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Knowledge about past climates, especially at a seasonal time scale, is important as it allows informed decisions to be made to mitigate future climate change. However, globally, and especially in semi-arid Tropics, instrumental climatic data are scarce. A dendroclimatic approach may fill this gap, but tropical dendrochronological data are rare and do not yet provide fine resolution intra-annual information about past climates. Unlike in the Tropics, in the Mediterranean, temperate, alpine, and arctic regions, dendroanatomy and quantitative wood anatomy (QWA) are progressing fast attaining an intra-annual resolution, which allows a better understanding of seasonal climate dynamics and climate–growth relationships. The existing dendroanatomical and QWA methods aren’t suitable for tropical trees because they do not consider the high variation in tree ring width and the frequent occurrence of micro-rings containing only a few tracheids per radial file. The available tracheid analysis programs generally fail to provide multiple sectors for micro-rings and they are unable to compute most of the useful dendroanatomical parameters at fine temporal resolutions. Here, we present a program (SabaTracheid) that addresses the three main standard tasks that are necessary for QWA and dendroanatomy before running a climate analysis: (1) tracheidogram standardization, (2) sectoring, and (3) computing QWA and dendroanatomical variables. SabaTracheid is demonstrated on African Juniper (Juniperus procera Hochst. ex Endl), but it is potentially able to provide fine-resolution QWA and dendroanatomic data that could be used for dendroanatomical studies in all regions of the world. SabaTracheid is a freeware that quickly and accurately standardizes tracheidograms, divides tree rings into multiple regular sectors, computes useful dendroanatomic and QWA variables for the whole tree rings, early- and latewood portions, and each sector separately. This program is particularly adapted to deal with high inter-annual growth variations observed in tropical trees so that it assures the provision of complete sectoral QWA and dendroanatomical data for micro-rings as well. We demonstrate SabaTracheid using a dataset of 30 Juniperus procera tree rings from the Blue Nile basin, in Ethiopia. SabaTracheid’s ability to provide fine resolution QWA and dendroanatomic data will help the discipline develop in tropical as well as in the Mediterranean and temperate regions.
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INTRODUCTION

Understanding past-climate variability and its impact on vegetation is vital for assessing the influence of ongoing climatic change to adapt and mitigate its effects. In arid and semi-arid areas, climate change induced drought and seasonal shifts are affecting livelihoods. Thus, having a deep understanding of the past climate at a fine resolution of intra-annual pattern is crucial. Globally, instrumental climate records are characterized by low temporal and spatial resolution which calls for climate proxies from natural archives, preferably tree rings. Moreover, in the Tropics, where the instrumental climate record is inadequate, dendroclimatology is limited to annual or seasonal resolution (Worbes, 2002; Mokria et al., 2017; Gebregeorgis et al., 2020). However, finer temporal resolutions could be attained by extracting environmental information recorded in the dimensions of conifer wood cells, as it has been done for temperate and Mediterranean regions (Panyushkina et al., 2003; Liang et al., 2013; Hetzer et al., 2014; Castagneri et al., 2018; Piermattei et al., 2020). Dendroanatomy and quantitative wood anatomy (QWA) are fields of study aiming to support long-term intra-annual dendroclimatology (Panyushkina et al., 2003; Olano et al., 2012; Liang et al., 2013; Björklund et al., 2020; Lange et al., 2020). Hereafter, we define QWA as the measurement and analysis of tracheid anatomy and dendroanatomy as the analysis of the temporal relationship between wood anatomy and climate using QWA data. QWA and dendroanatomy compare anatomical features that are assumed to form in similar periods in different trees and years, in different tree rings of different sizes and numbers of cells, and between different tree rings (Vaganov, 1990; Olano et al., 2012). Thus, such studies require tracheidograms standardized into equal numbers of tracheids per radial file in a tree ring (Vaganov, 1990).

Few tracheid standardization techniques have been developed to analyze the different temporal resolution of tree rings. Existing methods are unable to consider the high intra-annual variation in tree ring width and frequent occurrence of micro rings. For instance, tree rings of J. procera are chracterised by 2–5 tracheids per radial row (Gebregeorgis et al., 2020). This variation is a characteristic feature of most tropical and some Mediterranean conifers suitable for dendrochronology (Gebregeorgis et al., 2020; Lange et al., 2020). Most dendroanatomical studies conducted in temperate or Mediterranean regions do sectoring prior to the measurement and standardization of tracheids (Castagneri et al., 2017a; Lange et al., 2020). However, in the case of micro-rings, this may eventually result in missing dendroanatomical values for some sectors (Lange et al., 2020). Sectoring after standardization could increase the probability that tracheids formed at similar time in different years will be grouped in the same percentile position or sectors.

Although accurate demarcation of earlywood (EW) to latewood (LW) transition has vital assistance toward obtaining a fine temporal resolution of dendroanatomical and QWA information (Campelo et al., 2016), there has only been limited success in developing an accurate species-specific earlywood to latewood transition threshold. Mork’s index (Denne, 1988) is one of the most widely used techniques in the case of earlywood to latewood transition boundary demarcation (Park et al., 2006). However, Mork’s index shows very few or no latewood cells in many conifers, especially the tropical ones, though the borders could visually be identified through finding the points where observed gradual decline in lumen diameter (LD) and increase in double wall thickness (WT) in the latewood of tree rings occurred.

Following the advancement in microscopic slide preparation (Gärtner and Schweingruber, 2014; von Arx et al., 2016), accompanied with high resolution imaging and measurement techniques, and softwares [e.g., WinCELL (Larocque and Smith, 2005), ImageJ (Schuldt et al., 2013), and ROXAS (von Arx and Carrer, 2014)], dendroanatomy and QWA has improved remarkably. Recent dendroanatomy and QWA programs (Campelo et al., 2016; von Arx et al., 2016; Ziaco, 2020) have contributed to the realization of successful fine-resolution tracheid chronologies and dendroclimatic studies (Carrer et al., 2016, 2018; Castagneri et al., 2018; Belokopytova et al., 2019; Lange et al., 2020). However, most available programs are limited to tracheid measurement (Dyachuk et al., 2020) and standardization (Campelo et al., 2016; Ziaco, 2020) only. This solely is not enough towards developing QWA and dendroanatomy since programs that further analyze the measured and standardized series and generate sectoral values are needed.

The program presented here, SabaTracheid, has a set of functions for fast, simple, and accurate computation of dendroanatomical and QWA parameters throughout whole tree rings, and over different portions of tree rings (Figure 3). Once the transition from earlywood to latewood is visually identified and marked, data imported into SabaTracheid and processed can serve to generate an observation based species-specific lumen diameter to double wall thickness ratio (LD/WT) threshold. Threshold values calculated in this way could be introduced into automated tracheid measurement programs [e.g., WinCELL (Larocque and Smith, 2005) and ROXAS (von Arx and Carrer, 2014)], to improve the future detection of the transition boundary. This novel calculation of the transition boundary may be applicable to conifers that have insufficient latewood cells according to Mork’s index (Park et al., 2006). However, in the cases where manual demarcation of the earlywood to latewood boundary is impossible, SabaTracheid has an option of demarcating the boundary using Mork’s index.

The core novel approach of SabaTracheid is that it applies a standardization technique which accommodates the characteristics of trees from arid and semi-arid regions. This is achieved by replicating tracheids of narrow tree rings (Vaganov, 1990), and then a relative positioning method (Campelo et al., 2016), prior to sectoring tree rings. Moreover, the program provides fine temporal resolution of anatomical series by sectoring tracheidograms into multiple sectors per radial file. In this article, the program is demonstrated using tracheid measurement data from African Juniper tree rings from the Upper Blue Nile basin, Ethiopia (Gebregeorgis et al., 2020).



MATERIALS AND METHODS


Presentation of the Training Dataset

SabaTracheid’s functions were demonstrated using tracheid LD and WT measurement data from 30 tree rings (AD 1901–1930) of an absolutely dated core sample of Juniperus procera from Gonder Qusquam church, Ethiopia, that was confirmed by radiocarbon dating (Gebregeorgis et al., 2020). Firstly, measured values of tracheid LD and WT (Figure 1) for five to eight radial rows per tree ring were entered into Excel spreadsheets named after each tree ring (e.g., 1905; Figure 2).
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FIGURE 1. A demonstration of tracheid parameters measured and imported into SabaTracheid. WT0, single wall thickness of the cell at the start of a tree ring; LD1, lumen diameter of the first cell in a tree ring; WT1, double wall thickness between first and second cells in a tree ring; LD2, lumen diameter of the second cell in a tree ring; WT2, double wall thickness between second and third cells; LDn, lumen diameter of the last cell in a tree ring; WTn, double wall thickness between the last cell in the analyzed tree ring and the first cell in the next tree ring; TRW, tree ring width.
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FIGURE 2. An example of an Excel input worksheet for each tree ring (here 1905). Earlywood values for each radial row (Rows; from r1 to rn) start with single wall thickness values of first tracheids (WT0) per row, and are followed by alternating lumen diameter (LD, LD1–LDx) and double wall thickness (WT, WT1–WTx) values. Earlywood and latewood are separated by an empty column (named as “Border”). Latewood values for each radial row start with lumen diameter value of the first tracheid (LDx+1) after the border, and are followed by alternating double wall thickness and lumen diameter values. LDx, last LD value of earlywood; WTx, last WT value of earlywood; LDx+1, first LD value of latewood; WTx+1, first WT value of latewood. LDn, lumen diameter of the last cell in the tree ring; WTn, double wall thickness between the last cell in the analyzed tree ring and the first cell in the next tree ring.




Input File Preparation

SabaTracheid can import and process tracheid measurement data generated by any means of measurement as long as it is prepared in either of the two specific Excel sheet forms as is demonstrated (Figure 2 and Supplementary Figure 1). For more detailed clarification, in addition to Figure 2 and Supplementary Figure 1, the two actual input files are presented as Supplementary Files 1 and 3. Regarding the earlywood to latewood transition boundary, SabaTracheid has two options between which one can choose by tick marking in the check-box depending on the input file structure. The first option is that the border, which was visually identified and manually marked during tracheid measurement, was demarcated by inserting an empty column regardless of variation in number of cells between rows of a tree ring (Figure 2 and Supplementary File 1). Here, we should note that the program will only identify one such straight column per sheet to be the border between the EW and LW of each radial file. The second option is that the input file (Supplementary Figure 1 and Supplementary File 3) is prepared without manual marking as the program has a check box option “Mork’s latewood” which enables us to identify the boundary using Mork’s index (Denne, 1988). According to Mork’s definition, a latewood cell is one that the value of twice the tracheid’s double cell wall thickness divided by cell lumen exceeds 1 (Denne, 1988). Then, the rest of the computation will remain the same as that for the first input type. It should be noted that preparation of the input files could be time-consuming unless done with R codes.

The Excel workbooks (files), comprising sheets containing each tree ring’s tracheid values of five to eight rows (Figure 2 and Supplementary File 1), were then imported into SabaTracheid. To ease extraction of results and to avoid confusion, we suggest preparing separate Excel files for individual core samples. Importantly, SabaTracheid is designed to compute data from unlimited radial files of tracheids per tree ring [Rows; from r1 to rn (Figure 2 and Supplementary Figure 1)].



Dendroanatomical and QWA Variable Computation

SabaTracheid begins analysis by computing various dendroanatomical and QWA parameters (Figure 3). Calculations are performed for:
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FIGURE 3. Schematic summary of all stepwise computations of tracheid variables in SabaTracheid 1.0. The image and Excel file “Input data” are the tracheid image and the input file, followed by computation of quantitative wood anatomical (QWA) parameters prior standardization, i.e. mean values of lumen diameter (LD), double wall thickness (WT), number of cells (NC), ratio of LD to WT (LD/WT), earlywood percentage (EW%), lumen diameter excluding transition cells (LDTE), double wall thickness excluding transition cells (WTTE), the last three earlywood cells’ LD/WT [LEWLD/WT (1–3)], and the first three latewood cells’ LD/WT [FLWLD/WT (1–3)], then summarized per tree ring at different sections of the ring. The second step begins with standardization by cell values multiplication (if needed) and computation of the relative position of tracheid’s centers over their respective tree ring widths. The standardized tracheidogram is sectored into 10 and (optionally) 20 equal parts, and then lumen diameter (LDS), double wall thickness (WTS) and ratio of lumen diameter to double wall thickness (LD/WTS), and number of tracheids (NCS) per each sector are computed.



• The entire tree ring [computes mean LD and WT values, counts number of cells (NC), computes LD/WT ratio, estimates earlywood proportion (EW%) on non-standardized row data].

• Earlywood [computes means of earlywood LD, LD excluding transitional cells (LDTE), WT, and double wall thickness excluding transitional cells (WTTE) on non-standardized row data].

• At the transition between earlywood and latewood, SabaTracheid estimates the last three earlywood tracheid’s ratio of lumen diameter to double wall thickness [LEWLD/WT (1–3)] and the first three latewood tracheid’s ratio of lumen diameter to double wall thickness [FLWLD/WT (1–3)] on non-standardized tracheidograms.

• Latewood [computes means of latewood LD, LD excluding transitional cells (LDTE), WT, and double wall thickness excluding transitional cells (WTTE) on non-standardized row data].



The LEWLD/WT (1–3) and FLWLD/WT (1–3) outputs can be used in further analysis to test the statistical significance of the manually demarcated EW-LW transition, based on e.g., ANOVA and Tukey’s statistical tests. The number of tree rings that showed latewood cells according to Mork’s index and the manual demarcation was compared using the two types of the input files (Supplementary Files 1 and 2).



Tracheidogram Standardization

Tracheids of different tree rings need to be standardized in order to be able to compare tree rings of varying width. Three different standardization techniques were to some extent utilized in SabaTracheid. The first technique stretches narrow rings and shrinks wide rings in order to overlay and compare tree rings with a varying number of cells by limiting their cells to certain number per radial file (Vaganov, 1990). The second technique standardizes tree ring cells using the relative positioning of each tracheid’s center which ensures better overlaying and thereby comparison of different tree rings of differing size as well as cell numbers formed in similar times of different years (Campelo et al., 2016). The third technique enables grouping/sectoring of cells according to their relative percentile position in their radial rows (Castagneri et al., 2017a). The standardization and sectoring of the Juniperus procera tracheids was performed by adopting the following three steps. Firstly, as Juniperus procera has small tracheids, the chances of having missing values in any sector were minimized by replicating tracheids, if there were less than 40 tracheids per row, until they attained a minimum of 40 tracheids per row (Vaganov, 1990). Any changes are recorded in the Summary Sheet output of the software (Supplementary Files 2, 4). For example, if a row has only 5 tracheids, values of each variable (wall thickness on the left side of a cell, lumen diameter and wall thickness on right side of a cell) are replicated at least eight times to eventually obtain values for at least 40 cells. Secondly, the relative position of each tracheid’s center over the widths of their respective tree rings was computed (Campelo et al., 2016). For instance, the relative position of a second tracheid in a radial row is calculated as follows: the single wall thickness value of the first tracheid (WT0) in the row plus value of the lumen diameter of the first cell in the row (LD1) plus double wall thickness between lumens of the first and second cells in the row (WT1) plus half of the second tracheid’s lumen diameter (LD2), all divided by the tree ring width, and the result multiplied by 100. Thirdly, in order to get fine intra-annual tracheidal chronologies, grouping of tracheids into equidistant sections, i.e. sectors, was important (Castagneri et al., 2017b).



Tracheidogram Sectoring

Radial values of lumen diameter sector (LDS), double wall thickness sector (WTS), and ratio of lumen diameter to double wall thickness sector (LD/WTS) were averaged at every 5% and optionally at every 10% of relative position, providing 20 and 10 sectors of tracheid variables, respectively (Castagneri et al., 2017b). The novelty of our method, making it unique in the literature, is that, unlike other methods that sector tree rings before any tracheid measurement (Hetzer et al., 2014; Castagneri et al., 2017b, 2018), sectoring is done after standardizing tracheidograms. This is because variation in the sizes of different tree rings, and that between different rows of cells within a tree ring, require standardization to increase the chance that tracheids that must have formed at a similar time of different years will be grouped into the same percentile position and or sectors. Thus, it has the potential of being a global tracheid analysis tool.

For the demonstration of SabaTracheid, the computation of all the variables in the 30 Excel spreadsheets in the input file took approximately eight seconds using a standard computer equipped with a 2.2 GHz dual core processor. Importantly, if the data in the input files were incorrectly formatted, SabaTracheid displays an error messages that specifies the problematic cell in the input Excel spreadsheet and the reason for the error.



Software Availability

SabaTracheid is a Java based program which is freely downloadable for use from GitHub repository (10.6084/m9.figshare.12612128).



RESULTS

SabaTracheid’s output file, i.e. an Excel workbook, contains an individual worksheet for each tree ring file. Each worksheet displays radial LD, NC, WT, and multiple dendroanatomical and QWA parameter values for each radial row file in each tree ring, relative positions of each tracheid’s center (1–100%), and sectoral values (every 5% or 10%) (Supplementary Files 2 and 4). The means of all listed tracheid parameters averaged per tree ring are included in the summary sheet of the output workbook (Figure 3 and Supplementary Files 2 and 4).

Considering examples from QWA parameters, i.e. EW% and NC, computed for the 30 tree rings (AD 1901-1930) of Juniperus procera using SabaTracheid, the NC varied from 5 to 76 and averaged 53, while EW% averaged 91.7% (Figure 4). These results may be used to calculate tree hydraulic conductivity, to study tree physiology, drought adaptation strategies of trees, and to obtain many dendroclimatological parameters.
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FIGURE 4. Inter-annual variability of number of cells (NC), and earlywood proportion (EW%) per radial file of tree rings.


The ANOVA and Tukey’s test on LD/WT ratio values of the manually demarked earlywood to latewood transition cells, obtained from SabaTracheid’s outputs, showed a statistically significant decline in LD/WT ratio of the last earlywood [LEWLD/WT1] and the first latewood [FLWLD/WT1] tracheids of the 30 Juniperus procera tree rings (Figure 5). These variables can give us an insight of how abrupt EW-LW transition could be for each species. Once computed for a species, an EW-LW transition factor could be developed and implemented in automatic border identification programs.
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FIGURE 5. Box plot of mean tracheid lumen diameter to double wall thickness ratio (LD/WT) of the last three earlywood [LEWLD/WT (1–3)] and first three latewood [FLWLD/WT (1–3)] tracheids of 30 Juniperus procera tree rings dated 1901–1930 AD. Different letters indicate statistically significant differences in the measured parameter between the tested tracheids (p < 0.01).


Amongst the 30 Juniperus procera tree rings considered in this study, only 11 of them showed to have latewood cells that qualified for Mork’s definition (Supplementary File 4).

LOESS regression curves fitted on graphical presentations of standardized values of LD (Figure 6A), single wall thickness of each cell (WTe; Figure 6B), and LD/WT (Figure 6C) before sectoring, and non-standardized values of radial LD and WT (Figure 6D), are plotted (Figure 6). The standardized tracheidal parameters showed intra-annual pattern which calls for sectoring them along their relative percentile positions. This may eventually give us an intra-annual climate record and other environmental signals preserved in them.
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FIGURE 6. Relative position standardized tracheidogram of lumen diameter (LD) (A), single wall thickness of each cell (WTe) (B), lumen diameter to double wall thickness ratio (LD/WT) (C), and a scatterplot of wall thickness versus lumen diameter (D).


Ten sectoral values per tree ring of standardized LDS, WTS, and LD/WTS are obtained (Figures 7A–C) and, similarly, the twenty sectoral values are also presented (Figures 7D–F).
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FIGURE 7. Demonstrative plot of 10 sectoral mean values of lumen diameter (LDS), double wall thickness (WTS) and lumen diameter to double wall thickness ratio (LD/WTS) (A–C, respectively), and 20 sectoral mean values of LDS, WTS, and LD/WTS (D–F, respectively), of SabaTracheid’s output for Juniperus procera trees.




DISCUSSION

SabaTracheid facilitates rapid and accurate standardization of tracheid measurements through a combination of a few standardization techniques, and computes multiple dendroanatomical and QWA parameters for multiple tree rings (Figure 3). Dendroanatomical variables are the tracheid variables computed from standardized and sectored tracheids of dated tree rings (Figure 3). QWA parameters are those mostly computed from the non-standardized tracheids (Figure 3). The output file contains detailed computation of each parameter for each set of radial rows within a tree ring and data for each ring is outputted to a separate worksheet (Supplementary Files 2 and 4). It also provides a summary sheet per workbook to ease extraction of outputs (Supplementary Files 2 and 4). Developing such programs may strengthen and diversify proxies by considering NC, LD, and other dendroanatomical and QWA parameters that could be integrated well with dendrochronology. It contributes toward more fully understanding the sensitivity of trees to climate (Olano et al., 2012; Piermattei et al., 2020).

SabaTracheid enabled the computation of multiple QWA and dendroanatomical parameters for hundreds of tree rings in a few seconds (Supplementary Files 2, 4 and Figure 3). The analysis of proportions and relationships between QWA parameters, such as EW%, NC, and their relation to tree ring width gives insight into the drought adaptation mechanism of a tree, and the structural function and properties of its wood (Olano et al., 2012). This ultimately facilitates understanding of the environmental conditions responsible for these parameters’ values (Domec and Gartner, 2002; Oribe et al., 2003; Kennedy, 2010; Martin-Benito et al., 2013).

SabaTracheid may help to develop an observation-based species-specific earlywood to latewood boundary threshold of LD to WT ratio (Figure 5). This is crucial in intra-annual climate-growth relationship research since the two sections of wood form at different seasons of the year (Camarero et al., 2010). As demonstrated by Campelo et al. (2016), relative positioning using grayscales showed 10% higher earlywood proportion than two other methods employed on the same sample tree rings. Thus, attention to choice of standardization method might determine the resolution and quality of seasonal environmental signals obtained in the field of dendroanatomy. This is one of the rationales behind combining several existing tracheid standardization techniques into SabaTracheid. The manual demarcation used in this study demonstrated that the entire 30 tree rings possess latewood cells while when using Mork’s index only 11 of them fulfilled this requirement (Supplementary Files 2 and 4). Consequently, the manual demarcation of the earlywood to latewood boundary, based upon the measurement of Juniperus procera’s tracheids, is a better measure of the transition than Mork’s index. Thus, we recommend the computation of earlywood to latewood transition threshold for each species to enable the application of automated programs for QWA and dendroanatomical studies (Peters et al., 2018; Ziaco, 2020).

SabaTracheid has combined different tracheidogram standardization techniques, i.e. the idea of stretching narrow tree rings (micro-rings) through replication of their tracheids’ values until they attain the minimum number of tracheids per tree ring (Vaganov, 1990), relative positioning to compare anatomical features of different rings that have most likely formed in comparable seasons of different years (Campelo et al., 2016) and tree ring sectoring which groups tracheids according to their relative percentile positions (Castagneri et al., 2017a), but, importantly, it standardizes tracheidograms prior to sectoring. Sectoring Juniperus procera tracheidograms after tracheid measurement and standardization may increase the efficiency of distributing tracheid variables of a tree ring into equivalent parts despite their differing cell counts and ring widths (Figures 6, 7). Moreover, it may help to group tracheids of different years that have most likely formed at similar times of different years (Ziaco, 2020). This may be highly important, mainly for tropical conifers, which vary greatly in inter-annual tree ring width and cell number. On the other hand, previous sectoral chronological studies have sectored tree rings before measuring tracheids and proceeded to standardization (Castagneri et al., 2018; Lange et al., 2020). Failing to stretch narrow micro-rings through standardization may eventually result in missing values of tracheids in certain sectors. However, studies that sectored before standardization eventually provided anatomical series that were later compared against finer-temporal-resolution climate studies (Hetzer et al., 2014; Castagneri et al., 2017a, 2018; Lange et al., 2020).

Standardizing tracheidograms of Juniperus procera from tropical east Africa using relative positioning in a tree ring (Figures 6 and 7) seems to help efficiently prepare data for further analysis to extract climatic and tree-growth signals from tracheids. Similar results were obtained while comparing different tracheid standardization methods on Mediterranean conifers (Campelo et al., 2016). However, no similar study exists for tropical conifers.

The fact that SabaTracheid is a Java program makes it compatible with most computer operating systems and easy to use. It is freely downloadable at 10.6084/m9.figshare.12612128 and requires no specialized installation procedure. Moreover, it provides update notifications. The input file from direct or automated measurement should be carefully prepared, as it determines the next steps in analysis of tracheid data. Importantly, even with incorrect input data file preparation, the error notification in SabaTracheid guides the user to find possible errors in particular worksheet cells. The fact that the input and output files are Excel files eases the task of exporting and further analysis of results.

We believe that SabaTracheid may be useful for intra-annual dendroclimatology and dendroanatomical studies of any region as it uses a combination of standardization techniques proven (to give reliable results) on samples characterized by frequent occurrence of micro-rings, wedging rings and missing rings. Although other similar function packages in R have recently been reported (Peters et al., 2018; Ziaco, 2020), they mostly focus upon standardizing tracheidograms, so do not compute other dendroanatomical and QWA parameters. Our ambition is that this freeware will help expand the temporal and spatial resolution of dendroanatomy and be a global tracheid analysis tool, because it expands intra-annual dendroclimatology to tropical and other regions. It is user friendly freeware which doesn’t require programming skill, it could be used by researchers that are at different levels of expertise. This way, we may increase the global coverage and reproducibility of intra-annual dendroclimatic studies.
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Supplementary Figure 1 | An example of SabaTracheid’s second option Excel input worksheet for each tree ring (here 1905). Radial rows values (Rows; from r1 to rn) start with single wall thickness values of first tracheids (WT0) per row, and are followed by alternating lumen diameter (LD; LD1-LDn) and double wall thickness (WT; WT1-WTn) values. LDn, lumen diameter of the last cell in the tree ring; WTn, double wall thickness between the last cell in the analyzed tree ring and the first cell in the next tree ring. TRW, tree ring width.
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