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ARTICLE INFO ABSTRACT

Keywords: The published literature of the past 20 years expresses inconsistent terminology for the Blue Intensity (BI)
Blue ?ntensity method that could lead to confusion in analysis and interpretation. In this technical note we propose a standard
Terminology terminology based around the prevalent use of BI for the variant that is positively correlated with wood density
5;:0‘3‘;}::;‘:}1,%3' derived from X-ray and equivalent wood anatomical techniques. We highlight significant practical advantages of
Density this standard terminology for data analysis, scientific interpretations as well as archiving, and provide some

cautionary examples that could occur if not adhering to this terminology. In future studies using BI, we
recommend to explicitly clarify that the standard terminology is used with the following phrase: The BI data
produced in this study is consistent with the ‘2024 BI standard terminology’.

1. Introduction

Within dendrochronology, there is a growing utilisation of Blue In-
tensity (BI) to reconstruct past climate (e.g., Wilson et al., 2014; 2019;
Bjorklund et al., 2015; Rydval et al., 2017; Fuentes et al., 2018; Heeter
etal., 2021; 2023; Seftigen et al., 2020; Cao et al., 2022; Li and Li, 2023)
as well as its use in other subfields including archaeological dating (Spyt
et al., 2016; Mills et al., 2017; Wilson et al., 2017; Myglan et al., 2018;
Akhmetzyanov et al., 2020). However, from our experience with the
published BI literature from the past 20 years, including reviewing
proposals and jargon used at conferences, many different terms are used
referring to the same methodology (e.g., Blue reflectance, Blue Intensity,
Blue spectrum, Blue Absorption and Blue light). Moreover, there are also
inconsistent interpretations and understanding of what wood properties
this methodology represents. In this technical note, we propose a stan-
dard terminology (Table 1) for the approach and a set of commonly used
parameters that we encourage the dendro-community to use starting
with this Dendrochronologia Special Issue.

Building upon early grey-scale image analysis experiments (Shep-
pard et al., 1996; Yanosky and Robinove, 1986), it was McCarroll et al.
(2002) who first introduced the term Blue Reflectance (BR). They
explored if scanned images of conifer samples could be useful as a sur-
rogate proxy for latewood density. The term was used because, in the
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context of all colours explored (infrared, RGB and ultraviolet light), the
light reflected in the blue range of the visible light spectrum appeared to
exhibit the strongest link with corresponding X-ray based density mea-
surements. BR provides low values when the wood is dark (low reflec-
tion) and high values (high reflection) when the wood is light. That
makes BR inversely related to wood density because darker wood is
denser than brighter wood. Later, the term Blue Intensity (BI) was
coined by Campbell et al. (2007); (2011), referring to the same type of
measurements presented in McCarroll et al. (2002). Since then, it has
become common to invert BI (e.g., Bjorklund et al., 2014; Rydval et al.,
2014; Wilson et al., 2012; 2014), and BI has in the process become
synonymous with both the raw and inverted states. This has led to
confusion, because it may not always be clear which state the data are in
(Table S1). Thus, both states of Bl need to be followed by clarification of
whether they are inverted or not. An undeniable fact, however, is that
the term BI has become prevalent and well established in our research
community, and it therefore makes sense to continue to use this term,
but to clearly define it in a prominent forum such as this Special Issue on
BI.

Herein we propose that BI should always represent the inverse of BR
(Rydval et al., 2014), and thus be positively correlated with wood
density. The use of BI, as the inverse of BR, not only offers a range of
practical advantages, but it would also represent a more intelligible
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terminology relating to what wood properties BI is measuring. Below we
provide the rationale for our proposed terminology with regards to
wood anatomical properties, followed by a list of some of the practical
advantages. This list also discusses related pitfalls that could occur from
the past confused usage of the term.

2. Current understanding of what BI represents

We define BI in this technical note, as the inverted state of reflected
light in the blue spectrum from an RGB image. BI data are generated
from scanned images of cross-sections of wood samples which have been
sanded to allow the clear identification of ring boundaries and
anatomical features at the macroscopic level (Fig. 1). BI employed in
dendrochronology is thus effectively the macroscopically registered
optical properties of the wood surface, which mainly depend on the
microscopic xylem structure as represented by the proportion of cell
wall in the woody surface. There are multiple software programmes that
can generate BI data (e.g. CooRecorder, WinDENDRO, LignoVision) but,
detailing the nuanced methodological differences between these image
analysis packages is beyond the scope of this note (for more details, see
Campbell et al., 2011; Rydval et al., 2014; Bjorklund et al., 2015; Kaczka
et al., 2018; Frank and Nicolussi 2020; Heeter et al., 2022). As CooRe-
corder is the most used package (at the time of writing), the concepts
discussed herein relate specifically to this software package. However,
the same general principles should apply to any package that can
quantify light intensities from images.

The fact that we can see tree rings in conifer images is related to the
changing dimensions of the cells and cell walls moving from earlywood
(EW) to latewood (LW) providing a sharp contrast from one ring to the
next —i.e. small thick-walled cells in the latewood immediately followed
by large thin-walled cells in the earlywood of the next ring. BI thus
primarily represents the average light intensity with the dark cell walls
and light cell lumina in the image and essentially represents the pro-
portion of cell wall in the analysed sample. In addition to this anatomical
dependence, BI data also depend on the specific intensity values from
the dark cell walls as well as those from the light cell lumina or voids.
The cell voids are often filled with either wood dust from sanding or
chalk powder. Ideally the light intensity variations of this void filling are
entirely irrelevant to signal interpretations, as they do not represent the
properties of specific rings. However, the overall “lightness” of wood
dust or chalk does affect the overall mean of the BI values (Bjorklund
et al., 2019). Moreover, variations in light intensity of the cell walls can
also be important. Factors that may affect the colour of the cell wall
include heartwood and sapwood, resin content, fungal staining, lignin
content, oxidation processes, quality of the sanding or razor cuts, etc.
Many of these factors have a large effect on BI values, but the only factor

Table 1
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that potentially expresses useful year-to-year variability is the cell wall
material itself which is fixed in the specific tree rings.

McCarroll et al. (2002) hypothesised that BI represents the lignin
content, but repeated tests of this hypothesis has found no empirical
support. In fact, variations in lignin content, directly measured (Gindl
et al., 2000), or inferred (Bjorklund et al., 2021a), appear to be only
weakly associated with climate or with X-ray based wood density. Thus,
the current understanding is that BI represents the proportion of cell
wall dimensions with respect to the lumen voids, where changes in BI of
the cell wall and BI of the cell void should be considered as distorting
factors obscuring the desired information. This interpretation is
strengthened by experiments comparing data from quantitative wood
anatomical techniques, showing a strong connection with BI, even
though quantitative wood anatomy, by definition, does not consider
changes in surface reflection of walls and voids (Buckley et al., 2018;
Bjorklund et al., 2019, 2021a; Seftigen et al., 2022). It is further
corroborated when examining results produced using intentional black
staining (e.g., Rydval et al., 2024). If this understanding is accurate, BI,
X-ray densitometry and anatomical densitometry essentially represent
the same wood properties, and that any differences between the derived
data most likely represent distortions associated with the way data are
measured and derived using each approach.

As BR represents data that are inversely correlated with relative
wood density, its use can lead to confusion (including detrending ap-
proaches, climate calibrations, archiving, etc.) and it would be advan-
tageous to use the proposed terminology of BI, and so to work with data
that are positively correlated with wood anatomical density data. As BI
variables can be measured from the earlywood, latewood and full ring,
the new terminology can also be extended to those parameters which
correspond to standard terms used for density and quantitative wood
anatomy (Table 1). We also briefly note here that, from the literature,
there is a prevalent assumption that BI is always extracted from the
latewood, and therefore BI is used to implicitly represent latewood BI.
However, as the usage of Bl is diversifying to other parameters from the
rings, we emphasize the good practice to name the parameter also with a
prefix, be it earlywood (EW), latewood (LW) or maximum (MX), or any
other designation that reveals more specifically which part of the ring
the BI is measured from.

3. Practical advantages of BI and potential pitfalls of BR

Consistency for data networks: There is an expanding network of
BI chronologies for many regions of the world (Kaczka and Wilson,
2021). At this time, however, only 35 BI chronologies have been
archived within the International Tree-Ring Databank (ITRDB). From a
survey of these data, it is not always clear whether BR or BI parameters

Proposed terminology of BI parameters and their corresponding density and anatomical parameters. The BR terms are also detailed but correspond inversely to the
relevant density parameters. We recommend to henceforth use the BI terminology for wood densitometric data produced using the light intensities from the visible
light spectrum. Abbreviations of MX — Maximum, MN - Minimum, LW - Latewood and EW — Earlywood are commonly used to define statistical or morphological parts

of the tree-ring each parameter refers to.

Blue Intensity (BI) X-ray Density Wood anatomical Density Blue Reflectance Corresponding to
(D) (a_D) (BR)
MXBI - Maximum Blue MXD aMXD MNBR Maximum density in each ring
Intensity
LWBI - Latewood Blue LWD aLWD LWBR Mean Latewood density
Intensity
MNBI - Minimum Blue MND aMND MXBR Minimum density of each ring
Intensity
EWBI - Earlywood Blue EWD aEWD EWBR Mean Earlywood density
Intensity
DeltaBI* = LWBI - EWBI DeltaD aDeltaD DeltaBR* = The difference calculated between Latewood density and Earlywood
Delta Blue Intensity EWBR - LWBR density
TRBI - Total ring Blue TRD aTRD TRBR Density of the full ring from the beginning of the Earlywood to the end
Intensity of the Latewood

" Note that in contrast to all other BR parameters, Both DeltaBR and DeltaBI are positively correlated with their corresponding counterpart, that is DeltaD.
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Fig. 1. Schematic figure of the various BI and BR parameters, and examples from where they are extracted and how they are related. A) cross-sectional image of a
coniferous wood. From this image it is possible to, in principle, quantify light intensity as a running average from right to left, building up measurement profiles, as
are depicted in B) and C). In principle, the Windendro software utilizes such an approach. Alternatively, we can define measurement boxes depicted in A) and take
the average light intensity measurements from the darkest pixels which correspond to LWBI and LWBR. This approach is termed the “sorted pixels” algorithm in

CooRecorder (Rydval et al. 2014).

have been archived. For those sites where the data-inversion type is
explicitly detailed in the information files, it is apparent that there is a
mix of BR and BI datasets. For example, the archived BI data used by
Wilson et al. (2014) have not been inverted (i.e. BR data - representing
the “raw” non-inverted form of reflectance values), while the data used
in Wilson et al. (2019) are inverted (i.e. BI). These variant differences in
archived datasets represent the development and usage of BI data over
the past decade and although the “inversion state” of the data is docu-
mented in these examples, it could easily be missed if individuals were to
download such datasets en masse for large-scale network analyses. For
other archived datasets, there is often no explicit description of the
“inversion state”. It is therefore vital that clear labelling of datasets as
either BR or BI is performed before archiving. Ideally, we propose that
only BI data should be archived to remove this issue entirely.
Minimize biases from inappropriate detrending options: Some
detrending options within standard packages such as ARSTAN, SigFree,
dplR, are set up to remove only negative trends while retaining positive
trends. The basic theory being that negative trends represent the bio-
logical age trend often observed in conventional tree-ring parameters (e.
g., TRW, MXD), while positive trends represent a direct response to some
aspect of environmental forcing. As latewood BI represents latewood

density and anatomical parameters which express a declining age trend,
the use of such detrending options would be an appropriate approach for
removing such age trends. However, non-detrended BR variables, as
they are inversely correlated with density, generally show a positive age-
related trend. We highlight these varying parameter trends (Fig. 2a and
2b) using a regional dataset from the northern Cairngorms (NCAIRN),
Scotland, based on an update of sites used by Rydval et al. (2017). If a
detrending option was used that retained positive trends (the default
detrending option in ARSTAN via the Age-dependent spline), this will
result in unintended consequences for the final chronology. Following
on from the previous point about the archiving of BR vs. BI datasets, the
implications of processing BR data with the assumption that they are BI,
are profound.

The NCAIRN latewood BI and BR data were detrended using the
ARSTAN default age-dependent spline (Melvin et al., 2007) which is set
to retain positive trends. The resulting chronologies were transformed to
z-scores over their full period. When these resultant chronologies are
compared (Fig. 3a), the inverse interannual signal between BR and BI is
clear. However, both chronologies express a slight increasing trend
through the 20th century, a direct implication of forcing positive trend
retention through this default detrending option. If the BR chronology is
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Fig. 2. Raw non-detrended chronologies of (A) earlywood and (B) latewood BR and BI, along with C) corresponding Delta BI and Delta BR. Note that the two Delta
parameters are calculated differently (see main text) but are identical. (D) correlations of the various parameters with monthly temperatures. Note that both the tree-
ring and climate data have been filtered using a 35-year high-pass filter prior to correlation analysis. Significant correlation coefficients (p < 0.05) are presented in a
white font. All examples are based on updated regional composite BR/BI records for the northern Cairngorms, Scotland (Rydval et al. 2017) with a sample depth of

224 series.

inverted after detrending (Fig. 3b), then the implications of this
detrending bias are clear with BI showing the “true” trends related to
summer temperatures in the region (Rydval et al., 2017), while the BR
chronology now expresses a significant decreasing trend because the
age-related declining trend expressed in the latewood properties has not
been removed. We should note that such biases would not be relevant
when using standard spline (Cook and Peters, 1981) or even regional
curve standardisation (Briffa et al., 1996) approaches.

Less confusion when interpreting climate calibration results: In
the Northern Hemisphere, conifer trees growing in temperature-limited
environments near treeline will express positive correlations for both
ring-width and MXD with summer temperatures (Briffa et al., 2002).
LWBR, however, will correlate negatively with temperatures while
LWBI will be consistent and positively correlated with temperature and,
of course, MXD (see Fig. 2d). This observation is arguably not that
confusing, but in situations where the parameter/climate relationship
may differ from this, the use of BR vs. Bl data could become crucial when
interpretating such relationships. For example, Wilson et al. (2021)
assessed several conifer species from Tasmania and New Zealand for the
utility of BI to enhance previous dendroclimatic reconstructions based
solely on TRW. Despite naming the data BI for both earlywood and
latewood, Wilson et al. (2021) in fact used non-inverted data — i.e. BR.
Although this was clearly stated in the methods, the use of a standard
terminology such as LWBI or LWBR (Table 1), would, in this example,
have facilitated the interpretation of the results, because the relationship
between LWBI and summer temperatures was opposite to what we
typically see for conifers in the Northern Hemisphere. However, as
LWBR (denoted as non-inverted LWB in Wilson et al., 2021) was used,
the presented positive correlations would appear, at a quick glance, to be
consistent with Northern Hemisphere conifers, but this approach reflects
a double negative. A negative association with climate plus a negative
association with wood density leading to LWBR expressing a positive
temperature correlation.

An additional layer of complexity comes to light when utilising the

delta BI or delta BR parameters, which are identical (Fig. 2c) but derived
from the different BI or BR variants, respectively. Delta BI was originally
defined as the difference between latewood BI and earlywood BI
(Bjorklund et al., 2014). Because the variance of earlywood BI is
generally smaller than that of latewood BI in conifers, the delta BI and
latewood BI are usually highly positively correlated. Delta BR, however,
is calculated by subtracting latewood BR from earlywood BR, making
latewood BR and delta BR negatively correlated. In cases where the
earlywood and latewood signals are unusually similar, as is sometimes
found in SH conifers (Blake et al., 2020; Wilson et al., 2021), the
interpretation of environmental signals of delta-, latewood- and early-
wood BR can be especially challenging, and the use of standardised BI
terminology would minimise potential confusion. This is not to say that
the interpretations detailed in Wilson et al. (2021) were incorrect, but
rather a cursory skim of the paper could lead to erroneous conclusions
and understanding.

When making an interpretation of a correlation between BI and
environmental variables, it makes sense to work out how the wood
anatomical dimensions would be affected by those environmental con-
ditions, and then examine how the anatomy relates to BI and wood
density (sensu Bjorklund et al., 2017). Because the relationships between
the environment and the wood anatomy can be complex in themselves,
it is practical to make the interpretation process as straightforward as
possible, and thus to ensure the relationship of Bl and wood density is as
simple as possible.

4. Conclusion

The published BI literature from the last two decades is littered with
different terms and varied data formats associated with data inversion
which has led to potential confusion in the dendrochronological com-
munity (see Table S1). A standard terminology to clarify which wood
properties are being measured is needed. Whether one is measuring BI,
density or equivalent wood anatomical parameters, these methods
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Fig. 3. An example of unintended consequences when detrending raw BR compared to BI while retaining only positive trends in the data. (A) ARSTAN default
detrending option - age-dependent spline (Melvin et al. 2007) with positive trend retention. Although the resulting chronologies are inversely correlated, they are no
longer perfectly mirrored due to the additional artificially introduced trend difference. (B) Comparison of the detrended and subsequently inverted BR chronology
(panel A) which shows positive high frequency correlations with its BI counterpart but expresses a significant decline in recent decades.

fundamentally measure similar wood properties. Standard terms already
exist for wood density and anatomical parameters but the current situ-
ation for BI is confusing. We have proposed a unified set of standard
terms for the different BI parameters that are measured from conifer
wood samples (Table 1) which can be directly compared to equivalent
variables for density and wood anatomical parameters. As the BR pa-
rameters will be inversely correlated with their BI, density and
anatomical counterparts, there is no logic to using a parameter that is
inversely correlated with the wood properties it represents. Such a
unified use of appropriate terms for each of the parameters measured
will therefore not only make it clear what we are measuring within the
rings and how they are interpreted, but also facilitate the archiving of BI
data. We encourage dendrochronologists to adopt this proposed stan-
dard terminology and use the following phrase: The BI data produced in
this study are consistent with the ‘2024 BI standard terminology’.

As a final consideration, although all published research to date
regarding BI relates to conifers, the possibility of applying the BI tech-
nique to hardwoods is being explored and experimentation in this area is
ongoing. We further recommend that the same BR/BI conventions in
terminology introduced herein be applied to any future BI parameters
developed for hardwoods.
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