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The t-statistic is a well-established parameter widely used in dendrochronology for cross-dating and, at least in
preliminary stages, for dendroprovenancing. However, its application has increasingly been questioned due to its
volatile validity and lack of clear statistical validation. This has prompted the adoption of alternative methods,
though their implementation in dendroarchaeological contexts often presents challenges. This note aims to
clarify key aspects of the t-statistic and its associated Pearson’s correlation coefficient in the context of den-
droprovenance. In previous work, the authors demonstrated that, within the same species, a strong relationship

exists between series correlation and geographic distance: higher correlations typically correspond to shorter
distances between tree growth sites. Here, the focus shifts from the correlation coefficient to the t-statistic,
highlighting both its potential and its limitations. Unlike the linear relationship observed between distance and
Pearson’s correlation coefficient, the association between distance and the t-statistic is more pronounced at
shorter distances, where correlations are higher. Additionally, the overlap between the tree-ring series has
important implications in dendroprovenance analyses as a greater overlap facilitates high tgp values by making

these values less informative.

1. Introduction

The correlation between series is a method still widely used in den-
droprovenancing analysis, particularly in the initial survey stages. This
method operates on the principle that trees growing in similar envi-
ronments will exhibit higher correlations between their tree-ring series
(Ermich et al., 1976). Therefore, theoretically, and with all other factors
being equal, a higher correlation signifies a smaller distance between the
sites where the trees originated (Bonde et al., 1997; Wazny, 2002).

This concept is widely accepted, mainly because it forms the foun-
dation of the laws governing dendrochronology itself. However, the use
of correlations as a tool in dendroprovenancing is perpetually under
scrutiny due to its variable reliability. Often, trees from geographically
distant areas seem to show higher correlation values than those from the
same site (Bridge, 2012). This observation has gradually eroded confi-
dence in the effectiveness of using correlations in dendroprovenancing.

To address this issue, various alternate solutions have been sug-
gested, from diverse statistical methods (Drake, 2018; Gut, 2018, 2020;
Bridge and Fowler, 2019; Akhmetzyanov et al., 2019) and the applica-
tion of isotopic markers (English et al., 2001), to the employment of
quantitative anatomy (D’Andrea et al., 2024). However, these
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techniques have frequently proven to be time-consuming and often
impractical, particularly in the field of archaeology.

The issue of the significance of correlations between series in terms
of distance has been addressed from a statistical point of view (Bernabei
and Franceschi, 2024). The article provides all methodological details
and examines approximately 12,000 samples of three significant conifer
species: spruce (Picea abies Karst.), larch (Larix decidua Mill.), and silver
fir (Abies alba Mill.). These were observed across a total of 447 sites
distributed on a continental geographic scale. The study was able to
demonstrate that:

1. In intraspecific comparisons, the correlation coefficient between two
series decreases as the distance between the sites increases. This
relationship loses consistency in interspecific comparisons.

2. Choosing the right detrending method is crucial in this regard. The
use of raw series has been shown to be unsuitable, as the absolute
value of the measurements negatively affects the correlations. The
most effective methods are those that best preserve the high-
frequency signal (Gut, 2018). Moving averages, logarithmic trans-
formations (e.g. Hollstein’s Wuchswert, 1980) or Friedman’s method
(Friedman and Silverman, 1989) provide assimilable results.
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3. In the context of dendroprovenance, an approximate linear rela-
tionship can be established between the high quantiles of the Pear-
son’s correlation distribution and the logarithm of the distance
between collection sites.

The relationship between the correlation of the series and
geographical distance can therefore be used to identify the area of origin
of the wood. One of the key ideas of the proposed approach is that, while
low correlation values may occur between series collected from nearby
sites, high correlations are observed only at short distances. In other
words, low correlation values are substantially uninformative, whereas
high correlation values can help narrow down the geographic area of
provenance. A schematic representation of the results is shown in Fig. 1.

The linear equation that best describes the relationship between se-
ries correlation and distance can be traced to the formula:

r = a*logio(d) + b @

where r is the correlation coefficient, d represents the distance in kilo-
metres, a is the slope, and b denotes the y-intercept. The values of a and b
depend on the quantile and on the tree species as well as on the effec-
tiveness of the detrending method. A detailed discussion of these topics
can be found in the supplementary material of the article written by
Bernabei and Franceschi (2024). Old and new R scripts are freely
available at https://github.com/pietrofranceschi/dendrochronology.
Many factors can influence Eq. (1), ranging from purely statistical to
ecological/environmental aspects. From a statistical viewpoint, aside
from the quantity of data used for comparison, the replication of the
series - meaning the number of samples within them - also has a
considerable impact on the correlation outcomes. Generally, increasing
the sample size dampens the individual signal in favour of the shared
signal, resulting in a more reliable estimate of the correlation coefficient.
When calculating Eq. (1), this variable, like all other environmental
elements that could interfere with the strength of correlations, was
accounted for by considering a highly variable range of data in terms of
numerosity and environmental conditions. For instance, the replication
of the series fluctuated between 1 and 1248 samples (average value:
27.5). From an ecological perspective, the chronologies are spread
across a territory encompassing Sicily, the Pyrenees, and central Europe,
ensuring extensive geomorphological and ecological variability.
Formula (1) was derived to predict Pearson’s correlation coefficient
(r), but we would like to highlight here that this statistic is not influ-
enced by the overlap between the length of the tree-ring series.
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Pearson’s correlation coefficient was a good choice to perform the large-
scale comparison described in Bernabei and Franceschi, where the in-
dividual series were showing large diversity in overlap, nonetheless, as
far as dendroprovenance is concerned, it is preferable to assess the
similarity between the series taking into account their overlap. This
choice is in line with the reasonable observation that a similarity would
be more trustworthy if it is estimated over many years.

This consideration is not new and was the stemming idea behind the
proposal of using t-statistic to assess the similarity between tree ring
series (Baillie and Pilcher, 1973). This statistic is also the base of the
statistical tests on Pearson’s correlation, and it is linked to r and n by the
following relation:

t=r*+/(n-2)/y/1-r% )

Starting from the previous observations, the goal of this note is to
pivot the attention from the correlation coefficient to the t-statistic,
which is typically used in cross-dating operations shedding light on its
capabilities and restrictions.

2. The t-statistic as an indicator of dendroprovenance

On this note, the approach by Baillie and Pilcher (tgp, Baillie and
Pilcher, 1973) has been preferred over others (e.g., Hollstein, 1980) for
its popularity in current cross-dating operations (Hassan et al., 2019;
Walker, 2005). As is well known, the approach proposed by Baillie and
Pilcher detrends series through a 5-year moving average before calcu-
lating t from (2). This type of detrending can be viewed as a method that
retains a substantial portion of the high frequency. To represent the
quantile regression (1) in terms of t-statistic by using (2) it is necessary to
specify the length of the series. Due to the non-linear dependence of t on
n and r the transformation is expected to result in a more complex
relation between t and d as is clearly demonstrated in Fig. 2, which
shows the shape of the association curve between d and t for three
representative overlaps (50, 100, and 200 years).

In comparison to the linear relation shown in Fig. 1, the relation
between t and d shows a marked increase for low distances - which
resulted in higher correlations - in all three scenarios. Here the curve was
estimated by merging the series of PCAB, Picea abies; LADE, Larix
decidua; ABAL, Abies alba together.

The previous curves can be used to perform an approximate den-
droprovenance analysis between a query series and a reference chro-
nology of known position through the following steps: (1) calculate the

100 1000

. Quantile regression line

0.8
c
o
2
S 0.41
=
S

0.0

1 10
Reference > d (Km)
site

Fig. 1. Schematic representation of the relationship between distance and the Pearson correlation coefficient for the series included in Bernabei and Franceschi
(2024). The shaded area indicates the region where correlations were observed, while the orange line represents the 90th quantile regression.
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Fig. 2. Curves illustrating the relationship between t and d for three different overlap periods (50, 100, and 200 years). The horizontal line, included for illustrative

purposes, corresponds to a t value of 7.

tgp between the two series; (2) select the t curve relative to the correct
overlap; and (3) identify the maximum distance at which the measured t
was observed by drawing a horizontal line at tgp and checking the
d value at its intersection with the t curve. As an example, if the two
series would be overlapping for 100 years with a tgp of 7, the reference
line should be the blue one and their maximal separation would be
around 60 km.

From a different perspective, the maximal separation can be inter-
preted as the radius of an “uncertainty” circle centred at the reference
site because every sample collected within this circle could potentially
show a tlarger than the tgp calculated in step 1: all series collected within
the circle are compatible with a specific tgp. In this respect, it is also
interesting to observe that a tgp of around 4 in the case of 100-year
overlap is practically uninformative because the radius of the uncer-
tainty circle rises at several hundred kilometres.

The three curves presented in Fig. 2 were calculated by merging the
data of the three different species. The same approach could however be
applied to the three individual species. The results are summarized in
Fig. 3.

Also in this case a horizontal line corresponding to a t of 7 was drawn
for illustrative purposes. In terms of the steepness of the t curve at low
distances, the larch showed a larger increase followed by the silver fir
and the spruce. Interestingly, however, the behaviour of the three spe-
cies is reversed as far as dendroprovencance is concerned: the silver fir
showed the largest uncertainty followed by the larch and the spruce.
This can be appreciated by looking another time at the intersection with
the horizontal line. Considering a 100-year overlap, in the case of silver
fir a t of 7 corresponds to almost 150 km, while this value decreases to 40
and 50 for spruce and larch, respectively.

It is important to highlight here that in addition to species-specific
characteristics, this finding is likely influenced by the varying sample
sizes — 256 sites for spruce, 124 for larch, and 67 for silver fir. However,
it still provides significant substantiation of the limited applicability of
silver fir to dendroprovenance analyses (Biintgen et al., 2013).

As a final remark, we would like to highlight that t values of 10 - a

value sometimes used to associate two series with the same log -
correspond to separations ranging from 16 to 35 km, indicating that the
t alone could not be used to confirm that two series belong to the same
tree trunk. It should always be accompanied by other tests, including the
significance of all other statistical parameters, and a careful visual
analysis (Bernabei, 2022). To facilitate the use of the curves presented in
Fig. 2 and Fig. 3a table containing the values used to construct the plots
is included in the supplementary material (Table S5).

3. The length of the tree-ring series

In dendrochronological practice, having a set of series of “good
length” which overlaps for a “sufficient number of years” is among the
most necessary requirements for getting a reliable result on the simi-
larity between tree-ring series. Our samples should encompass “an
adequate number of tree-rings”, and the trustworthiness of the result
heightens proportionately with the volume of compared data.

Defining “an adequate number of tree-rings” is however challenging.
Within the field of dendrochronology, the immense variability in indi-
vidual case studies makes it infeasible to establish a universally accepted
minimum number of tree-rings. Nonetheless, it is generally agreed that
corroborating dates becomes challenging with fewer than 60 rings
(Munro, 1984). Although, for various reasons, we often find ourselves
accepting dates from much shorter sequences, any sampling aims to
guard against data scarcity. Therefore, every dendrochronologist
continually strives to have as many rings as possible at their disposal.

In this context, our previous discussion highlights a seemingly
counterintuitive fact. As shown in Fig. 2, the accuracy of the prediction
for a tgp of 7 decreases from 200 km when comparing 200 rings to only
10 km when comparing 50 rings. Therefore, apparently at odds with the
initial expectations, augmenting the number of tree-rings (i.e. the length
of the tree-ring series) seems to reduce the effectiveness of tgp as an
indicator of provenance. This apparent contradiction can be explained
by considering that, for longer overlaps, the overall t-d curve shifts
upward, resulting in an increased radius of the uncertainty circle for a
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Fig. 3. Curves of t versus d for the three species analyzed in Bernabei and Franceschi (2024). The lines represent three different overlap periods (50, 100, and 200
years), while the horizontal line, included for illustrative purposes, corresponds to a t value of 7.
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given tgp. In other words, with longer series, achieving a tgp of 7 be-
comes easier even at larger distances, rendering this value less infor-
mative for dendroprovenance purposes. The shift upwards of the curve,
however, also implies that even larger t will be attained for low spatial
separations. Practically, this implies that an informative threshold for t
cannot be defined a priori but should vary depending on the overlap
length of the series. The supplementary material shows the distances
corresponding to tgp values as a function of overlap (50, 100, and 200
years) for the species PIAB (Table S1), LADE (Table S2) and ABAL
(Table S3) and the three species considered simultaneously (Table S4).

4. Conclusions

The application of correlations in dendroprovenancing has received
statistical validation (Bernabei and Franceschi, 2024). For the same
species, a significant relationship exists between the high quantiles of
the correlation of tree-ring series and geographic distance, which can be
described by a linear logarithmic equation. The selection of a detrending
method is pivotal; those methods that enhance high-frequency as the
moving average proposed by Baillie and Pilcher yield the most suc-
cessful results. Pearson’s correlation coefficient is however not sensitive
to the overlap between series, which is expected to add confidence to the
dendroprovenance analysis. This limitation can be removed by moving
from r to t, but in doing so it is necessary to take into consideration the
non-linear relation which links t, the distance and the series overlap. The
t-statistic, calculated according to the Baillie and Pilcher detrending
method using a 5-year moving average, has the added benefit of its
routine use in cross-dating processes and can be instrumental for
acquiring preliminary indications of the samples’ most probable origins.
Thus, the approach proposed by Baillie and Pilcher can be effectively
utilized with the important observation that it is not possible to define a
“silver bullet” threshold for t which can be considered universally
informative, but the reference values should be identified taking into
account the tree species and the series overlap.
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