Clim. Past, 18, 1151-1168, 2022
https://doi.org/10.5194/cp-18-1151-2022

© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

Climate
of the Past

Prospects for dendroanatomy in paleoclimatology — a case
study on Picea engelmannii from the Canadian Rockies

Kristina Seftigen'-2, Marina V. Fonti>>, Brian Luckman*, Milo§ Rydval’, Petter Stridbeck’', Georg von Arx>°,

Rob Wilson’, and Jesper Bjorklund?

Regional Climate Group, Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden
2Dendrosciences, Swiss Federal Institute for Forest Snow and Landscape Research WSL, Birmensdorf, Switzerland
3nstitute of Ecology and Geography, Siberian Federal University, Krasnoyarsk, Russian Federation

“4Department of Geography, University of Western Ontario, London, ON, N6A 3K7, Canada

>Department of Forest Ecology, Faculty of Forestry and Wood Sciences, Czech University of Life

Sciences Prague, Prague, Czech Republic

6Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland
7University of St Andrews, Queen’s Terrace, St Andrews, Fife, KY16 9TS, UK

Correspondence: Kristina Seftigen (kristina.seftigen@gvc.gu.se)

Received: 30 December 2021 — Discussion started: 11 January 2022
Revised: 23 March 2022 — Accepted: 25 April 2022 — Published: 24 May 2022

Abstract. The continuous development of new proxies as
well as a refinement of existing tools are key to advances
in paleoclimate research and improvements in the accuracy
of existing climate reconstructions. Herein, we build on re-
cent methodological progress in dendroanatomy, the anal-
yses of wood anatomical parameters in dated tree rings,
and introduce the longest (1585-2014 CE) dendroanatomi-
cal dataset currently developed for North America. We ex-
plore the potential of dendroanatomy of high-elevation En-
gelmann spruce (Picea engelmannii) as a proxy of past tem-
peratures by measuring anatomical cell dimensions of 15 liv-
ing trees from the Columbia Icefield area. X-ray maximum
latewood density (MXD) and its blue intensity counterpart
(MXBI) have previously been measured, allowing compari-
son between the different parameters. Our findings highlight
anatomical MXD and maximum radial cell wall thickness as
the two most promising wood anatomical proxy parameters
for past temperatures, each explaining 46 % and 49 %, re-
spectively, of detrended instrumental July—August maximum
temperatures over the 1901-1994 period. While both param-
eters display comparable climatic imprinting at higher fre-
quencies to X-ray derived MXD, the anatomical dataset dis-
tinguishes itself from its predecessors by providing the most
temporally stable warm season temperature signal. Further
studies, including samples from more diverse age cohorts and

the adaptation of the regional curve standardization method,
are needed to disentangle the ontogenetic and climatic com-
ponents of long-term signals stored in the wood anatomi-
cal traits and to more comprehensively evaluate the potential
contribution of this new dataset to paleoclimate research.

1 Introduction

Tree rings form the backbone of high-resolution paleocli-
matology of the Common Era by providing precisely dated,
annually resolved, spatially widespread and easily acces-
sible archives of climate proxy data. Tree-ring archives
make up more than half of all publicly available tempera-
ture proxy records and are greatly influential in multi-proxy
hemispheric-scale temperature reconstructions (PAGES 2k
Consortium, 2017). They are vital for spatially explicit map-
ping of the Medieval Climate Anomaly, the Little Ice Age,
and other important climate periods (e.g., PAGES 2k Con-
sortium, 2013), and the study of temporally distinct cool-
ing events caused by volcanic eruptions (e.g., Schneider et
al., 2015; Stoffel et al., 2015; Wilson et al., 2016). More-
over, tree-ring-based climate reconstructions play a key role
in many of the emerging proxy model comparison efforts
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(e.g., Phipps et al., 2013; Seftigen et al., 2017; Luterbacher
et al., 2016; Goosse, 2017; Pages k-PMIP3 group, 2015).

The most frequently and successfully used tree-ring pa-
rameters for the study of past temperature variations at high
latitudes and altitudes are ring width and maximum late-
wood density or simply maximum density (MXD) (e.g., Es-
per et al., 2018). While ring width is the most easily acquired
proxy of year to year variations in climate, the parameter
often proves difficult to interpret as it may represent dis-
torted transformations of the underlying climate (e.g., Liicke
et al., 2019; Frank et al., 2010). In particular, ring width
may exhibit amplified low-frequency signals (von Storch et
al., 2004) resulting from lagged growth processes in response
to climatic (Esper et al., 2015) or non-climatic processes (Ry-
dval et al., 2015). Consequently, the presence of prominent
decadal variability should not be taken as evidence of corre-
sponding variability distribution in climate observations, and
an overestimation of low-frequency signals is often observed
(e.g., Franke et al., 2013; Seftigen et al., 2017; Wilson et
al., 2016). The MXD parameter, in contrast, generally con-
tains a stronger climate signal with higher signal-to-noise ra-
tios (e.g., Ljungqvist et al., 2020; Briffa et al., 2002) as well
as less biological persistence (Esper et al., 2015) and age-
related signal muting (Konter et al., 2016), and is less influ-
enced by stand disturbances (Rydval et al., 2018). However,
a number of recent studies (Bjorklund et al., 2019, 2020; Ed-
wards et al., 2022) have proposed the accuracy of the MXD
parameter to be sensitive to measurement resolution. Bjork-
lund et al. (2019) showed that increasingly lower resolution
of MXD data could result in an increased artificial similarity
to the climate response of ring width, and thus that several
of the issues facing ring width as a climate proxy may also
represent constraints on the MXD parameter.

To reduce uncertainties, future reconstruction efforts could
profit from the development of new proxy types and pa-
rameters for paleoclimatology, as well as new and expand-
ing methodologies. Recently, dendroanatomy, the analysis
of wood anatomical traits in dated tree rings (Pacheco et
al., 2018; Fonti et al., 2010), has become more accessible
through semi-automated approaches to quantify wood cell
anatomy (Prendin et al., 2017; von Arx and Carrer, 2014;
von Arx et al., 2016). Analysis of anatomical cell dimen-
sions is now possible at the scale required for high-quality
climate reconstruction over centuries to millennia (Bjork-
lund et al., 2020). Unlike ring width, anatomical traits of
temperature-limited conifers appear to be less affected by bi-
ological memory effects and are imprinted with strong and
mechanistically grounded temperature signals (Bjorklund et
al., 2019; Cuny et al., 2019, 2014). Moreover, cell anatom-
ical measurements have unprecedentedly high temporal res-
olution relying on the base unit of the xylem, the tracheid
cell, and their biological foundations and functional links are
comparably well understood (e.g., Bouche et al., 2014; Pit-
termann et al., 2011; Wilkinson et al., 2015).
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In this article, we aim to explore the value of den-
droanatomy for high-elevation Engelmann spruce (Picea en-
gelmannii) trees as a proxy of past temperatures. We make
use of tree samples from the Columbia Icefield area of
the Canadian Rockies (Fig. 1), a site known for hosting
the longest (950-1994 CE) available temperature-sensitive
tree-ring densitometric collections for boreal North Amer-
ica (Luckman and Wilson, 2005; Luckman et al., 1997).
The Icefield collection, originally comprising ring width
and MXD measurements, has previously been used in re-
gional (Luckman, 1997, 2000; St. George and Luckman,
2001) and hemispheric-scale (Briffa et al., 2002; Esper et
al., 2002; Mann et al., 1999; D’ Arrigo et al., 2006) tempera-
ture reconstructions, including the recent large-scale North-
ern Hemisphere summer temperature reconstruction synthe-
ses (Wilson et al., 2016; Anchukaitis et al., 2017; Schnei-
der et al., 2015). The analysis of the new dendroanatomical
dataset produced here includes an assessment of its signal
strength and the imprint of temperature within a number of
wood anatomical traits spanning the period 1585-2014 CE.
We detail common variance amongst selected anatomical pa-
rameters and emphasize the reconstruction potential of this
dataset. The availability of MXD from the Columbia Icefield
area (Luckman and Wilson, 2005; Luckman et al., 1997),
produced with the Walesch Electronic Dendro2003 tech-
nique (Eschbach et al., 1995) and its predecessor (Schwein-
gruber et al., 1978) (hereafter referred to as X-ray MXD),
and latewood blue intensity (referred to as MXBI, Mc-
Carroll et al., 2002) measurements allow an optimal op-
portunity for testing the accuracy and potential advantages
of dendroanatomical parameters as climate proxies. This
work is part of a larger ongoing collaborative effort dedi-
cated to developing a network of long (~500-1000 years)
dendroanatomical chronologies across the Northern Hemi-
sphere. The ultimate ambition of this initiative is to sharpen
signal interpretations of the dendrochronological records and
to optimize seasonal and temporal fidelity of the proxy-based
reconstructions in order to revise (or reinforce) previous con-
clusions about preindustrial climate variability and the mech-
anisms causing this variability. This work also represents a
first step towards a millennium long anatomical P. engelman-
nii dataset for the Columbia Icefield area, Canada.

2 Data and methods

2.1 Sample preparation and dendroanatomical
measurements

A total of 15 living P. engelmannii trees (1 core per tree)
were selected for dendroanatomical measurements from a
collection sampled in 2015, from tree-line sites (2000-
2100ma.s.l.) adjacent to the Athabasca Glacier in the
Columbia Icefield area of the Canadian Rockies (52.13° N,
117.14° W, Fig. 1). The selection of cores was based on
(1) the visual appearance of the material (cores with obvi-
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Figure 1. (a) Location of the Columbia Icefield site, Canadian Rockies, where tree cores for dendroanatomical measurements were collected
in 2015. (b) The tree-ring sampling site at the Columbia Icefield. The view is to the north from the Athabasca Glacier forefield in September
2018. The 2015 samples were obtained from sites east and west of the Icefield Centre (building located in the middle of the image). The
Athabasca Glacier extended to the foot of the slope in the left of the photo in the 1840s. (¢) Monthly mean temperature (black line) and total
precipitation (gray bars) (1970-2018 averages) for the CRU TS v4.03 grid point (52.25° N, 117.25° W) covering the Columbia Icefield area.
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ous defects were avoided), (2) the temporal coverage of the
series (we strived to have an even replication through time)
and, (3) the common signal strength of the ring width mea-
surements (in general, cores with higher than average cor-
relation with the master chronology built from all the other
series were selected for wood anatomy). The selection was
primarily dictated by factors (1) and (2), and only secondar-
ily by factor (3).

Wood cores were refluxed in alcohol for 24h using a
Soxhlet apparatus to remove resin and other soluble sub-
stances, and subsequently embedded in paraffin using a Tis-
sue Processor TP1020 and Histocore Arcadia Embedding
Center (Leica, Germany). A rotary microtome RM2245 (Le-
ica Biosystems, Germany), equipped with N35 disposable
microtome blades (Feather, Japan), were used to cut 12 pm
thick transverse sections from the wood cores. The thin sec-
tions were stained with a 1:1 safranin-astrablue solution
and mounted on slides with Euparal (Carl Roth, Germany),
following standard procedures (von Arx et al., 2016). Digi-
tal images from each section were taken with a Zeiss Axio
Scan Z1 (Carl Zeiss, Germany) at a resolution of 2.3 pix-
elsum™!. Tree ring borders and individual tracheid cells
were then semi-automatically identified, and ring width as
well as the position and anatomical dimension of each tra-
cheid cell were measured in the digital images using the im-
age analysis software ROXAS (v3.1) (von Arx and Carrer,
2014). The anatomical parameters included, for instance, cell
Iumen area and cell wall thickness (CWT), where the latter
was measured in four directions to obtain the average cell
wall thickness, i.e., two radial and two tangential cell walls
per tracheid cell (Prendin et al., 2017). Each tree ring was
divided into 20 um wide bands parallel to the ring border
(the tangential extension of each band encompasses ~ 75—
100 tracheids). In order to minimize the influence of outliers,
for each anatomical parameter the values of all cells corre-
sponding to the 75th percentile within each 20 um-wide band
were retained for further analysis, i.e., from the cells within
the radial and tangential extension of each band, the 75th per-
centile of each cell dimension was calculated, building up
intra-annual measurement profiles of CWT, lumen area, and
other anatomical traits. The maximum parameters (e.g., Max.
radial CWT) thus retain the highest value of the profile for
each year, the minimum parameters retain the lowest value
of the profile for each year, and the earlywood and latewood
parameters retain the average value of the profile for the ear-
lywood and latewood portions of the ring, respectively. The
anatomical density was derived as the ratio of wall area to
overall cell area (i.e., including both wall and lumen area)
in each 20 um wide band. Mork’s index (Denne, 1989) was
used to separate the earlywood and the latewood portions of
the ring. For further details regarding the dendroanatomical
measurements, see Bjorklund et al. (2020).
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2.2 Chronology development

From the potentially large number of possible den-
droanatomical parameters, we narrowed down subsequent
analyses to seven parameters of anatomical dimensions, and
three wood density parameters based on anatomical dimen-
sions, which are directly comparable to X-ray and MXBI-
based microdensitometric parameters. The parameters are
listed in Table 1. For comparative purposes, we also re-
tained X-ray derived measurements of MXD (Luckman and
Wilson, 2005), and the previously unpublished latewood
blue intensity counterpart (MXBI) measured on P. engel-
mannii from the Columbia Icefield area. The X-ray MXD
was produced using radiodensitometric techniques (Schwe-
ingruber et al.,, 1978) from 1.2 mm-thick laths, cut using
a twin-blade saw along the tree cores but perpendicular to
the fiber direction (see Luckman and Wilson, 2005 for de-
tails). For the production of MXBI, the methodology out-
lined in Rydval et al. (2014) was adopted. The MXBI mea-
surements were conducted using the CooRecorder software
(ver. 8.1) (http://www.cybis.se/forfun/dendro/index.htm, last
access: 12 January 2021). Corresponding time series of ring
width were also obtained and hereafter referred to as original
ring width, as opposed to ROXAS ring-width, which were
measured in the ROXAS program on the 15 cores used for
the dendroanatomical measurements. The X-ray MXD and
MXBI datasets were originally developed from living trees
and snag material; however, to ensure consistency for the pa-
rameter comparison, we used X-ray MXD, MXBI and origi-
nal ring width measurements from living trees only (X-ray
MXD: N =78 series, MXBI: N =182, and original ring
width: N = 182, see Table 1). The dendroanatomical anal-
ysis was performed on tree cores for which original ring
width and MXBI measurements were available. Thus, an
additional subset based on the 15 trees was retained for
the latter 2 parameters to also ensure a direct comparison
with the dendroanatomical chronologies. For the full MXBI
dataset (N = 182), we additionally derived eight partly over-
lapping percentile chronologies based on absolute ring width
(Fig. S1 in the Supplement), to assess whether a similar
ring width dependence as previously reported by Bjorklund
et al. (2019) from northern Fennoscandia could also be de-
tected in the Icefield dataset, i.e., ring width-related differ-
ences of MXBI measurements taken in narrow versus wide
rings. The following ring width percentile intervals were
used: 0-30th, 10th—40th, 20th—50th, 30th—60th, 40th—70th,
50th—80th, 60th—-90th, and 70th—100th to derive the subsam-
pled MXBI chronologies. Thus, for example, the 70th—100th
percentile chronology is computed from MXBI values mea-
sured in the 30 % widest rings, while the 0—30th percentile
chronology corresponds to MXBI values from the 30 % of
the narrowest rings. Unfortunately, it was not possible to
conduct a similar comparative analysis for the X-ray MXD
as the corresponding ring width measurements originally de-
veloped were unavailable to us in the current study.
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Since the analysis was performed on data derived from
a cohort of same-aged living trees, capturing low-frequency
variability (i.e., decadal and longer) with regional curve stan-
dardization (RCS) type methods is a challenge (e.g., Briffa
et al., 1992). This is because living trees only, share potential
climate signal on lower frequencies even if they are aligned
by cambial age (trend in signal) (Briffa and Melvin, 2011).
Any attempt, even using signal-free approaches, will provide
indices that likely would have to be revised when implement-
ing the same technique on a large multigenerational dataset,
and ultimately reflect certainty where there is little. Thus,
we primarily focused here on the year to year signals in the
tree ring anatomical parameters. To emphasize the interan-
nual variations, the individual dendroanatomical series were
detrended in the program MATLAB (version R2021a), by
(1) fitting a cubic smoothing spline function with 50 % fre-
quency response cut-off at 35 years to the raw tree ring se-
ries (Cook and Peters, 1981), (2) subtracting the fitted values
from the observed values to obtain detrended series (division
was used to standardize the ring width measurements), and fi-
nally (3) averaging the detrended series by simple arithmetic
mean to produce the final parameter-specific chronologies
(hereafter referred to as detrended data). The same detrend-
ing procedure was performed on the MXBI, X-ray derived
MXD and original ring width series in order to obtain data
that are comparable with the dendroanatomical datasets. All
chronologies were truncated to the 1700-1994 period in the
subsequent analyses to ensure a consistent overlap between
datasets as well as a sample depth ranging between 9 and 15
cores for the anatomical dataset.

2.3 Statistical methods

To evaluate the strength of the between-series common signal
and establish the replication needed to obtain mean chronolo-
gies meeting the commonly accepted standard, we used the
RBAR (defined as the mean Pearson’s correlation coeffi-
cient between all possible pairs of individual tree ring series)
(Wigley et al., 1984) and expressed population signal (EPS)
(Briffa et al., 1992) statistics. To assess the degree to which
the various parameters co-vary, principal component analy-
sis (PCA) and pairwise correlations were computed over the
1700-1994 period.

Detrended tree ring parameter chronologies were assessed
for their relationship to regional monthly mean (7iean) and
maximum (7Tpyax) temperatures, by correlation against the
monthly 0.5° x 0.5° gridded CRU TS v4.03 dataset (Har-
ris et al., 2020) for the grid point average bounded by the
latitude and longitude coordinates 48.25-55.75° N/113.75-
123.25° W (Figs. 1, 2). The Tinax was included in the analy-
sis because previous work has demonstrated slightly stronger
calibration statistics than for Tiean When using MXD and
ring width chronologies for climate reconstruction in this re-
gion (e.g., Wilson and Luckman, 2003; Heeter et al., 2021;
Wilson et al., 2019, 2014). The associations with monthly
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precipitation totals and minimum temperatures were also
tested, but not included here due to weak significant em-
pirical relationships. The lack of precipitation sensitivity
of P. engelmanni in the Icefield area was already noted in
St. George and Luckman, 2001, which is not surprising as the
trees are growing in temperature-limited upper tree-line en-
vironments. Pearson’s correlations were calculated between
parameter-specific chronologies and monthly meteorological
variables over the 1901-1994 period, and the 1901-1948 and
1949-1994 subperiods to evaluate temporal stability of the
climate responses. A paired ¢ test was used to test whether
the calibration statistics differed between tree ring parame-
ters and sub-periods. To make the climate sensitivity analy-
sis comparable to previous studies from the Columbia Ice-
field area, we also included the homogenized (1895—present)
50x50 km gridded temperature data (Zhang et al., 2000; Vin-
cent and Gullett, 1999) originally developed by the Meteoro-
logical Service of Canada and previously used in Luckman
and Wilson (2005) to reconstruct last-millennium summer
temperatures for the Canadian Rockies. Similar to Luckman
and Wilson (2005), we used the mean of four grids closest to
the Columbia Icefield area. Calibration trials with these data
are provided in the supplement (Figs. S2 and S3). To ensure
the climate analysis was not affected by long-term trends,
all temperature data were filtered prior to analysis using the
same 35-year filter as was used to detrend the tree ring pa-
rameters (henceforth referred to as detrended data).

Furthermore, the dynamic nature of the temperature sig-
nal (i.e., optimal target season and its temporal stability) was
evaluated through moving window correlation analysis be-
tween detrended tree ring chronologies and detrended aver-
age daily temperature data (grid 52.5° N, 118.5° W) from the
Berkeley Earth dataset (http://berkeleyearth.org/data/, last
access: 31 January 2021) (Rohde and Hausfather, 2020) cov-
ering the 1880-recent period. Pearson’s correlations were
computed for 30-year sliding windows with a 1-year offset.
For each 30-year block, temperatures were averaged in 30d
long windows which were shifted at daily time steps through-
out the year (sensu JevSenak and Levanic, 2018).

3 Results and discussion

3.1 Picea engelmannii dendroanatomy characteristics

Besides the conventional width parameters (i.e., ring width,
earlywood and latewood width, referred to as ROXAS in Ta-
ble 1), seven anatomical parameters and three anatomically-
based density parameters were retained for analysis. Basic
chronology assessments of detrended data over the com-
mon 1700-1994 CE period are provided in Table 1, and
non-detrended mean chronologies for selected parameters
are shown in Fig. 2. In line with previous work by Bjork-
lund et al. (2020) on temperature-sensitive conifers, we
found that maximum radial cell wall thickness (Max. radial
CWT) and anatomical MXD (aMXD) are the two anatom-
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ical parameters with the highest mean inter-series correla-
tion (RBAR =0.47 and 0.48, respectively). For both param-
eters, EPS reaches the 0.85 threshold (Wigley et al., 1984)
with 6 series (Table 1). Notably, these values are of compa-
rable strength to the RBAR and EPS of X-ray based MXD
(RBAR =0.49, 6 trees required for EPS =0.85). By com-
parison, the RBAR for MXBI is surprisingly low at 0.19 and
the replication needed to attain the EPS of 0.85 is 24 series.
These MXBI chronology statistics are lower than for ring
width (RBAR = 0.22 and 0.28 for original and ROXAS ring
width, respectively), an observation noted previously by Ry-
dval et al. (2014) and Wilson et al. (2019). The RBAR and
EPS values for MXBI slightly decrease if computed only on
the 15 trees that have been preselected for the dendroanatom-
ical analysis. This is surprising given that the selection of the
cores for dendroanatomy was partly based on its ring width
signal strength (see Sect. 2.1), and that the RBAR and EPS
statistics for ring width actually improve when narrowing the
analyses down to these 15 trees (see Table 1). Although the
BI-based density parameters typically require a larger sam-
ple size than ring width (e.g., Blake et al., 2020; Wilson et
al., 2021) for a robust chronology, the MXBI chronology
statistics obtained for P. engelmannii from our site are still
lower than the previously reported MXBI findings for the
same species across British Columbia, Canada (Wilson et
al., 2014).

Notably, several anatomical and density parameters are
found to exhibit a relatively low common signal, yet a
reasonably strong temperature sensitivity (see Sect. 3.2).
These include, in decreasing order of signal strength: ear-
lywood (EW) cell wall area (RBAR = 0.13), EW lumen area
(RBAR=0.12), EW density (RBAR=0.10), EW cell area
(RBAR =0.09) and latewood (LW) cell area (RBAR = 0.09).
The replication required to attain robust EPS statistics ranges
between 38 (EW cell wall area) and 57 trees (EW cell area
and LW cell area).

The co-variability between the various parameters over
the common 1700-1994 period was assessed through prin-
cipal component analysis and pairwise correlations (Fig. 3).
The first two components together represent 68.1 % of the
total variation. The PC1 alone explains 43.8 % of variance,
and is dominated by latewood-related parameters, includ-
ing both anatomy and density parameters. We found that
aMXD, Max. radial CWT and X-ray MXD cluster together
in the bivariate plot, showing that all three parameters ex-
press comparable signals (also corroborated by the corre-
lation matrix in Fig. 3b). The MXBI also loads strongly
positively on PCl1, but slightly separates from this clus-
ter by being positively correlated to PC2. Among the LW
density-related components, MXBI is the parameter best
correlated with ring width and latewood width chronolo-
gies (Fig. 3b), although these correlations are only moder-
ate (rMxsI vs. original ring width = 0.43, rMxBIvs. latewood width =
0.66). The principal component analysis including the sub-
sampled MXBI percentile chronologies based on the abso-
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lute corresponding ring widths reveal that the correlation co-
efficients against the latewood width, and to some degree also
ring width, successively increase for the “narrow-ring MXBI
chronologies” (Fig. S5). The “wide-ring MXBI chronolo-
gies” (i.e., ~ 50th—100th percentiles) are, on the other hand,
more similar to the aLWD, Max. radial CWT, aMXD and X-
ray MXD chronologies. This observed ring width inclination
of MXBI suggests that the dataset might be subject to a reso-
lution bias (Bjorklund et al., 2019). More detail on this issue
is given in Sect. 3.4.

The variance of PC2 (24.3 % of total variability) is dom-
inated by ring width and earlywood-related density and
anatomy parameters. Amongst these, EW density stands out
by loading strongly negatively on the PC2 axis (reflecting
its negative association with early summer temperatures, see
Sect. 3.2). Moreover, the EW cell wall area stands out by
loading more strongly on the PC1 axis than on the PC2 axis,
and by clustering more closely with the latewood than with
the earlywood components (reflecting its late summer tem-
perature sensitivity, see Sect. 3.2).

3.2 Climate response

Simple linear correlations between selected parameters and
monthly CRU TS mean (Tiean) and maximum (7yax) de-
trended temperatures are shown in Fig. 4. In line with pre-
vious work from North America (Heeter et al., 2021; Wil-
son and Luckman, 2003; Luckman and Wilson, 2005; Wil-
son et al., 2014; Harley et al., 2021), our results reinforce
the importance of T,k temperatures for wood formation
and growth of P. engelmannii in the region by providing in
general, slightly higher correlation values for Ti,x than for
Timean- Interestingly, the pattern observed in North America
contrasts to many other temperature-limited regions of the
Northern Hemisphere, where conifers have generally been
noted to correlate more strongly to Tinean than to Tmax (ob-
servation made by the author team, results not published).
Whether this is actually grounded in a tree physiological
mechanism is still an open question. Furthermore, the gen-
eral pattern revealed by the climate response analysis shows
that the various dendroanatomical traits respond to consec-
utive temporal windows within a short seasonal window ex-
tending from June to August, in line with our understanding
of the successive physiological processes (i.e., cell expan-
sion and cell wall thickening) behind wood formation and
growth (e.g., Fonti et al., 2013). These results support the
climate-response pattern that has generally been observed
for conifers across the Canadian Rockies (Luckman and Wil-
son, 2005) and the adjacent Interior British Columbia (Wil-
son and Luckman, 2003; Wilson et al., 2014), yet contrasts
to the seasonally wide temperature imprint (extending be-
tween May and August and occasionally even between April
and September) within latewood density of Picea mariana
in the eastern Canadian taiga (Wang et al., 2020). This is
also the case when comparing our results with the previous
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Figure 2. Average non-detrended time series of selected tree ring parameters, z-scored over the 1901-1994 reference period. The blue
and red lines show the linear trends over the 1901-1994 and 1700-1994 periods, respectively. Seasonally averaged June—August (48.25—
55.75° N/113.75-123.25° W CRU TS v4.03 subset average) mean (Timean) and maximum (7max) temperatures are provided for comparison.
* significant trend (o = 0.05) estimated by the Mann—Kendall trend detection test. LW latewood, CWT cell wall thickness, aLWD anatomical
latewood density and aMXD anatomical maximum latewood density. See Fig. S4 for full 1586-2015 CE period chronologies.

study of Bjorklund et al. (2020) on latewood anatomical traits
of Pinus sylvestris in northern Scandinavia, where the tem-
perature response window extends from April to September.
The narrow window of response patterns seen here is most
likely constrained by the distinct and short warm season char-
acterizing the climatology of the study site, where average
monthly temperatures rise above 0°C only in 5 months of
the year (Fig. 1c).

We found that latewood-related parameters in general dis-
play a late summer (July—August) temperature sensitivity,
while ring width and earlywood-related density and anatomy
parameters most strongly correlate with mid-summer (June—
July) temperatures (Fig. 4). The strongest temperature sig-

https://doi.org/10.5194/cp-18-1151-2022

nals are found in anatomical components of the latewood,
which are also the parameters displaying the highest RBAR
statistics (Table 1). In particular, aMXD and Max. radial
CWT stand out. The imprints of year-to-year temperature
variability within these two parameters are, over the 1901—
1994 period, very similar, if not identical, to those of the
MXD derived from the X-ray technique. By comparison,
the exceptionally weak inter-series signal strength of the
MXBI parameter (Table 1) is compensated by high repli-
cation (N = 182), and thus MXBI is also rather similar to
aMXD, Max. radial CWT and X-ray MXD. However, the
temperature signal of MXBI is shifted earlier by expressing a
stronger correlation with July temperatures but weaker with

Clim. Past, 18, 1151-1168, 2022
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Table 1. Basic summary statistics for each detrended parameter chronology, based on the common 1700-1994 period. EW earlywood, LW
latewood, CWT cell wall thickness, aLWD anatomical latewood density and aMXD anatomical maximum latewood density. Estimations of
the number of trees needed to reach the arbitrary EPS threshold level of 0.85 are derived from the EPS equation (see Wigley et al., 1984)
using the RBAR statistic for each tree ring parameter. Parameters highlighted in italics are those requiring the lowest sample replication to

reach the threshold level.

Width parameters

# samples RBAR 7 for EPS =0.85

Original ring-width (from Luckman, 1997; Luckman and

Wilson, 2005, and later unpublished updates)

0.22 20
182  (0.27 for N =15)* (15 for N = 15)*

ROXAS ring width 15 0.28 15
ROXAS EW width 15 0.26 16
ROXAS LW width 15 0.19 24
Earlywood anatomy
EW cell area 15 0.09 57
EW Lumen area 15 0.12 42
EW cell wall area 15 0.13 38
Latewood anatomy
LW cell area 15 0.09 57
LW Lumen area 15 0.31 13
Max. radial CWT 15 0.47 6
Max. tangential CWT 15 0.34 11
Density parameters
EW density 15 0.10 51
aLWD 15 0.28 15
aMXD 15 0.48 6
MXBI (unpublished) 182 0.19 24
(0.16 for N = 15)* (30 for N = 15)*

X-ray MXD (from Luckman and Wilson, 2005)

78 0.49 6

* The RBAR and EPS values in parentheses are for the original ring width and MXBI time series computed for exactly the same 15 trees that have

been used to produce the wood anatomy datasets.

August compared to aMXD, Max. radial CWT and X-ray
MXD. The aggregated July—August temperature response of
MXBI is thus in fact only marginally weaker than that of X-
ray MXD, aMXD and Max. radial CWT.

3.3 Temporal signal stability

Focusing only on anatomical traits with the highest temper-
ature sensitivity (aMXD and Max. radial CWT), compari-
son with daily temperatures (Fig. 5) confirms a significant
and strong mid-to-late summer signal over the 1880-1994
period. Breaking down the climate response in daily incre-
ments reveals that the strongest signal (r > 0.5) occurs on
average between days 192 and 251 of the year (i.e., 11 July
until 8-9 September, with a peak correlation of 0.74 for Max.
radial CWT and aMXD occurring between 21 July—20 Au-

Clim. Past, 18, 1151-1168, 2022

gust and 23 July—22 August), respectively. The temperature
associations at the margins of the target season are, how-
ever, more unstable. We note, for example, that the Septem-
ber signal disappears around the first half of the 20th cen-
tury for both anatomical parameters. A similar correlation
structure holds for X-ray-derived MXD and to a lesser de-
gree MXBI (N = 182), but the two parameters exhibit en-
hanced correlation coefficients in the second half of the 20th
century compared to the early period (also corroborated by
the split-period calibration in Fig. 6). Moreover, despite the
high sample replication, MXBI shows slightly weaker cor-
relations with daily data than the other density-related pa-
rameters, particularly in the early 1880-1930 period, when
ring widths coincidentally are the narrowest in the record
(see Fig. 8 and Sect. 3.4). For comparative purposes we also

https://doi.org/10.5194/cp-18-1151-2022
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Figure 3. (a) Biplot of the first two principal components of the PCA performed over the 1700-1994 CE period on the width, anatomy
and density parameters. The colors of the vectors correspond to the parameter grouping used in Table 1. The first two components together
represent 68.1 % of the total variation. (b) Pearson’s correlation matrix between various anatomical and width parameters. X-ray MXD and
MXBI are included for comparison. Correlations are computed over the common 1700-1994 period using detrended chronologies. The color
and size of the markers denote the direction and strength of the relationships.
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Figure 4. Correlations between tree ring parameters and monthly (a) average (Tmean) and (b) maximum (7max) temperatures from the CRU
TS v4.03 product (48.25-55.75° N/113.75-123.25° W subset average). Pearson’s correlation coefficients are computed over the 1901-1994
period using detrended data. The RBAR statistics for each parameter chronology, and correlation coefficients for the best temperature target
season are provided on the right side of the plots (June for ring width and EW parameters, July—August and August for LW parameters).
For original ring width and MXBI, results are also provided for chronologies (denoted as N = 15) built from the same 15 trees that are used
to produce the dendroanatomy data. Significant correlations (p < 0.01) are marked with white circles. Correlations with temperature data
produced by the Meteorological Service of Canada are given in the Supplement (Fig. S2).

include anatomically derived ring width, which shows on av-
erage the strongest correlations (» = 0.3 to 0.5) with temper-
atures between days 146 and 206 of the year (i.e., 26 May to
25 July).

The stability of the July—August temperature signals of
detrended aMXD and Max. radial CWT, along with X-ray
MXD and MXBI, were further assessed by a split-period cal-
ibration procedure (1901-1948 and 1949-1994) (Fig. 6). The
two wood anatomical parameters calibrate more strongly to
the early period compared to the late, when using both Tinean
and Tyax. However, especially for Max. radial CWT, the cal-
ibration differences in the two periods are slight (r> =53 %
and 47 % against Ty, respectively). By comparison, the X-
ray MXD calibrates more strongly in the latter half of the
instrumental period and shows more pronounced temporal

Clim. Past, 18, 1151-1168, 2022

instabilities (> = 34 % and 55 % against Tpax, respectively).
This contrasts to the prior finding (Luckman and Wilson,
2005) where no such instabilities in the early 20th century
were detected. These contrasting results are most likely not
related to using different climate data products because sim-
ilar results (Fig. S3) were obtained when using the Luckman
and Wilson (2005) temperature data, originally produced by
the Meteorological Service of Canada. Instead we suspect
that the discrepancy can be attributed to either using a larger
network of MXD data than used in this study, or that Luck-
man and Wilson (2005) used multivariate regression models
(including ring width and lagged growth responses) to ex-
plain a wider target season than attempted here.

Calibration trials with detrended data over the full pe-
riod 1901-1994 reveal that Max. radial CWT performs

https://doi.org/10.5194/cp-18-1151-2022
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Figure 5. Moving correlation between the full tree ring parameter datasets and Berkeley Earth gridded daily temperatures (grid 52.5° N
118.5° W, 1880-1994 period). A 30-year moving window, shifted by 1 year, was used in the analysis. Temperatures were averaged over a
30d window and shifted throughout the year at daily steps. The days on the x and y axes thus show the first day of the 30-year and 30d
windows, respectively, e.g., day 152 on the y axis represents the period 1-30 June. Both tree ring and temperature data have been detrended
prior to analysis. The months June—August are highlighted to aid interpretation. Pearson’s correlations between monthly aggregated (i.e.,
average daily data for each calendar month) Berkeley Earth temperatures and tree ring parameters are provided in Fig. S6 for comparison.

overall best (Tmaxr2 =49 %), closely followed by aMXD
(r? =0.46 %) and X-ray MXD (> =0.46 %). The temporal
instability of X-ray MXD and by comparison the robust and
strong signals of the aMXD and especially the Max. radial
CWT parameters are further confirmed by the resampling
calibration trials presented in Fig. 6¢, where 10 random series
are drawn from the sample cohorts 1000 times without re-
placement, and the resulting parameter chronologies are sub-
sequently correlated against July—August Tinax. The reason
for the X-ray MXD loss in signal is difficult to disentangle,
but it is unlikely related to having different samples for the X-
ray and anatomical datasets because the resampling scheme
clearly show that the r2 distributions are different (Fig. 6¢)
(also corroborated by a two-sample ¢ test at a significance
threshold of 0.05, indicating that the 2 statistics come from
two populations with unequal means).

3.4 Possible implications of measurement resolution on
climate signal

As shown in the previous sections, the climate imprint within
the anatomical LW density components slightly differs from
its X-ray and Bl-based counterparts, although all these pa-
rameters essentially measure the same component in wood.
As previously noted by Bjorklund et al. (2020), the main dif-

https://doi.org/10.5194/cp-18-1151-2022

ference between these metrics is the measurement resolution,
while factors such as the cell wall density is of marginal im-
portance (Bjorklund et al., 2021). Thus, as part of a multi-
parameter approach, the higher resolution of dendroanatomy
may serve to evaluate the potential risk of a resolution bias
(in X-ray MXD and MXBI) when implementing these pa-
rameters both on shorter and longer time scales.

We have seen that the monthly correlations of the full
MXBI dataset (N = 182) differ slightly from the more phys-
ically direct density and anatomy parameters, which we hy-
pothesize could partially be related to the lower measure-
ment resolution that artificially makes it more similar to ring
width and latewood width (Bjorklund et al., 2019). The pair-
wise correlation between parameter chronologies (Fig. 3) and
the PCA biplot based on the percentile MXBI chronologies
(Fig. S5) confirms this enhanced relationship with ring width
and latewood width. To test this theory further, we have cor-
related the percentile MXBI chronologies against the target
July—August Tnax (Fig. 7a) and against the full (N = 182)
detrended original ring width chronology (Fig. 7b), using
resampling of data. Unfortunately, corresponding latewood
width measurements are not available for MXBI, so this
comparative analysis is restricted to ring width. Neverthe-
less, we find that when using the full July—August season
the poorest temperature imprint is found in the MXBI values

Clim. Past, 18, 1151-1168, 2022
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of the narrowest (~ 40 %), and the widest (~ 40 %) of the
rings, while the strongest July—August signal can be recov-
ered from the MXBI values in rings that are close to average
in width (40th—70th percentile). Expanding the climate cor-
relation analysis to monthly Tiy,« data (Fig. 7c) reveals, how-
ever, a gradual transition from a predominantly August tem-
perature signal in the wide ring MXBI chronologies to a more
July-dominated signal in the narrow ring MXBI chronolo-
gies. The MXBI values in rings that are close to average
in width correlate equally strongly to both July and August,
which explains the overall better performance of these data
when comparing to the July—August target (Fig. 7c). Impor-
tantly, we find no correlation between the MXBI and ring
width in the widest rings (Fig. S5). However, as we move to-
wards narrower rings, the MXBI values become successively
more like ring width/latewood width (Figs. 7b and S5). All
in all, these results suggest that an effect of low measurement
resolution may be present for narrower ring widths/latewood
widths. If so, this means that the MXBI parameter may be-
come subject to greater target season uncertainty, which may
fluctuate between July and August signals over time, largely
depending on the absolute ring width/latewood width of the
analyzed tree ring sample collection and the resolution of the
captured image. Although posing a challenge for paleocli-
mate reconstructions, this resolution issue is likely to become
a less relevant methodological problem in a near future, as
more laboratories are currently investing in the development
of high-resolution image capturing systems and other analyt-
ical techniques to enhance the precision of the BI data.
Furthermore, we note that the correlations between the
various latewood parameters against ring widths change from
the early to late 20th century periods, and that the corre-
lations slightly differ in magnitude and sign (Fig. 8). The
MXBI is positively correlated with ring width, whereas the
correlations for X-ray MXD range from non-significant to
weakly positive. The Max. radial CWT, on the other hand,
show a non-significant or weak negative correlation with ring
width during the 20th century. This gradual, and slightly
larger shift in moving window correlation against ring width
during the early 20th century may thus be an indication that
both MXBI and to some degree X-ray MXD are challenged
by comparatively low measurement resolution. If this is the
case, then the inter-annual climate signal may potentially be-
come muted when ring (latewood) widths are narrow. This
dependence could, in fact, affect the lower frequencies, and
inflate multidecadal variability (Esper et al., 2015). More-
over, the fidelity to the monthly temperature targets may ex-
hibit instability when rings (latewood) are narrow, shifting
back and forth between August- or July-dominated signals
(as seen in Fig. 7c). At the moment it is unclear how this phe-
nomenon could affect the lower frequencies of our chronolo-
gies, as a robust picture of long-term trends in dendroanatom-
ical parameters can only emerge from analysis of millennial
length, multigeneration, composite chronologies suitable for
RCS type detrending (Briffa and Melvin, 2011). Moreover,
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periods with persistence in narrow ring widths will force
MXBI, and perhaps also X-ray MXD, to exhibit persistently
low densitometric values (Bjorklund et al., 2019). Exacerbat-
ing this issue is that persistently narrow ring width and late-
wood width may not even be a product of the distinct and ear-
lier temperature target (June—July, Fig. 4), but could also be
related to stand dynamics/disturbances (Rydval et al., 2018),
and thus pass down non-climatic distortions of decadal to
centennial variations to X-ray MXD and MXBI. This clearly
needs further scrutiny because it may be important for the
interpretation of inferred climate signals back in time, par-
ticularly because the ring width correlation converges for the
X-ray and anatomy data but dramatically diverges for MXBI
(Fig. 8). The lower late period (1949-1994) signal of the
anatomical parameters compared to X-ray MXD requires a
different explanation (Fig. 6). According to the distribution
of the r? values in the resampling scheme of Fig. 6c¢, the late
period Thax signals are not appreciably different, so perhaps
this is simply by chance compounded by having five times
higher X-ray MXD replication.

4 Concluding remarks

Tree ring-based reconstructions of the preindustrial climate
provide a key insight into the earth’s present and future
changing climate, yet their full potential will remain unex-
ploited without a concerted effort to overcome several crit-
ical challenges. This study is part of a larger ongoing syn-
ergetic effort (e.g., Bjorklund et al., 2020, and other work
currently in preparation) directed at exploring the efficacy of
highly temperature-sensitive tree ring data frequently used
in large scale temperature reconstructions (e.g., Wilson et
al., 2016), with the ambition to improve upon these existing
records using dendroanatomical techniques. This is because
dendroanatomy represents the direct morphological refine-
ment of current microdensitometric techniques where it is
possible to control within-ring specific location of the mea-
surements down to the cellular level (von Arx and Carrer,
2014).

In summary, based on the collective comparison between
the new wood anatomical dataset of P. engelmannii from the
Columbia Icefield and the two predecessors X-ray MXD and
MXBI, we are able to draw the following conclusions:

1. Maximum radial cell wall thickness and anatomical
MXD are the two most promising wood anatomi-
cal proxy parameters for estimating past temperatures,
each explaining > 45 % in instrumental detrended July—
August maximum temperatures. Both parameters dis-
play a comparable climatic imprint and strength of sig-
nal to the X-ray derived MXD. It does, however, appear
that the stability of the temperature signal over time is
more robust for the maximum radial cell wall thickness
than for X-ray MXD.
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Figure 7. (a, b) The density distribution of 2 values obtained from 1000 calibration trials (1901-1994 period) where MXBI chronologies
are built from 100 series randomly drawn from the total of 182 series without replacement. The detrended MXBI values are sorted into
percentiles based on the absolute ring width (e.g., the 0-30 percentile are the corresponding MXBI values for the narrowest 30 % of the
rings), and then averaged into percentile chronologies. (a) The calibration r2 values between these chronologies and detrended July—August
CRU TS Tmax, (b) same as (a) but calibrated against the full (N = 182) detrended ring width chronology. (¢) Correlation between the MXBI
percentile chronologies and monthly maximum (7inax) temperatures from the CRU TS v4.03 product (48.25-55.75° N/113.75-123.25° W
subset average). Correlation coefficients are computed over the 1901-1994 period using detrended tree ring and temperature data. Significant
correlations (p < 0.01) are outlined with white circles.

2. For these anatomical parameters, the number of trees 3. The higher resolution of dendroanatomy appears to pos-

needed to reach the commonly accepted quality thresh-
old for chronologies used in dendroclimatic analyses
is, for our experimental site and species, exemplary
with just six trees. However, this high common signal
strength is matched by the X-ray MXD parameter and
thus does not constitute an obvious advantage by itself.
Nevertheless, if the temperature signal is more stable in
maximum radial cell wall thickness, it is advantageous
to know that very few trees are needed to reach chrono-
logical confidence. This is especially true given that the
problem of fading records, i.e., the general decrease in
sample replication and between tree correlations back
in time (Esper and Biintgen, 2021), poses a severe con-
straint to almost all chronologies extending up to or be-
yond the last millennium.

Clim. Past, 18, 1151-1168, 2022

itively influence the high-frequency temperature signal
stability. Using anatomical parameters as opposed to
density parameters, be it from X-ray or anatomy, may
also be beneficial for data quality and the mechanistic
interpretation of the proxy record. However, further re-
search is needed to consolidate this and other important
potential effects regarding the low frequency fidelity of
long-term temperature reconstructions based on X-ray
densitometry.

Justification of the cost and time constraints currently associ-
ated with the production of long dendroanatomical datasets
requires that there must be an information gain not obtain-
able from conventional techniques. In fact, high-resolution,
cell-based measurements already offer an advantage when
it comes to the understanding of the structure-function rela-

tionships (e.g., Bouche et al., 2014; Pittermann et al., 2011;
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Figure 8. (a) Running Pearson’s correlation (a 50-year window shifted by 1 year) between selected density parameters and ring width.
The years on the x axis show the first year of the 50-year correlation windows. Note that for X-ray MXD, the ring width data are not
obtained from the same tree cores as have been used for the density measurements, which is otherwise the case for both MXBI and anatomy.
(b) Running average of absolute ring widths (original and ROXAS datasets) computed using a 50-year window shifted by 1 year, together
with the chronology sample depths of the X-ray MXD, MXBI and dendroanatomical datasets.

Wilkinson et al., 2015), the complex mechanisms behind
tree ring formation (Rathgeber et al., 2016), with relative
time stamps (Ziaco, 2020) of brief intra-seasonal climate ex-
tremes, such as late growing season cold spells or initiation
of volcanic cooling episodes (Piermattei et al., 2020; Ed-
wards et al., 2022). The question remains, however, whether
dendroanatomy can also provide additional paleoclimate in-
formation. Despite the encouraging results detailed herein,
it is necessary to continue to extend this dataset by adding
more series from multiple age classes across the last mil-
lennium to more thoroughly evaluate the multicentennial to
millennial scale variations of this key temperature proxy site.
The work detailed here is the first piece of a puzzle to ex-
plore dendroanatomy of the P. engelmannii sample set for the
Columbia Icefield area in Canada, formerly analyzed with X-
ray and BI techniques (Luckman and Wilson, 2005). As such,
it also represents the longest (1585-2014 CE) dendroanatom-
ical dataset currently developed for North America.

Data availability. The dendroanatomical chronologies from the
Icefield area, Canada, are available on request.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/cp-18-1151-2022-supplement.
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