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Abstract

:

Radial stem size changes, measured with automated dendrometers at intra-daily resolution, offer great potential to link environmental conditions with tree physiology at the seasonal scale. Such measurements need to be time-aligned, cleaned of outliers and shifts, gap-filled and analysed for reversible (water-related) and irreversible (growth-related) fractions to obtain physiologically meaningful data. Therefore, comprehensive tools are needed for reproducible data processing and analytics of dendrometer data. Here we present a transparent method, compiled in the R package treenetproc, to turn raw dendrometer data into clean, physiologically interpretable information, i.e., stem growth, tree water deficit, growth phenological phases, mean daily shrinkage and their respective timings. The removal of errors is facilitated by additional functions and supported with graphical visualizations. To ensure reproducible data handling, the processing parameters and induced changes to the raw data are documented in the output and, thus, are a step towards a standardized processing of automatically measured stem radius time series. We discuss examples, such as the seasonality of growth or the dependence of growth on atmospheric and soil drought. The presented growth and water-related physiological variables at high temporal resolution offer novel physiological insights into the seasonally varying responses of trees to changing environmental conditions.
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1. Introduction


Tree water use and wood growth are closely coupled processes and jointly define a tree’s physiology on a daily to seasonal time scale. Underlying mechanisms linking the two processes thus need to be understood. To this end, robust data and consequently accurate and reproducible monitoring and processing methods, are essential. Radial stem data measured by automatic dendrometers provide information on the interface between radial stem growth and tree water relations, and can deliver highly resolved, long-term tree-specific monitoring data [1,2,3,4], complementary to temporally highly resolved sap flux data [5,6]. At present, dendrometer studies have captured daily shrinkage patterns [7,8] and developed sophisticated methods to isolate distinct phases of contraction, expansion and stem-radius increment [9]. Long time series have been deemed particularly valuable in capturing responses of wood formation and dehydration to large gradients of environmental conditions. These are essential for understanding seasonal tree growth and carbon allocation dynamics [10,11], which depend not only on current but also on historic environmental conditions several years back in time [12,13,14,15,16].



The ability to obtain seasonal dynamics of biologically meaningful proxies from subhourly stem radius data is a critical nexus for future tree physiological research and can bridge the gap between high resolution mechanistic models and long-term observational studies [10,17]. The tree’s seasonal dynamics of stem shrinkage patterns (often expressed as tree water deficit; [4,18,19]) in response to drought has allowed us to assess the lesser explored in situ hydraulic capacitance of the bark tissue for specific tree species [20,21] and model the water stress levels they experience [22,23]. Moreover, dendrometers, with careful consideration of their strengths and limitations (cf. [24,25]), could support analyses which assess the impact of intra-annual climatic variability on tree growth from wood formation studies [26,27]. Dendrometers have, therefore, the potential to scale labour-intensive and destructive wood sampling and analyses, and provide information on growth phenology and rates, at a much higher temporal resolution than the (bi-)weekly resolution achieved by taking wood samples [28]. Although extracting hydraulic dynamics, growth phenology and radial increment from dendrometer measurements are not without pitfalls (i.e., stem shrinkage preventing appropriate detection of growth start and end; [29]), they provide a promising and cost-effective method to derive such proxies at sub-daily resolutions. Yet, realizing this potential requires reproducible and user-friendly ways of data processing being able to separate water-related from growth-related dynamics.



Processing long-term raw dendrometer measurements to physiologically meaningful proxies can be challenging, mainly for two reasons (Figure 1). First, raw measurements often contain outliers, errors, shifts or jumps in the data due to adjustments of the device in the field, electronic failures or external mechanical disturbances. Therefore, data cleaning is often manually performed, time-consuming and not reproducible. Second, radial stem size changes comprise a reversible tree water-related and an irreversible growth-induced fraction, i.e., swelling and shrinking of the stem due to changing water potentials, and irreversible radial growth due to cell division and cell enlargement in the cambium [2,4,29]. These two processes need to be separated to obtain drivers of growth and tree water deficit (Figure 1). Although a handful of tools already exist to analyse seasonal, cyclic or daily patterns in dendrometer data, or to evaluate dendrometer data quality [30,31,32], they require cleaned or gap-filled data and, thus, do not offer the functionality to systematically and automatically clean data. Furthermore, they do not separate dendrometer data into water-related and growth-induced fractions with a focus on seasonal dynamics. In addition, methodological details for determining the start and end of the growing season while allowing for uncertainty analyses on the specified dates are missing. Finally, no existing tool provides a comprehensive range of standardized derived variables, or gives an integrated documentation of all induced changes to the raw data to elucidate critical data processing steps [33].



Here we present the functionality of the R package treenetproc, which provides a means to clean long-term (i.e., multiannual) time series of dendrometer data by time-aligning the dataset, detecting and removing outliers and correcting for erroneous shifts and jumps. Visualisation and clear documentation of the changes allow for checking the cleaned data and ensure reproducibility. In addition, the R package facilitates the manual and reportable removal of remaining errors. Furthermore, the cleaned dendrometer time series can be partitioned into growth and water-related components according to the zero growth (ZG) concept of Zweifel et al., [4], utilizable in seasonal analyses of tree-specific water and carbon related proxies. Note that the ZG concept assumes that growth begins when the previous maximum stem diameter is exceeded and ends when stem shrinkage occurs. Consequently, the ZG concept considers growth to occur during periods without stem shrinkage only, based on the theory that a turgor pressure threshold has to be reached in the cambium before cell division and cell enlargement are possible [22,34,35]. In addition, treenetproc provides a standardised and flexible calculation of critical phenological growth phases such as the beginning and end of stem growth within the growing season. It also calculates the timing and rate of change of different phases of stem shrinkage and expansion and provides a variety of ways to better contextualise dendrometer data to changing environmental conditions [4]. The presented method serves as a potential benchmark for extracting and analysing the seasonal variability of water use and growth obtained in situ from dendrometers. It is thus consistent with the necessary evolution from an annual to an intra-annual focus of tree-specific water and carbon-related responses to environmental change [11].




2. Data Processing Structure


To generate a standardized workflow for extracting relevant seasonal proxies from stem radius data, the data processing structure needs to be defined. The general workflow of treenetproc to extract relevant seasonal proxies from stem radius data is composed of three main steps including multiple functions (Figure 2). In step 1 (time alignment), raw dendrometer and, optionally, temperature data are aligned to user-defined, regular time steps. The output of this first processing step are data of the level one (L1; Table 1). Optionally, this step offers functions to plot and correct the L1 data.



The use of temperature data, in addition to stem radius data, is highly recommended since it increases the quality of the cleaning process by automatically adjusting the error detection in periods of low temperatures. Temperatures below zero degree Celsius can induce stem freezing, which leads to stem shrinkage patterns that are an order of magnitude larger than the typical shrinkage patterns within the growing season (Figure S1). Similarly, the thawing of the stem induces magnified stem expansion rates and may occur up to several degrees Celsius above zero depending on the rate of the temperature increase after a frost. These exceptionally large shrinkage and expansion patterns were found to be caused by the steep water potential gradients induced by ice in parts of the stem tissues, moving intracellular water in or out of the living cells [7,36,37]. To prevent the classification of these patterns as outliers, a user-defined temperature threshold (frost_thr) flags such periods (referred to as frost period).



In step 2 (error detection and processing), outliers and shifts in the L1 data are detected and removed or corrected, processing the data to level two (L2). Optionally, this step offers functions to visualise and manually correct the L2 data again. In the third step, the L2 data is analysed and several derived variables are calculated (Table 1). A detailed example in the Supplementary Information illustrates the different functionalities. Finally, in step 3 (data aggregation), relevant physiological proxies are extracted which allow the analysis of tree-specific seasonal water and growth dynamics (detailed below).



The two core functions of treenetproc (proc_L1 and proc_dendro_L2) are capable of processing a continuous data stream out of, for example, an SQL database or directly from a data logger. Other functions of the package require user-input or are applicable retrospectively only (Figure 1). In the following, all three steps presented in Figure 1 are addressed in more detail. For sample code, and a demonstration of an exemplary workflow, see also the vignette Introduction to treenetproc included in the R package (vignette(treenetproc)).




3. Data Requirements and Temporal Alignment


Clear and easily adoptable input data requirements are critical for the usability of a methodological framework. We thus chose a simple raw data format which can be uploaded in R, e.g., as csv-file, and needs to be formatted as a data frame in long (Table S1) or wide (Table S2) format to be used by the package. In addition, a column with timestamps (ts) in any standard date format is required (e.g., %Y-%m-%d %H:%M:%S). If the optional temperature data (in °C) is provided in the same file as the dendrometer data (in µm), the name of the temperature data series has to contain the string “temp” to be identified as a temperature time series (Table S2).



Key to all other processing steps is the proper time alignment of dendrometer (and temperature) data to a user-defined and regular time step performed with the function proc_L1 (Figure 2). The temporal resolution of the time-alignment is specified with the argument reso (in minutes, i.e., reso = 10 leads to a 10-min resolution). Noteworthy, the time-alignment uses a linear interpolation between the two closest measurement points in the raw dataset to obtain the values at the specified time resolution (Figure S2). The linear interpolation in this step is restricted to gaps smaller than three timestamps. Larger gaps are filled with NA values at the respective time intervals. Note that the next processing step (function proc_dendro_L2) includes a user-defined gap-filling parameter not linked to the functionality here.




4. Outliers, Error Detection and Processing


Outlier and error detection, and eventual processing of the dendrometer data, are done with the function proc_dendro_L2. Yet, outlier removal in time series has to be performed with care, which has already received much attention in the literature (e.g., [38]). Outlier and error detection can be based on the frequency distribution of first order differences of the L1 data (diff; [39]; Figure S3). Since the frequency distribution of diff is typically very narrow, i.e., most values of diff are close to zero, all values within the 30% and 70% percentile are removed before calculating thresholds for data outliers and shifts. This step increases the quality of the automatically adjusted thresholds for different datasets from various sites and tree species. The thresholds for outlier (tol_out) and jump (tol_jump) detection are then calculated based on the first and fourth quartile of diff plus a tolerance value. The tolerance value is defined as the median of the absolute deviations (mad) multiplied by the user-defined parameters tol_out and tol_jump, respectively (Table 2, Figure 3). Cleaned data series (L2 data) can be gap-filled according to the custom-set parameter interpol (in minutes) which defines the maximum gap size that is linearly interpolated (Figure S2). The cleaned and gap-filled data are used to compute time series of tree water deficit (twd) and annually accumulated growth (gro_yr), which are reported in the output data frame (Table S3).



The quality of the automated data processing depends on an appropriate set of parameters, and the provided default values do not in any case, lead to the best results. Evaluating the output is thus key to optimize the processing accuracy. The processed L2 data are systematically visualised in user-defined diagrams (Figure 3) to identify remaining errors or erroneously changed data. For example, a too high value of tol_jump will not correct all jumps or shifts in the dataset. In contrast, a too low value may, in the worst case, lead to an attenuation of the shape of the stem size curve over time. The plots of the processed results are designed to visually recognise such discrepancies and offer user-defined display options. The time period of the plots displayed can be adjusted (plot_period: monthly, yearly, full, Figure 3) as well as restrictions to include only periods in the plots in which raw data have been changed during processing (plot_show: diff).



For remaining errors, treenetproc offers functions to overrule introduced changes or force changes that were not automatically made. Generally, it is advisable to remove periods of obvious erroneous data after time-alignment with the function corr_dendro_L1 (Figure 2). However, it can also be performed as a processing step later with the function corr_dendro_L2. This function additionally allows for reversing accidentally induced changes with the argument reverse by using the ID number apparent in the plot with the user-defined resolution plot_period = monthly (Figure 3). Finally, an undetected shift in the time series can be forced to be corrected with the argument force and a date within five days prior to the shift to be corrected (Figure S4). The length of this period is adjustable with the argument n_days.



During the data cleaning process, all utilized parameter settings and user decisions are systematically documented. All changes to the data are flagged at the respective timestamps with different labels. The number after the flag label specifies in which iteration of the cleaning process the changes occurred (Table S4). Additionally, all parameters of the function proc_dendro_L2 and the R package version number are printed at the bottom of the visualisations. treenetproc thereby ensures the reproducibility of the data processing, a fundamental quality criterion of any method in computational science [33].




5. Data Aggregation and Examples of Relevant Seasonal Tree Physiological Proxies


The R package treenetproc offers novel possibilities in the processing of relevant, tree physiological proxies on a seasonal time scale. As mentioned above, the determination of the beginning and end of the growing season is a key parameter and has had limited reproducibility in different works (cf. [40]), but a proximally comparable method presented here has already been applied successfully [41,42]. With treenetproc, we attempt to provide a more standardized and flexible practise for extracting such parameters. The function grow_seas returns the day of year of growth onset and growth cessation (as exemplified in Figure 4) from L2 dendrometer data. To clarify, growth onset (gro_start) can be defined as the day of year at which the maximum stem radius value of the past year is crossed, based on the ZG concept [4]. Growth cessation (gro_end) is considered as the day of year at which the maximum value is reached. To increase the comparability of these variables between studies, and reduce the impact of erratic data points in the asymptotic phase of the annual growth curve, a user-defined adjustable tolerance value (tol_seas) is used to adjust gro_start and gro_end. By default, tol_seas is set to 5% defining gro_start as the day of the year at which 5% of yearly growth is surpassed. Likewise, gro_end represents the day of year at which 95% of yearly growth is reached. Determination of the beginning and end of the growth period may be inaccurate if the annual growth rate is small and water-induced shrinkage and swelling are large in proportion (see [24,25]). In such cases it may be advisable to adjust the threshold value tol_seas. Values of gro_start and gro_end start from the second year only, since their calculation depends on the previous years’ data. Thus, multiple years of dendrometer measurements (i.e., Figure 5a) allow establishment of seasonal phenological dynamics in a consistent way and assess the uncertainty and interannual variability in growth start and cessation at the tree specific level (i.e., relatively late start of growth in 2012 for the Fagus sylvatica tree in Figure 5c).



Analysing interannual differences in seasonal dynamics of both growth (GRO) and tree water deficit (TWD) dynamics, provided by proc_dendro_L2, can generate insights into both climatic regulation of growth rates and water stress. As an example, interannual growth patterns can be recalculated to weekly growth rates (GR, determined from GRO data obtained from treenetproc), comparable to the classical xylogenesis sampling frequency [27], but including new cells in wood and bark. As such, one can analyse the within year growth dynamics (i.e., Figure 6a) and relate this to weekly averaged climatic conditions (i.e., Figure 6b). The example of an individual beech tree (F. sylvatica) in Figure 6 is an illustration of how to utilize proc_dendro_L2 output. The example shows reduced growth activity during periods of exceptionally high vapour pressure deficit (VPD), indicating the potential importance of atmospheric drought in addition to the known effects of dry soil [4,10]. Further, information on weekly growth rates could be incorporated into intra-annual climate-growth relationships, as currently performed on wood anatomical features [43]. For example, when isolating the daily minimum TWD (TWDmin), mainly associated with the lack of stem rehydration [20,22,23], we see that although 2015 was exposed to more negative daily soil water potentials (SWP), this did not lead to a general, substantial increase in TWDmin, hinting at a decoupling of soil drought from TWDmin in this case. Such seasonal patterns in GRO and TWDmin, when performed with ample replication, can be obtained with treenetproc and thus open up the potential for novel insights into the relationship between drought stress and growth rates of mature forest trees.



Finally, building upon the work presented in van der Maaten et al. ([31]; phase_def in the R package dendrometeR), we incorporated functions which allow for the detection of different shrinkage phases (useful to define the hydraulically active season [7]). The function phase_stats (Figure 2 and Figure S5) calculates shrinkage and expansion phases of intradaily resolved dendrometer data. The function returns local maxima and minima of the (L2) dendrometer data. Further variables quantifying the timing of the shrinkage and expansion phases are derived from these local maxima and minima, which depict changes in the timing of the phases depending on the season. Thus, future analyses of the timing of shrinkage and expansion phases may lead to new information about changing drivers for stem radius changes that are mainly determined by the transpiration response during the vegetation period and driven by temperature and other (unknown) factors during wintertime (deciduous trees without leaves). Furthermore, the commonly applied variable maximum daily shrinkage, referred to as mds here and in literature, can be extracted with phase_stats. The functionality and its underlying mathematical steps are explained in detail in Method S1.




6. Conclusions and Perspectives


Dendrometers are reliable and affordable tools to continuously measure seasonal stem radius change dynamics. treenetproc is an open-source R package that efficiently and transparently cleans, processes and visualises highly resolved dendrometer time series and provides user-friendly access to a range of benchmarked variables for intra-annual analyses of a tree’s water and growth dynamics. It ensures the reproducibility of data processing by documenting all user decisions and changes to the data. Overall, the functionality of treenetproc provides a step towards a standardised data processing method for dendrometer data, which was originally developed to process and analyse large live data-streams for dozens of trees at many different sites within the network TreeNet [44]. The processed data enables the user to address a wide range of novel, ecologically relevant questions about the timing of growth and their respective dependencies on (limited) water availability. The questions range from “when do trees grow?”, and “what are species-specific differences?” to “what is the impact of drought on tree water relations and growth performance?” (Figure 5 and Figure 6).



Future versions of the package are envisioned to include additional functions depending upon suggestions from the research community. With regards to data cleaning, interactive manual cleaning procedures are planned for incorporation [6,45]. Moreover, additional functions are under construction to model the timing of the hydraulically active season including the quantification of the drought stress based on the output of the function phase_stats.




7. Availability of Treenetproc


The R package treenetproc and all source code is available on GitHub [46]. In R software (R Core Team, [47]), the package can be installed with the following commands:



# install.packages(“devtools”)



library(devtools)



devtools::install_github(“treenet/treenetproc”)



treenetproc requires the package dplyr, which is automatically installed along with treenetproc. Additional documentation of the package or the functions can be accessed from the R console using the command ?treenetproc or ?function_name, respectively. Furthermore, an exemplary workflow, as well as sample code, can be found in the vignette Introduction to treenetproc that can be installed along with the package using the command:



devtools::install_github(“treenet/treenetproc”, build_vignettes = TRUE).




8. Citation


To cite the package and all dependencies, please use the output of the following command:



citation(“treenetproc”)
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Figure 1. Processing raw stem radius measurements to physiologically meaningful data of growth and tree water relations. The automated point dendrometer mounted on a tree stem measures highly resolved stem size changes at a micrometre resolution. Stem radius changes are the result of cell division and enlargement in the cambium (growth), and hydraulically-induced pressure changes leading to shrinkage and swelling of elastic stem tissues. Measured raw data needs to be time-aligned, cleaned, and gap filled before being separated into the irreversible growth and the reversible tree water deficit (TWD) induced fractions of stem size changes. 
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Figure 2. Workflow of treenetproc. Functions of the package are shown in rounded rectangles, including a description of the functionality (first line) and the name of the function (second line). Outputs of the functions are shown as rectangles (data output) and octagons (graphical output). Solid arrows indicate the regular workflow, dashed arrows indicate the optional, user-induced workflow. 
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Figure 3. Visualisation plot of the function proc_dendro_L2 with argument plot_period = “monthly”. The first panel shows the stem radius changes of time-aligned dendrometer data (L1). The second panel shows cleaned L2 data. Horizontal cyan lines at the bottom of the panel indicate potential frost periods. Blue circles indicate interpolated data points. The third panel shows the correction-induced differences between L1 and L2 data (red) on a logarithmic scale. Erroneous, deleted values are shown with pink lines without a relevant scale (set to 100). Every change to the data gets an ID and facilitates the functions for manual corrections. The last panel shows the tree-water deficit (twd). 
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Figure 4. Calculation of start (gro_start, red dashed line) and cessation (gro_end, red solid line) of the growing season by the function grow_seas with a 5% uncertainty tolerance (tol_seas = 0.05). 
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Figure 5. Example of stem radius data of a beech tree over eight years at a 10 min time resolution (TreeNet Lausanne, Switzerland). (a) Accumulated growth per year (GRO). The year with the summer drought (2018) and the year with the lowest growth (2012) are coloured. (b) Tree water deficit (TWD). (c) Timing of growth start and growth end (median in brackets). Years are colour coded. (d) Drought stress index derived from TWD for the growth period. The index counts days with a minimum TWD > 0 per week, i.e., days where the loss of water was larger than the uptake. Note, these diagrams are not direct outputs of treenetproc and are solely intended as a possible representation of results relevant for users. 
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Figure 6. Example of seasonal tree physiological proxies extracted from stem radius data of a beech tree over five years at a 10 min resolution (as presented in Figure 5). (a) Weekly growth rates per year (GR) when isolating the main growing season (May-August). The year with the drought summer (2015) and the year with the highest growth rates in summer (2013) are coloured. (b) Response of GR (from a) to the mean weekly vapour pressure deficit (VPD). (c) Daily minimum tree water deficit (TWDmin) with the same years highlighted with colour as in a. (d) Response of TWDmin to soil water potential with the same years highlighted with colour as in c. Note, these diagrams are not direct outputs of treenetproc and are solely intended as a possible representation of results relevant for users. 
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Table 1. Output variables of functions of treenetproc.
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	Function
	Output Parameter
	Description





	proc_L1
	series
	Dendrometer series name



	
	ts
	Time stamp



	
	value
	Dendrometer data (L1)



	proc_dendro_L2
	series
	Dendrometer series name



	
	ts
	Time stamp



	
	value
	Dendrometer data (L2)



	
	max
	Radial stem growth accumulated over all years



	
	twd
	Tree water deficit



	
	gro_yr
	Radial stem growth accumulated for every year



	
	frost
	Indication whether temperature is below frost threshold



	
	flags
	Indication of type of data manipulation



	
	version
	Version of the function



	grow_seas
	series
	Dendrometer series name



	
	year
	Year



	
	gro_start
	Day of year at which growth starts



	
	gro_end
	Day of year at which growth ends



	phase_stats
	series
	Dendrometer series name



	
	day
	Date on which the respective phase ends (format %Y-%m-%d)



	
	doy
	Day of year on which the respective phase ends



	
	shrink_start/exp_start
	Timestamp of the start of the shrinkage or expansion phase (format %Y-%m-%d %H:%M:%S)



	
	shrink_end/exp_end
	Timestamp of the end of the shrinkage or expansion phase (format %Y-%m-%d %H:%M:%S)



	
	shrink_dur/exp_dur
	Duration (in minutes) of the shrinkage or expansion phase



	
	shrink_amp/exp_amp
	Amplitude of the shrinkage or expansion phase (µm)



	
	shrink_slope/exp_slope
	Slope of the shrinkage or expansion phase (µm *reso−1)



	
	phase_class
	Days are classified as 1 if a shrinkage occurs during the day, and as −1 if there is an expansion during the day. On all other days, phase_class is set to NA.
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Table 2. Customised parameters of the function proc_dendro_L2. The first two parameters (in bold) are most important to optimise error detection.
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	Argument
	Default Value (Unit)
	Description





	tol_out
	10 (−)
	Controls the rigidity of outlier detection and removal (lower values increase the rigidity)



	tol_jump
	50 (−)
	Controls the rigidity of jump detection and correction (lower values increase the rigidity)



	lowtemp
	5 (°C)
	Sets the temperature below which freezing and thawing events can be expected



	frost_thr
	5 (−)
	Controls the increase in the thresholds for outlier and jump detection in frost periods (i.e., when the temperature is below lowtemp)



	interpol
	2.1
	Defines the length of gaps which are linearly interpolated in cleaned data. Interpolated gap = interpol * reso (min). reso is defined in the function proc_L1.



	frag_len
	2.1
	Defines the length of data fragments occurring in-between missing data that are automatically deleted during data cleaning. This can be helpful to remove short fragments of erroneous data within periods of missing data. Length of data fragments = frag_len * (number of timestamps)



	plot
	TRUE
	Specifies whether a comparison between L1 and L2 data is plotted



	plot_export
	TRUE
	Specifies whether a plot is exported as a PDF file to the current working directory or is plotted in the console. Plotting in the console may take high processing power for long time series



	plot_period
	“full”
	Specifies whether plots are displayed for the whole period (plot_period = “full”), for each year separately (plot_period = “yearly”) or for each month (plot_period = “monthly”). The option “monthly” displays the ID of each correction applied.



	plot_show
	“all”
	Specifies whether all periods are plotted (plot_show = “all”) or only those periods in which L1 and L2 data differ after data cleaning (plot_show = “diff”)



	iter_clean
	1 (−)
	Defines the number of times the error detection is repeated
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