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Abstract: Water limitations will pose significant challenges to forest ecosystems across Europe. To
gain a deeper understanding of the potential impacts, we investigated the response of the common
shrub Crataegus monogyna to two summer droughts, each followed by rewatering. The experimental
design consisted of a common garden with potted saplings from a local Belgian (n = 48), a Swedish
(n =47), and a Spanish-Pyrenean provenance (n = 48). We quantified the effects on growth and leaf
phenology, focusing on the legacies in the year following the droughts. Responses were influenced by
the severity of the drought and by its timing. Most strikingly, height increment was enhanced by 24%
(p = 0.046) in comparison to the controls in the year following the droughts in the group of plants
that endured the two drought treatments, each time without developing visible stress symptoms.
Only one such mild drought, whether early or late summer, did not lead to this response, suggesting
stress memory acting as a growth promoter. A late summer drought that resulted in visible drought
symptoms led to a reduced diameter increment in the year following the droughts, independent of
the preceding treatment (severe, mild, or no drought), whereas this was not the case for a similar
drought in early summer. Minor leaf phenological responses were detected in the year following the
droughts. Finally, the non-local provenances did not respond in a deviating way to the droughts
compared to the local provenance. Our findings contribute to the prediction of carbon sequestration
in forests and other woody vegetations in the temperate regions of Europe.

Keywords: stress memory; drought stress; provenance trial; increment growth; common hawthorn;
recurrent drought

1. Introduction

Forests play a fundamental role in hydrological and biogeochemical cycles, offering a
wide array of ecosystem services crucial for biodiversity conservation and maintenance [1,2].
The escalation of extreme weather events such as heatwaves, droughts, and storms due
to climate change can heighten tree mortality rates, potentially resulting in a net release
of atmospheric CO,. Among these events, drought and its associated disturbances exert
the most substantial global impact on forests [3,4]. It is hypothesized that trees may not
readily adapt to abrupt aridity increases through evolutionary mechanisms, given their
long reproductive cycles and limited ability to migrate away from stressful conditions. The
looming threat of prolonged and intensified droughts due to global warming justifies the
study of the effects of drought on woody plants [4,5].

During drought conditions, plants eventually experience desiccation, which leads to a
decrease in cell turgor pressure, resulting in the closure of stomatal pores on leaf surfaces.
This closure significantly slows down the dehydration process [6]. Studies indicate that in
trees, stomata typically close before significant cavitation in the hydraulic system occurs, at
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the expense of negative impacts of stomatal closure, such as reduced carbon assimilation [7].
However, additional water loss can still occur through cuticular conductance, stomatal
leakiness, and other tissues like bark [7].

Plant hydraulic strategies are finely tuned to their environmental conditions, aiming
to maximize carbon assimilation while avoiding hydraulic failure during drought stress.
Leaf shedding is a common adaptive strategy during drought conditions, considered vital
for plant survival [8]. Typically, leaf shedding occurs after stomatal closure [7], with xylem
embolism in the leaves serving as a primary driver of leaf mortality during drought [9-11].
This shedding reduces the evaporative leaf surface area, helping woody perennials delay
cavitation initiation in stem conductive tissues [12,13]. Consequently, it eases water stress
on the remaining foliage, slowing desiccation rates [14,15]. However, shedding leaves
without complete nutrient resorption leads to net nutrient losses, affecting long-term tree
performance [16]. Rebuilding a damaged crown after severe drought requires additional
carbon investment, either from non-structural carbohydrate reserves or from assimilation
of remaining or newly grown leaves after the drought stress [17].

While there has been significant attention on understanding the physiological factors
leading to tree mortality during drought, it is equally important to grasp the mechanisms
involved in the recovery of drought [18]. Drought resilience can be measured by assess-
ing both the impact of the disturbance and the rate of recovery following it [19]. If little
or no cavitation has occurred, recovery after rainfall is rapid, with stomata reopening to
assimilate new carbon as plants rehydrate. However, when cavitation thresholds are ex-
ceeded, photosynthetic recovery is considerably slower [20]. In summary, summer drought
significantly impacts the growth, gas exchange, and photosynthetic performance of both
shrubs and trees, including differences in drought tolerance strategies among co-occurring
species [21,22].

Drought and heat pose a threat to ecosystem carbon uptake, which currently helps
in mitigating the rising atmospheric CO, levels by offsetting human-caused fossil fuel
emissions [23]. Reduced forest carbon uptake during drought and heat comes from stress-
related declines in photosynthesis [24]. While the connection between drought and reduced
carbon uptake is well-documented, several key questions remain [23]. These include the
impact of recurrent droughts, the strength of seasonal and regional compensation effects,
land-atmosphere feedbacks that can intensify heatwaves, and forest management strategies
in a changing climate.

In this study, we conducted a controlled recurrent drought experiment using three
provenances of Crataegus monogyna Jacq. in a common garden setting. C. monogyna,
commonly known as hawthorn, is a shrub species traditionally and widely planted in
hedgerows in the temperate regions of Europe. Despite being a common shrub, hawthorn
has been relatively neglected both in scientific research on woody species, as it holds
no economic value in the forestry sector, and in conservation efforts, which typically
prioritize rare species [25]. Apart from in situ measurements of physiological traits [26] or
secondary metabolites in Crataegus spp. [27] in relation to drought, this study describes an
experimental drought in controlled conditions, focusing on growth responses.

Potted saplings were exposed to water deprivation during early and/or late summer
within the same growing season, followed by rewatering. This experimental setup allowed
us to investigate the potential impact of prior drought exposure. We hypothesized that the
response to the imposed drought would be influenced by (i) the severity of the drought and
(ii) whether saplings had previously experienced a drought. In addition, we hypothesized
that (i) drought not only leads to above-ground growth reduction but can also act as an
above-ground growth stimulus, and that (ii) different provenances may react in a different
way to imposed drought regimes. Our main objective was to understand the post-drought
recovery process, focusing specifically on the effects on growth traits and leaf phenology
in the year following the drought. The common garden setting provided a controlled
environment for assessing variability among the different provenances.
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2. Materials and Methods
2.1. Plant Material

Our study species is Crataegus monogyna. It is widespread across nearly all of Europe,
thriving on soils with moderate pH, nutrient levels, and water supply [28]. In May and
June, the shrubs bloom abundantly, offering pollen and nectar to various insects. By August,
the shrubs bear numerous berries that are a food source for many birds [28]. Hawthorn is
extensively planted in hedgerows, wooded banks, and the edges and understory of forest
stands in Belgium to enhance species diversity, restore historical landscapes, and support
wildlife [25,29].

We utilized 143 C. monogyna plants belonging to three provenances (48 plants from a
local Belgian provenance, 48 plants from a Spanish-Pyrenean provenance, and 47 plants
from a south-Swedish provenance). The seed collection process is already outlined in [30],
as C. monogyna was collected in the same growth environments as described for Prunus
spinosa. Seeds were gathered in 2016 and germinated in 2018 (C. monogyna seeds need
a relative long stratification time). In the first growing season, the seedlings remained
in forestry trays (54.5 x 31 cm with 28 cells) filled with standard nursery potting soil
composed of 1.5 kg/m> NPK 12 + 14 + 24, 20% organic matter, pH levels ranging from 5.0
to 6.5, an electrical conductivity (E.C.) of 450 uS/cm, and dry matter content of 25%. No
additional fertilizer was added to the potting soil. In the winter of 2018, the seedlings were
transferred to 1 L pots, using the same standard potting soil, without additional fertilizer.
A common garden of potted seedlings was established in 2019 on an outdoor container field
situated at the Research Institute for Agriculture and Fisheries in Melle, Belgium, where
the pots were watered using automated sprinklers that were programmed and monitored
by experienced technical staff. The three provenances were individually mingled (single
tree plot design).

2.2. Drought Treatments

In mid-June 2020, we transferred all potted plants from the container field to a green-
house equipped with an automatic grey shade net to shield the plants from intense solar
radiation. Monthly mean temperatures in the greenhouse for July till September were 21.8,
24.3, and 19.7 °C, whereas the mean relative humidity was 54.8, 55.3, and 60%, respectively.
We conducted controlled drought treatments during early and late summer of 2020 follow-
ing a full-factorial design (Figure 1). The early summer treatment was conducted from 1
July to 23 July, while the late summer treatment ran from 6 August to 21 August. To avoid
mortality, both treatments were ended when several plants displayed (nearly) total leaf
desiccation. At the beginning and at the end of each treatment, we ensured all plants, both
control and drought treated, were fully hydrated by immersing the pots overnight in a
water basin, with the water level maintained at 5 cm above the pot base. Subsequently,
excess water was allowed to drain naturally. In this way, field capacity was approached.

For the initial early summer treatment, half of the young plants (designated as the
drought group D, n = 72, each provenance with 24 plants) were subjected to water with-
holding, while the other half (the control group C, n = 71, each provenance with 24 or
23 plants) received regular watering by skilled personnel to maintain optimal moisture
levels. In the subsequent late summer treatment, we divided both the control and drought
groups from the early summer treatment into halves, with each half then assigned to either
the control or the drought condition for the late summer treatment (Figure 1). The four
experimental groups resulting from this design are referred to as control-control (C-C),
control-drought (C-D), drought-control (D-C), and drought-drought (D-D). The allocation
of the three provenances was evenly distributed among the control and drought groups for
both the early and late summer treatment.

After the two treatments, the plants were kept in the greenhouse until October 2020,
ensuring they were consistently maintained under well-watered conditions as monitored
by experienced technical staff. In October 2020, they were transferred back to the container
field outside. All treatment groups were individually intermingled.
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Figure 1. Factorial design for the two consecutive drought treatments during the 2020 growing
season with four treatment groups: C-C (control-control), C-D (control-drought), D-C (drought-
control), and D-D (drought-drought). For each treatment, plants subjected to drought conditions
were additionally categorized based on whether they exhibited visible drought symptoms (Ds) or
remained symptom-free (Dn).

2.3. Measurements and Observations

We conducted several measurements and observations throughout the experiment.
We weighed all pots at the beginning of each drought treatment, after drainage of excess
water following the overnight soaking in water (proxy for field capacity), and more or less
weekly thereafter during the treatments. The reduction in pot weight served as an indicator
of water scarcity (Figure 2).
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Figure 2. Weights of the pots during the two treatments.

Height and diameter measurements were taken at the start of each treatment (1 July
and 6 August) and at the end of 2020 (20 December for diameter) or at the beginning of
the growing season in 2021 (25 March for height) (Figure 3). Height was measured up to
the still-living part of the plant. Height measurements in December 2020 were considered
less reliable as it was visually less clear if top parts of stems had died off. This became
unmistakable at the spring bud burst in 2021. We measured the stem diameter using a
measuring rod positioned 2 cm above the soil level. At the end of the growing season
of 2021, height and diameter were measured once more. We calculated the increment
height and diameter by subtracting the height and diameter on 1 July from the ones on
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6 August for the early summer treatment, by subtracting the height and diameter on August
6 from the ones in the winter between 2020 and 2021 for the late summer treatment, and by
subtracting the height and diameter in the winter between 2020 and 2021 from the ones at
the end of 2021 for the following growing season.

Inh1 & Ind1 Inh2 & Ind2 Inh3 & Ind3
Heil|  Early Hei2 Late Hei3 Bud Leaf Heid
Dial| summer 2 summer - ¢
treatment Dia2 [ Dia3 burst senescenceé Diad
Jul'l Jul23  Augb Aug 21 Mar Oct
Trel:C,D Tre2:C-C, C-D,D-C,D-D
Treld:C, Dn, Ds Tre2d: C-C, C-Dn, C-Ds, Dn-
C, Ds-C, Dn-Dn, Dn-Ds, Ds-
Dn, Ds-Ds
& 2020 {2 <% 2021 B

Figure 3. Timeline with indication of treatments and measurements. Included are heights (Hei) and
diameters (Dia) with their respective increments (Inh and Ind). Treatments are shown (Trel and Tre2)
with control (C), drought (D), control-control (C-C), control-drought (C-D), drought-control (D-C),
and drought-drought (D-D). Plants subjected to drought conditions were additionally categorized
(Treld and Tre2d) based on whether they exhibited visible drought symptoms (Ds) or remained
symptom-free (Dn).

We assessed the presence/absence of visual drought symptoms on the plants, i.e.,
the desiccation of leaves, about one week after the end of each treatment (29 July and
28 August). At this time, affected leaves would not regain turgor and revive anymore.
Based on this assessment, the groups of plants in both drought treatments were divided in
subgroups: whether or not they were displaying visual drought symptoms (Ds and Dn,
respectively). This resulted in the following number of plants in each treatment group: 36
in C-C, 13 in C-Dn, 23 in C-Ds, 25 in Dn-C, 11 in Ds-C, 17 in Dn-Dn, 7 in Dn-Ds, 8 in Ds-Dn,
and 3 in Ds-Ds. Because of the low number, results from the Ds-Ds group are shown for
completeness but are not discussed.

Bud burst in the spring of 2021 was evaluated following a scoring protocol with 1: buds
in rest, 2: buds swelling and changing colour from brown/red to white and green, 3: buds
opening and first leaves protruding but not yet unfolding, 4: leaves unfolding, and 5: leaves
unfolded and enlarged [25]. Bud burst was scored on 5, 15, and 26 March and 6 April. Leaf
senescence in the autumn of 2021 was observed using a scoring protocol with 1: green
leaves, 2: leaves light green, 3: less than half of the leaves becoming brown, 4: more than
half of the leaves becoming brown, and 5: all leaves brown and starting to fall off [31]. This
phenophase was scored on 19 September and 18 October. For both phenological traits, the
whole plant (i.e., all buds or all leaves) was evaluated and a mean score was given.

2.4. Statistical Analysis

We utilized the open-source statistical software R [32] for all data analyses. We em-
ployed linear models for height and diameter or the change in height and diameter (in-
crements) and we processed the phenological observations, which are ordinal data, using
cumulative logistic regression in the package ordinal [33]. Figures were generated using
ggplot2 [34]. For the phenological data, we included a unique plant identifier as a random
effect in the mixed-effect models to address repeated observations on the same plants.

To evaluate the effects of the droughts on the growth of the plants, we modelled the
change in height and diameter over different time spans (increment response variables),
each time taking into account the initial height and diameter. For each response variable, we
first looked at the influence of the treatment, distinguishing the effects of mild (having no
visual drought stress symptoms at the end of the treatment) or more severe (having visual
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drought stress symptoms) drought. The treatment variables (Treld or Tre2d) consisted
of three (C, Dn, and Ds for the first treatment) or nine levels (C-C, C-Dn, C-Ds, Dn-C,
Ds-C, Dn-Dn, Dn-Ds, Ds-Dn, and Ds-Ds for the first and second treatment). Secondly,
we questioned whether the change in height or diameter due to the treatments differed
between the provenances (Pro). In other words, we looked at significant interaction terms
between provenance and treatment in the models. The amount of plants in the experiment
was not large enough to distinguish in these provenance models between mild and more
severe drought. Therefore, the treatment variables in these provenance models (Trel or
Tre2) consisted of two (C and D for the first treatment) or four levels (C-C, C-D, D-C, and
D-D for the second treatment).

Height (Heil) and diameter (Dial) at the start of the experiment were modelled to
look for initial growth differences between the provenances:

Heil = 3¢ + 1Pro

Dial = BO + f)lPI‘O

The change in height (Inh1) and diameter (Ind1) during the early summer treatment
was modelled:
Inh1 = Bg + B1Treld + B,Heil

Ind1 = B¢ + B1Treld + B,Dial

Influence of provenance:
Inhlp = 3¢ + B1Trel x B,Pro + B3Heil

Indlp = Bg + P1Trel x BoPro + BzDial

The change in height (Inh2) and diameter (Ind2) during and after the late summer
treatment was modelled:
Inh2 = B¢ + f1Tre2d + B,Hei2

Ind2 = B¢y + B1Tre2d + B,Dia2

Influence of provenance:
Inh2p = 3o + B1Tre2 x poProv + B3Hei2

Ind2p = Bg + B1Tre2 x BoProv + BzDia2

The change in height (Inh3) and diameter (Ind3) during the growing season of 2021
was modelled:
Inh3 = f_’)o + BlTI‘GZd + BzHei?)

Ind3 = 3¢ + B1Tre2d + B,Dia3

Influence of provenance:
Inh3p = B + B1Tre2 x poProv + B3Hei3

Ind3p = Bg + B1Tre2 x ByProv + BzDia3

We looked for carry-over effects of the treatments on the leaf phenological traits bud
burst (Bud) and leaf senescence (Sen) in the year after the treatments. We modelled the
chance (ppyq) that a plant on a given day had already reached a given bud burst score, or a
score higher than this. Similarly, we modelled the chance (psen) that the leaves of a plant on
a given day were still in a given senescence score level or in a level lower than this.

(Pbud/ 1-Pbud) = Bo — B1Day — B, Tre2d — B3Hei3
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(Psen/1-Psen) = Bo — B1Day — BoTre2d — PsHeid

Influence of provenance:
(Pbudp/1-Pbudr) = Bo — P1Day — ByTre2 x BzProv — f4Hei3

(Psenp/ 1-psenp) = Bo — B1Day — BoTre2 x BzProv — B4Hei4

3. Results
3.1. Growth Traits in the Year of the Drought Treatments

At the start of the early summer drought, the Belgian provenance was higher than the
Spanish one but shorter than the Swedish one (Table 1, Figure 4a). The diameter of this local
provenance was still smaller than the diameter of the Swedish provenance, but there was
no significant difference between the diameters of the local and the Spanish provenance
(Table 1, Figure 4b).

Table 1. Test statistics for the height (Heil) and diameter (Dial) at the start of the first treatment.
The Belgian provenance is the standard to which the Spanish-Pyrenean (Sp) and the Swedish (Sw)
provenances are compared.

Response Variable Variable Estimate St. Error t-Value p-Value
Heil (intercept) 40.40 1.84 21.90 <0.001 ***
Sp —5.44 2.61 -2.09 0.039 *
Sw 8.88 2.62 3.39 <0.001 ***
Dial (intercept) 4.32 0.13 34.40 <0.001 ***
Sp -0.19 0.18 —1.08 0.283
Sw 0.43 0.18 241 0.017*

) < 0.001; * p < 0.05.
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Figure 4. Boxplots displaying the initial height (a) and diameter (b) of the plants at the start of the
first treatment, according to their provenance.

When considering plants of equal height (height is a co-factor in the model), the early
summer drought caused a smaller height increment between 1 July and 6 August in the
group of saplings that displayed leaf desiccation symptoms due to the drought (significant
treatment group Ds in Table 2, Figure 5a). The Spanish-Pyrenean and Swedish provenances
did not show a deviating response to this early summer drought compared to the Belgian
one (no significant interaction term between provenance and treatment in Table 2). For
the diameter increment between 1 July and 6 August, no influence of the treatment was
present (no significant treatment groups in Table 2) and the provenances also reacted in a
similar manner to the treatment (no significant interaction term between provenance and
treatment in Table 2).
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Table 2. Test statistics for the height (Inh1l and Inhlp) and diameter increment (Ind1 and Ind1p)
during the first treatment, between July 1 and August 6. The control group is the standard to which
the drought treated group is compared. For the models without provenance (Inh1 and Ind1), the
drought-treated group (D) is further divided according to the absence (Dn) or presence (Ds) of visual
drought symptoms. This division is not retained in the provenance models (Inhlp and Ind1p). Here,
the Belgian provenance is the standard to which the Spanish-Pyrenean (Sp) and the Swedish (Sw)
provenances are compared.

Response Variable Variable Estimate St. Error t-Value p-Value
Inhl (intercept) —2.35 1.73 —-1.35 0.178
Dn —1.67 1.14 —1.47 0.145
Ds —-3.96 1.49 —2.66 0.009 **
Heil 0.22 0.04 5.94 <0.001 ***
Ind1 (intercept) 0.52 0.20 2.63 0.010 **
Dn 0.07 0.08 0.82 0.411
Ds 0.03 0.11 0.29 0.775
Dial —0.03 0.04 —0.73 0.465
Inhlp (intercept) 0.72 2.06 0.35 0.726
Sp —4.70 1.74 —2.70 0.008 **
Sw —3.78 1.75 —2.16 0.033*
D —3.26 1.72 -1.89 0.060
Heil 0.22 0.04 5.44 <0.001 ***
Sp:D 2.24 243 0.92 0.358
Sw:D 0.30 244 0.12 0.903
Ind1p (intercept) 0.68 0.20 3.34 0.001 **
Sp —0.16 0.12 —1.35 0.179
Sw 0.33 0.12 2.74 0.007 **
D 0.09 0.12 0.75 0.457
Dial —0.08 0.04 —1.93 0.056
Sp:D 0.16 0.17 091 0.365
Sw:D —-0.29 0.17 -1.71 0.091
5 < 0,001, ™ p < 0.01; * p < 0.05.
o -
= 2tz
55¢ T
x84, £8q 51
ESo© T oq
DT as o3
°c 9 R
= &)} o o= 5 N
822 895 0]
28 7 252
o oL
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Early summer treatment Early and late summer treatment
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Figure 5. Modelled change in height during the first treatment, between 1 July and 6 August (a), and
during and after the second treatment, between 6 August and 25 March in the following year (b).
Treatment groups with control (C), drought (D), control-control (C-C), control-drought (C-D), drought-
control (D-C), and drought-drought (D-D), and with a further division of droughted groups according
to the absence (Dn) or presence (Ds) of visible drought symptoms. Groups not differing significantly
from the control (C and C-C) are in grey.

Due to the late summer drought, a reduction in height increment, as measured between
6 August and 25 March of 2021, was observed in the C-Ds and Ds-Dn groups (significant
treatment groups in Table 3, Figure 5b) because of top parts dying off. Similar to the
early summer drought treatment, the Spanish-Pyrenean and Swedish provenances did
not respond differently to the late summer drought compared to the Belgian one (no
significant interaction term between provenance and treatment groups in Table 3). For the
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diameter increment between 6 August and 20 December, no influence of the treatment was
present (no significant treatment groups in Table 3) and the provenances also reacted in a
similar manner to the treatments (no significant interaction terms between provenance and
treatment in Table 3).

Table 3. Test statistics for the height (Inh2 and Inh2p) and diameter increment (Ind2 and Ind2p)
during and after the second treatment, between August 6 and March 25 of 2021 for height and
between August 6 and December 20 for diameter. The control-control group is the standard to which
the other groups are compared. Treatment groups with control-control (C-C), control-drought (C-D),
drought-control (D-C), and drought-drought (D-D). For the models without provenance (Inh2 and
Ind2), the drought-treated groups are further divided according to the absence (Dn) or presence (Ds)
of visual drought symptoms. This division is not retained in the provenance models (Inh2p and
Ind2p). Here, the Belgian provenance is the standard to which the Spanish-Pyrenean (Sp) and the
Swedish (Sw) provenances are compared.

Response Variable Variable Estimate St. Error t-Value p-Value
Inh2 (intercept) 8.18 4.11 1.99 0.048 *
C-Dn —3.82 4.50 —0.85 0.397
C-Ds —14.65 3.59 —4.08 0.000 ***
Dn-C —2.02 3.48 —0.58 0.563
Ds-C —4.96 4.58 —1.08 0.280
Dn-Dn —4.05 4.02 —1.01 0.315
Dn-Ds —9.02 5.49 —1.64 0.103
Ds-Dn —18.02 5.19 —3.47 0.001 ***
Ds-Ds —3.56 8.01 —0.45 0.657
Hei2 —0.14 0.07 —2.04 0.043 *
Ind2 (intercept) 13.14 5.26 2.50 0.014 *
Sp —4.68 5.65 —0.83 0.409
Sw 1.19 5.72 0.21 0.835
C-D -11.27 5.66 —-1.99 0.048 *
D-C —4.60 5.63 —0.82 0.416
D-D —11.48 5.63 —2.04 0.044 *
Hei2 —0.22 0.07 -3.01 0.003 **
Sp: C-D 6.37 8.02 0.80 0.428
Sw: C-D —-5.17 8.03 —0.64 0.521
Sp: D-C 5.80 7.96 0.73 0.467
Sw: D-C —-1.63 7.97 —0.21 0.838
Sp: D-D 9.32 7.96 1.17 0.244
Sw: D-D -1.19 8.08 -0.15 0.883
Inh2p (intercept) 0.70 0.24 2.92 0.004 **
C-Dn —-0.13 0.16 —0.80 0.427
C-Ds -0.13 0.12 -1.11 0.271
Dn-C —-0.23 0.12 —1.88 0.062
Ds-C —0.14 0.16 —0.88 0.378
Dn-Dn -0.27 0.14 —1.94 0.055
Dn-Ds -0.13 0.19 -0.71 0.476
Ds-Dn —0.06 0.18 —0.34 0.736
Ds-Ds 0.47 0.27 1.70 0.091
Dia2 —0.07 0.05 —1.50 0.137
Ind2p (intercept) 0.86 0.25 3.40 0.001 ***
Sp —0.38 0.19 —2.00 0.047 *
Sw —0.10 0.19 —0.51 0.614
C-D —-0.27 0.19 —1.42 0.157
D-C —0.42 0.19 —2.25 0.026 *
D-D -0.32 0.19 -1.71 0.090
Dia2 —0.07 0.04 —-1.52 0.131
Sp: C-D 0.39 0.27 1.46 0.148
Sw: C-D 0.01 0.26 0.05 0.957
Sp: D-C 0.50 0.26 1.90 0.060
Sw: D-C 0.17 0.27 0.63 0.533
Sp: D-D 0.26 0.26 1.00 0.322
Sw: D-D 0.32 0.27 1.21 0.230

***p <0.001; ** p <0.01; * p < 0.05.
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Modelled height increment in 2021 (cm)

3.2. Growth Traits in the Year Following the Drought Treatments

When plants of the same height were compared (height is a co-factor in the models),
the treatment group C-Ds exhibited a reduced height increment in 2021 compared to the
control group (C-C), while, surprisingly, Dn-Dn showed a greater increment (significant
treatment groups in Table 4, Figure 6a). The change in height increment in 2021 due
to the drought treatments in 2020 did not differ among the three studied provenances
(no significant interaction terms between provenance and treatment in Table 4). For the
diameter increment in the year after the treatments, the groups experiencing a drought
treatment in the late summer and displaying visual drought symptoms (C-Ds, Dn-Ds,
and Ds-Ds) had a significant smaller increment compared to the control (C-C) (significant
treatment groups in Table 4, Figure 6b). The Swedish provenance displayed a significantly
smaller diameter increment than the Belgian provenance for the treatment group C-D
(significant interaction term between provenance and treatment group in Table 4, Figure 7).
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Figure 6. Modelled change in height (a) and diameter (b) during the year after the drought treatments.
Treatment groups with control-control (C-C), control-drought (C-D), drought-control (D-C), and
drought-drought (D-D), and with a further division of droughted groups according to the absence
(Dn) or presence (Ds) of visible drought symptoms. Groups not differing significantly from the
control (C-C) are in grey.
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Figure 7. Modelled diameter increment during the year after the drought treatments, according to
the provenance. Treatment groups with control-control (C-C), control-drought (C-D), drought-control
(D-C), and drought-drought (D-D). Be: Belgian provenance, Sp: Spanish-Pyrenean provenance, Sw:
Swedish provenance. Groups not differing significantly from the control (C-C) are in grey.
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Table 4. Test statistics for the height (Inh3 and Inh3p) and diameter increment (Ind3 and Ind3p)
in the year following the treatments. The control-control group is the standard to which the other
groups are compared. Treatment groups are control-control (C-C), control-drought (C-D), drought-
control (D-C), and drought-drought (D-D). For the models without provenance (Inh3 and Ind3), the
drought-treated groups are further divided according to the absence (Dn) or presence (Ds) of visual
drought symptoms. This division is not retained in the provenance models (Inh3p and Ind3p). Here,
the Belgian provenance is the standard to which the Spanish-Pyrenean (Sp) and the Swedish (Sw)
provenances are compared.

Response Variable Variable Estimate St. Error t-Value p-Value
Inh3 (intercept) 48.92 4.69 10.44 <0.001 ***
C-Dn 0.00 5.58 0.00 1.000
C-Ds —9.48 4.47 —2.12 0.036 *
Dn-C 5.02 4.36 1.15 0.252
Ds-C —6.61 5.73 -1.15 0.251
Dn-Dn 10.12 5.03 2.01 0.046 *
Dn-Ds —5.08 6.88 —0.74 0.462
Ds-Dn 2.17 6.62 0.33 0.743
Ds-Ds —7.81 10.02 —0.78 0.437
Hei3 —0.16 0.07 -2.19 0.030 *
Ind3 (intercept) 2.98 0.58 5.13 <0.001 ***
C-Dn —0.40 0.38 —1.07 0.288
C-Ds -1.17 0.29 —4.00 <0.001 ***
Dn-C —0.14 0.29 —0.49 0.625
Ds-C —0.25 0.38 —0.67 0.502
Dn-Dn —0.41 0.33 -1.22 0.226
Dn-Ds —1.08 0.45 —2.39 0.018*
Ds-Dn —0.84 0.45 —1.86 0.066
Ds-Ds —1.87 0.66 —2.85 0.005 **
Dia3 0.14 0.10 1.34 0.182
Inh3p (intercept) 47.62 6.28 7.58 <0.001 ***
Sp 4.00 6.97 0.57 0.567
Sw 6.32 6.99 0.90 0.368
C-D -3.61 6.93 —0.52 0.603
D-C —1.39 6.94 —0.20 0.841
D-D 0.84 7.01 0.12 0.905
Hei3 —0.20 0.08 —2.60 0.010*
Sp: C-D 2.57 9.79 0.26 0.793
Sw: C-D —11.44 9.87 —1.16 0.249
Sp: D-C 0.85 9.80 0.09 0.931
Sw: D-C 6.96 9.79 0.71 0.478
Sp: D-D 5.12 9.81 0.52 0.602
Sw: D-D 1.98 9.92 0.20 0.842
Ind3p (intercept) 3.19 0.62 5.17 <0.001 ***
Sp —0.05 0.44 -0.12 0.903
Sw 0.85 0.45 1.90 0.060
C-D —0.56 0.44 —1.28 0.205
D-C —0.09 0.45 —0.19 0.846
D-D —0.09 0.45 —0.20 0.838
Dia3 0.05 0.10 0.49 0.623
Sp: C-D 0.40 0.63 0.63 0.527
Sw: C-D —1.49 0.62 —2.38 0.019*
Sp: D-C 0.43 0.63 0.69 0.493
Sw: D-C —0.86 0.63 —1.37 0.173
Sp: D-D —0.56 0.63 —0.89 0.376
Sw: D-D —1.54 0.64 —241 0.017*

***p <0.001; ** p <0.01; * p < 0.05.
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3.3. Leaf Phenological Traits in the Year Following the Drought Treatments

In the year following the treatments, only the group Ds-C displayed an advanced
bud burst (significant treatment group in Table 5, Figure 8a). Regarding leaf senescence in
autumn, only the group C-Ds displayed a delayed leaf senescence (significant treatment
group in Table 5, Figure 8b). When looking at the different provenances, only the Spanish-
Pyrenean provenance differed from the Belgian provenance for both bud burst (later) and
leaf senescence (later) (significant provenances in Table 5, Figure 9a,b). The phenological
responses of the Spanish-Pyrenean and Swedish provenances in 2021 to the different
treatments in 2020 did not deviate from the Belgian provenance (no significant interaction
terms between provenance and treatment groups in Table 5).
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Figure 8. Modelled bud burst (a) and leaf senescence (b) in the year after the treatments, according to
the treatments in the year before. Treatment groups with control-control (C-C), control-drought (C-D),
drought-control (D-C), and drought-drought (D-D), and with the drought treated groups further
divided according to the absence (Dn) or presence (Ds) of visual drought symptoms. Groups not
differing significantly from the control (C-C) are in grey.
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Figure 9. Modelled bud burst (a) and leaf senescence (b) in the year after the drought treatments
according to the provenance. Treatment groups with control-control (C-C), control-drought (C-D),
drought-control (D-C), and drought-drought (D-D). Be: Belgian provenance, Sp: Spanish-Pyrenean
provenance, Sw: Swedish provenance. Groups not differing significantly from the control are in grey
(i.e., Swedish provenance).



Forests 2024, 15, 1234

13 of 18

Table 5. Test statistics for bud burst (Bud) and leaf senescence (Sen) in the year following the treat-

ments. The control-control group is the standard to which the other groups are compared. Treatment

groups are control-control (C-C), control-drought (C-D), drought-control (D-C), and drought-drought

(D-D). For the phenological models (Bud and Sen) without provenance, the drought-treated groups

are further divided according to the absence (Dn) or presence (Ds) of visual drought symptoms. This

division is not retained in the provenance models (Budp and Senp). Here, the Belgian provenance is

the standard to which the Spanish-Pyrenean (Sp) and the Swedish (Sw) provenances are compared.

Response Variable Variable Estimate St. Error z-Value p-Value
Bud day —0.29 0.02 —14.66 <0.001 ***
C-Dn 0.64 1.18 0.55 0.585
C-Ds -1.39 0.99 -1.41 0.160
Dn-C 1.19 091 1.31 0.192
Ds-C —3.14 1.22 —2.56 0.010 %
Dn-Dn -1.37 1.07 -1.29 0.199
Dn-Ds —1.05 1.54 —0.69 0.493
Ds-Dn —2.04 1.46 —1.40 0.162
Ds-Ds 0.69 2.10 0.33 0.743
Hei3 0.01 0.02 0.53 0.597
Sen day 0.17 0.03 6.80 <0.001 ***
C-Dn -1.91 1.03 —1.85 0.064
C-Ds —1.84 0.87 —2.11 0.035*
Dn-C —0.59 0.81 -0.73 0.468
Ds-C —0.14 1.07 —0.13 0.895
Dn-Dn —1.03 0.92 -1.12 0.262
Dn-Ds —0.96 1.27 —0.75 0.452
Ds-Dn 1.53 1.24 1.23 0.217
Ds-Ds —0.95 1.84 —0.52 0.606
Hei4 0.06 0.01 4.19 <0.001 ***
Budp day —0.29 0.02 —14.64 <0.001 ***
Sp 5.62 1.27 444 <0.001 ***
Sw 0.93 1.22 0.76 0.445
C-D 0.40 1.23 0.33 0.743
D-C —0.50 121 —0.42 0.678
D-D —0.92 1.24 —0.74 0.461
Hei3 0.03 0.01 1.95 0.052
Sp: C-D —1.38 1.75 —0.79 0.428
Sw: C-D —1.04 1.78 —0.58 0.560
Sp: D-C 0.62 1.71 0.36 0.716
Sw: D-C 0.92 171 0.54 0.591
Sp: D-D -1.73 1.73 —1.00 0.317
Sw: D-D 1.30 1.77 0.74 0.462
Senp day 0.17 0.03 6.95 <0.001 ***
Sp —2.79 1.20 —2.32 0.020 *
Sw —0.60 1.19 —0.51 0.611
C-D —2.78 1.20 —2.32 0.021 *
D-C -0.97 1.17 —-0.83 0.408
D-D 0.60 117 0.51 0.611
Hei4 0.05 0.01 4.28 0.000
Sp: C-D 1.06 1.63 0.65 0.515
Sw: C-D 1.65 1.68 0.98 0.327
Sp: D-C 0.90 1.64 0.55 0.582
Sw: D-C 0.66 1.66 0.40 0.691
Sp: D-D —1.08 1.65 —0.66 0.511
Sw: D-D —2.10 1.68 —1.25 0.210

¥4 <0.001; * p < 0.05.

4. Discussion

In our experiment, we observed not only a reduced radial growth in the year following
a repeated summer drought treatment, a well-known reaction, but also an enhanced height
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growth. The responses were influenced by the severity of the drought and by its timing
within the growing season.

4.1. Compensation Growth

Height increment in the year following the droughts was enhanced in the group of
plants that experienced both of the two drought treatments without developing visible
drought stress symptoms (Dn-Dn). Although rather counter-intuitive, enhanced growth
during the recovery phase following adverse growing conditions is a known phenomenon
and is called compensation growth [35,36]. The term is used among plant and animal
systems [37]. It is an adaptive strategy employed by organisms facing challenging envi-
ronmental conditions, serving as a mechanism that contributes to ecosystem stability [38].
Accelerated growth has been studied as a response to herbivory, both in herbaceous
species [39] and in woody perennials [40,41], and also upon other disturbances such as
arthropod attack, disease, fire, lightning strikes, floods, drought, and blowdown (reviewed
by [reviewed by 37]). In grassland ecosystems responding to drought, two distinct biotic
mechanisms have been proposed to lead to compensation growth [42]. The first occurs at
the population level and involves an increase in the abundance of drought-tolerant plants,
which functionally compensate for the decline in drought-intolerant species [43]. The
second mechanism, at the individual level, is termed physiological compensation [44] and
is suggested to take place when all individuals within the community recover following
a drought event. Physiological compensation typically occurs in response to short-term
or moderate drought conditions, whereas shifts in species abundances are more likely to
manifest under long-term or extreme drought [36].

Our result of enhanced height increment in the year following two successive mild
summer droughts fits in the description of physiological compensation growth, specifically
as environmental conditions for all individual plants were similar in our common garden
set-up, with exception of the water supply during the treatments. This contrasts with the
description of compensation growth in forests by Li et al. [37], where enhanced growth of
individual trees is associated with improved access to resources such as nutrients, light, wa-
ter, etc. resulting from a disturbance, which can be natural (fire, disease, etc.) or man-made
(e.g., thinning). Thus, the question arises of which resources plants use for physiological
compensation growth when access to external resources is not improved. The answer can
possibly be found in the distinction between accumulated versus stored reserves [45]. The
accumulated fraction of the total non-structural carbohydrates in trees is characterised by a
rapid turnover rate that mitigates negative carbon balances in the recurrent annual growth
cycle. Conversely, the stored fraction is marked by a gradual turnover rate that may meet
the demand during stressful conditions. In this sense, physiological compensation growth
can be achieved by using stored non-structural carbohydrates which are only released
upon disturbances.

Compensation growth on an individual level following rehydration after drought
stress has already been described in oak [46,47], Douglas-fir [48], Scotch pine [49], and
Thuja occidentalis [50]. Oak and Douglas fir are tree species characterized by a cyclic
growth pattern whereby drought-treated plants displayed a higher chance of an extra
growth cycle after post-drought rewatering. An interesting observation in our experiment
is the occurrence of compensation growth only after two mild drought treatments, not
after only one, suggesting stress memory. A plant can adjust to environmental pressures,
improving a plant’s subsequent response to future stressors [51,52]. Drought stress can act
as a priming event that initiates stress memory [17,18]. Our experiment exemplifies the
triggering of compensation growth due to stress memory.

4.2. Timing of the Droughts and Legacies in the Timing of Leaf Phenological Traits

Woody vegetation experiences negative legacy effects after droughts, including lower
growth than expected in the years following the drought [53]. Even more, reduced radial
growth can occur together with post-drought upregulation of photosynthesis [54]. It can



Forests 2024, 15, 1234

15 of 18

be expected that the seasonal growth stages have typical windows of vulnerability to
droughts [55]. Our experiment corroborates this. A late summer drought that caused
visible stress symptoms (C-Ds and Dn-Ds) resulted in a reduced radial increment in the
subsequent year, whereas this was not the case for a severe early summer drought (Ds-C
and Ds-Dn), suggesting that post-drought photosynthesis during late summer was able
to help the recovery of the early summer droughted plants. This finding may be related
to the enhanced post-drought photosynthesis observed in beech [56]. When considering
the impact of the severe late summer drought on the height increments (C-Ds and Dn-Ds),
only the C-Ds group displayed a reduced height increment in the following year, possibly
(partly) attributable to stress memory in the Dn-Ds group [18].

Minor effects were observed on the phenological traits in the year after the treatments.
Only the treatment group Ds-C displayed an advanced bud burst. This is possibly a
rather random effect. Regarding leaf senescence in autumn, only the treatment group C-Ds
displayed a delayed leaf senescence, while this group also demonstrated a reduced growth
increment in both height and diameter in 2021, suggesting that more severe droughts
may influence the timing of leaf senescence. Although drought often advances autumnal
leaf senescence, it may also delay it [57-59]. Finally, whereas bud burst in general is
more genetically determined, the timing of leaf senescence may be more sensitive to
environmental triggers such as drought [60].

4.3. Influence of Provenance

For all the growth traits that we studied, none displayed a deviating response to the
drought among the different provenances, suggesting a general drought-response strategy
in C. monogyna. In the timing of the leaf phenological traits, we found the Spanish-Pyrenean
provenance to deviate from the local Belgian provenance with a later bud burst and a later
leaf senescence. Although the Swedish provenance did not display a later or earlier bud
burst and leaf senescence, the C-D treatment reduced the diameter increment in the year
following the drought treatment in this provenance more than in the Belgian provenance.
This effect may have been caused by the fact that initial plants in the Swedish provenance
were higher.

5. Conclusions

As has similarly been observed in agricultural crops and herbaceous plants, mild
drought can act as a growth stimulus. This was observed for the shrub Crataegus monogyna
after repeated mild drought within one growing season, each time followed by plentiful
rewatering. Although these conditions may occur rarely in situ, it still may influence the
outcome of carbon sequestration modelling in woody vegetations. Research is needed to
look for similar responses in major forest tree species.
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