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Abstract Paleoclimatology makes it possible to place recent climate changes in a longer-term context than
is available from the instrumental record. Tree-ring reconstructions, often used to quantify temperature
variations over the Common Era, contain multiple uncertainties that affect estimates of the magnitude of recent
trends and past variability. The use of maximum latewood density (MXD) proxy mitigates many biases, but
intra-annual measurement resolution remains a limitation. We develop a quantitative wood anatomy (QWA)-
based temperature reconstruction from the Firth River in northeastern Alaska from 1150 CE to 2021 CE to
improve regional past temperature estimates and to test the sensitivity of MXD-based climate reconstructions to
measurement constraints. We find that high-resolution wood-anatomy measurements reduce biological noise
and enhance the representation of low-frequency variability, resulting in stronger temperature signals and a
larger magnitude of preindustrial to modern change. QWA data provide novel high-resolution information that
improves tree-ring temperature reconstructions.

Plain Language Summary This study investigates the effect of tree-ring measurement resolution on
temperature reconstructions using millions of individual cellular dimensions from white spruce trees at the
Arctic treeline. Although the maximum latewood density tree-ring measurement (MXD) has been shown to
capture temperature variability, uncertainties remain due to varying measurement resolutions. By using high-
resolution quantitative wood anatomical data, especially anatomical MXD (aMXD), this research aims to refine
the skill of climate reconstructions. The use of high-resolution aMXD can mitigate biases found in traditional
MXD, which is often at a lower measurement resolution. High-resolution aMXD shows stronger correlations
with instrumental temperature records at both high-and low-frequency, indicating its enhanced reliability for
reconstructing past climates over long periods of time and capturing recent temperature trends. These results
demonstrate the benefits of using high-resolution wood anatomy data to reconstruct past temperature. Applying
this method to other regions can enhance our understanding of climate variability and trends across space and
time.

1. Introduction

Understanding long-term temperature fluctuations and their magnitudes relative to the modern warming trend is
crucial for better projections of future climate change (Tierney et al., 2020). Paleoclimate reconstructions of the
past millennium provide an extended high-resolution (seasonal to annual) perspective on Earth's climate vari-
ability and trajectory, which is not available from the relatively short instrumental record (Christiansen &
Ljungqvist, 2017; Mann & Jones, 2003). Tree-ring data in particular are often used to characterize late Holocene
temperature variations and are the major proxy used in the Common Era reconstructions assessed in the IPCC
reports (Anchukaitis & Smerdon, 2022; Masson-Delmotte et al., 2021). Ongoing debates about Common Era
climate reconstructions have focused on the ability of the two most commonly used proxy observations, tree-ring
width and maximum latewood density (MXD), to accurately and precisely reflect climate change over this time
span (Briffa et al., 1996; Biintgen, 2022; Esper et al., 2012, 2015, 2016), to capture the full amplitude of climate

EDWARDS ET AL.

1of 12


https://orcid.org/0000-0001-6228-3171
https://orcid.org/0000-0003-4185-681X
https://orcid.org/0000-0002-9797-0796
https://orcid.org/0000-0002-8566-4599
mailto:j_edwards@ucsb.edu
https://doi.org/10.1029/2025GL117846
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL117846&domain=pdf&date_stamp=2025-10-28

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL117846

extremes (Battipaglia et al., 2010; McCarroll et al., 2015), and to express the full frequency range of climate
variability (Franke et al., 2013; Liicke et al., 2019).

Ensemble-based approaches (Biintgen et al., 2021; PAGES 2k Consortium, 2019), attempt to address un-
certainties arising from weakly constrained statistical and methodological choices. Nevertheless, there remain
several sources of uncertainty and bias in tree-ring data that affect the interpretation of individual and large-scale
temperature reconstructions. Of particular concern is the capture of low-frequency climate variability (Esper
et al., 2004, 2012; Liicke et al., 2021). Non-climatic age-related trends in tree-ring data typically require
detrending, which can limit the frequencies captured in tree-ring reconstruction but also impart its own biases
(Briffa & Melvin, 2011; Cook et al., 1995). Finally, tree-ring width, the most widely used tree-ring measurement,
is known to have very weak and temporally unstable correlations with temperature in high-latitude northwestern
North America (Andreu-Hayles et al., 2011; Briffa et al., 2002), which limits its use in temperature re-
constructions of this region.

The use of MXD in temperature reconstructions has mitigated many of these uncertainties and biases (Bjorklund
et al., 2019; Esper et al., 2015; Schneider et al., 2015). A remaining issue with traditional MXD is measurement
resolution, which is not standardized across methods or between institutions (Bjorklund et al., 2019). One
alternative to traditional MXD is blue intensity, which uses light reflectance to estimate wood density (Campbell
et al., 2007; McCarroll et al., 2002; Rydval et al., 2014), but can be biased by discoloration and low image
resolution (Rydval et al., 2024). Bjorklund et al. (2019) found that a decline in ring width results in a proportional
decline in MXD values when the measurement resolution of the latter is low, which therefore affects the capacity
of MXD to accurately represent long-term trends. Quantitative wood anatomy (QWA) approaches to developing
MXD proxy data can provide much higher resolution intra-annual measurements, resolving cellular scale
characteristics of the annual ring (Von Arx et al., 2016). QWA temperature reconstructions have recently revised
the Common Era temperature history of Scandinavia, showing a better match with climate models, particularly
during the Medieval Climate Anomaly (MCA) (Bjorklund et al., 2023).

Here, we develop new QWA tree-ring data from the Firth River in northeastern Alaska (Anchukaitis et al., 2013;
Andreu-Hayles et al., 2011), which is an important site as there are still relatively few long tree-ring records in this
region. The existing Firth River series is used in many large-scale Northern Hemisphere temperature re-
constructions (Anchukaitis et al., 2017; Schneider et al., 2015; Stoffel et al., 2015; Wilson et al., 2016). QWA has
several potential advantages over both annual ring width and traditional MXD: first, extremely high-resolution
measurements of individual tracheid cell dimensions should improve temperature reconstruction at both high
and low frequencies (Bjorklund et al., 2019). Second, by using QWA data we can evaluate how the resolution of
wood density measurements affects the sensitivity of tree-ring data to temperature variability. Finally, cell
anatomical dimensions have a well-understood biological and functional foundation, permitting an understanding
of the mechanistic link between climate and growth response (Bjorklund et al., 2020; Edwards et al., 2025; Hacke
etal., 2001; Seftigen et al., 2022). The objective of our study is to leverage the strengths of QWA data to improve
Arctic temperature reconstructions and to test the sensitivity of MXD-based climate reconstructions to constraints
due to measurement resolution. Our study demonstrates the value of developing QWA chronologies for climate
reconstruction and provides new information about the temperature history of northwestern North America, one
of the most rapidly warming regions in the world (Masson-Delmotte et al., 2021).

2. Data and Methods

Living and subfossil wood samples of white spruce (Picea glauca) were collected from the Firth River near
Mancha Creek at latitudinal treeline (68.67°N, 141.05°W) in summer of 2022. These samples were used to extend
and augment an existing collection from the same location (Anchukaitis et al., 2013). Ring-width measurement
and cross-dating for the combined collection was developed following standard dendrochronological procedures
(D’ Arrigo et al., 2014; Stokes & Smiley, 1968). We selected 57 trees for additional QWA analysis, prioritizing a
consistent sample depth, a range of age classes, and correlation with the overall ring-width chronology (r > 0.4).
These samples span from 1069 to 2021 CE (952 years) with a mean segment length of 219 years (range from 107
to 384 years).
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Figure 1. Conceptual diagram of how anatomical maximum latewood density (aMXD) is measured. Illustration of the cell dimensions used to calculate the anatomical
density for each cell in this study: cell-wall area, lumen area (LA) (a). Cell measurements are aggregated at intra-annual bands of 40 pm (red) and 100 pm (blue), which
determine the resolution of the final measurements (b). Intra-annual profiles of density resulting from the 40 pm (red) and 100 pm (blue) band widths (c). Maximum values
of density were extracted from the intra-annual profiles to return the anatomical MXD for each resolution, measurements for the 40 pm are shown (d).

2.1. Quantitative Wood Anatomy

We cut the wood samples to a thickness of 10-12 pm using a rotary microtome (Microm HM355S). The
microsections were stained with a 1% safranin solution, permanently fixed in Eukitt, and prepared following
standard procedures (Fonti et al., 2025; Gértner & Schweingruber, 2013; von Arx et al., 2016). Digital images of
the microsections were produced at the Swiss Federal Research Institute WSL in Birmensdorf, Switzerland, using
aZeiss Axio Scan Z1. The ROXAS (v3.1) image analysis software (Prendin et al., 2017; von Arx & Carrer, 2014)
was used to measure tracheid cell characteristics after automatic detection from microsection images using a
deep-learning model (Katzenmaier et al., 2023). We excluded measurements of cells with cell walls damaged
during sampling or preparation. In total, approximately 14,850,000 cells were measured at an image resolution of
0.44 pm per pixel (57,727 dpi).

Lumen area and cell-wall area were measured for every cell and then used to calculate density as the ratio between
lumen area and the total cell area (Figure 1a) (Bjorklund et al., 2020). Within each annual ring, individual cellular
measurements were aggregated within equal-size bands of 10, 20, 40, 80, and 100 pm width to test the effect of
measurement resolution (Figure 1b). Within each band, the cell measurements were aggregated using two
methods, a biweight mean (Cook et al., 1990) and the 75th percentile value (Q75; Bjorklund et al., 2020) to test
the effect of the aggregation method. The importance of this particular choice for QWA climate reconstructions
has not yet been investigated. For each resolution and aggregation method, the maximum value calculated within
each ring is the anatomical MXD (aMXD) for that year (Figure 1d). Although cell wall thickness alone has been
shown to slightly outperform aMXD for temperature reconstruction (Bjorklund et al., 2023; Lopez-Saez
et al., 2023; Seftigen et al., 2022), we use aMXD here due to its closer relation to traditional MXD. Latewood
widths were determined by Mork's index at a 10 pm resolution (Denne, 1989; Mork, 1928).

2.2. Chronology Development

We created multiple aMXD chronologies to test the sensitivity of chronology statistics to four varying parameters
(Text S1 in Supporting Information S1). These include: (a) the intra-annual band width (as described above and
referred to as the “resolution” henceforth), (b) the measurement aggregation method, (c) the application of a
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power transformation to the data prior to detrending (Cook & Peters, 1997), and (d) the detrending method: either
Regional Curve Standardization (RCS; Briffa & Melvin, 2011) or Signal-Free RCS (Homfeld et al., 2024; Melvin
& Briffa, 2008) using the CRUST software (Melvin & Briffa, 2014a, 2014b). We used an age-dependent spline
(Melvin et al., 2007) and included estimated pith-offsets for both RCS and Signal-Free RCS detrending.

For the final reconstruction, we use the aMXD chronology produced with the biweight mean aggregation method,
power transformation, and Signal-Free RCS detrending. The power transformation was applied due to the
negative Spread versus Level correlation (Cook & Peters, 1997) in the raw data. The Signal-Free RCS data was
selected as Anchukaitis et al. (2013) previously found that Signal-Free RCS was the least biased of the detrending
choices for Firth River MXD data based on simulated pseudoproxy MXD data. Biweight mean aggregation was
used because it provides a representative average of all cells within an intra-annual band while still accounting for
the influence of outliers. The 10 pm resolution (aMXD10) was used as the high-resolution example, consistent
with the typical size of a latewood tracheid in the radial direction (Vaganov et al., 2006). The 20 pm resolution
(aMXD20) was used as the next reasonable interval to test whether the 10 pm data might be overly fine and
therefore introduce additional noise. Finally, the 80 pm resolution (aMXD80) was used as the low-resolution
example, representative of the apparent resolution of a range of MXD collection methods (Bjorklund et al., 2019).

2.3. Climate Data Analysis and Reconstruction

We extracted daily ERAS temperature data from the 0.5° X 0.5° grid-cell over the Firth River site. The aMXD10
chronology was correlated against daily ERAS using a moving mean starting at January 1st (Day-of-Year, DOY 1)
and using a variable window size (from 1 to 91 days in width) from 1950 to 2021 CE. The window size and window
center location with the highest correlation coefficient (see Section 3) was used as the temporal target for both the
subsequent spatial correlation and as the reconstruction predictand (JevSenak, 2019). We performed seasonal
correlation analyses as described by Meko and Woodhouse (2011) to calculate the Pearson correlation between the
aMXD10 chronology and monthly ERAS temperature data using 1, 2, 3, and 4-month seasons from 1950 to 2021.
We calculated the point-by-point Pearson correlation coefficient between the gridded ERAS data of the 195-223
DOY mean temperature and the aMXD10 chronology. High-pass and low-pass butterworth filters were applied to
the aMXD10, aMXD20, and aMXD80 chronologies, and correlated to ERA5 195-223 DOY mean temperature,
which was filtered identically (Ols et al., 2023).

For the final reconstruction, we used the Composite Plus Scale (CPS; Jones & Mann, 2004) method with the
aMXD chronology as the predictor and the ERAS 195-223 DOY mean temperature of the Firth River grid cell as
the predictand. We used the full 1950-2021 CE period as the calibration period. The reconstruction start year was
truncated to 1150 CE due to decreasing sample depth prior to that year (Figure S1 in Supporting Information S1).
To assess reconstruction performance, we used a split calibration/validation period (early period: 1950-1985 CE;
late period: 1986-2021 CE) and full period calibration/validation statistics (R*c, R*v), coefficient of efficiency
(CE), Reduction of Error (RE), and the Durbin Watson statistic (which tests for autocorrelation in the recon-
struction residuals). We further analyze temporal stability using 21-year running correlations (1-year step) and
apply the Gershunov test (Gershunov et al., 2001) to evaluate whether the observed correlation vary more than
expected from chance and from the reduced effective sample size associated with the moving window.

We performed Superposed Epoch Analysis (SEA) to evaluate the response of the reconstructions to large volcanic
eruptions. We used the eVolv2k_v3 data set (Toohey & Sigl, 2017) to create an event list of the top 20 eruptions
between 1150 and 1900 CE, determined by Northern Hemisphere stratospheric aerosol optical depth. The event
years are 1171, 1182, 1230, 1257, 1286, 1329, 1345, 1453, 1458, 1477, 1585, 1600, 1640, 1695, 1729, 1783,
1809, 1815, 1831, and 1883. Some of these eruption dates are not known precisely, which potentially introduces
misalignment error in the SEA compositing. The aMXD response to volcanic eruptions is calculated by first
removing the mean temperature of the 3 years prior to each event year (Year 0) and then averaging across all
events. Uncertainty bounds at the 5th and 95th percentile were calculated based on a 1000 member Monte Carlo
simulation drawing random event year lists for each reconstruction.

3. Results

Mean latewood width was 35.27 pm =+ 25.17 pm. The parameter with the strongest impact on chronology sta-
tistics was the resolution, followed by the measurement aggregation method; the use of RCS or Signal-Free RCS
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Figure 2. Correlations between ERAS5 daily temperature and the aMXD10 chronology. The x-axis is the center of the moving
mean window and the y-axis is the window length. Lack of stippling indicates significance (p <0.01) (a). Seasonal
correlations between monthly ERAS data of the grid-cell over Firth River and the aMXD10 chronology at 1, 2, 3, and 4-month
seasons. The End Month indicates the last month of a seasonal mean of the given length (b). Spatial correlation of the aMXD10
chronology with the ERAS daily data averaged over the 195-223 DOY period. Lack of stippling indicates local significance

(p<0.01) (o).

detrending and the choice to power transform or not, had less of an impact (Text S1 and Figure S2 in Supporting
Information S1).

The daily moving window correlations between temperature and aMXD10 show the strongest correlation
(r = 0.81) at the 195-223 DOY window, which corresponds to approximately mid-July to mid-August
(Figure 2a). The correlations are generally strong (r>0.7) for varying windows over this entire time period,
with weaker but significant positive correlations extending into early September. There is also a weaker but
significant and positive correlation with mid-May to mid-June temperature. The strongest correlation in the
seasonal analysis using monthly data is in the 3-month season ending in September (» = 0.73; Figure 2b). For the
spatial correlation, the strongest correlation (r > 0.7) is centered on the Firth River site and extends longitudinally.
There is a dipole pattern, with negative correlations in Eastern Canada, but this is not significant at the = 0.01
level (Figure 2c). Overall, correlations analyses across a range of temporal and spatial scales shows a significant
and coherent late-summer signal.
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The aMXD10 reconstruction of mid-July to mid-August (195-223 DOY) temperature early calibration (1950—
1985 CE)/late validation (1986-2021 CE) yields R?> = 0.76, R> = 0.49, RE = 0.32, CE = 0.31 and late
calibration (1986-2021 CE)/early validation (1950-1985 CE) yields Rz = 049, Rf = 0.76, RE = 0.72,
CE = 0.72, showing stable performance. The aMXD10 reconstruction of mid-July to mid-August temperature
using the full period calibration performs well (R> = 0.64, RE and CE values of 0.60; pbw10, Table SI in
Supporting Information S1). The Durbin-Watson statistic is 1.99, indicating the reconstruction residuals do not
have significant autocorrelation and therefore suggesting recent temperature trends are accurately reproduced.
Moving correlation results (Figure S3 in Supporting Information S1) show that aMXD10 maintains a strong
relationship with temperature. Although correlation coefficient values decline through the latter half of the
record, reaching a minimum in the 1990s before recovering after 2000, the observed standard deviation values
of the moving correlations fall within the range expected by chance and window length, as assessed by the
Gershunov test (Gershunov et al., 2001).

The calibration/validation R? using a 72-year period (1950-2021 CE) decreases with lower resolution for the
reconstructions (Figure 3a). The highest resolution aMXD10 reconstruction correlates strongly (r>0.7) with
ERAS5 195-223 DOY mean temperature across frequencies (Figure 3b). The high-resolution aMXD20 correlates
strongly (r>0.7) across frequencies until the low-pass 20-year frequency. The low-resolution aMXD80 has
smaller correlation coefficients across frequencies and there is a sharp decline in the correlation coefficient at the
low-pass 20-year frequency. Correlations for frequencies beyond a 6-year low-pass filter are however not sta-
tistically significant (p <0.01) when accounting for the resulting reduced degrees of freedom due to autocor-
relation over this relatively short time period (Bretherton et al., 1999). Interestingly, the low-resolution
reconstruction aMXD80 has more low-frequency variability and higher estimated temperatures in the pre-
industrial period compared to the high-resolution reconstructions, aMXD10 and aMXD20 (Figure 3c), sug-
gesting aliasing of the spectrum.

The SEA results show a significant temperature response to large volcanic eruptions at the event year (Figure 4).
The aMXD80 chronology exhibits a significant response greater than —1°C in the year of the eruption, aMXD10
shows an approximately —1°C response, and the aMXD20 response is only barely significant. For the aMXD
chronologies created with biweight aggregation, chronologies without the power transformation applied have a
larger response than those with the power transformation (Figure S4a in Supporting Information S1). For the
aMXD chronologies created with Q75 aggregation, those with the power transformation applied show a smaller
response at the event year than the biweight chronologies. The Q75 chronologies without the power trans-
formation show a significant response with a magnitude greater than —1°C (Figure S4b in Supporting Infor-
mation S1). The 10 pm high-resolution Q75 chronology with the power transformation applied has a significant
response at lag 1.

4. Discussion

The high-resolution aMXD has a stronger correlation with temperature across all frequencies, whereas the low-
resolution aMXD has a sharp decline in its correlation with temperature when applying a low-pass filter
(Figure 3b). We interpret these results as showing that the high-resolution aMXD reconstruction of past
temperature is likely more accurate than the low-resolution, particularly for low-frequency climate variability.
We hypothesize that high-resolution aMXD has stronger correlation with temperature due to the fine-scale
precise measurements of the last rows of cells, which are the most sensitive to temperature and therefore re-
cord the strongest climate signals (Cuny & Rathgeber, 2016; Friend et al., 2022), whereas low-resolution
aMXD performance is hindered because it aggregates cellular characteristics from a wider band. In narrow
rings, and particularly in cases of narrow latewood width, low-resolution aMXD incorporates earlywood cell
dimensions (96% of all the rings measured here have latewood width less than 80 pm). This inclusion of
earlywood cells introduces additional non-climatic biological noise. Previous studies in temperate and boreal
trees have found that earlywood cell characteristics do not have a single strong climate driver, and may be
driven by photoperiod and hormonal controls (Castagneri et al., 2017; Cuny et al., 2014; Cuny & Rath-
geber, 2016; Rossi et al., 2006).

A wider measurement band (lower resolution) also leads to a systematic reduction in aMXD values for the narrow
rings compared to wide rings, resulting in an increased correlation between low-resolution aMXD and ring width
(Figure S5 in Supporting Information S1; Bjorklund et al., 2019). It has been shown that ring-width data can
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Figure 3. Mid-July to mid-August (195-223 DOY) temperature over the instrumental period, from ERAS (black) and
reconstructed using the aMXD chronologies at 10 (light red), 20 (magenta), and 80 pm (violet) resolution (a). Stability of
195-223 DOY temperature signal across frequencies for different aMXD resolutions. High-pass butterworth filter with 50%
frequency response cut-off at 10 years (H10) and 30 years (H30). Low-pass butterworth filter with 50% frequency response cut-
off at 5 years (L5) and 20 years (L20). Temperature and aMXD data were treated identically (b). Mid-July to mid-August (195—
223 DOY) temperature full reconstruction from 1150 to 2021 CE using the aMXD chronologies at 10, 20, and 80 pm resolution
smoothed with a 100-year cubic smoothing spline. The shaded gray box covers the instrumental period used for calibration (c).
Reconstruction time series for the aMXD10 chronology without smoothing (d). Shaded envelope shows the = RMSE.

exhibit amplified low-frequency signals and lagged effects due to growth processes responding to both climatic
and non-climatic factors (Frank et al., 2007; Liicke et al., 2019). The low-resolution aMXD has more variability in
the centennial and longer frequencies in the pre-industrial period spanning from 1150 to 1800 CE (Figure S6 in
Supporting Information S1), showcasing the spectral biases known to be found in tree-ring width data (Esper
et al., 2015; Franke et al., 2013). Additionally, ring width of high-latitude northwestern North American Picea is
known to have very weak correlations with temperature at local scales (Briffa et al., 2002) that are unstable
through time (Andreu-Hayles et al., 2011). The weaker correlation with temperature and red noise bias in low-
resolution aMXD is therefore likely due to its similarity to and/or dependence on ring width (Figure S5 in
Supporting Information S1).

The low-frequency behavior of the low-resolution aMXD, compared to that of the high-resolution aMXD,
suggests that temperature reconstructions based on traditional MXD measurements—where the effective
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Years from Eruption resolution significantly affects our understanding of pre-industrial tempera-

Figure 4. Superposed Epoch Analysis showing the composite mean

ture variability and its relationship to current warming trends. The high-
resolution aMXD10 reconstruction (Figure 3d) shows a cooler pre-

temperature anomaly associated with the top 20 eruptions between 1150 and

1900 CE, determined by Northern Hemisphere stratospheric aerosol optical

industrial period (1150-1850 CE) with a mean mid-July to mid-August

depth (Toohey & Sigl, 2017). The event years are 1171, 1182, 1230, 1257, temperature of 7.3°C, compared to 8.5°C for the lower resolution aMXD8
1286, 1329, 1345, 1453, 1458, 1477, 1585, 1600, 1640, 1695, 1729, 1783, (Figure 3c) and 8.7°C for the original Firth River MXD data (Anchukaitis
1809, 1815, 1831, and 1883. Reconstructions shown are the aMXD 10 (light et al., 2013). Additionally, the high-resolution aMXD captures a larger in-

red), 20 (magenta), and 80 pm (violet) resolution. Uncertainty bounds (5th
and 95th percentile, dashed lines) are plotted in the same color as the composite

responses for each reconstruction.

dustrial period warming trend (1850-2021 CE) than its lower resolution
counterpart (Figure S7 in Supporting Information S1). Our high-resolution
aMXD10 reconstruction also indicates a relatively cold late MCA. Howev-
er, our record does not span the full length of the MCA climate period (950-1250 CE) and the inter-series
agreement is low before 1200 CE (Figure S8 in Supporting Information S1) and therefore should be inter-
preted with caution. The original Firth River MXD from Anchukaitis et al. (2013) reconstructs a warmer late
MCA compared to the aMXD across resolutions (Figure S9 in Supporting Information S1). These findings are
consistent with those of Bjorklund et al. (2023), who found that MXD overestimates warming during the MCA
compared to their QWA-based reconstructions. After the late MCA period, the temperature reconstructed based
on aMXD10 slightly increases until the mid-18th century; the coldest temperatures in the Little Ice Age (LIA;
1450-1850 CE) do not emerge until the late 18th century (Figures 3¢ and 3d). The overall behavior of the high-
resolution aMXD10 reconstruction suggests the Medieval epoch was cooler in northwestern North America than
in previous reconstructions, which might be consistent with a lack of a globally coherent MCA or LIA (Goosse
et al., 2012; Hughes & Diaz, 1994; Neukom et al., 2019).

The most significant difference between high-resolution and low-resolution aMXD reconstructions is in their
low-frequency behavior, whereas the spectra for both low and high-resolution aMXD strongly overlap at the
inter-annual frequencies (Figure S6 in Supporting Information S1). Our Firth River reconstruction shows
eruption-year (Year 0) cooling in response to major volcanic eruptions (Figure 4). The magnitude of this cooling
varies depending on chronology parameters, but the timing of the response remains consistent; only the 10 pm
Q75 chronology SEA has statistically significant lag-1 cooling. Temperature reconstruction response to large
volcanic eruptions and comparison to model simulations depends on multiple factors which can affect the final
response magnitude and recovery behavior (Anchukaitis & Smerdon, 2022; Wang et al., 2023). In general ring-
width based reconstructions have a muted and lagged volcanic cooling signal, whereas MXD-based re-
constructions have an abrupt temperature decrease following eruptions and a protracted recovery, though not as
severe as the lagged recovery in ring-width based reconstructions (D'Arrigo et al., 2013; Esper et al., 2015; Liicke
et al., 2019; Schneider et al., 2015; Zhu et al., 2020). Therefore, despite its similarities to ring width, low-
resolution aMXD still functions similarly to MXD in its response to large volcanic eruptions, exhibiting an
abrupt temperature decrease followed by a quick recovery.
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5. Conclusions

Our study shows that high-resolution aMXD provides a more accurate record of climate variability. The superior
performance of high-resolution aMXD across multiple frequencies demonstrates that it offers a stronger cali-
bration against instrumental data and better captures recent temperature trends. High-resolution cellular-scale
measurements appear to reduce the influence of biological noise in chronologies and to enhance the represen-
tation of low-frequency variability, leading to better representation of temperature signals. These results
collectively demonstrate the benefit of developing high-resolution wood anatomical data for the purposes of
temperature reconstruction, particularly at the multi-centennial scale. Our study and other recent publications
(e.g., Bjorklund et al., 2023; Seftigen et al., 2022) therefore show that QWA data provide novel high-resolution
information that can affect the interpretation of low-frequency changes in past temperatures. Moreover, QWA
data can improve temperature reconstructions from degraded relict wood, as cell-wall dimensions appear unaf-
fected by abiotic decay compared to traditional density measurements (Klesse et al., 2025). QWA has the
advantage of requiring fewer samples for robust chronology development (e.g., Bjorklund et al., 2020; Lopez-
Saez et al., 2023; Seftigen et al., 2022), reducing the problem of declining sample depth in the earlier portions
of reconstructions. QWA data also allow us to capture discrete, transient, intra-annual, and synoptic events (e.g.,
Edwards et al., 2021, 2022; Leland et al., 2025; Mayer et al., 2020; Piermattei et al., 2020). Thus the benefits of
QWA analysis that arise from measurement resolution make the investment in this intensive method worthwhile
for paleoclimatology across a range of timescales.
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