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Measurements of tree-ring features (ring width, density, isotopes concentration, etc.) are well-established
proxies of environmental variability and, in particular, climate fluctuation at local, regional and continen-
tal scales. In recent years, tree-ring anatomical structure (conduit size, density, cell wall thickness, ray
abundance, etc.) has been recognized as a novel source of valuable ecological information. However,
despite the high potential interest, these kinds of investigations have been significantly constrained by
the methodological limitations and time-consuming procedures of data collection.

In this paper, we present ROXAS: an image analysis tool specifically designed to automatically recog-
nize and measure conduit lumen area and calculate reliable statistics in a reasonable amount of time.
With ROXAS, many of the aforementioned limitations in analyzing tree-ring anatomical structure can
potentially be overcome. While ROXAS was previously used exclusively for angiosperm analysis, we
demonstrate in this paper for the first time how it can also be used to analyze an entire sample of a
conifer wood.

The use of ROXAS for the analysis of conifer anatomy is exemplified by a 120-year long Pinus leu-
codermis sample including about 75,000 tracheid cells. The results of ROXAS fully automatic tracheid
detection are compared to the results obtained after using in-built manual editing capabilities. While
both approaches proved to be efficient, the quality of the fully automatic tracheid detection is found to
be generally sufficient for most research applications.
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Introduction

It is nowadays generally accepted that tree rings are among
the most widespread and reliable source of past environmental
information. Indeed, tree-ring records have a special status within
the kingdom of natural archives thanks to several appealing
features such as the high degree of confidence in the dating, the
yearly resolution and the general easiness to build extensive
network of time series with a common standard (Hughes, 2002).
The possibility to consider and measure several properties within
the same wood sample adds depth to the quality of the information
extracted, particularly when bearing in mind that different prop-
erties can provide different environmental information. Therefore
tree rings can be considered as multi-proxy archives where, for
example: (i) densitometric measurements are particularly suitable
to extract the temperature signal usually integrated over the
whole growing season (Briffa et al., 2004; Biintgen et al., 2010);
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(ii) isotope analyses are able to reveal several signals related to the
water-cycle together with a plant’s active physiological responses
(McCarroll and Loader, 2004; Leavitt, 2010; Gagen et al., 2011);
and (iii) ring width, although less specific with respect to the
previous indicators, can provide a wealth of environmental signals
at lower costs in terms of time and money (Cook and Kairiukstis,
1990; Stoffel et al., 2010; Swetnam and Brown, 2011).

Wood anatomical features represent a further set of parameters
that can encode additional and novel ecological and environmental
information (Fonti et al.,2010; von Arx et al.,2012). The application
of the typical dendrochronological techniques to wood anatomy
have paved the way to a new frontier in characterizing the rela-
tionships between tree growth and various environmental factors
over time. The increasing number of papers published in the recent
years confirms the promising potential of this approach (Kirdyanov
et al., 2003; Fonti et al., 2009; Olano et al., 2013b; but see Fonti
et al. (2010) for a thorough review). However, quantifying xylem
features such as conduit size and density, or measuring cell wall
thickness or tissue percentage along a series of different annual
rings, are very time-consuming processes. Therefore, despite the
considerable potential interest of these approaches, to date these
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types of investigations have been significantly constrained by
methodological limitations and time-consuming procedures of
data collection. In conifer species in particular, this results in three
major limitations that significantly hamper the potential appli-
cation of the tree-ring anatomy approach as an alternate source
of proxy information: (i) the low number of samples (trees) pro-
cessed; (ii) the low number of rings (years) considered and (iii) the
low number of anatomical features per ring measured, typically
along only a few radial files of cells.

The image analysis tool ROXAS presented in this paper has been
specifically designed to overcome most of these constraints. After
a description of the tool, we will show an example coming from an
ongoing investigation aimed to build a multi-centennial chronol-
ogy of tracheid lumen area of Pinus leucodermis from southern Italy.

Materials and methods
ROXAS in theory

ROXAS is an image analysis tool specifically designed to
quantify the xylem structures in cross-sectional view of trees
(angiosperms and conifers), shrubs and herbaceous plants. It is
built around the image processing and analysis capabilities of
Image-Pro Plus >v6.1 (Media Cybernetics, USA) and also interacts
with MS Excel >XP for data output. Digital images are taken of
microscopic slides, and photographs and scans of the sample
surface. The more than 25,000 code lines of the ROXAS tool control
Image-Pro Plus functionality, automatically identify anatomical
structures and calculate output parameters, and manage user
interaction. Data output is saved into well-organized spreadsheets
comprising statistics on the level of the entire sample, each annual
ring and individual conduits. The basic output parameters are the
courses of annual ring borders and the position, shape and lumen
area of conduits. From these data, about 50 further parameters are
calculated. These parameters include ring width, conduit density,
vessel grouping (in angiosperms only), theoretical hydraulic
conductivity (based on Hagen-Poiseuille’ law), and the radial
conduit position within the corresponding annual ring. As ROXAS
mainly focuses on conduit lumen area, automated detection of
other anatomical features such as cell wall thickness, parenchyma
rays, and IADFs are not yet implemented, but is on the potential
development agenda. Because of obvious technical limitations,
ROXAS is not able to detect tracheids that are not visible in the
image due to collapse or insufficient image quality. However, in
contrast to most other image analysis tools specialized for conifer
xylem analysis, ROXAS quantifies all tracheids in a cross-section
with additional possible restriction to radial files. For more infor-
mation on output parameters, applications and availability refer to
www.wsl.ch/dienstleistungen/produkte/software/roxas/index_EN.

Typical ROXAS analysis workflow consists of three primary
phases: (i) automatic ROXAS analysis, (ii) manual editing, and (iii)
automatic data output. In the automatic analysis step ROXAS first
increases and homogenizes image contrast, then extracts conduits
based on size and shape, and finally detects annual ring borders if
possible (see von Arx and Dietz (2005) for details). All visual and
numerical results are stored in separate files, which allow the user
to re-access and edit previously analyzed images at any time while
not modifying the original image. During manual editing, the user
can modify (delete, add, change, undo, etc.) ring borders and con-
duit outlines that are represented as vector overlays on the original
image. The user can exclude sample deficiencies such as cracks by
defining areas of interest (AOIs). Several batch-processing utilities
for analysis and creation of data output summaries are also imple-
mented. The pixel-per-unit resolution of the images is specified

before using ROXAS for a new data set to obtain correct absolute
measurement values. Furthermore, a set of about 130 configuration
settings can be tailored for each new data set, which typically takes
an experienced user 2-4 h. Starting from suitable, existing config-
uration settings, the configuration time can be further reduced. An
appropriate configuration improves tolerance against unequal illu-
mination, inhomogeneous staining, out-of-focus image regions and
sample pollution. An optimal configuration therefore increases the
reliability and robustness of automatic results.

ROXAS in practice

To test the accuracy and efficiency of ROXAS measurements for
conifers, we selected a single cross-sectional thin cutting from a
core of Pinus leucodermis. The sample was prepared following the
standard protocol for wood anatomical analysis: (i) the cores were
cut into small (3-5 cm) pieces; (ii) thin sections (ca. 20 wm) were
cut with a microtome; (iii) these sections were then stained with
safranin and permanently fixed with Canada balsam. Image acqui-
sition was performed with a digital camera (Nikon Digital Sight
DS-5M) mounted on a light microscope (Nikon Eclipse80i; Nikon,
Tokyo, Japan); images were captured at 40 x magnification. Multi-
ple overlapping images were taken from each sample and stitched
together using PTGui v8.3 (New House Internet Services B.V., Rot-
terdam, NL) to obtain high-resolution images (0.833 pixels/wm) of
the entire thin section as a low-compression JPG file (Fig. 1a; von
Arx et al., 2012). Final image size was 2000 x 23,000 pixels. The
selected image was of average quality, and ROXAS analysis was
restricted to 120 years (1702-1821). Images were automatically
analyzed using ROXAS v1.6, and tree-ring borders were manually
drawn on the images.

We compared the results from two different approaches: ROXAS
automatic conduit detection (ROXASauto) and ROXAS but with
manual improvement (ROXASegited )- For ROXASauto, the only man-
ual editing carried out was the drawing of ring borders. For
ROXAS,gited, the majority of the misinterpreted pseudo-tracheid
cells (resin ducts, parenchyma cells around resin ducts and in
radial rays) were deleted and the undetected tracheids were sub-
sequently added as long as their lumen was clearly visible in the
image (see Fig. 1b,c). Annual data from both approaches were
compared with respect to several parameters that were all auto-
matically generated by ROXAS: number of tracheids, maximum
tracheid size (MaxCA), mean size of the three largest tracheids
(Max3CA), tracheid size representing the largest 95 and 99 per-
centiles (CA95, CA99), mean tracheid size (MCA) and median
tracheid size (MedCA). The statistics of the widest tracheid cells
were chosen because these tracheids are most critical when inves-
tigating hydraulic efficiency (and arguably safety). In addition,
their size responds most sensitively to environmental conditions
(Eilmann et al., 2006), and measurement mistakes are typically
more problematic due to their lower relative abundance within
an individual.

Results and discussion

The generation of a 120-year long time series of about 75,000
tracheids, with roughly 70 files of tracheids per ring, took 4h
(including sample preparation and image acquisition) in the
approach using automatic ROXAS output (ROXASaute; Table 1).
Deleting about 2000 erroneously identified tracheids for the
ROXAS,giteq data set (corresponding to less than 3% of all tra-
cheids) took an additional 2.5h and adding undetected tracheids
required about 1.5 h. The data produced in ROXAS,uto Were gen-
erally very accurate in correctly identifying the tracheids and in
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Fig. 1. Cut-out image of the evaluated cross-section of Pinus leucodermis. (a) Original image, (b) recognized tracheid outlines after automatic ROXAS analysis (ring borders
manually added), (c) tracheid outlines after reasonable editing. The arrow in (a) depicts a sample pollution that was successfully handled by ROXAS (see b). The upper arrow
in (b) depicts a tracheid cell that was not recognized in automatic analysis because of the irregular shape of the lumen but added during manual editing (see corresponding
arrow in c); the lower arrow in (b) depicts a parenchyma cell of a resin duct that was erroneously recognized as a tracheid cell and removed during manual editing (see
corresponding arrow in c). The red tracheid outlines in (b) and (c) are thickened here for better visibility. RD, resin duct. Scale bar =100 pm.
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Fig. 2. Comparison of 120-year chronologies of tracheid cell counts, maximum tracheid size (MaxCA), mean size of the three largest tracheids (Max3CA), tracheid size
representing the largest 95 and 99 percentiles (CA95, CA99), mean tracheid size (MCA) and median tracheid size (MedCA) as obtained with ROXAS,u (blue lines) and
ROXASediteq (red lines).
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Table 1

Comparison of time requirements and summary statistics (mean+1 SD, where
applicable) between automatic (ROXAS,ut0) and manually refined (ROXASegited)
ROXAS analysis. See text for explanations of the acronyms.

ROXASauto ROXASedited
Time requirements (h)
Sample preparation 1
Creating high-resolution image 1
Drawing annual rings 2
Deleting pseudo-tracheids - 2.5
Adding missing tracheids - 1.5
Total time 4 8
Overall statistics
Number of tree rings 120 120
Number of tracheids 75,170 74,164
Number of deleted pseudo-tracheids - 2128
Number of added missing tracheids - 1122
Mean ring width (+1 SD) (mm) 0.228 +£0.072 0.228 +£0.072
Mean number of tracheids 621+219 618+207
MCA (wm?) 316+33 317+28
MedCA (pum?) 276 £33 278 £33
CA95 (pm?) 734+67 732+72
CA99 (wm?) 937 +£82 934+98
MaXBCA(p,mZ) 1237 +350 1123+170
MaxCA (pum?) 15254843 1221+198

defining the tracheid outlines (Fig. 1b). Significant improvement by
manual editing was only observed in the one to three widest tra-
cheids (Table 1 and Fig. 2). Indeed, we did not detect any significant
change in the overall means (Table 1) and only minor deviations in
the 120-year time series (Fig. 2) at the 99 percentile of tracheid
lumen area (CA99), corresponding to the six largest tracheids or
about a tenth of the number of tracheids in one tangential row. The
apparent weak overestimating tendency of ROXAS,yto in the time
series of mean and median tracheid area was due to the deletion of
mainly very small pseudo-tracheid cells (about 80% of deleted cells
were below the mean tracheid size).

A pre-requisite to obtain such convincing automatic results are
high quality thin sections and images, and a tailor-made ROXAS
configuration. The time invested in these preparation steps usu-
ally pays off several fold by reducing the necessary efforts for any
potential manual editing.

Conclusion

Our results suggest that ROXAS automatically produces data
of sufficient accuracy for most research questions without need
for any manual editing. The efficiency of ROXAS analysis opens
the door towards completely new approaches of whole-sample
anatomical studies in conifers as demonstrated for angiosperm
trees and herbaceous plants (Fonti et al., 2009; von Arx et al., 2012,
2013; Olano et al., 2013a; Wegner et al., 2013). The strength of
ROXAS therefore lies in its reliability and the massive number of
tracheids it measures automatically. Implementation of additional

parameters traditionally used in conifer wood anatomical analysis
such as cell wall thickness and wood density would make ROXAS
an even more powerful tool.
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