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The goal of the study was to determine circadian movements osilver birch Petula
Bendula) branches and foliage detected with terrestrial laser scanng (TLS). The study
consisted of two geographically separate experiments condcted in Finland and in
Austria. Both experiments were carried out at the same timefdhe year and under similar
outdoor conditions. Experiments consisted of 14 (Finlandnd 77 (Austria) individual laser
scans taken between sunset and sunrise. The resulting poiouds were used in creating
a time series of branch movements. In the Finnish data, the viéical movement of the
whole tree crown was monitored due to low volumetric point desity. In the Austrian data,
movements of manually selected representative points on lanches were monitored. The
movements were monitored from dusk until morning hours in aker to avoid daytime
wind effects. The results indicated that height deciles oftie Finnish birch crown had
vertical movements between -10.0 and 5.0 cm compared to the guation at sunset. In
the Austrian data, the maximum detected representative pat movement was 10.0 cm.
The temporal development of the movements followed a highlgimilar pattern in both
experiments, with the maximum movements occurring about armour and a half before
(Austria) or around (Finland) sunrise. The results demonate the potential of terrestrial
laser scanning measurements in support of chronobiology.

Keywords: terrestrial laser scanning, plant movement, chron obiology, circadian rhythm, time series

INTRODUCTION

Terrestrial laser scanners have gone through rapid developtheging the past 10 year$@ssot
et al., 201). They produce accurate 3D point clouds of target objectsnoftlewn to millimeter
resolution. Thus, the point clouds provide detailed informoat about the structure and spatial
properties of the targets.

In addition to structural modeling and scene mapping, terredtdaser scanning (TLS)
data are widely used in engineering applications to monitorsgas changes in the targeted
objects or in a target area. TLS-based change detectiomestadver a wide range of di erent
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applications. These include geodynamic processes such asMethods to monitor plant water balance at a diurnal time
landslide detection and monitoringT¢avelletti et al., 2008; scale include: (a) leaf or fruit sample collection and water
Ghu ar et al., 2013 and morphodynamic changes in coastalcontent measurements<(epper, 1968; Acevedo et al., 1379
beaches L(indenbergh et al., 20),1thermal karst formations (b) sap ow monitoring Kdstner et al., 1998 (c) leaf and
(Barnhart and Crosby, 20),2or in riversides /lilan et al., 2007; stem conductance measuremen@afcia-Orellana et al., 2013
Vaaja et al., 2011; Saarinen et al., 208hort interval scans (d) leaf and stem water potential, photosynthetic capability and
are also used in determining dynamic structural stréSso6se- hydraulic conductivity measurementg\ifdrews et al., 20)2
Schwiep et al., 20).3TLS techniques are utilized to improve (e) branch growth and xylem morphometry measurements
safety in quarries and mines by monitoring wall stability ove (Correia and Martins-Loucao, 1995; Correia et al., J0Most
time (Abellan et al., 2011; Hu, 2013; Kovanic and BliStan, 014of these are invasive processes that involve sampling and are
In vegetation studies, TLS is being actively used in statiest  di cult (but possible) to carry out regularly in intervals of a
and forest parameter mappingippkinson et al., 2004; Moskal few hours Chapotin et al., 2006 Therefore, in case of trees,
and Zheng, 2012; Liang, 20Q1&ee modeling fleck et al., 2004; the most common way of observing circadian rhythms is with
Hosoi and Omasa, 2006; Bucksch and Fleck, 2011; Eysn et al.dendrograph, an instrument that measures changes in tree
2013; Raumonen et al., 2Q1and in estimating forest biomass diameter or circumference with sub-millimeter precision (g.g
(e.g.Kaasalainen et al., 2014 Pesonen et al., 20p4

Although TLS is utilized in a wide range of both temporal In order to monitor photoperiodism, the amount of light
and vegetation studies for scienti ¢ and engineering appitces, received by plants can be controlled by constructing external
one eld of study which has not yet gained wider interestshading structuresf{/ayne and Bazzaz, 193§ by using external
in the TLS community is circadian or diurnal and nocturnal lighting setups with selected lters (e.g/ockler et al., 2003
changes in vegetation. In ecology and plant physiology, thegdternatively, in order to monitor the internal clock, a plant
changes in plants and their driving factors have been studiedan be placed in continuously lit or dark conditions to observe
intensively for a long time. It has been known for centuriesperiodic changes in its physiology.
that plants show diurnal cycles of leaf motion, described as Plant physiology measurements are localized and typically
“sleep” already byDarwin and Darwin (188Q) It has been consider selected parts of a plant. The measurements often tak
observed that these motions also happen if the plant is placqaace in laboratory conditions. This presents a clear chaleng
in darkness, therefore suggesting an internal mechanism favhen results are extrapolated to model wider areas of multiple
measuring time. The molecular mechanism of this circadiarplants. Acquiring results also involves a signi cant amouiit o
oscillator has been most extensively studiediabidopsig¢Barak  manual labor, as experiment setups and sample collection are
et al., 200)) but orthologues of thérabidopsigenes controlling hard to automatize.
the diurnal rhythm of owering time have been identi ed TLS measurements o er a potential solution to generalize
in various tree species such as PoplBogulus tremulpand plant physiology results on larger spatial scales, like whole
Chestnut Castanea satiygSolomon et al., 20)0However, for individual trees, or on orchard plot, and stand levels. Laser
obvious reasons, carrying out controlled experiments omevescanners can measure individual targets accurately tens of
quantitative observations on fully grown trees is much moremeters away with sub-centimeter point resolution. Moreover,
di cult, therefore both the background and the e ects of sjge scanning can be performed outdoors with short intervals
motions in trees are less well-understood. Circadian rimgtof  between individual scans. Furthermore, as the scanneescéire
leaf motion are evident for some tree species sucRalsinia measurement devices that both produce and receive the signal
pseudoacaialhe movement of leaves is connected to changethey are insensitive to varying external lighting conditso i.e.,
in turgor pressurelfiolmes and Shim, 19¢&vhich is controlled available sunlight and cloudiness.
by the osmotic state of the cells. Changes in water transpmita  Laser scanning point clouds cannot provide direct
in the concentration of various metabolites result in chesgn  biochemical parameters from plants, but they can be used
osmotic ow and thus, through changes in the shape of indidtlu in plant shape and dimension monitoring over time (e.g.,
plant cells, eventual movement at the scale of individual fglan branch inclination, branch, and stem swelling, leaf ination
or plant parts. The literature identi es two common reasonsdistribution at crown level). If a clear correlation betwete
that drive these changes, namely plant water baladdefin geometric changes in point clouds and laboratory iorsitu
et al., 200p and photoperiodism IicClung, 2006; Nozue and results can be established and veri ed, the parameterizetibspa
Maloof, 2006; Sysoeva et al., 2010would be plausible that the changes can then act as proxies that estimate physiological
changes in turgor pressure resulting in a circadian rhythrteaf ~ changes in a plant.
movement also apply to the branches and thus cause a circadian Puttonen et al. (2015gletected and reported birch branch
rhythm of branch movements in trees. However, in an earliseca movements during a day-long classi cation study. The study
study where quanti cation of diurnal movement was attemptedwas carried out with the Finnish Geospatial Research Institute
using height measurement of weighted lines attached todites  (FGI) Hyperspectral Laser Scanner (HSHpkala et al., 2092
in a Walnut orchard Juglans regjadiurnal change was found The movements were detected from the variation of the
insigni cant (Way et al., 1991 To our best knowledge, circadian birch Normalized Di erence Vegetation Index (NDVI) response
movement of tree branches has never been successfully gaganti during on an observation period of ca. 26 h. A more detailed
before in the presented level. inspection revealed a visible change in birch branch stanees o
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time. The study is to our knowledge the rst to report spatial
changes in tree branch geometry over a day-long cycle. Hewvev, 6
the authors did not attempt to quantify the movement amplitude.

Hitherto, vegetation time series in TLS have been collecte
mainly for longer scale time series analyses, typicallyterdene
seasonal changes in tree canopy (édgsoi and Omasa, 2009;
Nevalainen et al., 2014; Hakala et al., 2014; Portillo-@uont
etal., 2014; Calders et al., 2015; Griebel et al.,)2015

In imaging, longer term time-series studies have been edrri £
out both in the eld and in a laboratory with a close range b
setup (e.g., more recently hbyi et al., 2013; Nijland et al.,
2019. However, the use of cameras inherently limits the
experimental setup to daylight hours or requires the use o
external light sources. Additionally, radiometry measuents
and their calibration are typically rather complex. Furthemao
even a short use of external light sources may interrupt th
plant photoperiod (e.g$Salisbury, 1991 Meanwhile, since laser
scanners are active measurement systems their workingacy
is stable in nighttime conditions with no external lighfslan
and K_alkan’ 201)3 With quern Ias_er Sfcanners_’ the_ laser beam FIGURE 1 | The birch and reference markers at the Finnish
footprint up to a few centimeters in diameter illuminates only measurement site. Reference markers were used in monitoring the HSL
a localized patch of the plant surface at a time. Moreover, theranging stability. Reference target sizes in the gure haveden emphasized for
footprint swipes over each spot in sub-second scale and thevisualization purposes. The scanner was located in the oriig (0,0,0).
typically used infrared (IR) wavelengths have strong re acea
from green vegetation. Therefore, most of the transmitted
energy is not absorbed by the plant. Thus, we assume thas 394&E). Both measurements were performed in the
plant disturbance with a modern laser scanning system is naniddle of September close to the solar equinox to guarantee
signi cant during an individual scanning measurement. approximately similar lengths of night at both sites (http://

This study now aims (i) to analyze to which degree overnightvww.timeanddate.com, accessed on 25th February 2015).
birch branch movements can be measured with two di erentMeasurement dates were 13-14 September 2013 (Finland) and
TLS scanners and (ii) whether quanti cations of crown/bciin  19-20 September 2014 (Austria). In both measurements, the
movements are possible. With these goals in mind, we aim ttest trees were measured from sunset to sunrise. In Finldned,
show that TLS data provides an e ective tool to detect and tmighttime measurements lasted about 11 h in total, duringolth
monitor circadian changes in tree geometry with a centimete14 separate scans were collected with FGI HSL. Scan intervals
scale spatial and within-hour temporal resolution. As the mai were approximately 1 h. Near sunrise and sunset the scan alterv
focus of the study is in conrmation and quanti cation of was shortened to 40min. In Austria, data acquisitions were
geometric changes in birch branches over time, withouttfart repeated every 10 min for about 12 and half hours, resulting in
investigation of the cause or mechanism of these movemtirgs, 77 separate scans.
measurement setups did not include comprehensive weather or The Finnish measurement site was located on a shallow slope

® RefBall 1
Ref Ball 2
® RefBall 3
Ref Ball 4
® Birch

o
o
L

=)

1)

soil data. facing southward. The size of the test site was about Z0
m2. The site included the main target, a small silver birch
MEASUREMENTS AND DATA (Betula pendulp Low understory, a large silver birch and goat

willows (Salix caprepwere located behind the target. The site
This section is structured as follows: In section Measurgmerwvas partially surrounded from its eastern side with a spardé, ha
Sites and the Collected Data, descriptions of both the Finnisopen canopy of full-grown birches. The nearby FGI building was
and the Austrian measurement sites and data collected fron@cated on the western side of the site. The shadow of thelingil
them are given. Section Object Point Cloud Delineation dess ~ shaded the target site for about half an hour before the dunse
object delineation from the scanned point clouds. Section FGFigure lillustrates the Finnish test tree and the reference markers
Hyperspectral Lidar provides a detailed description of FGI HSIplaced around it. The markers were used to validate the distance
and its properties. Section RIEGL VZ-4000 Long Range Lasgteasurement stability over the experiment. The measurement
Scanner gives a detailed description of the RIEGL VZ-4000 lasgetting also included an external reference plate (Speatfglo

scanner. to calibrate laser radiometry during the experiment. The FGI
_ HSL was mounted on a solid platform and a plastic tent was
Measurement Sites and the Collected Data set up around the scanner to protect it from possible rain and

Measurements were carried out in two geographically di erenimoisture. A heating fan was kept on whole night time inside the
locations, in southern Finland (Kirkkonummi, 609%40°N, tent. This guaranteed a constant air ow and prevented possible
24 32%48°W) and in northern Austria (Horn, 483931°N,  surface condensation.
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The Austrian measurement site was located on the northern The di erentiation was started by viewing an object (birch
part of an outdoor test and calibration range, an openor reference target) point cloud as a 2D projection from a user
cut grass eld of size about 130m by 100m. The targeselected angle and then cutting the object outline by hartth wi
birch had four stems and it was standing about 10ma clear bu er zone. Points inside the outline were included an
away of a manufacturing hall. Thus, the tree was nothe rest were rejected. After the cut, a new 2D projection ef th
shaded during sunrise or sunset. The scans were taken tocluded points was taken from another angle and the manual
the westward direction and the laser scanner was under eutting was repeated. In total, 4-5 projections were required
protective roof. Four white polystyrene foam spheres wer& form a su ciently accurate 3D delineation for the objects
attached to the birch as reference markers to detect brandh both cases. As the objects had no spatial overlap in either
movement. Figure 2 illustrates the Austrian test tree and measurement setup, there was no mixing between the object
the branches of which movements were followed duringooint clouds. The bu er zones in each cut were selected so wide
the experiment. The branch point clouds were manuallythat possible temporal movements within the object point cloud
selected in CloudCompare software [Available in: http://wwwand noise point uctuations around the object edges (e.ge du
cloudcompare.org/Girardeau-Montaut, 2014 to partial hits) were captured for all measurements. All points

The weather conditions in both measurement sites wereavithin the selection area were kept. Intensity-based Itgrimas
similar during data acquisition. The air was calm, with nawdi  not performed.

(qualitative observation), during the night. For this reasthe
time of sunset was selected as the initial point for monitgrin .
the branch movement. There was no rainfall during eitherFGI Hyperspectral Lidar

measurement. Inthe Finnish test site, the leaves of lonardites The FGI Hyperspgctral Lidar (HSL) 'TQ' a_laser scanmng
were veri ed not to have visible moisture condensation orith system that transmits hyperspectral (white) laser pulses with
surfaces during nighttime a continuous spectrum of 400-2500nm to the target. It can

measure up to eight separate wavelength bands from returning
pulses. The number of bands is limited by the spectral sertgitivi
Object Point Cloud Delineation of the silicon detector, but the wavelengths are selectaitten

A manual work ow was used to delineate birch and referencehe transmittance range. In this study, spectral informativas
target point clouds spatially from the whole point cloud. Theused only to emphasize di erences between leaf and stem return
same procedure was used for both datasets. with the Normalized Di erence Vegetation Index (NDVI).

FIGURE 2 | (A) The birch at the Austrian test site. The selected target brashes and the three detected reference markers have speci ¢ ctoring. Ground points are
presented with cyan. Reference target sizes have been emplsized in the gure for visualization purposes. The scanner wsalocated in the origin (0,0,0)(B) A
close-up of Branch 1 at two different times. Triangles reprgent the manually selected representative points of whiclotal 3D movements were followed over time.
Dark triangles represent the initial point locations at swget (19:08), bright triangles the corresponding point locgons at the time of the movement maximum (04:38).
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The main components of the HSL system are the SM5-h®ABLE 1 | Property comparison between the laser scanners used in the
supercontinuum laser source (Leukos, Limoges, France), a Zfynish and Austrian test sites.

scanning mechanism (Newport Corp., Irving, CA, USA), the, aser system FGI HSL RIEGLVZ-4000
wavelength separating spectrograph (Specim, Oulu, Finland), LEUKOS-SM-X-OEM
a 16-channel high speed detector element (First Sensor AG,
Berlin, Germany), and the measurement computer with digitiz Laser wavelength (nm) 420-2100 1550
cards (National Instruments Corp., Austin, Texas, USA). The\verage output power (mW) 41 Setting
HSL works by sending laser pulses to the target in a sweeping dependent
pattern and then recording returning waveforms for eachVeasurement rate (kHz) 53 23222
wavelength band detected. The waveforms are digitized fith PUIse width 1ns 3ns
GHz frequency, thus giving the system a nominal 15 cm ranggentral wavelength of a detected  545.5, 641.2, 675.0, 1550
. T ._"channel (nm) 711.0, 741.5,778.4,
resolution. However, individual laser pulses can be loedliz 9780
to the waveforms with ade factorange resolution of a few . .. (nm) 20 B
centimetres. The HSL can measure up to 5000 waveforms PEL jocii ! .
. . . ollecting optics eld of view 0.2 -
second and a maximum of three discrete returns are tted iokea ) .
f Transmit beam divergence 0.02 0.009

wavetorm. . L. . . Transmit beam diameter (cm) 0.7 1.9

A more detailed description Qf the HSL system, its properties, siem distance fn) @.5) a4.7)
and its measurement con guration are givenin articlestikala  ganning resolution, horizontal 01 0.002
etal. (2012hnd Nevalainen et al. (201'4) Scanning resolution, vertical 0.02 0.002

The properties of both the FGI HSL and RIEGL VZ-4000
scanners are compared Tiable 1
expected to come from a single re ection, but cannot be digect
RIEGL VZ-4000 Long Range Laser Scanner generalized to more irregular targets, like di erently posiignl
The RIEGL VZ-4000 has been developed for surveyintpaves, or to partial hits coming from edges. Nevertheldss, t
applications in which very long ranges are requiréedlEGL, ranging stability test veri ed the HSL system accuracy fred
2019. The scanner has a net measurement rate of up to 222 kHtarget distances and that the HSL point cloud did not present a
The maximum measurement range of the VZ-4000 is 4 km fosystematic drift during the measurement period.
targets with 90% re ectance at 23kHz measurement rate. At After the range precision measurements, points were
222 kHz the instrument is still capable of measuring targetes w manually delineated into a new individual point cloud of the
only 20% re ectance up to 1000 m. studied tree for each measurement as described in Section
The RIEGL VZ-4000 works, like the HSL, by sendingFinnish Point Cloud Time Series. Then, the point cloud
laser pulses to the target, but analyses the recorded wavefowas di erentiated into crown and stem point clouds. The
internally. The nominal ranging precision is 10 mm. di erentiation was based on the NDVI distribution of all birch
The VZ-4000 can be controlled via its built—in touch screenpoints. The di erentiation was performed using a hard NDVI
via WIFI or LAN. It has a built-in camera, GPS receiver, congpas threshold of 0.2, where the points with NDVI values below
and tilt sensor, and there are interfaces to attach an amluiti the threshold were classi ed as stem and thick branches. The
camera (e.g., IR camera) and/or a high-precision RTK GNSS. bounding box of the crown point clouds had dimensions of
3.7 3.0 6.6 n? (depth, width, height) when averaged over

RESULTS all measurements. The median point number for the crown
o ) ) _ point clouds was 154,310 10,030 points corresponding to 6.5%
Finnish Point Cloud Time Series variability in the total point number.

A total of 14 scans were selected from the Finnish point cloud The goal of the division was to select the returns re ecting
time series in order to determine the temporal variation infrom leaves and most of the branches of the birch and to
the birch crown. Since the FGI HSL is a prototype deviceleave the trunk and the thickest branches out of the analysis
its relative ranging precision during the experiment was rstAfter this, ve di erent height percentiles were calculatedr fo
validated. Movements of the reference targets set around thbe crown point cloud for each scarFigure 3. The height
birch were monitored for the duration of the experiment. percentiles in the analysis were: 10th, 30th, 50th, 70th, had t
Table 2 lists the reference target distances to the scanner arf@Dth percentile. For example, the 90th percentile is locatedeat th
their relative movements compared to the initial scan. Theheight at which 90% of the points of the whole cloud are below it.
target ranges and movements were calculated with respeldeight percentiles were calculated because a manual seletti
to the target center that was determined with a least squareorresponding points in consecutive scans was not possible due
sphere tting (MATLAB code by Alan Jennings, available into the low volumetric point density. Height percentiles, on the
www.mathworks.com/matlabcentral/ leexchange/34129The  other hand, are robust descriptions of the measurement tieigh
table shows that the reference targets were detectedlyeial  distribution and should therefore allow a reliable traciof
with higher precision (less than 5mm standard deviation)rtha vertical movements of the crown point cloud.

the nominal sampling frequency of the system would imply. The results show clear and systematic temporal variation in
This assumption is valid as long as the laser returns can Heeight statistics of the birch crown point cloudrigures 3 4,
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FIGURE 3 | (A) Movement of height percentiles of birch crown points in the iRnish dataset. Height and time are reported with respect tdhe scan closest to sunset.
Vertical lines mark sunset (blue) and sunrise (redB) Maximum movement of height percentile positions overnighBlack points represent the birch crown at sunset.
Blue points represent the birch crown at the time of sunriseRed points represent the birch stem and the thickest branchs. The stem and crown points were
differentiated with NDVI thresholding. Horizontal linegpresent the height percentile locations at sunset (dashedabout 19:40 o'clock) and in morning (solid, 06:40
o'clock).

Video 1). In Figure 3, all height percentiles show a declining TABLE 2 | The ranging stability of the FGI HSL point cloud duri  ng the
temporal trend about 1 h after sunset (blue vertical ling)eTh experiment.
four highest percentiles also share another common trend: th,

. X i . . ef Distance from  Distance from Fitted radius, Fitted radius,
height percentiles after sunrise (red line) were still lown g the scanmer  the scanner, mean (m) standard
their sunset value. At this point, their values have decrabeut  No. (m) standard deviation (m)
0.05m from their sunset value. After reaching the minimurh, a deviation (m)
four percentiles show a rapid return toward the sunset valie T

. S 6.540 0.002 0.120 0.001
return takes about 3h. The lowest percentile shows a di erlng s 0002 o122 0001
temporal response compared to the others. Its value declinés : ’ : :
more slowly than the others during night, to about 0.03 m from® 8.517 0.003 0-120 0.002
the sunset value. Furthermore, the lowest point is reachedtab * 1784 0.004 0-125 0.002

an hour later than for the other percentiles. The overall ttén The table shows the reference target distances from the scanner and the radited in
of the lowest percentile is also not as clear as with the otheireir point clouds. Both the ranges and radii were compared to the initial measement
percentiles: the declining trend is less clear and shows mof&se to sunset. All standard deviation values were calculated from 14 sms.

variance. )
were detected reliably. The fourth one was not detected due t

it being occluded from the scan position by birch branches and

Austrian Point Cloud Time Series leavesFigure 5 illustrates the total movements of the selected
The RIEGL VZ-4000 was factory calibrated and mounted ormoints on the branches and the reference target centers.
a solid pillar throughout the experiment, and so its ranging The graphs irFigure 5show clearly how all points measured
properties were not inspected as with the Finnish datasets. Than branches had a similar movement pattern over time. The
bounding box around the birch had average dimensions of 6.0 absolute branch point movement was limited mainly to within
7.0 9.3 n? (depth, width, height). The median point number 2cm, with the exception of a few points, until 5h after the
inside the bounding box was 9,388,00024,000 corresponding sunset. Thereafter the movement trend began to increase,
to 7.7% variability in the total point number. reaching its maximum around 9—11 h after sunset. The maximum

Manual branch point selection was carried out for threemovements varied from 5.0 to 8.5cm for Branch 1, from 3.5 to
branches. Reference target movement was measured from thAd cm for Branch 2, and from 6.5 to 10.0 cm for Branch 3. After
tted sphere center. Three of the four attached referencgets the movement maximum was reached, all branches returned
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FIGURE 4 | (A) Finnish birch point cloud pro les at the time of sunset (blackand at the time of the maximum movement around 06:40 o'clocKred). Black frames
mark zoomed in boxes in the upper(B) and in the lower(C) crown. Video 1 visualizes the geometrical change in the Finnish birch pdiloud over night. It is provided
in the Supplementary Material.

rapidly toward their sunset values around sunrise (aboud0R: Considerations on Result Comparability
in the graph). The movement was dominated by the downward3he results show similar temporal behavior between the two
component, but included also a comparatively small radiabirches. This is despite the di erence in location of over 12
contribution. degrees of latitude, and the di erence in form of growth: the
In addition to the similar time response, the amplitude of Austrian tree was a cultivar with mainly hanging brancheslevh
point movements was dependent on the point distance fronthe Finnish study tree had more erect branches with only the
the trunk in general. For every branch, the point indexing wasranchlets hanging. Growing conditions in the measurement
selected so that the index increased when moving away frem ttsites also di ered from each other, the Finnish site was more
trunk (Figure 2). As a general trend, points with higher index covered and in a slope, whereas the Austrian site was on an open
values moved more compared to points with smaller indices. Thand at grass eld.
subplots show exceptions from this rule at di erent times, Hug t Although both experiments showed clear temporal correlation
general trend is visible. in birch branch movement overnight, the absolute branch
For reference targets attached to the branches, movememtovements cannot be compared directly. The spatial resalutio
of their centers showed a similar, but attenuated, temporabbtainable with the FGI HSL was not detailed enough to
trend compared to the branch points. Reference targets determine individual branch points reliably between consmeu
and 3 showed relatively little movement until about 6 h afterscans. Thus, the temporal development of the Finnish birch
sunset, excluding occasional noise points. Then, botheafsx was treated on a crown level. The use of crown point height
target centers showed a sharp movement with amplitude gbercentiles shows how the di erent parts of the crown move with
1cm. The movement then increased until 05:30 oclock, aftarespect to each other, but this level of detail was not su ¢ien
which it diminished rapidly by about an hour after sunrise. analyze the movement amplitude of individual branches.
Reference target 2 diered from the two others in that its The RIEGL VZ-4000 point clouds were dense enough for
movement amplitude was lower and the maximum movemenindividual representative point monitoring. In addition, ¢h
occurred already around 05:00 o'’clock. However, the moveme reference markers attached to birch branches gave anothet po
diminished in the same way as in the case of the other referenof reference to determine the movement amplitude. Since the
targets. representative points on branches were picked by hand, this
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FIGURE 5 | (A) Total movements of the representative points on Branch 1 ovetime. (B) Total movements of the representative points on Branch 2 owetime. Branch
2 is missing the last epoch due to internal occlusion(C) Total movements of the representative points on Branch 3 ovetime. (D) Total movement of reference target
centers over time. Vertical lines in all subplots mark suns@nd sunrise. All values i(A-D) represent the absolute 3D movement compared to the initial @int selection
at the scan closest to sunset. Manual point selection ifA—C) was performed by picking scans once per hour which was suf ciet to represent the general movement
trend over time. In(D), reference centers were extracted automatically for all 7§cans. The reference spheres were attached on thicker brarfees and closer to the
stem than Branches 1-3. This resulted in smaller movement apiitudes in the sphere center movement than with the branche

resulted in an uncertainty of about 1 cm. However, all mahual contain at least n points within the voxel point cloud. This valu
selected branch points showed systematic movement amplitudesnormalized by dividing through the number of voxels which
of several centimeters that was several times larger trapdint  have at least 1 point. The point density graphs were drawn at
ranging uncertainty and were thus interpreted as a result ofhree di erent times in order to evaluate whether scanningéi
changes in branch position. In the Finnish dataset, the thétk would have had a signi cant e ect on point cloud density due to
lower branches adjacent to the stem were measured to be abary external factors.

15 mm in diameter. In the Austrian dataset, the selected thas In the Finnish full canopy point clouds, thd&igure 5A
were about 10—-20 mm in diameter as measured from the pointlustrates clearly how the cumulative point density in voxels
clouds. decreases rapidly. This means that most of the populated voxels

In order to better compare the results for estimating reqdire had only a few hits in them. Only about 35-40% of the populated
point densities for future measurement planning, a compagativvoxels have ve or more laser returns localized in them. Eher
table of the two measurement setup is presente@able 3 The is also about a 5% percentage point di erence between the
table sums up both the di erences and the similarities betweescans taken at sunset and at night. In the Austrian point
the measurements. cloud, the corresponding number shows that over 65% of the

The question arises, which density of the point cloud ispopulated voxels have at least ve hits in them and there is
required for doing the rst or the second type of movementno signi cant di erence between the scans taken at di erent
analysis, i.e., height percentiles vs. points on individuahbhes. times.

To achieve this, the point density must be quanti ed. This was The amount of voxels with one or two laser returns is
done by calculating the number of populated 5 5cnP voxels  important as they represent spatially isolated returns of wlich
for the point clouds, and this was further monitored through signi cant portion may consist of noise, and partial or otherwise
time. The normalized cumulative number of voxels populatedow quality hits on target. The graphs irigure 6A) show that
with at least a given number of points is illustratedkigure 6  while there is some variation in the point density on the crown
for both cases. In other words, the metric shows how many lsoxeand tree level, the point densities between di erent scans drop
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FIGURE 6 | Normalized cumulative number of voxels populated wit h at least N points. Voxel size was setto5 5 5cm3 in each Finnish and Austrian birch
point cloud. (A) Normalized cumulative number of voxels with at least N poistcalculated for the Finnish birch crown point clouds and fothe full Austrian birch point
clouds. (B) Normalized cumulative number of voxels with at least N poistcalculated for the selected branch point clouds differenated from the full Austrian point
clouds.

in a consistent manner for both scanners regardless of sngnni with 10 or more hits (at least 80,000 ptsijrconstituted about

time. 65% of all voxels. In the Finnish dataset, the voxel population
The graphs irFigure 6A) showed the point density for the full ratio of over 65% was obtained only when voxels with at least

crown and tree point clouds. Thus, the inherently noisy batési  two points (16,000 pts/f) were included. Thus, to perform a

of the point clouds with lower point densities are also incldde similar point selection from a natural birch branch surface (

Therefore, similar graphs were also produced separately &or thwithout additional re ective material), the point densitiseould

di erentiated Austrian birch branchesFjgure 6B) that were be at least close to 40,000 pts/riThis estimated value is not a

used for movement measurements to see if they would showniversal lower limit, but it gives an initial approximatiororf

di erent point density variations compared to the full tree poin Planning new similar experiments.

cloud. The branches were selected on the outer edge of tble bir Measurement settings and weather conditions were also

and with clear visibility to the scanneFigure 2). The graphs Similar between the experiments:

show that about 85% of all pOpU'atEd voxels inside the bOUnding) Both experiments were carried out with a sing|e scanner

boxes of branches 1 and 2 have ve or more hits, and over setup. Therefore, only one side of the test trees could be

75% of the voxels have 10 or more hits. The only exception monitored over the duration of the experiments. This is
here is the sunrise measurement of the branch 1, where the su cient to determine individual branch movements, but

results are several percentage points lower. Branch 3 ratiolis
systematically lower point densities. About 80% of theseskgox

have at least ve hits, and about 65% of the voxels have 4t leas

10 hits. In general, the number of multi-hit branch voxel®iser

determination of the whole crown movement is not possible
and would require a minimum of two separate scans from
di erent positions, preferably more. Multiple scans would

allow branch movement determination around the tree to get

a better insight on possible directional movement di erences

within the crown. Multiple scans would also provide better
Results on the point density variation in the Finnish and information about e ects related to growing location or sun

Austrian datasets and their e ect on manual branch point  position.

selection give a rough metric to estimate required point dsws i) In both experiments the weather was similar, with no

for future studies. The representative point monitoring was observed wind and no rainfall during night. As high-

possible with manual selection for all branches delineatechfr resolution laser scans require typically minute-long ailten

the Austrian datasets, whereas for the Finnish data similar times fortree-sized objects, this means that the measuneme

monitoring was not possible due to lower point density. The are susceptible to occasional gusts of wind and need to

lowest tested branch point density here had about 80% of hits be accounted for in measurement planning. In order to

10% points higher than the number of corresponding voxels in
the whole birch point cloud.

coming from voxels with at least ve points or more, which wdul
correspond to a point density of at least 40,000 pts/Moxels

eliminate most wind e ects from point clouds, external wind
covers would be needed or the scans should be performed in
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an enclosed setting, for example in a greenhouse. However, iasponse. Close to sunrise, the branches were hanging loaer th
our experiments no disturbance by wind occurred.

DISCUSSION

The Study in Context with Previous

Research

at the time of sunset. Detected crown and branch movement
amplitudes varied from a few centimeters up to 10cm from
their initial locations at sunset, depending on the positiorttod
branch and the measurement point on it. The movements were
observed to happen systematically over a time span of several
hours, which ruled out occasional wind e ects.

Both the molecular background of the circadian rhythm and

In this study we quantied a diurnal cycle of branch motion yhe resyiting movement of various plant parts (the leaf, stem,

in mature birch Betula pendulajrees growing under natural

and ower) have been extensively described for small herbs

conditions, and therefore demonstrated the potential of TL%rowing under laboratory conditions. The circadian adivi

point clouds to monitor diurnal branch movements in birch
trees. To our knowledge, the study is the rst to report ovetmti
branch and crown movement with centimeter level spatialy tree products such as the tree sap [e.g.

pattern of trees is also of interest, both for generalizing th
ndings of experimental chronobiology and for commercial use
for the gum tree

resolution and with (less than) hourly intervals. The studyeyea brasiliengisand the wood (which is best harvested when
approach presented here is novel in utilizing TLS point cloud has a low water content). Understanding ecophysiological
with short interval outdoor scanning.

The study comprises two separate measurement settings Wifjttern and how this changes under water stress is becoming

di erent equipment and geographic location, namely Finland

and Austria. Target objects were individual birch treesated

in the study areas and night time movements were detecteg

processes of individual trees, including their diurnal watse

increasingly important for climate research, as near-global
coverage of high-resolution remote sensing has revolut&hi
e up-scaling of ndings from individual tree-based models

by scanning their canopies for a period lasting from sunset t@, continental scale §hugart et al., 20)5Until now, in situ
sunrise. The results obtained from the measurements showede s rements at the scale of full trees were not possible due
that the crown movement in the Finnish and the branch, {he |ack of a non-invasive, non-contact method with high
movement in the Austrian study case presented similar teMpor%paﬂm accuracy. Our study demonstrates that TLS satis eseth

TABLE 3 | Comparison between the similarities and differences i n the

Finnish and Austrian measurement setups.

Similarities

Type

Description

Tree species
Time of the year

Weather conditions

Birch,Betula pendula

Finland: 13-14 of September
Austria: 19-20 of September
Clear weather with some overcast
No observed wind (operator
observation)

No rainfall

No visible surface condensation

Differences

Geographic location

Crown bounding box dimensions (depth

width  height, m3, median)

Total volume of the tree point cloud (sum

over populated voxels, n¥, median)

Growing spot

Laser scanning systems

Year of measurement

Separation distance: about
1500 km

Difference in latitude: about 12
Finland: 37 3.0 6.6
Austria: 60 7.0 9.3
Finland: 4.20
Austria: 45.23
Finland: Semi-open, on a slope
Austria: Open, at eld
Finland: Experimental (FGI HSL)

Austria: Commercial (RIEGL
VZ-4000)

Finland: 2013
Austria: 2014

criteria.

To our knowledge, previous and present TLS time series
literature on vegetation mainly concentrates on detecting
seasonal changes. The seasonal change studies have mainly
focused on collecting physiological parameters, like leatedle
chlorophyll content Hakala et al., 2014; Nevalainen et al., 2014
or to follow the growth and phenological changes by studying
changes in Leaf area index (LAI), plant area index (PAI), and
Plant Area Volume Density (PAVD), e.g., tariebel et al. (2015)
and Calders et al. (2015A study byHosoi and Omasa (2009)
determined the seasonal changes in vertical leaf area gensit
(LAD) pro les. Measurement intervals in these studies vaonir
daily and weekly measurements to individual seasonal scans.
These scan intervals are su cient for detecting overallrnges on
crown level, but cannot capture systematic inter—and inénsad
dynamics as reported here.

Most of the TLS time series studies are performed during light
hours, mainly due to technical restrictions that require ggace
of measurement sta to set up and monitor the data collection
A change to this is a new operational system, VEGNET, that
has been developed and successfully applied for long-termt fores
monitoring (Portillo-Quintero et al., 2014; Griebel et al., 2D15
The main limitation of VEGNET is its limited spatial resolati
and a xed angle rotation plane that have been designed to
monitor overall crown structural dynamics around the syste
instead of focusing on individual trees. The VEGNET operates
night time to optimize its ranging capabilities and to minireiz
possible wind e ects. In general, any wind or local air ows
present a signi cant source of noise in TLS point clouds and
have to be accounted for either during the measurement. Aaot
reported error source is precipitation on the scanning equiptmen
and on target.
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Another feasible approach to collect longer-term time series To explore the potential of TLS-based sleep movement of trees
data with high temporal resolution is short-interval photaeghy. as an indicator of water use and water stress, further studies
Li et al. (2013)performed a plant growth analysis study are required with simultaneous physiological measuremefits o
where they studied the structural changes in a pot plant inrunk diameter, water potential, and photosynthetic activity
laboratory conditions for 35 days where the same viewingnd reference comparisons. This will allow (i) quanti catio
geometry was repeated every 5min. A 4D (3D structure andf the limits of reliability of di erent terrestrial laser soiners
time) point cloud representation was then post processetb detect the temporal movements in dierent plant and
from the imagery to study geometrical changes in the plantiree species and (ii) modeling and further simulation of the
Nijland et al. (2014)used infrared converted consumer graderelationship between the detected geometric behavior aretd
cameras to collect plant health and phenology information inphysiological observations of plant water use and circadian
an outdoor setting for several months with 1-h interval. Therhythms.
main weakness of the imaging approach is the requirement of

external lighting and comprehensive radiometric calibwatio
guarantee correct radiometry between imagery taken in dyina AUTHOR CONTRIBUTIONS

lighting conditions. Li et al. (2013)applied constant lighting EP is the main author and took part in the planning of both

on their targets, whereaslijland et al. (2014)had to limit o, e iments, collection of Finnish data, and performed the
their outdoor imaging sequences to light hours. Neitheusioh data analysis. CB, GM, and NP planned the Austrian dataset
allows st'udyilng of possible dark time dynamics in plants aRollection and c0|:1tribu,ted to the writing. MP planned and
reported in this study. arranged the collection of Austrian dataset and contriloute
writing the manuscript. MW processed the Austrian dataset
SUMMARY AND FUTURE WORK for analysis. AZ strengthened introduction and discussiamf
biological and ecological perspective, and commented theavhol

The study scope was limited to analysis and quanti cation o anuscript.

the geometric movements in birch crown and branches. The

validation of possible mechanisms behind the movement was no

possible within the study scope and further investigations arFUNDING

required. Possible mechanisms contributing to the branod a ) ) .

crown movement may be related to plant water balance or td his article received support from Academy of Finland grants

plant photoperiodism, but their validation was out of the scope0- 265949 and no. 272195, and from the Finnish foundations

of this article. mobility grant “Tutkijat maailmalle, osaamista Suomeen.” AZ
Circadian changes in plants have been studied extensively Y¥S Supported by the OTKA grant PD 115833 of the Hungarian

plant physiology and they can be quanti ed with high detail Résearch Fund.

in laboratory conditions orin-situ for individual plants and

their parts (e.g.Peramaki et al., 2001However, extending the ACKNOWLEDGMENTS

results to larger areas is prohibitively laborious. We codel

that whereas laser scanning point clouds are not able to givFhe authors thank Sanna Kaasalainen, Teemu Hakala, Olli
as detailed information about the physiological changes imMevalainen, Mika Karjalainen, Anssi Krooks, and Kati Amtfibr
plants as laboratory or on-the-spot measurements, they stitheir help with collecting the Finnish data, and Reinhard Bles
have a signi cant potential to provide additional geomettica for collecting the Austrian data. We also acknowledge the stippo
information that can be correlated with the physiologicalof Hermann Heilmeier, Biology and Ecology group at TU BAF in
measurements, and then possibly extended to cover wholesplaritreiberg (Germany).

in their natural environment and over wider areas. Perhaps

the most important open question is whether the observelcSUPPLEMENTARY MATERIAL

branch movements take place under the in uence of light from

sunset and sunrise, or if they are independent from light andrhe Supplementary Material for this article can be found
governed by the internal circadian clock of the plant. Thet faconline at: http://journal.frontiersin.org/article/10389/fpls.2016.
that some branches started returning to their daytime positi 00222

already before sunrise would suggest this latter hypothbsis

the temporal fre,que,nCy,Of,our |nvest|gatlorls is not su ciefar cloud from sunset to sunrise.  Video is created by drawing birch point cloud of
con rming or rejecting it: ideally, measuring several f@-h each scan collected during night. The point cloud scanned aund sunset (19:40
cycles of a tree isolated from natural light would be reqgiire ociock) is drawn with black as a reference. The laser scannewas located in

for this. origin (0,0).

Video 1 | Animation of the overnight movement in the Finnish birc h point
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