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Preface to ”Mediterranean Plants”

Plants grown and exposed to Mediterranean climatic conditions are a source of information of

a natural heritage. Mediterranean plants have been presented as vehicles for expressing historical

knowledge and environmental attributes; scientific reports have given us important insights into

plant growth, structure, and function. With the current environmental and social threats, mainly

posed by expanding touristic and anthropogenic activities, the importance of Mediterranean plants

will once again be appreciated. In this book, the function, structure, diversity, biogeography,

conservation, seasonality, and interactions of Mediterranean plants with the abiotic and biotic

environment are highlighted.

Sophia Rhizopoulou, Maria Karatassiou, and Efi Levizou
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Article

Seasonal Changes in the Plant Growth-Inhibitory Effects of
Rosemary Leaves on Lettuce Seedlings
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Abstract: Plant biodiversity has been studied to explore allelopathic species for the sustainable
management of weeds to reduce the reliance on synthetic herbicides. Rosemary (Rosmarinus officinalis
L., syn Salvia rosmarinus Spenn.), was found to have plant growth-inhibitory effects, and carnosic
acid was reported as an allelochemical in the plant. In this study, the effects of seasonal variation
(2011–2012) on the carnosic acid concentration and phytotoxicity of rosemary leaves from two
locations in Tunisia (Fahs and Matmata) were investigated. The carnosic acid concentration in
rosemary leaves was determined by HPLC, and lettuce (Lactuca sativa L.) was used as the receptor
plant in the phytotoxicity bioassay. The highest carnosic acid concentration was found in rosemary
samples collected in June 2011, which also had the highest inhibitory activity. Furthermore, a
significant inverse correlation (r = −0.529; p < 0.01) was found between the inhibitory activity
on lettuce hypocotyl and the carnosic acid concentration in rosemary leaves. Both temperature
and elevation had a significant positive correlation with carnosic acid concentration, while rainfall
showed a negative correlation. The results showed that the inhibitory effects of rosemary leaf samples
collected in summer was highest due to their high carnosic acid concentration. The phytotoxicity of
rosemary needs to be studied over time to determine if it varies by season under field conditions.

Keywords: Mediterranean climate; elongation; allelochemicals; specific activity; phytotoxicity

1. Introduction

Interference from weeds can have a significant impact on the growth and development
of field crops, resulting in substantial crop production losses [1]. The use of synthetic
herbicides to minimize crop loss due to weed infestation has become the predominant
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weed control strategy. However, the global increase in herbicide-resistant/tolerant weeds
has triggered the need to diversify the existing weed control practices [2,3]. Subsequently,
there has been a growing interest in the utilization of natural products in the management of
weeds. Secondary metabolites produced by plants have no direct role in the basic processes
of plant growth and development. After being released into the environment, some of
these bioactive molecules (allelochemicals) influence the growth and development of other
surrounding species, a phenomenon known as allelopathy [4–6]. These compounds can
improve a plant’s ability to compete in its local environment [7–9]. Allelochemicals interfere
with various physiological processes of plants, including respiration, photosynthesis, and
hormone balance, to affect the germination and growth of surrounding plants [10,11].

The phytotoxic effects of plant species have been explored to diversify existing weed
management strategies for sustainable agriculture [12,13]. Plant extracts have been utilized
to control pests [14], and isolated allelochemicals have the potential to be used in weed
control or herbicide formulation [15]. However, allelopathy is a complex phenomenon since
the production and release of plant secondary metabolites can be altered by environmental
conditions. Seasonal changes in biotic and abiotic variables, such as pathogen presence [16],
temperature [17], precipitation [18], and nutrient availability [19], can have a significant
impact on the production and release of allelochemicals, which can contribute to seasonal
fluctuations in plant phytotoxicity. Furthermore, soil bacteria can break down allelochemi-
cals into less hazardous molecules or transform them into more toxic compounds [20,21].
Although the concentration of allelochemicals in plant tissues (flowers, leaves, stems, bark,
and roots) might change during the growing season [22,23], most studies on the potential
phytotoxicity of plants focus on a particular evaluation period during the season. However,
understanding the potential phytotoxicity of plant species and gaining insight into the
ecological interactions of plants with their environment necessitates the investigation of
seasonal fluctuation [24].

Rosmarinus officinalis L. (Lamiaceae), also known as rosemary, is an evergreen shrub
that grows wild in the Mediterranean region. A recent phylogenetic analysis merged the
genus Rosmarinus with the genus Salvia. Rosmarinus officinalis is now known as Salvia
rosmarinus [25–27]. Rosemary is an aromatic plant with needle-like leaves. The plant is
now cultivated worldwide and has several reported therapeutic properties, including
antidepressant [28], antiproliferative [29], and antidiabetic [30] activities. Diterpenes (such
as carnosol and carnosic acid) and rosmarinic acid, both with strong antioxidant activity,
have also been found in rosemary extracts [31–33]. The leaf extract of rosemary was
reported to be potentially phytotoxic, and carnosic acid was reported as an allelochemical
in the leaves of the plants [34]. Rosemary leaves also contain volatiles such as 1,8-cineole,
which showed inhibitory effects on lettuce growth [35]. Carnosic acid has only been
identified in a few plant species, all of which belong to the Lamiaceae family [36–38].
Richheimer et al. [39] reported carnosic acid concentrations in rosemary leaves between
1.7% and 3.9%. Subsequently, rosemary cultivars such as Daregal, VAU3, 4 English, Farinole,
and Severn Seas were developed with higher levels of carnosic acid (4–10% on a weight
basis of air-dried leaves) [40]. In addition, the concentration of carnosic acid in rosemary can
also be modulated by growing conditions and the influence of genetic background. Climatic
and environmental stress both affect the production of carnosic acid in rosemary [38], which
further increases the importance of phytotoxic evaluation of the plant under Mediterranean
climatic conditions. Although there are studies on the seasonal variation of carnosic acid
concentration in rosemary, the seasonal variation in the biological activities of the plant has
mainly focused on antioxidant activity [37,41].

Consequently, there is no available report on the relationship between carnosic acid
concentration and the inhibitory activity of rosemary leaves. This study, therefore, aimed to
investigate (i) how carnosic acid concentration in rosemary leaves changes with the season,
(ii) which environmental factors play a role in this change, and (iii) whether this seasonal
dependence of carnosic acid concentration is related to the inhibitory effect of leaves on
lettuce seedling growth.
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2. Materials and Methods

2.1. Collection of Plant Samples

Plant samples were collected from the northern (Fahs) and southern (Matmata) parts
of Tunisia (Figure 1). Matmata has an annual mean temperature of 20.6 ◦C, while Fahs has
an annual mean temperature of 18.0 ◦C. The annual mean precipitation at Matmata and
Fahs are 204 and 451 mm·year−1 respectively. Fahs belongs to the Mediterranean or steppe
climate zone, while Matmata belongs to the desert climate zone with a drier climate [42].
The vegetations of the collection sites are affected by the Mediterranean climate, which
has less precipitation in the summer. Matmata is drier than Fahs throughout the year. The
monthly mean temperature and monthly mean precipitation at the sampling locations over
the sampling period are shown in Figure 2.

The meteorological data for the sampling locations were assessed using WorldClim
2.1 [43]. These collecting sites were chosen because they feature rosemary-dominated
vegetation, allowing rosemary plants from various climate zones to be compared. Sampling
was done four times a year by randomly selecting five sites from each of the two areas of
Fahs and Matmata. A total of 40 rosemary plant samples were collected from individual
rosemary plants from June, September, and November of 2011, as well as February 2012.
Sampling was done while avoiding spring when nutrients are used for flower growth
rather than leaves. The sampling locations at Matmata were 535–620 m above sea level,
whereas those at Fahs were 300–430 m above sea level. The elevation was recorded using a
GPS (Colorado 300, Garmin, Olathe, KS, USA). The samples used in this study were only
those collected in the growing season, each from a single rosemary plant (Table 1).

 

Figure 1. Map of sampling areas in Tunisia.
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Figure 2. The monthly mean precipitation (bar graph: gray bar is Fahs; white bar is Matmata) and
monthly mean temperature (line graph: the solid line is Fahs; the dotted line is Matmata) at the two
sampling locations.

Table 1. Description of rosemary sampling sites (dates, areas, elevation) and specimen codes.

No. Collection Date Geographical Area Elevation (m) Sample Codes

1 June 2011 Fahs 430 UT-ARENA 00327
2 June 2011 Fahs 320 UT-ARENA 00334
3 June 2011 Fahs 300 UT-ARENA 00340
4 June 2011 Fahs 430 UT-ARENA 00349
5 June 2011 Fahs 420 UT-ARENA 00357
6 June 2011 Matmata 620 UT-ARENA 00364
7 June 2011 Matmata 585 UT-ARENA 00371
8 June 2011 Matmata 575 UT-ARENA 00379
9 June 2011 Matmata 535 UT-ARENA 00387
10 June 2011 Matmata 555 UT-ARENA 00395
11 September 2011 Fahs 430 UT-ARENA 00402
12 September 2011 Fahs 320 UT-ARENA 00411
13 September 2011 Fahs 300 UT-ARENA 00417
14 September 2011 Fahs 430 UT-ARENA 00426
15 September 2011 Fahs 420 UT-ARENA 00434
16 September 2011 Matmata 620 UT-ARENA 00442
17 September 2011 Matmata 585 UT-ARENA 00453
18 September 2011 Matmata 575 UT-ARENA 00460
19 September 2011 Matmata 535 UT-ARENA 00469
20 September 2011 Matmata 555 UT-ARENA 00478
21 November 2011 Fahs 430 UT-ARENA 00515
22 November 2011 Fahs 320 UT-ARENA 00523
23 November 2011 Fahs 300 UT-ARENA 00535
24 November 2011 Fahs 430 UT-ARENA 00543
25 November 2011 Fahs 420 UT-ARENA 00550
26 November 2011 Matmata 620 UT-ARENA 00559
27 November 2011 Matmata 585 UT-ARENA 00565
28 November 2011 Matmata 575 UT-ARENA 00574
29 November 2011 Matmata 535 UT-ARENA 00583
30 November 2011 Matmata 555 UT-ARENA 00587
31 February 2012 Fahs 430 UT-ARENA 00617
32 February 2012 Fahs 320 UT-ARENA 00622
33 February 2012 Fahs 300 UT-ARENA 00628
34 February 2012 Fahs 430 UT-ARENA 00633
35 February 2012 Fahs 420 UT-ARENA 00638
36 February 2012 Matmata 620 UT-ARENA 00647
37 February 2012 Matmata 585 UT-ARENA 00652
38 February 2012 Matmata 575 UT-ARENA 00657
39 February 2012 Matmata 535 UT-ARENA 00662
40 February 2012 Matmata 555 UT-ARENA 00667

UT-ARENA: the University of Tsukuba Alliance for Research on the Mediterranean and North Africa.
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Each rosemary sample was given a unique ID (UT-ARENA management number) and
stored at the Alliance for Research on the Mediterranean and North Africa’s herbarium at
the University of Tsukuba in Japan. Rosemary leaves were collected from the tops of the
individuals that were the most exposed to the sun. The collected samples were air-dried in
a well-ventilated room and then placed in a light-shielding bottle for storage in a cool and
dark place.

2.2. Extraction Procedure

The crude extracts were obtained from the air-dried rosemary leaf samples. In brief,
200 mg of air-dried rosemary leaves of each sample were accurately measured and placed
into a 50 mL falcon tube containing 20 mL of solvent (80% ethanol). The leaf–solvent
mixture was sonicated for 30 min at room temperature, filtered through filter paper No.1
(Advantec Toyo Roshi Kaisha, Tokyo, Japan), and centrifuged using Hitachi himac CR22N
(6000 rpm, 10 min); then, the supernatants were collected. The residue was re-extracted
using the same procedure as above, and the supernatants were combined and used as the
working solutions.

2.3. Chemicals and Reagents

Carnosic acid used in this study was purchased from Tokyo Chemical Industry (TCI,
Tokyo, Japan). Formic acid and acetonitrile for analytical chromatography were purchased
from Fluka, Sigma-Aldrich (Steinheim, Germany) and Fisher Scientific (Madrid, Spain),
respectively. A Milli-Q system from Millipore (Bedford, MA, USA) was used to purify the
water used in all the analyses.

2.4. High-Performance Liquid Chromatography (HPLC) Analysis

A total of 50 mg of ground rosemary samples (leaves) was accurately weighed, put
into a 50 mL falcon tube, and extracted, as described in the extraction procedure. An aliquot
of the extract after centrifugation was filtered through a 0.2 μm syringe filter before the
injection of 10 μL in LC-20AD liquid chromatography (Shimadzu, Japan) for the HPLC
analysis. An Inertsil ODS 2 column (250 × 4.6 mm, 5 μm particles, GL Sciences Inc, Tokyo,
Japan) was used. Mobile phases A and B were water with 0.1% formic acid and acetonitrile,
respectively. The column temperature was kept at 30 ◦C, and the flow rate of the mobile
phase was set at 0.5 mL·min−1. The following multistep gradient with different proportions
of mobile phase B was applied: 0 min, 20% B; 10 min, 40% B; 15 min, 90% B maintained for
5 min. The initial conditions were maintained for 5 min. The analysis was monitored using
an SPD-M20A detector at 210 nm. The quantification was done by comparing the peak areas
of the targeted carnosic acid with the abundance of the compound in the corresponding
standard used in the calibration curve. All chemical analyses were done in triplicate.

2.5. Phytotoxic Activity Bioassay

The radicle and hypocotyl elongation of Lactuca sativa (Great Lake 366, Takii Co., Kyoto,
Japan) was evaluated in the phytotoxic activity bioassay using ethanol crude extracts of
each of the 40 samples of rosemary leaves. In the phytotoxic activity bioassay, 40 samples
of ethanol crude extracts of rosemary leaves were tested on the radicle and hypocotyl
elongation of Lactuca sativa. The concentration range of the rosemary crude extracts (0.5, 1.0,
3.0, 5.0, and 10 mg DW·mL−1) was adapted from a previous study [34]. In a 27 mm diameter
glass Petri dish, a filter paper (27 mm, Toyo Roshi Kaisha, Ltd., Tokyo, Japan) was inserted.
A total of 0.7 mL of test solution was added to the filter paper and dried completely in
vacuo. Five lettuce seedlings (pre-germinated for 20 h) were placed on the filter paper after
adding 0.7 mL of 0.05% dimethyl sulfoxide (DMSO) and incubated (CN-25C, Mitsubishi
Elec., Tokyo, Japan) for 52 h at 22 ◦C in dark conditions. The control treatments were
set up with no crude extract but only 0.05% DMSO. Three replications were set for each
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treatment. The radicle and hypocotyl lengths were measured after the incubation period,
and elongation percentages were calculated using the following equation:

E = A/B × 100 (1)

where E is the elongation percentage, A is the average length of radicle/hypocotyl in the
treatment, and B is the average length of radicle/hypocotyl in the control.

2.6. Statistical Analysis

The IBM statistics tool SPSS (SPSS Inc., Chicago, IL, USA, version 21) was used to
analyze the data. Data were subjected to a two-way analysis of variance (ANOVA) to
determine the significant differences among the samples collected in different months
and locations. The sampling months and locations were considered as the independent
factors in the analysis. Mean differences among the treatments were compared using the
Tukey test at p < 0.05. Pearson’s correlation analysis was conducted to establish significant
relationships among the measured parameters.

3. Results

3.1. Variations in Carnosic Acid Concentration in Rosemary Leaves during the Growing Season

The concentration of carnosic acid in the leaves of rosemary samples collected from the
two different locations (Fahs and Matmata) in Tunisia was studied over a growing season
using reversed-phase high-performance liquid chromatography (RP-HPLC) (Figure 3). The
equation for the calibration curve for carnosic acid was y = 84051x + 240721, R2 = 0.9994.
The limit of detection (LOD) and limit of quantification (LOQ) were determined at signal-
to-noise (S/N) ratios of 3 and 10, respectively. The LOD and LOQ were 0.0150 mg·g−1

and 0.0455 mg·g−1, respectively. This study focused primarily on carnosic acid, as it was
previously found to be the major allelochemical responsible for the plant growth-inhibitory
effect of rosemary leaves [34]. The results of this study showed that the accumulation of
carnosic acid in rosemary leaves depended on the time of sampling.

Figure 3. Chromatograph of an ethanol extract from rosemary leaves (a) and synthetic carnosic
acid (b).

The carnosic acid concentration in leaves of rosemary samples collected in Tunisia
during the study period varied widely between 2.9 and 28.4 mg·g−1 dry weight (Figure 4).
The results showed that the highest average carnosic acid concentration (15.1 mg·g−1

dry weight) was measured in June (early summer), while the lowest concentration was
measured in February (8.3 mg·g−1 dry weight) (Figure 5). It was observed that the concen-
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tration of carnosic acid in the leaves of rosemary was higher in the samples from Matmata
than in those from Fahs at all sampling times.

Figure 4. Distribution of carnosic acid concentration in the crude extracts of rosemary leaf samples
collected from Tunisia (June 2011–February 2012). Values are the means of three replicates ± SD. CA:
carnosic acid (expressed on a dry weight basis).

Figure 5. The effect of the sampling time and location on the concentration of carnosic acid in
rosemary leaves. Data are expressed as mg·g−1 dry weight. Different letters (a, b, location for
each month; A–C, sampling month during the season) above the error bars show treatments with
significant differences throughout the season (p < 0.05). CA: carnosic acid.

3.2. Influence of Precipitation, Elevation, and Temperature on Carnosic Acid Concentration in
Rosemary Leaves

The two sampling locations had different annual precipitation, temperature, and ele-
vation. Matmata has a hot climate, while Fahs has a moderately hot climate. To determine
which environmental factors might be related to the observed seasonal variation in carnosic
acid concentration, a Pearson correlation analysis was performed based on carnosic acid
concentration and environmental factors (temperature, precipitation, and altitude) during
sampling (Table 2). Carnosic acid concentration showed a significant positive correlation
with temperature (r = 0.30; p < 0.05) and altitude (r = 0.33; p < 0.05). However, there was
a significant inverse relationship between carnosic acid concentration and precipitation
at the sampling locations (Table 2). The results show that temperature and precipitation
variations influence the concentration of carnosic acid in rosemary leaves during the season.
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Table 2. Pearson correlation analysis for carnosic acid concentration, precipitation, elevation, and
temperature.

Attribute Elevation Precipitation Temperature CA Concentration

Elevation 1.00
Precipitation −0.61 ** 1.00
Temperature 0.19 −0.71 ** 1.00

CA amt 0.33 * −0.49 * 0.30 * 1.00
CA: carnosic acid. Significance level: * p < 0.05, ** p < 0.01.

3.3. Effects of Seasonality on the Plant Growth-Inhibitory Potential of Rosemary Leaves

The concentration of carnosic acid in rosemary leaves showed seasonal variation and
a significant relationship with precipitation and temperature. The study also investigated
whether the seasonal variation in carnosic acid concentration could influence the phytotoxic
activity of rosemary during the sampling season. The phytotoxic activity assay was tested
on lettuce elongation. The inhibitory effect of rosemary leaf ethanol crude extracts on
lettuce radicle and hypocotyl elongation was dose-dependent. The ranges of inhibition
of lettuce radicle and hypocotyl elongation were 18.3–123% and 15.6–100% (percentage
of control), respectively (Table S1). Lettuce hypocotyl elongation was more sensitive to
rosemary crude extract than the radicle.

The concentration of rosemary leaf extracts required for 50% growth inhibition (EC50
or specific activity) of lettuce elongation was determined for all the collected rosemary
samples. The inhibitory effect (expressed as EC50) on lettuce growth ranged from 2.1–8.6
mg DW·mL−1 and from 0.7–7.2 mg DW·mL−1 for radicle and hypocotyl, respectively
(Table S1). The observed phytotoxicity of rosemary leaves on lettuce length growth showed
seasonal variations. Samples collected in September and November had the lowest EC50
values (strong inhibition) for lettuce hypocotyl elongation (Figure 6a).

Figure 6. Effect of the sampling period and location on the growth-inhibitory activity of rosemary
leaves on lettuce (a) hypocotyl and (b) radicle elongation. Different letters (a, b, location for each
month; A–C, sampling month during the season) above the error bars show treatments with signifi-
cant differences throughout the season (p < 0.05). Values are means ± SD (n = 5).

8



Plants 2022, 11, 673

High EC50 values (low inhibition) for lettuce hypocotyl were measured in February at
both locations, which coincided with the lowest carnosic acid concentration in rosemary
leaves. The average specific activity of samples collected in November, September, June,
and February on lettuce radicle elongation was 4.8, 5.0, 5.6, and 6.2 mg DW·mL−1, respec-
tively (Figure 6b). Except for samples collected in September, there was no significant
difference in inhibitory activity between sampling locations during the season (Figure 6).
The effect of sampling location, sampling period, and their interaction on lettuce carnosic
acid concentration and growth elongation are shown in Table 3. Except for the effect of
sampling location on hypocotyl and radicle growth, all other effects and interactions were
significant. However, the seasonal variation in phytotoxicity and concentration of carnosic
acid in rosemary leaves should be evaluated over 1 year in a Mediterranean climate to fully
understand this relationship.

Table 3. Summary of the analysis of variance (ANOVA) for carnosic acid concentration, growth
elongations, sampling location, and period.

Source of Variation DF CA Concentration Hypocotyl Growth Radicle Growth

MS p-level MS p-level MS p-level

Location 1 167.4 <0.001 ** 0.02 >0.05 0.52 >0.05
Month 3 61.9 <0.001 ** 12.7 <0.001 ** 1.6 <0.05 *
Location × Month 3 8.9 <0.05 * 0.9 <0.05 * 4.5 <0.001 **
Error 24 2.2 0.3 0.5
Total 31

R2 0.88 0.85 0.63

* Significant at the 0.05 level of probability. ** Significant at the 0.01 level of probability. p > 0.05: not significant.
CA: Carnosic acid. Growth is expressed as a percentage of the control. MS: means of squares.

3.4. Correlation between Carnosic Acid Concentration and Phytotoxicity of Rosemary Leaves

To determine the relationship between carnosic acid concentration and phytotoxicity
of rosemary leaf extracts, a Pearson correlation analysis was performed based on the results
of carnosic acid concentration and EC50 (specific activity) of the leaves. The resulting graph
represents a natural dose-response curve for carnosic acid in rosemary leaves. The correla-
tion study showed a significant inverse relationship (p < 0.01; r = −0.529) between carnosic
acid concentration and inhibitory effects (expressed as EC50 or specific activity) of rosemary
leaves for hypocotyl elongation (Figure 7a). This result shows that the contribution of
carnosic acid to the inhibitory effect of rosemary leaves on lettuce hypocotyl elongation
is high, but low on radicle elongation. The results indicate that rosemary leaves with a
high concentration of carnosic acid have great phytotoxic potential, which can be further
explored. However, the degree of correlation between carnosic acid concentration and
phytotoxicity of rosemary leaves indicates that other compounds may also contribute to
the phytotoxicity of rosemary leaves.

a b 

Figure 7. Relationship between carnosic acid concentration and phytotoxicity (expressed as EC50) of
the leaf extract of rosemary on lettuce (a) hypocotyl and (b) radicle elongations.
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4. Discussion

The RP-HPLC analysis of rosemary leaves collected from the two locations in Tunisia
showed that carnosic acid concentration varied throughout the season (as shown in
Figure 4). Other studies reported similar variations in carnosic acid concentration in
rosemary samples from different geographical zones [44,45]. The average carnosic acid
concentration was highest in early summer for both sampling locations in this study. In line
with the results of this study, Hidalgo et al. [45] also reported an increase in carnosic acid
concentration in rosemary leaves in summer (46.2 mg·g−1 in July 1996), while the lowest
values were observed in February of the same year. In Brazil, the reported carnosic acid
concentration in rosemary leaves was highest in leaf samples collected in summer [46]. In
contrast, Luis and Johnson [37] observed a decrease in the carnosic acid concentration of
about 50% during the summer months characterized by high temperatures. The discrep-
ancy in the concentration of carnosic acid in rosemary leaves could be due to the influence
of growing conditions and other factors. The influence of environmental factors on the
variation of carnosic acid concentration in rosemary leaves was reported previously [46,47].
The seasonal variations in carnosic acid concentration observed in this study may indicate
that the synthesis of the compound is influenced by changes in certain climatic factors.

The results also showed a relationship between environmental conditions at the time
of sampling and carnosic acid concentration in rosemary leaves. Temperature, precipitation,
and elevation of sampling locations showed significant correlations with carnosic acid
concentration in rosemary leaves. Similar to the results of this study, Hidalgo et al. [45]
reported increasing carnosic acid concentration in rosemary leaves with increasing temper-
ature. Lemos et al. [46] also reported the highest carnosic acid concentration in the month
with the highest temperature. In contrast, Munne-Bosch et al. [48] reported a negative
linear relationship between carnosic acid concentration and temperature. However, an
increased amount of carnosic acid was detected during the summer with high rainfall and
temperature in Brazil [46]. Borras et al. [44] reported that the observed variations in the
altitude of sampling locations had significant effects on the concentration of plant metabo-
lites (including carnosic acid) in rosemary leaves. Compared to other native Mediterranean
plants, rosemary can withstand prolonged drought by avoiding damage to its photosyn-
thetic organs [47]. Seasonal variation is associated with certain changes in soil moisture and
temperature, which may lead to variations in the biosynthetic pathways of primary and
secondary metabolites [17,18]. Carnosic acid was found mainly in June 2011, followed by
September 2011 and November 2011. The biosynthetic pathway of terpenes could explain
this observation. Terpenes are synthesized in the cytosol and plant plastids [49]. The
pathway leads to the formation of sesquiterpenoids in the cytoplasm and the formation of
diterpenes and tetraterpenes in the plastid. However, these processes are associated with
the capture of sunlight and a photoprotective function in cell membranes [49]. Thus, accord-
ing to the biosynthetic mechanisms, rosemary leaves harvested in June 2011 increased the
synthesis of terpenes (including carnosic acid) in plastids at the high temperatures (26.6 ◦C).
Moreover, carnosic acid is one of the most important antioxidants in rosemary leaves, and
its concentration increases under stress conditions [46]. It should be considered that the
production of carnosic acid in rosemary depends on the genetic background, plant part,
and growing conditions [50], which could also explain part of the discrepancy between the
results reported in different studies.

Although carnosic acid was reported as the principal allelochemical in rosemary
leaves [34], other compounds found in the plant, such as ferulic, caffeic, gallic, chlorogenic,
and rosmarinic acids, have been linked to phytotoxicity [51]. The antioxidative mechanism
of carnosic acid in plants has been reported [52]; however, there has been no reported study
on its mode of action as a plant growth inhibitor. Since other compounds contribute to
the inhibitory effects of rosemary leaves, the physiological actions of some of these com-
pounds are discussed. According to Araniti et al. [53], rosmarinic acid inhibited the main
reactive oxygen species (ROS)-scavenging enzymes, resulting in high ROS levels that cause
alterations in mitochondrial ultrastructure and function, leading to cell death in Arabidopsis
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seedlings. Rudrappa et al. [54] asserted that gallic acid elevated the level of ROS in the
roots of Arabidopsis. The activated ROS caused the root architecture of susceptible plants to
be disrupted by impairing the microtubule assembly. According to dos Santos et al. [55],
ferulic acid may be channelled into the phenylpropanoid pathway, where it may increase
the quantity of lignin monomer in the cell wall, hardening the cell wall and inhibiting root
growth. Similarly, caffeic acid channelled into the phenylpropanoid pathway increased
lignin monomers that solidify the cell wall and inhibit root growth [56]. 1,8-Cineole, a
significant essential oil in rosemary, decreased root growth in other plants by impeding
DNA synthesis in the apical meristem of Brassica campestris roots [57]. Monoterpenes,
which are abundant in rosemary, inhibited chlorophyll content, as well as the biosynthesis
of several phenolic compounds [58].

The rosemary leaves sampled in this study showed variations in carnosic acid con-
centration, suggesting that the growth-inhibitory effect of the leaves may change over the
season. The study further confirmed that the phytotoxicity of rosemary leaves changed
during the sampling period. The changes in carnosic acid concentration and the expres-
sion of biological activities during different seasons have been reported in other stud-
ies [46,59,60]. Although the antimicrobial activity of rosemary leaves changed during the
growing season [61], seasonal changes in the phytotoxicity of rosemary have not been
reported. The concentration of carnosic acid in rosemary leaves showed a significant
correlation (r = −0.529; p < 0.01) with growth inhibition at the hypocotyl of lettuce. Our
results agree with other studies that showed that allelochemicals and growth inhibition are
related in allelopathic species. Ben-Hammaouda et al. [62] reported that the phytotoxicity
of sorghum hybrids had a positive correlation (r = 0.66) with the total concentration of
phenolic compounds. Similarly, Reberg-Horton et al. [63] reported that the inhibitory effect
of aqueous extracts of Secale cereale tissue correlated with the amount of DIMBOA extracted
from the harvested tissue. In another study, the concentration of phenolic acids together
with DIBOA and DIMBOA explained about 90% of the variation in growth inhibition
observed in annual ryegrass [64]. Although a significant relationship was found between
carnosic acid concentration and growth inhibition, the contribution of other compounds to
rosemary leaf phytotoxicity should not be ignored.

5. Conclusions

The concentration of carnosic acid in rosemary leaves and the inhibitory effect of
ethanolic extracts of rosemary leaves were both influenced by seasonal variations. The
carnosic acid concentration in rosemary leaves peaked in early summer at both sampling
locations in Tunisia and then gradually decreased until winter. Rosemary leaf phytotoxi-
city (expressed as EC50) followed a similar pattern throughout the season and showed a
significant (inverse) relationship with carnosic acid content. It is important to evaluate the
seasonal variation in the inhibitory activity of rosemary leaves to avoid over-or underesti-
mating the phytotoxicity of the plant. The efficacy of rosemary as a potential weed control
agent needs further investigation under field conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abstract: Sclerophyll forest in Mediterranean central Chile has been subjected to severe degradation
due to anthropic disturbances and climate change and is in need of restoration. Since direct seeding
is usually unsuccessful, we need to research seed propagation to produce plants for restoration.
Our objective was to assess pre-germination treatments for six native woody species (Acacia caven,
Lithraea caustica, Quillaja Saponaria, Porlieria chilensis, Kageneckia angustifolia, and Ceratonia chilensis) of
the sclerophyll forest, considering its operational applicability and consequences for nursery plant
production. Treatments were selected according to previous studies, and operational applicability
in nurseries. Germination and level of seeds water imbibition were assessed. Results indicate that
time for seed water imbibition is critical for germination in A. caven, P. chilensis and K. angustifolia,
with an average germination of 90.2 ± 2.0%, 85.0 ± 4.7%, and 47.4 ± 2.3%, respectively. Gibberellin
did not improve germination compared to water soaking in Q. Saponaria, K. angustifolia and P.
chilensis. In addition, physical scarification is a suitable treatment for L. caustica and C. chilensis,
instead of chemical scarification, avoiding handling toxic and corrosive compounds in nurseries. We
recommend assessing seed water imbibition rates as a key factor for proper germination processes.

Keywords: Mediterranean; nursery production; seeds; water imbibition

1. Introduction

There are five Mediterranean-type climate regions in the world that represent less
than 5% of global surface but and are catalogued as biodiversity hotspots because they
harbor 20% of endemic vascular plants of the planet [1,2]. These regions are characterized
by higher levels of endemism of the vascular flora, which are adapted to seasonal water
deficit and high summer temperatures [3]. One of these regions is found in central Chile,
between 30◦ S and 36◦ S approximately; this represents a transition between the Atacama
Desert and mixed temperate forest of south Chile, with shrub formations and sclerophyll
forests that dominate the landscape [1,4,5].

The Mediterranean-type climate region of Chile has been subjected to strong anthropic
pressures [6] due to changes in soil use, which has reduced the coverage, structure, and
composition of this ecosystem, and this has been worsened by the effect of forest and
soil degradation and bushfires [7–10]. These events have increased in severity during the
last decade, as Chile has been facing a mega-drought since 2010 [11–13]. In recognition
of the central role of forests for carbon storage in vegetation and soil [14–16], the United
Nations (UN) has declared the 2021–2030 the “Decade of Ecosystem Restoration” as an
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important tool to mitigate the increasing loss of biodiversity and rise in CO2 emissions.
Altamirano et al. [17] reveal the urgent need to restore forest ecosystems at a global scale,
which represents the best option for the achievement of goals described by the UN. This
is even more relevant for sclerophyll forests because it requires greater restoration efforts
considering its actual degradation state [18].

Chile and 114 other countries have subscribed to a series of restoration commit-
ments [19]. In the context of the Paris Agreement and the update of the Determined
Contribution at National Level in 2020, Chile is committed to afforest 70,000 hectares of
native species for the formation of a permanent forest cover and to restoration processes
of 1,000,000 hectares of landscape [20]. However, Bannister et al. [21] identified three
bottlenecks for successful forest restoration in Chile: (1) a lack of national plan for forest
landscape restoration; (2), poor quality and low supply of native plants species, which was
thoroughly described by Acevedo et al. [22]; and (3) poor results in the establishment phase.
Likewise, León-Lobos et al. [23] describe a fourth bottleneck focused on the low availability
and seed quality of native species, which impairs plant production and the achievement of
restoration goals. In addition, Mediterranean species from central Chile present several
issues that negatively affect seed supply such as low density and species diversity in seed
banks; besides low germination after sampling from soil [24–26], this has proven to be
even more severe in landscapes dominated by Quillaja Saponaria Molina (Quillajaceae) and
Lithraea caustica (Mol.) Hook. and Arn. (Anacardiaceae) [25]. Besides supply problems,
seeds from the sclerophyll forest are exposed to inadequate environmental conditions
during seed germination and establishment. Summer season in Mediterranean climate
imposes important levels of stress, due to higher temperatures and the absence of relevant
precipitations [27,28]. In the context of central Chile there is little experimental evidence
that native species produce seed without dormancy at the moment of seed dispersal [26].
Evidence indicates that physical dormancy imposed by a hard and impermeable seedcoat is
present in native species such as Acacia caven (Molina) Molina (Fabaceae) and L. caustica [29],
which can be prompted to germinate with mechanic scarification or acid application. Like-
wise, the development of fleshy fruits in species such as L. caustica and Porlieria chilensis
can induce dormancy due to the presence of chemical inhibitors [30,31], and in natural
environments germination can be triggered by the passage through the intestinal tract of
frugivore species such as native fox Pseudalopex culpaeus (Mol.) [32]. In these cases, the
removal of the pericarp, acids or gibberellin treatment can be applied at operational levels.

Despite that seed anatomy and the environmental conditions can shed light regarding
dormancy in seeds of species from the sclerophyll forest, there is a lack of information
regarding specific dormancy and the identification of suitable pre-germination treatments
that maximize its germination [23,33,34]. Although higher germination is a pre-requisite to
unlock the following bottlenecks for restoration [21], such treatments should consider their
applicability by local nurseries, that in most cases lack the proper training to, for example,
handle toxic chemicals for acid stratification such as sulfuric acid [22,35].

The objective of this research is to assess pre-germination treatments for six native
woody species (A. caven, L. caustica, Q. Saponaria, P. chilensis I.M. Johnst., Kageneckia angusti-
folia D. Don (Rosaceae), and Ceratonia chilensis (Molina) Stuntz emend. Burkart (Fabaceae)
of the sclerophyll forest from central Chile, considering their operational applicability and
consequences for nursery plant production.

2. Results

2.1. Seed Characterization

From the estimation of the number of seeds per kilogram, it is observed that bigger seeds
belong to A. caven with 7,554 ± 216 seeds kg−1, followed by L. caustica and C. chilensis with
23,066 ± 660 seeds kg−1 and 24,359 ± 543 seeds kg−1, respectively, and finally P. chilensis with
37,169 ± 2379 seeds kg−1 and Q. saponaria with 112,413 ± 1,396 seeds kg−1; seeds with the
lower weight were observed in K. angustifolia with 136,935 ± 3855 seeds kg−1.
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A significant effect was observed in the time of water imbibition on the moisture
content of seeds for all species (all p < 0.0012). The seeds initial moisture content was on
average 14.9 ± 7.6%, which corresponded to seed water content immediately after storage
and before soaking. After soaking in water for 24 h, significant increase was observed in
this variable in all evaluated species (all p < 0.0058), while only for A. caven, P. chilensis and
K. angustifolia a significant increase in moisture content was observed after 48 h of soaking
(all p < 0.0152) (Table 1).

Table 1. Seed moisture content (w/w dry basis, g g−1) initial and after soaking in water for 24 and
48 h of sclerophyll species of central Chile (mean ± s.d.; n = 3). Letters indicate significant differences
in moisture content for each species, between the different measurement times (Tukey, p < 0.05).

Species
Seed Moisture Content (g g−1)

Initial Soaking in Water 24 h Soaking in Water 48 h

Quillaja saponaria 0.139 ± 0.042 b 0.851 ± 0.108 a 0.935 ± 0.075 a

Lithraea caustica 0.097 ± 0.023 b 0.522 ± 0.040 a 0.536 ± 0.021 a

Acacia caven 0.273 ± 0.056 c 0.627 ± 0.062 b 0.903 ± 0.098 a

Porlieria chilensis 0.182 ± 0.077 c 0.458 ± 0.065 b 0.626 ± 0.074 a

Kageneckia angustifolia 0.101 ± 0.030 c 0.867 ± 0.105 b 1.054 ± 0.089 a

Ceratonia chilensis 0.101 ± 0.027 b 0.217 ± 0.055 a 0.262 ± 0.046 a

2.2. Nurseries Survey

Surveyed nurseries represent the 41.3% (n = 6) of nation-wide plant production for
the selected species in this study during the 2017 to 2019 seasons, where chemical and
scarification treatments present higher restrictions at an operational scale. Restrictions are
mainly related to technical capabilities, due to lack of knowledge about how to apply the
treatments at an operational scale, and to a lesser degree due to restrictions in infrastructure
and equipment (Table 2).

Table 2. Restrictions identified in surveyed nurseries for application of pre-germination treatments at
operation scale in evaluated species. (1): Gibberellic acid; (2) Hot water; (3) Sulfuric acid.

Pre-Germination Treatment
Without

Restrictions (%)

Restrictions Due to
Capabilities

Techniques (%)

Restrictions Due to
Infrastructure and/or

Equipment (%)

Don’t Know the
Benefits (%)

Water Soaking (RT) 100 - - -
Plant Hormone (1) * 67 16.5 16.5 -

Wet-cold Stratification 67 16.5 - 16.5
Physical Scarification (2) 100 - - -
Mechanical Scarification 50 33 17 -
Chemical Scarification (3) 50 33 17 -

* Gibberellic acid concentrations were not declared by the nurseries surveyed.

Among the most used pre-germination treatments in nurseries are soaking in water at
room temperature and chemical scarification with sulfuric acid (Table 3) for the selected
species. Soaking in water ranged between two and 72 h for most nurseries and species,
while exposure to sulfuric acid varies between 30 and 180 min depending on the protocol
of each nursery and species. Surveyed nurseries do not apply plant hormones as pre-
germination treatments, stratification, or mechanical scarification, for the assessed species.
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Table 3. Pre-germination treatments applied by nurseries at operational scale, for the species evalu-
ated in the sclerophyll forest. (1): Hot water; (2): Sulfuric acid.

Species
Soaking in
Water (%)

Physical
Scarification (%) (1)

Chemical
Scarification (%) (2)

Soaking in
Coke® (%)

Direct
Sowing (%)

Quillaja saponaria 83 0 0 0 17
Lithraea caustica 0 20 60 20 0

Acacia caven 0 20 60 20 0
Porlieria chilensis 100 0 0 0 0

Kageneckia
angustifolia 100 0 0 0 0

Ceratonia chilensis 34 33 33 0 0

2.3. Germination Experiment

For all evaluated species, a significant effect was observed in the interaction between
pre-germination and measurement time (MED × TRAT) (all p < 0.0430).

In Q. saponaria average germination at the end of the experiment reached 90.2 ± 2.0%;
30 days after sowing, no significant differences between pre-germination treatments were
observed. After day 16 no significant increments in germination were observed (all
p > 0.1745), with an average of 86.1 ± 1.2% without significant differences between pre-
germination treatments (Figure 1a).

In L. caustica, at the end of the germination experiment (63 days after sowing), average
germination reached at 45.4 ± 5.2%, and no significant differences between pre-germination
treatments were observed (all p = 1). Chemical scarification with sulfuric acid induced a
reduction in germination times of 33 and 23 days in comparison with control treatment
and physical scarification, respectively. With chemical scarification, germination did not
show significant increases after day 18 of sowing (38.1 ± 2.4%) (all p > 0.2327), while in
control and physical scarification treatments, germination remained constant at day 51
(40.6 ± 6.3%) and 46 (38.4 ± 4.3%), respectively (Figure 1b).

In A. caven pre-germination treatments showed significant differences in germination
(all p < 0.0001). At the end of the evaluation period (day 53 since sowing), seed soaking
in water for 48 h germination was 70.1 ± 6.8%, which was significantly higher than with
physical and chemical scarification that reached an average germination of 24.3 ± 6.5%,
which did not show significant differences (p = 1) (Figure 1c). At day 25 after sowing, we
did not observe significant increments in germination in the control treatment that reached
an average of 61.1 ± 4.2% (all p > 0.9071).

Similarly, final germination of P chilensis seeds showed significant differences between
treatments (all p < 0.0001). Physical scarification caused low germination (0.3 ± 0.2%)
compared to control and the application of gibberellic acid. Thus, at the end of the germi-
nation period (63 days since sowing), no significant differences were observed between
control treatment and gibberellic acid application at 200 mg L−1 (p = 1), with an average
germination of 47.4 ± 2.3%. However, soaking in gibberellic acid decreased the germination
period by 11 days compared to control treatment (Figure 1d).

In K. angustifolia no significant differences in germination were observed at the end of
the experiment (30 days after sowing) between pre-germination treatments (all p > 0.8581),
an average germination of 85.0 ± 4.7% was reached. At day 16 after sowing germination
had not increased significatively in any treatments (p > 0.3008), with an average germination
of 80.5 ± 6.0% (Figure 1e).
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Figure 1. Germination (%) observed in Quillaja Saponaria (a), Lithraea caustica (b), Acacia caven (c),
Porlieria chilensis (d), Kageneckia angustifolia (e), and Ceratonia chilensis (f) according to different
pre-germination treatments. Arrows indicate the day after sowing where no further increment in
germination was observed. Symbols indicate mean + s.d.

At the end of the evaluation period in C. chilensis, 53 days after sowing, pre-germination
treatments showed a significant effect in germination (all p < 0.0001). Chemical and physical
scarification induced a significantly higher germination (83.7 ± 11.0%) compared to the
control (16.1 ± 3.0%). No significant differences were observed between chemical and phys-
ical scarification (p = 0.5807) (Figure 1f). In the case of chemical scarification, 11 days after
sowing germination did not increase significantly (all p > 0.690), reaching 70.4 ± 9.4%. For
physical scarification a similar pattern was observed at day 30 after sowing (all p > 0.3874),
and 85.6 ± 2.6% of germination was observed. In the control a stable germination level of
11.1 ± 2.4% was observed at day nine after sowing (all p > 0.8457).

3. Discussion

3.1. Seed Characterization

A low water content after 48 h of imbibition was observed in L. caustica, P. chilensis,
and C. chilensis, in relation to the other assessed species (Table 1), which can be attributed
to physical dormancy, previously reported in L. caustica and C. chilensis [25]. In P. chilen-
sis, despite that our results show higher water imbibition than the results reported by
Cabello et al. [36], there is agreement that water imbibition reaches a peak after 48 h of
soaking in water, indicating that seedcoat impermeability is not an impairment for ger-
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mination in this species. Similar results regarding water imbibition were observed in A.
caven, with increased water content after 48 h of soaking in water, which does not agree
with results from previous research [25,37,38]. Specifically, Funes and Venier [38] indicate
that low water imbibition and low germination in non-scarified seeds (0%) vs. scarified
seeds (96.6 ± 1.6%) is evidence of physical dormancy imposed by an impermeable seed
coat, which could act as protection against humidity and temperature fluctuations [39].
However, in the research of Funes and Venier [38], imbibition was evaluated only up to
24 h, while our results indicate that maximum imbibition was reached 48 h after soaking
(Table 1). In addition, germination was assessed for five days whereas, according to our
results, maximum germination is reached after 25 days (Figure 1c), indicating that while
seed coat impermeability could be present it can be overcome with longer water imbibition
and germination periods. Thus, longer imbibition times in A. caven could be linked to pre-
vention of germination in sites with unpredictable or sporadic rainfall [40], a characteristic
of its habitat in central Chile.

According to Hartmann and Kester [41], seed germination occurs with water content
from 40% to 60%, which would indicate that the only seeds that did not reach the needed
water content for germination are the ones from C. chilensis, and this could explain the
low germination levels observed in the control treatment (Table 2, Figure 1f). In addition,
desiccation tolerance of the species can also affect germination, which would be directly
linked to the initial water content of seeds (Table 1). However, the seed storage behavior
of species included in this study had not been experimentally evaluated. Most species
from dryland environments, such as central Chile are likely to have desiccation tolerance
seeds [42]. According to the Seed Information Database [43] seeds of these species should
be desiccation tolerant (Orthodox).

3.2. Germination Experiment

High germination in Q. saponaria seed is in agreement with previous reports [44,45].
The absence of significant differences between pre-germination treatments (Figure 1a) indi-
cate that Q. saponaria seeds do not present dormancy, which contradicts Figueroa and Jak-
sic [25], who indicate that the presence of an undetermined dormancy in Q. saponaria seeds
and a physiological dormancy as proposed by Baskin and Baskin [46] according to Donoso
and Cabello [47] results. However, no information regarding seed storage conditions was
displayed by authors that mentioned an undetermined dormancy in this species, which
could also affect germination. In addition, soaking in water for 24 h should be enough to
achieve high water content in seeds (Table 1) and promote a high germination (90.2 ± 2.0%),
which is a smaller imbibition time than the 72 h reported by Benedetti et al. [48]. According
to nursery survey results, 83% of nurseries a proper treatment for seed germination.

In L. caustica, Donoso and Cabello [47] reported a germination capacity of 59% and
recommended to treat seeds with sulfuric acid for at least three hours. Similar results were
reported by [49] after remotion of seeds epicarp. Our results indicate that chemical scarifi-
cation with sulfuric acid accelerates the germination process; however, it does not increase
germination capacity in comparison to physical scarification or water soaking (Figure 1b),
treatments that become in a suitable alternative to chemical scarification. However, these
last alternatives extend the germination process to 46 and 51 days, respectively. These
periods should be taken into consideration by nursery managers for sowing planification
activities. According to our survey, at least 80% of nurseries apply a proper pre-germination
treatment in this species.

In A. caven our results do not agree with previous reports [37,50,51], where seeds
exposure to sulfuric acid before sowing promotes high germination (between 70% to 90%)
as result of physical dormancy breaking of seeds [25]. However, germination observed
after physical and chemical scarification treatments suggest deterioration of the seeds,
questioning the existence of physical dormancy (Figure 1c). According to nursery surveys,
we observed that at least 80% of nurseries applied chemical or physical scarification (Table 3)
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as a substitute for chemical scarification; these treatments could be simplified by water
soaking for longer periods of time, such as 48 to 72 h.

According to Cabello et al. [36], P. chilensis seeds do not have physical dormancy
related to impermeable seed coat, which agrees with our results regarding an increased
water imbibition until 48 h since sowing. Despite that Loayza et al. [52] indicated that
germination in response to physical scarification depends on seed provenance, our results
showed that scarification with hot water caused a decrease in germination compared to
control treatment (0.3 ± 0.2% vs. 47.4 ± 2.3%, respectively) (Figure 1d), suggesting that
P. chilensis seed coat it is not impermeable to water and imbibition in hot water should have
a detrimental effect on seed viability of this species (Figure 1d). Instead, Cabello et al. [36]
reported that P. chilensis seeds present endogenous physiological dormancy, which could
be broken with 60 days of cols stratification or soaking in 400 mg L−1 of gibberellic acid,
reaching a germination capacity of 78.2%, higher than results obtained in this research.
Although our gibberellic acid treatment was 200 mg L−1 and no differences were observed
in germination compared to control, gibberellic acid decreased germination times by
11 days relative to control treatment, indicating that physiological dormancy could be
present in this species. Despite that gibberellic acid application seems the most appropriate
pre-treatment for this species, 100% of nurseries that produce P. chilensis only apply soaking
in water as pre-germination and no specific treatment to break physiological dormancy is
considered (Table 3).

Results observed in K. angustifolia regarding germination capacity agree with
Takayashiki et al. [53], although the authors indicate a soaking in water for four days
as pre-treatment, while according to our results 48 h in water is enough to achieve a water
content of 105.4 ± 8.9% and to promote a germination of 85.0 ± 6.0%. These last results are
consistent with several authors [54–56] and the surveyed nurseries that achieved germina-
tion between 70% to 80% without pre-germination treatments in direct sowing, indicating
that K. angustifolia seeds are not dormant.

Scarification has been reported by several authors [57–60], as a method to break physi-
cal dormancy in Prosopis species seeds. In fact, it had been reported that passage through
a digestive tract of frugivores and cattle induce germination by promoting seed coat rup-
ture [61,62]. However, Vilela and Ravetta [60] indicated that chemical scarification for
15 min reduced germination C. chilensis, while physical scarification (dipped in boiling
water until water reached room temperature) induced higher germination. In Prosopis ferox,
a similar species, Ortega et al. [59] obtained higher germination after physical scarification
(93.0 ± 0.03%) and chemical scarification (91.0 ± 0.02%) compare with hydrochloric acid
(14.0 ± 0.02%). Our results agree with the statement that C. chilensis germination is pro-
moted by chemical (with sulfuric acid) or physical scarification (Figure 1f). Physical and
chemical scarification did not caused differences in germination, but affected the time when
germination reached a stable value (30 vs. 9 days since sowing, respectively) (Figure 1f).
Although 66% of surveyed nurseries apply a proper scarification treatment (physical or
chemical, 33% each), the time needed to complete the germination process is a factor that
should be considered at a large operational scale.

3.3. Operational Applicability of Pre-Germination Treatments

Among the main problems mentioned by nurseries, we highlight the lack of technical
capabilities (Table 3); there is a knowledge breach regarding to preparation, application,
and manipulation of some chemical products for the implementation of treatments. This
lack of information could be amended through instances of training and technological
transference instances. This agrees with the diagnosis reported by León-Lobos et al. [23]
where lack of knowledge regarding the dormancy of breaking in seeds of several native
species is identified as a bottleneck for the fulfilment of Chile restoration commitments.

In regard to chemical scarification, its operational implementation (Table 3) is limited
in some nurseries by the manipulation of corrosive chemical such as sulfuric acid, and
managers indicate concern regarding the risk to staff safety and chemical residue dis-
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posal [35]. On the other hand, physical scarification application is limited due to technical
restrictions and lack of infrastructure (Table 3), in particular the need for equipment to
process large numbers of seeds at operation scale, technology that is not widely distributed
in Chilean nurseries.

4. Materials and Methods

4.1. Species Selection and Locations for Seed Collection

Six tree species from the sclerophyll forest were selected between Valparaíso and
Biobío regions, three were selected according to dominance and three according to the
degree of ecological vulnerability (for a full description of the species see Table S1). Vul-
nerability was referred to the conservation state according to the Classification Regulation
of the Species from the Environmental Ministry of Chile [63]. Regarding the dominance
criteria Q. saponaria, L. caustica and A. caven were selected, while P. chilensis, (vulnerable),
K. angustifolia (near threatened) and C. chilensis (vulnerable) were selected according to
conservation criteria.

Seed collection was performed between January and March of 2020 in the populations
indicated in Figure 2. Seeds were sampled from at least 10 trees for each species with a
minimal distance of 15 m between each tree. Once collected, seeds were transferred to the
Centro Tecnológico de la Planta Forestal from the Instituto Forestal (36◦50.9′ S; 73◦7.9′ W),
Biobío region, Chile, for cleaning and storage at 4 ◦C until mid-May of 2020.

Figure 2. Distribution of sclerophyll forest (in grey) in Mediterranean central Chile and seed collection
locations for Acacia caven, Quillaja saponaria, Lithraea caustica, Porlieria chilensis, Kageneckia angustifolia
and Ceratonia chilensis.

4.2. Seed Characterization

As part of seed characterization prior to pre-germination treatment application, the
number of seeds per kilogram, the initial water content of seeds, and the increase in water
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seed imbibition was recorded, seed weight was recorded in three samples of 100 seeds
(replicates) for each species to estimate the number of seeds per kilogram. Then, each
sample was divided in two sub-samples of 50 seeds each, which were used to determine
initial moisture content (w/w, dry basis), and after 24 and 48 h of soaking in distilled
water. For this, one seed sub-sample of each species was weighted before soaking and after
24 and 48 h of soaking, while the other sub-sample was oven dried in a forced ventilation
oven (Binder, model FD115, Tuttlingen, Germany) at 105 ◦C until constant weight. Weight
of fresh and dried seeds were recorded on a 0.001 g precision scale (Quimis, Q DH-203, São
Paulo, Brazil).

4.3. Pre-Germination Treatments

Three pre-germination treatments were evaluated for each species, which were selected
according to available information from previous experiments [36,37,44,47,50,53,64–70] and
information obtained from a survey performed to six nurseries to consider pre-germination
treatments that were feasible to apply at operational scale at that were commonly applied
in nurseries (Table S2). Selected nurseries for the survey produced a larger amount of the
native species selected for this research between 2017 and 2019 nationally [71].

The survey identified the pre-germination treatments operationally applied for each
evaluated species, and restrictions for proper treatment application linked to technical
capabilities, infrastructure, or equipment. In addition, knowledge gaps regarding the
benefits of the application of pre-germination treatments was assessed.

For L. caustica, A. caven, and C. chilensis seeds with reported physical dormancy [25]
two scarification treatments were applied: (1) chemical scarification, consisted of exposure
of seeds to sulfuric acid (PQM Fermont, Monterrey, Mexico) at a concentration of 97.3% for
90 min, then seeds were rinsed with distilled water and soaked in water at room temper-
ature for 48 h; (2) physical scarification, consisted of exposure of seeds to water at 80 ◦C,
seeds were cooled until room temperature and soaked in water for 48 h. For Q. Saponaria
and K. angustifolia, pre-germination treatments consisted of the use of gibberellin to break
physiological dormancy, seeds were soaked in gibberellin at 200 mg L−1 and 600 mg L−1

(GA3, Giberplus, Anasac, Santiago, Chile) for 48 h. In the case of P. chilensis, treatments
were the use of gibberellin at 200 mg L−1 and physical scarification as previously described.
For all species, seed soaking in distilled water for 48 h corresponded to control treatment.

4.4. Germination Experiment

The germination experiment was performed in the Centro Tecnológico de la Planta
Forestal of the Instituto Forestal, in greenhouse conditions (36 m2). Maximum air tempera-
ture was limited to 25 ◦C through a forced ventilation system. A photoperiod of 12 day and
12 dark was established with six halide lamps of 400 Watts each (Philips Master HPI-Plus,
Brussels, Belgium). To characterize environmental conditions during germination, air tem-
perature (◦C) and relative humidity (%) was measured with an Atmos 14 sensor (METER
Group Inc., Pullman, WA, USA) and for substrate temperature (◦C) a RT-1 (METER Group
Inc.) sensor was used. Environmental data were recorded every 30 min with a ZL6 datalog-
ger (METER Group Inc.). During the germination experiment an average air temperature of
19.3 ± 4.4 ◦C was observed, with a daily thermal oscillation of 10.2 ± 4.5 ◦C. Minimum and
maximum daily substrate temperatures were 15.1 ± 3.0 ◦C and 22.4 ± 2.7 ◦C, respectively.
Air relative humidity ranged between 35% and 84%, with an average of 63 ± 9%.

Sowing for six species was performed in June of 2020 in expanded polystyrene trays
of 0.13 L (15 cm depth) and 84 cavities (336 cavities m−2). Three seeds were sowed in each
cavity at 1 cm depth approximately, three trays (replicates) were sowed for each germination
treatment. Composted Pinus radiata bark was used as substrate with particles smaller
than 10 mm (pH = 5.3 ± 0.01; organic matter = 76.1 ± 2.8%; total nitrogen = 0.9 ± 0.1%;
C/N relation = 48.5 ± 6.4; N-NO3 = 233.6 ± 37.3 mg kg−1; N-NH4 = 662.6 ± 56.3 mg kg−1;
water retention = 0.45 m3 m−3). Irrigation was performed with watering cans once a day,
maintaining high humidity in the surface of the substrate.
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Germination was measured three times per week (Monday, Wednesday and Friday),
the number of germinated seeds was recorded out of the total sowed seeds
(84 cavities × 3 seed cavities−1) for each of the three trays (replicates), species and pre-
germination treatment. Since the sowing, germination was monitored for 30 days in
Q. Saponaria and K. angustifolia, 53 days in A. caven and C. chilensis, and 63 days in L. caustica
and P. chilensis. Occurrence of germination was considered when the epicotyl emerged
from the substrate surface.

4.5. Data Analysis

The average values of number of seeds per kilogram was calculated for each species
from the weight of 100 seeds. The analysis of relative water content of seeds was performed
through a repeated measurement analysis of one way for each species, considering the time
for seed water imbibition time as factor (MED). Environmental data collection allowed the
estimation of average temperature, minimum and maximum daily temperatures in air and
substrate, and average relative humidity during the germination period.

For the germination, the experimental design corresponded to a completely random-
ized design with three pre-germination treatments (TRAT) for each species and with three
replicates for each treatment. For each species, a germination analysis was performed
through a repeated measures analysis of two ways for measurement time (MED) and
pre-germination treatment (TRAT), assessing the main effects and interactions.

Repeated measure analysis was performed through a generalized mixed model using
PROC GLIMMIX (SAS Institute, Cary, NC, USA) with selection of distribution and structure
of the variance-covariance residual considering the Akaike Information Criteria (normal
distribution and unstructured variance and covariance matrix for every analysis). Multiple
comparison tests were performed for significant effects according to Tukey.

The time during germination with no further significant differences in the proportion
of germinated seeds was evaluated performing comparison tests considering significant
effects in the variance model (MED × TRAT).

Graphs development for data visualization were designed with SigmaPlot 10.0 soft-
ware (Systat Software Inc., Chicago, IL, USA).

5. Conclusions

Although several nurseries apply the proper pre-germination treatment in some
species such as Q. saponaria, P. chilensis and K. angustifolia, there is room for improvement in
applied treatments in the rest of the species. For example, in A. caven the water imbibition
time should be considered to improve germination before the application of other pre-
germination treatments. In addition, in L. caustica and C. chilensis chemical scarification
could be replaced by physical scarification to avoid the issues linked to manipulation
of chemicals.

The evaluation of the rate of water imbibition is needed for the evaluated species
before the implementation of required pre-germination treatments at an operational scale
to avoid seed germination decay.

Physical scarification with hot water (80 ◦C) is a proper alternative to chemical scarifi-
cation. However, higher germination times should be considered in sowing calendarization
at a large operational scale.

Extension and technical transference instances could be helpful to reduce the breach
in knowledge indicated by national nurseries. This could help to achieve an optimal
implementation of pre-germination treatments and to avoid the application of incorrect
treatments such as in A. caven, P. chilensis, and C. chilensis, which could generate high losses
in seed supply. These actions tackle the bottleneck related to the lack of a proper seed
supply to achieve reforestation commitments in Chile.
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Abstract: Wild-growing Cornelian cherries (Cornus mas L., Cornaceae) are well-known native fruits in
Greece since ancient times that are still consumed locally nowadays. Modern research has highlighted
the value of Cornelian cherries as functional food with exceptional health benefits on account of
the fruits’ biochemical profile. However, apart from local consumption directly from wild growing
individuals, Greek native C. mas populations have not yet been investigated or sustainably utilized.
A multifaceted evaluation was conducted herein including authorized collection-documentation,
taxonomic identification, and molecular authentication (DNA barcoding), asexual propagation via
cuttings and phytochemical evaluation (multiple antioxidant profiling) of neglected and underutilized
Greek native C. mas germplasm sources. Successive botanical expeditions resulted in the collection
of 18 samples of genotypes from distant C. mas populations across different natural habitats in
Greece, most of which were DNA fingerprinted for the first time. Asexual propagation trials revealed
high variability in rooting frequencies among Greek genotypes with low (<25%), average (25–50%),
and adequate propagation potential (>50%) using external indole-3-butyric acid (IBA) hormone
application on soft- or hard-wood cuttings. The comparative phytochemical evaluation of the
studied Greek genotypes showed significant potential in terms of antioxidant activity (>80% radical
scavenging activity in 13 genotypes), but with variable phenolic content (47.58–355.46 mg GAE/100 g),
flavonoid content (0.15–0.86 mg CE/100 g), and vitamin C content (1–59 mg AAE/100 g). The
collected material is currently maintained under ex situ conservation for long-term monitoring
coupled with ongoing pilot cultivation trials. The pivotal data create for the first time a framework
for the sustainable utilization of Greek native C. mas germplasm as a superfood with significant
agronomic potential.

Keywords: neglected and underutilized plants; phytogenetic resources; DNA barcoding; forest
berries; protocols; nutraceutical potential; genotype selection; multifaceted evaluation
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1. Introduction

Apart from widely used crop varieties, phytogenetic resources also include wild-
growing plant species which are often neglected or underutilized, especially in biodiversity-
rich areas [1]. Such germplasm resources involve a wide variety of plant species, including
small fruit trees of potentially high alimentary value, relating to nutritional health benefits,
but also pharmaceutical value [2–6]. Local native fruit species can be an important source
of natural food products rich in antioxidants such as polyphenols with known importance
for human health [7–9]. The natural heritage of Greece and its rich biodiversity at all levels
offer new possibilities for evaluating and utilizing valuable wild germplasm such as small
stone fruits and berries with high nutritional and medicinal (in one word nutraceutical)
value [6,10]. Prior to domestication and sustainable exploitation of wild germplasm re-
sources of interest, multifaceted research approaches are required in terms of taxonomic
validation and molecular authentication of wild plant material, agronomical assessment
propagation-wise, and comprehensive phytochemical evaluation aiming at the selection of
promising genotypes with high potential for further applied research and future breeding.
To this end, Greek native Rosa canina and Sambucus nigra germplasms constitute recently
developed example cases [6,10].

Cornelian cherry (Cornus mas L., Cornaceae) is a rather common and wild-growing
deciduous shrub or occasionally a small tree 2–4(–6) m tall in scrub and woodlands of cen-
tral and southeastern Europe and western Asia, often occurring in ravines or near streams
(areas with sufficient rainfall) from low (100–200 m) to intermediate and higher altitudes
(800 m, occasionally up to 1700 m) [11]. In Greece, Cornelian cherry is a traditionally well-
known native fruit tree that has been consumed locally for centuries and it has been known
since ancient times, i.e., the Trojan horse in Homeric times was believed to be a C. mas
woodcraft [12]. The trees bloom by the end of winter and in early spring and set fruits
(ellipsoid to broadly cylindrical drupes 12–15 mm long, becoming red and cherry-like) in
late summer through fall. Cornelian cherry fruits (both wild-growing and cultivated) and
their food derivatives (e.g., jams, jellies, juice) contain antioxidants, phenolic compounds,
iron, potassium, vitamin C, flavonoids, and many other substances of high nutritional
value [13–17]. In addition, C. mas fruits to date have validated pharmaceutical value in
terms of free radical scavenging potential among others, resulting in several health benefits
including antimicrobial, antidiabetic, anti-inflammatory, anticancer, and cardioprotective
activity; these assets render C. mas fruits as functional food products and as ‘superfood’
with intensifying relevant research over recent years [18–20]. Apart from the flesh of the
fruits, the endocarp of C. mas drupes has also been demonstrated to have nutraceutical
potential as a source of bioactive compounds with strong antioxidant activity [21]. Sus-
tainable utilization efforts of C. mas germplasm have been attempted in eastern European
countries with promising results [22–24]. In more recent studies in the same area, the phyto-
chemical evaluation of C. mas domesticated germplasm (cultivars and/or hybrids) has been
conducted [22]. Furthermore, C. mas germplasm has been characterized in terms of the
nutritional value of the fruits across a wider spectrum of its distribution range [25–28] and
the results showed the nutritional superiority of wild-growing germplasm [29]. However,
in these studies no assessment was included regarding the native C. mas wild-growing
genotypes occurring in Greece.

To support classical taxonomic identification and to enable the establishment of a
distinct genetic identity, molecular authentication can be performed through novel DNA
barcoding and bioinformatic analysis methods in selected plant materials collected from
natural habitats [30]. DNA barcoding as a tool for molecular authentication of plant
germplasm has been greatly developed and to date is being widely used for many medicinal
plant species and phytogenetic resources [6,10,31–35]. There are also reports of DNA
barcodes being successfully used in identification of ancient DNA (aDNA) of C. mas from
fossils [36]. However, such molecular tools are still underused in authenticating native
C. mas germplasm of different regions.

30



Plants 2022, 11, 1345

To date, wild-type populations of Cornelian cherry (C. mas) from several parts of the
world have been successfully propagated via cuttings in the past with the use of external
hormone application on hardwood and soft wood cuttings taken from mature individuals
growing in the wild [37,38]. A popular hormonal substance that has been used in the past
is indole-3-butyric acid (IBA) [39,40], frequently achieving high rooting rates.

In this framework, the study herein was focused on the collection and multifaceted
documentation of C. mas plant material from geographically separated Greek populations
(different genotypes) with the aim to provide: (1) molecular authentication of the population
samples via DNA barcoding; (2) asexual propagation protocols for the collected genotypes
via propagation trials using cuttings (dormant hardwood twigs, fresh softwood plant
parts) facilitating the ex situ conservation and evaluation of the collected germplasm;
and (3) comparative phytochemical evaluation of their fruits in terms of nutraceutical
properties (total phenolic content, antioxidant activity, total flavonoids, and vitamin C
content) to assess their potential as germplasm sources for artificial selection of genotypes
and future breeding efforts. The overall work provided first-time insight into Greek native
C. mas (Cornelian cherry) germplasm and these efforts are aimed at paving the way for its
sustainable utilization as a superfood with significant agronomic potential.

2. Results

2.1. Molecular Authentication of Greek Native Cornus mas Genotypes

BLAST1 and distance-based methods were selected to validate the authentication
efficiency of ITS2 for the selected Greek native Cornus mas genotypes. The ITS2 barcode
with BLAST1 showed a high competence (97% and 100%) in sample identification at species
and genus levels, respectively. The ITS2 barcode with the DISTANCE method showed
almost similar identification efficiency (98%) at the species level. Thus, barcode ITS2 using
the NJ tree method was proved able to distinguish Greek native C. mas genotypes from other
genotypes of different origin, and similarly, from other Cornus spp. not present in Greece
(Figure 1A). The neighbor-joining (NJ) phylogenetic tree obtained from DNA barcoding
application with the ITS2 region discerned two main groups among the samples of Cornus
spp. used herein (n = 21), and clearly classified the Greek native C. mas genotypes of this
study as distinct sub-group with respect to other samples of C. mas of different origins that
were sourced from databases (Figure 1A). The nucleotide differences in Greek genotypes are
depicted in Figure 1B. The separation of the genotypes in Figure 1A presents similarity to
an extent with the geographical separation of the respective habitats since genotypes GR-1-
BBGK-19,195, GR-1-BBGK-19,197, GR-1-BBGK-19,198, and GR-1-BBGK-19,190 coupled with
genotype GR-1-BBGK-19,196 originate from areas of the same prefecture, whereas genotype
GR-1-BBGK-19,72 is both genetically and geographically further apart (Figure 1A). The
same holds true for genotype GR-1-BBGK-19,502 which is geographically separated coming
from the lowest altitude. The bootstrap values seem to further validate this classification
scheme. Despite the fact that evolutionary relationships may also be analyzed through
the neighbor-joining tree, the key function applied herein was to repeatedly evaluate
bootstrap values as a measure of informed distinction of the Greek native germplasm (see
distinct clades). The results of this study outlined the ITS2 gene as an efficient tool (100%)
regarding the distinction of the species in concern (C. mas) among other Cornus spp. (see
monophyletic clusters).
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Figure 1. (A) Phylogenetic tree on the basis of ITS2 regions regarding the Greek native Cornus mas
genotypes in contrast with other C. mas and Cornus spp. genotypes of different origin retrieved from
NCBI. (B) Overview of the genotypes analyzed in this study with multiple sequence alignment of
their ITS2 barcode region. Results from neighbor-joining (NJ) bootstrap analyses with 1000 replicates
were used to assess the strength of the nodes. The node numbers indicated the bootstrap value of NJ.
The distinct genotypes of this study are highlighted with blue.

2.2. Phytochemical Evaluation of the Greek Native Cornelian Cherries

The phytochemical screening of the fruits of Greek native C. mas samples revealed a
significant level of variability between genotypes in terms of total phenolic content (TPC),
vitamin C content, antioxidant activity (AA), and total flavonoids (TF) (Table 1, p < 0.05). No
significant correlation with altitude was observed for any of the phytochemical parameters
measured. Similarly, no significant correlation of the maturity index of the fruits with
any of the phytochemical parameters measured was observed (Table 2, p < 0.05, p < 0.01).
As expected, TPC was significantly positively correlated with TF (p < 0.01), while total
dissolved solids (TDS) were significantly positively correlated with vitamin C content
(Table 2, p < 0.05).
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Table 1. Total phenolic content (TPC), antioxidant activity (AA), total flavonoids (TF), and vitamin C
content assessed in fruit samples of wild-growing Greek genotypes of Cornus mas.

Population Sample AA (%RSA) TPC (mgGAE/100 g) Vitamin C (mgAAE/100 g) TF (mgCE/100 g)

GR-1-BBGK-19,72 90.99 ± 0.15 g 54.21 ± 0.1 e 1.03 ± 0.01 a 0.19 ± 0.01 ab

GR-1-BBGK-19,190A 80.48 ± 3.08 d 304.73 ± 6.56 i 21.22 ± 0.05 c 0.73 ± 0.12 de

GR-1-BBGK-19,190B 84.07 ± 0.01 e 49.29 ± 0.01 cd 33.48 ± 0.01 f 0.22 ± 0.1 ab

GR-1-BBGK-19,195 86.56 ± 0.01 ef 49.43 ± 0.01 cde 32.73 ± 0.01 f 0.15 ± 0.01 a

GR-1-BBGK-19,590 94.72 ± 0.15 hi 82.74 ± 0.31 g 1.31 ± 0.01 a 0.44 ± 0.01 bc

GR-1-BBGK-19,632 85.84 ± 0.01 ef 47.58 ± 0.01 c 28.13 ± 0.01 e 0.19 ± 0.01 ab

GR-1-BBGK-19,633A 95.52 ± 0.01 hi 52.31 ± 0.01 cde 44.69 ± 0.06 j 0.49 ± 0.01 cd

GR-1-BBGK-19,633B 90.5 ± 1.28 g 195.2 ± 0.0 h 37.18 ± 0.91 g 0.28 ± 0.06 abc

GR-1-BBGK-19,638A 55.46 ± 0.01 a 29.93 ± 0.01 a 52.33 ± 0.71 k 0.44 ± 0.01 bc

GR-1-BBGK-19,638B 94.01 ± 0.48 hi 337.14 ± 0.0 j 58.97 ± 0.9 l 0.44 ± 0.09 bc

GR-1-BBGK-19,641 95.64 ± 0.1 i 80.43 ± 0.14 g 41.33 ± 0.03 i 0.49 ± 0.03 cd

GR-1-BBGK-19,669 87.52 ± 0.1 f 355.46 ± 0.01 k 23.27 ± 0.26 d 0.86 ± 0.09 e

GR-1-BBGK-19,753 70.11 ± 0.05 c 40.56 ± 0.15 b 1.26 ± 0.02 a 0.19 ± 0.02 ab

GR-1-BBGK-19,844 95.94 ± 0.01 i 52.63 ± 0.01 de 40.05 ± 1.51 hi 0.17 ± 0.1 a

GR-1-BBGK-19,847 65.07 ± 0.01 d 40.69 ± 0.05 b 0.95 ± 0.1 a 0.11 ± 0.1 a

GR-1-BBGK-19,848 57.9 ± 0.02 a 38.82 ± 0.05 b 39.13 ± 0.1 h 0.17 ± 0.1 a

GR-1-BBGK-19,926 94.43 ± 0.02 hi 73.61 ± 0.02 f 15.96 ± 0.2 b 0.21 ± 0.2 ab

Values represent mean values ± standard deviation (S.D.) of samples analyzed in triplicate (n = 3); values within
the same column that do not share the same letter are significantly different (Tukey post-hoc test, p < 0.05). For
genotypes GR-1-BBGK-19,190, GR-1-BBGK-19,633, and GR-1-BBGK-19,638, capital letters A and B denote two
consecutive years that fruits were measured.

Table 2. Pearson’s correlation coefficients for the Greek C. mas genotypes (n = 14) between altitudes
(m), four fruit nutraceutical properties assessed namely total phenolic content (TPC, mgGAE/100 g),
antioxidant activity (AA, %RSA), total flavonoids (TF, mgCE/100 g), and vitamin C content (Vit C,
mgAAE/100 g) as well as two complementary fruit phytochemical properties measured, i.e., maturity
index (MI) expressed as the ratio of sugar content (◦Brix) to malic acid content (gMA/100 g) and total
dissolved solids (TDS, mg/L).

Altitude TDS MI AA TPC Vit C TF

Altitude −0.052
(0.861)

−0.375
(0.187)

−0.019
(0.949) 0.241 (0.406) 0.080 (0.787) 0.223 (0.444)

TDS 0.475 (0.086) 0.095 (0.746) 0.132 (0.654) 0.600 * (0.023) 0.172 (0.556)
MI 0.238 (0.413) −0.184 (0.529) 0.326 (0.255) 0.060 (0.838)
AA 0.091 (0.758) −0.295 (0.307) 0.021 (0.944)
TPC −0.082 (0.781) 0.843 ** (0.000)
Vit C 0.188 (0.521)

TF

Respective p-values are shown in parentheses. ** Correlation is significant at the 0.01 level (2-tailed). * Correlation
is significant at the 0.05 level (2-tailed).

Antioxidant activity (AA) among all assessed genotypes ranged from 55.46 %RSA (rad-
ical scavenging activity) in GR-1-BBGK-19,638A to 95.94 %RSA in GR-1-BBGK-19,844 with
most genotypes, however, presenting AA above 80% (Table 1, p < 0.05). TPC ranged from
29.93 mg GAE/100 g in GR-1-BBGK-19,638A to 355.46 mg GAE/100 g in GR-1-BBGK-
19,669. Vitamin C content ranged from 0.95 mg AAE/100 g in GR-1-BBGK-19,847 to 58.97
mg AAE/100 g in GR-1-BBGK-19,638B. Similarly, TF ranged from 0.11 mg CE/100 g in
GR-1-BBGK-19,847 to 0.86 mg CE/100 g in GR-1-BBGK-19,669. Most of the genotypes
showed very high AA (>80 %RSA) except genotypes GR-1-BBGK-19,638A, GR-1-BBGK-
19,753, GR-1-BBGK-19,847, and GR-1-BBGK-19,848 (p < 0.05). The same four genotypes
also presented the lowest TPC, as expected (Table 1, p < 0.05). Very high values of TPC
were found in three cases, namely 304.73, 337.14, and 355.46 mg GAE/100 g in genotypes
GR-1-BBGK-19,190A, GR-1-BBGK-19,638B, and GR-1-BBGK-19,669, respectively. Concern-
ing vitamin C content, a messier picture emerged with four genotypes presenting very low
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values of <1.5 mg AAE/100 g including GR-1-BBGK-19,753 and GR-1-BBGK-19,847, similar
to AA and TPC results but also genotypes GR-1-BBGK-19,72 and GR-1-BBGK-19,590 which
performed better in TPC and AA. All other genotypes showed vitamin C content values
from 10 up to 30 times higher than 1.5 mg AAE/100 g (Table 1, p < 0.05). Concerning TF,
genotypes GR-1-BBGK-19,847 and GR-1-BBGK-19,848 along with GR-1-BBGK-19,195 were
among the poorest with 0.11, 0.17, and 0.15 mg CE/100 g, respectively (Table 1, p < 0.05).

In addition to the above results, significant year-to-year variations were observed in
genotypes that were measured for two consecutive years, especially in TPC. Particularly,
genotype GR-1-BBGK-19,190 showed a drop in TPC from 304.73 mg GAE/100 g in 2019
to 49.29 mg GAE/100 g in 2020 coupled with a drop in TF from 0.73 to 0.22 mg CE/100 g
(Table 1, p < 0.05). On the contrary, genotypes GR-1-BBGK-19,633 and GR-1-BBGK-19,638
showed an increase in TPC between 2019 and 2020 from 52.31 to 195.2 mg GAE/100 g and
from 29.93 to 337.14 mg GAE/100 g, respectively, with the latter showing also a significant
increase in AA (Table 1, p < 0.05).

2.3. Propagation of Greek Native Cornus mas Genotypes with Cuttings

A variation in rooting capacity was observed between different genotypes of C. mas.
Rooting frequencies varied from 1.19% in genotype GR-1-BBGK-19,641 with 6000 ppm
IBA/softwood cuttings in summer to 69.93% in genotype GR-1-BBGK-19,638 with 10,000 ppm
IBA/softwood cuttings in late summer which was the highest rooting capacity observed
(p < 0.05). The next best rooting capacity (58.33%) was observed in genotype GR-1-BBGK-
19,753 with 4000 ppm IBA/softwood cuttings in early autumn (Table 3, p < 0.05). Hardwood,
dormant cuttings during the winter presented generally low rooting rates which took
months to be reached since cuttings remained under mist throughout winter and started
to root in the following spring. The highest rooting frequency observed within this group
was 20.93% (p < 0.05) in genotype GR-1-BBGK-19,198. For the rest of the genotypes
that were tested via softwood non-dormant cuttings during the summer through early
autumn, rooting was still diverse, but more cases of higher rates were found compared
to genotypes tested in winter, with three and two genotypes presenting >30% and 50%
rooting, respectively (Table 3, p < 0.05, Figure 2).

Table 3. Overview of the propagation results achieved in terms of highest rooting frequencies after
experimental setups in different seasons (winter 2018, spring–late summer 2019, and early–late
autumn 2019) with different types of initial material (softwood or hardwood cuttings) collected
directly from wild-growing Greek native populations of Cornus mas (18 genotypes).

Genotype
(Accession Number)

Season Cutting Type
Hormone Treatment

(ppm IBA)
Rooting (%)

GR-1-BBGK-19,72 Summer Softwood 4000 33.30 ‡

GR-1-BBGK-19,190 Winter Hardwood 10,000 13.29 †

GR-1-BBGK-19,195 Winter Hardwood 10,000 1.39
GR-1-BBGK-19,196 Winter Hardwood 10,000 8.33
GR-1-BBGK-19,197 Winter Hardwood 10,000 2.86
GR-1-BBGK-19,198 Winter Hardwood 10,000 20.93 †

GR-1-BBGK-19,502 Summer Softwood 4000 18.60
GR-1-BBGK-19,590 Early autumn Softwood 4000 16.67
GR-1-BBGK-19,632 Summer Softwood 5000 20.41
GR-1-BBGK-19,633 Summer Softwood 5000 2.27
GR-1-BBGK-19,638 Late summer Softwood 10,000 69.33 ‡

GR-1-BBGK-19,641 Late summer Softwood 6000 1.19
GR-1-BBGK-19,669 Summer Softwood 2000 28.60
GR-1-BBGK-19,753 Late summer Softwood 4000 58.33 ‡

GR-1-BBGK-19,844 Early autumn Softwood 4000 33.33 ‡

GR-1-BBGK-19,847 Early autumn Softwood 4000 31.94
GR-1-BBGK-19,848 Autumn Hardwood 6000 8.33
GR-1-BBGK-19,926 Autumn Hardwood 4000 10.34

The symbols † and ‡ denote the highest rooting frequencies for hardwood and softwood cuttings, respectively,
following pairwise comparisons of the observed rooting frequencies via Pearson X2 tests. All cases were tested
against a control treatment with no hormone application and no rooting.
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Figure 2. Softwood propagation material collected from representative wild-growing Greek native
C. mas genotypes (A1: GR-1-BBGK-19,72 and A2: GR-1-BBGK-19,632) during botanical expeditions.
Cutting preparation for genotype GR-1-BBGK-19,502 (B1) and GR-1-BBGK-19,72 (B2). Represen-
tative rooted cutting of GR-1-BBGK-19,72 (C1) and cutting that failed to root of GR-1-BBGK-19,72
(C2). Transplanted well-rooted plants under ex situ conservation of genotype GR-1-BBGK-19,72 (D1)
and GR-1-BBGK-19,753 (D2). Bars in photos B1, B2, C1, and C2 represent 10 cm.

2.4. Multifaceted Evaluation of Greek Native Cornus mas Genotypes

An overview of the sustainable exploitation potential of the native C. mas genotypes
assessed in this study is summarized in Table 4 in a multifaceted way based on the obtained
molecular authentication results, the propagation success achieved, and the phytochemical
profiles assessed. From the effectively authenticated genotypes, GR-1-BBGK-19,72 showed
very high antioxidant activity and average propagation potential (Table 4, Figure 2) and
could be prioritized for further research. However, genotypes GR-1-BBGK-19,190 and
GR-1-BBGK-19,195 also showed high antioxidant activity but it is unclear from the current
data whether the low propagation success observed was due to genotype effect or due
to winter hardwood cuttings since these genotypes were only tested during the winter
in contrast with GR-1-BBGK-19,72 (Table 1, Table 3, Table 5). As far as the rest of the
genotypes are concerned, genotype GR-1-BBGK-19,638 stands out with very promising
phytochemical potential and high propagation success and, as such, this genotype merits
further investigation. Another genotype that showed a promising potential is GR-1-BBGK-
19,753 with high propagation success and strong antioxidant activity (Table 3, Figure 2).
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Table 4. Multifaceted evaluation of Greek native Cornus mas genotypes based on molecular au-
thentication effectiveness (Figure 1), fruit phytochemical potential expressed as antioxidant activity
(AA, %RSA: low ≤50, average 51–70, high 71–90, very high >90), total phenolic content (TPC, mg
GAE/100 g: low ≤50, average 51–100, high 101–200, very high >200) and vitamin C content (mg
AAE/100 g: low ≤30, average 31–50, high >50) (Table 1), and asexual propagation potential expressed
as hormone-induced rooting under the most successful application (very low < 10%, low 11–30%,
average 31–55%, or high >55%), (Table 3).

IPEN Accession
Number

DNA Barcoding

Phytochemical Potential
Propagation

PotentialAA (%RSA)
TPC (mg GAE/100

g)
Vitamin C (mg

AAE/100 g)

GR-1-BBGK-19,72 Effective Very high Average Low Average

GR-1-BBGK-19,190 Effective High Very high Average Low

GR-1-BBGK-19,195 Effective High Low Average Very low

GR-1-BBGK-19,196 Effective - - - Very low

GR-1-BBGK-19,197 Effective - - - Very low

GR-1-BBGK-19,198 Effective - - - Low

GR-1-BBGK-19,502 Effective - - - Low

GR-1-BBGK-19,590 Easy Very high Average Low Low

GR-1-BBGK-19,632 Easy High Low Low Low

GR-1-BBGK-19,633 Easy Very high High Average Very low

GR-1-BBGK-19,638 Easy Very high Very high High High

GR-1-BBGK-19,641 Easy Very high Average Average Very low

GR-1-BBGK-19,669 Easy High Very high Low Low

GR-1-BBGK-19,753 Easy High Low Low High

GR-1-BBGK-19,844 Easy Very high Average Average Average

GR-1-BBGK-19,847 Easy Average Low Low Average

GR-1-BBGK-19,848 Easy Average Low Average Very low

GR-1-BBGK-19,926 Easy Very high Average Low Low

Table 5. IPEN accession number, location, altitude, and sampling details of the genotypes (population
samples) of Greek native Cornus mas germplasm collected from various areas and habitats of Northern
Greece in 2018–2019.

No
IPEN

Accession
Number

Greek
Prefecture

Area
Coordinates

(HGRS87/EGSA87)
(Lat, Lon)

Altitude (m)

1st
Sampling
(Winter

2018)

2nd Sampling
(Spring–Late

Summer 2019)

3rd
Sampling
(Autumn

2019)

1 GR-1-BBGK-
19,72

Central
Macedonia Pella, Aridea 40.919338,

21.900725 882 HWSC SWSC, LS RFS

2 GR-1-BBGK-
19,190 Epirus Preveza,

Kranea
39.248017,
20.742179 513 HWSC LS RFS

3 GR-1-BBGK-
19,195 Epirus Ioannina,

Dafni 39.43568, 21.015093 447 HWSC LS RFS

4 GR-1-BBGK-
19,196 Epirus Ioannina,

Xirovouni
39.461535,
21.008474 1070 HWSC SWSC, LS
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Table 5. Cont.

No
IPEN

Accession
Number

Greek
Prefecture

Area
Coordinates

(HGRS87/EGSA87)
(Lat, Lon)

Altitude (m)

1st
Sampling
(Winter

2018)

2nd Sampling
(Spring–Late

Summer 2019)

3rd
Sampling
(Autumn

2019)

5 GR-1-BBGK-
19,197 Epirus Ioannina,

Xirovouni
39.461535,
21.008474 1070 HWSC LS

6 GR-1-BBGK-
19,198 Epirus Ioannina,

Xirovouni
39.461535,
21.008474 1070 HWSC LS

7 GR-1-BBGK-
19,502

Central
Macedonia

Kilkis,
Goumenissa 40.92079, 22.45934 170 SWSC, LS

8 GR-1-BBGK-
19,590

Central
Macedonia

Pieria,
Elatochori 40.32734, 22.26310 780 SWSC SWSC, RFS

9 GR-1-BBGK-
19,632 Epirus Ioannina,

Dodoni 39.49421, 20.68520 500 SWSC, RFS

10 GR-1-BBGK-
19,633 Epirus Ioannina,

Dodoni 39.49421, 20.68520 550 SWSC, RFS

11 GR-1-BBGK-
19,638 Epirus Ioannina,

Zagori 39.86281, 20.72305 960 SWSC, RFS

12 GR-1-BBGK-
19,641

Central
Macedonia

Kilkis,
Pontokerasia 41.08850, 23.117975 648 SWSC, RFS

13 GR-1-BBGK-
19,669

West
Macedonia

Kastoria, Mt
Grammos 40.34888, 20.92475 1165 SWSC, RFS

14 GR-1-BBGK-
19,753

East
Macedonia

Drama,
Ahladome-

lea
41.41379, 24.00165 590 SWSC, RFS

15 GR-1-BBGK-
19,844 Epirus Preveza,

Anaogeio 39.37108, 20.93397 1100 SWSC, RFS

16 GR-1-BBGK-
19,847 Thrace Xanthi, Ano

kalyva 41.29185, 24.62509 620 SWSC, RFS

17 GR-1-BBGK-
19,848

East
Macedonia Drama, Silli 41.35046, 24.52971 750 SWSC, RFS

18 GR-1-BBGK-
19,926

Central
Macedonia Pella, Notia 41.11128, 22.20423 880 SWSC, RFS

RFS: Ripe cornelian cherry fruits sample for chemical analysis; HWSC: hardwood stem cuttings; SWSC: softwood
stem cuttings for propagation; LS: leaf samples for DNA analysis

3. Discussion

3.1. Molecular Authentication of Greek Native Genotypes of Cornus mas

In general, DNA barcoding may offer support to classical morphological identification
of samples and insight into phylogenetic relationships of closely related species; thus it
is an efficient method for the discernment of various genotypes independently from the
stage of plant development [6,10]. Herein, we provide the first-ever report regarding the
molecular authentication of Greek native germplasm of Cornus mas, with the NJ (Neighbor-
Joining) tree classification obtained from the ITS2 barcoding discerning clearly the DNA
fingerprints of the Greek genotypes. Undoubtedly, more genotypes from different habitats
in different regions of Greece should be evaluated to further confirm this distinctiveness.
Regardless, as reported herein, the ITS2 gene can be an effective marker for the identification
of Cornus spp. and of different genotypes thereof; thus, offering to deciphering their
evolutionary relationships.

3.2. Nutraceutical Potential of Greek Native Genotypes of Cornus mas

The current work presents for the first time comprehensive phytochemical data for an
extended range of Greek native wild-growing Cornus mas genotypes assessing their poten-
tial as a functional food or superfood for ex situ conservation and future breeding efforts.
The parameters assessed herein revolve around human oxidative stress and particularly
plant secondary metabolites with known free radical scavenging activity such as phenolic
compounds and flavonoids coupled with vitamin C content [41]. The results showed that
at least five Greek genotypes with significant nutraceutical potential can be distinguished,
namely GR-1-BBGK-19,72, GR-1-BBGK-19,190, GR-1-BBGK-19,195, GR-1-BBGK-19,638,
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and GR-1-BBGK-19,753 (Table 4). Similarly to the current results, a wide range of TPC of
the fruits was detected in studies dealing with wild-growing C. mas germplasm in Roma-
nia, coupled with significant variability among genotypes in other fruit phytochemical
traits [42,43]. Some similarities can also be found between C. mas wild-growing genotypes
of Serbia with those studied herein in terms of vitamin C content that also show higher
sugar content due to higher fruit maturity index at the time of collection [15].

Although variable among genotypes, the phytochemical properties of the Greek
germplasm are generally similar with both wild-growing and cultivated C. mas geno-
types reported from countries at a similar latitudinal range as Greece such as Turkey [13].
However, studies on Central European genotypes of C. mas cultivated in higher latitudes
have shown higher antioxidant activity (AA) of the fruits that ranged from 3.30 to 9.54 g
AAE/1000 g, which implies an interaction of genotype with climatic conditions affecting
fruit phytochemical profile [14]. Evidence regarding the effects of the climatic conditions
in interaction with genotype on fruit phytochemical profile can also be seen through the
significant correlation of total dissolved solids (TDS) with vitamin C content observed
among genotypes herein, since TDS is physiologically connected to climatic factors [14].
In a more recent study concerning an Italian cultivated genotype of C. mas, total phenolic
content (TPC) was found at 196.68 mgGAE/100 g [44], which is similar to some genotypes
assessed herein and even lower than three of the studied genotypes, while vitamin C con-
tent was at similar ranges. Recently, the phytochemical profile of fruits was comparatively
evaluated between cultivars of C. mas, genotypes of the Chinese endemic Cornus officinalis
Siebold and Zucc., and hybrids thereof (C. mas X C. officinalis). C. mas cultivars in that study
have shown a similar TPC range with the studied Greek genotypes apart from one cultivar
which was higher, yet the TPC and AA of the hybrids was generally higher, indicating
the significance of conservation of C. mas germplasm stocks for breeding programs [22].
The nutraceutical potential of native genotypes has been similarly assessed on other Greek
germplasm resources such as, for example, Rosa canina [10] with slightly higher potential of
AA and TPC detected and comparable to some extent with that of C. mas, but with very
high content of vitamin C for R. canina [10].

The climatic conditions (most prominently temperature along with sunshine) during
the last stages of fleshy fruit ripening in cornelian cherries may affect acid reduction and
sugar increase, which in turn affects biosynthesis of secondary metabolites [45,46]. As such,
the climatic conditions of the natural habitats of wild populations on one hand and the
stage of fruit collection and fruits’ ripening status on the other hand are considered as
significant factors in terms of comparative phytochemical evaluations. However, in this
study no significant correlations were observed between the fruit phytochemical properties
measured and the altitude from which they were collected in the wild or their maturity
index determined as the ratio of sugar content to malic acid content. This observation
indicates that the variability of phytochemical properties observed among Greek native
genotypes of C. mas may be attributed to genetic factors rather than timing of fruit harvest
or altitudinal differences between collection sites. Nevertheless, further ecological profiling
work in terms of correlation studies with more environmental/topoclimatic parameters
and more fruit phenological traits on Greek C. mas wild populations is suggested.

3.3. Propagation Potential of Greek Native Genotypes of Cornus mas

A further component of the multifaceted evaluation of wild Greek C. mas genotypes
investigated herein is the asexual propagation via cuttings which was conducted for the
first time in Greek germplasm. Similarly to fruit phytochemical data, the genotypes of
C. mas tested showed variable rooting capacity with a number of them being below the
commercially accepted threshold [47]. In all cases, however, external hormone application
was necessary to achieve even low rooting frequencies which are in agreement with similar
studies [38,39,48]. Hardwood dormant cuttings tested in the current study remained under
mist for the duration of winter and started to root the following spring giving low rooting
rates (<25%) under 10,000 ppm IBA treatment. This observation concurs with similar
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studies on cutting propagation of C. mas genotypes in other countries where softwood
cuttings surpassed hardwood cuttings under the 10,000 ppm IBA treatment [38]. The poor
results on hardwood cuttings indicate that it is not economically efficient to produce new
plants via winter dormant cuttings [37,40], a fact that also applies for the Greek germplasm.
Softwood cutting material with a small degree of lignification has known advantages in
rooting quality with external hormone utilization [49], producing higher rooting rates in
Cornus alba [50]. Even in other genera, cutting type affected by the status of mother’s plant
growth has been linked to rooting capacity and quality [51–53]. Consequently, since only
two of the selected genotypes evaluated herein showed appreciable propagation potential
(>50% rooting in genotypes GR-1-BBGK-19,638 and GR-1-BBGK-19,753) with softwood
cuttings (Table 3), further research is required to explore pathways on improving rooting
capacity but also to investigate the relationships between cutting type and rooting capacity
and quality in more detail. Additionally, further research is proposed on the correlation of
rooting factors with early plant establishment and survival in C. mas propagation since such
a correlation has been shown to be significant in other Greek native germplasm resources
such as Sambucus nigra [6].

Finally, asexual propagation through grafting has been attempted on European C. mas
germplasm with positive results [54], showing that successful grafting in C. mas can enhance
growth and development of the scion [55]. For the Greek native C. mas genotypes studied
herein, the method of grafting a genotype with high phytochemical potential but low
rooting capacity onto another genotype with improved rooting capacity may provide
a good option in dealing with difficult-to-root genotypes but with valuable fruit traits.
However, further research is required to systematically test this strategy.

4. Materials and Methods

4.1. Collection and Documentation of Plant Material

A plethora of botanical expeditions took place covering a wide range of geographically
distant and altitudinally different natural habitats of C. mas across Northern Greece reached
at consecutive stages across two years (Table 5). Targeted and variable types of plant
material were collected (Table 5): (i) leaves from 20 individuals from each genotype for
DNA analysis; (ii) hardwood dormant twigs for propagation from six genotypes (winter
2018); (iii) softwood stem cuttings for propagation from 14 genotypes (14 in spring–late
summer and 5 in autumn of 2019); (iv) ripe fruits from nine genotypes for phytochemical
evaluation (autumn 2019). The work resulted in the documentation of 18 C. mas genotypes
(population samples) in total from healthy wild-growing individuals (Figure 3). After each
expedition, the collected material was promptly transferred to the laboratory where it was
taxonomically identified [56] and was assigned with a unique IPEN (International Plant
Exchange Network) accession number given by the Balkan Botanic Garden of Kroussia of
the Institute of Plant Breeding and Genetic Resources (IPB&GR) of the Hellenic Agricul-
tural Organization-Demeter (ELGO-Demeter). Plant material collection in all cases was
conducted under a special permit to the IPB&GR, ELGO-Demeter (Permit 82336/879 of
18/5/2019 and 26895/1527 of 21/4/2021) issued by the Greek Ministry of Environment and
Energy. The overall work was conducted under the auspices of the research project “High-
lighting local traditional varieties and wild native forest fruit trees and shrubs” (acronym:
EcoVariety, T1EΔK-05434).

4.2. DNA Isolation

A standardized commercial DNA extraction kit (Nucleospin Plant II, Macherey-Nagel)
was used for DNA extraction following the manufacturer’s instructions using approxi-
mately 30 mg of dried leaf sample from each C. mas genotype that was previously ground
in liquid nitrogen.
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(D) (E)                    (F) 

Figure 3. (A) Geographical distribution of the Cornus mas Greek native genotypes sampled for
taxonomic identification, DNA barcoding, phytochemical assessment, and asexual propagation trials.
(B) Typical habit of wild-growing individuals; morphology of flowers (C) leaves and fruits (D) in
early (E) and full ripening (F).
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4.3. Polymerase Chain Reaction (Pcr) Amplification and Sequence Analysis

PCR amplification was conducted according to [57] using one primer set of the nuclear
ITS2 barcode region [58]. The resulting PCR products for each genotype were consecutively
sequenced using an automated ABI 3730 sequencer (PE Applied Biosystems), in two
directions of each fragment with a Big Dye terminator v3.1 Cycle sequencing kit (PE Applied
Biosystems, Foster City, CA, USA). The sequences were aligned using the CLUSTAL
W program.

4.4. Molecular Data Analysis

Following the results of the sequence analysis, the molecular authentication of the Cor-
nus mas genotypes studied was conducted using three methods: (i) evaluation against the
nucleotide database at NCBI using the Basic Local Alignment Search Tool (BLAST); (ii) us-
ing maximum-likelihood models for the genetic divergence method; and (iii) tree topology
analysis using the Neighbor-Joining (NJ) method based on different loci in MEGAX with
the K2P distance model and 1000 bootstrap replications. The generated ITS2 DNA bar-
coding sequences (without primers used for PCR amplification) were deposited to the
NCBI-Genbank (https://www.ncbi.nlm.nih.gov/BankIt/, accessed 5 May 2022) under the
accession numbers MZ35480-MZ35488.

4.5. Phylogenetic Relationships

The phylogenetic relationship of Cornus spp. was inferred using the Neighbor-Joining
(NJ) method [59]. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches [60]. The
evolutionary distances were estimated using the Maximum Composite Likelihood (MCL)
method [61]. All ambiguous positions were removed for each sequence pair (pairwise
deletion option). The phylogenetic dendrogram was constructed using the MEGA X
software [62].

4.6. Propagation Trials

Depending on the propagation material obtained from each expedition, a variety of
targeted experiments were conducted using different external hormone application treat-
ments of indole-3-butyric acid (IBA) [50,63] and different cutting types taken at different
seasons from varying stages of mother plant growth (Table 5). Cuttings were set for rooting
in propagation trays under mist where relative humidity (RH) was maintained at >85%
within a greenhouse at ambient temperature. The substrate used was peat (Klasmann, KTS
1):perlite at 1:3 v/v. Cuttings were attended weekly to assess their rooting capacity. The
produced mother plants were kept ex situ at the laboratory’s nursery in the grounds of IPB
and GR under ambient conditions for plant adaptation. The plants were watered regularly
and were grown in 3 L pots using a mixture of peat (Klasmann, KTS 2) and perlite (3:1, v/v).

4.7. Phytochemical Analysis of Cornus mas Fruits

A modified method described in [64] was used for preparation of the extracts. An
appropriate volume of MeOH/H2O (60:40) was mixed with 2–5 g of homogenized sam-
ple and was centrifuged at 4000rpm at 4◦C. The collected supernatant was made up to
20 mL volume and was used for the determination of total phenolic content (TPC), total
flavonoids (TF), and antioxidant activity (AA). For the determination of TPC, phenolic
extract 0.20 mL along with 2.3 mL of H2O and 0.25 mL of Folin–Ciocalteu reagent were
added in a volumetric flask [64] in which, after 3 min, 0.50 mL of 20% Na2CO3 was added,
and the volume was made up to 5 mL. The above solution was stored in a dark place for
2 h and the absorbance was measured at 725 nm against blank solution. The calculation of
TPC was conducted using a standard curve of gallic acid at various concentrations giving
the results expressed as gallic acid equivalents (GAE)/100 g of sample. All analyses were
carried out in triplicate.
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A modified method for the determination of TF was used according to [65]. In a test
tube, 5 μL of the above extract were added along with 3270 μL of H2O and 75 μL of 5%
NaNO2, stirred, and stored in the dark for 5 min which was then added with 150 μL of 10%
AlCl3-6H2O, mixed, and stored in the dark for a further 6 min. Consequently, it was added
with 500 μL of 1 M NaOH and the absorbance was measured at 510 nm against H2O as
blank. The calculation of TF was conducted using a standard curve of catechin at various
concentrations giving results expressed as catechin equivalents (CE)/100 g of sample. All
analyses were carried out in triplicate.

A modified method for the determination of AA was employed described in [66]. In
a 5 mL plastic cuvette, 0.1 mL of phenolic extract was added along with 2.9 mL 0.10 mM
(2,2-diphenyl-1-picrylhydrazyl (DPPH)) in MeOH, stored in the dark for 15 min and then
the absorbance was measured at 517 nm against MeOH as blank. The control sample was
prepared using 0.10 mM DPPH in MeOH. The percentage of radical scavenging activity
(%RSA) was carried out in triplicate and was calculated using the following equation:

%RSA =
Ao − As

Ao
∗ 100

where
Ao = absorbance of control sample.
As = absorbance of the sample after 15 min of incubation.
A modified method for the determination of vitamin C presented in [67] was used. A

mixture of homogenized sample (2–5 g) and 5 mL of 4.5% w/v metaphosphoric acid (MPA)
solution was stirred and centrifuged at 8000 rpm at 4◦C for 20 min. The supernatant (1 mL)
was taken and diluted up to 10 mL with 4.5% MPA solution and it was filtered through
0.45 μm polyethersulfone filters. The vial was covered with aluminum foil to prevent
oxidation of ascorbic acid and stored at 4 ◦C until HPLC-DAD analysis. HPLC-DAD
analysis conditions: Column (Agilent Eclipse XDB-C18) 4.6 mm × 150 mm, 5μm, elution
solvent: aqueous 0.005 M H2SO4 solution at a flow rate of 0.5 mL/min (isocratic) and
wavelength 245 nm. A standard curve of ascorbic acid at various concentrations was used
for vitamin C content calculation which gave results expressed as ascorbic acid equivalents
(AAE)/100 g of sample.

Sugar content of fruit samples was measured via Brix analysis (oBx), and the maturity
index (MI) of fruits was calculated as the ratio of sugar content in ◦Bx to malic acid (MA)
content expressed as grams of MA per 100 g.

All analyses were carried out in triplicate.

4.8. Experimental Design and Statistical Analysis of Propagation and Phytochemical Data

The propagation trials followed a complete randomized design. The number of
replicate cuttings per treatment varied according to the volume of material obtained from
each expedition (Table 5). Targeted IBA hormone application treatments were applied
ranging from 2000 to 10,000 ppm depending on the season and whether the cuttings were
softwood or hardwood, respectively (Table 5). Each trial included a control with an equal
number of replicate cuttings. The rooting frequencies obtained were compared through
pairwise Pearson Chi-Square tests.

For the phytochemical data that were measured in triplicate, a mean coupled with
its standard deviation (±S.D.) was calculated in each case and means were compared
using Tukey’s HSD post hoc test. In addition, the phytochemical data were subjected to
Pearson’s correlation coefficient analysis to determine the correlations between the different
fruit phytochemical traits measured along with the differences in altitude between the
natural habitats of C. mas that collection occurred in. All analyses were conducted using
the IBM-SPSS 23.0 software.
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5. Conclusions

In conclusion, the multifaceted evaluation that was conducted provides a first depic-
tion of the sustainable exploitation potential of Greek native Cornus mas genotypes. All
genotypes collected from the wild are under ex situ conservation at the IPB and GR for
future monitoring, since juvenile–mature correlations are known in perennial crops from
the literature [68,69]; such aspects should be taken into account for future long-term breed-
ing programs. The transition from the juvenile to the mature (producing) stage followed
by several phenological and developmental changes was found to vary among genotypes
mainly in forest species but also in cultivated deciduous tree species with stone fruits such
as apples [69]. Consequently, further work on molecular authentication, ecological profiling,
and phytochemical profiling is proposed coupled with further research on propagation. In
addition, the long-term monitoring of the current Greek genotypes is needed, and in fact,
pilot cultivation trials of the genotypes prioritized herein have been established (ongoing
process). The data obtained in the current study along with the conservation of the plant
material collected can serve as a basis for future breeding efforts, creating for the first time a
framework for the sustainable utilization of Greek native C. mas germplasm as a superfood
with significant agronomic potential.
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54. Bijelić, S.M.; Gološin, B.R.; Cerović, S.B.; Bogdanović, B.V. A comparison of grafting methods for the production of quality
planting material of promising Cornelian cherry selections (Cornus mas L.) in Serbia. J. Agric. Sci. Technol. 2016, 18, 223–231.

55. Cornescu, F.; Achim, G.; Cosmulescu, S. Vegetative propagation of Cornelian cherry (Cornus mas L.) selections. Not. Sci. Biol.
2020, 12, 836–841. [CrossRef]

56. Strid, A. Atlas of the Aegean Flora, Part 1: Text & Plates; Part 2: Maps; Englera, Volume 33; Botanic Garden and Botanical Museum
Berlin, Freie Universität Berlin: Berlin, Germany, 2016; ISBN 978-3-921800-97-3; 978-3-921800-98-0.

57. Madesis, P.; Ganopoulos, I.; Ralli, P.; Tsaftaris, A. Barcoding the major Mediterranean leguminous crops by combining universal
chloroplast and nuclear DNA sequence targets. Genet. Mol. Res. 2012, 11, 2548–2558. [CrossRef]

58. Chen, S.; Yao, H.; Han, J.; Liu, C.; Song, J.; Shi, L.; Zhu, Y.; Ma, X.; Gao, T.; Pang, X.; et al. Validation of the ITS2 region as a novel
DNA barcode for identifying medicinal plant species. PLoS ONE 2010, 5, e8613. [CrossRef] [PubMed]

59. Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4,
406–425. [PubMed]

60. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783–791. [CrossRef]

45



Plants 2022, 11, 1345

61. Tamura, K.; Nei, M.; Kumar, S. Prospects for inferring very large phylogenies by using the neighbor-joining method. Proc. Nat.
Acad. Sci. USA 2004, 101, 11030–11035. [CrossRef]

62. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

63. Bryant, P.H.; Trueman, S.J. Stem anatomy and adventitious root formation in cuttings of Angophora, Corymbia and Eucalyptus.
Forests 2015, 6, 1227–1238. [CrossRef]

64. Vavoura, M.V.; Badeka, A.V.; Kontakos, S.; Kontominas, M.G. Characterization of four popular sweet cherry cultivars
grown in Greece by volatile compound and physicochemical data analysis and sensory evaluation. Molecules 2015, 20,
1922–1940. [CrossRef]

65. Roman, I.; Stanila, A.; Stanila, S. Bioactive compounds and antioxidant activity of Rosa canina L. biotypes from spontaneous flora
of Transylvania. Chem. Cent. J. 2013, 7, 73. [CrossRef]

66. Fattahi, S.; Jamei, R.; Hosseini Sarghein, S. Antioxidant and antiradical activities of Rosa canina and Rosa pimpinellifolia fruits from
West Azerbaijan. Iran. J. Plant Physiol. 2012, 2, 523–529. [CrossRef]

67. Lee, H.S.; Coates, G.A. Vitamin C in frozen, fresh squeezed, unpasteurized, polyethylene-bottled orange juice: A storage study.
Food Chem. 1999, 65, 165–168. [CrossRef]

68. Lambeth, C.C. Juvenile-Mature correlations in Pinaceae and implications for early selection. For. Sci. 1980, 26, 571–580. [CrossRef]
69. Atay, A.N. Deciphering morpho-agronomic determinants of the juvenile-mature phase change in apple progenies. Sci. Hortic.

2020, 259, 108847. [CrossRef]

46



Citation: Karatassiou, M.; Karaiskou,

P.; Verykouki, E.; Rhizopoulou, S.

Hydraulic Response of Deciduous

and Evergreen Broadleaved Shrubs,

Grown on Olympus Mountain in

Greece, to Vapour Pressure Deficit.

Plants 2022, 11, 1013. https://

doi.org/10.3390/plants11081013

Academic Editor: Daniela Trono

Received: 5 March 2022

Accepted: 5 April 2022

Published: 8 April 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/).

plants

Article

Hydraulic Response of Deciduous and Evergreen Broadleaved
Shrubs, Grown on Olympus Mountain in Greece, to Vapour
Pressure Deficit

Maria Karatassiou 1,*, Panagiota Karaiskou 1, Eleni Verykouki 2 and Sophia Rhizopoulou 3

1 Laboratory of Rangeland Ecology, School of Forestry and Natural Environment,
Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece; giotkara81@gmail.com

2 Department of Agriculture, Crop Production and Rural Environment, University of Thessaly, Fytokou St.,
38446 Volos, Greece; everykouki@uth.gr

3 Section of Botany, Department of Biology, National and Kapodistrian University of Athens,
15784 Athens, Greece; srhizop@biol.uoa.gr

* Correspondence: karatass@for.auth.gr; Tel.: +30-2310-992302

Abstract: In this study, leaf hydraulic functionality of co-occurring evergreen and deciduous shrubs,
grown on Olympus Mountain, has been compared. Four evergreen species (Arbutus andrachne,
Arbutus unedo, Quercus ilex and Quercus coccifera) and four deciduous species (Carpinus betulus,
Cercis siliquastrum, Coronilla emeroides and Pistacia terebinthus) were selected for this study. Predawn
and midday leaf water potential, transpiration, stomatal conductance, leaf temperature and leaf
hydraulic conductance were estimated during the summer period. The results demonstrate differ-
ent hydraulic tactics between the deciduous and evergreen shrubs. Higher hydraulic conductance
and lower stomatal conductance were obtained in deciduous plants compared to the evergreens.
Additionally, positive correlations were detected between water potential and transpiration in the de-
ciduous shrubs. The seasonal leaf hydraulic conductance declined in both deciduous and evergreens
under conditions of elevated vapor pressure deficit during the summer; however, at midday, leaf
water potential reached comparable low values, but the deciduous shrubs exhibited higher hydraulic
conductance compared to the evergreens. It seems likely that hydraulic traits of the coexisting
evergreen and deciduous plants indicate water spending and saving tactics, respectively; this may
also represent a limit to drought tolerance of these species grown in a natural environment, which is
expected to be affected by global warming.

Keywords: water potential; stomatal conductance; transpiration; leaf hydraulic conductance; drought

1. Introduction

The climate in the Mediterranean region is characterized by a prolonged summer
drought period, which according to the majority of climate change scenarios, is expected
to become more severe in the future [1–3]. Drought is the main environmental stress
directly linked to plant survival, growth, competitiveness, persistence, and productivity
in Mediterranean habitats that are under an increasing risk of degradation [1,4–7]. On the
other hand, plants have evolved a variety of morphological and physiological tactics [8]
to withstand drought stress [9,10]; these include (a) hydraulic strategies via deep, tap root
systems to extract water from deep soil layers, enabling the plants to sustain elevated water
potential and xylem pressure during drought and (b) morphological and physiological
adaptations at the leaf level in order to reduce water loss [11,12]. The importance of
the hydraulic system in water consumption has led to the hypothesis of the functional
convergence in the regulation of water use among phylogenetically diverse species [13,14].
Nonetheless, few studies have been performed to characterize the differences in leaf
hydraulic conductance and hydraulic status among phylogenetically different plant species,
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such as deciduous and evergreen shrubs, in Mediterranean habitats [15,16]. Leaf is a
substantial organ for the transport of water throughout the plant and hence leaf hydraulic
conductance is an important parameter to determine plant water status [15,17–20]. To the
best of our knowledge, a comparative study among hydraulic characteristics at the leaf
level of evergreen and deciduous species co-occurring in the same habitat, with respect to
the impact of climatic stimuli on functionality, has not hitherto been published.

In order to comprehensively address differences between evergreen and deciduous
plants concerning physiological responses to drought, the hydraulic and stomatal perfor-
mance should be examined with well-established approaches. The water status for each
individual, specific plant depends on the difference between transpiration (E) and water
absorption (A), but it is not clear which of these factors is more important for plants’ gas
exchanges in response to drought stress [12]. If the soil water shortage increases, water
stress will increase over time, negatively affecting many physiological and metabolic as-
pects of the plants [8,21,22]. Plants close the stomatal pores to regulate water loss [12,23]
through transpiration when the available soil water decreases and/or an increase in the
difference between the saturation (i.e., amount of water vapor that the air can hold, namely
the saturation vapor pressure) and actual vapor pressure, i.e., the Vapour Pressure Deficit
(VPD), is detected.

VPD has been recognized as an important parameter for plant functionality and
survival, which is influenced by the so-called hydraulic failure [24–29]. Oren et al. [30]
fount in drought tolerant species a regulation of water potential (Ψ) as VPD increases
and recommended different sensitivity of stomatal apparatus to VPD among different
functional groups. However, E could either increase or decrease in response to an increased
VPD [27,31]; the first response is known as “feedback” response while the second as “feed
forward” response. The transpiration rate is influenced by atmospheric conditions and,
over a short time-scale, is regulated by the function of stomatal apparatus [32]. It has been
argued that a declining stomatal conductance (gs) concomitantly with increasing VPD
would rather occur as a feedback response to E and water loss from the leaf, than as a direct
response to humidity [33–35].

The function of the stomatal apparatus under global climate change is an essential
subject in plant ecophysiological research because it affects plant growth, vegetation distri-
bution and ecosystem function [36]. The stomatal response to VPD varies either across and
within species, or within the same species [37–40]. Partial stomatal closure under elevated
VPD, especially during midday, will negatively affect CO2 assimilation rate [7,41].

The movement of water in the soil–plant–atmosphere (SPA) continuum is a function of
the difference between hydrostatic pressure and hydraulic conductance along this pathway.
Water flows through the SPA continuum driven by a gradient in Ψ, which depends on the
water flow rate and the hydraulic conductivity of the different pathways [32]. The amount
of water that will be absorbed by the roots of the plants and the amount that will move from
the roots to the leaves and then to the atmosphere depends mainly on gs, VPD and hydraulic
conductance (K). The differences between plant species in Ψ, E and gs, determine to a greater
or lesser extent the plants’ response to various water stresses [12,42–45]. However, the
effects of rising VPD on vegetation and hydraulic dynamics remain poorly studied. It
has been reported that significant higher leaf and stem hydraulic conductance [25,46,47]
under increased irradiance are due to the regulation of aquaporins [46–48]. A midday
decline of gs has been obtained in many plant species and has been related with variation
in midday stem water status [49,50]; this aspect supports the idea that stomatal response to
VPD is substantially related to the hydraulic characteristics at both the whole plant scale
and the leaf level [27,51]. There is a fundamental role of hydraulics on stomatal sensitivity
to VPD [27,41], while inverse and non-linear relationship between conductance and VPD
have been observed [36]. The opening and closing of the stomata seem to be controlled by
complex mechanisms, which include chemical and hydraulic signals from roots, to shoots
and leaves [52]. In this frame, hydraulic traits could be an important factor buffering the
negative impact of drought on plant function [53].

48



Plants 2022, 11, 1013

A lot of research has been devoted to understanding how plants’ hydraulic systems
have evolved to accommodate survival under different environments. However, concerning
old-grown, trees and shrubs the relationship between K and the response of gs to VPD has
not explicitly evaluated, in situ. Despite the above-mentioned trends, species grown under
the same environmental conditions may exhibit entirely different hydraulic properties [54,55].
This interspecific variation sometimes may be ascribed to different functional types, such
as deciduous and evergreen [56]. Nevertheless, variation of hydraulic traits cannot only
be explained by categorization of species in functional types [56,57]. Forest and shrub
communities’ response to climate change are most closely related to microclimatic change
and not to macroclimatic change [58,59].

In considering that the water balance (W) is expressed by the relationship W = A − E, it
is very interesting to study whether: (1) variation of hydraulic conductance in Mediterranean
shrubs during the dry summer period is reflected in the leaf phenology (i.e., evergreen vs. de-
ciduous), and (2) changes of VPD and consequently of microclimatic conditions influence
the physiological mechanism and the performance of evergreen vs. deciduous shrubs.

The main objective of this study was to compare the ability of co-existing deciduous
and evergreen broadleaved shrubs grown on the Olympus Mountain to maintain their
water status and control their stomatal conductance throughout the dry season, as well as
to evaluate the response of deciduous and evergreen shrubs to enhanced vapor pressure
deficit. It is likely that hydraulic responses of co-occurring deciduous and evergreen shrubs,
which are to some extent linked to water exploitation and effectiveness of plants’ life forms
during a period of soil drying, have not been reported.

2. Results

2.1. Climatic Conditions

The seasonal pattern of VPD during the experimental period is given in Figure 1.
Overall, predawn vapour pressure deficit (VPDp) was significantly lower (p < 0.05) than
midday vapour pressure deficit (VPDm), except from the first measurement (mid-May)
(p ≥ 0.05). Predawn VPDp ranged from 0.769 ± 0.019 kPa to 1.731 ± 0.054 kPa, while
VPDm ranged from 0.974 ± 0.044 kPa to 4.043 ± 0.106 kPa. The relative humidity (RH)
followed a reverse course relatively to VPD during the experimental period (Figure 1).
The Photosynthetic Photon Flux Density (PPFD) was maintained at a relatively high level
(i.e., >1500 μmol m−2 s−1) (Figure 2) from the end of May to the end of August; only
during the first measurement (end of spring) PPFD was relatively low, approximately
800 μmol m−2 s−1.

Data analysis revealed that only the date was a significant predictor for leaf tempera-
ture (Tl) (p < 0.001), whereas the shrub life form (deciduous, evergreen) and the interaction
between date and shrub life form were not significant (p ≥ 0.05). Leaf temperature (Tl)
during the study period almost coincided with the midday ambient air temperature (Tm),
ranging from 19.86 ◦C to 33.04 ◦C and 19.29 ◦C to 33.61 ◦C, respectively (Figure 2). Predawn
air temperature (Tp) ranged from 17.80 ◦C to 23.21 ◦C. The differences between Tp and Tm
were statistically significant (p < 0.05) throughout the experimental period, except from the
first measurement (mid-May).
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Figure 1. Seasonal predawn (VPDp) and midday (VPDm) vapour pressure deficit and relative
humidity (RH) in the study site, during the experimental period, from 27 May to 28 August. The
values are means ± SE (n = 24).

Figure 2. Seasonal Photosynthetic Photon Flux Density (PPFD), leaf temperature (Tl), morning (Tp)
and midday (Tm) ambient air temperature during the experimental period from 27 May to 28 August.
The values are means ± SE (nTp,Tm = 24, nTl = 48).

2.2. Physiological Parameters

The principal component analysis (PCA, Figure 3) of the physiological parameters
showed that the eight species are classified into the groups they belong to, deciduous
and evergreen, and characterize the first principal component (Axis x), i.e., the species
Coronilla emeroides Boiss. and Spruner, Carpinus betulus L., Pistasia terebinthus L. and
Cercis siliquastrum L. are deciduous, while the species Arbutus unedo L., Arbutus adrachnae L.,
Quercus coccifera L. and Quercus ilex L. are evergreens. Additionally, variables such as
predawn leaf water potential (Ψp), gs and leaf hydraulic conductance (KLeaf) are negatively
correlated with VPDp, VPDm, the Julian date of the measurements and the second principal
component (Axis y). Midday leaf water potential (Ψm) characterizes both components,
while E does not characterize any of the two components. The deciduous species pre-
sented higher values (less negative) of Ψp, Ψm, gs and KLeaf relatively to evergreen species
(Table 1).
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Figure 3. Principal component analysis (PCA) loading plot representing the variables and the
species characterizing the two components. Black dots indicated predawn (Ψp) and midday (Ψm)
leaf water potential, midday transpiration rate (E), midday stomatal conductance (gs), midday leaf
hydraulic conductance (KLeaf) and midday vapour pressure deficit (VPDm); brown squares indicated
the deciduous species: Coronilla emeroides (C.e.), Carpinus betulus (C.b.), Pistasia terebinthus (C.t.).
Cercis siliquastrum (C.s.), while green triangles indicated the evergreen species: Arbutus unedo (A.u.),
Arbutus adrachnae (A.a.), Quercus coccifera (Q.c.) and Quercus ilex (Q.i.).

Table 1. Mean values of predawn (Ψp) and midday (Ψm) leaf water potential, midday transpiration
rate (E), midday stomatal conductance (gs), midday leaf hydraulic conductance (KLeaf) and midday
vapour pressure deficit (VPDm) in deciduous and evergreen shrubs during the study period.

Parameter Deciduous Evergreens p-Value

Mean ± SE Mean ± SE

Ψp (MPa) −0.94 ± 0.04 −1.04 ± 0.03 0.876 NS

Ψm (MPa) −2.09 ± 0.06 −2.53 ± 0.05 0.001 **

E (mmol m−2 s−1) 16.12 ± 0.89 15.87 ± 0.68 0.734 NS

gs (mmol m−2 s−1) 575.97 ± 21.00 585.5 ± 27.93 0.487 NS

KLeaf (mmol MPa−1 m−2 s−1) 17.18 ± 1.45 13.15 ± 1.57 0.033 *

VPDm (kPa) 2.79 ± 0.13 2.67± 0.11 0.149
* Significant for p < 0.05, ** significant for p < 0.001, NS—no significance. Mean values were compared with
independent samples Student’s t-test.

2.3. Leaf Water Potential

On one hand, data analysis revealed that the date was a significant predictor for
Ψp and Ψm (p = 0.021 and p < 0.001, respectively). On the other hand, the shrub life
form (deciduous, evergreen) significantly affected the Ψm (p < 0.001). The interaction
between date and shrub life form was not significant concerning the two variables (p ≥ 0.05)
(Figure 4a). The estimated Ψm values were significantly lower in the considered evergreen
shrubs in comparison to the deciduous shrubs during the experimental period (p < 0.001),
(Figure 4b). Ψp ranged in deciduous shrubs from –0.87 MPa to −1.21 Mpa and in the
evergreens from −0.92 Mpa to −1.14 Mpa, while Ψm from −1.4 Mpa to −2.59 Mpa and
from −1.88 Mpa to −2.86 Mpa, respectively. The average values of the studied parameters
are presented in Table 1.
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Figure 4. Seasonal (a) predawn (Ψp) and (b) midday (Ψm) leaf water potential of deciduous and ever-
green shrubs during the experimental period from 27 May to 28 August. The values are means ± SE
(n = 24).

2.4. Transpiration Rate, Stomatal and Leaf Hydraulic Conductance

Data analysis revealed that the date was a significant (p < 0.001) predictor for E, gs
and KLeaf. The shrub life form (deciduous, evergreen) significantly affected variable KLeaf
(p < 0.001). The interaction between date and shrub life form was significant only for gs
(p < 0.05). The seasonal pattern of E (at solar noon) of evergreen and deciduous shrubs
did not fluctuate substantially during the experimental period and significant difference
was not observed in E between deciduous and evergreen shrubs (p > 0.05). The average
values of E were found 16.12 ± 0.89 and 15.87 ± 0.68 mmol m−2 s−1 for deciduous and
evergreen shrubs, respectively (Table 1). In particular during the dry season, E ranged from
11.71 to 20.29 mmol m−2 s−1 in the deciduous and from 13.04 to 17.02 mmol m−2 s−1 in the
evergreen shrubs (Figure 5).
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Figure 5. Seasonal transpiration rate (E) of deciduous and evergreen shrubs during the experimental
period, from 27 May to 28 August. The values are means ± SE (n = 24).

Seasonal pattern of gs was different (p < 0.05) between the two groups of plants. The
deciduous shrubs presented significantly lower values (p < 0.05) of gs in relation to the
evergreens during dry period (from July until mid-August). The gs during dry period
ranged from 416.5± 22.7 to 585.25 ± 42.5 mmol m−2 s−1 in deciduous and from 413.5 ± 27.4
to 644.75 ± 43.5 mmol m−2 s−1 in evergreen shrubs (Figure 6).

Figure 6. Seasonal stomatal conductance (gs) of deciduous and evergreen shrubs during the experi-
mental period, from 27 May to 28 August. The values are means ± SE (n = 24).

The KLeaf was significantly higher in deciduous compared to evergreen shrubs (p < 0.001),
(Figure 7), especially during the dry season. The mean KLeaf was significantly higher in
deciduous 17.18 ± 1.45 mmol Mpa−1 m−2 s−1 compared to evergreens 13.15 ± 1.57 mmol
Mpa−1 m−2 s−1 (p < 0.001), (Figure 7, Table 1). However, the seasonal changes of KLeaf in
both groups of plants revealed a decrease in the KLeaf when VPDm increased during the
dry period (Figure 7).

53



Plants 2022, 11, 1013

Figure 7. Seasonal midday vapour pressure deficit (VPDm) and leaf hydraulic conductance (KLeaf) of
the considered deciduous and evergreen shrubs during the experimental period, from 27 May to 28
August. Values are means ± SE (nKleaf = 24, nVPDm = 48).

The relationship between KLeaf and Ψm is presented in Figure 8. It is likely that as the
growing season proceeded KLeaf decreased and exhibited the lowest values concomitantly
with the lowest Ψm values. It is worth mentioning that for the same low values of Ψm, the
deciduous shrubs exhibited higher KLeaf in relations to the evergreens.

Figure 8. The relationship between midday leaf water potential (Ψm) and hydraulic conductance
(KLeaf) of deciduous and evergreen shrubs during the experimental period, from 27 May to 28 August.
Values are means ± SE (n = 24). Polynomial regression analysis was used to assess the relationship
between KLeaf and Ψm.

In Table 2, the Pearson correlation between physiological parameters and VPDm is
presented. In deciduous species a significant positive correlation was detected between
VPDm and E and a negative between Ψm and gs, while in evergreen shrubs VPDm was
negatively correlated with Ψm and KLeaf.
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Table 2. Pearson correlation between predawn (Ψp) and midday leaf water potential (Ψm), transpi-
ration rate (E), stomatal conductance (gs), leaf hydraulic conductance (KLeaf) and midday Vapour
Pressure Deficit (VPDm) for deciduous (left) and evergreen (right) shrubs.

Deciduous Ψp Ψm E gs KLeaf VPDm Evergreens

Ψp 1 0.387 ** 0.020 −0.139 −0.039 −0.108 Ψp
Ψm 0.524 ** 1 −0.311 ** −0.162 0.544 ** −0.451 ** Ψm
E 0.234 * −0.013 1 −0.328 ** 0.135 0.147 E
gs 0.357 ** 0.620 ** −0.110 1 −0.037 0.157 gs

KLeaf 0.084 0.478 ** 0.562 ** 0.209 1 −0.298 ** KLeaf
VPDm −0.088 −0.443 ** 0.271 ** −0.315 ** −0.147 1 VPDm

* Significant for p < 0.05, ** significant for p < 0.001.

3. Discussion

The results of this study demonstrate that the water status of co-occurring evergreen
and deciduous broadleaved shrubs in semi-arid Mediterranean conditions under rising
VPDm is different. Additionally, it seems likely that deciduous shrubs control more effi-
ciently their water status during the dry season, by exhibiting lower stomatal conductance
and higher hydraulic conductance than the evergreens. In other words, the deciduous
plants possess a more water spending behaviour than the evergreens.

The increase of air temperature accompanied by decreasing RH and increasing heat
load due to incident radiation on the leaf, in combination with air speed, may elevate VPD
in the atmosphere [60]. It has been reported that RH concerning future climatic scenarios
will remain either constant at the global scale [61], or a negative [62] and/or positive
trend between VPD and RH at a regional scale [27] will be observed. In our research, the
values of PPFD were generally maintained at high levels, as it was expected concerning the
characteristics of the Mediterranean climate in the experimental site. The same values in
air and leaf temperature imply that broadleaved shrubs possess such leaf tissues, where
the transpiration flow is not sufficient to reduce leaf temperature in relation to the ambient
temperature. The increase of Tm and VPDm under drought conditions (after June) may be
linked to the physiological performance and survival of deciduous and evergreen shrubs
via either reducing gs and gas exchanges (feedforward mechanism), or increasing plant
water loss (feedback mechanism) [63].

The seasonal patterns of Ψp and Ψm suggest that the co-occurring deciduous and
evergreen shrubs on Olympus Mountain were able to regulate water loss and ensuring
adequate hydration of leaf tissues overnight, even during the dry season, therefore Ψp
was retained to approximately −1.0 MPa; such scale of the Ψp values is sufficient for the
Mediterranean region (Quercetalia ilicis zone) where the studied species are growing [64].
Ψp is an essential index to study the response of plants to drought, because its value can be
considered equal to soil water potential, since plants and soil reach a hydration equilibrium
during the night [65–68].

The higher (less negative) Ψm in deciduous shrubs indicates higher values of relative
water content, E and gs in comparison to the evergreen shrubs. The Ψm seems to be the main
factors for stomatal regulation because is directly linked to the turgor of guard cells [49,69,70].
After sunrise, the leaf water potential in Mediterranean plants decreases steadily, reaching
its lower value at noon, while it begins to recover again during the afternoon [71–73]. This
reflects a decline of stored water, and therefore water shortage [60]. The plants are the best
indicators of soil water availability, which affect their water status [74,75]. Plants with both
elevated (less negative) Ψm and water transport capacity can better control their leaf water
status during midday, and hence they experience a smaller decline of midday gs [49].

It is likely that the relatively higher E in deciduous species during midday is due to
their elevated water status, i.e., higher Ψm in leaves (Figures 4a and 5); a slight variation of
E values was detected between deciduous and evergreen shrubs, while the lowest values
of E occurred in the two groups of shrubs during the dry season (June–August), (Figure 5).
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Apparently, low E values during the dry season remained rather stable and above zero
values, which indicates influx of carbon dioxide [49,76].

The deciduous shrubs exhibited higher Ψm and lower midday gs than the evergreens;
this may indicate that midday stomatal conductance is more related to stem rather than
leaf water status, which is in accordance with earlier results [49]. In fact, gs was negatively
correlated with VPDm (Table 2), suggesting a response to environmental conditions, which
is in agreement with the published results by Auge et al. [77] from other deciduous species.
This trait may help deciduous species to regulate their stomatal apparatus in order to
maintained Ψm in a range of values that will support their water status and avoid xylem
embolism under drought conditions [49,78]. Our results show that there was not any
synchronization between gs and Ψm in both shrub groups, which may also be due to
the fact the evergreens are hypostomatic plants [79–81]. However, it is not clear which
microclimate parameter, i.e., temperature and/or relative humidity, was directly linked to
stomatal behaviour. It has been proposed that temperature had a greater impact on stomatal
conductance and assimilation rate in the amphistomatic leaves of Eucalyptus tetrodonta
independently of VPD [82,83]. Addington et al. [35] reported that the stomatal apparatus
controls Ψ in a way that the tension on the water column created by decreasing Ψ did
not cause extreme xylem cavitation. Several studies suggested that high VPD reduces gs,
consequently affecting assimilation rate and growth [84,85]. On the contrary, it has been
argued that the impact of high VPD on gs may not possess any impact on assimilation rate
and growth [86]. Nevertheless, the impact of VPD on gs and/or assimilation rate varies
amongst plant species [82]. In addition, the stomatal anatomy and structure affect water
loss and carbon assimilation, demonstrating the evolution and adaptations of the plants to
environmental conditions [84,87].

Plants in order to grow and survive under water limited conditions evolved mecha-
nisms to control stomatal aperture and xylem water capacity [88]. The differences in water-
use strategies might be partially due to various hydraulic properties between the considered
groups. The hydrodynamic status of leaf tissue expressed via leaf water potential [89] is
determined by two mail functions taking place in the SPA continuum, i.e., transpiration rate
and hydraulic conductance. Therefore, the favourable water status in deciduous shrubs
could be attributed to the higher values of transpiration rate and/or at the highest values
of the hydraulic conductance. The deciduous shrubs exhibited higher values of KLeaf when
compared to evergreen shrubs, especially during the dry summer period. This advantage
of deciduous shrubs could be attributed to their water status and anatomical features.
The positive correlation between KLeaf and Ψm, and E in deciduous shrubs (Table 2) and
the negative correlation between KLeaf and VPDm suggest that the water transport from
root to the leaf plays a role to the fluctuations of leaf water status. The seasonal KLeaf
declined in both groups of plants when VPD increased during the summer dry period
(Figure 7) especially at the end of July, when the highest value of VPD (3.99 KPa) was
recorded. Probably, at a given transpiration rate in deciduous shrubs the leaf water status
is maintained due to high hydraulic conductance [17,90,91]. Manzoni et al. [88] reported
that, in some ecosystems, deciduous species have been found to be more hydraulically
efficient than evergreen species. Choat et al. [92] suggested that deciduous species are
more hydraulically efficient, but also more vulnerable to drought-induced embolism, than
co-existing evergreens in a rainforest. It is well known that embolism occurs in plants
under drought conditions when Ψ reaches very low values; however, the plants have the
capacity to repair damage when the environmental conditions are favourable [89].

Our data are somehow in agreement with BIumler [93], who argued that although the
Mediterranean climate is associated with evergreen species, some coexisting deciduous
species exhibit some advantages in response to drought [92,94]. It is noteworthy that in our
work deciduous and evergreen species are presented as two distinct life-history groups [91],
although they probably form a continuum of variation in leaf life-history span [95].
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4. Materials and Methods

4.1. Study Area and Climate

The study was conducted on Olympus Mountain (40◦06′54′′ N, 22◦28′42′′ E), which
is a great, long-lived natural laboratory [96–98] in 2009, at an altitude of 554 m a.s.l., in
an area located 5 Km from the town of Litochoro, 95 km south-east of Thessaloniki, in
Greece. The climate of the study area is characterized as Cfa in the Köppen-Geiger system
(http://www.en.climate-data.org, 7 January 2022) and as Mediterranean with cold and
wet winters, dry and warm summer according to the bioclimatogram of Emberger. The
mean annual rainfall in the study area ranges from 800 to 1000 mm, while substantially
elevated precipitation is recorded during winter. The minimum air temperature ranges
from 13 to 6 ◦C (during summer and winter, respectively). The maximum air temperature
ranges from 4.9 to 6.7 ◦C during winter, and from 20 to 26 ◦C during summer. The warmest
month is July and the coldest is December. The mean annual relative humidity (RH) ranges
from 75 to 80%. Average RH values during the most humid month (December) is 85–90%
and during the driest month (July) 30–50%. The monthly changes of temperature and
precipitation (ombrothermic diagram) during the year of the measurements, from the
nearest meteorological station of Dion (40◦12′00′′ N, 22◦30′00′′ E), are presented in Figure 9.

Figure 9. Ombrothermic diagram in the study area throughout a year.

The microclimatic conditions (temperature, humidity), in the study area during the
experimental period was measured with the Hobo H8 Pro (Hobo H8 Pro Series 1997–2003,
Onset Computer Coorporation, Bourne, MA, USA). Furthermore, on specific Julian dates
and hours when plant physiological parameters were investigated, ambient air predawn
and midday temperature and RH were measured using a Novasima MS1 microclimatic
sensor (Novatron Scientific Ltd., Horsham, UK). Predawn (VPDp) and midday (VPDm)
vapour pressure deficit were calculated according to Abtew and Melesse (2013). The Photo-
synthetic Photon Flux Density was measured with the steady-state diffusion porometer
LI-1600 (LI- COR, Inc., Lincoln, NE, USA). The presented values of VPDp, VPDm, RH,
PPFD, Tp and Tm are means of twenty-four measurements.

4.2. Plant Material

The study area is part of the Mediterranean zone of the evergreen broadleaved
plants Quercus ilex L. and Arbutus andrachne L. Deciduous and evergreen shrubs and
small trees such as Acer monspesulanum L., Carpinus betulus L., Cercis siliquastrum L.,
Cotinus coggygria Scop., Fraxinus ornus L., Pistacia terebinthus L., Coronilla emeroides Boiss. and
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Spruner, Quercus coccifera L., Arbutus unedo L., Phillyrea media L., and Juniperus oxycedrus L.
are widespread in the study area.

Four evergreen shrubs Arbutus andrachne (commonly known as Grecian strawberry
tree), Arbutus unedo (strawberry tree), Quercus ilex (holm oak) and Quercus coccifera (kermes
oak) and four deciduous shrubs Carpinus betulus (common hornbeam), Cercis siliquastrum
(Juda’s tree), Coronilla emeroides (scorpion senna), and Pistacia terebinthus (terebinth) were
selected for this study. The shrubs were randomly selected for sampling. More specifically,
the area of interest was equal to 20 ha. We divided this area into 20 tiles, 1 ha each, and then
we randomly selected 6 tiles where each one of the eight species was randomly chosen.
Concerning dendrometric parameters, the considered species possessed the same height
(3–4 m) and diameter (1.5–2.0 m).

4.3. Physiological Parameters

Leaf water potential (Ψ), transpiration rate (E), stomatal conductance (gs) and leaf
temperature (Tl) were measured on the newest fully developed mature leaves of six different
individuals from sun-exposed terminal branches. Using the pressure-bomb technique (PMS,
Albany, OR, USA), leaf water potential was measured twice during the day, i.e., at predawn
(Ψp) and midday (Ψm). Transpiration rate, gs and Tl were measured using steady state
porometer (Li1600, LI-COR Lincoln, NE, USA). Seasonal measurements of Ψp were obtained
before sunrise, while the measurements of Ψm, E, and gs were obtained on clear sunny days
at around solar noon (12:00–14:30 h), approximately 10–15 days intervals. The presented
values, for each of the parameters, are means of six replications per studied shrub.

Leaf hydraulic conductance (KLeaf) was calculating according to Ohm’s law following
the formula:

KLeaf =
E

(Ψsoil − ΨLeaf)
=

E(
Ψp − Ψm

) (1)

It has been assumed that Ψsoil is in equilibrium with Ψp and the lowest diurnal
Ψleaf is equal to Ψm [66,67,99]. However, sometimes the first assumption may lead to
overestimation of Kplant [100]. Additionally, values of KLeaf reflect the capacity of evergreen
and deciduous plants, grown under ambient conditions, for water exploitation during a
period of soil drying.

4.4. Statistical Analysis

The Kolmogorov–Smirnov test was employed to evaluate data normality. To explore
whether the ecophysiological response of deciduous and evergreen shrubs vary during
the dry season, a two-way analysis of variance (ANOVA) was performed on the studied
parameters (TL, Ψp, Ψm, E, gs, Kleaf) [81]. Student’s t-test for independent samples was used
to examine differences in TL, E, gs, Ψm, Ψp and KLeaf between deciduous and evergreen
shrubs. The climatic parameters VPDp, VPDm, Tp, and Tm at each sampling date were
compared using also the Student’s t-test for independent samples. Polynomial regression
analysis was used to determine the relationship between KLeaf and Ψm, between deciduous
and evergreen shrubs. In addition, a Principal Component Analysis (PCA) with varimax
rotation was used to assess the relationships among the measurements of interest between
the eight shrubs to see whether they could be classified according to their ecophysiological
response in the life form in which belong (deciduous, evergreen). Pearson correlation was
used to explore links among VPDm, E, gs, Ψp, Ψm and KLeaf. P-values lower than 0.05 were
considered statistically significant. All statistical analyses were performed using the SPSS
statistical package v. 27.0 (IBM Corp. in Armonk, NY, USA).

5. Conclusions

The results of this research work demonstrate different hydraulic strategies between co-
occurring deciduous and evergreen shrubs grown on Olympus Mountain. The deciduous
life-form presented a strategy of higher hydraulic and lower stomatal conductance, while
the evergreen exhibited lower hydraulic and higher stomatal conductance. Although,
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seasonal leaf hydraulic conductance declined in both groups of plants when vapor pressure
deficit increased during the summer dry period, evergreen shrubs sustain a water transport
to their foliage at a rate sufficient to prevent severe damage due to desiccation.
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Abstract: The rangelands of Crete island (Greece) are typical Mediterranean habitats under high risk
of degradation due to long-term grazing and harsh climatic conditions. We explored the effect of
abiotic (climatic conditions, altitude) and biotic factors (long-term grazing by small ruminants) on
the floristic composition and diversity of selected lowland (Pyrathi, Faistos) and highland (Vroulidia,
Nida) rangelands. In each rangeland, the ground cover was measured, and the floristic composition
was calculated in terms of five functional groups: grasses, legumes, forbs, phrygana, and shrubs. The
aridity index, species turnover, species richness, Shannon entropy, and Gini–Simpson index (with
the latter two converted to the effective number of species) were calculated. Our results reveal that
highlands are characterized by the highest aridity index (wetter conditions). Lowland rangelands,
compared to highland, exhibited a higher percentage contribution of grasses, legumes, and forbs,
while species turnover decreased along the altitudinal gradient. The Shannon entropy index was
correlated (a) positively with Gini–Simpson and mean annual temperature and (b) negatively with
mean annual precipitation, aridity index, and altitude. Moreover, the Gini–Simpson index correlated
positively with mean annual temperature and negatively with altitude. Our results could help to
understand the effects of grazing on rangeland dynamics and sustainability in semi-arid regions in
the context of climatic change.

Keywords: aridity index; effective number of species; Shannon entropy; richness; Gini–Simpson

1. Introduction

Arid and semi-arid rangelands occupy approximately 40% of the Earth’s land surface
and influence the livelihood and well-being of one-fifth of the world’s human popula-
tion [1,2]. More than one billion people rely on rangelands for their living, primarily
through extensive livestock production, and roughly two billion acquire animal protein,
water, or other resources from these biomes [3,4]. Rangelands comprise many habitats and
host economically important species offering support to approximately 50% of the world’s
livestock, providing forage production for both domestic and wildlife populations [5–7].

Despite their high importance, most of the non-marketed services of these rangelands
and their economic value have often been neglected [8,9]. Moreover, they have faced
increased risks resulting from overutilization and degradation [10–12]. The estimated
extent of rangeland degradation varies extensively, from as little as 10–20% to as much as
70–80% [3]. Desertification is a cumulative threat that includes both climatic and land-use
drivers that interact in space and time [13].

It is well demonstrated that rangelands are maintained by grazing. However, they
can be severely affected by the high intensity of the latter, climate change, soil quality,
nutrient depletion, fire, habitat fragmentation, as well as human activities [4,7,14]. In
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most rangelands, precipitation [15] and grazing [16,17] are the most important factors
determining species diversity and ecosystem function [18,19]. On the other hand, altitude,
which greatly affects the abiotic environment by modifying climatic variables and the
topography [20,21], is an indirect gradient that is correlated with resources and regulators
of plant growth [22,23] and species composition [24].

Although it is known that the richness of vascular plant species decreases with an
increase in altitude [25–27], the patterns of response are rather fickle [28]. Changes in
plant species richness along altitudinal transects are of great importance in the study of
global climate change [29,30]. The spatial change in species composition involves the
study of beta diversity and species turnover. Because of the greater diversity of habitat
conditions, mountains have higher levels of species turnover than lowland areas [31], and
under a climate change scenario, mountains are considered significant for the maintenance
of biodiversity [32–34]. The relationship between climatic conditions and species turnover
is described by the relationship between climatic factors and regional species richness [35].

To assess the impact of grazing on vegetation, the effect of precipitation on species
diversity should be thoroughly studied and considered [36]. Both low ground cover and
plant diversity increase the vulnerability of rangelands to climate change [37,38]. Overgraz-
ing, which is prescribed as a decrease in productivity [39] and loss of biodiversity [40,41],
is considered one of the main causes of land degradation in arid and semi-arid regions
worldwide [42]. Heavy grazing directly changes the floristic composition of plant commu-
nities selectively, changing the structure and composition of communities at the expense
of palatable species [43,44], and may also indirectly modify the outcome of competitive
interaction by changing light availability [45]. The impact of grazing intensity on plant
diversity varies along the precipitation gradient [46,47].

There is a list of methods employed to study diversity, which is a multi-dimensional
phenomenon [48]. The simplest measure of diversity is to calculate the number of species
(richness) in an area, which, however, does not take into consideration species abundances
and is sensitive to sample size. Other approaches consider species abundance (Shan-
non index) or give weight to dominant species (e.g., Gini–Simpson). The Shannon and
Gini–Simpson measures of diversity are themselves mere indices and not “true” diversi-
ties [49–53]. The true diversity of an investigated community is simply the community of
equally common species (effective number of species, ENS) required to give the same value
of an index calculated for the community in question [52,54,55]. In recent years, the use of
ENS has been established in ecological studies. After the conversion of classical indices
(Shannon and Simpson) to ENS, diversity is always measured in the number of species,
providing more interpretable and comparable assessments of diversity [54,56,57].

Thirty-five percent of the Greek land, and more specifically 37–50% of the land in
Crete, is characterized as critically susceptible to desertification due to the combination of a
warming climate with low precipitation and intensified human activities [58,59]. To the best
of our knowledge, the effect of grazing and climatic conditions on grassland biodiversity
has not yet been studied in Crete, a vulnerable Mediterranean region.

The current study aimed to investigate the effect of abiotic (climatic conditions, al-
titude) and biotic factors (long-term grazing) on the floristic composition and diversity
of lowland and highland rangelands on the island of Crete, Greece, which are typical
Mediterranean habitats at high risk of degradation. We aimed to answer the following
questions:

(a) Do patterns of species diversity indices and composition differ among rangelands
exposed to different grazing intensities?

(b) Do these differences vary among rangelands with different altitudes and climatic con-
ditions?

2. Results and Discussion

The current study indicates that the existing high grazing pressure, in combination
with climatic conditions, could result in rangeland degradation on Crete island.
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Diverse climatic conditions prevail among the four studied rangelands (Figure 1). At
Faistos and Pyrathi, the mean annual temperature was 19.17 ± 1.24 and 17.38 ± 1.18 ◦C,
and the mean monthly precipitation was 45.77 ± 11.05 and 60.67 ± 15.1 mm, respectively.
At Vroulidia and Nida, an inverse trend was observed as the mean annual temperature
was 12.67 ± 1.98 ◦C with an average monthly precipitation of 107.05 ± 23.93 mm. Pyrathi
had higher rates of precipitation and mean monthly temperature compared to Faistos
(Figure 1b,c). The climatic data indicated a shorter drought period in Vroulidia and Nida,
which implied that plant species faced a water deficit for a shorter period in these areas.

(a) (b) (c) 

Figure 1. Monthly means of air temperature (◦C) and precipitation (mm) at (a) Vroulidia—Nida,
(b) Pyrathi, and (c) Faistos rangelands during the experimental period.

The aridity index (IdM) classifies the type of climate in relation to water availability,
and it is a crucial environmental factor affecting the growth of natural vegetation. In the
present study, IdM was negatively correlated with mean air temperature and positively
with altitude and precipitation (Table 1). The Nida rangeland scored the highest aridity
index, followed by Vroulidia, while Faistos had the lowest one (Figure 2). The higher values
of IdM in the highlands indicated higher humidity [60] and better climatic conditions for
plant growth and development. Mallen-Cooper and coauthors [61] found similar results in
eastern Australia, which support that aridity decreases when the height of precipitation
and absorptivity of water increase. The higher IdM correlated with the higher available
water resources over time and, consequentlym lower vulnerability to desertification.

Table 1. Pearson correlation between richness (R), effective Shannon entropy (SE) and Gini–Simpson
(GS), Martonne aridity index (IdM), mean annual temperature (T), mean precipitation (P), and altitude
for the four studied rangelands.

R SE GS IdM T P Altitude

R 1

SE −0.073 1

GS −0.280 0.861 ** 1

IdM 0.059 −0.876 ** −0.678 1

T −0.295 0.894 ** 0.795 * −0.954 ** 1

P −0.174 −0.766 * −0.498 0.947 ** −0.809 * 1

Altitude 0.218 −0.888 ** −0.763 * 0.980 ** −0.986 ** 0.882 ** 1

* Significant for p < 0.05, ** Significant for p < 0.001.
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Figure 2. Martonne’s aridity index (IdM) for the studied rangelands for the period 1979–2013.

The aridity level interacts with plant traits related to stress resistance to determine the
floristic composition and vegetation responses to domestic animal grazing [62–66]. The
impact of grazing on species richness and composition under high-aridity conditions could
be either high [67] or low [65].

Generalized Linear Model analysis showed significant differences (p < 0.001) in forage
production in both fenced plots and grazed sites and for FUP (Table 2) among the studied
rangelands. Additionally, there was a significant interaction between rangeland and year
(p < 0.001), but only for forage production in grazed sites. The forage production in fenced
plots ranged from 189.2 ± 24.2 to 116.5 ± 7.3 g m−2, while in grazed from 128.9 ± 4.8
to 15.8 ± 1.4 g m−2. The lowland rangelands had higher forage production in relation
to the highland. This is in agreement with Bhandari and Zhang [68], who demonstrated
that altitude is negatively related to aboveground biomass. Concerning the year, it was a
significant predictor (p < 0.001) only for FUP. The FUP was 84.4–87.1% at Nida, 74.1–76.1%
at Vroulidia, 74–75% at Pyrathi, and 15–17% at Faistos for 2014 and 2015, respectively
(Table 2). The highest value of FUP was presented in Nida and the lowest in Faistos.
In many cases, the high FUP is related to low vegetation percentage cover, a result of
overgrazing [69].

Table 2. Forage production (g m−2) in fenced plots and grazed sites and forage utilization percentage
(FUP %) in the four studied rangelands in the study years. Values represent means ± SE (n = 9).
Different letters in the same column indicated significant differences (p < 0.05).

Forage Production (g m−2) FUP (%)
Fenced Plots Grazed Sites

Rangeland (R) 2014 2015 2014 2015 2014 2015

Nida 122.2 ± 6.03 b 120.2 ± 5.5 bc 15.8 ± 1.4 d 18.8 ± 1.1 d 87.1 ± 0.9 a 84.4 ± 0.5 a

Vroulidia 126.7 ± 9.5 b 116.5 ± 7.3 c 29.9 ± 1.7 c 30.2 ± 2.2 c 76.1 ± 0.8 b 74.1 ± 1.0 b

Pyrathi 189.2 ± 24.2 a 173.6 ± 22.2 a 45.7 ± 6.5 b 42.2 ± 4.9 b 76 ± 0.7 b 75.1± 1.8 b

Faistos 134.4 ± 4.0 b 151.4 ± 5.3 b 111.5 ± 3.3 a 128.9 ± 4.8 a 17.00 ± 0.8 c 14.9 ± 0.8 c

R <0.001 ** <0.001 ** <0.001 **

Year 0.748 ns 0.084 ns 0.003 *

R X Year 0.567 ns 0.017 * 0.761 ns

* Significant for p < 0.05, ** Significant for p < 0.001, ns not significant.
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It is known that the cover of vegetation is a health indicator of the rangelands. Our
data analysis revealed significant differences (p < 0.05) in vegetation cover among the
studied rangelands. The vegetation cover recorded in Nida and Vroulidia scored the lowest
values, 52% to 66% and 64% to 70%, for 2014 and 2015, respectively, in comparison to the
lowland sites of Pyrathi (78–90%) and Faistos (92–99%). The low vegetation cover and the
high FUP at Nida and Vroulidia are likely the results of overgrazing, as the number of
transhumant small ruminants, and, consequently, the grazing pressure is immoderate in
the Psiloritis mountain [70]. Papanastasis and coauthors [71] point out that the Psiloritis
mountain is overgrazed as the stocking rate is four times higher than the grazing capacity.
Ojima and coauthors [72] found that overgrazing results in the loss of vegetation cover and
increased erosion. The low vegetation cover provides low protection from soil erosion and
a high risk for degradation [13] and reduced soil porosity [46,73]. This reduced vegetation
cover and the lower plant diversity probably increase the susceptibility of rangelands to
the effects of climate change as well [37,38,46].

Data analysis revealed that in all functional groups, there were no significant differ-
ences between years and no significant interaction between rangeland and year (p ≥ 0.05).
On the contrary, there was a significant interaction between rangeland and functional
groups (p < 0.001) (Table 3, Figure 3). Overall, lowlands, compared to highlands, present
a significantly (p < 0.05) higher percentage contribution of grasses, legumes, and forbs
(Figure 3). On the other hand, shrubs had a significantly (p < 0.05) higher percentage in
the highlands compared to the lowlands, while phrygana [74,75] had similar participa-
tion in both lowlands and highlands. Concerning the contribution of functional groups
separately in highland and lowland, shrubs were significantly (p < 0.05) higher at Nida
compared to Vroulidia, while the opposite trend was detected for forbs in highlands for
both experimental years (Figure 3). As others point out as well, the Cretan landscape,
especially in high elevations, is a mixture of woodland and open vegetation, where many
woody species are found in various forms (from trees to small or dwarf shrubs) [76–78].
Many of these shrubby taxa are shaped by grazing and are adapted to this pressure, which
includes prescribed fires. Moreover, woody plants are able to ‘colonize’ rocky places where
soil can be scarce. Moreover, Papanastasis and coauthors [77] found that woody species on
the Philoritis mountain cover 30% of the soil. Regarding the lowlands, there is significantly
higher participation of grasses (p < 0.05) in the Faistos rangeland compared to Pyrathi
(Figure 3). On the contrary, the participation of phrygana was higher at Pyrathi compared
to Faistos.

Figure 3. Floristic composition per functional groups (grasses, legumes, forbs, phrygana, shrubs)
(%) at the four studied rangelands for the experimental period. Values represent means ± SE (n = 6).
Different letters in columns indicate significant differences for the same parameter (p < 0.001).
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Table 3. General linear model analysis for the effects of rangeland and year on participation of
functional plants groups.

Wald Chi-Square df p-Value

Year 0.033 1 p ≥ 0.05 ns

Rangeland 0.045 3 p ≥ 0.05 ns

Functional group 116.816 4 <0.001 *

Year * Rangeland 0.014 3 p ≥ 0.05 ns

Rangeland *
Functional group 80.120 12 <0.001 *

* Significant for p < 0.001, ns not significant.

On Crete island, as elsewhere in Greece, farmers traditionally improve grassland
productivity [79] and quality through fire management of vegetation, mainly phrygana,
which enables the modification of the floristic composition. The fires decrease the per-
centage of shrubs and phrygana and drive the ecosystem to a previous successional stage
(secondary succession), where the percentage of grasses and legumes is higher, leading to
higher herbage biomass production in terms of quantity and quality [80,81]. The floristic
composition of the studied rangelands is strongly linked to habitat characteristics (abiotic
factors: altitude, climatic conditions) and primary consumers (biotic factors) [82].

A drop in species turnover is observed between pairs of lowland to highland range-
lands (Figure 4). Species turnover presented the highest value at an intermediate altitude
from 355 to 1100 m a.s.l.; and decreased at higher altitudes, from 1100 to 1530 m a.s.l., due
to the range of ecological adaptation and growth of plants at different altitudes. The same
results were found by Mena and Vázquez-Domínguez [83] when the species turnover in
mammals was studied, more specifically, small rodents, along an altitudinal gradient. Our
results support the hypothesis that species turnover decreases with altitude only at the
higher altitudinal zone. The lower species turnover in highlands could be attributed to the
presence of sparse vegetation in mountainous areas generally [79], and probably, species
turnover correlates with different rangeland management [84].

Figure 4. Species turnover in the studied rangelands Faistos—Pyrathi (F-P), Pyrathi—Vroulidia (P-V)
and Vroulidia—Nida (V-N) for the experimental period.

Diversity in terms of abundance (ENS Shannon entropy) was lower than species
richness, while diversity in terms of dominance (ENS Gini–Simpson index) was lower than
the Shannon entropy for both years of the study (Figure 5). This result indicated that there
is species dominance in all study areas. The greater the dominance in the community, the
greater the differences among these three parameters [51,52]. In both years of the study,
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the species richness, Shannon entropy, and Gini Simpson were higher in the lowlands of
Faistos and Pyrathi compared to Vroulidia, while at Nida, the highest species richness
was recorded. It is noteworthy that there are more plant species at Pyrathi than at Faistos,
and the same trend for diversity (Figure 5). This was contrary to the theory that species
richness and diversity decreased with an increase in altitude. The species richness may
not be related to altitude, as it is demonstrated by Zawierucha and coauthors [85]. This
unexpected result is probably due to the fire set by shepherds to improve forage production
at Pyrathi last year and led to a change in the floristic composition. It has been proven that
fire has important effects on diversity and plant community composition [86–90]. Shannon
entropy could be used in situations where rare and abundant species or traits are expected
to be equally important [91]. However, if dominant species or traits are expected to be
more essential, then Gini–Simpson would be more relevant. Both indices were smaller than
richness for all rangelands (Figure 5), as they were based more on abundant and dominant
species, respectively [82]. Although the environmental conditions favored plant growth in
mountainous areas, the grazing pressure significantly decreased species diversity. Nida
had the highest species richness in relation to the other studied rangelands, but its species
abundance (Shannon entropy) and dominance presented the lowest value. These results
could be attributed to high FUP (overgrazing), lower vegetation cover, soil erosion, and
unpalatable plant species encroachment that will be exacerbated by climate change [92].

Heavy grazing (high FUP) may result in high-level species replacement [93]. Plants at
Pyrathi and Vroulidia are grown under different climatic conditions but under similar FUP,
presented different species richness but similar diversity in terms of species abundance
and dominance. At Faistos, under light grazing pressure, the rangeland presented similar
high ratios of abundant and dominant species to total species recorded (richness). These
results could be verified from the ratios of Shannon entropy/richness and Gini Simpson
index/richness (Table 4). The highest ratio was recorded at Faistos and the lowest one at
Nida. Faistos, with the longer semi-arid period under low FUP, presented a very diverse
vegetation pattern, with three-quarters of all species showing the same abundance, while
more than half were also dominant (Table 3). As grazing intensity escalates from Pyrathi to
Nida, ratios of abundance diversity/richness and dominance diversity/richness decrease;
this is more evident in terms of absolute ENS values of abundance and dominance diversity
(Figure 5). Vroulidia shows higher ratios than Pyrathi but similar absolute ENS values
for dominance diversity and lower for dominance diversity. These rangelands, without
these disturbances (climate, grazing), would gradually decline due to the successional
process to the next successional stages [94,95]. Animal grazing is a key factor in avoiding
the successional processes of vegetation [82].

Table 4. Ratios of Shannon entropy/richness (HE/R) and Gini–Simpson (GS/R) index/richness for
all of the studied rangelands for the experimental period.

Lowland Rangelands Highland Rangelands

Faistos Pyrathi Vroulidia Nida

2014 2015 2014 2015 2014 2015 2014 2015

* HE/R 0.74 0.75 0.50 0.58 0.66 0.59 0.43 0.31

* GS/R 0.60 0.55 0.29 0.41 0.49 0.46 0.23 0.23

* Gini–Simpson and Shannon entropy are given as effective number of species (ENS).
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(a) 

(b) 

Figure 5. (a) Gini–Simpson vs. richness index and (b) Shannon entropy vs. richness index for all
studied rangelands for the experimental period, 2014 and 2015 (symbols encircled). Cycle size is
proportional to richness. Gini–Simpson and Shannon entropy are given as effective numbers of
species (ENS).

According to the Pearson correlation coefficient, the Shannon entropy index was
positively correlated with the Gini–Simpson and mean annual temperature and negatively
with mean annual precipitation and altitude, while the Gini–Simpson index correlated
negatively with altitude (Table 1). According to the results, the species diversity decreased
with an increase in altitude and precipitation. This is in agreement and supports the theory
that species richness and diversity decrease along the altitude gradient [27,96,97]. Altitude
probably has the strongest effects on species richness, abundance, and ground cover [98].
Nevertheless, other studies found that overgrazing affects functional diversity more than
climate, and species diversity declines with an increase in grazing intensity in areas with
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different climatic conditions [41,46,99]. It is well known that the relationships between
diversity indices do not always follow mathematically predicted patterns [100,101].

3. Materials and Methods

3.1. Study Area

The research was conducted during 2014–2015 on the island of Crete, the southernmost
part of Greece. The selected experimental sites were two lowland rangelands of Heraklion
prefecture: Faistos (F) (24◦51′20′′ E, 35◦06′30′′ N) 155 m a.s.l. and Pyrathi (P) (25◦11′21′′ E,
35◦05′52′′ N) 355 m a.s.l., and two in the highlands of Psiloritis mountain (Rethymnon
prefecture): Vroulidia (V) (24◦47′02′′ E, 35◦10′58′′ N) 1100 m a.s.l. and Nida (N) (24◦50′33′′ E,
35◦12′48′′ N) 1530 m a.s.l. that have been subjected to grazing (Figure 6).

Figure 6. The experimental rangelands on the island of Crete, Greece.

The livestock farming system was introduced on the island about 8000 years ago, and
animal husbandry has been used by humans to transform natural ecosystems to produce
more grazing material and, therefore, more animal products for their own consumption
and survival. Through these processes, the extensive forests of the island were turned
into rangelands, while the abandoned fields due to grazing could not be reforested. Un-
controlled and random, both spatially and temporally, grazing is the rule on the island.
In lowlands, e.g., Faistos, in recent years, a change in land-use has been observed with
farming replacing pastoralism, so there is low grazing intensity in the area. On the other
hand, the lowlands of Pyrathi are heavily grazed all year round by sheep and goat flocks.
Concerningly, the highlands of Vroulidia are grazed all year by sheep and goats, while
Nida, from April to October, by transhumant small ruminant flocks. The highlands are
characterized by a long history of small ruminant overgrazing [71].

The climate of the lowland and highland rangelands is characterized as Csa and Csb,
respectively, in the Köppen–Geiger system (www.en.climate-data.org, 12 December 2021).
The daily climatic data (precipitation, average temperature) for the two lowland rangelands
(P, F) (Figure 1b,c) were obtained from the nearest meteorological stations, while for the
highlands (N, V) (Figure 1a) from the only one available meteorological station located
between them, and are reported as mean monthly data for the period in which the study
was conducted.

3.2. Field Data

The vegetation (ground) cover was measured at the end of the growing season accord-
ing to the line and point method [102]. Three experimental transects (25 m each) [103,104]
were established in each rangeland, as the habitats were homogeneous. After that, the floris-
tic composition was calculated and presented in five functional plant groups: (1) grasses,
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(2) legumes, (3) forbs, (4) phrygana, and (5) shrubs, according to their life form and by
distinguishing legumes from forbs based on their nutritional value for small ruminants
(Table S1). Moreover, two sampling quadrats of 0.35 x 0.35 m were established in every
transection of each rangeland at 8 and 16 m in order to calculate: (a) species richness
(equivalent to its own numbers) and (b) species diversity indices (Shannon entropy and
Gini–Simpson), which were converted to the effective number of species (ENS). Shannon
entropy was calculated following the formula in Equation (1) below

H = −∑S
i=1 pilnpi (1)

and was converted to ENS by taking its exponential exp(H) (exponential of Shannon
entropy index), where pi is the population frequency of the ith species. The Gini–Simpson
index (HGS) was converted by the transformation

1/(1−HGS),

which is the inverse of the index [51,52,57,105]. These measures easily pass interpretable
counts and provide information at three different levels based on how rare and abundant
taxa are weighted [53,105–107].

1/
(
∑s

i=1 pi2
)

For every studied rangeland, the aridity index (de Martonne index, IdM) was calculated
following the formula in Equation (2) below [60]:

IdM = P/(T + 10) (2)

where P is the mean annual precipitation (mm), and T (◦C) is the mean annual air tem-
perature. The values of T and P for every rangeland were downloaded from Clima-
tologies, at high resolution (30 × 30 s), for the Earth’s land surface areas (CHELSA,
http://chelsa-climate.org/, 2 February 2022), which is a global climate database covering
the period 1979 to 2013.

The species turnover was calculated as the gain and loss of species between altitudes
following the formula in Equation (3) below [108]:

β(H) = (g(H) + l(H))/(α(H) + α(H-1)) (3)

where g(H) and l(H) are the number of species gained and lost, respectively, from altitude
H-1 to altitude H, while α(H) and α(H-1) is the species richness at altitude H and H-1,
respectively [108].

In order to estimate the forage utilization percentage (FUP) in the spring of 2012 in
each of the four rangeland’s three plots, 9 m2 were fenced to be protected from grazing.
The above-ground herbage production was collected by clipping three 0.5 × 0.5 m quadrats
in each fenced plot (i.e., nine quadrats per fenced plot). In the same period into grazed
rangelands (sites), the remaining above-ground biomass after grazing was collected by
clipping in three similar quadrats in each transect (i.e., nine quadrats per rangeland), in
May 2014–2015. Consequently, grazing intensity was expressed by FUP. The difference
among herbage yields of fenced (UG) and grazed sites (G) was used to calculate FUP from
the formula of Equation (4) below [109]:

FUP= [(UG-G)/UG] × 100 (4)

3.3. Statistical Analysis

The Generalized Linear Model (GLM), assuming a normal distribution, was used to
assess whether the altitude of each rangeland, functional group, and year were significant
predictors of ground cover and floristic composition. Before analysis, the data were con-
verted to ln + 1 to meet assumptions of normality (tested with the Kolmogorov–Smirnov
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test) and homogeneity of variances (Levene’s test). Estimated marginal means for all the
above factors were calculated with pairwise contrasts, and LSD adjustment was applied for
the multiple comparisons (α = 0.05). The data in the figures and tables depict values before
the transformation. Pearson correlation was used to explore links among R, SE, GS, IdM, T,
P, and altitude. All statistical analyses were performed using the SPSS statistical package
v. 27.0 (IBM Corp. in Armonk, NY). The Paleontological statistics software package for
education and data analysis (Past) was used to calculate the diversity indices.

4. Conclusions

The Mediterranean basin includes a wide range of vegetation, climatic, and edaphic
conditions that have been shaped by natural selection under the pressure of a distinct
climate and human activities. Our results demonstrate the strong relationship between
diversity and temperature and agree with the fact that vegetation diversification is strongly
related to the climatic gradient and is more related to temperature than precipitation.
Moreover, this research could help to understand how grazing intensity and climatic
conditions interactively influence rangelands dynamics in semi-arid regions and monitor
the livestock management and decision making in these areas.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11070982/s1, Table S1: Plant species in floristic composition at the four studied
rangelands (life form: Grass (G), Legume (L), Forb (F), Phrygana (PH), Shrub (S).
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Abstract: Helichrysum italicum is a Mediterranean plant with various pharmacological activities.
Despite extensive reports on the bioactivity of the plant, its clinically studied applications have not
yet been reviewed. The aim of our study was to gather information on the internal use of H. italicum
and its bioactive constituents to determine its efficacy and safety for human use. We reviewed
research articles that have not been previously presented in this context and analyzed relevant clinical
studies with H. italicum. Cochranelibrary.com revealed six eligible clinical trials with H. italicum that
examined indications for pain management, cough, and mental exhaustion. Although the efficacy
of H. italicum has been demonstrated both in in vitro tests and in humans, it is difficult to attribute
results from clinical trials to H. italicum alone, as it has usually not been tested as the sole component.
On the other hand, clinical trials provide positive information on the safety profile since no adverse
effects have been reported. We conclude that H. italicum is safe to use internally, while new clinical
studies with H. italicum as a single component are needed to prove its efficacy. Based on the recent
trend in H. italicum research, further studies are to be expected.

Keywords: Helichrysum italicum; biological activity; internal use; clinical studies

1. Introduction

Plants have a long history of use in medicine and have been used by all cultures
or ethnic groups throughout history to improve human health [1]. They are considered
to be the oldest form of medicine known to humankind but are, on the other hand, also
an important source of modern medicines and govern synthetic drug development [1,2].
According to the World Health Organization (WHO), 70–95% of the world’s population
rely on traditional medicine for their primary health care [2]. This is especially true for the
Mediterranean countries, where plants play a vital role in the diet habits, and sometimes
there is no clear dividing line between food and medicinal plants, particularly in indigenous
and local traditions [3].

The plants belonging to the genus Helichrysum (family Asteraceae) are known as
everlasting flowers and are widely used in traditional medicine worldwide [4]. The plant
species of this genus typically have inflorescences of a bright yellow color [5], which retain
their form and color when dried, hence the name “everlasting” or “immortal” [4]. The
stems are woody at the base and can reach 30–70 cm in height. The plant is well adapted
to environments that lack water as it naturally grows on alkaline, dry, sandy and poor
soil at the altitude from the sea level up to 2200 m [6]. The Helichrysum Miller genus
includes more than a thousand of taxa, among them the most well-known and studied
species are Helichrysum italicum (Roth) G. Don [7] (Figure 1), Helichrysum stoechas (L.)
Moench [8], and Helichrysum arenarium (L.) Moench [9]. H. italicum and H. stoechas are
distributed throughout the Mediterranean [10] but are especially characteristic to Adriatic
region [11] and Iberian Peninsula [12], respectively, whereas H. arenarium is mostly found
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in the Central Europe [9,10]. Despite the long tradition in treatment of various disorders
for all three before-mentioned species, their traditional use for treating digestive problems
(e.g., fullness and bloating) has been approved by the WHO and the European Medicines
Agency (EMA) for the species H. arenarium alone [8]. Nevertheless, H. italicum has been
recently investigated quite extensively, especially in the Balkan countries. The focus of this
review article will be from herein after on H. italicum only. Among the H. italicum species,
there are also several subspecies (abbreviated ssp.), which are difficult to distinguish due to
a strong polymorphism in morphology [10]. The explanation of H. italicum classification is
beyond the scope of this review article, but the name of subspecies is included, if available
in the referenced article.

 

Figure 1. Cultivated Helichrysum italicum plant in flowering stage (Photo: Katja Kramberger).

Characteristic yellow fade-resistant inflorescences (seen in Figure 1) as well as veg-
etative aerial organs of H. italicum are a treasury of bioactive secondary metabolites that
result from the plants’ adaptation to this challenging environment. Apart from the volatile
terpenes present in essential oils, absolutes and supercritical CO2 extracts, H. italicum is
also very rich in phenolic compounds, which are recognized as health promoting agents
due to antioxidant properties they exert and their probable role in the prevention of various
diseases associated with oxidative stress, such as cancer, cardiovascular and neurodegen-
erative diseases [13]. The health-beneficial potential of H. italicum has been reported in
ethnopharmacological surveys and supported by numerous in vitro and in vivo exper-
iments [7]. In the Greek-Roman system of medicine, H. italicum was used as an anti-
inflammatory and anti-infective plant, and both uses are still well rooted in traditional
medicine today [14]. Antunes Viegas et al. [7] emphasized that, in contrast to animal
studies, there is a severe lack of clinical studies investigating the effects of the H. italicum
extracts, which undermines the possibility of validating the traditional uses of this plant.
One of the reasons why clinical and other comprehensive studies with herbal products are
scarce probably lies in the difficulty of interpreting the results of such studies [2].

The aim of our study was to gather all information reported in the literature on internal
applications of H. italicum or its bioactive constituents in humans to support the efficacy
and safety of H. italicum preparations for human use. We reviewed studies that have not
been outlined in this context before and analyzed relevant clinical trials with H. italicum as
the main or one of the studied components.
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2. Methodology

Research and review articles were searched via online databases including PubMed
and Scopus until February 2021. Clinical trials on H. italicum and its constituents were
searched through Cochrane Library (https://www.cochranelibrary.com/) and ClinicalTri-
als (https://clinicaltrials.gov/) (last accessed on 2 May 2021).

The reviewed literature on H. italicum use is presented in thematic sections; ethnophar-
macological surveys and non-clinical research articles (Section 3), human clinical obser-
vations (Section 4), clinical trials (Section 5) and recently published articles (Section 6).
The first section briefly reviews the use of H. italicum in traditional medicine, as well as
the most prominent in vitro and in vivo scientific experiments. Section on human clinical
observation summarizes the experiments in humans, which were not registered as clinical
trials. Clinical trials section is divided in clinical trials with H. italicum (Section 5.1) and
trials with isolated compounds commonly found in H. italicum (Section 5.2). Lastly, recently
published articles on H. italicum are presented to provide insight into the current trend of
H. italicum research.

3. Traditional Uses and Scientific Data

Ethnopharmacological surveys on H. italicum, summarized in the study by Antunes
Viegas et al. [7], show that the most frequently reported traditional uses are related to
respiratory, digestive and skin inflammatory conditions. Depending on the application,
H. italicum preparations are administered via inhalation, ingestion or topically. Other
therapeutic applications include wound healing and antimicrobial uses, as well as gall
and bladder disorders and analgesic use. Common types of preparations are mostly
infusions and decoctions, for both oral and external use, followed by vapors, juices and
powders [7]. Several in vitro as well as in vivo studies have confirmed biological activity
of compounds isolated from H. italicum or its fractionated extracts, whereas for some
indications such as digestive non-inflammatory disorders, pain in the gastrointestinal tract,
alopecia, helminthic infections, and sleeplessness, scientific validation is still missing [6].
Moreover, studies investigating crude extracts, especially aqueous extracts, which are the
most commonly used in traditional medicine, are rather scarce.

A large variety of H. italicum extracts can be prepared, and the resulting products
differ in their chemical composition, yet the main compound classes are terpenes and
phenolics. A systematic review of H. italicum bioactive compounds with regard to ex-
traction procedure used for their isolation was conducted by Maksimovic et al. [15] and
for the most characteristic compounds this information is summarized in Table 1. Re-
search on H. italicum regained interest in the 1990s with the studies by Facino et al. [16,17],
Pietta et al. [18,19] and by Zapesochnaya et al. [20,21] on isolation and identification of
bioactive substances of Italian H. italicum. Numerous studies were performed in the
following decades, in which additional bioactive constituents were isolated and in vitro
and in vivo tests performed to support their bioactivity [14,22–42]. Nostro et al. [22–25]
investigated anti-cariogenic potential of H. italicum diethyl ether and ethanolic extracts,
which is probably attributed to flavonoids. Studies by Sala et al. [26–29] dealt with a
class of acetophenone compounds and flavonoids pinocembrin, gnaphallin and tiliroside,
isolated from H. italicum, and tested their anti-inflammatory action in mice. Noteworthy
are also the studies by Appendino et al. [14], Rosa et al. [33,34] and Bauer et al. [35], who
discovered and investigated a main anti-inflammatory compound present in H. italicum,
arzanol. Its anti-inflammatory effects have also been proved in vivo [35]. Arzanol’s activity
and its mechanism of action are summarized in review by Kothavade et al. [43]. The
following studies are worth mentioning due to validating traditional uses at in vivo level.
Rigano et al. [39] proved that ethanol extract elicited antispasmodic action in the isolated
mouse ileum and inhibited transit preferentially in the inflamed gut. The suitability of
the traditional use of H. italicum ssp. italicum flowers for intestinal diseases was thereby
confirmed. De la Garza et al. [38] showed that methanol-water extract decreased blood
glucose levels and reduced postprandial glucose levels, as well as improved hyperinsu-
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linemia in a dietary model of insulin resistance in rats. Furthermore, Pereira et al. [42]
investigated anti-diabetic activity of water-based preparations (infusions and decoctions) of
H. italicum ssp. picardii via inhibitory activity towards α-glucosidase and found moderate
effects. Although diabetes is not one of the conditions mentioned in traditional medicine
of H. italicum, this study opened another possible application—treatment of metabolic
syndrome.

In recent years, increased interest for H. italicum was also observed in many Southern
European countries, predominantly due to H. italicum essential oil and its use in the
perfume and cosmetic industry. This topic is reviewed by Ninčević et al. [10], who also
focused on taxonomic classification and morphological characteristics arising from genetic
diversity, in addition to bioactive compounds of H. italicum and their biological activity.

Table 1. The list of the most characteristic bioactive compounds found and investigated in H. italicum.

Compound Name Chemical Structure 1 Extraction Solvent 2 Extraction Yield (from
Starting Plant Material) 3 Main Bioactivity 4

Caffeic acid

 

Methanol

0.0067% (NS) [38]
0.00042% (flowers) [41]

0.0057–0.015% (aerial parts
or flowers) [42]

Antioxidant,
anti-inflammatory and
anticancer activity [44]

Chlorogenic acid

 

Methanol

0.104% (NS) [38]
0.045% (flowers) [41]

0.52–0.77% (aerial parts or
flowers) [42]

Antibacterial [36],
antiviral, antioxidant,

anti-inflammatory,
anticardiovascular,
hypoglycemic, and

anticancer activity [45]

Pinocembrin

 

Acetone [32]
Methanol [27]

NA (NS) [32]
NA (aerial parts) [27] Anti-inflammatory [29]

Quercetin

 

Methanol
0.015% (flowers) [41]

0.001–0.0015% (aerial parts
or flowers) [42]

Antioxidant,
anti-inflammatory,

antimicrobial,
cardioprotective,

gastroprotective and
anticancer activity [46]

Naringenin

 

Methanol 0.023% (NS) [38]

Antioxidant, antitumor,
antiviral, antibacterial,
anti-inflammatory, and

cardioprotective activity
[47]

82



Plants 2021, 10, 1738

Table 1. Cont.

Compound Name Chemical Structure 1 Extraction Solvent 2 Extraction Yield (from
Starting Plant Material) 3 Main Bioactivity 4

Gnaphaliin

 

Methanol 0.03% (aerial parts) [31] Anti-inflammatory [29]

Luteolin

 

Ethanol NA (flowers) [16] Antiviral [24]

Tiliroside

 

Methanol 0.0063% (aerial parts) [31]
0.0015% (flowers) [41]

Anti-inflammatory and
antioxidant [29]

Arzanol

 

Acetone

0.078% (aerial parts) [14]
0.064% (aerial parts and

flowers) [33]
0.32% (aerial parts) [37]

Anti-inflammatory [14,35],
antiviral [14],

antioxidant [33] and
antibacterial [37]

Ursolic acid

 

Acetone 0.40% (aerial parts) [37]

Anti-inflammatory,
anticancer, antidiabetic,

antioxidant and
antibacterial effects [48]

1 Images of 2D structures of compounds were obtained from PubChem database. 2 Only the primary solvent used for extraction is
mentioned. Solvents used in subsequent fractionation process are not listed but can be found in the referenced articles. 3 Extraction yields
were calculated from the masses obtained after isolation procedures in response to the amount of the starting plant material. In addition,
information on the plant part used in the extraction is included, if specified. 4 Preferentially only activity related to H. italicum investigation
is reported, when available. NA—not available, NS—not specified.

4. Human Clinical Observations

Despite several review articles on H. italicum, the following clinical observations
are rarely mentioned. Systematic clinical studies on the anti-inflammatory properties
of H. italicum were already carried out by Leonardo Santini, an Italian physician, in the
1940s. Despite the promising results, these investigations were largely overlooked at that
time, but were later recognized as relevant for studies on anti-inflammatory activity of
H. italicum [14]. The clinical experiments performed by Santini [49], Benigni [50], Van-
nini [51] and Campanini [52] are described in Italian literature and summarized in the
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article by Appendino et al. [53]. These observations are presented in Table 2 along with
additional studies by Facino et al. [16], Voinchet and Giraud-Robert [54], and a very re-
cent one by Granger et al. [55]. These studies mainly cover treatments of respiratory and
dermal conditions.

Table 2. Clinical observations in humans, listed in chronological order.

Author and Date [Reference] Observation

Santini, 1930s [49]
H. italicum decoction administered to patients suffering from bronchitis and

asthmatic cough led to improvement of their respiratory condition and unrelated
conditions such as psoriasis and arthritis.

Santini, 1930–1950 [49]
Two decades of clinical observations led to the conclusion that clinical activity of a
decoction and syrup from H. italicum is similar to that of cortisone. Aerosolized
decoction of H. italicum showed positive results in the use for allergic rhinitis.

Santini, 1950s [49] Two independent clinical studies on patient with psoriasis confirmed beneficial
effects of H. italicum treatment.

Benigni, 1950s [50]

A series of clinical studies in various Italian centers substantially confirmed the
findings of Santini, showing that “Fraction H” produced using an organic solvent,
could, to varying degrees, replace corticosteroids in many of their uses and their

adverse side effects were thus avoided.

Vannini, 1981 [51] H. italicum decoction was found to be highly efficacious in treatment of
tracheo-bronchitis in a small clinical study in children.

Facino, 1988 [16]

Flavonoid fraction was applied to humans 10 min before or after exposure to UVB
radiation to evaluate their photoprotective and anti-erythematous activities,

respectively. The onset of the erythematous response was completely prevented
and a sun protection factor of approximately 5 was provided.

Campanini, 1995 [52]
Three weeks of treatment with 5% H. italicum decoction led to improvement of

psoriasis in all participants, with relapses observed within two months
post-treatment.

Voinchet and Giraud-Robert, 2007 [54]

Two drops of H. italicum essential oil, orally twice a day for 10 d, followed by its
topical application for 2–3 months in post-operative scars of patients submitted to

a plastic surgery of the thorax led to a reduction of local inflammation, edema,
bruises, and hematomas.

Granger, 2020 [55]

Night cream containing melatonin, carnosine, and H. italicum extract reduced skin
damage caused by environmental factors and its nightly use could improve
clinical signs of aging with additional skin calming benefits. Hydration and
trans-epidermal water loss values were improved within 1 h of use. Wrinkle

counts were reduced by up to 18.9%, and brown and UV spot numbers by 5.5%
and 13.2%, respectively. Lactic acid-induced stinging was significantly reduced

within 7 d of use, with 86.7% of subjects reporting that their skin felt calmer.

5. Registered Clinical Trials

5.1. H. italicum Herb

To date, no review of clinical trials including H. italicum has been conducted. Search-
ing the Cochrane Library for the term “Helichrysum” in Title Abstract Keyword (Word
variations have been searched) resulted in seven hits (https://www.cochranelibrary.com/,
accessed on 4 January 2021). An additional record was identified through PubMed database.
After inspection, one duplicate record was identified, and another one was excluded
based on an inappropriate Helichrysum species investigated. Other six records addressed
H. italicum alone or in combination with other herbs. The indications studied were pain
(chronic prostatitis, post-surgical pain), cough and mental exhaustion. Consequently, di-
verse dosage forms were used: granules, syrup, inhalation preparation and suppositories.
All relevant records were included in the qualitative synthesis, although few were missing
full-text articles. The above-described process of literature search and article selection is
shown in Figure 2. No meta-analysis could be performed, as there were too few trials
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published, and the presented trials possessed too much heterogeneity both in studied
conditions and in the formulations tested.

Figure 2. Flowchart of the trials’ selection process. n—number of records/studies.

The reviewed clinical trials on H. italicum are summarized in Table A1 and described
in more detail in the following paragraphs. The first trial, chronologically, was performed
by Aboca S.p.A., an Italian company focused on innovative products based on natural
substances. According to the EU clinical trials register record [56], two commercial products
in the form of granules for oral suspension were administered as a pain treatment to adult
patients with post-surgery pain. Freeze-dried extracts of H. italicum flowering tops and
Salvia officinalis (sage) leaves were parallelly compared against placebo. Although trial
status is “completed”, the results are not available in the databases, and no articles have
been published. We also tried contacting the company directly but were unsuccessful.

In the trial by Galeone et al. [57], H. italicum was incorporated in the medical device
Proxelan® (Sala Bolognese, Italy) suppositories along with other plants: Boswellia serrata,
Centella asiatica (Asiatic pennywort) and Cucurbita pepo (pumpkin) seeds. Altogether sixty
subjects with bacterial and non-bacterial prostatitis were divided in two groups, one re-
ceiving antibiotic treatment and the other receiving antibiotics together with Proxelan®

suppositories. Minor side effects were observed, but they did not cause trial interruption
in any case. From a microbiological point of view, Proxelan® treatment was not better
than antibiotics alone (p = 0.46). However, the combination of antibiotics and Proxelan®

improved both symptoms associated to chronic prostatitis and urinary symptoms, which
were two-fold decreased compared to control group after two months following the inter-
vention (p = 0.028). The trial provides some relevant information on the safety since the
rectal application can also have systemic effects. Conclusions regarding efficacy are not as
straightforward, as H. italicum was not a single plant in that formulation.

Additional trial with the same product has been published more recently [58]. This
time, authors aimed to investigate the effects of Proxelan® monotherapy on the pain
symptoms of patients with a clinical diagnosis of chronic abacterial prostatitis or chronic
pelvic pain syndrome. Proxelan® suppositories were prescribed to thirty male patients
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for a month with a daily dosage of one suppository at bedtime. Subjective pain relief was
obtained in all the patients (p = 0.04). Urinary symptoms, investigated by questionnaire,
decreased significantly (p = 0.04), and the quality of life improved (p = 0.04). Further
seminal investigations were performed on a subset of patients. In a one-month follow-up,
leukocytospermia decreased substantially or disappeared, IL-6 decreased by 11.55%, while
IL-8 values did not show significant variation. The sperm motility increased by 17.3% and
spermatozoa concentration remained unchanged. The medical device showed efficiency in
pain reduction, as well as in improvement of semen quality by addressing the inflammatory
component of this condition. This trial thus confirmed that Proxelan® monotherapy can be
successfully used without antibiotics combination treatment to obtain comparable clinical
outcomes in patients with chronic prostatitis or chronic pelvic pain syndrome symptoms.
However, the results obtained should be investigated on a larger cohort of patients in
randomized controlled trials.

Another trial was published by Varney and Buckle [59], who investigated the effect
of H. italicum essential oil on mental exhaustion and moderate burnout. Patients were
given a personal inhaler with mixture of essential oils (peppermint, basil, and everlasting)
or placebo (rose water), which they administered themselves three times in each nostril
every hour of the working day (approx. seven times per day) for the duration of five
days. According to the authors, this mixture contained two stimulant essential oils to
address the fatigue, and one balancing essential oil to address the anxiety. In aromatherapy,
Mentha x piperita (peppermint) essential oil is used to increase alertness and mental clarity,
and Ocimum basilicum ct linalol (basil) essential oil to reduce mental fatigue and achieve
antidepressant properties. H. italicum essential oil is known for its calming and soothing
properties. The participants self-assessed their feelings via questionnaire three times
per day in the intervention week, as well as one week before and after. Both groups
reported reduction in perception of mental exhaustion or moderate burnout, whereas for
the aromatherapy group, reduction was two times greater. Although the results were
encouraging, they may not be generalizable due to the small population tested and due to
some reported inconsistency in the administration.

The trial led by Cohen et al. [60] was by far the most extensive and multicentered. It
included 150 children over four pediatric clinics in Israel. The purpose was to determine if
there is comparable efficacy between mucolytic substance carbocysteine and a protective
cough syrup (Grintuss®, Sansepolcro, Italy) based on natural ingredients on children’s
cough due to upper respiratory tract infections, such as the common cold. Mucolytic agents
have been shown to be helpful, but serious side effects have been reported, and the use
has been prohibited for children under two years of age. Therefore, safer alternatives
for cough management, which function via other mechanisms such as irritated pharynx
mucosa protection, were explored. Grintuss® syrup contained a combination of specific
substances such as resins, polysaccharides, saponins, flavonoids and sugars derived from
Grindelia robusta (gumweed), Plantago lanceolata (ribwort plantain), H. italicum, and honey.
The protective effect of the syrup on the mucosa of the upper respiratory tract was exerted
by a local mechanical barrier (limiting cough stimuli with a non-pharmacological approach,
but with an indirect anti-inflammatory action), as well as by radical scavenging action.
A survey was conducted among parents on four consecutive days, where treatment was
Grintuss® or Mucolit® (Kiryat Malachi, Israel), with single-blinded randomization, 3 times
per day for 3 days. Both syrups were well tolerated, and the cough was alleviated. There
was a significantly better result throughout for Grintuss® (p < 0.05) after one day for all the
main outcome measures (cough frequency, cough severity, bothersome nature of cough,
and sleep quality for both a child and a parent). The trend for improvement over the four
days was steeper for Grintuss® (p < 0.05) for all cough parameters. Although both syrups
were effective and safe treatments for children over two years of age, Grintuss® appeared
to produce faster (first night) and more effective response (over four days of treatment)
as to clinical cough symptoms. This trial reveals important information on the safety of
H. italicum even for young children.
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In the trial by Canciani et al. [61], Grintuss® syrup was compared to a placebo syrup
in young children suffering from persisting cough. Both syrups were taken in four doses
per day for eight days. None of the patients discontinued the trial for adverse events, or
other safety reasons. The authors, however, state that Grintuss® should not be used in
case of known hypersensitivity to the components of the medical device, but no other
contraindications have been registered. It is worth mentioning that at the time of the
research, Grintuss® syrup has been on the market for more than ten years, registered
as a medical device (class IIa), during which the post-marketing surveillance system, in
compliance with Directive 93/42/EC, has not registered incident or side effects related to
the medical device, which further supports the safety of this device.

A similar trial by Calapai et al. [62] investigated the effect of KalobaTuss®

(Egna–Neumarkt, Italy) syrup in children with persisting cough. This product contained
H. stoechas as a component, therefore the record was not evaluated further. However, as the
H. stoechas is closely related to H. italicum [7], these findings might also be relevant.

5.2. Individual Bioactive Substances

Several factors, such as the growing conditions, drying, storage and extraction proce-
dure, can greatly affect quality and the composition of an herbal preparation and hence
its therapeutic outcome [63]. In modern phytotherapy and traditional medicine, mostly
extracts with complex chemical composition are used, rather than isolated substances,
favoring occurrence of synergistic effects and polyvalent activity. It needs to be stressed
out, that also less abundant compounds can be potent. Consequently, identifying the active
constituent in many herbal extracts has often proved to be difficult [64]. Several bioactive
compounds were previously isolated from H. italicum and their activity investigated (al-
ready discussed in Section 3). Pereira et al. [42] investigated the composition of infusions
and decoctions of H. italicum ssp. picardii and established that the main compounds were
chlorogenic and quinic acids, dicaffeoylquinic acid isomers and flavonoid gnaphaliin A.
According to Karača et al. [65], the most abundant phenolic compounds present in the
water extract prepared from commercially available H. italicum flowers, were caffeic acid,
chlorogenic acid, and its derivatives. Kramberger et al. [66] found that caffeoylquinic acids
and pyrones were the most prevalent compounds in H. italicum ssp. italicum water extracts.
Composition of the essential oils, on the other hand, is completely different. In essential
oil volatile terpenes predominate to the contrary of polar and semi-polar phenols, which
are common in water-based preparations and organic solvent extracts [15]. Some terpenes
can also be extracted with non-polar organic solvents or supercritical fluids, but this ex-
traction procedure deviates from the traditional methods of preparations. In the following
sub-section, clinical trials on the most relevant individual substances that are confirmed to
be present in H. italicum water and hydroalcoholic extracts are briefly described.

5.2.1. Phenolic Acids

In contrast to clinical trials evaluating H. italicum extracts of a whole plant, trials
on isolated substances are more numerous. One of the most studied isolated substances
found in H. italicum is chlorogenic acid, an ester of caffeic and quinic acid. It is a widely
distributed natural compound with many important activities. In vitro and in vivo studies
have found that the main pharmacological effects of chlorogenic acid are antioxidant, anti-
inflammatory, antibacterial, antiviral, hypoglycemic, lipid lowering, anti-cardiovascular,
antimutagenic, anticancer and immunomodulatory [45].

In the Cochrane Library, there are 160 Trials matching “chlorogenic acid” in Title
Abstract Keyword (Word variations have been searched) (https://www.cochranelibrary.
com/, accessed on 4 January 2021), and among them, 71 have been published in the recent
four years [67]. The trials mostly investigated effects on cardiovascular system, weight
loss, chronic inflammatory diseases, cognition, and lung cancer as well as bioavailability.
Chlorogenic acid has been investigated alone or as the main component of some dietary
supplements (i.e., green coffee extract). As this ubiquitous phenolic acid is present in largest
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quantities in coffee [68], which is a widely consumed beverage, action in the H. italicum
should not pose health concerns.

Similarly, caffeic acid—a very common phenolic acid with antioxidant, anti-inflammatory
and anticarcinogenic activity [44], is also a well investigated compound (68 registered trials,
accessed on 17.3.2021) [69]. Trials include effects on esophageal cancer, non-alcoholic fatty
liver disease, photoprotection, immune thrombocytopenia, and bioavailability studies.

5.2.2. Flavonoids
Pinocembrin is a well investigated flavonoid of H. italicum with demonstrated anti-

inflammatory action in vivo [29]. To date, there are only two registered clinical trials on
pinocembrin, and both have investigated its neuroprotective effect. Pinocembrin was
injected into patients with ischemic stroke [70], and in another trial by Cao et al. [71],
pharmacokinetics and safety of pinocembrin injection was investigated. When adminis-
tered intravenously to healthy adults, pinocembrin was well tolerated up to 120 mg/d.
Furthermore, no major safety concerns were identified that would preclude further clinical
development of pinocembrin injection.

Quercetin is a versatile antioxidant known to possess protective abilities against tis-
sue injury induced by various drug toxicities [46]. It is present in over twenty plants, in
H. italicum mostly in the form of various glycosides. There are over 497 registered trials
in Cochrane Library (https://www.cochranelibrary.com/, accessed on 17 March 2021)
investigating versatile interventions [72]. These include effects on the vascular system
(cerebral blood flow, vascular function, blood pressure, thalassemia), inflammation (sar-
coidosis, asthma, chronic obstructive pulmonary disease), sex hormone disorders (prostate
cancer, prostatitis, polycystic ovary syndrome and estrogen deficiency), metabolic disorders
(dyslipidemia, glucose absorption, non-alcoholic fatty liver disease), performance (neuro-
muscular function, endurance, recovery) and other (immune response, stroke, myocardial
infarction, hyperuricemia and oral mucositis).

Naringenin is a commonly found flavonoid in citrus fruits but is also found in its
glycoside forms in H. italicum. Several biological activities have been ascribed to this
phytochemical, above all cardioprotective action is the best investigated clinically [47].
Its effects on liver markers and blood pressure or on metabolic rate, insulin sensitivity
and blood glucose have been studied in patients with non-alcoholic fatty liver disease or
diabetes, respectively [73]. In the trial by Rebello et al. [74] on safety and pharmacokinetics
of naringenin consumption, naringenin proved to be safe in healthy adults (up to 900 mg),
and serum concentrations were proportional to the dose administered.

Clinical trials have been performed with luteolin as well. Effects on obesity and cardio-
metabolic risk factors in metabolic syndrome and on memory and behavior in children
with autism were investigated [75]. In addition, its effect on exercise performance was also
investigated.

5.2.2. Other Compounds

A triterpene ursolic acid, is one of the non-polar compounds of H. italicum, that has
been isolated from acetone [37] and methanol extracts [26]. Although it possesses anti-
inflammatory, anticancer, antidiabetic, antioxidant and antibacterial effects, its bioavail-
ability and solubility limit its clinical application [48]. Its activity has been investigated
in patients with metabolic syndrome and on muscle function. Furthermore, ursolic acid
was also injected to patients with solid tumors, where it was shown that ursolic acid lipo-
some does not accumulate in the body. The administration was tolerable, had manageable
toxicity, and could potentially improve patient remission rates [76].

Lastly, we want to mention also arzanol, which is probably the most characteristic
compound for H. italicum. Although extensively investigated in vitro and in vivo, to date,
no clinical trial has been registered.
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6. Recent Advances in H. italicum Studies

Concurrently with the clinical studies, other publications from the past three years
were also evaluated. While the majority of the published articles is still focused on
H. italicum essential oil, quite some of the recent research has been devoted to minimizing
waste from the production process and herewith to follow emerging sustainability and
upcycling approaches. Essential oil is produced preferentially from the flowerheads, while
the rest of the plant, which contains significant amounts of secondary metabolites and
could be used for extract production, is left in situ [53]. Dzamic et al. [77] investigated
wastewater extracts of H. italicum produced after distillation. The highest phenolic con-
centration was measured in deodorized aqueous extract. The deodorized aqueous extract
also possessed the highest antioxidant activity, followed by deodorized methanol extract,
while essential oil had the lowest radical scavenging activity. Addis et al. [78] investigated
wastewater extracts of aromatic plants, among them also H. italicum. They determined that
water decoction not only retains antioxidant activity, but is also effective in wound healing,
as it promotes tissue re-establishment after environmental stress exposure. Environmental
topics continue to arise as Pilić and Martinović [79] investigated effect of H. italicum macer-
ate on the corrosion of copper in simulated acid rain solution and Eksi et al. [80] assessed
H. italicum as a green roof substrate.

Recently, detailed chemical composition and antioxidant activity of hydroalcoholic
and water extracts has been evaluated and compared by Kramberger et al. [66]. In addition,
further functional studies with water extracts (infusions) have been performed on cell
models and gene expression of oxidative-stress related genes has been carried out [81]. In
this comparative study, two morphologically distinct H. italicum subspecies were compared
with a recognized medicinal plant of H. arenarium, on a genetic, chemical, and functional
level. Both H. italicum subspecies exhibited superior antioxidant activity in vitro as well
as cytoprotective activity. As it has been emphasized before [7], genetic or morphological
description of the plant material used is often lacking in studies, probably due to the
difficult characterization of H. italicum, arising from great diversity of the species and
disunited classification keys available. In the recently published study by Baruca Arbeiter
et al. [82], a set of new microsatellites as DNA markers was developed, which will serve
for selection of most promising genotypes for propagation and their implementation in
agricultural production.

7. Critical Perspective on Safety and Efficacy

H. italicum toxicity has been investigated in some in vitro studies, but in general, this
information is scarce. Pereira et al. [42] investigated cytotoxicity of H. italicum ssp. pi-
cardii tisanes towards different mammalian cell lines: hepatocarcinoma (HepG2), microglia
(N9) and bone marrow stromal (S17) cell line. The extracts in the tested concentration of
100 μg/mL and after 72 h of exposure had low toxicity, with cell viability values similar or
higher than those obtained for green (Camellia sinensis) and red bush (Aspalathus linearis)
teas, which suggest that these aqueous extracts can be regarded as non-toxic beverages.
Kramberger et al. [81] evaluated cell viability on lymphoma cell line (U937), adenocar-
cinoma cell line (Caco-2) and primary colon fibroblasts (CCD112CoN) after exposure to
H. italicum infusions. Concerning U937 cells infusion was not toxic up to 5% v/v con-
centration, whereas for Caco-2 it was toxic at 1% v/v. Interestingly, higher concentration
(2% v/v) was toxic for CCD112CoN cells, than for cancerous cell line Caco-2. Genotoxic
activity of H. italicum has been evaluated by Nostro et al. [24], where diethyl ether extract
showed no DNA-damaging activity at concentrations up to 2000 μg/disc. Some potential
cytochrome P450 enzyme interactions have been discussed by Antunes Viegas et al. [7],
more specifically for flavonoid tiliroside. It should be emphasized that the concentrations
that are achievable via oral route in vivo may not be sufficient to cause medical important
interactions due to low bioavailability. Such interactions are even less likely to occur when
administering traditional preparations, where effect of one minor compound usually does
not prevail. From the safety perspective, essential oils are potentially more problematic,
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as they are more concentrated mixtures. In this case, allergic reactions in hypersensitive
individuals can occur [83].

From the current review of the clinical trials, no adverse events that could be attributed
to the tested herbal products, were reported. Very importantly, the review also included
trials on a large number of young children. Furthermore, H. italicum has a long traditional
use and several products containing H. italicum are already on the market. However, the
products are mostly not registered as therapeutics, but rather as dietary supplements or
cosmetics. These products include oral supplements developed to favor venous circulation
or cough treatment, while cosmetic products, claim the calming and antimicrobial proper-
ties of H. italicum essential oil incorporated in their formulas [7]. Appendino [84] strongly
believes that the former focus on H. italicum essential oil and its application in cosmet-
ics, should be turned to development of novel ingredients for medicinal and health-food
products. The use of herbal products in general is very complex; apart from medicines,
food supplements and cosmetics, botanicals could be marketed also as food (for example
spices or herbal teas) or as medical devices, when the plant product can demonstrate a sole
mechanical and non-pharmacological action, such as protection of mucous membranes
or skin cooling/warming effect [85]. As these products are not proposed as treatments of
diseases, demonstration of their clinical profile is not legally required [86]. Nevertheless,
consumers usually choose the ones that better respond to their health needs, often ignoring
the fact that diverse marketing categories imply profound differences in terms of manu-
facturing processes, chemical composition, quality controls, and studies of efficacy [85].
Based on these data all together, it can be concluded that H. italicum in the orally acceptable
formulations is safe to use but would need further evaluation in the case of consideration
as an herbal medicine with well-established use.

Efficacy of H. italicum has been established several times both in in vitro tests and
in humans; first in human clinical observations and more recently also in clinical trials.
Although, there are proper clinical trials that demonstrated its tested efficacy, findings are
difficult to attribute to H. italicum alone, as it was usually not the only plant component
tested. From the only one monotherapy trial performed by the company Aboca S.p.A.,
the findings were unfortunately not available. On the other hand, there are numerous
studies and trials conducted with individual compounds present in H. italicum, which can
contribute to identification of bioactive substances and elucidation of their mechanism of
action. However, the findings can be misleading, as the effect of single isolated compound
can be more potent due to higher concentrations achieved than in a plant, or even less
manifested due to cumulative effects that occur in a compound mixture. For that reason,
such findings cannot be directly extrapolated to whole plant extracts.

8. Conclusions

With this review, H. italicum has been evaluated in terms of efficacy and safety for
internal use. The clinical trials provide rather more insight into the safety profile than
into the efficacy, due to lack of trials performed with H. italicum alone. The efficacy of H.
italicum, however, is evident from reports on traditional use, human observational studies,
or in vitro research. From the data gathered, particularly the trials in young children, we
conclude that the ingestion of H. italicum does not pose a risk to human health. Although
H. italicum is a plant with documented immense potential in several aspects of health,
it still lacks regulatory recognition. H. italicum could be considered for evaluation by
regulatory bodies such as the Committee on Herbal Medicinal Products under the EMA
based solely on its traditional use. Although ethnopharmacological reports are available,
for that purpose, traditional use of H. italicum in European territory would have to be
evaluated more thoroughly. On the other hand, to meet the well-established medicinal use
criteria, novel clinical studies with H. italicum as a single component are needed. Based
on the recent trend in H. italicum research, it is evident that the current interest in H.
italicum, especially at Balkan Peninsula, is considerable and expands far beyond cosmetic
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applications. As various publications continue to emerge, further clinical trials can also be
expected in the future.
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Appendix A

Table A1. Characteristics of included clinical trials, listed in chronological order.

Author, Year,
Country

Study Type Condition
Spec. “Italicum” Specie,

Plant Parts,
Compos.

Formulation,
Dosage

No. of
Participants, Sex

Age (y) Duration
Main Outcome/

Results
Safety, Adverse

Events

NA (Aboca
S.p.A.), 2005, Italy

[56]

Randomized,
controlled,

parallel
Post-surgery pain Yes, flowering tops, single

component
Granules for oral
suspension, 2.5 g 45, m/f 18–65,

>65 NA NA NA

Galeone, 2012,
Italy [57]

Randomized,
controlled

Bacterial and
non-bacterial

prostatitis

No, NA, comb. with other
herbs

Suppository
(2 g) 60, m 20–50 28 d, follow-up

after 60 and 120 d

Improvement of
urinary

symptoms, no
difference in

microbiological
results

Minor side effects

Varney, 2013, USA
[59]

Pilot, randomized,
controlled,

double-blind

Mental
exhaustion,

moderate burnout

Yes, essential oil, mixture
with two other EOs

Plastic inhaler, 2
drops of H.

italicum EO per
inhaler

14, m/f
25–45,
45–65,
>65

3 weeks

Reduction in
perceived level of

mental
fatigue/burnout

Not reported

Cohen, 2013,
Israel [60]

Randomized,
controlled,

single-blind,
parallel,

multi-center

Cough associated
with upper

respiratory tract
infections

Yes, NA, comb. with other
herbs and honey

Syrup, 20 mL in
three doses per

day
150, m/f 2–5 4 d

Reduced cough
frequency,

severity, better
sleep quality

Safe, well
tolerated

Canciani, 2014,
Italy [61]

Randomized,
double-blind,
multicenter,

placebo-
controlled

Cough associated
with upper

respiratory tract
infections,

persisting > 7 d

Yes, NA, comb. with other
herbs and honey

Syrup, 4 doses per
day (5 mL each) 102, m/f 3–6 8 d

The significant
decrease
of cough,

especially evident
at night

Adverse events
unrelated to the

treatment

Di Vico, 2019,
Italy [58]

Pilot, randomized,
controlled

Chronic
prostatitis,

chronic pelvic
pain syndrome

No, NA, comb. with other
herbs

Suppository (2 g),
1 supp./day 30, m 23–49 1 month

Subjective pain
relief, decrease in

urinary
symptoms

None reported

NA—information not available, EO—essential oil, m—male, f—female, no.—number, comb.—combination, supp.—suppository, spec.—
specified, compos.—composition of a product when H. italicum is not the single component, y—years.
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11. Blažević, N.; Petričić, J.; Stanić, G.; Maleš, Ž. Variations in yields and composition of immortelle (Helichrysum italicum, Roth Guss.)
essential oil from different locations and vegetation periods along adriatic coast. Acta Pharm. 1995, 45, 517–522.

12. Benítez, G.; González-Tejero, M.R.; Molero-Mesa, J. Pharmaceutical ethnobotany in the western part of granada province (southern
Spain): Ethnopharmacological synthesis. J. Ethnopharmacol. 2010, 129, 87–105. [CrossRef] [PubMed]

13. Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr.
2004, 79, 727–747. [CrossRef] [PubMed]

14. Appendino, G.; Ottino, M.; Marquez, N.; Bianchi, F.; Giana, A.; Ballero, M.; Sterner, O.; Fiebich, B.L.; Munoz, E. Arzanol, an
anti-inflammatory and anti-HIV-1 Phloroglucinol alpha-pyrone from Helichrysum italicum Ssp. microphyllum. J. Nat. Prod. 2007,
70, 608–612. [CrossRef]

15. Maksimovic, S.; Tadic, V.; Skala, D.; Zizovic, I. Separation of phytochemicals from Helichrysum italicum: An analysis of different
isolation techniques and biological activity of prepared extracts. Phytochemistry 2017, 138, 9–28. [CrossRef]

16. Facino, R.M.; Carini, M.; Mariani, M.; Cipriani, C. Anti erythematous and photoprotective activities in guinea pigs and in man of
topically applied flavonoids from Helichrysum italicum G. Don. Acta Ther. 1988, 14, 323–346.

17. Facino, R.M.; Carini, M.; Franzoi, L.; Pirola, O.; Bosisio, E. Phytochemical characterization and radical scavenger activity of
flavonoids from Helichrysum italicum G. Don (compositae). Pharmacol. Res. 1990, 22, 709–721. [CrossRef]

18. Pietta, P.; Mauri, P.; Gardana, C.; Facino, R.M.; Carini, M. High-performance liquid chromatographic determination of flavonoid
glucosides from Helichrysum italicum. J. Chromatogr. A 1991, 537, 449–452. [CrossRef]

19. Pietta, P.; Mauri, P.; Facino, R.M.; Carini, M. Analysis of flavonoids by MECC with ultraviolet diode array detection. J. Pharm.
Biomed. Anal. 1992, 10, 1041–1045. [CrossRef]

20. Zapesochnaya, G.G.; Dzyadevich, T.V.; Karasartov, B.S. Phenolic compounds of Helichrysum italicum. Chem. Nat. Compd. 1990, 26,
342–343. [CrossRef]

21. Zapesochnaya, G.G.; Kurkin, V.A.; Kudryavtseva, T.V.; Karasartov, B.S.; Cholponbaev, K.S.; Tyukavkina, N.A.; Ruchkin, V.E.
Dicaffeolyquinic acids from Helichrysum italicum and achillea cartilaginea. Chem. Nat. Compd. 1992, 28, 40–44. [CrossRef]

22. Nostro, A.; Bisignano, G.; Angela Cannatelli, M.; Crisafi, G.; Paola Germanò, M.; Alonzo, V. Effects of Helichrysum italicum extract
on growth and enzymatic activity of staphylococcus aureus. Int. J. Antimicrob. Agents 2001, 17, 517–520. [CrossRef]

23. Nostro, A.; Cannatelli, M.A.; Musolino, A.D.; Procopio, F.; Alonzo, V. Helichrysum italicum extract interferes with the production
of enterotoxins by staphylococcus aureus. Lett. Appl. Microbiol. 2002, 35, 181–184. [CrossRef]

24. Nostro, A.; Cannatelli, M.A.; Marino, A.; Picerno, I.; Pizzimenti, F.C.; Scoglio, M.E.; Spataro, P. Evaluation of antiherpesvirus-1
and genotoxic activities of Helichrysum italicum extract. New Microbiol. 2003, 26, 125–128. [PubMed]

25. Nostro, A.; Cannatelli, M.A.; Crisafi, G.; Musolino, A.D.; Procopio, F.; Alonzo, V. Modifications of hydrophobicity, In Vitro
adherence and cellular aggregation of streptococcus mutans by Helichrysum italicum extract. Lett. Appl. Microbiol. 2004, 38,
423–427. [CrossRef] [PubMed]

26. Sala, A.; Recio, M.C.; Giner, R.M.; Máñez, S.; Ríos, J.L. New acetophenone glucosides isolated from extracts of Helichrysum italicum
with antiinflammatory activity. J. Nat. Prod. 2001, 64, 1360–1362. [CrossRef]

27. Sala, A.; Recio, M.; Giner, R.M.; Máñez, S.; Tournier, H.; Schinella, G.; Ríos, J.-L. Anti-inflammatory and antioxidant properties of
Helichrysum italicum. J. Pharm. Pharmacol. 2002, 54, 365–371. [CrossRef] [PubMed]

28. Sala, A.; Recio, M.C.; Schinella, G.R.; Máñez, S.; Giner, R.M.; Ríos, J.-L. A new dual inhibitor of arachidonate metabolism isolated
from Helichrysum italicum. Eur. J. Pharmacol. 2003, 460, 219–226. [CrossRef]

29. Sala, A.; Recio, M.C.; Schinella, G.R.; Máñez, S.; Giner, R.M.; Cerdá-Nicolás, M.; Ríos, J.-L. Assessment of the anti-inflammatory
activity and free radical scavenger activity of tiliroside. Eur. J. Pharmacol. 2003, 461, 53–61. [CrossRef]

30. Schinella, G.R.; Tournier, H.A.; Prieto, J.M.; de Buschiazzo, P.M.; Ríos, J.L. Antioxidant activity of anti-inflammatory plant extracts.
Life Sci. 2002, 70, 1023–1033. [CrossRef]

31. Schinella, G.R.; Tournier, H.A.; Máñez, S.; de Buschiazzo, P.M.; del Carmen Recio, M.; Ríos, J.L. Tiliroside and gnaphaliin inhibit
human low density lipoprotein oxidation. Fitoterapia 2007, 78, 1–6. [CrossRef] [PubMed]

32. Wollenweber, E.; Christ, M.; Dunstan, R.H.; Roitman, J.N.; Stevens, J.F. Exudate Flavonoids in some gnaphalieae and inuleae
(asteraceae). Z. Nat. C 2005, 60, 671–678. [CrossRef] [PubMed]

92



Plants 2021, 10, 1738

33. Rosa, A.; Deiana, M.; Atzeri, A.; Corona, G.; Incani, A.; Melis, M.P.; Appendino, G.; Dessì, M.A. Evaluation of the antioxidant and
cytotoxic activity of arzanol, a prenylated α-pyrone–phloroglucinol etherodimer from Helichrysum italicum subsp.microphyllum.
Chem. Biol. Interact. 2007, 165, 117–126. [CrossRef]

34. Rosa, A.; Pollastro, F.; Atzeri, A.; Appendino, G.; Melis, M.P.; Deiana, M.; Incani, A.; Loru, D.; Dessì, M.A. Protective role of
arzanol against lipid peroxidation in biological systems. Chem. Phys. Lipids 2011, 164, 24–32. [CrossRef] [PubMed]

35. Bauer, J.; Koeberle, A.; Dehm, F.; Pollastro, F.; Appendino, G.; Northoff, H.; Rossi, A.; Sautebin, L.; Werz, O. Arzanol, a prenylated
heterodimeric phloroglucinyl pyrone, inhibits eicosanoid biosynthesis and exhibits anti-inflammatory efficacy In Vivo. Biochem.
Pharmacol. 2011, 81, 259–268. [CrossRef] [PubMed]

36. D’Abrosca, B.; Buommino, E.; D’Angelo, G.; Coretti, L.; Scognamiglio, M.; Severino, V.; Pacifico, S.; Donnarumma, G.; Fiorentino,
A. Spectroscopic identification and anti-biofilm properties of polar metabolites from the medicinal plant Helichrysum italicum
against pseudomonas aeruginosa. Bioorg. Med. Chem. 2013, 21, 7038–7046. [CrossRef]

37. Taglialatela-Scafati, O.; Pollastro, F.; Chianese, G.; Minassi, A.; Gibbons, S.; Arunotayanun, W.; Mabebie, B.; Ballero, M.;
Appendino, G. Antimicrobial phenolics and unusual glycerides from Helichrysum italicum subsp. microphyllum. J. Nat. Prod.
2013, 76, 346–353. [CrossRef]

38. de la Garza, A.L.; Etxeberria, U.; Lostao, M.P.; San Román, B.; Barrenetxe, J.; Martínez, J.A.; Milagro, F.I. Helichrysum and
grapefruit extracts inhibit carbohydrate digestion and absorption, improving postprandial glucose levels and hyperinsulinemia
in rats. J. Agric. Food Chem. 2013, 61, 12012–12019. [CrossRef] [PubMed]

39. Rigano, D.; Formisano, C.; Senatore, F.; Piacente, S.; Pagano, E.; Capasso, R.; Borrelli, F.; Izzo, A.A. Intestinal antispasmodic effects
of Helichrysum italicum (Roth) Don ssp. italicum and chemical identification of the active ingredients. J Ethnopharmacol. 2013, 150,
901–906. [CrossRef] [PubMed]

40. Rigano, D.; Formisano, C.; Pagano, E.; Senatore, F.; Piacente, S.; Masullo, M.; Capasso, R.; Izzo, A.A.; Borrelli, F. A new
acetophenone derivative from flowers of Helichrysum italicum (Roth) Don ssp. italicum. Fitoterapia 2014, 99, 198–203. [CrossRef]
[PubMed]

41. Mari, A.; Napolitano, A.; Masullo, M.; Pizza, C.; Piacente, S. Identification and quantitative determination of the polar constituents
in Helichrysum italicum flowers and derived food supplements. J Pharm. Biomed. Anal. 2014, 96, 249–255. [CrossRef]

42. Pereira, C.G.; Barreira, L.; Bijttebier, S.; Pieters, L.; Neves, V.; Rodrigues, M.; Rivas, R.; Varela, J.; Custodio, L. Chemical profiling
of infusions and decoctions of Helichrysum italicum Subsp. picardii by UHPLC-PDA-MS and In Vitro biological activities
comparatively with green tea (Camellia sinensis) and rooibos tisane (Aspalathus linearis). J. Pharm. Biomed. Anal. 2017, 145,
593–603. [CrossRef]

43. Kothavade, P.S.; Nagmoti, D.M.; Bulani, V.D.; Juvekar, A.R. Arzanol, a potent MPGES-1 inhibitor: Novel anti-inflammatory agent.
Sci. World J. 2013, 2013, 1–9. [CrossRef]

44. Espíndola, K.M.M.; Ferreira, R.G.; Narvaez, L.E.M.; Silva Rosario, A.C.R.; da Silva, A.H.M.; Silva, A.G.B.; Vieira, A.P.O.; Monteiro,
M.C. Chemical and pharmacological aspects of caffeic acid and its activity in hepatocarcinoma. Front. Oncol. 2019, 9, 541.
[CrossRef]

45. Miao, M.; Xiang, L. Chapter Three—Pharmacological action and potential targets of chlorogenic acid. In Advances in Pharmacology;
Du, G., Ed.; Pharmacological Advances in Natural Product Drug Discovery; Academic Press: Boston, MA, USA, 2020; Volume 87,
pp. 71–88.

46. Anand David, A.V.; Arulmoli, R.; Parasuraman, S. Overviews of biological importance of quercetin: A bioactive flavonoid.
Pharmacogn. Rev. 2016, 10, 84–89. [CrossRef]

47. Salehi, B.; Fokou, P.V.T.; Sharifi-Rad, M.; Zucca, P.; Pezzani, R.; Martins, N.; Sharifi-Rad, J. The therapeutic potential of naringenin:
A review of clinical trials. Pharmaceuticals 2019, 12, 11. [CrossRef] [PubMed]

48. Mlala, S.; Oyedeji, A.O.; Gondwe, M.; Oyedeji, O.O. Ursolic acid and its derivatives as bioactive agents. Molecules 2019, 24, 2751.
[CrossRef] [PubMed]

49. Santini, L. Rassegna clinico-statistica sulle proprietà terapeutiche dell élicrisio. Minerva Med. 1952, 43, 714–719. [PubMed]
50. Benigni, R.; Capra, C.; Cattorini, P. Piante Medicinali: Chimica, Farmacologia e Terapia; Inverni & Della Beffa: Milano, Italy, 1962.
51. Vannini, C. Atti II Seminario Internazionale Piante Medicinali e Medicina Tradizionale; Maremagnum: Città di Castello, Italy, 1981.
52. Campanini, E. Helichrysum angustifolium: Esperienze cliniche sulla psoriasi. Acta Phytother. 1995, 1, 8–10.
53. Appendino, G.; Taglialatela-Scafati, O.; Minassi, A.; Pollastro, F.; Ballero, M.; Maxia, A.; Sanna, C. Helichrysum italicum: The

sleeping giant of mediterranean herbal medicine. Herb. J. Am. Bot. Counc. 2015, 105, 34–45.
54. Voinchet, V.; Giraud-Robert, A.-M. Utilisation de l’huile essentielle d’hélichryse italienne et de l’huile végétale de rose musquée

après intervention de chirurgie plastique réparatrice et esthétique. Phytothérapie 2007, 5, 67–72. [CrossRef]
55. Granger, C.; Brown, A.; Aladren, S.; Narda, M. Night cream containing melatonin, carnosine and Helichrysum italicum extract helps

reduce skin reactivity and signs of photodamage: Ex Vivo and clinical studies. Dermatol. Ther. 2020, 10, 1315–1329. [CrossRef]
[PubMed]

56. Randomised Parallel Study against Placebo for the Determination of Efficacy of Liophilised Salvia Officinalis and Helichry-
sum italicum in Pain Treatment from Post-Surgery Pain in 45 Male or Female Patients. Available online: https://www.
clinicaltrialsregister.eu/ctr-search/trial/2005-000958-71/IT/ (accessed on 30 December 2020).

57. Galeone, G.; Spadavecchia, R.; Balducci, M.T.; Pagliarulo, V. The role of proxelan in the treatment of chronic prostatitis. Results of
a randomized trial. Minerva Urol. Nefrol. 2012, 64, 135–141. [PubMed]

93



Plants 2021, 10, 1738

58. Di Vico, T.; Durante, J.; Polito, C.; Tognarelli, A.; Canale, D.; Caglieresi, C.; Morelli, G.; Bartoletti, R. Pumpkin seeds, centella
asiatica, boswellia, Helichrysum, acetate vitamin e, melaleuca alternifolia and hyaluronic acid phytocomplex monotherapy effects
in patients with chronic pelvic pain syndrome. Minerva Urol. Nefrol. 2020, 72, 236–242. [CrossRef]

59. Varney, E.; Buckle, J. Effect of inhaled essential oils on mental exhaustion and moderate burnout: A small pilot study. J. Altern.
Complement. Med. 2013, 19, 69–71. [CrossRef] [PubMed]

60. Cohen, H.A.; Blau, H.; Gur, S.; Moshe, H.; Ran, B. Randomized, single-blinded study to evaluate the efficacy of grintuss and
mucolit pediatric syrups for cough due to upper respiratory tract infection. Pediatric Pulmonol. 2015, 50, S53–S83. [CrossRef]

61. Canciani, M.; Murgia, V.; Caimmi, D.; Anapurapu, S.; Licari, A.; Marseglia, G.L. Efficacy of Grintuss® pediatric syrup in treating
cough in children: A randomized, multicenter, double blind, placebo-controlled clinical trial. Ital. J. Pediatr. 2014, 40, 56.
[CrossRef] [PubMed]

62. Calapai, G. Randomized, Controlled, Double Blind Clinical Study on the Assessment of Efficacy, Safety and Palatability of
“KalobaTuss®Children”, a Syrup for the Treatment of Cough in Pediatric Age (3–6 Years). Available online: https://clinicaltrials.
gov/ct2/show/NCT04073251 (accessed on 30 December 2020).

63. Sendker, J.; Sheridan, H. Composition and quality control of herbal medicines. In Toxicology of Herbal Products; Pelkonen,
O., Duez, P., Vuorela, P.M., Vuorela, H., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 29–65,
ISBN 978-3-319-43806-1.

64. 2-Principles of herbal pharmacology. In Principles and Practice of Phytotherapy, 2nd ed.; Bone, K.; Mills, S. (Eds.) Churchill
Livingstone: Saint Louis, MO, USA, 2013; pp. 17–82, ISBN 978-0-443-06992-5.
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Climatic Drivers of the Complex Phenology of the
Mediterranean Semi-Deciduous Shrub Phlomis fruticosa Based
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Abstract: A 21-year Enhanced Vegetation Index (EVI) time-series produced from MODIS satellite im-
ages was used to study the complex phenological cycle of the drought semi-deciduous shrub Phlomis
fruticosa and additionally to identify and compare phenological events between two Mediterranean
sites with different microclimates. In the more xeric Araxos site, spring leaf fall starts earlier, autumn
revival occurs later, and the dry period is longer, compared with the more favorable Louros site.
Accordingly, the control of climatic factors on phenological events was examined and found that the
Araxos site is mostly influenced by rain related events while Louros site by both rain and temperature.
Spring phenological events showed significant shifts at a rate of 1–4.9 days per year in Araxos,
which were positively related to trends for decreasing spring precipitation and increasing summer
temperature. Furthermore, the climatic control on the inter-annual EVI fluctuation was examined
through multiple linear regression and machine learning approaches. For both sites, temperature
during the previous 2–3 months and rain days of the previous 3 months were identified as the main
drivers of the EVI profile. Our results emphasize the importance of focusing on a single species and
small-spatial-scale information in connecting vegetation responses to the climate crisis.

Keywords: remote sensing; MODIS; enhanced vegetation index; temperature; precipitation; rain
days; inter-annual variability; time-series; machine learning; climate change

1. Introduction

Vegetation response to climate variability is becoming increasingly important, espe-
cially under the frame of the ongoing global climate change [1–3]. Our understanding of
vegetation function, its interactions with the climate, the key controlling mechanisms, and
its vulnerability to climate change are far from complete. Evidently, understanding climatic
influences on processes and interactions enables the prediction of changes under different
climatic scenarios [4,5].

The most consistent results of climate change experiments are the species-specific
responses. Many experiments that have been conducted worldwide, including manip-
ulations of the CO2 and UV-B environment, temperature rise, and N deposition, have
manifested that plant species differ in their sensitivity to damage and their morphological,
biochemical, and physiological responses to altered environmental factors [6,7]. The exact
position held by a certain species in the sensitivity-tolerance continuum, as well as its spe-
cific responses, could cascade upwards to alter community and ecosystem composition and
structure through changes in the competitive balance between species [8,9]. Additionally,
the proposed conceptual frameworks for analysis of the species and ecosystem response
to changing climate underline the importance of thresholds for interpreting experimen-
tal results and predicting effects [10]. Rapid, nonlinear changes in some plant processes
or responses can be triggered by even small differences in environmental conditions if
threshold values are exceeded. This evidence stresses the importance of studies focusing
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on direct and indirect effects of environmental change on plant species and not only on
large formations and ecosystem-level spatial scales.

Plant phenology is considered an important factor that mediates vegetation and
climate relationships, through affecting a diverse set of processes [2]. Phenology is not
merely the succession of recurrent biological events in the plant’s lifecycle, but it also greatly
relates to plant activity, since different phenophases affect plant function and resource
allocation patterns [11]. The phenology–climate feedbacks are bi-directional. At one end
is the climate impact on the timing and duration of phenological events [3,12]. At the
other end is the influence of phenological events and, moreover, transitions on vegetation
feedbacks to the microclimate, i.e., humidity, temperature, wind speed, as well as soil
moisture and topsoil temperature [2]. Scaling up at the community and ecosystem level,
phenology influences processes and mechanisms such as water, CO2, and energy fluxes
which feedback to large-scale vegetation–atmosphere interactions. The well-established
sensitivity of phenology to year-to-year variability in climate could also serve as an indicator
of the long-term biological impacts of climate change on terrestrial ecosystems [13,14].

Remotely sensed data proved to be a valuable tool in coupling climate and vegetation
distribution/performance at large spatial and temporal scales. As a result, the objective of
many studies was the assessment of the effects of certain environmental factors on remote-
sensing-derived vegetation parameters [15–17]. A common feature in most of the above-
mentioned research efforts is the large spatial scale used, i.e., regional, continental or global,
exploiting satellite-derived simultaneous estimates of ecosystem function over wide areas.
Indeed, remote sensing of vegetation offers a promising and urgently needed assessment
of ecosystem function at a spatial scale that is comparable with the extent of human-caused
environmental change. However, information on specific species performance, which is
possibly incorporated in remote sensed data, is rather lost in the inevitably vague picture
given by large spatial-scale studies [18]. Ecophysiological field surveys could address
this issue, but because of laborious and time-consuming measurements, they have the
disadvantage of temporal and spatial limitations. Alternatively, satellite imagery in the
context of studying a particular species’ behavior, i.e., at small spatial scale, may render
an accurate picture of species responses to natural climate variability, as well as climate
change [19,20].

The focus on species and use of satellite data to study species-level responses, from a
phenological and especially an eco-physiological point of view, to climate forcing has an
essential prerequisite: strong correspondence with ground-measured plant processes or
features [21,22]. Indeed, established relationships between ground-determined characteris-
tics and their satellite-derived surrogates in terms of vegetation indices allow for an explicit
physiological meaning to the latter. This in turn permits understanding, monitoring, and
explaining species behavior, as well as identifying broad patterns in space and time, in-
cluding a species’ relationship with environmental determinants. Collectively, established
correlations enable exploiting the advantages of remote sensed data, i.e., large spatial and
temporal scales, with direct reference to species phenological/physiological characteristics.
The above-mentioned benefits justify the intensive research efforts of the last two decades
devoted in establishing such correlations [22–25].

The Enhanced Vegetation Index (EVI) has been shown to be well correlated with
LAI, biomass, canopy cover, and the fraction of absorbed photosynthetically active radia-
tion [26,27], and is therefore useful for monitoring seasonal, inter-annual, and long-term
variation of the vegetation structure and function [28]. EVI has been used instead of the
Normalized Difference Vegetation Index (NDVI) because it reduces sensitivity to soil and
atmospheric effects and remains sensitive to variation in canopy density where NDVI
becomes saturated [29–31]. Given these characteristics, modelers have begun using EVI
data to predict net primary production in ecosystem modelling applications [24,29].

Under the above-described framework, a 21-year EVI time-series is used in the present
study to assess climatic effects on the growth cycle of the drought semi-deciduous Mediter-
ranean shrub Phlomis fruticosa. P. fruticosa was chosen for the following reasons: (a) it is
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a typical drought shrub of Mediterranean ecosystems and, moreover is considered a key
species of the garrigue vegetation which dominates the most xeric parts of the Mediter-
ranean basin [32]; (b) we consider this species an ecological indicator of overgrazed ecosys-
tems in which it forms large, continuous, and undisturbed stands, exclusively covered by
this particular species, because it is not eatable by major farm animals (sheep, goats); (c) it
has a multi-phase intra-annual growth cycle, with distinct phases being possible targets to
climatic effects, which makes P. fruticosa a good model plant for satellite-derived phenol-
ogy studies; (d) its growth cycle has been extensively studied through eco-physiological
field measurements [33,34]; thus, there are established relationships between growth/eco-
physiological parameters and satellite indices [22,25]; (e) the plasticity and adaptability of
P. fruticosa, although established by field eco-physiological measurements have not been
validated in large space and time scales, as those provided by satellite imagery.

For the purposes of the present study, two distant P. fruticosa ecosystems, with dif-
ferences in climatic characteristics were chosen. The aims were (a) to depict the complex
phenological cycle of this species through satellite-derived EVI and extract metrics that
analyze the phenological events and transitions, (b) to determine the climatic drivers that
influence the phenophases and their possible differences between the two sites, and (c) to
identify trends for change, which could further be used as diagnostic and prognostic tool
for climate crisis effects.

2. Materials and Methods

2.1. Study Sites

Two ecosystems dominated by P. fruticosa with different climatic characteristics were
chosen in order to study possible differences in climate control and plant responses
(Figure 1): (a) Araxos area, the southern one (NW Peloponessos, Greece, 38.18◦ N, 21.37◦ E),
characterized by a prolonged summer stress period where high temperature co-exists
with a severe water shortage and (b) Louros area, the northern one (Epirus, Greece,
39.17◦ N, 20.85◦ E), with more favorable temperature and water availability conditions for
plant growth.

Figure 1. Map of Greece with the two study sites indicated with red dots and the locations of the
meteorological stations with blue dots.
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2.2. Meteorological Data

Meteorological data (average daily temperature and daily precipitation) of the 21-year
study period (2000–2020) for Araxos site were recorded by a meteorological station situated
in Andravida, about 29 km from the study area, while for Louros site, in Aktion airport,
about 28 km from the study site. Data were downloaded from U.S. National Oceanic and
Atmospheric Administration (NOAA) National Climatic Data Center (NCDC, www.ncdc.
noaa.gov, accessed on 1 March 2021). In Figure 2, the annual profile of the average total
monthly precipitation and the average monthly temperature for the 21-year study period
is presented for both study sites. Increased rain amounts in Louros site throughout the
year and a slightly lower temperature during the stressful summer period are evident
(average temperature of June to August 25.93 ± 0.62 ◦C for Araxos and 25.25 ± 0.63 ◦C for
Louros). For Araxos, the average annual temperature is 17.86 ± 0.35 ◦C and total annual
precipitation 759.5 ± 151.8 mm, while for Louros, the temperature and precipitation were
17.64 ± 0.42 ◦C and 919.3 ± 217.2 mm, respectively.

Figure 2. Annual profile of the average total monthly precipitation (bars) and the average monthly
temperature (points) for the 21-year study period (2000–2020) for Araxos and Louros study sites.

2.3. Species Description

Phlomis fruticosa is a dimorphic, semi-deciduous shrub of the eastern Mediterranean
areas. It bears two kinds of leaves—winter and summer ones—with different biochemical
and structural characteristics [30]. Winter leaves and summer leaves of the previous
growing season are massively shed during mid to late spring, resulting in a decrease in Leaf
Area Index (LAI). Hereinafter, we refer to this event as spring drop. During the summer dry
period, plants bear summer leaves developed during spring, which are smaller than winter
leaves and have lower chlorophyll content. After the onset of the autumn rainy period,
summer leaves absorb water rapidly (within days) and increase their area, while they alter
their biochemical characteristics, including chlorophyll content increase. Additionally, new
winter leaves with high chlorophyll content appear during November. Hereinafter, we refer
to this event as autumn revival. The transformation of summer leaves and the appearance
of winter leaves during autumn result in an increase in LAI, which remains almost stable
during winter, until next spring. Even though this phenological/physiological cycle is
repeated every year, the extent and/or the exact date for each particular phenological
event seem to depend on the microenvironmental conditions [31]. The main physiological
advantage of the semi-deciduous habit is the decrease in the transpiring leaf area during
the summer dry months, resulting in more efficient water economy.
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2.4. Satellite Data

The Enhanced Vegetation Index (EVI) was used in the present study. For the calcu-
lation of EVI, data from the Moderate Resolution Imaging Spectroradiometer (MODIS)
onboard the Terra satellite (part of the NASA Earth Observing System) were used. MODIS
scans the entire Earth surface every 1–2 days, acquiring data in 36 spectral bands. Out
of the 36 spectral bands, 7 bands are designed for the study of vegetation and land sur-
faces: blue (459–479 nm), green (545–565 nm), red (620–670 nm), near infrared (NIR1:
841–875 nm, NIR2: 1230–1250 nm), and shortwave infrared (SWIR1: 1628–1652 nm, SWIR2:
2105–2155 nm). Several products with differences in spectral, spatial, and temporal resolu-
tion, as well as in correction levels are freely provided by the MODIS Land Science Team
to users. In the present study, the geometrically and atmospherically corrected Surface
Reflectance 8-Day L3 Global 500 m product (MOD09A1), available to the public from the US
Geological Survey EROS Data Center (USGS EROS Center, http://eros.usgs.gov/, accessed
on 1 March 2021), was used. EVI was calculated according to the equation:

EVI = 2.5
Rnir − Rred

Rnir + 6Rred − 7.5Rblue + 1
(1)

where Rnir is reflectance between 841 and 875 nm, Rred between 620 and 670 nm and Rblue
between 459 and 479 nm [35].

The MOD09A1 datasets (2000–2020), which have a 500 m spatial resolution and 8-day
temporal resolution, were downloaded from the USGS EDC website using the geographical
coordinates of each study site and 21 years EVI time-series were produced for 4 and 3 pixels
for Araxos and Louros sites, respectively. These pixels were selected for each site after
land observations and GPS recording, as being homogenous and dominated exclusively
by P. fruticosa. The time-series of each pixel were corrected for erroneous values during
cloudy dates or other reasons using the BISE (Best Index Slope Extraction) algorithm [32].
Accordingly, for each date the average of the corresponding pixels was calculated for each
site and used for the construction of time-series over the 21-year study period. The time-
series of the two sites were further smoothed using an adjusted Fast Fourier Transform [36].
Additionally, the average annual EVI profile for each site was calculated by averaging EVI
values for the same 8-day period between years (Figure 4).

2.5. Phenology Metrics

The phenological cycle of P. fruticosa—as described above—may be depicted by the
seasonal EVI fluctuation shown in Figure 2. High and rather stable values of EVI during
winter (December to March), corresponding to high LAI and chlorophyll content values, are
followed by the spring drop period (April to June). The steep reduction in EVI during that
period corresponds to the massive loss of winter leaves and summer leaves of the previous
year. During summer dry period (July to September), plants bear a small number (low LAI)
of low chlorophyll content summer leaves (low and stable EVI values). The subsequent
autumn revival period, coinciding with the onset of the autumn rainy period (October–
November), is characterized by an abrupt rise of EVI, as a result of the “resurrection”
of summer leaves (rapid increase in leaf area due to water absorption, accompanied by
chlorophyll content increase) followed by the burst of new winter leaves at the end of
autumn. This pattern is repeated every year in both study sites, but remarkable differences
in parameters of spring drop, dry period and autumn revival may occur among sites
and/or years.

In order to quantify the phenological events described above (spring drop, dry period,
and autumn revival), the parameters presented in Table 1 were calculated for each site
and year. For the calculation of spring drop and autumn revival related parameters, the
1st derivative of the EVI curve was used. Day of Year for spring drop onset (SDO) and
autumn revival onset (ARO) are determined when the 1st derivative departs from near
zero values (Figure 3) and spring drop end (SDE) and autumn revival end (ARE) when
the 1st derivative returns to near-zero values, during the spring and autumn EVI steep
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change period. The differences between SDE-SDO and ARE-ARO result in the spring drop
duration (SDD) and autumn revival duration (ARD), respectively.

Table 1. Phenological events derived from the EVI curves, their abbreviations, and characteristics.

Phenological event Abbreviation Characteristics

Spring drop onset SDO Day of Year
end SDE Day of Year

duration SDD Number of days. SDD = SDE – SDO

Autumn revival onset ARO Day of Year
end ARE Day of Year

duration ARD Number of days. ARD = ARE – ARO

Dry period onset DPO Day of Year
end DPE Day of Year

duration DPD Number of days. DPD = DPE – DPO

Annual maximum EVI Max EVI
Date of Max EVI Day of Year

Annual minimum EVI Min EVI
Date of Min EVI Day of Year

Figure 3. Typical profile of the annual fluctuation of EVI (thick line) and its 1st derivative (thin line).
Red horizontal line corresponds to EVI = 0.3 and EVI 1st derivative = 0. Black vertical lines indicate
the onset and end of the spring drop and the autumn revival period, when EVI 1st derivative departs
or returns to zero values for onset and end correspondingly. Red vertical lines indicate the onset and
end of the dry period, when EVI is lower than 0.3.

Concerning dry period parameterization, onset (DPO) and end (DPE) of the dry period
were calculated according to the threshold method [37,38]. The EVI value of 0.3 was defined
as the threshold for DPO and DPE and was chosen because it represents the midpoint
between absolute maximum and absolute minimum (all 21 years) EVI values. Thus, DPO
and DPE were quantified as the Day of Year at which EVI reaches or leaves 0.3, respectively,
and the dry period duration as their difference (Figure 3).
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Additionally, in an attempt to exploit all the information contained in the shape of
EVI curve, annual maximum and minimum values and the date of their occurrence were
also determined for each site and year (Table 1). Finally, mean monthly EVI was calculated
and used as a surrogate of ecosystem dynamics in the assessment of climate control on
growth features. All the above-mentioned extracted parameters were used as independent
phenology metrics in the statistical analyses (see below) for the identification of the most
influential climatic factor.

2.6. Statistical Analysis

The relationships between the above described phenological events and climatic pa-
rameters were assessed using Pearson correlations and stepwise multiple linear regressions.
The examined climatic parameters concern total monthly precipitation (P), monthly sum of
rainy days (RD) and mean monthly temperature (T), of different time intervals-concurrent
and lagged-in relation to the corresponding phenological event. More specifically, pheno-
logical events were examined against the following combinations:

1. Average temperature, total precipitation, and total rain days of one to six consecutive
months before each phenological event, e.g., for a phenological event occurring in
October, total precipitation of October and September (two months combination).

2. Average temperature, total precipitation, and total rain days of one to five consecutive
months with one to five months lag before the event, e.g., for a phenological event
occurring in October, total precipitation of August and July (two months combination
with two months lag time).

The first step was to perform a Pearson correlation analysis for each phenological event
and the above-mentioned climatic parameters. Accordingly, the independent variables
that exhibited the maximum correlations in each case were employed in multiple linear
regression analyses with stepwise selection. Collinearity of predictor variables was auto-
matically detected by the statistical software and subsequently dealt by omitting variables
and re-running the regression analysis.

The influence of climatic parameters on inter-annual EVI variation was examined
following two different regression analysis methods, i.e., multiple linear regression and
random forest machine learning. As in the case of phenology and climate control, all com-
binations of the climatic parameters (precipitation, rain days, temperature) of various time
intervals and time lags of consecutive months up to six months before the event (EVI of a
particular month) were considered. Initially, a monthly step EVI time-series was produced
for each site, by averaging the analytical time-series data for each month. For the first
approach, the most significant climatic parameters were determined through single linear
regressions between monthly EVI and climatic parameters. Accordingly, combinations of
the most important parameters were examined through stepwise multiple linear regres-
sion. Analyses showed that a high regression coefficient was achieved with two climatic
parameters, i.e., adding additional parameters did not significantly enhance the efficiency
of the regression (data not shown). On the second approach, all climatic parameters were
used in a random forest machine learning procedure. During this procedure, data were
randomly split into a training set (64% of data), a validation set (16% of data) for perfor-
mance optimization and a test set (20% of data) for assessment of performance efficiency.
However, for an overall comparison of machine learning with multiple linear regression all
data were used in Figure 8. The efficiency of the two approaches was assessed through the
coefficient of determination (R2) and Root Mean Square Error (RMSE) of the predicted EVI
against actual EVI values.

All statistical analyses were performed with JASP v.0.16 software (JASP Team 2021
Computer Software), which includes a machine learning module.
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3. Results

3.1. Phenology

In Figure 4, the annual EVI profile for the two study sites is presented as average ± SD
from the 21-year study period data. In Araxos, spring drop as well as dry period (EVI < 0.3)
starts earlier and dry period ends later in autumn, accompanied by a retarded autumn
revival. Additionally, annual maximum and minimum EVI values appear higher for the
Louros site compared with Araxos, possibly as a result of better physiological performance
and/or higher shrub density under the more favorable conditions of Louros.

Figure 4. Annual EVI profile for the two study sites as average ± SD from the 21-year study period
data. The red line marks EVI = 0.3, the value which was defined as the threshold for dry period onset
and end.

These general differences among sites are usually followed every year throughout the
21-year study period (Figure 5). Additionally, it is clear from Figure 5 that the annual pro-
files for both sites show strong differences from year to year. These interannual variations
may be rather large, especially during summer periods, as seen by comparing the very dry
summer of 2001 with the wet summer of 2016 (Figure 5).

In an attempt to reveal the detailed differences between sites, the phenological events
described in Table 1, were determined for all years and sites and their average values are
presented in Table 2, whereas the most important among them, i.e., events concerning
spring drop, dry period, and autumn revival, are depicted in Figure 6.

As shown in Table 2, onset and end of spring drop occur 15 and 27 days earlier in
Araxos compared with Louros, respectively, with both events showing statistically signif-
icant differences. Additionally, spring drop in Araxos occurs more rapidly, as indicated
by the smallest duration, compared with Louros. Dry period starts 40 days earlier and
finishes 11 days later in Araxos compared with Louros, resulting in a significantly longer
dry period duration by 51 days. Concerning autumn revival, onset and end appear 13 and
5 days later, respectively, in Araxos, even though only onset is significant. However, as in
the case of spring drop, autumn revival occurs more rapidly in Araxos (shorter duration),
compared with Louros. Maximum and minimum EVI values are both significantly higher
in the Louros site, where more favorable climatic conditions prevail. Accordingly, the date
of maximum EVI appears 22 days earlier in Araxos, whereas no statistical difference is
evident for the date of minimum EVI.
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Figure 5. Interannual EVI fluctuation for the 21-year study period for the two study sites (a); EVI
fluctuation and the corresponding precipitation profile during a dry (2001, b) and a wet (2016, c) year
in the two study sites. The blue line marks the threshold for dry period onset and end (EVI = 0.3).

Table 2. Average data (±SD) for the phenological events described in Table 1 for the two study sites,
their difference (Araxos–Louros), and the significance of their difference (P, paired t-test). DOY, Day
of Year; ND, Number of Days.

Phenological Event Araxos Louros Difference P

Spring Drop
Onset (DOY) 95 ± 14 110 ± 11 −15 <0.001
End (DOY) 212 ± 33 239 ± 17 −27 0.004

Duration (ND) 117 ± 38 129 ± 23 −11 0.242

Dry Period
Onset (DOY) 131 ± 8 171 ± 19 −40 <0.001
End (DOY) 304 ± 33 292 ± 37 11 0.033

Duration (ND) 172 ± 34 121 ± 47 51 <0.001

Autumn Revival
Onset (DOY) 268 ± 23 255 ± 22 13 0.007
End (DOY) 345 ± 40 340 ± 42 5 0.486

Duration (ND) 77 ± 33 85 ± 32 −8 0.238

Max EVI 0.439 ± 0.026 0.473 ± 0.028 −0.034 <0.001
Date of Max EVI (DOY) 81 ± 17 103 ± 10 −22 <0.001

Min EVI 0.179 ± 0.011 0.226 ± 0.021 −0.048 <0.001
Date of Min EVI (DOY) 253 ± 23 245 ± 20 8 0.171
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Figure 6. Graphical depiction of onset, duration, and end of the main phenological events (Spring
Drop, Dry Period and Autumn Revival) for the two study sites. For all events, onset and end
correspond to Day of the Year, whereas duration corresponds to number of days (data from Table 2).

3.2. Phenology and Climatic Control

In order to account for climatic controls of phenology, average monthly temperature,
total monthly precipitation and total monthly rain days of time windows relevant to each
event and transition were examined. More specifically, phenological events were examined
against climatic parameters of various time intervals and time lags up to six months before
the event (see Section 2.6).

Spring drop onset for Araxos is influenced by precipitation of April (Figure 7), with
more rain delaying SDO. Accordingly, Louros is similarly influenced by the rain days of
April and March, whereas the temperature during January and February also plays a role;
low temperature delays SDO, probably through sustaining higher soil water capacity.

In Araxos, where precipitation during summer months is minimal and with low
interannual variability (July and August rainfall of 15 ± 33 mm), the main influential factor
on SDE is temperature of July and August with high temperature delaying the SDE and
resulting in lower minimum EVI values compared with Louros (Table 2). On the contrary,
in the wetter and more variable Louros site (July and August rainfall of 29 ± 61 mm), SDE
is mainly influenced by summer precipitation: the more it rains the earlier SDE appears
and at higher minimum EVI value compared with Araxos.

Dry period onset for Araxos, is affected by the precipitation of March and April (higher
precipitation delays onset) and the temperature of April and May (higher temperature
advances onset). For Louros, DPO is mildly affected by the February temperature, with
higher temperature delaying the event. DPE for Araxos is strongly affected by summer-
early autumn rain, since both precipitation and rain days of July to October period influence
the event, causing a delay at drier years. Similar effects of precipitation are evident
for Louros, but for this site, the temperature in July also plays a minor role; a higher
temperature results in earlier DPE and shorter duration.
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Figure 7. Climatic control on phenological events and transitions of P. fruticosa in the two sites as
derived by single or multiple linear regressions. The phenological metrics are: Spring drop onset
(SDO); spring drop end (SDE); spring drop duration (SDD); Dry period onset (DPO); dry period
end (DPE); dry period duration (DPD); Autumn revival onset (ARO); autumn revival end (ARE),
autumn revival duration (ARD); MaxEVI the maximum value of EVI; MaxDate, the date it is achieved;
MinEVI the minimum value of EVI; MinDate, the date it is achieved. For each phenological event, the
partial regression coefficient(s) of the most significant climatic variable(s) (precipitation (Pr), number
of rain days (RD) and temperature (T)) of single or multiple months (top line) is presented in the
corresponding colored horizontal lines, according to the chromatic scale appearing in the right. The
regression coefficient (R2) of the model which includes the factors influencing each event and the
corresponding level of significance (p) is presented in the right column of each site.

Autumn revival onset is also strongly affected by rain (precipitation of July to October
and rain days of August and September), with earlier onset during wetter years. A similar
effect of rain is apparent for Louros, but only through precipitation (June to October).
For both sites, ARE is affected by autumn rain days (July to October for Araxos and
September to October for Louros). Nevertheless, a rather unreasonable effect of June rain
days is evident in Araxos, where more rain days during June delay the ARE. However, this
peculiar effect is also recorded for ARD for both sites (rain days of June for Araxos and July
for Louros).

The value of maximum EVI seems to be positively affected by spring rain days for both
sites (of March for Araxos and March–April for Louros). Winter precipitation affects the
date in which the maximum EVI is achieved for both sites. More specifically, more rainfall
during January to March for Araxos and January for Louros causes a delayed appearance
of maximum EVI. Minimum EVI occurs during late August or early September in both
sites. The rain days of August is the determinant of minimum EVI in Araxos, whereas
precipitation over a longer period, February to June, positively affects the minimum EVI of
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Louros. Additionally, Louros seems to be affected by temperature of July, but in a rather
unexpected way, since higher temperature results in higher EVI. Finally, for both sites
the date that the minimum EVI appears is affected by the spring–summer precipitation
(May–June for Araxos and March to August for Louros), with more rain transferring the
date earlier.

Collectively, the 13 phenological events analyzed above are influenced mostly by rain
related parameters for the Araxos site; more specifically 10 events by precipitation and/or
rain days, 2 events by temperature and 1 event by both rain and temperature. On the
contrary, both rain and temperature play crucial roles in Louros phenology, since 6 events
are influenced by precipitation and/or rain days, 6 events by both rain and temperature,
and 1 event by temperature.

3.3. Phenology and Climate Change

All phenological events examined above could be potentially related to the ongoing
climate change. Our dataset of 21 years is long enough to permit the analysis of the trends
of phenological events’ interannual fluctuation in the context of climate change. As shown
in Figure 8, spring-drop-related events show significant trends for the Araxos site, but not
for Louros, whereas no significant trends appear for the rest of the phenological events (data
not shown). The trends appearing for Araxos seem to be explained by similar trends in the
main climatic factors that these events are related to (Figure 8). SDO tends to commence
earlier in the season by 1 day per year, whereas April precipitation—the main influential
climatic parameter (Figure 7)—tends to decrease by 1.7 mm per year. Accordingly, SDE
experiences a delay by 3.8 days per year and spring drop duration is elongated by 4.9 days
per year. Both events are influenced by July–August temperature (Figure 7), which shows a
similar trend, increasing by 0.06 ◦C per year during the study period (Figure 8).

Figure 8. Interannual fluctuation of the spring drop related phenological events (dots) and their trends
(lines) for the two study sites during the study period: (a) Spring drop onset (SDO,), (b) spring drop
end (SDE), (c) spring drop duration (SDD. Interannual fluctuation of the main climatic parameters
influencing the phenological events of the Araxos site (dots) and their trends (lines) during the study
period: (d) April precipitation, (e) July–August temperature.
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3.4. EVI and Climatic Control

Since all phenological parameters are extracted from the EVI time-series, the influence
of climatic parameters on EVI per se was examined as a final integrating step. To that
purpose, as in the case of climate control on phenological events, all combinations of the
climatic parameters (precipitation, rain days, temperature) of various time intervals and
time lags of consecutive months up to six months before the event (EVI of a particular
month) were considered through two regression analysis methods, i.e., multiple linear
regression and random forest machine learning.

As shown on Figure 9, EVI may be predicted by similar parameters for both sites
through multiple linear regression analysis, i.e., temperature of the previous two months
for Araxos and three months for Louros and rain days of the precious three months for
both sites. However, the machine learning approach—in which all climatic parameters are
included—results in much stronger models compared with the multiple linear regression
approach, as judged by R2, RMSE and the regression line which is closer to the 1:1 line. It is
worth to note, that the parameters determined by the multiple linear regression approach
are among the most important ones determined by the machine learning approach, but the
inclusion of additional parameters significantly enhances model efficiency.

Figure 9. Regressions between measured and modelled EVI through multiple linear regression (MLR,
a,c) and random forest machine learning (RF, b,d) for Araxos (a,b) and Louros (c,d). In multiple
linear regressions (a,c) the two climatic parameters participating in the models are shown in the right
lower corner of each graph. In machine learning models (b,d) the ten most important parameters are
shown. In both cases parameter importance decreases from top to bottom. Black lines correspond to
the 1:1 lines and red ones to the regression lines. Climatic parameters are described by an acronym
for parameter description (T for temperature, Pr for precipitation, and RD for rain days) followed by
a number showing the number of the corresponding months and a number corresponding to the lag
time, for example T_2_1 refer to temperature of two months before one month.
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4. Discussion

In this study, the phenological differences between two sites dominated by the semi-
deciduous shrub Phlomis fruticosa, were examined using MODIS EVI time-series. P. fruticosa
has been extensively studied from an ecophysiological point of view with both field mea-
surements [33,34] and in combination with satellite data [22,25]. The most important
characteristic of its growth pattern is the massive leaf shedding during spring, as an adap-
tation to the adverse conditions of the hot and dry Mediterranean summer, accompanied
by autumn revival after the onset of the autumn rains.

4.1. EVI Tntra- and Inter-Annual Fluctuation and Phenology Metrics

The first target of the present study was to monitor seasonal and inter-annual fluctua-
tion of EVI and, subsequently, to identify key phenological events, in order to analyze the
temporal dynamics of P. fruticosa community in two distinct sites.

The two sites examined in this study are located near to the shoreline of western
Greece but have a latitude difference of about 1◦. Accordingly, during the 21-year study
period, the southern site (Araxos) appeared more xeric compared with the northern site
(Louros, Figure 2).

As shown in Figures 3–5, satellite data can capture and effectively describe the com-
plex phenology of the semi-deciduous shrub. The inter-annual variability of EVI values
is considerable and this is well depicted in two extreme years, the dry 2001 and wet 2016,
which are presented in Figure 5 in relation to precipitation. Both sites exhibit an analo-
gous profile concerning the prolonged drought phase (denoted by EVI < 0.3) at the dry
year, which is considerably shortened during the wet year. In the relevant remote sensing
literature, several studies have reported a detailed single-species phenology monitoring,
emphasizing the importance of spatially explicit analyses and the study of phenological
trends in small-scale level [15,39,40]. Especially in the fragmented and highly heteroge-
neous Mediterranean vegetation, this approach connects small- to large-scale information
on community or ecosystem function, which would be otherwise lost if only regional level
is considered [41].

The timing of certain phenological events that describe the annual cycle of P. fruticosa
differs in various degrees between the two sites. In the southern Araxos, the earlier spring
drop onset, the later autumn revival onset, the prolonged dry period and the earlier
appearance of maximum EVI are important in shaping the annual picture and statistically
significant. It is well documented that the above-described phenological transitions relate
to greening-up or senescence processes which control the community function, state,
and productivity [22,25]. Thus, the phenological transitions are influenced and in turn
may influence the microclimate, generating gradients of humidity and temperature and
affecting topsoil characteristics. Playing such a crucial role in microclimate modification
the phenological patterns may have long-term feedback on larger-scale vegetation–climate
interactions [2].

4.2. Climatic Control on Phenological Events

In semi-arid Mediterranean ecosystems, the high inter-annual variability of EVI sug-
gests that the “memory effects” of previous year’s climate are minimized, as proposed by
Catorci et al. [42]. Therefore, our analysis of the relationship between phenological events
and climatic drivers was focused on up to 6 months preceding each certain transition. The
spring and dry-period-related events were influenced by both precipitation and temper-
ature of a short preceding period. The spring drop of winter leaves indicates the end of
winter growth and the “preparation” of P. fruticosa to face summer adverse period. Spring
precipitation was the major driver of SDO, whereas its duration was influenced by summer
precipitation in Louros and summer temperature in the drier Araxos site. Spring phenology
has been proved to be sensitive to climatic control in Mediterranean-type ecosystems,
possibly due to the high variability of climatic parameters during spring [4,43]. Work-
ing with Mediterranean grasslands Catorci et al. [42] reported that rainfall in March and
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drought stress in April and May were the main drivers of satellite-derived spring biomass
production. Climatic parameters linked to moisture control are predominant in shaping
vegetation response in Mediterranean, semi-arid and arid ecosystems [44]. Precipitation
totals over the preceding three months have been found to correlate with the start of growth
season in various Mediterranean regions [4]. Piedallu et al. [45] highlighted the positive
correlation of spring temperature with vegetation greenness in an elevation gradient in
South France, while stating that rainfall played a minor role in the overall region response,
except for the most arid microsites.

The onset of the dry period for P. fruticosa was determined as the time-point at which
the EVI reaches the 0.3 threshold, denoting a massive leaf loss thus a significant decrease
in LAI. Increased spring precipitation retards DPO, but increased spring temperature ad-
vances it in Araxos, whereas the temperature of February is the only important parameter
in Louros. The duration of dry period and the DPE is influenced mainly by precipitation in
both study sites. The seasonal timing of rainfall events is important in determining their
effects on phenology [43]. Especially in semi-arid systems and drylands, the precipitation
during water-deficit periods is significantly more important in driving phenology than the
rain during favorable moisture conditions. Broich et al. [31] suggested that the stronger
correlation patterns with single-month compared with multi-month aggregated drivers
indicate that rainfall at a specific time-point determines most phenological events. Cor-
roborating this conclusion, our findings suggest that 7 out of 13 phenology metrics were
influenced by single or double-month precipitation related parameters in the drier site
of Araxos.

The autumn revival of P. fruticosa is characterized by the resurrection of summer
leaves and the massive production of the winter leaves, thus it is related to an abrupt
increase in EVI values. The ARO is primarily driven by the precipitation of the previous
5 months in Louros, whereas in Araxos an equal contribution of the previous 4 months
precipitation and the rain days of previous 3 months is recorded. This result is in accordance
with Cabello et al. [43], who reported that the earlier arrival of the first rains after the
summer adverse period significantly account for the acceleration of growth period onset in
Mediterranean drylands. To the same direction was the effect of precipitation on vegetation
greening in semi-arid sites of Tunisia [17]. On the contrary, Horion et al. [46] stated that
temperature of the last month was the major climatic constraint for growth from the start
of vegetative growth to flowering in two studied sites in the Mediterranean basin.

The study of possible climate change effects on phenology was significantly advanced
by the use of satellite remote sensing as an efficient tool for continuous vegetation mon-
itoring in large temporal scales [47,48]. The present 21-year study covers an adequate
period to evaluate trends in timing of phenological events. A significant trend for earlier
spring drop onset in Araxos site was evident following the similar downward trend of
April precipitation, which was found to be the most influential climatic factor at this par-
ticular event and site. On the contrary, the SDE showed a delay rate of 3.8 days year−1,
in response to July-August temperature increase. Both SDO advancement and SDE delay
resulted in a significant trend for prolonged SDD, at a rate of 4.9 days year−1. Spring
events in Louros and the other phenophases of P. fruticosa showed weak or no trends for
change. The advancement of spring phenology is one of the consistent observations across
Northern Europe [18], North America [30], and China [5] during the two recent decades.
In Mediterranean-type ecosystems, the spring phenology trends show scattered spatial
pattern according to a comprehensive study of Ivits et al. [4]; over the southern Mediter-
ranean region, an earlier start-of-season was observed, whereas over parts of the northern
Mediterranean basin a growing season shift towards later dates was evident. Concerning
the climate forcing of spring phenology trends, March rainfall was reported as the main
driver of NDVI variability [42], whereas in accordance with our results Cabelo et al. [43]
also reported a trend for reduced spring precipitation which accounted for spring phenol-
ogy variations. Temperature rising has also well documented consequences in vegetation
phenology, especially in semi-arid ecosystems [49–51]. An interesting outcome of the
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analyses presented here is that the contribution of both temperature and precipitation is
higher in shaping the Louros phenological profile, whereas the more xeric Araxos depend
more on rainfall. This is in accordance with the relevant literature, where a positive link of
precipitation and satellite-derived phenology has been generally observed, but a stronger
relationship has been reported for xeric compared with colder and wetter areas [45,52].

Temperature and rain days proved to be the main climatic drivers of EVI profile
for both Araxos and Louros sites, according to multiple linear regressions and machine
learning approach (Figure 9). Specifically, the temperature of the previous two (Araxos)
or three (Louros) months and the number of rain days for the preceding three months
account for the overall variation of EVI in the 21-year period. The same climatic factors
with variable time windows are present in the set of the 10 most influential parameters
derived from the machine learning approach, which is increasingly adopted in studies
involving time-series. It is interesting to examine these results in the context of climate
change. Mediterranean ecosystems are vulnerable due to intense anthropogenic pressure,
natural disturbances (i.e., drought and fires), and a highly fluctuating climate, with main
characteristic the erratic precipitation patterns [4]. The scenarios of climate change impact
on the existing precipitation and temperature regimes include a large reduction in annual
precipitation and an increase in inter-annual variability. The latter is expected to result in
more heavy rainfall concentrated in fewer rain days, thus prolonged and frequent drought
events. Thus, it is crucial to include the parameter of rain days in the studies of climatic
forcing on phenology and ecosystem productivity.

The findings of the present work revealed differences in both P. fruticosa phenology and
its climatic drivers between two sites being only 1◦ apart with small differences in climate.
We may expect even more significant differences between regions with completely different
climatic profile, though the direction and magnitude of response cannot be predicted. The
single-species sites examined in this work facilitated EVI signal analysis and drawing
conclusions but simultaneously may be considered a study’s limitation concerning the
applicability of the methodology in more diverse and species-rich ecosystems. Future
studies may examine distant Mediterranean sites where significantly different climatic
conditions prevail. Moreover, incorporating other key Mediterranean species will be crucial
for understanding the dynamics of Mediterranean species phenology in regard to climate.
Since P. fruticosa is a key species in garrigue formations in Greece (also called phrygana),
the findings of the present study may give valuable baseline information for future studies
on more complex garrigue ecosystems phenology and the involved climatic drivers.

5. Conclusions

The complex phenological cycle of the drought semi-deciduous P. fruticosa was clearly
depicted in the satellite-derived EVI seasonal fluctuations in both studied sites, the southern
Araxos and the northern Louros. The phenology metrics were differentiated between the
two sites. The contribution of both temperature and precipitation is higher in shaping the
Louros phenological profile, whereas the more xeric Araxos depends more on rainfall. In
Araxos, a trend for SDO advancement and more prolonged SDD was recorded during
the last 21 years, closely related to certain precipitation and temperature trends. The
results of the present study revealed the importance of analyzing the seasonal timing of the
phenological events in the lifecycle of a typical species of the Mediterranean ecosystem and
of identifying the climatic drivers of their profiles changes. This approach, which focuses
on a single species and explicit small-spatial-scale information, will be crucial in connecting
small- and large-scale vegetation responses to climate crisis.
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Abstract: The geophyte Cyclamen graecum is native to the eastern Mediterranean. Its beautiful flowers
with upswept pink petals appear during early autumn, after the summer drought period and before
leaf expansion in late autumn. The floral and leaf development alternates with their cessation in
early winter and late spring, respectively. Ecophysiological parameters and processes underlining the
life-cycle of C. graecum have not previously been published. Seasonal fluctuations of sugars, starch,
and free proline have been investigated in tubers, leaves, pedicels, and petals, as well as petal and leaf
water status. At the whole plant level, the seasonal co-existence of leaves and flowers is marked by an
elevated soluble sugar content, which was gradually reduced as the above-ground plant parts shed.
The sugar content of petals and pedicels was lower than that of leaves and tubers. Leaf starch content
increased from late autumn to spring and was comparable to that of tubers. The starch content in
petals and pedicels was substantially lower than that of tubers and leaves. In tubers, monthly proline
accumulation was sustained at relatively constant values. Although the partitioning of proline in
various organs did not show a considerable seasonal variation, resulting in an unchanged profile
of the trends between tubers, leaves, and flowers, the seasonal differences in proline accumulation
were remarkable at the whole plant level. The pronounced petal proline content during the flowering
period seems to be associated with the maintenance of floral turgor. Leaf proline content increased
with the advance of the growth season. The values of leaf relative water content were sustained fairly
constant before the senescence stage, but lower than the typical values of turgid and transpiring
leaves. Relationships of the studied parameters with rainfall indicate the responsiveness of C. graecum
to water availability in its habitat in the Mediterranean ecosystem.

Keywords: Cyclamen graecum; geophyte; Mediterranean; phenology; seasonality

1. Introduction

The geophytes exhibit a life-cycle associated with temporal separation of the vege-
tative phase from the flowering phase and possess perennial tubers, which support their
annual growth [1–3]. Cyclamen L. (Primulaceae) is commercially important and a very
popular horticultural genus native to the area around the Mediterranean Basin [4–6]. Wild
cyclamens are perennial geophytes of woods and rocky areas. Cyclamen was mentioned as
kyklaminos (κυκλάμινoς) in Theophrastus’ writings (4th century BC) [2,7]. The Cyclamen
Society [8] recognizes 20 Cyclamen species. The cultivated cyclamens are usually hybrids of
the spring flowering species Cyclamen persicum.
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Cyclamen graecum Link grows in the wild; it is a perennial, tuberous geophyte, naturally
distributed in bushy, stony, and sunlit ground in southern parts of the mainland of Greece
and Aegean islands, as well as in coastal areas of Turkey and Cyprus, sometimes being
confined into crevices in rocks. Environmental conditions, especially temperature, control
annual development and florogenesis in geophytes [9]. C. graecum is an autumn flowering
geophyte. Floral pedicels and leaf petioles arise from the upper part and/or the crown of the
over summering, large, perennial tubers that have nodes marked by small buds [10,11]. It
has been published that Cyclamen species with more than 30 chromosomes, e.g., C. persicum
(2n = 48) and C. graecum (2n = 84), can develop very large tubers [12,13]. Actually, cyclamens
do not produce sister tubers, but their tubers enlarge with age [14,15]. In C. graecum, thick
anchor roots are developed between fibrous roots, from the center of the base of the tuber [8],
but their role is not yet fully clarified; it is expected that they penetrate deep into the texture
of stony substrate [4,5], which is a habitat of distinct seasonal aridity and moistness. The
dark green, heart-shaped leaves of C. graecum appear in November. The leaves are slightly
angular with variegated green spots on the adaxial surface; parts of the adaxial leaf surface
are light green and other parts are dark green, while the abaxial leaf surface is violet-mauve.

Partitioning of total sugars between plant parts is directly linked to developmental
flux of carbon molecules, osmolytes, and energy [16]. Moreover, soluble sugars and
proline play pivotal roles in plants’ stress responses [16–18]. In geophytes, the mobilization
of total sugars and starch from below-ground organs generates crucial metabolites to
support vegetative and reproductive growth, and synthesize essential compounds. Starch
as a storage compound is easily hydrolyzed to soluble sugars that can be transported to
growing plant organs. Subsequently, after leaf shedding, total sugars and starch accumulate
in below-ground plant parts to sustain metabolism and serve as transient energy storage
during the oncoming above-ground vegetative stage [16]. It may be worth noting that
sowbread (panis porcinus), a common name for the genus Cyclamen, is a reference to tubers
supposedly being a favorable food for pigs [19,20].

Proline has proven to be a multi-functional tool in plant metabolism during the last
two decades. Beyond its well-established roles as an osmoticum and generally a protectant
against abiotic stresses [21], its involvement in various developmental processes has also
been recognized [18,22]. Its contribution to stress adaptation extends from the protection of
photosynthetic apparatus and the involved enzymes to the stabilization of redox balance in
the chloroplast, along with reactive oxygen species detoxification. Proline’s involvement in
re-adjustment of growth once the stress is relieved relates to its catabolism to support new
growth with energy [22]. Under normal non-stress conditions, proline acts as a metabolic
signal impacting plant growth and development via regulating metabolite pools and
the expression of several genes [18]. Moreover, the widespread phenomenon of proline
accumulation in reproductive organs has been attributed to its role as a developmental
regulator and flowering signal [18,23]. Interestingly, proline-rich floral nectar has been
found in ornamental tobacco flowers and connected with the attraction and reward of
visiting pollinators with an energy source to sustain insect flight [24].

The objective of this study was to identify and compare the partitioning of soluble
sugars, starch, and proline among above- and below-ground plant parts of Cyclamen
graecum, which are exposed to fluctuating environmental conditions, as well as the wa-
ter status of petals and leaves, which according to the best of our knowledge has not
hitherto been published, in order to evaluate ecophysiological traits of tissues exposed to
ambient conditions.

2. Results

2.1. Phenological Stages

Within the context of seasonality, the life-cycle of C. graecum is characterized by two
phenological stages in the course of a year: the active phase (from flower emergence in
September to leaf senescence in April) and the dormant phase spanning the prolonged
drought period (from May to August) in the eastern Mediterranean, when the aboveground
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plant parts are not visible. Concerning the active phenological stage, the flowers splay open
in September (Figures 1 and 2) before leaf emergence in November (Figure 2). The seasonal
floral and leaf development of C. graecum in early and late autumn (Figure 2) respectively
alternates with cessation of flowers and leaves in winter and before summer, respectively.
There is a marked variation in the length of the period of flowering and leafing that affects
the capacity of this species for resource acquisition.

 
Figure 1. The flowers of C. graecum that attract the eye consist of five upswept petals.

Figure 2. Iconographic presentation of the annual cycle and the phenological stages of C. graecum

(using illustrations of flowers ( ), leaves ( ) and tubers ( )), i.e., the active phase indicated by the
ivory area that includes flower initiation and longevity (September–December), and leaf emergence,
development, longevity, and senescence (November–April), and the dormant phase indicated by the
gray area that includes only the subterranean tubers, because above-ground growth is not visible.

2.2. Sugars

Tubers accumulated large quantities of soluble sugars throughout the year (Figure 3).
A gradual reduction of stored sugars in the tubers was detected in October, during the
flowering stage, and continued during November and December, when flowers and leaves
co-existed. Sugar content of petals and pedicels was lower than that of leaves and tubers,
reaching maxima in October. Strong monthly fluctuation of soluble sugars in leaves was
detected from November to April, with the maximum values being achieved by mature
leaves of December. The considerable sugar content, which was estimated in tubers, de-
clined during the coexistence of floral and leaf stage in November and December. At the
whole plant level, the co-existence of leaves and flowers marked the highest sugar content,
which was gradually reduced as the above-ground plant parts shed, eventually entering
the dormant phase. Monthly values of petal sugar content were positively related with
those of tubers (y = 0.523x − 3.882, R2 = 0.889, p < 0.05) and pedicels (y = 1.227x − 30.461,
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R2 = 0.609, p < 0.05), while leaf sugar content was negatively related with that of tubers
(y = −0.494x + 337.030, R2 = 0.591). In addition, the seasonal rainfall was negatively cor-
related with the sugar content of petals (y = −0.213x + 87.849, R2 = 0.619, p < 0.05) and
positively correlated with the sugar content of leaves (y = 0.098x + 17.322, R2 = 0.709,
p < 0.05).
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Figure 3. Sugar content in tubers (brown bars), leaves (green bars), pedicels (gray bars), and petals
(purple bars) of Cyclamen graecum, from September (S) to August (A). Each column denotes means of
five replicates ± standard error. Standard Errors smaller than the line thickness of the columns are
not shown. Significant differences (p < 0.05) of mean values are marked using lowercase letters.

2.3. Starch

The highest starch content in tubers of C. graecum was observed in April (256 mg g−1)
when the climatic conditions were favorable for photosynthesis in the Mediterranean
ecosystems, and before the cessation of foliar growth of C. graecum. Thereafter, from May
to October, starch content declined (Figure 4). The lowest values of starch content in
tubers (80 mg g−1) were measured from June to October; actually, this period coincides
the three-month summer drought (June to August), the cessation of foliar growth, and the
early stage of flower formation in September, before the development of new expanding
leaves in November (Figure 2). Intermediate values of starch content were detected in
tubers from November to January during the development of new leaves. The values of
starch content in leaves increased from November to April and were comparable to those
of the tubers (Figure 4); in fact, seasonal variation of leaf starch content was positively
related with that of tubers (y = 1.027x + 13.422, R2 = 0.784, p < 0.05). The starch content
in petals and pedicels was substantially lower than that of tubers and leaves during the
flowering stage (from September to December) (Figure 2). The relatively elevated values of
starch content in petals in September and October decreased in November and December
(Figure 4), coinciding with elevated starch content in leaves (approximately from 100 to
140 mg g−1 d.w.). Negative relationships were detected between petal starch content with
the corresponding tuber starch content (y = −0.632x + 125.930, R2 = 0.892, p < 0.05) and the
precipitation in the study site (y = −1.146x + 117.010, R2 = 0.839, p < 0.05).
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Figure 4. Starch content in tubers (brown bars), leaves (green bars), pedicels (gray bars), and petals
(purple bars) of Cyclamen graecum, from September (S) to August (A). Each column denotes means of
five replicates ± standard error; Standard Errors smaller than the line thickness of the columns are
not shown. Significant differences (p < 0.05) of mean values are marked using lowercase letters.

2.4. Proline

The partitioning of free proline in tubers, leaves, pedicels, and petals are presented
in Figure 5. The tubers sustained an almost stable free proline content throughout the
year, with a slight but statistically significant increase during the cold months (November
to March). The pronounced free proline accumulation in petals was evident during the
flowering stage showing a substantial enhancement during October and November, the
period of full blossom. The pedicels contained a quantity of proline at a comparative level
with that of the tubers. The proline content found in leaves during the first two months of
their appearance is comparable with that of tubers, but it significantly increased during
the next four months of the leaf-stage for this species. Accordingly, the partitioning of
proline in the various plant parts did not show a considerable seasonal variation resulting
in an unchanged profile of the trends between tubers, leaves, and flowers. Nevertheless,
seasonal differences in proline accumulation were obvious at the whole plant level, with
the contribution of the proline-rich petals being remarkable.
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Figure 5. Proline content in tubers (brown bars), leaves (green bars), pedicels (gray bars), and petals
(purple bars) of Cyclamen graecum, from September (S) to August (A). Each column denotes means of
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five replicates ± standard error; Standard Errors smaller than the line thickness of the columns are
not shown. Significant differences (p < 0.05) of mean values are marked using lowercase letters.

2.5. Water Status of above-Ground Plant Parts

Low values of petal water potential (Ψ) were detected in September (Table 1), after the
summer drought period. In October Ψ, osmotic potential (Ψs) and turgor (Ψp) values were
increased (less negative) (Table 1), and the same holds true in November. In December,
the elevated values of Ψ and Ψs coincided with the lowest values of Ψp (Table 1), most
probably due to cease of flowering by late December. Regarding Ψ, Ψs, and Ψp values of
petals, significant differences (p < 0.05) were found among sampling dates (Table 1).

Table 1. Seasonal water potential (Ψ), osmotic potential (Ψs), and turgor (Ψp) of petals. The values
are means of five replicates ± SE.

Months Ψ (MPa) Ψs (MPa) Ψp (MPa)

September −1.08 ± 0.02 d −1.18 ± 0.05 d 0.10 ± 0.03 b,c

October −0.74 ± 0.04 c −0.97 ± 0.02 c 0.23 ± 0.03 a

November −0.56 ± 0.05 b −0.72 ± 0.04 b 0.16 ± 0.04 b

December −0.40 ± 0.02 a −0.46 ± 0.03 a 0.06 ± 0.02 c

Significant differences (p < 0.05) of mean values are marked using lowercase superscript letters that are given
separately on each column variable.

In petals, significant positive correlations were detected between Ψ and rainfall
(y = 0.0123x − 1.2499, R2 = 0.954, p < 0.05) and Ψs (y = 0.0122x − 1.3865, R2 = 0.811, p < 0.05);
also, negative relations were detected between soluble sugars and Ψ (y = −0.0029x − 0.1193,
R2 = 0.730, p < 0.05), and Ψs (y = −0.0034x − 0.6634, R2 = 0.843, p < 0.05), as well as between
starch and Ψ (y= −0.0149x + 0.2407, R2 = 0.908, p < 0.05) and Ψs (y = −0.0164x + 0.1905,
R2 = 0.936, p < 0.05), while a positive relationship between Ψp and proline content was
found (y = 0.022x − 0.1168, R2 = 0.822, p < 0.05), as well as Ψp and soluble sugars
(y = 0.0007x + 0.00146, R2 = 0.785, p < 0.05).

The relative water content (RWC) of leaves was sustained fairly constant until March
and declined in April (Table 2). Additionally, a positive relationship was detected between
RWC and rainfall (y = 0.2768x + 63.088, R2 = 0.835, p < 0.05).

Table 2. Relative water content (RWC) of leaves. The values are means of five replicates ± SE.

Months RWC

November 79.34 ± 0.06 a

December 78.83 ± 0.10 a

January 77.33 ± 0.14 a

February 77.15 ± 0.08 a

March 77.23 ± 0.05 a

April 68.38 ± 0.12 b

Significant differences (p < 0.05) of mean values are marked using lowercase superscript letters.

3. Discussion

The seasonal accumulation of starch and soluble sugars in the tubers of C. graecum
confirms to their role in storing photoassimilates and providing a supply of energy to drive
new growth [17,25]. The distribution between soluble carbohydrates and starch differed
between leaves and tubers. The partitioning of starch to tubers was reasonably similar to
that of leaves and a positive linear relationship was detected between tubers and leaves
(y = 1.027x + 13.422, R2 = 0.784, p < 0.05); starch partitioning may be linked to source-sink
relationships; the photosynthetically active leaves (the source) provide assimilated carbon
(available for transport) to a storage organ (sink), which will utilize it to support metabolic
requirements. Furthermore, the elevated values of starch from February to April in both
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tubers and leaves coincide with the leaf photosynthetic efficiency, and the mild winter
temperatures in the Mediterranean area that favor photosynthetic rates. It seems likely that
in C. graecum, starch may represent a commitment of resources that are acquired by the
above-ground tissues simultaneously with the growth of those drawn from stored reserves.
This finding is in contrast to data published elsewhere for the summer flowering geophyte
Pancratium maritimum, where starch was mainly stored in underground bulbs [26].

At the phenological stage of flowering, when the ambient temperatures begin to
fall, the concentration of soluble sugars in the tubers rapidly decreased to support the
metabolically demanding reproductive growth with carbon source and energy [27,28]; this
is also indicated by the positive linear relationship between sugar content between tubers
and petals (y = 0.523x − 3.882, R2 = 0.881, p < 0.05). Floral growth during the early autumn
takes precedence over allocation. A further decrease of soluble sugars in tubers at the period
of leaf emergence indicates a translocation of stored sugars to sustain leaf development and
floral exhibition, when winter lies ahead, via a transition from sink to source. The leaf sugar
content during winter and spring denotes an active photosynthetic machinery for this
species grown under ambient, environmental conditions, coinciding with the values of leaf
RWC before wilting; leaf RWC may also be considered as a measure of the relative cellular
volume, affecting interactions among macromolecules. Usually, levels of RWC below 70%
imply a water potential at the order of −1.5 MPa or less, and this would cause changes in
the metabolism with ceasing of photosynthesis [29], concomitantly with leaf senescence in
April. Leaf sugar content may also be associated with the argument that leaves of cyclamen
species are a static export pool of sucrose, and the sugar transport is probably linked to
a time lag in the export of newly fixed carbon from leaves and low velocity of phloem
transport [30]. Concerning the sugar partitioning, some geophytes seem to follow a pattern
of relatively higher sugar concentration in the subterranean organs compared to leaves and
in some cases, with flowers [31]. In petals, the reduced osmotic potential was significantly
related with increased soluble sugar content (y = −0.0034x − 0.1663, R2 = 0.834, p < 0.05),
presumably contributing to turgor maintenance, expansion and water status of these
tissues [32–34]. Actually, anthesis appears to be due to a pulsed increase in the concentration
of soluble sugars [35–38]. A relationship linked to transfer of sugars between leaves and
petals, which might be interesting, was not evaluated, because in C. graecum, flower and leaf
development are concomitantly exhibited only during a two-month period, i.e., November
and December.

Proline content in tubers of C. graecum showed a small but statistically significant
increase from November to March, compared to the rest of the year. This accumulation may
be driven by the low temperatures of the corresponding months and may be considered
a stress-related response. An analogous profile was followed by its leaves, resulting in
unchanged partitioning of proline between leaves and tubers, when leaves are coming
through during the life-cycle of C. graecum; nevertheless, the greatest variation was found
between petal and leaf concentrations. It has been published that C. graecum is a cold-
tolerant species [37,39]. The increased proline biosynthesis and accumulation may partly
account for a cold hardiness feature in both tubers and leaves, due to its protectiveness
regarding stress and radical scavenging role [40]. Concerning the latter, proline has been
related to scavenging of hydroxyl radicals (OH) and possibly other ROS [41], while in-
directly modifies the plant’s antioxidant response through increasing the capacity of the
involved enzymes, especially ascorbate peroxidase [22]. Additionally, proline accumulation
patterns may have implications on nitrogen storage and partitioning, especially under
stress conditions [22,27,42]. Proline pool has been reported to expand during transition
phase, i.e., from vegetative to reproductive growth [43–46].

Ecophysiological traits of plant organs that are seasonally either renewed or shed
may be a suitable criterion of plant’s adaptation to environmental conditions. C. graecum
survives the hot summer in a state of dormancy. C. graecum blooms in autumn, before leaf
emergence. Thereafter, leaves grow and accumulate metabolic reserves throughout the wet
and cool season, until the dormancy period, which begins in late spring. In geophytes, long
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days can initiate the transition to bud dormancy [47,48]. The summer dormancy protects
plants from negative effects of water shortage and elevated temperatures on vegetative
and reproductive organs, and forces their active development in a more favorable season.
C. graecum is released from dormancy when the ambient temperatures decrease; hence,
shifts from the vegetative to reproductive stage, and floral initiation and differentiation
occur in the mature tubers [8,49].

Free proline accumulation in petals was remarkable and significantly increased com-
pared to the other plant organs. Flowers exhibited a 2.5- to 5-fold enhanced proline content
in comparison to tubers and 2- to 3-fold compared to leaves. The transportation of proline
into the reproductive organs, even under non-stress conditions, has been repeatedly re-
ported [49]. Corroborating our results, a 60-fold higher proline concentration was detected
in tomato flowers than in all the vegetative tissues [50]. Enhanced proline content was
also documented in petals of P. maritimum and was attributed to a requirement for osmotic
adjustment, because this geophyte is exposed to dry and saline ambient environmental
conditions [26,46]. Multiple explanations of proline accumulation in flowers have been
published. For example, the increased proline content has been connected to the high
yield of ATP resulting from its oxidation, thus considering proline a molecule well-suited
to sustain high energy-demanding processes in reproductive tissues [44]. Low values of
petal osmotic potential coincided with enhanced proline accumulation. Additionally, the
protective role of proline, which was positively correlated with the turgor of petals of
C. graecum, has been highlighted during floral developmental processes that include de-
hydration, as spontaneously occurring during pollen formation or embryogenesis [51,52].
Furthermore, proline may provide a convenient source of energy and nitrogen during
immediate post-stress metabolism [46,49,53].

4. Material and Methods

4.1. Research Site and Plant Phenology

The study was conducted in naturally occurring patches of Cyclamen graecum Link
distributed in the campus of the National and Kapodistrian University of Athens in Greece
(latitude: 37.9664, longitude: 23.756971, altitude 260 m), at the foothills of Hymettus
Mountain, where travertine limestone appears along discontinuities of strongly fractured
gray dolomite limestone; also, father soil characteristics, texture, and composition have
been previously published [54,55]. Concerning perennial geophytes, most bulbs and
tubers must reach a critical size before floral induction can occur [56]. In addition, large
bulbs and tubers generally produce vigorous above-ground organs and/or many flowers.
Therefore, the active and the dormant phenological stage (Figure 2) were monitored, via
detailed field observations in distinct niches of C. graecum [57], on a monthly basis for two
consecutive years (2017 and 2018). The selected at random plants were growing under
natural conditions; tubers, leaves, and flowers of C. graecum were sampled from a single
stand of C. graecum surrounded by uniform Mediterranean phryganic vegetation [54], at
monthly intervals during the course of a year, i.e., from September of 2018 to August
of the next year (2019). The first flowers of C. graecum [58] appear in September, while
the heart-shaped leaves are coming through in November, arising from the crown of
the tubers [59]. Values of mean monthly precipitation and temperature, obtained from
a meteorological enclosure, provided by the National Observatory of weather conditions
in Greece, are presented in Figure 6a (annual data during the study period) and Figure 6b
(multiannual data).

124



Plants 2022, 11, 1254

(a) 

(b) 

S O N D J F M A M J J A

Pr
ec

ip
ita

tio
n

(m
m

)

Te
m

pe
ra

tu
re

 (
C

)

Months

S O N D J F M A M J J A
Pr

ec
ip

ita
tio

n 
(m

m
)

Te
m

pe
ra

tu
re

( C
)

Months

Figure 6. (a) Ombrothermic diagram (Precipitation scale = 2 × Temperature scale) for the study
site; the order to months is from September (S) of 2018 to August (A) of 2019. Mean monthly
precipitation is indicated by blue bars and mean monthly temperature by closed circles and the black
line; (b) A multiannual ombrothermic diagram (Precipitation scale = 2 × Temperature scale) for the
study site from September of 1955 to August of 2010; the order to months is from September (S) to
August (A). Mean monthly precipitation is indicated by shaded bars, and mean monthly temperature
by closed circles and the black line.

4.2. Determination of Total Soluble Sugar and Starch

Soluble sugars were extracted from dry, finely powdered samples (leaves, tubers,
pedicels, petals) that were placed in 10 mL 80% ethanol (v/v), in a shaker, and the extracts
were filtered using Whatman # 2 filter paper. Soluble sugar concentration was investigated
colorimetrically, according to a modified phenol-sulphuric acid method [60,61], at 490 nm,
using a spectrophotometer (Novaspec III+ Spectrophotometer, Biochrom, Cambridge, UK).
The determination of starch was made in the residue after the extraction of sugars, using
the anthrone method [26,62]. D-glucose (Serva, Heidelberg, Germany) aqueous solutions
were used for the standard curve. The values are expressed as mg g−1 d.w.

4.3. Determination of Proline

Free proline content was determined colorimetrically on 4 mL samples of the con-
densed fluid extracted from the plant material [63,64]. The extraction procedure from
plant samples (finely powdered dried tubers, leaves, pedicels, and petals) and colorimetric
determination were carried out as we have analytically published [26]. Dried, powdered
samples were homogenized with aqueous sulphosalicylic acid (20 mL, 3% v/v), and the
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homogenate filtered through Whatman # 2 filter paper; 2 mL of the filtrate reacted with
acid-ninhydrin solution (2 mL) and glacial acetic acid (2 mL) in test tubes, which were
placed in a water bath at 100 ◦C for 1 h, and the reaction terminated in an ice bath. After
cooling, the reaction mixture was extracted with 4 mL toluene and homogenized in a vor-
tex. The chromophore containing the toluene was aspirated from the aqueous phase and
the absorbance was read at 520 nm; immediately after, the terminated reaction in glass
tubes placed in an ice bath, using toluene as a blank sample and the spectrophotometer
mentioned in paragraph 5.2. The proline concentration was estimated using a standard
curve of relevant L-proline solutions (Serva, Heidelberg, Germany) and calculated on a dry
weight basis.

4.4. Determination of Water Status

Petal water potential (Ψ) was measured psychometrically on 6 mm diameter fresh
discs (five replicates) from fully expanded petals, which were placed in five C-52 psychro-
metric chambers (Wescor Inc., Logan, UT, USA) attached to a dew point psychrometer
(HR-33T, Wescor Inc.) using the psychrometer switchbox (PS-10, Wescor); the time re-
quired for equilibration between the water vapor pressure of leaf sample and that of
the psychrometer chamber was 2 h. The osmotic potential (Ψs) was measured using the
same leaf discs after freezing and thawing [65,66]. Turgor pressure (Ψp) was calculated
as the algebraic difference between Ψ and Ψs. The relative water content (RWC) of fully
expanded leaves was determined according to the disc method [29], using the equation
RWC (%) = [(FW − DW)/(TW − DW)] × 100, where: FW is the sample fresh weight, TW
is the sample turgid weight, and DW is the sample dry weight.

4.5. Statistical Analysis

The results are presented as mean ± Standard Error (SE). In order to determine
differences in the studied parameters of plant parts of C. graecum, a two-way analysis
of variance (ANOVA) was performed on the studied parameters at p < 0.05 and the
Duncan’s multiple range test was applied for comparing the means. All statistical tests
were performed using the SPSS statistical v. 23.0 (SPSS Inc., Chicago, IL, USA). Regression
analysis was used to determine relationships among results obtained by plant tissues of
C. graecum and precipitation.

5. Conclusions

The life form of C. graecum is characterized by two phenological stages in the course of
a year, the active phase (from flower emergence in September to leaf senescence in April),
and the dormant phase spanning the prolonged drought period, when above-ground plant
parts are not exposed to the severity of summer in the eastern Mediterranean. Partitioning
patterns of soluble sugars, starch, and free proline in above- and below-ground parts of
C. graecum contribute to the maintenance of its annual rhythm and phenophases in fluc-
tuating environmental conditions. The remarkable concentration of proline in petals, in
comparison to other plant parts during autumn, seems to be associated with the main-
tenance of their turgor; without turgor, the exposed petals to ambient environmental
conditions of the sharply reflexed corolla of C. graecum could not be standing so firm and
erect. The leaf relative water content was found lower than the typical values of turgid
and transpiring leaves; this may indicate that leaves of C. graecum subjected to ambient
conditions are not susceptible to low temperatures. However, further work will be required
to fully test this hypothesis.
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Abstract: Temperature is one of the most important abiotic factors affecting seed germination, and it
is strongly influenced by local site conditions. Seeds of Nothofagus glauca, an endemic and vulnerable
species of the Mediterranean region of Chile and the most representative of the Mediterranean forests
of South America, were collected. In this study, we evaluated the effect of temperature on different
germinative attributes of five N. glauca provenances representative of their natural distribution. The
seeds were treated at a constant temperature (i.e., 18 ◦C, 22 ◦C, 26 ◦C, or 30 ◦C) in the absence of light
for 40 days. The results show that in all the provenances, the germination ratio and energy increase
linearly with temperature until reaching an optimum temperature (i.e., 22 ◦C), above which they
decrease severely. At 22 ◦C, the response of average germination speed and germination vigor was
significantly higher than with the other temperatures (performance of germination start day was not
clear). The base temperature was around 18 ◦C and the maximum, above 30 ◦C, which may be close
to thermo-inhibition. Given the threat of climate change, it is necessary to increase research in terms
of the possible adaptation of this species to increased temperatures and prolonged periods of drought

Keywords: hualo; Mediterranean plants; seeds

1. Introduction

Nothofagus glauca (Phil.) Krasser (common name, hualo or roble maulino) is an en-
demic species of Central Chile that belongs to the Nothofagaceae family and is the most
representative of the Mediterranean forests of its genus in South America. It is a deciduous,
monoecious tree that can reach up to 30 m in height and 2 m in diameter [1], although at
present it is difficult to find individuals that are more than 40 cm in diameter. The species
is listed as vulnerable, and its populations are currently severely fragmented and trending
toward decreasing [2].

The N. glauca forests have a discontinuous distribution in a latitudinal range of about
400 km, from 33◦58′ S, 71◦05′ W to 37◦27′ S, 71◦58′ W, although they are mostly concentrated
in the Maule Region [3]. They are a transitional system between xerophytic formations
and the southernmost temperate forests. This type of deciduous forest has adapted to the
prolonged dry periods of summer and plays very important roles in the conservation of
water and organic soil and in the biogeochemical carbon cycle as well as offering a great va-
riety of ecological niches and habitats to the flora, fauna, and associated microbiota [4]. The
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natural range of this species has been considered a hotspot of biodiversity for conservation
and is characterized by a great diversity of endemic species, although this has decreased
to critical levels in terms of dominance and variability mainly because of anthropogenic
factors [5]. The highest population density in Chile is concentrated in N. glauca distribution
area, with the consequent pressure on natural resources, including the N. glauca forests.

The anthropogenic pressure has strongly shaped the landscape in the natural distribu-
tion area of N. glauca in recent years, affecting its spatial distribution, among other variables.
Forty-five years ago, Urzúa [6] reported that there were 900,000 ha of these forests, whereas
today, there are only 157,000 ha [3]. Another threat looming over these and other forests
in the region is global climate change. Indeed, an increase in both temperatures and pro-
longed periods of drought has been recorded, factors that predispose the vegetation to
being more prone to damage caused by biotic and abiotic agents. As an example, it can
be noted that in the summer of 2017, 184,000 ha of the forest were consumed in a single
fire, which affected an important part of this forest system [7]. In addition, considering that
its regeneration by natural seeding is currently almost nonexistent, it is necessary to study
its propagation by seeds to provide the necessary background to produce plants intended
for afforestation and/or restoration of its populations. It is also important to consider the
temperatures that limit the germination of seeds, especially if climate change is a factor
that is affecting ecosystems.

Temperature is a crucial factor in the germination process of seeds [8]. It plays an
important role in determining the periodicity of seed germination and the distribution of
species (among other factors, it affects enzymatic activity) [9]. The germination rate gen-
erally increases linearly with temperatures up to an optimum temperature; subsequently,
germination decreases severely with higher temperatures. Moreover, in the seed germi-
nation process, there are three levels of temperature: minimum, optimal, and maximum.
The minimum, or base, temperature is the lowest temperature at which the seeds can
germinate. The optimum temperature is the temperature at which the seeds reach their
highest germination rate, and the maximum, or ceiling, temperature is the temperature
above which the seeds cannot germinate [10]. The germination rate will increase between
the minimum and optimum temperatures, whereas temperatures ranging from optimum
to maximum will lead to a decrease in this attribute [11]. If the temperature is changing
because of global climate change, it is evident that some species will have to adapt to these
new environmental conditions, among other aspects, in the germination process.

N. glauca is a species whose seed production cycles are becoming longer, with years
without seed production (unpublished data) and has seeds that present endogenous dor-
mancy. There are mechanisms to break this condition, for example, through variable
stratification periods at 4 ◦C (i.e., between 4 and 6 weeks) or by soaking them in gibberellic
acid in concentrations from 0.1 to 0.8 g L−1 [12], reaching a germination ratio even above
95% using only viable seeds. However, the germination percentage may be different de-
pending on the origin of the seeds [13]. Until today, no report has been made on the effect
of temperature on the germination of any population of N. glauca. Therefore, this study
aimed to analyze the effect of temperature in the germination process of seeds from five
coastal provenances of N. glauca.

2. Results

The results show that temperature has a significant effect on the germination of
N. glauca seeds from different provenances (Table 1, Figures 1 and 2). In all the provenances,
the highest germination percentage was obtained at 22 ◦C, although very different values
were recorded in the germination ratio, from 34.0 ± 0.6% in the Los Ruiles provenance to
78 ± 0.3% in the Las Cañas provenance, observing the same tendency in the germinative
energy. In general, in the northernmost provenances, a higher germination ratio was
observed. These results show that N. glauca has a significant germination potential at
22 ◦C. In addition, the highest slope in the germination curves was observed at this
temperature (Figure 2), which is an indicator that with endogenous application of gibberellic
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acid at 22 ◦C, latency is better overcome; it could be considered, then, that the optimum
germination temperature for most provenances of N. glauca is around 22 ◦C (in the Las
Cañas provenance, there were no significant differences between 22 ◦C and 26 ◦C).

Table 1. Effect of temperature on different germination parameters of Nothofagus glauca (mean ± SE).
Different letters indicate significant differences by Tukey’s multiple comparison test (p < 0.05).

Provenance
Temperature

(◦C)
Germination

Ratio (%)
Germination
Energy (%)

Germination
Start Day

Average Germination
Speed (Seed/Day)

Germination
Vigor

Licantén

18 6.7 ± 0.67 d 6.8 ± 0.33 d 25.0 ± 0.0 c 0.1 ± 0.22 c 0.0 ± 0.0 d
22 52.0 ± 0.01 a 45.0 ± 2.26 a 11.0 ± 0.94 a 1.5 ± 0.07 a 2.4 ± 0.11 a
26 32.0 ± 0.01 b 31.4 ± 1.44 b 16.0 ± 0.94 b 0.7 ± 0.03 b 0.9 ± 0.04 b
30 20.7 ± 0.67 c 14.6 ± 0.71 c 13.0 ± 0.47 ab 0.6 ± 0.03 b 0.4 ± 0.02 c

Las Cañas

18 10.7 ± 0.54 c 6.2 ± 0.11 c 24.3 ± 0.27 b 0.2 ± 0.01 d 0.1 ± 0.0 d
22 78.7 ± 0.54 a 77.1 ± 3.42 a 12.0 ± 0.94 a 2.4 ± 0.11 a 9.1 ± 0.41 a
26 65.3 ± 0.54 a 57.5 ± 2.97 a 10.7 ± 0.72 a 1.7 ± 0.08 b 4.0 ± 0.2 b
30 22.7 ± 0.54 b 14.0 ± 0.65 b 12.0 ± 0.47 a 0.7 ± 0.04 c 0.6 ± 0.03 c

Los Ruiles

18 0.7 ± 0.54 d 0.7 ± 0.54 d 0.0 ± 0.0 c 0.0 ± 0.0 d 0.0 ± 0.0 d
22 34.0 ± 0.0 a 31.2 ± 0.0 a 16.0 ± 0.94 ab 0.8 ± 0.04 a 1.3 ± 0.05 a
26 23.3 ± 0.54 b 19.3 ± 0.9 b 21.0 ± 0.94 b 0.5 ± 0.02 b 0.5 ± 0.03 b
30 8.7 ± 0.54 c 6.7 ± 0.49 c 14.0 ± 0.47 a 0.3 ± 0.01 c 0.2 ± 0.02 c

Curanipe

18 8.0 ± 0.94 d 8.0 ± 0.42 b 24.3 ± 1.19 b 0.1 ± 0.01 d 0.0 ± 0.0 d
22 40.7 ± 0.54 a 34.6 ± 1.62 a 12.0 ± 0.47 a 1.3 ± 0.06 a 2.3 ± 0.11 a
26 34.0 ± 0.0 b 34.0 ± 0.0 a 13.0 ± 0.47 a 0.8 ± 0.03 b 1.3 ± 0.06 b
30 13.3 ± 0.54 c 8.1 ± 0.38 b 14.0 ± 0.47 a 0.4 ± 0.02 c 0.2 ± 0.01 c

Quirihue

18 11.3 ± 0.54 c 10.8 ± 0.47 c 24.0 ± 0.94 b 0.2 ± 0.02 c 0.3 ± 0.01 c
22 42.0 ± 0.0 a 35.4 ± 1.72 a 10.0 ± 0.47 a 1.3 ± 0.08 a 5.2 ± 0.25 a
26 26.0 ± 0.0 b 23.3 ± 1.1 b 13.0 ± 0.47 a 0.6 ± 0.03 b 1.7 ± 0.08 b
30 4.0 ± 0.0 d 3.8 ± 0.14 d 12.0 ± 0.47 a 0.1 ± 0.01 d 0.1 ± 0.01 d

Figure 1. Cumulative germination percentage during 40 days for five Nothofagus glauca provenances
treated at different temperatures in the absence of light.
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Figure 2. Final germination percentage of five provenances of Nothofagus glauca seeds treated at
different temperatures in the absence of light.

In most of the provenances, once the seeds had begun to germinate, higher temper-
atures stimulated germination to an optimum temperature (22 ◦C), after which at 26 ◦C
and 30 ◦C, the germination rate decreased. A clear pattern was also observed on the
germination start day because of temperature, although seeds treated at 18 ◦C generally
took longer to germinate. In general, average germination speed and vigor were higher
at 22 ◦C, to later decrease with increasing temperatures; at 18 ◦C the lowest values were
recorded in these two variables, although in some provenances, no significant differences
were observed regarding those seeds treated at the highest temperature (30 ◦C).

3. Discussion

Seed germination is a process in which endogenous and exogenous factors intervene.
On the one hand, two growth regulators that play a fundamental role in this process are
gibberellic acid, a promoter of germination, and abscisic acid (ABA), which is an inhibitor.
On the other hand, in addition to humidity and oxygen availability, temperature is the
environmental factor with the greatest effect on the germination process of seeds, directly
affecting their metabolism and germination speed [8]. With super-optimal temperatures,
seed germination is delayed because a high level of ABA is maintained in the embryo and
endosperm and the synthesis of gibberellic acid is suppressed [14,15]. The results of our
research show a significant drop in germination at 30 ◦C, and it is likely that above this
temperature, the seeds of N. glauca approach the thermo-inhibition process and prevent
gibberellin biosynthesis.

The cardinal temperatures for germination are related to the environmental range
of adaptation of a particular species and serve to match the germination time with the
favorable conditions for the growth and subsequent development of the seedlings [10].
In our research in all the provenances studied, it was observed that from 18 ◦C, as the
temperature increased, so did the germination until reaching a maximum at 22 ◦C, and then
decreased. Thus, the optimum germination temperature for N. glauca would be at 22 ◦C,
whereas the minimum, or basal, temperature would be around 18 ◦C, and the maximum, or
ceiling, temperature would be above 30 ◦C. While the optimum temperature germination
rate may vary between seed lots of the same species as a result of different genetic and
environmental conditions [9], in the five provenances of N. glauca, this was not the case;
the optimum temperature was clearly 22 ◦C, although for the Las Cañas provenance, it
would be between 22 ◦C and 26 ◦C. It is striking that in the Los Ruiles provenance (area
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protected by the state), germination at 18 ◦C was practically null and the basal temperature
for that provenance would likely be above that level. In the case of the southernmost
provenance (Quirihue), at 30 ◦C, germination fell to levels below those reached at 18 ◦C;
in this case, it would likely be closer to thermo-inhibition at that temperature. According
to these results, it is probable that there is a genetic effect that conditions the germination
process of the seeds.

Temperature not only plays a fundamental role in capacity and energy germination,
but it also affects the germination start day, average germination speed, and germination
vigor (Table 2). Once the seed has been rehydrated after imbibition, under suitable temper-
ature conditions, physiological processes are triggered that allow the germination process
to develop [8]. Although germination occurred at 18 ◦C, with variable rates according to
the geographic origin of the seeds, the process is significantly slower at that temperature,
taking at least 24 days to begin germination; instead, with the optimum temperature (i.e.,
22 ◦C), it begins in some cases at 12 days. This same trend is also observed in both the
average germination speed and vigor, meaning that the germination process of N. glauca is
strongly conditioned by temperature. The germination ratio at the optimal temperature
(i.e., 22 ◦C), is in the range found by other authors for the same species [12,13].

Table 2. Geographic and climatic data for provenances sampled.

Provenance Latitude Longitude
Elevation
(m a.s.l.)

M.A.T 1

(◦C)
M.A.R 2

(mm Year−1)

Licantén 34◦55′49′′ S 72◦ 5′11′′ W 403 12.5 829
Las Cañas 35◦27′27′′ S 72◦28′11′′ W 165 12.9 831
Los Ruiles 35◦50′2′′ S 72◦30′36′′ W 202 12.4 851
Curanipe 35◦51′24′′ S 72◦37′13′′ W 129 13.1 817
Quirihue 36◦2′18′′ S 72◦36′35′′ W 342 12.0 898

1 M.A.T.: mean annual temperature; 2 M.A.R.: mean annual rainfall.

In the northernmost provenances, a higher percentage of germination was recorded,
although no relationship was observed with the weight and morphometric characteristics
of the seeds. In other species of the genus Nothofagus, it has been observed that the larger
and heavier seeds have a greater germination ratio than those that are smaller and lighter,
observing a clinal variation, although in a broader latitudinal distribution than that of this
study [16]. This pattern was not observed in our study.

All species have a temperature range in which the germination process occurs. It
has been described that for N. glauca, this range is likely between 10 ◦C and 30 ◦C [17].
On the one hand, in our research, we observed that the minimum temperature would be
around 18 ◦C, especially for the Los Ruiles provenance, which is why it would be advisable
to investigate the behavior of different provenances of this species under 18 ◦C. On the
other hand, at 30 ◦C, germination strongly decreases, and above that level would be the
maximum temperature and occurrence of thermo-inhibition. Consequently, temperatures
under 18 ◦C and above 30 ◦C in the germination process of N. glauca should be evaluated.

Temperature is one of the main environmental factors that regulate seed physiology
across plant taxa [10]. Because of climate change (i.e., increased temperatures and prolonged
periods of drought), plants in general are being subjected to greater water stress, and
therefore, their physiological processes are being affected. In the Mediterranean region
of Chile, where N. glauca is distributed, there has been a significant increase in extremely
hot events affecting the average temperature, and a deficit in rainfall [18]. N. glauca is
widely known for its strong tendency for alternate bearing, which severely affects the
fruit yield from year to year, and it has been observed that the cycles in seed production
are becoming longer, with years without seed production (unpublished data). Given the
threat of climate change on the reproductive cycle of the species and considering the effect
that temperature has on the germination of N. glauca seeds, it is urgent and necessary to
study in greater depth the adaptation capacity that this species would have to these new
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environmental conditions. Santelices, Espinoza, Magni, Cabrera, Donoso, and Peña [13]
reported that the intra-provenance variability of N. glauca is systematically greater than that
of inter-provenance, indicating a high potential capacity of the species to adapt to climate
change. However, these authors affirm that there are differences in germination between
Andean and coastal origins (in our research, we evaluated only costal provenances); this
reaffirms the need to deepen research on the potential adaptation of N. glauca to climate
change and the capacity of the species to regenerate and self-perpetuate.

4. Material and Methods

4.1. Seed Collection and Preparation

In March 2017, mature seeds were collected from different provenances of N. glauca
in the Maule Region of Chile (Table 3, Figure 3), except those from Licantén, which were
collected in March 2015. Seeds were transported to the laboratory, where they were
manually separated from the rest of the plant material and the damaged seeds were
discarded; then, they were weighed, dried, and stored in the dark in glass containers in
an environment at 4 ◦C until they were used (i.e., January 2020). The standards of the
International Seed Testing Association (ISTA) were followed to characterize the seeds [19].
One hundred seeds were weighed separately for eight repetitions to determine the weight
of the seeds, which was expressed as the average weight of 1000 seeds. Then, the average
weight of 1000 seeds and its equivalence in number of seeds per kilogram were calculated.
In addition, the dimerous seeds were measured for length and width, and the trimerous
seeds for length, width, and thickness (Table 2). To break the dormancy, the seeds were
soaked in a 200 mg L−1 gibberellic acid solution (Giberplus® Tabletas, Anasac Chile S.A.,
Santiago, Chile) for 24 h before starting the germination tests [12].

The mean annual precipitation and temperature were obtained from WorldClim
(version 2) at a spatial resolution of 30 s (~1 km2) by interpolation of the records of meteo-
rological stations from 1970 to 2000 [20].

 

Figure 3. Seed provenances of Nothofagus glauca.
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Table 3. Weight and morphometric characterization of the seeds from five provenances of Nothofagus
glauca (mean ± Standard Error).

Provenance
Weight of 1000

Seeds (g)

Number of
Seeds per
Kilogram

Dimerous Seeds Trimerous Seeds

Length (mm) Width (mm) Lenght (mm) Width (mm)
Thickness

(mm)

Licantén 468.3 ± 0.3 2136 ± 10.4 17.1 ± 1.8 14.2 ± 1.8 17.2 ± 0.1 10.4 ± 0.1 9.7 ± 0.1
Las Cañas 537.5 ± 0.4 1861 ± 14.0 19.5 ± 0.1 12.1 ± 0.2 19.0 ± 0.1 10.8 ± 0.1 9.9 ± 0.1
Los Ruiles 683.7 ± 0.5 1463 ± 10.3 19.7 ± 1.6 13.2 ± 1.8 19.6 ± 0.2 11.3 ± 0.2 11.2 ± 0.1
Curanipe 395.5 ± 0.3 2530 ± 9.9 19.5 ± 0.3 11.3 ± 0.2 17.5 ± 0.3 10.3 ± 0.1 8.2 ± 0.2
Quirihue 379.0 ± 0.4 2641 ± 14.9 19.3 ± 0.1 12.1 ± 0.1 18.5 ± 0.2 9.7 ± 0.1 9.1 ± 0.1

4.2. Germination Experiments

The study was carried out in a laboratory at the Universidad Católica del Maule,
Talca, Chile (35◦26′10′′ S, 71◦37′13′′ W, 131 m a.s.l.), during January and February 2020.
The seeds were soaked in a Gibberellic Acid (GA3) solution at 200 mg L−1 for 24 h using
distilled water, and those that floated were excluded as they were considered unviable. To
determine the effect of temperature on the germination of N. glauca seeds from different
provenances, four different temperatures were tested: 18 ◦C, 22 ◦C, 26 ◦C, and 30 ◦C. The
cultivation was carried out in germinating chambers in the absence of light, maintaining
fixed temperatures according to each treatment and using filter paper as the substrate. To
not interfere with the treatments, the ambient temperature of the laboratory was constantly
maintained below 16 ◦C. Irrigation was manual, and care was taken that the seeds were
always wet.

The germination process was monitored daily until germination ceased over a period of
40 days. Seeds were considered to have germinated when the emerging radicles were over
2 mm long. The following germination parameters, adapted from [21,22], were calculated:

GR =

[
Sg
Ss

]
× 100 (1)

Germination ratio (GR) (1): represents the final percentage of seeds that germinate (Sg)
in relation to the total number of seeds sown (Ss):

Germination energy (GE): accumulated percentage of germination on the day when
the maximum value occurs (maximum value is maximum ratio from cultivated germination
percentage on day X divided by X).

Germination start day (GSD): the time elapsed from the sowing of the seeds to the
germination of 5% of the sown seeds.

Average germination speed (AGS) [2]: corresponds to the average number of germi-
nated seeds per day, calculated by the expression:

AGS = ∑k
1

ni
ti

(2)

where ni corresponds to the number of seeds germinated in the ith data collection, ti is
the time (in days) of the ith data collection, and k is the time (in days) of the germination
test duration.

Germination vigor (GV): reflects in a single value the changes in the germination peak,
the total germination, and the germination speed, calculated as the product between the
maximum value and the average germination speed.

4.3. Trial Design and Statistical Analysis

There were two factors tested in the trial: temperature (four levels) and provenance
(five levels). The factorial combination of 20 treatments (4 × 5) was replicated three times in
a split-plot design. Fixed effects were randomly assigned within subplots (considering the
homogeneity of the temperature, whole plots were not randomized). There were 50 viable
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seeds per factorial combination, giving a total of 150 seeds per treatment. Temperature was
applied to the whole plots and provenance, to the subplots. The treatments imposed follow:

• Temperature: 18 ◦C, 22 ◦C, 26 ◦C, and 30 ◦C
• Provenance: Licantén, Las Cañas, Los Ruiles, Curanipe, and Quirihue

Analyses of variance (ANOVAs) and comparisons of the means were conducted using
the general linear model (GLM) procedure from the statistical software SPSS for Windows
(SPSS, Chicago, IL, USA). Mean values with significant differences were compared using
the Tukey test at the 5% significance level.

5. Conclusions

Based on the results of this research, it can be concluded that temperature is an
abiotic factor that significantly affects the germination of N. glauca. In the absence of light
conditions, the optimum germination temperature for all the provenances studied was
22 ◦C. By maintaining the temperature at 18 ◦C, germination was induced, although at a
low percentage. At 30 ◦C, the germination percentage was also low, and above this level is
the maximum germination temperature and risk of thermo-inhibition.
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