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Phosphorus Nutrition and Water

Relations of European Beech (Fagus

sylvatica L.) Saplings Are Determined

by Plant Origin. Forests 2022, 13, 1683.

https://doi.org/10.3390/f13101683

Academic Editor: Thomas H. DeLuca

Received: 26 August 2022

Accepted: 3 October 2022

Published: 13 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Phosphorus Nutrition and Water Relations of European Beech
(Fagus sylvatica L.) Saplings Are Determined by Plant Origin
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1 Division for Genetics, Forest Tree Breeding and Seed Science, Croatian Forest Research Institute,
Cvjetno Naselje 41, 10450 Jastrebarsko, Croatia

2 Department of Forest Protection, Forest Research Institute of Baden-Württemberg, Wonnhaldesttr. 4,
79100 Freiburg, Germany

3 Institute for Forest Sciences, Albert-Ludwigs-University Freiburg, Georges-Köhler-Allee 53/54,
79110 Freiburg, Germany

4 Division of Biogeochemical Processes, Institute of Meteorology and Climate Research, Atmospheric
Environmental Research (KIT/IMK-IFU), Campus Alpin, Karlsruhe Institute of Technology (KIT),
Kreuzeckbahnstraße 19, 82467 Garmisch-Partenkirchen, Germany

5 Center of Molecular Ecophysiology (CMEP), College of Resources and Environment, Southwest University,
No. 2, Tiansheng Road, Beibei District, Chongqing 400715, China
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Abstract: Climate change, specifically the increasing frequency and intensity of summer heat and
drought, has severe influences on the performance of beech forests, including decline in growth,
reduced nutrient turnover, enhanced mortality, and a shift in spatial distribution northwards and
towards higher elevations. The present study aimed to characterize the physiological responses of
Croatian beech saplings originating from 10 natural forest stands to experimentally applied water
deprivation in a common-garden experiment. The aim was to evaluate the extent to which external
factors such as climate, as well as nitrogen (N) and phosphorus (P) availability in the soil of the
natural habitats, control the response of beech saplings to water deprivation. For this purpose, beech
saplings from 10 forest stands that differed in terms of soil type, chemical soil properties, as well as
climate were collected in winter, cultivated in an artificial soil substrate under controlled conditions
for one year, and then subjected to 29 days of water deprivation. Responses to water deprivation
were observed in the antioxidative system (total ascorbate, reduced ascorbate, oxidized ascorbate,
and redox state) in leaves and fine roots. The latter allowed us to categorize saplings as adapted
or sensitive to water deprivation. P over N availability in the soil rather than climatic conditions
in the natural habitats controlled the response of beech saplings to the water-deprivation event.
The categorization of saplings as adapted or sensitive to water deprivation was related to genetic
parameters. The results of this multidisciplinary study (tree physiology, climate, and genetic data)
are considered to be highly significant and beneficial for the adaptation of European beech forests to
changing climatic conditions.

Keywords: anti-oxidative system; ascorbate; carbon; climate change; common-garden experiment;
Fagus sylvatica; inorganic phosphorus; beech ecotypes; nitrogen

1. Introduction

Beech (Fagus sylvatica L.) constitutes the dominant broadleaf tree species in many
forests in Europe [1,2]. It is also widespread on calcareous soils in Croatia [3], where beech
occupies 47% of forested land and is found in 13 different ecosystems [4]. Therefore, beech
is of high ecological and economic importance in Croatian forestry [5]. The ecological
relevance of beech is substantial because of its broad ecological range, including its ability
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to clean the air, filter water supplies, manage erosion and floods, maintain biodiversity,
and conserve genetic resources. It is utilized as wood-processing material, firewood, and
charcoal because of the high quality of the wood [1]. Increasing duration, frequency,
and intensity of summer heat and drought [6] have already reduced the productivity of
European beech forests and are projected to reduce the performance of beech trees even
more severely in the future.

In a modelling approach, Dannenmann et al. [3] estimated that the potential distribu-
tion of productive beech forests on calcareous soil in Europe could decline by 78% until
the year 2080, with Croatian beech forests most severely affected. According to Glavač [7],
in the microhabitats under the beech canopy, the supply of water and the correct mineral
substances from the leaves are more favourable. With the increase in industrialization in
the middle of the 20th century, favourable microlocations disappeared due to atmospheric
pollution. The same author stated that the beech forest damage caused by atmospheric
pollution is manifested as a direct impact on leaves and assimilation, the introduction of
substances into the soil via dry and wet deposition and their influence on physiological
processes, indirect damage caused by a changed climate, and increased susceptibility of
trees to extreme climatic, edaphic, and biotic conditions. Previous studies of Croatian beech
provenances include research on quantitative genetic variation and adaptation related to
change in climatic environment [8–15].

A cross-exchange experiment with beech saplings in typical beech stands on calcareous
soil in SW Germany revealed that under future climatic conditions: (a) gross nitrification
will decrease; (b) the availability of nitrate (NO3

−), the most important N source of beech
saplings in the soil, will decrease; and (c) reduced NO3

− uptake will mediate decreased
growth. From these results, it was concluded that ecosystem N turnover could become a
bottleneck for the growth and development of beech forests upon increasing exposure to
heat and drought in regions not affected by chronic atmospheric N deposition [3]. These
observations also explain the well-documented sensitivity of beech to drought, especially
on calcareous soil [16–18]. As a consequence of this sensitivity, the spatial and altitudinal
distribution of beech was found to shift towards areas with sufficient water supply at a
higher elevation and in Northern Europe [19,20].

While N nutrition of beech has been intensively studied [21,22], only recently has the
P nutrition of beech trees [23,24], P cycling in beech forests, and adaptation to scarce P
resources come into the focus of forest research [25,26]. As observed for N nutrition, P
nutrition of beech saplings is negatively affected by water deprivation, as indicated by
decreasing total P (Ptot) and inorganic P (Pi) in leaves, stems, and roots [27,28]. Among the
foliar contents and partitioning of major nutrients of beech ecotypes, phosphorus was most
affected by water deprivation [28]. Due to the vast distribution area of Fagus sylvatica across
Central Europe, beech had to adapt to various atmospheric and pedospheric conditions
in its habitats during its evolution. This adaptation has led to the formation of genetically
distinct ecotypes differing in sensitivity to water deprivation [27,29–31]. Among beech
ecotypes, beech saplings from well-watered habitats showed negative effects on P nutrition
that finally determined the saplings’ capacity for using ascorbate to scavenge reactive
oxygen species and, thus, the saplings´ sensitivity to water deprivation [26].

As previously observed for NO3
− [3], retarded phosphate (Pi) acquisition could also

be an ‘Achilles heel’ for the nutrition of beech saplings during drought. This may be
a consequence of (a) reduced diffusion of Pi in the soil [32] or to the root surface and,
thus, declining replenishment of Pi, depleted by root uptake in the rhizosphere [33–37];
and (b) reduced microbial recycling of Porg in the soil [25]. However, different from
N turnover [3], reduced microbial recycling of Porg in the soil has not been shown for
beech forests in response to water deprivation. Despite a significant number of common-
garden experiments with beech saplings originating from sites along precipitation gradients
(e.g., [29,31,37–39]), according to the authors’ knowledge, soil properties in natural habitats
have not been related to the sensitivity of beech ecotypes to drought.
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Therefore, the present study aimed at characterizing the responses of beech saplings to
experimentally applied water deprivation during summer in a common-garden experiment
using saplings from different beech forests in Croatia, reflecting a climate gradient, an
elevation gradient, and a gradient in soil properties (N and P availability). We hypothesized
that (a) water relations of beech saplings are determined by water availability at the site
of origin; (b) P nutrition differs between saplings originating from P-rich and P-poor
habitats during water deprivation, even when cultivated in the same soil substrate; (c) soil
P resources are a driver for the anti-oxidative capacity of beech saplings; (d) N availability
in the soil is less important for the response of beech saplings to water deprivation; and
(e) genetic ancestry and environmental adaptation shape the responses of Croatian beech
saplings to water deprivation in the area under study. To test these hypotheses, total N, total
C, δ13C signatures, Pi contents, and Asc levels, including redox states, were determined in
the leaves and fine roots of 10 ecotypes of beech saplings under water deprivation and well-
watered conditions. The physiological data were complemented by genetic characterization
based on eight EST (expressed sequence tag) microsatellite markers.

2. Materials and Methods
2.1. Experimental Design and Plant Materials

Beech saplings from 10 Croatian natural beech forest stands were collected for the
present study (Tables 1 and 2). The origin habitats of the 10 selected beech ecotypes,
representing the distribution area of beech in Croatia, were located along a precipitation
and elevation gradient on different soil types (Table 1). Growth conditions at the forest sites
are given in Table 1. At each forest site, 5 trees (at a minimal distance of 50 m) were selected.
Two- to three-year-old beech saplings under the selected trees were dug out of the soil
without destroying the root systems during the winters of 2014 and 2015. Adherent soil was
removed from the roots by rinsing with tap water. After collection, saplings were planted
into pots (11.3 × 11.3 × 21.5 cm) filled with commercial soil substrate (organic content
60%; salt in g/L KCl—1, N in mg/L CaCl2—140, P2O5 in mg/L CAL—160, K2O in mg/L
CAL—180, Mg in mg/L CaCl2—100, S in mg/L CaCl2, pH 5.8; light peat 0–40 mm—70%,
black peat 0–40 mm—30%; N-P-K—14-16-18; Stender Spezialsubstrat MC 510, Stender AG,
Schermbeck, Germany).

Beech saplings were cultivated under field conditions near the greenhouse facilities
of the Croatian Forest Research Institute in Jastrebarsko (Croatia) and transferred into the
greenhouse on the 9 May 2016 (one month before the start of the experiment).

Table 1. Climatic conditions and soil types of the 10 beech habitats of origin. Long. (longitude); Lat.
(latitude), Elev. (elevation), MAP (mean annual precipitation), MSP (mean summer precipitation),
MAT (mean annual air temperature), MWMT (mean warmest month temperature), MCMT (mean
coldest month temperature), mm (millimeters), CMD (see Appendix A), ◦C (degrees Celsius), m
(meters). Growth conditions at the sites were gathered from the Forest Management Plan of Croatian
Forests Ltd.

Forest Site Abb. Long. Lat. Elev
(m)

MAP
(mm)

MSP
(mm)

MAT
(◦C)

MWMT
(◦C)

MCMT
(◦C) CMD Soil Type

Čaglin Ča 45.287158 17.973376 320 817 395 10.3 20.3 −0.5 212 Eutric Cambisol
Donji Lapac DL 44.607089 15.937172 800 1157 421 8.3 18 −1.5 127 Rendzic Leptosol

Otočac Ot 44.59968 15.082561 705 1896 618 9.4 19 0 73 Rendzic Leptosol
Senj Se 44.951944 15.063888 585.5 1212 478 10.1 19.7 0.7 106 Chromic Cambisol

Skrad Sk 45.421944 14.912222 912 1782 669 8.1 17.8 −1.1 21 Rendzic Leptosol
Topusko To 45.232106 15.85488 237 1068 467 11.1 21.1 0.8 149 Dystric Cambisol

Velika (dore) Vd 45.483695 17.668177 403.5 953 464 10 20.1 −0.7 122 Dystric Cambisol
Veliki Grd̄evac Ve 45.79263 17.131775 196.5 796 373 11.2 21.4 0.5 237 Luvisol
Velika (gore) Vg 45.511783 17.645474 610 1165 539 8.9 18.8 −1.6 37 Dystric Cambisol

Zagreb Za 45.895401 15.945519 978.5 1317 616 6.5 16.6 −3.7 11 Dystric Cambisol
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Table 2. Plant available N and Pi in the soil at 10 beech forest sites in Croatia. p indicates results of
one-way ANOVAs at p < 0.01. Different minor letters represent statistically significant differences
between ecotypes at p < 0.01.

Site Total Pi mg kg−1
Mineral Soil (mg kg dw−1) Organic Layer (mg kg dw−1)

NOmin p NHmin p Pimin p NOorg p NHorg p Piorg p

Ča 383 (86) 0.3 (0.1)

ns

6 (4) b 151 (21) a 3 (1) b 71 (20)

ns

232 (69) a
Vg 347 (39) 2 (2) 7 (3) b 165 (36) ab 5 (1) b 84 (12) 182 (32) a
DL 314 (35) 2 (2) 7 (2) b 107 (50) ab 5 (2) b 47 (9) 202 (64) ab
Sk 308 (65) 4 (4) 22 (6) a 152 (29) ab 5 (2) b 33 (7) 162 (32) a
Za 277 (46) 7 (8) 14 (7) ab 128 (31) ab 31 (10) a 98 (13) 149 (80) ab
Ve 277 (81) 2 (2) 6 (6) b 153 (24) ab 7 (3) ab 79 (23) 124 (40) ab
Vd 257 (71) 0.3 (0.3) 8 (2) b 98 (53) ab 4 (2) b 46 (13) 159 (63) ab
Ot 250 (54) 4 (2) 4 (2) b 119 (38) ab 20 (5) ab 44 (18) 131 (27) ab
Se 169 (75) 1 (1) 4 (1) b 91 (54) b 11 (5) ab 35 (6) 79 (33) ab
To 103 (23) 4 (3) 5 (3) b 46 (17) b 2 (0.2) b 42 (11) 57 (24) b

In the greenhouse, saplings were watered twice a week with 130 mL of tap water. Pots
were arranged in a completely randomized design with two treatments (control and water
deprivation). After 1 month of adaptation to greenhouse conditions, saplings with fully
developed leaves were separated into a control (continuously well-watered) and a water-
deprivation group. During the cultivation of the saplings in the greenhouse, the daily mean
air temperature was 27 ± 3 ◦C, with a daily minimum and maximum air temperature of
19 ± 2 ◦C and 40 ± 5 ◦C, respectively. The intensity of solar radiation was below 300 W/m2,
because at this value of solar radiation, shading was activated inside the greenhouse. The
daily mean, maximum, and minimum air humidities amounted to 66 ± 6%, 89 ± 1%,
and 31 ± 9%, respectively. At the beginning of the experiment on the 8 June 2016 (the
1st harvest), 4 well-watered plants per ecotype were harvested. Twenty-nine days later,
well-watered controls and drought-stressed saplings cultivated under water deprivation
were harvested on the 6 July 2016 (2nd harvest), in either 4 (well-watered controls) or
5 replicates (water deprivation) per ecotype.

At both harvests, the height of all saplings was measured, and leaf, stem, and root
fresh weight were determined separately and combined to determine the total fresh weight
per plant. For the determination of root biomass, the soil was removed from the roots with
tap water. Fully expanded leaves and 1 g of the fine roots (diameter < 2 mm) per sapling
were collected, pooled, frozen in liquid nitrogen, and stored at 80 ◦C until analyses. The
plant material was homogenized under liquid nitrogen using a mortar and pestle. Aliquots
of all tissue samples were dried (60 ◦C, ca. 72 h until weight constancy) to calculate the
total dry weight of the saplings.

In parallel with the water-deprivation treatment, the second set of well-watered
saplings was cultivated to test whether water deprivation affected the growth performance
of the beech ecotypes. For this purpose, the absolute and relative increases in height
(the height at the end of the experiment [cm] − the height at the start of the experiment
[cm])/height at the start of the experiment [cm]) × 100) during the 29 days of the experiment
were calculated.

2.2. Plant Tissue Analyses

2.2.1. Determination of Total C, Total N, and δ13C in Leaves and Fine Roots by IRMS

Total C and N abundances and δ13C signatures were determined in the fine roots
and leaves by EA-IRMS, as described by Simon et al. [40]. For this purpose, 1.5–2.0 mg
of oven-dried (60 ◦C, ca. 72 h) and homogenized leaf or fine root powder were weighed
into tin capsules (4 × 6 mm, IVA Analysentechnik, Meerbusch, Germany) using a precision
scale (AT21 Comparator, Mettler Toledo Int. Columbus, OH, USA). Samples were analyzed
in an element analyzer (EA) (NA 2500; CE Instruments, Milan, Italy) coupled to an isotope
ratio mass spectrometer (IRMS) (Delta Plus; Finnigan MAT GmbH, Bremen, Germany) via
a Conflo II interface (Finnigan MAT GmbH, Bremen, Germany). Glutamic acid was used
as a working standard (every 10th sample) to detect a potential instrument drift over time.
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Working standards were calibrated against the primary L-glutamic acids standards (USGS
40 and USGS 41). To determine C isotopes and the C and N elemental compositions of the
samples, the standards USGS 25 (for C) and USGS 41 (for N) were used, respectively [30].

2.2.2. Pi analyses of Leaves and Fine Roots

Pi (PO4
3−) contents in leaves and fine roots were determined in aqueous extracts [26].

For this purpose, approximately 10 to 20 mg frozen, homogenized leaf or fine root pow-
der were added to a 2 mL tube containing 1.5 mL ddH2O and 100 mg washed PVPP
(Polyvinylpolypyrrolidone, SIGMA-Aldrich, Steinheim, Germany) [41]. Samples were
shaken for 1 h at 8 ◦C in a cold room, boiled in a water bath (96 ◦C, 10 min), and cooled on
ice. To receive a clear extract, samples were centrifuged two times (10 min, 21,500× g, 4 ◦C).
Pi contents were determined using the molybdenum blue test [42] adapted to a multimode
microplate reader [18]. The absorbance of the molybdenum blue complex was determined
at a wavelength of 700 nm (TriStar2 LB 942, Berthold Technologies, Bad Wildbad, Germany).
Pi contents were calculated using linear regression of a series of dilutions (0, 1, 2, 5, 10, and
20 µmol L−1 Pi).

2.2.3. Ascorbate Determination in Leaves and Fine Roots

The method of Okamura [43] modified by Knörzer et al. [44] was used to determine the
contents of total ascorbate (total Asc) and reduced ascorbate (red. Asc). For this purpose,
30 to 40 mg of frozen, homogenized leaf powder or 60 to 80 mg of fine root powder were
weighed into 2 mL tubes and kept on ice. The samples (500 µL) were treated with 5%
meta-phosphoric acid (m-H3PO4) before being mixed and centrifuged (15 min, 17.200× g,
4 ◦C). Red. Asc and total Asc were determined separately, each in a 100 µL extract. Extracts
for both determinations were neutralized by adding 20 µL triethanolamine (1.5 M) and
mixed with 100 µL sodium phosphate buffer (150 mM, pH 7.4). To determine red. Asc,
100 µL of ddH20 was added to the extracts. To achieve the complete reduction of Asc
for the determination of total Asc, 50 µL of 10 mM dithiothreitol was added instead of
ddH2O. After 15 min at room temperature, 50 µL N-ethylmaleinimid (0.5%) was added
and samples were mixed again. Finally, trichloroacetic acid (10%), ortho-phosphoric acid
(44%), and 2.1‘dipyridil (4%), 200 µL of each, and 100 µL of Fe (III) chloride (3%), were
added to the extracts for the determination of both reduced and total ascorbate. Samples
were incubated at 37 ◦C for 60 min in a water bath to facilitate the formation of the Fe2

+-α-
α’dipyridyl chelate complex. The absorption of the complex was measured at 525 nm [43]
with a spectrophotometer (UV-DU 650, Beckman, Fullerton, CA, USA). Concentrations
of total Asc or red. Asc were calculated using the linear regression of standard curves
ranging between 0 and 0.120 µmol total Asc mL−1. The amount of oxidized ascorbate
(dehydroascorbate, DHA) was calculated using Equation (1), and the redox state of Asc
was calculated according to Haberer et al. [45] with Equation (2).

DHA [µmol g−1 FW] = total Asc. [µmol g−1 FW] − reduced Asc. [µmol g−1 FW] (1)

redox state (%) = (reduced Asc. [µmol g−1 FW]/total Asc. [µmol g−1 FW]) × 100 (2)

2.3. Genetic Analyses

Leaves of 50 individuals of each beech ecotype (Table 1) were sampled and total DNA
was extracted using a NucleoSpin Plant II kit (Macherey Nagel, Düren, Germany). Eight
gene-based EST (expressed sequence tag) microsatellite markers (acc. nos.: FcC00468,
FcC00483, FcC00927, FcC01009, FcC00730, FcC01877, FcC02208, FcC03095, FcC03300) were
analyzed to estimate genetic differences between ecotypes [46]. PCRs were performed using
fluorescently labelled primers, according to Dounavi et al. [29]. Capillary electrophoresis,
performed with an ABI PRISM-3130xl Genetic Analyzer, was used to score alleles, and the
software GeneMapper v4.0 (Applied Biosystems, ThermoFisher Scientific, Waltham, MA,
USA) was applied to perform fragment analysis. Genetic diversity within and differentia-
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tion between regions were calculated with the software Genalex [47]. A PCA plot based on
population pairwise distances was used to represent patterns of genetic relationships.

2.4. Soil Sampling and Soil Analyses
2.4.1. Soil Sampling

The soil of the 10 beech forests of origin was sampled to determine available N and Pi.
At each forest site, mineral soil down to 10 cm depth and the organic layer, including litter,
were collected in five replicates per layer. One aliquot of field moist soil was used for the
determination of available N. For Pi analyses, another aliquot of dried (60 ◦C, ca. 72 h) and
sieved (2 mm) soil was used [48].

2.4.2. Determination of Available Mineral N in the Soil

Five replicated samples of mineral soil (30 g) and the organic soil layer (10 g) were
extracted with 0.5 M K2SO4 [3]. For this purpose, samples were shaken for one hour in 250
mL plastic bottles (Carl Roth GmbH, Karlsruhe, Germany) at 170 rpm at a soil/solution
ratio of 1:2 (mineral soil) and 1:5 (organic soil layer). Subsequently, extracts were filtered
using a vacuum pump through Whatman-GF/A glass fiber filters in porcelain funnels.
The filtered extracts were further passed through a syringe filter (0.45 µm, Schleicher
and Schuell, Dassel, Germany) and frozen immediately until analysis. Concentrations of
NH4

+ and NO3
− were analyzed by a commercial laboratory (Dr. Janssen´s laboratory,

Gillersheim, Germany) according to VD LUFA method A 6141 [49]. Residual soil was
used to determine water content gravimetrically by drying the soil at 105 ◦C until constant
weight. NO3

− and NH4
+ in the mineral soil are referred to as NO3

−
min, and NH4

+
min,

respectively, while NO3
− and NH4

+ in the organic soil layer are referred to as NO3
−

org
and NH4

+
org, respectively.

2.4.3. Determination of Soil Pi Content

Aliquots of 30 to 50 mg of dried and sieved soil from both layers were used for Pi
extractions. For this purpose, the soil material was mixed with 1.5 mL of ddH2O and
shaken in a cold room (48 h, 8 ◦C, 120 rpm). Pi in aqueous extracts was determined as
described above for plant tissues. Based on the Pi concentrations contents in the extracts,
the Pi content of the soil was calculated. Throughout the manuscript, Pi in the mineral soil
is termed Pimin and Pi in the organic soil layer is termed Piorg.

2.5. Statistics

One-way ANOVAs of the data were conducted to elucidate significant differences
between beech saplings originating from different habitats in the well-watered and water-
deprivation treatments. Before ANOVAs, the data were tested for normal distribution
(Shapiro–Wilk test) and homogeneity of variances (Levens2 test). The level of significance
for all subsequent tests was set to p < 0.01 in order to achieve statistically reliable results.
When data failed one of the requirements for parametric ANOVA, non-parametric ANOVAs
(Kruskal–Wallis ANOVAs) were conducted. The effects of water deprivation on growth
and physiological parameters were tested by comparing well-watered control plants with
saplings exposed to water deprivation (drought) using the non-parametric Mann–Whitney
test. To investigate which environmental parameters control the saplings’ responses to
water deprivation, correlation analyses including 6 soil parameters (NO3

−-N, NH4
+-N,

and Pi for both the organic and the mineral soil, and total available N and Pi), 11 climatic
parameters at the site of origin, and physiological parameters determined for the ecotypes
in the control and the water-deprivation treatment were conducted. Statistical analyses
were performed using Origin PRO 9.1 software (OriginLab Corporation, Northampton,
MA, USA).
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3. Results
3.1. Growth Conditions in the Habitats of Sapling Origin

For the present experiment, saplings originating from 10 Croatian beech forest stands
were selected. The original beech habitats differed in growth conditions, i.e., in precipitation,
elevation, air temperature, and the prevailing soil type, with different P and N availabilities
(Tables 1 and 2).

While NO3
−

min was similar in all habitats of seedling origin, NH4
+

min was higher in
Sk compared to all other soils, except for Za, where intermediate NH4

+
min contents were

observed. Pimin was highest in Ča and lowest in To and Se. Additionally, nutrients in the
organic layer differed between the beech forest stands. NO3

−
org was highest in Za and

significantly lower in Vd, Vg, Ča, Sk, DL, and To. Piorg was highest in Vg, Ča, and Sk, and
lowest in To. Thus, To and Se constituted the P-poorest habitats and were also among the
N-poorest habitats.

To structure the dataset, minimum values, 1st quartile, median, 3rd quartile, and
maximum values were calculated for each soil parameter (Table S1a,b). According to
these values, the beech forest stands selected for the collection of beech saplings were
categorized as having low, moderately low, moderately high, and high soil NO3

−, NH4
+,

and Pi availabilities, irrespective of other soil properties (Table 1 and Table S1a,b). With this
classification, Vg (Dystric Cambisol), Ve (Luvisol), and Sk (Rendzic Leptosol) were classified
as rich in Pimin, while Ča (Eutric Cambisol) and DL (Rendzic Leptosol) were categorized
as Piorg rich. In contrast, Vd (Dystric Cambisol), Se (Chromic Cambisol developed from
limestone and dolomite), and To (Dystric Cambisol) were classified as Pimin poor, while
Ve (Luvisol), Se (Chromic Cambisol developed from limestone and dolomite) and To
(Dystric Cambisol) were classified as Piorg poor. Za (Dystric Cambisol) was classified as
rich in NO3

−
min, NH4

+
min, NO3

−
org, and NH4

+
org. Furthermore, Ot and Sk (both Rendzic

Leptosols) were found to be rich in NO3
−

min and NH4
+

min, respectively. Additionally, Ot
(Dystric Cambisol) and Vg (Rendzic Leptosol) were rich in both NO3

−
org and NH4

+
org. In

contrast, Se (Chromic Cambisol developed from limestone and dolomite) was classified
as poor in the N pools analyzed. To (Dystric Cambisol) was poor in all N pools except for
NO3

−
min, while Vd (Dystric Cambisol) and Ča (Eutric Cambisol) were poor in both NO3

−

in mineral and organic soil. Additionally, Ot (Dystric Cambisol) and Sk (Rendzic Leptosol)
were categorized as poor in NH4

+
min and NH4

+
org, respectively. This categorization of

forest sites according to nutrient contents in the soil showed that soil type alone does not
control soil properties. Concerning climatic conditions (Table 1), Ot was classified as the
forest site with the highest precipitation, while Ve represented the habitat with the lowest
precipitation included in the present study.

3.2. Biomass, Root/Shoot Ratio, and Tree Height

The biomasses of leaves, stems, and fine roots, the root/shoot ratio, as well as the
height of the well-watered saplings (1st harvest before the drought treatment) and controls
and drought-stressed saplings harvested after 29 days of water deprivation (2nd harvest)
were determined to detect differences in the growth performances of the beech saplings
ecotypes. At the end of the well-watered treatment, the total biomass of Sk saplings was
the highest (10.3 ± 4.1 g dw) and was significantly lower for Vg (2.7 ± 0.9 g dw), Se (2.5 ±
1.5 g dw), and To (1.9 ± 0.6 g dw). Hence, total biomass was the lowest for saplings from
the two P-poorest habitats of origin (Table 2). Similar to total biomass, stem biomass was
highest for Sk saplings in the well-watered treatment (4.6 ± 1.7 g dw) and significantly
lower for Vg (1.1 ± 0.3 g dw), Ve (1.5 ± 0.4 g dw), Se (0.7 ± 0.2 g dw), and To (1.3 ± 0.8 g
dw). Additionally, fine root biomasses differed between the ecotypes in the well-watered
treatment. It was highest for Ot (5.9 ± 1.9 g dw) and significantly lower for Vg (1.6 ± 0.6 g
dw) and Se (1.4 ± 0.6 g dw). Foliar biomass, tree height, as well as the root/shoot ratio did
not differ between the ecotypes in the well-watered treatment. For the saplings harvested
after 29 days of exposure to drought, neither leaf, stem, fine root, and total biomasses nor
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root/shoot ratios showed statistically significant differences between the beech ecotypes
(results of one-way ANOVA at p < 0.01) (Table 3).

Table 3. Dry biomass of saplings originating from 10 forest stands in Croatia. The weights (g) of dry
biomass (48 h, 60 ◦C) constitute mean values + S.D.s of four replicates in the well-watered treatment
(harvested before water deprivation) and five replicates in the drought treatment (harvested after
29 days of drought exposure). p = results of one-way ANOVA for the well-watered or drought
treatments between ecotypes (p < 0.01). Different minor letters represent statistically significant
differences between ecotypes at p < 0.01. Beech ecotypes are organized according to decreasing
total Pi.

Biomass (g Dry Weight)

Site

Well-Watered Water Deprivation

Leaves p Stem p Fine
Roots p Total p Root/

Shoot p Leaves p Stem p Fine
Roots p Total p Root/

Shoot p

Ča 0.3
(0.4)

ns

2.2
(0.8) ab 2.7

(2.0) ab 5.2
(3.1) ab 1.0

(0.4)

ns

0.3
(0.2)

ns

1.5
(0.5)

ns

2.2
(0.9)

ns

4.0
(1.6)

ns

1.2
(0.3)

ns

Vg 0.1
(0.0)

1.1
(0.3) b 1.6

(0.6) b 2.7
(0.9) bc 1.3

(0.3)
0.4

(0.1)
2.2

(0.4)
3.3

(0.3)
5.8

(0.2)
1.3

(0.3)
DL 0.5

(0.3)
2.8

(1.6) ab 4.1
(1.4) ab 7.4

(3.1) abc 1.4
(0.4)

0.3
(0.1)

2.8
(0.7)

3.2
(0.6)

6.2
(1.0)

1.1
(0.3)

Sk 0.5
(0.4)

4.6
(1.7) a 5.2

(2.0) ab 10.3
(4.1) a 1.0

(0.1)
0.5

(0.2)
3.3

(1.8)
4.1

(2.4)
7.9

(4.3)
1.0

(0.3)
Za 0.8

(0.6)
3.1

(0.7) ab 4.1
(1.9) ab 8.0

(3.1) abc 1.0
(0.3)

0.4
(0.3)

2.0
(0.6)

3.6
(1.5)

6.1
(2.3)

1.5
(0.4)

Ve 0.3
(0.2)

1.5
(0.4) b 2.1

(0.9) ab 3.8
(1.5) abc 1.2

(0.1)
0.6

(0.2)
2.6

(0.2)
2.8

(1.0)
5.9

(1.7)
0.9

(0.2)
Vd 0.6

(0.4)
2.4

(1.0) ab 2.6
(1.0) ab 5.6

(2.1) abc 1.0
(0.4)

0.4
(0.2)

1.8
(0.6)

2.9
(1.6)

5.0
(2.2)

1.3
(0.3)

Ot 0.7
(0.4)

2.9
(0.8) ab 5.9

(1.9) a 9.5
(3.0) ab 1.6

(0.1)
0.5

(0.7)
2.9

(2.1)
3.9

(1.9)
7.3

(4.6)
1.3

(0.3)
Se 0.2

(0.2)
0.7

(0.2) b 1.4
(0.6) b 2.5

(1.5) bc 0.9
(0.1)

0.3
(0.1)

1.7
(0.7)

2.2
(0.4)

4.2
(1.1)

1.2
(0.3)

To 0.1
(0.0)

1.3
(0.8) b 1.1

(0.3) ab 1.9
(0.6) c 1.4

(0.2)
0.3

(0.1)
1.5

(0.2)
2.4

(0.5)
4.2

(0.6)
1.3

(0.3)

In parallel with the drought treatment, the second set of well-watered saplings was
cultivated to test whether drought affects the growth performance of the beech ecotypes.
For this purpose, the absolute and the relative increases in height (the height at the end of
the experiment [cm] − the height at the start of the experiment [cm])/height at the start of
the experiment [cm]) × 100) during the 29 days of the experiment were calculated. For well-
watered saplings and drought-stressed individuals, neither absolute nor relative height
increases differed significantly between ecotypes. The comparison of growth rates between
the treatments for each ecotype revealed that neither the relative nor absolute height
increases of the saplings were reduced by drought compared to well-watered conditions
(p > 0.05) (Table 4).

Since the homogeneity of growth and biomass parameters described above eliminated
the possibility that different growth performances caused different responses to drought,
the dataset provided here specifically allows analysis of physiological responses to drought
in beech saplings.

3.3. Physiological Parameters in Leaves and Fine Roots in the Well-Watered Treatment

In the well-watered treatment, differences between the ecotypes in leaves and fine roots
were scarce due to the high variability of the parameters tested (Figure 1, Table 5). In leaves
of well-watered DL saplings, DHA and total Asc were significantly higher compared to the
Za and Ča ecotypes (p < 0.01, Figure 1). δ13C was significantly higher (less negative) in the
leaves of well-watered Se saplings compared to all other ecotypes, except for To (p < 0.01)
(Table 5). In the fine roots of well-watered saplings, significant differences between the
ecotypes were not observed for the physiological parameters studied (Figure 1, Table 5).
Furthermore, the DW–FW ratios and, thus, the water contents of the fine roots and leaves
did not differ between the ecotypes (p < 0.01 level, Table S2).
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Table 4. Tree heights and absolute and relative height increases of beech saplings. The mean values +
S.D.s of five replicates in the well-watered control (2nd harvest) and in the drought treatment are
shown. Height start = tree height prior to the onset of 29 day of water deprivation, height end =
tree height after 29 days of water deprivation. p = results of one-way ANOVA in the well-watered
or the drought treatment between the sites (p < 0.01). Different minor letters represent statistically
significant differences between the ecotypes at p < 0.01. Beech ecotypes are organized according to
decreasing total Pi.

Tree Height and Growth (cm)

Well-Watered Water Deprivation

Site

Height
Start p Height

End p Rel
Inc p Abs

Inc p Height
Start p Height

End p Rel
Inc p Abs

Inc p

cm cm % cm cm cm % cm

Ča
27.2
(3.3)

ns

28.7
(4.0)

ns

5.4
(4.0)

ns

1.5
(1.2)

ns

24.2
(6.1)

ns

25.0
(6.4)

ns

3.3
(0.6)

ns

0.8
(0.3)

ns

Vg 23.1
(3.0)

24.0
(2.7)

4.1
(2.3)

0.9
(0.4)

26.9
(1.1)

28.1
(1.7)

4.4
(2.7)

1.2
(0.8)

DL 30.0
(3.1)

31.1
(3.2)

3.7
(0.6)

1.1
(0.2)

26.7
(6.4)

28.0
(5.7)

5.9
(6.6)

1.3
(1.0)

Sk 32.8
(5.3)

33.9
(5.4)

3.4
(0.5)

1.1
(0.2)

31.3
(3.0)

32.1
(3.1)

2.5
(0.8)

0.8
(0.3)

Za 27.9
(5.7)

29.1
(5.8)

4.4
(3.9)

1.2
(1.1)

22.5
(5.5)

23.5
(5.2)

4.9
(2.9)

1.0
(0.5)

Ve 25.7
(7.2)

26.5
(7.2)

3.3
(2.2)

0.8
(0.4)

27.5
(3.1)

28.6
(2.8)

4.2
(2.6)

1.1
(0.5)

Vd 21.0
(4.5)

23.3
(3.2)

12.7
(11.1)

2.3
(1.8)

21.8
(2.8)

23.0
(2.6)

5.6
(2.5)

1.2
(0.4)

Ot 28.1
(6.6)

28.9
(6.8)

2.8
(1.3)

0.8
(0.4)

30.9
(3.8)

31.8
(3.5)

3.1
(2.6)

0.9
(0.7)

Se 31.6
(4.0)

32.5
(4.1)

2.9
(2.0)

0.9
(0.7)

29.2
(4.8)

30.1
(5.1)

3.0
(1.8)

0.9
(0.7)

To 25.5
(2.3)

26.5
(2.5)

3.9
(3.5)

1.0
(0.9)

27.1
(3.4)

28.2
(3.1)

4.2
(1.9)

1.1
(0.4)
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Minor letters represent statistically significant differences in foliar DHA between the ecotypes. Ns = 
not significant. Results were derived from one-way ANOVAs at p < 0.01. 
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Figure 1. Asc content, its redox state, and Pi contents in leaves and fine roots of well-watered and
drought-stressed beech saplings. Beech habitats on the x-axis are ordered according to total Pi availability
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in the soil (sum of Pimin and Piorg). The bars show means ± S.D.s of four replicates in the well-
watered treatment and five replicates in the drought treatment. Black bars = Pi; grey bars + negative
whiskers = red Asc; white bars + negative whiskers = DHA; red line + positive whiskers = total Asc
(sum of red Asc and DHA); dashed bars + positive whiskers = Asc redox state. Different capital
letters indicate statistically significant differences in foliar total Asc between the ecotypes. Minor
letters represent statistically significant differences in foliar DHA between the ecotypes. Ns = not
significant. Results were derived from one-way ANOVAs at ** p < 0.01.

Table 5. C, N, δ13C, and C/N ratios in leaves and fine roots. Data shown are mean values ± S.D.s of
four replicates for well-watered saplings and five replicates for drought-stressed saplings. p = results
of one-way ANOVAs for the well-watered and drought treatments for the different ecotypes. Different
minor letters represent statistically significant differences between ecotypes at p < 0.01. Beech ecotypes
according to decreasing total Pi.

Leaves

Site
C (mg g−1 dw) δ13C (‰) N (mg g−1 dw) C/N

Watered p Dry p Watered p Dry p Watered p Dry p Watered p Dry p

Ča
47.4
(0.4)

ns

44.7
(0.3) ab −30.5

(0.9) b −29.3
(0.2) b 1.1 (0.3)

ns

1.3
(0.3)

ns

44.8
(12.4)

ns

36.1
(8.5)

ns

Vg 48.4
(3.1)

48.6
(2.4) a −29.5

(0.4) b −29.3
(0.6) ab 1.1 (0.3) 1.0

(0.2)
44.9
(8.9)

50.3
(7.8)

DL 51.6
(5.9)

42.2
(1.3) b −29.7

(0.9) b −30.0
(0.7) b 0.9 (0.1) 1.1

(0.2)
58.9

(15.0)
40.7
(7.1)

Sk 46.4
(0.8)

44.9
(1.5) ab −30.3

(0.3) b −29.1
(0.9) ab 1.2 (0.3) 1.2

(0.3)
41.9
(9.7)

37.6
(7.7)

Za 51.0
(4.0)

46.1
(2.1) ab −29.9

(0.3) b −29.6
(0.3) b 1.0 (0.2) 1.4

(0.5)
49.7
(4.2)

36.9
(13.3)

Ve 47.6
(1.6)

45.8
(2.3) ab −30.7

(0.8) b −28.6
(0.7) b 1.1 (0.2) 1.3

(0.2)
43.9
(8.6)

35.1
(6.3)

Vd 50.3
(0.6)

47.3
(2.7) ab −29.1

(0.7) b −28.4
(0.6) ab 1.1 (0.2) 1.0

(0.1)
45.1
(7.5)

48.2
(9.2)

Ot 47.2
(0.6)

45.7
(2.2) ab −30.2

(0.6) b −29.3
(1.3) b 1.2 (0.2) 1.2

(0.3)
40.9
(7.2)

39.1
(9.9)

Se 49.0
(1.7)

49.6
(1.6) a −26.8

(0.7) a −27.4
(0.8) a 1.1 (0.1) 1.2

(0.2)
43.6
(2.8)

43.1
(8.3)

To 49.5
(1.9)

48.7
(3.1) a −28.7

(1.3) ab −28.6
(0.6) ab 1.1 (0.1) 1.1

(0.1)
45.3
(4.0)

46.6
(5.3)

Fine Roots

Site
C (mg g−1 dw) δ13C (‰) N (mg g−1 dw) C/N

Watered p Dry p Watered p Dry p Watered p Dry p Watered p Dry p

Ča
44.7
(3.7)

ns

51.4
(1.2)

ns

−26.7
(0.7)

ns

−27.5
(0.4) be 0.6 (0.1)

ns

0.6
(0.1)

ns

84.1
(20.7)

ns

86.7
(7.4)

ns

Vg 49.0
(2.3)

52.1
(1.6)

−26.8
(0.1)

−27.7
(0.2) b 0.7 (0.1) 0.6

(0.0)
69.8
(4.1)

87.6
(6.7)

DL 47.7
(1.5)

49.4
(2.9)

−25.1
(0.5)

−25.8
(0.6) ad 0.5 (0.1) 0.5

(0.0)
102.6
(17.7)

93.0
(11.5)

Sk 48.4
(1.2)

48.3
(0.9)

−26.1
(0.8)

−26.0
(0.8) ae 0.5 (0.1) 0.7

(0.1)
92.9

(11.9)
75.0

(11.8)

Za 46.5
(1.8)

48.8
(3.2)

−25.8
(0.4)

−26.2
(0.4) bcde 0.5 (0.1) 0.7

(0.1)
94.7

(11.8)
76.1

(14.7)

Ve 47.9
(3.5)

49.5
(1.1)

−26.5
(1.4)

−26.9
(0.4) bde 0.5 (0.1) 0.6

(0.0)
89.5
(9.7)

77.4
(4.2)

Vd 52.5
(5.0)

50.7
(2.3)

−26.2
(0.1)

−26.9
(0.8) bcde 0.6 (0.1) 0.5

(0.1)
88.6

(12.9)
110.0
(15.8)

Ot 46.6
(1.2)

49.3
(0.8)

−25.8
(1.3)

−25.2
(0.8) ac 0.6 (0.0) 0.5

(0.1)
80.2
(6.0)

103.6
(16.3)

Se 47.1
(1.0)

49.8
(1.0)

−24.5
(1.3)

−25.0
(0.6) a 0.7 (0.2) 0.5

(0.1)
71.8

(19.5)
95.5

(12.1)

To 47.5
(4.2)

49.1
(0.2)

−25.6
(0.8)

−25.6
(0.6) ad 0.7 (0.1) 0.6

(0.0)
72.3
(2.2)

85.0
(5.1)

3.4. Correlation Analyses for the Well-Watered Conditions
3.4.1. Pimin and Piorg in the Soil of the Habitat of Origin Correlated with Nutrient and Asc
Contents in Well-Watered Saplings

Correlation analyses were conducted to investigate whether soil-derived properties
determine nutrient and/or Asc contents in leaves and fine roots. Pimin and Piorg were
found to constitute the predominant factors controlling both nutrient and Asc contents
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in leaves and fine roots under well-watered conditions (Figure 2), while in the leaves of
beech saplings of different habitats, red Asc and total Asc were negatively correlated with
Pimin and foliar total N was negatively correlated with Piorg. In the leaves of the saplings,
δ13C was negatively correlated with Pimin and Piorg, while the C/N ratio was positively
dependent on Piorg. In the fine roots, δ13C, as well as red Asc, were negatively correlated
with Pimin and Piorg. Furthermore, total Asc was negatively correlated with Pimin. While
total N was negatively related to Piorg, the C/N ratio was positively correlated with Piorg.
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Figure 2. Correlation of physiological parameters in leaves (left) and fine roots (right) with Pi and 
Piorg in the soil in the habitat of origin in well-watered (top) as well as drought-treated beech sap-
lings. The diagrams show the parameters determined in leaves and fine roots and their dependen-
cies on Pimin (black filled circles) and Piorg (red filled circles) in the soil of the respective habitats of 

Figure 2. Correlation of physiological parameters in leaves (left) and fine roots (right) with Pi and
Piorg in the soil in the habitat of origin in well-watered (top) as well as drought-treated beech saplings.
The diagrams show the parameters determined in leaves and fine roots and their dependencies
on Pimin (black filled circles) and Piorg (red filled circles) in the soil of the respective habitats of 10
Croatian beech forest stands under well-watered conditions (white background) and the drought
treatment (grey background). X-axes show Pearson’s correlation coefficients. * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001. Zero lines are given in blue.

3.4.2. Climatic Parameters in the Habitat of Origin Are Less Important for Nutrient and
Asc Contents in Well-Watered Saplings

In contrast to these correlations with soil properties, significant correlations with
climatic variables in the habitat of origin were weaker for nutrient and Asc contents of
the leaves under well-watered conditions. The redox state of Asc and the C/N ratio were
negatively correlated with MAT (mean annual temperature, ◦C). Pearson’s P and levels
of significance are given in Table S3a. MCMT positively affected the red Asc content, the
redox state of Asc, and total N. The C/N ratio was negatively correlated with MCMT. In
the leaves of well-watered saplings, total Asc content and δ13C abundance were negatively
related to TD (see Appendix A). In the fine roots of well-watered saplings, the C/N ratio
was negatively dependent on MAT. As observed for the leaves, the N content and the C/N
ratio of the fine roots correlated negatively with MCMT, and δ13C negatively correlated
with TD. These results show that climatic parameters are less significant than soil Piorg
and Pi in explaining the observed differences in physiological parameters between beech
ecotypes of different origins in Croatia under well-watered conditions.
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3.5. Physiological Parameters in Leaves and Fine Roots in the Drought Treatment

The water contents of fine roots and leaves did not significantly vary between the
ecotypes in the drought treatment, nor did the DW/FW ratios (Table S2). However, δ13C in
leaves and fine roots revealed differences between the ecotypes in the drought treatment.
Foliar δ13C was highest (less negative) for Se and significantly lower (more negative) for Ča,
DL, Za, Ve, and Ot (p < 0.01). In fine roots, δ13C was significantly higher for Se compared to
Vd, Vg, Ča, Ve, and Za. Further, δ13C was higher in Ot compared to Vg, Ča, and Ve, higher
in To and DL compared to Vg and Ča, and higher in Sk compared to Vg (p < 0.01) (Table 5).

Asc pools, as well as the redox state of Asc, did not differ between the ecotypes in
the drought treatment in leaves or fine roots. Similar results were obtained for Pi in the
leaves. However, during the drought treatment, Pi was significantly higher in the roots
of Se saplings (the second-Pi-poorest habitat) compared to all other ecotypes except for
To, where intermediate Pi concentrations were found (Figure 1). Since the DW/FW ratios
and, hence, the water statuses of the saplings did not differ between the ecotypes in the
drought treatment, all beech ecotypes seem to be adapted to drought by specific strategies.
To elucidate these strategies, the physiological parameters determined were compared.

3.6. Correlation Analyses for the Drought-Stressed Conditions
3.6.1. Pimin and Piorg Control Nutrients and Asc in Drought-Treated Saplings

While in well-watered plants, total N and the C/N ratios in leaves and fine roots
were correlated with Pi in the soil in the habitats of origin, these parameters did not
show significant correlations in the drought treatment (Figure 2). Instead, total C in
leaves and fine roots correlated significantly with soil properties in the origin habitats.
As observed in the well-watered treatment, Pimin and Piorg were the most important
variables in determining the nutrient concentrations and the Asc redox states in the leaves
and fine roots in the drought treatment. In the leaves of drought-stressed saplings, δ13C
was negatively correlated with Pimin and Piorg, while foliar Pi and total C contents were
negatively related to Piorg. In the fine roots, both Pi and δ13C were negatively correlated
with Pimin and Piorg. Additionally, total C and total Asc contents were negatively correlated
with Piorg.

3.6.2. Climatic Parameters Hardly Explain Nutrient and Asc Contents in
Drought-Treated Saplings

During drought stress, climatic factors in the habitats of origin had a greater influence
on the physiological parameters of beech saplings compared to well-watered conditions. In
the leaves, the redox state of Asc and δ13C correlated negatively with elevation, while red
Asc was positively related to elevation (Pearson’s P and levels of significance are given in
Table S3b). Further, the redox state of Asc and δ13C were positively correlated with MAT
and MWMT. MCMT positively influenced Pi content and δ13C abundance in the leaves.
Furthermore, total Asc and red Asc in leaves were negatively related to TD during the
drought treatment. Red Asc and the redox state of Asc positively correlated with AHM (see
Appendix A). Eref (see Appendix A) positively affected the redox state of Asc and δ13C in
the leaves upon drought.

In the fine roots, Pi was positively related to MAT, MWMT, and MCMT in the drought
treatment. Further, δ13C in the fine roots was negatively related to AHM upon drought.
During water deprivation, TD had a strong negative effect on δ13C in fine roots. Across
the entire dataset, MAP only had a weak positive influence on δ13C but a negative effect
on total C content in the fine roots of saplings exposed to drought. As observed for the
well-watered treatment, these results show that Piorg and Pimin in the habitats of origin are
important factors for explaining differences between beech saplings from different forest
sites in Croatia in response to drought compared to climatic parameters.
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3.7. Significance of Drought for Physiological Parameters in Beech Saplings

In order to visualize the effects of drought on the beech saplings, fold changes between
well-watered and drought treatments were calculated (Table 6). In general, the effects
of drought on the physiological parameters of beech saplings were low, and significant
differences were scarcely observed. However, the anti-oxidative system of the leaves and
fine roots was more influenced by drought than by nutrient contents.

Table 6. The physiological response of Croatian beech saplings to drought increases with increasing
soil-Pi availability. Fold changes of physiological parameters under drought vs. well-watered controls
were calculated. In the case of a decrease under drought, the reciprocal values ((control vs. stress
treatment) * (−1)) were calculated. Red backgrounds represent increases in response to drought
vs. the control, whereas blue backgrounds represent decreases. Asterisks represent statistically
significant differences between well-watered and drought-treated saplings (* p < 0.05, results of
Mann–Whitney tests). Ecotypes are sorted by decreasing total Pi in the soil in the habitat of origin.

Site
Leaves

Total Asc Red Asc DHA Redox Pi N C C/N δ13C

Ča 1.63 (0.36) 2.29 (1.11) 0.71 (1.49) −0.97 (1.52) 0.18 (1.85) 1.15 (0.15) −1.06 (0.01)
* −1.22 (0.16) 1.04 (0.02)

Vg 1.60 (0.47) * 3.24 (1.45) * −1.84 (0.86) * −2.85 (1.34) * −1.51 (0.55) −0.63 (1.45) 0.50 (1.06) 0.64 (1.42) 1.01 (0.01)
Sk 0.82 (1.87) 2.39 (1.23) −0.46 (2.95) −2.65 (1.84) * −2.79 (2.03) 0.11 (1.36) −0.53 (1.04) −0.64 (1.14) 1.06 (0.02) *
DL −0.07 (1.52) 2.73 (1.59) * −3.61 (1.56) * −3.30 (1.00) * 1.17 (1.58) 0.72 (1.28) −1.23 (0.14) * −1.51 (0.38) * −0.01 (1.18)
Ve 0.01 (2.06) 1.90 (2.64) −3.55 (3.76) −2.64 (1.02) * 1.08 (2.27) 1.15 (0.12) −0.54 (1.03) −1.20 (0.14) 1.08 (0.01) *
Za 0.23 (1.97) 2.17 (2.36) −4.60 (4.24) −3.28 (0.68) * 1.15 (2.81) 0.91 (1.63) −1.13 (0.12) −1.10 (1.58) 0.51 (1.01)
Vd −0.12 (1.68) 0.18 (1.87) −1.55 (0.36) −1.42 (0.30) * 0.07 (3.14) −0.70 (1.34) −1.08 (0.05) * 0.11 (1.53) 1.03 (0.01)
Ot −0.14 (3.24) 1.00 (3.63) −11.54 (44.59) 1.26 (17.60) 1.02 (1.70) −0.04 (1.31) −0.03 (1.21) 0.01 (1.25) 0.53 (1.04)
Se −0.19 (1.76) 0.60 (1.86) −1.04 (1.80) −0.36 (1.70) −0.64 (3.35) 0.61 (1.10) 0.02 (1.21) −0.59 (1.11) −0.52 (1.04)
To 0.69 (1.17) 1.47 (1.93) −0.91 (1.93) −1.26 (2.35) 0.24 (1.63) −0.57 (1.06) −0.53 (1.05) 0.04 (1.28) 0.00 (1.18)

Site
Fine Roots

Total Asc Red Asc DHA Redox Pi N C C/N δ13C
Ča −1.62 (1.73) −0.34 (0.66) −6.77 (4.50) * −4.85 (3.70) * 0.79 (3.03) 0.69 (1.15) 1.15 (0.09) * −0.03 (1.41) −0.48 (0.99)
Vg 0.38 (2.03) 0.63 (1.78) −1.27 (2.16) −1.70 (2.10) −2.24 (0.76) −1.18 (0.07) * 0.57 (1.07) 1.25 (0.03) * −0.96 (0.01) *
Sk 1.16 (2.29) 1.45 (2.32) −0.39 (2.54) −1.74 (0.43) −1.98 (3.40) 1.32 (0.20) 0.00 (1.16) −1.33 (0.20) 0.51 (1.00)
DL 0.67 (1.80) 0.77 (1.74) 1.23 (4.69) 0.57 (4.43) 1.55 (0.96) 0.84 (1.34) 0.54 (1.03) −0.79 (1.41) −0.47 (0.99)
Ve 1.52 (2.20) 1.63 (1.99) −1.37 (5.64) −3.82 (6.09) −1.71 (4.64) 0.65 (1.15) 0.54 (1.05) −0.60 (1.13) −0.46 (1.00)
Za −0.05 (2.08) 0.86 (2.43) −3.93 (2.41) −3.85 (1.36) −3.43 (1.99) 1.39 (0.26) * 0.55 (1.07) −1.34 (0.29) −0.49 (0.99)
Vd −1.09 (1.71) −0.26 (1.52) −8.14 (4.57) * −6.59 (5.56) * −1.37 (1.69) −1.23 (0.12) −0.06 (1.27) 1.17 (0.10) 0.03 (1.13)
Ot 0.98 (1.75) 1.29 (1.78) −4.28 (4.23) −5.05 (3.61) * −2.55 (2.54) −0.12 (1.47) 0.55 (1.04) 0.68 (1.35) 0.06 (1.18)
Se 1.48 (2.55) 2.06 (2.50) −10.44 (13.22) −10.11 (7.96) 6.91 (7.89) * −0.69 (1.47) 1.09 (0.05) * 0.82 (1.45) 0.05 (1.14)
To 0.70 (1.57) 1.06 (1.50) −5.18 (4.26) −5.65 (3.66) * 7.25 (7.58) −0.59 (1.19) 0.06 (1.25) 1.14 (0.07) * 0.02 (1.15)

c > 4 4 > c > 3 3 > c > 2 2 > c > 1 1 > c >0 0 > c > −1 −1 > c > −2 −2 > c > −3 −3 > c > −4 c > −4

3.7.1. Effects of Drought in Leaves: Redox State of Asc Most Affected

Drought stress affected the nutrient contents less than the antioxidative system in
the leaves of the beech saplings (Table 6). While total Asc increased for Vg and red Asc
increased for Vg and DL, DHA decreased upon water deprivation for Vg, DL, and Za.
The redox state of Asc was the leaf parameter most affected by drought. It decreased in
the leaves of Vd, Vg, Ve, Sk, DL, and Za. While foliar Pi and total N were not affected
by drought, total C decreased for Vd, Ča, and DL. The decrease in total C observed for
DL resulted in an increased foliar C/N ratio. During the drought, foliar δ13C significantly
increased for Ve and Sk.

3.7.2. Effects of Drought on Fine Roots: The Redox State of Asc Most Affected

As observed for the leaves, the effect of drought on fine roots was low, and the anti-
oxidative system was more affected than nutrient contents (Table 6). During drought, total
Asc decreased in the fine roots of Ča, and DHA decreased for Vd and Ča. Similar to leaves,
the redox state was the parameter most affected in roots by drought and decreased for
Vd, Ča, Ot, To, and Se. While foliar Pi was unaffected by drought, Pi in the fine roots
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increased during drought for Se and To, but, due to a high standard deviation, the latter
was not statistically significant. This finding is highly remarkable, since the habitats of
these ecotypes were classified as the two P-poorest included in the present study (Table 2).
Next to Pi, the total N of fine roots was also affected by drought. It decreased in the fine
roots of Vg but increased for Za. Total C increased in the fine roots of Ča and Se in the
drought treatment. The C/N ratios in the fine roots of Vg and To increased, while δ13C in
the fine roots of Vg decreased upon drought.

3.8. Pi Availability in the Soil in the Habitat of Origin Explains Physiological Responses to Drought
3.8.1. The Sensitivity of Ecotypes to Drought Is Driven by Pi in the Soil in the Habitat
of Origin

In order to elucidate which parameter in the habitat of origin explains the observed
effects of drought on physiological parameters (Table 6), calculated fold changes were
subjected to correlation analyses. Despite foliar δ13C exhibiting only scarce sensitivity to
drought, the observed changes between well-watered and drought-treated plants were
correlated with Pi in the soil in the habitat of origin. Fold changes of foliar δ13C across the
dataset (Table 6) correlated positively with Pimin, Piorg, and TD (correlation coefficients and
levels of significance are given in Table S4). Thus, the more Pi available in the soil in the
habitat of origin, the higher was the δ13C abundance found in the leaves upon drought. In
the fine roots, the number of significant correlations (15 in the fine roots vs. 3 in leaves)
showed that growth conditions in the habitat of origin had a strong influence on the Pi
contents of the saplings (8 out of 15 significant correlations). The fold changes of Pi in the
fine roots were the most strongly negatively correlated with Pimin, Piorg, NHorg, and mean
summer precipitation (MSP). Thus, the richer the soil in Pimin, Piorg, and NHorg and the
more precipitation in summer, the more severe the decline in fine root Pi, or vice versa,
and the poorer the soil in Pimin, Piorg, and NHorg and the drier the summers, the stronger
the increase in fine root Pi during drought. Furthermore, fold changes of Pi in the fine
roots were positively correlated with MCMT, MAT, Eref, and MWMT. While fold changes
of N contents were positively correlated with NHmin, fold changes of the C/N ratio were
positively correlated with MAT and negatively related to Piorg. In addition, δ13C in the
fine roots was positively correlated with MAP. Obviously, in addition to soil parameters,
climatic factors, especially parameters related to temperature and humidity, also determine
the physiological responses to drought.

3.8.2. The Strength of Physiological Responses of Ecotypes to Drought Is Dependent on
Soil Pi in the Habitat of Origin

To summarize the current findings, the number of significant changes reported in
Table 6 was used as an indicator for the strength of ecotype responses to drought. These
numbers amounted to Ča (4,3,1), Vg (7,4,3), Sk (2,2,0), DL (5,5,0), Ve (2,2,0), Za (2,1,1), Vd
(4,2,2), Ot (1,0,1), Se (2,0,2), and To (2,0,2) (x, y, z: x = total significant changes, y = significant
changes in leaves, z = significant changes in fine roots). The previous finding that Pi in
the soil in the habitat of origin drives the response to drought was confirmed by PCA
analyses based on correlation matrices. In these PCA plots, the number of significant
changes (termed “observations”) for each ecotype clustered mainly with Pimin and Piorg
(and NHorg) for total changes, changes in the leaves, and, to a lower extent, also for changes
in the fine roots (Figure 3).
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taken from Table 6. 

Since PCA analyses were conducted based on correlation matrices, correlation 
analyses were used to verify the results presented in Figure 3. Indeed, correlation anal-
yses confirmed Pi in the soil as the main driver of the saplings´ responses to drought in 
the present study. Furthermore, correlation analyses ruled out that different soil types 
found in the saplings´ natural habitats were responsible for the observations in the pre-
sent study (for details, see Figure S1a,b).  

  

Figure 3. PCA analyses of fold changes of physiological parameters and growth conditions in the
natural habitats of the beech saplings analyzed. Red dots and red numbers indicate the total number
of significant fold changes upon drought (A), in leaves (B), and in the fine roots (C). Parameters
describing growth conditions in the habitats of origin are given in black. The data are taken from
Table 6.

Since PCA analyses were conducted based on correlation matrices, correlation analyses
were used to verify the results presented in Figure 3. Indeed, correlation analyses confirmed
Pi in the soil as the main driver of the saplings´ responses to drought in the present study.
Furthermore, correlation analyses ruled out that different soil types found in the saplings´
natural habitats were responsible for the observations in the present study (for details, see
Table S1a,b).
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3.9. Do Genetic Relationships between Beech Ecotypes Explain the Dependencies of Physiological
Parameters on Growth Conditions in the Habitats of Origin?

The significance of genetic differences between ecotypes for the dependencies of
physiological parameters on growth conditions in their origin habitats was investigated
using EST-SSR analyses. All investigated EST-SSRs were polymorphic, with a total number
of alleles between 5 and 19, and locus FcC00483 possessed the lowest number of alleles
(Table S5). The observed heterozygosity (Ho) and genetic diversity (He) were generally
high, with locus FcC00483 showing the lowest (0.020 to 0.086) and locus FcC00927 the
highest values (0.686 to 0.919) (Table S5). The population Vd was the most variable, while
the population Sk showed the lowest genetic variation (Table S6).

The genetic distances among populations were relatively small, with the population Sk
most differentiated from populations Vg and Ča, as shown by the PCA (Figure 4). The PCA
indicated two groups of populations, while To differed distinctly from all other populations.
Apparently, the Croatian populations did not show high genetic differentiation between
each other. Nevertheless, a spatial genetic structuring was observed, with the eastern
populations (Vd, Vg, Ča and Ve) being more similar to each other than the populations in
the western part of the country.
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and, thus, the wettest habitats. Beech ecotypes in this cluster only scarcely reacted to 

Figure 4. PCA based on Nei’s genetic distances among populations. Alleles per locus and population
were used for the analysis. Dashed lines represent clusters determined by Nei’s genetic distances
(Table S7). The map below the PCA plot shows the origins of the Croatian beech ecotypes. Underlined
ecotypes belong to the cluster formed on the right side of the PCA plot. The remaining ecotypes
formed a cluster on the left site of the PCA plot. Only To did not cluster with any of the other ecotypes.
Ecotypes shown in dark red = P-rich; ecotypes shown in red = moderately P-rich; ecotypes shown
in blue = moderately P-poor; ecotypes shown in black = P-poor (Table S1b). Numbers in brackets
indicate significant fold changes (Table 6).
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Beech ecotypes of cluster 1 (Sk, Ot, and Za—dotted line) colonized forest sites with the
highest MAP and MSP but the lowest AHM, SHM (see Appendix A), CMD, and Eref and,
thus, the wettest habitats. Beech ecotypes in this cluster only scarcely reacted to drought
(Table 6). In contrast, beech ecotypes in cluster 2 (DL, Vd, Ča, Vg, Ve, and Se—solid line)
colonized the drier habitats, specifically the habitats lower in MAP and MSP compared
to cluster 1. Furthermore, AHM, SHM, CMD, and Eref were higher compared to cluster
1. In cluster 2, Ve was the ecotype with the lowest MAP and MSP but the highest AHM,
SHM, Eref, CMD, and TD (Table 1). Physiological responses to drought were frequently
observed for ecotypes in cluster 2 (Table 6). For Ve, unlike all other members of cluster
2, the physiological responses to drought stress were limited (Table 6). Additionally, Se,
genetically closely related to Ve, revealed only a slight physiological response to drought
(Table 6). The ecotype To that colonized the P-poorest habitat did not cluster with any other
ecotypes. Clusters 1 and 2 did not show explicit preferences in terms of soil properties, in
contrast to a clear separation by climatic variables (Tables 1 and 2). However, when the
clusters formed in Figure 4 were transferred to a map of Croatia, they reflected a separation
by the spatial origin of the ecotypes. Ecotypes of cluster 1 were located in northwestern
and southwestern Croatia, while members of cluster 2 were found in northeastern and
southeastern Croatia. Only Se (cluster 2) deviated from this spatial pattern and was found
in southwestern Croatia, near the Mediterranean Sea. To, neither a member of cluster 1 nor
of cluster 2, was geographically isolated and originated from Central Croatia (Figure 4).
These results indicate the importance of recolonization routes after the last ice age and
afforestation practices.

4. Discussion

Do genetic relationships between ecotypes explain the responses of beech saplings
to drought?

The colonization of Europe by beech trees after the last ice age resulted in the develop-
ment of ecotype clusters, as emphasized by PCA analyses in the present study (Figure 4).
Two main clusters were identified, one including DL, Vd, Ča, Vg, Ve, and Se that preferred
comparably dry habitats, and another including Ot, Za, and Sk that preferred wet habitats.
Only To did not fit into this concept and obviously was not genetically related to cluster 1
or cluster 2.

Cluster formation has been suggested as a driver of the response of beech trees to
drought [28]. In the present study, cluster membership explains some but not all of the
observations reported in Table 6. Specifically, ecotypes in cluster 1 (Ot, Sk, and Za) showed
only a slight response to drought, while DL, Vd, Ča, and Vg (cluster 2) showed much
stronger responses. Beech ecotypes originating from relatively dry ecosystems (cluster 2)
established an antioxidative system well-adapted to drought, while beech ecoytypes from
wet ecosystems (cluster 1) did not. Still, two exceptions were observed: Se and Ve (cluster
2) were genetically closely related to each other but scarcely reacted to drought, despite
both ecotypes originating from extremely dry ecosystems. Together with Vd and Ča, the
ecotypes Se and Ve originated from P-poor ecosystems (Table 2 and Table S1b), highlighting
the significance of P availability in the soil for the responses of beech ecotypes to drought.
Apparently, Pimin as well as Piorg (and NHorg) constitute drivers of the drought sensitivity
of beech saplings, while NOorg, as well as both N pools in the mineral soil, climatic factors,
and elevation of the forest habitats, were of minor importance for the observed responses to
drought stress. These results support the view that population structure, adaptive potential,
and reaction to stress are results of both past and present processes. Thus, colonization
routes, migration events, and gene flow are responsible for the ability of beech populations
to cope with stress situations such as drought. Beech, like most tree species, is characterized
by long-distance pollen-mediated gene flow, which could promote adaptive evolution to
novel environments [50,51].

Does the present study provide evidence for drought-adapted ecotypes in Croatia?
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For the present study, saplings were collected from natural forests. Despite careful
collection of the saplings according to height, age, etc., variability was higher than if the
plants had been taken from a nursery. Therefore, the small differences in biomass observed
cannot be taken as characteristic of drought-sensitivity or -resistance. However, absolute
and relative growth did not differ between the ecotypes, indicating that the drought stress
applied did not affect tree growth in the present study. Thus, physiological responses to
drought have to provide hints for drought-sensitivity or -resistance.

Drought-adapted beech ecotypes have previously been described at the southern
distribution limit of the species, e.g., in Greece. These beeches showed morphological
adaptation of leaves to xeric habitats [52] and a strong reaction of the antioxidative system
upon drought [29] as adaptation strategies. Apparently, the establishment of a highly
efficient antioxidative system constitutes the most important physiological adaptation of
beech saplings to drought. In the present study, saplings collected at forest sites with high
soil Pi and dry growth conditions, e.g., DL, Vd, Ča, and Vg, showed strong reactions of the
antioxidative system in the leaves upon water deprivation, indicating that these ecotypes
were the ones best-adapted to drought.

In a previous study that included Croatian beech saplings [27], Za was characterized
as well-adapted to drought, since the reaction of the antioxidative system was comparable
to Greek beech ecotypes. In the same study, Go (Ot in the present study) did not exhibit
any reaction to drought. The present study partially confirms these results: Ot only rarely
responded to drought, whereas Za’s antioxidative system showed a weak but significant
response, as previously observed [27]. Thus, Za was characterized as an ecotype adapted to
drought, probably due to its close genetic relationship to beeches from Greece and Southern
Germany [29]. In the present (Table 6) and in a previous study [29], N in the fine roots of
Za saplings increased upon drought, probably due to the formation of osmolytes such as
proline [53,54]. This increase can be considered an additional drought-adaptation strategy
to the upregulation of the antioxidative system. Nonetheless, Za belonged to cluster 1
(Figure 4), which colonized rather wet habitats and only barely responded to drought.

δ13C can become less negative in leaves upon drought due to a reduced CO2 influx
caused by stomatal closure [55] and, therefore, is frequently used to identify drought stress
(e.g., [29]). In the present study, such an increase in δ13C in leaves and fine roots was hardly
observed and was significant only for leaves of Sk and Ve. Since the antioxidative systems
of these ecotypes showed only weak reactions to drought, the increase in foliar δ13C of Sk
and Ve suggests that these ecotypes are not well-adapted to drought. Analyses of δ13C in
phloem-transported sugars might provide a more powerful tool to test this assumption in
future studies.

In the fine roots of Vg, the N content decreased upon drought (Table 6), indicating a
disturbance to N nutrition. Such a disturbance has previously been observed by Danne-
mann et al. [3], including reduced NO3 acquisition during drought as a consequence of
impaired ecosystem N turnover. This ecosystem effect of drought was discussed as the
major reason for the strong decline in beech from Croatian forests until 2080, as predicted
via a modelling approach [3]. Consequently, Vg can be considered less well-adapted to
drought than DL, Vd, and Ča.

How does Pi in the soil control the reaction of leaves to drought stress?
Linear regression analyses identified Pimin and Piorg in the habitat of origin as drivers

of the observed responses of beech saplings to drought (Figure 4 and Table S1a,b). Especially
saplings originating from the southwestern distribution limit of the study area (Figure 4,
Table 2), i.e., DL, Ča, and Vg, were comparably Pi- and mainly Piorg-rich and showed
strong reactions to drought. Since growth conditions were equal for all saplings, these
ecotype-specific responses to drought must have been triggered by adaptation strategies
developed in the natural habitats [23,56–58]. The nature of these most likely genetically
determined adaptation strategies requires further study. For such studies, beech saplings of
the To and Se ecotypes, originating from the P-poorest habitats, may be particularly useful,
because these saplings increased Pi in the fine roots upon drought.
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In the present study, foliar C contents were influenced by drought. In leaves of DL,
Vd, and Ča, C contents decreased, indicating respiratory C loss during drought stress.
Respiratory Pi supply might be of high relevance in P-rich environments and of low
significance in low-P environments [59]. Consequently, DL, Vd, and Ča ecotypes alleviating
oxidative stress by efficient ROS scavenging via the antioxidative system might have
consumed additional energy by respiration and, thereby, might have recycled bound Pi
in order to facilitate these processes. The strong response of the antioxidative system in
DL, Vd, and Ča ecotypes may also be a consequence of reduced P uptake upon drought.
The concept of [60] on P nutrition assumes that reduced soil moisture upon drought causes
a decline in P mineralization and diffusion and, hence, a reduction in plant-available P
(and N) pools. Reduced Pi acquisition might have reduced C assimilation [61,62] and
stimulated respiratory processes. Further experiments, including the measurement of leaf
gas exchange, are required to test this hypothesis.

Recent publications showed that beech saplings from P-rich habitats took up P in
summer (when the drought experiment took place in the present study), while saplings
from P-poor habitats took up P in spring (when saplings were well-watered in the present
experiment) and in autumn [56,58]. Although P acquisition was not determined in the
present experiments, evidence for reduced P acquisition can be adduced from the finding
that, upon drought, Pi in the fine roots was negatively correlated with soil Pimin and Piorg
and, furthermore, Pi in the leaves was negatively correlated with Piorg in the soil. Thus,
the more Pi in the soil, the less Pi in tree tissues during the drought treatment. A similar
relationship was not observed in the well-watered treatment. In summer, Pi contributes ~
40% of total phosphorus in the leaves of deciduous trees [23,24] and constitutes the most
variable P pool in plants [63]. Thus, to investigate the effect of drought on the P nutrition
of beech saplings, P fractions, such as sugar-P and P-lipids, that are reported to decrease
in plants upon P deficiency [62,64] should be analyzed in future studies. Piorg rather than
Pimin in the soil in the habitat of origin was found to be the main driver of the responses
of beech saplings to drought stress. The organic soil layer is an important source of P for
beech trees [26,49,65]. If an inhibited release of Pi from Porg fractions [32,66] is the key step
that determines the reaction of beech saplings to drought, future studies under controlled
field conditions are required.

In the drought treatment, total C in the fine roots was higher the lower the Piorg in the
soil in the habitats of origin (Figure 2). A similar result was not obtained in the well-watered
treatment. Thus, preferential investment of C in the rooting system in order to improve soil
exploitation [67,68], especially for ecotypes from P-poor systems, is highly indicated. The
finding that Piorg was the driver for this C investment emphasizes the high significance of
the organic soil layers for P nutrition in beech [66]. Despite this relationship, enhanced root
biomass formation or increased root shoot ratios were not observed. Probably, the duration
of the experiment should be longer for such observations. However, the finding that the
fine roots of saplings from the three P-poorest systems (Ot, Se, and To) tended to be more
enriched in 13C in the drought treatment compared to the other ecotypes studied indicates
enhanced C allocation to belowground biomass. The latter may also be concluded from the
high total N contents in the fine roots of saplings from P-poor sites that may be used for the
synthesis of osmolytes, such as proline [53,54], and/or Pi transporters [69]. Therefore, it
appears feasible that To and Se saplings were able to switch from low-affinity uptake to
high-affinity uptake of Pi by the roots [69] and that this enabled the plants to acquire scarce
P in the soil.

Only Se and To saplings showed a strong increase in Pi (significant for Se only due to
a high standard deviation for To) in the fine roots upon drought. At first glance, this obser-
vation is contradictory to what was observed by Peuke and Rennenberg [28], where P in
the fine roots decreased upon drought. Studies by Yang et al. [57] and Hofmann et al. [49]
showed that saplings from a P-rich site exhibited faster growth rates and higher P concentra-
tions in leaves, bark, wood, fine roots, and coarse roots compared to saplings from a P-poor
site. P fertilization decreased P resorption from senescent leaves and phosphatase activity
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in the rhizosphere of saplings at the P-poor but not at the P-rich site. These findings indicate
that beech saplings from P-poor habitats can adapt their P-uptake strategies. Therefore, the
observed response of the rooting system mainly to Se and To may constitute an adaptation
to low P in the soil in the natural habitat or origin of the beech saplings.

5. Conclusions

The study presented provided a novel approach to test the performances of beech
saplings in response to experimentally applied summer drought in a common-garden ex-
periment. For the first time, soil parameters from the natural habitats of origin were applied
to identify drought-adapted beech ecotypes. The reaction of the antioxidative system to
drought was shown to differentiate well the adapted and not-adapted beech saplings. The
reaction upon drought was strongest for saplings originating from P-rich ecosystems and
weakest for saplings originating from P-poor ecosystems. Hence, P availability in the soil
was identified as the key factor determining the response of beech saplings to drought.
Thus, the interaction of genetic, climatic, and soil-born parameters seems to explain the
responses of beech to drought (hypotheses a, b, c, and e, partially accepted). Two main
strategies were observed for coping with drought stress: beech saplings from P-rich (dry)
ecosystems alleviated oxidative stress by activating the antioxidative system in the leaves;
beech saplings from P-poor (dry and wet) ecosystems appeared to respond by changes in
root morphology [67,68] in order to maintain P-nutrition (hypothesis d, accepted). Based
on the present results, Vg and DL ecotypes can be considered well-adapted to drought.
This assumption is based on the strong reaction of the antioxidative system (Table 6) and
the origin of the comparably dry and P-rich soil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13101683/s1, Table S1a: Categorization of habitats into nutrient rich
or poor ecosystems. Minimum values (min), 1st quartile (Q1), the median, 3rd quartile (Q3) and
maximum values (Max) were calculated for soil properties given in Table 2 of the main manuscript.
These indicators were used to categorize the beech forests in to low, moderately low, moderately
high and high in soil NO3

−-N, NH4
+-N and Pi availability separately for both soil layers. Table S1b:

Categorization of beech ecotypes into low, moderately low, moderately high, and high supply of
soil nutrients according to Table S1a. The bold line represents the median. Table S2: DW/FW in
leaves and fine roots of watered beech seedlings in comparison to DW/FW of seedlings grown at
water deprivation. A significant increase is considered an indicator of drought stress in the present
study, p represents results of non-parametric Mann-Whitney-Tests; * p < 0.05. Table S3a: Correlation
coefficients (Parsons’s P) of physiological parameters and external growth conditions at the seedlings
habitat determined for leaves (top) and fine roots (bottom) in the well- watered treatment: MAT (mean
annual temperature), MCMT (mean coldest month temperature), and TD (temperature difference
between MWMT and MCMT). Table S3b: Correlation coefficients (Parsons’s P) of physiological
parameters and external growth conditions at the seedlings habitat determined for leaves (top) and
fine roots (bottom) in the drought treatment: MAT (mean annual temperature), MCMT (mean coldest
month temperature), and TD (temperature difference between MWMT and MCMT or continentality),
AHM (annual heat/moisture index), Eref (Hargreaves reference evaporation), and MAP (mean
annual precipitation). Table S4: Correlation coefficients (Parsons’s P) of significant fold changes of
physiological parameters in leaves and fine roots upon drought (Table 6 in the main manuscript).
Physiological parameters were correlated to growth conditions at the seedlings habitat. Table S5:
Genetic diversity parameters for the studied microsatellites: AT (total number of alleles), NE (effective
number of alleles), HO (observed heterozygosity) and HE (expected heterozygosity). Table S6:
Population genetic parameters of the EST microsatellites for the six studied provenances: N (number
of studied individuals), AT (total number of alleles), NE (effective number of alleles), HO (observed
heterozygosity), and HE (expected heterozygosity). Table S7: Nei’s genetic distances between
the ecotypes.
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Appendix A

Aridity indices: AHM = annual heat/moisture index (MAT + 10)/(MAP/1000)),
CMD = Hargreaves climatic moisture deficit, Eref = Hargreaves reference evaporation,

SHM = summer heat/moisture index ((MWMT)/(MSP/1000)), TD = temperature difference
between MWMT and MCMT, or continentality (◦C).
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29. Dounavi, A.; Netzer, F.; Celepirovic, N.; Ivanković, M.; Burger, J.; Figueroa, A.; Schön, S.; Simon, J.; Cremer, E.; Fussi, B.; et al.
Genetic and physiological differences of European beech provenances (F. sylvatica L.) exposed to drought stress. For. Ecol. Manag.
2016, 361, 226–236. [CrossRef]

30. Kempf, M.; Konnert, M. Distribution of genetic diversity in Fagus sylvatica at the north-eastern edge of the natural range. Silva
Fenn. 2016, 50, 1663. [CrossRef]

31. Rose, L.; Leuschner, C.; Köckemann, B.; Buschmann, H. Are marginal beech (Fagus sylvatica L.) provenances a source for drought
tolerant ecotypes? Eur. J. For. Res. 2009, 128, 335–343. [CrossRef]

32. Plassard, C.; Dell, B. Phosphorus nutrition of mycorrhizal trees. Tree Physiol. 2010, 30, 1129–1139. [CrossRef]
33. Bieleski, R.L. Phosphate Pools, Phosphate Transport, and Phosphate Availability. Annu. Rev. Plant Physiol. 1973, 24, 225–252.

[CrossRef]
34. Clarkson, D.T.; Hanson, J.B. The Mineral Nutrition of Higher Plants. Annu. Rev. Plant Physiol. 1980, 31, 239–298. [CrossRef]
35. Passioura, J.B. ‘Soil conditions and plant growth’. Plant Cell Environ. 2002, 25, 311–318. [CrossRef]
36. Rausch, C.; Bucher, M. Molecular mechanisms of phosphate transport in plants. Planta 2002, 216, 23–37. [CrossRef] [PubMed]
37. Schachtman, D.P.; Reid, R.J.; Ayling, S.M. Phosphorus Uptake by Plants: From Soil to Cell. Plant Physiol. 1998, 116, 447–453.

[CrossRef] [PubMed]
38. Bolte, A.; Czajkowski, T.; Cocozza, C.; Tognetti, R.; De Miguel, M.; Pšidová, E.; Ditmarová, Ĺ.; Dinca, L.; Delzon, S.; Cochard,
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