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Abstract: The interaction between trees’ water needs during drought and the signals
that appear in their canopies is not fully understood. The first visually detectable signs,
which we describe as early warning signals in tree canopies, are often not noticeable at
first glance. When these signs become widely apparent, tree decline is already underway.
In this study, we focus on identifying early visible signs of drought stress in the tree
crowns, such as very small leaves, premature needle/leaf discolouration and abscission,
and defoliation. We provide guidance on recognising initial signs, offer specific examples,
and comprehensively analyse each signal. Our focus is on signs in the tree crowns that
appear during intense and prolonged droughts, which we confirmed by calculating the
Standardised Precipitation Evapotranspiration Index (SPEI). Our findings are based on
20 years (2004–2024) of continuous fieldwork and data collection from permanent sample
plots in Serbia, which was conducted as part of the International Co-operative Programme
on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests). We also
conducted a comprehensive review of the literature and key findings related to the early
signs we address. This research was further motivated by the signs observed in the tree
crowns during the summer of 2024 due to extreme climatic events, which classify this year
as one of the hottest recorded in Serbia. However, we still cannot conclusively determine
which specific trees will die back based solely on these early warning signals, as some trees
manage to withstand severe drought conditions. Nonetheless, the widespread appearance
of these indicators is a clear warning of significant ecosystem instability, potentially leading
to the decline of individual trees or larger groups.

Keywords: drought; small leaf; discolouration; abscission; defoliation

1. Introduction
One of the fundamental characteristics of plants is their elevated sensitivity to envi-

ronmental changes compared to animal species, which can avoid or escape suboptimal
conditions, for example, through migration [1]. Therefore, trees should be recognised as
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susceptible organisms due to their inability to evade unfavourable environmental con-
ditions or their limited capacity for movement, which is too slow to keep pace with the
rapidly increasing global temperatures accompanied by drought [2]. However, changes in
climatic conditions should ideally prompt trees to acclimate [3]. When exposed to drought,
trees are forced to adapt to the new conditions, sometimes leading to increased drought
resistance. In contrast, if the drought is too severe and prolonged, it can result in permanent
damage or even death [4]. Some signs that manifest in trees due to drought-induced
stress are often initially undetected, but as they become more intense, they are impossible
to disregard. This usually indicates that metabolic changes have occurred in the plants
even before visible symptoms appear [5]. Trees respond to drought accompanied by high
temperatures in various ways. Some of the earliest signs observed in canopies include pre-
mature leaf or needle discolouration [6], premature leaf abscission [7], leaves significantly
smaller than usual [8], and defoliation, which is widely recognised as an indicator of a
tree’s physiological condition [9]. Also, some studies have documented several previously
mentioned signs in tree crowns during droughts [10–13]. As key crown components, leaves
are the primary organs for transpiration and photosynthesis. Under drought conditions,
leaf turgor pressure and the rate of photosynthesis decrease, leading to a reduction in leaf
area; thus, this change will directly impact the plant itself [14]. Under these conditions of
critical transpiration, trees must maintain a balance to survive.

Some studies suggest that drought may have a lesser impact on smaller trees located
beneath the canopies of larger ones [15,16], as well as due to specific characteristics of
the species and its water requirements [17]. They also note that competition and species
diversity do not always influence a particular species’ resistance to drought [18,19], mean-
ing that mixed-species composition within the stand will not always reduce desiccation
in drought-intolerant species [20]. However, regardless of whether a tree grows within
a community, such as a forest, or as an individual in an open area, it encounters a range
of favourable and adverse conditions for its growth and development throughout its life.
Each tree individually competes for space and the prevailing conditions in its environment.
When these conditions significantly deviate from the norm of its habitat, the tree strug-
gles for survival and sends out early warning signals. These conditions are most often
related to climatic factors, such as high temperatures accompanied by prolonged periods
of precipitation deficit, i.e., drought. Additionally, seasonally variable plant physiology
determines whether the resulting soil moisture deficit is physiologically detrimental [21].
Furthermore, living conditions may be altered by biotic factors, such as pest outbreaks
(e.g., defoliators and bark beetles), which can affect large forest areas but are most often
associated with a specific tree species, i.e., the host plant. Consequently, they can cause
even greater damage in pure stands. Abiotic factors, including sudden weather events,
can cause ice, snow and windbreaks, further creating favourable conditions for the pest
and fungi population outbreak. Anthropogenic impacts, like mechanical damage from
tree cutting or soil contamination from hazardous spills, can also contribute. However, the
abovementioned impacts are typically localised and may occur over smaller or moderately
large areas. Conversely, drought can affect and often covers extensive areas (with various
tree species) that may extend beyond the borders of an area, country, or region. Indeed,
some signals are visually indistinguishable, but these are not the focus of this study. We
concentrate exclusively on visible signs in tree canopies observed in the field, which, when
detected, can be further confirmed using advanced technologies such as remote sensing
over broader areas [22].

Drought can also have varying negative impacts depending on the tree species. Nor-
way spruce (Picea abies (L) Karst.) is identified as the most drought-intolerant conifer
species, in contrast to the highly tolerant Scots pine (Pinus sylvestris L.), while deciduous
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species such as beech (Fagus sylvatica L.) and oaks (Quercus petraea (Matt.) Liebl. and
Quercus robur L.) have demonstrated greater tolerance [23]. However, during intense and
prolonged droughts, which have occurred several times in recent decades, it has been estab-
lished that almost all studied species exhibited negative symptoms due to drought [23–25].
The studied species represent some of Europe’s most widespread tree species [26], which
is also the case in our observation area [27]. In contrast, drought can have even stronger
effects if a particular species is at the edge of its range or distribution limits. In this context,
its stability and vulnerability in such locations can be assessed [28].

In addition to the lack of precipitation and high temperatures, which are the primary
indicators of drought, soil moisture availability plays a significant role in vegetation’s
response to drought-induced stress. Although vegetation adaptation is often considered
linked to atmospheric conditions, its ultimate fate in terms of desiccation will also depend
on soil properties [29]. Drought can potentially degrade soil properties, particularly its
physical characteristics in the surface layer [30], so root depth may also be one of the key
factors influencing tree tolerance to drought [31].

Drought is not necessarily confined to summer, when air temperatures are higher,
and precipitation is usually lower. It can also occur during periods when more significant
amounts of precipitation are naturally expected, such as spring, autumn, or winter. How-
ever, the visible changes or signals discussed in this paper are only observable during the
vegetation period when the assimilative organs are fully developed. Our focus is, therefore,
exclusively on these signals. We are further motivated by the fact that 2024 will be one
of the hottest years ever recorded (the warmest winter, spring, and the hottest and dry
summer) in Serbia since meteorological measurements began [32]. The signs discussed in
this study emerged as early as mid-summer 2024. This trend of record-high temperatures,
accompanied by strong heat stress and drought, is also confirmed by data at the European
level [33].

Our research had some limitations, primarily the short seasonal period of data col-
lection (July to early September) and the limited number of locations and observed trees
(ICP Forests methodology) [34]. However, on the other hand, the value of this study lies
in the long-term data collection period (20 years) and the fact that each data point can be
attributed to a specific tree, allowing for deeper analysis. Crucially, this study highlights
the importance of continuous monitoring as a vital tool for identifying the early warning
signs and triggers of tree decline.

In our literature review, we found numerous studies addressing early warning signs
of tree desiccation caused by drought [35–37]. However, we did not find a source that
consolidates all early warning signs detectable solely through visual inspection of tree
canopies. Therefore, in this review, we analyse the currently available literature and the
acquired knowledge and personal observations gathered over 20 years of field research
on early signs of tree desiccation that can be observed visually, providing answers on how
trees respond under intense and prolonged drought conditions.

2. Thematic Framework
First, we had to distinguish between periodic and continuous (constantly present)

stress factors and between low-intensity and high-intensity stress events. While low-
intensity stress events may lead to adaptation and acclimatisation, severe or chronic stress,
such as drought that causes significant damage, can result in plant mortality [38]. Some
authors also emphasise the importance of distinguishing whether stress develops gradually,
increasing its impact over time, or occurs as a sudden event [39]. Therefore, it is crucial
to differentiate between gradual stress impacts and tolerance thresholds (e.g., increasing
drought and temperatures that exceed a plant’s tolerance threshold). It has long been noted
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that stress can also be viewed from two perspectives—it is most often destructive, but under
certain circumstances, it can be constructive, serving as a driving force for the adaptation
and evolution of plants [40,41]. Drought develops slowly and its main characteristics
such as start, duration, and intensity are not easily and quickly visible [42]. Only after
its manifestation and consequences are visible to the naked eye can we speak about its
influence. Forest ecosystems can manage single-year droughts, but repeated exposure
to stress through multi-year droughts can have a significant negative impact on their
functioning and manifestation of consequences [43]. It is difficult to determine how severe
and prolonged a drought must be for a tree to die, as some trees manage to withstand even
very severe, intense, and prolonged droughts [44]. However, the severity of the drought will
undoubtedly influence the physiological response of trees [45]. Additionally, comparing
tree mortality rates following extreme droughts across different locations worldwide can
be highly problematic, primarily due to significant differences in climatic conditions, as
well as tree species composition, soil characteristics, and the history and intensity of the
droughts themselves [46].

Based on the abovementioned considerations, our primary thematic focus was on
prolonged, multi-year droughts of high intensity that gradually increased in severity. We
included in the early warning signs all those that appear on tree canopies during the
vegetation period when drought is present, noting that some signs could only be diagnosed
after the drought had ended. Monitoring defoliation proved to be a valuable indicator, as it
can gradually intensify over the years of severe drought and eventually lead to the death of a
specific tree, or it can occur as a sudden event with a significant loss of foliage, also resulting
in mortality [47]. Additionally, all visible changes in the canopy that are unusual for the
time frame in which they are observed, such as premature leaf discolouration (premature
ageing) and early leaf abscission or shedding well before the autumn, were considered.
Finally, during severe droughts that begin as early as spring, some trees may develop a
significantly smaller leaf area than usual, a phenomenon known as “small leaves” [48].
All the early warning signs mentioned above were highly dependent on the intensity of
drought and commonly appeared during prolonged, multi-year droughts (Figure 1).
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3. Materials and Methods
3.1. Observation Area

This study was conducted in Serbia (41◦53′–46◦11′ N, 18◦49′–23◦00′ E) on 130 permanent
sample plots (Level I) arranged in a systematic transnational grid and 5 sample plots
with intensive monitoring (Level II) following the ICP Forests Programme methodol-
ogy [34] (Figure 2). In addition to the permanent sample plots, our observations were
also based on forest areas in the immediate and broader vicinity of these plots. The most
widespread deciduous tree species in Serbia is beech (Fagus sylvatica L.), followed by
Turkey oak (Quercus cerris L.), sessile oak (Quercus petraea (Matt.) Liebl.), Hungarian oak
(Quercus frainetto Ten.), hornbeam (Carpinus betulus L.), and others. Among conifers, Nor-
way spruce (Picea abies (L) Karst.) is the most common species, followed by black pine
(Pinus nigra Arn.), fir (Abies alba Mill.), and Scots pine (Pinus sylvestris L.) [27]. Most of
Serbia belongs to a temperate climate zone, while the southwestern part lies at the border of
the Mediterranean subtropical and continental climates [49]. According to the Köppen and
Köppen–Geiger climate classification [50], two climate types are distinguished in Serbia:
warm temperate and cold temperate [51]. The warm temperate climate dominates over
90% of the territory, except in areas at higher altitudes, where the cold temperate climate is
present [51].
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3.2. Primary Data Source

Our observations and data were collected from 130 permanent sample plots (Level I)
in Serbia, where approximately 2900 trees were observed annually on average from 2004
to 2024. Additionally, data were collected from 5 sample plots with intensive monitoring
(Level II), where 889 trees were selected and monitored. The monitoring period for these
plots was slightly shorter due to their later establishment (2009–2024). The sampled
population included 33 tree species, of which 29 were deciduous and 4 were coniferous.
The most represented or dominant tree species accounted for 84% of the entire sample,
reflecting the distribution of the main species in the observation area.
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It is essential to describe the basic methodology and data collection process based on
the International Co-operative Programme on Assessment and Monitoring of Air Pollution
Effects on Forests [34] to clarify the method used to identify specific early warning signs.
Each year, research is conducted on permanent sample plots (Level I) during the full
vegetation period (July–September) when the assimilative organs are fully developed. The
timing for visiting a particular sample plot is approximately the same date each year as in
previous years. Expert teams responsible for data collection visit the same sample plots
annually to gain a comprehensive understanding of the sample plot’s immediate and
broader surroundings, aiming to draw more accurate conclusions regarding any observed
changes in and around the locality. The primary rule of this methodology is to observe
and record every noticeable change in the entire tree and identify the cause of the damage.
For most species, the optimal time for crown analysis is from the full development of
leaves or needles (early summer) until late summer or the onset of autumn senescence.
During crown assessment, specific considerations were made in cases where the crown was
influenced by competition (e.g., shading). In such instances, only the portion of the crown
unaffected by shading was evaluated. Additionally, the assessment of the tree’s current
condition included recently desiccated branches but excluded those that had been dead for
many years and no longer influenced the tree’s vitality. Thus, only active processes in the
crown were considered in the evaluation. Furthermore, a tree was classified as desiccated
if it lacked assimilation organs, meaning it exhibited 100% defoliation for two consecutive
years. In such cases, the previous year was recorded as the year of desiccation. Defoliation
was assessed by comparing the observed tree with a reference tree in the closest vicinity,
which represented typical crown morphology and stand age within the plot. The defoliation
assessment followed a scale ranging from 5% to 100% [52]. As key evidence to support
the evaluation of early warning signs in tree crowns, photographic documentation of trees
from the monitored sample plots was used as well from broader area.

The signals highlighted in this review pertain exclusively to the condition of the tree
canopy, which is the most commonly used indicator for assessing the health and vitality of
forests [52]. As an additional data source, insights gained from monitoring forest conditions
on permanent sample plots (Level II) within the ICP Forests Programme, where continuous
monitoring is conducted throughout the year, were also utilised. Research on these plots
aims to explain cause-and-effect relationships in forest ecosystems further [52].

3.3. Literature Search Strategies and Selection Criteria

We conducted a systematic literature review using the Scopus, Web of Science, and
Google Scholar databases to supplement and confirm our observations of early warning
signs in tree crowns caused by drought and drought periods. We applied four levels of
keyword searches based on the topic of this study as follows:

The first search focused on studies addressing the impact of drought on leaf size. It
included the following keywords: “small leaf” OR “very small leaf” OR “leaf traits” OR
“drought effects on leaf” OR “leaf morphological traits” OR “variation in leaf size” OR
“effects of drought on leaf”.

The second search focused on studies addressing the impact of drought and drought
periods on premature discolouration of leaves and needles. It included the following
keywords: “premature discolouration” OR “discolouration” OR “leaf reaction to drought”
OR “leaf phenology”.

The third search focused on studies addressing the impact of drought and drought
periods on premature abscission of leaves and needles. It included the following keywords:
“premature abscission of leaves” OR “effects of drought on leaf” OR “leaf senescence” OR
“early abscission of leaves”.



Forests 2025, 16, 405 7 of 21

The fourth search focused on studies emphasising the impact of drought and drought
periods on defoliation. It included the following keywords: “tree defoliation” OR “ICP
Forests” OR “tree canopy dieback” OR “Level I” OR “Level II” OR “forest monitoring” OR
“tree response to drought”.

The search was conducted based on the keywords mentioned above and their combi-
nations. However, the authors also applied the snowball method to expand the range of
relevant literature sources [53]. This method allowed us to use the references of already
identified sources to locate additional relevant studies until sufficient information was
obtained. The search was limited to papers published in English, except for cases where
the results directly addressed our research topic and were identified using the snowball
method. We also focused on the most recent studies on this topic. While there were no strict
geographical limitations, we prioritised studies related to the European region due to its
specific climatic conditions and the comparability of the dominant tree species inhabiting it.
Thus, a systematic approach to the literature review was applied, ensuring transparency
and reproducibility.

3.4. Long-Term Drought Analysis

When transpiration reaches a critical point due to drought, trees may begin to ex-
perience stress, which can affect their metabolism and overall health. To illustrate the
impact of drought on forest ecosystems in the observation area and the signs we diag-
nosed, which appeared extensively in tree crowns, we conducted an analysis. We used
the Standardised Precipitation Evapotranspiration Index (SPEI) to present the drought
period, which incorporates both precipitation and temperature data [54]. This index al-
lows for a detailed assessment of water stress conditions that can affect vegetation on
both global and regional scales. It also allows for the comparison of drought severity
over time and space across a wide range of climatic conditions and can measure drought
intensity and duration. For this analysis, we used data from the global SPEI database [55],
calculating time series for the study region based on coordinates (upper left: 42.25, 23.25;
lower right: 46.25, 18.75). We focused on the hottest and driest years within the study
period (2004–2024). SPEI calculation is based on the Thornthwaite equation for estimating
potential evapotranspiration (PET) [56] and moisture conditions were assessed according
to the SPEI categorisation [54] in which drought begins when values are equal to or below
−1.0 and ends when these values become positive. We opted to calculate SPEI on an annual
scale (12 months) as it provides a good representation of drought periods and drought
characteristics (frequency, duration, severity, and intensity). However, since this study
examines the impact of drought on the appearance of early signs in tree crowns that are
visible exclusively during the growing season, we also calculated SPEI for six months,
corresponding to the vegetation season.

4. Results and Discussion
4.1. Droughts Analysis

Based on the processed SPEI values on an annual scale, droughts with varying periods
and characteristics can be identified in the observation area (Figure 3). Since we focus on
the signs that manifested in tree crowns during intense and prolonged droughts, we care-
fully tracked its progression and distinguished between periodic and continuous drought
periods, as well as between low- and high-intensity stress events. It can be observed that
several drought periods occurred, during which we also identified and recorded early
warning signs in tree crowns, which are discussed here. These drought periods impacted
vegetation and aligned with droughts in other parts of Europe, with their effects being
particularly intense in recent years [57]. The drought from 2011 to 2013 was the most severe
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in terms of duration and intensity in our observation area, with 29 consecutive months
of negative SPEI values (Figure 3A). It was followed by the droughts of 2019–2020 with
20 consecutive months of negative SPEI values and 2022–2023 with 16 months (Figure 3A).
However, while the drought events in recent years (2019–2020, 2022–2023, and 2024) were
less intense compared to the 2011–2013 drought, their consistency and duration are notice-
able (Figure 3). Additionally, the periods reflecting moisture are significantly shorter and
of very low intensity, further emphasising the drought events in recent years (Figure 3A,B).
Thus, of the droughts considered here, the 2011–2013 drought placed significant stress on a
large number of trees, many of which died in 2014 (Table S1). A notable characteristic of
the 2011–2013 drought was the extremely low temperatures during the winter of 2012 (the
third coldest winter in the last 20 years) [30], followed by a continued drought period in
2013. In contrast, in recent years (2019–2024), there have been consistently high tempera-
tures with record-breaking heat observed year after year, adding a unique specificity to this
period (Figure 3A,B). The tendency is for tree responses to drought to intensify with the
severity and duration of the drought [58]. The impact of the multi-year drought from 2011
to 2013, combined with the nearly constant record-breaking high temperatures in recent
years (2019–2024) and the particularly intense drought in 2024, has resulted in similar stress
responses in the form of signs observed in tree crowns, such as small leaves, premature
discolouration of leaves, premature abscission of leaves, and defoliation. Following the
2011–2013 drought, tree mortality increased [47], as evidenced by the rise in the number
of dead trees after the drought of 2022 (Table S1). Indications suggest that this trend will
continue beyond 2024, a year characterised by the severity and intensity of droughts far
exceeding all previously observed years (Figure 3A,B).
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4.2. Stress Response Under Extreme Events
4.2.1. Small Leaf

The studies listed in Table 1 have investigated the impact of drought on leaf size.
However, there is still an insufficient number of studies addressing the effects of drought
on leaf morphology [59]. The morphological characteristics of leaves are often considered
indicators of plant functioning, as leaves play a crucial role in the exchange of water and
air with the environment [60]. As such, they enable the plant to adapt and acclimate to
environmental conditions, such as high temperatures and water availability [61]. Taking
beech (Fagus sylvatica L.) as an example, one of the most important and widespread decidu-
ous tree species in Europe [62], as well as being at the core of its natural habitat within our
observation area, we can observe that the morphological characteristics of its leaves exhibit
high variability within the population [63], and consequently, a high potential for acclimati-
sation [64]. It has been proven that climatic conditions, specifically early summer droughts,
reduce the number of buds, while late summer droughts affect leaf size in the following
year [65]. Moreover, severe multi-year droughts result in smaller leaves [8] and significantly
reduce the canopy’s overall leaf mass [66]. Thus, as a response to drought, trees reduce the
size of their leaves during growth to decrease the surface area available for photosynthesis
and transpiration, thereby minimising water loss during drought [67]. This phenomenon
can also be an indicator of already initiated and irreversible processes of gradual tree desic-
cation. However, as previously noted, it is important to consider the variability of leaves,
including variability based on their location within the canopy (shade vs. sun leaves), as
leaf size can vary significantly [68,69]. Additionally, apart from leaf size, their age will also
influence drought resistance, as younger leaves often have a lower water retention capacity
and may be more susceptible to damage during drought periods [70]. It is also important
to emphasise that leaf size should not be compared between the same species on different
habitat types, as elevation can influence their variability [69], while drought may have
varying effects depending on the species’ geographic location [71]. Thus, leaf characteristics
are essential for ecosystem functioning, and another good indicator of a plant’s functioning
is leaf mass (leaf thickness). It has been proven that species with greater leaf mass exhibit
higher drought resistance [72]. However, visually observing that the leaves on an entire
tree are significantly smaller than the nearest trees of the same species nearby is a clear sign
of some disturbance (Figure 4). If these signs persist in subsequent years and are observed
in a more significant number of trees within the stand, irreversible desiccation processes
will likely occur. Visual observation of these changes is most evident in forests dominated
by a single tree species, making comparisons and conclusions about possible causes more
manageable and straightforward. Specifically, for beech, smaller leaf size can be used as an
early indication of severe drought stress effects, as this phenomenon can be observed on
various geological substrates and soil types inhabited by this species [73].

Table 1. Studies addressing the impact of drought on leaf size.

References Country/
Region Species Main Findings/Research Period

[8] Germany
(north) Fagus sylvatica

The studied leaf traits varied significantly between years. Severe
drought caused the formation of smaller leaves (2010, 2018,

and 2019).

[59] Switzerland
(country) Two species

Opposite effects on leaf morphological traits caused by the same
driver in spatial and temporal analyses highlight the need for further

investigation into the reasons behind specific leaf morphological
traits and their responses to climate change (1995–2019).
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Table 1. Cont.

References Country/
Region Species Main Findings/Research Period

[65] Germany
(country) Fagus sylvatica Early summer droughts reduce the number of leaves, while late

summer droughts affect leaf size (1984–1985).

[66] Switzerland
(eastern) Two species

Xylem does not restore its function in the season following a drought,
and persistent hydraulic dysfunction in branches is compensated by

a reduction in supported leaf area (2018–2019).

[68] Europe
(Rodopi mountains) Two species Shade leaves retain their size compared to leaves directly exposed to

solar radiation (2020).

[70] Germany
(Göttingen) Fagus sylvatica

The correlation of meteorological data suggests that high air
temperatures and low precipitation may have predisposed beech

leaves to lose stress resistance (1998–1999).

[73] Germany
(south-western) Two species Severe drought reduced beech’s leaf size and specific leaf area

(2004–2021).
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tree on the left with small leaves compared to the tree on the right with normal leaf size (May 2024).

4.2.2. Premature Discolouration (Ageing) of Needles and Leaves

Several studies presented in Table 2 have reported premature discolouration of leaves
and needles due to drought. Premature discolouration of leaves is defined as “any deviation
from the usual colour of the living foliage for the assessed tree species” [50]. Prolonged
droughts during the growing season induce tree stress, which may accelerate the premature
discolouration (ageing) of leaves/needles [71,74,75], followed by premature abscission
compared to the typical autumn timing [10,12]. In dry years, leaves tend to discolour and
abscise faster compared to years with higher precipitation levels [76]. Trees respond in this
way to enter the dormancy phase sooner and reduce the process of photosynthesis, which
is essential for growth, functioning, and the overall condition of the plant [77]. Additionally,
some studies have shown that global temperature changes have also contributed to earlier
leaf development [78]. These events, such as leaf discolouration and leaf abscission in
autumn, blooming, and leaf-out in spring, are part of phenology. This term encompasses all
biological activities of trees and the climate, including the dormancy period and the growing
season. Discolouration or ageing of leaves/needles is a phenomenon experienced by all
trees. The primary driver of discolouration is the preparation of trees for the dormancy
period influenced by shorter day lengths, the angle of sunlight, and the slower production
of chlorophyll, which eventually ceases entirely [79]. Undoubtedly, the local climate
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(microclimate) can also impact the progression of leaf discolouration, and variations can
increase with altitude (higher altitude means lower air temperatures). However, in years of
intense drought and with rising temperatures and dry summers, premature discolouration
of leaves/needles was noted (Figure 3). During intense and prolonged droughts, these
signals have also been observed across Europe [11,13,80]. Depending on the prevalence
of tree species, the premature discolouration or premature ageing of leaves is most easily
observed in the most prevalent deciduous species such as beech (Figure 5A), while in
coniferous species, this change has been most noticeable in Fir and Spruce (Figure 5B,C).
The reason for referencing these species is to facilitate comparison of the same tree species
across multiple localities and correlate them with climatic conditions. This term refers
exclusively to the significant discolouration of leaves/needles before the usual autumn
period. It is triggered by a dominant stress factor, such as high temperatures, followed
by a period without precipitation (drought). If these signs are observed over a wider
area (Figure 6), the impact of drought cannot be ruled out, and the likely desiccation of
individual trees may occur in the coming period.

Table 2. Studies addressing the impact of drought on the premature discolouration of leaves
and needles.

References Country/
Region Species Main Findings/Research Period

[6] Switzerland
(country) Several species

Climate stress, such as severe drought, can cause premature
discolouration of leaves, and it is emphasised that its frequency is

expected to increase in the future (1971–2018).

[10] Europe Many species
Severe and prolonged drought impacted soil water deficits and

caused stress symptoms in many trees, such as premature
discolouration of leaves and premature abscission (2003).

[11] Italy
(Tuscany) Many species Drought affected premature discolouration of leaves, premature

abscission of leaves, defoliation, and tree mortality (2017–2018).

[12] Switzerland
(country) Many species

During the dry and hot summer, many forested areas suffer from
premature discolouration of leaves and premature abscission of

leaves (2018).

[13] Europe
(central) Many species

Due to extreme drought, widespread discolouration of leaves and
premature abscission of leaves were observed, leading to

unprecedented tree mortality (2018–2019).

[71] Europe
(central) Fagus sylvatica

The effects of drought periods on European beech were similar in
terms of stress responses, expressed through reduced growth,

defoliation, and premature discolouration of leaves (2003, 2018,
and 2019).

[74] Northern
Hemisphere Many species Earlier foliar ageing has been linked to reduced precipitation due to

warming and lower drought resistance (1982–2015).

[76] Globally Many species
Global temperature increases have resulted in premature leafing, and
in drought years, leaves tend to discolour and abscise more quickly

(not specified).

[75] Northern
Hemisphere Many species

Remote sensing data have confirmed significant changes in early
autumn leaf ageing over recent decades due to previously
documented drought periods (1982–1998 and 1999–2015).

[80] Switzerland
(north) Fagus sylvatica Beech trees with premature discolouration of leaves caused by

drought had a higher mortality rate in subsequent years (2018–2021).



Forests 2025, 16, 405 12 of 21

Forests 2025, 16, x FOR PEER REVIEW  11  of  22 
 

 

Prolonged droughts during the growing season induce tree stress, which may accelerate 

the premature discolouration  (ageing) of  leaves/needles  [71,74,75],  followed by prema-

ture abscission compared to the typical autumn timing [10,12]. In dry years, leaves tend 

to discolour and abscise  faster compared  to years with higher precipitation  levels  [76]. 

Trees respond in this way to enter the dormancy phase sooner and reduce the process of 

photosynthesis, which is essential for growth, functioning, and the overall condition of 

the plant [77]. Additionally, some studies have shown that global temperature changes 

have also contributed to earlier leaf development [78]. These events, such as leaf discol-

ouration  and  leaf  abscission  in  autumn,  blooming,  and  leaf-out  in  spring,  are part  of 

phenology. This  term encompasses all biological activities of  trees and  the climate,  in-

cluding  the  dormancy  period  and  the  growing  season.  Discolouration  or  ageing  of 

leaves/needles is a phenomenon experienced by all trees. The primary driver of discol-

ouration  is  the preparation of  trees for  the dormancy period  influenced by shorter day 

lengths, the angle of sunlight, and the slower production of chlorophyll, which eventu-

ally ceases entirely  [79]. Undoubtedly,  the  local climate  (microclimate) can also  impact 

the progression of leaf discolouration, and variations can increase with altitude (higher 

altitude means lower air temperatures). However, in years of intense drought and with 

rising  temperatures and dry summers, premature discolouration of  leaves/needles was 

noted (Figure 3). During  intense and prolonged droughts,  these signals have also been 

observed  across  Europe  [11,13,80]. Depending  on  the  prevalence  of  tree  species,  the 

premature discolouration or premature ageing of  leaves  is most easily observed  in  the 

most prevalent deciduous species such as beech (Figure 5A), while in coniferous species, 

this change has been most noticeable in Fir and Spruce (Figure 5B,C). The reason for ref-

erencing these species is to facilitate comparison of the same tree species across multiple 

localities and correlate them with climatic conditions. This term refers exclusively to the 

significant discolouration of  leaves/needles before  the usual  autumn period.  It  is  trig-

gered  by  a  dominant  stress  factor,  such  as  high  temperatures,  followed  by  a  period 

without precipitation (drought). If these signs are observed over a wider area (Figure 6), 

the impact of drought cannot be ruled out, and the likely desiccation of individual trees 

may occur in the coming period. 

 

Figure  5.  Examples  of  premature  discolouration  (ageing)  of  leaves  and  needles  induced  by 

drought during the growing season. (A) Fagus sylvatica L. (August 2024), (B) Abies alba Mill. (Au-

gust 2013), (C) Picea abies (L.) H. Karst. (July 2023). 

   

Figure 5. Examples of premature discolouration (ageing) of leaves and needles induced by drought
during the growing season. (A) Fagus sylvatica L. (August 2024), (B) Abies alba Mill. (August 2013),
(C) Picea abies (L.) H. Karst. (July 2023).
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4.2.3. Premature Abscission of Needles and Leaves

The premature abscission or shedding of needles and leaves will also occur after their
premature discolouration, as described in the studies listed in Table 3. Deciduous trees
may shed their leaves during a drought to reduce water loss through transpiration, thereby
increasing their chances of surviving the drought period [80]. This process is less noticeable
in coniferous species and requires much more attention than in deciduous species. It is
known that some conifers retain needles of various ages for several years. Additionally, a
specific trait of conifers is that they can retain dried needles on branches after they have
desiccated, thus hindering the timely identification of this process [47]. However, this
premature needle abscission in conifers can be a good indicator of drought impact, as
the defoliation process in conifers is often recorded with a one-year delay [81]. Although
conifers inhabit areas where both drought and low temperatures may occur during the year,
the impact of drought is significantly stronger on them than the impact of freezing [82,83].
Therefore, the difference in the effects of these two phenomena can be confirmed through
continuous monitoring of defoliation and its correlation with climatic events (Table S1). In
the climate of Serbia, located in the Northern Hemisphere, the typical phenological phases
for leaf abscission are from October to December [84]. However, moving from the north to
the south of Europe, the typical time for leaf abscission in Serbia is November, i.e., leaves
usually begin to abscise at the end of October and finish by the end of November [85].
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This missing leaf mass on a tree is considered the term defoliation. However, premature
leaf/needle abscission cannot be exclusively seen as defoliation because it refers to the
moment when trees start shedding leaves significantly before the usual autumn. A drought
can trigger this premature leaf abscission during the vegetation period (summer) as the
trees attempt to defend themselves by reducing the process of photosynthesis, i.e., reducing
water loss [12,13,86]. Additionally, the response of premature abscission of leaves during
years of intense drought will largely depend on the soil water deficit [10,87], as well as the
soil type itself [88]. However, some studies suggest that leaf abscission during extreme
droughts must also be considered a symptom of tree vulnerability, not just protection
against excessive water loss [89,90]. This process also differs from the general concept of
defoliation because it is accompanied by leaf discolouration, making the trees appear as if
late autumn has arrived or, for example, an outbreak of defoliators (Figure 7).

Table 3. Studies addressing the impact of drought on premature abscission of leaves and needles.

References Country/
Region Species Main Findings/Research Period

[10] Europe Many species
Severe and prolonged drought affected soil water deficits and caused
stress symptoms in many trees, such as premature discolouration and

abscission of leaves (2003).

[11] Italy
(Tuscany) Many species Drought impacted premature discolouration and abscission of leaves,

defoliation, and tree mortality (2017–2018).

[12] Switzerland
(country) Many species During the dry and hot summer, many forested areas suffer from

premature discolouration and abscission of leaves (2018).

[13] Europe
(central) Many species

Due to extreme drought, widespread leaf discolouration and
premature abscission of leaves were observed, leading to

unprecedented tree mortality (2018–2019).

[88] Switzerland
(country)

Fagus
sylvatica

Spring bud break and autumn leaf senescence were more advanced
in acidic soils, with a more significant impact on leaf senescence

(2013–2014).

[86] Europe Many species
Canopy events indicate that premature abscission of leaves

associated with heatwaves and droughts is more widespread and
frequent than previously thought (2017–2021).

[87] France
(north-eastern)

Fagus
sylvatica

The response of trees to premature abscission of leaves during years
of intense drought will largely depend on soil water deficits

(2014–2016).

[90] Switzerland
(country)

Fagus
sylvatica

Premature abscission of leaves can be used as a predictor of crown
dieback in the following year (2018–2020).

As we have already noted, we must be aware of the phenological phases of trees to
better understand the concept of premature abscission of leaves. Knowing the usual time
for leaf abscission, and if it begins to be noticed during the vegetation period, it is a clear
sign of environmental disturbance. The signal that indicates this fact is the dried leaves
that can be observed on the branches, especially for species this is not typical, such as beech
(Figure 5), unlike some oaks, which can retain their dried leaves on their branches long after
their desiccation. Additionally, as we have already mentioned, premature leaf abscission
must be considered beyond the concept of defoliation since it intensely manifests due to
the impact of some stressful event and at an unusual time for this occurrence. Experts
dealing with this topic note that one year of early leaf abscission due to drought will have
minimal impact on most tree species, but if there are several consecutive years, it can be
very stressful [91]. As with leaf discolouration, if signs of premature leaf abscission occur
over a wider area, it will be a clear indicator of drought impact (Figure 8).
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4.2.4. Defoliation

Several studies presented in Table 4 have reported defoliation as a consequence of
drought. Defoliation was recognised as a primary indicator of the health status of individual
trees and forests as early as the 1980s [52], and many researchers have used this metric in
their studies [92–94]. Defoliation, a term referring to the missing leaf mass, aims to signal
changes in tree metabolism [95,96], which can over time serve as an excellent health record
of a tree [47]. We can detect early signs of tree desiccation by continuously monitoring
defoliation [52] in individual trees and associating them with drought periods [97,98].
Through a detailed chronology, we can precisely identify the “trigger”, i.e., the onset of
increasing defoliation over the years of observation (Table S1). To make this scenario
more straightforward to understand, we provide a graphical representation in Table S2.
Therefore, as an initial early sign of desiccation in individual trees or larger forest areas, an
increased occurrence of defoliation can be registered.

Because of the effects of drought, symptoms of defoliation in trees can be quite variable
and manifest differently depending on factors such as the specific type of tree (deciduous
or coniferous) [81], as well as the intensity of the water deficit [99]. However, symptoms of
defoliation in trees due to drought are often not immediately noticeable at the onset of the
drought. Still, they can be diagnosed sometime after the event, even up to one or two years
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later, which can complicate the accurate diagnosis [47,48]. This delay in symptom visibility
is also supported by other results from long-term monitoring of canopy conditions [81,100].

Table 4. Studies highlighting the impact of drought on defoliation.

References Country/
Region Species Main Findings/Period

[11] Italy
(Tuscany) Many species Drought affected premature discolouration of leaves, premature

abscission of leaves, and defoliation (2017–2018).

[20] Serbia
(Tara NP) Several species

During drought periods, tree species diversity will not significantly
reduce defoliation and mortality, especially for species considered

drought-intolerant (2004–2021).

[47] Serbia
(country) Many species Drought increases defoliation and the progression of mortality, which

may continue even after the drought ends (2004–2018).

[81] Germany (country) Several species
Significant correlations were found between defoliation and

deviations from long-term average temperatures in all examined tree
species (1990–2004).

[92] Europe Several species Severe climate change and drought are the main drivers of increased
defoliation in certain species (2001, 2006, and 2011).

[93] Europe Several species
The spatial distribution of defoliation trends shows a clear pattern of

significant deterioration due to meteorological differences
(1986–1995).

[94] Italy (country) Several species
The recurrence of extreme heatwaves and droughts can increase
forest vulnerability, with increased tree mortality expected in the

future (1997–2020).

[95] Europe Many species
The complex events of hot summers and drought years have caused
tree mortality across Europe, with a continuous increase detected in

southern and eastern Europe (1993–2013).

[96] Europe Many species Mortality patterns in European forests show a concerning upward
trend that could be further accelerated by droughts (1995–2020).

[97] Slovakia (country) Many species Drought significantly impacted defoliation in the studied year (2022).

[100] Croatia
(country)

Fagus
sylvatica

Drought from the previous year affects beech defoliation in the
following year (1996–2017).

Through continuous monitoring of selected trees over the last 20 years, we have
identified three distinct groups of defoliation, all categorised under the final outcome of
desiccation due to the following drought effects [47]:

1. Defoliation that gradually increased during drought periods, followed by tree desic-
cation several years later (Table 5 and Table S1—Group I);

2. Defoliation as a sudden occurrence with complete loss of leaves, leading to the final
outcome of desiccation (Table 5 and Table S1—Group II);

3. Defoliation in trees that have had higher percentages of defoliation over many
years, which, following a prolonged drought, resulted in desiccation (Table 5
and Table S1—Group III).

These three distinct groups of defoliation aim to demonstrate the varied effects of
drought periods on trees. Each tree is an individual entity and reacts based on its current
condition, which often relates to its ability to absorb moisture from the soil during drought
periods. If the final outcome of desiccation occurs simultaneously across the groups, we can
conclude that the drought initiated and concluded this phenomenon (Table 1 and Table S1).
This indicates that dieback can occur in all three identified groups of trees due to drought,
even in Group II (Table 1 and Table S1), which did not exhibit any prior signs of defoliation.
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Table 5. Selected example of monitoring defoliation in individual trees (Fagus sylvatica L.) over several
years, with the final outcome of desiccation during a multi-year intense drought.

SP **
Level I Locality

Altitude
(m)

Stand
Age Tree Species

Defoliation (%) per Year
Group

2004 2005 2006 2007 2008 2009 2010 2011 * 2012 * 2013 * 2014

415 Maljen 630 61–80 Fagus syilvatica 20 20 20 10 10 10 5 0 0 80 100 I

28 Potaj čuka 619 61–80 Fagus syilvatica 10 0 0 20 15 10 5 10 5 0 100 II

96 Muhovac 850 41–60 Fagus syilvatica 0 0 0 0 70 90 40 30 30 100 III

* Years of intense drought, ** sample plots.

Symptoms of drought stress may be somewhat visible during the drought, but due
to the delay in manifestation and detection, they often continue to develop in subsequent
seasons. Accordingly, special attention should be given to coniferous species when assess-
ing defoliation, as it may be delayed [81]. Conifers tend to retain their needles on branches
much longer after desiccating, so this process can be masked by the later needle drop,
thereby delaying detection. It is important to note that defoliation represents an active
process in the crown and is assessed based solely on the current state, without accounting
for, for example, old dry branches that reflect the historical mortality of crown parts. A
potential issue in assessing defoliation for certain trees can be poor visibility of their crowns.
Such trees are not excluded from the sample; instead, information about the visibility of
individual tree crowns is used to aid in interpreting data from those trees. Specifically, the
use of an objective defoliation assessment means that excluding such trees could lead to
bias in the results [52].

5. Conclusions
Early warning signs can serve as valuable indicators of the current condition of

individual trees and entire forest ecosystems during droughts. It is essential to evaluate all
early signs in the context of their immediate surroundings, considering whether they are
also observed on other trees concerning the constantly monitored trees and how frequently
they occur. During prolonged drought periods, the previously described early signs can
appear simultaneously, overlap, and vary in visibility. However, the more extensively
these signs are observed, the more confident we can be that tree desiccation will occur. If
trees show a progression of defoliation, or sudden and complete defoliation, leaf/needle
discolouration and drying out start to happen, and leaf/needle abscission appears before
the usual autumn period, these are strong indicators of potential problems. Noticing
multiple dry branches within a single canopy may suggest the tree is stressed. Significant
deviations in leaf size within the canopy can also indicate underlying issues. The extent
of the observed early warning signs can help predict the scope of future tree desiccation.
Our review of the visually observable early warning signs in tree canopies offers a general
analysis. It should serve as an important resource for future research on the impact
of drought on trees. Continuous monitoring of phenological phases in relation to air
temperature and precipitation in the spring and autumn months can further enhance our
understanding of early warning signs in trees affected by drought, mainly as they manifest
in tree canopies. Additionally, for future research, it will be important to examine how the
climatic events of 2024 and the early signs described in this paper and observed in the tree
crowns will impact forests in the coming years.

In conclusion, we suggest that the existing methodology should be adapted or im-
proved to enable the continued monitoring of widespread early warning signs in tree
crowns in the future, with the aim of understanding the ultimate consequences of their
occurrence as a result of intense and prolonged droughts.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/f16030405/s1, Table S1: trends in defoliation on individual
trees during the years of research with the final outcome of dying; Table S2: graphical representation
of defoliation monitoring on the same tree over several years, with the final outcome of desiccation
due to drought effects.
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decline due to the action of dominant stress factor through monitoring of defoliation—Case study of Maljen, Serbia. Agric. For.
2021, 67, 211–226. [CrossRef]

49. RHSS. Republic Hydrometeorological Service of Serbia. Basic Climate Characteristics for the Territory of Serbia. Republic Hy-
drometeorological Service of Serbia, Belgrade. Available online: https://www.hidmet.gov.rs/eng/meteorologija/klimatologija_
srbije.php (accessed on 5 December 2024).

50. Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B.; Rubel, F. World Map of the Koppen-Geiger climate classification updated. Meteorol. Z.
2006, 15, 259–263. [CrossRef]
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