefficients for NKL (a, b) and CNY (c, d) TR proxies and monthly and seasonal BEST Tmax (a, c) over the full calibration period from 
1901–2021 and (b, d) 31-year moving windows considering May–August temperatures. Dashed lines are significance thresholds for p < 0.05. Numbers are arith
metic means (xˉ) and standard deviations (σ) of moving-correlation coefficients and dashed lines are p < 0.05 significance thresholds.
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3.2. Detrending method comparison

Utilizing the highly replicated MXD dataset of mixed-age trees 
instead of the common subset used for the proxy comparison slightly 

increases correlation with MJJA Tmax when again applying ADS 
detrending (NKL r = 0.66, CNY r = 0.67, Fig. 4c, g). Incorporating four 
additional detrending methods yields only minor variations in both 
trend and correlation. However, SF ADS produces the strongest results 

Fig. 3. Scaled (1901–1960) TRW, MXD and BI chronologies from NKL (a–c) and CNY (d–f) shown together with BEST May–August Tmax anomalies from 1901–1960 
(thin curves) and 15-year low-pass filters (bold curves). Bar plots show annual residuals between TR and instrumental data with numbers denoting root-mean square 
deviations in ◦C (RMSD) and total changes (TC) derived from linear regressions (dashed lines) from 1901–2021. Residuals were calculated by subtracting instru
mental from proxy temperatures.

Fig. 4. 15-year low-pass filters of scaled (1901–1960) MXD chronologies for five detrending methods shown together with BEST May–August Tmax anomalies (a, e). 
Corresponding bar plots (b, f) show annual residuals between the detrending version (SF ADS = signal-free age-dependent spline) with the lowest root-mean square 
deviation (RMSD) and instrumental data. Numbers denote RMSD in ◦C and total changes (TC) from linear regression (dashed lines) from 1901– 2021. Grey and black 
bars (c,g) are Pearson correlations with Tmax (1901–2021) for five detrending methods (ADS = age-dependent spline, NegEx = negative exponential function, SF 
ADS, RCS = regional curve standardization, SF RCS = signal-free RCS). (d) and (h) show 31-year moving-window correlations with Tmax for detrending methods 
with the highest (SF ADS) and lowest (NegEx) full-period correlations as shown in (c) and (g). Numbers are arithmetic means (xˉ) and standard deviations (σ) of 
moving-correlation coefficients and dashed lines are p < 0.05 significance thresholds. Upper panel shows results for NKL, lower panel for CNY.
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across all metrics indicated by lower RMSD, less negative TC (Fig. 4b, f), 
and higher correlations with instrumental temperature at both sites 
(Fig. 4c, g). SF RCS (NKL) as one of the methods utilizing the pruned 
datasets and NegEx (CNY) show the weakest correlation results. Dif
ferences in moving correlation patterns between the detrending 
methods are again rather minor and primarily occur in the NKL data 
(Fig. 4d) during the period of strongest trend mismatch between proxy 
and instrumental temperature from the 1980s to the 2000s (Fig. 4a).

3.3. Instrumental target comparison

Both BEST and CRU gridded datasets display a long-term warming 
trend across the Yukon that accelerates in the second half of the inves
tigated period (Fig. 5a, e, Fig. S8). However, they repeatedly show trend 
offsets on shorter timescales, with the CRU dataset reporting warmer 
maximum temperatures during the 1900s and 1910s and BEST showing 
a faster increase in recent decades, especially at CNY. Annual residuals 
between BEST and CRU repeatedly exceed 0.5 ◦C after 1990 and show a 
distinct positive trend, indicating that the gap between the two datasets 
has been widening (Fig. 5e, f). According to BEST, 2004 is the warmest 
May–August period for both NKL and CNY, while CRU reports 1989 as 
warmer at CNY (Fig. S8). MXD aligns more closely with the BEST data 
for NKL resulting in a lower RMSD, however, due to stronger BEST 
warming since the 1960s at CNY, RMSD is lower for CRU at this site. 
Still, MXD correlations are higher with BEST than CRU Tmax at both 
sites (NKL: 0.69 vs. 0.61, CNY: 0.70 vs. 0.64, Fig. 5c, g). Moving-window 
correlations are also continuously higher and more stable with BEST 
which is particularly evident at NKL between the 1940s and 1970s 
(Fig. 5d, h), a period centered around a striking low-density anomaly in 
1959 more than four standard deviations below the chronology mean.

Long-term trends of temperature variables are overall consistent 
between the two sites (Fig. 6). Tmean and Tmax anomalies range be
tween 0.5 and –0.5 ◦C until the middle of the 20th century before rapidly 
rising from the 1960s to the 1990s and stabilizing around 1 ◦C since the 
2000s. Conversely, minimum temperatures are constantly increasing 
throughout the entire period, creating a gap of temporarily over 0.8 ◦C 

between Tmax and Tmin anomalies from the 1940s to the 1980s (Fig. 6a, 
e). Trends of Tmin and MXD decouple during this period with the MXD 
chronology reaching a low point while Tmin is rising. Consequently, 
correlations with Tmin are notably weaker for all metrics for the whole 
period (NKL 0.50, CNY 0.49; Fig. 6c, g) and demonstrate less stability 
over time (Fig. 6d, h). Tmean produces stronger results than Tmin across 
all metrics but is still slightly weaker than Tmax with full-period cor
relations reaching 0.62 (Tmax: 0.69) at NKL and 0.66 (Tmax: 0.70) at 
CNY.

3.4. Comparing impacts of methodological choices on trend divergence 
and correlation

Choosing MXD instead of TRW and LWBI provides the clearest 
improvement across all metrics representing trend divergence (TC), 
interannual coherence (strength and stability of correlations) or both 
(RMSD) (Figs. 2, 3). When comparing the influence of varying 
detrending methods, instrumental datasets, and diurnal temperature 
variables (Fig. 7), temperature variables show the most significant dif
ferences in most cases. Tmax yields the largest temperature range 
captured by the chronology, the flattest residual slope as a measure of 
trend divergence, and the highest and most stable correlations with 
MXD, while Tmin produces the weakest and Tmean intermediate results. 
However, Tmean outperforms Tmax in terms of RMSD at both sites. 
Among the two gridded products, BEST shows stronger correlation 
statistics at both sites, yet RMSD at CNY is smaller for CRU, likely due to 
the weaker temperature increase inherent in this dataset reducing 
divergence in trend for the most recent decades. Similarly, residual 
slopes are less negative for CRU, even creating a positive trend at CNY 
(Fig. 7h). The different detrending approaches result in similar vari
ability at both sites with SF ADS largely outperforming the four other 
methods across all metrics. Overall, the most pronounced absolute dif
ferences between the two sampling sites are observed in temperature 
range (Fig. 7a, f) and moving correlation stability (Fig. 7e, j), both of 
which are higher at NKL than CNY.

Fig. 5. 15-year low-pass filters of scaled (1901–1960) SF ADS (signal-free age-dependent spline) MXD chronologies shown together with target BEST and CRU TS 
May–August Tmax anomalies (a, e). Corresponding bar plots (b, f) show annual differences between BEST and CRU Tmax. Numbers denote total changes (TC) from 
linear regression (dashed lines) from 1901–2021. Bars (c, g) are Pearson correlations against Tmax (1901–2021). (d) and (h) show 31-year moving-window cor
relations with Tmax with numbers indicating arithmetic means (xˉ) and standard deviations (σ) of running coefficients and dashed lines p < 0.05 significance levels. 
Upper panel shows results for NKL, lower panel for CNY.
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4. Discussion

4.1. Differences between tree-ring parameters

Weak results for TRW in residual and correlation analyses (Figs. 2, 3, 
and S6) demonstrate that there is no simple linear relationship between 
this proxy and temperature at our two sites, suggesting that it is limited 
by different climatic factors varying from year to year. At the drier CNY 
site, TRW is temporarily positively correlated with accumulated pre
cipitation (Fig. S9a, c) and scPDSI (Fig. S9b, d) from previous fall to 
current summer indicating water availability as an additional growth- 
limiting factor at least during early growing season (Chavardès et al., 
2013). Surprisingly, Youngblut and Luckman (2008) found highly sig
nificant positive correlations with early summer temperature in TRW 
from a site near our CNY at an elevation 100 m lower, whereas in our 
data, the relationship with temperature is weak and unstable. NKL TRW 
was previously correlated with scPDSI and precipitation but here the 
relationship became insignificant after the 1980s. Thickness and dura
tion of snow cover insulating trees from severe frost events may addi
tionally affect growth and thus climate signals, especially in the 
northern YT (Griesbauer and Green, 2012). This interaction mainly 
concerns conditions during the early growing season throughout which 
the earlywood, making up the majority of TRW, is formed (Cuny et al., 
2014; Glock, 1937; Higuchi, 1997).

Conversely, the two latewood-based proxies appear less influenced 
by other climate parameters. While both significantly correlate with 
MJJA temperature, LWBI consistently underperforms compared to MXD 
at both sites. Using a different season (JJA) does improve the LWBI re
sults of one site (NKL), but MXD correlations remain higher (Fig. S2, S3). 
Although potential discoloration issues may be one reason for long-term 
distortions in trend (Wilson et al., 2021, 2017), they do not explain 
lower and less stable running correlations of LWBI, which indicate a 
weaker representation of high-frequency temperature variability in this 
proxy. Such an effect may be caused by measurement resolution being 

too low to adequately represent the wood properties, that are most 
closely linked with summer temperature (Babst et al., 2009). This issue 
may be more prevalent in LWBI than MXD measurements (Seftigen 
et al., 2022) and aggravated in sections of very narrow rings (Björklund 
et al., 2019). Hence, the negative trend in TRW of both sites may have 
biased the corresponding LWBI measurements towards lower values 
(Fig. S1), both increasing trend divergence for this proxy and weakening 
its potential to capture positive temperature anomalies during single 
years. Although the MXD chronologies appear to be less affected by such 
distortions, they still fail to fully track the instrumental warming trend. 
This may be related to extremely warm summers such as 2004 crossing a 
threshold beyond which tree growth response to temperature declines 
(D’Arrigo et al., 2004; Reid et al., 2025).

4.2. Effects of detrending and data pruning

Focusing on a smaller sample size of dominant and/or mature trees is 
a common and sensible practice in dendroclimatic calibration as it 
provides the maximum amount of information for minimum time and 
effort (Fritts, 1971). However, this practice may decrease representa
tiveness when reconstructing climatic variables, as the strength of 
climate-growth relationships may change with cambial age (Esper et al., 
2008; Konter et al., 2016). Replacing the mature-tree MXD subset used 
for the proxy comparison (Figs. 2, 3) with the full mixed-age dataset of 
100 samples introduced in the detrending comparison (Fig. 4) already 
leads to higher correlations with temperature when applying the same 
detrending method (ADS). This enhancement is expected as a higher 
sample replication tends to increase the common signal as shown in 
Table 1 (Fritts, 1976; McPartland et al., 2024; Speer, 2010). As DP is 
partially a problem of deviating low-frequency trends (D’Arrigo et al., 
2008), choosing an appropriate detrending method can be critical. 
However, the differences between the five approaches tested here are 
relatively minor for both sites (Figs. 4 and 7), likely due to weak mid- 
and low-frequency variability in the MXD raw data, especially compared 

Fig. 6. 15-year low-pass filters of scaled (1901–1960) SF ADS (signal-free age-dependent spline) MXD chronologies shown together with BEST May–August Tmean, 
Tmax, and Tmin anomalies (a, e). Corresponding bar plots (b, f) show annual differences between Tmax and Tmin anomalies. Numbers denote total changes (TC) 
from linear regressions (dashed lines) from 1901–2021. Bars (c, g) are Pearson correlations with mean, maximum, and minimum temperatures (1901–2021). (d) and 
(h) show 31-year moving-window correlations against maximum and minimum temperature numbers indicating arithmetic means (xˉ) and standard deviations (σ) of 
moving-correlation coefficients and dashed lines significance thresholds. Upper panel shows results for NKL, lower panel for CNY. Grey and yellow s hadings in a, b, 
e, and f are global dimming and brightening periods as shown in Wild (2009).
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to TRW or LWBI data from the same trees (Fig. S1). However, the SF ADS 
chronologies best track the instrumental upward trend in recent decades 
at both sites, albeit still falling short of the instrumental temperature 
increase. The method has been shown to preserve mid- to low-frequency 
trends that may be removed by other detrending techniques, accounting 
for the naturally changing patterns of tree growth with increasing age 
(Wilson et al., 2019). This finding agrees with studies that applied SF 
ADS to LWBI datasets from the same region (Reid et al., 2025; Wilson 
et al., 2019) and a larger area across Western North America (Heeter 
et al., 2021). In contrast, NegEx, which does not address such variance 
changes, provides the flattest reconstructions. Regarding the pruned 
datasets, the RCS version temporarily tracks the instrumental warming 
more closely than the other methods. However, correlations with Tmax 
are weakened compared to SF ADS, possibly due to reduced sample 
replication and thus EPS, especially towards the end of the 20th century 
(Fig. S10). Consequently, while pruning and RCS may help mitigate 
trend divergence, their potential to capture high-frequency variation 
appears to be limited. These observations highlight the difficulty of 
obtaining a suitable TR dataset for RCS, even if a comparatively large 
number of trees of different ages are sampled. Combining measurements 
from several sites growing under similar climate conditions or sepa
rately treating high- and low-frequency components of TR chronologies 
may help resolve this issue.

4.3. Effects of instrumental target selection

In the sparsely populated YT, gridded climate datasets like the BEST 
and CRU products rely on a very limited number of single records that 
each strongly affect the resulting gridded data while also including 
distant stations that potentially dilute a subregional signal. Small-scale 
weather events may have been recorded by TR proxies but missed by 

widely dispersed instrumental stations (Mankin et al., 2024). Such a 
subregional anomaly occurred in late summer of 1959 causing a ring of 
exceptionally low density at NKL, which has also been observed in 
several other sites across NWNA (Leland et al., 2025). As the most 
prominent negative temperature deviation during this event was 
recorded by the Dawson and Mayo stations, it seems to have been 
confined to the northeastern part of the region (Fig. S11). A brief but 
intense cold spell in early August including several frosty nights in 
Dawson (Menne et al., 2018) at an elevation more than 600 m lower 
than the NKL site location prematurely ended latewood formation, while 
stations further southwest recorded temperatures close to or above the 
mean. Consequently, correlations of NKL MXD during the period sur
rounding 1959 are by far the highest with the Dawson, Mayo, and Eagle 
records (Fig. S12), all of which start early in the 20th century. Stations 
further southwest (e.g. Northway, Haines Junction, and Whitehorse), 
which correlate lower, were established during Alaska Highway con
struction in the early 1940s (Coates and Morrison, 2015; Harris et al., 
2020; Lawrimore et al., 2011). Dawson is only 56 km from the NKL site 
and the BEST interpolation, which emphasizes stations sharing common 
variability (Rohde and Hausfather, 2020), appears to put more weight 
on this record than the Angular Distance Weighting used for the CRU 
data (Harris et al., 2020). CRU is likely to be impacted by the higher 
number of stations further south unaffected by the cold spell, providing 
MJJA values 0.6 ◦C higher than BEST. Moving-window correlations with 
the CRU data drop markedly compared to BEST but also the Dawson and 
Mayo stations (Fig. S11). Hence, the number of stations available is not a 
measure of the representativeness of the resulting gridded data or its 
usability for dendroclimatic calibration and the period of highest 
instrumental station density from 1948 to 1974 paradoxically coincides 
with reduced coherence between MXD and gridded temperatures. 
Spearman’s rank correlation coefficient, which is typically lower, 

Fig. 7. Metrics evaluating differences between MXD chronologies based on varying detrending methods (D), instrumental datasets (I), and temperature variables (T) 
including: range of scaled chronologies as the difference between the highest and lowest value (a, f), additive inverse root-mean-squared deviation between MXD and 
target temperature (b, g), linear trends in residuals between MXD and target (c, h), Pearson correlations for the full period (1901–2021) (d, i), and standard de
viations of 31-year moving correlations (e, j). Upper panel shows results for NKL, lower panel for CNY.
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exceeds Pearson’s r during this time span (Fig. S13), underlining the 
significance of the 1959 ring.

Including the Alaska Highway stations appears to contribute to 
declining coherence between gridded temperatures and MXD beyond 
just the 1959 event. Despite no similar evidence of the 1959 cold, cor
relations of CNY with Mayo and Dawson are again notably higher than 
with Haines Junction which is much closer and presumably exerts a 
more substantial impact on the gridded products (Fig. S14). While all 
these observations suggest the Dawson and Mayo stations as optimal 
calibration targets, BEST gridded data still seem more suitable as 
Dawson correlations with the southern site are less stable (Fig. S10) and 
the Mayo record is shorter (1925–1990), missing the last 30 years 
(Lawrimore et al., 2011). Reid et al.’s (2025) analysis found that BEST 
performed better in the early and CRU in the later part of the period 
(1901–2021), albeit with a different CRU version (4.07). In our analysis 
focusing on two MXD sites, correlation results with BEST are slightly 
higher for the most recent period. The warming trend in CRU Tmax has 
remarkably muted since the 1990s resulting in smaller residuals of CNY 
with CRU than with BEST (Figs. 5, 7, and S8). Still, for both sites, the 
choice of instrumental datasets more significantly affects correlation 
results and their temporal stability.

Trends of sub-diurnal temperature variables have differed substan
tially in the YT since 1901. While Tmin steadily increased throughout 
the 20th century, Tmax remained stable until the 1970s when it started 
rising sharply (Fig. 6 and S7). Tmean naturally moves between the two 
parameters but is continuously closer to Tmax, which overall shows 
greater variance. This phenomenon of asymmetric warming has been 
observed in various regions and may be related to changes in cloud cover 
(Wilson and Luckman, 2002) and soil moisture (Zhong et al., 2023). 
MXD chronologies of NKL and CNY track the trend in Tmax more 
closely, especially between the 1940s and 1980s when Tmin anomalies 
are distinctly higher than Tmax. Annual variability is also more closely 
related to Tmax as shown by considerably higher correlations 
throughout the whole investigation period which is in line with various 
dendroclimatic studies from North America (King et al., 2024; Reid 
et al., 2025; Seftigen et al., 2022; Wilson et al., 2014; Wilson and 
Luckman, 2003). High solar radiation is typically positively correlated 
with diurnal temperature range (Campbell and Vonder Haar, 1997), i.e. 
high Tmax and low Tmin, which may enhance the positive relationship 
between tree growth and Tmax compared to Tmean in this region. Pe
riods of convergence and divergence between our Tmax and Tmin data 
are consistent with decreasing and increasing solar radiation during 
“global dimming” between the 1950s and 1980s (Fig. 6a, b, e, f; Büntgen 
et al., 2021b; Liepert, 2002) and following “global brightening” (Wild, 
2009), phenomena that may also partially explain trends in our moving 
correlation statistics. While the intensity of “dimming” and “bright
ening” was regionally heterogeneous (D’Arrigo et al., 2008), data from 
neighboring regions (Sharma et al., 2004; Stanhill and Callaghan, 1995) 
suggest that the YT may have been significantly impacted.

4.4. Effects of the Pacific decadal oscillation and extreme drought years

So far, we have identified several methodological factors that sys
tematically affect estimates of climate signals and DP in our TR data. 
However, it is likely that the climate response of our two sites is addi
tionally influenced by variations in the Pacific Decadal Oscillation 
(PDO). A shift in the PDO during the 1970s, from a negative (drier) 
phase to a positive (wetter) one, may have benefitted tree growth 
(Chavardès et al., 2013) which might explain the sharp increase in 
moving correlation with temperature during this time, especially for the 
drier CNY site (e.g. Fig. 2d). Although we found no significant long-term 
relationship between precipitation and density parameters (Fig. S9), 
latewood formation indeed appears to be negatively affected in years of 
extreme drought. During the 96 years of which reliable precipitation 
records exist for the CNY grid cell, 1958 and 1998 had the driest spring 
and early summer periods (March–July), reaching only 51.8 and 

61.6 mm, respectively. Drought conditions in these years are further 
corroborated by strong wildfire activity with the largest fires close to 
CNY occurring in the same two years. The 1958 fires burned several 
thousand square kilometers of forest only 20 km east of the CNY site and 
the Fox Lake Fire of 1998 affected a similar area (Fig. 8, Government of 
Yukon, n.d.; Hogg and Wein, 2005). Notably, these anomalies coincide 
with the two largest negative residuals between reconstructed and 
measured summer temperatures for both density proxies, with greater 
deviations for LWBI (3.27 and 2.69 ◦C) than MXD (2.73 and 1.78 ◦C). 
Consequently, correlations with temperature are distinctly weakened in 
the periods surrounding the drought events. 31-year moving correla
tions between 1943 and 1973 decrease significantly when compared to a 
time series in which 1958 values are removed (Fig. 8d–f). While not fully 
explaining the drop in correlation for LWBI between the 1940s and 
1970s, only omitting this one year produces a stable or even increasing 
trend of MXD correlations during the 20th century. Removing 1998 
similarly affects correlation values in recent decades, albeit to a smaller 
degree. Despite these manipulations not being applicable for a final 
climate reconstruction, they demonstrate that the climate in parts of the 
southern Yukon is close enough to semi-arid to negatively affect all TR 
parameters in anomalously dry years. Again, the temperature signal in 
MXD appears less impaired by drought than in LWBI. At our northern 
NKL site, which receives substantially more precipitation than CNY 
(Fig. 1), none of the three driest years corresponds to a negative residual 
between MXD and temperature (Fig. S15). Similarly, the regional 
analysis in Reid et al. (2025) does not show such a growth-limiting effect 
of drought years, implying that it might be limited to the driest parts of 
the YT (Chavardès et al., 2013). However, it might still be relevant for 
the underprediction of extreme warm years such as 1998 in both this and 
Reid et al.’s (2025) analysis. Although no extremely dry summers have 
occurred in the last 25 years, rising temperature and evapotranspiration 
may aggravate this issue in the coming decades, representing a potential 
cause of DP that may become increasingly relevant.

5. Conclusion

We have performed a comparative analysis of MXD and LWBI data 
from two sites in the YT to systematically identify potential drivers of 
divergence and assess their respective impacts. Firstly, SF ADS detren
ded MXD chronologies consistently delivered the best results compared 
to other TR proxies and detrending options. Secondly, differences be
tween the BEST and CRU datasets and maximum, minimum, and mean 
temperatures emphasized the importance of thorough target selection, 
with BEST Tmax proving to be the optimal choice for our sites. For the 
southern site CNY, an investigation of two drought years highlighted 
hydroclimate as an additional cause of non-linear proxy-temperature 
relationships, possibly connected with the PDO. Overall, both sample 
sites have retained strong relationships with interannual summer tem
perature variability but their ability to capture the modern warming 
trend is limited. This result confirms observations made in Briffa et al.’s 
(1998) groundbreaking study for NWNA while also incorporating the 
three most recent decades of accelerated temperature increase. 
Although our findings do not finally resolve DP, our approach may offer 
a useful framework for assessing non-stationary growth responses in 
other regions and identifying contributing factors. Reid et al. (2025), 
utilizing a broader network of sites across their larger Yukon network, 
showed that higher elevation, near tree-line locations provided a more 
stable relationship between LWBI and temperature than the LWBI data 
used in this analysis. Thus, it is likely that, despite the robust and stable 
temperature signal in our MXD data, selecting more optimal sites could 
further minimize DP and improve tree-ring based temperature re
constructions in the YT.
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Hartl, C., Hevia, A., Song, H., Janecka, K., Kaczka, R.J., Kirdyanov, A.V., 
Kochbeck, M., Liu, Y., Meko, M., Mundo, I., Nicolussi, K., Oelkers, R., Pichler, T., 
Sánchez–Salguero, R., Schneider, L., Schweingruber, F., Timonen, M., Trouet, V., van 
Acker, J., Verstege, A., Villalba, R., Wilmking, M., Frank, D., 2019. Scientific merits 
and analytical challenges of Tree–Ring densitometry. Rev. Geophys 57, 1224–1264. 
https://doi.org/10.1029/2019RG000642.

Björklund, J.A., Gunnarson, B.E., Seftigen, K., Esper, J., Linderholm, H.W., 2014. Blue 
intensity and density from Northern fennoscandian tree rings, exploring the 
potential to improve summer temperature reconstructions with earlywood 
information. Clim 10, 877–885. https://doi.org/10.5194/cp-10-877-2014.

Björklund, J., Gunnarson, B.E., Seftigen, K., Zhang, P., Linderholm, H.W., 2015. Using 
adjusted blue intensity data to attain high-quality summer temperature information: 
a case study from central scandinavia. Holocene 25, 547–556. https://doi.org/ 
10.1177/0959683614562434.

Björklund, J., Seftigen, K., Kaczka, R.J., Rydval, M., Wilson, R., 2024. A definition and 
standardised terminology for blue intensity from conifers. Dendrochronologia 85, 
126200. https://doi.org/10.1016/j.dendro.2024.126200.

Fig. 8. Influence of drought on temperature signals at CNY considering spring and early summer precipitation (March–July) with red bars indicating 1958 and 1998 
(a), residuals between May–August Tmax and proxy chronologies scaled over the whole period (b), map of larger-scale wildfires (c), and effect of drought year 
removal on 31-year moving correlations using May–August Tmax against TRW (d), LWBI (e), and MXD (f).

M. Kunz et al.                                                                                                                                                                                                                                   Dendrochronologia 94 (2025) 126399 

10 

https://doi.org/10.1016/j.dendro.2025.126399
https://doi.org/10.1016/j.dendro.2018.02.002
http://refhub.elsevier.com/S1125-7865(25)00113-4/sbref2
http://refhub.elsevier.com/S1125-7865(25)00113-4/sbref2
http://refhub.elsevier.com/S1125-7865(25)00113-4/sbref2
https://doi.org/10.1038/35015049
https://doi.org/10.1029/2019RG000642
https://doi.org/10.5194/cp-10-877-2014
https://doi.org/10.1177/0959683614562434
https://doi.org/10.1177/0959683614562434
https://doi.org/10.1016/j.dendro.2024.126200


Briffa, K.R., Jones, P.D., Bartholin, T.S., Eckstein, D., Schweingruber, F.H., Karlén, W., 
Zetterberg, P., Eronen, M., 1992. Fennoscandian summers from ad 500: temperature 
changes on short and long timescales. Clim. Dyn. 7, 111–119. https://doi.org/ 
10.1007/BF00211153.

Briffa, K.R., Osborn, T.J., Schweingruber, F.H., Harris, I.C., Jones, P.D., Shiyatov, S.G., 
Vaganov, E.A., 2001. Low-frequency temperature variations from a Northern tree 
ring density network. J. Geophys. Res. Atmospheres 106, 2929–2941. https://doi. 
org/10.1029/2000JD900617.

Briffa, K.R., Schweingruber, F.H., Jones, P.D., Osborn, T.J., Shiyatov, S.G., Vaganov, E. 
A., 1998. Reduced sensitivity of recent tree-growth to temperature at high Northern 
latitudes. Nature 391, 678–682. https://doi.org/10.1038/35596.

Bunn, A.G., 2008. A dendrochronology program library in r (dplR). Dendrochronologia 
26, 115–124. https://doi.org/10.1016/j.dendro.2008.01.002.

Büntgen, U., Allen, K., Anchukaitis, K.J., Arseneault, D., Boucher, É., Bräuning, A., 
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