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A CONTRIBUTION TO FOREST MONITORING, HERE THE DENDROMETRY
Sebastian Kohring, Cornelius Schilling and Hartmut Witte
Technische Universitit Ilmenau, Group of Biomechatronics, 98693 Ilmenau, Germany
ABSTRACT

To know, whether a tree at a site is vital in the present and viable in the future is of growing
relevance. One parameter that can provide information about the constitution of a tree is its
increase in trunk perimeter. This contribution to the topic of forest monitoring, more precisely
dendrometry, is motivated from this perspective. Based on market research on existing
dendrometers and defined demands of users, a concept for a new dendrometer was developed
in several stages, which was implemented and successfully tested as a demonstrator. The idea
was to simplify an electronic measurement of tree trunk perimeter growth, and to make it
accessible to a wider range of users. As a preliminary result, a graph of the trunk perimeter of
a pine tree from values measured hourly over 15 months is presented and, among other things,
two dents conspicuous therein are discussed. The documented material can serve as a template
or inspiration for context-specific topics.

Index Terms - Dendrometry, Tree growth, Forest monitoring, Climate change
1. INTRODUCTION AND MOTIVATION

Growth of trees takes place in two directions throughout their lives: in height by cell division
at the shoot tips and, in static compensation, in diameter by a cell layer that is active in division,
the cambium (Latin cambium = change). This is located between two layers, the xylem (Greek
¢UAov - xylon = wood) with support and water-conducting function, and the peripherally located
phloem (Greek @A6-og - phloos = bast), which conducts the assimilate sap down from the leaves.
This cambial layer permanently produces cells of the woody body and, to compensate for its
increase in circumference, new bast cells. The annual rings, which are easily recognizable on
cross-sections of logs of felled trees, testify to seasonal intensity of growth, and vary markedly
in width from year to year, which is considered a standardized indicator of the vitality of the
organism [1]. Growth in ecologically favorable years is generally higher than under poorer
conditions. The determination of its increment is a field of so-called dendrometry (Greek
dévdpov - dendron = tree, péTpov - metron = measure), and up to now can only be determined
on a previously unobserved living tree by a severely injurious core drilling. Classical measuring
methods such as the use of a slide caliper or a perimeter measuring tape are well suited to
generate measured values at longer intervals and to make rough statements about the growth
and vitality after a longer period of time (several years). However, precise statements within a
short measuring period are at best possible with a permanently installed tree measuring tape,
provided that the high personnel expenditure is accepted, because readings have to be taken at
short intervals. Here, great potential is seen in measurements provided in electronic form,
automated and high-resolution, especially for obtaining information about influences of the site,
such as the climatic situation [2]. However, due to the cost and the need for trained personnel,
these measurement systems are mostly present only in the research field [3]. However, with the
current massive forest conversion, there is a growing interest in such systems from forestry

© 2026 by the authors. — Licensee Technische Universitdt llmenau, Deutschland.

This is an Open Access article distributed under the terms of the Creative Commons Attribution
BY SA

ShareAlike-4.0 International License, (https://creativecommons.org/licenses/by-sa/4.0/).



https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/

agencies and conservation organizations, especially for selection of site-appropriate tree
species [4]. Schools also have a need for visualization of the biological processes that
accompany the annual cycle, to illustrate the need for an ecological turnaround. Sufficiently
sensitive, easy-to-use, and inexpensive instruments of this type adapted to widespread use could
thus make an important contribution to future silvicultural projects. It is fundamental that the
measurement procedure is completely non-invasive, i.e., without any mechanically induced
disturbance of the organism. Our objective is to develop such a device and test it under real
conditions.

2. APPROACHES

The most important approach to develop the necessary equipment was to reduce the
manufacturing costs by relying on commercially available series components, and to follow the
principle of implementing the measurement only as accurate as necessary, not as accurate as
possible. In order to improve the handling compared to currently available systems, a package
solution consisting of sensor and periphery is proposed, which can be directly put into
operation, avoiding the characteristic imponderability of current measuring methods (blind
distances), i.e., includes the full trunk circumference for scanning, and provides the measuring
result directly in electronic form. With regard to tree species and dimensions, a universal design
was aimed at. The setup of such a device, as well as the data transmission, has to be wireless,
to avoid unwanted impacts on the mechanical part of the measuring device, which could cause
measuring offsets. In addition, simple handling provides users with the option of using several
devices simultaneously (swarm measurements) to determine the individual reactions of the trees
of a representative area unit, and thus to increase the significance of the measurement results.

3. STATE OF THE ART OF ELECTRONIC DENDROMETERS

According to our investigation, different design variants of dendrometric systems exist
internationally from different areas of application and measurement targets. Besides forest
ecology and silviculture of the temperate and tropical zones, these are the fruit- and wine
growing cultures, which are designed accordingly. Search criteria were that (1) the
measurement is electronically and that (2) the device is commercially available (not a special
setup as part of an institution's research). The result is plotted and classified, cf. fig. 1. For
further information, links can be found in the references’ list. All but one of the dendrometers
identified are, strictly speaking, incomplete dendrometers, because they are only a
transducer/sensor. The only complete device is the DRL 26 [13], for which, however, no price
was available at the time of investigation. Prices for the transducers range from 100 to 400 euro
each (2022). With regard to their attachment and the mechanics of sensing the value, those
devices differ significantly, cf. tab. 1. Invasive means at least one screw or nail penetrates the
living area of the tree, and thus could influence growth. Conditionally invasive represents a
rigid clamp that will not yield with growth, and thus will eventually penetrate, even if it is not
invasive at the beginning. Non-invasive are all systems that are yieldingly attached to the trunk,
usually via elastic bands. Conspicuously many dendrometers are not capable of directly
measuring the quantity to be measured, i.e., the measured quantity must first be converted. In
some cases this is easy, but in many cases the frame moves as the tree grows, or the directly
measured parameter as output parameter depends on other variables, which must be factored in
to get an accurate result. Furthermore, many of the instruments use only a sector of the trunk
perimeter for measurement, while it must be assumed that the rest of the trunk behaves in a
comparable manner.
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Fig. 1: Classification of the dendrometers found

The DRL 26 dendrometer, as the only device that can be used directly and is largely consistent
with the development goals set here, is specified with a resolution of 0,001 mm, but no
information about the measurement uncertainty can be found. Its memory has 50.000 storage
locations, corresponding to 4 years at hourly measurement. According to that, the built-in
lithium battery is rated for 5 years. Regarding wireless communication, there is an infrared
interface. Software based on Microsoft® Windows® is available for configuring the logger and
analyzing the data. It is advertised with the ability to resolve the diurnal variation of trunk
perimeter change in response to short-term microclimatic changes, which gives the
recommended possibility to combine this parameter with sap flow data, and to conduct research
in the field of physiological hydraulics of trees.

Tab. 1: Mechanics of mounting and sensing of the dendrometers found

Principle Dendrometer Principle Dendrometer

DR series [7] DC3,DC4[12]

DR series [7], DE-

IM[11] DRL 26 [13]
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ZN 11-T-IP [8], ZN

12-T-WP - | DD-L [14]

ZN 12-0-WP [9] DV [15]

DC 1[12]

4. TECHNICAL IMPLEMENTATION

Reducing the manufacturing costs succeeds first of all by relying on commercial series
components, and to follow the principle of implementing the measurement only as accurate as
necessary. For this, it is essential to combine carefully chosen components, tuned to each other.
Otherwise, one component is too inaccurate or too precise with regard to the chain, and with it
maybe needless expensive. With regard to swelling and shrinkage depending on the water
balance with a high deflection and frequency, and in combination with the fact that these
phenomena are not the target of the measurement, a resolution of 250 micrometers would be
sufficient as well. Without data of an additional sap flow measurement, which in turn would be
invasive, an even higher resolution would be unnecessary. Incidentally, the predominant
advantage of electronic measurement is the high number of measured values under same
conditions (without the measurement errors of the human component), and thus support points
for forming a measurement curve without additional personnel effort for reading, not an even
more accurate measurement than, for example, the measuring tape with vernier. For suitable
resolution, 10 V instead of 2,5 V (measuring range of the logger) is applied as supply voltage.
As a result, the max. measurable perimeter change shrinks to approx. 80 mm. Minus the space
required for the clamp connection between the pulley and the electronics box, 50 mm remain
usable, which corresponds to at least 3 years of growth of a medium-thick tree. Any
dendrometer that has a spring in the sensor that tensions as the tree grows can be expected to
have an effect on the measurement. In the most obvious case, a cable pulls further into the bark,
or a point sensor pushes in instead of recording this movement as growth. A string
potentiometer with a long travel in relation to the used travel is advantageous in this respect,
but a sensible compromise has to be found here with regard to the measurement uncertainty on
the electronic side. This is because the shorter the maximum possible pull-out at the
potentiometer for an identical measurement distance, the higher the voltage difference is likely
to be. With the used compact string potentiometer a low spring rate is combined with a small
increase in clamping force. Fig. 2 shows the whole system, explaining details concerning
specifications, wiring and location. Relying on existing equipment at the user's site such as
smartphones and PC, a package solution consisting of sensor and periphery was realized, which
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can be directly put into operation. The data logger is equipped with its own battery, which is
specified by the manufacturer with a service life of 6 months, but has now already lasted
18 months, and still has 80 % capacity when the current status is queried via app. There are
32.000 memory locations, corresponding to 3,5 years of measurement duration with hourly
measurement. Since the memory is emptied when the data is collected, the measurement
duration can be extended as desired in terms of memory capacity. Due to the mains connection,
the voltage supply of the rest of the device is unlimited, but this was not the reason why the
mains connection exists, rather there is a lack of voltage regulation and a string potentiometer

with significantly lower energy consumption at comparable performance.
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Fig. 2: Structure of the dendrometer (top) and description of the components (below)

© 2026 by the authors. — Licensee Technische Universitdt llmenau, Deutschland.




With regard to tree species and dimensions, an adaptive framework construction was developed
that can be largely produced with a 3D printer. It allows to mount the device from a diameter
of 20 cm (exceptionally down to 10 cm) up to 100 cm. These limits were determinant for the
radius of curvature of the contact pads, which is found averaged between these limits, cf. fig. 3
top right. The constructive detail to use deflection pulleys with ball bearings, both made of
stainless steel, avoids the characteristic imponderability of current measuring methods (blind
distances), i.e., including almost the full trunk circumference for scanning. The joint heads with
a DOF 3 (rotatory) in combination with the contact pads underlaid with foam rubber ensure that
many geometries can be tolerated. If the contact force due to tensioning of the rubber bands is
so high that the foam rubber is fully compressed by burrs and bumps in the tree bark, the risk
of unintentional wobbling of the unit is largely averted. As known from pre-tests, the software
setup of such a device, as well as the data transmission, has to be wireless, to avoid unwanted
impacts on the mechanical part of the measuring device. This was implemented by using a
Bluetooth® interface, working up to a distance of 10 m. Once installed, simple setup and data
transfer provides users also with the option of using several devices simultaneously (swarm
measurements).

 Meas. Cable Path String Pot. — ™

01000 - Max.

D550 - Mean

‘%’f_’_{d s
A
8 9 10 11 12 13 14 15 ~_ )
Compo- | Component Component function
nent no.
1 Passage of the rubber bands Rubl?er bgnds attach dendrometer to the tree, carrying out
at this point allows advantageous angle of pull
. With the central handle, one person can fix the device,
2 Handle during attachment while another one mounts the rubber bands
Path of the measuring cable | Space between deflection pulley and electronics box,
3 between deflection pulley | keeps the clamp connecting measuring cable and string of
and electronics box Potentiometer
4 Compa}ct String Transforms linear dimension into electrical voltage
Potentiometer
Logs values of measuring voltage and sends the data to a
> Data Logger smartphone or tablet on demand
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. Keeps all electronics components protected from water
6 Electronics box and dust (IP54)
7 Feed line Transferring the precise supply voltage
Joint head, .
8 DOF 3 (rotatory) Adjustment of the angle of the contact surface
9 Contact pad Distributing the contact force widely, keeping the foam
rubber
10 Place for underlaying foam Adaptation to rough tree bark
rubber
11 Counte.r bearing for End of the measuring cable is mounted here
measuring cable
12 Locking screw no. 1, tree Keeps the adjustment of the Framework concerning tree
diameter adjustment diameter
13 2 deflection pulleys Deflecting the measuring cable
14 Locking screw no. 2, tree Keeps the adjustment of the Framework concerning tree
diameter adjustment diameter
15 Framework Connecting all components

Fig. 3: Virtual design (top left), adaptive framework (top right) and description (below)

As the price of such an instrument was a major development criterion, a list of this is given in
Tab 2. Only the pure material costs are included here, not the costs for development,
production/assembly, as these are strongly dependent on the number of units produced.

Tab. 2: Price list

Compo- | Component(s) Procurement description Price [Euro]
nent no.
1 AC/DC Adapter - 10
2 Measuring Amplifier Replaceable with a simpler part 220
Compact String Replaceable with a part containing a shorter
3 . : . . 130
Potentiometer string and/or a simpler workmanship
No comparable device found, software
4 Data Logger . 150
included
5 Frame Most parts 3D printed 100
6 Standard parts Screws, Washers, Nuts, Braid, Box 30
7 Configurable parts Joint heads, Shafts,. foam rubber, rubber 20
band, pulleys, bearings
R o
2 Measuring cable Invar® braid + Plastic pipe pieces (beads), 100
clamps
9 Smartphone or Tablet | - User inventory
10 PC - User inventory
Total ~ 850
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5. TESTING
5.1 Design of the Test

The test of the device took place in three stages. In the first stage, several components were
connected and tested to determine how sensitive the setups are to temperature and humidity, as
well as drift. In the second stage, a device for laboratory conditions was assembled and
equipped with the components tested in stage one. Here, the perimeter change of a car tire due
to air pressure increase inside could be determined in comparison to a measuring tape, cf. fig. 4
(left). Measurements on the tree belong to stage three and were made since the summer of 2021,
cf. fig. 4 (right). At the beginning, mainly the handling was optimized, especially the mounting
of the device and the connection to several types of rough tree bark, the sensitivity to
unintentional contact as well as the transmission of the data from the data logger to the diagram.
The fourth stage is the endurance test on a pine tree (Pinus sylvestris) at a Suhl site, Thuringia,
Germany (Thuringian Forest). Here, one value was recorded each hour, and the data package
was transmitted wireless on demand to a smartphone approx. each quarter of a year. From the
smartphone, the data was transferred to a PC, with which the values of a day were averaged and
entered into a diagram with Microsoft® Excel®.

Fig. 4: Lab device (left) mounted at a car tire and final device (right), mounted at the tree
5.2 Test and Measurement Results

The pre-tests (stages one to three) led to important findings in many areas, and, as far as
possible, shortcomings were eliminated and led to an optimized starting situation from stage
four onwards. The main achievements were the extensive elimination of the blind distance in
contact with the tree trunk circumference, the adaptability of the frame to different bark types
and tree trunk diameters, the increase of the resolution of the data logger, as well as the wireless
transmission via Bluetooth®. Among the characteristics that can strongly influence the
measurement result is, in particular, the sensitivity to unwanted mechanical contact caused
during an inspection, by falling branches, vandalism or animals. Although this did not happen
during the entire measurement period, it is known from the pre-tests that an impact on the
housing or the measuring cable around the tree leads to a strong offset. On the other hand, the
device was insensitive to storms, as the forces acting on it are too small. Storm depression
named Hendrik occurred on October 21%, 2021, followed shortly by heavy rain from November
3 to 5™ 2021. Both events led to a delayed increase of perimeter, presumably due to wet bark,
but not to jumps in the measurement graph. Within the endurance test (stage four) from
December 23, 2021 until April 15", 2023 (open end measurement), there were no technical
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failures or exceptional cases of unintentional mechanical contact, resulting in an undisturbed,
continuous measurement curve, cf. fig. 5.

Pine (Pinus sylvestris); Location: Suhl, Thuringia, Germany;
Dec-23-2021 to Apr-15-2023
Perimeter change O Reference Measurement perimeter change

8,00
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a0
= ©)
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8 o
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8 0
~
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Fig. 5: Diagram of the endurance test

As can be seen, the readings go up and down, a large proportion of these differences are within
the range of measurement uncertainty, many of them are assumed to be caused by short-term
microclimatic changes, but there are as well two large dents that temporarily compensate the
perimeter change assumed to be tree growth. 2022 was a very dry year with peak drought in
September. Fig. 6 shows the drought level change within one month from September 1% to
October 1%, affecting the total soil at a depth of 1,8 m. To explain the second dent, it is plausible
that a significant increase in perimeter, toward the level of the expected growth curve, occurs
during the period of significant decrease in drought. The first dent cannot be explained with
certainty. The fact is that the spring was also unusually dry and the tree, instead of growing,
probably released much of its moisture into the environment. In comparison to the electronically
measured values were the values of the measuring tape with vernier (small circles) read at large
time intervals, which is established for this measuring task and serves here as a reference.
Unfortunately, no reading of the measuring tape took place during the dents’ occurance, which
underlines the fact that only rough statements are possible with the very small number of values
of the measuring tape. It is noticeable that, in the last few months, the measuring tape shows
significantly higher values than the electronic measurement. This may be due to the fact that
the cable is touching linear around the circumference of the tree, but the measuring tape is in
surface contact with the bark. Thus, the cable digs into the bark, while the tape distributes the
contact force more widely. All in all the perimeter change measured by the electronic device,
assumed as tree growth, is approx. 4 mm in the year 2022, i.e. 1,3 mm in diameter. A low value
concerning a tree of 44 cm diameter.
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Fig. 6: Drought level at September 1* (left) and October 1* (right), 2022 in Germany, affecting the total
soil at a depth of 1,8 m [UFZ-Diirremonitor/ Helmholtz-Zentrum fiir Umweltforschung]

5.3 System Accuracy

The data logger records the values of the measuring voltage Vmeas. To calculate the perimeter
change Pgrown from this, it is necessary to divide it by the ratio value of the transducer Cyans,
which was measured before. It is recommended to measure Cians after a long term measurement
again and average both values. If the diameter change Dgrowt 1S needed, it must be divided by .
The voltage offset when attaching the device Vo has to be subtracted in both cases.

_ (Vmeas B VO)

(Vmeas — Vo)
P = (1 Dgrowth =

growth —

2

Cerans Cirans T

Both factors are subject to error, and thus the final result is only meaningful if the uncertainty
is specified. To determine the combined uncertainty, here we proceed step by step, i.e., first the
combined uncertainty of the path of Ve, then of Cians 1s determined and finally both
uncertainties are mathematically connected. The method of determining the combined
uncertainty depends on the nature of the errors. One criterion is the origin of the individual
uncertainties. If they were generated statistically and are completely independent of each other
(do not influence each other), Gaussian error propagation is indicated. If they are dependent of
each other, also Gaussian error propagation is indicated but correlation coefficients have to be
included. If the individual uncertainties have been estimated, supplied by the manufacturer or
determined only by very few measurements, and do not compensate each other, as in the case
of the dendrometer described here, the amounts of the relative individual uncertainties can be
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added, cf. (3), here filled up with the variables of path Vieas. Another criterion is the calculation
operation with which the indirect variable is calculated by the measured variables, here
multiplication/division, due to which term (4) can be applied for means of simplification.

n
av,
Ucomb (Vmeas) = z |%AVL'|
i=1 L

5.3.1 Path Vmeas

Ucomb (Vmeas) _

AV,

3)

Vmeas

Vi

AV,

7 (4)

The supply voltage is subject to several influences along the path from its provision to the data
logger, where it is recorded as the measurement voltage Vimeas.

Tab. 3: Structure of the path Vimes and measurement uncertainties of the components

Structure chart Compo- | Component Measurement | Measurement
nent no. uncertainty, uncertainty,
provided by the | measured or
manufacturer | calculated
[%] [%]
Supply Voltage
1 (Measuring amplifier - 5-107°
Althen SG-2K-KS)
2 | comper braia2x 15 i Pl o
mrﬂ% : AT=30K
Measuring
transducer ~
3 Compact String 2,5-1071 -
Potentiometer
(Celesco SP1-25)
Data logger (ESYS C1n-1
4 BlueCube Volt) S )
5 Measuring cable ) 561077 at
(Invar® braid) AT=30K

Due to insignificance, variables with a degree of influence from the fifth digit after the decimal
point are not processed further. Therefore, only the variables with a gray background in tab. 3
are included in the following calculations. According to the structure chart in tab. 3, the
mathematical relationship (5) for calculating the indirect quantity Vmeas from the individual
components or their interconnection can be established, using the three remaining components
and their relative uncertainties. The supply voltage is generated by means of a measuring
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amplifier located inside a building with almost constant internal temperature. The amplification
functions of the device are not used, it was selected because it is able to provide a very precise
and stable supply voltage. To transport this supply voltage to the tree with the measuring device,
a very long cable is required, which was deliberately chosen with a high cross-section.
Nevertheless, losses occur on the route, which must be deducted as an offset according to
term (6).

3

_ AV
Vmeas - Vsupply,corr ' 1+ 7 (5)
i

i=1

(6)

v v Pco " Leavie " Itransducer
supply,corr — Vsupply —

Acable

As can be seen in term (5), the quantity to be determined indirectly is determined by means of
multiplication, which allows the use of the previously mentioned mathematical relation (4) to
determine the combined uncertainty.

v,
Ucomb (Vmeas) _ |i7,1 ] 10—4' + |i2,5 . 10—1| + |i5 . 10—1| = 0,751 [%] (7)

Vmeas

5.3.2 Path Ctrans

The ratio factor Cyans results from the measured voltage at a defined pull-out length of the
transducer (potentiometer). It is also subject to influences that cause uncertainty. Both ends of
the measuring transducer were clamped to the measuring legs of the caliper to avoid
measurement deviation. The measured voltage has to be divided by the measured length to get
Ctrans-

Tab. 4: Structure of the path Ci.ns and measurement uncertainties of the components

Component no. | Component Measurement uncertainty
provided by the manufacturer
[%]
Referencing electrical signal to length (caliper
1 with test certificate Helios Preisser DIGI- 7,6-107°
MET)
Referencing electrical signal to length (digital _3
2 . 2,2-10
multimeter)
3 Measuring transducer ~ Compact String 25-10"1

Potentiometer (Celesco SP1-25), electrical

Measuring transducer ~ Compact String
4 Potentiometer (Celesco SP1-25), 7,9-1075
mechanical (repeatability)

The conditions for using term (4) are given as well, i.e. the combined uncertainty can be
determined analogously as in sec. 5.3.1., considering the values in tab. 4.
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ucomb(Ctrans) — |i7,6 . 10—5' + |i2;2 . 10—3| + |i2,5 . 10—1| + |i7,9 . 10—5|

= 0,252 [%]

(8)

Ctrans

5.3.3 Combined uncertainty from path Cians and path Vmeas

The combined uncertainty can be determined analogously as in section before, cf. (9). It is
1,003 %, i.e. the perimeter change can be specified using this dendrometer with a measurement
uncertainty of about one percent, if the resolution of the ADC (analog-digital converter) is
disregarded. The uncertainty for the diameter change has to be divided by =, cf. (10), since the
diameter change is calculated from the measured perimeter change.

u P
comb (Pgrowtn) = [+0,751] + |40,252| = 1,003 [%] ©)
Pgrowth
Ucomb (Dgrowth) _ l Ucomb (Pgrowth) _ 1,003 = 0,319 [%] (10)
Dgrowth n PHTOWth n '

5.3.4 Resolution of the ADC and Consequences

The ADC of the data logger has a resolution of 10 bit and a measuring range of 2,5 V, which
means that the range in which the measuring voltage may lie is from 0 V up to 2,5 V, and this
range is divided into 1024 digits. Thus, one step is 0,164 mm. If the current analog measurement
voltage is considered with its uncertainty at the edge of a digital step, a very small random error
occurring within a given single uncertainty could cause the system to jump to the next step.
This can be remedied by increasing the sampling rate and then averaging. In its basic form, the
uncertainty can be specified by including the resolution of the ADC according to (11) and (12).

Vineas — Vi
Pyrowtn = "‘E,LO +(0,01003 - Pyrowen + 0,164 mm)  (11)
trans

Vmeas - VO
Dyrowth = < 71 + (0,00319 *Dgrowen + 0,052 mm) (12)
trans

6. DISCUSSION

The bark, but especially the bast layer, has a hydrostatically determined influence on the
perimeter. It is interesting that so much shrinking and swelling was observed during
measurement. From this view, a statement can also be derived how vital the tree is. Climate-
dependent changes in trunk diameter only concern a single parameter, which results as the
system response of the complex organism. The growth as net production is the difference

© 2026 by the authors. — Licensee Technische Universitdit llmenau, Deutschland. 13



between the performance of photosynthesis and the self-consumption of energy. How much the
heartwood ("deadwood") contributes to the perimeter change on the living tree cannot be stated
after this measurement. Parallel to this work, there was an experiment in which a piece of tree
trunk without bark was examined with a dendrometer (DC 3, cf. [12]) in a climatic chamber,
with regard to dimensional change, cf. [21] or look up general data. However, knowledge about
the moisture content inside the living tree observed would be necessary for the utilization of
these findings, but this requires further evaluation, which is beyond the scope of this
publication. The fact is that with the electronic measuring device developed, especially because
of the large number of values, a measurement curve was obtained that says much more than a
few values taken by hand. Although the dents presumed to have occurred due to drought are
very large, and not much can be told about actual growth at these areas, it is at least possible to
estimate that growth will also be lower as a result. If a larger time period is selected for assessing
growth, there is a high probability that, given a comparable climatic situation at the beginning
and end of the measurement, the difference will be close to the net growth. From the technical
side, there has been a lot of development work to be able to present a package solution that
offers high accuracy, is easier to handle and remains manageable in terms of price. We think
that with a non-invasive instrument, in this case without removing the bark, a more accurate
measurement does not make sense due to shrinkage and swelling. As is also recommended with
respect to DLR 26 [13], a parallel sap flow measurement would be required to make the higher
resolution useful. Subsequently, however, the non-invasiveness and simplicity would no longer
be given. At the current time, the measuring instrument must be within range of a 230 V mains
connection in order to use it, because the energy consumption is too high. This is a significant
functional limitation that we are working to eliminate.

7. FUTURE WORK

The goal for the future is to free the device from the 230 V mains connection to ensure greater
flexibility. For this, there are designs to integrate a second data logger that records the current
battery voltage of the off-grid supply, in order to compensate deviations caused by the discharge
of the battery in post-processing. This could make the currently missing voltage control with
very low energy consumption obsolete. However, it should be noted that as the supply voltage
decreases, the resolution of the measurement also changes. Since the manufacturer of the data
logger specifies the service life of the battery to 6 months, a common voltage supply is aimed
at, i.e. one battery for all components. Furthermore, it is planned to combine the dendrometer
data with weather data from the direct neighborhood. Technical details of the revision concern
an even better coordination of the components with each other, and thus a cost reduction.
Finally, it is planned to replace the measuring cable with a measuring tape, because the risk of
digging into the bark is much lower.

8. CONCLUSION

The development of the dendrometer documented here started with a research on existing
commercial dendrometers and the definition of the goals: sufficient accuracy, manageable costs
and stable measurement over several months with a high number of measured values. Several
test steps were accompanied by developments in general and in detail. With the fourth test phase
and the resulting measurement curve, it can be said that the development was successful. Once
purchased and installed, only minimal costs are incurred, whereas with a conventional
measuring tape, every value generates costs due to the personnel costs, and, if the distance
between the support points is too big, the question what happens in between remains in the
dark. The meter has an uncertainty concerning perimeter change of + (1 % + one step of
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resolution). The influence of shrinkage and swelling of the bark and the bast layer is much
higher, so that it does not make sense to further increase the accuracy and resolution from a
technical perspective if the whole process is to remain non-invasive. The significance with
regard to vitality of the tree only on the basis of the trunk perimeter change is satisfactory. If
there is no 230 V mains connection near the tree, the equipment currently cannot be used, but
we are working on it.
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