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The TreeNet research and monitoring network has been continuously collecting data
from point dendrometers and air and soil microclimate using an automated system
since 2011. The goal of TreeNet is to generate high temporal resolution datasets of tree
growth and tree water dynamics for research and to provide near real-time indicators of
forest growth performance and drought stress to a wide audience. This paper explains
the key working steps from the installation of sensors in the field to data acquisition,
data transmission, data processing, and online visualization. Moreover, we discuss the
underlying premises to convert dynamic stem size changes into relevant biological
information. Every 10 min, the stem radii of about 420 trees from 13 species at 61
sites in Switzerland are measured electronically with micrometer precision, in parallel
with the environmental conditions above and below ground. The data are automatically
transmitted, processed and stored on a central server. Automated data processing (R-
based functions) includes screening of outliers, interpolation of data gaps, and extraction
of radial stem growth and water deficit for each tree. These long-term data are used for
scientific investigations as well as to calculate and display daily indicators of growth
trends and drought levels in Switzerland based on historical and current data. The
current collection of over 100 million data points forms the basis for identifying dynamics
of tree-, site- and species-specific processes along environmental gradients. TreeNet is
one of the few forest networks capable of tracking the diurnal and seasonal cycles of
tree physiology in near real-time, covering a wide range of temperate forest species and
their respective environmental conditions.

Keywords: early-warning, radial wood and bark growth, forest dynamics, Research Infrastructure, tree water
relations, observation system, near real-time monitoring, nowcast
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INTRODUCTION

Why Monitoring in Near Real-Time?
Although monitoring in forest ecology has a long history
(Schimel and Keller, 2015; Richardson et al., 2018; Etzold et al.,
2019, 2020; Schulze et al., 2019), the lack of more automated
approaches to deal with in situ ecophysiological measurements
becomes more obvious due to the increasing data requirements
from Earth system models and stakeholder requests. Many forest
ecology networks are based on traditional growth measurements
to assess forest functioning and rely either on manually recorded
long-term data series or automatically measured data stored
in decentral loggers and data bases. In some cases, there
are sporadic collection initiatives among such networks with
the goal of combining and homogenizing existing data (e.g.,
SAPFLUXNET, Poyatos et al., 2021). However, such datasets
typically remain unupdated and are not capable of providing
nowcast, a combination of measurements and modeling to assess
current conditions.

New data transmission technologies (e.g., the Internet of
Things IoT or the Low Power Network LoRaWAN), which
have become well established over much of the world in recent
years, enable an integrated approach to data collection also in
forests and other ecosystems, consisting not only of automated
sensors but also allowing near real-time data transmission (e.g.,
Franz et al., 2018; Sabbatini et al., 2018; Heiskanen et al., 2021).

All field measurements may contain both systematic and
non-systematic errors. Hence, the continuous stream of raw
data needs to be processed to remove artifacts and data errors
before meaningful and biologically relevant information can be
extracted (Yenni et al., 2019). In contrast to meteorological
measurement methods (e.g., Heylen, 1992), applicable methods
for recording physiological responses of a tree to environmental
conditions under field conditions are still limited. Point
dendrometers are one of the few forest monitoring methods that
can be automated because they are weather resistant, require very
little energy and provide an integrated signal representing the
condition of an entire tree over several years (Zweifel et al., 2006;
Drew and Downes, 2009; Steppe et al., 2015).

TreeNet is a forest monitoring and research network that
collects and processes dendrometer measurements along broad
temperature and precipitation gradients, currently mainly in
Switzerland. The overall goal of TreeNet is to generate
scientifically sound data of radial stem growth and tree
water deficits, but also to enable information on underlying
mechanisms of forest trees in near real-time (nowcasting). The
increasing intensity and frequency of extreme weather events, i.e.,
heat and drought (National Academies of Sciences Engineering
and Medicine, 2016; Bastos et al., 2020; Buras et al., 2020; Hari
et al., 2020; Trotsiuk et al., 2020), but also cold snaps (Mayr
et al., 2012; Geng et al., 2020; Fang et al., 2021) and heavy
rain events (IPCC, 2021), require an immediate signal from
forest ecosystems to document, understand and predict relevant
ecological consequences.

Here we provide a detailed description of the extensive
TreeNet network. We present the history and locations of
the monitoring sites, the field infrastructure, and the detailed

data workflow, including data acquisition, data collection, data
processing, the theoretical background of the data processing
steps, and examples of data outputs. Finally, opportunities, but
also measurement uncertainties and error propagations within
the collected data will be discussed, with the goal of making our
collected knowledge available to the forest science community.

The History of TreeNet
TreeNet (1Figure 1) was established in 2010 and started collecting
data in 2011, but also includes dendrometer time series already
ranging back to 1998 (site Davos). As a collaboration between
the Swiss Federal Office for the Environment (FOEN), the
Swiss Federal Institute for Forest, Snow and Landscape Research
(WSL), the Institute of Applied Plant Biology (IAP), ETH Zurich,
the University of Basel, and the Zurich University of the Arts
(ZHdK) the network was continuously expanded. As of today,
TreeNet covers 61 sites in Switzerland with about 420 trees and
shares sites with Swiss FluxNet2, ICOS-CH3, Long-Term Forest
Ecosystem Research (LWF;4), Mycorrhiza Monitoring Network,
Soil and Biochemistry field sites (WSL,5), the Lötschental Tree
Growth Monitoring Transect (WSL,6), the Swiss Canopy Crane
Project II (Uni Basel,7), and the WSL Insubric Ecosystems in
Cadenazzo. Furthermore, TreeNet is linked to the international
networks ICOS8, UNECE/ICP Forests9, and eLTER10 considered
as emerging sites in the 2018 European Strategy Forum on
Research Infrastructures (ESFRI) report11 and considered for
the Swiss Roadmap on Research Infrastructures 2025–2028
(Eugster et al., 2021). Moreover, TreeNet also contributes data to
related networks e.g., the SapFluxNet (Poyatos et al., 2021), and
DendroGlobal12.

The initial collaborations and sites were chosen to cover
the widest possible gradient of microclimatic conditions,
nitrogen deposition, and elevation of the major tree species in
Switzerland. The network is likely one of the largest continuously
monitored networks of high-resolution point dendrometers and
is continually expanding with partners who have an interest
in TreeNet collaboration and progress. The sites are therefore
not evenly distributed and show hotspots of forest research in
Switzerland (Figure 1), e.g., in the dry, inner alpine Valais,
where many research sites pursue questions on climate change
and forest dynamics (Rigling et al., 2013; Schönbeck et al.,
2018; Walthert et al., 2021). Particularly important are also
the super-sites at Hölstein (see text footnote 7), Lägeren13,

1https://treenet.info
2https://gl.ethz.ch/research/bage/fluxnet-ch.html
3https://www.icos-switzerland.ch
4https://lwf.ch
5https://www.wsl.ch/en/projects/soil-as-a-site-factor.html#tabelement1-tab2
6https://www.wsl.ch/loetschental-monitoring
7https://ppe.duw.unibas.ch/en/sccii/
8https://www.icos-cp.eu
9http://icp-forests.net
10https://www.lter-europe.net
11http://roadmap2018.esfri.eu/
12http://streess-cost.eu/index.php/events/workshops/dendroglobal-2
13https://gl.ethz.ch/infrastructure/sites/laegeren.html
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FIGURE 1 | Locations of the 61 TreeNet sites in Switzerland (www.treenet.info) including thirteen tree species of about 420 individually measured trees. Sites are
defined as forest patches with a specific species composition and specific environmental conditions. The background color of the map indicates the average annual
precipitation. The site dots are color-coded according to the mean annual temperature. Sites cover gradients of mean annual temperature between 0 and 13◦C and
annual precipitation sum from 600 to 1,800 mm, respectively. The photo shows a point dendrometer mounted on a beech tree. Find further site details in the
Supplementary Material (Supplementary Table 1). The background color of the map indicates the average annual precipitation (MeteoSwiss).

Pfynwald14 and Davos15 where most extensively a wide variety
of additional variables have been assessed and where TreeNet
enables partners to extrapolate their site results to a larger area
with the help of dendrometer data.

TreeNet INFRASTRUCTURE

Measurement Devices in the Field
Each field site (Figure 1) is equipped with at least three types
of devices (Figure 2): automated point dendrometers (ZN11-
T-IP and ZN12-T-WP, Natkon, Switzerland), air temperature
and relative humidity sensors (RHT, Sensirion, Switzerland),
and soil temperature and soil water potential sensors (TEROS-
21, Meter group, United States). Raw data are recorded
at 30–60 s execution intervals, averaged and logged at 10-
min intervals and transmitted to the respective raw data

14https://www.wsl.ch/pfynwald
15https://www.wsl.ch/seehornwald

servers. Further, meteorological variables, i.e., solar radiation,
precipitation and wind are not consistently measured at all sites
and are additionally derived from gridded data provided by
MeteoSwiss and Meteotest. Further, TreeNet analyses benefit
from a multitude of additional, site-specific data collected by the
site partners, e.g., phenology from automated cameras at the sites
Hölstein16, Davos17, and Lägeren18.

General Data Flow Concept
Data are collected automatically in the field (Figure 2) in a
10-min resolution and continuously transferred to the end user
through several steps in near real-time, i.e., stored in databases,
cleaned and processed with the R software package treenetproc
(R Core Team, 2019; Haeni et al., 2020; Knüsel et al., 2021),
filtered, aggregated and visualized in an internet interface

16https://dabascientific.com/hoelstein/phenocam/
17http://www.swissfluxnet.ch/quickviews/davos/
18http://www.swissfluxnet.ch/quickviews/laegeren/
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FIGURE 2 | Key measurement devices used in TreeNet. Point dendrometer of the type (a) ZN11-T-IP (Natkon) and (b) ZN12-T-WP (Natkon) are mounted to the stem
with three stainless steel rods anchored 5–10 cm in the stem wood at about 1.5 m height, (c) air temperature and relative humidity (RHT, Sensirion) are recorded in a
weather shield at 2 m height in the forest stand or in a nearby located meteorological station. (d) The combined soil temperature and soil water potential sensors
(TEROS21, Metergroup) are located in 10–20 cm soil depth at each site. The TreeNet infrastructure is kept largely harmonized in terms of measurement device types
to minimize artifacts caused by different measurement methods.

FIGURE 3 | TreeNet data flow diagram from measurement devices in the field to the processed data products, i.e., automated data visualization in the online
interface (www.treenet.info) and data output. Blue arrows indicate automated data transfer, red arrows indicate user-initiated data transfer.

with the R software treenetvis19. This fully automated set-up
is complemented by user-initiated actions, e.g., the additional
manual data cleaning steps to reach the high-quality scientific
data sets or the manual download of aggregated data. Figure 3
shows an overview of the different processing steps and
color-codes whether they are automated (blue) or user-initiated
(red). In the following section, critical processing steps are
explained in more detail.

19https://github.com/treenet/treenetvis;beta-version

Raw Data Server and Raw Data
Monitoring
Most measuring devices are operated by a LoRaWAN-based
logger (Decentlab GmbH, Switzerland) which send the data
individually and in near real-time via a LoRaWAN network
(Swisscom) or with a local WLAN network and a base station
(Decentlab GmbH, Switzerland) via the GSM/UMTS network
(Swisscom, Sunrise) to the raw data server. A small number of
devices are connected via cables to a central logger (CR1000,
Campbell Sci, United States) at the site. The Campbell loggers
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send the raw data via a GSM/UMTS–connection to the raw
data server at WSL and ETH Zurich a couple of times per
day. The two ways of data transfer from the field to the raw
data server are shown in Figure 3. Although the LoRaWAN-
based technology in our case is a pure data transmitter and
not a data logger, which means that transmission errors lead
to a loss of data, it has the great advantage of being fast in
data transmission, connected to a central data server, consuming
less power and resources (two 1.5V DC batteries last for
>2 years) and making each individual sensor a stand-alone
measurement system.

The raw data hosted by Decentlab (about 90% of the data)
are accessible via an interactive, browser-based data portal,
which allows to setup with user-defined functions, such as an
e-mail-based alarm function for low battery status or missing
data. The data portal is particularly useful for monitoring
the proper functioning of field devices: The raw data can
be visualized, aggregated and downloaded in a user-defined
resolution (e.g., 10 min, 60 min, 1 day, 1 month, etc.). The
download of the raw data as well as its visualization over
the entire measurement period is only possible with a user
account. A visualization of the raw time series of the last 5 days
is openly accessible via https://treenet.info/quickviews-current-
raw-data/.

The raw data of the sites with Campbell loggers (Davos,
Laegeren, and Lötschental transect) are visually accessible via20

for Davos and21 for Lägeren. A solution for the Lötschental sites
is under construction.

TreeNet Data Server
The TreeNet processes are operated under two independent
Unix-like servers hosted under the WSL IT infrastructure. The
data storage server hosts the PostgreSQL database22, where all
the raw and processed data from the various sources are stored.
The data processing server hosts the automated processing
(treenetproc) and visualization (treenetvis). Those processes are
run on the regular intraday interval, and are scheduled and
executed using crontab (Reznick, 1993; Figure 3). Data are stored
and labeled according to their data processing levels: L0-data are
raw data as obtained from the data logger in the field, L1-data
are time-aligned to 10 min resolution, L2-data are automatically
cleaned and further processed into the derivatives (growth GRO,
tree water deficit TWD, see also Supplementary Table 2), and
LM-data are manually checked. A versioning hierarchy identifies
the processed LM data according to the end date of the data
set (e.g., “12.2020” contains data until the end of 2020). In
addition, each processing step is documented with a version of
treenetproc (e.g., V0.1.5). While L1 and L2 datasets are regularly
recalculated and updated, LM data are usually produced once a
year and remain archived in order to enable the reconstruction of
(published) results retrospectively. Finally, there is an additional
data level L2M, which combines the existing LM data with the
most recent L2 data.

20http://www.swissfluxnet.ch/quickviews/davos/10_meteo.php
21http://www.swissfluxnet.ch/quickviews/laegeren/10_meteo.php
22http://www.postgresql.org/

Data Processing
Central to the data processing are the functions collected in the
R package treenetproc. treenetproc is currently run twice a day to
automatically obtain cleaned L1 and L2 data from the raw data.

In summary, treenetproc collects the raw data (data level:
L0) from the TreeNet data server and converts them into
time-aligned time series (data level: L1, 10-min resolution),
automatically cleans them for outliers and data shifts
(Knüsel et al., 2021), and linearly interpolates data gaps < 30 min,
and writes the data back to the data server (data level: L2). Linear
interpolation makes sense for such short periods of time, as
the stem radius changes steadily and relatively slowly. Each
change in the data is documented with specific flags assigned
to the respective timestamp (Knüsel et al., 2021). Furthermore,
the cleaned dendrometer L2 data are separated into their
two components, the reversible, water-induced shrinkage
and expansion of the radial stem circumference (tree water
deficit, TWD) and the irreversible radial expansion due to
newly formed cells in wood and bark (growth, GRO) with the
zero-growth concept (Zweifel et al., 2016; Figure 4; see also
sections “Measurement Devices in the Field” and “Potential
Inadequacies Associated With Dendrometer Data”). The detailed
functionalities of treenetproc are described in Knüsel et al.
(2021) and, in addition to the automatically executed functions,
also include features for user-initiated checking, cleaning and
processing of time series, e.g., to raise the data quality from L2
to LM data (Figure 3) or to obtain seasonal characteristics as
beginning and ending of the stem growth period.

Manual Check
The R-package treenetproc offers a variety of functions to
manually check and clean data. See (Knüsel et al., 2021) for
further details. Any changes to the data are documented with
flags in the produced data set (Supplementary Table 2), ensuring
a reproducible data treatment. Quality-controlled (LM) data sets
are written back to the TreeNet data server on a user-initiated
basis. Further, the manual procedure may lead to improved
settings of processing parameters that are manually written to the
metadata sheet and become immediately part of the automated
data processing with treenetproc.

Metadata Sheet
The metadata sheet contains a device-based list with all available
metadata information on the applied measurement methods
(e.g., type of sensor, series name, device exposition), the tree
it is attached to (e.g., species, tree height, diameter at breast
height, bark thickness), and the site the tree is located in
(e.g., coordinates, elevation, average environmental conditions,
Supplementary Table 1). The unique identifier for each device is
the series name, which in the case of Decentlab-based hardware
is given by the hardware supplier, comparable to a Media-Access-
Control- (MAC-) address of a computer device. The metadata
sheet contains all information to locate this MAC address in the
field and to relate it to a specific tree.

Additionally, this sheet contains all the necessary parameters
used for cleaning and processing the data with treenetproc (e.g.,
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FIGURE 4 | Stem radius changes (SRC; including the bark) measured by a
point dendrometer are separated into the fractions tree water deficit (TWD)
and growth (GRO) according to the zero-growth concept. TWD is reversible
and is induced by changes in plant water potentials. GRO is irreversible and
consists of new built cells in the wood (xylem) and in the bark (phloem).

filter settings, threshold temperature for frost conditions, length
of period to be gap-filled). The data processing from L0 to LM
relies on these parameters and treenetproc queries them every
time the processing is executed. In practice, it was found to be
useful to make this metadata sheet accessible and editable (as
GoogleDoc) for all network partners in order to keep it up to date.

Further, the information about time series that were recorded
with different hardware components (e.g., date when the logger
was exchanged) and thus had different series names over time
is listed in the historical order of appearance in the metadata
sheet. This information allows user queries with treenetproc that
contain only one of the series names but leads to the return of
correctly merged time series over the entire requested time period
(download function of treenetproc).

Data Export
TreeNet supplies its network partners with processed data. L2
and LM data are automatically exported to the partner’s data
server or can be downloaded manually. The download function
of treenetproc (download_treenet) enables an automatic merging
of LM and L2 data to obtain the best available data quality (L2M)
supplemented by the latest, automatically processed L2 data. Also
in this case, the essential information for the correct merging of

fragmented time series is automatically taken from the metadata
sheet. A list of the available variables of the data of the different
levels (L0 to LM) can be found in Supplementary Table 2 and is
partially visualized in Figure 3.

DATA PRODUCTS AND DATA
VISUALIZATION

From Stem Size Changes to
Physiologically Meaningful Measures
Point dendrometers measure stem radius changes in high spatial
resolution of a few micrometers. We here apply the zero-
growth concept (Zweifel et al., 2016) to turn cleaned stem radius
change L2 data into physiologically meaningful measures for
growth (irreversible stem increment, GRO) and tree water deficit
(reversible, water related swelling and shrinking of the stem,
TWD) (Figure 4). The theoretical background is based on the
functional linkage of the tree water relations with the conditions
that are needed for cell division and cell expansion (Zweifel
et al., 2016). The core of the proposed mechanism is the soil-
plant-atmosphere continuum (SPAC) including the cohesion-
tension theory (Dixon and Joly, 1894), which links soil water
dynamics with tree hydraulics and atmospheric water demand.
The movement of water upward along the tree but also in and
out of elastic water storing tissues depend on the water potential
gradients within the SPAC. Water potentials also affect the
turgor pressure in the lateral/secondary meristem, and the turgor
pressure in the cambium ultimately determines whether new
wood and bark cells can be formed (Lockhart, 1965; Woodruff
and Meinzer, 2011; Peters et al., 2021b). Solar radiation, vapor
pressure deficit (VPD) of the air and soil water potential (SWP)
are the most important factors for determining transpiration
(Penman, 1948; Monteith, 1965; Monteith and Unsworth, 1990)
and thus directly alter the water potentials in the tree tissues. The
changing water potentials themselves affect the turgor pressure in
a tree’s meristems, making, VPD and SWP key limiting factors for
the turgor pressure and thus growth (Zweifel et al., 2021).

Accordingly, the zero-growth concept assumes GRO to only
occur under water potential conditions in the stem that do not
initiate stem shrinkage (Zweifel et al., 2016). Technically, GRO is
equivalent to an irreversible, incremental increase in stem radius
when the measured radius gets larger than it was at any time
in the monitored past. Any shrinkage or expansion of the stem
below the previously reached maximum radius is handled as a
reversible change in TWD (Figure 4).

Importantly, we use the term “growth” (GRO) to refer to the
irreversible radial expansion of the tree stem (i.e., cell division
and cell enlargement), neglecting all accompanying stem growth
processes (e.g., cell wall thickening) (Cuny et al., 2015; Rathgeber
et al., 2016; Hilty et al., 2021). In addition, it is important to
note that GRO contains wood and bark cells and is therefore
different from tree ring data that focus exclusively on stem wood.
The proportions of bark and wood cells in GRO cannot be
distinguished without further effort and varies largely between
species and growth conditions. The smaller the total annual
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increment is, the potentially larger is the fraction of bark cells
(Gricar and Cufar, 2008).

Processed Data Visualization in Near
Real-Time
Data Preparation
Reliable visualization of data in near real-time requires additional
data filtering to avoid misleading visualization results of
automatically cleaned but still error-prone L2 data. The R package
treenetproc was developed to correct data errors, but is not
able to solve all cases in every time series. One of the reasons
for this is the large variety of correctly measured biological
responses, which are difficult to separate from artifacts that
occur in the same order of magnitude of measurements. For
example, the fluctuations in stem radius in winter can be ten
times the fluctuations in the growing season. This is due to
frost processes that cause enormous changes in stem tissues
(Zweifel and Häsler, 2000; Sevanto et al., 2012; Charrier et al.,
2017). Especially the bark experiences a great shrinkage when
the trunk starts to freeze. The shrinkage process is thought to
protect the living stem tissue from frost damage by drawing water
out of the sensitive cells, which lowers the water content of the
tissue while increasing osmolality. Both in combination lower the
temperature to initialize ice formation and additionally result in
smaller ice crystals with less potential for damage to living tissue
(Single, 1964; Kitaura, 1967; Sevanto et al., 2012).

Some artifacts in L2 data remain, despite the fact that
treenetproc relies on temperature-dependent parameters (Knüsel
et al., 2021). Since these artifacts, even in a small number only,
would strongly affect the automated data visualization of GRO
and TWD indicators, they have to be filtered out by a plausibility
check. The R script treenetvis was developed for this task and
to aggregate and visualize TreeNet data (nowcasting). It uses the
best available data quality, i.e., each time series is a combination
of historical LM (where available) and the most recent L2 data
(L2M). The data aggregation level for this visualization is daily.
Time series are filtered out if the current GRO or TWD value
exceeds the smoothed 100% percentile (stat_smooth of the R
package ggplot2) of the LM data by a factor of 2. Only after this
filtering step are the remaining time series used for visualization.

Concept of Visualization
The visualization of the GRO and TWD data of TreeNet with
treenetvis follows the idea of presenting relative performances
rather than absolute values. This has the great advantage that
generally slow-growing tree individuals or tree species (e.g.,
at generally dry sites) can be compared directly with fast-
growing ones. Or, in other words, the current GRO and TWD
performances are not assessed on the basis of their absolute
changes, but on the basis of their current value in relation to
the historical performance of a tree individual at a given point
in time. Each tree can perform “poor/low” (<25% percentile),
“below average” (25–50% percentile), “above average” (50–75%
percentile), and “very good/high” (>75% percentile) regardless of
its absolute overall (growth) performance (Figure 5). This type of
data processing also allows for the detection of unusual seasonal
deviations from the norm in the current GRO and TWD data.

Additionally, periods outside of the potential growth period are
labeled with “off season.”

DISCUSSION

Example of Automatically Produced
Maps With Treenetvis
The daily data of each individual tree, as shown in Figure 5, were
aggregated to GRO and TWD performances of sites (Figure 6) or
sites and species (Figure 7) according to the four performance
levels described above. As an example, the exceptionally wet
summer of 2021 resulted in predominantly water saturated trees
with TWD closer to zero or well below historical TWD values
at this time of the year (mid of July). Radial stem growth
status, on the other hand, appeared to be rather below average
overall. Increased growth was only observed in the driest parts of
Switzerland (Figure 1) at this time of the season (Figure 6), e.g.,
in the inner alpine valleys in the southwest of the country (Valais).
Considering the generally delayed growth response of trees to
changing environmental conditions (Ogle et al., 2015; Zweifel
and Sterck, 2018; Kannenberg et al., 2019; Bastos et al., 2020; Bose
et al., 2020; Pappas et al., 2020; Zweifel et al., 2020; Fang et al.,
2021), a uniform rapid growth response to wet conditions was not
expected. However, trees growing normally under most drought-
stressed conditions appeared to benefit more immediately in
terms of an above-average growth performance.

The general TWD and GRO response patterns (Figure 6)
were confirmed by the species-specific patterns (Figure 7).
Spruces showing strongly increased TWD (red dots) and
poor growth performance (yellowish dots) at some sites
(Figure 7) may indicate already damaged tree individuals that
are physiologically unable to recover and grow, although water
is available in abundance.

Potential Inadequacies Associated With
Dendrometer Data
Although all processing steps presented ensure the high quality
of TreeNet data and analyses, potential uncertainties and
discrepancies in this and other dendrometer studies must be
considered to improve our understanding of tree physiological
processes at high temporal resolution. Uncertainties in high
temporal resolution dendrometer data can occur due to technical
deficiencies or differences in data processing methods.

Technical shortcomings include, for example, the electronic
and mechanical temperature behavior of dendrometers, the way
the sensor is anchored in the tree, or an unstable construction
of the dendrometer. Important for an accurate dendrometer
is the combination of all components including the cable,
the power source and the data logger used. The temperature
sensitivity of the electronic part of a dendrometer alone,
as given in many dendrometer studies, is not a sufficient
characteristic to judge its quality. Furthermore, we have found
that performing temperature corrections is only useful if the
temperature measurement accurately reflects the sensor (and
not environment in a nearby meteorological station) and the
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FIGURE 5 | Performance of an oak tree at the site Bueren until the day of the year (DOY) 191 in the year 2021, in terms of stem growth (GRO, upper panel) and tree
water deficit (TWD, lower panel). The grey colored areas indicate the 5–95% percentile range (light grey) and the 25–75% percentile range (dark grey) of all available
years (L2M data). The grey line indicates the median of the respective data. The colored symbols (L2 data) indicate whether a tree is currently growing poorly (yellow,
<25% percentile), below average (light green, 25–50% percentile), above average (green, 50–75%) or highly (dark green, >75%) relative to the years before. The
period outside the potential stem growth time is indicated with grey circles and the label ‘off season’. Analogue for TWD, low TWD (black blue, <25% percentile),
below average (light blue, 25–50% percentile), above average (orange, 50–75% percentile) or high TWD (red, >75% percentile). The vertical black line with the green
area indicates the median DOY when stem growth of a season crosses the 5% threshold of annual growth (based on historic LM data).

temperature-related artifact is linear. The point dendrometers
used in TreeNet have a temperature sensitivity of −0.2 to
−0.3 µm K−1 (including power source, cable and recording
device) which was not further corrected.

Temperature-related changes in the size of the wood with
temperature are another potential source of uncertainty. The
reported coefficient of expansion of 10−30 ∗ 10−6 K−1 for wood
(Goli et al., 2019) would theoretically affect a 20 cm diameter
tree stem with a day-night temperature change of 10◦C by
about 20 µm. This is quite big in relation to a normal daily

fluctuation of 100−200 µm. However, note that the temperature
expansion coefficient is usually determined for dry wood (5−15%
moisture content) with no such coefficients existing for moist,
live tree stems, including bark. As such, a 10◦C change in
air temperature results in a smaller temperature change in the
stem because the sap transported in the wood cools the stem
during the day (Majdak et al., 2021). Furthermore, any size
changes due to temperature affecting the wood deeper in the
stem than the anchoring of the dendrometer takes place (about
5−10 cm in the case of the dendrometers used in TreeNet)
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FIGURE 6 | Stem growth (GRO) and tree water deficit (TWD) status of all
available TreeNet sites on 14 July 2021. Upper map shows the color-coded
growth performance, the lower map shows the same for TWD. Actual maps
can be found under https://treenet.info. Color codes correspond to the ones
shown in Figure 5.

is likely irrelevant as the dendrometer reading is not affected.
The negative temperature response of the dendrometers used
also means that the positive temperature-related size effect
of the stem is partially compensated. Therefore, we assume
that the temperature effect is less relevant for the quality of
the dendrometer data (during non-freezing periods) than the
expansion coefficient applied to the total stem size would suggest.
We assume that radial stem changes in the order of 1−5 µm
represent the maximum reliable resolution within TreeNet, while
the measurement system provides resolutions in the order of one
hundredth of a micrometer.

Another problem can be tree species with thick bark and
a crown that does not keep water away from the stem (e.g.,
pine). Here, hygroscopic effects of the bark can occur when
the stem surface is moistened by rain (Oberhuber et al., 2020).

This can be remedied by removing dead bark at the measuring
point of the dendrometer on the stem, as is done in the
TreeNet infrastructure. This also helps against artifacts caused
by drying and bending pieces of the outermost dead layer of
bark. Hygroscopic and bark bending effects are generally more
of a problem with band dendrometers that span the entire stem
circumference and are therefore more difficult to avoid, which is
less the case with the point dendrometers used here.

In addition, there is uncertainty about the largely unknown
processes of bark degradation or phloem collapse (Gricar et al.,
2015; Güney et al., 2020), especially after frost in winter, which
induces large changes in stem size (Zweifel and Häsler, 2000;
Charrier et al., 2017). Bark degradation may falsely delay the
determined growth initiation in spring obtained with the zero-
growth concept, as the missing (degraded) tissue is interpreted
as a reversible water deficit of the tree and not as an irreversible
structural volume loss.

Uncertainty also remains with the assumption of the
zero-growth concept that no growth takes place in the case of
stem shrinkage, which means that the turgor necessary for growth
is not achieved (Zweifel et al., 2016) and no cell expansion is
possible under such conditions. Even though the underlying
concept of Lockhart (1965) is theoretically sound and many
recent papers have provided evidence for its usefulness (Dietrich
and Kahmen, 2019; Schafer et al., 2019; Aryal et al., 2020; Eitel
et al., 2020; Güney et al., 2020; Lamacque et al., 2020; Pappas et al.,
2020; Sellier and Segura, 2020; Dukat et al., 2021; Meng et al.,
2021; Nehemy et al., 2021; Pierrat et al., 2021; Zweifel et al., 2021),
the separation of dendrometer data into GRO and TWD has not
yet been tested with an independent method. The main reason for
this lack of rigorous testing is that there is no alternative method
capable of cross-checking hourly resolved dendrometer data in
mature forest trees over a reasonable period of time (i.e., without
excessive destructive sampling). Zweifel et al. (2016) estimated
that > 95% of growth can be attributed to the correct hour
using the zero-growth approach, a very robust but not perfect
separation approach. Furthermore, they concluded that even with
a lower temporal accuracy of the zero-growth concept, the timing
of growth is not significantly affected because the pressure drop in
the tree (lowered water potentials) and the shrinkage of the stem
occur so rapidly in the morning hours that a slightly different
turgor threshold is of little consequence (Zweifel et al., 2021).

There are alternative approaches to obtaining physiologically
interpretable data extracts from dendrometers, but these are
also subject to a number of uncertainties and assumptions.
The approach of Mencuccini et al. (2017), which aims to
separate GRO and TWD from dendrometer and sap flow data,
does not provide a real alternative to validate the assumptions
associated with the zero-growth concept, as the approach cannot
be tested against independently measured growth data either.
The remaining uncertainties of Mencuccini’s approach are the
same as for the zero-growth concept, and the calculations
additionally require sap flow data (using the thermal dissipation
method), which are not consistently available in TreeNet (and
also in other measurement networks) and may also contain
methodological inconsistencies (Peters et al., 2018, 2021a).
Similarly, the approach of Deslauriers et al. (2007, 2011), which
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FIGURE 7 | Examples of species-specific stem growth (GRO) and tree water deficit (TWD) status at the available TreeNet sites on 10, 12, and 14 July 2021. Upper
maps show the color-coded growth performance, the lower maps the same for TWD.
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treats each individual day independently of the historical trend of
stem radius changes, is not better suited to separate dendrometer
data into GRO and TWD, as in this approach any absolute
increase in stem size over 24 h is recorded as growth. This means
that even longer periods of rehydration are counted as growth if a
given day starts with a remaining TWD from the previous day. All
daily increments determined with the zero-growth approach add
up to an annual increment that matches the total annual change
in stem size measured by the dendrometer, whereas in the case of
Deslauriers’ approach the daily increments add up to more than
the increment measured by the dendrometer over 1 year.

Also poorly suited to the analysis of high-resolution
dendrometer data is the use of the Gompertz growth function
(Gricar et al., 2008), which is based on a general growth trajectory.
The Gompertz function assumes constant and uniform growth
throughout the growth phase, which is generally not the case,
as shown for wood formation by Cuny et al. (2015), but is
particularly incorrect for the growth of trees with water limitation
(Zweifel et al., 2021). Furthermore, the Gompertz function is
not a reliable method for determining the onset of growth, as it
neglects the fact that the stem is first rehydrated before growth
starts in spring.

Biologically based data are generally subject to a variety of
potential artifacts, but the process of cleaning the data is also
a potential source of error and can increase the uncertainty
of the derived results. First, by failing to detect the artifacts
present, and second, by failing to adequately correct for a known
artifact (García Criado et al., 2020). Manual data cleaning is
still a time-consuming necessity and involves arbitrary expert
decisions, such as the placement of the first data point after a data
gap. The TreeNet method for converting raw data into cleaned
and processed data is described above (Section “From Stem Size
Changes to Physiologically Meaningful Measures”) and follows
the functionality of the R package treenetproc (Haeni et al., 2020;
Knüsel et al., 2021). Manual data cleaning is still necessary to
achieve clean scientific data sets, as the functions of treenetproc
cannot detect all errors and artifacts. However, the time required
to manually check the data is less and, most importantly, all
data manipulations are systematically documented, ensuring a
high level of data quality, transparency and reproducibility. As
a side note on the practical handling of point dendrometers:
We recommend never touching a dendrometer during a data
interruption until the data flow is restored. In this way, the
data gap remains, but the absolute change of the stem radius is
measured correctly.

Conclusion and Perspectives
TreeNet is a research and monitoring network that aims to
automatically collect and analyze dendrometer data with high
temporal resolution over large spatial scales. TreeNet’s setup is
particularly well suited for relative comparisons of the temporal
and spatial dynamics of tree water relations and tree growth,
which is also reflected in the official title of the network: TreeNet–
the biological drought and growth indicator network. TreeNet
processes data for science-based research on the one hand, and
for online visualization of drought and growth indicators in
near real-time for a wider audience on the other (nowcasting).

This requires not only reliable sensor technology and data
transmission that can be operated anywhere with low energy
consumption, but also a data workflow that detects errors in the
data and provides for automated cleaning and evaluation steps.

The keystones to establish this in TreeNet were (i) the use
of high-precision dendrometer and LoRaWAN-based loggers to
make each sensor an individual data provider with minimal
power consumption; (ii) the development of reliable, automated
processing, filtering and visualization functions (R-scripts
treenetproc and treenetvis) and (iii) the establishment of a data
processing system that uses individual processing parameters for
each dendrometer, which led to a significant improvement of the
data cleaning functions.

Growth (GRO) as well as tree water deficit (TWD) have
proven to be the most promising physiological variables derived
from dendrometer data that allow for the assessment of the
current state of forests. However, our ∼10-year data set also
showed that both GRO and TWD have large seasonal and
tree-individual differences that make it challenging to directly
compare absolute values of trees growing over wide gradients
of site conditions. For our online visualization, we therefore
calculated growth and drought indicators that represent the
current tree status relative to historical conditions at the same
time in the season. Of course, this approach can only be applied
meaningfully if one has multi-year time series at one’s disposal.

There is still room for improvement in the automated cleaning
of the measurement data. For the daily visualization of GRO
and TWD indicators, the automatically cleaned data need an
additional filtering to avoid misleading output. For the scientific
analyses and interpretations of the data, manual post-processing
is still required to clean up data errors that have not been
recorded. We foresee to get a better handle on this shortcoming
in the future with novel machine-learning methods.

From an economic point of view, such an integrated
monitoring and analysis system not only provides the basis for
so-called nowcasting, by which is meant the combination of
near real-time measurements and a modeling approach to assess
the current situation. It also significantly reduces the manpower
required to maintain the infrastructure while increasing data
quality. Since any measurement error is immediately detected
online, no time is lost until it can be repaired and it allows
ad hoc diagnosis of the potential damage (e.g., power failure
indicates low battery power; faulty data indicates a defective cable
or sensor; no signal indicates a defective LoRaWAN device).
Together, such an integrated system more than makes up for
the higher installation costs compared to conventional logging
systems that store data in a decentralized manner and where
it has to be collected and combined manually on a regular
basis. The same applies to the maintenance costs, which are
continuously incurred per measurement channel but are more
than offset by the greatly reduced manpower costs. The technical
maintenance of the TreeNet infrastructure (a total of approx. 750
measuring channels, over a large and partly impassable area of
300 km × 150 km) could be managed in the last 10 years with
less than a 100% position including the help of a data scientist.
Not counted is the scientific work to develop, implement and
improve the system.
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More than 10 years of TreeNet dendrometer and climate data
are now available, and their analysis has not yet been exploited.
This huge dataset along a wide gradient of environmental
conditions provides an excellent opportunity to gain novel
insights into tree-climate relationships for all major forest tree
species in Europe or to test models simulating the climate-
growth dynamics. In addition, TreeNet provides a unique
“ground-truthing” platform for testing drone- and satellite-based
indicators. Last but not least, the presented TreeNet concepts can
help to establish other networks with similar requirements with
the aim to better link and add value to monitoring data.
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