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Abstract: Background: Understanding the mechanisms by which woody perennials adapt
to extreme water deficits is important in regions experiencing increasingly frequent and
intense droughts. Methods: We investigated the effects of drought severity in the shrubs
Corylus avellana L., C. maxima Mill., and their morphological intermediate forms, all from
local Belgian origin, and C. avellana from a Spanish-Pyrenean origin. Potted saplings in a
common garden were not receiving any water for a duration of 30 days in July 2021 and
developed a range of visual stress symptoms. We assessed responses across the various
symptom categories. Results: Droughted plants senesced later than the controls (up to
6 days). The most severely affected plants disproportionately displayed the longest delay
(21 days). The delayed leaf senescence was reflected in the subsequent bud burst which
was delayed for the droughted plants, with again the largest delay observed for the most
severely affected plants. Interestingly, radial growth shifted towards the autumn among
the drought-treated plants, suggesting compensation growth after growing conditions
normalized. The Spanish-Pyrenean provenance, characterized by smaller plants with
smaller leaves, developed visual drought symptoms later than the local provenance during
the drought. Conclusions: The results indicate that severe early summer drought, followed
by rewatering, not only diminishes radial growth but also prolongs the growth period,
and delays leaf senescence. A prolonged time frame for radial growth and a delayed leaf
senescence indicate a longer period in which carbon is incorporated in woody tissue or
in non-structural carbohydrates. This can help the fine tuning of carbon sequestration
modeling. The Pyrenean provenance, adapted to high altitude, holds an advantage under
water-limited conditions.

Keywords: autumnal leaf senescence; radial growth; drought; hazel; visual stress
symptoms; bud burst; population differentiation; morphological leaf traits

1. Introduction
Prolonged and intensified drought conditions have already contributed to rising tree

mortality in forests [1,2] and have heightened susceptibility to additional biotic and abiotic
stressors [3,4]. In addition, trees that are exposed to drought become more vulnerable
to secondary pathogens [5]. The way trees recover from drought stress will play a more
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important role in the future when extreme climate events will increase in frequency and
severity, which will have long lasting effects on forest functioning [6]. After a drought,
its effects can continue to persist in various ways [7]. These lingering effects following a
drought, known as “drought legacies” [8], have been observed across multiple aspects of
various ecosystems including influences on carbon and nitrogen cycling, growth, phenology,
species composition, herbivory, and soil properties (reviewed by [6]).

Drought stress induces several adjustments in trees. Stomatal closure is the first
reaction, which is reversible [9]. Under prolonged drought stress, trees have to compromise
between hydraulic safety (avoiding hydraulic failure) and carbon uptake (physiological
maintenance) [10]. Drought stress can trigger early leaf senescence, which functions as
an adaptive strategy to reduce nutrient loss and improve survival chances [11]. This
drought-induced senescence involves chlorophyll breakdown followed by leaf abscission
and can resemble the visual appearance of seasonal autumn senescence [12]. As this process
progresses, nutrients from the earliest senescing leaves are redistributed in the plant to
support still-functioning essential organs, such as remaining leaves, flowers, or fruits [11].
Under severe drought conditions, rapid leaf shedding may occur to avoid catastrophic
xylem embolism, when air bubbles block the xylem conduits [13]. In this case, nutrient
resorption may be hampered, resulting in net nutrient losses and potentially jeopardizing
long-term tree health [12]. In various woody angiosperms, browning of leaves correlated
with declining leaf water potential, indicating that reduced hydraulic conductivity played a
key role in progressive leaf mortality [14,15]. When severe drought persists, trees finally dy.
Drought-induced tree mortality has been related to xylem hydraulic failure among multiple
tree species, whereas evidence of carbon starvation, an imbalance between carbohydrate
demand and supply, as a cause of death was not universal [16].

The capability of a tree for post-drought recovery depends on the severity of stress
exposure. If no structural damage occurred, physiological functions can resume upon rehy-
dration [17]. However, when the drought caused tissue damage, energy and carbon must
be redistributed within the plant, often resulting in incomplete recovery and reduced future
growth [17]. Severe drought-induced defoliation leads to dieback in parts of the crown and
an increased risk of tree mortality in the following years [9]. Nevertheless, some species
exhibit compensatory recovery, where growth reductions or physiological impairments
are counterbalanced by increased investment in alternative tissues or processes [17]. For
example, Fagus sylvatica L. saplings have been observed to delay autumnal leaf senescence
following drought stress, extending photosynthetic activity [18]. Post-drought compen-
satory growth has been documented in several species, including oak (Quercus spp.) [19,20]
and Douglas fir (Pseudotsuga menziesii (Mirb.) Franco [21], suggesting that under favorable
conditions after the drought, trees can partially offset lost growing time.

Leaf phenology in woody species influences the global carbon assimilation in temper-
ate and boreal forests [22,23]. Environmental change can drive selection on the timing of
spring leaf unfolding and autumn leaf senescence, potentially influencing future popula-
tion dynamics [24]. These key phenological events in trees are thus adaptive and display
inter-population variation in response to local environmental conditions [25]. The timing of
spring bud burst exhibits a predominant response to temperature [26], whereas the timing
of autumnal leaf senescence is mainly responsive to temperature and day length [27,28].
When comparing these two phenophases, bud burst was found to be more genetically
determined than leaf senescence [29]. In contrast to bud burst, the environmental deter-
minants of autumnal leaf senescence remain less well understood [30]. Still, a thorough
understanding of the key processes regulating spring bud burst and autumn leaf senescence
under water-limited conditions is important for accurately forecasting future carbon fluxes.
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In this study, we investigated drought-induced responses in the Corylus taxa. Corylus
avellana L., commonly known as hazel or common hazel, is a widespread and ecologically
significant shrub species native to Europe and Western Asia [31]. It occurs throughout most
of South-Central Europe, extending northwards to southern Scandinavia and eastwards to
the central Ural Mountains, the Caucasus, and northwestern Iran. Hazel typically grows in
forest margins and openings, and is often part of the forest understory [31]. Frequently, it is
found in scrubs and hedgerows. This species thrives in various soil conditions, preferring
neutral to alkaline, nutrient-rich soils. C. avellana has also been cultivated for centuries due
to its edible kernels, and this long-term selection has led to the development of varieties
with larger nuts [32,33].

Corylus maxima Mill. is native in southeastern Europe and southwestern Asia. The
species is non-indigenous to Belgium but was planted as an ornamental [34]. C. avellana
and C. maxima can hybridize [35]. While the morphology of the leaves is similar, nut
morphology differs between the two species. In C. maxima, nuts are long and the tubular
involucre in which the nuts reside measures two times the length of the nut. In C. avellana,
the involucre is short and it surrounds from three-quarters up to the total length of the nut,
but no more [34].

We conducted an experiment in which young potted plants were subjected to summer
drought stress through complete water withholding, followed by a saturating rewatering.
The drought period was halted when a variety of visual drought symptoms were observed
among the treated plants. In this way, the drought response and recovery could be examined
in plants, ranging from no visual stress symptoms to plants exhibiting severe leaf shedding.
In the common garden, two origins of C. avellana were present: a Belgian (local) and a
Spanish-Pyrenean population. Also, a Belgian population of C. maxima and a Belgian
population of morphological intermediate forms between C. avellana and C. maxima were
included. We hypothesized that (i) plants would exhibit drought-induced alterations in
growth patterns and in subsequent phenological events, and that (ii) the responses would be
taxa- and/or origin-dependent. We assessed the onset of visible stress symptoms, drought-
induced changes in growth, post-drought recovery dynamics, autumn leaf senescence, and
bud burst in the next spring.

2. Materials and Methods
2.1. Plant Material

We established a common garden consisting of 256 potted Corylus spp. plants, with
92 and 81 C. avellana originating from Belgium (Lat 50.947929, Lon 3.765214 24, Alt 24 m)
and from the Spanish Pyrenees (Lat 42.630049, Lon −0.169068, Alt 1270 m), respectively,
with, additionally from Belgium, 20 C. maxima plants (Lat 50.992723, Lon 3.775170, Alt
19 m) and 63 plants derived from mother shrubs with intermediate morphology between
C. avellana and C. maxima (Lat 50.965736, Lon 3.693461, Alt 10 m). Intermediate forms of
the mother shrubs were evaluated based on the size of nuts and involucres. The local
climate, day length (Figure S1), and seed collection procedures for each region and taxon
were previously described [36]. In brief, nuts were collected in 2016 and germinated in
2017. The seedlings were grown in forestry trays (54.5 × 31 cm, 28 cells) and later on in
pots. Standard nursery potting soil was used (NPK 12 + 14 + 24 at 1.5 kg/m3, 20% organic
matter, pH 5.0–6.5, electrical conductivity of 450 µS/cm, and 25% dry matter content) with
no added fertilizer.

In 2018, seedlings were exposed to a temperature treatment. The effects of this treat-
ment were gone by 2020 [36]. In 2019, plants were transferred to 1 L pots and an outdoor
common garden was established on a container field at the Research Institute for Agri-
culture and Fisheries (Melle, Belgium). The different regions and taxa were intermingled
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randomly (single tree plot). In early 2020, the plants were transferred into 4 L pots. It
should be noted that the same size of the pots created uniform growing conditions for the
underground parts of all plants, although root growth was also restricted to the available
volume of the pots.

2.2. Drought Treatments

In June 2021, all 256 plants were relocated to a greenhouse. A drought experiment
was conducted from 29 June to 29 July 2021. At the beginning and at the end of this period,
all plants (control and drought-treated) were completely hydrated. For this, pots were
immersed during the night in a basin with the water level 5 cm above the bottom of the pots.
The next morning, the excess water drained naturally, and pots approximated field capacity.

Throughout the drought, half of the plants were regularly watered by experienced
technicians (control group, n = 127), while the other half received no water (drought-treated
group, n = 129). The two regions (Belgian and Spanish-Pyrenean) and three taxa (C. avellana,
C. maxima, and group of intermediate forms) were equally distributed between the control
group and the droughted group (Figure 1) and intermingled at random. The drought
treatment was terminated when various visible drought stress symptoms, ranging from no
symptoms up to nearly total desiccation, were obvious among the treated plants (Figure 1).
Termination of the treatment at this point also avoided mortality. Inevitably, the control
plants were separated spatially from the drought-treated plants during the treatment. The
putative bias that this could have caused was considered negligible.

Figure 1. Schematic representation of the investigation. Droughted plants are categorized according
to the developed visual stress symptom scores: no symptoms, wilting of the leaves, less than 50%,
50% to 95%, and more than 95% of leaves desiccated. The number of plants is indicated for each
category, including a subdivision according to the taxon and region of origin. After the drought, a
division is made according to whether plants resprouted or not. Be_ave: Belgian Corylus avellana,
Be_int: Belgian intermediate forms, Be_max: Belgian C. maxima, Sp_ave: Spanish-Pyrenean C. avellana,
Dro: visual drought symptoms, Res: post-drought resprouting, Sen: leaf senescence, Bud: bud burst,
Hei: height, Dia: diameter.

After the drought treatment, all plants were maintained under well-watered conditions
in the greenhouse until January 2022. Then, the plants were planted at a test site in
Grimminge, Belgium. All treatment groups were randomly intermingled following a single
tree plot design.
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2.3. Observations and Measurements

A series of measurements and observations were conducted. Pots were weighed at
the start of the experiment and approximately weekly throughout the treatment period
(Figure 2). The decrease in pot weight indicated the water shortage that the droughted
plants experienced.

Figure 2. Box plots of the weight of the pots for control and droughted plants, according to the region
of origin and taxon. Be_ave: Belgian Corylus avellana, Be_int: Belgian intermediate forms, Be_max:
Belgian C. maxima, Sp_ave: Spanish-Pyrenean C. avellana.

Plant height and stem diameter were measured at the beginning of the treatment
(29 June), one week after ending the treatment (9 August), and again when the plants
had entered winter rest (8 December). For height, only the living part of the stem was
measured (some plants lost height due to the drought). The stem diameter was measured
2 cm above the soil using a measuring rod. Change in height and diameter were calculated
for the period of drought (subtracting measurements on 29 June from 9 August) and for
the post-drought period (subtracting measurements on 9 August from 8 December).

Among the droughted plants, visual stress symptoms (wilting and desiccation of the
leaves) were assessed during the treatment period on 19, 22, 26, and 29 July. The scoring
system was as follows: (1) normal plant, (2) leaves wilting, not yet desiccating, (3) less than
50% desiccated leaves, (4) 50%–95% desiccated leaves, and (5) more than 95% of leaves
desiccated (Figure 1). All observation were performed by the same person, avoiding any
inter-observer bias. All plants survived the treatment.

The appearance of new shoots, called “resprouting”, in the young crowns was scored
after the drought in all plants, both controls and drought-treated, using the following
scoring scale: (1) normal buds, (2) leaves emerging, not yet unfolding, (3) leaves unfolding,
(4) small unfolded leaves, (5) enlarging leaves and shoot growth. Resprouting was assessed
on 9 and 16 August, after which no further resprouting was observed. From the observation
on 16 August, a binary variable was generated (0 = no resprouting (score 1); 1 = resprouting
(scores > 1)).

The development of small new shoots with newly formed leaves at the base of the
stem after the treatment was observed separately using an absence/presence variable on
23 August.

Autumn leaf senescence was monitored as follows: (1) green leaves, (2) light green
leaves, (3) <50% yellowing leaves, (4) <50% of leaves becoming brown, and (5) majority of
the leaves becoming brown [36]. Senescence was recorded on 19 October, 8 November, and
9 December.

In the spring of 2022, bud burst was monitored as follows: (1) normal winter buds,
(2) buds swelling, (3) buds opening, first leaves emerging but not yet unfolding, (4) leaves
unfolding, and (5) leaves unfolded [36]. Bud burst was assessed on 17 and 28 March, and
14 and 25 April. For leaf senescence as well as for bud burst, a mean score was assigned
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to each plant based on the evaluation of the entire young crown (i.e., all non-desiccated
leaves or all buds).

For all the control plants, two damage-free leaves were selected, one on a representative
long shoot at the top of the plant and one on a representative short shoot located centrally on
the plant, in the summer of 2021. The leaf lamina length and widest width were measured.

From the control group, 69 plants were randomly selected (18 Belgian C. avellana,
21 Spanish-Pyrenean C. avellana, 21 Belgian intermediate forms, and 9 Belgian C. maxima).
Stomatal density and stomatal length were counted and measured on the underside of
a representative leaf that was sampled on a short shoot located centrally on the plant. A
translucent nail varnish imprint was made on the central area of the leaf, avoiding any
veins. The imprints were examined using a Keyence VHX-7000 digital microscope (Keyence
Corporation, Osaka, Japan). For each imprint, stomata were counted in two randomly
selected 0.0454 mm2 squares, and five randomly chosen stomata were measured within
each square.

2.4. Statistics

We conducted all statistical analyses using R version 4.4.3. [37]. Linear models were
employed for height, diameter, and their increments, and relative chlorophyll content,
as well as for leaf size and stomatal size measurements. For the absence or presence of
post-drought resprouting, we applied logistic regression models [38]. Cumulative logistic
regression, in the ordinal package [39], was applied to analyze phenological observations
(visual stress symptoms, resprouting, leaf senescence, and bud burst). Figures were gener-
ated with ggplot2 [40]. Where applicable, repeated measurements on the same plants were
accounted for by using mixed-effects models with a unique plant identifier as a random
effect. Mixed-effects models are particularly suited for ecological data as they account for
nested structures, handle unbalanced datasets, and incorporate random effects [41]. In
specific cases, the data from different treatment groups were pooled. In all such cases, this
was done because of too few plants in the individual groups to allow statistical processing.

At the start of the experiment, height (Hei1) and diameter (Dia1) were modeled for all
plants to assess any initial growth differences between the regions and taxa (RegTax: Belgian
C. avellana, Spanish-Pyrenean C. avellana, Belgian intermediates, and Belgian C. maxima).
The same formula structure was applied, with HD indicating both Hei1 and Dia1:

HD = β0 + β1RegTax (1)

The leaf morphological traits lamina length (Lle) and lamina widest width (Lww),
both on short and long shoots, were measured on all control plants to examine the influence
of the region of origin and/or the taxon. The same formula structure was applied, with LA
indicating both Lle and Lww:

LA = β0 + β1RegTax (2)

The leaf morphological traits stomatal density (Sde) and stomatal size (Ssi) were
counted and measured on a subset of control plants to examine the influence of the region
of origin and/or the taxon. The same formula structure was applied, with ST indicating
both Sde and Ssi:

ST = β0 + β1RegTax (3)

The development of visual drought symptoms (Dro) was modeled with the probability
(p) of maximally reaching a given drought score level as a function of the day of observation
(Day), the region and taxon (RegTax), and initial height (Hei1):

(pDro/1 − pDro) = β0 − β1Day − β2RegTax − β3Hei1 (4)
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For post-drought resprouting (Res), we focused on whether plants resprouted or not
(Res1) and the timing of resprouting (Res2). For all plants, both controls and drought-
treated, the likelihood of resprouting in the young crowns after the end of the treatment
(pRes1) was modeled using logistic regression. The model examined the influence of drought
symptoms (Dro), the region and taxon (RegTax), and initial height (Hei1). For the Dro
variable, all control plants got a score of 1, indicating no visual drought symptoms.

(pRes1/1 − pRes1) = β0 + β1Dro + β2RegTax + β3Hei1 (5)

For the plants displaying resprouting after the treatment (n = 54 for stressed plants,
n = 5 for control plants, Figure 1), the timing of resprouting (Res2) was modeled. Due to the
small number of resprouting plants across the different visual drought symptom categories,
the lower drought scores were pooled: no to mild symptoms (pooled Dro scores 1, 2, and 3,
n = 10), and severe symptoms (pooled Dro scores 4 and 5, n = 44). Additionally, as too few
plants remained in the different regions of origin and taxa, this variable was not retained
in the model. The model included Day (the day of observation), Dro_adj (the adjusted
symptoms variable with the pooled scores), and Hei1 (the initial height):

(pRes2/1 − pRes2) = β0 − β1Day − β2Dro_adj − β3Hei1 (6)

For all plants, the likelihood of forming new shoots at the base of the stem (pSst)
after the treatment was modeled, examining the influence of drought symptoms using
the variable with the pooled drought scores as defined above (Dro_adj), and the initial
height (Hei1).

(pSst/1 − pSst) = β0 − β1Dro_adj − β2Hei1 (7)

Leaf senescence (Sen) was modeled for both control and droughted plants. The
probability of maximally reaching a given senescence score on a given day (pSen) was
modeled as a function of Day, Dro (including control plants with a Dro score of 1), the
region and taxon (RegTax), and Hei3 (the height of the plants at winter rest):

(pSen/1 − pSen) = β0 − β1Day − β2Dro − β3RegTax − β4Hei3 (8)

The calculation of the day when half of the plants in a given drought score group
maximally reached a given senescence score (Day50%) was based on the model statistics:

Day50% = (β0 − β2 − β3 − β4mHei3)/β1 (9)

with mHei3 indicating the mean height in winter.
The modeled time span between two groups with different drought symptoms was

calculated by subtracting their respective Day50% values.
Bud burst (Bud) in the following spring was modeled with Day, Dro (including the

control plants with Dro score 1), the region and taxon (RegTax), and Hei3 (the height of the
plants at the end of the growing season):

(pBud/1 − pBud) = β0 − β1Day − β2Dro − β3RegTax − β4Hei3 (10)

By applying linear mixed models, the change in height (Hin) and diameter (Din)
over time were modeled. The data included the change in height/diameter between the
beginning and the end of the treatment, and the change in height/diameter between the
end of the treatment and the end of the growing season. We do not use the term increment
as the height diminished for the more severely affected plants. The models included the
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time variable (Tim, categorical with two levels: during the treatment and after), the visual
drought symptoms (Dro, with the controls having score 1), the region and taxon (RegTax),
and the initial height (Hei1) or diameter (Dia1).

Hin = β0 + β1Tim + β2Dro + β3TimDro + β4RegTax + β5Hei1 (11)

Din = β0 + β1Tim + β2Dro + β3TimDro + β4RegTax + β5Dei1 (12)

The interaction term between the time variable (Tim) and the drought score level (Dro)
allowed that the ratio between the change in height/diameter in the first period (drought)
and the change in height/diameter in the second period (post-drought) could vary among
the different drought score levels.

3. Results
3.1. Initial Traits of the Plants

Before the treatment, plants from the different Belgian taxa did not differ from each
other in height. Only the Spanish-Pyrenean C. avellana was significantly smaller than the
Belgian C. avellana (significant region-taxon in Table 1, Figure 3a). For stem diameter, none
of the region-taxa differed significantly from the Belgian C. avellana (Table 1, Figure 3b).
Several leaf morphological variables differed slightly among the region-taxa (Figure 4,
Table 2). Short shoot leaves were longer for the Belgian C. maxima, whereas the long
shoots leaves were longer for the Belgian morphological intermediates and smaller for the
Spanish-Pyrenean C. avellana when compared with the Belgian C. avellana. When looking
at the maximum width of the leaves, only the long shoot leaves were less wide for the
Spanish-Pyrenean C. avellana.

Table 1. Test statistics for the plant height and diameter before the treatment. The Belgian intermediate
forms (Be_int), the Belgian C. maxima (Be_max), and the Spanish-Pyrenean C. avellana (Sp_ave) are
compared to the Belgian C. avellana (standard).

Initial Height Initial Diameter

Variable Estimate Std. Error t-Value p-Value Estimate Std. Error t-Value p-Value

(Intercept) 72.24 1.40 51.69 <0.001 *** 0.10 0.00 72.16 <0.001 ***
Be_int 2.29 2.19 1.04 0.298 0.00 0.00 1.20 0.233

Be_max −4.54 3.31 −1.37 0.171 0.00 0.00 1.11 0.267
Sp_ave −10.52 2.04 −5.15 <0.001 *** 0.00 0.00 −1.87 0.062

*** p < 0.001.

Table 2. Test statistics for leaf lamina length and lamina widest width on short and long shoots of
the control plants. The Belgian intermediate forms (Be_int), the Belgian C. maxima (Be_max), and the
Spanish-Pyrenean C. avellana (Sp) are compared to the Belgian C. avellana (standard).

Lamina Length Lamina Widest Width

Location on
the Plant Variable Estimate Std. Error t-Value p-Value Estimate Std. Error t-Value p-Value

Short shoot (Intercept) 67.31 1.32 50.96 <0.001 *** 48.62 0.96 50.71 <0.001 ***
Be_int 0.72 2.07 0.35 0.728 0.51 1.50 0.34 0.736

Be_max 8.89 3.10 2.87 0.005 ** 2.38 2.25 1.06 0.292
Sp_ave −2.68 1.91 −1.40 0.164 −2.28 1.39 −1.64 0.103

Long shoot (Intercept) 102.16 2.06 49.64 <0.001 *** 82.91 1.95 42.42 <0.001 ***
Be_int 6.59 3.22 2.04 0.043 * 5.22 3.06 1.71 0.091

Be_max 0.96 5.04 0.19 0.850 0.31 4.79 0.07 0.948
Sp_ave −6.91 3.00 −2.30 0.023 * −7.29 2.85 −2.56 0.012 *

*** p < 0.001; ** p < 0.01; * p < 0.05.
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(a) (b) 

Figure 3. Box plots of plant height (a) and diameter (b) at the start of the experiment, according to
the region of origin and taxon. Be_ave: Belgian Corylus avellana, Be_int: Belgian intermediate forms,
Be_max: Belgian C. maxima, Sp_ave: Spanish-Pyrenean C. avellana. Different small letters indicate
significant differences.

  
(a) (b) 

 
(c) (d) 

Figure 4. Box plots of leaf morphological traits: lamina length on short shoots (a) and long shoots (b),
and lamina widest width on short shoots (c) and long shoots (d), according to the region of origin
and taxon. Be_ave: Belgian Corylus avellana, Be_int: Belgian intermediate forms, Be_max: Bel-
gian C. maxima, Sp_ave: Spanish-Pyrenean C. avellana. Different small letters indicate significant
differences.

Stomatal density and stomatal length in the Belgian C. avellana showed no significant
differences compared to the other region-taxa (Figure S2, Table S1).
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3.2. Development of Visual Drought Symptoms and Post-Drought Resprouting

Visual drought symptoms began to appear during the water withholding period
and were assessed at short time intervals. Plants from the Spanish-Pyrenean C. avellana
developed symptoms significantly later than those from the Belgian taxa (significant region-
taxon in Table 3, Figure 5).

Table 3. Test statistics for the development of stress symptoms during the drought. The Belgian
C. avellana is the standard to which the Belgian intermediate forms (Be_int), the Belgian C. maxima
(Be_max), and the Spanish-Pyrenean C. avellana (Sp) are compared to. Day is the day of observation,
Hei1 is the initial height.

Variable Estimate Std. Error z-Value p-Value

Day −1.29 0.11 −11.92 <0.001 ***
Be_int 0.53 1.02 0.52 0.602

Be_max −0.85 1.53 −0.56 0.578
Sp_ave 3.32 1.04 3.19 0.001 **

Hei1 −0.26 0.04 −6.67 <0.001 ***
*** p < 0.001; ** p < 0.01.

Figure 5. Modeled development of visual drought symptoms according to the region of origin
and taxon. Be_ave: Belgian Corylus avellana, Be_int: Belgian intermediate forms, Be_max: Belgian
C. maxima, Sp_ave: Spanish-Pyrenean C. avellana. Groups not significantly differing from the Belgian
C. avellana are in gray.

After the treatment, some of the drought-treated plants resprouted on the branches of
the young crowns. A few plants among the controls displayed the same resprouting. Only
3.9% of the control plants produced such new shoots, whereas in the drought-treated group,
this was 58.1%. When compared to the controls, most of the categories of visual drought
symptoms showed a significantly higher likelihood of post-drought resprouting (significant
drought scores in Table 4), with the more severely affected plants (>50% of leaves desiccated
by the drought) displaying a higher probability (Figure 6a). No differentiation was detected
in resprouting ability among the different region-taxa (Table 4).

Next, we considered only plants that resprouted. Because of the restricted number of
resprouting plants in the different groups of drought symptoms, these were pooled into a
category with no to mild drought symptoms (scores 1, 2, and 3) and a category of more
severely affected plants (scores 4 and 5). The severely affected plants displayed an earlier
resprouting compared to the controls (significant visual drought symptoms in Table S2 and
Figure S3).

We also looked at shoots appearing at the base of the stem. Among the controls, only
2.3% of the plants produced post-drought new shoots at the base of the stem, whereas
this was 10% among the drought-treated plants. When modeled, it appeared that only the
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plants severely affected by the drought produced significantly more shoots at the base of
the stem (Table 4 and Figure 6b).

Table 4. Test statistics for the chance of resprouting after the treatment, both in the young crown
and at the base of the stem. For the young crown: controls are the standard to which the groups of
drought symptoms (Dro) are compared to: normal (no symptoms), wilting of the leaves, less than
50%, 50% to 95%, and more than 95% of leaves desiccated. For the base of the stem: controls are the
standard to which the pooled groups of drought symptoms are compared to: no to mild symptoms
(normal, wilting, and <50% desiccated leaves), and severe symptoms (50%–95% and >95% desiccated
leaves). The Belgian C. avellana is the standard to which the Belgian intermediate forms (Be_int), the
Belgian C. maxima (Be_max), and the Spanish-Pyrenean C. avellana (Sp) are compared to. Hei1 is the
initial height.

Location on
the Plant Variable Estimate Std. Error z-Value p-Value

Young crown (Intercept) −3.78 1.41 −2.68 0.007 **
Dro_normal 2.36 0.91 2.60 0.009 **
Dro_wilting 0.71 0.90 0.78 0.433
Dro_ < 50% 1.92 0.69 2.77 0.006 **

Dro_50%–95% 4.09 0.59 6.93 <0.001 ***
Dro_ > 95% 4.42 0.74 5.95 <0.001 ***

Be_int 0.44 0.51 0.87 0.387
Be_max 0.31 0.76 0.41 0.681
Sp_ave −0.36 0.58 −0.62 0.533

Hei1 0.01 0.02 0.40 0.687
Base stem (Intercept) −4.44 1.65 −2.70 0.007 **

Dro_no-mild 1.03 0.82 1.26 0.208
Dro_severe 1.99 0.69 2.89 0.004 **

Hei1 0.01 0.02 0.48 0.635
*** p < 0.001; ** p < 0.01.

   
(a) (b) 

Figure 6. Probability of post-drought resprouting among control plants and the different scores of
symptoms: normal (no symptoms), wilting of the leaves, less than 50%, 50% to 95%, and more than
95% of leaves desiccated (a). Resprouting at the base of the stem with no_to_wilting including pooled
scores of symptom scores normal and wilting of the leaves, and desiccating, including pooled scores
of less than 50%, 50% to 95%, and more than 95% of leaves desiccated (b). Scores not significantly
differing from the control are in gray.

3.3. Autumn Leaf Senescence

The analysis of autumn leaf senescence focused on the comparison between the
controls and the groups corresponding to the different levels of visual drought symptoms.
Nearly all groups of drought-treated plants, including the group that did not develop visual
symptoms during the drought, were characterized by a delayed leaf senescence (significant
drought symptom groups in Table 5 and Figure 7). While leaf senescence for most of these
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groups was between 3.8 and 6.2 days later than the controls, the group that displayed the
most severe drought symptoms (>95% desiccated leaves) during the treatment displayed
leaf senescence 21.2 days later than the controls.

Table 5. Test statistics for the modeling of leaf senescence. The different scores of drought symptoms
(Dro) are compared to the control plants (standard). The Belgian C. avellana is the standard to which
the Belgian intermediate forms (Be_int), the Belgian C. maxima (Be_max), and the Spanish-Pyrenean
C. avellana (Sp) are compared to. Day is the day of observation, and Hei3 is the plant height in winter.

Autumn Leaf Senescence Spring Bud Burst

Variable Estimate Std. Error z-Value p-Value Estimate Std. Error z-Value p-Value

Day 0.21 0.01 16.38 <0.001 *** −0.38 0.02 −19.87 <0.001 ***
Dro_normal −1.28 0.46 −2.77 0.006 ** 1.37 0.70 1.95 0.051
Dro_wilting −0.81 0.33 −2.48 0.013 * 1.62 0.49 3.33 <0.001 ***
Dro_ < 50% −0.35 0.35 −1.00 0.318 1.40 0.52 2.68 0.007 **

Dro_50%–95% −1.32 0.32 −4.19 <0.001 *** 2.09 0.47 4.42 <0.001 ***
Dro_ > 95% −4.50 0.51 −8.87 <0.001 *** 4.35 0.68 6.42 <0.001 ***

Be_int 0.46 0.26 1.78 0.075 −1.67 0.38 −4.37 <0.001 ***
Be_max −0.36 0.40 −0.90 0.366 −4.76 0.62 −7.67 <0.001 ***
Sp_ave 0.44 0.26 1.68 0.093 0.29 0.38 0.75 0.453

Hei3 0.04 0.01 7.25 <0.001 *** 0.04 0.01 5.03 <0.001 ***

*** p < 0.001; ** p < 0.01; * p < 0.05.

Figure 7. Modeled timing of autumnal leaf senescence with visual drought symptom scores: normal
(no symptoms), wilting of the leaves, less than 50%, 50% to 95%, and more than 95% of leaves
desiccated. Scores not significantly differing from the control are in gray.

3.4. Spring Bud Burst

In the spring following the year of the drought treatment, nearly all groups of plants
corresponding to the different categories of drought symptoms exhibited a delayed bud
burst when compared to the controls (significant scores of drought symptoms in Table 5 and
Figure 8a). The group that developed no visual symptoms during the drought displayed
only a tendency for a later bud burst (p-value = 0.051 in Table 5 and Figure 8a). Similar
to leaf senescence, bud burst was especially delayed in the group that had developed the
most severe visual symptoms (Figure 8a).

Bud burst across the different regions and taxa was also examined. No difference in
timing was detected between the Spanish-Pyrenean and Belgian C. avellana, but C. maxima,
and to a lesser extent the morphological intermediates, were earlier than the Belgian
C. avellana (significant region-taxa in Table 5 and Figure 8b).
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(a) (b) 

Figure 8. Modeled bud burst for the control and drought-treated plants according to the drought
categories: normal (no symptoms), wilting of the leaves, less than 50%, 50% to 95%, and more than
95% of leaves desiccated (a), and according to the region of origin and the taxon; Be_ave: Belgian
Corylus avellana, Be_int: Belgian intermediate forms, Be_max: Belgian C. maxima, and Sp_ave: Spanish-
Pyrenean C. avellana (b). Categories that do not significantly differ from the control (a) or from the
Belgian C. avellana (b) are displayed in gray.

3.5. Change in Height and Diameter

The change in height during and after the treatment was modeled to look for influences
of the water withholding. All the drought-treated plants grew less in height compared
to the controls during the treatment period (significant visual drought symptom scores
in Table 6, and Figures 9a and S4a). For the drought scores of wilting leaves, less than
50%, between 50% and 95%, and more than 95% desiccated leaves (scores 2, 3, and 4), the
interaction term between the time variable and the drought score was significant (Table 6),
indicating that the proportion of height growth (or height loss) between the two time
periods differed from the control group.

Table 6. Test statistics for the change in height and change in diameter in controls and droughted
plants. Two time periods (Tim) are included: during and after the treatment. The period during the
treatment is the standard to which the period after the treatment is compared to. The control group is
the standard to which the different scores of drought symptoms (Dro) are compared to: normal (no
symptoms), wilting of the leaves, less than 50%, 50% to 95%, and more than 95% of leaves desiccated.
The Belgian C. avellana is the standard to which the Belgian intermediate forms (Be_int), the Belgian
C. maxima (Be_max), and the Spanish-Pyrenean C. avellana (Sp) are compared to. Hei1 and Dia1 are
the initial plant height and diameter.

Trait Variable Value Std. Error DF t-Value p-Value

Change in height (Intercept) 26.61 3.04 250 8.76 <0.001 ***
Tim −18.57 1.12 250 −16.64 <0.001 ***

Dro_normal −6.45 2.97 246 −2.17 0.031 *
Dro_wilting −9.42 2.00 246 −4.72 <0.001 ***
Dro_ < 50% −9.76 2.16 246 −4.51 <0.001 ***

Dro_50%–95% −15.12 1.82 246 −8.32 <0.001 ***
Dro_ > 95% −21.35 2.41 246 −8.87 <0.001 ***

Be_int −0.61 1.24 246 −0.49 0.625
Be_max −4.95 1.88 246 −2.63 0.009 **
Sp_ave −3.25 1.24 246 −2.62 0.009 **

Hei1 −0.03 0.04 246 −0.68 0.500
Tim:Dro_normal 6.73 3.66 250 1.84 0.067
Tim:Dro_wilting 10.14 2.49 250 4.07 <0.001 ***
Tim:Dro_ < 50% 7.65 2.75 250 2.78 0.006 **

Tim:Dro_50%–95% 9.40 2.30 250 4.08 <0.001 ***
Tim:Dro_ > 95% −3.58 3.03 250 −1.18 0.239
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Table 6. Cont.

Trait Variable Value Std. Error DF t-Value p-Value

Change in diameter (Intercept) 3.10 0.40 250 7.79 <0.001 ***
Tim −1.38 0.14 250 −9.95 <0.001 ***

Dro_normal −0.67 0.33 246 −2.07 0.040*
Dro_wilting −0.80 0.22 246 −3.62 <0.001 ***
Dro_ < 50% −0.65 0.24 246 −2.66 0.008 **

Dro_50%–95% −1.00 0.20 246 −4.91 <0.001 ***
Dro_ > 95% −0.91 0.27 246 −3.39 0.001 **

Be_int 0.24 0.13 246 1.90 0.058
Be_max 0.16 0.19 246 0.83 0.406
Sp_ave −0.11 0.12 246 −0.91 0.365

Dia1 −0.17 0.04 246 −4.67 <0.001 ***
Tim:Dro_normal 1.05 0.46 250 2.30 0.022 *
Tim:Dro_wilting 1.11 0.31 250 3.60 <0.001 ***
Tim:Dro_ < 50% 0.93 0.34 250 2.71 0.007 **

Tim:Dro_50%–95% 1.34 0.29 250 4.68 <0.001 ***
Tim:Dro_ > 95% 0.93 0.38 250 2.48 0.014*

*** p < 0.001; ** p < 0.01; * p < 0.05.

(a) (b) 

Figure 9. Modeled change in height (a) and diameter (b) during and after the treatment. Visual
drought symptom scores: normal (no symptoms), wilting of the leaves, less than 50%, 50% to 95%,
and more than 95% of leaves desiccated. D: during the treatment, A: after the treatment.

When considering the different regions and taxa, height growths in the Spanish-
Pyrenean C. avellana and in the Belgian C. maxima were significantly smaller than the
Belgian C. avellana (significant region-taxa in Table 6).

The change in stem diameter of the plants during and after the treatment was modeled.
All drought-treated plants displayed a reduced radial growth during the treatment in
comparison to the controls (significant visual drought symptom scores in Table 6 and
Figure 9b). For the control plants, no radial growth was detected anymore in the second
time period (after the treatment, Figure 9b). However, the interaction terms between the
time variable and the visual drought symptom groups were significant (Table 6), indicating
that the proportion of radial growth between the two time periods for these groups of
plants differed from the controls. Both the modeled data (Figure 9b) and the raw data
(Figure S4b) showed that radial growth in the drought-treated plants was not only reduced
during the drought treatment (first period), but was also partly shifted towards the autumn
(second period).

No differences in radial growth were detected between the Belgian C. avellana and the
other regions and taxa (Table 6).
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4. Discussion
During the drought, leaf wilting and curling progressed rapidly toward widespread

leaf desiccation. The severity of the desiccation influenced post-drought processes, such as
new shoot formation during recovery, partial stem dieback, radial growth dynamics, and
autumnal senescence. We found an alteration in the growth pattern. The radial growth was
diminished by the drought treatment, and this diminished growth was achieved within
a prolonged growing period. Leaf senescence was delayed in the droughted plants, with
the most severely affected plants being disproportionately late. Finally, visual drought
symptoms appeared later in the Pyrenean provenance.

4.1. Development of Visual Symptoms and Resprouting

During the drought, the Spanish-Pyrenean provenance developed visual stress symp-
toms significantly later than the local provenance of C. avellana. The plants of this non-local
provenance remained less high and developed smaller leaves than the local one. While all
grown in a common garden setting, this implicated that size differences were genetically
controlled. Most probably, the smaller sizes resulted in a smaller leaf area of the saplings,
contributing to the later occurrence of stress symptoms during the drought. Other aspects,
such as variation in stomatal control or deviating hydraulic features, may have added
to this result. The smaller size of the Spanish-Pyrenean provenance, when compared to
more northernly located but lower altitudinal provenances, has been observed for the other
common shrub species Prunus spinosa L. [42]. Intra-species studies along altitudinal clines
have shown that a smaller leaf size is an adaptation to lower temperatures, stronger wind
exposure, and more intense solar irradiation at higher altitudes [43]. Based on our results,
we can hypothesize that in extreme drought conditions at lower altitudes, the smaller sizes
can turn out advantageous. Evidently, longer term observations of fitness should support
this hypothesis.

Post-drought resprouting is a response that has been documented in woody
species [44]. Whereas drought symptoms developed later on the Spanish-Pyrenean C. avel-
lana, no differences between the provenances and taxa were observed in the ability to
resprout after the drought treatment. This result disagrees with post-drought resprout-
ing in P. spinosa, where the local provenance displayed a stronger resprouting compared
to a Spanish-Pyrenean and a Swedish provenance [42], suggesting that the ability to
resprout when conditions normalize after a severe drought is species- and/or provenance-
dependent.

Post-drought resprouting is known to be modulated by stress severity [17,45]. Our
results corroborate this: the stronger the visual stress symptoms develop, the higher the
chance of post-drought resprouting, particularly for the plants that lost more than half
of their foliage due to desiccation. The resprouting not only concerned the formation of
new shoots with leaves in the young crowns of the saplings, but also more development
of new shoots at the base of the stem. Finally, it should be noted that a small amount of
resprouting plants were also present among the controls. This can easily be attributed to the
natural tendency of C. avellana to produce shoots in support of its multi-stemmed habitus.
However, an induction by the immersion overnight in a water basin at the beginning and
at the end of the treatment cannot be excluded.

4.2. Drought Affecting Sapling Size

How the drought treatment influenced the height of the plants followed our expecta-
tions. The drought significantly reduced the height growth of the saplings, including those
not yet showing any visual symptoms at the end of the drought, giving expression to the
vulnerability of growth to drought. Moreover, the most heavily affected saplings (>95%
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of desiccated leaves) had lost height due to the upper parts of the stems dying off. Partial
crown dieback after drought is a common phenomenon in trees [9].

As concerns radial growth, we observed a shift towards the autumn in the drought-
treated plants. Radial growth in temperate trees typically peaks early in the growing
season [46,47]. The onset of radial growth within a growing season in in situ mature
trees (central Europe) was found to be less variable than the end of the radial growth [46],
suggesting that trees may have the capacity to prolong or shorten the radial growth
depending on the growing conditions. Furthermore, daily radial growth in situ was
constrained by moisture, both in air and soil, in several tree species, including the coniferous
species Picea abies (L.) H. Karst, Pinus sylvestris L., and Abies alba Mill., and the deciduous
species Fagus sylvatica L., Fraxinus excelsior L., Quercus petraea Liebl., and Quercus pubescens
Willd. [46]. In our experiment, the control plants still displayed radial growth in July
(during the treatment) but not any more afterwards (August till the end of the growing
season). In comparison, the drought-treated saplings were able to partly shift radial growth
to the period after the treatment, corroborating the finding that the end of the radial growth
is less strictly determined than the beginning. While the overall radial growth of the
total growing season was diminished in the drought-treated plants, the amount of radial
growth that the treated plants did accomplish was completed within a longer time frame,
which extended towards the autumn. The shifted radial growth can be considered as a
compensation for the lost time during the drought. Post-drought compensation growth has
already been described. For instance, after a period of drought during the growing season,
Quercus petraea seedlings display a higher chance to produce an extra shoot [20]. This type
of compensatory growth can be an inherent physiological mechanism [45], and in the more
severely affected plants, it may result from trees attempting to repair the drought-damaged
water transport tissue [48].

4.3. Autumnal Leaf Senescence and Subsequent Spring Bud Burst

Four out of five groups of plants, categorized according to the developed visual
drought symptoms, displayed a delayed leaf senescence. This phenomenon of post-drought
delayed leaf senescence has already been described for several woody species (e.g., Quercus
petraea [49] and Cornus sanguinea L. [50]). Delayed senescence may prolong photosynthesis,
facilitating the recovery from carbon deficits induced by the drought [51]. Interestingly,
the most heavily affected plants by the drought in our experiment displayed the longest
delay of 3 weeks, which may suggest that the extended photosynthesis in these plants may
present a rather extreme response, necessary to increase the chances of survival despite
a higher risk on damage due to early autumn frost or a new drought period [52]. It is
tempting to hypothesize that the prolonged photosynthesis is needed to meet the high
demand for carbon to restore damaged hydraulic conductivity, which is highly probable
in these saplings displaying severe visual damage symptoms [17]. Alternatively, this
strong delay may represent a stress-induced malfunctioning. Together, this result does
not support a linear relation between the severity of the drought symptoms and the delay
in leaf senescence but rather indicates a tipping point beyond which the delay becomes
disproportional. This result may challenge the modeling of this phenological event under
predicted climate change scenarios.

In our experiment, drought-induced delayed leaf senescence correlated with a delayed
bud burst in the subsequent spring. Interestingly, the most severely affected plants dis-
played the largest delay. It is also tempting to hypothesize that non-structural carbohydrate
dynamics may play an important role, as a strong relation was found between these carbo-
hydrates and the timing of spring bud burst [53]. Although the timing of leaf senescence
did not differentiate among the different regions of origin and the different taxa, the timing
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of bud burst did. The earlier bud burst for C. maxima and the morphological intermediates
mainly indicates a non-local origin of the horticultural mother plants.

5. Conclusions
We investigated the responses of a widespread shrub species to an imposed early

summer drought that resulted in various categories of visually expressed stress symptoms.
Interestingly, we found not only a reduction in radial growth during the drought period, but
also a shift of radial growth towards the autumn, which can be considered as compensation
growth. We found that leaf senescence was delayed in the droughted plants, with the
most severely affected group of plants displaying a delay which was 3.4 to 5.6 times larger
compared to the other drought-treated groups of plants. Both aspects should be considered
in carbon cycle models under climate change scenarios. The importance of these findings is
underscored by the prediction that climate change will increase extreme climatic events,
including severe droughts [54]. The Spanish-Pyrenean provenance grew less in height,
but not in diameter, when compared to the local provenance. Together with smaller leaf
sizes, this provenance consequently developed drought symptoms later than the local one.
Although the climatic conditions at the home site of the Spanish-Pyrenean provenance are
harsher than the local conditions in Belgium, the adaptation of this provenance to a higher
altitude may turn out advantageous in drought-prone conditions at lower altitudes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f16060907/s1: Figure S1: Monthly maximum and minimum
temperature, monthly precipitation, and day length at the home sites of the Belgian and Spanish-
Pyrenean provenance; Figure S2: Stomatal density (a) and stomatal size (b) according to the region
of origin and the taxon. Be_ave: Belgian Corylus avellana, Be_int: Belgian intermediate forms,
Be_max: Belgian C. maxima, Sp_ave: Spanish-Pyrenean C. avellana; Figure S3: Modeled timing of
resprouting. Control plants are the standard to which plants are compared that developed no to
mild (wilting of the leaves and less than 50% desiccated leaves) stress symptoms and plants that
developed severe stress symptoms (more than 50% desiccated leaves); Figure S4: Mean and standard
deviation of measured plant height (a) and stem diameter (b) at the beginning and at the end of the
treatment, and at the end of the growing season, for the controls and for the different scores of visual
drought symptoms that developed during the drought treatment; Table S1: Test statistics for the leaf
morphological traits stomatal density and stomatal size on short shoot leaves of a subset of control
plants. The Belgian C. avellana is the standard to which the Belgian intermediate forms (Be_int), the
Belgian C. maxima (Be_max), and the Spanish-Pyrenean C. avellana (Sp) are compared to; Table S2:
Test statistics for the modeling of the timing of post-drought resprouting, among the categories of
pooled visual drought symptoms. Control plants are the standard to which the pooled groups of
visual drought symptoms (Dro) are compared to: no to mild symptoms (normal, wilting, and <50%
desiccated leaves), and severe symptoms (50%–95% and >95% desiccated leaves). Hei1 is the initial
plant height.
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