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Abstract: Weather variations affect natural ecosystems, while in regions where climate change is
anticipated to intensify extreme events such as droughts, the vitality of vulnerable species may be
reduced. The sensitivity of key-species to the climatic conditions may illustrate their adjustability
in specific areas and assist decision making towards proper mitigation and adaptation measures.
Pinus nigra, commonly known as black pine, is an endemic species, forming many protected habitats
in the Mediterranean. In this study, black pine tree-ring data from Greece are used to assess the
response of tree growth to specific temperature-related (mean, max. and min. temperature and
diurnal temperature range) and water-related (precipitation, evapotranspiration, relative humidity
and vapor pressure deficit) meteorological parameters. Additionally, the effect of drought episodes is
estimated using indices, including the well-established standardised precipitation index (SPI) and
reconnaissance drought index (RDI), as well as two recently proposed modifications, namely, the
agricultural SPI (aSPI) and the effective RDI (eRDI). The outcomes reveal several seasonal patterns,
emphasising the sensitivity of black pine principally to water-related meteorological parameters, with
winter and early spring conditions having a primary role on annual tree growth. Black pine seems to
be tolerant to drought in the study region, in terms of its resilience; however, there are indications
that multiyear droughts may have prolonged effects on tree growth, which may last approximately
three years after drought ends. Additionally, it is derived that both aSPI and eRDI illustrate more
efficiently tree growth response to drought, indicating that these modifications provide increased
accuracy regarding drought characterisation in the forest environment.

Keywords: Pinus nigra; tree rings; Mediterranean forests; climate change adaptation;
vegetation-agricultural drought; drought indices; effective precipitation; standardised precipitation index
(SPI); agricultural standardised precipitation index (aSPI); effective reconnaissance drought index (eRDI)

1. Introduction

The Mediterranean region is considered as a climate change and biodiversity hotspot and is
expected to face increased challenges due to climate shifts [1,2]. The unique Mediterranean-type
ecosystems and several species with distinctive Mediterranean features may be highly affected
by extreme climatological events such as droughts, which are anticipated to be intensified in the
forthcoming period [3]. The decreasing tree growth of specific species is associated with the warming
climate and decreasing precipitation trends observed in the Mediterranean [4–6], while reduced water
availability and drought have been identified as the main factors limiting tree growth in the region [7,8].

Atmosphere 2020, 11, 554; doi:10.3390/atmos11060554 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-8270-2991
https://orcid.org/0000-0002-2001-259X
http://dx.doi.org/10.3390/atmos11060554
http://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/2073-4433/11/6/554?type=check_update&version=2


Atmosphere 2020, 11, 554 2 of 19

Understanding the response of ecosystems and specific forest species to meteorological factors and
drought events may provide essential information regarding the anticipated stress that they may
undergo due to adverse climatic conditions, while appropriate mitigation or adaptation measures may
be taken.

Pine forests characterise the Mediterranean landscape. Precipitation is of major importance,
with a positive effect on radial growth of pines, indicating specific species as dendroclimatically
sensitive [9–11].

Pinus nigra, commonly known as black pine, is an endemic species, considered of high ecological
importance for the Mediterranean. Its forests are dominated by various subspecies [12] presenting
high genetic variety, protected by the European Union (priority habitat 9530*-“[Sub-] Mediterranean
pine forests with endemic black pines” included in the Annex I of Directive 92/43/EEC). Specifically, in
southern Europe, there are comparatively few (169) such forests, with a fragmented distribution area,
most of them located in Spain (69), Italy (37) and Greece (35) [13].

Black pine forests have been greatly affected by climate change during the second half of the 20th
century [14]. The specific species is considered suitable for studying the effect of climate on its growth,
which is useful for several applications such as dendroclimatology assessment [15].

The response of black pine to droughts may vary, depending on the region, the climatic conditions
and the altitude [16]. In a study at a low-elevation region, Lebourgeois [17] identified summer drought
as a major factor limiting growth in western France, while Fkiri et al. [18] mention that spring droughts
cause low annual tree growth in northern Tunisia. Eilmann and Rigling [19] state that black pine cope
with drought better than other species, according to the results from a study in an area of Switzerland
(650–700 m a.s.l.). Generally, although extreme drought episodes may have significant impacts on its
growth [20], black pine is considered a drought tolerant species compared to other pines, especially in
higher altitudes [21,22].

Many recent studies related to drought and tree growth of black pine employ drought indices
combined with dendroclimatological series. The standardised precipitation index (SPI) and the
standardised precipitation-evapotranspiration index (SPEI) have been used along with tree-ring
data for long-term drought reconstruction [23], investigation of drought-induced tree vitality
decline [22], assessment of drought effects on black pine morphological features [24] and examination
of desynchronisation patterns in east and west parts of the Mediterranean [25]. Furthermore, the
Palmer drought severity index (PDSI) and its self-calibrated form (sc-PDSI) have been used in studies
that focus on soil moisture conditions, assessing drought effects on metabolic processes and tree
growth [26,27].

Identifying the sensitivity of a forest species in certain conditions provides important information
regarding its adjustability in a specific environment, which is an essential input in restoration and climate
change adaptation plans. The main objective of this paper is to assess the growth response of black pine
to monthly, seasonal and annual meteorological variations and under drought stress conditions. The
evaluation is based on dendroclimatological data from a high-altitude Mediterranean forest located
in Greece. The analysis is performed using a multiscalar approach, in order to examine significant
seasonal patterns throughout the year. Temperature-related and water-related meteorological factors
are employed, including parameters that have been studied to a limited extent for black pine, such
as the diurnal temperature range (DTR), the reference evapotranspiration (ETo), the vapor pressure
deficit (VPD) and the relative humidity (RH). Two widely known meteorological drought indices, the
SPI and the reconnaissance drought index (RDI), are used for identifying meteorological conditions
and drought events. The RDI, incorporating both precipitation and reference evapotranspiration, is
used for the first time for drought analysis on a species of the genus Pinus. Furthermore, two recently
proposed modifications of the aforementioned indices aiming at characterising vegetation-agricultural
drought, which have never been applied in a forest environment, are also used and evaluated for their
suitability in identifying drought effects on the specific species.
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2. Material and Methods

2.1. Overview

The assessment of growth response of black pine to meteorological factors (temperature-related
and water-related) and drought was based on tree-ring data acquired from a high-altitude area of
southern Greece.

A multi-scalar approach is utilised, involving several timescales (1-month up to 12-month) to
identify the role of each examined parameter in different periods of the year. Specifically, reference
periods starting from different months are considered (e.g., 12-month period October to September,
6-month period January to June, 3-month period December to February, and 1-month period March),
aiming at covering all periods of the year, up to the end-month of annual tree growth (September).
For each reference period, the monthly values of the examined factor are either averaged (applies to
temperature-related parameters, RH and VPD) or accumulated (applies to the rest of water-related
parameters and drought indices), expressing, respectively, the average or total value of the parameter
for the corresponding period.

For obtaining a straightforward conceptual association between each parameter and annual tree
growth, the hydrological year (October–September) is used as the calculation base, referring to the
period coinciding to the start of the rainy season and soil moisture recharge. This selection is further
supported by findings of previous studies, demonstrating the association of meteorological conditions
during the last months of the previous year with black pine annual growth (e.g., [16,24]).

The relationship between each factor and tree-ring data is assessed based on Pearson correlation
coefficient (r), considering two significance levels (p < 0.01 and p < 0.05) along with r values. The
parameters are separately correlated for each reference period (78 reference periods per parameter),
while the outcomes are presented on a starting-month/timescale matrix. For instance, the matrix cell
corresponding to the starting month O (October) and timescale 4 denotes the 4-month reference period
October to January.

Several software tools were used in different parts of the analysis. Tree-ring data processing
performed with COFECHA, ver. 6.06 (cross dating and quality control) [28] and ARSTAN software, ver.
6.05 (detrending and standardisation) [29]. The drought indices were calculated using the Drought
Indices Calculator-DrinC software, ver. 1.7 [30], while the reference evapotranspiration (ETo) was
estimated using FAO–ETo Calculator software, ver. 3.1 [31]. The IBM SPSS Statistics package, ver. 23,
was used for conducting the statistical analysis [32].

2.2. Study Area

The study site is located at Mt Parnonas in southeast Peloponnese (Greece), within a broader forest
area of about 55,650 ha with coordinates 37.22◦ N–22.63◦ E and altitude of approximately 1400 m a.s.l.
The area is characterised as a Site of Community Importance (SCI) of the NATURA 2000 Network “Oros
Parnonas kai periochi Malevis” (code GR2520006) protected by European and Greek regulations [33].

The aridity index [34] for the study area is 1.32, indicating that the region is quite humid with
respect to the Mediterranean climate, probably due to the altitudinal position of the site. The annual
mean temperature is 13.0 ◦C, with respective average minimum and maximum values 7.0 and 18.9 ◦C.
The average annual precipitation is 1403 mm, presenting seasonal variations from 131 mm in summer
to 517 mm in winter. The average annual ETo is 1077 mm, while the average annual water balance is
326 mm. According to the pluviothermic diagram, the dry season is short (about 1.5 months) prevailing
from July to mid-August (Figure 1).
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Figure 1. Pluviothermic diagram of the study area.

The study area is characterised by high diversity of plant and animal species. It hosts mainly
conifer forests of Abies cephalonica and Pinus nigra var. pallasiana and is the only European site for
the Juniperus drupacea species. The main habitat types (in terms of the area they occupy, i.e., more
than 1000 ha) are the 9530* “(Sub)-Mediterranean pine forests with endemic black pines” in 4201 ha,
the 9340 “Querqus ilex and Quercus rotundifolia forests” in 3703 ha, the 9560* “Endemic forests with
Juniperus spp” in 3039 ha., the 4090 “Endemic oro-Mediterranean heaths with gorce” in 2035 ha, and
the 5420 “Sarcopoterium spinosum phryganas” in 1050 ha. Except for the 9560* and 9530*, which are
priority habitat types, in Mt. Parnonas exists also the priority habitat type 6250* “Species-rich Nardus
grasslands, on siliceous substrates in mountain areas in Continental Europe”, which occupies only
63 ha. The total area is characterised as a site of high ecological importance, since 85 of the taxa
hosted in the area are rare and 12 very rare. Additionally, there are 12 species that are either recently
discovered and are new (not yet included in red list, but vulnerable or endangered) or Balkan endemics
or with small, scattered population characterised as in danger or under extinction.

In the past, black pine forests covered about 7.5% of Mt Parnonas total area, but a great percentage
was destroyed due to extended forest fires in 2007. Restoration was supported by the European Union
through the LIFE NATURE funding tool [35].

2.3. Tree-Ring Data and Analysis

Dendroclimatology using tree-ring data is a well-established approach for assessing the climatic
impact on tree-growth in many species of the genus Pinus [9,36]. Tree sampling was conducted in the
study area by extracting two cores from each black pine tree, vertical to each other. A total sample of 20
cores from 10 individual trees was collected. The selected trees were growing in areas with relatively
low vegetation density, to minimise the effects due to competition with other individuals. The trees
had no visible injuries or signs of phytopathological factors that could have affected their growth [36].
The cores were extracted from the trunk at a height of 1.3 m above ground level. The cores dried
naturally in the laboratory for about one month and the ring width and dating were determined by
using a Kutschenreiter-Lenz Digital Positiometer type II, with an accuracy of 0.01 mm.

Cross dating and quality control were performed on the produced data series [28]. A total of 1140
rings (from 20 cores) were analysed, covering the period from 1911 to 2005 (95 years). The mean length
and intercorrelation of the series were 57.0 and 0.606, respectively, with an average mean sensitivity
of 0.319. A double detrending and standardisation procedure was performed to the tree–tree ring
width timeseries. The main objective of the process was to identify and remove the trend of the
timeseries and part of the variance caused by nonclimatic factors (tree age, tree size, stand dynamics,
etc.) [29,37]. Through this procedure, a robust mean tree-ring index standard chronology (tree-ring
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width index-TRWI) was produced and modelled as an autoregressive process [38]. The timeseries of
TRWI and the available number of tree cores per year are presented in Figure 2.Atmosphere 2020, 11, x FOR PEER REVIEW 5 of 19 
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Figure 2. Timeseries of tree-ring width index (TRWI) (a) and available number of tree cores per year (b).

2.4. Meteorological Data and Parameters

Daily meteorological data of the Climate Forecast System Reanalysis [39] were used, referring
to the location of the study area (g.c. 37.3◦ N, 22.5◦ E). The available dataset includes precipitation,
temperature (maximum and minimum), wind speed, relative humidity, and solar radiation parameters,
for a period of 31 hydrological years (1979–1980 to 2010–2011). It is noted that the hydrological year
in the area follows the typical pattern for the Mediterranean basin, in which the rainy season starts
in October.

The FAO Penman–Monteith (FAO-56 PM) method was used to estimate the reference
evapotranspiration (ETo), as it is the recommended approach for both RDI and eRDI calculation [40–42].
ETo is estimated from the following equation [43]:

ETo =
0.408∆(Rn −G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(1)

in which Rn is the net radiation at the crop surface (MJ/m2
·day), G is the soil heat flux density

(MJ/m2
·day), T is the mean daily air temperature at 2 m height (◦C), u2 is the wind speed at 2 m height

(m/s), es is the saturation vapour pressure (kPa) estimated by Tetens [44] equation, ea is the actual
vapour pressure (kPa), ∆ is the slope of the vapour pressure curve (kPa/◦C), and γ is the psychrometric
constant (kPa/◦C).

The diurnal temperature range (DTR) is also employed, expressing the daily changes of temperature
and estimated by the difference between the maximum and minimum temperature. Additionally, the
vapor pressure deficit (VPD) is used, indicating the atmospheric dryness, combining the effects of
mean temperature and relative humidity.

2.5. Drought Indices

The use of drought indices is the typical approach for identifying drought episodes and
assessing their main characteristics, i.e., the severity, the duration, and the areal extent [45,46]. Many
meteorological drought indices are efficient for examining the temporal (monthly, seasonal, and annual)
variation of meteorological parameters (e.g., precipitation, temperature, and evapotranspiration), while
they may be also used as climatic indicators [47–53].

One of the most widely used drought indices worldwide is the SPI. The index is formed through a
standardisation procedure, which involves the fitting of precipitation timeseries to the gamma function,
defining the relationship of probability to precipitation [54]. According to the established relationship
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based on the available data, the probability of any precipitation value may be assessed. The latter,
together with an estimate of the inverse normal, is used to calculate SPI, expressing the precipitation
deviation for a normally distributed probability density. This process may be performed for different
accumulation periods (timescales) of precipitation (e.g., 1-month, 3-month, 6-month). The average
value of the produced SPI timeseries is zero, allowing the direct identification of wet periods (positive
values) and dry periods (negative values). The calculation process of SPI is presented in detail by
Edwards and McKee [55].

Another index that has been extensively used during the last decade is the RDI, which is based on
the ratio of cumulative precipitation (P) to cumulative reference evapotranspiration (ETo), for specified
reference periods [56]. Thus, the initial form of the index (α) for a reference period of k months is
calculated as

αk =

j=k∑
j=1

P j

j=k∑
j=1

ETo j

. (2)

The standardised form of the index (RDIst) is derived from the initial form following a similar
procedure to the one used for SPI calculation. More specifically, RDIst is typically calculated by
fitting the gamma probability density function to the given frequency distribution of αk, which is
then transformed into normal distribution. Therefore, RDIst represents the magnitude of drought in
a specific location, based on the probability of occurrence of a drought event, as determined by its
corresponding αk value. Details on the calculation approach of RDI may be found in Tsakiris et al. [56]
and Tigkas [57].

The main advantages of the above indices are their simple structure and low data requirements,
while they can be calculated for several timescales (e.g., 1-, 3-, 6-, 12-month periods). Additionally,
their results regarding the magnitude of a drought event can be interpreted uniformly, for any location,
according to the classification presented in Table 1. Although these indices have not been specifically
designed for assessing the effects of drought on vegetation, there are several studies that have used
them for such a purpose with satisfactory results (e.g., [58–63]).

Table 1. Classification of drought conditions according to standardised precipitation index (SPI),
agricultural SPI (aSPI) and standardised forms of reconnaissance drought index (RDIst) and effective
RDI (eRDIst).

Drought Index Value Category

≥2.00 Extremely wet
1.50 to 1.99 Severely wet
1.00 to 1.49 Moderately wet

0 to 0.99 Near normal (mildly wet)
0 to −0.99 Near normal (mild drought)
−1.00 to −1.49 Moderate drought
−1.50 to −1.99 Severe drought

≤−2 Extreme drought

Recently, two modifications of SPI and RDI were proposed, namely the agricultural standardised
precipitation index (aSPI) [64] and the effective reconnaissance drought index (eRDI) [65]. The
main adjustment introduced in both modifications was the substitution of precipitation by effective
precipitation, i.e., the portion of total precipitation that can be used productively by the plants for their
growth. The classification of Table 1 is also applied for aSPI and eRDI. The anticipated goal of the
above modifications is to improve the accuracy in vegetation-agricultural drought characterisation.
Additionally, to retain low data requirements, the use of precipitation-based empirical methods for
assessing effective precipitation have been proposed [64]. In this study, effective precipitation is
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estimated by monthly precipitation values, according to percentages corresponding to precipitation
classes (Table 2), based on the US Bureau of Reclamation method [64,66].

Table 2. Monthly precipitation classes and corresponding percentage for estimating effective
precipitation based on US Bureau of Reclamation method.

Monthly Precipitation Class (mm) Effective Precipitation (% of Precipitation)

0.0–25.4 90–100
25.4–50.8 85–95
50.8–76.2 75–90

76.2–101.6 50–80
101.6–127.0 30–60
127.0–152.4 10–40

>152.4 0–10

3. Results

3.1. Tree-Growth Response to Meteorological Factors

The assessment of tree-growth response to the weather conditions prevailing during the study
period (1979–2010) indicates that some meteorological parameters have evident effects on the annual
growth of the trees, as presented in Figure 3. Precipitation and other water-related parameters, such as
RH, VPD and ETo, seem to have a greater influence on tree-ring width, compared to temperature-related
parameters. It is noteworthy the small value of TRWI during the year 1989–1990, which is characterised
as a year of extreme drought, corresponding to a significantly low amount of precipitation. The impact
of the meteorological parameters on annual tree growth is evaluated by examining a great number
of correlations, for various reference periods at different timescales, while the results are analysed
separately for each parameter.

3.1.1. Temperature-Related Parameters

The Pearson’s correlation coefficients (r) for all temperature-related parameters and TWRI are
presented in Figure 4. Based on the results, temperature does not appear to have significant effects on
black pine growth in the study area, regardless of the temperature attribute (Tmean, Tmax or Tmin). More
specifically, temperature attributes (except DTR) do not present statistically significant correlations with
TWRI (p > 0.05) for any reference period. Although no significant relationships have been established,
higher Tmin appears to have an overall minor positive effect, while higher Tmax a minor negative effect
on tree growth. Tmean presents also nonsignificant positive correlations during autumn and winter,
and negative correlations during spring and summer.

In contrast to the other temperature attributes, the results of DTR denote significant negative
correlations with TRWI, for several reference periods, especially between December and June. Overall,
DTR seems to affect tree growth mostly during winter, spring and early summer. At 1-month timescale,
March is the only month presenting significant correlation (r = −0.45, p < 0.05), while the strongest
correlation (r = −0.60, p < 0.01) is found for the 9-month period December–August.

3.1.2. Water-Related Parameters

Regarding the effect of water-related parameters on tree growth, the correlations of the annual
TRWI with the values of RH, VPD, precipitation, ETo and ETo/P ratio were analysed (Figure 5).

Water-related parameters present a stronger correlation with tree radial growth compared to
temperature parameters. RH presents the strongest correlations, with the highest value (r = 0.74,
p < 0.01) identified at the 10-month period October–July. Additionally, the respective r values
of the average RH for the reference periods November–July, October–May, November–June,
December–August, December–July and October–August are also high (r > 0.7, p < 0.01). In general,
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the effect of RH on TRWI is positive. Based on 1-month timescale analysis, it is derived that RH
presents significant positive correlations with TRWI in December, January, March, May and June.
The highest correlations are recorded in December and March, with r values 0.61 (p < 0.01) and 0.63
(p < 0.01), respectively.
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Figure 3. Interannual changes of (a) TRWI, (b) Tmin, Tmean, Tmax and diurnal temperature range (DTR),
(c) precipitation, (d) RH, (e) VPD and (f) ETo for the hydrological years from 1979–1980 to 2009–2010.
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Figure 4. Pearson coefficients (r) derived from the correlation of annual TRWI with Tmin, Tmean, Tmax

and DTR at different timescales. The positive correlations are indicated with “+”, the negative with
“-” and the negligible (−0.1 < r < 0.1) with “0”. The significance level is indicated with red (p < 0.01),
orange (p < 0.05) or black (not significant) signs, while the strongest correlation (highest absolute r
value) per parameter is marked with broader line.

The VPD effect on tree growth is, in general, negative, regardless of the reference period.
All months also present negative correlations with TRWI. The strongest monthly correlation is
identified for December (r = −0.60, p < 0.01). The VPD values are also significantly correlated for
several reference periods. The strongest correlation (r = −0.66, p < 0.01) between VPD and TRWI is
recorded for the 10-month period October–June.

Similar to the VPD, tree growth response to ETo is also negative. The relevant patterns of ETo
show significant correlations of the parameter with TRWI at specific reference periods, with the highest
r value being identified for the 4-month period December–March (r = −0.55, p < 0.01). The 1-month
timescale analysis indicates December as the most influential month for tree radial growth (r = −0.51,
p < 0.01).

Precipitation correlates generally positively with TWRI, with the highest r identified for the
3-month period October–December (r = 0.48, p < 0.05). The 1-month timescale analysis indicates
that March is the only month with significant correlation between precipitation and TWRI (r = 0.40,
p < 0.05).

The combined ratio of reference evapotranspiration to precipitation (ETo/P) shows significant
correlations with TWRI, presenting r values greater than 0.7 in specific reference periods. The tree
response to increasing ETo/P is generally negative. From the 1-month timescale analysis, March
ratio has the greatest influence on tree-growth (r = −0.69, p < 0.01), while January also presents a
significant correlation (r = −0.50, p < 0.01). The strongest correlation is identified for the 6-month period
October–March (r = −0.75, p < 0.01). It is also noted that the average ETo/P of the 5-month period
November–March, the 4-month period December–March, the 3-month period January–March and the
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2-month period February–March are also significantly correlated with TRWI, presenting absolute r
values greater than 0.7 (p < 0.01).Atmosphere 2020, 11, x FOR PEER REVIEW 10 of 19 
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Figure 5. Pearson coefficients (r) derived from the correlation of annual TRWI with relative humidity
(RH), vapour pressure deficit (VPD), evapotranspiration (ETo), precipitation (P) and ETo/P. The positive
correlations are indicated with “+”, the negative with “-” and the negligible (−0.1 < r < 0.1) with “0”.
The significance level is indicated with red (p < 0.01), orange (p < 0.05) or black (not significant) signs,
while the strongest correlation (highest absolute r value) per parameter is marked with broader line.

3.2. Tree-Growth Response to Drought

The correlation outcomes between each drought index (SPI, RDI, aSPI and eRDI) and TWRI are
shown in Figure 6. Based on the results, all indices appear to have significant correlations with TWRI,
for various reference periods. It seems that the conditions during the wet period, from the beginning
of the hydrological year (October) until March, have the most direct effects on tree growth. More
specifically, the 6-month period October–March presents the highest correlations with annual tree
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growth, as indicated by all drought indices. The strongest correlation is recorded for aSPI (r = 0.72,
p < 0.01) and eRDI (r = 0.58, p < 0.01), whereas SPI and RDI present also high r values (r = 0.53, p < 0.01
and r = 0.51, p < 0.01, respectively). Both aSPI and eRDI appear to be more sensitive in identifying the
impact on the annual tree growth compared to SPI and RDI.
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Figure 6. Pearson coefficients (r) derived from the correlation of annual TRWI with SPI, aSPI, RDI
and eRDI drought indices. The positive correlations are indicated with “+”, the negative with “-” and
the negligible (−0.1 < r < 0.1) with “0”. The significance level is indicated with red (p < 0.01), orange
(p < 0.05) or black (not significant) signs, while the strongest correlation (highest absolute r value) per
parameter is marked with broader line.

The 1-month timescale analysis shows significant effects on tree growth during March and, to
a lesser extent, in January. In general, all indices present positive correlations with tree growth,
indicating that the trees present increased growth rates as the indices values decrease, i.e., more intense
droughts prevailing.

In Figure 7, an indicative comparison of TRWI and drought index values is presented (aSPI,
6-month period October–March), in which the effect of wet-period conditions on tree growth is shown.
It is interesting to note that, although there is no clear evidence that single drought episodes have
significant effects on tree-growth during the succeeding years, there are indications that multiyear
droughts may have a cumulative impact on tree development. For instance, the extreme drought
conditions during 1989–1990 caused a significantly low TWRI value during the same year, but in the
next year (near-normal drought conditions) tree growth presented a fast recovery. However, during
the 2-year drought event in the succeeding years (moderate drought conditions), there was a decline of
TWRI that remained in relatively low levels for three more years (near normal drought conditions).
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Figure 7. Comparison between TWRI and 6-month (October–March) aSPI for the period 1979–2005.

4. Discussion

4.1. Temperature Effects on Tree-Growth

The temperature influence on tree growth is dependent on the local climate. In cool regions,
where low temperature is the main limiting factor, the temperature influence is positive [67–69], while
in regions where high temperatures limit tree growth, the effect of temperature is negative [5,6,70].
Additionally, increased summer temperatures affect mostly the development of the trees growing
faster compared to others [71]. In the region of this study, no significant influence of temperature
attributes (Tmean, Tmax and Tmin) on tree growth has been shown. However, there seems to be a minor
(not significant) positive correlation for Tmin and negative for Tmax, while the correlation for Tmean

is positive for winter and autumn and negative for spring and summer. The negative effect of high
spring and summer temperatures on black pine has been also identified in other studies [72,73].

In western Mediterranean mountains, Martín-Benito et al. [74] studied black pine growth
variations and concluded that higher August–October temperature suppressed tree growth, while
December–February temperature enhanced it. In our region, the temperature effect is more evident
in specific months or time periods. More specifically, Tmean of November and September appears to
be the most influencing on tree annual growth, presenting the highest positive and negative r values,
respectively. This indicates that an increase of Tmean in November or a decrease in September may
enhance tree growth. Especially, for November, the positive influence is identified also for Tmin and
Tmax. However, the greatest influence of Tmin concerns its average value from November to December
and it is positive, whereas for Tmax the average value of the period from February to September appears
to have a higher negative effect on tree growth. For winter temperatures, a positive influence has also
been found [74], suggesting that this is attributed to the higher photosynthetic rates and carbohydrates
accumulation [17] favoured by warmer winters, resulting finally in an increase in earlywood width [75].
Such responses to winter temperatures are also identified in other Mediterranean plant species (Erica
multiflora and Globularia alypum) [76].

The influence of temperature for specific months or periods is also site dependent, mainly
determined by the latitudinal position and altitude. Summer temperatures have been found to have a
negative effect on black pine tree growth in western Mediterranean mountains; however, the specific
month influence is depended by the latitude [25,74]. June temperature seems to affect the growth in
the southernmost regions, June–August temperatures the central ones and July–August temperatures
have greater influence at the northern sites, suggesting that significant temperatures in southern sites
present a lag on the order of 1–2 months ahead of the northern sites [74].
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The temperature-related factor that has a significant impact on black pine in the study area is DTR.
Wide daily temperature ranges (high DTR values) seem to stress black pine mostly during late winter,
spring and early summer. Although, to the best of our knowledge, the effect of DTR on black pine has
not been previously studied, high DTR values, especially during spring and early summer, are also
linked to vigour levels of other pines in the Mediterranean [77]. DTR can be related to cloudiness and
radiation factors that control photosynthetic activity [78–80]. Furthermore, cloudiness (lower DTR
values) can be associated with higher precipitation probability and lower evapotranspiration rate [81],
which affect water availability. Therefore, low DTR values, especially after the season of the year that
precipitation amount typically declines (late winter–spring), may indicate favourable hydroclimatic
conditions that enhance tree growth.

4.2. Water Availability Effects on Tree-Growth

Many studies for black pine indicate a negative summer–temperature effect and a positive
influence of September–June precipitation on tree radial growth in the Mediterranean [6,14,70,74] and
in other European sites [17,82]. Leal et al. [82] also reported a strong positive correlation of black
pine ring width with spring-summer precipitation in Austria, while similar results were extracted
from studies conducted in Turkey [83], Bosnia and Herzegovina [84] and Albania [85]. Shishkova
and Panayotov [86] analysed black pine tree rings from Rhodope mountain in Bulgaria, reporting
also a positive effect of precipitation. In the current study, the positive effect of precipitation on tree
growth is also identified. The cumulative October to December precipitation appears to have the
strongest positive influence on tree growth. Spring precipitation has also a positive impact, with the
most significant effects to be related with precipitation during March.

The effect of monthly precipitation on tree growth seems to differ, according to the period under
examination. For instance, Martín-Benito et al. [74] mention that the most influential month for black
pine trees (in terms of monthly precipitation) was July in the 1900’s but gradually displaced to June
around the 1950’s, while changing later to May, with respect to the latitudinal positions of the study sites
in the western Mediterranean mountains. Specifically, May–June precipitation had greater influence
on tree growth at the southern and central sites and June–July precipitation at the northern sites.

Several studies indicate spring and summer water availability as the main driver of black pine
growth in the Mediterranean [18,20,22,75,87–91]. In the present study, the water availability impact
was assessed by employing, beyond precipitation, the meteorological parameters RH, VPD, ETo and
ETo/P ratio. According to the results, it is indicated that March is the most influential month for
black pine growth, with significant correlations and high absolute r values for all the aforementioned
parameters. The average ETo/P ratio of the 6-month period October–March has the stronger negative
effect on tree growth, indicating that, as the ratio increases (i.e., water availability decreases) the tree
growth is suppressed. Although many studies suggest that water availability in summer appears to
limit the annual growth of black pine [72,73,92], in our study only June appears to have a significantly
strong effect, as identified by RH, VPD and ETo correlations with TWRI.

4.3. Drought Effects on Tree-Growth

Tree-growth response to single-year droughts and, more characteristically, the extreme drought
event that occurred during the hydrological year 1989–1990, is in line with other studies regarding
the resistance and resilience levels, showing a significant impact during the drought year, but a fast
recovery to the previous growth state in the next year. Although a major effect on tree development is
anticipated at the time of an extreme event [20], the position of the study site at a relatively high altitude
(1400 m) compared to the low-elevation threshold of black pine in the region, provides favourable
conditions for such a resilience response [16,21]. On the contrary, studies from low-elevation sites
show reduced resilience level, especially after extreme drought episodes (e.g., [17,22]).

The cumulative effect of multiyear droughts, which is indicated by the decreased resilience level
after the 1991–1993 drought period, agrees with other studies describing a “legacy effect” for a period
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of 2 to 3 years after the drought episode [16,20,22]. However, if multiyear drought magnitude remains
within a moderate level, this effect does not seem to threaten tree vitality, as it is also discussed by
Eilmann et al. [19].

Many studies indicate as a major limiting tree growth factor the summer droughts [16,17,20,75,93],
especially affecting low-elevation areas, while others suggest spring droughts as a limiting factor,
mainly in western parts of the Mediterranean [18,75]. In the area of the current study, it is interesting to
note that winter and early spring conditions play also an important role on tree growth, with a strong
correlation between all examined drought indices for the first 6 months of the hydrological year and a
higher influence of March conditions.

4.4. Suitability of Drought Indices

All drought indices used in the study identified reasonably well the most important periods that
determine the sensitivity of black pine to weather variations and drought conditions. However, the
outcomes show that tree-growth response is represented more accurately, when the modified versions
of the drought indices (aSPI and eRDI), incorporating effective precipitation, are employed. According
to Huxman et al. [94], the water use efficiency of biomes, i.e., the aboveground net primary production
to precipitation ratio, decreases as the mean annual precipitation increases; though, during drought
years, water use efficiency convergences to a maximum value, which is typical to arid environments.
Therefore, the implementation of effective precipitation in the drought indices seems to capture
successfully the water use efficiency variations in the forest environment under study.

5. Conclusions

Black pine is an important tree species, endemic in many parts of the Mediterranean. In this study,
several meteorological factors for various timescales were examined to determine their influence on
black pine tree growth in a high-altitude region of Greece, identifying periods of the year during which
the trees are more sensitive to specific factors.

Temperature attributes (Tmin, Tmax and Tmean) do not show any significant correlation with tree
growth at the study area. Although not significantly associated, warmer conditions during autumn
and winter and cooler conditions during spring and summer seem favourable for tree growth. On the
other hand, significant correlations are derived by DTR analysis, revealing that high daily temperature
range during winter, spring (mostly in March) and early summer can be associated with negative
impacts on tree development.

Precipitation has an anticipated positive impact on tree growth, especially during the first months
of the hydrological year (October–December). Spring precipitation has also a positive effect, mainly
early in the season. The significance of water availability during the first semester of the hydrological
year (especially March) is also indicated by several other parameters (RH, VPD, ETo and ETo/P ratio).

Drought conditions were assessed using two well-established drought indices (SPI and RDI),
along with two recent modifications (aSPI and eRDI) that employ effective precipitation, instead of
total precipitation, as input parameter. The outcomes show that black pine tree growth may be highly
affected during an extreme drought episode, though the resilience of the trees is fast during the next
year, which can be attributed to the relatively high altitude. However, multiyear droughts may have
prolonged effects, with impacts on tree-growth during the successive years.

Regarding the suitability of the selected drought indices, all had a satisfactory performance
in identifying critical periods related to drought effects on tree growth. However, both modified
versions performed better than the original indices, with aSPI presenting the best response. This
can be associated with the use of effective precipitation that may represent more adequately the
efficiency of water use by the trees, thus providing increased accuracy on vegetation-agricultural
drought characterisation in the forest ecosystem.

Based on the above, black pine tree growth in the study region present a more direct response to
meteorological conditions during winter, early spring and early summer. Water availability during
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these periods is of high importance, while temperature, apart from daily temperature range, does not
seem to be a significant limiting factor. Even though tree growth may be considerably affected during
a major drought event, the trees are tolerant in terms of fast recovery within the next growing period.
However, possible climate shifts, leading to more intense and prolonged droughts, are anticipated to
increase the cumulative effects and endanger the vitality of the species in the region.
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