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Goran Češljar, Filip Jovanović, Ljiljana Brašanac-Bosanac, Ilija Ðord̄ević, Suzana Mitrović,

Saša Eremija, Tatjana Ćirković-Mitrović, et al.
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Editorial

Advances in Forest Ecophysiology: Stress Response and
Ecophysiological Indicators of Tree Vitality

Nenad Potočić

Croatian Forest Research Institute, Division of Forest Ecology, Cvjetno naselje 41, 10450 Jastrebarsko, Croatia;
nenadp@sumins.hr

Back in the beginning of the year 2021, when the work on this Special Issue started, it
was quite clear that the topics of tree stress response and the ecophysiological indicators of
tree vitality were both current and important, but the attitude of the scientific community
towards the idea of a Special Issue on the subject was yet to be determined. Now that
we are closing the first, and already preparing the second volume, I am very happy to
definitely confirm your high interest.

Air pollution and the changing climate are some of the greatest threats to the health
and functioning of forest ecosystems, strongly jeopardizing their ecological and economic
functions as well as services. The impact of increasing temperatures and extreme weather
events (droughts, storms, temperature and precipitation extremes) on the vitality of forest
trees is often difficult to separate from the impact of pollution, such as nitrogen deposition
and tropospheric ozone, as they can exhibit synergistic effects. For example, forest soil
acidification, atmospheric N deposition, and climate change are all partly responsible for the
continuous decrease in foliar P concentrations in Europe, causing reduced tree growth [1,2].
The use of indicators is elementary in modern forest ecophysiological research, as they help
us to disentangle complex interactions between trees and various stress-inducing factors as
well as better estimate the level of damage to trees and forest ecosystems.

The initial Special Issue framework, as defined by the title and suggested topics of
interest, has been broadened in the process thanks to your valuable submissions, adding
terms such as heavy metals, carbon isotopes, water use efficiency, polyamines, antioxidants,
or plant hormones to the list of subjects which already included photosynthetic activity
and other biochemical stress indicators; nutrients in different tree compartments; tree
growth; tree leaf loss and mortality; visible symptoms of stress in foliage; and microscopical
markers of stress. All of these terms share one common trait: they have an important role
in measuring and assessing tree stress in the context of the great ecological challenges of
today.

Eleven papers are included in this Special Issue, with wide-ranging topics from various
disciplines but centered around tree response to environmental stress. In line with the
current trends in environmental research, climate takes clear precedence over pollution,
and as many as nine of the articles discuss climate effects; tree anatomy, growth, nutrition,
foliar injury, the level of antioxidants, and defoliation are used as response variables.

Three papers, by Levanič and Štraus [3], Sensuła and Wilczyński [4], and Popa et al. [5],
discuss the effects of climate on tree growth, and the paper by Sensuła and Wilczyński [4]
also includes the effects on water use efficiency and carbon isotopes’ composition. Two
papers, one by Ognjenović et al. [6] and another by Češljar et al. [7], focus on climate effects
on tree crown defoliation. While the first paper tests the differences between defoliation and
defoliation change as long-term and short-term indicators, respectively, of tree vitality, the
second paper discusses the links between crown defoliation and tree mortality. Defoliation
is again featured in the paper by Ognjenović et al. [8], where its effect on the nutritional
response of beech trees to climate and stand factors is discussed. Soheili et al. [9] investigate
how cell anatomical structure is affected by drought stress. Nutrition, oxidative stress,
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and defoliation in four Mediterranean tree species are the focus of the paper by Lovreškov
et al. [10], while Kebert et al. [11] discuss species-level differences in osmoprotectants
and antioxidants under water deficit and high temperatures. Despite the prevalence of
interest in climate effects, pollution-oriented papers are not less exciting: tree responses to
heavy-metal-induced stress are the subject of a paper by Kebert et al. [12], and the effects of
ozone and drought on oak seedlings are discussed by Baesso Moura et al. [13]. The latter
paper also nicely underlines the fact that climate and pollution effects on trees, although
often investigated separately, are in practice often related and intertwined.

In conclusion, the task of this Special Issue is twofold: one, to remind us that a better
understanding of the physiological processes influencing tree vitality under the changing
climate and air pollution pressures requires considerable research efforts and constant
advancements in research methods and approaches; two, to highlight the fact that the
environmental pressures instigating the use of tree stress response indicators are more
present than ever, and will likely continue to affect tree vitality in the foreseeable future.

As the Guest Editor of this Special Issue, I would like to use the opportunity to thank
all of the authors for their valuable submissions, their dedicated and hard work, and the
continuous exchange of thoughts and ideas that form the backbone of current scientific
research, pushing it ever further.

Conflicts of Interest: The author declares no conflict of interest.
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4. Sensuła, B.; Wilczyński, S. Dynamics Changes in Basal Area Increment, Carbon Isotopes Composition and Water Use Efficiency in
Pine as Response to Water and Heat Stress in Silesia, Poland. Plants 2022, 11, 3569. [CrossRef]

5. Popa, A.; Popa, I.; Roibu, C.C.; Badea, O.N. Do Different Tree-Ring Proxies Contain Different Temperature Signals? A Case Study
of Norway Spruce (Picea abies (L.) Karst) in the Eastern Carpathians. Plants 2022, 11, 2428. [CrossRef] [PubMed]
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Visible Foliar Injury and Ecophysiological Responses to Ozone
and Drought in Oak Seedlings

Barbara Baesso Moura 1, Elena Paoletti 1,*, Ovidiu Badea 2,3, Francesco Ferrini 4 and Yasutomo Hoshika 1

1 Institute of Research on Terrestrial Ecosystems (IRET), National Research Council of Italy (CNR),
Via Madonna del Piano 10, 50019 Sesto Fiorentino, Italy; bmourabio@gmail.com (B.B.M.);
yasutomo.hoshoka@unifi.it (Y.H.)

2 “Marin Drăcea“ National Institute for Research and Development in Forestry, 128 Eroilor Blvd.,
077190 Voluntari, Romania; ovidiu.badea63@gmail.com

3 Faculty of Silviculture and Forest Engineering, “Transilvania” University of Brasov, 1,
Ludwig van Beethoven Str., 500123 Braşov, Romania

4 Department of Agriculture, Food, Environmental and Forestry Sciences, Section Woody Plants,
University of Florence, 50019 Sesto Fiorentino, Italy; francesco.ferrini@unifi.it

* Correspondence: elena.paoletti@cnr.it

Abstract: To verify the responses of visible foliar injury (VFI), we exposed seedlings of three oak
species for 4.5 months in an open air facility, using differing ozone (O3) and drought treatments:
O3 (three levels from ambient to ×1.4 ambient), and drought (three levels of irrigation from 40%
to 100% field capacity). We related the accumulated phytotoxic O3 dose (POD1) and cumulative
drought index (CDI) to the O3 and drought VFI and assessed growth increment (height, diameter,
leaf number), biomass (of all organs), and physiological parameters: net photosynthesis per plant
(Pn), photosynthetic nitrogen (PNUE) and phosphorus use efficiency (PPUE)). The results indicated
that an increase in POD1 promoted O3 VFI in Quercus robur and Quercus pubescens, while Quercus
ilex was asymptomatic. The POD1-based critical level at the onset of O3 VFI was lower for Q. robur
than for Q. pubescens (12.2 vs. 15.6 mmol m−2 POD1). Interestingly, drought reduced O3 VFI in Q.
robur but increased it in Q. pubescens. Both O3 and drought were detrimental to the plant biomass.
However, Q. robur and Q. pubescens invested more in shoots than in roots, while Q. ilex invested more
in roots, which might be related to a hormetic mechanism. Pn, PNUE and PPUE decreased in all
species under drought, and only in the sensitive Q. robur (PPUE) and Q. pubescens (PNUE) under O3.
This study confirms that POD1 is a good indicator to explain the development of O3 VFI and helps a
differential diagnosis of co-occurring drought and O3 VFI in oak forests.

Keywords: tropospheric ozone; leaf symptoms; PODy; water stress; risk assessment

1. Introduction

Tropospheric ozone (O3) is an oxidative pollutant harmful to plants [1]. Ozone enters
the leaves through the stomata, reacts in the mesophyll, and triggers the formation of
reactive oxidative species (ROS) with a cascade of events eventually promoting cell death
and, finally, the appearance of visible foliar injury (VFI), physiological impairment, and
growth reduction [2–4]. Furthermore, O3 inhibits the efficient use of nutrients such as
nitrogen (N) and phosphorus (P) and thereby causes a reduction of photosynthetic N and P
use efficiency (PNUE and PPUE, respectively) [5,6]. Therefore, critical levels (CL) have been
investigated to assess the O3 negative impacts on several plant species, especially those
related to biomass loss [7,8]. CLs are based on cumulative O3 indexes, e.g., AOT40, defined
as the accumulated exposure over 40 ppb hourly concentrations, and PODy, defined as
the phytotoxic O3 dose above an hourly threshold y of stomatal O3 uptake [9]. PODy is
considered the most realistic index with a high correlation with the detrimental effects
of O3 [10,11]. Ozone VFI is a forest-health indicator in forest monitoring programs [12].

Plants 2022, 11, 1836. https://doi.org/10.3390/plants11141836 https://www.mdpi.com/journal/plants3
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The estimation of CL based on O3 VFI has been proposed as a not destructive and easily
repeated observation over long-term monitoring studies [13,14].

Ozone alone can affect plant growth and development, but its effect usually occurs
in combination with other factors, such as drought, which is known as the most critical
environmental factor limiting plant productivity worldwide [15,16]. The adverse effects of
drought are progressive and, thus, are often evaluated by the cumulative drought index
(CDI), defined as the accumulated difference of soil moisture relative to field capacity [17].
Drought stress also promotes the formation of specific VFI, which can be distinguished
from O3-induced foliar injury. While O3 VFI is usually indicated by interveinal, irregular-
border, yellow to dark-brown stippling [18,19], drought VFI consists in gradients of leaf
margin necrosis increasing in severity from the base to the top of a plant [20], with the
injury co-occurring when plants are exposed to a combination of these stress factors.

Both O3 and drought can limit plant carbon fixation, and the effect of both stress
factors has been reported as the cause of biomass loss for Quercus species [21,22], which are
significant components of temperate forests. Previous papers from the same experiment
presented here showed that the interacting factorial impacts of O3 and drought were
species-specific, and the order of O3 sensitivity was Q. robur > Q. pubescens > Q. ilex from
the point of view of total biomass [22] and leaf gas exchange [23,24]. Although physiological
acclimations to O3 and drought are not fully elucidated, diverse adaptation strategies were
observed for tolerating stress in different oak species. One of the reasons for the variability
of strategies is related to gas exchange regulation depending on their water use strategy
(isohydric and anisohydric) [24]. Under elevated O3 with sufficient water availability, the
isohydric Q. robur limited O3 uptake by stomatal closure, while the anisohydric Q. ilex and
the intermediate Q. pubescens activated tolerance mechanisms and did not actively show a
closing response of stomata. In particular, Pellegrini et al. [25] found that Q. ilex had a well-
regulated antioxidative defense system through phenylpropanoid pathways. However,
in the combination of O3 and drought, the anisohydric Q. ilex and the intermediate Q.
pubescens exhibited stomatal closure to prevent severe oxidative damage due to excess
generation of ROS.

The present study aimed to characterize the VFI induced by O3, drought, and their
combination and assess their related effects on biomass, biometry, and physiological pa-
rameters. The results will help a differential diagnosis of co-occurring drought and O3 VFI
in oak forests. In detail, we addressed the following hypotheses: (1) the development of
O3 VFI may be better explained by PODy than by AOT40, (2) the reduction in soil water
availability may reduce or exacerbate the negative impacts of O3 on VFI, and (3) O3 VFI may
be an indicator to explain biomass reduction or physiological damage in Mediterranean
oaks. We postulated that the effects on the development of VFI are modulated by the plant
species-specific sensitivity to oxidative stressors.

2. Materials and Methods

2.1. Plant Material and Experimental Setting

The experiment was conducted in an O3 Free-Air Controlled Exposure (FACE) facility
at Sesto Fiorentino, Italy (43◦48′59” N, 11◦12′01” E, 55 m a.s.l.). Two-year-old plants of Q.
robur L., Q. pubescens Willd., and Q. ilex L. were obtained from nurseries and transplanted
into 10-L plastic pots. They were exposed to three levels of O3 (1.0, 1.2, and 1.4 times the
ambient air concentration, denoted as AA, ×1.2, and ×1.4, respectively: 24-h averaged
concentration, AA = 35.2 ppb, ×1.2 = 42.9 ppb, ×1.4 = 48.9 ppb) and three levels of water
irrigation [100, 80, and 40% of field capacity (0.295 m3 m−3, Paoletti et al., 2017) on average,
denoted as WW-treated (well-watered), MD-treated (moderate drought) and SD-treated
(severe drought), respectively]. Three replicated plots were assigned to each treatment,
with three plants per combination of species, drought, and O3. The experiment lasted for
4.5 months, from 1 June to 15 October.

The details of the FACE facility are described in Paoletti et al. [26], and the details of
the experimental design are published in Hoshika et al. [27].
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2.2. Evaluation of O3 and Drought Visible Foliar Injury

Two well-trained observers evaluated the presence of O3 and drought VFI during the
experimental period for all plants for a total of 6 evaluation dates (Table 1). We applied
photo guides to verify whether O3 and/or drought VFI was present [28–30]. VFI incidence
(INC = number of injured plants/total number of plants × 100) was calculated according
to Chappelka et al. [31]. POD1-based CLs and CDI-based CLs were calculated for the
corresponding day when O3 and drought VFI onset was observed.

Table 1. Phytotoxic O3 dose (POD1, mmol m−2) and accumulated exposure over 40 ppb hourly
concentrations (AOT40, ppm h) calculated at the O3 visible foliar injury onset, and Cumulative
Drought Index (CDI) calculated at the drought visible foliar injury onset for Q. robur and Q. pubescens.

Water
Regime

O3 Treat.

Onset O3 Injury Onset Drought Injury
POD1 AOT40 CDI

Q. robur Q. pubescens Q. robur Q. pubescens Q. robur Q. pubescens

WW-treated AA 12.07 Asymp. 17.78 Asymp. Asymp. Asymp.
×1.2 12.40 15.69 16.41 23.77 Asymp. Asymp.
×1.4 11.62 20.46 15.15 33.38 Asymp. Asymp.

MD-treated AA 13.02 Asymp. 21.74 Asymp. 6.10 6.52
×1.2 12.13 18.41 16.41 30.43 6.10 4.04
×1.4 13.07 20.04 21.59 33.38 4.96 6.10

SD-treated AA Asymp. Asymp. Asymp. Asymp. 10.20 10.20
×1.2 Asymp. 13.13 Asymp. 30.43 10.20 10.20
×1.4 10.72 12.81 26.23 26.23 10.20 10.20

2.3. Measure of Growth Parameters

The assessment of total annual biomass production during the experiment was per-
formed based on dry weight per plant (DW) as described in Hoshika et al. [22], additionally
discriminating the below-(roots) and above-ground biomass (stem and leaves) to calculate
the ratio of root to shoot biomass (Ratio R/S). Furthermore, the total number of leaves, plant
height increment (measured with a metric tape) and stem caliber increment (measured
just above soil level) were expressed as the absolute values relative to the values at the
beginning and end of the experiment.

2.4. Assessment of Photosynthetic Parameters

The net photosynthetic rate (Pn) was previously reported for mid-summer (July: [24])
and early and late summer and autumn (June, August, and October: [23]). Here, these
published data of Pn were re-analyzed to address the cumulative effects of O3 and drought
on the photosynthetic activity. The target leaves were fully sun-exposed leaves (4–6th
from the shoot tip) of the plant main shoot (one representative leaf per plant, 1 to 3 plants
per replicated plot per each O3 and W treatment). Measurements were made under light-
saturated conditions (1500 μmol m−2 s−1 PPFD [photosynthetic photon flux density]) with
constant CO2 concentration (400 μmol mol−1), relative humidity (40 to 50%), and leaf
temperature (25 ◦C) using a commercial gas exchange system (CIRAS-2 PP Systems, Herts,
UK). Measurements were carried out in two campaigns (8–10 June and 27 September–
6 October) for all O3 treatments and an additional campaign (6–9 August) for two O3
levels (1.2, and ×1.4) on days with clear sky between 9:00 and 12:00 a.m. CET. The
other detailed specifications for the photosynthetic measurements were described in our
previous studies [23,24].

After the measurement of Pn in August and October, leaves were collected to examine
the nitrogen (N) content. Nitrogen content per unit mass (Nmass) was determined by the dry
combustion method using a LECO TruSpec C/N analyzer (Leco Corporation, St. Joseph,
MI, USA). In October, the foliar phosphorus (P) content was also determined. Phosphorus
content per unit mass (Pmass) was examined by an inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (iCAP7000, Thermo Fisher Scientific, Waltham, MA,
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USA). We calculated photosynthetic N use efficiency (PNUE) as the product of Nmass and
mass-based net photosynthetic rate and photosynthetic P use efficiency (PPUE) as the
product of Pmass and mass-based net photosynthetic rate.

2.5. Calculation of Accumulated Drought and Ozone Indexes

The accumulated drought index (CDI) was calculated from the beginning of the
experimental period to the date of observation as follows:

CDI = ∑|Sm − Fc|

where, Sm is soil moisture, and Fc is field capacity (0.295 m3 m−3) [26]; drought stress is
considered severe when Sm values are lower than Fc.

AOT40 and POD1 for each O3 and drought treatment were calculated following the
parameters applied by Hoshika et al. [22] according to the methodology designed by
CLRTAP (Convention on Long-range Transboundary Air Pollution) [9].

2.6. Statistical Analysis

Multiple Linear Regression (MLR) analysis was used to estimate the relationship
between the O3 indexes (AOT40 and POD1) and CDI versus growth (height, diameter,
and N. leaves), biomass (Leaf, Shoot, Root, Total, and R/S), VFI (O3 and Drought) and
physiological parameters (Pn, PNUE, and PPUE). Two models were compared, i.e., Model 1
(POD1 and CDI as predictor variables) and Model 2 (AOT40 and CDI as predictor variables).
The statistical analyses were performed using the R software (R version 4.1.2 [32]), con-
sidering a significance of p < 0.05. Principal component analysis (PCA) was conducted by
using OriginPro 2021b software. The PCA was applied considering VFI (O3 and drought),
growth (Height, Diameter, and N. of leaves), biomass (Leaf, Shoot, Root; Total and R/S),
and physiological (Pn, PNUE, and PPUE) parameters in order to distinguish the groups of
parameters better related to each symptomatic species; in this analysis, the asymptomatic
Q. ilex species was not included.

3. Results

3.1. Visible Foliar Injury

The O3 VFI in Q. robur was characterized by small homogeneously distributed dots be-
tween the primary leaf veins (Figure 1A). Q. robur plants from all water regimes but SD (AA
and ×1.2) presented O3 VFI (Tables 1 and 2). In fact, 11% of the SD-treated plants developed
O3 VFI at the end of the experiment, relative to 56% of the WW-treated plants (Table 2).

There were individual-specific differences on the day of VFI onset. The POD1 values
calculated for the O3 VFI onset in Q. robur were similar across O3 treatments (approximately
10.7 to 13.0 mmol m−2 POD1, average = 12.1 mmol m−2 POD1), while the AOT40 values
corresponding to the O3 VFI onset increased from 15-16 ppm h to 26.2 ppm h; for SD-treated
plants, the O3 VFI onset occurred only in ×1.4 (10.7 ppm h, Table 1). In addition, the MLR
revealed a positive regression of O3 VFI with POD1 or AOT40 and a negative regression
with CDI when tested with AOT40 (Model 2), but the effect was not significant when tested
with POD1 (Model 1) (Figure 1B; Table 3).
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Figure 1. Illustrative examples of O3 visible foliar injury in Quercus robur (A) and Q. pubescens (C)
characterized by small homogeneously distributed dots between the primary leaf veins (ellipse).
(B,D) Results from the linear multiple regression of O3 visible foliar injury with Cumulative Drought
Index (CDI) and phototoxic O3 dose (POD1) as predictor factors in Quercus robur (B) and Q. pubescens
(D). Colored dots represent well-watered (WW-blue), moderate drought (MD-grey), and severe
drought (SD-red). The grey ellipsoid represents a confidence level of 75%. (+) positive regression,
*** = p < 0.001, ns = not significant.

Table 2. Evaluation of O3 and drought incidence of visible foliar injury (VFI) along the experimental
period for Q. robur and Q. pubescens exposed to different levels of O3 and drought.

Water
Regime

O3

Treat./DOY

Q. robur Q. pubescens

209 218 232 240 247 266 209 218 232 240 247 266

O
3

V
FI

in
ci

de
nc

e WW-
treat.

AA - - 11 11 11 50 - - - - - -
×1.2 - 11 44 44 44 44 - - - - 11 11
×1.4 22 33 33 44 56 56 - - - - - 22

MD-
treat.

AA - - - 11 22 44 - - - - - -
×1.2 - 22 22 22 44 56 - - - - - 33
×1.4 - - 22 33 33 33 - - - - - 22

SD-
treat.

AA - - - - - - - - - - - -
×1.2 - - - - - - - - - - - 22
×1.4 - - - - 11 11 - - - - 11 33

D
ro

ug
ht

V
FI

in
ci

de
nc

e

WW-
treat.

AA - - - - - - - - - - - -
×1.2 - - - - - - - - - - - -
×1.4 - - - - - - - - - - - -

MD-
treat.

AA - - 33 33 50 67 - - - 11 11 11
×1.2 - - 22 58 67 67 11 11 11 22 33 33
×1.4 - 44 33 44 50 63 - - 22 33 33 33

SD-
treat.

AA 22 22 67 78 83 89 22 22 39 67 67 67
×1.2 11 56 61 78 78 89 11 11 22 33 44 44
×1.4 33 56 78 78 100 100 44 44 67 78 78 78
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Table 3. Regression coefficients of the multiple linear regression for the species Q. robur, Q. pubescens,
and Q. ilex, considering Cumulative Drought Index (CDI) and phototoxic O3 dose (POD1) for Model
1, and CDI and accumulated exposure over 40 ppb hourly concentrations (AOT40) for Model 2 as
predictor factors, and Growth: Plant height increment (cm), Stem diameter increment (cm), and leaf
number increment (N. leaves—n); Biomass: Leaf (g), Shoot (g), Root (g), Total biomass (g), and Ratio
root/shoot (Ratio R/S); Visible foliar injury (O3 and drought—% of plants); Physiological parameters:
Photosynthesis (Pn—μmol m−2s−1), Photosynthetic nitrogen use efficiency (PNUE—μmol m−2s−1)
and Photosynthetic phosphorus use efficiency (PPUE—μmol m−2s−1) as dependent parameters.
Levels of significance (p), intercepts and determination coefficients (R2) are shown.

Parameters
Model 1 (POD1, CDI) Model 2 (AOT40, CDI)

POD1 p CDI p Intercept p R2 AOT40 p CDI p Intercept p R2

Q
.r

ob
ur

Injury O3 6.736 *** −0.043 n.s −64.967 *** 0.717 0.002 *** −2−027 *** −20.600 *** 0.738
Drought 4.802 *** 5.882 *** −68.059 *** 0.887 0.001 *** 4.524 *** −31.350 *** 0.861

Growth Height 0.316 ** 0.035 n.s −1.197 n.s 0.308 0.159 *** −0.041 n.s −0.213 n.s 0.501
Diameter 0.032 n.s −0.051 ** 5.182 *** 0.323 0.019 n.s −0.059 *** 5.214 *** 0.338
N. Leaves 0.068 n.s −2.338 *** 190.955 *** 0.521 0.003 n.s −2.351 *** 191.913 *** 0.521

Biomass Leaf 0.240 *** 0.013 n.s 1.741 n.s 0.404 0.068 * −0.040 n.s 3.743 *** 0.191
Shoot −0.043 n.s −0.176 *** 12.517 *** 0.404 −0.017 n.s −0.166 *** 12.268 *** 0.404
Root −0.784 ** −0.568 *** 40.098 *** 0.508 −0.287 * −0.391 *** 35.097 *** 0.476
Total −0.588 n.s −0.732 *** 54.357 *** 0.428 −0.236 n.s −0.597 *** 51.108 *** 0.427

Ratio R/S −0.063 *** −0.019 *** 2.600 *** 0.692 −0.022 *** −0.005 n.s 2.163 *** 0.491
Physiology Pn −0.629 *** −0.283 *** 14.579 *** 0.824 0.000 *** −0.152 ** 11.930 *** 0.738

PNUE −0.569 n.s −0.307 * 14.724 * 0.558 −0.152 n.s −0.175 * 10.032 ** 0.558
PPUE −3.751 * −1.560 ** 82.525 ** 0.916 −0.668 n.s −0.671 * 41.067 * 0.767

Q
.p

ub
es

ce
ns

Injury O3 1.827 *** 0.645 *** −26.982 *** 0.329 0.876 *** 0.090 n.s −16.377 *** 0.387
Drought 1.279 * 3.658 *** −23.673 * 0.787 0.660 * 3.259 *** −17.183 ** 0.792

Growth Height 0.241 *** −0.001 n.s −0.472 n.s 0.373 0.115 *** −0.060 * 1.039 n.s 0.371
Diameter −0.151 *** −0.052 *** 8.020 *** 0.485 −0.052 ** −0.017 n.s 6.595 *** 0.244
N. Leaves −4.901 *** −1.801 ** 175.047 *** 0.390 −2.011 ** −0.644 n.s 136.376 *** 0.283

Biomass Leaf −0.019 n.s −0.012 n.s 4.183 *** −0.070 −0.001 n.s −0.008 n.s 3.865 *** −0.075
Shoot −0.205 ** −0.130 *** 13.137 *** 0.511 −0.091 ** −0.081 ** 11.687 *** 0.474
Root −0.054 n.s −0.223 *** 22.085 *** 0.366 −0.039 n.s −0.208 *** 22.072 *** 0.372
Total −0.278 n.s −0.364 *** 39.404 *** 0.400 −0.132 n.s −0.297 *** 37.625 *** 0.398

Ratio R/S −0.022 * −0.017 *** 2.132 *** 0.316 −0.009 n.s −0.012 ** 1.955 *** 0.277
Physiology Pn −0.370 *** −0.255 *** 13.500 *** 0.795 0.000 *** −0.179 *** 12.290 *** 0.771

PNUE −0.485 * −0.286 ** 14.671 ** 0.741 −0.173 * −0.172 ** 10.622 *** 0.757
PPUE −2.385 * −1.389 ** 70.714 ** 0.954 −0.575 n.s −0.788 ** 41.724 ** 0.901

Q
.i

le
x

Injury O3
Drought

Growth Height 0.127 n.s 0.004 n.s 15.423 *** −0.050 0.051 n.s −0.026 n.s 15.623 *** −0.357
Diameter 0.153 ** 0.031 * 0.799 n.s 0.305 0.042 ** −0.003 n.s 1.483 *** 0.229
N. Leaves 3.238 ** 1.194 ** 17.246 n.s 0.329 1.218 *** 0.445 n.s 23.955 ** 0.468

Biomass Leaf −0.151 n.s −0.035 n.s 5.825 *** 0.022 −0.029 n.s −0.002 n.s 4.846 *** −0.037
Shoot 0.011 n.s −0.053 n.s 7.619 *** 0.158 −0.000 n.s −0.055 * 7.750 *** 0.157
Root 0.453 ** 0.064 n.s 7.027 *** 0.230 0.072 n.s −0.031 n.s 10.315 *** 0.013
Total 0.313 n.s 0.024 n.s 20.471 *** 0.038 0.043 n.s −0.089 n.s 22.911 *** −0.005

Ratio R/S 0.095 * 0.012 n.s 0.158 n.s 0.294 0.022 n.s −0.008 n.s 0.7669 n.s 0.068
Physiology Pn 0.094 n.s −0.173 *** 9.090 *** 0.630 0.000 n.s −0.196 *** 9.380 *** 0.624

PNUE −0.014 n.s −0.122 ** 5.768 ** 0.840 −0.014 n.s −0.118 *** 5.939 *** 0.846
PPUE −3.036 n.s −1.870 * 96.073 * 0.814 −0.478 n.s −1.124 * 71.158 * 0.772

* = p < 0.05, ** = p < 0.01, *** = p < 0.001, n.s = not significant.

The O3 VFI in Q. pubescens was similar to that developed by Q. robur (Figure 1C).
Independently of the water regime, plants from AA did not show O3 VFI, while plants
from ×1.2 and ×1.4 treatments presented O3 VFI (Tables 1 and 2). The percentage of
plants presenting VFI was lower than for Q. robur, with a maximum of 33% presenting
VFI (Table 2). VFI occurred for the first time at DOY 247 or 266, i.e., around the end of the
experiment. The POD1 and AOT40 values for the O3 VFI onset were 12.8–20.46 mmol m−2

POD1 (average = 16.8 mmol m−2 POD1) and 24–33 ppm h AOT40, respectively (Table 1).
The MLR revealed a positive regression with the O3 indexes (POD1 and AOT40; Figure 1D,
Table 3). Interestingly, CDI positively affected the O3 VFI when tested with POD1 (Model
1), but the effect was not significant when tested with AOT40 (Model 2) (Table 3).

The drought VFI of Q. robur was evident exclusively on the leaf edge that became
dry and brownish (Figure 2A). The VFI progressively increased in MD- and SD-treated
plants until the end of the experimental period, while WW-treated plants did not show any
injury (Table 2). At the end of the experiment, 89–100% of the SD-treated plants showed
drought VFI, relative to 63–67% of the MD-treated plants (Table 2). The CDI calculated at
the drought VFI onset was the same for all SD-treated plants (CDI = 10.20 for all AA, ×1.2,
×1.4 treatments, Table 1) and similar for MD-treated plants (CDI= 4.96 to 6.10, Table 1).
The MLR revealed a strong positive regression between the Q. robur drought VFI and CDI,
although POD1 or AOT40 also increased the extent of drought VFI (Figure 2B, Table 3).
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Figure 2. Illustrative examples of drought visible foliar injury in Q. robur (A) and Q. pubescens
(C) characterized by dry and brownish leaf edges (arrow). (B,D) Results from the linear multiple
regression of drought visible foliar injury with Cumulative Drought Index (CDI) and phototoxic
O3 dose (POD1) as predictor factors in Q. robur (B) and Q. pubescens (D). Colored dots represent
well-watered (WW—blue), moderate drought (MD—grey), and severe drought (SD—red). The grey
ellipsoid represents a confidence level of 75%. (+) positive regression, * = p < 0.05, *** = p < 0.001, ns =
not significant.

The drought VFI of Q. pubescens was similar to that developed by Q. robur (Figure 2C).
At the end of the experimental period, Q. pubescens presented 44–78% of the SD-treated
plants with VFI, 11–33% of the MD-treated plants, and no VFI for the WW-treated plants.
As found in Q. robur, the CDI calculated at the drought VFI onset was the same for all SD-
treated plants (CDI = 10.20 for all AA, ×1.2, ×1.4 treatments) and similar for MD-treated
plants (CDI= 4.04 to 6.52, Table 1). Interestingly, the CDI values at drought VFI onset were
similar in Q. robur and Q. pubescens within the same O3 and drought treatments (Table 1).
In addition, the MLR revealed a positive regression with CDI, POD1, and AOT40 (Table 3,
Figure 2D). The evergreen Q. ilex did not present O3 or drought VFI.

3.2. Physiological Responses

In both Q. robur and Q. pubescens, Pn was negatively affected by POD1 and CDI
(Table 3, Figure S1B and D), but it unexpectedly increased with increasing AOT40 (Table 3).
Furthermore, PNUE and PPUE were negatively related to CDI and POD1 except for PNUE
in Q. robur (Table 3).

For Q. ilex, the MLR revealed that CDI negatively affected Pn (Figure S1F), PNUE, and
PPUE, with no significant relationship with the O3 indexes (POD1 and AOT40, Table 3).

3.3. Growth and Biomass

The MLR indicated that height increment was positively affected by POD1 or AOT40
in Q. robur, while increments of diameter and number of leaves were negatively affected by
CDI (Table 3). As confirmed by negative regression coefficients with CDI, most biomass
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parameters of Q. robur were reduced by drought. On the other hand, POD1 or AOT40
positively affected leaf biomass and negatively affected root biomass, indicating a reduction
of the R/S ratio under elevated O3 exposure (Table 3, Figure S1A).

In Q. pubescens, the O3 indexes (POD1 and AOT40) were positively related to plant
height increment, while CDI was negatively related to height only when tested with AOT40
(Table 3). Increments in shoot diameter and number of leaves in this species were negatively
related to POD1 and AOT40, while they were negatively related to CDI when tested with
POD1 (Model 1, Table 3). Regarding the biomass parameters, leaf biomass was not affected
by any factor, while shoot biomass was negatively affected by both O3 indexes (POD1 and
AOT40) and CDI (Table 3). Root and total biomass were negatively related to CDI, and the
R/S ratio was negatively influenced by CDI and POD1 (Table 3, Figure S1C).

In Q. ilex, plant height increment was not affected by any factors, while a positive
relationship between diameter increments and O3 indexes was found (Table 3). The
increment in the number of leaves was positively affected by POD1 and AOT40 and
positively affected by CDI when tested together with POD1 (Table 3), although leaf and
total biomass were not significantly affected by those factors. Shoot biomass was negatively
affected by CDI only when tested with AOT40, and root biomass was positively affected
only by POD1 (Table 1). The R/S ratio was positively related only to POD1 (Table 3,
Figure S1E).

The raw data off all growth parameters for the species Q. robur, Q. pubescens, and Q.
ilex are avaible in Table S1.

3.4. Principal Component Analysis

The PCA detected separate multivariate spaces between the two symptomatic species
as groups related to different growth, biomass, and physiological parameters related to O3
or drought VFI (Figure 3).

Figure 3. Bi-plot of the principal component analysis on Growth: Plant height increment (H), Stem
diameter increment (S), and leaf number increment (N.L); Biomass: Leaf (L), Shoot (S), root (R),
Total biomass (TB), and shoot/root ratio (R/S); Visible foliar O3 (O3S) and drought injury (DS);
Physiological parameters: Photosynthesis (Pn), Photosynthetic nitrogen use efficiency (PNUE) and
Photosynthetic phosphorus use efficiency (PPUE).

Since Q. ilex did not show VFI, this species was not included in the analysis. The first
two components of the PCA explained 45.57 and 27.05% of the variances. The SD-treated
plants of both species were grouped near the drought VFI (DS) with no other parameter
following the same vector direction. The individuals of Q. robur (especially MD-treated
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plants) were grouped near the vectors of the growth parameters number of leaves and
height, leaf biomass, and O3 VFI, which presented the same direction, thus indicating that
when O3 VFI increased, these parameters also increased. The individuals of Q. pubescens
(specially WW-treated plants) were grouped near Pn, PNUE, and R/S, with the vectors in
the opposite direction of O3 and drought VFI, thus indicating that when O3 and drought
VFI increased, these parameters decreased.

4. Discussion

4.1. Development of Visible Injury Due to Ozone and Drought Stress

The POD1 values corresponding to the onset of O3 VFI for the two symptomatic
deciduous oaks (on average, 14.4 mmol m−2) were similar to those estimated for broadleaf
species under field conditions in Italy and France (10 mmol m−2 s−1) [10]. However, the CL
for the VFI onset was lower for Q. robur than for Q. pubescens, indicating its higher sensitivity
to O3, possibly related to its lower antioxidative capacity and inability to protect the cell
structure [25]. Furthermore, O3 VFI increased with increasing POD1 in the two deciduous
oaks. This suggests that PODy is a key indicator to describe the development of O3 VFI [33]
once it is well known that O3 damage is closely related to stomatal O3 uptake [1]. In fact,
the absence of O3 VFI in Q. ilex might be related to its low gmax (165 mmol O3 m−2 s−1,
compared to 225 mmol O3 m−2 s−1 and 200 mmol O3 m−2 s−1 of Q. pubescens and Q. robur,
respectively, [22] suggesting that the development of VFI might be discussed in terms of
the specific-species patterns of stomatal conductance.

For both injured species (Q. robur and Q. pubescens) at the end of the experimental
period, the severe drought treatment reduced POD1 by 30 to 40% [22], which would be
expected to decrease the O3-induced VFI in plants as reported before for ecophysiological
responses in poplars [34]. In Q. robur, the presence of O3 VFI was decreased under drought.
On the contrary, drought stress aggravated the O3 VFI in Q. pubescens. Drought has been
reported to have the potential to aggravate the harmful effects of O3 [35]. Furthermore,
Hoshika et al. [24] found that the combination of O3 and drought altered the activity of the
antioxidant system so that Q. pubescens was not protected from the severe oxidative stress
resulting from the combined stress of O3 and drought.

For the symptomatic species (Q. robur and Q. pubescens), the progression of drought
VFI could be attributed to the obstruction of conducting tissue [20], conferring to both
species a high sensitivity. In the asymptomatic Q. ilex, this phenomenon might not happen
due to its capacity to increase the cell wall thickness by reinforcing the strength and rigidity
of the secondary cell walls with hemicellulose and lignin deposition (data not published).
Changes in lignin might function as physical desiccation tolerance and maintenance of
protein integrity in drought-tolerant species [36], thus helping the photosynthetic recovery
activity after re-watering from severe drought episodes [37]. The CDI threshold for the
appearance of drought VFI in the two symptomatic species was higher in SD-treated than
MD-treated plants, possibly due to the interaction with leaf aging, which is an important
physiological and biochemical defense factor against drought stress [38]. In fact, most
plants showed drought VFI in mid- or late-summer in both SD-treated and MD-treated
plants when leaves were relatively old.

4.2. Effects of Ozone and Drought Stress on Growth and Biomass Parameters

For both deciduous species (Q. robur and Q. pubescens), height increment was higher
when exposed to O3 treatment. This phenomenon was verified in other species, such
as Populus sp. [39], and it is possibly related to promoting a new leaf development as
a compensative response against O3 damage. However, the decrease in the number of
leaves was eventually found to be due to O3 exposure, which might be related to the
potential O3 phytotoxicity that triggers programmed cell death, promoting an increase in
leaf senescence [40]. When combined with drought stress, the effect can be more substantial
once the lack of water and nutrients promotes a decrease in new leaf development.
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Both O3 and drought stresses were detrimental to the plant biomass increment in
all the oak species. In fact, the reduction of biomass due to drought stress is reported
for many species and is related to the reduction of water content, diminished leaf water
potential and turgor loss, promotion of stomatal closure, and decreased cell enlargement
growth [41,42]. As previously revealed by Alonso et al. [21], drought stress does not protect
holm oak from O3 effects when considering the whole plant response. However, differences
between the species responses must be considered when comparing the species sensitivity.
For example, we observed that Q. robur and Q. pubescens invested more in shoots than in
roots when exposed to both stresses, while Q. ilex performed the opposite, which might
be another strategy of Q. ilex indicating a hormetic mechanism of tolerance for increasing
conducting tissue and maintaining the water flow. These tolerance mechanisms may be
associated with morphological/anatomical adjustments, such as a versatile root system,
conservative growth and carbon allocation patterns, and diverse adaptations in the leaf
morphology [20,43]. This might increase the apoplastic water fraction [44] and promote the
species tolerance to O3 and drought stress.

4.3. Effects of Ozone and Drought Stress on Physiological Parameters

The O3 and drought stress negatively affected the physiological parameters. Drought
stress induced a decrease of Pn regardless of the different species, as confirmed by a
negative relationship with CDI. A decrease in Pn with increasing POD1 was verified for
both sensitive species (Q. robur and Q. pubescens), while no such reduction was found
in Q. ilex. The present discussion is based on the species responses to POD1 once the
flux-based index is more realistic [9]. In fact, AOT40 was positively related to Pn in the
two deciduous oaks, which does not agree with a consensus about O3 negatively affecting
photosynthetic capacity [45]. In fact, the regression coefficient was very low (=0.000),
although the regression slope was numerically significant. Even though data was generated
from an underlying distribution, the significance is a rather unlikely biological sense. The
data suggest that a biological-sound index such as POD1 is superior to AOT40 for the
studies of the O3 effects on vegetations because it can consider the principal physiological
cause of O3 damage, i.e., stomatal O3 uptake.

Drought stress decreased PNUE and PPUE for all three species, while O3 stress
negatively affected PNUE for Q. pubescens and PPUE for the sensitive species Q. robur
and Q. pubescens. Drought stress is directly related to changes in the allocation of N and
P to leaves, no matter the species sensitivity to O3 stress. However, a reduced allocation
of N and P to the photosynthetic apparatus [5,6,46] is more pronounced in O3 sensitive
species. The N-uptake efficiency and leaf N efficiency are important traits to improve
growth under drought [47]; thus, the decline in root biomass might explain the decrease
in PNUE and PPUE for those species, once reduced quantity of absorptive roots reduces
water and nutrient uptake as verified for the same oak species in a previous study [48].

4.4. Is the Ozone Visible Injury an Indicator to Explain Biomass Reduction or Physiological
Damage in Mediterranean Oaks?

The PCA biplot contains the strength of VFI, physiology, and growth relationships,
along with the species-specific sensitivity to drought and O3 stress. Relationships between
O3 VFI and biomass growth were discussed by other authors [49,50]. In the present study,
we observed that the vector of O3 VFI injury (O3S) and total biomass (TB) were crossing at
the right angle of each other, suggesting a weak association between these two parameters
in Mediterranean oaks. However, the O3S vector shows the same direction as those of leaf
parameters (number of leaves [N.L] and leaf biomass [LB]) in plants presenting more O3
VFI, which may indicate the promotion of carbon allocation to leaves as a compensation
response against O3 injury. In addition, opposite directions of the vectors were found for
O3 VFI (O3S) and net photosynthesis (Pn), PNUE, and the R/S ratio, highlighting a negative
correlation between O3 VFI and these parameters. The results indicate that O3 VFI was
not a direct indicator of biomass reduction under elevated O3 in these oaks but provides
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important insights regarding the impairment of photosynthetic capacity and biomass
partitioning to roots. Mediterranean oak species generally develop taproots that grow deep
into the soil, enhancing resistance to abiotic stress such as drought [51]. However, small
amounts of roots due to O3 exposure imply a loss of water and nutrient uptake, suggesting
that O3 VFI should be considered a bioindicator in forests exposed to the combination of
O3 pollution and drought.

5. Conclusions

We examined O3- and drought-induced VFI and their effects on growth, biomass, and
physiological parameters by using cumulative indexes and oak species known for showing
differential sensitivity to these stressors. The increase in POD1 promoted the development
of specific O3 VFI in the isohydric Q. robur and the intermediate Q. pubescens, while the
anisohydric Q. ilex was asymptomatic. In Q. robur, the presence of O3 VFI was decreased
under drought probably because drought-induced stomatal closure reduced O3 uptake
and thus limited O3 damage. However, drought stress aggravated O3 VFI in Q. pubescens.
This result indicates the importance of the protective role of antioxidant activity under the
combination of O3 and drought, which may be weakened by the combined stress factors
and become a dominant factor in species that are not strictly isohydric. On the other hand,
the drought VFI was clearly distinguished from the O3-induced VFI, and it developed with
increasing CDI in Q. robur and Q. pubescens but not in Q. ilex, suggesting a high tolerance of
Q. ilex to drought stress. Therefore, we suggest using the specific O3 or drought VFI as a
bioindicator, especially for establishing the onset injury CL.

We also confirmed that Pn was decreased progressively with POD1 and CDI in the two
deciduous oaks, in tandem with PNUE decline, suggesting a cumulative effect of O3 and
drought on photosynthetic capacity. As a result, both stress factors showed a deleterious
effect on the development of VFI and biomass growth. Interestingly, the two deciduous
oaks increased the allocation to shoot growth rather than to root growth when exposed
to both stresses, while an opposite result was found in Q. ilex. The imbalance in carbon
allocation to roots may reduce the stability against strong winds and impair water uptake
under the warming climate expected in future climate change [52,53].
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Abstract: European beech (Fagus sylvatica L.) forests provide multiple essential ecosystem goods and
services. The projected climatic conditions for the current century will significantly affect the vitality
of European beech. The expected impact of climate change on forest ecosystems will be potentially
stronger in southeast Europe than on the rest of the continent. Therefore, our aim was to use the
long-term monitoring data of crown vitality indicators in Croatia to identify long-term trends, and to
investigate the influence of current and previous year climate conditions and available site factors
using defoliation (DEF) and defoliation change (ΔDEF) as response variables. The results reveal an
increasing trend of DEF during the study period from 1996 to 2017. In contrast, no significant trend in
annual ΔDEF was observed. The applied linear mixed effects models indicate a very strong influence
of previous year drought on ΔDEF, while climate conditions have a weak or insignificant effect on
DEF. The results suggest that site factors explain 25 to 30% DEF variance, while similar values of
conditional and marginal R2 show a uniform influence of drought on ΔDEF. These results suggest
that DEF represents the accumulated impact of location-specific stressful environmental conditions
on tree vitality, while ΔDEF reflects intense stress and represents the current or recent status of tree
vitality that could be more appropriate for analysing the effect of climate conditions on forest trees.

Keywords: defoliation; monitoring; tree vitality; drought; climate change

1. Introduction

Climate conditions influence the structure and function of forest ecosystems, and
play an essential role in forest health [1,2]. Global warming has indisputably caused
climate change, which is a significant threat to forest ecosystems [3]. The effects of climate
change are generally expected to reduce tree growth and survival, predispose forests to
disturbances, and ultimately change forest structure and composition at the landscape
scale [4]. Therefore, there is an increasing concern in Europe over the sustainability of forest
ecosystems under climate change [5].

Although vitality is a theoretical concept, it can be defined as the ability of a tree
to assimilate, to survive stress, to react to changing conditions, and to reproduce [6]. As
vitality cannot be measured directly, various indicators can be used to describe it [7]. Crown
defoliation is a commonly used tree vitality indicator [8–10], which can be obtained cost-
effectively and relatively quickly in field surveys [11]. Defoliation is defined as leaf loss
in the assessable crown, as compared to a reference tree, and is observed regardless of the
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cause of foliage loss [12]. Landmann [13] states that defoliation is an indicator of acute stress
and subsequent recovery of forest ecosystems. However, defoliation has been criticized
due to the subjectivity of the assessment, as well as it being a non-specific indicator affected
by several biotic and abiotic factors [14–16]. To ensure data quality, training courses
and repeated control assessments are regularly carried out on a national [17–19] and
international level [20].

European beech (Fagus sylvatica L.) is a dominant broadleaved tree species in European
forests that forms forest communities over a broad range of habitat conditions [21]. These
forests provide multiple ecosystem goods and services [22]. Despite being adapted to a
wide range of environmental conditions, the projected effects of climate change, particularly
drought, will significantly affect the vitality of European beech [23,24].

Southeast Europe represents one of the most vulnerable regions with expected intensi-
fication of severity and duration of droughts and heat waves. As the impacts of climate
change on forests in southeast Europe will be potentially stronger and faster than on the rest
of the continent [25,26], this region is an ideal model for studying the impacts of changing
climatic conditions. A trend of decreasing precipitation and increasing temperatures has al-
ready been observed in Croatia [27,28]. In the decade 2001–2010 alone, four drought events
occurred, while only 13 took place between 1961 and 2010 [29]. In the future, the climate in
Croatia is expected to be hotter and drier, with considerable impacts to be expected for the
forest ecosystems. Consequently, continuous long-term forest monitoring is crucial in order
to measure and assess these impacts and their consequences on ecosystem functioning.

In Europe, the International Co-operative Program on Assessment and Monitoring of
Air Pollution Effects on Forests (ICP Forests) is the most comprehensive European program
for the large-scale assessment of forest ecosystem health [30]. The defoliation data obtained
from the ICP Forests monitoring network have led to the publication of numerous studies
of climate influence in several European countries, such as Switzerland [31], Germany [32],
France [33], and Spain [34]. Depending on the investigated region, different climate
parameters were found to have a negative impact on crown defoliation. Studies of this
kind in Croatia have previously only been regional, which has limited the applicability of
results [35,36]. A recent pilot study found a pronounced lag effect of both temperature and
precipitation on beech defoliation [37]. Based on these studies, we hypothesize that previous
and current year droughts as a consequence of high temperatures and low precipitation
contribute the most to beech defoliation across Croatia. Given the ecological and economic
importance of beech, it is necessary to understand the impact of climate change on beech
defoliation. Therefore, by using the ICP Forests monitoring network in Croatia, our aim
was to (i) identify European beech long-term defoliation trends, and to (ii) investigate
the influence of current and previous year climate conditions and various site factors on
beech defoliation.

2. Results

2.1. Temporal Trends in Tree Vitality

There was a significant trend of increasing mean defoliation (DEF) by 0.39% annually
over the study period (Figure 1). Annual overall mean defoliation values peaked in 2001
and 2014. The latter year is marked by the highest observed overall mean defoliation of
18.4%. In contrast, no significant trend in annual defoliation change (ΔDEF) was observed.
Time series of annual defoliation change values exhibit stationarity (Dickey–Fuller = −5.81,
p < 0.01), and generally stay close to the neutral trend line.
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Figure 1. Overall trend of crown vitality parameters from 1996–2017. (a) Defoliation trend of
European beech (Tau = 0.78, Sen’s slope = 0.39, p < 0.001, orange line) and annual overall mean
defoliation (DEFi, black line). (b) Defoliation change trend of European beech (Tau = −0.05, Sen’s
slope = −0.01, p = 0.73, orange line) and annual overall change in mean defoliation (ΔDEFi, black
line). Points represent annual plot mean values.

Plot-scale trend analysis of DEF showed that 53% of plots have a significant and
increasing trend of defoliation at an annual rate ranging from 0.25% to 1.29%. On the re-
maining 47% of plots, we did not observe any significant trend. The results of the q-statistics
and Morans’ I spatial autocorrelation coefficient did not indicate spatial stratification of
plot-scale DEF trends (data not shown). We did not detect any significant ΔDEF trend at
the plot-scale. Therefore, the subsequent spatial stratification tests were not conducted.

2.2. Influence of Environmental Conditions on Tree Vitality

During the selection procedure for DEF and ΔDEF models, additional variables were
considered: stand age, site factors (altitude and orientation), and soil properties (soil pH,
total nitrogen content in the soil, content of available phosphorus and available potassium
in the soil) were tested. However, only altitude showed a significant impact. Although the
influence of stand age was not significant, it was retained in the selection process due to
improved model performance and the reported influence of stand age on defoliation in
other studies [38,39].

The two linear mixed effects models (LMM) used to assess the impact of climatic
variables on DEF revealed different influences of current and previous year SPEI (Standard-
ized Precipitation Evapotranspiration Index). Current year SPEI is positively correlated
with defoliation, while previous year SPEI has a negative effect. Although significant, this
divergent effect of drought should be regarded with caution, since the estimated effects are
weak (Table 1). Both the current and previous year temperature and precipitation did not
have significant effects on defoliation. Plots located on higher altitudes had significantly
higher mean defoliation. The annual increase in defoliation estimated in the LMM models
is very similar to the positive defoliation trend assessed by the Mann–Kendall test (Figure 1).
The marginal coefficient of determination (R2) was lower than the conditional R2 in both
models, which suggests that the model random effects i.e., plot location, accounts for a
high proportion of the explained DEF variance (Table 2).
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Table 1. Estimated model parameters, standard errors, t-values, and p-values for mean defoliation
LMM models with current year (DEF-I) and previous year climate variables (DEF-II). T—mean
annual temperature, P—annual sum of precipitation, SPEI3—mean annual Standardized Precipitation
Evapotranspiration Index calculated on a three-month time scale, lag—denotes previous year values.

Estimate Std. Error t Value p Value

DEF-I

Intercept −7.924 1.591 −4.980 <0.001
Year 0.004 8.03 × 10−4 4.934 <0.001
Stand age −4.70 × 10−4 3.16 × 10−4 −1.486 0.138
Altitude 1.58 × 10−4 3.86 × 10−5 4.095 <0.01
T 0.007 0.004 1.954 0.051
P −1.07 × 10−5 1.19 × 10−5 −0.902 0.367
SPEI3 0.016 0.006 2.834 <0.01

DEF-II

Intercept −7.542 1.571 −4.799 <0.001
Year 0.004 7.92 × 10−4 4.767 <0.001
Stand age −3.68 × 10−4 3.09 × 10−4 −1.191 0.234
Altitude 1.18 × 10−4 3.82 × 10−5 3.099 <0.01
T_lag 0.005 0.003 1.553 0.121
P_lag 9.67 × 10−6 1.19 × 10−5 0.813 0.417
SPEI3_lag −0.014 0.006 −2.501 <0.05

Table 2. Defoliation (DEF) and defoliation change (ΔDEF) model performance indices: Akaike
Information Criterion (AIC); Conditional coefficient of determination (Conditional R2); Marginal
coefficient of determination (Marginal R2); Intraclass Correlation Coefficient (ICC); Root Mean Square
Error (RMSE).

AIC Conditional R2 Marginal R2 ICC RMSE

DEF-I −1906 0.89 0.60 0.71 0.061
DEF-II −1915 0.88 0.62 0.68 0.062

ΔDEF-I 1824 0.09 0.09 1.20 × 10−8 0.996
ΔDEF-II 1806 0.32 0.32 7.07 × 10−9 0.984

Defoliation change LMM indicates a very strong and significant negative influence
of previous year SPEI (Table 3). Positive defoliation changes were observed in years
preceded by low SPEI, while negative defoliation changes were associated with high SPEI
the previous year. This inverse relationship where the increase of defoliation is preceded
by drought was most notable in 2001 (Figure 2). Other climate variables, including current
year SPEI, did not have a significant effect and neither did stand age or elevation. Equal
values of conditional and marginal R2 suggest a uniform effect of previous year drought on
European beech ΔDEF (Table 2). As expected, the models did not reveal a significant trend
in the change of defoliation.
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Table 3. Estimated regression parameters, standard errors, t-values, and p-values for mean defoliation
change LMM models with current year (ΔDEF-I) and previous year climate variables (ΔDEF-II).
T—mean annual temperature, P—annual sum of precipitation, SPEI3—mean annual Standardized
Precipitation Evapotranspiration Index calculated on a three-month time scale, lag—denotes previous
year values.

Estimate Std. Error t Value p Value

ΔDEF-I

Intercept 25.114 15.641 1.606 0.109
Year −0.013 0.008 −1.595 0.111
Stand age −1.91 × 10−4 0.002 −0.104 0.917
Altitude −1.50 × 10−4 3.87 × 10−4 −0.388 0.701
T 0.012 0.057 0.207 0.836
P 1.47 × 10−4 1.35 × 10−4 1.094 0.274
SPEI3 −0.006 0.091 −0.066 0.947

ΔDEF-II

Intercept 15.966 15.833 1.008 0.314
Year −0.008 0.008 −0.964 0.336
Stand age −2.50 × 10−5 0.002 −0.014 0.989
Altitude −0.001 3.78 × 10−4 −1.388 0.176
T_lag −0.047 0.055 −0.857 0.392
P_lag 1.98 × 10−4 1.33 × 10−4 1.487 0.138
SPEI3_lag −0.388 0.089 −4.338 <0.01

Figure 2. Inverse relationship between previous year SPEI (Standardized Precipitation Evapotran-
spiration Index) and defoliation change (ΔDEFi) in Croatia from 1996–2017. (a) Previous year mean
SPEI (orange line) and standard error (orange area), calculated on a time scale of three months.
(b) Annual overall defoliation change (ΔDEFi) mean (green line) and standard error (green area).

3. Discussion

3.1. Temporal Trends in Crown Vitality

Defoliation is widely accepted as a proxy indicator of tree vitality and forest health,
able to provide useful information on its status and trends. Long-term defoliation data
series are an important asset to explore the changes in forest ecosystem health across
Europe over the past 30 years [8]. This study revealed a statistically significant trend of
increasing defoliation of European beech in Croatia over time. The distinctive impulses
of increasing mean defoliation in 2001 and from 2012 to 2014 (Figure 1) are preceded by
the dry 2000 and the extreme drought period recorded in 2011/2012 (Figure S1) [40]. The
severe drought recorded in 2003 did not result in an increase in mean defoliation in the
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following years, which is consistent with our previous findings [37]. Sudden increases in
mean defoliation preceded by years or periods of pronounced precipitation deficit were also
recorded in studies conducted in France [33] and the Iberian Peninsula [41]. A significant,
but weaker trend of increasing beech defoliation was also observed at a European level [42].
A study comparing the general defoliation trends between geographical regions found that
southern Europe, including Croatia, has a more pronounced trend of increasing defoliation
compared to central and northern Europe [41].

Plot-scale analysis of defoliation revealed a statistically significant increase on 53% of
plots in the 1996 to 2017 period. A study applying a similar plot-scale approach in France
found that as many as 70% of beech plots showed an increasing defoliation trend from 1996
to 2009 [33]. Our results also suggest that there is no spatial grouping of the defoliation
trend, which is in line with other studies [9,31]. Obviously, the trend of defoliation is
not influenced by geographical position, but rather by specific environmental conditions
present on a particular plot.

Defoliation change (ΔDEF), defined as the difference between the defoliation as-
sessed in the current and previous year has so far been used in only a few studies [31,43].
Unfortunately, detailed results from these studies were not provided, and therefore a
straightforward comparison with our results was not possible. While differences in as-
sessment of absolute defoliation values can be expected due to national adjustments of
the methods, the differences in assessing the relative change of defoliation from year to
year should be negligible, and could potentially reduce the influence of possible subjec-
tivity of the assessment [43]. Additionally, the absence of serial correlation of defoliation
change, i.e., its stationarity, enables easier development of impact models compared to
using defoliation data.

3.2. Influence of Environmental Conditions on Tree Vitality

A key task at the European level is to study the impact of climate change on crown
defoliation and, consequently, on forest health [44], taking into consideration a wide range
of natural and anthropogenic environmental factors [45].

The established difference in marginal and conditional R2 in crown defoliation models
suggests that site factors explain 25 to 30% variance of European beech defoliation over
time. A high influence of specific site attributes on defoliation was also found in other
studies, e.g., lower defoliation values were observed at higher nitrogen supply levels and
higher pH levels [46,47]. However, soil properties did not show a significant impact during
the model selection process in our study, which is in line with several studies that did
not confirm the importance of soil properties for European beech defoliation [10,43]. It
is possible that the applied approach to soil sampling and analysis does not provide a
sufficient level of detail to detect the significance of soil variables, given that soil properties
have nevertheless been shown as significant factors in some studies of European beech [48]
and Norway spruce defoliation [49]. On the other hand, effects from environmental factors
that change on a long-term scale, like soil properties, will not likely be detected through
annual variation of defoliation [46].

Stand age was identified as a significant predictor in different approaches to modelling
defoliation [39,40,45,50]. However, the established relationship between defoliation and
stand age may, in many cases, represent an interaction between various stress factors and
age [4]. The absence of a significant impact of stand age on European beech defoliation
in Croatia (Tables 1 and 3) can be explained by a relatively small number of plots in our
sample, where stands are older than 80 years (Figure S2), while the abovementioned studies
were not limited by irregular age distribution.

Numerous studies have observed a significant effect of drought on increasing defo-
liation [32,38,39,42,45], and increased leaf loss following spring and summer heat waves
was recorded both in European [50,51] and North American forests [52]. In contrast to the
clear influence of spring and summer temperatures on European beech defoliation found in
Spain [34], the results of this study indicate a very weak influence of all examined tempera-

22



Plants 2022, 11, 730

ture variables, which is consistent with results of a beech study conducted in Germany [46].
Furthermore, we did not find a significant influence of precipitation on defoliation. This
is contrary to the results of a French study, where precipitation and precipitation deficit
correlated with defoliation [33]. While we could not detect any effect of air temperature
and precipitation when considered independently, these climate variables showed to have
a clear impact on defoliation change when combined in the SPEI drought index.

The basic mechanism for regulating water loss in dry conditions is stomatal closure in
plants [53]. Under conditions of increased water deficit, plants also respond by increasing
water use efficiency [54], reduced growth [55], and conservative mechanisms such as limit-
ing their photosynthetic activity [56]. Due to drought, plants can adapt their morphological
structure by increasing the carbon allocation to the root system [57], reducing their leaf
size [58], decreasing leaf area index [59], and ultimately shedding leaves [10]. During long
lasting drought events, stomatal closure can significantly reduce carbon fixation by trees
as well as their carbon reserves, which weakens trees and makes them more vulnerable
to biotic and abiotic stresses. In extreme cases, this can lead to mortality by carbon starva-
tion [60]. Severe drought during the year of bud formation, in our study indicated by low
previous year SPEI and its impact on ΔDEF, decreases the number of new leaves formed
in the bud thus influencing the number of leaves, leaf surface area, and twig extension in
the following year [51]. In Fagus species, all leaves are pre-formed in winter buds [61,62]
during late summer and early autumn [59]. Hydraulic failure may also occur during severe
droughts leading to twig and leaf abscission, which can be seen as a drastic adaptation
strategy to reduce evapotranspiration [63]. This effect is visible from the values of defolia-
tion rising in the period from 2011 until 2014 (Figure 1), which coincides with low SPEI for
the years 2011 and 2012 (Figure 2).

Equal values of conditional and marginal R2 and the low value of ICC (intraclass
correlation coefficient) suggests a uniform influence of previous year drought on the
European beech ΔDEF throughout Croatia. On the other hand, the increase in the marginal
R2 of defoliation models after the inclusion of climatic variables was slight, and the influence
of all observed climatic variables on DEF was weak. This indicates that defoliation is
influenced by site-specific environmental or stand factors that have not been identified in
this study. Mean beech defoliation shows fluctuations that coincide with the occurrence of
common to abundant fructification [48,64]. However, we were not able to include fruiting
as a factor due to the lack of data. The lack of a clear ΔDEF trend, as well as the pronounced
impact of drought in the previous year, may indicate that this response variable reflects
intense stress, while the positive DEF trend represents the accumulated impact of location-
specific stressful environmental conditions on tree vitality. Since defoliation change shows
the current or recent status of tree vitality, while defoliation is an integrated indicator
resulting from cumulated biotic and abiotic pressures on tree vitality over many years,
defoliation change could be a more appropriate indicator for analysing the effect of recent
climate conditions on tree vitality.

Increasing temperatures may lead to drought thus affecting forest vitality in the region.
Forest monitoring activities in southeast Europe should be intensified to determine the
unknown site-specific environmental and/or stand factors that may explain a part of the
variance in the present data. This could help develop adequate and locally applicable
mitigation strategies to secure the future of beech forests in the region.

4. Materials and Methods

4.1. Study Area and Plot Selection

The ICP Forests Level I monitoring plots in Croatia are established on intersections of
a 16 × 16 km grid that contain forest cover. These plots do not have a fixed area; rather,
24 trees are chosen for defoliation assessments using a cross-cluster system with six trees in
each cluster [65]. Only plots with a minimum of five European beech trees were selected to
ensure that European beech was significantly represented in the mixture of tree species.
To ensure defoliation data consistency over the investigated period from 1996 to 2017,
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defoliation assessment on selected plots had to have been carried out for at least 80% of
the investigated period. This resulted in the selection of 28 research plots (Figure 3). In
addition to defoliation, the ICP Forests database contains information on several site factors
(Table S1).

 

Figure 3. Location of research plots in the context of the distribution of European beech in Europe [66].
Selected Level I ICP Forests monitoring plots (orange dots); remaining Level I plots in Croatian (black
dots); distribution of European beech forests in Croatia [67] (green polygon).

4.2. Defoliation Assessment and Crown Vitality Indicators

Defoliation of European beech trees on the selected plots was assessed annually
between mid-July and mid-August from 1996 to 2017, in 5% classes from 0 to 100%,
according to the ICP Forests Manual [12]. Assessments of tree crowns was performed in
comparison with the absolute reference tree. For this study, two crown vitality indicators
were calculated and used as response variables: (i) the mean current year crown defoliation
DEFi on plot i, and (ii) the change in the mean current year crown defoliation on plot i
compared to the previous year assessment ΔDEFi. Mean values of crown vitality parameters
at the plot level were used, since the values of all predictor variables could only be obtained
at the plot level. Additionally, comparison of defoliation variability within and between
plots showed that it was lower within plots than between plots.

4.3. Soil Sampling and Analysis

Soil sampling was performed during the summer of 2019 on five points located within
each of the research plots. One point was located within each of the four groups of trees
that are assessed for defoliation, and an additional fifth point was located in the centre
of each research plot. Soil samples were taken with a pedological drill from a depth of
0–10 cm, 10–20 cm, 20–40 cm, and 40–80 cm. Collected samples were pooled according
to the sampling depth. Soil chemical parameters were analysed according to standard
protocols and methods (Table S2).
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4.4. Climate Data

Climate monitoring stations are generally situated at considerable distances from
the research plots. Therefore, the data they provide are not always representative of the
research locations. To overcome this, we used gridded data produced by regression kriging
(RK), which is a hybrid method of interpolation carried out in four steps [68]. The method
was validated with leave-one-out cross-validation, while the root mean square error (RMSE)
was calculated between observed and interpolated values. Mean RMSEs are for mean
monthly temperature from 0.5 ◦C to 0.9 ◦C, for minimum temperature from 1.1 ◦C to 1.5 ◦C,
for maximum temperature from 0.7 ◦C to 1.1 ◦C, and for precipitation from 18 to 30 mm,
averaged by months.

Mean monthly temperature (T), minimum (Tmin) and maximum (Tmax) monthly
temperature, and monthly sum of precipitation (P) from the gridded dataset on 1 km
spatial resolution for Croatia [69] were used to calculate yearly values, as well as the Palmer
Drought Severity Index (scPDSI) [70] and Standardized Precipitation Evapotranspiration
Index (SPEI) [71]. Lower values of scPDSI and SPEI indicate a stronger drought intensity
while higher values indicate a higher degree of humidity. SPEI was calculated on a time
scale of 3, 6, and 12 months.

4.5. Data Analysis

The trend of defoliation and defoliation change was estimated according to Sen’s
slope [72], while the significance of a trend was tested by the Mann–Kendall test [73,74]
with a significance level of p ≤ 0.05. Both methods are suitable for data with asymmetric
distribution and in this case are significantly more accurate compared to the simple linear
regression model [75]. Spatial stratification of defoliation plot-wise trends were examined
by calculating the degree of spatial stratified heterogeneity using the q-statistics method [76]
and the spatial autocorrelation coefficient, Moran’s I [77].

To model the impact of site factors and climate conditions on crown vitality indicators,
we used linear mixed effects models (LMM) [78]. Prior to adding climate predictors, a
default model was fitted:

DEFit = Yeart + StandAgeit + Elevationi
SamplePloti ~ N(0, σ2)

(1)

where DEFit is the mean crown defoliation of European beech trees for sample plot
i = 1, . . . , n and for year t = 1, . . . , 22, averaged over all trees at sample plot i. SamplePloti
is the random intercept, which is assumed to be normally distributed with mean 0 and
variance σ2. To account for different number of trees on each plot, weights 1/αit were
introduced, where αit is the number of trees assessed at plot i and year t. Since defoliation
represents an estimated percentage and due to the LMM requirements, mean defoliation
values were divided by 100 before model fitting. First order autocorrelative term was
introduced to account for temporal autocorrelation in the model. Seidling [46] states that
the serial correlation of European beech that appears over a five-year period is not as
distinct as in other species studied, which is contrary to our data. Ignoring serial correlation
in model fitting leads to overestimated random effects and to the inflation of the empirical
Type I error rates [79], therefore it is crucial to account for this during model fitting of
defoliation data.

Due to high kurtosis, The Lambert W × F function [80] was applied to transform
ΔDEF data to a normal distribution. Afterward, the same approach to the base model build
up was applied as with DEF data, except that the first order autocorrelative term was left
out since the data did not display serial correlation.

The final model selection process was based on diagnostic diagrams and a procedure
defined by Johnson and Omland [81]. Spearman’s correlation coefficient (rho) was calcu-
lated between the crown vitality indicators and each quantitative environmental variable
in order to obtain an overview of possible impacts. Of the potential independent variables,
those that explain most of the variation of crown vitality indicators were selected with
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a recursive feature elimination approach (RFE) implemented within the random forest
algorithm [82]. Selected variables which were linearly correlated with other variables
and had a variance inflation factors VIF > 5, a commonly used threshold in detecting
multicollinearity [83], were identified. The identified collinear variables with the lower
value according to the Akaike Information Criteria (AIC) [84] were retained for further
model development. This subset of uncorrelated environmental variables was used as
predictor variables for developing the final models. All analyses were conducted in an R
programming environment [85].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants11060730/s1, References [86–91] are cited in the Supplementary Materials. Figure S1. Lin-
ear regression fits (black lines) and kernel smoothing functions (colour lines) for one-year smoothed
mean monthly temperature, monthly precipitation sum and mean monthly SPEI data (grey lines) on
the research plots during the vegetation period., Figure S2. Distribution of 28 research plots by stand
age, altitude, and orientation, Table S1. Additional site factor variables and data sources, Table S2.
Descriptive statistics of soil chemical properties from 28 research plots and the applied methods of
analysis
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SI-1000 Ljubljana, Slovenia

2 Faculty of Mathematics, Natural Sciences and Information Technologies, University of Primorska,
Glagoljaška 8, SI-6000 Koper, Slovenia

3 Department of Forestry and Renewable Forest Resources, Biotechnical Faculty, University of Ljubljana,
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Abstract: Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is a non-native tree species in Slovenia
with the potential to partially replace Norway spruce in our native forests. Compared to spruce,
it has several advantages in terms of volume growth, wood quality and tolerance to drought. This is
important given the changing climate in which spruce is confronted with serious problems caused
by increasing temperatures and drought stress. At three sites (one on non-carbonate bedrock and
deep soils, and two on limestone with soil layers of varying depths), 20 Douglas-fir and 20 spruce per
site were sampled in order to compare their radial growth response to climate and drought events.
The radial growth of Douglas-fir exceeds that of spruce by about 20% on comparable sites. It is
more responsive to climate than spruce. Above-average temperatures in February and March have
a significant positive effect on the radial growth of Douglas-fir. In recent decades, above-average
summer precipitation has also had a positive influence on the radial growth of Douglas-fir. Compared
to spruce, Douglas-fir is less sensitive to extreme drought events. Our results indicate that Douglas-fir
may be a good substitute for spruce in semi-natural managed forest stands in Slovenia. The planting
of Douglas-fir should be allowed in Slovenian forests, but the proportion of it in forest stands should
be kept lower than is the case with spruce today.

Keywords: climate change; climate response; drought; radial increment; dendrochronology

1. Introduction

Climate change is having a major impact on the world’s ecosystems. Owing to the
longevity of trees, forest ecosystems cannot quickly adapt to changes in the environment.
In Europe, climate change is mainly reflected in increasing temperatures (0.85 ◦C increase
from 1880 to 2012) [1], more frequent droughts and more extreme weather events [2]. As a
result, higher mortality of individual tree species has already been observed in some forest
ecosystems due to drought stress and related factors [3]. Norway spruce (Picea abies (L.)
Karst), one of the most economically important tree species in Europe, has been the most
affected. Slovenia has also experienced massive spruce dieback in recent years due to
climate change, natural disasters and the spread of bark beetles. Empirically-based random
forest models show that the area of potential spruce sites in Slovenia will decrease in the
future [4], and that deciduous forests will slowly replace coniferous forests [5]. As the
proportion of spruce in the growing stock decreases, the economic benefits of the forest
are expected to decrease, and significant changes in the wood processing industry are also
expected. In order to maintain the socio-economic functions of forests, it is necessary to
find, among other things, tree species that possess wood properties similar to those of
spruce, and that are more resistant and resilient to extreme climatic conditions and drought.
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An important limiting factor for the future growth of species will most likely be a lack of
accessible water [3].

One way to mitigate the negative consequences of spruce dieback is by introducing
other species, such as Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), to close-to-nature
forests as a partial replacement for Norway spruce [6]. Due to its fast growth and high-
quality wood, Douglas-fir is the most common non-native tree species in many European
countries, including Slovenia. Currently, the planting of Douglas-fir is prohibited in
Slovenia (Official Gazette of the Republic of Slovenia, No. 96/04), although it was planted
in the past and today accounts for 0.5% of the growing stock [7].

The natural distribution range of Douglas-fir extends along the entire Pacific coast of
North America, from British Columbia to Mexico. It thrives in a wide range of climatic
conditions, but proliferates best in habitats with high humidity and deep, aerated soils [8].
In Slovenia, as in the rest of the central Europe, it grows best at altitudes ranging from 500
to 1000 m above sea level in the belt of beech and silver fir–beech forests [9]). It requires
high humidity and a moist, well-aerated and deep soil for rapid growth. It grows poorly in
shallow limestone soils and in compacted soils with standing water [10].

Douglas-fir originates from an environment with warm, dry summers, and therefore
is physiologically better adapted to a lack of water in the soil compared to Norway spruce.
Small leaf stomata, heavily waxed needles and an effective stomata regulating mechanism
allow Douglas-fir to use water sparingly, and maintain a positive photosynthetic ratio [11].
Compared to Norway spruce, the root system of Douglas-fir is deeper, which makes it more
resistant to drought and windthrow [12]. Resistance to different climatic factors largely
depends on the variety and provenance of the species [13]. Despite these physiological
adaptations, extreme droughts in recent years have also resulted in needle shed, crown
reduction and mortality of Douglas-fir trees in France [14]. Various sources have also noted
that the growth of Douglas-fir has also been negatively affected, especially in the late winter
months, as it is sensitive to frost [15–17].

Previous studies have shown that the impact of Douglas-fir on European forest ecosys-
tems is comparable to that of native conifers [18], and is less than that of other non-native
species [19]. It has the greatest impact when planted in monocultures over large areas,
making plantations particularly problematic. Its impact on the soil is also small and difficult
to determine due to the complexity of the various factors affecting soil chemistry. The
root system is deeper than that of spruce, which reduces competition for nutrients in the
rhizosphere. It also appears to be more resistant to drought and the negative effects of
climate change in general than spruce. Under suitable conditions, it is potentially invasive
in some parts of Europe [20,21], but studies indicate that its invasive potential is not likely
to increase due to climate change, as the shallow root system of young trees is vulnerable
to drought conditions [19].

Currently, Douglas-fir is not troubled by many pests in Europe, although in its natural
habitats in North America, it is affected by a wide variety of pests, including some very
damaging and destructive insects (e.g., Douglas-fir tussock moth (Orgyia pseudotsugata
McDunnough), Douglas-fir beetle (Dendroctonus pseudotsugae, Hopkins) and Western spruce
bud worm (Choristoneura occidentalis Freeman)) [22].

Little is known about the growth of Douglas-fir and its response to climate in Slovenia.
The aim of the study was therefore to (1) investigate the radial growth of Douglas-fir on
sites with different productivity; (2) analyse the climatic factors that significantly influence
the growth of Douglas-fir in order to identify potentially critical meteorological factors
for its radial growth and growth in general; (3) compare the response of Douglas-fir and
spruce to climatic factors on sites with different productivity; (4) analyse the response of
Douglas-fir in years with markedly dry and hot summers and compare it to the response of
Norway spruce; and (5) determine whether Douglas-fir can be a good substitute for spruce,
and whether replacement of Norway spruce is necessary and appropriate due to spruce’s
declining vitality caused by climate change.
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2. Results

2.1. Radial Growth of Douglas-Fir and Norway Spruce on Three Sites

The radial growth of Douglas-fir and Norway spruce was studied on three different
locations with different bedrock and soil depths. Basic information about age, diameter
at breast height (DBH) and average width of the annual increment is presented in Table 1.
Douglas-fir trees on the studied sites generally have a larger DBH than Norway spruce trees,
with radial increments similarly higher in Douglas-fir than in Norway spruce (Table 1).

Table 1. Basic data on the analysed Douglas-fir and Norway spruce trees on all three sites (PO-1,
PO-2 and CE). TRW—tree-ring width, DBH—diameter at breast height measured with a diameter
tape, Std. dev.—standard deviation.

Location Tree Species
Age

(Years)
DBH
(cm)

Std. Dev.
DBH
(cm)

TRW *
(mm)

Std. Dev.
TRW
(mm)

CE Douglas-fir 70 69.60 9.51 4.73 0.986
Norway spruce 71 52.20 4.89 3.48 1.29

PO-1 Douglas-fir 79 75.56 9.39 3.74 1.34
Norway spruce 96 57.06 7.53 2.40 1.03

PO-2 Douglas-fir 45 49.33 5.87 4.53 1.79
Norway spruce 121 59.84 11.66 2.17 0.75

* Tree-ring width is the average of the tree-ring width measurements from two cores per tree.

Douglas-fir on site CE, which is characterised by non-carbonate bedrock and deep soil,
clearly outperforms Norway spruce. On this site, both tree species are growing in the same
forest stand with the same bedrock and soil depth. Radial growth was comparable in the
period 1940–1990, but in the period 1990–2020 the radial growth of Douglas-fir on site CE
was significantly greater than that of Norway spruce. Moreover, while the radial growth
of Norway spruce declined after 1998, Douglas-fir’s radial increment slowly increased
(Figure 1).

On limestone bedrock and at variable soil depths of the Dinaric Karst, Douglas-fir
exhibits variable performance in comparison to spruce. In deeper soils on site PO-1, there
is very little difference between the radial growth of Douglas-fir and Norway spruce; both
tree species grow more or less similarly and respond to environmental factors in the same
way. There is a slight difference in radial growth in favour of Douglas-fir, but it is not
statistically significant. The radial growth of Douglas-fir has been decreasing in the last
decade and is equal to that of Norway spruce (Figure 1).

On site PO-2 (also Dinaric Karst) with shallow soil and limestone bedrock, the radial
growth of Douglas-fir is higher than that of Norway spruce, regardless of the fact that the
spruce trees there are older than the Douglas-fir trees. Both species show a similar response
to environmental factors. We observed a decrease in the radial growth of Douglas-fir after
1998, with the same decrease also visible in Norway spruce. A recovery in the radial growth
of Douglas-fir was observed after 2013. A similar recovery is also visible in Norway spruce,
but it is much smaller in terms of absolute numbers (Figure 1).
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Figure 1. Comparison of tree-ring width chronologies for Douglas-fir and Norway spruce per site.
Norway spruce chronologies on PO-1 and PO-2 sites are two years shorter since the samples were
collected two years earlier.

2.2. Climate–Growth Relationship of Douglas-fir

The general growth response of Douglas-fir and Norway spruce to climate differs
significantly (Figure 2), with Douglas-fir having a much clearer radial growth response
to climate than Norway spruce. The above-average radial growth of Douglas-fir is sig-
nificantly associated with above-average winter temperatures, particularly in February
and March, while that of Norway spruce is correlated with above-average precipitation in
the summer months, specifically June and July. Above-averages temperature in June and
July have a negative impact on the radial growth of Norway spruce and no statistically
significant impact on that of Douglas-fir.

In contrast to the general response of trees to climatic factors in the growing season,
Douglas-fir is particularly sensitive to above-average temperatures in February and March.
Higher than average temperatures in February and March have a positive influence on
radial growth for the growing season that follows. This influence on radial growth was ob-
served on all studied sites; however, on PO-1 this relationship was visible but not significant.
The highest correlations between radial growth and February–March temperatures were
found on the most productive site CE, followed by PO-2 and PO-1 (Figure 2, left panel).
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Figure 2. Climate–growth response of Douglas-fir (left side panel) and Norway spruce (right

side panel).

On the least productive and drier site PO-2, precipitation in the growing season also
plays important role, especially the lack of precipitation in July, which is indicated by a
high positive correlation. A similar response was also observed on site CE, where the
correlation is smaller but still significant. On site PO-1, we found a low but still significant
negative correlation with above-average precipitation in the previous October. As the
interpretation of such a relationship is difficult, we believe that it is just an artefact of the
bootstrapped calculation of the correlation coefficient. Additionally, on site PO-2 we found
a significant positive effect of precipitation on the radial growth of Douglas-fir in April and
a negative effect on it in May (Figure 2, left panel). It seems that above-average precipitation
in April has a beneficial influence on the radial growth of Douglas-fir, while above-average
temperature in May has a negative influence on radial growth of Norway spruce. It is quite
possible that above-average precipitation in May relates to cold air intrusion, which often
brings very low temperatures and even snow in the first half of May.

The dependence of spruce on February and March temperatures is significant only on
the most productive site CE, while on sites PO-1 and PO-2, we found a significant response
of radial growth to climate only in the summer months. Specifically, on the productive PO-1
site, above-average temperature in July has a negative influence on radial growth, while on
the least productive site PO-2, above-average temperatures in June, July and August have
a significant negative impact on radial growth (Figure 2, right panel).

Precipitation plays a more important role in the radial growth of Norway spruce than
temperature. Above-average precipitation in June and July has a positive effect on tree-ring
width on PO-1 and PO-2 sites, while on site CE only above-average precipitation in July
has a positive influence on tree-ring width (Figure 2, right panel).

The combination of the positive impact of precipitation and negative impact of tem-
perature means that the radial growth of Norway spruce on the least productive site PO-2
and, to some degree, also on the more productive sites CE and PO-1, is negatively affected
by a hot and dry climate in the summer months (Figure 2, right panel).

Both studied tree species have a radically different response to climate. For Douglas-fir,
February and March are important months for radial growth in the subsequent growth
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period. If February and March temperatures are above average, we can expect higher radial
growth, and vice versa. Precipitation has less influence on the radial growth of Douglas-fir,
most likely as a result of its deep root system. Compared to Douglas-fir, Norway spruce
is not as sensitive to winter temperatures. However, above-average precipitation in June
and July and above-average temperature in July have a positive and negative influence,
respectively. As a result of its shallow root system, Norway spruce is more susceptible to
hot and dry summers than Douglas-fir, regardless of site productivity.

Analysis of the radial growth response to climate using bootstrapped moving window
correlation provides insight into the temporal response of the studied trees to climate, and
into the response of trees to changing climatic conditions over time. This is particularly
important given that some climatic factors might have become more significant and some
less significant over time. Additionally, by means of temporal analysis with moving
window correlation (Appendices A and B), it is also possible to determine whether the
radial growth response differs from the general tree-ring width response to climate (as in
Figure 2), and whether responses become stable over time or not.

There are important differences between Douglas-fir and Norway spruce with respect
to temporal response. The temporal response of Douglas-fir to temperature on all studied
sites is clear, statistically significant and stable over time. Above-average temperatures
in February and March are important drivers of Douglas-fir growth: warmer late winter
months are associated with higher radial increments in the summer months.

The temporal stability of the precipitation signal in Douglas-fir is less pronounced.
Only precipitation in July seems to play a role in the higher radial increment on the
least productive and most drought-exposed site PO-2, which is expected as this site was
selected because of its location on a ridge and its shallow soil. On sites CE and PO-1,
precipitation plays some role in July, but is less important and not statistically significant
(see Appendix A).

The temporal response of Norway spruce is less pronounced than that of Douglas-fir.
On the most productive site CE, above-average March temperature has had an influence on
radial growth in the last three decades, and July precipitation has had an influence on radial
growth in the last two decades. We also observed that the climate–growth relationship has
not been stable over time, and that statistical significance is achieved only occasionally.

On the productive site PO-1 (limestone bedrock on deep soil), the influence of July
precipitation on the radial growth of Norway spruce has been stable over time, and its
importance has been increasing. June precipitation has also gained importance in the last
three decades. The influence of temperature on the radial growth of spruce on site PO-1 is
statistically significant in July, but the values are not very high.

On the least productive site PO-2 (limestone bedrock, shallow soil), precipitation in
July played an important role throughout the entire study period. The temporal stability of
the signal is well defined and moving correlations are high. We also observed a temporally
stable negative influence of above-average temperature in July. This means that Norway
spruce trees on site PO-2 are negatively affected by the occurrence of drought, and that
drought is becoming more pronounced (see Appendix B).

2.3. Douglas-Fir Response in Extreme Years

The response in extreme years, whether they were extremely hot and dry or cold and
wet, indicates the ability or adaptability of a tree species to cope with climatic extremes.
Even if we do not find statistically significant correlations with climate data for a tree
species, which is quite common in the case of lowland oaks [23,24], this does not mean
that a tree species does not respond to climate. When we record a weak climatic response
of a tree species, or when we are interested in how a tree species could respond through
adjustments in the radial increment in harsher climate conditions, it is useful to consider
the response in extreme climatic conditions (e.g., hot and dry summers). We analysed
pointer years for both tree species on all three sites; however, in this paper we present only
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the analysis of pointer years for Douglas-fir, and only basic comparisons with respect to
the Norway spruce response.

Douglas-fir has fewer negative pointer years compared to spruce, so it is slightly
more tolerant to a lack of precipitation in summer, probably due to its deeper root system.
From typical dry and hot years, such as 1976, 1980, 1992, 2003, 2013 and 2015, which were
detected in spruce at all studied sites, only one negative pointer year (2003) was detected
in Douglas-fir on the PO-1 and PO-2 sites. On the other hand, we detected a pointer year in
Douglas-fir that was not found in spruce, specifically 1962, where 100% of the trees on two
sites (trees on PO-2 were too young to detect that year) responded with a drop in radial
increment (Figure 3).

Figure 3. Positive and negative pointer years for Douglas-fir on all three studied sites. The horizontal
dashed line represents the 80% threshold for a year to be qualified as a positive or negative pointer
year. Emphasised colours indicate significant pointer years with more than 80% of at least 13 trees in
a particular year showing an increase or decrease in tree-ring width compared to the previous year.

The following negative pointer years were found on at least two sites for Douglas-
fir: 1962, 1993, 2003 and 2012 (Figure 3 and Table 2). In these years, the temperatures in
February and March were always below the long-term average, and the winter months
were drier with less precipitation in comparison with the long-term average.
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Table 2. Common negative pointer years for Douglas-fir on sites PO-1, PO-2 and CE (source of
meteorological data: https://meteo.arso.gov.si/met/sl/climate/current/last-12-months/archive/
accessed on 3 February 2022).

Year Temperature Precipitation Sites

Common to all three sites

No common negative pointer years

Common to two sites

1956 February and part of March extremely cold
across Europe No data available PO-1 and CE, trees

on PO-2 too young

1962
Very cold March, close to the long-term record low,
below-average temperatures in the first half of the

year (including July)

Above-average amount of
precipitation between January

and July

PO-1 and CE, trees
on PO-2 too young

1993
February and March very cold, close to the

long-term low, other months close to the
long-term average

Below-average amount of
precipitation between January and

July, absence of snow
PO-2 and CE

2003
February very cold, March within the long-term

average, May–August significantly above the
long-term average

Entire year very dry, all but late
autumn months below the

long-term average
PO-1 and PO-2

2012
February very cold, March very warm,

June–September notably above the
long-term average

January–March very dry, April–July
within the long-term average,

August dry
PO-1 and PO-2

On site CE with a more continental climate, we also found 1956 to be a negative
pointer year. Since this year was not in our local meteorological archives, we checked
on-line sources. It turned out that the winter of 1956 was one of the coldest winters in
Europe, with temperatures below −24 ◦C in Basel, Switzerland and −12 ◦C in Marseille,
France [25,26]. Temperatures in February and March were well below average, which had a
negative impact on radial growth in the 1956 growing season. The overall winter situation
was very similar, if not more extreme, to that in 1962.

In Douglas-fir, we also found four positive pointer years common to at least two sites:
1989, 1997, 2005 and 2007 (Figure 3 and Table 3). A common feature of the positive pointer
years is that the key months for future growth, specifically February and March, were
always warmer than average, and the monthly precipitation was within or slightly above
the long-term average. None of the positive pointer years were particularly cold in the
winter or dry in the summer.

One pointer year was common to both studied tree species: the negative pointer year
of 2003. That year was one of the hottest and driest ever recorded in Europe. When such a
common pointer year occurs in tree-rings, it is important to determine what the weather
conditions were during that year such that the same response was observed in the two
physiologically different tree species.

The year 2003 was a markedly negative year for many tree species across Europe,
including Douglas-fir and Norway spruce [27]; a drought dragged on until September 2003,
when monthly rainfall reached the long-term average for the first time in that year. January
and July were slightly below the long-term average, while all other months were very dry,
with very little or no precipitation. The small amount of precipitation in July was insufficient
to compensate for the lack of precipitation in the previous months. Temperatures in 2003
started with below-average values in January, February and March, but then rose to well
above the long-term average between April and August.

In 2003, Douglas-fir was mainly influenced by below-average temperatures in Febru-
ary, the month which has a key effect on the growth of Douglas-fir in the same year. Spruce,
however, was negatively affected by a lack of precipitation in the first eight months of the
year, including the very dry winter and dry summer months, which are key factors in the
radial growth of Norway spruce. Therefore, both tree species responded uniformly with a
small radial increment, but for different reasons (Table 2).
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Table 3. Common positive pointer years for Douglas-fir on sites PO-1, PO-2 and CE (source of
meteorological data: https://meteo.arso.gov.si/met/sl/climate/current/last-12-months/archive/
accessed 3 February 2022).

Year Temperature Precipitation Sites

Common to three sites

2007
Slightly above-average temperature between

January and July, then within the
long-term average

Precipitation in the entire year within the
long-term average with the exception of a

very dry April
PO-1, PO-2 and CE

Common to two sites

1989 February and March temperatures above
average, summer temperatures below average

April with above-average amount of
precipitation, June–July average and

August close to the long-term maximum
of precipitation for August

PO-1 and PO-2

1997 February and March temperatures above
average

Amount of precipitation in the period
February–April above average, later

within the long-term average
PO-2 and CE

3. Discussion

3.1. Radial Growth of Douglas-Fir and Norway Spruce on Three Sites

On average, the radial growth of Douglas-fir on three locations in Slovenia always
surpassed the growth of Norway spruce, regardless of site productivity. On the most
productive non-carbonate site, the average radial increment of Douglas-fir was 4.73 mm
and that of Norway spruce was 3.48 mm. On the two limestone bedrock sites, Douglas-fir
grew better than Norway spruce; however, on site PO-1 there was no major difference
between the two species: 3.74 mm for Douglas-fir and 2.40 mm for Norway spruce. On
site PO-2, the difference was similar to the most productive site: 4.53 mm vs. 2.17 mm in
favour of Douglas-fir.

Studies done on Douglas-fir in provenance trials with as many as eighteen coastal
Douglas-fir provenances [13] showed a radial increment comparable to that of Douglas-
fir on sites SE of the Alps. Douglas-firs in the provenance trial had a radial increment
ranging between 3.47 mm and 4.42 mm. Douglas-fir from Slovenian sites ranked among
the better-growing Douglas-firs when compared with those from provenance trials.

Results from the studies in mixed (Scots pine, European larch, Douglas-fir and black
pine) even-aged plantations in Switzerland [3] showed that Douglas-fir is performing well
in mixed stands, and that its radial increment is superior to that of other tree species. When
comparing the radial increment of Douglas-fir from the trial in Switzerland with that from
sites in Slovenia, we found that Douglas-fir grew better on sites in Slovenia, with the
exception of PO-1, where the radial increment was slightly below that in Switzerland.

In a study by Vitali et al. [28] from the Black Forest, where the radial increment of
Douglas-fir was studied in a three-species intermixed Douglas-fir, Norway spruce and
silver fir forest, it was determined that Douglas-fir had the highest radial increment of all
three studied species. In comparison with Douglas-fir from sites in Slovenia where the
combination of Douglas-fir, Norway spruce and silver fir is very common in the close-to-
nature forests of the Karst region, we found that the radial increments of Douglas-fir were
not as high but very close to those recorded in the Black Forest.

On Czech forest sites, where Douglas-fir was introduced to forest stands at the end
of the 19th and in the 20th centuries [17], researchers carried out a study on 18 sites and
concluded that the average radial increment was rather small. In the best case it reached
3.66 mm, and in the worst case it was 1.44 mm. These are far below our findings, and it
appears that the productivity of the site where Douglas-fir was planted in Czechia is lower
than that in Slovenia.

It seems that the radial increments of Douglas-fir are relatively high in regions with
predominantly humid climates (e.g., Slovenia, Southern Germany, parts of Switzerland,
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The Netherlands), and lower in countries with a typical continental climate with colder and
drier winters (e.g., Czechia). Our research supports this postulation, given that Douglas-
fir is sensitive to very cold (and dry) winter months (typical of a continental climate),
which results in a smaller radial increment in the vegetation period that follows this paper
and [13,17,28,29].

3.2. Climate–Growth Relationship of Douglas-Fir and Comparison to Norway Spruce

Our study shows that the radial increment of Douglas-fir is higher when late winter
is mild. On all studied sites, above-average temperature in February is highly correlated
with higher radial increment. On two sites, CE and PO-2, above-average temperature in
March is also highly correlated with higher radial increment. Precipitation, in general and
in any part of the year, is not as important as winter temperatures, although we found some
significant correlations with precipitation on sites CE and PO-2 (Figure 2 and Appendix A).
However, correlation values for precipitation were lower in comparison with those for
temperature. In comparison with Norway spruce, Douglas-fir seems to be more tolerant
to above-average summer temperatures, although we assessed that precipitation plays an
important role in July, particularly in hot and dry years.

The climate response of Douglas-fir in its natural distribution range in North Amer-
ica (Pacific coast in the USA and Canada) varies across the entire area of distribution.
Douglas-fir populations growing in relatively warm and dry climates in Canada have
growth patterns correlated mostly with annual precipitation, whereas populations growing
in wet and cold climates at high elevations have growth patterns correlated with snowfall,
winter and annual temperatures, and ocean–atmosphere climate systems. The strongest
response was found in populations growing at climatic extremes [29,30]. A study by
Restaino et al. [31] on western Douglas-fir forests in the USA showed that Douglas-fir
growth was positively correlated with precipitation and negatively correlated with temper-
ature in the growing season, which is a typical response pattern not only of Douglas-fir but
also of many other tree species.

When comparing our results to those from natural Douglas-fir stands in North Amer-
ica, we only found similarities in the climate-growth response with Douglas-fir populations
growing in North America’s high-elevation wet and cold climates, where a warmer and
more humid late winter-early spring resulted in a better radial increment. Since Douglas-fir
seed was imported from North America, we can assume that the seeds for some of the older
Douglas-fir populations in Slovenia may have come from such regions in N. America [32].

When comparing the climate–growth response of Douglas-fir in Slovenia with that
of planted Douglas-fir in different locations in Europe, we found that the climate–growth
response on several sites across Europe was comparable. Vejpustkova et al. [17] came to
almost identical conclusions with respect to the radial growth of Douglas-fir in Czechia (NE
of our sites). The most critical months for Douglas-fir growth were not the summer months
but the winter months of January and February. They also found that precipitation in July
and August had a positive effect on radial growth. Our observations regarding the response
of Douglas-fir to above-average precipitation in summer months are not as conclusive
as those from Czechia. Douglas-fir in Slovenia responds positively to July precipitation;
however, this response is not as great as in the case of Czechia. An in-depth analysis
of the temporal stability of the precipitation signal in the TRW of Douglas-fir on sites in
Slovenia showed that precipitation in July is gaining in importance. This is critical, and
suggests that climate is changing in such a way that trees need to adapt to new, potentially
drier conditions.

Castaldi et al. [16] investigated the climate–growth relationships of Douglas-fir on two
contrasting sites in Italy (W and SW of the sites in Slovenia, and on the southern side of
the Alps): a Mediterranean area in southern Italy, and a cooler, moister site in the northern
Apennines. They found that temperatures in February and March play a positive role in the
growth of Douglas-fir on both sites. At the site in northern Italy, Douglas-fir also responds
negatively to late summer temperatures and positively to spring–summer precipitation,

40



Plants 2022, 11, 1571

which is very similar to our findings. The temporal stability of the climate signal in the
two Italian Douglas-fir stands showed that the correlation between radial growth and
February temperature is stable over time on the northern site and less so on the southern
one. Castaldi et al. [16] also found that precipitation on the northern site is becoming
increasingly important. This is highly comparable to the results from Slovenia, which
indicate the gradually increasing importance of the July precipitation on the majority of the
studied sites (Appendix A). The increasing dependency of Douglas-fir on above-average
summer precipitation may possibly have a significant impact on the productivity, and may
potentially increase mortality of Douglas-fir in the future.

A study on the climate–growth response of Douglas-fir on 26 forest sites in NW
Poland [15], locations north of our sites and north of the Alps, showed that January–March
temperature had a statistically significant influence on the growth of Douglas-fir. Principal
component analysis revealed that the first component (January–March temperature) ex-
plained more than 60% of the entire variability. The second principal component related to
precipitation in the summer months accounted for only 8% of the variability. This means
that although precipitation plays a role in tree-ring formation, its influence is rather small.
This response to precipitation is similar to the response of Douglas-fir to precipitation
in Slovenia.

Based on our results and those from different studies across Europe, we can conclude
that the climate signal in Douglas-fir tree-rings is comparable over a wide geographical
area and diverse climate zones (Figure 4). This indicates that Douglas-fir prefers two main
types of climates in Europe: (1) cold to temperate winters, no dry season and (2) warm but
not hot summers (types Dfb and CfB after Köppen-Geiger climate classification).

Figure 4. Spatial point correlation between averaged February and March temperatures (1937–2019)
and combined Douglas-fir tree-ring chronology for Slovenia. The map shows the spatial extent of
Douglas-fir climate–growth signal from Slovenia.

An analysis of the spatial extent of the Douglas-fir climate signal, specifically the
response of the TRW to February and March temperatures, showed a very coherent and
widespread climate signal. This is quite rare in European tree species, with only a few (e.g.,
silver fir, larch and partially pedunculate oak) displaying such a widespread climate signal.
This climate signal also corresponds well with both of the above-mentioned climate types.

41



Plants 2022, 11, 1571

3.3. Douglas-Fir Response in Extreme Years

The response of trees in extreme years, and especially in extremely warm and dry
years, provides insight into a tree species’ response to extreme climatic conditions and its
plasticity. Douglas-fir’s natural area of distribution is characterised by a wide range of
climate conditions, parent materials, aspects and slopes, and soil textures and sites [20]. It
grows best in deep, moist and well-drained soil at mid-elevations with plenty of rainfall. It
has a deep root system which can retrieve soil water from deeper layers of the soil. This
is in contrast to Norway spruce, which has a shallower root system and is therefore more
sensitive to drought.

Pointer years [33] are associated with favourable or unfavourable growing conditions
in a certain year. They are a good representation of the common response of trees in a
certain year to a common environmental or climatic driver that causes the formation of a
wide or narrow tree-ring. In the context of this research, we only focus on negative pointer
years in Douglas-fir and Norway spruce and compare them between species and with
pointer years detected in Douglas-fir on the European scale.

Based on the literature and our studies, Douglas-fir has not had many negative pointer
years between 1900 and the present. In our study, we found five negative pointer years on
two out of three sites (trees on one site were too young to capture during pre-1970 pointer
years). All negative pointer years in Slovenia were associated with very cold and dry
winter months. Two were also associated with very hot and dry summers (1993 and 2003)
(Table 2). Some, but not all, extreme years were European wide (e.g., 1956, 2003 or 2013).
The year 2003 seems to be negative pointer year for Douglas-fir across Europe. Several
authors report that year as being critical for tree growth in general, and for Douglas-fir
specifically [3,13,14,17,28]. The year 1976 was also a very warm and dry year in many parts
of Europe, but not in Slovenia. We could not detect this pointer year in any of the studied
tree species.

Positive pointer years in the tree rings of Douglas-fir in Slovenia are all associated
with a mild winter, especially in February, and with an average amount of precipitation
throughout the growing season.

The response of trees in extreme years not only shows how trees respond in extreme
years, but also how trees will possibly respond to a warmer and drier climate (as predicted
by climate models) in the future [34]. Based on pointer-year analysis, we can conclude
that the growth response of Douglas-fir in extreme years mainly depends on the winter
temperature (February) and on a sufficient amount of precipitation in the peak summer
months (July and August). Taking into account different climate change scenarios for
Europe [35], we can anticipate that with increasing temperature and, in the best case, stable
precipitation patterns, Douglas-fir will have difficulty maintaining high growth rates at
increasing vapour-pressure deficits.

4. Materials and Methods

4.1. Sampling Locations

Douglas-fir samples were collected at three locations in Slovenia: Postojna 1 (PO-1-DF),
Postojna 2 (PO-2-DF) and Celje (CE-DF)—see Figure 5. Research site Postojna 1 is located
on a slope with an eastern exposure on pronounced Karst terrain. Research site Postojna 2
is located on Karst terrain on a ridge with shallow soil and northern exposure, and research
site Celje is located on deep soil with a northern exposure. The reason for selecting research
plots with such diverse stand conditions is to study the response of the same two tree
species in different stand conditions.

We also collected Norway spruce samples for reference on three locations with similar
ecological characteristics and as close as possible to the Douglas-fir sites: Ravnik (PO-1-NS),
Verd (PO-2-NS) and Celje (CE-NS)—see Table 4 and Figure 5.
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Figure 5. Sampling locations of Douglas-fir (DF) and Norway spruce (NS) in Slovenia (large map)
and the location of Slovenia in the wider regional context (smaller map, bottom right).

Table 4. Site characteristics and sample replication for Douglas-fir and Norway spruce sample pool.

Douglas-fir

Postojna-1 Postojna-2 Celje

Local site name Mačkovc Golobičevec Pečovnik
PO-1-DF PO-2-DF CE-DF

Coordinates N 42.57◦, E 20.03◦ N 42.63◦, E 19.85◦ N 46.19◦, E 15.27◦
Elevation 584–682 m 670–790 m 465–650 m

Slope 16◦ 18◦ 25◦
Exposition E N N

Soil type Brown soil on limestone Shallow brown soil on
limestone Deep brown soils on silicate

Number of cores for tree-ring
analysis 40 cores (20 trees) each plot

Norway spruce

Local site name Ravnik Verd Pečovnik
PO-1-NS PO-2-NS CE-NS

Coordinates N 45.90◦, E 14.29◦ N 45.93◦, E 14.32◦ N 46.19◦, E 15.27◦
Elevation 655–795 m 535–700 m 465–650 m

Slope 20◦ 25◦ 25◦
Exposition SW SE N

Soil type Brown soil on limestone Shallow brown soil on
limestone Deep brown soils on silicate

Number of cores for
tree-ring analysis 40 cores (20 trees) each plot

4.2. Sample Collection and Tree-Ring Width Analysis

For the tree-ring width (TRW) analysis, we sampled 20 trees per each location and tree
species, which resulted in a total of 60 sampled trees for Douglas-fir and 60 sampled trees
for Norway spruce. From each tree we took two 5-millimetre cores, for a total of 240 cores,
120 cores per tree species. All sampled trees were healthy, co-dominant trees with no visible
signs of stem damage or any kind of declining tree vitality. Cores were stored in plastic
holders and transported to the laboratory.
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Once in the laboratory, the cores were dried and then glued onto wooden holders, and
sanded with progressively finer sanding paper (up to 800 grit) on an industrial belt sander
in order to achieve a highly polished surface and excellent visibility of tree rings. Polished
cores were scanned using the ATRICS image capturing system [36]. Core images were then
transferred to CooRecorder and CDendro programs (Cybis, Sweden) for measuring and
cross-checking. Finally, absolute dating was done in the PAST-5 program (SCIEM, Austria).

Individual TRW series were standardized to remove long-term trends [37] using a
67% cubic smoothing spline with a 50% frequency cut-off in the dplR library [38,39] of
the R program [40]. Departures of the measured values from the regression curve were
calculated as the quotient between the measured tree-ring width and fitted value, resulting
in a dimensionless index with a mean of 1. The purpose of this step is to remove factors
that are not connected with climate, such as tree age and the effects of stand dynamics [37].
Index values were pre-whitened using an autoregressive model that was selected based on
the minimum Akaike criterion, and were combined across all series using a biweight robust
estimation of the mean in order to exclude the influence of outliers. The dplR produces
two types of chronologies: standardized (STD) and residual (RES). In this research, we
used the STD chronology, which is a robust estimate of the arithmetic mean and contains
autocorrelation [37].

4.3. Meteorological Data

We used climate data from two sources: local and gridded climate data. The local data
source was too brief for statistical evaluation of the climate–growth relationship; therefore,
we used it only as a comparison for the gridded data to see whether the gridded data
represent local climate conditions reasonably well.

As a local source of meteorological data, we used the data from two meteorological
stations: Postojna (period 1961–2019, N 45◦ 47′, E 14◦ 15′, 743 m a.s.l.) and Celje (period
1977–2019, N 46◦ 12′, E 15◦ 16′, 688 m a.s.l.). Gridded meteorological data were obtained
for two grid cells, one for sites Postojna 1 and 2 (PO-1, PO-2) and one for Celje (CE), from
the Climate Research Unit of the University of East Anglia (Norwich, UK) TS 4.03 database
(period 1901–2019, spatial resolution 0.5 × 0.5◦) [41] (Figure 6).

Comparison of the two data sets showed that the station data indicated a slightly
warmer and drier climate compared to the CRU TS 4.03 data set. Summer precipitation
minima are larger in the station data set than in the gridded one. Despite some minor
differences for the overlapping period, gridded data were used for the analysis presented
in the Results section.

The climate of the studied region ranges from transitional sub-Mediterranean-continental
to continental. Sites PO-1 and PO-2 have a transitional sub-Mediterranean-continental
climate with 1727 mm precipitation per year and an average yearly temperature of 7.9 ◦C.
In this type of climate, there is a high amount of precipitation in the period between
September and December (702 mm), with the temperature in this period ranging between
0 ◦C and 10 ◦C; January and February are the coldest months, with temperatures below zero
and a relatively large amount of snow. According to the long-term average, February is also
the driest month (101 mm of precipitation), and January is the coldest month in the entire
year (−1.6 ◦C). A potential lack of precipitation can occur in July and August, although the
long-term average shows that this occurs infrequently. The average monthly temperature
during the growing season is between 11.7 ◦C in May and 13.4 ◦C in September, with a
peak in July (17.2 ◦C). The climate in the PO-1 and PO-2 regions has changed in the last
3 decades. The average monthly temperature has increased to 16.3 ◦C in June (+1.3 ◦C),
18.4 ◦C in July (+1.2 ◦C) and 18.1 ◦C in August (+1.4 ◦C). The precipitation regime has also
changed. Late autumn and early winter peaks are more pronounced, with an increase of
between 15 and 25 mm/month (Figure 6).

Site CE has a continental climate with 1298 mm of precipitation per year and an
average yearly temperature of 8.7 ◦C. On average, 660 mm of precipitation is recorded
during the growing season (May–September). The average yearly temperature of the
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coldest month, January, is −1.4 ◦C, and the hottest month, July, is 18.2 ◦C. June is the
wettest month, with 146 mm of precipitation. Drought may occur in July and August.
The climate in the CE region has changed in the last three decades as well. The average
monthly temperature in all months has increased and the monthly sum of precipitation
has decreased. In general, the average yearly temperature is 1 ◦C higher and the yearly
amount of precipitation is 58 mm lower than in previous decades (Figure 6).

Figure 6. Climate diagrams for the sampling locations CE (top) and PO-1 and PO-2 (bottom).
Sampling locations PO-1 and PO-2 are close to each other; therefore, the same climate data set is used.
Climate diagrams are based on CRU TS 4.03 gridded climate data. The left panel (top and bottom)
shows the entire period of available meteorological data (1901–2020), while the right panel (top and
bottom) shows only the last 30 years (1990–2020) for all three sites.

4.4. Analysis of the Climate–Growth Relationship

After de-trending, TRW chronologies were compared to average monthly tempera-
tures and to the monthly sum of precipitation using a bootstrapped correlation coefficient
calculation in the treeclim library [42] of the R program [40]. Several combinations of
monthly temperature and precipitation data were tested against the tree-ring widths of
each studied tree species, in order to find the best possible combination of influential
climate variables. A 25-year window with a one-year overlap for the calculation of the boot-
strapped correlation between monthly temperature and precipitation and tree-ring widths
of both studied species was used to assess the temporal stability of the climate–growth
relationship.

Pointer year analysis was done for each tree species on all three locations. We used
standard criteria for pointer year selection, as described in Schweingruber et al. [33]. A
year was recognized as a pointer year when 80% of at least 13 trees per site and species
responded with an increase or decrease in tree-ring width in comparison to the prior year.

In the analysis, we used monthly gridded temperature and precipitation data
(0.5 × 0.5◦ grid) from the CRU TS database [41], available at the KNMI Climate Explorer
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website [43,44]. Statistical analysis was done in R libraries dplR [38] and treeclim [42], and
graphs were created using IgorPRO.

5. Conclusions

Based on our research and comparisons with other studies across Europe and North
America, we can conclude that:

• Douglas-fir is more drought tolerant than Norway spruce, and as such is better adapted
to increasing temperatures and more frequent occurrences of drought events in Slove-
nia. In part, this relates to its deeper root system than that of Norway spruce, and
hence better accessibility to deeper lying water.

• The positive response of Douglas-fir to warmer and wetter winter months is beneficial,
as winters are not as cold as they used to be. However, the combination of cold and
dry winters and hot and dry summers have negative effects on Douglas-fir radial
growth. These effects are similar to the effects of a hot and dry summer on Norway
spruce radial growth. Both tree species respond in the same way with a significant
decrease in radial increment.

• Douglas-fir is not very sensitive to lack of precipitation in the summer months, but
temporal analysis of the correlation between tree- ring widths and summer precipi-
tation at sites in Slovenia shows an increasing importance of summer precipitation
(especially precipitation in June and July), suggesting that precipitation may become a
growth-limiting factor for Douglas-fir in the future.

• The positive response in radial growth of Douglas-fir to warmer and wetter winter
months is not limited to sites in Slovenia; its spatial outreach is much wider, extending
throughout western and central Europe as well as in the northern parts of the Balkan
and Apennine Peninsulas.

• From the climate–growth point of view, it seems that Douglas-fir can be a good substi-
tute for Norway spruce in part of the current mixed forest stands in Slovenia; however,
this is not only a climate–growth related issue. The successful introduction of Douglas-
fir into Slovenian, close-to-nature managed forests is also a forest management and
legislative problem. As a potentially invasive alien species, Douglas-fir is not allowed
to be planted in Slovenian forests, and knowledge about Douglas-fir tending and
management is still limited.

• Responses in extremely dry years (e.g., 2003) have shown that Douglas-fir can survive
shorter dry periods on drought-prone sites, such as the High Karst in Slovenia (perme-
able limestone bedrock, shallow soil), but in the long term it is not advisable to plant
Douglas-fir on drought-prone sites, especially considering current climate change.
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Appendix A

Figure A1. Moving correlations between Douglas-fir tree-ring width and average monthly tempera-
ture and monthly precipitation totals for the 1974–2018 period for all three sites. The width of the
moving window is 25 years with an overlap of one year.
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Appendix B

Figure A2. Moving correlations between Norway spruce tree-ring width and average monthly
temperature and monthly precipitation totals for the 1974–2018 period for all three sites. The width
of the moving window is 25 years with an overlap of one year.
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Abstract: The general aim of this work was to compare the leaf-level responses of different protective
components to water deficit and high temperatures in Quercus cerris L. and Quercus robur L. Several
biochemical components of the osmotic adjustment and antioxidant system were investigated together
with changes in hormones. Q. cerris and Q. robur seedlings responded to water deficit and high
temperatures by: (1) activating a different pattern of osmoregulation and antioxidant mechanisms
depending on the species and on the nature of the stress; (2) upregulating the synthesis of a newly-
explored osmoprotectant, dimethylsulphoniopropionate (DMSP); (3) trading-off between metabolites;
and (4) modulating hormone levels. Under water deficit, Q. cerris had a higher antioxidant capacity
compared to Q. robur, which showed a lower investment in the antioxidant system. In both species,
exposure to high temperatures induced a strong osmoregulation capacity that appeared largely
conferred by DMSP in Q. cerris and by glycine betaine in Q. robur. Collectively, the more stress-
responsive compounds in each species were those present at a significant basal level in non-stress
conditions. Our results were discussed in terms of pre-adaptation and stress-induced metabolic
patterns as related to species-specific stress tolerance features.

Keywords: Fagaceae; osmolytes; antioxidant; phytohormones; trade-off mechanisms; stress marker;
oxidative stress

1. Introduction

Increasing air temperature and frequent summer drought events [1] will affect not
only the health status, vitality, morphological, and physiological traits of different woody
species but also their biochemical traits and even xeric distributional limits [2].

The prime response of plants to environmental constraints such as drought, high light,
salinity, heavy metals or extreme temperatures is a reduction in net CO2 assimilation due
to stomatal, mesophyll, and biochemical limitations [3–6]. This in turn results in an excess
of light energy absorbed by chloroplasts relative to the capacity for photosynthesis and a
consequent increase in the formation of reactive oxygen species (ROS, e.g., singlet oxygen,
superoxide anion, hydrogen peroxide, and hydroxyl radicals [7–9].

Plants 2022, 11, 1744. https://doi.org/10.3390/plants11131744 https://www.mdpi.com/journal/plants51
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Low amounts of ROS may have an important role in stress-signaling pathways, while
high amounts of ROS detrimentally affect all biomolecules including lipids, proteins, DNA,
and RNA, leading to oxidative stress and even to a programmed cell death [10].

Oxidative stress occurs when the production of excess ROS is not counterbalanced
by the antioxidant defense system, so that unquenched ROS remains sustained to cause
further reactions and oxidize biomolecules [10].

To counteract oxidative stress, plants activate a complex antioxidant network of
enzymes (e.g., superoxide dismutases, ascorbate peroxidases, and catalases) and non-
enzymatic compounds (e.g., ascorbate, glutathione, flavonoids, carotenoids, and phenolics)
to defend plant cells [7,11] by controlling the production/scavenging of ROS. In addition,
antioxidants can not only directly quench ROS activity, but they can also play an indi-
rect role such as hormone-mediated signaling, upregulating primary defense genes, and
activating secondary defense genes [12].

One central non-enzymatic component of the antioxidant system of plants is glu-
tathione (GSH: γ-glutamyl-cysteinyl-glycine), the most abundant low molecular weight
thiol which enhances plant tolerance to different abiotic stresses [13–15] acting either as a
chemical antioxidant, a substrate of antioxidative enzymes, or as a substance for biotransfor-
mation of xenobiotics through the conjugation process [16]. The enhancement of responses
of glutathione levels, glutathione turnover, and redox state in woody species under stress
conditions results in an increased antioxidative capacity depending on plant species [13,17].
Among other potential stress markers in plants, flavonoids seem to be very efficient in
drought and heat alleviation since many of them exhibit antioxidant properties against
ROS [15,18]. Another important group of phenolic compounds are the condensed tannins
(CT), particularly abundant in different organs of woody plants [19]. Quantity, composition,
localization, and extent of polymerization of tannins are highly climate dependent [20];
however, there is still a lack of specific investigations on the impact of high temperatures
and drought on their accumulation in oak species under controlled conditions.

When water is limited or temperatures are elevated, plants increase the production
of osmotically active substances that have been associated with drought- and thermo-
tolerance [15,21]. The enhanced accumulation of proline is regarded as protective response
of plant metabolism against these stresses in many species [5,22]. Although glycine betaine
(GB) is the most studied quaternary ammonium compound with defensive functions [23],
however, there is insufficient knowledge about its production in woody tree species. Un-
like the abovementioned N-containing osmolytes, little consideration has been given to
the protective role of the tertiary sulphonium compound dimethylsulphoniopropionate
(DMSP) in plant tolerance to abiotic stress [24], especially in woody species. The role of
DMSP in plants was related to osmotic control and adjustments [25,26] and to antioxidant
properties [27]. Although DMSP has recently been detected and quantified in leaves of 15
woody plant species, including Quercus (Kebert et al., unpublished data), its response to
drought and heat stress in woody species was never examined.

To achieve a more complete understanding of the defense response to water deficit
and high temperatures in the studied oak species, it is crucial to examine changes in the
key phytohormones indole-3-acetic acid (IAA) and abscisic acid (ABA). They, indeed,
play a pivotal role as developmental regulators under optimal growth conditions and in
photoprotection of the photosynthetic apparatus under various stress conditions [28].

Under water limiting conditions, ABA is an important molecule in conveying the
signals about water deficit from the soil to the roots and, in turn, from root to shoot, as it
was proven that there is a special correlation between increased xylem sap ABA amounts
and reduced stomatal conductance during water deficit [6,28].

The interaction between phytohormones and the components of the plant protection
systems have been shown when plants are exposed to water deficit (i.e., ABA and xan-
thophyll cycle) [28]. Stress responsiveness of these hormones varies greatly depending on
species/genotype [29,30], and their metabolic adjustments could reveal different species
sensitivity and tolerance to stress conditions as previously shown in oaks, including Q.
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cerris [31]. In addition, potential cross-talk among phytohormones and proline has been
suggested to occur in oaks [31].

Variation in the stress response of protective compounds is associated with differences
in physiological plant performance and survival; however, the identification of species-
specific metabolic sensitivities may provide early biochemical markers such as osmotic
adjustments or antioxidant protection indicators that are informative for woody species
tolerance to stress [32,33]. Quercus genus (Fagaceae family) includes more than 400 decid-
uous, evergreen, and shrub species [34]. Their responses to water deficit and heat stress
are highly variable [35], and their interspecific variation in capacity to cope with these
climate changes has not been elucidated [36]. Among the economically and ecologically
most important deciduous oak tree species in Europe, the Turkey oak Q. cerris and the
pedunculate oak Q. robur show similar ecological growing conditions but different leaf
functional traits of protective systems (i.e., antioxidative and ormoregulative; Table 1). Q.
cerris belongs to the group of the so-called ‘nemoro-Mediterranean oaks’ which occupy a
xeric habitat [37]. The distributional range of this oak species extends from southern Europe
to Asia Minor [38,39], and it is particularly present in the Balkan and Italian Peninsulas [36].
Q. robur is more widely distributed in Europe under a temperate-nemoral climate [39]
(www.euforgen.org (accessed on 29 May 2022)). Q. cerris is known to be more drought
tolerant than Q. robur, and recent studies evidence that both species are climate-sensitive
as shown by the radial growth and stable carbon isotope records [40]. In particular, as
predicted by climate scenarios, pedunculate oak is the most endangered Quercus species in
the Balkan region, more than other Quercus species, including Turkey oak [41].

Although Q. cerris and Q. robur have developed effective protective mechanisms
at both physiological and biochemical levels to counteract drought and heat stress [36],
species-specific strategies involving antioxidant and osmoregulation systems have not yet
been well elucidated, especially at the seedling stage and under high temperature stress
(Table 1). In particular, the non-enzymatic antioxidants of Q. robur young plants were poorly
investigated under both limiting soil water [42–46] and air warming conditions [44,45],
generally only through the measurements of the ascorbate/glutathione system. Similarly,
the osmotic adjustment of this oak species in response to both stresses has not been studied
in depth [44,45]. The protective response of young plants of Q. Cerris has been investigated
only under drought conditions and by examining only the accumulation of carotenoids
among the non-enzymatic antioxidants and of proline among the compatible solutes [46].

When investigating the osmotic adjustment and production of antioxidants, however,
the stress response of the protective components might vary from species to species or
depend on the nature of the stress [32,33]. Generally, tolerant species are characterized by
higher levels of protective metabolites, such as antioxidants and compatible solutes, under
non-stress conditions and/or accumulate them in large amounts when stress occurs [47].
Therefore, the characterization of constitutive levels of protective compounds under optimal
growth conditions may provide key information to assess the functional changes of these
metabolites under stress conditions. In addition, the magnitude of stress-induced variations
can reveal differences among genotypes, as species-dependent responses of protective
compounds generally do not rely on the accumulation of a specific compound [47].
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Differences in stress responsiveness of various defense metabolic traits may also be
driven by the functional relationship (i.e., overlapping and complementary roles) between
the individual metabolites contributing to the antioxidative and/or osmoprotective capacity
of the plants [48,49]. Likewise, competition for mutual precursors between the synthesis of
different compounds (i.e., proline vs. GSH or carotenoids vs. isoprenoids) may affect the
endogenous levels of protective metabolites under stress conditions [17,50]. Therefore, the
increase in investment in some components of the protection system can come at a cost to
investments in the biosynthesis of other biochemical components if limiting resources are
occurring, as during unfavorable conditions [51].

Therefore, the general aim of this work was to characterize the leaf-level capacity of
antioxidant production and/or osmotic adjustments of Q. cerris and Q. robur in response to
soil water deficit and increasing air temperatures through the measurements of a suite of
different physiochemical parameters, including a newly-explored protective compound
with a multifunctional role (i.e., DMSP). The examined seedlings from both species are
expected to employ protective mechanisms to counteract oxidative stress under the applied
stress conditions as the photosynthetic gas exchanges were reduced in response to the ap-
plied drought and heat stress on the same plants used for the present experiment [46,52,53].
The more specific objectives were to compare the constitutive and stress-induced changes in
antioxidants, osmoprotectants, and phytohormones of the two oak species and to identify
common and specific responses to drought and high temperatures.

The following hypotheses were tested:

1. The drought and heat stresses result in specific changes in the production of both
individual and/or pattern of osmoprotectants and antioxidants.

2. Species-specific constitutive levels of antioxidants, osmoprotectants, and hormones
predispose the studied oak species differently to unfavorable environmental conditions.

3. The magnitude of the examined biochemical responses to both stresses depends on
the species-specific features and on the nature of stress.

4. Functional and metabolic relationships among the various metabolites contribute
to the physiological performance and stress tolerance capacity of the investigated
oak species.

By focusing on the plant capacity of osmotic adjustment and antioxidant production,
our information on specific metabolic sensitivities of the investigated oak species to the
applied abiotic stresses may provide early biochemical markers that are informative of
woody species tolerance to stress [7,32]. Indeed, in forest management, both at the nursery
and the field level, there is a need to identify measurable traits that predict susceptibil-
ity/resilience of species towards the ongoing climate change in light of the new concept of
climate-smart-forestry-based monitoring systems [54].

2. Results

2.1. Effect of Drought and Heat Stress on Osmolyte and DMSP Accumulation

Proline (PRO) content was significantly affected by species and treatment (Table S1;
Two-way ANOVA Species, Treatment p < 0.001), with the treatment effect explaining about
75% of variation (based on sum of square values). Indeed, differences between species
were observed only when plants were well-watered and under ambient temperatures
(Controls-C; Figure 1A).
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Figure 1. Changes in: (A) proline (PRO; μmol g−1 DW); (B) glycine betaine (GB; μmol g−1 DW); and
(C) dimethylsulphoniopropionate (DMSP; nmol g−1 DW) content in leaves of Quercus robur and Q.
cerris. Treatments: C: control plants under well-watered soil conditions to maintain SWC (Soil Water
Content) in the range of 32–38% and daily air temperature of 25–28 ◦C; D: drought-stressed plants
by withholding soil water for 12 days until the SWC reached values of ca. 9–11%; HS: heat-stressed
plants after 6-days exposure to daily temperatures ranging between 33–47 ◦C. Different lowercase
letters indicate significant differences among treatments within each species, while asterisks indicate
significant differences between the two oak species within each treatment after one-way ANOVA
with Tukey’s honestly significant difference (HSD) post hoc test (p ≤ 0.05). Data represent the
mean ± standard deviation.

When oak seedlings experienced both stress conditions (water deficit-D, high
temperatures-HS), a significant increase in PRO level occurred relative to control val-
ues, independent of species. In both Quercus species, the response of PRO to elevated
temperatures was higher compared with that measured under water deficit, a pattern
especially evident in Q. cerris (ca. 2.2-fold relative to control values in HS vs. 1.4-fold in D).

Although glycine betaine (GB) content in leaves was significantly affected by species
and treatment (Table S2; Two-way ANOVA Species, Treatment p < 0.001), in contrast to
proline, the effect of species was the largest (based on F and Sum of square values). Both
constitutive and stress-induced leaf levels of GB were significantly higher in Q. robur than in
Q. cerris (Figure 1B). The interaction between the main effects was highly significant (Two-
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way ANOVA Species*Treatment p < 0.001). Indeed, the GB content increased in response
to water scarcity, but the extent of the increase was species-specific: Q. robur showed a
stronger response to water deficit (ca. 38% relative to control) in GB levels compared to Q.
cerris (ca. 6% relative to control). Elevated temperatures induced a significant and similar
increase in GB levels in both oak species (about 24% relative to control).

Similar to GB, dimethylsulphoniopropionate (DMSP) content in leaves was signifi-
cantly affected by species and treatment (Table S2; Two-way ANOVA Species, Treatment
p < 0.001), and the effect of species was the largest (based on F and Sum of square values).
Differences between species in leaf DMSP content were significantly evident both under
control conditions and when seedlings experienced stress conditions, with leaf levels of Q.
cerris significantly higher than those of Q. robur (Figure 1C). Examined oaks species showed
increasing patterns of DMSP changes after exposure to both stresses, but the extent of the
response depended on the species (Two-way ANOVA Species*Treatment p < 0.001). In Q.
cerris, DMSP content markedly increased in response to water deficit and, especially, to high
temperatures (about 2.4 and 4.2-fold relative to control values in D and HS, respectively).
Differently, in Q. robur, the increase to both stress conditions compared to the control levels
were significant but less dramatic (ca. < 1.7-fold relative to control values under both D
and HS).

2.2. Effects of Water Deficit and High Temperatures on the Antioxidant Defense System

Leaf lipid peroxidation, measured as amount of malondialdehyde (MDA), was signifi-
cantly and largely affected by treatment (Figure 2A; Table S2; Two-way ANOVA Treatment
p < 0.001) according to F values. The MDA content increased in response to water scarcity
and high air temperatures, but within each species the extent of the increase was depen-
dent on the nature of the stress. In Q. robur, the MDA levels were higher under elevated
temperatures than under water deficit, while in Q. cerris they were similar.

Figure 2. (A) Lipid peroxidation measured as levels of malondialdehyde (MDA; nmol g−1 DW) and
(B) total non-thiol compounds measured as reduced glutathione (GSH; nmol g−1 DW) in leaves of Q.
robur and Q. cerris. Abbreviations of the treatments, mean separation, and statistical treatments are as
shown in Figure 1. Data represent the mean ± standard deviation.
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Similar to MDA, the treatment factor mainly affected the levels of total non-protein
thiols measured as reduced glutathione (GSH; Table S2; Two-way ANOVA Treatment
p < 0.001) that increased in response to water deficit and high temperatures (Figure 2B). The
response to the applied treatments was dependent on species (Table S2; Two-way ANOVA
Species*Treatment p < 0.001). In particular, the response of GSH to high temperatures
was two-fold higher in Q. robur compared to Q. cerris (47% vs. 16% relative to controls,
respectively). Similar to MDA, after exposure to stresses, the GSH levels in the most
responsive species (i.e., Q. robur) were higher under elevated temperature than under water
deficit conditions.

Overall, the antioxidant capacity was significantly affected by treatment, and the
interaction between treatment and species was significant (Table S2; Two-way ANOVA
Treatment p < 0.001 for ABTS, DPPH, FRAP, Species*Treatment p < 0.01 for ABTS, p < 0.001
for DPPH and FRAP). The increasing effect of water deficit on the measured parameters
was significantly pronounced in Q. cerris (Figure 3; about 52% and 25% relative to controls
for DPPH and FRAP), while in Q. robur this stress treatment either marginally affected or
did not affect most of these parameters. Similar to water deficit response, the antioxidant
capacity was responsive to high temperatures in Q. cerris, while it was not affected in
Q. robur.

Figure 3. Total antioxidant capacity (mmol TEAC g−1 DW) measured by: (A) ABTS; (B) DPPH; and
(C) FRAP assay in leaves of Q. robur and Q. cerris. Abbreviations of the treatments, mean separation,
and statistical treatments are as shown in Figure 1. Data represent the mean ± standard deviation.
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The total phenolic content (TPC) was significantly affected by species and treatment
(Table S2; Two-way ANOVA Treatment p < 0.001, species p < 0.01) as well by their interaction
(Species*Treatment p < 0.001). Similar to the overall antioxidant capacity, only in Q. cerris
was this component of the antioxidant defense system significantly responsive to water
deficit and high temperatures, both conditions inducing an increase or a decrease compared
to control plants, respectively (Figure 4A).

Figure 4. (A) Total phenolic content (TPC; mg GAE g−1 DW); (B) total flavonoid content (TFC; mg
QE g−1 DW); and (C) condensed tannins (CT; mg LE g−1 DW) in leaves of Q. robur and Q. cerris.
Abbreviations of the treatments, mean separation, and statistical treatments are as shown in Figure 1.
Data represent the mean ± standard deviation.

The main effect of species on total flavonoid content (TFC; Table S2; Two-way ANOVA
Species p < 0.001) was shown by Q. robur having a significantly higher constitutive content of
these compounds than Q. cerris (Figure 4B). This species-specific difference was maintained
under stress conditions. Indeed, in each species, TFC was not significantly altered by water
scarcity or elevated temperatures, confirming the lower relevance of the treatment effect
based on the F values of two-way ANOVA analysis.
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The basal level of condensed tannins (CT) under control conditions was higher in Q.
cerris than in Q. robur (Figure 4C). In both oak species, CT increased in response to water
scarcity and high temperatures, but the extent of the increase depended on the species and
the nature of the stress (Table S2; Two-way ANOVA Species*Treatment p < 0.001). The
increasing effect of water deficit on CT was significantly more pronounced in Q. cerris
(3-fold relative to control) than in Q. robur (1.8-fold). After exposure to high temperatures,
in Q. cerris there was again a more significant increase of CT than in Q. robur. In both oak
species, water deficit-related changes were significantly stronger than those induced by
high temperatures relative to controls.

2.3. Leaf Nitrogen and Sulfur Status in Response to Water Deficit and High Temperatures

Overall, the leaf nitrogen (N) and sulfur (S) content was affected by both stress condi-
tions, but the effect depended on the species (Table S2; Two-way ANOVA Species*Treatment
p < 0.001 for N and p < 0.01 and S). In Q. robur, soil water deficit and elevated air tempera-
tures induced a decrease of N and S content, while in Q. cerris, both stress conditions either
slightly affected or did not affect the leaf content of N and S, respectively (Table S2).

2.4. Changes in Leaf IAA and ABA Levels Induced by Soil Drying Conditions and High
Temperatures

Under control conditions, both oak species were characterized by comparable leaf
levels of indole-3-acetic acid (IAA; Figure 5A; ca. 382 ng g−1 DW). Water deficit induced a
significant accumulation of IAA in Q. cerris, but not in Q. robur. Elevated temperatures did
not affect IAA concentrations in both species.

Figure 5. (A) Free indole-3-acetic acid (IAA; ng g−1 DW) and (B) abscisic acid (ABA; ng g−1 DW)
content in leaves of Q. robur and Q. cerris. Abbreviations of the treatments, mean separation, and
statistical treatments are as shown in Figure 1. Data represent the mean ± standard deviation.
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Different from IAA, the leaf constitutive ABA levels were significantly higher in
Q. cerris than in Q. robur (Figure 5B; 242 ng g−1 DW vs. 101 ng g−1 DW, respectively).
The observed effects of stress treatment on ABA concentrations depended on the species
(Table S2; Two-way ANOVA Treatment, Species*Treatment p < 0.001). Indeed, in response
to water deficit, ABA levels increased in Q. robur (ca. five-fold compared to controls), while
they did not change in Q. cerris. By contrast, after exposure to high temperatures, ABA
content slightly increased in Q. robur (t-test p < 0.05), while it was significantly reduced in
Q. cerris (ca. 44% relative to controls).

2.5. PCA Analysis

To test if species shared a common or specific pattern of response to the imposed
stress conditions, a principal component analysis (PCA) was run on the full data set
(n = 90 cases/270 observations), and an acceptable solution was reached when two princi-
pal components described 72.0% of the total variance of the original data set (Figure 6).

Figure 6. Principal component analysis (PCA) on a correlation matrix including all the biochemical
parameters for control I drought-stressed (D) and high-temperatures-stressed (HS) plants of Quercus
cerris (Q. cerris) and Quercus robur (Q. robur). TPC: total phenolic content; TFC: total flavonoid
content; CT: condensed tannins; MDA: lipid peroxidation measured as levels of malondialdehyde;
GSH: total non-thiol compounds measured as reduced glutathione; ABTS: total antioxidant capacity
measured by ABTS assay; DPPH: total antioxidant capacity measured by DPPH assay; FRAP: total
antioxidant capacity measured by FRAP assay; PRO: free proline; GB: glycine-betaine content;
DMSP: dimethylsulphoniopropionate; IAA: free indole-3-acetic acid; ABA: abscisic acid; S: sulfur;
N: nitrogen.

As expected, component 1 (PC1) captured the highest variance within the data (41.8%
of the observed variance) and mostly accounted for differences between species as ev-
idenced by the greater effect of species on PC1 than that of the treatment according to
F values of Two-way ANOVA (Table S3). In particular, species-specific differences were
evident across drought-stressed samples, with PC1 strongly discriminating the water-
deficit-stressed samples of Q. cerris from those of Q. robur.
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PC1 segregated species mainly according to a combination of antioxidant components
and hormonal contribution. The response of Q. cerris to water deficit mainly corresponds
to high loadings of the highly correlated antioxidant parameters (FRAP, ABTS, and DPPH),
total phenolic (TPC), total condensed tannins (CT), and IAA content. The opposite position
of GB to antioxidant systems is associated with Q. robur stressed plants, that are also
characterized by high levels of TFC, N, and S and reveals that this species under water
deficit conditions is marginally characterized by the activation of the antioxidant systems,
while mainly relying on accumulation of the specific osmolyte (GB) or specific antioxidants
(i.e., flavonoids).

Component 2 (PC2) was responsible for 30.2% of the observed variance and mostly
reflected the effect of the treatment factor that was greater than that of species on PC2
compared to PC1 (F values of Two-way ANOVA; Table S3). Indeed, PC2 scores clearly
separate the response to water deficit from the one induced by high temperatures for both
Quercus species. In both oak species, exposure to high temperatures appeared a relevant
source of variance in the data, which indicates a significant change of metabolism under
these stress conditions. The significant interaction term (Species*Treatment) highlighted
that such a response pattern of PC2 was dependent on species-specific differences. Indeed,
PC2 captured the effect of elevated temperatures in each species by clearly separating
the heat-treated samples from their controls, with Q. cerris showing better performance
compared to Q. robur. High scores in this component correspond to high loadings of
oxidative stress markers (MDA, GSH) and of osmoprotectants (PRO, DMSP), indicating in
both species a strong activation of osmoregulation under high temperatures.

2.6. Heat Map with Bi-Cluster Analysis

Hierarchical clustering heat map analysis showed differences between oak species
and between the metabolites in response to water deficit and high temperatures (Figure 7).

Figure 7. Heat map with bi-cluster analysis where red squares represent highly significant correlation
of applied treatment and inspected parameter, while green squares present low interaction assessed
according to corresponding Pearson’s coefficient. See legend of Figures 1 and 6 for abbreviations of
the treatments and parameters.

The species-specific response to water scarcity was evidenced by the drought-treated
samples of each oak species being clustered distant. Under this stress condition, the heat
map data clearly indicated that some metabolic responses were specifically induced in

62



Plants 2022, 11, 1744

each oak species. In particular, the typical response of Q. robur to water deficit involves the
upper cluster in the metabolite hierarchy that contained GB and ABA. This species was
also characterized by maintaining under this stress condition enriched flavonoid reserves
that were comparable to those under pre-stressed conditions. The distinct response of Q.
cerris to water deficit involved the lower metabolite cluster, including phenolics, tannins,
and parameters indicative of antioxidant capacity (FRAP, ABTS, DPPH).

The clustering of samples showed that in both Quercus species the biochemical re-
sponse to elevated temperatures differed from the correspondent responses to water deficit.
In contrast to water deficit, the high-temperature-treated samples of the two oak species
were very close and displayed a positive correlation with the metabolite cluster that includes
oxidative stress markers and osmolytes, reflecting the above described PCA observations.
Under high temperature conditions, slight differences between oak species were related
to the magnitude of changes in proline and GSH, while a distinguished upregulation
of specific osmoprotectants was evident (i.e., GB and DMSP in Q. robur and Q. cerris,
respectively).

2.7. Correlation Analysis

Findings by PCA and heat map cluster analysis almost completely matched the
relationships between metabolites suggested by the correlation coefficients (Figure 8). For
example, a high significant and positive correlation was found among oxidative stress
markers (GSH, MDA) and osmolytes (DMSP and PRO) with correlation coefficients ranging
from 0.73 to 0.80. Similar elevated correlation coefficients (i.e., ranging from 0.72 up to 0.95)
were significantly found (p < 0.001) among the antioxidant parameters (DPPH, ABTS) and
the content of phenolics and tannins.

Figure 8. Pearson’s coefficient of correlation matrix of the examined parameters in Q. robur and Q.
cerris leaves *. See legend of Figure 6 for abbreviations of parameters. The strength of the correlation is
indicated by color saturation. Significance values are indicated as: * p < 0.05; ** p < 0.01; *** p < 0.001.
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The observed negative correlations among total flavonoid content (TFC) and the
amount of both PRO and DMSP is consistent with PCA results (i.e., opposite position of
TFC to PRO and DMSP) and with the heat map data. Taken together, the observations
further underline that an increase of osmolyte content under high temperatures is associated
with a decrease in flavonoid content.

Interestingly, most of the parameters related to the antioxidant defense system (i.e.,
CT, TPC, ABTS, DPPH, FRAP) showed a significantly high and positive correlation with
the IAA content, with correlation coefficients ranging from 0.69 to 0.89.

The parameters CT, TPC, and those of the antioxidant capacity (FRAP, DPPH, and
ABTS) similarly covariate, showing that they are part of the same antioxidant system. High
significant and positive correlations among DPPH, TEAC, and FRAP indicate that these
parameters use the same mechanism of antioxidant action since practically all of them
measure antioxidant capacity that employs an electron transfer (ET) mechanism, which is
thoroughly explained by different authors [55,56]. These assays use the assumption that
antioxidant capacity is equal to the reducing capacity of extracts [55].

3. Discussion

Quercus species have been widely studied in response to environmental stress con-
ditions [40,57]. However, the discrimination of antioxidative and osmoregulation traits
among species is still not well established, especially in young trees and under air warming
conditions (Table 1).

Our findings show that Turkey oak (Q. cerris) and pedunculate oak (Q. robur) seedlings
responded to the applied soil water deficit and high air temperature conditions by (Figure 9):
(1) increasing differently the levels of several components of their osmoregulation and
antioxidative defense system depending on the species and the nature of the stress; (2)
upregulating the synthesis of the newly-explored metabolite dimethylsulphoniopropionate
(DMSP); (3) trading-off between multifaceted components of the protection system; and
(4) modulating the synthesis of stress-related (ABA) and developmental-related (IAA)
hormones.

Figure 9. Schematic representation of the soil-water-deficit and high-air-temperatures-induced
changes in leaf level content of osmoprotectants, antioxidants, and hormones in Q. cerris and Q. robur.
The size of the boxes reflects the relative induction or reduction of one species compared with the
other. See legend of Figure 6 for abbreviations of the parameters.

The occurrence of oxidative stress in leaves of both species under both soil water deficit
and high air temperature conditions (i.e., increased membrane lipid peroxidation), is consis-
tent with similar results in Quercus [58], including Q. cerris and Q. robur (Table 1) [42,59,60].
However, the low level of lipid peroxidation, together with the increasing response pattern
of mostly biochemical parameters to both stress conditions, suggest an acclimation to
oxidative stress for the examined species [61].
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Tolerance to the imposed stress conditions was evident in previous measurements
of the physiological status on the same plants used for the present experiment [46,52,53].
Although under soil water deficit, a reduced leaf CO2 assimilation and stomatal conduc-
tance was detected, the photosynthetic rates were still rather high (ca. 7–9 μmol m−2 s−1 in
Q. cerris and ca. 9–16 μmol m−2 s−1 in Q. robur) [46,53,62,63]. Similarly, thermotolerance
of the investigated species was revealed by the maintenance of significant photosynthetic
functionality, together with the lack of irreversible damage to the photosynthetic apparatus
(i.e., photoinhibition of the PSII) even at the highest temperature (47 ◦C; [52,64]).

3.1. Species-Specific Accumulation of Osmotically Active Substances Is Induced Differently by
Drought and Elevated Temperatures

Under both water deficit and high temperatures, the significant positive covaria-
tion between the levels of osmoprotectant proline and DMSP and those of the oxidative
stress markers MDA and GSH indicated that an active osmoregulation took place to limit
oxidative damage.

When water is limited and a decrease of stomatal conductance occurs together with an
increase in diffusive resistance to CO2, plants can rely on mechanisms of osmotic adjustment
as a strategy for maintaining turgor at low leaf water potentials and reducing osmotic po-
tential through the accumulation of compatible solutes in plant leaves [65]. After a drought
period similar to that applied in the present study (i.e., within 15 days), acclimation of
oak seedlings generally involves osmotic adjustment [66]. The observed increased content
of proline is a widely prevalent response to drought due to its multiple functions [22], as
previously reported in young trees of Q. cerris [59,60,67] (Table 1; Cotrozzi et al., 2016; 2017)
and in seedlings of Q. robur under soil water regimes (soil moisture ranging between 15-
25%) similar to the present study [43,68] (Table 1; Spieß et al., 2012).

Our findings show that the expected water deficit induction of other osmolytes is
characterized by a different extent of the response depending on species, as particularly
evidenced by PCA and bi-cluster analysis. In Q. robur, glycine betaine showed higher
constitutive levels and was more drought-responsive than in Q. cerris, suggesting a relevant
function of this N-containing compound in building drought tolerance of the former
species. On the other hand, osmoregulation of Q. cerris appears largely conferred by the
S-analog of glycine betaine, namely dimethylsulphoniopropionate (DMSP), which shows
higher basal pools and water deficit-induced increases of this osmolyte compared to Q.
robur. Among the metabolically compatible osmolytes, the role of DMSP is revealed for
the first time in the Quercus species. This crucial component of sulfur metabolism has
scarcely been investigated, especially in woody species [69,70]. The detected DMSP levels
occurred at a concentration range (nmol g−1 DW) similar to that previously reported
in leaves of other species [70–72]. The accumulation of DMSP in response to soil water
deficit, especially evident in Q. cerris, is consistent with previous findings of drought-
induced DMSP production in herbaceous species [70,72]. DMSP has been proposed as
having a multifunctional role in response to reduced water availability, acting not only as
osmoprotectant, but also as antioxidant and overflow for excess energy, thus protecting the
photosynthetic machinery from stress injury [69,70].

When oak seedlings were exposed to high temperatures, a strong osmoregulation
capacity was mostly involved and enhanced, independent of species, as clearly evidenced
by PCA and bi-cluster analysis. Under these stress conditions, the higher oxidative pres-
sure (i.e., elevated MDA and GSH values) was concomitant to a higher accumulation of
osmolytes, in particular of proline, compared to the correspondent changes under soil
water deficit. This amino acid acts as an effective ROS scavenger in the protection against
denaturation and in the stabilization of membrane and subcellular structures [73,74]. De-
spite the general pronounced induction of osmoregulation in both species when exposed to
high temperatures, heat stress impact each species differently as clearly shown by heat map
analysis. Similar to the impact of water deficit on osmolyte levels, under high temperatures
the stress tolerance of the examined Quercus species appears to rely on the major contri-
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bution of specific molecules. In Q. robur, the pronounced heat-induced oxidative stress
is counteracted by sustained and elevated pools of glycine betaine, while in Q. cerris the
marked accumulation of DMSP appears to play a major role. The protective role of glycine
betaine is well recognized under temperature stress [75], while the function of DMSP in
thermal tolerance is still unknown, its role being understood only in response to osmotic
stresses (i.e., water scarcity or salinity; [72,76,77]).

Taken together, it is worth noting that within each species the magnitude of the stress-
induced responses of osmolytes is dependent on the nature of stress. In Q. cerris, the specific
DMSP changes to high air temperatures were particularly higher than those to water deficit.
On the other hand, in Q. robur the typical glycine betaine response to soil water deficit was
stronger than under the high temperature treatment.

When seedlings were exposed to high temperatures, the marked increase of N- and
S-containing osmolytes (i.e., proline and DMSP) was associated with decreased (Q. robur)
or almost unchanged (Q. cerris) levels of leaf inorganic N and S. These findings suggest that
in Q. robur the enhanced formation of osmolytes may be at the expense of leaf structural
N and S, as previously found in oaks [45,78], while in Q. cerris, changes in whole plant
distribution of inorganic N and S may occur.

3.2. Foliar Antioxidant Defense Systems Are Activated by Drought but Less by Heat

In both oak species, the concomitant and highly correlated increase of foliar MDA and
total non-protein thiols (i.e., GSH) under the applied stress conditions can be considered
indirect evidence of plant activation of antioxidant responses as previously found in these
species (Table 1). However, the induction of individual constituents of the antioxidant
system can differ depending on species [79,80] as previously shown in oaks [36,44,45,81]
also at molecular level [82].

In Q. cerris seedlings, the enhanced antioxidant capacity of leaves in response to soil
water deficit can be attributed to the specific accumulation of phenolic compounds and
to the higher responsiveness of tannins compared to Q. robur. Indeed, these correlated
antioxidant components support the occurrence of a concerted defense action involving
antioxidant function when water availability is scarce, while highlighting a typical response
pattern of Q. cerris. Likewise, the slight decrease or no significant changes in the antioxidant
capacities of Q. robur leaves under soil water deficit was associated with the lack of phenolic
accumulation. The less efficient antioxidant defense, in terms of both radical scavenging
activity and concentrations of some antioxidants, of Q. robur agrees with previous findings
obtained on the same oak species and under similar conditions of moderate and relatively
short drought stress [43].

When plants were exposed to high air temperatures, a species-specific response of
tannins was evident and similar to that observed under soil water deficit, with Q. cerris
exhibiting a higher responsiveness of these antioxidants to both stress conditions than Q.
robur. Drought- and heat-induced increasing patterns of foliar tannins have been found
in other woody species under stress conditions [83], and our findings confirm that leaf
content of tannins is highly species-dependent [84]. Similar to the detected changes of
specific osmolytes, we cannot exclude that composition or single metabolites belonging to
the classes of phenolics, tannins, or flavonoids respond differently to the imposed stress
conditions, depending on species. In addition, we are aware that the analysis of the
enzymatic component would provide a more robust understanding of the differential role
of the antioxidant machinery in stress tolerance of both Quercus species to each specific
environmental stressor.

3.3. Tolerance to Soil Water Deficit and High Temperature May Rely on Compensation Mechanisms

Collectively, our findings suggest that under the applied environmental stress con-
ditions a potential and slight trade-off or compensation mechanism may have occurred
between the measured components of the antioxidant defense system [17,85]. Protective
compounds, such as proline, glycine betaine, and DMSP, play a major role as osmoprotec-
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tants but also may act as antioxidants. Therefore, the observed enhancement of proline,
glycine betaine, and DMSP in response to both stress conditions could make the activation
of other components of the antioxidant defense system less necessary. For example, in both
oak species under elevated temperatures, results of PCA analysis together with the general
negative correlation between proline and flavonoids may indicate a functional trade-off
between these components of the same protective systems. This mechanism may also
explain the lack of activation of an antioxidant capacity in Q. robur when the investment on
other antioxidant components such as flavonoids is sustained. Taken together, these results
are also in agreement with previous results suggesting similar compensation mechanisms
in other Quercus species [86] including Q. robur [44].

The marked increase of DMSP in response to the imposed stress conditions appears
interesting as this sulfur compound has a metabolic pathway and a functional relationship
interacting with that of another protective compound, namely isoprene [70,87], which acts
as an antioxidant under drought and thermal stress in several woody species [88] including
Quercus [89]. Although we did not measure isoprene emission rates of the examined
seedlings, the well-established different isoprene emission ability of the two oak species
(i.e., Q. robur is a high isoprene emitter, Q. cerris is a low isoprene emitter; [90]) could
further explain their distinct activation of the examined protection systems. In particular,
a metabolic trade-off between DMSP and isoprene synthesis may in part justify the high
production of DMSP measured in the low isoprene emitter Quercus cerris. On the other
hand, the minor response of DMSP under high temperatures in the high isoprene emitter
Q. robur could be partially explained by a trade-off mechanism produced between DMSP
and isoprene not only in term of resource allocation for their respective synthesis, but also
as a consequence of the antioxidant function of isoprene that in turn can have a potential
negative consequence on other traits [51]. Indeed, it has been suggested that the isoprene
ability to protect the photosynthetic apparatus [91] can decrease the oxidative load on
other leaf protective components [92]. The strong isoprene emission rates of Q. robur leaves
under high temperatures [93] further support the possibility of the proposed compensation
mechanism. Likewise, the lack of induction of leaf antioxidants when Q. robur plants were
exposed to water deficit is consistent with a reduced requirement for an increased response
of other antioxidants, as previously reported in other isoprene-emitting species [92,94]
including oaks [89]. However, the influence of isoprene emission capacity on the activation
of antioxidants is still controversial [91,95], and further experiments should be designed
specifically to explore this hypothesis.

3.4. Drought and Heat Stress Impact the Hormone Balance Differently

Soil water deficit triggered the increase in leaf IAA concentrations in both species but
particularly in Q. cerris. The strong and significant positive correlations between the extent
of IAA response and that of several antioxidants was particularly evident in Q. cerris while
almost lacking in Q. robur. These results suggest that in Turkey oak an enhanced leaf IAA
content can contribute to an improved stress tolerance in accordance with findings reported
in other woody species under drought conditions [96]. Auxins are recognized to have an
impact on photosynthesis with an enhancement of drought tolerance [97].

On the other hand, the increased leaf ABA concentrations in Q. robur are an expected
plant response to soil water deficit [98,99] including woody species [99,100]. Leaf ABA
accumulation is frequently linked with drought tolerance as this hormone plays a key
regulatory function in controlling stomatal aperture, in regulating stress-related genes, and
in stress signaling [98,99]. The lack of ABA response to drought observed in Q. cerris could
reflect the moderate stomatal control of transpiration of this anisohydric tree species when
subjected to soil water deficit [101]. On the other hand, the high leaf ABA constitutive
levels observed in Q. cerris may be an important adaptive feature for water conservation in
drought-tolerant trees [102].

High temperature conditions did not influence the endogenous leaf concentrations of
IAA in both oak species. The role of IAA in heat tolerance is still controversial. Although it is
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generally assumed that heat results in an increase in IAA content [103], the lack of responses
of IAA levels to high temperatures in our study might be explained by the dynamic nature
of IAA. Indeed, in model plants, growth temperature can alter IAA turnover rates and
biosynthetic route without a correlated change in its absolute levels [65].

The ABA decrease observed in Q. cerris in response to high temperatures might result
from substrate competition for common precursors between the biosynthesis of this phyto-
hormone and photosynthetic pigments as previously found under stress conditions [50,104].
After exposure to high temperatures, significant changes in the antioxidant carotenoids
were found on the same plants of the present study [52], reflecting a typical response
to oxidative stress in several species [85,89] including Quercus [42,59,81,105]. Additional
explanations of the lack of ABA induction under the applied temperature stress conditions
can also rely on the increased stomatal conductance of the same seedlings as a possible
consequence of the unlimited water supply [52]. Overall, we cannot exclude that the hor-
monal balance between the stress-related ABA and the developmental-related IAA, rather
than the activities of each single hormone, might contribute coordinately to the tolerance to
drought and heat [106].

4. Materials and Methods

4.1. Plant Material and Experimental Design

Experiments were conducted using seedlings of pedunculate oak (Quercus robur) and
Turkey oak (Quercus cerris) as at that developmental stage plants are more sensitive to
environmental stresses than adult trees. Therefore, seedlings are more likely to express
differences due to water deficit or high temperatures stress, providing relevant information
on the tolerance characteristics of the investigated species. Acorns of both oak species
were collected from a natural oak population at Morović, which is the largest natural
pedunculate oak forest in Serbia. Seeds were germinated in vermiculite in a climate
chamber at 25 ◦C, 80% humidity. Seedlings were transferred to 5 L Micherlich pots filled
with loamy fluvisol soil. Soil properties were as follows: pH 8.1 in H2O, (7.6 in KCl),
21.9 mg g−1 humus, 1.32 mg g−1 nitrogen, 10.52 mg g−1 Mg, 12.68 mg g −1 Ca, 7.5 mg g−1

K2O, and 124.5 mg g−1 CaCO3. Plants were grown for 3 months (April to June) in semi-
controlled conditions (ambient temperature between 25–30 ◦C) at the greenhouse of the
Faculty of Science, Department for Biology and Ecology at the University of Novi Sad,
Novi Sad (Serbia). Plants were watered to the soil’s maximum water capacity by replacing
the amount of water transpired every day until the onset of the experiment.

Soil water content (SWC) was determined daily by drying soil samples (1 g) at 105 ◦C
for approximately 48 h until constant mass was reached and expressed as volume percent-
ages (% vol) according to the formula:

SWC [%] =
mass of water

mass of dry soil
× 100%

After determining SWC, the Mitscherlich pots were filled with soil. The plants were
grown for 90 days under optimal water supply conditions (they were filled every other
day, with SWC ranging from 29 to 38% vol). The day before the start of the treatment, all
plants in the Mitscherlich pots were irrigated to the maximum, and the mass of each pot
was measured at the maximum substrate moisture. Three-month-old plants (each with 5 to
10 leaves, without side branches) were subjected to treatments.

The experiment consisted of four treatments with a randomized block design as
follows:

(1) Control (C): plants were well-watered daily to maintain SWC in the range of 32–38%
and were grown at ambient temperature (daytime temperature: 25–28 ◦C; nighttime:
10–14 ◦C);

(2) Drought (D): plants were water stressed by withholding water for 12 days until the
SWC reached values of ca. 9–11%. The duration of the drought treatment was chosen
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to induce an almost natural, reversible drought stress, thus allowing the plant enough
time to acclimate and to recover [52,63];

(3) Heat stress (HS): plants were exposed to daily air temperatures ranging between
33–47 ◦C (night temperatures were about 25–30 ◦C), using a small enclosure chamber
in the greenhouse for 6 days [64]. During the heat treatment, plants were regularly
watered to maintain the soil’s maximum water capacity, and the daily air temperature
was continuously monitored with thermo-sensors.

4.2. Measurements of Osmolytes’ Accumulation:

Proline (PRO) concentration was estimated spectrophotometrically at 520 nm after the
reaction of proline with ninhydrin reagent by using a rapid colorimetric method described
by [107]. Glycine-betaine (GB), as the predominant quaternary ammonium compound
(QAC), was quantified using the precipitation method of QAC-periodide complexes in
an acid medium [108]. Dimethylsulphoniopropionate (DMSP) content was quantified by
measuring the volatile compound dimethyl sulfide (DMS) released after basic hydrolysis
from leaf material and swept out into a proton transfer reaction mass spectrometer (PTR-
MS, Ionicon, GmbH, Innsbruck, Austria) as thoroughly described by Stefels [109]. All
osmolyte data were calculated on a DW basis.

4.3. Assays of Antioxidant Defense Systems

Fully developed leaves of Q. robur and Q. cerris were sampled from each treatment,
frozen, and grinded in liquid nitrogen and later lyophilized in a freeze dryer at −80 ◦C
prior to analysis. For the different chemical analyses, either freeze-dried material was
used directly, or extracts in ethanol or phosphate-buffered saline (PBS; 0.1 M KH2PO4,
KOH, pH = 7) were prepared. Ethanolic extracts were prepared in 2 mL test tubes by
mixing around 0.1 g of powdered freeze-dried leaf material with 2 mL of ethanol (96%).
Samples were vigorously vortexed and then centrifuged for 30 min at 13,200 rpm at 4 ◦C.
The supernatant was used for the determination of total phenolic and total flavonoid
contents, as well as for the quantification of the antioxidant activity of plant extracts by
three different methods (see below). Extracts obtained by mixing 0.1 g of plant material
with 2 mL of PBS buffer were used for the determination of total non-protein thiol and
malondialdehyde (MDA).

Therefore, to investigate the antioxidant capacity of the selected plant species, the
following non-enzymatic biochemical parameters were measured. The response of the
antioxidant system was investigated through the estimation of several components of the
oxidative stress: oxidative damage and antioxidant defenses (i.e., total antioxidant capacity
against radical attack and endogenous levels of non-enzymatic antioxidants):

(1) Lipid peroxidation was measured as malondialdehyde (MDA) equivalent which is the
secondary end-product of the oxidation of polyunsaturated fatty acids. Determination
of MDA was carried out using the acid-catalyzed complexation reaction between
MDA and thiobarbituric acid [110]; results are expressed as nmol MDA equivalents
on a DW basis.

(2) Total non-protein thiol compounds were measured according to a modified colori-
metric assay based on measuring the absorbance of yellow Ellman’s reagent (5,5′-
dithiobis-(2-nitrobenyoic acid; DTNB) reduced by sulfhydryl compounds at 413 nm.
After construction of the calibration curve where we used reduced glutathione (GSH)
as standard, total non-protein thiol compounds were expressed as GSH equivalents
on a DW basis [111].

(3) Trolox® Equivalent Antioxidant Capacity (TEAC) was estimated with the 2,2′-azinobis-
(3-ethylbenzothiozoline-6-sulfonic acid) (ABTS) assay based on the capability of the
ethanolic extract to scavenge ABTS radicals [112]. Data were expressed as TEAC on a
DW basis.
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(4) The 2,2-di-phenyl-1-picrylhydrazyl (DPPH) radical scavenging assay was also applied
to measure the antioxidant activity level of ethanolic extracts expressed as TEAC on a
DW basis [113].

(5) The Ferric Reducing Antioxidant Power (FRAP) assay was performed to estimate the
ability of the plant extract to reduce the ferric 2, 4, 6-tripyridyl-S-triazine complex
[Fe3+-(TPTZ)2]3− to the intensively blue-colored ferrous complex (Fe2+-(TPTZ)2]2− in
acidic medium [114]. Data are expressed as TEAC on a DW basis.

(6) Total phenolic content (TPC) was measured by the Folin–Ciocalteu method [115].
Data are expressed as mg of Gallic Acid Equivalents (GAE) on a DW basis.

(7) Total flavonoid content (TFC) was measured by the aluminum chloride colorimetric
method [116]. Data are expressed as mg of Quercetin Equivalent (QE) on a DW basis.

(8) Condensed tannins (CT) content was determined from methanolic extracts by us-
ing the butanol-HCl-Fe (III) method [117]. Data were expressed as leucocyanidin
equivalents (LE) on a DW basis.

4.4. Elemental Analysis of Inorganic Nitrogen and Sulfur

The total content of inorganic nitrogen (N) and sulfur (S) were determined from freeze-
dried and powdered oak leaf samples (5–10 mg) with a CHNS analyzer, model Elemental
VARIO EL III [118].

4.5. Determination of Leaf Indol-3-Acetic Acid (IAA) and Abscisic Acid (ABA)

A highly reproducible extraction and purification procedure developed for leaf ma-
terial of woody species was adapted from [4]. Phytohormones (IAA and ABA) were
extracted from freeze-dried leaf samples with an extraction mixture (65:35, isopropanol:
0.2 M imidazole buffer, v/v, pH 7.0) and spiked with isotopically labeled internal standards
[13C6] IAA and [2H4] ABA (OlChemIm Ltd., Olomouc, Czech Republic). Extracts were
purified by using a 3 mL bed volume Quaternary Amine (Strata SAX, Phenomenex, CA,
USA) solid phase extraction (SPE) columns, and later, the aqueous phase was additionally
purified by using 3 mL volume C−18 (STRATA C−18, Phenomenex, CA, USA) SPE columns,
whereas IAA and ABA were finally eluted with acetonitrile, evaporated to dryness, and
re-suspended in 100 μL methanol. Derivatization of methanolic extracts was carried out
with freshly prepared diazomethane [119]. The methylated product was dried under a
stream of N2 and resuspended in ethyl acetate for analysis by gas chromatography coupled
with mass spectrometry (GC-MS, model 7890A-5975C, Agilent Technologies, Santa Clara,
CA, USA) in split-less mode [120,121]. Methyl esters of plant hormones were separated on
an HP1 capillary column (60 m × 0.25 mm, 0.25 μm film thickness, Agilent, Santa Clara,
CA, USA) using He as the carrier gas and temperature program as it was described in [4].
IAA and ABA were determined by using the Selected Ion Monitoring (SIM) mode, and
final concentrations were calculated by calculating the ratios between corresponding peak
and internal standard peak, peak area of m/z 130/136 and m/z 189/195 for IAA, and m/z
190/194 and 162/166 for ABA, according to the principles of isotope dilution [65,121].

4.6. Statistical Analysis

All statistical analyses were run with R studio software (R Studio, Boston, MA, USA).
Prior to analysis, Shapiro–Wilk and Levene’s tests were performed to evaluate normality
and homogeneity of variance of all response variables. Log (x) or Log(x + 1) transformations
were applied to some data (ABTS, FRAP, DPPH) to account for violation of assumptions of
normal distribution and homogeneity of variance. To determine the overall significances
between groups, two-way factorial analysis of variance (two-way ANOVA) was used
with species and treatments as factors. The statistical significance of the differences in
the means were determined: (i) across treatments within each species, and (ii) across
species within each treatment using Tukey’s honest significant difference (HSD) post hoc
test for multiple comparisons when the one-way analysis of variance (ANOVA) indicated
significant differences (p ≤ 0.05). Pearson’s correlation analysis was conducted to explore
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the associations between the examined parameters. A principal component analysis (PCA)
was used to identify patterns of variations of the examined parameters across species and
treatments. Before performing the PCA, the values of each parameter were standardized.
A two-way ANOVA was also performed on the scores of the PC explaining the highest
proportion of variance (i.e., PC1 and PC2) to test the effect of the factor species and treatment
and their interaction on the extracted collective variables. Grouping of treatments and
measured traits was examined by hierarchical cluster analysis. Expander 7 was used to
create a heat map with bi-cluster analysis based on corresponding Pearson’s coefficient. All
graphical representations were carried out using R package. All statistical tests were based
on three independent repetitions (individual seedlings) for each treatment and species.

5. Conclusions

In summary, when seedlings of pedunculate oak (Q. robur) and Turkey oak (Quercus
cerris) experience soil water deficit and high air temperatures they activate a different pat-
tern of osmoregulation and antioxidant mechanisms to counteract and minimize oxidative
stress depending on the species and on the nature of the stress.

In particular, our results on the investigated biochemical mechanisms of protection
of the quite drought tolerant and xeric-adapted Q. cerris show that its tolerance to soil
water deficit might mainly rely on the control of the antioxidant defense system, while
its thermotolerance can be partially explained by a high ability to modulate osmolyte
production that appeared largely conferred by DMSP. In Q. robur, tolerance to the applied
soil water deficit and high temperature conditions appears to depend to a certain extent
on the highest induction of glycine betaine together with an intrinsic reserve of defensive
components.

It is worth noting that in each species, the compounds present at a significant basal
level in non-stress conditions are also those more responsive when stresses are applied, as
for tannins and DMSP in Q. cerris, and for glycine betaine in Q. robur. This pattern suggests
that the intrinsic pool of those specific metabolites that are constitutively available in each
species, may entail a higher ability of these species to activate a prompt and fine-tuned
defensive response when oxidative stress occurs. If these response patterns of components
of the protection system indicate that the metabolism of the studied oaks is prepared
for unfavorable conditions according to [47], they reveal a species-specific metabolic pre-
adaptation to these environmental constraints that contributes to the stress tolerance of
these oak species.

Additional experiments are needed to elucidate the function of metabolites such as
DMSP and isoprenoids that have a multifunctional protective role and are interconnected
with other defense mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11131744/s1, Table S1: Results of two-way ANOVA for
the effects of species (Q. robur and Q. cerris), treatment (control, soil water withholding, and high
air temperatures), and their interaction (Species*Treatment) on the listed parameters measured at
leaf level. Significance values are indicated as: ns, non-significant p > 0.05; * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001, Table S2: Leaf total nitrogen (N) and sulfur (S) content in leaves (% dry weight; mean ±
standard deviation) of Q. robur and Q. cerris seedlings. See the legend of Figure 1 for abbreviations of
the treatments. Different small letters indicate significant differences across the different treatments
for each species. Asterisks indicate significant differences between the two oak species within each
treatment, Tukey’s honestly significant difference (HSD) post hoc test (p ≤ 0.05), Table S3: Results of
the two-way ANOVA (F and p values) for the first and second principal components (PC1 and PC2,
respectively) were extracted. The main effect of species, treatment, and the first-order interaction
(Species x Treatment) are shown. The factor effect was considered significant at p < 0.05.
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Abstract: Mediterranean forest ecosystems in Croatia are of very high significance because of the
ecological functions they provide. This region is highly sensitive to abiotic stresses such as air
pollution, high sunlight, and high temperatures alongside dry periods; therefore, it is important to
monitor the state of these forest ecosystems and how they respond to these stresses. This study was
conducted on trees in situ and focused on the four most important forest species in the Mediterranean
region in Croatia: pubescent oak (Quercus pubescens Willd.), holm oak (Quercus ilex L.), Aleppo pine
(Pinus halepensis Mill.) and black pine (Pinus nigra J. F. Arnold.). Trees were selected and divided
into two groups: trees with defoliation of >25% (defoliated) and trees with defoliation of ≤25%
(undefoliated). Leaves and needles were collected from selected trees. Differences in chlorophyll
content, hydrogen peroxide content, lipid peroxidation and enzyme activity (superoxide dismutase,
catalase, ascorbate peroxidase, non-specific peroxidase), and nutrient content between the defoliated
and undefoliated trees of the examined species were determined. The results showed that there
were significant differences for all species between the defoliated and undefoliated trees for at
least one of the examined parameters. A principal component analysis showed that the enzyme
ascorbate peroxidase can be an indicator of oxidative stress caused by ozone. By using oxidative
stress indicators, it is possible to determine whether the trees are under stress even before visual
damage occurs.

Keywords: antioxidative enzymes; chlorophyll; defoliated trees; hydrogen peroxide; lipid peroxidation;
nutrient concentration; oxidative stress; Pinus spp.; Quercus spp.; undefoliated trees

1. Introduction

Various abiotic stresses such as ground-level ozone (O3), intense drought, and acid
compounds strongly limit the growth of plants in the Mediterranean region [1,2]. These
ecosystems are affected by the combined influence of local, regional, and long-distance
pollution caused by human activities [3–8]. Additionally, these factors tend to be the main
cause of the decline in forest vitality and productivity [2,9–12]. For example, abiotic stress
caused by ground-level ozone, which is phytotoxic to plants and harmful to humans, can
cause chlorosis and necrosis [13,14]. Additionally, nitrogen deposition can have a positive
influence on forest productivity but can also cause forest degradation through acidification
and nutrient deficiency. Changes to the frequency and intensity of climatic extremes
(e.g., heat waves, precipitation, and storms) are also among the various factors that can
have a serious impact on forest health and vitality. [4,15,16]. Proper forest monitoring
is therefore essential to document their conditions and to investigate the effects of—and
relationship with—stress factors [17].
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Crown defoliation is a commonly used indicator of acute stress that is defined as
the loss of leaves in the assessable crown compared to a reference tree, and it is observed
regardless of the cause of foliage loss [18,19]. In field conditions, it is difficult to confirm
if defoliation is a consequence of one particular stress factor because many factors simul-
taneously influence the tree balance [20]. Plants adapt to survive, and the allocation of
resources (nutrients) at the cost of losing leaves is one of the known plant defense mecha-
nisms [21]. However, leaf loss is still used as a health indicator in Europe according to the
methodology of the International Co-operative Program on Assessment and Monitoring
of Air Pollution Effects on Forests (ICP Forests) [18]. One of the main factors of forest
health and functioning is the circulation of nutrients between the soil and plants [22]. The
concentration of biogenic elements and their relationships in the leaves of forest trees are
important indicators of their functioning and provide insight into the state of nutrition.
Macronutrients such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and
magnesium (Mg) are important parts of plant metabolism. Nitrogen is one of the most
important macronutrients required by plants. All proteins that are part of the structure
of chlorophyll consist of nitrogen-containing amino acids [23]. Due to its role in the pro-
duction of chlorophyll and specific proteins such as ribulose-1,5-bisphosphate carboxylase
(RuBisCO), which is responsible for the uptake of CO2, nitrogen is a crucial element for the
development of the photosynthetic process and vegetative growth of a plant [23]. Nitrogen
deficiency can decrease the photosynthetic activity and longevity of leaves. Generally,
nutrient deficiency, a source of abiotic stress, can cause increased hydrogen peroxide (H2O2)
and lipid peroxidation (LPO) depending on the plant species [24]. Enzyme activity tends
to increase as a result of increased H2O2 and LPO [24]. Macronutrient deficiencies disrupt
plant metabolism and functions including various physiological or metabolic activities that
increase the production of reactive oxygen species (ROS) in organisms. The excess pro-
duction of ROS causes oxidative stress in plants [24]. The lack of these nutrients generally
manifests as chlorosis, necrosis, defoliation, and lower growth and productivity, which can
eventually lead to plant death [18,25–27]. In such conditions, plant defense mechanisms
play a very important role, especially in maintaining the normal functionality and survival
of a plant [28]. Changes in the environment trigger plant defense mechanisms, which
remove the undesirable products created because of oxidative stress. These products are
called ROS, and their production is a consequence of aerobic metabolism [29]. Accumula-
tion of ROS can cause cell damage such as lipid peroxidation (LPO), protein damage, and
membrane destruction leading to cell death. These effects manifest themselves in various
ways such as leaf yellowing, chlorosis, and necrosis [29,30]. To prevent the damage caused
by the oxidation of essential molecules (proteins, DNA, RNA, and lipids) inside a cell,
the ROS are neutralized by special molecules, enzymes, and antioxidants. Antioxidant
enzymes include superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT),
and peroxidase (POD), which are part of the defense mechanism for removing ROS [25].
The first line of defense is SOD which converts superoxide (O2

−) to H2O2, whereas POD,
CAT, and APX decompose H2O2 to water (H2O) [31,32]. The biochemical response of the
plant depends on the environment in which it grows, the sources of stress that affect it, and
the type of plant [33].

Considering various sources of abiotic stress and the fragility of Mediterranean ecosys-
tems, there is an increasing need to improve the knowledge of Mediterranean forest
ecosystems, especially in Croatia where few epidemiological studies have been conducted
under Mediterranean field conditions [7,8,34]. This study was focused on four of the most
widespread and most important forest tree species of the Mediterranean region: pubescent
oak (Quercus pubescens Willd.), holm oak (Quercus ilex L.), Aleppo pine (Pinus halepensis
Mill.), and black pine (Pinus nigra J. F. Arnold.). We conducted field observations and visual
assessment of crown condition (defoliation) and complemented these observations with
measurements of stress indicators, including chlorophyll content (Chl), H2O2, LPO, and
antioxidative enzyme activities, including those of SOD, CAT, POD, and APX. Our aim was
to test whether foliar nutrition status and the indicators of oxidative stress were associated

78



Plants 2022, 11, 3484

with tree defoliation. Differences in foliar nutrition status and oxidative stress indicators
between trees with defoliation of >25% (defoliated) and trees with defoliation of ≤25%
(undefoliated) were tested. Furthermore, using a principal component analysis (PCA) we
investigated whether the oxidative stress indicators were associated with defoliation and
environmental variables to determine if they could be used as early indicators of forest
tree health.

2. Results and Discussion

2.1. Foliar Nutrition Status of Four Selected Mediterranean Species

A common problem occurring in the Mediterranean region is nutrient deficiency [35].
Nutrient deficiency is considered an abiotic stress because it can cause irregular plant
development, which leads to (among other things) defoliation [36]. For example, Fer-
retti et al. [37] determined that common beech trees with crown defoliation over 25% have
an imbalance of N with K and Ca. Thus, to gain insight into the nutrient status of our
examined species, the concentration of nutrients (N, P, K, Ca, and Mg) was determined for
selected undefoliated and defoliated trees.

The nutrient concentrations (N, P, K, Ca, and Mg) in the leaves and needles of
pubescent oak, holm oak, Aleppo pine, and black pine are shown in Table 1. Plant nutrition
was generally in an optimal range with a few exceptions [38]. As expected, we identified
significant differences in nutrient concentrations among species. However, regarding holm
oak (K) and Aleppo pine trees (Ca and Mg), the nutrient status of the defoliated trees was
in the low nutritional range (except for undefoliated trees for Mg) (Table 1).

Table 1. Concentrations of nutrients (N, P, K, Ca, and Mg) in the leaves and needles of pubescent oak,
holm oak, Aleppo pine and black pine for defoliated and undefoliated trees. Results are expressed
as mean values (n = 3). Values marked in bold show a statistically significant difference between
defoliated and undefoliated trees for the same species according to the Student’s t-test (* p < 0.05).
The colors indicate the concentrations of the elements: red—high; green—optimal; yellow—low [38].

Species Category
N P K Ca Mg

mg g−1 mg g−1 mg g−1 mg g−1 mg g−1

Pubescent oak
Undefoliated trees (≤25%) 16.95 1.22 6.62 10.72 1.23

Defoliated trees (>25%) 16.95 1.75 * 7.50 * 14.66 * 1.97 *

Holm oak
Undefoliated trees (≤25%) 13.30 0.99 6.26 * 6.21 1.22

Defoliated trees (>25%) 12.15 0.99 3.17 6.72 1.42

Aleppo pine Undefoliated trees (≤25%) 11.14 1.34 3.99 8.41 * 1.65
Defoliated trees (>25%) 10.88 1.33 3.96 4.03 1.70

Black pine Undefoliated trees (≤25%) 10.11 1.20 4.98 5.24 * 1.30
Defoliated trees (>25%) 9.69 1.51 * 6.36 * 2.52 1.22

A nutrient imbalance can occur due to various external influences on plants [10,36,39].
One of the most phytotoxic abiotic factors today is ozone [10,40]. Nitrogen plays an
important role in regulating plant sensitivity to ozone; i.e., with a sufficient amount of
the N nutrient, plants can neutralize higher amounts of ozone without causing damage
to the plant tissue [41]. The addition of P can cause an increase in tree biomass and an
increase in ozone tolerance but only when the amount of nitrogen is low [41]. A study
in northern Spain reported that P was higher in more defoliated beech trees [42]. In our
study, a significantly higher concentration of P was found in the defoliated pubescent oak
trees and black pine trees compared to the undefoliated trees. Furthermore, a previous
study on sampled leaves of the Persian oak found that the concentrations of Ca increased
with increased drought [43]. Potočić et al. [44] found that drought caused low needle Ca
concentrations in Silver fir trees of all defoliation classes. Calcium and K have a common
role in the regulation of water in trees [45]. During the dry period, cell division and leaf
growth are reduced due to reduced cell turgor. There is also a decrease in the rate of
photosynthesis because the intake of CO2 is limited during drought conditions, which
subsequently limits the growth of leaves [43]. Thus, due to the increase in defoliation, the
remaining green leaves of trees in categories with higher degrees of defoliation must absorb
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a greater amount of Ca to perform vital activities such as photosynthesis. In our study, this
same process could be observed in the undefoliated pubescent oak and Aleppo pine trees
as a defense mechanism. It is possible that the trees may have also been under stress due
to environmental conditions in the Mediterranean region, such as high concentrations of
ozone and a large amount of nitrogenous and acidic compounds [7,8,34]. Although the
results showed a mostly optimal concentration of nutrients (Table 1), various factors affect
the resistance of the examined species, and the concentration of nutrients could not be
considered as a potential cause of stress in the tested species.

2.2. Content of Chl, H2O2, and MDA in Four Selected Mediterranean Species

Chlorophyll content depends on various sources of abiotic and biotic stresses, such
as ozone, atmospheric and soil pollution [46,47], stress intensity and duration [39,46],
and plant nutritional status, especially the status of nitrogen as a major component of
chlorophyll [23,48]. In our study, the content of chlorophyll a (Chl-a), chlorophyll b (Chl-b)
and total chlorophyll (Chl-tot) was determined (Table 2). Different contents of chlorophyll
were identified, depending on the species. In oak species, a significantly higher Chl-tot
content was found in the undefoliated trees, whereas in black pine, significantly more
Chl-tot was found in the defoliated trees. For Chl-a, significant differences were found
between the defoliated and undefoliated trees for pubescent oak, holm oak, and black pine.
For Chl-b, significant differences were found for holm oak and Aleppo pine. Higher Chl-a,
Chl-b, and Chl-tot contents were found in the undefoliated oak trees. However, higher
Chl-a, Chl-b, and Chl-tot contents were found in pine defoliated trees.

Table 2. Content of photosynthetic pigments in the leaves and needles (Chl-a, Chl-b, and Chl-tot),
hydrogen peroxide (H2O2), and malondialdehyde (MDA) of pubescent oak, holm oak, Aleppo
pine, and black pine for the defoliated and undefoliated trees. Results are expressed as mean ± SD
(n = 3). Values marked in bold show a statistically significant difference between the defoliated and
undefoliated trees of a plant species according to the Student’s t-test (* p < 0.05).

Species Category
Chl-a Chl-b Chl-tot H2O2 MDA

μg g−1 FW μg g−1 FW μg g−1 FW nmol g−1 FW nmol g−1 FW

Pubescent oak
Undefoliated trees (≤25%) 1503.93 ± 53.84 * 366.39 ± 36.32 1870.32 ± 90.16 * 44.04 ± 12.88 84.10 ± 7.33 *

Defoliated trees (>25%) 1302.68 ± 57.91 347.22 ± 35.22 1649.90 ± 93.13 39.4 ± 5.67 48.95 ± 4.13

Holm oak
Undefoliated trees (≤25%) 1673.62 ± 69.47 * 466.84 ± 42.40 * 2140.46 ± 111.87 * 0.03 ± 0.01 93.65 ± 7.57

Defoliated trees (>25%) 1387.09 ± 55.64 357.96 ± 24.75 1745.05 ± 80.39 0.02 ± 0.00 140.63 ± 6.16 *

Aleppo pine Undefoliated trees (≤25%) 406.74 ± 119.81 123.81 ± 25.77 530.55 ± 145.85 0.58 ± 0.09 16.49 ± 3.65
Defoliated trees (>25%) 562.72 ± 104.72 250.47 ± 34.61 * 813.19 ± 139.33 0.61 ± 0.2 31.60 ± 4.31 *

Black pine Undefoliated trees (≤25%) 666.30 ± 23.50 221.35 ± 13.81 887.65 ± 37.31 0.89 ± 0.21 * 27.76 ± 5.06
Defoliated trees (>25%) 795.59 ± 8.42 * 241.20 ± 26.52 1034.79 ± 34.94 * 0.32 ± 0.06 24.57 ± 4.41

The content of H2O2 was only significantly different between the defoliated and
undefoliated trees for the black pine species. A higher content of H2O2 was found in the
undefoliated trees of all species except for the Aleppo pine trees. Furthermore, significantly
different contents of MDA were found for all species except black pine. The results showed
a higher MDA content in the undefoliated trees of pubescent oak and black pine but a
lower MDA content in the undefoliated trees of holm oak and Aleppo pine (Table 2).

In the literature, there have not been many similar studies conducted in field conditions
due to the complex relationship between trees and various environmental variables. Most
studies were performed in controlled conditions [33,39,47,49]. However, some of the
results obtained in this study can be compared to the previous results obtained under
controlled conditions.
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Studies have found that the content of photosynthetic pigments is affected by the
most influential factors in the Mediterranean region: ozone, nutrient deficiency, and
drought [33,39,47]. Drought leads to reductions in chlorophyll, especially if other sources
of stress, such as ozone, are involved. Furthermore, it was found that during stressful
conditions, deciduous species focused on the synthesis of chlorophyll and the maintenance
of photosynthesis to create enough energy for reproduction during the growing season [49].
On the other hand, evergreen species were more focused on preservation, which resulted
in lower growth (lower photosynthesis), thus suggesting that their goal was leaf survival
(up to two years). Therefore, evergreen species invest more energy in extending leaf life
and less energy in chlorophyll formation [49]. In our study, significantly lower contents
of Chl-a, Chl-b, and Chl-tot were found in the defoliated trees of the holm oak species
(Table 2). For the pine species, a significantly higher content of chlorophyll was found
in the defoliated trees (Table 2), suggesting that the pine species were investing energy
in chlorophyll synthesis. Pines are known to shed their needles as a defense mechanism
to protect themselves from drought and other stresses [3,50]. Due to their lack of leaf
surface, pines invested energy into the synthesis of chlorophyll to compensate for this loss.
Accordingly, higher chlorophyll content was found in the defoliated trees. Nutrients such
as nitrogen (one of constituents of chlorophyll) were not considered to cause differences
in chlorophyll concentrations between the defoliated and undefoliated trees, as the N
concentrations in both tree groups were in the optimal range (Table 1).

Under stress-free conditions, the H2O2 that is created inside a cell via cell metabolism
serves as a signaling molecule [32]. However, during stressful conditions, H2O2 is produced
in excessive amounts and causes damage inside cells [29]. The H2O2 contents found in
our study are listed in Table 2. Significant differences in H2O2 contents were determined
between the defoliated and undefoliated black pine trees, but the other species did not
show any significant differences. Furthermore, H2O2 is one of the main precursors of
LPO. Lipid peroxidation occurs when damage is caused to the cell membrane as a result
of intense oxidative stress and insufficient removal of the ROS [29]. As a consequence of
this damage to the lipid membrane, MDA is produced [32]. For holm oak and Aleppo
pine, a significantly higher content of MDA was found in the defoliated trees than in the
undefoliated trees (Table 2). For pubescent oak, a significantly lower content of MDA was
found in the undefoliated than in the defoliated trees. For holm oak and Aleppo pine,
significantly greater differences in MDA were found in the defoliated trees than in the
undefoliated trees. Interestingly, a significant difference in H2O2 content was only found
in black pine. Furthermore, no significant difference in MDA content was found for this
species, demonstrating that black pine efficiently removed H2O2 in both the defoliated and
undefoliated trees (Table 2).

A study on holm oak saplings examined the influence of ozone and salinity and
demonstrated lipid peroxidation after exposure to the aforementioned sources of stress,
revealing significant difference compared with plants that were exposed to one or both
sources of stress [2]. Furthermore, the results of research on oak species (Quercus brantii
Lindl.) showed that an increase in drought stress caused an increase in MDA content
and resulted in an increase in Ca content in the leaves [43]. In our study, no significant
differences in the content of MDA between the undefoliated and defoliated black pine
trees were found, but significant differences were found for all other species. These results
indicated that the content of H2O2 activated defense mechanisms in the undefoliated trees
and that these mechanisms were already activated in the defoliated trees, which resulted
in no significant differences in the content of MDA. Our recent research has shown that
all the examined species are under oxidative stress due to the high ozone concentrations
determined on all four plots [7].
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2.3. Activity of Antioxidative Enzymes in Four Selected Mediterranean Species

For the optimal growth and development of a plant in a changing environment, it is
essential to neutralize ROS production [25]. The results of enzyme activity in the leaves
and needles of the defoliated and undefoliated trees are shown in Figure 1. Significant
differences in SOD activity were only found between the undefoliated and defoliated black
pine trees. Higher SOD activity was found in the defoliated black pine trees, whereas SOD
activity was lower in the undefoliated black pine trees (Figure 1a). CAT activity showed
significant differences between the undefoliated and defoliated trees for all species except
for the holm oak. The results showed higher CAT activities in the defoliated holm oak and
Aleppo pine trees and vice versa for the pubescent oak and black pine trees (Figure 1b).
Significant differences in POD activity were only recorded between the undefoliated and
defoliated black pine trees. As shown in Figure 1c, higher POD activities were found in the
defoliated holm oak and Aleppo pine trees and vice versa for the pubescent oak and black
pine trees. Significant differences in APX activity were found between the undefoliated and
defoliated trees for all species except for holm oak. Higher APX activities were determined
in the undefoliated trees of all species except the holm oak trees (Figure 1d).

  

(a) (b) 

  
(c) (d) 

Figure 1. Activity of (a) superoxide dismutase (SOD), (b) catalase (CAT), (c) peroxidase (POD), and
(d) ascorbate peroxidase (APX) in the leaves and needles of defoliated (defoliation of >25%, grey) and
undefoliated (defoliation of ≤25%, green) pubescent oak (PO), holm oak (HO), Aleppo pine (AP),
and black pine (BP) trees. Results are expressed as mean ± S. D. (n = 3). Values marked with a star
(*) show a statistically significant difference between defoliated and undefoliated trees for a given
species according to the Student’s t-test (* p < 0.05).

In our study, the significant differences in H2O2 and SOD activity between the un-
defoliated and defoliated black pine trees suggest that the main product of ROS is a
superoxide radical. Similar conclusions were also drawn during research on the pubescent
oak species [33]. The role of the antioxidant enzyme SOD is to directly catalyze superox-
ide radicals to H2O2 [33,51]. In our study, the accumulated H2O2 activated the enzymes
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CAT, POD, and APX (Figure 1). In a controlled environment, adding ozone to chambers
containing the black ash (Fraxinus ornus L.) was found to increase the amount of ROS and,
consequently, the activity of the SOD and CAT enzymes [52]. In our study, many factors
could influence the activation of defense mechanisms in the examined species, such as
nitrogen and acidic compounds of atmospheric deposition, high ozone concentrations, and
high temperatures [7,8].

According to the obtained results, only the activation of the APX enzyme could
be considered an indicator of stress for the examined species. This suggests that the
APX enzyme activity could be used to determine whether a plant is under stress even
before visual damage occurs. Therefore, it is important to monitor undefoliated trees and
defoliated trees to be able to react in a timely manner with the aim of preserving these
sensitive forest ecosystems.

2.4. Relationship between Defoliation, Oxidative Stress Indicators, and Environmental Variables

In our previous investigations, we examined the effects of air pollution on the condition
of the forest ecosystem by analyzing tree vitality and obtained interesting results [7,8,34].
For example, higher levels of N, acid compounds, and ozone concentrations were measured
in dominant forest species along the Adriatic coast [7,8,34]. The highest percentages of
defoliated trees were found for the pubescent oak, Aleppo pine, and black pine plots [8].
Based on these findings, the relationship between defoliation, oxidative stress indicators,
and environmental variables was tested using a PCA analysis to gain insight into the
behavior of an individual species in response to external influences.

A principal component analysis was carried out to analyze the relationship between
the spatial distribution patterns of the indicators of oxidative stress and environmental
conditions for the four investigated tree species separated into two groups: defoliated
and undefoliated trees (Figure 2). In this analysis, the indicators of oxidative stress in-
cluded APX, CAT, Chl-a, Chl-b, Chl-tot, H2O2, MDA, POD, and SOD, whereas the en-
vironmental conditions included ozone (O3), air temperature (T), air relative humidity
(RH), solar radiation (Rad) and soil water content at different depths: SWC1 = 0–7 cm,
SWC2 = 7–28 cm, SWC3 = 28–100 and SWC > 100 cm, and rain. For the analyzed combi-
nations of variables, the first two principal components (PCs) accounted for 99.99% of the
total variance. In Figure 2, the positive correlation between variables is greater when the
variable representative points are close to one another and the circle, whereas the negative
correlation is greater when the points are distant from the circle’s center and the circle. The
variable representative points are uncorrelated when they are orthogonal to the center of
the circle. Our results show that the correlations between stress indicators and antioxidants,
environmental conditions, and soil water content differ for the different tree species and
defoliation states. APX (which catalyzes the reduction of H2O2 to water) was found to
be positively correlated with SWC1 and SWC2, whereas POD was found to be positively
correlated with rain and RH in the undefoliated pubescent oak trees. On the other hand,
for the defoliated pubescent oak trees, APX was positively correlated with O3 concentra-
tion. Furthermore, for the undefoliated holm oak trees, APX was positively correlated
with RH, SWC, Rad, and T; for the undefoliated Aleppo pine trees, APX was positively
correlated with SWC1, SWC2, and SWC3; and for the undefoliated black pine trees, APX
was positively correlated with O3 concentration. APX release could be a potential defense
mechanism of the selected species against the oxidative stress caused by high ozone concen-
trations on the examined plots. The separation of SWC4 from the other SWC1-3 variables
was due to a difference in water content depending on soil depth and season. In southern
Europe, the upper soil layer dries out faster than the deeper layers during the warm and
dry seasons [53]. The lack of a clear relationship between the stress indicators and environ-
mental variables of the defoliated and undefoliated trees of the examined species could
partially be due to a complex relationship between trees and their surroundings. The PCA
revealed that the MDA concentration was positively correlated with O3 concentration for
the undefoliated pubescent oak, holm oak, and black pine trees. The MDA concentration
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was also positively correlated with RH and rain for the undefoliated Aleppo pine trees.
A plant can reach a state of oxidative stress due to various external influences (biotic and
abiotic), and air pollutants are one of the main abiotic factors that cause oxidative stress in
forest ecosystems. Therefore, we expected to find differences in the response to oxidative
stress because this study was conducted on four different forest species. In this study, the
biochemical analysis showed that possible damage could occur. The results of the oxidative
stress indicators showed that the examined species were under stress. In field conditions,
various sources of stress could cause the activation of defense mechanisms in these four
species. Higher chlorophyll content in the undefoliated oak trees suggests an investment of
energy into chlorophyll synthesis. More chlorophyll was found in the defoliated pine trees,
suggesting the investment of energy into survival. The accumulated H2O2 caused lipid
peroxidation, which was confirmed by the presence of MDA in all species. The principal
component analysis identified different responses depending on the tree species and on the
defoliated or undefoliated status.

  

(a) (b) 

  

(c) (d) 

Figure 2. Cont.
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(e) (f) 

  

(g) (h) 

Figure 2. Principal component analysis (PCA) biplot of the physiological data and environmen-
tal variables for undefoliated (<25%) and defoliated (>25%) trees in four Mediterranean forest
species: (a) pubescent oak (<25%); (b) pubescent oak (>25%); (c) holm oak (<25%); (d) holm oak
(>25%); (e) Aleppo pine (<25%); (f) Aleppo pine (>25%); (g) black pine (<25%); (h) black pine (>25%).
APX—ascorbate peroxidase; CAT—catalase; Chl_a—chlorophyll a; Chl_b—chlorophyll b; Chl_Tot—
total chlorophyll; H2O2—hydrogen peroxide; MDA—malondialdehyde; O3—ground-level ozone;
POD—peroxidase; Rad—solar radiation; rain—rain; RH—relative humidity; SOD—superoxide dis-
mutase; SWC1—soil water content at 0–7 cm; SWC2—soil water content at 7–28 cm; SWC3—soil
water content at 28–100 cm; SWC4—soil water content > 100 cm; T—temperature.

3. Materials and Methods

3.1. Selected Plots

Measurements were obtained from different Mediterranean forest ecosystems of the
Eastern Adriatic coast in four plots. The most common broadleaf species in this part of the
Mediterranean are Quercus pubescens Wild. (pubescent oak) and Quercus ilex L. (holm oak)
in the Istria region and Pinus halepensis Mill. (Aleppo pine) and Pinus nigra J. F. Arnold.
(black pine) in the Dalmatia region [54]. A detailed description of the plots can be found
in [7,8].
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3.2. Crown Condition Assessment and Collection of Leaves and Needles

The defoliation status of the selected sample trees was assessed annually by trained
and experienced personnel in 2017 and 2018 [18]. After the assessment, trees were divided
into two categories: defoliated (defoliation > 25%) and undefoliated (defoliation ≤ 25%)
trees. A threshold of 25% is traditionally used to distinguish between “healthy” and
“damaged” trees [18,55]. Defoliation of >25% is also reflected by a distinct change in the
functional leaf traits and other indicators of tree health [55]. From these two categories,
three trees of each species were randomly selected and sampled. Collected leaves and
needles were harvested in late summer when the leaves were fully developed. Leaves were
harvested off the upper light-exposed portion of the crown at 2–4 m height [18]. Collected
samples were used for analyses of nutrient content and oxidative stress indicators.

3.3. Foliar Nutrition Analysis

Plant samples used in the foliar nutrition analysis were oven-dried at 80 ◦C for 24 h.
Approximately 0.3 g of sub-samples were digested using a mixture of 30% H2O2 and 65%
HNO3 for plants and 0.3 g of the elemental analyzer (LECO CNS-2000, St. Joseph, MI,
USA) [56]. The concentration of nutrients was determined as follows: N using an elemental
analyzer P with a spectrophotometer (LaboMed UV-VIS, Los Angeles, CA, USA) and Ca, P,
Mg, and K using an atomic absorption spectrophotometer (Perkin Elmer AAS AAnalyst
700, Waltham, MA, USA) [56].

3.4. Estimation of Chlorophylls

Leaves or needles (0.1 g) were homogenized using a mortar and pestle in 10 mL of
chilled 80 % acetone. The chlorophyll extract was refrigerated at 4 ◦C for 24 h. The samples
were then centrifuged at 4000× g for 10 min, and the absorbance of the supernatant was
measured using a spectrophotometer (LaboMed UV-VIS) at 663 nm and 645 nm. The
content of photosynthetic pigments is expressed as μg of photosynthetic pigments per
gram of fresh weight of leaves or needles (μg g−1 FW) [57].

3.5. Evaluation of Lipid Peroxidation (LPO) and Hydrogen Peroxide (H2O2)

Leaves or needles (0.2 g) were homogenized using a mortar and pestle in 2 mL of 0.1%
thiobarbituric acid (TBA). The extracts were centrifuged at 10,000× g for 20 min, and the
resulting supernatants were used to determine lipid peroxidation and H2O2.

The level of lipid peroxidation in the leaves and needles of the selected species was
evaluated by measuring malondialdehyde (MDA) using the thiobarbituric acid method,
which yields a colored product [58]. A mixture of supernatant and 0.5% thiobarbiturate
acid (TBA) in 20% trichloroacetic acid (TCA) was heated at 95 ◦C for 30 min and then
cooled in an ice bath. After centrifugation at 10,000× g for 10 min, the absorbance of the
supernatant was read at 532 nm, and the correction for unspecific turbidity was conducted
by subtracting the absorbance at 600 nm on the LaboMed UV-VIS. A total of 0.25% TBA in
10% TCA served as the blank. The MDA content was calculated according to its extinction
coefficient of 155 mM−1 cm−1 and expressed as nmol g−1 FW [58,59].

To determine hydrogen peroxide (H2O2), a 100 mM potassium phosphate buffer and
potassium iodide were added to the supernatant. The absorbance of the mixture was
read at 390 nm on the LaboMed UV-VIS. The molar extinction coefficient for H2O2 is
0.28 μM−1 cm−1, and the amount of H2O2 is expressed as μmol per gram of fresh weight
of leaves or needles (μmol g−1 FW) [58,59].

3.6. Antioxidant Enzyme Extraction and Assay

For the enzyme analysis, 0.2 g of leaves or needles were homogenized in an ice bath
with the addition of polyvinyl polypyrrolidone (PVPP) in a 100 mM potassium phosphate
(K2HPO4/KH2PO4) buffer solution, pH 7.0, that included 1 mM EDTA and L-ascorbic acid
using a pre-chilled mortar and pestle. The homogenates were centrifuged at 15,000× g and
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4 ◦C for 20 min. The supernatant was used for the enzyme activity and protein content
assays [59]. All analyses were completed using a LaboMed UV-VIS spectrophotometer.

The total soluble protein contents of the enzyme extracts were estimated according to
Bradford [60]. A 40 μL sample of the supernatant was added to 1.2 mL of Bradford reagent
followed by incubation in a dark room for 15 min. The absorbance of the supernatant was
read at 595 nm. The protein content was expressed in mg protein g−1 FW.

The activity of superoxide dismutase (SOD) was determined by measuring the inhibi-
tion of the photochemical reduction of nitro blue tetrazolium (NBT) using the method of
Beauchamp [61]. An aliquot of enzyme extract was added to a reaction mixture containing
a 50 mM potassium phosphate (KPO4) buffer (pH 7.8), 13 mM methionine, 75 mM NBT,
2 mM riboflavin, and 0.1 mM ethylenediaminetetraacetic acid. The test tubes were shaken,
and the enzymatic reaction was started by turning on the 36 W fluorescent lamp. The
increase in absorbance due to formazan formation was read at 560 nm. One unit of SOD
activity was defined as the amount of enzyme that inhibits the NBT photoreduction by
50%. The activity of SOD is expressed as a unit (U) mg−1 protein [59].

The catalase (CAT) activity was determined using the decomposition of H2O2 and was
measured spectrophotometrically [62]. The decrease in absorbance was assessed at 240 nm
in a quartz cuvette. The reaction mixture contained 50 mM KPO4 buffer (pH 7.0), 10 mM
H2O2, and an enzyme extract. Catalase activity is expressed as U mg−1 protein [58,59].

Ascorbate peroxidase (APX) activity was measured according to the method of
Ambriović-Ristov et al. [58]. A suitable enzyme extract aliquot was added to the reac-
tion mixture containing 0.5 mM ascorbate and 0.12 mM H2O2 in a 50 mM phosphate buffer
(pH 7.0). APX activity was determined according to the decrease in absorbance of ascorbate
at 290 nm (ε = 2.8 mM−1 cm−1). The activity of APX is expressed as U mg−1 protein [59].

The nonspecific peroxidase (POD) activity was measured according to the method
of Chance and Maehly [63]. The reaction mixture contained a 50 mM phosphate buffer
(pH 7), 5 mM H2O2, 18 mM guaiacol, and a suitable enzyme extract aliquot. POD activ-
ity was estimated according to the increase in the absorbance of oxiguaiacol at 470 nm
(ε = 26.6 mM−1 cm−1) and is expressed as U mg−1 protein [59].

3.7. Statistical Analysis

Data were analyzed using the STATISTICA software (version 10.0, StatSoft Inc., Tulsa,
OK, USA, 2011). The results presented are the mean ± SD. Differences between the means
were analyzed using an ANOVA followed by the post hoc Tukey’s test. A significant differ-
ence was considered at the level of p < 0.05. Prior to the statistical analysis, the normality
of the data was evaluated using the Kolmogorov–Smirnov test implemented in STATIS-
TICA. The p-values of the analyzed datasets were not significant, so the assumption of
normality was accepted. The homogeneity of variance was assessed using the Levene’s test
implemented in STATISTICA. The p-values of the analyzed datasets were higher than 0.05,
indicating a homogeneity of variance. Data in the text, Tables and Figures were expressed as
mean ± standard deviation (±SD), and error bars in the Figures indicate standard deviation.
A principal component analysis (PCA) was carried out to identify the parameters that best
describe the physiological performance of oxidative stress upon environmental conditions
for the four tree species divided into defoliated (defoliation > 25%) and undefoliated trees
using the STATISTICA software. Environmental data (i.e., ozone (O3), air temperature
(T), air relative humidity (RH), solar radiation (Rad) and soil water content at different
depths: SWC1 = 0–7 cm, SWC2 = 7–28 cm, SWC3 = 28–100 and SWC > 100 cm, and rain)
were derived from ERA5 [64]. The variables were extracted from the gridded ERA5 dataset
with a spatial resolution of about 33 km at the site location using bilinear interpolation.

4. Conclusions

This study focused on the oxidative stress indicators in four Mediterranean forest
species. Considering the presence of ROS due to the stressful conditions present in the
field, we found significant differences at the leaf level for all species between the defoliated
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and undefoliated trees for at least one of the examined parameters. After examining the
biochemical indicators of oxidative stress, it is possible to determine whether a tree is in
a state of stress before visual damage occurs. It was difficult to conclude which factors
influenced the activation of the defense mechanisms of the examined species due to the
small number of published studies carried out in the field and due to the many variables
that can simultaneously affect a plant. Due to the small number of studies in the field and
due to the many variables, that can simultaneously affect a plant, it is difficult to conclude
which factors influenced the activation of the defense mechanisms of the examined species,
and more studies like this are highly desirable. The long-term, field-based monitoring of
environmental variables and forest health indicators at the same time could provide insight
into the behavior of an individual species in response to external influences.
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H.; et al. Part IV: Visual Assessment of Crown Condition and Damaging Agents. In Manual on Methods and Criteria for
Harmonized Sampling, Assessment, Monitoring and Analysis of the Effects of Air Pollution on Forests; Thünen Institute of Forest
Ecosystems: Eberswalde, Germany, 2020; p. 49 + Annex.

19. Landmann, G. Forest Decline and Air Pollution Effects in the French Mountains: A Synthesis. In Forest Decline and Atmospheric
Deposition Effects in the French Mountains; Springer: Berlin/Heidelberg, Germany, 1995; pp. 407–452.

20. Johnson, J.; Jacob, M. Monitoring the Effects of Air Pollution on Forest Condition in Europe: Is Crown Defoliation an Adequate
Indicator? iForest-Biogeosci. For. 2010, 3, 86–88. [CrossRef]

21. Le Roncé, I.; Toïgo, M.; Dardevet, E.; Venner, S.; Limousin, J.-M.; Chuine, I. Resource Manipulation through Experimental
Defoliation Has Legacy Effects on Allocation to Reproductive and Vegetative Organs in Quercus ilex. Ann. Bot. 2020, 126,
1165–1179. [CrossRef]

22. Braun, S.; Schindler, C.; Rihm, B. Foliar Nutrient Concentrations of European Beech in Switzerland: Relations with Nitrogen
Deposition, Ozone, Climate and Soil Chemistry. Front. For. Glob. Chang. 2020, 3, 33. [CrossRef]

23. Wang, N.; Fu, F.; Wang, H.; Wang, P.; He, S.; Shao, H.; Ni, Z.; Zhang, X. Effects of Irrigation and Nitrogen on Chlorophyll Content,
Dry Matter and Nitrogen Accumulation in Sugar Beet (Beta vulgaris L.). Sci. Rep. 2021, 11, 16651. [CrossRef]

24. Tewari, R.K.; Yadav, N.; Gupta, R.; Kumar, P. Oxidative Stress Under Macronutrient Deficiency in Plants. J. Soil Sci. Plant Nutr.
2021, 21, 832–859. [CrossRef]

25. Bhatla, S.C.; Lal, M.A. Plant Physiology, Development and Metabolism; Springer: New Delhi, India, 2018; ISBN 9811320233.
26. Guo, W.; Nazim, H.; Liang, Z.; Yang, D. Magnesium Deficiency in Plants: An Urgent Problem. Crop J. 2016, 4, 83–91. [CrossRef]
27. Jonard, M.; Fürst, A.; Verstraeten, A.; Thimonier, A.; Timmermann, V.; Potočić, N.; Waldner, P.; Benham, S.; Hansen, K.; Merilä,
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Hrvatskog Sredozemlja; Matić, S., Ed.; Akademija Šumarskih Znanosti: Zagreb, Croatia, 2011; pp. 288–294. ISBN 978-953-985715-6.

55. Gottardini, E.; Cristofolini, F.; Cristofori, A.; Pollastrini, M.; Camin, F.; Ferretti, M. A Multi-Proxy Approach Reveals Common and
Species-Specific Features Associated with Tree Defoliation in Broadleaved Species. For. Ecol. Manag. 2020, 467, 118151. [CrossRef]

56. Rautio, P.; Fürst, A.; Stefan, K.; Raitio, H.; Bartels, U. Part XII: Sampling and Analysis of Needles and Leaves. In Manual on
Methods and Criteria for Harmonized Sampling, Assessment, Monitoring and Analysis of the Effects of Air Pollution on Forests; Thünen
Institute of Forest Ecosystems: Eberswalde, Germany, 2020; p. 19.

57. Arnon, D.I. Copper Enzymes in Isolated Chloroplasts. Polyphenoloxidase in Beta Vulgaris. Plant Physiol. 1949, 24, 1–15.
[CrossRef]
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Abstract: Trees can be used as archives of changes in the environment. In this paper, we present
the results of the analysis of the impact of water stress and increase in air temperature on BAI and
carbon stable isotopic composition and water use efficiency of pine. Dendrochronological methods
together with mass spectrometry techniques give a possibility to conduct a detailed investigation
of pine growing in four industrial forests in Silesia (Poland). Detailed analysis-based bootstrap
and moving correlation between climatic indices (temperature, precipitation, and Standardized
Precipitation-Evapotranspiration Index) and tree parameters give the chance to check if the climatic
signals recorded by trees can be hidden or modified over a longer period of time. Trees have
been found to be very sensitive to weather conditions, but their sensitivity can be modified and
masked by the effect of pollution. Scots pine trees at all sites systematically increased the basal area
increment (BAI) and the intrinsic water use efficiency (iWUE) and decreased δ13C in the last century.
Furthermore, their sensitivity to the climatic factor remained at a relatively high level. Industrial
pollution caused a small reduction in the wood growth of pines and an increase in the heterogeneity
of annual growth responses of trees. The main factors influencing the formation of wood in the pines
were thermal conditions in the winter season and pluvial conditions in the previous autumn, and
also in spring and summer in the year of tree ring formation. The impact of thermal and pluvial
conditions in the year of tree ring formation has also been reflected in the isotopic composition of
tree rings and water use efficiency. Three different scenarios of trees’ reaction link to the reduction of
stomata conductance or changes in photosynthesis rate as the response to climate changes in the last
40 years have been proposed.

Keywords: pine; BAI; isotopes; iWUE; water and thermal stress; SPEI; Poland

1. Introduction

In recent decades, it has been observed that a significant problem of increase in temper-
ature and decrease in precipitation is responsible for the drought period in most ecosystems
all around the world. Scientists have used many different indices and different archives
have been examined to monitor the impact of water stress on forest stands [1–8]. Pines
and their tree ring properties can be used as archives of the change in the environment
in which the tree has been growing. The climatic changes and the anthropogenic effect
can be recorded, e.g., in the width of the tree ring, and its isotopic and elemental composi-
tion [1–13].

It is well-known that the influence of seasonal fluctuation in temperature and water
stress, which reduces the stomata conductance, changes the photosynthetic rates, and
has an impact on tree-ring width, stable isotopic composition, and thus on water use
efficiency. Several models of stable carbon isotope variation during photosynthesis (e.g., [3])
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describe fractionation that occurs due to diffusion in air and stomatal conductance, and
fractionation caused by carboxylation (discrimination by RuBisCO). The pathway and
associated fractionation of carbon isotopes in CO2 during photosynthesis and respiration
have been described in detail [2,3,6,12,13]. Through photosynthesis, plants convert CO2 and
H2O to saccharides (C6H12O6)n, using light, and release oxygen into the atmosphere. Tree
adaptation and its sensitivity to climate change can be studied using statistical methods,
including bootstrap correlation and moving correlation functions [11,14]. The comparison
of dynamic variation in tree ring width and stable carbon isotopic composition, and thus
in the relationship between stomata conductance (g) and photosynthesis rate (A), and
thus in water use efficiency iWUE (iWUE = A/g) of trees with variability of climatic
factors examines how trees react and adapt to climate changes, including water stress and
increased air temperature increase [9,15,16]. Previous analysis has shown that climatic
signals can be modified or masked by human activities (for example, an increase in the
emission of pollution) that have an impact on the ecosystem in which the tree is grown.
The input of pollutants into the atmosphere has increased significantly since the middle
of the twentieth century as a result of the increase in industrial activities in the world.
Since the 1980s, pro-ecological policy and pro-ecological investments were implemented in
most of the factories in Poland. The further reduction of the emission of contamination in
Silesia was associated with restrictive governmental regulations on emissions according to
EU legislation.

To date, despite interest in research on trees as bioindicators, few studies have con-
sidered the influence of climate on pine stands and stable isotopic composition of trees
growing in forests localized in highly populated and industrialized parts of southern
Poland- in Silesia, e.g., [7,8,14,17–20]. This study explores, for the first time, the interaction
between tree properties and the index: Standardized Precipitation-Evapotranspiration
Index (SPEI) [21–24]. The aim of this work is to broaden our understanding of spatial
and temporal variations in BAI, carbon isotope fractionation, and iWUE associated with
water balance and increased temperature. Therefore, we investigate the relation between
seasonal fluctuation in the amount of precipitation and potential evapotranspiration and
the response of trees to these changes in the selected region.

Annual wood growth can be considered a measure of the sensitivity of trees to pressure
from various environmental factors, including climatic conditions [25]. An important factor
that influences the variation in stem growth in trees is changing weather conditions from
year to year [26]. One of the parameters for the vitality of trees can be, for example,
the increment of the basal area, which provides information about the amount of wood
deposited by trees. Dendrochronological methods can be used, for example, to demonstrate
the influence of individual climatic elements on the growth of wood, that is, the vitality of
trees [27]. However, industrial pollution often reduces the vitality of trees, the growth of
trees, and their sensitivity to meteorological factors, and increases the heterogeneity of their
annual growth responses [28–32]. Most of the dendrochronological studies of tree rings
evaluate changes in radial stem growth, which in coniferous species is characterized by a
clear decrease with age, which may obscure the true causes of changes in tree condition.
Unlike radial growth, basal area increment (BAI) in healthy trees is characterized by a
long-term upward trend with age, reaching its peak at several dozen years of age [33]. In
particular, we investigate whether BAI is a sensitive indicator of tree vigor.

The purpose of these studies was to investigate the sensitivity of the pine population
to temperature and precipitation in four forest areas in Silesia influenced by industrial
pollution. The annual variation of the basal area increment, δ13C, and iWUE were used as
the indicators of the tree’s response to climate change, when there was a strong increase in
industrial activities in the investigated area.

2. Results

Figure 1 shows dynamic changes in the average monthly temperature and the amount
of precipitation in the investigated area. The period from 1951 to 2012 was characterized in
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the regional climate records by an annual mean temperature range of 6.5 to 10.5 ◦C) and a
mean annual precipitation range of 360 to 870 mm.

 
(a) (b) 

 
(c) 

 

 
(d) 

 
(e) 

Figure 1. Trends and intraannual variation in air temperature (T) and amount of precipitation (P)
mean value (mean) and extremes (max-maximum, min-minimum) (a,b) and comparison of time
series, and trends in the total amount of precipitation and mean, maximum (max) and minimal (min)
air temperature, respectively, orange lines indicate a trend of 5-year mean of average temperature (c),
maximal and minimal temperature (d) and the sum of precipitation (e), in the investigated area
(1950–2012).
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Figures 2 and 3 provide an overview of the data from the SPEI Global Drought
Monitor related to the climatic water balance, including a comparison of time series, means,
extremes, and trends. The threshold and symbology for the SPEI were used according
to the Global Operational Support Team [24]. To detect drought episodes, it is possible
to use SPEI, which takes into account the intensity and duration of drought episodes.
The idea behind SPEI is to compare the maximum possible atmospheric evaporation
demand with current water supplies. The SPEIbase v2.0 database is based on the FAO-56
Penman–Monteith equation [21–23]. Negative SPEI values represent a rainfall deficit
below average precipitation and high potential evapotranspiration. Dry episodes begin
when the SPEI value is below or equal to −1.0. Positive SPEI values indicate that rainfall
surpluses are higher than median rainfall and that potential evapotranspiration is low. The
wet periods start when the SPEI value is above or equal to 1.0, and end when the value
becomes negative.

Figure 2. Comparison of time series and trends of annual mean SPEI between 4 investigated sites in
Poland: HK-Dabrowa Górnicza, LA-Łaziska Górne, KK-Kędzierzyn Koźle, OLE-Olesno. Based on
the data set [23,24].

In the last century, the dynamic changes in SPEI can be seen in Figure 3. In the first
two decades of the twentieth century, only a few times have the mean SPEI been lower than
0, and this period was rather moisture. In the next six decades, from 1920–1980, much more
often the SPEI has been less than 0, so dry periods seem to occur more frequently. Since the
1980s, more frequent and longer dry period, including extremely and exceptionally dry,
has been observed. (Figures 2 and 3).

2.1. δ13 C and iWUE and Climate Changes

Figure 4 shows a clear trend of decreasing the value of δ13C value, Figure 4b shows an
increase in iWUE.

The tests revealed weak and significant correlations between T, P, SPEI, and δ13C,
iWUE. The results of the moving correlation tests presented in Figure 5 are useful in analyz-
ing the temporal stability of the significant relationships between the selected parameters.
The results confirm that there is a high correlation between climatic factors and carbon
isotopic composition and iWUE and a high positive or negative relationship between them
can be observed over the investigated period of time, whereas the other may be visible only
for a short period of time, while the others might be hazardous. At this time, we cannot
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exclude that some results of the response of trees to climate change may be masked by the
anthropopression in this region.

  
(a) (b) 

Figure 3. Graphical analysis of SPEI in the investigated area (HK-Dabrowa Górnicza, LA-Łaziska
Górne, KK-Kędzierzyn Koźle, OLE-Olesno and mean SPEI value in Silesia region) since 1900–2012.
Comparison of time series, means, extremes, and trends of monthly SPEI (a) the number of months in
each year (1900–2012) with the division to 11 types of the period depends on SPEI (b) the temporal
distribution of variation in SPEI over each year since 1900–2012. The comparison according to the
threshold and symbology for the SPEI [24], and data [23].
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(a)

(b)

Figure 4. Changes in carbon stable isotope composition of tree rings (a) and iWUE (b) in pine grown
in four forests in Silesia (Poland): HK-Dabrowa Górnicza, LA-Łaziska Górne, KK-Kędzierzyn Koźle,
OLE-Olesno.

(a) 

Figure 5. Cont.
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(b) 

 
(c) 

Figure 5. Cont.
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(d) 

 
(e) 

Figure 5. Cont.
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(f) 

Figure 5. The impact of climate changes on fractionation of carbon isotopes in pine grown in four
forests in Silesia (Poland): HK-Dabrowa Górnicza, LA-Łaziska Górne, KK-Kędzierzyn Koźle, OLE-
Olesno. Relationship between δ13C and monthly mean air temperature (T) (a), monthly sum of
precipitation (P) (b), standardized precipitation−evapotranspiration index (SPEI) (c) and iWUE
between monthly mean air temperature (d), monthly sum of precipitation (e) and standardized
precipitation-evapotranspiration index (f). The results of the temporal stability test of the correlation
between climatic parameters and δ13C and iWUE based on the bootstrap correlation and the moving
interval correlation (base length 26 years, last year was indicated on the x−axis). The investigated
period of time was from September (capital letter) of the previous year until September of a given
year, p < 0.05, investigated cover period of time: 1975–2012).

Figure 5a,b shows the coefficient correlation between δ13C and temperature and pre-
cipitation, respectively. Figure 5c reveals a relationship between δ13C and SPEI. Figure 5d,e
shows a strong correlation between iWUE and temperature and precipitation, respectively.
Figure 5f reveals a relationship between iWUE and SPEI.

In general, a negative relationship of δ13C with precipitation in July and September
has been observed, whereas some positive relationship has been observed with the amount
of precipitation in winter. However, a negative relationship of δ13C with temperature
in March and a April and positive relationship with temperature in September has been
observed. Comparing δ13C with SPEI, a strong significant correlation with SPEI in July has
been observed. Most trees show a strong correlation with different summer months (June,
July, August, and September). The lower value of SPEI corresponds to an increase in δ13C
in trees.

The analysis of iWUE gives the possibility to investigate the impact of climate factors
on carbon isotopic composition by removing the effect of depletion of 13CO2 in the air
caused by fossil fuel combustion.

The temporal stability tests of the correlation between iWUE and air temperature,
amount of precipitation, and SPEI results show a significant relationship, in most of the
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investigated sites, with temperature in June, July, and August. Interestingly, there are also
differences in sensitivity. The strength of this relationship has not been constant and has
been modified over an investigated period of time. The correlation between iWUE and
temperature is surprising in the last years—where the relationship with spring seems to
start significantly. The relationship between winter temperatures (February) is probably a
risk. However, this significant relationship between iWUE and temperature in February
was noted in two sites. The results of moving correlation tests suggest that iWUE may
be affected by the amount of precipitation in winter and spring (January and March),
where a positive correlation has been observed, and with precipitation in August (negative
relationship). In the last period of time also, the sum of precipitation in May seems to
be significant.

The results of moving correlation tests presented in Figure 5 show the strong positive
relationship between iWUE and SPEI in summer, in June, August, and September.

2.2. Long- and Short-Term Basal Area Increment

The site chronologies of basal area increments (BAI) are characterized not only by clear
short-term variability but also by long-term variation (Figure 6). The chronologies had a
similar long-term pattern. The BAI gradually increased with the age of the trees and peaked
mostly after several decades. We see long-term BAI growth at all sites. The similarity of
annual changes in BAI in 18 pine populations was also relatively high (Figure 6). The
variation in BAI from year to year is mainly the result of the effects of climate conditions on
trees. Therefore, it can be assumed that the climate signal contained in the chronologies of
18 pine populations was similar during the period studied. The indexed chronologies (BAII)
show a strongly reduced long-term variation, while short-term variation is highlighted
(Figure 7). MS values indicate high annual sensitivity of trees and strong climatic signals
contained in the site BAI chronologies during the period considered. The mean sensitivity
(MS) of 18 BAI chronologies in the period 1930–2012 ranged from 0.175 to 0.239, which can
be considered relatively high values. The sensitivity of the pines remained relatively high
even during periods of high industrial pollution, i.e., the 1960s, 1970s, and 1980s (Figure 8).
However, it should be emphasized that pines slightly reduced basal area increments in the
1970s and 1980s (Figure 6), and the heterogeneity of annual increment responses increased.
This is evident from the lack of pointer years in the 1970s and 1980s (Figure 9). Before and
after this period, homogeneity was much higher. This was probably a consequence of the
strong increase in industrial pollution.

Figure 6. Eighteen site chronologies of basal area increment.
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Figure 7. Eighteen site indexed chronologies.

Figure 8. Ten-year running values of MS index. The consecutive MS values are plotted at the end of
each 10-year period; the first period ranged from 1931 to 1940 and the last period from 2003 to 2012.
The average MS values are marked with a red line.

Figure 9. Regional chronology of IT indices and positive (white dots) and negative (black dots)
pointer years.
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2.3. BAI, Climate Conditions, and Pointer Years

A total of 18 site-indexed chronologies (BAII) were correlated with the climate pa-
rameters (Figure 10). The relationship between BAI and air temperature in February and
March, as well as precipitation in the previous September, and current May and July, was
very similar in all pine populations (Figure 10). These correlations are confirmed by the
analysis of the climatic conditions in the positive and negative pointer years (Figure 11).
The positive pointer years were characterized by high precipitation in September of the
previous year, a warm and short winter, low precipitation in May, and high precipitation in
June and July in the year of tree-ring formation. In the negative pointer years, the climatic
conditions were opposite (Figure 11).

pS pO pN pD J F M A M J J A S pS pO pN pD J F M A M J J A S

Figure 10. Correlation coefficients between 18 site indexed chronologies (BAII) and mean monthly
temperature and precipitation, from September of the previous year (pS) to September of the current
year (S).

Figure 11. The climatic diagram. Differences in mean monthly temperature (red line) and precipita-
tion (black bars) between the negative and positive pointer years.

3. Discussion

3.1. Climatic Factors That Influence the Basal Area Increment

The study area can be considered homogeneous in terms of annual BAI changes
in pine trees. Interestingly, the pine populations show a similar sensitivity to climatic
conditions even in period of high pollution. However, the heterogeneity of their annual
incremental responses increased in this period. This is evidenced by the lack of pointer
years. In recent years, there has been an increase in MS, and pointer years have reappeared.
This may indicate the increasing sensitivity of pines to climatic conditions. The climatic con-
ditions of the current and the previous year influence tree growth in temperate and boreal
zones [27]). This is also the case with Scots pine, as shown by the results of dendroclimatic
studies [34–38]. An important factor that affects the increase in the basal area increment
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of studied Scots pine was the precipitation conditions in September in the year before
the current growing season. The high precipitation in this month had a positive effect on
wood growth in the following year. Scot pines usually finish their wood growth at the end
of August or at the beginning of September [39]. The trees concentrate on accumulating
reserve substances that affect the vitality of the trees during the winter period [27]. In turn,
sunny weather in September affects the high number of generative organ buds [40,41], and
flowering and a lot of cones with seeds in the next spring have a negative impact on wood
growth [42]. On the other hand, the cloudy and wet weather in September influences the
amount of vegetative buds, and therefore the number of new shoots and needles in the next
spring is high [42]. Therefore, the assimilation area and the production of auxins increase,
accelerating the cambial division and increasing wood increment. Our results confirm that
high precipitation in September has a positive effect on the basal area increment of pines in
the following year.

The results of our study show that warm and short winters also positively influence
the condition and wood increment of 18 Scots pine populations. In the temperate zone,
bud break and division of the vascular cambium occur after winter. These processes are
temperature-dependent [43,44]. The results of many studies show that the earlier onset
of wood cell formation in Scots pine trees is related to a higher air temperature at the
beginning of the growing season [45–48]. Interestingly, the dry weather in May had a
similar positive effect on the basal area of the pines. These correlations are confirmed in
other dendroclimatic studies in pines [35,38,49]. Low precipitation due to lack of cloud
cover increases the inflow of direct solar radiation, which warms shoots and needles. The
positive effects on the increase in the basal area increment of the pines were also caused by
high precipitation in summer, mainly in July in the year of tree-ring formation. It causes a
prolongation of the period of intensive divisions of the vascular cambium and the formation
of large-diameter cells. The water deficit in summer often leads to earlier termination of
cambium activity in conifers [48–50]. Therefore, summer droughts are the factor that limits
wood growth, which has been observed in the pines throughout their range [51–58].

3.2. The Impact of Climatic Changes on δ13C, iWUE

The decrease in δ13C in trees and the increase in iWUE since 1975–2012 in each
sampling site can be explained by isotopic fractionation in the air or the response of the
plant to changes in plant physiology due to changes in the ecosystem, for example, changes
in weather conditions or water stress and limitation of access to the water. It could be due
to climatic changes and also due to the fractionation of δ13C in atmospheric CO2, which
originates from different sources. This phenomenon has been reported by [11–13]. It is
evident that the emission of CO2 from fossil fuel combustion is depleted by 13CO2. In
consequence, mixing natural and anthropogenic CO2 in the atmosphere modified the level
of 13CO2 in the atmosphere and a global trend of decrease δ13C in the air was observed.
Coal was the main fuel in the region, accounting for 83% of the total CO2 emissions from
fossil fuels in 1950. Recently, gas fuels have increased significantly, and since the late 1990s,
gas fuel emissions have exceeded coal emissions. Increased CO2 significantly reduces the
δ13C in the atmosphere. The current δ13C is about −8‰.

Other investigations [1–3,9–13,15–20] conclude from their analyzes that also differ-
ent climatic factors, tree physiology, and carbon isotope fractionation that occurs due to
diffusion in air and carboxylation-causing stomatal conductance, and fractionation (dis-
crimination by RuBisCO) have an influence on carbon isotopic composition of plants.
Furthermore, previous isotopic research conducted in this research area focused primarily
on single climate factors that influence the isotopic composition of selected saccharides in
three of the four forests investigated in the current studies.

It can be observed that the variation in δ13C and iWUE can be associated with different
climatic factors such as precipitation or temperature and can be correlated with SPEI. In
most cases, the impact of the weather conditions of the previous year has not been observed.
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The findings in current studies confirm those of earlier studies, such as the climatic
factor having an impact on the carbon isotopic composition of tree rings. The results indicate
that, in general, δ13C has been positively correlated with the temperature in summer and
negatively correlated with the temperature in summer, and negatively correlated with
the amount of precipitation in winter and spring and positively with the precipitation in
summer. iWUE has been positively correlated with temperature; the highest correlation
was observed with temperature in June, July, and August. When comparing iWUE with the
monthly amount of rain, it can be observed that prior to 2003, there was a strong correlation
with precipitation in August (negative correlation), and a positive correlation between
iWUE and the amount of precipitation in January and March seems to be more significant
in the last decades.

Dynamic changes in photosynthesis rate and stomata conductance may be affected by
different environmental factors. On the one hand, taking into account pollution emissions
in this area, it cannot be excluded that until the 1990s, photosynthesis could be limited
due to pollution and toxic substances in the air that could be toxic to plants; thus, trees
absorbed less CO2 from the air by leaves during photosynthesis. On the other hand,
the decreasing trend in SPEI suggested that in this region the drought episodes seem
to be significant and more frequent, so in consequence, trees could react against water
transpiration from the leave by modification of stomata conductance. So, more frequent and
more extremely dry periods in the last decades might be reflected in dynamic changes in
pine stomata conductivity due to water deficit and thus in carbon stable isotope composition
and iWUE variations.

By comparing the results of the variations in moisture over the past century, moderate,
very moist, and exceptionally wet months were observed in the last decades. These results
can be explained by the fact that the high value of SPEI can usually be associated with short
and intensive rain that could cause floods. In effect, water could not be captured by the
soil. The decrease in SPEI associated with dry and water deficit periods corresponds to the
summer time in Poland. The relationship of δ13C and iWUE with the climatic parameters
and SPEI is certainly due to the fact that throughout the year, in Poland, in summer, the
most intensive but also very short raining episodes are in summer, and the soil cannot save
and retain the water or the water evaporates very quickly due to the high temperature. The
increase in iWUE may be associated with a variation in the photosynthesis rate or a change
in stomata conductance. A more detailed analysis of iWUE [9,15,16] taking into account
changes in the photosynthesis rate (A) and changes in the conductances of the stomata (g)
give a possibility to create the hypothesis of the reaction of the different scenario of plants
as a response to environmental changes. These scenarios of dynamic changes in iWUE may
be possible with a different probability. The iWUE may increase if:

1. The photosynthesis rate increases significantly and the stomata conductance is at the
same level or does not significantly

2. The photosynthesis rate is constant, and the stomata conductance is reduced.
3. The photosynthesis rate decreases and the stomata conductance is reduced, but

stomata conductance reduction is a much more significant process than a reduction in
photosynthesis speed.

These results need to be interpreted with caution because, at this moment, it is hard
to say which scenario is the most likely one. Taking into account that (i) in the air there
is a lot of CO2, and trees have access to CO2, and currently, the pollution emission from
industry is much lower than in the 1960–1980s, so current conditions are more favorable
for photosynthesis and that (ii) SPEI reach much lower value so the reaction of trees will be
associated with reduction of stomata conductance to avoid rapid water evaporation, in our
opinion scenario 2 or 3 is the most probable. But to confirm this hypothesis a further more
detailed analysis should be conducted.

The effect of drought and water stress on pine production in the southern part of
Poland is evident. As a consequence of these strong rains, the soil could not restore water

106



Plants 2022, 11, 3569

for a longer period of time. As a consequence, it has been possible to observe the water
deficit that could be responsible for plant reactions against water stress.

4. Materials and Methods

4.1. Study Area

18 pine stands in the following in the forest close to the following cities Dąbrowa
Górnicza near steelwork “Huta Katowice” (HK; 50◦20′29.7′ ′ N 19◦17′04.8′ ′ E), Kędzierzyn-
Koźle near chemical factories (KK, 50◦18′20′ ′ N 18◦15′27′ ′ E), and Łaziska near heat and
power station (LA; 50◦07′58.0′ ′ N 18◦50′47.1′ ′ E) and one reference site (OLE, 50◦52′37′ ′
N, 18◦25′15′ ′ E) was under dendrochronological investigation (Figure 12). The sampling
sites were located at different distances from industrial factories (from 1 to 20 km from
the factories). The comparison site was 100 km from industrial factories. On the basis
of dendrochronological results, a representative site from each region was isotopically
investigated. Selection based on the length and size of the reduction in tree rings width
during the most industrialized period of time in Poland [19]. This limitation of the analysis
was due to costs and time-limited projects.

Figure 12. Sampling sites-forests closed to Dąbrowa Górnicza (HK: 50◦24′ N 19◦28′ E); Kędzierzyn-
Koźle (KK: 50◦20′ N 18◦19′ E), Łaziska (LA: 50◦8′ N; 18◦53′ E) and a reference site (OLE).

Meteorological data from the meteorological stations in Katowice (50.96◦ N 19.01◦ E)
and Opole (50.67◦ N 17.93◦ E) were provided by the Polish Institute of Meteorology and
Water Management (IMGWPIB). The SPEI data was downloaded from the SPEI Global
Drought Monitor [21–24].

Using the threshold and symbology for the SPEI https://bennyistanto.github.io/gost-
climate/indices/spei.html accessed on 1 October 2022), it is possible to conduct detailed
analysis and compare time series, means, extremes, and trends of monthly SPEI with the
division to 11 types of period: exceptionally dry for SPEI below or equal to −2.00; extremely
dry for SPEI range from −2.00 to −1.50; severely dry for SPEI range from −1.50 to −1.20;
moderately dry for SPEI range from −1.20 to −0.70; abnormally dry for SPEI range from
−0.70 to −0.50; near normal for SPEI range from −0.50 to +0.50; abnormally moist for SPEI
range from +0.50 to +0.70; moderately moist for SPEI range from +0.70 to +1.20; very moist
for SPEI range from +1.20 to +1.50; extremely moist for SPEI range from +1.50 to +2.00;
exceptionally moist for SPEI equal and above 2.00.

Dendrochronological analyzes cover a period of time from 1900–2012. The relationship
between precipitation, temperature, and BAI was analyzed for the period of time between
1951 and 2012, while the relationship between precipitation, temperature, and drought
index (SPEI), δ13C, and iWUE was analyzed for the period of time between 1975 and 2012.

4.2. Dendrochronological Analysis

In each of the 18 tree stands (sites), a total of 15 dominant and co-dominant Scots
pine trees were selected for this study. The age of trees was about 100 years old. Two
increment cores were taken from each tree at 1.3 m above the ground. The cores were
sanded and scanned in a resolution of 2400 DPI. The widths of the tree rings in cores were
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then measured to the nearest 0.01 mm using CooRecorder and CDendro 7.8 software [58].
The quality of the measurement data and the cross-dating was checked with the COFECHA
program [59]. For each tree in each year, the mean tree-ring width was calculated as

r = (r1 + r2)/2 (1)

based on radious r1 and r2.
The annual basal area increment (BAI) was calculated from the average radius values

as follows;
BAIi = πr2

i − πr2
i−1 (2)

where: ri is the radius increment of the stem in the year i and ri–1 is the radius increment in
the previous year.

For each site, the annual BAI of 15 trees sampled in each year was averaged. In this
way, the BAI chronologies of the sites were created. In addition, the BAI series of each tree
was subjected to indexing and autoregressive modeling using the ARSTAN program [58].
The program twice fits a negative exponential curve or trend line to each BAI series. The
BAI indices (BAII) for each year are calculated using the following formula.

BAIIi = Ri/Yi (3)

where Ri is the BAI in the year i and Yi is the value of a fitted curve in the year i.
Subsequently, each indexed series was subjected to autoregressive modeling to elim-

inate autocorrelation. This removed trends, long-term fluctuations, and autocorrelation
in the BAI series. Consequently, each tree was represented by an individual BAI and an
indexed chronology (BAII). For each pine stand, BAI and BAII chronology was developed
based on 15 tree chronologies. The average relative difference in radial increment of the
trees was evaluated using mean sensitivity (MS) [27]. The MS values were calculated
for the period 1931–2012 and for 10-year periods. The MS determines the sensitivity of
trees to short-term environmental stimuli, mainly climate. Correlation coefficients were
calculated for each site indexed chronology (BAII) and climate parameters (mean monthly
temperature and total monthly precipitation from the previous September to September in
the year of tree-ring formation). Furthermore, IT indicators (interval trend indices) were
calculated for all (270 = 18 sites × 15 trees) BAI series [60];

IT = 100 · m/n (%) (4)

where: m, the number of trees where BAI in the current year is greater than BAI in the
previous year, n, the total number of trees studied.

A higher value of IT corresponds to a higher degree of homogeneity of the incremental
response of trees in a given year. IT equal to 100% means that all trees increased BAI
compared to the previous year. IT equal to 0% means that all trees decreased BAI compared
to the previous year. IT equal to 50% means that half of the trees decreased BAI compared
to the previous year and half of the trees increased BAI. The climatic conditions in the years
of positive (IT > 80%) and negative (IT < 20%) pointer years were compared to identify the
climatic factors that contributed to the occurrence of the pointer years.

4.3. Isotopic Analysis

The isotopic chronologies were based on a pooled-ring approach, with 10 trees per
each of the four sites (LA, HK, KK, OLE). The sites were chosen during previous research
that was immediately related to the current studies [7,8,17–20].

The isotopic composition of the α-cellulose, extracted using the standard proce-
dure [15,18–21,61] was measured in triplicate samples by IRMS (Isoprime, GV Instruments,
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Manchester, UK) at the Institute of Physics of the Silesian University of Technology, Poland,
and reported with the delta notation in respect to the international standard (VPDB):

δ = (Rsample/Rstandard − 1)·1000, ‰. (5)

where Rsample and Rstandard are the molar fractions of 13C/12C the sample and the standard,
respectively. The calibration was performed using an internal standard (C-3 and C-5, IAEA
for δ13C, standard deviations for each triplicate sample were less than 0.3‰).

To calculate iWUE on the basis of δ13C in pine and in air, we used the formula
according to [3,61]

Δ13C =
δ13Cair − δ13Cpine

1 +
δ13Cpine

1000

(6)

Δ13C = a + (b − a)
ci

ca
(7)

iWUE =
A
g

= ca

[
1 − ci

ca

]
0.625 (8)

where ci is intercellular CO2 concentration, ca is ambient CO2 concentration, a = ~4.4‰ is
the discrimination against 13CO2 during CO2 diffusion through the stomata, and b = ~27‰
is the discrimination associated with carboxylation.

In this study, a detailed analysis of the sensitivity to variations in air temperature has
been carried out, and the sum of precipitation and possible evapotranspiration has been
carried out using the bootstrap correlation and the correlation of the moving interval, Den-
droClim2022 [62] (base length of 26 years, the investigated period of time was September
of the previous year until September of the given year, p < 0.05, period of time: 1975–2012).
Although the variation in SPEI for each of the investigated sites is evident but not very
significant, a local value of SPEI was taken into account in a more detailed analysis of the
influence of climate on selected pine stands in four forests.

5. Conclusions

The results of this study provide information on the stem growth of Scots pine trees in
18 pine stands growing in polluted areas. The pines studied are sensitive to the various
climatic factors that occur in the previous and current year of tree-ring formation. The
most important factors that affected the increase in the basal area of Scots pine were pluvial
conditions in the previous autumn and current spring, and thermal conditions in the winter
of the year in which the annual rings were formed. The increasingly warm winters could
have a positive effect on the growth of Scots pine in the future. On the other hand, the factor
limiting their wood growth will be the ever-decreasing precipitation in summer. Industrial
pollution caused only a small reduction in the wood growth of pines and an increase in the
heterogeneity of their growth responses. This fact did not have a strong influence on the
relationships between the BAI and climate conditions.

The main factors influencing carbon isotopic fractionation in pines were thermal
and pluvial conditions in different seasons of the year of tree ring formation. This study
confirms that the carbon isotope composition provides a useful measure of integrated water
use efficiency (iWUE) of pines and, together with BAI can be used to classify the tolerance
to the drought of pines growing in the industrial forest area.

SPEI analysis confirmed that there could be a different scenario of the dynamic tree
response to water stress. Father detailed analysis should be conducted to confirm which
of two scenarios is more probable: or (1) constant photosynthesis rate and reduction of
stomata conductivity (2) decrease in the photosynthesis rate and reduction in the stomata
conductivity, in the case where stomata conductance reduction is much stronger than
photosynthesis rate limitation.
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8. Sensuła, B.; Fagel, N.; Michczyński, A. Radiocarbon, trace elements and Pb isotope composition of pine needles from a highly
industrialized region in southern Poland. Radiocarbon 2021, 63, 713–726. [CrossRef]

9. Ehrelinger, J.R.; Hall, A.E.; Farquhar, G.D. Stable Isotopes and Plant Carbon-Water Relation, 1st ed.; Academic Press: New York, NY,
USA, 1993; pp. 1–555.

10. Leavitt, S.; Long, A. Stable carbon isotopes as a potential supplemental tool in dendrochronology. Tree Ring Bull. 1982, 42, 49–56.
11. McCarroll, D.; Gagen, M.H.; Loader, N.J.; Robertson, I.; Anchukaitis, K.J.; Los, S.; Young, G.H.F.; Jalkanen, R.; Kirchhefer, A.;

Waterhouse, J.S. Correction of tree ring stable carbon isotope chronologies for changes in the carbon dioxide content of the
atmosphere. Geochim. Cosmochim. Acta 2009, 73, 1539–1547. [CrossRef]

12. Craig, H. Carbon-13 in plants and the relationship between carbon-13 and carbon-14 variations in nature. J. Geol. 1954, 62,
115–149. [CrossRef]

13. Keeling, C.D.; Chin, J.F.S.; Whorf, T.P. Increased activity of northern vegetation inferred from atmospheric CO2 measurements.
Nature 1996, 382, 146–149. [CrossRef]
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Abstract: One of the most important proxy archives for past climate variation is tree rings. Tree-ring
parameters offer valuable knowledge regarding how trees respond and adapt to environmental
changes. Trees encode all environmental changes in different tree-ring parameters. In this study,
we analyzed how air temperature is encoded in different Norway spruce tree-ring proxies along an
altitude gradient in an intramountain valley of the Carpathians. The study area, in the Gheorgheni
region, Romania (Eastern Carpathians), has a mountain climate with a frequent temperature inversion
in winter. The climate–growth relationship was analyzed for two contrasting altitudes: low elevation,
i.e., below 1000 m a.s.l., and high elevation, i.e., above 1500 m a.s.l. Two local weather stations, one in
the valley and the other on the upper part of the mountains, provide daily temperatures (Joseni—
750 m a.s.l. and Bucin—1282 m a.s.l.). The bootstrap Pearson correlation between cumulative daily
temperature data and three tree-ring proxies (tree-ring width—TRW, basal area increment—BAI, and
blue intensity—BI) was computed for each series. The results show that elevation modulates the
climate response pattern in the case of BI, and remains relatively similar for TRW and BAI. The winter
temperature’s positive influence on spruce growth was observed in both TRW and BAI chronologies.
Additionally, the BAI chronology highlights a positive relationship with summer temperature. The
highest correlation coefficient (r = 0.551, p < 0.05, n = 41) was recorded between BI residual chronology
from high elevation series and summer/autumn temperature from the upper-part weather station
for a cumulative period of 59 days (the second half of August to the beginning of October). Our
results show that, for this intramountain valley of the Eastern Carpathians, different tree-ring proxies
capture different climate signals.

Keywords: climate–growth relationship; climate signal; tree-ring width; basal area increment; blue
intensity; daily climatic data

1. Introduction

Tree growth is driven by multiple factors, and climatic conditions represent one of the
main drivers of wood accumulation [1,2]. Changes in climatic conditions (e.g., temperature
rise, precipitation decrease) and higher frequencies of extreme events (e.g., heat waves,
long periods of drought) induce stress on trees and forest stands, with negative ecological
and economic effects [3,4]. All these environmental changes are encoded in different
tree-ring parameters.

In the context of climate change, increasing efforts have been made to understand
and assess the effect of environmental change on forest ecosystems [5]. Knowledge and
mitigation of climate-change impacts represent a central goal for forest management sys-
tems [6–10].
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Dendrochronological studies analyzing how trees are influenced by climate and how
tree species adapt to new climate conditions also provide a record of the past climate [1,2,11].
Tree rings can be used as an important proxy to highlight annual climate variations [12]. The
main tree-ring proxy used in dendrochronology is tree-ring width (TRW). However, in some
cases, TRW does not provide a strong and robust climate signal compared to other tree-ring
parameters such as maximum latewood density (MXD) or stable isotopes [13–18]. Usually,
to ascertain MXD, expensive equipment is required, and there are logistical limitations.
A relatively new parameter (image-based blue reflectance—blue intensity, BI) has been
developed to respond to these limitations [19–21]. BI is a proxy that represents measured
reflected light in specific wavelengths of the color spectrum. Studies have shown a strong
correlation (over r = 0.95, p < 0.05) between BI and MXD [19–24]. BI has a stronger
climate signal in temperature-limited ecosystems compared to TRW and is less sensitive
to disturbances [24,25]. Based on these findings, there is potential for BI to be used as a
substitute for MXD. However, the basal area increment (BAI) represents a two-dimensional
measurement, specifically on the surface of the tree ring. The basal area increment is more
related to the biomass increment of the tree and stand productivity [26,27]. Moreover, BAI
is a suitable proxy that can preserve low and medium-frequency growth variability [28,29].

Norway spruce (Picea abies (L.) Karst) is one of the dominant coniferous species at both
the Romanian and European levels [30]. On a large scale, Norway spruce is managed in
monocultures due to its high productivity and ability to grow at high rates inside and out-
side of natural areas, with significant economic advantages [31]. Monoculture management,
which focuses mainly on wood production, is prone to more issues compared to mixed-
forest management, which focuses on both productivity and biodiversity, with higher stand
resistance and resilience [8,32,33]. Generally, Norway spruce growth is driven by summer
temperature in mountainous areas and by precipitation at lower elevations [34–39]. Spruce
has demonstrated high sensitivity to extreme events such as drought or heatwaves [40–42].

In mountainous areas, due to alternating slopes and valleys, it is possible to have a
regional climate modulated by a local topography [43]. The particular local climate specific
to the intramountain valleys of the Carpathians can induce different climate responses
of tree species (in our case, Norway spruce) compared with general patterns observed in
mountainous regions.

In this study, we aimed to determine the climate signals captured in three tree proxies
(TRW, BAI, and BI) of Norway spruce in an intramountain valley in the Eastern Carpathians
along an altitudinal gradient. The specific research questions were:

• How does air temperature modulate Norway spruce growth in an intramountain
valley of the Carpathians?

• Is the correlation between temperature and the investigated tree-ring parameters stable
through time?

2. Results and Discussion

2.1. Description of Chronologies

The individual age of sampled trees varies from 68 years to 135 years with a mean
chronologies age of 98 years, with insignificant differences between low- and high-elevation
chronologies (Table 1). The average growth rate is 1.96 mm·year−1, and ranges from
1.77 mm·year−1 (high elevation) to 2.16 mm·year−1 (low elevation). A reduction in tree
growth with increasing elevation is expected, being the consequence of temperature de-
crease and shortening of the growing season [34,44].
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Table 1. Basis statistics for the six chronologies: TRW—tree-ring width; BAI—basal area increment;
BI—blue intensity; AGR—average growth rate (mm year−1 for TRW, mm2 year−1 for BAI, and no
unit for BI); SD—standard deviation; Rbar—series intercorrelation; Mean sens—mean sensitivity;
Auto corr.—serial autocorrelation.

Tree Ring Proxy
Series Length

AGR ± SD Rbar Mean Sens Auto Corr.
Mean Min Max

Low Elevation Chronologies

TRW
95 79 135

2.16 ± 0.53 0.304 0.176 0.869
BAI 1445.7 ± 614.7 0.299 0.211 0.773
BI 2.27 ± 0.17 0.146 0.063 0.548

High Elevation Chronologies

TRW
101 68 133

1.77 ± 0.54 0.335 0.150 0.857
BAI 1003.6 ± 541.6 0.333 0.163 0.844
BI 2.15 ± 0.20 0.287 0.077 0.459

Common variance, expressed by the mean series intercorrelation (Rbar) with values
around 0.3 for all tree-ring proxies except for BI at the low elevation, reflects a medium
climatic control of Norway spruce growth in the study area. The mean sensitivity of the
analyzed chronologies showed lower interannual variability for BI chronologies compared
to TRW or BAI chronologies. Low mean-sensitivity values are typical for Norway spruce
growing in optimal climatic conditions [35]. Lower values for mean sensitivity of BI
chronologies have also been recorded for Norway spruce in other regions [45,46] or for
other species from the Picea, Abies genus [45,47,48]. The temporal memory, expressed by
serial autocorrelation of raw data, is highest in the case of TRW and lowest for BI.

The TRW, BAI, and BI index chronologies were truncated for the period 1978–2019 to
overlap with the climatic data (Figure 1). The expressed population signal (EPS) for the
analyzed period exceeds the threshold of 0.85 [49] for all chronologies.

Figure 1. Norway spruce TRW, BAI, and BI residual index series chronologies for 1978–2019 (the
shadowed line represents the individual series and the thicker line represents the master chronologies).

115



Plants 2022, 11, 2428

2.2. Climate–Growth Relationships for Three Tree-Ring Parameters

The TRW residual index chronologies correlate positively with winter temperatures
(cumulative windows width starting from 21 to 120 days) (Figure 2). The correlation
coefficient between high-elevation TRW index chronology and mean temperature from
the up-hill weather station (Bucin) has the highest value (r = 0.494, p < 0.05, n = 41) with
the 3 December–18 January period. The low-elevation TRW index chronology has the
highest correlation (r = 0.485, p < 0.05, n = 41) with the 1 November–12 February mean
temperature from the up-hill weather station. Regarding the correlation between the
TRW residuals index and the winter air temperature from the valley weather station, the
maximum correlations were lower (r= 0.442, p < 0.05, n = 41—high-elevation chronology
and r = 0.435, p < 0.05, n = 41—low-elevation chronology).

Figure 2. Correlation between TRW residual index chronologies and cumulative daily temperature
from valley weather station (Joseni) (A) and from up-hill weather station (Bucin) (B) (vertical black
line represents the limit between previous (with lowercase) and current (with uppercase) year).

Moreover, the TRW residual index chronology from low-elevation sites shows a positive
and significant correlation with spring temperature (recorded in the valley) from March to
April (r = 0.374, p < 0.05, n = 41). For both chronologies, low and high elevation, a negative
correlation between TRW residual index and mean temperatures is present in the previous
vegetation season, in July. The maximum negative correlation between TRW residual index
chronologies and previous summer temperature varies from r = −0.502 (p < 0.05, n = 41) for
low-elevation series (temperature from the up-hill weather station) to r = −0.462 (p < 0.05,
n = 41) for high-elevation series (temperature from the up-hill weather station). A significant
negative correlation between TRW index chronology and temperature in the previous autumn
is present only at low-elevation sites, regardless of the weather station.

A positive correlation between the TRW index and December temperatures has also
been reported for other forests in the Eastern Carpathians [50]. In mountainous regions,
and mainly at high elevation, the growth of Norway spruce is usually positively correlated
with summer temperatures [35,37,38,50–52]. The positive correlation between TRW index
chronologies and winter temperatures at an elevation above 1500 m a.s.l. is not a common
dendroclimatic pattern for Norway spruce. The possible explanation for this climate–
growth relationship could be related to temperature inversion with a high frequency
during winter.

Generally, the air temperature is characterized by a decreasing gradient proportional
to the elevation [53]. The average gradient for decreasing air temperature with the increase
in elevation, in mountainous areas, is 0.6 ◦C/100 m [54]. Temperature inversions are phe-
nomena caused by the abnormal variation of the radiative heat balance induced by terrain
fragmentation, depth of valleys, and local topographical peculiarities [55–57]. Temperature
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inversions are a common occurrence in intramountain valleys, especially in the Eastern
Carpathians [56,58]. Thermal inversion leads to cold-air stagnation at the bottom of the
valleys, which favors fog formation with a significant impact on both human health and
vegetation growth [59]. At the same time, the upper part of the slopes benefits from higher
global radiation and warmer air mass with positive effects on vegetation and soil conditions.

Due to the temperature inversion phenomenon or mild winters, a higher air temperature
in the cold season can lead to faster snow melt and higher soil temperature. These factors have
a positive influence on cambium reactivation and apical growth in the spring, decreasing
the risk of tissue freezing and even creating a low probability of xylem embolism in the
spring [60–62]. These hypotheses could offer a possible explanation for the positive and
significant correlation between temperatures in the winter and TRW index chronologies.

A negative correlation between TRW index series and temperature from the previous
vegetation season has been observed in other Eastern Carpathian sites [50], Tatra Moun-
tains [38,63], in the timberline in East-Central Europe [37,64], and in the Alps [65]. This
correlation highlights a sensitivity of Norway spruce growth to the previous year’s tempera-
ture. Increasing summer temperatures may induce a reduction in the growth of spruce in
the next year. This temporal memory of growth can be linked with structural carbohydrate
dynamics and extending the growing season in previous years [51], and is supported by high
values of first order autocorrelation (Table 1). The correlation of growth with the previous
year temperature highlighted the importance of the carryover effects of climate variability,
such as photosynthetic gain and storage of assimilates [1,66]. Moreover, a warm summer
promotes the flowering of spruce, which is associated with a decrease in growth in the next
year [67]. Hansen and Beck [68] highlight that the carbohydrates accumulated in previous au-
tumn are depleted in spring. Also, the dynamics of spruce reserves involve an accumulation
of lipids in summer which are metabolized during the autumn [69].

The BAI residual index chronology correlation pattern differs depending on elevation
(Figure 3). The correlation between high-elevation BAI index chronology and winter
temperatures recorded at the up-hill weather station is significant and has a higher value
for the period of 26 November to 18 February. Interestingly, the positive correlation
between winter–spring temperatures and the BAI index chronology from a low elevation
is no longer significant when the temperatures are considered from the up-hill weather
station. Regarding the high-elevation BAI index chronology, the correlation patterns with
respect to the mean temperatures from both weather stations are similar. In the case of
the winter period, the correlation with temperatures from the valley weather station is
significant for longer cumulative window lengths.

Figure 3. Correlation between BAI residual index chronologies and cumulative daily temperature
from valley weather station (Joseni) (A) and from up-hill weather station (Bucin) (B) (vertical black
line represents the limit between previous (with lowercase) and current (with uppercase) year).
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Compared to the dendroclimatic pattern of TRW, a positive relationship with summer
temperature was observed for BAI. The highest correlation was recorded between the
BAI chronology from the high elevation and cumulative temperatures from the valley
weather station from 17 May to 22 July (r = 0.468, p < 0.05, n = 41). A positive correlation
with summer temperature on the current year’s wood accumulation is logical for high-
altitude chronology, since temperature is a limiting factor for these habitats [35]. A negative
correlation (r = −0.507, p < 0.05, n = 41) between BAI residual chronology from lower sites
and previous summer temperatures is significant for cumulative periods of 29 days (second
half of June to the middle of July) for both weather stations. The authors of [51] point out
that higher temperatures during the summer can induce a high rate of respiration with
negative effects on carbohydrate reserves used in the first phase of growth of the next year.
The photosynthetic gain during the previous summer has a strong effect on current year
ring width [67,70].

A clear pattern of positive and significant correlation coefficient between temperature
and BI chronologies was found only for the high-elevation chronology (Figure 4). The
highest correlation between the BI residual chronology from high-elevation series and
summer/autumn from the up-hill station is 0.551, p < 0.05, n = 41 for cumulative windows
of 59 days (second half of August to the beginning of October). An unusual correlation was
found between the BI index and winter temperature from the valley weather station. This
may be a false-positive correlation because it is less likely that winter temperature has a
strong influence on the wood density of latewood. The correlation between low-elevation
BI chronology and mean temperature from the previous summer is negative and significant
(r = −0.481, p < 0.05, n = 41) for a cumulative window of 28 days; that is, 19 June–17 July.
No significant correlation between BI index and previous year temperature was noted in
the case of the high-elevation chronology.

Figure 4. Correlation between BI residual index chronologies and cumulative daily temperature from
valley weather station (Joseni) (A) and from up-hill weather station (Bucin) (B) (vertical black line
represents the limit between previous (with lowercase) and current (with uppercase) year).

In contrast, at low elevation, the BI chronology shows almost no significant correlation
with current year temperatures. This suggests that at elevations below 1000 m, in this
intramountain valley, the late-summer temperature is not a limiting factor in the thickening
and lignification of cell walls of Norway spruce. This can be linked to a longer growing
season at lower-altitude sites and a higher stand productivity [35]. The highest correlation
between tree-ring parameters and temperature has been reported for BI chronologies from
the high elevation. These BI correlation patterns show that thickening of the secondary
cellular wall and the lignification process at high altitude are driven by the late-summer
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temperature [71]. The negative relationship with the previous year’s temperature can be
explained by the trade-offs in the carbohydrate allocation for seed production, increment
and formation of buds, with significant effects on nutrients reserves available for next year’s
growing start [72,73]. It has already been reported in the literature that BI chronologies, as
surrogates for maximum latewood density, express a stronger relationship with climate
compared to TRW at sites where the temperature is the most limiting factor [16,20,74–76].

Tree-ring width or basal area increment are tree-ring proxies containing aggregated
information about the climate conditions throughout the whole growth season, and about
disturbances. Meanwhile, the blue intensity contains information about the second part of
the growing season. The combination of these three tree-ring proxies can offer an integrated
perspective on the climate–growth relationship.

2.3. Time Stability of Climate–Growth Relationship

The time stability correlation between TRW, BAI, and BI residual chronologies and
temperature from the up-hill weather station was assessed using the cumulative window
with the highest correlation coefficient. It was preferred to assess the time stability for
windows with the highest correlations despite different periods between low and high
elevation chronologies. The periods with the highest correlations may be the most relevant
for assessing the climate sensitivity of Norway spruce. In the case of TRW, for the low-
elevation series, the highest correlation was for the interval between 31 October and
18 February and, in the case of the high-elevation series, for the period between 5 December
and 14 January. The time variation pattern of the correlation has evident temporal shifts,
mainly in the second part of the analyzed period (Figure 5A). For the high-elevation
chronology, the correlation has an increasing general trend with a small decrease around
1992 and stabilization after 2000. Contrary to the low-elevation chronology, the correlation
intensity increased until the 1989–2003 period. After that, a slight decrease was recorded,
with robust stability in time in the last years. The correlation between the low-elevation
TRW chronology and temperature from the up-hill weather station is lower than the
correlation recorded for high-elevation sites for most of the periods analyzed.

Figure 5. The 15-year running correlations between air temperature and tree-ring proxies ((A)—tree-
ring width; (B)—basal area increment; (C)—blue intensity). The legend contains the site location and
period (with the dashed line representing a significant correlation coefficient for p < 0.05, n = 15).
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The stability of correlation between the BAI chronology from upper sites and growing
season temperatures (24 May to 17 July) is stable in time with a slight decrease around
the 2000s (Figure 5B). The correlation coefficient for the entire period is r = 0.441, with a
minimum correlation of r = 0.298 for the period 1995–2009. Similarly, for lower sites, the
BAI chronology moving correlation with previous summer temperatures (22 June to 15
July) records a reduction of the intensity in the middle of the analyzed periods, which is
statistically non-significant. The decrease in correlation highlights a temporal instability
in the climate sensitivity of BAI for both elevations, which has also been reported in other
Norway spruce sites around Europe [34,44].

The time stability for BI correlation with air temperature was checked only for the
high-elevation chronology (Figure 5C). Two periods were analyzed, one in the first part
of the growing season (9 May to 28 July) and one in the late part (9 August to 8 October).
The correlation between the temperature at the beginning of the growing season and BI
index chronology has lower values in the first part of the analyzed period. The correlation
is stable in time and significant only after the 1997–2010 period. The temperature from the
last part of the growing season leads to a constant decrease in time of the correlation with
the BI residual chronology, followed by a significant increase after 2004.

The running correlation for a 15-year period highlights the non-stationary correlation
between TRW, BAI, and BI index chronologies, and air temperature. The continuous climate
change leads to different responses of trees to temperature.

3. Materials and Methods

3.1. Study Area

The study was carried out in the Gheorgheni region, a large intramountain valley in
the center of the Eastern Carpathians (Romania). The altitude in the study region ranges
from 700 m a.s.l. to 1770 m a.s.l. The study area is located between 46◦37′ N, 25◦25′ E and
46◦50′ N, 25◦36′ E (Figure 6). The general geology of the study area is represented by a
volcanogenic–sedimentary complex.

Figure 6. The study localization—with blue the high elevation sites, up-hill weather station, and
with red the low elevation sites, valley weather station (image source: https://geoportal.ancpi.ro
(accessed on 1 August 2022); https://earth.google.com (accessed on 1 August 2022)).
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All the forests in the study area are managed forests, even-aged, and the Norway
spruce is the main species. The forests belong to private and community owners and
are managed by Gheorgheni Forest District manly in a high forest silvicultural system
(clear-cutting system and shelterwood system).

In the study area mean annual temperature varies from 6.0 ◦C at the lower part of the
valley to 4.8 ◦C at higher elevations (Figure 7). The average amount of annual precipitation
is 542 mm at 750 m a.s.l. and 1004 mm in the upper part of the valley. The coldest month
is January (the mean temperature at the lower part of the valley is −6.4 ◦C and −5.7 ◦C
at higher elevations) and the warmest is July (the mean temperature at the lower part of
the valley is 16.6 ◦C and 14.1 ◦C at up-hill weather station). The month with the most
precipitation is June with 130 mm in the upper part of the valley and 90 mm at the lower
part. The study area is characterized by frequent thermal inversion [59]. January is the
month with the highest average of days with temperature inversion (13.8 days) followed
by December (12.9 days) and November (11.9 days). During the spring/summer months,
on average, less than 1–2 days with temperature inversion were recorded.

 

Figure 7. Climate diagrams according with Walter and Leith [77] for the local weather stations in
the study area (valley station on the right and up-hill station on the left). The red line represents the
variations of the mean monthly temperatures, the blue line represents the variations of the monthly
precipitation, the blue hatched area represents the humid period, and the blue filled area represents
the wet period. The bar in the lower part suggests the indication of months where frost is likely.

The climate diagrams according to Walter and Leith were created in R using the
climatol package [78].

3.2. Sample Collection and Data Processing

To investigate the effect of altitude on the Norway spruce, climate response increment
cores from 12 locations were collected: five locations at low elevation (altitude varied from
880 m a.s.l. to 1020 m a.s.l.) and seven locations at high elevation (altitude varied from
1510 m a.s.l. to 1630 m a.s.l.). In each plot, 15 to 20 dominant and healthy trees were selected
to extract increment cores. By applying a sampling strategy, we selected mature trees, and
the limitation of the analysis period to available temperature data ensured the exclusion of
the juvenile growth part from the climate–growth relationship analysis. One core per tree
was extracted using a 5-mm-diameter Pressler borer at breast height (i.e., 1.3 m). For each
sampled tree, 2 perpendicular breast-height diameters (DBH) were measured with a forest
caliper. The mean of these two diameters was used to compute the BAI. All three tree-ring
proxies (TRW, BAI, and BI) were measured/calculated for the same cores. A subset of
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50 cores for each altitude level (high and low elevations), were selected for measurements
and analysis. In order to obtain reliable BI measurements, we selected only cores with no
discoloration due to fungi, no gaps due to broken cores, and with parallel rings, as well as
from cores containing pith or those that allowed easy determination of any missing rings.

Increment cores were dried, mounted on wooden supports, and sanded with succes-
sive sanding grits (from 80 grit to 400 grit) to ensure the flatness of the sanded surface and
ring boundaries’ visibility. Sandpaper of 400 grains/mm2, according to [79], can assure the
quality of BI measurements. After sanding, cores were scanned at 1200 DPI using an Epson
Expression 12,000 XL scanner to measure TRW and BI. The scanning resolution (1200 DPI)
used in this study represents the scanner’s hardware optical resolution, and we did not use
an interpolation algorithm that could affect the BI measurements [79].

Norway spruce is a coniferous species with no visible differences between heartwood
and sapwood. Based on this characteristic of spruce wood, it is possible to measure late-
wood blue reflectance without any chemical treatments [22,80–82]. To measure latewood
blue reflectance, the standard protocol was followed [21,23]. Window parameter settings
were adjusted according to [21]. The measured values of blue reflectance were transformed
into blue intensity (BI) using Equation (1):

xi(adj) = 2.56 − xi
100

(1)

where xi represents the raw BI value for the year i; the constant 2.56 is used to ensure that all
the values of BI are positive (all the possible values for xi are from 0 to 255). The inversion
step was computed in CooRecorder 9.6 [83].

The tree-ring measurements (TRW and BI) were computed using CooRecorder soft-
ware on scanned images [83]. No missing or false rings were observed.

The BAI was reconstructed for each ring individually and adjusted according to the
mean DBH of each tree. The DBH of each tree (i) and for each year (t) was reconstructed
by subtracting the doubled radial growth in the year t from the DBH in the year t. The
calculation starts with the DBH measured in the year of coring (Equation (2)) [84].

DBHi(t−1) = DBHi(t) − 2 × TRWi(t) (2)

Based on the annual reconstructed DBH, the BAI for each tree was calculated using
the following equation:

BAIt =
π

4
×

(
DBH2

t − DBH2
t−1

)
(3)

The BAI was calculated using an iterative function in R [85].
The measured individual series were cross-dated visually using TSAP-Win soft-

ware [86]. COFECHA software was used for statistically cross-dating and measurement
checking using correlation analysis of detrended 50-year intervals with a 25-year over-
lap [87,88].

A cubic smoothing spline function with a 50% frequency cutoff at 30 years was
used to eliminate the age trend and any other disturbance signals in TRW and BAI
chronologies [89,90]. According to [21], for the BI value, there is a possible increase in
the juvenile period due to the transformation from blue reflectance to blue intensity. Be-
cause of this, the detrending of the BI series was made by fitting a Hugershoff curve to raw
measurements [89].

For each analyzed tree-ring parameter, 2 chronologies were developed, one for low
elevation and the second for high elevation. Indices were computed as the ratio between
raw measurements and fitted values. In order to eliminate the autocorrelation that was
still present in the standard index series, an autoregressive model was applied. In the
analyses, we used the residual index chronologies obtained by bi-weight mean without
variance stabilization. The chronologies quality and proprieties were assessed by calcu-
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lating the classical dendrochronological statistics parameters as mean sensitivity, mean
series intercorrelation, first-order autocorrelation, and expressed population signal. The
mean sensitivity highlights the change in year-to-year tree growth [1]. The mean series
intercorrelation (known as R-bar) and expressed population signal (known as EPS) express
the signal strength in the analyzed chronologies and the common variability [49,89]. The
carry-over effect of the previous year’s climate condition on the current year’s growth can
be assessed by first-order autocorrelation [1,2]. The detrending, chronology development,
and statistical parameters were computed using the dplR package on R software [91].

3.3. Climatic Dataset

Two local weather stations, Joseni (750 m a.s.l.)—valley weather station—and Bucin
(1282 m a.s.l.)—up-hill weather station—provided the climatic data (daily mean tempera-
ture) (Figures 6 and 7). Climatic data are available from 1963 at the Joseni weather station
and from 1978 at the Bucin weather station. Therefore, the analyzed interval was limited to
the common period, 1978–2019.

3.4. Climate–Growth Relationship Assessment

The availability of local daily air temperature data in the study area allowed us to ana-
lyze the climate–growth relationship on a cumulative daily scale [92]. Using the monthly
temperature data, a common practice in dendroclimatology [89], to investigate the rela-
tionship between climate and tree growth conduce to a signal lost because of the artificial
split of year in months, without any physiological bases [92,93]. The tree photosynthesis
and wood increment are continuous processes and require more flexible time windows to
investigate the relationship between tree growth and climate. The bootstrapped (n = 1000
replications) Pearson correlation between the TRW, BAI, and BI residual index chronologies
and cumulative daily mean temperature was calculated [94,95]. Bootstrap samples were
selected randomly with replacement from the entire interval (1978–2019) [96]. The signif-
icance of the bootstrapped correlation coefficient, at p < 0.05, was established according
with [97]. The daily temperatures were aggregated in moving time windows of 21 days
to 120 days starting from June in the previous year of growth to October of the current
growing season. The time stability of correlations was checked for running windows with
a length of 15 years, moved by one year [96]. The correlation between residual index
chronologies and cumulative daily temperatures and time stability were computed using
the dendroTools package in R [98].

4. Conclusions

Our results show that each tree-ring proxy contains a different climate signal. In the
studied intramountain valley in the Eastern Carpathians, the growth of Norway spruce is
influenced by winter temperatures, and signals demonstrating this are present in both TRW
and BAI chronologies. The presence of temperature inversions can explain the unusual
correlation pattern. The TRW and winter temperature correlation is unstable through
time for both elevations, with evident temporal shifts after 1996. The highest correlations
for TRW were obtained for cumulative windows of 45 days at high elevation and for
cumulative windows of 113 days for low elevation; both cumulative windows are centered
at the beginning of January. The BAI at high elevation contains a strong temperature
signal from the middle of the growing season. In the case of BI, a clear climatic signal was
observed only for the high-elevation chronology for cumulative windows starting in the
second half of August to the beginning of October. The preliminary results obtained in this
study need to be replicated for other intramountain valleys in the Carpathians to confirm
the change in the general dendroclimatic pattern (growth driven by summer temperature)
due to specific local climate modulated by thermal inversions.
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64. Putalová, T.; Vacek, Z.; Vacek, S.; Štefančík, I.; Bulušek, D.; Král, J. Tree-ring widths as an indicator of air pollution stress and
climate conditions in different Norway spruce forest stands in the Krkonoše Mts. Cent. Eur. For. J. 2019, 65, 21–33. [CrossRef]

65. Leal, S.; Melvin, T.M.; Grabner, M.; Wimmer, R.; Briffa, K.R. Tree-ring growth variability in the Austrian Alps: The influence of
site, altitude, tree species and climate. Boreas 2007, 36, 426–440. [CrossRef]
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Abstract: This paper presents research results on forest decline in Serbia. The results were obtained
through monitoring defoliation of 34 tree species at 130 sample plots during the period from 2004 to
2018. This research aimed to determine whether the occurrence of defoliation and tree mortality were
caused by drought. Defoliation was assessed in 5% steps according to the International Co-operative
Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests) method-
ology. All the trees recorded as dead were singled out, and annual mortality rates were calculated.
To determine changes in air temperature and precipitation regimes during the study period, we
processed and analysed climatic data related to air temperature and precipitation throughout the
year and in the growing season at 28 main weather stations in Serbia. Tree mortality patterns were
established by classifying trees into three groups. The first group of trees exhibited a gradual increase
in defoliation during the last few years of monitoring, with dying as the final outcome. The second
group was characterised by sudden death of trees. The third group of trees reached a higher degree
of defoliation immediately after the first monitoring year, and the trees died after several years. Tree
mortality rates were compared between years using the Standardised Precipitation Evaporation
Index (SPI) and the Standardised Precipitation Evapotranspiration Index (SPEI), the most common
methods used to monitor drought. The most intensive forest decline was recorded during the period
from 2013 to 2016, when the largest percentage of the total number of all trees died. According to
the annual mortality rates calculated for the three observation periods (2004–2008, 2009–2013, and
2014–2018) the highest forest decline rate was recorded in the period from 2014 to 2018, with no
statistically significant difference between broadleaved and coniferous tree species. As the sample of
coniferous species was small, the number of sample plots should be increased in order to achieve
better systematic forest condition monitoring in Serbia. The analysis of the relationship between
defoliation and climatic parameters proved the correlation between them. It was noted that the forest
decline in Serbia was preceded by an extremely dry period with high temperatures from 2011 to
2013, supporting the hypothesis that it was caused by drought. We therefore conclude that these
unfavourable climatic conditions had serious and long-term consequences on forest ecosystems
in Serbia.

Keywords: defoliation; forest decline; extreme climate events; drought; tree mortality

1. Introduction

Forest ecosystems and forest vitality are directly affected by rising mean annual
temperatures, changing precipitation dynamics and quantity, and extreme weather events
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of increasing and varying frequency and timing [1]. The impact of the changing climate
on forests results from the complex interaction of meteorological factors and soil [2]. One
of the effects of global warming is increasing risk of drought, the stress of which has a
negative effect on forests [3]. The effects of prolonged and intense drought affect all parts
of the environment. Droughts develop slowly, and often go unnoticed until they become
visible to the naked eye. The slow manifestation and long duration of droughts often make
their quantification very difficult [4]. Their main characteristics, such as onset, duration,
and severity, are not easily or quickly detectable [5]. Drought should not be confused
with aridity, which represents a permanent trait of a dry climate. Droughts affect all the
components of the water cycle, resulting in a deficit of soil moisture and a decrease in the
levels of groundwaters, brooks, and rivers. As they study precipitation and temperature as
meteorological input variables, our investigations deal with meteorological drought and its
influence on forest decline. Meteorological drought is the primary cause of drought. Other
types of droughts (agricultural, hydrological, groundwater, and socioeconomic) describe
the secondary effects of droughts on certain ecological and economic components [6].

Droughts and drought periods are not exclusively related to arid areas, such as the
Mediterranean region; they can occur in areas that, while according to their climate charac-
teristics are not considered at risk, can be affected by prolonged droughts (e.g., Central and
Western Europe). Numerous studies have focused on drought periods occurring in Europe,
regardless of the usual climatic conditions prevailing in these parts of the continent [5,7–13].
Furthermore, many authors have indicated that drought and drought periods can affect
various species of trees and types of forests in general [1,3,10,14–20]. Drought events (heat
followed by a lack of precipitation) increase tree mortality, which in turn disturbs the
overall functioning of forest ecosystems. Therefore, tree mortality data are considered a
prerequisite for a more comprehensive understanding of the complex interactions between
climate and forests [21–28]. Several drought periods were registered in Serbia in the last
decade, with certain years characterised as extremely dry [29].

Climate impacts can trigger defoliation processes in various types of forests [14].
Defoliation of tree crowns is the most widely used parameter for the assessment of forest vi-
tality [30–33]. The percentage of tree damage is determined based on the visual assessment
of the lack of assimilation organs (i.e., percentage of defoliation). Defoliation may indicate
various stress factors, and can be caused by numerous biotic, abiotic, and human factors
which affect trees either individually or through their interaction. It essentially reveals
the actual condition of forests and is considered to be an indicator of the balance between
a tree and its environment [34]. Stand age has a significant impact on the occurrence of
defoliation [35–37]. In line with this, large and old trees should show increasing mortality,
while the mortality of young trees should show a decreasing rate [38]. Although tree
mortality is a natural process, several studies have pointed to increasing mortality rates
due to climate change [15,39].

Following its introduction as an indicator of forest condition (ICP Forests) in the early
1980s [40], defoliation has been used as a main indicator [41]. Tree defoliation assessed in
5% steps is a useful parameter in predicting year-to-year tree mortality [42]. It is defined as
the loss of leaves in broadleaves or needles in conifers compared to a reference tree, i.e., a
healthy tree without any defoliation symptoms in the immediate vicinity of the assessed
tree or an imaginary tree with no loss of leaves/needles. Defoliation is assessed regardless
of the cause of the loss of leaves or needles. As the assessment is subjective, it has to be
repeated and verified in order to provide uniform and accurate results.

Defoliation may be caused by various stress factors, including weather conditions
such as extreme air temperatures and precipitation as well as insect or fungal attacks,
air pollution, acid rain, etc. Variations in defoliation at the annual level are completely
reversible, and are associated with fluctuations in climatic factors [43]. They may be
caused either by temporary impacts (e.g. defoliating insects) or inaccurate measurements.
Therefore, results are typically focused on long-term trends. Furthermore, according to
previous research studies based on defoliation monitoring, the variability in the number of
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sampled trees due to felling, removal of dead trees, and their replacement with new ones
does not distort study results over the years [44]. Monitoring networks are an essential
source of data needed to predict changes in ecosystems [45].

However, from the very beginning studies have emphasised that defoliation is not a
good indicator of forest condition [46]. The same attitude can be noted in recent studies [47]
and even in the latest findings [48]. Previous authors have suggested that defoliation is a
more useful indicator when combined with other indicators [30]. However, a large number
of researchers consider defoliation the best indicator of forest vitality, and use it in their
research [32,33,49–51].

Led by claims that defoliation cannot be used as the main indicator of forest condition,
we accessed the internal ICP Forests database on each individual tree in order to resolve
this dilemma. This database is a kind of "health history form" that allowed us to trace the
chronological chain of events in the recent or distant past of each tree and monitor the
course of defoliation over the years. The long-term trend of monitoring the defoliation
of individual trees allowed us to determine the reasons for their die-back and correlate
them with the mass forest declines which in fact occurred in the territory of the Republic of
Serbia [52]. Except for a few research studies [53–56], defoliation has not been described
in detail as an indicator of forest condition in Serbia in previous research. Furthermore,
the method of chronological monitoring and classifying each dead tree by groups relative
to defoliation trends was applied in our study for the first time. We wanted to determine
whether defoliation trends follow the trends of extended extreme drought and the way
prolonged drought events affect defoliation. We aimed to study the differences in tree
responses before, during, and after the drought. In order to address these issues, we
conducted research at all permanent sample plots of the ICP Forests network in Serbia. We
included all tree species present on sample plots, as our main goal was to investigate the
impact of drought on the occurrence of defoliation and tree mortality as a final outcome. In
addition, in order to study the differences in the response to drought of broadleaved and
coniferous species and trees at different altitudes, these groups of species and sample plots
were analysed separately.

2. Results

2.1. Forest Decline and Die-Back of Individual Trees in Serbia

Increasing defoliation is one of the first symptoms of the die-back of individual trees.
Therefore, it is very important to monitor its intensity in order to determine its causes.
The largest number of dead trees with 100% defoliation was registered in 2014, which
amounted to 29% of the total number of dead trees in the research period (2004–2018).
This year was followed by 2013 with 11.7%, 2015 with 11%, and 2016 with 9%, while the
remaining years had similar values, ranging from 2% to 7% of dead trees (Figure S1). The
largest number of dead trees can be classified in the first group (the trees with a gradual
increase in defoliation) and the second group of trees with “sudden” tree death. Compared
to the number of trees that died in the whole fifteen-year research period (2004–2018),
these two groups had the greatest number of trees in the period from 2013 to 2016. In only
four years, 60.7% of the total number of all trees died. This statement is illustrated in the
graph presented in Figure 1. It shows the trend of mortality of individual trees in the entire
research period. A sharp increase in the number of dead trees can be seen in the period
from 2013 to 2016, after which this number decreases. Such observations were made both
in the immediate vicinity and further away from the sample plots, as noted by researchers
in their field records.

131



Plants 2022, 11, 1286

 

Figure 1. Tree mortality in the Republic of Serbia (2004–2018) (data not shown).

Looking at localities with a large number of dead trees, it is evident that trees died
either in the same year or in two consecutive years (Table S1). We registered the damage
that may be related to climatic conditions where it deviated from the normal values in
many parameters. Special attention was paid to damage from unknown causes, ie., damage
with a cause that could not be determined with certainty during assessment (e.g., death
of whole trees or die-back of their parts). According to the results of our analysis of the
data on defoliation related to damage from unknown causes in the years when the damage
significantly deviated from normal (i.e., 2011 to 2014), the percentage of trees of all species
with damage from unknown causes amounted to 4.8% in 2011, while it was 5.6% in 2012
(the highest), 4.6% in 2013, and 4.4% in 2014. The percentage of this damage in the stated
period was higher than the percentage of damage caused by human activity or abiotic
factors (Figure S2). We rejected the impact of stand age on defoliation because the average
numbers of dead trees did not differ significantly between different stand age categories
(results not shown). The influence of biotic factors (insects and fungi) on tree die-back
was rejected due to the high percentage of trees that died suddenly (Table S1, Group II).
It amounted to 41% of the total number of dead trees. This was further indicated by
trees whose defoliation increased in several consecutive years (Table S1, Group I), when
unfavorable climatic conditions were at their peak and the number of these trees was
39%. Only one-fifth or 20% of dead trees (Table S1, Group III) had a higher percentage of
defoliation over many years. Their defoliation was most commonly caused by fungi, which
eventually resulted in the death of the tree.

Based on the defoliation monitoring data (trees with defoliation of 100% were con-
sidered dead), annual mortality rates were calculated for the territory of Serbia in three
observation periods (2004–2008, 2009–2013, and 2014–2018). The results of the descriptive
and nonparametric statistics for the annual mortality rates of the monitored trees in three
observation periods are presented in Table 1. The medians of the annual mortality rates
were 0.000, 0.000, and 0.003 for the observation periods of 2004–2008, 2009–2013, and
2014–2018, respectively. According to the Kruskal–Wallis test (KWt), there is a statistically
significant difference at the 95% confidence level (p = 0.00) between the medians that
represent the three observation periods. The median plot (Figure 2) shows that the median
of the annual mortality rate for the third observation period (2014–2018), which took place
after the drought period from 2011 to 2013, was higher than the medians obtained for the
previous two observation periods (2004–2008 and 2009–2013). The annual mortality rates
did not differ significantly between coniferous and broadleaved trees or forests at different
altitudes (Tables S2 and S3; Figures S3 and S4).
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Table 1. Descriptive and nonparametric statistics for the annual mortality rates of trees monitored in
the territory of Serbia for three observation periods. M—median; MAD—median absolute deviation;
MIN—minimum value; MAX—maximum value; KWt—Kruskal-Wallis test.

Period of
Observation

Sample
Size

M MAD MIN MAX
Average Rank

in KWt
Test

Statistic
p-Value

2004–2008 34 0.000 0.000 0.000 0.018 41.294

10.7105 0.00472009–2013 34 0.000 0.000 0.000 0.028 51.235

2014-2018 34 0.003 0.003 0.000 0.492 61.971

Figure 2. Median plot with 95% confidence intervals for the annual mortality rates of trees monitored
in the territory of Serbia in three observation periods: (1) 2004–2008, (2) 2009–2013, and (3) 2014–2018.

2.2. Extreme Climate Events and Forest Decline

Extreme climate events have undoubtedly affected forest ecosystems in the entire
territory of Serbia (Tables S4–S7). Several extreme climate events were recorded in the
research period [57]. They significantly contributed to the progressive increase of mortality
(dying) of both individual trees and large forest areas in Serbia.

The analysis of the annual averages for the whole of Serbia shows that the period from
2011 to 2013 was continuously warm (Table S4). The mean annual air temperature in the
growing season was the highest in 2012 (Table S5).

The lowest precipitation average in the research period was registered in 2011 (Table S6).
This year was considered to be extremely dry, with the amount of precipitation below
500 mm, which is the limit for declaring drought [58]. The extremely dry 2011 was followed
by extremely low and extremely high air temperatures in 2012, a year with the continuously
lowest average amount of precipitation. While the following year, 2013, was dry again
(especially in the growing season), it was followed by the highest amount of precipitation
on record in 2014 (Tables S4–S7). Based on general characteristics related to the amount of
precipitation during the growing season in 2011, the entire territory of Serbia was affected
by severe and extreme drought (Table S7). Figure 3 shows the drought intensity based on
the SPI and SPEI during the growing season (SPI-6 and SPEI-6, Figure 3a), i.e., from April
to September 2004 to 2018, in the Republic of Serbia. Drought events of greater or lesser
intensity occurred several times during the research period. However, the drought that
lasted for two consecutive growing seasons (2011 and 2012) had long-term consequences
for forest ecosystems. If we supplement this finding with the annual data on moisture
conditions in the territory of Serbia (SPI-12 and SPEI-12), we can see that the lack of
precipitation was even more intense outside the growing season (2011–2012) (Figure 3b).
This is important to note because the drought began in the autumn of 2011, which according
to SPI was categorised as the year with the most extreme drought (SPI ≤−2). In no previous
year had the drought period lasted as long or been as intense (three consecutive years,
considering both the growing season and the whole year). In addition to the reduced
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amount of precipitation, the increased temperature significantly contributed to the severity
of the dry period. The temperature had a strong impact on the intensity of drought during
2011 and 2012, as can be seen in Figure 3a,b. Figure 3a (SPEI-6) points to the significant
influence of temperature that, together with the reduced amount of precipitation in the
growing season, makes it the longest period of drought in the research period.

Figure 3. The comparison of (a) SPI-6 and SPEI-6 and (b) SPI-12 and SPEI-12 with the number of
dead trees.

Based on the above, we compared the SPI-6 and SPEI-6 as well as the SPI-12 and
SPEI-12 with the number of dead trees in the research period (Figure 3a,b). Having in mind
that reduced soil moisture disturbs the growth and development of plants, we compared
the trend of defoliation with tree mortality in certain years. We found clear indications that
the trend of increasing defoliation began with the onset of the drought period in 2011. It
continued over the next two years (2012 and 2013) and reached its peak in 2014, when the
largest number of dead trees was recorded. This is further confirmed by the three distinct
groups of trees (Table S1) and by the correlation between the trees in Groups I and II and
drought years (2011–2013).

Because moisture and temperature conditions vary with altitude, we further analysed
the conditions at individual localities based on the SPI and SPEI (Figure 4a,b). We decided
to present the SPI and SPEI on a twelve-month basis, as the results indicated that the
drought was present the whole year round and not just in the growing season. The SPI was
calculated for the major weather stations, i.e., localities in the north (Palić, 102 m above sea
level), west (Zlatibor, 1028 m above sea level), east (Negotin, 42 m above sea level), and
south (Vranje, 432 m above sea level) in order to confirm the impact of drought regardless
of altitude. The observations made at the main weather stations separately [57] revealed
deviations in the amount of precipitation, which were conditioned by, among other things,
the altitude. However, the amount of precipitation was typically far below the annual
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average at all major weather stations in 2011 and 2012, and according to the SPI criteria they
all ranged from severe to extreme or even exceptional drought (Figure 4a). On the other
hand, for the SPEI we calculated time series at a single grid cell according to coordinates in
the north, west, east, and south of the country. Similar conditions were found to prevail
at high and low altitudes. As can be seen in the Supplementary Materials Table S1, these
conditions strongly contributed to mortality in the following years regardless of altitude
and tree species.

Figure 4. (a) SPI-12 for the four major weather stations in the north, west, east, and south of Serbia;
(b) SPEI-12 for time series in the north, west, east, and south of Serbia.

3. Discussion

Forest decline and die-back of individual trees are long-lasting processes and, in many
cases they are not triggered at the same time as the unfavourable factor that disturbs the
growth and development of a tree or the entire forest ecosystem. However, a large number
of trees in Serbia died suddenly in the period from 2013 to 2016 (Table S1) without previous
visible symptoms of defoliation and regardless of stand age, which stresses the severity, i.e.,
adverse effect of climate conditions that in this case imply extreme climate events in the
form of prolonged drought.

According to “Srbijašume“, the State Enterprise dealing with forest management, the
forest decline in this period has been the most massive forest decline during the monitoring
period of forest conditions in the forestry sector of the Republic of Serbia. The long-lasting
drought caused a massive forest decline in the whole territory of the Republic of Serbia,
affecting an area of 13,885.00 ha. Die-back of individual trees was recorded in an area of
12,084.19 ha and die-back of groups of trees in an area of 1800.81 ha, while the deadwood
volume amounted to 81,631.61 m3 [52].

The majority of broadleaved and coniferous trees that died in the period from 2012
to 2016 fell into the categories of intense defoliation and dead trees. As can be seen in
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Supplementary Tables S8 and S9, conifers showed intense defoliation in 2013 due to initial
physiological weakening by drought followed by an attack of bark beetles. Unlike conifers,
broadleaved trees had already been affected by intense defoliation in 2012. Seidling [35]
similarly observed that certain tree species (conifers) reacted a year later than broadleaved
trees, i.e., defoliation was detected a year later. This can be explained by the fact that
defoliation is more noticeable in broadleaved trees than conifers, whose needles remain
on the branches for a time after dying-back. Looking back at the climate framework,
conifers show greater drought resistance than broadleaved trees, i.e., conifers are more
resistant to the freezing and thawing cycle than broadleaved trees [59]. On the other hand,
coniferous tree species are susceptible to attacks of secondary pests such as bark beetles,
which attack physiologically weakened trees, and drought is assumed to be the crucial
trigger of symptoms [60]. However, our statistical analysis showed that the highest forest
decline was recorded in the period from 2014 to 2018, and annual mortality rates did not
differ significantly between coniferous and broadleaved tree species. Although the number
of main tree species on sample plots corresponded to the share of the same species in the
forest cover on the territory of Serbia, the sample of coniferous tree species was small.
Therefore, in order to achieve a better representation of these species, the number of sample
plots should be increased. Air temperature and precipitation are the key factors in the
growth and development of plants. For a plant to survive, these climate factors have to be
at least at a certain minimum level, especially in the growing season [61,62]. Major parts
of Serbia have a continental precipitation regime, with higher quantities in warmer part
of the year [63]. Increasing amounts of precipitation enhance the growth of vegetation,
while deficiency in precipitation over an extended period of time leads to drought as the
most common cause of damage and die-back of individual trees and large forest areas [64].
Unfavourable climate, especially the lack of precipitation during the growing season, air
temperatures above multi-annual averages (Tables S4–S7), and prolonged and frequent
drought periods have had serious and long-term consequences on forest ecosystems in
Serbia. Similar observations have been stated by domestic authors [53–55,65–70], whose
research confirms the negative impacts of climate change and extreme climate events on the
growth, development, and vitality of forest tree species and forest ecosystems as a whole.

In the last decade alone, Europe had several extremely hot and dry summers [71–76].
The data of the European Environment Agency (EEA) [77] showing drought periods
and the areas affected throughout Europe can serve as a good indicator of the drought
distribution. Thus, the Republic of Serbia had six periods without rainfall followed by
high temperatures (i.e., drought). A study by Spinioni et al. [78] compiles a pan-European
list of past drought events for the period from 1950 to 2012, with Europe divided into
thirteen regions according to country borders and geographic and climatic characteristics.
Regarding the Balkan countries (Albania, Bosnia and Herzegovina, Croatia, Montenegro,
FYR Macedonia, Serbia, and Slovenia), the period from 2007 to 2009 was stated to be the
longest drought period in terms of duration (number of months), while the period from
2011 to 2012 was the most severe in terms of drought and its effects, which coincides
with our research results. These scenarios can be confirmed on websites that provide data
on drought periods worldwide [79,80]. Several authors have analysed the relationship
between tree mortality and drought based on tree mortality maps in Europe over a thirty-
year period (1986–2016) [28]. These maps clearly show that 2012 and 2013 had the most
intense drought and highest tree canopy mortality, which was the case in the wider area
of Serbia as well [28,81]. Technical reports [82] based on data submitted by the countries
participating in the ICP Forests Programme contain overviews of the state of European
forests based on the monitoring of sample plots at the annual level. Other countries that
were affected by drought in 2011 and 2012 (e.g., Croatia and Hungary) stated an increase
in defoliation in this period and stressed climate conditions (i.e., drought) as the most
obvious reasons for the increase. They warned that the damage could be much greater
than was shown by research at the time. Furthermore, the report of the Intergovernmental
Panel on Climate Change [83] highlighted the impact of extreme climate events such
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as heatwaves and droughts that significantly increase the exposure and vulnerability of
certain ecosystems.

4. Conclusions

Based on our analysis of monitoring data on tree defoliation in Serbia over a fifteen-
year period (2004–2018), it can be concluded that the damage caused by the registered
extreme climate events occurred gradually and periodically after several consecutive dry
years. However, it was of very high intensity and affected the entire territory of Serbia. It
increased significantly in the period from 2013 to 2016. At first, defoliation was recorded
as the impact of an unknown cause; however, the correlation with the number of dead
and dying trees and climate characteristics in the research period revealed the causes.
Due to extreme weather conditions, the tolerance threshold of certain tree species was
exceeded, which eventually led to their gradual die-back and death regardless of stand
age or the influence of biotic factors. The years preceding the ones with the most extensive
tree mortality in Serbia (2013–2016) recorded mortality events of both individual trees
and large forest complexes. However, there had not previously been such an intensive
die-back with clear linking causes. The period from 2011 to 2013 showed the greatest
stress on plants recorded during the period of tree vitality monitoring on sample plots. It
should be noted that the occurrence of defoliation with ultimate die-back was recorded
in the areas at both higher and lower altitudes. Although these higher-altitude areas are
usually categorised as humid, they recorded a desert climate type in the above-stated years
with extreme climate events. Furthermore, die-back was detected in both broadleaved and
coniferous tree species, with the difference that defoliation was more easily observed in
broadleaves. Our statistical analysis showed that the highest forest decline was recorded
in the period from 2014 to 2018 and that annual mortality rates did not differ significantly
between coniferous and broadleaved trees or among sites at different altitudes.

After many years of researching the impact of various factors on forest ecosystems, we
have become aware of many advantages of the continuous monitoring method performed
at a large number of sample plots. Monitoring of phenomena and processes over a long
period and on a large number of specimens enables more precise identification of the
real causes of forest decline. If symptoms found on selected trees can be diagnosed in
their immediate surroundings, it is easier to draw conclusions on the causes of die-back.
However, although the number of main tree species on sample plots coresponds to the share
of the same species in forest cover on the territory of Serbia, for certain species (particularly
conifers) the sample in the present study was small. Thus, to achieve better representation
of these species and better forest condition monitoring, the number of sample plots should
be increased.

Based on the results of this research, it can be concluded that unfavourable climate
conditions, primarily the lack of precipitation, rising air temperatures, and increasingly fre-
quent and long dry periods, had serious and long-term consequences on forest ecosystems
in Serbia.

5. Materials and Methods

5.1. Study Area and Data Preparation

The total number of dead trees was determined based on the data collected in the
territory of the Republic of Serbia within the International Cooperative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests) [40]. The
research was conducted over a period from 2004 to 2018 on all 130 sample plots established
at the intersections of 16 × 16 km and 4 × 4 km (Figure 5). This network is located at 0
to 1600 m above sea level. The center of each sample plot was marked and six trees were
selected in each cardinal direction, resulting in 24 trees in each sample plot [84]. The main
criterion in the selection of trees for condition monitoring within the network of sample
plots was the absence of any significant mechanical damage. Mechanical injuries make trees
susceptible to attack by insects or fungi that can cause defoliation and eventual die-back,
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masking the primary cause. The selected trees had been monitored continuously following
the establishment of each sample plot. Any change in the whole tree was detected and
recorded and the cause of the damage was identified during the growing season, from
the time leaves and needles are fully developed to the beginning of autumn senescence.
Monitoring was focused on assimilation organs, as the damage caused by various factors
can in most cases be observed on them. The assessment of defoliation included any kind of
damage recorded on the examined trees. In most species, the most suitable time to perform
observations is from early summer, when leaves or needles are fully formed, to late summer.
Out of a total of 3800 trees monitored, the research encompassed an average of 2880 trees
per year. The number of trees varied with various factors, such as regular felling, snow
breakage, wind breakage, die-back, etc. Of the observed number of trees, the trees that
were recorded as dead during the research period were selected and analysed in detail. The
trees were then divided into three groups based on the changes in defoliation (Table S1).

Figure 5. The spatial arrangement of sample plots in the territory of the Republic of Serbia.

The main data on tree species, stand age, and altitude range at the investigated
localities are presented in Supplementary Figure S5.

5.2. Defoliation

The principal method was based on the assessment of defoliation as the main parame-
ter of the condition of forests. Defoliation was assessed in 5% steps, for instance 5 (>0–5%),
10 (>5–10%), etc. (Figure 6). The missing leaf mass was assessed compared to healthy trees
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growing in the same site and stand conditions and observed regardless of the cause of
foliage loss. The method was as previously described in the literature [41].

Figure 6. An illustration of defoliation assessment: (a) 10%; (b) 25%; (c) 65%.

During the research period (2004–2018), defoliation was assessed regardless of its
cause. In order to understand the possible cause of death, we singled out all trees recorded
as dead during the period (Table S1). The trees were classified into three different groups
of trees whose death was caused by defoliation:

I. The first group included trees with no defoliation (class 0) and slight defoliation
(class 1) at the beginning of condition monitoring and during most of the years for
which defoliation moved to higher classes of defoliation in the last few years, namely,
classes 2 (moderate), 3 (severe), and 4 (dead).

II. The second group included trees that died suddenly and moved from class 0 or class 1
to class 4.

III. The third group included trees with higher classes of defoliation that occurred after
the first year of monitoring, and which several years later led to their death.

5.3. Climate Characteristics

The non-reactive research method was used for the collection of data on climate
characteristics during the research period [85]. The data on mean monthly air temperatures,
extreme maximum and minimum air temperatures, and monthly precipitation amounts
for the research period (2004–2018) were provided by the Republic Hydrometeorological
Service of Serbia (RHSS) for 28 main meteorological stations in Serbia [57]. The data
were used to calculate the mean monthly and annual values of the air temperature and
precipitation amount for the growing period (April–September). Based on the arithmetical
means of monthly values calculated for each year, annual and growing season values were
obtained (Tables S4–S7).

According to the applied Köppen and Köppen–Geiger climate classification sys-
tems [86,87], Mihajlović, J. [88] distinguished two types of climate in Serbia, namely,
temperate (S) and cold (D). A warm temperate rainy (S) climate is present in different
variants, with dominant Sfb and Cfa classes, while a cold or boreal snow forest (D) climate
is represented by the Dfb, Dfc, and Dfa classes [89].
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5.4. Drought Index Quantification

In order to quantify the precipitation deficit for different time intervals, the Stan-
dardised Precipitation Index (SPI) was calculated according to McKee et al. [90]. When
determining the SPI with precipitation as the only input parameter, we used the precipita-
tion totals from 28 main weather stations of the Republic Hydrometeorological Service of
Serbia in the period from 2004 to 2018 [57] to calculate the time series of previous droughts
and assess their severity. We calculated the SPI at the semi-annual level (SPI-6) for the
growing season (April–September) and the SPI at the annual level (SPI-12). We calculated
SPI-6 in the growing season to provide a better representation of the amount of precipitation
at the time plants need it most for their growth and development. The results of the SPI for
the drought periods were then compared and correlated with the tree defoliation.

We further calculated the Standardised Precipitation Evapotranspiration Index (SPEI)
in order to prove the existence of the drought period; SPEI input data included temperature
and precipitation [91]. The SPEI data were obtained from the global SPEI database [79] as
part of the weather series for the region of Serbia (coordinates: upper left 42.25, 23.25, and
lower right 46.25, 18.75). By using air temperature alongside precipitation data, the SPEI
allows a broader view of the effects of drought and links them to defoliation. The SPEI was
calculated at 6- and 12-month intervals (SPEI-6 and SPEI-12).

This study used the SPI and SPEI as the most common methods for monitoring
drought [92–94]. The SPI was used to estimate precipitation deviations from the normal
state, while the SPEI included the temperature component in addition to precipitation to
obtain a clearer picture of the drought. According to the SPI, a drought event begins when
its values are equal to or below −1.0 and ends when the values become positive [90], which
is the case with the SPEI as well [91].

5.5. Tree Mortality

Based on the ICP Forests Manual [41], detailed attention was paid to tree mortality
in a given year, as the total number of dead trees per plot at any time did not provide
information on mortality rates. According to the methodology, dead trees are commonly
included in the sample if they are standing. Such trees are categorised as severely defoli-
ated. In our study, these trees were considered dead at the time when intense defoliation
(99%) occurred. By doing this, we were able to determine the exact year of die-back of a
particular tree. The exact year of mortality was identified, and the results are presented
in Supplementary Table S1. The mortality and the number of dead trees per plot are two
different issues. Tree mortality was determined according to the year when defoliation was
found to be 100% and divided into three groups based on the progression of defoliation.
We then determined the connection between the tree mortality rate and the SPI and the
SPEI during periods of drought.

5.6. Statistical Analysis

For a total of 3800 trees belonging to 34 species at 130 sites in the Republic of Serbia,
annual mortality rates were calculated for three observation periods (2004–2008, 2009–2013,
and 2014–2018). These calculations used the data obtained from monitoring defoliation
according to the ICP Forests methodology [41]; trees with defoliation of 100% were con-
sidered dead. According to Sheil et al. [95], the true annual mortality is defined by the
equation m = 1 − (N1/N0)1/t, where N0 and N1 are population counts at the beginning
and end of the measurement interval, t. As m is recommended as a standard quantity
for comparing annual mortality rates in plant ecology [95], it was adopted as the annual
mortality rate in this study. The variation in mortality rates was captured using the mor-
tality rate of each of the 34 tree species analysed as a subpopulation. To calculate m, we
used three five-year intervals, because the five-year interval is the most commonly used
census interval length (as recommended by Lewis et al. [96]) and maximises intercensus
and intersite comparability. Before performing the statistical analysis, data on annual
mortality rates were tested for normality. As the assumption that these data were normally
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distributed had not been confirmed, the medians (M) were used for both intervals of obser-
vation. The median absolute deviation (MAD) was determined for each median, and the
comparison and determination of the difference between the medians was carried out using
the Kruskal–Wallis test (KWt). All statistical analyses were performed using Statgraphics
software (2009; Statpoint Technologies, Inc., Warrenton, VA, USA).
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21000 Novi Sad, Serbia

2 Faculty of Agriculture, University of Novi Sad, Trg Dositeja Obradovića 8, 21000 Novi Sad, Serbia
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Abstract: Besides anthropogenic factors, climate change causes altered precipitation patterns that
indirectly affect the increase of heavy metals in soils due to hydrological effects and enhanced leaching
(i.e., Cd and Ni), especially in the vicinity of mines and smelters. Phytoextraction is a well-known,
powerful “green” technique for environmental clean-up that uses plants to extract, sequester, and/or
detoxify heavy metals, and it makes significant contributions to the removal of persistent inorganic
pollutants from soils. Poplar species, due to their growth features, high transpiration rate, large
biomass, and feasible reproduction represent great candidates for phytoextraction technology. How-
ever, the consequences of concomitant oxidative stress upon plant metabolism and the mechanism of
the poplar’s tolerance to heavy metal-induced stress are still not completely understood. In this study,
cuttings of poplar species (Populus deltoides W. Bartram ex Marshall) were separately exposed to two
heavy metals (Cd2+ and Ni2+) that were triple the maximum allowed amount (MAA) (according
to national legislation). The aim of the study was to estimate the effects of heavy metals on: (I) the
accumulation of free and conjugated polyamines, (II) plant hormones (including abscisic acid-ABA
and indole-3-acetic acid-IAA), and (III) the activities of different antioxidant enzymes at root and
leaf levels. By using the selected ion monitoring (SIM) mode of gas chromatography with mass
spectrometry (GC/MS) coupled with the isotopically labeled technique, amounts of ABA and IAA
were quantified, while polyamine amounts were determined by using high-performance liquid
chromatography (HPLC) with fluorometric detection after derivatization. The results showed that
P. deltoides responded to elevated concentrations of heavy metals in soils by exhibiting metal- and
organ-specific tolerance. Knowledge about tolerance mechanisms is of great importance for the
development of phytoremediation technology and afforestation programs for polluted soils.

Keywords: cadmium; nickel; phytoremediation; plant hormones; polyamines; poplar; Populus
deltoides

1. Introduction

Two major global environmental problems—future climate change and heavy metal
(HM) pollution—are cross-linked and co-dependent. Some climate scenarios predict altered
precipitation patterns with an increasing trend of precipitation of up to 30% before 2030,
which may result in increased heavy metal mobility and HM leaching into groundwater (de-
pending on HM solubility) [1,2]. This is especially threatening due to the non-biodegradable,
hazardous, and persistent nature of heavy metals that lead to their accumulation in the soil

Plants 2022, 11, 3246. https://doi.org/10.3390/plants11233246 https://www.mdpi.com/journal/plants147



Plants 2022, 11, 3246

above allowed amounts and at toxic levels [3]. Although some heavy metals are essential
for plants and humans in low amounts, their cumulative effects and biomagnification
phenomenon (or the significant increase of metal content through the food chain as trophic
levels rise) make them dangerous to animal and human health as they bioaccumulate in
higher amounts [4–6].

Cadmium (Cd2+), in particular, accumulates in the human body (primarily in the
kidneys), and it has a negative impact on many organs due to its high toxicity, causing
pulmonary emphysema, renal tubular damage, and kidney stones [7]. Whereas nickel
(Ni2+) has the potential to cause severe allergies, lung fibrosis, and even lung and nasal
cancer by causing epigenetic alternation [8].

Although many HM in soils slithogenic origins, with some HM released during pe-
dogenesis, two of the most notorious heavy metals, Cd and Ni, primarily enter the soil
through anthropogenic activities, such as wastewater irrigation, zinc mining, automobile
exhaust smoke, fossil fuel combustion, electroplating, industrial waste, pigments metal
alloys, industrial or municipal waste, or excessive application of HM containing pesticides
or synthetic phosphate fertilizers [5,9,10]. In addition, the recent overconsumption of
electronic products has resulted in the increasing trend of electronic waste as a significant
source of HM contamination and soil overload [11–13]. High amounts of toxic HM pol-
lute the environment due to crude and unscientific e-waste recycling procedures (such
as mechanical separation, hydrometallurgical, pyrometallurgy, etc.), particularly in the
case of Ni-Cd batteries and their carcinogenic electrolytic waste, which make significant
contributions to the leaching of toxic HMs in soils [14,15]. Therefore, there is an urgent
and critical need for the development of new technologies for HMs clean-up from the
environment since old traditional methods, such as excavation, heat treatment, electrore-
mediation, chemical precipitation, metal leaching, and soil washing or replacement, are all
rather expensive and invasive [16,17].

Phytoremediation refers to an environmentally friendly, aesthetically pleasing, and
low-cost technology that uses plants (as well as their associated microbes) as solar-powered
pumps to uptake, sequester, and/or detoxify organic or inorganic pollutants (including
HMs, organic contaminants, radionuclides, antibiotics, pesticides, and even explosives
such as trinitrotoluene, etc.) from various mediums (including soil, water, and air) and
translocate them into harvestable parts [18–20]. Specifically, the process of soil restoration
of HMs by plants is called phytoextraction [21,22], and it is the best-known technique
of phytoremediation besides phytostabilization, phytodegradation, rhizofiltration, and
phytovolatilization [16]. Although phytoremediation has been known for decades, it is
still an emerging technique since upcoming climate change will impose new demands
and necessitate new adjustments and improvements in terms of sustainability [18]. Crispr-
Cas9, a new generation of plant genome editing technologies, provides tools for the rapid
improvement of phytoremediation technology by designing genome engineered metal-
licolous plants with improved heat and drought tolerance, specifically for the purpose
of sustainable phytoremediation [23]. Although many herbaceous plants (e.g., Dysphania
botrys, Lotus corniculatus, Lotus hispidus, Plantago lanceolata, Trifolium repens, and Medicago
lupulina) exhibit metallophyte behavior and are efficient regarding metal accumulation and
translocation [24], wooden plant species are more appropriate for phytoremediation due
to their large biomass production [25]. Poplars and willows are particularly suitable for
phytoextraction because they are fast-growing species with high transpiration indices, easy
propagation technology, and a deep rooting system, as well as a high ability to accumulate
and translocate essential and non-essential HMs into aerial parts [26–29].

Recently, the entire genome of Populus trichoderma has been sequenced, making poplars
especially appealing candidates for genome editing toward HM stress tolerance and further
investigation of its potential to act as an efficient phytoremediator [23,30]. In this study,
we used eastern cottonwood (Populus deltoides W. Bartram ex Marshall) clone PE19/66 to
investigate Ni and Cd effects on P. deltoides biochemical properties since it has been shown
to be particularly tolerant to copper by accumulating high amounts of proline (PRO) and
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abscisic acid (ABA) in its leaves and roots and high amounts of polyamines in its roots
during HM induced stress [31].

Understanding the underlying mechanisms of HM stress tolerance is critical for the
further development of phytoremediation techniques, the selection of the most suitable
clones, and potential gene targeting and editing. Through evolution, plants evolved their
entire machinery to combat HM pollution, and they created/employed strategies and
mechanisms to sequester and detoxify HM in order to reduce their toxicity [32–34]. Cd has
no known biological functions in higher plants and does not participate in redox reactions,
but it does contribute to oxidative damage, protein carbonylation, and lipid peroxidation,
and it is extremely toxic to plants due to its high affinity for protein sulfhydryl groups, thus
causing the inhibition of many enzymes [35,36]. In contrast, nickel is a structural component
of many enzymes, including glyoxylases, peptide-deformylases, methyl-CoM reductases,
and several types of superoxide-dismutases and hydrogenases [37]. Excess Ni causes Ni-
toxicity, and symptoms (such as leaf chlorosis, plant root growth inhibition, and decreased
photosynthesis and respiration) may appear, and Ni also disrupts mineral nutrition, water
relations, and sugar transport [38]. Heavy metals, such as Cd and Ni, are uptaken by
roots via the apoplastic (passive diffusion) or symplastic (active transport by root plasma
membrane transporters for essential elements with low selectivity) pathways, where they
form complexes with different chelating agents and are then immobilized in cell walls
and vacuoles where detoxification occurs, either by conjugating with glutathione (GSH)
or cysteine-rich peptides, such as phytochelatins (PC) or metallothioneins (MS) [39,40].
Heavy metal ions and essential metal ions have a similar radius and charge; therefore,
heavy metals can impair the uptake and transport of essential metals like calcium and
magnesium [41].

Since heavy metals cause oxidative stress in plants by increasing the production
of reactive oxygen species (ROS), the activation of ROS scavenging enzymes, such as
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (Apx), glutathione
reductase (GR), thioredoxin, and the peroxy-redoxin family of proteins, is one of the first
lines of defense [31,42,43]. In addition to enzymatic, antioxidant defense also includes non-
enzymatic ROS scavengers, such as ascorbate and glutathione, carotenoids, tocopherols,
quinones, lipoic acid, phenolic compounds, polyamines, etc. [44,45].

Polyamines have a variety of regulatory roles in plant cells due to their antioxidant and
polycationic nature, and as important abiotic stress markers, they modulate plant tolerance
to HM through the direct scavenging of ROS or the activation of antioxidant machinery, or
they act as signal molecules to activate ABA or H2O2 stress-responsive pathways [46–48].
Their protective role in HM stress has already been proposed, and increasing patterns of
both free and conjugated polyamines (such as putrescine, spermidine, and spermine) have
been reported as a poplars response to copper and zinc, but to the best of the authors’
knowledge, they have not been examined in response to nickel and cadmium [31,49,50].

Although it is well known that abscisic acid (ABA), which is an important plant stress
hormone, and indole-3-acetic acid (IAA), which is a developmental hormone, are involved
in the perception and signaling of excess HMs by roots, these hormones also affect plant
growth and regulate the antioxidant defense system in the presence of HMs [31,51,52].
In particular, their exogenous application prevents the negative effects of excess HM on
plant growth and overall fitness [53,54]. Still, little is known about how Ni and Cd affect
endogenous plant hormone levels and distribution in P. deltoides.

Therefore, the main aim of the study was to investigate how excess amounts of Cd
and Ni in soil affect P. deltoides responses at root and leaf levels, regarding:

� The metal content (calcium and magnesium), translocation (TF), and bioconcentration
factors (BCF) in P. deltoides clone Pe19/66;

� The activities of different ROS scavenging enzymes, such as guaiacol peroxidase,
glutathione reductase, and superoxide dismutase;
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� Total antioxidant and reducing activities (estimated by biochemical assays DPPH and
FRAP, respectively) and radical scavenger capacity (against NO and OH radicals), as
well as total polyphenol compounds (TPC) accumulation; and

� Endogenous hormone levels (ABA and IAA), as well as plant hormone, regulators-
polyamines content (putrescine, spermine, and spermidine) that is both free and
conjugated.

2. Results

2.1. Metal and Non-Metal Contents, Translocation (TF), and Bioconcentration Factors (BCF)

The results regarding the contents of root and shoot uptake of metal content, calcium
and magnesium levels, and bioconcentration and translocation in P. deltoides clone 19/66
leaves and roots are presented in Table 1.

Table 1. Metal and non-metal accumulation (mean ± SD), bioconcentration, and translocation factors
of Ni and Cd in P. deltoides clone Pe19/66.

Ni Cd

Root metal accumulation (mg kg−1) 152.77 ± 8.01 17.46 ± 2.46
Leaf metal accumulation (mg kg−1) 23.36 ± 0.75 31.98 ± 2.52

Leaf calcium accumulation (mg kg−1) 11.86 ± 0.60 10.70 ± 0.29
Root calcium accumulation (mg kg−1) 8.24 ± 1.16 7.22 ± 0.97

Leaf magnesium accumulation (mg kg−1) 9.07 ± 0.29 8.35 ± 0.23
Root magnesium accumulation (mg kg−1) 5.55 ± 0.55 6.49 ± 0.99

Root bioconcentration factor (rBCF) 0.75 1.97
Aboveground bioconcentration factor (aBCF) 0.18 5.02

Translocation factor (TF) 24.62 261.8
Leaf nitrogen content (mg g−1) 19.9 ± 3.3 15.3 ± 1.4
Root nitrogen content (mg g−1) 9.75 ± 3.2 6.77 ± 1.2
Leaf carbon content (mg g−1) 420.5 ± 13.3 417.3 ± 12.5
Root carbon content (mg g−1) 391.3 ± 27.8 344.4 ± 10.8

2.2. The Effects of Cd and Ni on Antioxidant Enzymes Activities in Poplar Leaves and Roots

Activities of POD, SOD, and GR were significantly higher in the leaves than in the
roots of the tested poplar plants (Figure 1). POD activity in the poplar leaves was 30%
lower in the Cd (9 ppm) treatment compared with the unpolluted control, while GR activity
was 57% lower in the P. deltoides plants under Cd treatment compared with the untreated
controls (Figure 1a,c). The highest level of SOD (377.7 SOD g−1 FW) activity was observed
in the leaves of P. deltoides treated with Cd (9 ppm) (Figure 1b). P. deltoides cuttings treated
with Ni (150 ppm) had significantly higher foliar POD activity (242.4 POD g−1 FW). There
was no statistically significant difference in SOD and GR activities in roots treated with Ni
(150 ppm) when compared to those from the untreated control, contrary to the activity of
POD, which was significantly higher in Ni-treated roots (Figure 1).
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Figure 1. The effects of elevated Cd and Ni soil contents on (a) guaiacol peroxidase (POD); (b) su-
peroxide dismutase (SOD), and (c) glutathione reductase (GR) activities at root and leaf levels using
NT-non treated soil. Cd 9 ppm-soil was supplemented to 9 mg Cd kg−1 of soil DW and Ni 150 ppm-
soil was supplemented to 150 mg Ni kg−1 of soil DW. Significance levels: (NS) non-significant versus
significant (**) < 0.01; (***) < 0.001, and (****) < 0.0001.

2.3. The Effects of Cd and Ni on the Antioxidant Capacity of Poplar Leaves and Roots

The highest scavenging capacity against DPPH radicals (64.9%) was measured in the
extracts of poplar roots grown in the soil treated with Cd (9 ppm). In general, a significantly
higher scavenging capacity against DPPH radicals was detected in the leaf extracts of P.
deltoides from all the examined treatments compared to the control, both in the extracts of
the roots and in the leaves (Figure 2a). Scavenger capacity against NO radical indicates
that the ability to neutralize NO radicals increases under the influence of Ni and Cd ions
since the values for NO scavenger capacity ranged from 17% in the extracts of the roots
from the control up to 74.1% in the extracts of the leaves from the plants grown using the
treatment with Cd (9 ppm) (Figure 2b). Cd treatment at a concentration of 9 ppm did not
affect the ability of P. deltoides leaves and root extracts to neutralize OH radicals, yet plants
treated with 150 ppm Ni had a significantly higher capacity compared to those from the
control (Figure 2c). The ability of leaves extracts to neutralize NO and OH radicals were
more affected by the Ni treatment (150 ppm), while the ability to neutralize DPPH radicals
was more affected by treatment with Cd (9 ppm) (Figure 2a–c).

After the application of Ni and Cd in amounts that were three times higher than the
MAA, there was an increase in LP intensity in both the roots and the leaves (Figure 2d).
The highest LP intensity was observed in the poplar leaves grown using the treatment with
Cd (9 ppm) (139.9 nmol MDA g−1 DW). In general, MDA accumulation was higher in the
leaves than in the roots, but the difference in MDA content was higher in the roots when
control and treatments were compared. Also, Ni treatment had a greater effect on MDA
accumulation than Cd treatment.
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Figure 2. The effects of elevated Cd and Ni soil contents on radical scavenger activities against
(a) DPPH, (b) OH, and (c) NO radicals, as well as (d) lipid peroxidation, (e) ferric reducing antioxidant
power (FRAP), and (f) total polyphenol content (TPC) at root and leaf levels using NT-non treated soil.
Cd 9 ppm-soil was supplemented to 9 mg Cd kg−1 of soil DW and Ni 150 ppm-soil was supplemented
to 150 mg Ni kg−1 of soil dry weight. Significance levels: (NS) non-significant versus significant
(*) < 0.05; (**) < 0.01; (***) < 0.001; and (****) < 0.0001.

The reducing capacity of the P. deltoides leaves extracts increased by 100% in Ni
(150 ppm) and Cd (9 ppm) treatments compared with the control, while the reducing
capacity of the roots extracts decreased by about 30% compared with the control (Figure 2e).

The content of polyphenol compounds (TPC) in poplar leaves ranged from 23.4 mg
GAE g−1 DW (Ni 150 ppm) to 28.6 mg GAE g−1 DW (Cd 9 ppm). The highest TPC content
was measured in the leaves of the plants from the Cd treatment (9 ppm), and the lowest
was detected in the roots of the plants grown using the control media. Significantly higher
values of TPC under the influence of Ni ions (150 ppm) were measured in poplar roots
compared with the control (Figure 2f ).The increase in the content of phenolic compounds
was more pronounced in the roots than in the leaves.
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2.4. The Effects of Cd and Ni on Plant Hormones and Hormone Regulators Content

The content of abscisic acid increased under the influence of both applied metals, (Ni
and Cd increased by 100% and 114%, respectively), whereas the levels of abscisic acid
detected in the roots did not differ significantly under the metal treatments (Figure 3a). The
constitutive levels of abscisic acid in the roots of the untreated plants were higher than in
the leaves.

Figure 3. The effects of elevated Cd and Ni soil contents on amounts of plant hormones, (a) abscisic
acid (ABA), and (b) indole-3-acetic acid (IAA) at root and leaf levels using NT-non treated soil. Cd
9 ppm-soil was supplemented to 9 mg Cd kg−1 of soil DW and Ni 150 ppm-soil was supplemented
to 150 mg Ni kg−1 of soil DW. Significance levels: (NS) non-significant versus significant (*) < 0.05;
(**) < 0.01; (***) < 0.001; and (****) < 0.0001.

Similarly, the roots had a significantly higher content of indole-3-acetic acid than the
leaves (Figure 3b). The nickel treatment significantly increased IAA levels in the roots, but
there were no significant changes in foliar IAA under either treatment.

The P. deltoides clone Pe19/66 showed a wide range of polyamine responses to different
heavy metals (Cd and Ni) in terms of polyamines contents (including putrescine-PUT,
spermidine-SMD, and spermine-SPM) in their free and conjugated forms and in organ
(root and leaf) defined/related responses (Figure 4). Putrescine was the most abundant
polyamine in both the free and conjugated fractions, with SPM being the least abundant in
the analyzed P. deltoides clone. P. deltoides exposed to increased Ni concentrations resulted
in a significant increase in PUT and SPM at the root level, but no significant changes in SPD
levels occurred. At the leaf level, a different pattern was observed. Ni induced a significant
reduction in SPD when compared to non-treated controls, whereas foliar PUT and SPM
did not change under the influence of Ni ions. When exposed to excess Ni, all conjugated
polyamines increased significantly at the root level, while at the leaf level, conjugated SPD
decreased and foliar conjugated PUT and SPM increased slightly compared to untreated
controls. Under Cd treatment, all free polyamines exhibited significant declining trends in
both inspected organs compared to non-treated controls, with the exception of SPD at the
root level, which remained unchanged compared to non-treated controls. Under Cd effects,
all conjugated polyamines decreased at the root level compared to untreated P. deltoides,
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whereas foliar conjugated PUT and SPM increased compared to untreated controls, and
conjugated SPD remained unchanged.

Figure 4. The effects of elevated Cd and Ni soil contents on amounts of accumulated free polyamines
((a) putrescine-PUT, (b) spermidine-SPD, and (c) spermine-SPM), as well as conjugated polyamines
((d) conjugated putrescine-conj. PUT, (e) conjugated spermidine-conj. SPD, and (f) conjugated
spermine-conj. SPM) at root and leaf levels using NT-non treated soil. Cd 9 ppm-soil was supple-
mented to 9 mg Cd kg−1 of soil dry weight and Ni 150 ppm-soil was supplemented to 150 mg Ni
kg−1 of soil DW. Significance levels: (NS) non-significant versus significant (*) < 0.05; (**) < 0.01;
(***) < 0.001; and (****) < 0.0001.

2.5. The Principal Component and Correlation Analysis

The Principal Component Analysis (PCA) of analyzed parameters (metabolites, en-
zymatic activities, radical scavenger activities, and metal content) separately for root
(Figure 5a) and leaves (Figure 5b) samples showed differences in organ-specific manner to
heavy metal stressors. In both analyzed organs, the first two principal components (PC)
described mostly all sample variation (root: 99.28% and leaf: 99.89%). In the root samples
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(Figure 5a), parameters associated with PC1 (LP < N < POD < HM conc. < IAA < Put <
Conj. Put) defined Ni induced stress, while parameters defined by PC2 (RSD DPPH < SOD
< GR < Spd) were defined by Cd induced stress responses. In contrast, analyzed parameters
in leaf samples showed that parameters associated with PC2 (POD < N < C < Conj. Put
< RSC OH < Ca < Mg) defined Ni induced stress. Opposite to the parameter distribution
in Figure 5a for root samples, Cd induced stressors were defined by both PCs, mostly
with parameters which defined enzyme activity and hormonal status, particularly with
parameters RSC NO < IAA < TPC < SOD < RSD DPPH. Firstly, non-treated control samples
were closely distributed on both PCAs, while treated samples were obviously removed
from each other as well as from the control samples. Different PCAs and correlation matrix
patterns that define different relations among analyzed parameters indicate organ specific
responses to elevated soil HM amounts.

Figure 5. Principal Component Analyses (PCA) with treatment and heavy metal treatment as a
dependent variable separately using root (a) and leaf (b) samples. Treatments include: Cd 9 (P. deltoides
grown in soil supplemented with 9 ppm Cd); Cd_NT (poplar cuttings grown in non-treated soil); Ni
150 (poplar cuttings grown in soil supplemented with 150 ppm of Ni); and Cd_NT (poplar cuttings
grown in Cd non-treated soil). The following abbreviations examined parameters. TPC: total phenolic
content; FRAP: ferric reducing antioxidant power; LP: lipid peroxidation; SPD: spermidine; SPM:
spermine; PUT: putrescine; SOD: superoxide dismutase; POD: guaiacol peroxidase; GR: glutathione
reductase; ABA: abscisic acid; IAA: indole-3-acetic acid; and DPPH: 2,2-Diphenyl-1-picrylhydrazyl
radical.

Heavy metal root content positively correlated with almost all the measured parame-
ters. We noted the strongest correlations between heavy metal content from roots with N
and C contents, TPC and LP, enzymatic activities, hormonal status (ABA and IAA), and free
polyamine content (PUT and SPM), as well as all conjugated forms of polyamines, and with
parameters of antioxidant defense system (RSC NO and RSC OH). Root HM contents had
a strong, negative correlation with SPD. In contrast to the roots, heavy metal contents in
the leaves did not exhibit a uniform response. Although a majority of parameters showed
a positive correlation, all inspected polyamines (PUT, SPD, and SPD) expressed negative
correlations to HMs content.

Plant hormones (ABA and IAA) measured in both organs (leaves and roots) exhibited
similar relation patterns as other analyzed parameters. We noted that ABA from root
tissue was strongly and positively correlated with parameters of enzymatic activity and
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parameters of antioxidant defense system, such as TPC, LP, POD, and RSC NO, as well as
with heavy metal content. In contrast, root levels of ABA were negatively correlated with
FRAP values, Ca, and Mg contents, while the correlation with polyamines was missing.
Root amounts of IAA showed similar patterns, such as ABA, with all parameters measured
in the root tissue. Foliar plant hormones (ABA and IAA) obtained strong correlations with
HM content applied using the treatments as well as with Mg and C content, FRAP values,
LP activity, and conjugated forms of polyamines. In contrast, foliar ABA exhibited a strong
negative correlation with free polyamines (PUT, SPM, and SPD) (Figure 6a).

Figure 6. Pearson’s correlation matrix of all analyzed parameters for roots (a) and leaves (b) exposed
to increased levels of Ni and Cd. The following abbreviations examined the parameters. TPC: total
phenolic content; FRAP: ferric reducing antioxidant power; LP: lipid peroxidation; SPD: spermi-
dine; SPM: spermine; PUT: putrescine; SOD: superoxide dismutase; POD: guaiacol peroxidase; GR:
glutathione reductase; ABA: abscisic acid; IAA: indole-3-acetic acid; and DPPH: 2,2-Diphenyl-1-
picrylhydrazyl radical.

Within polyamines detected from the root tissue, PUT and SPM showed similar
correlation patterns as other examined parameters, contrary to SPD patterns. Likewise,
PUT and SPM had strong mutual correlation at the root level. To expand, PUT and SPD in
roots were positively correlated with applied amounts of heavy metals, C and N contents,
and their conjugated forms, as well as with RSC OH and POD, while negative correlations
were noted among PUT and SPM with SOD, Gr, and SPD. We observed opposite patterns
of correlation among PUT, SPD and SPM at the leaf level compared with the root tissues,
which contributed to the hypothesis of organ-specific responses to increased heavy metal
content. At the leaf level, polyamines established numerous negative correlations, like
those with HM contents, LP, ABA, RSC DPPH, and RSC NO, as well as conjugated forms of
SPD (Figure 6b). Conjugated forms of polyamines exhibited different correlation patterns
compared to their free forms extracted from leaves.

Parameters of the antioxidant defense system in roots (RSC NO and RSC OH) had
similar relations as other analyzed parameters. The stronger positive correlations were
noted with Ca, N, and C contents compared with LP, POD, IAA, and polyamines (PUT
and SPM). This trend was opposite to the established correlations with parameters such
as GR and SPD, which exposed negative correlation patterns only with RSC OH in the
roots. Ambiguous and inconsistent patterns of antioxidant defense system correlations
were detected at the leaf level. The most positive relationship was observed between RSC
OH and Ca, N, and POD, while RSC NO negatively correlated with TPC, SOD, and IAA in
poplar leaves (Figure 6a).
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3. Discussion

3.1. The Effects of Cd and Ni on the Antioxidant Defense System

Heavy metals, in addition to influencing enzyme expression, also alter enzyme cat-
alytic function due to their strong binding affinity to sulfhydryl or other groups from the
enzyme’s active center, resulting in lower enzyme activity or even complete inhibition [55].
Heavy metals can interfere with the function of many enzymes and even displace impor-
tant metal ions from active sites, resulting in altered activities or the loss of activity [56].
Excessive heavy metal amounts in plants cause oxidative stress which stimulates activities
or upregulates expression patterns of defense antioxidant enzymes, such as superoxide
dismutase (SOD) and glutathione reductase (GR) [57,58]. The results provided in this study
reveal that the change in Ni content in poplar root extract had no effect on the activity of
SOD and GR, but the results also confirm that Ni ions have stimulating effects on POD
activity. In contrast, Cd ions boost the activity of SOD, POD, and GR in poplar leaf extracts.
It was reported previously that Cd influences enzyme activity in poplars, resulting in
higher activities of ascorbate peroxidase, glutathione peroxidase, and catalase in roots [59].
Since Ni is not a redox-active element, it is not expected to have a direct impact on the
generation of reactive oxygen species; however, this property allows Ni ions to indirectly
interact with a large number of antioxidant enzymes, such as superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GSH-Px), glutathione reductase (GR), guaiacol
peroxidase (GPx), and ascorbate peroxidase (Apx) [60]. The activity of antioxidant enzymes
varies depending on the time of exposure, the type of treatment, and the species and
plant organs involved [61]. According to Gajewska and Sklodowska [62], SOD and CAT
activities decreased significantly in wheat leaves after treatment with 100 mM Ni for three,
six, and nine days, while glutathione peroxidase (GSH-Px), guiacol peroxidase (POD), and
ascorbate peroxidase (Apx) activities increased. However, the same authors [63] reported
that exposing peas (Pisum sativum) to nickel ions for 14 days (concentrations of 10, 100, and
200 mM) reduced SOD activity in both shoots and roots, which is in accordance with our
findings for poplar clone PE19/66.

The results of the experiment show an increase in total polyphenol content in response
to higher Ni and Cd ion concentrations. Similarly, a metal induced increase of total phe-
nolics was reported for other plant species, such as corn [64], cress (Lepidium sativum) [65],
Scots Pine (Pinus sylvestris) [66], and wheat (Triticum sp.) [67]. Furthermore, the content
of phenolic chemicals increases in poplar as a result of Cd exposure. A concentration of
200 μM caused a 47% increase in phenolic compounds in the roots of Populus deltoides
and a 38–168% increase in the bark of Populus ×euramericana, Populus nigra, and Populus
popularis, while in the leaves of Populus nigra, phenolic content was 67% higher compared
to control plants [59]. Phenolic compounds increase plant tolerance to various abiotic stress
factors, such as temperature fluctuations, the presence of heavy metals [68], and water
deficit [69,70], in addition to their importance in allelopathic relationships and herbivore
defense [71]. Furthermore, other publications revealed that the total polyphenolic content
of many plants reduced during abiotic stresses [72–75]. The defensive role of phenolic
compounds is attributed to the photoprotective, osmoregulatory, and mostly antioxidant
properties of these compounds [76]. According to the study’s findings, higher phenolic
compound contents in roots and leaves reveals a greater ability to remove ROS. Increased
Ni and Cd ion concentrations (three times higher than the MAA) increase the antioxidant
capacity of treated poplar clones. There is an increase in the ability to neutralize DPPH
radicals under the influence of Ni ions at a concentration of 150 ppm. This is most likely due
to the activation of antioxidant defense, which is manifested via the increased biosynthesis
of secondary metabolites under stressed conditions caused by Ni ions. Kebert et al. [77]
investigated oxidative stress in the leaves of poplar clones Pe19/66, B229 (P. deltoides), and
Panonnia (P. ×euramericana) after field exposure to a mixture of heavy metals (Ni, Cd, and
Pb), herbicides, diesel fuel, and combined treatment with diesel and heavy metals. The
authors stated that heavy metal treated poplar leaves had higher antioxidant capacity than
the control group and identified clone B229 as the most tolerant to the treatments used.
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In addition, Cd induced stress activated the Brassica juncea antioxidative defense
system [78]. However, the findings of a study about the toxic effects of cadmium on Brassica
rapa var. turnip discovered that Cd treated plants had lower antioxidant activity [79].
The findings of this study reveal that the ferric reducing antioxidant power (FRAP) of
poplar root and leaves extracts is increased when it is exposed to high levels of Ni and
Cd. Furthermore, Kebert et al. [77] demonstrated that there is an increase in poplar leaf
reducing capacity (estimated by FRAP assay) due to the exposure of plants to stress caused
by heavy metals, pesticides, and/or diesel in the soil. The results of the FRAP test on
the antioxidant capacity in basil (Ocimum basilicum) leaves revealed that the antioxidant
capacity increased with a treatment of Ni 500 pp and that antioxidant capacity decreased
as Ni content increased [80].

The results obtained in this research indicate that the amounts of measured malon-
dialdehyde (MDA) in poplar leaves and roots increases with an increase of the Ni and
Cd ions concentration. Previously published research revealed that the process of lipid
peroxidation is enhanced in higher plants under situations of oxidative stress produced by
heavy metals. As a result of heavy metal exposure, the amounts of MDA, as an end product
of lipid peroxidation, increased in peas [81], different genotypes of rye (Secale cereale) [82],
sunflower (Helianthus annuus) [83], Arabidopsis thaliana [84], nodules of soybean (Glycine
max L.) [85], spring barley (Hordeum vulgare L.) [86], and citrus (Citrus aurantium L.) [87],
which is consistent with the results of this research.

3.2. HM Induced Stress Affected Plant Developmental and Stress Hormones (IAA and ABA)

Abscisic acid (ABA) is a multifunctional phytohormone that has been linked with
tolerance to adverse environmental conditions, and its signaling pathway is a key regulator
of abiotic stress response in plants, including heavy metal induced stress [31,88–90]. It
has been proposed that ABA accumulation and the regulation of ABA biosynthetic gene
expression contribute to heavy metal tolerance without affecting growth [91]. The beneficial
effects of ABA are associated with its ability to cause stomata closure and to regulate
hydraulic conductivity during drought stress or during significant osmotic changes, such
as those caused by HM [92]. Furthermore, ABA is involved in the regulation of genes
encoding biosynthetic enzymes of different osmoprotective compounds, such as proline and
glycine betaine [93,94]. The accumulation of ABA and proline is crucial in the development
of tolerance to Cd ions, indicating the networking of signaling pathways in conditions
of abiotic stress caused by water deficit and an increased content of heavy metals [95].
Improved tolerance in HM-stressed plant species has also been linked to exogenous ABA
application [54]. In contrast, the endogenous levels of plant hormones changes after poplar
plants are exposed to a high amount of Cd and Ni in the soil and tissue accumulation of
this metal. The significant increase of ABA levels at the root level found in this study could
be associated with the important role of this hormone in stress perception and root–shoot
signal transduction that enables the transfer of information about increased contents of
heavy metals in the soil to the shoots [96]. Our findings about increasing ABA root content
are consistent with those found in Phaseolus vulgaris under Ni induced stress [97]. When
plants are exposed to an excess of Cd ions, they exhibit symptoms of general plant stress,
such as decreased leaf elongation and growth and decreased cell size (ethylene response),
and symptoms of water deficit, such as decreased stomatal conductance and transpiration,
which represent a typical ABA response since it is well known that toxic trace metals impair
plants’ water balance [98–100]. Our findings show that Cd treatment increases ABA levels
by 117% which aligns with previous studies that confirmed Cd induced ABA and ethylene
biosynthesis in roots [101–105].

Furthermore, recent findings in Mung bean (Vigna radiata) after exogenous application
of ABA during Cd stress demonstrated that ABA plays a role in HM tolerance via the
regulation of antioxidant machinery [98]. This finding is consistent with the high posi-
tive correlations among ABA, total phenolic content, and peroxidase activity at the root
level found in this study. Transpiration, on the other hand, stimulates Cd ion transport
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to the shoots, and exogenous ABA application reduces this transport [106,107]. ABA-
mediated osmotic stress and ABA-mediated signaling pathways induced by excess Cd
ions resulted in an increased expression of metallothionein in peas, indicating the existence
of signaling crosstalk between drought and Cd induced stress [108]. Depending on the
applied concentation, Ni ions can stimulate and inhibit the activities of enzymes involved
in the metabolism of plant hormones. Thus, under the influence of 50 μmol NiCl2, the
activity of indole-3-acetic acid oxidase in O. sativa seedlings significantly increased, while
at higher concentrations of Ni ions, the enzymatic activity of this enzyme significantly
decreased [109]. In our study, slightly increased root levels of IAA under both elevated
Ni and Cd ions are present, while there are no significant changes in IAA at the leaf level.
In contrast to our findings, arsenic (As) decreased levels of three auxins, including IAA,
NAA, and indole-3-butyric acid (IBA), occurred in Brassica juncea [110], whereas short-term
cadmium exposure also reduced IAA levels in the root tips of barley (Hordeum vulgare) [111].

3.3. Polyamines Exhibited Metal and Organ Specific Responses to HM-Induced Stress

Polyamines, as ubiquitous polycationic antioxidants, have been shown to be mediators
of increased heavy metal tolerance in numerous plant species by mitigating the toxic effects
of heavy metals in plants [112]. Their protective role is based on their high antioxidant and
strong ROS scavenger capacity, and therefore their ability to regulate redox homeostasis
during oxidative stress caused by heavy metals [113,114], and also on their ability to
act as metal chelators [115]. During their catabolism, polyamines generate hydrogen
peroxide, allowing them to modulate entire ROS signaling pathways [116], but they can
also activate plant antioxidant defense machinery, specifically affecting the gene expression
of ROS scavenging enzymes [117,118]. As positively charged compounds, they have
a high affinity for binding to negatively charged biomolecules, such as DNA or lipid
membranes, increasing their stability and inhibiting lipid peroxidation, while also having a
high affinity for binding to ionic channels and regulating ion homeostasis and ion transport
in plants [119,120]. Depending on their charge (Spm4+ > Spd3+ > Put2+), polyamines block
fast-activating vacuolar cation channels which gives them the ability to modulate salt
stress tolerance in plants and heavy metal induced stress through modulation of metal
transporters [121]. Increased tolerance to heavy metal induced stress has been linked
to plants’ ability to increase endogenous levels of specific polyamines [31,122] or to the
exogenous application of Pas during exposure to elevated heavy metal amounts in soil [123].
In our study, after long-term exposure to high Ni and Cd soil levels, polyamines exhibit
organ- and metal-specific responses, with mostly decreasing patterns of free polyamines
with increasing Cd levels and increasing patterns of free polyamines during nickel induced
stress. Increasing polyamine patterns during Ni induced stress in poplar clone Pe19/66 are
consistent with findings of increased foliar SPD and SPM levels in Amaranthus paniculatus
plants during Ni induced oxidative stress [124], whereas significantly increased PUT
levels were reported in Brassica napus under excess Ni accumulation [125]. Increased
endogenous levels of PAs were also detected in the tissue culture of the commercial white
poplar clone ‘Villafranca’ (Populus alba) after exposure to elevated Zn and Cu contents [49]
and in poplar clones M1 (Populus × euramericana), PE19/66, and B229 (Populus deltoides)
exposed to elevated soil Cu content [31]. Furthermore, elevated Zn amounts were found to
increase the expression of the polyamine biosynthetic genes PaADC and PaODC in poplar
leaves [49], while the addition of polyamines decreased the expression of genes encoding
metallothionein type 2 (PoMT2) during Zn induced stress in Plantago ovata [126]. Tobacco
(Nicotiana tabacum) leaves treated with CdCl2 showed increasing patterns of all free and
conjugated polyamines, which contrasts with our finding that elevated Cd amounts reduce
the main foliar and root polyamines in poplar [127]. When Mung bean was exposed to
increased Cd content, putrescine levels increased, but spermidine and spermine levels
decreased, which is consistent with our findings [128], whereas cadmium increased the
enzyme activities of polyamine biosynthetic enzymes (ADC, ODC, SPMS, and SPDS) in
Oryza sativa [129]. Mitigating effects of the exogenous application of SPD, SPM, and PUT

159



Plants 2022, 11, 3246

during heavy metal induced stress were reported in wheat exposed to increased lead [130]
and cadmium levels [131], which resulted in beneficial effects of polyamines, increased
plant tolerance to heavy metals, and reduced metal phytotoxicity.

Conjugated polyamines or phenylamides (PhA) are amides formed of aliphatic (e.g.,
putrescine, spermidine, or spermine) or aromatic (e.g., tyramine and tryptamine) polyamines
and hydroxycimetic acids (most commonly caffeic, ferulic, and p-coumaric acid) [132]. As
polyamines covalently linked to phenylpropanoids, phenylamides have the combined
chemical properties of both components, providing them with a wide range of biochemical
and metabolic actions, particularly related to free radical scavenging, so there are partic-
ularly involved in plant response to elevated heavy metal contents [46]. Because of the
high levels of phenylpropanoids in poplars, these conjugated polyamines were abundant
in poplar tissues [133]. In this study, all examined conjugated polyamines increased sig-
nificantly at the root level when exposed to excess nickel, while conjugated polyamines
prominently declined in both inspected organs after Cd treatment. These findings for
cadmium response in poplar contrast to elevated amounts of conjugated polyamines found
in Hydrocharis dubia when spermidine was applied exogenously to mitigate Cd induced
stress [134]. Furthermore, when the same poplar clone was exposed to long-term effects of
excess copper levels, increasing patterns of conjugated polyamines were observed, demon-
strating the importance of conjugated polyamines in heavy metal tolerance in poplars [31].

4. Materials and Methods

4.1. Experimental Design and Sampling

In the experiment, 10 dm3 pots with sandy fluvisol soil were used (see Table 2). The
substrate was artificially contaminated by separately adding Cd (NO3)2 and Ni (NO3)2 to
final contents of 9 mg kg−1 Cd and 150 mg kg−1 Ni. The control substrate was not artificially
contaminated. After the stabilization of the metal content via natural microbiological
activity (which took eight weeks), non-rooted cuttings of P. deltoides clone PE 19/66 were
planted in the spring in pots (including four cuttings in three replicates per treatment
and the control) and grown in a greenhouse under semi-controlled conditions. The plants
received regular irrigation and monthly additions of Hoagland’s solution. After five months
of the experiment, one portion of the plant material (the leaves and roots) was used when
it was fresh for the preparation of buffer extracts, while the second was frozen in liquid
nitrogen and lyophilized to analyze plant hormones and the hormone regulator, and the
third and fourth were dried at room temperature for radical scavenger capacity and TPC
analyses and in the oven at 70 ◦C for the determination of metals content to achieve a
constant weight, respectively.

Table 2. Chemical properties and particle size composition of the soil used in the experiment.

Horizon
Depth
(cm)

pH
(in H2O)

Humus
(%)

CaCO2

(%)

Particle Size Composition

Coarse
Sand
(>0.2)

Fine
Sand
(0.2–
0.02)

Silt
(0.02–
0.002)

Clay
(<0.002)

Total
Sand

(>0.02)

Total
Clay

(<0.02)

Ap 0–30 7.55 2.64 17.08 0.5 37.4 40.4 21.7 37.9 62.1
I 30–58 7.91 1.58 19.56 0.3 45.9 34.8 19.0 46.2 53.8
II 58–72 8.08 1.00 16.06 0.3 71.0 15.9 12.8 71.3 28.7

III Geo 72–110 8.22 1.09 19.10 1.9 40.5 37.7 19.9 42.4 57.6
IV Geo 110–175 8.53 0.46 15.93 2.5 88.5 1.5 7.5 91.0 9.0

4.2. Metal Content, Translocation (TF), and Bioconcentration Factors (BCF)

Using a microwave-assisted digestion system (model Milestone, D series), 300 mg
of oven-dried and crushed plant material were digested with 10 mL of nitric acid and
2 mL of 30% w/v hydrogen peroxide and then diluted to 25 mL with deionized water.
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The samples were then processed using an Atomic Absorption Spectrophotometer (model
FS AAS240/GTA120, Varian, California, CA, USA) and the acetylene/air burner flame
technique with an atomization temperature of approximately 2300 ◦C. The contents of Mg,
Ca, Cd, and Ni were determined at 285.2, 422.7, 228, and 232 nm, respectively, and expressed
in mg kg−1 dry weight (DW) of plant material. All analyses of metal accumulation were
performed in three biological and two technical replicates.

4.3. Activities of Antioxidant Enzymes, Radical Scavenger Capacity, Lipid Peroxidation Intensity
and Content of Total Polyphenol Compounds

To prepare buffer extracts of leaf and root samples for the measurement of antioxidant
enzymes activities (POD, SOD, and GR), lipid peroxidation intensity (LP) and ferric reduc-
ing antioxidant power (FRAP test), 250 mg of fresh plant material was mixed with 2 mL of
a 50 mM K-phosphate buffer (pH 7.0) using a ground glass homogenizer centrifuged at
15,000× g, and after separation of the supernatants, some were used for further analyses.

Seventy percent ethanol in a ratio of 1:10 (w/v) was added to 20 mg of air-dried plant
material, and after centrifugation at 15,000× g, supernatants were used to test radical
scavenger capacity (RSC) against DPPH, OH, NO radicals, and TPC.

All mentioned parameters were determined spectrophotometrically using a MultiScan
spectrophotometer (Thermo Fisher Scientific, model Multiscan, Santa Clara, GO, CA).

(A) Enzymes activities (POD, SOD, and GR)

Guaiacol peroxidase (GPOD, EC 1.11.1.7) activity was measured according to Zimmer-
lin et al. [135] with minor modifications. Buffer extracts, as a source of POD, were added
to the reaction medium with 0.1 M acetate buffer (pH 7.0) and 10 mM guaiacol as POD
substrate. After the addition of 0.1 mM H2O2, the increase in the absorbance was measured
at 436 nm over 2 min. The enzyme activity was calculated using the extinction coefficient
for tetraguaiacol (e = 25.6 mM−1 cm−1) and expressed as enzyme units (U) g−1 FW, where
one unit (U) represented the quantity of the enzyme that catalyzes the conversion of 1 μmol
of substrate per min.

Superoxide dismutase (SOD) activity was determined by inhibiting the photochemical
reduction of nitro blue tetrazolium (NBT) to formazan, which is a blue product of NBT
reduction with superoxide anion (O2•−) [136]. Buffer extracts, as a source of SOD, were
added to the reaction medium with 0.1 M K-phosphate buffer (pH 7.8), 13 mM methionine,
75 μM NBT, 0.1 mM EDTA, and 2 μM riboflavin. After the illumination of the samples
using a fluorescent lamp for 10 min, a change in color was measured at 560 nm. The enzyme
activity was defined as the amount of enzyme that inhibits NBT reduction by 50% at 25 ◦C
and expressed as U g−1 FW.

Glutathione reductase (GR) activity was assayed using the Carlberg and Mannervik’s
procedure [137]. Buffer extracts, as a source of GR, were added to the reaction medium
with 100 mM phosphate buffer (pH 7), 1 mM GSSG, 1 mM EDTA, and 0.1 mM NADPH.
Glutathione-dependent oxidization of NADPH was monitored for 2 min at 340 nm. The
extinction coefficient was 6.22 mmol L−1 cm−1. The enzyme activity was expressed as
U g−1 FW.

(B) Assays of Antioxidant Defense Systems

The DPPH-scavenging activity was determined according to Arnao et al.’s method [138]
based on the reaction of the transformation of purple (λmax = 515 nm) DPPH-radical (2,2-
diphenyl-1-picrylhydrazyl) into reduced yellow form DPPH-H after incubation at 30 ◦C
for 30 min in the dark.

Neutralization of the hydroxyl radical (OH•) was determined by monitoring the degra-
dation reaction of 2-deoxy-D-ribose in the presence of free OH• radicals generated in the
Fe2+/H2O2 system [139]. One of the final products of this reaction was malonyldialdehyde
(MDA) which was determined spectrophotometrically with the help of a thiobarbiturate
test (TBA test) at 532 nm.
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Nitric oxide (NO•) radical inhibition was calculated using the Griess Illosvory dia-
zotization process and the method developed by Hensley et al. [140]. The chromophore’s
absorbance was measured at 546 nm.

The total antioxidant power was measured using the FRAP assay [141] based on the
reduction of Fe3+-TPTZ to Fe2+-TPTZ leading to a change in the reaction medium to a dark
blue color with maximum absorbance at 593 nm.

Different concentrations of Trolox (6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), which is a hydrophilic analog of vitamin E, were used as a standard in previously
mentioned methods. Radical scavenger capacity against DPPH, OH, and NO radicals, as
well as ferric reducing antioxidant power-FRAP were calculated using a standard curve
and expressed as nmol of Trolox equivalents per g of fresh and dry weight of plant material
(nmol TEAC g−1 FW/DW), depending on the extract used in the assay.

The intensity of lipid peroxidation (LP) was determined based on the content of
malondialdehyde (MDA) as an end product of LP [142]. Absorbance was measured at
532 nm after incubation of the reaction medium (with the buffer extract and a solution
containing 20% trichloroacetic acid and 0.5% 2-thiobarbituric acid) at 95 ◦C for 30 min.
MDA amounts (determined by its molar extinction coefficient, 155 mM L−1 cm−1) were
expressed as nmol MDA per gram fresh weight (nmol MDA g−1 FW).

The content of total phenolic (TPC) was estimated using the Folin–Ciocalteu assay ac-
cording to a method developed by Singleton et al. [143] at 725 nm. The standard calibration
curve was plotted using gallic acid and expressed as mg of gallic acid equivalents per g of
dry weight of plant material (mg GAE g−1 DW).

4.4. Plant Hormones and Hormone Regulators Content

(A) Plant hormone analysis (ABA and IAA)

Freeze-dried leaves and roots weighing between 0.1 and 0.2 g DW were extracted using
a solution of 65:35 isopropanol and 0.2 M imidazole buffer (pH 7.0). As an internal standard,
[13C6]IAA and [2H4]ABA were added to the reaction mediums for the quantitative mass-
spectral analysis of abscisic acid (ABA) and indole-3-acetic acid (IAA) in poplar leaves and
roots. After overnight isotope equilibration, the analyses were performed according to
Chen et al. [144] and Rapparini et al. [145] using gas chromatography-mass spectrometry-
single ion monitoring (GC-MS-SIM) as described by Baraldi et al. [146]. The results of ABA
and IAA quantification were expressed as ng g−1 DW.

(B) Polyamines determination

Plant tissues (approx. 20 mg DW of freeze-dried material) were extracted with
10 volumes of 4% perchloric acid (PCA). The homogenate was kept for 1 h on ice and
then centrifuged at 15,000× g for 30 min. Aliquots of the supernatants and standard
solutions of putrescine (PUT), spermidine (SPD), and spermine (SPM) were derivatized
with dansylchloride as described by Scaramagli et al. [147]. Dansylated derivatives were
extracted with toluene, dried, and resuspended in acetonitrile prior to HPLC analysis.
Aliquots of the supernatant were subjected to acid hydrolysis (6 N HCl overnight at 110 ◦C)
in order to release PAs from their PCA-soluble conjugates. Released PAs were derivatized
and analyzed as described above. PAs were separated and quantified with HPLC (Jasco,
Tokyo, Japan) using a reverse phase C18 column (Spherisorb ODS2, 5-μm particle diameter,
4.6 × 250 mm, Waters, Wexford, Ireland) and a programmed acetonitrile-water step gradi-
ent. The results of PAs quantification were expressed as nmol g−1 DW. The conjugated PAs
amounts were calculated as the difference of total PAs in the hydrolyzed supernatants and
the amounts of the free PAs in the nonhydrolyzed supernatants.

4.5. Elemental Analysis of Nitrogen and Carbon Content

The contents of nitrogen (N) and carbon (C) in freeze-dried powdered poplar leaf
material were determined using a CHN analyzer (model Elemental VARIO EL III, Hanau,
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Germany) coupled with a thermo-conductivity detector by using the manufacturer’s in-
structions. Acetanilide was used as a standard compound.

4.6. Statistics

Descriptive statistics, two factorial ANOVA, the t-test, principal component analysis
(PCA), and Pearson correlation statistical techniques were employed. In two-way ANOVA,
heavy metals (Ni and Cd) and plant organs (root and leaf) were used as factors, which
were interpreted using the Fisher (F) test and their statistical significance levels. The t-test
results were visually represented on a box plot diagram. The R programming environment
was used for all statistical data processing (R Core Team). The “rstatix” R package [148]
was used to calculate descriptive statistics and run two-way ANOVA and t-tests, while the
“ggplot2” R package [149] was used for other visual representations. We used three levels
of statistical significance throughout the paper denoted as (*) 0.05, (**) 0.01, (***) 0.001, and
(****) 0.0001.

5. Conclusions

This study represents one of the first findings regarding the ability of the tested P.
deltoides clone PE19/66 to be used for the phytoremediation of nickel and cadmium from
soil. The study was designed to follow the effects of artificially applied heavy metals on
poplar biological responses at the root and leaf levels. Tracking antioxidant, metabolic, and
ROS enzymatic poplar biological responses and elevated nickel and cadmium soil amounts
revealed a high metal- and -organ specificity. P. deltoides clone 19/66 showed an ambiguous
response to different heavy metals, whereas polyamines showed mostly decreasing patterns
of free polyamines in response to increased cadmium levels and increasing patterns of
free polyamines in response to nickel induced stress. As a result of elevated nickel and
cadmium soil contents, there was a significant increase in antioxidant activities, phenolic
content, and ABA amounts at the poplar root level, confirming the role of this hormone
in stress perception and signal transduction. These findings could be useful to develop
afforestation programs for heavy metal-polluted habitats.
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Abstract: Despite being adapted to a wide range of environmental conditions, the vitality of European
beech is expected to be significantly affected by the projected effects of climate change, which we
attempted to assess with foliar nutrition and crown defoliation, as two different, yet interlinked
vitality indicators. Based on 28 beech plots of the ICP Forests Level I network, we set out to investigate
the nutritional status of beech in Croatia, the relation of its defoliation and nutrient status, and the
effects of environmental factors on this relation. The results indicate a generally satisfactory nutrition
of common beech in Croatia. Links between defoliation and nutrition of beech are not very direct
or very prominent; differences were observed only in some years and on limited number of plots.
However, the applied multinomial logistic regression models show that environmental factors affect
the relationship between defoliation and nutrition, as climate and altitude influence the occurrence of
differences in foliar nutrition between defoliation categories.

Keywords: tree vitality; foliar composition; stoichiometry; climate change; ICP Forests

1. Introduction

Meteorological and climate conditions affect vegetation directly and indirectly. Direct
effects include responses to temperature; indirect effects occur primarily as soil-mediated
phenomena, such as the influence of precipitation on soil moisture regimes [1–4]. Probably
the greatest threat to existing forest ecosystems in Europe comes from a changing climate [5].
Extreme climatic events such as droughts are thought to be important in initiating changes
in forest ecosystems [6]. According to IPCC [7] predictions, extreme climate events such as
heat waves and long-lasting summer droughts will occur more frequently. Such climate
changes will negatively impact the stability, structure and biodiversity of forest ecosystems
throughout Europe [8]. The region of southeast Europe is one of the most vulnerable
regions in Europe when it comes to climate change impacts, primarily through intensified
severity and duration of droughts and heat waves. As these impacts should be stronger
and faster than on the rest of the continent [9,10] this region is an ideal model for studying
the future impact of changing climatic conditions.

A prerequisite for healthy growth and balanced metabolism is the maintenance of
adequate concentrations and relatively stable ratios of nutrients in plant tissues [11]. Con-
centrations of nutrients and their relationships in the leaves of forest trees are important
indicators of their functioning. It is crucial to account for nutrient limitation when studying
the forest response to climate change [12], as nutritional status has a significant and diverse
impact on tree vitality [13]. The concentration of nutrients in leaves depends on many
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factors: the amount and distribution of precipitation and the length of the growing season,
the presence of nutrients in the soil, ion antagonisms, ion mobility and uptake capacity,
etc. [14]. It seems that the nutritional status of European beech (Fagus sylvatica L.) is deteri-
orating: Jonard et al. [12] and Talkner et al. [15] both report on the negative trend in beech
phosphorus (P) nutrition; furthermore, trends of concentrations of calcium and magnesium
in the foliage of beech trees in Europe were also found to be negative [12]. Nutrient contents
of tree foliage, which reflect atmospheric and soil-related influences, are an important part
of the UNECE ICP Forests monitoring scheme [16]. Beech forests in Croatia have a very
wide edaphic amplitude [17], but baseline data on the chemical composition of foliage in
beech stands has so far been missing.

Tree vitality is defined as the ability of a tree to assimilate, to survive stress, to react
to changing conditions, and to reproduce [18]. As vitality cannot be measured directly,
various indicators can be used to describe it [19]. Crown defoliation is a commonly used
tree vitality indicator [20–22], which can be obtained cost-effectively and relatively quickly
in field surveys [23]. Defoliation is defined as the loss of needles or leaves in the assessable
part of the crown compared to a reference tree [24]. Trees with defoliation above 25% are
regarded as considerably defoliated and are thus defined as damaged [25]. A recent study
showed that there are significant morphological and, in this context even more importantly,
physiological differences in beech leaves between healthy and considerably defoliated
trees [22]. Although European beech had the lowest mean defoliation (20.9%) of all main
tree species in the ICP Forests 2021 survey, the 20-year trend in mean plot defoliation
shows that defoliation of beech is constantly on the rise (3.4% in 20 years), and that larger
deviations from this trend can be linked to drought events [26]. A good example is year
2004, when the annual mean plot defoliation was higher than the trend as a result of the
drought in the preceding year which affected large parts of Europe [27–29]. In Croatia,
the trend in mean defoliation of beech is much steeper with an 8.6 % rise in the period of
1996–2017 [30].

European beech is often mentioned in the context of sensitivity to high temperatures
and drought [31,32], as beech grows best in areas marked by moderately warm summers
and high quantities of precipitation [33]. Beech forms vast forest communities which
provide multiple ecosystem goods and services, and is the dominant tree species in many
deciduous forests in Europe under temperate climate conditions [34]. The projected effects
of climate change, particularly drought, are expected to significantly affect the vitality of
beech, which we attempted to assess with foliar nutrition and crown defoliation, as two
different, yet closely interlinked vitality indicators. Although considered a nonspecific
indicator of vitality, defoliation appears to depend on the nutritional status of trees. How-
ever, research on the relationship between tree defoliation and nutritional status has so far
been limited, especially for beech: Jonard et al. [35] found that defoliation was associated
with lower concentrations of calcium (Ca) and magnesium (Mg) in beech leaves. A study
conducted in Switzerland did not find a link between nitrogen (N) concentrations and
defoliation [36], but Ferretti et al. [37] report that the proportion of common beech trees
with more than 25% defoliation increases with elevated nitrogen to calcium and potassium
(K) ratios in the leaves, indicating that crown status depends on the balance of nutrients in
leaves. Toigo et al. [38] found that defoliation increased due to drought effects, while the
influence of nutritional status was less consistent. The study by Ognjenović et al. [39] on a
limited sample of 26 beech trees showed that defoliation and calcium leaf concentrations
show similar susceptibility to drought, but with different responses in time. Obviously,
besides the overall tree health condition, the concentration of nutrients in leaves depends
on many outside factors. In this context, we set out to better characterize the link between
defoliation and foliar nutrition and determine the influence of environmental factors on the
foliar composition of beech trees of two distinct defoliation categories, on a large sample of
beech-dominated ICP Forests Level I plots in Croatia, with the hypotheses that (I) environ-
mental factors have a significant influence over the defoliation/nutrition relationship and
(II) trees with higher defoliation have lower concentrations of nutrients in leaves. In the

172



Plants 2023, 12, 168

process, we investigated whether tree nutrition plays a role in the loss of vitality of beech
trees (and vice versa); and if the link between tree nutrition and vitality loss varies from
year to year due to interannual climate variations.

2. Results

2.1. Foliar Nutrient Concentrations

Mean N foliar concentrations in the study area level were within normal range [40]
in both defoliation categories and across sampling years. Repeated Measures ANOVA
indicated that there was no difference in N concentrations between LD and HD trees,
while there was a difference between individual years (F(2, 556) = 30.4, p < 0.0001).
In 2018, significantly lower N concentrations were recorded for both defoliation categories
compared to 2019 and 2020 (Table 1).

Table 1. Results of Holm pairwise comparisons of foliar nutrient concentrations and sample dry mass
within a defoliation category and between sampling years (NS–not significant, * p < 0.05, ** p < 0.01,
*** p < 0.001).

Defoliation Category Year 1 Year 2 N P K Ca Mg Sample Dry Mass

LD 2018 2019 *** ns *** ** *** ***
LD 2018 2020 *** *** *** *** ns *
LD 2019 2020 ns *** ns *** * *
HD 2018 2019 *** *** *** ns *** ***
HD 2018 2020 *** *** *** *** *** ***
HD 2019 2020 ns * ** *** ns *

Although there is no significant main effect of defoliation category on P concentrations,
the pairwise comparisons between LD and HD trees indicated significant differences in
2019, when LD trees had a higher concentration than HD trees, but not in 2018 and 2020
(Figure 1). Significant differences in P concentrations (F(2, 556) = 74.9, p < 0.001) were also
observed between individual sampling years (Table 1) with a decrease during the study
period. However, values of P on the plot level were mostly normal throughout the study
period except for the year 2020, when P concentrations were slightly below normal range
on 53% of the research plots (Figure S3).

No significant differences were established for potassium (K) between defoliation cate-
gories and mean concertation values stayed within the normal range in each year (Figure 1).

Repeated Measures ANOVA showed no significant main effect of defoliation category
on Mg concentrations. Nevertheless, pairwise comparisons between LD and HD trees
revealed significant differences in 2018, with HD trees having higher Mg concentrations
(Figure 1). Mean Mg concentrations were within normal range in each year, although they
were lower in 2019 and 2020 compared to 2018 for HD trees.

Similar to other elements, there was no significant main effect of defoliation category
on calcium (Ca) concentrations (F(2, 556) = 3.4, p = 0.06). Pairwise comparisons, however,
showed that HD trees in 2018 and 2019 had significantly higher Ca concentrations than LD
trees (Figure 1). For these years, values for both groups fall within normal Ca concentration
range for beech. In 2020, both categories had significantly higher concentrations than in
previous years, bordering on surplus (luxury) values, but no significant difference was
found between them (Figure 1).

Although there was no significant main effect of defoliation category on dry leaf
mass, the pairwise comparisons between LD and HD trees indicated significant differences
in 2018, when LD trees had a higher dry leaf mass than HD trees (Figure 1). However,
there was a statistically significant main effect of the sampling year on dry leaf mass
(F(2, 556) = 56.3, p < 0.001) and pairwise comparisons showed differences between all years
for both defoliation categories (Table 1).
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Figure 1. Mean foliar concentrations and sample dry mass (dots) with confidence intervals (vertical
bars) for LD (green color) and HD trees (orange color) on all plots within sampling years. Dotted
lines represent lower and upper critical value for normal range of foliar N concentrations for common
beech according to Mellert and Goettlein [40]. Only significant differences in foliar concentrations
between LD and HD categories determined by the Holm–Bonferroni method are indicated (* p < 0.05,
** p < 0.01, *** p < 0.001).

On the plot level, mean Ca concentrations were mostly in the normal range during
the first two years, while excessive Ca concentrations were observed on all plots located in
the alpine region in 2020 (Figure S5), and most of the alpine region plots had insufficient
P concentrations (Figure S3). In the same year, excessive K concentrations were found on
eleven plots (39%), most of them located in the continental region (Figure S4). N values are
rather plot dependent and relatively stable in time (Figure S2), while Mg concentrations
show a very broad range of values, independent of the area, defoliation category, or
sampling year (Figure S6)

Overall, the share of plots with differences in foliar concentrations between defoliation
categories was relatively low for most elements during the entire sampling period (Table 2).
The highest share of plots with differences in foliar concentrations between defoliation
categories was determined for Ca (21.4%) in 2018, followed by Mg (17.9%) in the same year.
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Table 2. Number of plots with significantly higher foliar concentrations in each defoliation category
within sampling years determined by the independent samples t-test (total number of plots: 28).

N P K Ca Mg

2018
HD higher 1 - - 6 4
LD higher 1 - 2 - 1

2019
HD higher - - 1 - 2
LD higher 1 4 1 1 1

2020
HD higher - 2 1 1 1
LD higher 2 - - - 1

2.2. Foliar Nutrient Ratios

N/P ratios were especially high and above the upper limit for both LD and HD trees
in 2020 at the study area level, mostly due to very low P values that approached deficiency
values (Figure 2). Repeated Measures ANOVA did not show a significant main effect of
defoliation category on N/P ratio. However, pairwise comparison between LD and HD
trees indicated significant differences in N/P ratios in 2019, with values out of optimal
range for HD trees due to low P concentration values (Figure 2). The main effect of the
sampling year was significant (F(2556) = 13.4, p < 0.001) with an increase in N/P ratio
during the monitoring period.

Figure 2. Mean foliar ratios (dots) and confidence intervals (vertical bars) for LD (green color)
and HD trees (orange color) on all plots within sampling years. Dotted lines represent lower and
upper critical value for normal range of foliar ratios for common beech according to Mellert and
Goettlein [40]. Only significant differences in foliar ratios between LD and HD categories determined
by the Holm–Bonferroni method are indicated (* p < 0.05, ** p < 0.01, *** p < 0.001).

No significant differences were found for N/K ratio between defoliation groups or
sampling years and values were within normal range in all years.

Repeated Measures ANOVA identified a significant main effect of defoliation cat-
egories on N/Ca ratios (F(2556) = 109.9, p < 0.0001). Pairwise comparisons confirmed
differences in N/Ca ratios between defoliation groups in 2018 and 2019 (Figure 2). These
differences were dictated primarily by Ca concentrations, which showed higher values
in HD trees in 2018 and 2019. Sampling year also had a significant effect (F(2556) = 13.4,
p < 0.001) and pairwise comparison established that values within defoliation categories
were lower in 2020 compared to 2018 and 2019 (Table 3).

Due to low Mg concentrations in 2019 and 2020, the N/Mg ratios were mostly in the
surplus range in those years (Figure 2). No significant effect of defoliation categories on
N/Mg ratios was found. However, pairwise comparisons showed a significant difference
between LD and HD trees in 2018, with higher values for LD trees.
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Table 3. Results of Holm pairwise comparisons of foliar nutrient ratios within a defoliation category
and between sampling years (ns–not significant, * p < 0.05, *** p < 0.001).

Defoliation
Category

Year 1 Year 2 N/P N/K N/Ca N/Mg

LD 2018 2019 ns ns ns ns
LD 2018 2020 *** ns *** ns
LD 2019 2020 *** ns *** ns
HD 2018 2019 ns ns ns ***
HD 2018 2020 * * *** ***
HD 2019 2020 ns ns *** ns

Mean N/P, N/K and N/Ca ratios on the plot level were mostly in normal range
during the entire study (Figures S7–S9). However, in 2020, most of the plots located in the
alpine biogeographic region had excessive N/P and insufficient N/Ca ratios.

The highest share of plots with differences between defoliation categories (5 out of 28,
or 17.9%) was determined for N/Ca in 2018 and N/P in 2019. The share of plots in which
we found differences hardly passed 10% for other ratios and years (Table 4).

Table 4. Number of plots with significantly higher foliar ratios in each defoliation category within
sampling years determined by the independent samples t-test (total number of plots: 28).

N/P N/Ca N/Mg N/K

2018
HD higher - - 1 2
LD higher - 5 2 -

2019
HD higher 5 1 1 2
LD higher - 2 1 1

2020
HD higher 1 - - -
LD higher 1 2 1 -

2.3. Effects of Environmental Factors on Differences in Foliar Nutrition

While the fitted MLR (multinomial logistic regression) models for N and P did not
indicate a significant influence of any of the tested factors, we found that environmental
factors influence the occurrence of differences in foliar concentrations of K, Ca, and Mg
between defoliation categories.

Altitude (alt) and mean annual temperature (MAT) are the only environmental factors
that influence the occurrence of Differences in Foliar Concentrations (DFC) of K. Keeping
all other variables constant, the odds for LD trees having higher K concentration is 0.5%
higher for every meter increase in altitude. On the other hand, odds are 35% lower for HD
trees to have higher K concentrations when the mean temperature increases.

Trees on higher altitudes are more likely to have higher Ca concentrations in HD trees
(Table 5). An opposite effect can be seen with mean annual precipitation (MAP) where,
keeping all other variables constant, with an increase in precipitation the odds are 90%
higher for LD trees and 2% lower for HD trees to have higher Ca concentrations. With
increasing maximum temperatures (Tmax) it is 1.3 times likely that HD trees will have
significantly higher Ca concentrations.

Beech trees on higher altitudes are also more likely to have higher Mg concentrations
in HD trees, but the effect on LD trees is not significant. Keeping all other variables
constant, with a 1 ◦C increase in mean temperature it is 6.6 times likely that HD trees will
have higher Mg concentrations, while at the same time the likelihood of LD having higher
concentrations is negligible (Table 5).
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Table 5. Results of multinomial logistic regression for Differences in Foliar Concentrations (DFC) of
potassium, calcium and magnesium and corresponding model AIC. Odds ratios are reported for each
environmental factor while the confidence intervals are given in the brackets (* p < 0.1, ** p < 0.05,
*** p < 0.01).

DFC

Element
Environmental

Factor 1 HD Higher LD Higher

K

Alt 1.000 1.005 ***
(0.996, 1.003) (1.002, 1.008)

MAT 0.644 *** 0.884
(0.480, 0.809) (0.659, 1.108)

AIC 48.042 48.042

Ca

Tmax 1.298 *** 0.00002 ***
(1.112, 1.485) (0.00002, 0.00002)

sand 0.926 0.048 ***
(0.809, 1.043) (0.048, 0.048)

MAP 0.988 ** 1.900 ***
(0.977, 0.999) (1.900, 1.900)

Alt 1.005 ** 0.372 ***
(1.001, 1.009) (0.372, 0.372)

AIC 56.908 56.908

Mg

MAT 6.578 *** 1.671 *
(6.330, 6.826) (1.149, 2.194)

MAP 1.002 1.006
(0.996, 1.007) (0.998, 1.015)

Alt 1.009 *** 1.001
(1.005, 1.013) (0.992, 1.009)

sand 0.991 1.121 **
(0.885, 1.097) (1.020, 1.222)

pH 2.600 ** 1.015
(1.708, 3.492) (−0.815, 2.846)

AIC 80.311 80.311

Environmental factors 1 Alt—altitude, MAT—Mean Annual Temperature, MAP—Mean Annual Precipitation,
sand—soil sand fraction, pH—pH value, AIC—Akaike information criterion.

The results of the fitted MLR models indicate that beech on higher altitudes is less
likely to have significant differences in N/P ratios and increasing maximum temperature
has the same effect (Table 6). A similar effect of maximum temperatures can be seen for
differences in N/Ca. Holding all other variables constant, with an increase in precipitation
the odds are 0.6% higher that HD trees will have higher N/P ratios and 0.8% higher N/Mg
ratios. When mean temperatures and soil pH increase, it is 2.5 and 3.7 times, respectively,
more likely that LD trees will have higher N/Mg ratios. Keeping all other variables
constant, with a unit increase in PDSI, i.e., less drought, the odds are 83.5% higher that
LD trees will have higher N/Ca ratios. The fitted MLR models for N/K did not indicate a
significant influence of any of the tested environmental factors on the occurrence probability
of differences in foliar nutrient ratios.
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Table 6. Results of multinomial logistic regression for Differences in Foliar Ratios (DFR) of potassium,
calcium and magnesium. Odds ratios are reported for each environmental factor while the confidence
intervals are given in the brackets (* p < 0.1, ** p < 0.05, *** p < 0.01).

DFC

Environmental
Factor 1 HD Higher LD Higher

N/P

MAP 1.006 * 0.989
(1.000, 1.012) (0.967, 1.011)

Tmax 0.820 *** 0.006 ***
(0.696, 0.943) (−0.438, 0.449)

Alt 0.992 ** 0.960 ***
(0.986, 0.999) (0.937, 0.983)

AIC 59.378 59.378

N/Ca

Tmax 0.070 *** 0.402 ***
(−1.553, 1.693) (0.029, 0.775)

PDSI 1.401 1.835 **
(−0.956, 3.758) (1.251, 2.419)

Ca2+ 0.534 0.909 **
(−0.314, 1.381) (0.829, 0.988)

MAP 0.996 0.993 ***
(0.957, 1.036) (0.989, 0.998)

silt 0.741 1.158 *
(−0.353, 1.835) (0.996, 1.319)

AIC 72.131 72.131

N/Mg

MAP 0.999 1.008 ***
(0.989, 1.009) (1.002, 1.014)

MAT 1.070 2.502 ***
(0.648, 1.493) (2.198, 2.805)

pH 0.631 3.708 ***
(−1.419, 2.681) (2.770, 4.646)

SPEI 2.613 0.071 **
(−1.249, 6.474) (−2.192, 2.333)

AIC 65.799 65.799

Environmental factors 1 Alt—altitude, MAT—Mean Annual Temperature, Tmax—Mean annual maximum
temperature, MAP—Mean Annual Precipitation, silt—soil silt fraction, SPEI—Standardised Precipitation-
Evapotranspiration Index, PDSI—Palmer Drought Severity Index, Ca2+—Soil exchangeable calcium, AIC—Akaike
information criterion.

3. Discussion

Assessing the nutritional status of trees using the values of element concentrations in
needles or leaves is a common diagnostic practice in forestry [40–42]. In Croatia there have
been only a few studies into the nutritional status of beech [41,43,44], however these studies
were performed on a limited research area. The results obtained in this study indicate a
generally satisfactory nutrition of common beech in Croatia. Mean concentrations on the
study and plot levels were within the normal range for beech [40]. Similar results were
reported by Ognjenović et al. [39] from a long-term monitoring based case study of beech
foliar composition on one ICP Forests intensive monitoring plot.

Large deviations from the mean concentration values of longer periods in individ-
ual years have been reported for several mineral nutrients [45–47]. In contrast, foliar K
concentrations were reported to be relatively stable [39], and this finding is repeated in
our study, although concentrations of all investigated elements stayed mostly within limit
values [40]. Very similar relationships of N and K to limit values has also been observed
in other studies [48,49]. On the other hand, P foliar levels are a reason for concern at
the European level [12,15]. While beech P nutrition on a study area level seemed to be
sufficient [40], on average 33% of the plots had insufficient P nutrition during the study
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period (Figure S3). Additionally, the ratio of nitrogen to phosphorus shows that beech
nutrition in 2019 and 2020 was not balanced in this respect, which is partly caused by
diminishing P, and partly by increasing N concentrations, respectively.

The fact that we found surplus N/Mg ratios in 2019 and 2020, both due to increasing
N and decreasing Mg values, echoes results of other studies that report an unbalanced Mg
nutrition on national [48,50] and European level [12].

Excessive Ca concentrations on an extremely high proportion of plots (90%) were
determined in a study of beech nutrition in northern Spain, but since no symptoms of un-
balanced nutrition have been identified in the field, the authors believe that the deviations
of the obtained values may be based on ecological and geological differences between the
studied forests and central European forests on the basis of which reference values were
obtained [51]. This consideration is consistent with the hypothesis that the optimal leaf
composition of each species depends on the specific ecological biogeochemical niche that
the species occupies [52]. Taking into account the wide ecological amplitude of common
beech, there is a possibility that the optimal range of concentrations of nutrients is adapted
to the specific habitat in which a particular stand develops. Thus Sardans and Peñuelas [53]
assume that plant species have a certain degree of flexibility in changing stoichiometry in
response to changes in environmental conditions such as climate gradients.

Nutritional status and tree crown defoliation, as indicators of vitality, can provide
a basis for monitoring the effects of long-term environmental changes on forest ecosys-
tems [22,48]. According to Simon and Wild [54], if the concentration of a certain element
remains in the normal range, a decrease in mineral nutrition should be regarded more as
a consequence than the cause of damage. If, on the other hand, the concentrations are
inadequate, we can suspect nutrition to be the cause of damage. Although we did not find
a universal relationship between the defoliation categories and nutritional status of beech
trees, subsequent comparisons revealed differences in the element concentrations and ratios
for certain years. For instance, we found significantly higher P concentrations in LD trees
in year 2019. On the contrary, a study in northern Spain recorded higher P concentrations
in more damaged trees [51]. The most pronounced differences in concentrations between
defoliation categories were determined for Ca, with HD trees having significantly higher
concentrations in 2018 and 2019. Higher concentrations in HD trees were also recorded for
Mg in 2018. Conversely, Jonard et al. [35] report that higher defoliation values are associated
with lower Ca and Mg concentrations in a liming and P/K fertilization experiment of beech
stands in Belgium.

A case study investigating interrelations of various common beech vitality indicators
did not find significant links between foliar nutrient concentrations and defoliation [39].
It should be taken into account that (i) the study was performed on a limited area, (ii)
element concentrations were mostly within the normal range, and (iii) the range of defo-
liation values was narrow and seldom exceeded 25%. The lack of association between N
concentrations and defoliation values, also recorded in this study, Thimonier et al. [36]
attribute to the same kind of limitations. Unlike Ouimet and Moore [55], who observed
that an increase in K concentration in needles resulted in a decrease in defoliation in balsam
fir stands, we found no significant differences in K concentrations between defoliation
categories. Compared to fertilization experiments, the analysis of the nutritional status in
natural stands is more demanding due to the high variability of data and the inability to
control many factors that may affect the nutritional status. Ewald [56] states heterogeneous
environmental conditions as the reason for the lack of significant relationship between
nutrient concentrations and spruce defoliation status in a study conducted in Bavaria. On
the other hand, with this study we do have a full picture of beech nutritional status in
Croatia, including the insight into the significant variations between years and defolia-
tion categories. Significant differences in concentrations only during certain years are not
a phenomenon specific to this research alone. High year-to-year variability in nutrient
concentrations is characteristic of nutritional studies [15,35,48,57].
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The quantification of forest ecosystem response in a climate driven changing envi-
ronment is fundamental for maintenance, enhancement and restoration of future forest
ecosystem goods and services. The results presented in this study are a novel approach in in-
vestigating the effects of climate and environmental properties on the defoliation/nutrition
relationship. Both tree nutrition and defoliation have been reported to depend on climate
properties in various studies. A study by Braun [58] showed that air temperature and pre-
cipitation have a considerable impact on the foliar nutrient concentration. Jonard et al. [49]
observed a positive relationship between precipitation and foliar Ca concentrations, while
insufficient water supply during dry spells have a negative impact on the uptake of calcium,
according to Bergmann [59]. Our results indicate that the increase in precipitation is better
utilized in low defoliation trees since the odds are 90% higher for LD trees to have higher
Ca concentrations with an increase in precipitation. Lukac et al. [60] state that elements
with primarily biologically controlled cycles such as nitrogen can show a different reaction
to temperature changes than elements whose cycles are controlled by both biological and
geological processes (P and K) or predominantly by geological processes (Ca and Mg).
Therefore, it is not surprising that we did not determine a significant effect of environmental
factors on the occurrence of differences in N concentrations between defoliation categories.
A study of beech nutrient dynamics along a precipitation gradient found that N concen-
trations remain constant with decreasing precipitation while P concentrations increase,
resulting in a decrease in N/P ratio [61]. However, in this study increasing precipitation
increases the odds of higher N/P ratios in high defoliation trees suggesting a disturbed
uptake and utilization of P in beech with higher defoliation.

From our results it becomes quite clear that an unequivocal association of foliar nutri-
tion and crown status should not be expected for beech. It seems plausible that various
pressures influence this relationship, affecting the physiological status of beech trees in a
multitude of ways. For instance, Gottardini et al. [22] found that various morphological
and physiological characteristics of beech leaves and canopy such as leaf volume and
photosynthetic activity, had a significant negative association with the extent of dam-
age. Additionally, Ferretti et al. [62] showed that the 25%-defoliation threshold can be a
reasonable approximation for tree classification indicated by the effect of slight and mod-
erate variations in defoliation on tree growth, which is in contrast to the results obtained
by Tallieu [63]. Highly differing research results on this topic are likely depending on
the research area, management practices, climate influences and other unknown factors.
Nevertheless, we established that environmental factors, especially climate, influence the
occurrence of differences in foliar nutrition between defoliation categories.

4. Materials and Methods

4.1. Study Area and Plot Design

The ICP Forests Level I monitoring plots in Croatia are established on intersections of
a 16 × 16 km grid that contain forest cover. These plots do not have a fixed area; rather,
24 trees are chosen for defoliation assessments using a cross-cluster system with six trees in
each cluster [64]. Only plots with a minimum of five beech trees in the sample in 2018 were
selected to ensure that beech was significantly represented in the mixture of tree species,
resulting in total of 28 plots (Figure 3).
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Figure 3. Location of research plots and distribution of European beech in Europe [65]. Selected
Level I ICP Forests monitoring plots (orange dots); remaining Level I plots in Croatia (black dots);
distribution of European beech forests in Croatia [66] (gray polygon); biogeographic region in the
study area (shaded polygon) [67].

4.2. Climate Data

Climate monitoring stations are generally situated at considerable distances from the
forest research plots. Therefore, the data they provide are not always representative of
the research locations. To overcome this, we used gridded data produced by regression
kriging (RK), which is a hybrid method of interpolation carried out in four steps [68,69].
The method was validated with leave-one-out cross-validation, while the root mean square
error (RMSE) was calculated between observed and interpolated values. Mean RMSEs
are for mean monthly temperature from 0.5 ◦C to 0.9 ◦C, for minimum temperature from
1.1 ◦C to 1.5 ◦C, for maximum temperature from 0.7 ◦C to 1.1 ◦C, and for precipitation from
18 to 30 mm, averaged by months.

Monthly temperature and precipitation values from the gridded dataset on 1 km
spatial resolution for Croatia [30] were used to calculate Mean Annual Temperature (MAT),
mean annual minimum (Tmin) and mean annual maximum (Tmax) temperature, Mean
Annual Precipitation (MAP) as well as the Palmer Drought Severity Index (PDSI) [70] and
Standardized Precipitation Evapotranspiration Index (SPEI) [71]. Lower values of scPDSI
and SPEI indicate a stronger drought intensity while higher values indicate a higher degree
of humidity. SPEI was calculated on a time scale of 3 months.

4.3. Tree Selection Procedures, Foliar Sampling and Analysis

Sampling was conducted annually from 2018 to 2020 during late July and August.
At a distance of less than 50 m from the centre of the plot, a stratified sampling of trees
based on the percentage of defoliation was carried out, forming two groups of five trees:
(i) “LOW DEFOLIATION” (LD) trees with defoliation lower than 25% and (ii) ‘HIGH
DEFOLIATION’ (HD) trees with defoliation higher than 25%. Defoliation assessments were

181



Plants 2023, 12, 168

performed during July and August according to the ICP Forests methodology [24] in steps
of 5%, ranging from 0 to 100%. An absolute reference tree, defined as the best/healthiest
possible beech tree, was used in the assessments, regardless of local factors that may
affect the crown condition. Only dominant or codominant trees were selected, without
any wounds or fruiting bodies of fungi on the trunk. In cases when trees changed their
defoliation percentage and thus changed their group status (LD/HD), new, replacement
trees were selected instead, and the discarded trees were not used in further sampling.
Stratified sampling allowed us to circumvent the irregular distribution of tree defoliation
status on plots and focus on determining whether concentrations/contents of nutrients
in leaves differ in trees of different defoliation categories on each plot. Leaves were
sampled from the upper third of the crown using a shotgun rifle or a rope climbing
technique [72,73]. Samples from each tree were combined into a composite sample accord-
ing to fresh weight and analyzed in the Laboratory for Physical and Chemical Testing (LFKI)
of the Croatian Forest Research Institute. Upon arrival to the laboratory, samples of plant
material were dried at 105 ◦ C to constant mass, ground in a Fritsch Pulverisette 14 mill
and prepared for analysis in a Milestone Ethos One microwave oven [74]. Concentrations
of total nitrogen were determined on a Leco CNS 2000 elemental analyzer (LECO, 2000).
Phosphorus (P) concentration was determined colorimetrically on a LaboMed UV/VIS
spectrophotometer [74], and potassium, calcium and magnesium by atomic absorption on
the Perkin-Elmer Aanalyst 700 absorption spectrophotometer [74].

4.4. Soil Sampling and Analysis

Soil sampling was performed in 2019 on five points located within each of the research
plots. One point was located within each of the four clusters of trees that are assessed for
defoliation during regular monitoring activities, and an additional fifth point was located
in the centre of each plot. Soil samples were taken with a pedological drill from a depth of
0–10 cm, 10–20 cm, 20–40 cm, and 40–80 cm. Collected samples were pooled by sampling
depth. Soil mechanical properties were determined by [75] and chemical parameters were
analysed according to the following protocols and methods:

• soil pH (CaCl2) [76]
• exchangeable K, Ca and Mg according to [77]
• exchangeable acidity (free H+) according to [78]
• total N with an elemental analyzer Leco CNS 2000 [79]
• available P and K with the AL method [80]; P by spectrophotometry using molybdate

blue method, on UV/VIS spectrophotometer LaboMed and K directly from filtrate on
flame photometer Buck scientific PFP−7 [81].

4.5. Data Analysis

Descriptive statistics of foliar concentration and ratios were performed for each el-
ement. Foliar data distribution was inspected visually and by Shapiro-Wilk test. Slight
deviations from normality were determined, especially for potassium, calcium and magne-
sium. However, studies have shown that slight deviations from normality do not affect the
rate of false positive results [82].

Therefore, a two-factor repeated measures analysis of variance (ANOVA) was used to
determine the difference in foliar concentrations and ratios between defoliation categories
(LD/HD) of common beech on a study area level. The data of all elements met the assump-
tion of homoscedasticity, which was confirmed by Levene’s test. The Holm–Bonferroni
method [83] was used to perform pairwise comparisons to determine differences in foliar
concentrations (i) between LD and HD categories in single years and (iii) across defoliation
categories between sampling years.

To determine differences in foliar concentrations and ratios between defoliation cat-
egories on a plot level, we used the independent samples t-test [84]. The results were
then categorized for each plot and sampling year to reflect three cases: (i) HD_higher if
HD trees had significantly higher foliar concentrations (p < 0.05), (ii) LD_higher if LD trees
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had significantly higher foliar concentrations (p < 0.05) and (iii) NO_diff if there were no
significant differences in foliar concentrations between defoliation categories, thus creating
a variable which represents Differences in Foliar Concentrations or Ratios for each element
(DFC/DFR).

Multinomial logistic regression (MLR) was used to determine which environmental
factors influence the occurrence probability of a certain DFC/DFR category, except no_dif
which was set as the reference category. Separate odds ratios, which are the exponentiation
of model coefficients, were determined for all independent variables for each DFC/DFR
category. The odds ratio of a coefficient indicates the occurrence probability of either
HD or LD trees having significantly higher foliar concentrations over the probability
of no difference between defoliation categories (NO_diff ). An odds ratio > 1 indicates
that the occurrence probability of a certain DFC/DFR category relative to the occurrence
of NO_diff increases as the independent variable increases, whereas an odds ratio < 1
indicates that the occurrence of a certain DFC/DFR category decreases. Of the potential
independent variables, those with the highest variable importance were selected with the
random forest algorithm [85]. The final model selection process was based on diagnostic
diagrams and a procedure defined by Johnson et al. [86]. All analyses were conducted in
an R programming environment [87].

5. Conclusions

Our final view is that links between defoliation and nutrition of beech in Croatia are
not very direct or very prominent; this can be seen from (I) the fact that differences in
nutrition of LD and HD trees were found for only a few nutrients (II) these effects are
mostly not universal, but present only in some years and on a limited number of plots and
(III) nutrient concentrations mostly stay within normal values regardless of tree defoliation
status. However, it is clear that environmental factors, especially climate properties, do
affect the relationship between defoliation and nutrition. Discovering mechanisms by
which environmental factors affect foliar nutrition should complement current research on
the defoliation–nutrition relationships.
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16. Potočić, N.; Timmermann, V.; Ognjenović, M.; Kirchner, T.; Prescher, A.K.; Ferretti, M. Tree Health Is Deteriorating in the European
Forests; ICP Forests: 2021; Programme Coordinating Centre of ICP Forests, Thünen, Institute of Forest Ecosystems: Eberswalde,
Germany, 2021. [CrossRef]
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30. Ognjenović, M.; Seletković, I.; Potočić, N.; Marušić, M.; Tadić, M.P.; Jonard, M.; Rautio, P.; Timmermann, V.; Lovreškov, L.;
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Ed.; Akademija Šumarskih Znanosti: Zagreb, Croatia, 2003.

34. Bolte, A.; Czajkowski, T.; Cocozza, C.; Tognetti, R.; De Miguel, M.; Pšidová, E.; Ditmarová, L.; Dinca, L.; Delzon, S.; Cochard,
H.; et al. Desiccation and Mortality Dynamics in Seedlings of Different European Beech (Fagus sylvatica L.) Populations under
Extreme Drought Conditions. Front. Plant Sci. 2016, 7, 751. [CrossRef] [PubMed]

35. Jonard, M.; André, F.; Giot, P.; Weissen, F.; Van der Perre, R.; Ponette, Q. Thirteen-Year Monitoring of Liming and PK Fertilization
Effects on Tree Vitality in Norway Spruce and European Beech Stands. Eur. J. For. Res. 2010, 129, 1203–1211. [CrossRef]

36. Thimonier, A.; Graf Pannatier, E.; Schmitt, M.; Waldner, P.; Walthert, L.; Schleppi, P.; Dobbertin, M.; Kräuchi, N. Does Exceeding
the Critical Loads for Nitrogen Alter Nitrate Leaching, the Nutrient Status of Trees and Their Crown Condition at Swiss Long-Term
Forest Ecosystem Research (LWF) Sites? Eur. J. For. Res. 2010, 129, 443–461. [CrossRef]

37. Ferretti, M.; Calderisi, M.; Marchetto, A.; Waldner, P.; Thimonier, A.; Jonard, M.; Cools, N.; Rautio, P.; Clarke, N.; Hansen, K.;
et al. Variables Related to Nitrogen Deposition Improve Defoliation Models for European Forests. Ann. For. Sci. 2015, 72,
897–906. [CrossRef]

38. Toïgo, M.; Nicolas, M.; Jonard, M.; Croisé, L.; Nageleisen, L.M.; Jactel, H. Temporal Trends in Tree Defoliation and Response to
Multiple Biotic and Abiotic Stresses. For. Ecol. Manag. 2020, 477, 118476. [CrossRef]
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57. Potočić, N.; Ćosić, T.; Pilaš, I. The Influence of Climate and Soil Properties on Calcium Nutrition and Vitality of Silver Fir (Abies
Alba Mill.). Environ. Pollut. 2005, 137, 596–602. [CrossRef] [PubMed]

58. Braun, S.; Schindler, C.; Rihm, B. Foliar Nutrient Concentrations of European Beech in Switzerland: Relations with Nitrogen
Deposition, Ozone, Climate and Soil Chemistry. Front. For. Glob. Chang. 2020, 3, 33. [CrossRef]

59. Bergmann, W. (Ed.) Nutritional Disorders of Plants; Gustav Fischer Verlag: Jena, Germany; Stuttgart, Germany; New York, NY,
USA, 1992.

60. Lukac, M.; Calfapietra, C.; Lagomarsino, A.; Loreto, F. Global Climate Change and Tree Nutrition: Effects of Elevated CO2 and
Temperature. Tree Physiol. 2010, 30, 1209–1220. [CrossRef]

61. Meier, I.C.; Leuschner, C. Nutrient Dynamics along a Precipitation Gradient in European Beech Forests. Biogeochemistry 2014, 120,
51–69. [CrossRef]

62. Ferretti, M.; Bacaro, G.; Brunialti, G.; Calderisi, M.; Croisé, L.; Frati, L.; Nicolas, M. Tree Canopy Defoliation Can Reveal Growth
Decline in Mid-Latitude Temperate Forests. Ecol. Indic. 2021, 127, 107749. [CrossRef]

63. Tallieu, C.; Badeau, V.; Allard, D.; Nageleisen, L.M.; Bréda, N. Year-to-Year Crown Condition Poorly Contributes to Ring Width
Variations of Beech Trees in French ICP Level I Network. For. Ecol. Manag. 2020, 465, 118071. [CrossRef]

64. Ferretti, M.; Fischer, R.; Mues, V.; Granke, O.; Lorenz, M.; Seidling, W.; Nicolas, M. Part II:Basic Design principlesfor the ICP
Forests Monitoring Networks. Version 2020-2. In Manual on Methods and Criteria for Harmonized Sampling, Assessment, Monitoring
and Analysis of the Effects of Air Pollution On forests; Thünen Institute of Forest Ecosystems: Eberswalde, Germany, 2020; p. 33.
ISBN 978-3-86576-162-0.

65. Caudullo, G.; Welk, E.; San-Miguel-Ayanz, J. Chorological Maps for the Main European Woody Species. Data Br. 2017, 12,
662–666. [CrossRef]

66. Pravilnik o Vrstama Stanišnih Tipova, Karti Staništa, Ugroženim i Rijetkim Stanišnim Tipovima Te o Mjerama Za Očuvanje
Stanišnih Tipova NN 7/2006. Available online: https://narodne-novine.nn.hr/clanci/sluzbeni/2006_01_7_156.html (accessed on
14 July 2022).

67. Cervellini, M.; Zannini, P.; Di Musciano, M.; Fattorini, S.; Jiménez-Alfaro, B.; Rocchini, D.; Field, R.; Vetaas, O.R.; Irl, S.D.H.;
Beierkuhnlein, C. A Grid-Based Map for the Biogeographical Regions of Europe. Biodivers. Data J. 2020, 8, e53720. [CrossRef]
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