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Abstract: Forest health and multifunctionality are threatened by global challenges such as climate
change. Forest health is currently assessed within the pan-European ICP Forests (International Co-
operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests) programme
through the evaluation of tree crown conditions (defoliation). This paper analyses the results of a
24-year assessment carried out in Italy on 253 permanent plots distributed across the whole forested
area. The results evidenced a substantial stability of crown conditions at the national level, according
to the usual defoliation thresholds Defoliation > 25% and Defoliation > 60%, albeit with species-
specific patterns. Within this apparent temporal stability, an increased fraction of extremely defoliated
and dead trees was observed. Extreme defoliation mostly occurred in years with severe summer
drought, whereas mortality was higher in the years after the drought. The results for singular species
evidenced critical conditions for Castanea sativa Mill. and Pinus species, whereas Quercus species
showed a progressive decrease in defoliation. Deciduous species, such as Fagus sylvatica L., Ostrya
carpinifolia Scop. and Quercus pubescens Willd. suffer the loss of leaves in dry years as a strategy to
limit water loss by transpiration but recover their crown in the following years. The recurrence of
extreme heat waves and drought from the beginning of the XXI century may increase the vulnerability
of forests, and increased tree mortality can be expected in the future.

Keywords: crown conditions; delayed mortality; heat and drought waves; long-term monitoring;
ICP Forests; crown recovery

1. Introduction

Crown defoliation is the most widespread parameter to assess the health and vitality
of forest trees in worldwide monitoring programmes [1]. Defoliation is an unspecific
parameter, integrating the intrinsic genetic variability of trees, site effects (soil fertility,
climatic features, structure and composition of the forest stand) and external factors such
as abiotic and biotic stresses [2,3]. The real significance of defoliation and its consequences
on physiological functioning and growth, however, is not clear, although several studies
have addressed this issue, often reaching contrasting results [4–8]. Defoliation is not
necessarily equivalent to physiological damage and can be considered indicative of the
dynamic equilibrium of a tree in its own environment, and we assume that the physiological
responses may depend not only on the levels of defoliation itself, but also on year-by-year
differences and species-specific strategies to cope with stress. The levels and fluctuation of
tree defoliation at European levels are published and commented yearly in the ICP Forests
Reports [9].
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In recent years, attention was devoted to increased tree mortality at the world level,
as a complex phenomenon connected to climate change [10,11]. Tree mortality is an es-
sential ecological function that regulates the demographic processes within populations
and communities [12,13]. In non-disturbed conditions, tree mortality is a consequence of
competition processes and ageing, while occasional forest disturbances, such as fire, wind-
storms and droughts, and their combination can promote large-scale tree mortality [14].
Tree mortality induces dynamic changes in the structure and composition of forest stands,
allowing the maintenance of the diversity and efficiency of forests and assuring in the long
period their multifunctionality and provision of ecosystem services.

Climate change is expected to increase the rate of tree mortality and canopy dieback
through the recurrence of catastrophic events (extreme heat and drought waves, wind-
storms, etc.) that weaken trees, making them vulnerable to the attacks of pests or fungal
diseases that often represent the ultimate cause of tree death [15,16]. Widespread crown
defoliation and mortality affect ecosystem functions and services at different levels: pro-
visioning (loss of forest products), regulating (climate and water regulation) and cultural
services (changes in landscape features and perception), as well as a loss of biodiversity
and change in specific composition in the understorey and at the soil level.

Mitigation and recovery strategies require measures of proactive silviculture, includ-
ing a controlled substitution of species according to the principles of assisted migration [17].
In this perspective, it is necessary to know the incidence over time of tree mortality. Tree
mortality is assessed with remote sensing and terrestrial surveys, namely national forest
inventories and the European transnational monitoring network ICP Forests [11]. Open
questions concern the definition of tree mortality, which includes standing dead trees as
well uprooted and fallen individuals, but sometimes also trees removed for phytosanitary
purposes or planned forest interventions, according to the current definition adopted in
the ICP Forests monitoring programme. Conifer trees with all dry leaves can be considered
dead, but in many broadleaved species, death is not always a univocal event. Deciduous
species may wilt and shed their leaves as a strategy to avoid summer drought, and then
later restore their photosynthetic apparatus [18], whereas in other cases they can resprout
by dormant buds [19], thus replacing the dead canopy. Another question concerns the
temporal repetition of the investigation. Surveys carried out at pluriannual intervals, such
as forest inventories, may underestimate the mortality that occurred during the interval
between surveys. Yearly surveys on a common sample of trees [20] allow not only the
detection of the actual annual rate of tree mortality, but also knowledge of the conditions
of trees before death, the causes, as well the possible recovery of partial or completely
defoliated (but not dead) trees.

Italian forests have great ecological and climatic variability, including Mediterranean,
temperate and alpine regions, each of them with different specific compositions and differ-
ent sensitivities to climatic and pathological stress. Climate changes and the occurrence
of extreme events may have different characteristics in the various climatic and forest
regions, but some common traits have been recognised [21–24]. A progressive increase in
temperatures was registered in Italy from the 1980s. The overall precipitation on an annual
basis showed no significant trends, but the distribution changed with a decrease in the
rainy days and an increase in the intensity of precipitation for each rainy event. Moreover,
an increase in springtime aridity and the frequency of extreme climatic events were also
observed, including heat and drought waves and windstorms. In recent decades, the most
important events were the dry spells in 2003 [25], 2008–2010 [26], 2012 [27,28] and 2017 [29]
and the windstorm “Vaia” that affected the alpine regions in 2018 [30]. Many stress factors
and their interactions are therefore implied in defoliation and mortality. Defoliation, as
assessed in the ICP Forests pan-European programme, is considered a good predictor for
tree mortality by [31].

In this paper, we analyse the patterns of defoliation and mortality, and possible causes,
in Italian forests. We aimed to verify: (i) the background levels of tree mortality and
possible increasing mortality over the years; (ii) the relationships between defoliation and
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mortality; and (iii) the possible processes of recovery after extreme defoliation events or,
in other words, if extreme defoliation triggers an irreversible process leading to mortality.
Our goal is to verify the usefulness of long-term surveys for the management of forests
aimed at the maintenance of ecosystem services.

2. Materials and Methods
2.1. Dataset

The dataset refers to the Italian Level I network for crown condition assessment,
consisting of 253 plots distributed across the country, on a 15 × 18 km grid with a mean of
about 5000 trees each year, during the period 1997–2020. Standardised methods and com-
mon protocols were used for the field surveys [32–34]. Defoliation was evaluated according
to a proportion scale in 5% intervals (0 = no defoliation; 5; 10; 15 . . . 100% = dead tree) by
comparing the sampled trees with photographic standards of reference trees for the main
forest species (i.e., photoguide method [35,36]). Dead trees (standing, fallen and uprooted
trees) were no longer evaluated in the years following their death, so the values presented
here are the actual yearly mortality (the death that occurred in the year before the survey).
Yearly surveys were carried out during the summer months. Field crews were trained
before each yearly assessment for comparability and repeatability of the scores [37,38].

The whole sampled population includes more than 60 species, but 80% of trees fall
within 10 main tree species: 6 broadleaved (Fagus sylvatica L., Quercus pubescens Willd.,
Quercus cerris L., Castanea sativa Mill., Ostrya carpinifolia Scop., Quercus ilex L.) and 4 conifers
(Picea abies (L.) Karst., Larix decidua L., Pinus sylvestris L. and Pinus nigra Arn.). The mean
number of trees for each species is listed in Table 1.

Table 1. General data for the main tree species. N = Number of trees. Percent of defoliated trees beyond the following
thresholds: Def > 25% (moderate + severe), Def > 60% (severe), Def > 85% (extreme). Percent of dead trees (Def 100%).
Percentages of extreme defoliation and dead trees are also presented cumulatively (Def 85–100%). The ratio Dead/Extr
expresses the incidence of mortality in relation to extreme defoliation. The data are the mean per species over the period
1997–2020.

Species N Def > 25% Def > 60% Def > 85% Def 100% Def 85–100% Dead/Extr

Castanea sativa Mill. 475.08 61.36 12.98 3.52 1.08 4.60 0.31
Fagus sylvatica L. 1099.04 30.21 2.96 0.92 0.42 1.34 0.45

Ostrya carpinifolia Scop. 329.75 34.91 6.07 1.49 0.34 1.83 0.23
Quercus cerris L. 589.96 25.08 1.06 0.22 0.49 0.71 2.18
Quercus ilex L. 220.13 23.27 1.12 0.11 0.08 0.19 0.72

Quercus pubescens Willd. 718.88 51.82 5.08 0.98 0.46 1.44 0.47
Larix decidua L. 348.00 19.93 2.17 0.65 0.59 1.24 0.90

Picea abies (L.) Karst. 544.29 19.39 1.79 0.28 0.50 0.78 1.74
Pinus nigra Arn. 192.88 24.92 2.86 0.33 0.75 1.08 2.24

Pinus sylvestris L. 205.46 34.19 3.42 0.58 1.06 1.64 1.85

Fagus sylvatica and C. sativa are (more or less) evenly distributed in all the country,
whereas other species have a prevalent regional distribution: Q. cerris and Q. pubescens in
central and southern regions; O. carpinifolia in northern and central regions; and Quercus ilex
in the Mediterranean areas. Among conifers, Picea abies, Larix decidua and Pinus sylvestris
are concentrated in the northern, alpine regions (Figure S1), whereas the distribution of
P. nigra is irregular and depends on afforestation programs with the two subspecies P. nigra
subsp. nigra and P. nigra subsp. laricio.

2.2. Data Analysis

The analyses of defoliation data were carried out by considering the percent of liv-
ing trees beyond the following defoliation classes: Def ≤ 25% (no or light defoliation);
Def > 25% (moderate); Def > 60% (severe); Def > 85% (extreme). Dead trees (Def = 100%)
were considered in a separate class. The results are reported as temporal trends whose
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significances were calculated according to the Spearman coefficient of correlation (r). Levels
of significance (p) are reported for p < 0.05 (significant), p < 0.01 (very significant) and
p < 0.001 (highly significant). Ns = not significant.

3. Results and Discussion
3.1. Overall Results

The temporal patterns of defoliated and severely defoliated trees (Def > 25 and
Def > 60%, excluding dead trees) are not significant (Figure 1A), although the trees with
Def > 25% (33.6% average in the 1997–2020 period) show a slightly decreasing trend
(p < 0.1). The percent of trees with Def > 60% (4.06% average in the 1997–2020 period)
shows a peak in the year 2017 (6.31%), corresponding to the extreme drought and heat wave
occurring in this year in Italy [39–41]. There is a positive significant trend concerning the
increase in trees with extreme defoliation (Def > 85%) and mortality (Def 100%) (Figure 1B).
The average rate of extremely defoliated trees for the whole period was 0.96%, with a
peak of 2.06 in 2017; mortality (24-years average: 0.57%) increased in subsequent years
(2018: 1.05%; 2019: 1.07%), peaking in 2020 (1.21%). Secondary peaks of mortality in the
years 2009–2010 occurred after the heat and drought events in 2008 [26]. No significant
correlations were found between crown defoliation (for any defoliation threshold) and
mortality during the same year, but there was a highly significant correlation (r = 0.67,
p > 0.001) between mortality and the rate of extremely defoliated (but not dead) trees the
year before (Figure 2).
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The average levels of mortality are comparable with those reported in the literature.
Bertini et al. [42] found, in Italian NFI (National Forest Inventories), that mortality rates
by number of trees and by volume (m3 ha−1 y−1) amounted on average to 1.35% and
0.51%, respectively. Neumann et al. [43], analysing the data from the ICP Forests Level I
network, found that the mean yearly mortality rate over Europe for the period 2000–2012
was 0.50% with differences among eco-regions, ranging from 0.31% in Central-Western
Europe to 1.39% in South-Western Europe. In Switzerland, Etzold et al. [44] analysed over
one century of data from forest inventories and found that the long-term average annual
mortality rate was 1.5%, with differences between species, tree size and ecoregions, with
no significant trends to increase in mortality except for Pinus sylvestris L. at low elevations.

Recurrent drought and heat waves are responsible for widespread tree mortality
across biomes and climatic regions in the world [15,45,46]. Senf et al. [47], analysing high-
resolution annual satellite-based canopy mortality maps across continental Europe from
1987 to 2016, observed that forest mortality was significantly related to drought, and con-
cluded that, overall, drought caused approximately 500,000 ha of excess forest mortality in
the same period. Regional impacts leading to crown dieback and mortality were described
both for Mediterranean Europe [40,48,49] and Central European countries [50,51]. Delayed
tree mortality, as observed in our study, is a phenomenon described in relation to fire
and drought impacts [52,53], and it is supposed to be related to carbon starvation as a
consequence of the altered pattern on carbon allocation [54].

The conditions of trees in the years before their death can be assessed on the ICP Forests
network. The levels of defoliation of trees in the 3 years before death are shown in Figure 3.
Two groups of trees are recognisable: one group (A) shows low defoliation until a sudden
death; the second group’s (B) levels of defoliation increase progressively. These behaviours
can be connected to two distinct mortality patterns: death may be a consequence of specific
sudden disturbances (for example, insect attacks, windstorms, etc.) on low-defoliated
trees in group A or, alternatively, it may indicate a progressive decline until death (high
defoliation before death) in group B. Trees with extreme defoliation (Def. > 85%) died in
38% of cases after one year and 70% after four years (Figure 4). However, a portion of
trees (4 and 17%) showed light (<30%) and moderate (<65%) defoliation, respectively, after
4 years.
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Figure 4. Defoliation rates in the four years after extreme defoliation occurred (Y + 1, . . . .. Y + 4),
according to the usual defoliation classes (0–25%: not or slightly defoliated; 25–60%: moderately
defoliated; 60–85%: severely defoliated; 85–100%: extremely defoliated; 100%: dead).

3.2. Results Per Species

The distribution of tree species reflects the different climatic and ecological regions
(alpine, temperate, Mediterranean); therefore, defoliation (level and trend) can vary in
relation to the intensity of impacts and sensitivity of different species. The levels of
defoliation and mortality averaged for the whole assessment period (1997–2020) are shown
in Table 1. The patterns of defoliation, i.e., the significance of the trends over the assessment
period (1997–2020), are reported in Table 2. The pattern of each species is reported in detail
in Supplementary Materials Figure S2.
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Table 2. Trends (correlation with year) of tree defoliation and death over the period 1997–2020 (see explication in Table 1).

Species Def > 25% Def > 60% Def > 85% Def 100% 85 + 100%

Castanea sativa 0.829 *** 0.820 *** 0.733 *** 0.577 ** 0.751 ***
Fagus sylvatica −0.178 ns 0.196 ns 0.314 ns 0.250 ns 0.389 (*)

Ostrya carpinifolia 0.208 ns −0.101 ns −0.136 ns 0.422 * 0.043 ns
Quercus cerris –0.497 * 0.299 ns 0.310 ns −0.036 ns 0.055 ns
Quercus ilex −0.680 *** −0.494 * −0.066 ns −0.094 ns −0.093 ns

Quercus pubescens −0.729 *** −0.468 * 0.366 (*) −0.029 ns 0.311 ns
Larix decidua 0.208 ns −0.101 ns −0.136 ns 0.422 * 0.043 ns

Picea abies 0.240 ns 0.439 * 0.308 ns 0.584 ** 0.722 ***
Pinus nigra −0.090 ns −0.499 * 0.208 ns 0.469 * 0.519 **

Pinus sylvestris 0.417 * 0.524 ** 0.224 ns 0.202 ns 0.305 ns

The coefficients of correlation r (Pearson) and p level are shown. * = p < 0.05 (significant); ** = p < 0.01 (very significant); *** = p < 0.001
(highly significant); (*) = p < 0.1 (not significant but indicative of a trend). Ns = not significant.

Among broadleaves, C. sativa is the most defoliated species for any considered thresh-
old, as well that with the highest mortality rates (1.08% per year). The trends are signifi-
cantly positive (p < 0.001) for each threshold and mortality. High defoliation and mortality
rates on C. sativa are connected to the phytopathologies affecting this species, including the
attack of the Asian wasp Dryocosmus kuriphilus Yasumatsu in recent years [55]. In C. sativa,
the ratio between dead and extremely defoliated trees is quite low.

Oak species show different defoliation levels. Q. pubescens shows high defoliation
at the Def > 25% and Def > 60% threshold, whereas Q. cerris has low defoliation but
high mortality. The ratio between dead and extremely defoliated trees is high for Q. cerris,
indicating that trees with low defoliation levels are also susceptible to death. This behaviour
can be related to the so-called “oak decline”, a complex phenomenon triggered by drought
and fungal infection both in Central and Southern Europe [56] and also described in
Italy [57,58]. Low levels of defoliation and mortality have been detected on Q. ilex. All the
three Mediterranean oak species, both deciduous (Q. pubescens and Q. cerris) and evergreen
(Q. ilex), show a negative significant pattern, with decreasing defoliation over time for the
thresholds Def > 25% (all oak species) and Def > 60% (Q. pubescens and Q. ilex).

Fagus sylvatica, the most widespread tree species, shows no significant trends for defo-
liation levels and mortality. Ostrya carpinifolia shows high values of defoliation (especially
for the Def > 60% and Def > 85% thresholds) but low levels of mortality. In this latter
species, the ratio between dead and extremely defoliated trees is very low (0.23). Ostrya
carpinifolia, a shallow-rooted species living on steep slopes, sheds its leaves in the driest
months of the year as a strategy to withstand drought. This behaviour was described on
O. carpinifolia by Pollastrini et al. [6] in the forests of Central Italy.

The early loss of leaves was strongly accentuated during the 2017 summer drought,
when in O. carpinifolia Def > 60% reached the peak of 10.8% and extreme defoliation reached
the peak of 3%. Fagus sylvatica and Q. pubescens increased their levels of severe and extreme
defoliation in 2017 (Def > 60%: 7.8% for F. sylvatica and 8.9% for Q. pubescens; extreme
defoliation: 3.6% for F. sylvatica and 3.4% for Q. pubescens, respectively), with low values of
the ratios between dead and extremely defoliated trees. These species recovered partially
in the subsequent years (Figure S2).

Among conifers, P. sylvestris shows the highest levels of defoliation and mortality, with
significant trends over time. The condition of this species reflects its decline in the regions at
the southern slopes of the Alps [59–61]. As dry conditions increase, P. sylvestris tends to be
replaced by Q. pubescens [62]. Pinus nigra has the highest ratio between dead and extremely
defoliated trees, indicating mortality not connected to defoliation. This behaviour may
be connected to the ageing and decline of past afforestation programmes [63]. Alpine
conifers (P. abies and L. decidua) have low defoliation levels (Def > 25%). In P. abies, there is
a significant trend to increasing defoliation (Def > 60%) and mortality, with a high ratio
between dead and extremely defoliated trees, probably in relation to frequent biotic [64]
and abiotic disturbances (windstorms [30]) causing relevant damage to conifer forests.
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3.3. What Have We Learned?

The general conditions of the forests in Italy appear quite stable at the national level
across time, despite the recurrent disturbances and extreme climatic events. This apparent
stability, however, is the result of different and contrasting species- and site-specific patterns
and behaviours, leading to the overall homeostatic capacity of the forests. Whereas some
species, such as C. sativa and P. sylvestris, showed a sharp decline, the conditions of the
most important species (F. sylvatica, Q. cerris, Q. pubescens) are stable or even improving
according to the usual descriptors of tree health. This stability, however, is threatened by
the drought events that in recent years induced an increase in defoliation.

Despite this apparent stability, an increasing fraction of extremely defoliated (Def > 85%)
and dead trees is recognisable. Extreme defoliation and mortality are scattered events that
may interest singular trees or groups of trees in response to a progressive decline or to
sudden stress factors, on ecologically fragile sites and critical tree species. Such situations
can expand as a consequence of recurring extreme climate events or new exotic invasive
pests. Besides the case of C. sativa, the most critical conditions are those affecting the
pinewoods (the mountain pines, P. sylvestris and P. nigra in this paper) and the Alpine
conifers (P. abies).

The highest levels of mortality were recorded in the 2018–2020 period, i.e., delayed
with respect to the year of the drought event (2017). Delayed mortality may be a conse-
quence of the depletion of the reserves of carbon (NSC, non-structural carbohydrates),
which reduces the ability of plants to cope with environmental conditions [65,66]. The
restoration of carbon reserves may take several years [67], during which trees are vulnera-
ble and potentially sensitive to additional stress factors in the near future. The increasing
frequency of recurrent drought events [68–71] can trigger irreversible processes of for-
est decline that, although still localised, can involve an increasing fraction of trees. It is
noticeable that in the last year of observation, 2020, the recovery is still partial for many
species (Figure S2). Therefore, it is plausible to hypothesise increasing tree mortality in the
following years.

It is noticeable that no anomalies in tree mortality were observed after the extremely
dry summer in 2003, but mortality increased after the following events of 2008 and, espe-
cially, 2017. A singular event of extreme drought, therefore, may not be sufficient to trigger
high tree mortality. Magno et al. [39] report that the 2017 event lasted several months,
from November 2016 to October 2017. Moreover, the period of recurrence of drought
events (each 4–5 years from the beginning of the century [39]) may be too short to allow
the complete physiological recovery of the trees.

4. Conclusions

This 24-year study indicates that the increasing risks for the efficiency of forests can
be represented by the rate of dead and extremely defoliated trees, whereas defoliation at
the thresholds of Def > 25% or Def > 60% can reflect the acclimatisation of trees to the
environmental conditions (including the presence of pests). In this view, the lowering
levels of defoliation of xeric Mediterranean oak (both deciduous and evergreen) species
may also be indicative of progressive acclimation. The current levels of mortality are not far
from the background ones as reported from previous studies [42], but their increasing trend
suggests more risks in the future. It is therefore necessary to continue and to improve the
current monitoring programmes, enhancing their informative potential with the definition
and application of more specific physiological indicators [72–74].

Open questions concern the assessment of relevant but localised events such as the
impact of the extreme drought on Q. ilex and Mediterranean vegetation in Southern Tuscany
in 2017 [40], and the assessment of the potential upcoming risks from alien invasive pests.
Future studies require a comprehensive analysis of the environmental conditions that can
increase the risks for forests, as well an approach that combines the current field-routine
surveys with remote sensing and activities based on citizen science.
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