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Abstract

Climate change is increasingly exposing sweet chestnut (Castanea sativa Mill.) to more fre-
quent and prolonged drought events, which can compromise growth and nut production,
particularly in Mediterranean environments. Understanding how trees respond physio-
logically to ecological and environmental constraints requires a detailed analysis of their
architectures. The aim of this study was to investigate how the shoot vigour and leaf
water status of mature chestnut trees vary with height within the canopy. Three mature
chestnut trees with distinct crown architectures were selected in a traditional chestnut
orchard in Central Italy; the differences in crown structure reflected individual tree devel-
opment under comparable pruning practices. Morphological traits, leaf water status, and
physiological parameters related to chlorophyll were measured directly within the canopy
by professional tree climbers, allowing access to both lower and upper shoots during the
growing season of 2020. One tree, called “Tree 1,” characterised by low bifurcation, with
all epicormic shoot cluster (complexes) located on the two main branches and none on
the main stem, showed partial vertical differences, mainly in water status and chlorophyll
traits. “Tree 2”, characterised by high bifurcation and shoots running along the main stem,
exhibited clear vertical gradients: lower-canopy shoots had larger leaf areas and more
dry mass, higher relative water content, and better photosynthetic performance index
e values than upper shoots. At the end, “Tree 3”, with the same architecture as Tree 1,
displayed no consistent vertical trends. These findings indicate that individual tree archi-
tecture modulates hydraulic constraints and shoot vigour, even in hydraulically efficient
epicormic branches. Although canopy access constraints limited the number of trees and
measurements, this study—among the few to conduct in-canopy measurements on large,
mature trees—provides valuable guidance for pruning and crown management, suggesting
that lowering and simplifying the crown can enhance water-use efficiency, shoot vigour,
and drought resilience in traditional and low-input chestnut orchards.

Keywords: canopy architecture; shoot vigour; hydraulic function; leaf water status; photo-
synthetic performance; vertical gradients; crown management

1. Introduction
Castanea sativa Mill., commonly known as sweet chestnut, is widespread throughout

Europe and Western Asia and has historically been valued for its use in both timber and
nut production [1]. The species has a long history of active cultivation, which has led to its
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current establishment on sites characterised by a minimum rainfall that ranges between 600
and 800 mm and a mean annual temperature range of 8–15 ◦C across Central Europe [2].
In Europe, more than 2.5 million hectares are covered by chestnut forests, existing in
natural, semi-natural, and managed stands—including orchards and plantations—where
appropriate silvicultural practices are applied to sustain high levels of wood and fruit
production. The Mediterranean basin represents the core cultivation area in Europe, with
89% of the distribution area concentrated in France and Italy, followed by Spain, Portugal,
and Switzerland [2]. In Italy, chestnut forests occupy 778.475 ha [3] and have historically
served as an essential economic resource for rural communities in the Apennine regions,
where chestnut cultivation aimed at wood or nut production is deeply rooted in local
tradition [4]. However, in recent years and with increasing frequency, field experience
has shown numerous chestnut trees exhibiting desiccation in the upper branches of the
canopy. In fact, recent studies have shown that climate change is increasingly exposing
chestnut trees, growing in mountainous and hilly areas, to more frequent and prolonged
drought events, whereas water availability was rarely a limiting factor in the past cen-
tury [5–7]. Rising summer temperatures, reduced annual precipitation, and altered rainfall
distribution are now negatively affecting the productivity of traditional rainfed chestnut
orchards [5]. In particular, rainfall reduction during the summer and autumn has become a
major constraint for chestnut growth and nut production, leading to significant economic
losses for producers [8,9]. Overall, there is accumulating evidence indicating that chestnut
is highly sensitive to summer droughts, which have become some of the primary threats
causing substantial and often unexpected production losses in arid and semi-arid areas,
including the Mediterranean region [10,11]. The vulnerability of Mediterranean systems
to water scarcity is predicted to increase in the near future as a consequence of greater
inter-annual rainfall variability and a greater frequency and intensity of extreme events
such as droughts and heat waves [12,13]. In this context, the identification and implemen-
tation of adaptation aimed at enhancing the resilience of chestnut trees to water scarcity
should be a key priority to maintain both the quality and quantity of production and
protect water resources [13]. For these reasons and to increase production to answer the
rising demand for sweet chestnut in Europe, some management practices are becoming
essential [10]. These practices include fertilization, irrigation, and pruning [14]. While
pruning has always been practised, today, it is complemented by mineral fertilisation and
irrigation, mainly in more intensive systems to improve tree performance and nut qual-
ity [15–17]. However, traditionally managed chestnut orchards are an open forest habitat of
anthropogenic origin characterised by a low-intensity management regime [18]. In fact, in
the Mediterranean climate, spring precipitation is highly irregular, which makes it difficult
to establish a fertilization program for chestnut orchards and, in particular, determine
the best time to apply fertilizers [16]. In addition, irrigation is still barely employed in
chestnut orchards due to many difficulties, like shortages of water (e.g., from artificial
lakes or water reservoirs) for irrigation in typical chestnut cultivation areas (i.e., mountain-
hills areas) [15]. Given these emerging constraints, it is therefore necessary to reconsider
pruning strategies and canopy management techniques in chestnut orchards to improve
water-use efficiency and enhance the trees’ resilience to drought stress. Understanding
how trees respond physiologically to ecological and environmental constraints requires a
detailed analysis of their structural properties. As known from the literature, as a tree’s
height increases, its vertical structure imposes critical challenges for hydraulic functioning,
as water must be transported over long xylem pathways to supply leaves at different
heights [19,20]. According to the “hydraulic limitation hypothesis,” increasing tree height
increases hydraulic resistance, potentially reducing leaf-specific hydraulic conductance,
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stomatal conductance, and photosynthetic rates in upper-canopy leaves relative to those in
lower canopy positions [21].

In this study, using tree architectures, we investigated how shoot vigour, leaf moisture,
and chlorophyll traits of mature chestnut trees vary with height within the canopy using
direct canopy access via tree climbing, an approach rarely applied to large, mature fruit trees.
We hypothesised that lower and upper shoots differentiate such traits due to their positions
within the canopy and, consequently, different exposure to environmental constraints.
Specifically, under comparable light conditions, we expected lower shoots to display more
favourable water statuses than those positioned in the upper canopy due to reduced
hydraulic path length and lower tension along the soil–plant–atmosphere continuum.

2. Materials and Methods
2.1. Experimental Site

The experimental site is in an area in the upper valley of the Serchio river called
Garfagnana, situated in north-west Tuscany in the province of Lucca in Central Italy. It
is enclosed by two mountain ranges, which are significantly different from each other:
the Apuan Alps in the West, facing the Tyrrhenian coast, and the Apennines in the east.
The natural landscape of the valley is dominated primarily by chestnut (Castanea sativa
Mill.) at up to approximately 1000 m a.s.l. Within this lower zone, Turkey oak (Quercus
cerris L.) occurs sporadically, and hornbeam stands (Ostrya carpinifolia Scop. and Carpinus
betulus L.) are occasionally present. In some places, there are large patches of invasive
Robinia pseudoacacia L. At higher elevations, beech forests (Fagus sylvatica L.) predominate,
extending up to about 1600 m a.s.l. On the western side of the valley, the proximity to
the sea supports an Apuan flora that includes both alpine and Mediterranean elements.
In this study, the chestnut orchard in Gello (Media Valle, right side of the Serchio Valley)
(43◦57′57.66′′ N, 10◦27′0.03′′ E) was selected. It is a chestnut orchard that was recently
restored after a period of abandonment in a flat area. The mean annual temperature in
the area ranges from −4.4 to 20.9 ◦C, and the mean annual precipitation ranges from 481.6
to 2449.0 mm. During the summer in which the study was conducted, the Standardized
Precipitation-Evapotranspiration Index (SPEI) was estimated to be 0.1 (https://climatedt.
org/), indicating wet conditions and the absence of drought conditions. Soils vary from
tropical red soils with low organic matter content to brown soils with high organic matter
content. The chestnut orchard has a density of 120–130 trees/ha. All the trees were grafted
at a young stage using the same local cultivar, “Carpinese,” and are estimated to be between
80 and 150 years old, with diameters ranging from 50 to 90 cm and heights of 15 to 20 m.

2.2. Experimental Design, Sampling and Measurement

The investigation was conducted on three healthy mature trees, i.e., those that did
not show symptoms of disease or pest attacks during the growing season. On each tree,
all the measurements were performed on a variable number of epicormic complexes. In
this study, the term epicormic complex refers to a cluster of orthotropic shoots originating
from dormant buds that were activated following moderate/severe pruning [22]. Each
complex consisted of two or more vertically oriented 1-year-old shoots emerging from the
same trunk zone as a direct response to the same pruning intervention. Shoots had the
same origin; they were characterised by ontogenetic juvenility and showed no variability
in terms of physiological status. For this reason, epicormic complexes (hereafter referred
to as “complexes”) were used as consistent and comparable sampling units for assessing
differences between canopy levels. Tree 1, Tree 2, and Tree 3 were individuals representing
the two most common architectural types in the area. Trees 1 and 3 exhibited low bifurcation,
with all complexes located on the two main branches and none on the main stem. In
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contrast, Tree 2 displayed high bifurcation and additional complexes along the main stem.
Specifically, Tree 1 consisted of two branches, each bearing four complexes; Tree 2 had two
branches plus complexes on the main stem; and Tree 3 had two branches, each with three
complexes (Table 1).

Table 1. Architectures of the investigated trees, detailing the number of branches and of the complex
within each branch, the height of the complex, and the length of the shoot.

Tree Branch Complex Complex
Height (m)

Shoot Length
(cm)

Mean st. er

1

1

1 10.17 52.83 ± 13.70
2 8.60 44.50 ± 2.76
3 6.53 42.17 ± 10.45
4 6.23 44.50 ± 8.92

2

5 11.13 44.75 ± 8.61
6 10.57 41.00 ± 5.01
7 7.30 57.44 ± 7.83
8 5.72 56.25 ± 11.75

2

1
1 12.25 25.50 ± 1.87
2 11.94 68.20 ± 11.81

2
3 10.48 18.25 ± 5.29
4 9.41 37.60 ± 6.03

3
(main stem)

5 7.84 55.33 ± 3.92
6 4.88 58.67 ± 7.06
7 3.97 55.50 ± 5.92
8 2.57 74.50 ± 20.58

3

1
1 11.10 34.17 ± 9.47
2 7.83 64.00 ± 9.10
3 5.01 44.00 ± 11.02

2
4 11.16 33.50 ± 6.34
5 6.55 39.50 ± 2.84
6 6.21 63.00 ± 8.90

Complexes were characterised according to height, namely, the distance from the
ground. For each tree, complexes were classified as either “upper” or “lower” based on
this measurement. Specifically, upper complexes were those located above 10 m from the
ground, whereas lower complexes were those positioned below 10 m. The length of each
shoot in each complex was measured at DOY 218, when shoot elongation was completed
(Table 1). A total of 91 shoots were taken into account and measured. Then, the leaves of
the complexes were characterised in terms of morphology, leaf moisture, and chlorophyll
traits. The performance at the complex level was monitored from June to September 2020,
from Day of Year (DOY) 176 to DOY 260 for each tree. As the trees were tall (20–25 m), all
the field measurements described were carried out by a tree climber.

2.2.1. Leaf Morphology

Three fully expanded leaves were randomly selected in each complex using destructive
harvest during the survey at the beginning and end of the investigation period on DOY 176
and DOY 260. Leaf area was measured by selecting three leaves of different sizes (large,
medium, and small) from a single complex at both time points. Immediately after being
harvested, the leaves were weighed to prevent water loss and obtain the fresh mass (FM).
Subsequently, leaves were immersed in water for 48 h to determine the fresh mass at full
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turgor (TM). After that, leaves were placed in an oven at a temperature of 75 ◦C until
a constant dry mass (DM) was achieved. The leaf area (LA cm2) was determined using
Im [23]. Finally, the sclerophyll indices were calculated:

Specific Leaf Area (SLA) = LA/DM

Leaf tissue density (D) = (DM/FM) × 1000

2.2.2. Leaf Moisture Indices

The leaf moisture indices were calculated using the same leaves and on the same date:

Relative water content (RWC) = (FM − DM)/(TM − DM) × 100

Succulence (S) = (FM − DM)/LA

Water content at saturation (WCS) = (TM − FM)/DM

Water saturation deficit (WSD) = (TM − FM)/TM − DM) × 100

2.2.3. Chlorophyll Traits

The total leaf chlorophyll content was estimated and chlorophyll fluorescence was
measured on one fully expanded and exposed sun leaf from each shoot in each complex
on the trees at DOY 176, 199, 218, 238, and 260. The chlorophyll content was estimated by
using the SPAD (The Soil Plant Analysis Development) meter (Minolta-502), a hand-held
chlorophyll meter that absorbs light wavelengths of 430–750 nm as it passes through leaves.
Chlorophyll fluorescence was measured with a Hansatech Handy Plant Efficiency Analyzer
(Handy PEA, Hansatech Instruments, King’s Lynn, Norfolk, UK). Chlorophyll fluorescence
was determined per complex on three leaves placed in the dark for 40 min using a clasp.

2.2.4. Statistical Analysis

Descriptive statistics, including means and standard errors, were calculated for all
measured parameters. The normality of the data distribution was assessed using the
Shapiro–Wilk test, and homogeneity of variances was evaluated with Levene’s test. One-
way ANOVA was conducted to examine the effects of shoot complexes height on leaf
morphology, water-related indices, and physiological traits. When significant differences
were detected, pairwise comparisons were performed using Tukey’s post hoc test at a sig-
nificance level of 0.05. All statistical analyses were carried out using OriginPro 8 (OriginLab
Corporation, Northampton, UK).

3. Results
3.1. Leaf Morphology

The three trees showed distinct patterns in relation to height (Figure 1). Tree 1 dis-
played significant differences in SLA between the upper and lower complexes on DOY 260,
with higher values in the lower complexes than in the upper ones. Tree 2 showed greater
DM and LA in the lower complexes compared to the upper ones. Conversely, Tree 3 had
greater DM and LA in the upper complexes than in the lower ones.

3.2. Leaf Moisture Indices

Regarding the leaf moisture indices, Tree 1 and Tree 2 showed higher RWC in the lower
complexes than in the upper ones on DOY 260. On the same date, Tree 2 exhibited higher
WSD values in the upper complexes than in the lower ones. No significant differences
between lower and upper complexes were observed for Tree 3 (Figure 2).
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Figure 1. Box plots of dry mass (DM, g), leaf area (LA, cm2), specific leaf area (SLA, cm2/g), and leaf
tissue density (D) for each tree on DOY 176 and DOY 260. Grey boxes indicate the lower complexes,
and red boxes indicate the upper complexes. The box represents the interquartile range, containing
the middle 50% of the data between the first and third quartiles; the whiskers show the minimum and
maximum values that fall within 1.5 times the interquartile range from the quartiles; the horizontal
line inside the box indicates the median (50th percentile) of the data; and the “x” symbol represents
the mean value of the dataset. The effect of height was assessed using one-way ANOVA. Significance
level of p < 0.05 (*) was used.

Figure 2. Effects of height class (lower vs. upper) on leaf moisture indices of three trees measured
at two time points (DOY 176 and DOY 260). Boxplots represent relative water content (RWC%),
succulence (S mg H2O cm2), water content at saturation (WCS g H2O g−1 DM), and water saturation
deficit (WSD %) for each tree. Grey boxes indicate the lower complexes, and red boxes indicate the
upper complexes. The box represents the interquartile range, containing the middle 50% of the data
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between the first and third quartiles; the whiskers show the minimum and maximum values that fall
within 1.5 times the interquartile range from the quartiles; the horizontal line inside the box indicates
the median (50th percentile) of the data; and the “x” symbol represents the mean value of the dataset.
The effect of height was assessed using one-way ANOVA. Significance was set at p < 0.05 (*).

3.3. Chlorophyll Traits

SPAD values were higher in the upper complexes on DOY 218 in Tree 1, whereas
Fv/Fm was higher in the lower complexes on DOY 218 and 238 for Tree1 and Tree 3
(Figure 3). Tree 2 showed higher SPAD values in the lower complexes from DOY 176 to
DOY 218, as well as a higher PiABS on DOY 199, at the same canopy level (Figure 3).

Figure 3. Effects of height class (lower vs. upper) on leaf physiology of three trees measured at five
time points (DOY 176, 199, 218, 238, and 260). Boxplots represent chlorophyll index (SPAD), the ratio
of the variable to maximum fluorescence (Fv/FM), and the performance index for photosynthesis
(PiABS) for each tree. Grey boxes indicate the lower complexes, and red boxes indicate the upper
complexes. The box represents the interquartile range, containing the middle 50% of the data between
the first and third quartiles; the whiskers show the minimum and maximum values that fall within
1.5 times the interquartile range from the quartiles; the horizontal line inside the box indicates the
median (50th percentile) of the data; and the “x” symbol represents the mean value of the dataset.
The effect of height was assessed via one-way ANOVA. Significance level of p < 0.05 (*) was used.

4. Discussion
To our knowledge, this is the first study in which detailed morphological and phys-

iological measurements of large, mature chestnut trees were performed directly within
the canopy—made possible only through professional tree climbing—providing height-
specific, in-canopy data that can offer practical, evidence-based guidance for pruning and
crown management for traditional fruit orchards. The insights derived from this work
are intended to provide practical, concrete, and applicable guidance for chestnut forest
managers and pruning specialists. Overall, the measured morphological and physiological
parameters did not reveal signs of stress in any of the investigated trees, as all values
fell within ranges commonly associated with non-stressed conditions; this was expected
given the climatic conditions in the study area during the year of investigation. The results
indicated that the initial hypothesis was supported by Tree 2, partially supported by Tree
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1, and not supported by Tree 3, highlighting the critical role of individual crown architec-
ture in modulating hydraulic and physiological responses [24]. However, these results
refer to non-stress environmental conditions and may differ under arid or drought-stress
conditions. Tree 2, characterised by high bifurcation and the presence of lower clusters of
replacement shoots along the main stem, showed a clear vertical gradient consistent across
morphologies, water relations, and physiological traits. Lower-canopy epicormic shoots
exhibited larger leaf area (LA) values, greater dry mass (DM), higher relative water content
(RWC), and lower water saturation deficit (WSD), while upper-canopy shoots experienced
hydraulic limitation and reduced physiological performance. Under drier or drought-stress
conditions, the vertical gradient observed in Tree 2 may become more pronounced. Re-
duced soil water availability and increased evaporative demand could further exacerbate
height-related hydraulic constraints, leading to stronger reductions in water status and
physiological performance. Conversely, lower shoots, with shorter hydraulic pathways
and closer connections to the main stem, may maintain comparatively better hydration and
function. Such conditions are expected to reinforce the vertical differentiation observed
under non-stress conditions. Tree 1, with low bifurcation and complexes restricted to
the main branches, showed weaker vertical differentiation, with limited morphological
differences (SLA) and a moderate advantage in water status (RWC) and photochemical
efficiency (Fv/Fm) for lower-canopy shoots. This indicates a more homogeneous hydraulic
architecture, in which height-related constraints are partially buffered. These results align
with the concept that epicormic shoots may maintain relatively high hydraulic conductivity
by connecting directly to lower-order axes with higher conductive capacity, such as the
main stem, thereby shortening the length of the hydraulic path to the leaves [25]. However,
our findings suggest there are different hydraulic strategies along the vertical profile of the
tree: for Tree 2, shoot height from the ground clearly influenced shoot vigour. Increasing
height still imposes hydraulic constraints, limiting leaf morphology, RWC, and chlorophyll
traits, despite architectural compensation mechanisms. Tree 3, despite a similar degree of
low bifurcation, did not show consistent vertical patterns in terms of morphology, water
relations, or physiology, indicating an even more uniform water distribution within the
crown, possibly due to differences in branch arrangement or hydraulic integration.

Therefore, if lower complexes show improved water relations, this will provide a
strong rationale for developing pruning strategies aimed at lowering and re-structuring tree
crowns to enhance tree vigour, improve canopy architecture, maximise fruit production, and
increase chestnut trees’ resilience to climate-change-induced drought. Overall, these initial
results suggest that parties implementing pruning and canopy management strategies in
chestnut orchards should consider tree-specific architectures: for trees resembling Tree
2, lowering the crown could enhance water relations and physiological performance,
improving vigour and fruit production.

5. Conclusions
The investigation of morphological, physiological, and water-related traits of mature

chestnut trees at different heights within the canopy necessarily requires the use of pro-
fessional tree climbers. This methodological constraint inevitably limits both the number
of measurements that can be performed and the number of individual trees that can be
included, due to time and economic considerations. Therefore, in this study, the sample
size of plant replicates was relatively small, constraining the extent to which the observed
vertical patterns can be generalised or linked to specific architectural types. The observed
patterns should be interpreted with caution when extrapolating them to broader popu-
lations or different environmental contexts. Therefore, the results should be regarded as
exploratory and indicative of potential relationships between individual tree architectures
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and hydraulic or physiological function rather than as definitive evidence. Further inves-
tigations involving a larger number of trees within each architectural configuration and
conducted across contrasting environmental conditions will be necessary to validate and
extend these findings. Nevertheless, despite these constraints, the results provide valuable
insights into within-canopy variability in adult sweet chestnut trees, a level of detail that
can hardly be achieved in field studies of mature orchard systems. From a practical point of
view, the observed height-related differences in hydraulic and physiological performance,
particularly in relation to individual tree architecture, provide important insights regarding
pruning strategies and canopy management in extensive chestnut orchards. Therefore, this
study highlights that vertical variation in leaf morphology, water relations, and physiology
is tree-specific, largely modulated by architectural traits, and provides a scientific rationale
for adaptive pruning and canopy management strategies aimed at enhancing drought
resilience and sustaining chestnut productivity under Mediterranean conditions.
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