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Abstract: Chestnut (Castanea sativa Mill.) forests in the Mediterranean region are facing increasing
abandonment due to a combination of factors, ranging from climate change to socioeconomic issues.
The recovery of chestnut ecosystems and their preservation and valorization are key to ensuring
the supply of the wide spectrum of ecosystem services they provide and to preventing detrimental
environmental shifts. The study’s objective was to provide evidence on the effects of different
management options on the ecophysiology of chestnut forests, with diverse pruning intensities
(low, medium, and high intensity versus no pruning) tested in an abandoned chestnut stand in
central Italy with the aim of recovering and rehabilitating it for fruit production. Innovative Internet
of Things (IoT) ‘Tree Talker’ devices were installed on single trees to continuously monitor and
measure ecophysiological (i.e., water transport, net primary productivity, foliage development) and
microclimatic parameters. Results show a reduction in water use in trees subjected to medium-
and high-intensity pruning treatments, along with a decrease in the carbon sequestration function.
However, interestingly, the results highlight that trees regain their usual sap flow and carbon sink
activity at the end of the first post-pruning growing season and fully realign during the following
year, as also confirmed by the NDVI values. As such, this paper demonstrates the efficacy of
recovering and managing abandoned chestnut forests, and the initial setback in carbon sequestration
resulting from pruning is rapidly remedied with the advantage of reviving trees for fruit production.
Additionally, the reduced water demand induced by pruning could represent a promising adaptation
strategy to climate change, bolstering the resilience of chestnut trees to prolonged and intensified
drought periods, which are projected to increase under future climate scenarios, particularly in the
Mediterranean region.

Keywords: forest management; sap flow; net primary production; carbon sink; NDVI; IoT devices

1. Introduction

Sweet chestnut (Castanea sativa Mill.) is distributed throughout Europe and Western
Asia, where, for centuries, it has been considered economically relevant to human interest
in wood and fruit production. In Europe, chestnut forests cover more than 2.5 million
hectares of land [1] and are found in natural and semi-natural stands, as well as in managed
stands, including orchards and plantations, where proper silvicultural and management
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practices are applied to ensure high levels of wood or fruit production [2,3]. Chestnut
stands provide several ecosystem services, including a provision (e.g., wood and biomass
production, food including fruits and flour, tannin), regulation (e.g., carbon sequestration
and climate regulation, biodiversity protection, water quality, erosion control, and soil
disturbance prevention), and cultural services (e.g., aesthetic landscape, sense of place,
and traditional knowledge) [3–6]. In Italy, chestnut forests occupy almost 10% of the
national forest lands [7] and, from ancient times, act as a major economic source for rural
populations in mountain Apennine regions, where cultivation of chestnuts is considered
an old tradition by the native population.

Italy is the main European producer of chestnut wood and fruits. Specifically, it
is the fourth country in terms of chestnut fruit production worldwide, with a potential
annual supply of approximately 55,000 tons on average, which amounts to a basic economic
value of 60–65 million euros, supported also by the recognized high-quality standards of
Protected Designation of Origin (PDO) and Protected Geographical Indication (PGI) fruits,
which can increase to as much as 165 million euros if considering the whole value chain,
including woodland by-products, timber, and the tourist appeal of these areas of high
historical and cultural heritage value [8–10].

Nevertheless, nowadays, chestnut forests in Italy are experiencing an increasing
abandonment, turning into unmanaged woodland [8–10]. This is due to a combination of
factors ranging from climate change, which increases the occurrence of pests and diseases
directly impacting chestnut wood and fruit production [11] with significant reduction in
yields, thus making cultivation more challenging, to socioeconomic factors, such as the
aging of the rural population with consequent depopulation of many rural areas, resulting
in the loss of specialized knowledge and skills, decline in the agricultural workforce, and
a lack of manpower to maintain and cultivate chestnut trees, reducing the profitability of
domestic chestnut forests and making imported chestnuts more competitive in the market,
particularly in countries with lower production costs [8–10].

The recovery of the chestnut ecosystems and their valorization and preservation
are key to ensuring the supply of the wide spectrum of ecosystem services they provide
and to avoiding hazardous environmental shifts [12], including changing phenological
patterns due to climate change, as also occurring for other species [13], as well as to revive
and maintain the contribution to the development of the local economy [14], as well as
possible sustainable and circular economy approaches as demonstrated for the agricultural
sector [15]. This can be achieved by implementing proper practices to manage chestnut
forests. Pruning is a relevant management practice historically carried out, particularly in
orchards and plantations, with the aim of improving tree shape and increasing its strength,
reducing stems or branch breakage, particularly after strong winds [16]; it also enhances
tree growth and fruit production [17].

Chestnut ecosystems have been widely investigated in the literature, with studies
discussing the impacts of climate change [18], including new emerging diseases [11] and
ways to contrast them [19], identifying the most suitable areas for their growth [20], eval-
uating the effect of management practices on the chestnuts’ nutrient budget [21], on soil
disturbance [22], on their production in terms of fruit characteristics [23], and assessing
how management options can improve the quality of wood production [24,25] or restore
chestnut stands damaged by pests [26]. Some contributions in the literature [27,28] suggest
that the productive capacity of Castanea sativa species increases when receiving periodic
pruning, and the recovery of abandoned chestnut forests in Italy also improves soil micro-
bial activities and organic carbon content [29,30]. Other studies demonstrated for some
forest and orchard tree species other than chestnut that pruning can have positive effects
on fruit and wood production [18,31–34] in natural or urban environments, with effects
on tree growth and its physiological processes [35,36], including daily water use in terms
of sap flow [37], transpiration [38,39], photosynthetic activity, and consequently the car-
bon sequestration potential [40]. However, the effects of the conversion of abandoned
chestnut forests into managed ones remain scarcely investigated, particularly in relation to
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their main ecophysiological characteristics, although they can also reflect the influence of
interannual and seasonal variations [1,2,17].

Against this backdrop, this paper provides evidence on a current research gap using
for the first time in chestnut stands innovative Internet of Things (IoT) Tree Talker (TT)
devices to continuously measure ecophysiological and microclimatic parameters of single
trees, as recently demonstrated by Niccoli et al. [41] to determine the effect of wildfire
on Pinus pinaster and by Asgharinia et al. [42] to evaluate stem water dynamics in Fagus
sylvatica L. and Quercus petraea L. Specifically, with the aim to recover an abandoned
chestnut forest and combine fruit production and ecosystem services provision, different
pruning treatments were tested in a forest plot in the Apennine of central Italy, and their
effects on the trees’ growth and ecophysiology were monitored by using a set of IoT sensors
combined into single Tree Talker devices. The study’s objective is to determine, compare,
and evaluate the ecophysiological forest response to different pruning intensities in terms
of water transport, net primary productivity, carbon sequestration, foliage development,
and canopy health to calibrate management practices and detect the most promising based
on the multifunctionality of the chestnut forest ecosystem, including possible effects on
coping with climate change mitigation and adaptation.

2. Materials and Methods
2.1. Study Area

The study was carried out in an experimental-educational area in a chestnut belt
of Apennine Forest, northern Italy (Granaglione, Alto Reno Terme, Bologna, Italy) at an
altitude of about 700 m above sea level. The experimental site is an 11 ha pure stand of
chestnut trees (Castanea sativa Mill), about 75 years old, growing on a Leptic Skeletic Dystric
Regosols (Loamic, Humic) soil type [43] with a pedological substrate characterized by
arenaceous rocks in detrital facies (located at the coordinates 44◦8′24′′ N, 10◦57′27′′ E). The
stand has been owned since 2003 by “Fondazione Cassa di Risparmio di Bologna” and
was traditionally managed with regular pruning of trees with the scope of chestnut fruit
production, but abandoned in the last decade mainly due to socioeconomic factors, such
as aging of the rural population and consequent land abandonment, lack of specialized
knowledge and skills, and market competition with imported chestnuts. Recently, thanks
to the commitment of the National (Italian) Academy of Agriculture since 2016, new
experimental activities have begun, and the stand is currently a National Center for the
Study and Conservation of Forest Biodiversity according to the Law Decree of the Italian
Ministry of the Environment. In this context, with the aim of recovering the abandoned
chestnut forest and rehabilitating it for fruit production, in February 2020, four pruning
treatments with different intensities were carried out. The effects were monitored on
12 chestnut trees (Figure 1) distributed in an 800 m2 area and selected with similar diameters
ranging from 31.83 to 55.70 cm to reduce potential side effects related to tree dimension—see
Table 1 with the main attributes of selected trees. The four pruning treatments, each
replicated four times, were as follows:

− Intense pruning, with the removal of the 1st order branches or topping,
− Medium pruning, with the removal of the 2nd order branches,
− Low pruning, with the removal of the 3rd order branches or topping,
− No pruning, which was the control.

According to [44], the sapwood area A(sap) is calculated in relation to the stem
cross-sectional area at breast height A(stem) using the following equation for broadleaf
ring-porous trees:

A(sap) = a × A(stem)b

where “a” and “b” are allometric parameters equal to 0.2509 and 0.9259, respectively.
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Table 1. Characteristics of the selected trees pruned at different intensities.

Tree Code Pruning Intensity Diameter (cm)
Basal Stem Area

A(Stem)
(m2)

Sapwood Area
A(Sap)

(m2)

A1 Intense 31.83 0.08 0.02
A2 Intense 47.43 0.18 0.05
A3 Intense 52.20 0.21 0.06
A4 Intense 46.15 0.17 0.05
B1 Medium 44.56 0.16 0.04
B2 Medium 46.15 0.17 0.05
B3 Medium 38.83 0.12 0.03
B4 Medium 49.97 0.20 0.06
C1 Low 45.20 0.16 0.05
C2 Low 48.70 0.19 0.05
C3 Low 49.02 0.19 0.05
C4 Low 55.70 0.24 0.07
D1 Control 41.70 0.14 0.04
D2 Control 32.79 0.08 0.03
D3 Control 44.88 0.16 0.05

2.2. The Tree Talker System

A set of Internet of Things (IoT) sensors combined into single Tree Talker (TT) devices
was installed on the selected 12 chestnut trees at breast height in May 2020, with the aim
of monitoring the effects of different pruning treatments on the main ecophysiological
parameters during two consecutive growing seasons in 2020 and 2021.The Tree Talker is
an Internet of Things (IoT) device recently developed [45,46] to measure, at an hour time
step and simultaneously, important ecophysiological and microclimatic parameters on a
single tree scale. The key parameters measured by the Tree Talker for the purposes of this
study are:

− Air relative humidity (%) and air temperature (◦C) were measured by a thermo-
hygrometer.
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− Sap flux density and sap flow were measured using an electrically heated probe,
serving as a heat dissipation sensor, and an unheated probe, serving as a reference,
using the transient thermal dissipation method [47,48].

− Canopy light transmission was measured by a spectrometer at 12 spectral bands (450,
500, 550, 570, 600, 610, 650, 680, 730, 760, 810, and 860 nm).

Moreover, in addition to the 12 Tree Takers, an additional TT-solar was installed in
a fully exposed position in an open space in the vicinity of the chestnut forest to obtain
real-time information on total solar irradiance, which was measured for the same 12 spec-
tral bands of the TT. The spectrometer was manufactured as directly embedded into the
TT device by integrating into a single board the AMS Osram (https://ams-osram.com/
accessed on 30 August 2024) chipset AS7262 (Visible range) and AS7263 (Near Infra-Red
range), with a Full Width Half Maximum (FWHM) of ±10 nm for the visible and ±20 nm
for the near infra-red bands. The spectrometer communicates with the microprocessor Tree
Talker unit by an I2C interface.

Each Tree Talker is equipped with a rechargeable battery powered by a solar panel. The
TT acquires hourly signals in the form of digital numbers from all its sensor components
and stores them in a data logger and, at the same time, it transmits the same information
to a TT-Cloud through the Long Range (LoRa) protocol, which is a low-power wide-area
network modulation technique. Then, the TT-Cloud uses a GPRS signal to transfer data
to a computer server via GSM/GPRS technology. Thus, a unique IoT identifier allows
us to follow the individual tree life along its development from hours to season and the
interannual time scale.

2.3. Measurement of Sap Flow and VPD

Measuring sap flow, which is a function of the transpiration rate measured as the
ascent of sap within xylem tissue [49–52], is important for understanding water transport
in the soil-plant-atmosphere system because it indicates the amount of water absorbed by
the plant and potentially transpired [53]. In fact, the transpiration rate of the plant system
can be closely approximated by the sap flow rate in the main stem or trunk [45].

To measure sap flow, a thermal-based method [47,48] was used because it possesses
many advantages over other methods and has become the most widely used approach to
estimate forest transpiration at both the individual tree and stand scales [54–56]. To this
end, TT devices are equipped with a heated and a reference probe for the application of the
thermal dissipation method originally developed by Granier [48] and modified according
to Do et al. [47] to reduce the energy consumption due to continuous heating. In fact,
the Granier [48] the original method calculates the sap flux density (i.e., the volume of
sap flowing across a given area of sapwood per unit of time) based on the assessment
of the amount of heat dissipated from a heated probe in relation to a reference probe in
proximity, with continuous heating. To reduce energy consumption in the TT device—thus
lengthening battery duration and reducing field interventions for battery recharge—the
continuous heating method was modified according to Do et al. [47] with cycles of cooling
(50 min) and heating (10 min).

The TT heated and reference probes are installed in the tree stem at a vertical distance
of 10 cm from each other. Probes have a diameter of 2.5 mm each and are positioned at a
depth of 2.5 cm in the sapwood of the selected trees, at the breast height (about 1.3 m), with
a northerly orientation well protected from direct sun heating and measured the sapwood
heat dissipation, which increases with sap velocity that has the effect of cooling the heat
source [41,42]. When the sap velocity is zero or minimal, the temperature difference (∆T)
between the two sensors is maximal. When the flow increases, the temperature difference
decreases. However, many factors influence the sap flow measurement, such as the tree’s
diameter and stem uniformity [57], and the sap velocity varies within the sapwood [57–59];
therefore, parameters like sapwood thickness can introduce some uncertainty in the sap
flow assessment [60]. In this study, sap flow (i.e., the integration of sap flux across the
entire conducting wood or sapwood in a tree, expressed as the volume of sap over a day)

https://ams-osram.com/
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was calculated with the assumption that the whole trunk sapwood area was conducting
water homogeneously. The sapwood area was determined according to [44], as previously
explained in Section 2.1.

Sap flow is calculated based on the parameters recorded by the Tree Talkers using
the heat dissipation method developed by Granier [48] and modified by Do et al. [47],
whose formula was further adjusted by the TT developer with coefficients according to the
characteristics of the material used to manufacture the heating probe (Nature 4.0 Manual,
2023). Thus, sap flux density (SFD) is calculated using the following equation:

SFD = 115.525 × ((∆Tmax − ∆T)/∆T) + 2.581

where:
SFD is sap flux density (g m−2 s−1),
∆T is the temperature difference between the heated and unheated probe,
∆Tmax is the maximum temperature gradient measured between the probes after heat-

ing within 24 h, which usually occurs during the nighttime in the case of zero transpiration
and zero tree-body refilling [53].

Assuming that the SFD is constant across the sapwood profile, the sap flow (SF) can
be calculated according to Santiago et al. [61] and Oren & Pataki [62] as:

SF = SFD × A(sap)

where:
SF is sap flow (L d−1),
A(sap) is the sapwood area of a chestnut tree.
The main environmental controls of tree water use are global radiation, soil water

availability, and atmospheric vapor pressure deficit (VPD) [53,63]. VPD is a measure of
the difference between the amount of moisture in the air and the maximum amount of
moisture the air can hold at a given temperature [64]. It is commonly used to estimate the
evaporative demand of the atmosphere. In fact, the impact of VPD on tree water use is
the result of the leaf–atmosphere vapor pressure difference, which creates water suction.
This force usually acts as the main driver of water transport in plants. Several studies have
shown that high VPD generally leads to increased transpiration and sap flow; however,
when VPD is above a certain level, stomatal conductance may decline [65,66], causing a
reduction in tree water use [67].

VPD (kPa) is calculated according to [68]:

VPD = a × exp (b × T
T + c

) (1 − RH)

where:
a, b, and c are constant parameters, i.e., 0.611 kPa, 17.502 (unitless), and 240.97 ◦C,

respectively,
RH is relative air humidity (%), measured by TT
T is the air temperature (◦C), measured by TT.
The VPD was assessed in this study to evaluate its correlation with sap flow on a daily

basis using the Pearson correlation.

2.4. Light-Use Efficiency for Estimating Net Primary Productivity

Estimating net primary productivity (NPP) is essential for understanding the car-
bon balance, predicting ecosystem responses to environmental changes, and informing
sustainable land management [69–71]. Although NPP of forest ecosystems is usually as-
sessed using remote-sensed data [72,73], in this study, it was estimated using data collected
through in-situ sensors and light use efficiency (LUE) models, which are also widely used
around the world to estimate forest net primary productivity [74–77]. In fact, NPP is
strongly dependent on solar radiation and plays an important role in vegetation growth,
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providing essential energy for photosynthetic activities [78,79]. In the past decades, many
LUE models have been built [77] to estimate terrestrial productivity based on the rationale
that daily photosynthesis is proportional to Absorbed Photosynthetic Active Radiation
(APAR) according to the Monteith theory [78]. The LUE approach for estimating NPP is
built upon two fundamental assumptions [80]: (1) the ecosystem productivity is directly
related to the absorbed photosynthetically active radiation (APAR) through LUE, where the
photosynthetically active radiation (PAR) is the spectral range of solar radiation from 400
to 700 nanometers that photosynthetic organisms are able to use in the process of photosyn-
thesis, and LUE is defined as the amount of carbon produced per unit of APAR; and (2) the
realized LUE may be reduced below its theoretical potential value due to environmental
stresses such as low temperatures or water shortages. According to Landsberg [81], the
general formula for the LUE model is:

NPPabg =
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is assumed to be 0.65 g of dry matter MJ−1.
The total solar radiation and solar radiation transmitted by the canopy of each tree

are directly measured as digital numbers (DNs) for 12 spectral bands by the TT-solar and
by the TreeTalkers, respectively (see Section 2.2). According to Doughty et al. [83] and
Ollinger [84], canopy reflectance in the visible region (400 nm to 700 nm) is typically around
5%–15% for broadleaves. Therefore, we can assume that the canopy of a chestnut tree
generally reflects, on an average, 10% of the received visible radiation. Consequently, the
energy absorbed by the canopy of a tree can be calculated as the normalized (N) difference
between 90% of the total solar radiation (measured by the TT-solar) and the solar radiation
transmitted by the canopy of each tree (measured by the TTs).

Therefore, the following expression is used:

N(Absorbed + Reflected) = 1 − (DN(TT)/DN(TT-solar))

and then:
N(Absorbed) = DN(Absorbed + Reflected) − 0.10

To determine the energy absorbed by each tree, hourly values of N(Absorbed) were
compared with hourly solar energy (W m−2) recorded by the meteorological station closest
to the experimental site (Loiano meteorological station, coord: Lat: 44.27◦ N–Lon: 11.33◦ E,
data retrieved from https://simc.arpae.it/dext3r/, accessed on 30 August 2024).

Energyabs = N(Absorbed) × Energy (hourly data from meteorological station)

Energyabs (MJ h−1 m−2) = Energyabs × 3600/1,000,000

The hourly amount of PAR absorbed by a canopy (Φabs, MJ h−1 m−2) was calculated
per tree by summing the energy absorbed by the canopy every hour in 8 solar bands
(450–680 nm) as recorded by each TT device. The PAR absorbed by the canopy during
the day (Φabs, MJ m−2) is calculated as the sum of the hourly values of the daylight hours
(from 7 a.m. to 7 p.m.).

To calculate the total NPP at the tree level, the following equation was used:

NPPTotal = NPPabg × (1 + R)

https://simc.arpae.it/dext3r/
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where:
NPPTotal is the net primary production in the above and below-ground biomass (g dry

matter m−2 day−1),
R is the Root/Shoot ratio, considered for chestnut, equal to 0.24, proposed by [85] as

being specific for Italian broadleaf forests.
The NPP is then converted from dry matter into carbon using the 0.45 default value

provided by IPCC (2019).

2.5. Normalized Difference Vegetation Index and Foliage Health

The normalized difference vegetation index (NDVI) is typically calculated from visible
and near-infrared light reflected by vegetation and is regarded as a canopy greenness
index [86–88]. In fact, the pigment in plant leaves, chlorophyll, strongly absorbs visible
light (from 0.4 to 0.7 µm) for use in photosynthesis, while the cell structure of the leaves,
on the other hand, strongly reflects near-infrared light (from 0.7 to 1.1 µm) [87]. The more
leaves a plant has, the more these wavelengths of light are affected, respectively [89]. As
such, NDVI can be considered an indicator of forest health status, considering that healthy
forest vegetation absorbs most of the visible light that hits it and reflects a large portion of
the near-infrared light. Conversely, unhealthy or sparse vegetation reflects more visible
light and less near-infrared light [87].

The general formula for calculating the NDVI is as follows:

NDVI = (ρr760 − ρr680)/(ρr760 + ρr680)

where:
ρr is the spectral reflectance of the respective spectral bands in the red (680 nm) and

near-infrared (760 nm) regions.
This property is widely exploited in remote sensing to calculate satellite-based vegeta-

tion indices that utilize the reflectance of these wavelengths, with the aim of monitoring
vegetation distribution, health, vigor [86,88,90], productivity, and dynamics under the
influence of environmental changes at different scales [91–95]. However, for the purpose
of this study, the NDVI is calculated using the transmitted radiation instead of the re-
flected red and near-infrared radiation. In fact, since only a part of the visible light is
indeed absorbed by trees, it derives that a significant portion of the light is reflected by
and transmitted through the tree canopy. The reflected light and transmitted light from
a tree canopy exhibit similar curves (i.e., more absorbance in the red region and less in
the near-infrared region), although they differ in intensity [96–98], as proven in various
studies in the literature [87,89,99–103]. Accordingly, in this study, NDVI is calculated using
the transmitted red and near-infrared radiation—measured under the tree canopy by the
spectrometer for 12 bands in each single TTs—as already demonstrated in the literature for
forests [104], riparian tree species [105] and other natural ecosystems [106], or agricultural
systems [107], and used as an indicator of the chestnut forest canopy development and
vegetation health, where higher values of NDVI indicate greener vegetation. Therefore, the
formula used to calculate the NDVI is:

NDVI = (ρt760 − ρt680)/(ρt760 + ρt680)

where:
ρt is the spectral transmittance of the respective spectral bands in the red (680 nm) and

near-infrared (760 nm) regions.

2.6. Data Processing, Gaps Filling, and Test of Significance

All the TT data were processed using Python computing language. The interpolation
technique was used to fill gaps in TT data acquisition by using the “interpolate” function
from the Pandas library. Interpolation was performed using “akima” algorithm. Moving
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average with a window of 7 days was used in this study to reduce the noise of some daily
data in the time series acquired by the TTs.

The two-sided Mann−Whitney−Wilcoxon test with Bonferroni correction was used to
compare all treatments with the control. This test is performed using “statannot” package
in Python 3.9, which has integrated statistical tests bound to scipy.stats methods. Each
boxplot consists of 4 replicates of daily value for the same pruning treatment with 7 days of
data. Thus, 28 samples in total for each box plot were provided to the algorithm to calculate
the general statistics (median, mean, and interquartile ranges) and the significance of each
treatment with respect to the control.

3. Results and Discussion

Figure 2 shows the daily mean air temperature and relative humidity, recorded by
the single TTs for each single tree, and the VPD calculated accordingly, averaged for each
treatment, in the growing seasons of 2020 and 2021. The vegetative growth of the sweet
chestnut forest, which typically begins in May [18,108], starts in both growing seasons at
a temperature of 13 ± 2 ◦C and reaches a maximum temperature of 23 ± 3 ◦C in August.
Whereas the trend of daily mean air relative humidity was different in the two seasons: the
vegetative growth in the year 2020 starts with 60 ± 2% of humidity and reaches 87 ± 3%
by the end of October, while the vegetative growth in the year 2021 starts with a higher
relative humidity of 79 ± 4% which decrease in August to 62 ± 1% and increase again to
89 ± 3%. In the first growing season (2020), the highest daily mean VPD occurred in July
with 1.07 ± 0.09 kPa, while in 2021VPD peaked with 1.25 ± 0.05 kPa in mid-August.
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Figure 2. Daily values of air temperature (A,B), relative air humidity (C,D), and vapor pressure
deficit (VPD) (E,F)of the studied trees during the two growing seasons of 2020 and 2021. Solid lines
represent daily mean values recorded by single TTs installed in the four replicates for each pruning
treatment, while the shaded area around solid lines represents the standard deviation.
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3.1. Sap Flow

Figures 3 and 4 show the results of the sap flow of trees treated with different pruning
intensities compared to the control trees (not pruned) in 2020 and 2021. High values
indicate a greater amount of water transported by trees, which is potentially transpired.
Considering the significance level α = 0.05, values of sap flow of medium and high pruning
treatments are significantly lower than control throughout the whole first growing season
(May–Sep 2020) except in October when the sap flow of all treatments is aligned, and the
difference becomes non-significant. The difference in sap flow between the control and low
pruning treatments was significant only in some periods during May and the first week of
June, while it was non-significant during the rest of the 2020 growing season. The highest
sap flow mean value for control trees was 55.38 L day−1, recorded during the 185th and the
191st day of the year (DOY) 2020, i.e., the first part of July 2020, when instead, the water
transported by trees with medium and high pruning intensity was 37.80 (mean value) and
26.72 (mean value) L day−1, respectively. These peaks of sap flow correspond to higher air
temperature and VPD (see Figure 1), which cause greater evapotranspiration, especially in
trees with denser canopies (not pruned), as confirmed by many studies in the literature
showing that vapor pressure deficit (VPD) is the key explanatory variable for sap flow for
different plant species [68,109–112].
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Figure 3. Comparing the effect of pruning treatments (low, medium, and high) with respect to control
(no pruning) on sap flow across the days of the year (DOY) during the vegetative cycle of 2020. Each
box includes daily values in the range between the 25th and 75th percentiles of seven days of the four
replications per treatment; whiskers extend to the 10th and 90th percentiles; and dots are outliers.
The yellow line in each box represents the median value, while the continuous line joins the mean
values of each box of the same treatment. The p-value of the Two-sided Mann-Whitney-Wilcoxon test
is reported above the corresponding pair of boxplots, with ns (non-significant) when p ≥ 0.05; * when
0.01 < p ≤ 0.05; ** when 0.001 < p ≤ 0.01; *** when 0.0001 < p ≤ 0.001, **** when p ≤ 0.0001.

Results in terms of r-values of the Pearson correlation between sap flow and VPD
(Table 2) show that VPD acts as the main driver of water transport in the plants for all
treatments, both in the 2020 and 2021 growing years, with an average correlation equal to
0.73 during the two growing seasons. Similar correlations between sap flow and VPD have
previously been reported for beech (0.85) in a beech-fir forest stand in the foothills of the
Black Forest in Southwest Germany [110], and in other studies investigating jujube [112],
apples [109], grapevines [113], pears (0.75) [68], and other tree species [111].
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Figure 4. Comparing the effect of pruning treatments (low, medium, and high) with respect to control
(no pruning) on sap flow across the days of the year (DOY) during the vegetative cycle of 2021. Each
box includes daily values in the range between the 25th and 75th percentiles of seven days of the four
replications per treatment; whiskers extend to the 10th and 90th percentiles, and dots are outliers.
The yellow line in each box represents the median value, while the continuous line joins the mean
values of each box of the same treatment. The p-value of the Two-sided Mann−Whitney−Wilcoxon
test is reported above the corresponding pair of boxplots, with ns (non-significant) when p ≥ 0.05;
* when 0.01 < p ≤ 0.05; ** when 0.001 < p ≤ 0.01; *** when 0.0001 < p ≤ 0.001, **** when p ≤ 0.0001.

Table 2. Pearson correlation coefficients (r-values) between sap flow and VPD during the two growing
seasons assessed by comparing the average daily VPD and sap flow values for each treatment on the
sample days.

Date
Control (No Pruning) Low Pruning Medium Pruning Intense Pruning

2020 2021 2020 2021 2020 2021 2020 2021

1st May 0.89 0.62 0.88 0.72 0.79 0.68 0.73 0.74
15th May 0.75 0.83 0.89 0.85 0.72 0.76 0.78 0.73
1st June 0.81 0.68 0.87 0.79 0.83 0.89 0.82 0.76

15th June 0.79 0.70 0.81 0.73 0.82 0.92 0.81 0.75
1st July 0.89 0.67 0.92 0.79 0.88 0.73 0.60 0.70

15th July 0.83 0.58 0.86 0.66 0.82 0.79 0.64 0.69
1st August 0.87 0.69 0.92 0.70 0.78 0.77 0.54 0.76

15th August 0.90 0.77 0.91 0.64 0.78 0.79 0.52 0.71
1st September 0.73 0.86 0.83 0.70 0.81 0.64 0.85 0.69

15th September 0.85 0.61 0.86 0.59 0.85 0.65 0.72 0.63
1st October 0.74 0.64 0.56 0.59 0.62 0.60 0.70 0.60

15th October 0.70 0.58 0.59 0.54 0.64 0.56 0.62 0.56

Sap flow mean values observed in this study for not pruned trees varied between 42
and 55 L day−1 in July and August 2020, compared to 27–38 L day−1 and 24.5–27 L day−1 in
trees treated with medium and high pruning, respectively, and dropped to 20.15 L day−1 in
October with the senescence of the leaves, almost equal to the amount of water transpired
by pruned trees. A similar trend for not pruned trees is observed by Magh et al. [110], who
measured with the same thermal-based method a sap flow for European beech of 42, 74,
and 19 L per day in May, July, and October, respectively. Instead, the reduction of sap flow
in pruned trees compared to not pruned was similarly found in the literature, with some
studies showing reduced transpiration by 12% in Eucalyptus [38] and 38% in wild cherry



Forests 2024, 15, 1579 12 of 21

plantations [39] in the months just after the removal through pruning of vegetative parts of
the tree, which has the direct effect of reducing the leaf area available for photosynthesis
and transpiration [33,37,40].

According to the two-sided Mann−Whitney−Wilcoxon test, the difference between
the control and all pruning treatments remained almost always non-significant throughout
the whole 2021 growing season, with some exceptions for medium and high pruning
during May and the beginning of June, with a mean value of sap flow ranging from 19
to 67 L day−1 for all trees. Interestingly, trees that went through high-intensity pruning
showed high sap flow conductivity at the beginning of the second growing season (2021)
compared to other treatments. A vigorous restart of the sap flow could be interpreted
as a response in terms of vegetative growth of compensatory mechanisms to pruning, as
also demonstrated by [114–116], who showed that after pruning, there is a mobilization
of stored carbohydrates with changes in biomass allocation toward the tissue types that
were lost, in this case, leaves and branches, with enhanced photosynthetic activity of the
remaining leaves, ultimately posing a positive impact on carbon assimilation.

It is clear from these results that in the vegetative cycle of 2020, trees with more intense
pruning require less water (21.4 L day−1 in July and 24.8 L day−1 in August) than control
trees, which showed a greater amount of water transported with the highest mean value
of about 55 L day−1 in July. At the end of the vegetative period (starting from September
2020), with the senescence of the leaves, the amount of water uptake by all treatments was
aligned with the control. After one growing year, trees with different pruning intensities
regained their potential and vigor to transport water across the stem equal to that of not
pruned trees, with mean values of sap flow for all the trees that ranged between 27 and
67 L day−1 in May–August 2021 and no significant difference during the entire vegetative
cycle 2021.

These findings clearly demonstrate that pruning treatment initially affects the sap flow,
with a reduction in water use in the trees during the first months after woody removal,
which, however, regains usual values at the end of the first growing season and completely
realign during the following year. Studies in the literature, in fact, show that pruned trees
mostly rebuilt their crowns after a year of development [115,117].

Interestingly, restrained water use as an effect of the pruning treatment could also
be applied as a potential climate change adaptation strategy in chestnut forests devoted
to fruit production, as already demonstrated in the literature for vineyards [118] and
other crops [119]. In fact, the limited water requirement controlled by pruning during the
dormancy period can strengthen the ability of chestnut trees to cope with intense drought
periods during the growing season, which is expected to increase in frequency and length
under future climate scenarios, especially in the Mediterranean region (IPCC, 2022).

3.2. Net Primary Productivity

Figures 5 and 6 show the comparison of net primary productivity expressed as daily
g of carbon absorbed per square meter of canopy by trees subject to different pruning
intensities in 2020 and 2021. High values indicate a greater plant capacity to sequester
carbon per unit of the crown surface. Considering α = 0.05, in the period May–June–July
of the first growing season (2020) after pruning, values of NPP of low, medium, and high
pruning treatments remained significantly lower than the control, while in August 2020,
trees subjected to low pruning treatment increased their carbon sequestration capacity,
and the difference became non-significant between low pruning treatment and control. In
September–October 2020, the NPP of all pruning treatments aligned, and their differences
were mostly non-significant when compared to the control. The highest daily mean NPP
ranges between 5.5 and 5.7 g C day−1 per m2 of canopy were recorded for not pruned trees
in July, compared to values between 3 and 4.5 g C day−1 per m2 of canopy in the same
period for pruned trees. Then, NPP was reduced to the range of 0.16–1.12 g C day−1 per
m2 of canopy at the end of the 2020 growing season for all the treatments.
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Figure 5. Comparing the effect of pruning treatments (low, medium, and high) with respect to the
control (no pruning) on carbon absorbed by the canopy across the days of the year (DOY) during
the vegetative cycle of 2020. Each box includes daily values in the range between the 25th and 75th
percentiles of seven days of the four replications per treatment; whiskers extend to the 10th and 90th
percentiles, and dots are outliers. The yellow line in each box represents the median value, while
the continuous line joins the mean values of each box of the same treatment. The p-value of the
Two-sided Mann−Whitney−Wilcoxon test is reported above the corresponding pair of boxplots,
with ns (non-significant) when p ≥ 0.05; * when 0.01 < p ≤ 0.05; ** when 0.001 < p ≤ 0.01; *** when
0.0001 < p ≤ 0.001, **** when p ≤ 0.0001.

The variability of NPP data is higher in 2021 compared to 2020, showing that the
carbon sequestration potential of chestnut trees was not influenced by the intensity of
pruning one year after the pruning treatment. In fact, the difference in NPP remained
non-significant throughout the second growing season (2021), when the highest daily
mean value of 6.34 g C day−1 per m2 of canopy was recorded in July. It is worth noting
that trees not pruned, having maintained a denser canopy, show on average, a greater
capacity to sequester carbon just after pruning; conversely, the trees with high intensity
of pruning, having undergone a drastic reduction of the canopy, initially show a reduced
capacity to sequester carbon, which they, however, recover starting in July/August, with
the maximum growth of the canopy. Then, from mid-September and continuing in the
subsequent vegetative year, all treatments align their NPP and show intense photosynthetic
activity and thus a high carbon sequestration potential.

NPP values resulting in this study from the application of a LUE model based on APAR
measured by the single TTs are in line with those reported in studies in the literature that
modeled an NPP of 0.36 kg C m−2 yr−1 for chestnut stands in Tuscany region of Italy [120],
0.47 kg C m−2 yr−1 for Italian chestnut forests [121] and between 0.66 kg C m−2 yr−1 and
0.92 kg C m−2 yr−1 from 2000 to 2015 for the sweet chestnut in Iberian Peninsula [72].
In fact, the cumulative NPP measured in this study in the investigated chestnut forest is
0.68 kg C m−2 for the control trees and 0.56 kg C m−2, 0.44 kg C m−2, 0.47 kg C m−2 for
the low, medium, and high-pruned trees, respectively, for the period from May to October
2020, and in the range between 0.60 and 0.84 kg C m−2 for all treatments in the period
May-October 2021. These findings demonstrate that despite pruning affects productivity in
the subsequent months, reducing in the short term up to 36% the NPP of medium-pruned
trees compared to those not pruned, this management practice does not compromise the
carbon sink capacity of chestnut trees, which although pruned remains in the range of the
NPP expected in similar forests in the Mediterranean [72,120], particularly considering also
that NPP values recorded in this study are referred not to the entire year but only to the
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months from May to October, which however are the ones during which the great part of
the annual photosynthetic activity occurs. Moreover, one year after the pruning treatment,
the NPP values of both pruned and not pruned trees equal the higher values in the range
reported for similar forests in the Mediterranean [72,120], confirming that trees mostly
rebuilt their crowns after a year of development [115,117].
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Figure 6. Comparing the effect of pruning treatments (low, medium, and high) with respect to the
control (no pruning) on carbon absorbed by the canopy across the days of the year (DOY) during
the vegetative cycle of 2021. Each box includes daily values in the range between the 25th and 75th
percentiles of seven days of the four replications per treatment; whiskers extend to the 10th and
90th percentiles; and dots are outliers. The yellow line in each box represents the median value,
while the continuous line joins the mean values of each box of the same treatment. The p-value of
the Two-sided Mann-Whitney-Wilcoxon test is reported above the corresponding pair of boxplots,
with ns (non-significant) when p ≥ 0.05; * when 0.01 < p ≤ 0.05; ** when 0.001 < p ≤ 0.01; *** when
0.0001 < p ≤ 0.001, **** when p ≤ 0.0001.

The findings of this study demonstrate that the pruning treatment, while ensuring the
recovery of chestnut trees for fruit production, initially entails a reduction in the carbon sink
function of the chestnut forests in the months immediately after pruning. However, this ini-
tial disadvantage is rapidly and completely regained by the end of the first growing season,
when the pruned trees show the same capacity as not pruned trees to remove and store
carbon dioxide. Thus, this confirms the potential of forest and perennial woody land cover
to provide multiple benefits both in terms of food and wood production as well as in terms
of carbon sink and stock contributing to the climate change mitigation targets [122–124], as
already demonstrated in some studies in the literature [114,116,125–132].

3.3. NDVI and Foliage Health

The NDVI, which expresses the canopy greenness index, clearly showed major differ-
ences due to the different canopy structures obtained under diverse pruning treatments
(Figure 7). At the beginning of May 2020, trees that were subjected to low, medium, and
high pruning showed NDVI values close to zero, meaning that trees were almost with no
or few green leaves, compared to not pruned trees, showed in the same period mean NDVI
value of 0.23 due to fact that they maintained a more extended canopy able to reach a high
density of green leaves since the beginning of the spring growing period.
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lines represent daily mean values recorded by single TTs installed in the four replicates for each
pruning treatment, while shaded areas around solid lines represent standard deviation.

During May–June–July 2020, the NDVI of control (not pruned) trees was still signif-
icantly higher than that of medium- and high-pruned trees, indicating that control trees
showed an obviously denser green coloration of the foliage. At the end of May 2020 not,
pruned trees showed a daily mean NDVI value of 0.56, while highly pruned trees, having
undergone a drastic reduction of the canopy, first showed a less green color of the canopy
with a daily mean NDVI of 0.02 (absence/few leaves), which they however recovered
starting from July-August 2020, with the maximum growth of the canopy. In fact, at the
beginning of August 2020, the daily mean NDVI of the control, low, medium, and highly
pruned trees were 0.7, 0.55, 0.43, and 0.27, respectively. As a deciduous tree species, chest-
nut starts senescence of the leaves with the onset of autumn, and accordingly, NDVI started
decreasing toward lower values 0.1 recorded during October 2020 for all treatments.

What is interesting to note is that at the end of the first growing season (October
2020) and continuing to the second season (2021), the NDVI values of all the treatments
aligned with each other with no significant difference between them, showing that the
effect of pruning on the canopy is completely recovered at the end of the first vegetative
cycle after pruning. In fact, in the second growing season (2021), although the change from
spring to autumn was more evident, the difference between treatments was non-significant
throughout the whole year. This confirms that pruned trees mostly rebuilt their crowns
after a year of development, as has been widely demonstrated in the literature [115,117].
The NDVI curve from spring to autumn, representing a brown-green-brown canopy, was
aligned with similar results observed using remote sensing for chestnut forests in Eu-
rope [133,134], although other spectral indexes, such as the Gitelson-Merzlyak chlorophyll
index (R(NIR)/R700) or the green normalized difference vegetation index, could provide
more refined results [135].

4. Conclusions

Pruning treatments applied to recover an abandoned chestnut forest in the Apennine
of central Italy, besides allowing a combination of fruit production and ecosystem services
provision, showed relevant effects on the trees’ ecophysiology, especially in the months
just after the treatment. IoT sensors combined with Tree Talker devices were able to detect
notable findings during the first growing season after pruning. These include a reduction
in water use, especially in trees subjected to medium and high pruning treatments, along
with a decrease in the carbon sink function, generally with no significant difference among
the three tested pruning intensities. However, this study demonstrates and confirms that
pruned trees regain the usual values of sap flow and carbon sink at the end of the first
growing season and completely realign during the following year, showing that the effect of
pruning on the canopy is completely recovered at the end of the first vegetative cycle after
pruning, as also confirmed by NDVI values. As such, the initial disadvantage of carbon
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sequestration resulting from pruning treatments is swiftly remedied against the advantage
of fostering the recovery of chestnut trees for fruit production. Furthermore, the controlled
water requirements facilitated by pruning represent a potential climate change adaptation
strategy for chestnut forests. This aspect strengthens the resilience of chestnut trees against
prolonged and intensified drought periods during the growing season, which is projected
to increase in frequency and duration under future climate scenarios, particularly in the
Mediterranean region.
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