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ARTICLE INFO ABSTRACT

Keywords: Raw measurements of maximum latewood density (MXD) typically decline with cambial age. This small but
Maximum latewood density persistent trend may diminish or even reverse in living trees under global warming. We here present such a
Tree rings dataset from the Harz mountains in northern Germany that is characterized by an overall positive age trend
Standardization

retained in 92 MXD series of differently old Picea abies trees spanning the period from 1809 to 2020 CE. The
positive age trend creates a new situation in which the identification of a temperature signal based on deviations
from a horizontal line (e.g. by disabling positive slopes in ARSTAN; Cook, 1985) results in an underestimation of
anthropogenic warming, because the residual between the horizontal line and presumed negative age trend
remains unconsidered. We approach this problem by testing a range of detrending methods including classic
curve fits, signal free (SF), and regional curve standardization (RCS). While none of the methods produces a
chronology that perfectly depicts anthropogenic warming, the smallest offset is found when applying RCS to a
trimmed MXD dataset. However, the selection of detrending methods based on the fit with instrumental target
data, without prior understanding of their suitability, reduces the independency of the proxy record and causes
statistical overfitting of the calibration model. Awareness of this problem is important in a rapidly warming
world, in which positive age trends in MXD and other temperature-sensitive proxies are likely to increase.

Climate reconstruction
Harz mountains
Germany

1. MXD measurements and subsets covering a few centuries (Briffa et al., 1998; Biintgen et al., 2011; Esper

et al., 2010, 2017; Frank and Esper, 2005; Kirdyanov et al., 2024; Tor-

The Harz MXD dataset is a collection of 92 high-resolution Walesch
densitometer profiles from 46 Picea abies trees covering the period from
1809 to 2020 CE (Fig. 1). The sampling site is located in 1013 m a.s.l.
near the top of the Brocken at 51°47'57"N and 10°36'56'E, a solitary
peak in northern Germany likely falling some hundred meters short of a
theoretical climatic treeline (Korner and Hoch, 2023). Although the
sampled trees range in age from 55 to 220 years, their MXD series are
shorter since many trunks are rotten at the inside (see the pith offsets
highlighted in grey in Fig. 1b).

When aligning all 92 MXD series (hereafter: “All”) by cambial age,
the mean MXD curve is characterized by a faint but statistically signif-
icant positive trend over the first 165 years (p < 0.05 for a modified
Mann-Kendall test; Hamed and Rao, 1998) followed by an accelerated
rise up to an age of 212 years (Fig. 2). This latter acceleration is driven
solely by a few very old trees, however. Positive age trends are atypical
for MXD datasets, regardless of whether they comprise only living trees

benson et al., 2025) or combinations of living and dead trees spanning
1000 years and more (Briffa et al., 2013; Biintgen et al., 2006, 2017;
Esper et al., 2012, 2014, 2025; Luckman and Wilson, 2005; Schneider
et al., 2015).

Unlike many existing MXD chronologies, the new Harz data extends
well into the 21st century, so that warming-induced higher MXD values
likely triggered the positive age trend in the All collection. This effect
becomes visible when aligning only the 30 longest MXD series (here-
after: “Long™) that are characterized by a minor negative trend between
50 and 150 years of cambial age (Fig. 2b).

The second subset used in this assessment is a trimmed version of the
All data produced by removing rings younger than 50 and older than
140 years of cambial age to emulate a composite chronology (hereafter:
“Trim”). The resulting 90-year segments are steadily distributed the past
183 years since 1839 CE (green bars in Fig. 1b). Trimming not only
shortened the mean segment length by almost 100 years compared to
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the Long data but also mitigated the chronology age differences ranging
from 23 to 195 years in Long to 51-131 years in Trim over the
1839-2020 CE period (Supplementary Fig. S1). Small chronology age
differences are a key requirement for successful Regional Curve Stan-
dardization (RCS), yet the Trim subset remains far from optimal for this
composite detrending method (Esper et al., 2003). This is because the
regional curve of the Harz data, i.e. a function of the age-aligned mean
curve, is the product of re-aligned tree-rings covering a relatively short
period since 1809 CE that is predominantly characterized by warming
trends. If the regional curve would be the product of re-aligned tree rings
covering the past one or two thousand years, such as in the long com-
posite chronologies cited above, it would represent the site-specific
age-related noise independent of prevailing climate trends (Esper
etal., 2016; Ljungqvist et al., 2020). Either way, the Trim subset appears
more suitable for RCS detrending than All and Long, as it integrates a
sequence of relatively short segments distributed over a 183-year
period, and the age-aligned mean curve is almost horizontal (Fig. 2d).

2. MXD detrending and calibration

We applied six detrending methods (L-Hug, L-Nex, L-SF1, L-SF2, A-
RCS, T-RCS) to the Harz MXD data using ratios, arithmetic means, and
no variance stabilization. Employing the Harz Long subset, we opted for
classic Hugershoff curves including positive slopes (L-Hug) and negative
exponential curves excluding positive slopes (L-Nex). Note though that
the majority of L-Nex curve fits are substituted by horizontal lines, as
ARSTAN (Cook, 1985) uses these as replacements for MXD series with
no obvious negative trend (Supplementary Fig. S2). The Long data were
also used to run SF detrendings considering the default settings in the
RCSsigFree software (Cook et al., 2017) with 50-year age-dependent
splines including (L-SF1) and excluding (L-SF2) positive slopes. These
runs comprised 12 (L-SF1) and 13 (L-SF2) iterations altering the lower
frequency trends of the final chronologies (Supplementary Fig. S3). The
two remaining methods were RCS detrendings applied to the All (A-RCS)
and Trim (T-RCS) data using 10-year age-dependent splines to approx-
imate the regional curves.

The differently detrended MXD chronologies reveal highly similar
calibration stats against regional instrumental data (Rohde et al., 2013)
including positive monthly correlations throughout the year of growth,
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Fig. 2. Age-aligned MXD data. a, Replication curves of the Long (orange), All
(black), and Trim (green) Harz MXD data considering pith offsets. b-d, The age-
aligned mean MXD curves (thin) and their 100 spline filters (bold).

culminating in the strongest relationship with April-September (A-S)
mean temperatures (Fig. 3; Supplementary Fig. S4). L-SF2 returns the
highest seasonal correlation over the past 100 years (r1921_2020 = 0.85),
yet the differences among detrendings are statistically insignificant
(p > 0.05 in a Fisher’s z-transformation test; Fisher, 1921). Interest-
ingly, the seasonal correlations become indistinguishable, ranging from
r1921-2020 = 0.786-0.789 across all methods, after first-differencing the
MXD and temperature data. This change indicates that (i) the larger
correlation differences between the original proxy and instrumental
data are caused by varying long-term trends, and (ii) the changing
replication among the All (92 MXD series | 11738 rings), Long (30 |
5242), and Trim (90 | 7056) collections do not affect the inter-annual
correlation coefficients. In other words, it was unnecessary to sample
and measure more than 30 radii of the old trees to reach the same
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Fig. 1. Harz MXD data. a, 92 MXD series (black) and their mean (red), here smoothed using 10-year splines. b, Bar plot illustrating MXD series lengths. Grey bars
indicate pith offsets, black bars tree-rings younger than 90 years and older 140 years, and green bars the rings ranging from 90 to 140 years. c, Replication curves of
the full dataset shown in a (black), after trimming the rings < 90 and > 140 years (green), and the 30 longest series (orange).
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Fig. 3. MXD calibration. a, Monthly and seasonal (April-September) correlations of the differently detrended MXD chronologies (colors) against the nearest Berkeley
Earth temperature grid point (Rohde et al., 2013) over the 1921-2020 CE period. b, Same as in a, but after first-differencing the proxy and instrumental data.

high-frequency signal.
3. Temperature divergence

Comparison of the smoothed MXD chronologies with target A-S
temperatures reveals substantial trend differences (Fig. 4). Both the
classic L-Hug (Briffa et al., 1998) and modern L-SF1 (Melvin and Briffa,
2008) detrendings, permitting positive curve fits, massively underesti-
mate the instrumental warming trend by —1.38°C and —1.14°C in 2020
CE, respectively (Supplementary Fig. S5). This conclusion holds for
L-SF1 even though 12 iterative adjustments progressively elevated the
post-1980 warming trend in this chronology (Supplementary Fig. S3a).

Temperature divergence is substantially reduced in L-Neg (-0.68°C in
2020 CE) as this method uses linear regressions with zero slope to
approximate long-term increasing MXD series. However, restraining
detrending curves to a horizontal line still underestimates the targeted
warming signal as the residual between the linear regression and pre-
sumed negative MXD age trend remains undetected. This limitation does
not apply to L-SF2 as the method iteratively adds positive trend to the
final chronology (Supplementary Fig. S3b) yet thereby overestimates
regional warming by 0.60°C in 2020 CE (maximum in 1996 CE =
0.75°C). This result is achieved using the default settings in the standard
RCSsigFree software (Cook et al., 2017). The offset can be mitigated by
adjusting program parameters, e.g. by using residuals instead of ratios
for detrending (Supplementary Fig. S6). When changing to residuals in
RCSsigFree, however, the detrending process is interrupted after six
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iterations as the convergence tests are not monotonically decreasing,
and the resulting chronology shows a reduced modern increase and
better fit with target temperatures.

The A-RCS and T-RCS chronologies both underestimate the recorded
warming trend (Fig. 4¢), but the post-1950 CE and 2020 CE residuals are
overall smaller, particularly in T-RCS reaching —0.14°C and —0.52°C,
respectively (Supplementary Fig. S5b). The reduced divergence in T-RCS
is likely driven by the removal of tree-rings < 50 and > 140 years of age
and consequential levelling of the chronology age curve (Supplementary
Fig. S1) making the Trim subset more suitable for RCS detrending.
However, while this finding may appear encouraging in context of the
other detrendings employed here, it is important to recall that an offset
> 0.5°C in 2020 CE represents more than 1/3 of the maximum warming
targeted in 2015 Paris agreement and recorded at hemispheric scale
(Esper et al., 2024).

4. Conclusions and outlook

As positive MXD age trends may become more common in a rapidly
warming world, classic detrending methods including positive slope fits
(e.g. Hugershoff) turn unsuitable (Briffa et al., 1998). The temperature
divergence obtained when applying such detrendings is substantially
reduced when excluding positive curve fits, yet the methods using
horizontal lines as a replacement for positive slope fits inevitably miss a
fraction of the warming signal too. This is because the residual between
the horizontal line and the presumed (but unknown) negative MXD age

Temperature,

Temperature (°C)

-2

T
1870

Years

T T
1960 1990

Fig. 4. Temperature fits. a, Original (red) and 30-year smoothed (bold red) April-September temperatures shown together with the smoothed L-Hug (orange) and L-
Nex chronologies (yellow) since 1870. b, The same temperatures shown together with the L-SF1 (brown) and L-SF2 (purple) chronologies, and c, together with the A-
RCS (black) and T-RCS (green) chronologies. All chronologies were scaled (Esper et al., 2005) from 1870 to 1950 CE to the target temperatures.
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trend remains unconsidered.

The state-of-the-art method to identify this missing residual
component is SF, in which the measurement series are detrended using
expected density curves that are free of the variance shared among trees.
However, when this common signal is iteratively reintroduced into the
index series, the resulting SF-2 mean chronology overestimates
anthropogenic warming by up to 0.75°C. This inverse divergence
problem evolved here considering the default settings in RCSsigFree
excluding positive slope age-dependent splines. The overestimation can
be mitigated using residuals instead of ratios, but the SF run then return
warning messages pointing to failing convergence tests. These findings
hint to a general problem when applying SF. Whereas the SF theory is
accurately detailed (Melvin and Briffa, 2008), the many options and
thresholds that can be altered, as well as the subsequently changing it-
erations, make it impossible to justify ex ante operator decisions. If,
however, an ensemble of SF chronologies is produced, e.g. by altering
starting spline stiffnesses, convergence test values, convergence tweaks,
or else, and the final chronology is selected based on best-fit against
instrumental data, this procedure will distort attempts to estimate de-
grees of freedom of transfer models and uncertainties of derived re-
constructions. One could argue to instead add the MXD high frequency
variance on the smoothed instrumental temperature trend or even
replace the post-1950 MXD chronology with instrumental data, both of
which are arguably not very appealing to develop robust climate
reconstructions.

The identification of a regionally common age trend is also at the
heart of the RCS method, but doing so fundamentally requires tree-ring
data distributed over centuries to millennia (Esper et al., 2003). This
requirement is frequently violated in tree-ring papers (and also here)
where living-tree data are used to establish a regional curve that is
supposedly free of the underlying signal. The approach is particularly
problematic with temperature-sensitive tree-ring data covering the past
2-4 centuries as the underlying warming trend since the Little Ice Age
becomes part of the regional curve and therefore remains undetected
when applying RCS. The same problem applies to the Harz MXD data,
even though young and old trees have been mixed, so that the resulting
A-RCS chronology underestimates modern warming. The problem is not
fixed but just mitigated when trimming the data and thereby limiting
post-1970 CE tree rings in the regional curve (the green data in Fig. 1c).
The resulting T-RCS chronology therefore still underestimates warming
by > 0.5°C.

We are currently producing more well-replicated MXD chronologies
extending into the 2020 s and will explore methods that exclude all post-
1970 data affected by accelerated warming to establish signal free
regional curves. Until then, it appears important to consider the effects
of accelerating warming on tree-ring proxies and potential limitations in
preserving robust low frequency variability.
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