. o /
Environmental Sciences @Pl
Proceedings G

Proceedings

Early Detection of Decline in Tree Health. Could the
Pace of Stem Water Be an Effective Indicator? t

Alessio Giovannelli **, Valerio Giorgio Muzzini 2, Maria Laura Traversi ?,
Bruno De Cinti 2

1 CNR - Institute of Research on Terrestrial Ecosystems, Via Madonna del Piano 10, 50019, Sesto Fiorentino
(Italy); alessio.giovannelli@cnr.it, marialaura.traversi@cnr.it

2 CNR - Institute of Research on Terrestrial Ecosystems, Strada Provinciale 35d, 00010 Montelibretti, Roma
(Italy); valeriogiorgio.muzzini@cnr.it, bruno.decinti@cnr.it

* Correspondence: alessio.giovannelli@cnr.it; Tel.: +39-055-5225982

* Presented at the International Electronic Conference on Forests — Forests for a Better Future:
Sustainability, Innovation, Interdisciplinarity, 15-30 November 2020; Available online:
https://sciforum.net/conference/TECF2020.

Abstract: The health and vitality assessment of each single tree is one of the most
important action for an optimal urban forest management program. The
development of new technology able to continuously monitor tree vitality and
underlying trends, could help to reduce the frequency of monitoring assessment
and help overcome problems related to rapid decline in tree health. Our aim was
to test the suitability of point dendrometers in evaluating tree vitality trend through
high resolution stem cycle analyses. To achieve this objective, we installed point
dendrometers on twelve Pinus radiata each currently in one of three defined vitality
classes (alive, compromised, and dead) growing in an urban area. Stem cycle
analysis approach was used to synchronize dendrometer signals with stem water
status and temperature. Our results showed that both, the trend of stem growth
(GRO) and the time lag between the occurrence of the minimum temperature and
the onset of the stem shrinkage, are all promising indicators of tree vitality in Pinus
radiata. These parameters could be integrated in network systems able to send “early
alerts” to experts. It could allow them to keep multiple trees under continuous
monitor and control simultaneously, and reduce costs due to reduced monitoring
visits.

Keywords: tree stability; dendrometers; stem radial growth; urban forestry; VTA;
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1. Introduction

Urban trees grow under the pressure of recurrent biotic and abiotic stressors and
their vitality assessment represents one of the most important proxy of their
stability. In accordance to the VTA (Visual Tree Assessment) procedure, after an
inspection visit, the experts release a report where each tree is assigned to a risk
class. The risk class determines the frequency of the future monitoring visits [1].
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Such “calendar approach’ to define the frequencies could induce to perform visits
not really necessary or to suggests visit intervals not adequate to detect sudden drop
in tree vitality mostly for the vulnerable tree species which are expected to suffer for
the fast microclimate warming and the pest diseases increasing in urban areas. In
this frame, the development of a non-destructive technology able to follow remotely
and in continuous the tree vitality trend, would be desirable [2].

The cell water status is the most important parameter driving cell division and
expansion [3] and hydraulic failure of the xylem is thought as the main mechanism
leading a tree to death [4]. In the last years urban visual vitality index was significant
correlated to leaf water status in Elms hybrids [5], oaks species [6,7] and Platanus x
acerifolia [8], whilst tree vitality declining was positively related to increasing xylem
embolism events in holm oak [9]. These results show that tree vitality could be
usefully monitored through high resolution analyses of the tree water status.

Point dendrometers have been widely used to monitor stem growth and
phenology in forestry as well as to drive irrigation scheduling in woody crops [10-
14]. Such instruments provide, by daily high time resolution dendro data recording,
a typical bell-shaped pattern (reversible changes). The stem shrinkage phase (i.e.
decrease of the stem radius) occurring during daylight shall be borne by the
mirroring water loss occurring within storage compartments (bark and phloem) to
support increased water demand due to the crown transpiration rate. The stem
swelling (i.e. increase of the stem radius) is instead mainly driven by the refilling
processes of the stem water reserves occurring during nighttime. In the last years, a
tew algorithms, based on stem cycle analyses, were developed with the aim to
extrapolate amplitude and duration of ‘dendro phases” as shrinkage and swelling
from each diurnal cycle [15]. Synchronization of ‘dendro phases’, with temperature
and tree water status has allowed to correlate amplitude and timing of stem
shrinkage with sap flow and canopy transpiration in olive [12], and poplar [14].
These results highlighted the strength of “dendro phases” as reliable proxies of stem
water status in these species.

In this context a general question arises: can the diurnal stem variation represent
a suitable proxy of the tree vitality? To address the question, we installed point
dendrometers on mature Pinus radiata trees growing in urban area and assigned
them to a contrasting vitality class. The dendrometer outputs were analyzed by a
stem cycle analyses approach in order to find relationship among the trend of stem
growth, tree vitality and ‘dendro phases’ features (amplitude and duration). We
assumed that in compromised up to dead trees is in place a progressive decline of
hydraulic system efficiency determining a progressive decrease of stem radial and
axial water fluxes as well as canopy transpiration. Following this decline gradient,
the stem radius variation would arrive in dead trees, to be guided only by
environmental rather than physiological signals.

In this frame, we would like to verify the above hypothesis i.e. that, duration
and amplitude of “dendro phases” in trees belonging to compromised and dead
classes, are mainly induced by the physic effects of wood temperature variation
rather by the radial water fluxes.
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The point dendrometers, especially in urban contexts, can be easily integrated
in wireless systems enabling remote control. They can thus ideally be used in
complex monitoring networks able to setup a simultaneous monitoring of several
trees reducing the necessity of post VT A monitoring visits frequency and, in general,
the overall management costs of urban forests.

2. Materials and Methods

2.1. Site description and environmental data

The experiment was carried out in the area of relevance of the Italian National
Research Council (CNR) of Montelibretti (Central Italy). The site is a suburban area
where the trees are mainly arranged in rows along the streets. Twelve Pinus radiata
trees (forty years-old) were selected for their size uniformity (tree height range 8-12
m, dbh average 52+7 cm) and visually assigned to three vitality classes (alive,
compromised, dead) following the crown transparency procedure has described
elsewhere [1]. No significant differences for dbh were highlighted among vitality
classes (P=0.4). The air temperature (T, °C), relative humidity (RH, %), wind speed
and precipitation (P, mm) were recorded each fifteen minutes by the modular
weather station belonging to the Institute of Atmospheric Pollution Research (ITA —
CNR), and located less than 200 m from the trees. Vapor pressure deficit (D, KPa)
was calculated as reported already elsewhere [14].

2.2. Dendrometer

Stem radius variation was detected using high-resolution automatic point
dendrometers, as already described elsewhere [11]. Before the installation of the
dendrometers, each stem was scanned by a sonic tomography (Arbotom technology)
to check wood defects or anomalies. After the check, the dendrometers were
positioned at breast height on the north side of each stem. The raw data were
averaged every fifteen minutes. The irreversible stem expansion (SR) and the
reversible stem shrinkage induced by the tree water deficit (TWD) were determined
using Treenetproc R software [17]. Diurnal stem cycles were analyzed using
DendrometeR software [18], and timing, duration and amplitude of each dendro
phase were calculated accordingly. The sensitivity of each dendro phase to the
temperature variation was assessed considering the time lag between the occurrence
of daily minimum temperature and the onset of stem shrinkage. A graphical
representation of the procedure followed to assess time lag is reported in Figure 1.
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Figure 1. Graphical representation of the time lag assessment in Pinus radiata trees. The time lag was
assessed as difference between the occurrence of daily minimum temperature and the onset of the
stem shrinkage. Data were recorded each fifteen minutes during July 14"-15% 2020 in alive trees. The
solid lines represent the stem radial variation (black, mm) and temperature (red, °C) respectively. The
dashed lines represent the hour of the day at which the maximum stem radius (black) and the daily
minimum temperature (red) occurred.

2.3. Statistical analyses

The statistical unit was the individual tree. Data were checked for normal
distribution (Shapiro test) and the effect of vitality class on dendro phases was
assessed by Welch test (P<0.05).

3. Results and Discussion

During the experiment, the mean temperature was 25.9+5.6°C ranging between
15°C and 36.9°C without rainy events. The daily mean D ranged from 2.2 KPa and
0.85 KPa but hourly maximum D exceeded 4 KPa from 24 to 26" July (data not
shown). Although the increase of evaporative demand (high D values) and the lack
of precipitation induced a water deficit condition in this area, the stem radius of the
alive trees gradually increased (GRO = 169.14132 pm) whilst it decreased in
compromised and dead ones (Figure 2). The slope of daily growth rate was double
in alive trees (1.2+0.2 pm h''n=20) than compromised (0.5+0.06 um h'n=8) and dead
ones (0.6£0.08 um h' n=3). These results showed that biomass accumulation (i.e.
carbon gain) occurred only in the alive trees during summer and GRO can be an
useful proxy of the tree vitality in Pinus radiata trees. The irreversible stem radius
increase (i.e. stem growth) is considered the most suitable proxy of tree productivity
and structural carbon allocation in forest trees [17,19].
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Figure 2. Time course of the stem radius variation (SR, pm), tree water deficit (TWD, pm) and stem
growth (GRO, pm). Dendrometer data were recorded from June 25" to July 27 2020. The solid lines
represent the mean of five trees for alive (red), compromised (grey) and dead tree (black) respectively.

Photosynthesis is the main source of carbon for plants and chlorophyll
fluorescence and content of antioxidant levels in leaves have been often associated
to the photosystem efficiencies and crown vitality [2]. As the photosynthates
produced within the source (needles) are translocated toward C-sinks like cambium
or stored as starch within the phloem and ray parenchyma, the carbohydrates
content within the bark was considered a suitable predictor of tree vitality [20,21].
Thus, the strength of the carbon source and the C-pools stored within the bark were
able to support growth in alive trees avoiding soluble carbon depletion and
starvation during summer.

Amplitude and duration of stem shrinkage and swelling were similar among
vitality classes (data not shown). These results showed that the amplitude and
duration of dendro phases were not able to identify contrasting class vitality in our
trees. However, alive and compromised trees could be easily separated from dead
ones when the time lag between the occurrence of minimum daily temperature and
the onset of stem shrinkage was considered (Figure 3). In alive and compromised
trees, the onset of the stem shrinkage was always delayed with respect to the
occurrence of daily minimum air temperature (in average 117 minutes). On the
contrary the time lag recorded in dead trees was short (in average 5 min), and in
many cases, it coincided or anticipated the occurrence of the minimum temperature.
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Figure 3. Box plots represent the range of the time delay (minutes) between the occurrence of daily
minimum temperature and the onset of stem shrinkage in alive (green), compromised (orange) and
dead (black) trees of Pinus radiata. Each box shows the distribution of 25"-75t quartiles, the horizontal
line within the box represents the mean. Vertical bars and circles indicate the minimum and maximum
values and outlier data. Different letters indicate significant differences (P<0.05). .

The strong dependence of the stem shrinkage to the air temperature in dead
trees could be mostly driven by the thermal coefficient of cell wall components
rather than to water fluxes induced to air evaporative demand. Our results are in
agree with previous findings showing a high synchronization between air
temperature and stem radial variation in logs of chestnut, beech and scotch pine
subjected to thermal gradient cycles in controlled environment [22]. The long-time
delay between the occurrence of onset of stem shrinkage and daily minimum
temperature observed in alive and compromised trees can be explained considering
the main role of crown transpiration demand in driving water fluxes within the
stem. The onset of the stem shrinkage was correlated with the increasing of sap flow
and crown transpiration in the early morning in poplar and olive [23,24]. After
dawn, the increasing photosynthetic photon flux density induces stomata opening
and water is retrieved from storage compartments (i.e. bark, phloem, ray parechyma
and stem elastic tissues) to support crown transpiration. The water withdraw causes
the emptying these tissues determining stem shrinkage.

4. Conclusion

We demonstrated that point dendrometers and stem cycle analysis approach
could be usefully integrated in the monitoring of tree vitality in urban areas.
Although our ‘case study’ was only focused on Pinus radiata trees we showed that
GRO was a promising parameter to separate alive from compromised and dead
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trees. On the other hand, time lag between the occurrence of minimum daily
temperature and the onset of stem shrinkage was able to separate alive and
compromised from dead trees. Further trails will be assessed to elucidate the
possible use of dendro phases on the tree vitality assessment in different species and
urban areas with the aim to develop integrated systems able to send ‘early alerts’
and improve decision-making management in urban forestry.

Author Contributions: Conceptualization, B.D.C, A.G.; methodology, B.D.C, A.G. and V.G.M; formal analysis,
V.G.M. and A.G..; resources, B.D.C.; data curation, V.G.M. and M.L.T.; writing —original draft preparation, A.G.;
writing—review and editing, B.D.C and A.G.; visualization, M.L.T.

Funding: This research was funded by the Project DTA_ADO002.486 ForTer gestione sostenibile delle risorse
forestali e territoriali

Acknowledgments: We would like to thank the President and the Responsible of the AdR RM 1 for having
authorized the experiment within the AdR and Mr Marco Giusto for making available the data of the CNR-IIA
weather station.

Conflicts of Interest: Declare conflicts of interest or state “The authors declare no conflict of interest.”

References

1.  Mattheck, C.; Breloer, H. Field guide for visual tree assessment (VTA), Arboricultural Journal 1994, 18, 1-23,
doi:10.1080/03071375.1994.9746995.

2. Johnstone, D.; Moore, G.; Tausz, M.; Nicolas, M. The measurement of plant vitality in landscape trees.
Arboricultural Journal 2013, 35, 18-27, doi:10.1080/03071375.2013.783746.

3.  Proseus,T.; Boyer, J. Turgor pressure moves polysaccharides into growing cell walls of Chara corallina.
Annals of Botany 2005, 95, 967-979, doi:10.1093/aob/mci113.

4. Anderegg, W.; Berry, |.; Field, C. Linking definitions, mechanisms, and modeling of drought-induced tree
death. Trends in Plant Science 2012, 17, 693-700, doi:10.1016/j.tplants.2012.09.006.

5. Callow, D.; May, P.; Johnstone, D. Tree Vitality Assessment in Urban Landscapes. Forests 2018, 9,
doi:10.3390/f9050279.

6.  Savi, T,; Bertuzzi, S.; Branca, S.; Tretiach, M.; Nardini, A. Drought-induced xylem cavitation and hydraulic
deterioration: risk factors for urban trees under climate change? New Phytologist 2015, 205, 1106-1116,
doi:10.1111/nph.13112.

7.  Meineke, E.; Frank, S. Water availability drives urban tree growth responses to herbivory and warming.
Journal of Applied Ecology 2018, 55, 1701-1713, doi:10.1111/1365-2664.13130.

8.  Sepulveda, P.; Johnstone, D. M. A Novel Way of Assessing Plant Vitality in Urban Trees. Forests 2019, 10,
2; doi:10.3390/£10010002

9. Limousin, J.; Longepierre, D.; Huc, R.; Rambal, S. Change in hydraulic traits of Mediterranean Quercus ilex
subjected to long-term  throughfall exclusion. Tree Physiology 2010, 30, 1026-1036,
doi:10.1093/treephys/tpq062.

10. Naor, A.; Cohen, S. Sensitivity and variability of maximum trunk shrinkage, midday stem water potential,
and transpiration rate in response to withholding irrigation from field-grown apple trees. Hortscience 2003,
38, 547-551, d0i:10.21273/HORTSCI.38.4.547.

11.  Cocozza, C.; Giovannelli, A.; Lasserre, B.; Cantini, C.; Lombardi, F.; Tognetti, R. A novel mathematical
procedure to interpret the stem radius variation in olive trees. Agricultural and Forest Meteorology 2012, 161,
80-93, doi:10.1016/j.agrformet.2012.03.016.

12.  Zweifel, R;; Haeni, M.; Buchmann, N.; Eugster, W. Are trees able to grow in periods of stem shrinkage?
New Phytologist 2016, 211, 839-849, d0i:10.1111/nph.13995.

13. Balducdi, L.; Deslauriers, A.; Rossi, S.; Giovannelli, A. Stem cycle analyses help decipher the nonlinear re-
sponse of trees to concurrent warming and drought. Annals of Forest Science 2019, 76, d0i:10.1007/s13595-
019-0870-7.

14. Giovannelli, A.; Deslauriers, A.; Fragnelli, G.; Scaletti, L.; Castro, G.; Rossi, S.; Crivellaro, A. Evaluation of
drought response of two poplar clones (Populus x canadensis Monch 'I-214" and P-deltoides Marsh. 'Dvina')



Environ. Sci. Proc. 2020, 1, FOR PEER REVIEW 8

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

through high resolution analysis of stem growth. Journal of Experimental Botany 2007, 58, 2673-2683,
doi:10.1093/jxb/erm117.

Deslauriers, A.; Rossi, S.; Turcotte, A.; Morin, H.; Krause, C. A three-step procedure in SAS to analyze the
time series from automatic dendrometers. Dendrochronologia 2011, 29, 151-161,
doi:10.1016/j.dendro.2011.01.008.

Traversari, S.; Francini, A.; Traversi, M.; Emiliani, G.; Sorce, C.; Sebastiani, L.; Giovannelli, A. Can sugar
metabolism in the cambial region explain the water deficit tolerance in poplar? Journal of Experimental
Botany 2018, 69, 4083-4097, d0i:10.1093/jxb/ery195.

Zweifel, R. Radial stem variations - a source of tree physiological information not fully exploited yet. Plant
Cell and Environment 2016, 39, 231-232, doi:10.1111/pce.12613.

van der Maaten, E.; van der Maaten-Theunissen, M.; Smiljanic, M.; Rossi, S.; Simard, S.; Wilmking, M.;
Deslauriers, A.; Fonti, P.; von Arx, G.; Bouriaud, O. dendrometeR: Analyzing the pulse of trees in R.
Dendrochronologia 2016, 40, 12-16, doi:10.1016/j.dendro.2016.06.001.

Deslauriers, A.; Caron, L.; Rossi, S. Carbon allocation during defoliation: testing a defense-growth trade-
off in balsam fir. Frontiers in Plant Science 2015, 6, doi:10.3389/fpls.2015.00338.

Martinez-Trinidad, T.; Watson, W.; Arnold, M.; Lombardini, L.; Appel, D. Comparing various techniques
to measure tree vitality of live oaks. Urban Forestry & Urban Greening 2010, 9, 199-203,
doi:10.1016/j.ufug.2010.02.003.

Kosola, K.; Dickmann, D.; Paul, E.; Parry, D. Repeated insect defoliation effects on growth, nitrogen acqui-
sition, carbohydrates, and root demography of poplars. Oecologia 2001, 129, 65-74,
doi:10.1007/s004420100694.

Cocozza, C.; Tognetti, R.; Giovannelli, A. High-Resolution Analytical Approach to Describe the Sensitivity
of Tree-Environment Dependences through Stem Radial Variation. Forests 2018, 9, doi:10.3390/f9030134.
Giovannelli, A.; Traversi, M.L.; Anichini, M.; Hoshika, Y.; Fares, S.; Paoletti, E. Effect of long-Term vs. short-
term ambient ozone exposure on radial stem growth, sap flux and xylem morphology of Os-sensitive pop-
lar trees. Forests 2019, 10, d0i:10.3390/£10050396.

Marino, G.; Pallozzi, E.; Cocozza, C.; Tognetti, R.; Giovannelli, A.; Cantini, C.; Centritto, M. Assessing gas
exchange, sap flow and water relations using tree canopy spectral reflectance indices in irrigated and
rainfed Olea europaea L. Environmental and  Experimental Botany 2014, 99, 43-52,
doi:10.1016/j.envexpbot.2013.10.008.

@ @ © 2020 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).



