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Abstract: This paper analyses the recent recurring dieback and growth decline of Black pine
(P. nigra Arn. var austriaca) in the Keszthely mountains of south-west Hungary, and their relations
to water deficits due to droughts. These relations were studied in five stands with low soil water
storage capacity for the period 1981–2016. The vitality was assessed using 60 tree-ring samples and
changes in remotely sensed vegetation activity indices, i.e., the normalized difference vegetation
index (NDVI) and the normalized difference infrared index (NDII). Water deficit was estimated by
using meteorological drought indices such the standardized precipitation–evapotranspiration index
(SPEI) and the forestry aridity index (FAI), as well as the relative extractable water (REW), calculated
by the Brook90 hydrological model. Results revealed a strong dependency of annual tree ring width
on the amount of water deficit as measured by all the above estimators, with the highest correlation
shown by the summer REW. Droughts also showed a long-term superimposed effect on tree growth.
NDII seemed to be more sensitive to drought conditions than NDVI. The robust dependency of tree
growth on the summer water availability combined with the projected increasing aridity might lead
to decreasing growth of Black pine in Hungary towards the end of the century. We thus argue that
the suggestion by several papers that Black pine can be a possible substitute species in the Alpine
and Mediterranean region in the future should be revisited.
Keywords: drought; P. nigra; tree rings; NDVI; NDII; soil water balance modelling; relative
extractable water

1. Introduction
Drought has started to occur with increasing frequency and severity in Europe over the last
30 years [1,2]. It could trigger a long-term decrease in forest productivity [3–5] or forest decline [6–8].
Prolonged and extreme droughts are assumed to be responsible for widespread forest mortality [9–12].
The growth and vitality of many forests in Hungary have already been negatively affected by several
recent droughts, especially the extremely dry years at the beginning of the 2000s that had a negative
impact on beech and oak forests [13–15].
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Black pine (P. nigra Arn.) is generally considered as a drought-tolerant species (more tolerant than
Scotch pine, P. sylvestris L.); therefore, several studies mentioned Black pine as a possible substitute
species in the Alpine and Mediterranean region in the future [16–19]. However, recent prolonged water
deficits of the extreme drought in 2011–2012 induced a large-scale dieback of Black pine (P. nigra Arn.
var. austriaca) in the south-west and to a lesser extent in the north-eastern mountainous area of Hungary.
Black pine covers 3.4% of the total forested area [20] and is not a native species in Hungary. It was
planted from the second half of the 19th century mainly on sites with shallow soil and poor yield
potential to bind the sand in the lowland and cover the bare surfaces in the mountains. The majority
(55%) of Black pine stands in Hungary are located on shallow (0–40 cm) soils with sandy texture.
Although the drought periods in the 1990s and 2000s had already affected the vitality of Black pine
in south-west Hungary evaluated by shoot mortality [21], the drought event in 2011–2012 induced
a damage chain, the final phase being a fungal pathogen attack that has led to the mortality of the
trees with declined vitality. After the drought period and the subsequent necessary sanitary cutting
in the following years, only a few patches of Black pine stands have remained in the Keszthely
Mountains [22].
The expected increase in the frequency of extreme drought events in the future [23–25] combined
with the amplifying effect of poor site conditions might risk the future sustainability of Black pine
in this region but also elsewhere in Hungary. These forests, however, provide important ecosystem
services by, among others, protecting the soil against wind and water erosion.
Drought metrics for such analyses are usually based on drought indices that are the
combination of simple meteorological variables such as the amount of rainfall and air temperature
(potential evapotranspiration) for specific time scales (e.g., the standardized precipitation
evapotranspiration index (SPEI) [26] or the forestry aridity index (FAI) [27]). In forested ecosystems,
however, the amount of soil water content depends not only on abiotic factors (climate and the
characteristics of the soil itself), but also on the effect of vegetation on water fluxes (such as
rooting depth, leaf area index and stomatal conductance). The daily estimation of the relative
extractable water (REW), calculated by the Brook90 daily soil water balance model, considers the
effect of canopy is necessary to empirically characterize drought as a period when soil water content
falls below a threshold, and negatively affects plant functioning [28,29]. Yet, to our knowledge,
few studies, if any, have compared the correlation strength between the growth of Black pine and
meteorology-based drought indices completed with soil water balance indicator that explicitly take
into account relationships between plant functioning, soil properties, and climate. The aim of this
study was to describe the Black pine specific climate-tree-growth relationship and the vitality response
of Black pine to droughts. These relations were studied using the combination of dendrochronological
information, remote-sensing techniques and drought indices. We also tested the ability of these indices
to track growth changes.
2. Materials and Methods
2.1. Study Site
Although Black pine was one of the most dominant tree species in the Keszthely Mountains,
by the time the study was started only a few larger patches of Black pine stands remained, mainly
in steep north-wards facing slopes due to the drought-induced damage chain following the year
2012. For our analysis, five Black pine sites (50 × 50 m) were selected in the Keszthely Mountains in
south-western Hungary (46.83◦ N, 17.35◦ E, 200–400 m a.s.l. Figure 1).
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Figure 1. Distribution map of Black pine in Europe (green areas; source: EUFORGEN 2009 [30]) and
location of the five study sites (S1–S5) in the Keszthely Mountains (within the green area denoting the
forest area, the dots mark the subcompartments where the mixture ratio of Black pine was highest).

The selected plots are located around 5–10 km from each other and can be characterized by similar
growing and stand conditions such as shallow rocky soils with relatively little available water storage
capacity (none of the sites receive water additional to precipitation), similar in-site soil conditions
and high crown closure. Since forest management (e.g., thinning) can have a significant temporary
influence on individual trees’ response to climate, we selected sites without any forest management
for at least the last three decades that give us confidence that changes in forest management have not
influenced the variability of observed changes in radial growth.
The stands are pure and even-aged (between 35 and 55 years) although the trees were affected
by drought-induced growth decline and dieback in the past with varying magnitude. Taking into
account the middle-aged trees in the samples and the felling age of 85 years in the fourth yield class for
Black pine [31] ensured that the trees were still in the rapid growing stage during the analysed period.
All selected stands can be considered representative for the region.
The parent material of the area is dolomite and the relief of the terrain is high. The soil of the
investigated stands is of Rendzina type, an equivalent of Leptosolin the WRB system [32] with an
average rock fraction (>2 mm) of 60% (Table 1.).
Table 1. Site and stand characteristics of the analysed plots.
Site

Mean Tree
Height (m)

Density
(Trees/ha)

Mean Stand Age
in 2012 (Years)

Slope/Aspect (◦ )

Topsoil Layer
Thickness (cm)

Leaf Area Index
(m2 /m2 )

Ratio of Dead to Live Standing
Trees Excluding Naturally
Suppressed Trees (%)

S1
S2
S3
S4
S5

15.5
16.9
14.0
12.5
13.6

411
338
450
401
688

50
55
55
35
40

30/0
32/315
20/270
25/315
20/270

25
40
50
30
50

2.7
2.1
3.0
2.3
2.9

5
0
10
30
15

Mean annual temperature was 10.8 ◦ C and the mean annual precipitation was 628 mm during the
period 1981–2016 in Keszthely (National Climatic Data Center (NCDC) [33]. A warming trend can be
observed at a rate of +0.2 ◦ C per decade for the annual temperature since the beginning of the 1980s,
while no significant trend was found in the sum of annual precipitation for the same period.
The temporal change of moisture availability expressed by the annual SPEI values showed two
main multi-year periods (2000–2003 and 2011–2012) that can be characterised by a significant water
deficit (Figure 2).
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Figure 2. Annual standardized precipitation evapotranspiration index (SPEI) values (coloured area) and
the standardized normalized difference vegetation index (NDVI) for August-September (green/yellow
columns) for the study sites in the period 1981–2016 (NDVI data was provided by the Forest Monitoring
and Measuring program of the Hungarian Forest Research Institute, [34]).

The standardized mean of the normalized difference vegetation index (NDVI, [35]) of the
study sites showed especially low values in August and September 2012, corresponding to a large
precipitation anomaly in 2011–2012 (the effect of drought conditions on NDVI appears mostly in late
summer [36] (Figure 2) and were accompanied by high annual temperatures). A precipitation anomaly
map of this period for the whole country (Figure 3A) clearly shows a substantial annual water deficit.

Figure 3. (A) Precipitation anomaly (%) of 2011–2012 relative to the long-term mean (1951–2000) and
the (B) standardized mean normalized difference vegetation index (NDVI) of the months Aug–Sep in
2012 (red rectangle denotes the study area, grey dots the Black pine stands).

Although not shown, data for the summers in 2011–2012 may be even more indicative of the
extreme meteorological conditions that trees had to endure (in 2012 mean summer temperature was by
2 ◦ C above the long-term mean combined with less than half of the long-term precipitation sum of
summers).
The vegetation activity response of forest canopies was apparent in late summer and early autumn
in 2012 as shown by the mean standardized NDVI [37] for the months August–September (Figure 3B).
The NDVI was more than two standard deviations below the average condition (2000–2017) in the
study area for the selected period thus reinforcing the fact that the selected study area was among the
most affected regions during the most recent drought event.
2.2. Meteorological Data
To analyse the climate-growth relationship, daily meteorological data (temperature, precipitation,
vapour pressure, wind speed) for the period 1981–2016 were gathered from the nearest Keszthely
(Sármellék) station (Hungarian Meteorological Service), located about 10–15 km from the study sites.
Although topographical differences may cause differences in local microclimate conditions between the
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meteorological station and the study sites, longer time series (i.e., more than 30 years) were available
only from the station that, nevertheless, indicates local tendencies.
We calculated several meteorological variables for correlation with growth at different time
scales with particular attention to water availability. On the monthly scale, precipitation sum,
mean temperature, FAI, SPEI and REW were computed. The formulas of the applied variables
can be found in the Supplementary Materials (Table S1).
FAI is the ratio of the average temperature of July and August and the precipitation sums of
May to July plus the precipitation sum from July to August corresponding to the main growth and
organic matter production of forests [27].
SPEI [26] is a multi-scalar drought index that enables the monitoring of water availability over
various timescales using the monthly difference of precipitation and potential evapotranspiration.
The monthly potential evapotranspiration was calculated using the Thornthwaite method [38] using
the SPEI package of the software R [39].
2.3. Water Balance Model Calculations
The REW values reflect the timing and strength of the droughts. The values below 0.4 define
generally the threshold of stomatal closure i.e., the drought stress [28]. The mean monthly
REW was estimated for the site S5 covering the period 1981–2016 based on daily water balance
simulation. Components of the water budget were estimated by the Brook90 hydrologic model [40],
a parameter-rich model suitable for studying soil water movement on small plots. We ran the model
only for the S5 site since daily precipitation and soil moisture measurements were available only here.
The water balance simulations were driven by daily meteorological data, as well as by soil water
and canopy parameters.
Daily minimum and maximum air temperature, vapour pressure and wind speed were based
on the above-described meteorological station data while daily precipitation data of a nearby
(1 km distance) precipitation gauge was used. Since the difference in altitude between the
meteorological station and the site S5 is only 60 m we did not correct the air temperatures with
elevation. Global radiation was estimated from daily sunshine hours using the Angström formula [41].
We estimated the soil water parameters needed for the water retention and hydraulic conductivity
curve from soil texture using the table of Clapp and Hornberger [42] modified by Federer et al. [40].
Soil texture and rock fragments were determined by sieving and hydrometer analysis of particle size
distribution of the soil samples, taken from two different depths (0–30 and 30–50 cm). Soil texture of
the site is silt loam with a significant large fraction of rock fragments in the deeper soil horizons.
For evapotranspiration calculations, the canopy data, maximum rooting depth and the leaf area
index were determined by in situ observations. The maximum rooting depth was estimated as one
meter since roots were found in the rocky layer below 50 cm. The canopy height of 12 trees (these trees
were also used for dendrochronology analysis) was measured in each plot using a Vertex IV instrument
(Haglöf, Långsele, Sweden). Five hemispherical images were taken in each site in June 2017 to
estimate the leaf area index (LAI) with a Sony NEX-7 24M DSLR camera (Regent Instruments, Québec,
QC, Canada). The images were processed with the WinSCANOPY software (Regent Instruments,
Québec, QC, Canada) using the average of the available logarithmic LAI methods that compensate
for clumping [43]. For the seasonal LAI, a 20% increase during summer was considered due to new
needle development [44].
Finally, albedo and maximum leaf conductance were estimated from previous research on
Black pine [45–47]. The list of modified variables of the Brook90 model is provided in the
Supplementary Materials (Table S2).
To calibrate and validate the Brook90 model, soil water content was measured in four depths
(10, 20, 30 and 60 cm) in the S5 site (Figure 1) with ECH2 O EC-5 sensors (METER Group, Pullmann,
WA, USA) between 7 March 2016 and 31 August 2017.
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We used the year 2016 to calibrate and the year 2017 to validate the model. To avoid any
initialization problem due to inaccurate initial soil water content, we ran the model from the starting
year 1981. We started the comparison on 1 May 2016 to avoid any possible discrepancies at the
beginning of the measurement due to disturbance of the soil profile during installation of the
monitoring equipment.
Due to the practical difficulty of measuring in situ soil water potential, the measured soil water
contents were used for an initial setting of the model by modifying iteratively the soil water parameters
of each soil layer. After fixation of the soil water parameters we calibrated the model by minimizing
the deviation between the modelled and measured soil water content for each soil depth using the
evapotranspiration-sensitive maximum leaf and plant conductivity suggested by Federer et al. [40].
The calibrated values were then used for the validation and simulation periods.
2.4. Dendrochronological Procedures
To establish local tree-ring-width chronologies, at each site 12 living dominant Black pine trees
were cored (in total 60 cores) at 1.3 m height using a Pressler increment borer (Haglöf, Långsele,
Sweden). Given that the studied stands have not been strongly disturbed by logging or wildfires
within the last decades, sampling a few dominant trees was enough to obtain a reliable growth pattern.
Since we were interested not specifically in the radial growth of individuals but in the mean chronology
of the sites, a single core per tree was considered representative of that tree for dendrochronological
analyses [48]. Additionally, the sampled trees had normal shape of stem thus we did not expect to
have large differences among cores.
The cores were air-dried, glued onto wooden mounts and polished. First the wood samples were
visually cross-dated [49]. Tree-ring widths (TRW) were measured on scanned images (1200 dpi) in
WinDENDRO environment (Regent Instruments, Québec, QC, Canada) with a resolution of 0.001 mm.
Cross-dating was statistically checked using the program COFECHA [50].
To remove age-related growth trends and highlight the inter-annual changes for climate-growth
analysis, each cross-dated ring width series was detrended with a negative exponential curve [51] using
the program ARSTAN [52]. With regard to the modest autocorrelation checked by the Akaike criterion
(AIC), a standard version of chronologies was calculated as bi-weight robust mean of the individual
series. The signal strength of index series was checked using the expressed population signal (EPS)
statistics [53].
2.5. Remote-Sensing Data
Remote-sensing data was used to estimate changes in vegetation activity using NDVI and the
normalized difference infrared index (NDII) developed by Hunt and Rock [54]. NDVI can be derived from
spectral reflectance data (ρ) of red (R) and near infrared (NIR) channels as (ρNIR − ρRED)/(ρNIR + ρRED).
NDVI was found to be a suitable index for indicating vegetation stress, particularly due to drought stress
that controls leaf pigment control [55,56]. NDII is defined similarly to the NDVI, but using the shortwave
infrared reflectance (ρSWIR) as (ρNIR − ρSWIR)/(ρNIR + ρSWIR). NDII can be used to detect water
shortage using the property of shortwave infrared reflectance, which is negatively related to leaf water
content due to the large absorption by the leaf e.g., [57,58].
Surface reflectance (SR) images were obtained from Landsat-5 and Landsat-7 satellites,
and processed with LEDAPS atmospheric correction [59]. All the images were acquired from the
United States Geological Survey (USGS) webpage [60]. We used 128 SR images (path 189/027) averaged
monthly over the 1984–2016 period. The monthly number of cloud-free images was between 2 images
in March and November and 24 images in August, respectively (Figure 4).
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Figure 4. The monthly number of available images (1984–2016) for the study area.

Fortunately, the low numbers occurred in months outside the summer period, so the
corresponding biases did not affect the drought analysis.
We selected 9 Landsat pixels covering the selected stands (the extension of each pixel being 30 m
× 30 m), all fully representing Black pine canopies, for computing the vegetation indices. We calculated
the average value of the pixels for each site to reduce the pixel-by-pixel noise. To characterize overall
conditions, long-term average values of the indices were calculated using pixels of all sites for each
month of the year. For the drought analysis, we averaged the monthly values of the indices over the
five sites for the drought years and these values were compared to the long-term averages.
2.6. Data Analysis
The performance of the water balance model was evaluated by comparing predicted and observed soil
water content values for the calibration and validation periods using the root mean square error (RMSE).
Relationships among climate variables and growth patterns were assessed using the Pearson
correlation coefficients as well as response-function analysis taking into account the inter-correlations
between the climatic variables. The high correlation of standard chronologies between the sites
allowed that the mean of all chronologies (46–60 trees, depending on the number of available trees)
was used to calculate correlations with climate indicators covering the period 1981–2016. We analysed
monthly meteorological data (temperature, precipitation) and derived indices (SPEI and REW) over
the preceding 18 months from April of the previous year until September of the actual year of ring
formation. Additionally we calculated multi-month precipitation sums, temperature means and REW
averages for the periods June–August and annual values. Since FAI values were computed on annual
basis we correlated these annual values with tree ring widths. The correlation of the selected variables
with the radial growth of Black pine was compared and tested for significance using the method by
Diedenhofen and Musch [61].
To highlight growth reaction to drought conditions we carried out a statistical analysis based on
the results of the correlation analysis. The variable with the highest correlation was used to define
drought years for Black pine since 1981. Years were considered drought years when they showed more
than one standard deviation below the average conditions of the selected variable. Gazol et al. [62]
found that a period of three years represents well the short-term growth response as for Pinus halepensis
Mill., thus, short-term drought responses were quantified by comparing the growth during the drought
event (which may last for several years) with the average growth three years after and before the
drought event.
For the drought years or multi-year drought periods we calculated four indices of drought reaction
(resistance, recovery, resilience and relative resilience) following Lloret et al. [63]. Resistance means
that the trees are able to withstand a drought without showing a drop in ring width, thus, it can be
computed as a ratio of ring widths during and before a drought period. Recovery can be characterized
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as the ability to restore from drops during the drought and given by the ratio of ring width after and
during the drought period. Resilience describes the capacity to reach pre-episode growth levels and is
computed by the ratio of ring width after and before the drought period. Finally, relative resilience
indicates whether the effects of drought still persist after disturbance and how quickly trees able to
recover to pre-drought level and is computed as follows: ((ring width after drought − ring width
during a drought)/ring width before a drought period).
We tested if the values of the vegetation indices during selected drought years differ significantly
from the mean monthly values of NDVI and NDII. Relations of the mean monthly values of the indices
to tree ring width were analysed using correlation analysis.
All statistical analyses were done using the R statistical software [39].
3. Results and Discussions
3.1. Simulation of Relative Extractable Water (REW) Using the Brook90 Model
The soil water contents corresponded well with observations in all depths both for the calibration
and validation periods (Figure 5).

Figure 5. Comparison of the predicted and observed soil water contents (volumetric water content
(VWC)) in four different soil depths in the S5 site (red line: observations, blue line: model simulations)
for the calibration (left chart) and validation (right chart) period.

The mean RMSE was 0.036 in VWC for the calibration period while in the validation phase it was
0.029 in VWC, and thus the model could be considered to predict soil moisture changes sufficiently
well. There are, however, numerous obstacles that need to be overcome to gain reasonable confidence
in a water balance simulation. For instance, maximum rooting depth was hardly determinable due
to the rocky subsoil below 50 cm depth. In the model we set this to 1 meter depth that could lead to
an overestimation of the soil water storage capacity by 40% as opposed to the 50cm rooting depth.
However, we prepared a supplementary investigation that revealed that this bias did not influence the
mean REW value by more than 1% and, thus, had minimal impacts on the results of our climate-growth
analysis. The short calibration/validation time periods and the location of precipitation data being
at some distance from the study sites may further increase uncertainty for the estimation of REW.
Nevertheless, the model validation in the hot and dry year 2017 implied that the model was able to
sufficiently predict the soil water content even during drought conditions, and thus the derived REW
values could be used for further analysis.
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3.2. Climate-growth Relationship
Cross-dating was done with a mean inter-chronology correlation of 0.65 of the detrended series
(Table 2). The values of the mean sensitivity (MS) suggested a high responsiveness of growth to climate.
For all chronologies, the mean values of EPS were between 0.94 and 0.97, which exceeded the generally
accepted threshold of 0.85 indicating that the selected population in each site is well characterized [53].
Table 2. Tree ring statistics.
Raw Data

S1
S2
S3
S4
S5

Standard Chronology

MRW (mm/year)

Standard Deviation

MR

MS

Mean Rbar

EPS

1.85
2.08
1.69
2.91
1.95

1.34
1.19
1.32
1.65
1.32

0.81
0.77
0.83
0.89
0.81

0.39
0.35
0.44
0.34
0.43

0.59
0.58
0.66
0.77
0.63

0.94
0.94
0.95
0.97
0.95

MRW: mean ring width, MR: mean inter-series correlation, MS: mean sensitivity, EPS: expressed population signal.

The Pearson correlations between the standard chronologies (Figure 6) of the sites showed high
similarity in the range of r = 0.78−0.90.

Figure 6. Standard chronologies (STD) of the sites, with sample replication in grey (S1–S5 denote the
five study sites).
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Pearson’s correlation coefficients between meteorological variables and annual ring widths were
highest from May to August of the current year of ring formation (Figure 7).

Figure 7. Correlations between climate indices and the mean standard ring-width chronology of all sites.
Dotted lines denote the 95% significance level (SPEI: standardized precipitation evapotranspiration
index, REW: relative extractable water, FAI: forestry aridity index, Year: January–December of the
current year, J–J–A: June–July–August).

The mean REW of the current year summer (J–J–A) had significant influence on growth variation
with the highest correlation coefficient of r = 0.77. The FAI showed the second highest correlation
that was specifically designed to evaluate the climatic limitation of growth. Positive correlations with
summer precipitation along with the negative dependency from summer temperature (r = −0.31)
identify soil moisture availability during summer months as the main factor controlling tree ring
width. The comparison of variables revealed that the REW did not explain significantly more of the
inter-annual growth variations than the FAI (r = −0.72), SPEI (r = 0.69) or even the precipitation of
the summer months (r = 0.68). This implies that the summer precipitation of the current year is the
single most important factor affecting tree growth, which in turn is a consequence of the low soil water
storage capacity in our study sites substantially diminishing the effect of meteorological conditions in
the previous months. The temperature showed significant negative correlations in May and August
of the current year being an important factor in summer moisture availability, as also suggested by
e.g., Fyllas et al. [64].
The correlation analysis showed that weather conditions of the current year are responsible for
the major part of the growth signal in interannual growth variations. Therefore we conducted the
response-function analysis only for the present year that supported the results of correlation analysis
by identifying the precipitation, the SPEI and the REW of June as the most significant (Figure 8).

Figure 8. Coefficients of response-function analysis (PCA) among indices and standard chronologies,
stars indicate 95% significance level (SPEI: standardized precipitation evapotranspiration index, REW:
relative extractable water).
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In general, our results correspond to other studies describing spring/summer moisture availability
as the main climatic driver of Pinus nigra growth in the Mediterranean [65–72].
3.3. Growth Response to Droughts
Drought for Black pine was defined using REW, since the mean REW of the summer months
showed the highest relationship with growth. We considered a year as drought-affected if the REW of
the summer months was by more than one standard deviation lower than the mean. In the period
1981–2016 we found eight such years, two of them appeared at the beginning and at end of the time
series (1983 and 2015). These two droughts could not be included in the analysis because climate
data of neighbouring years was incomplete; thus, the calculations of pre- and post-drought periods
were not possible. Since the drought 2000 was closely followed by the droughts in 2001 and 2003 we
considered the period 2000–2003 as a multi-year drought period to avoid overlapping of the pre- and
post-drought periods. Although the year 2002 was not a drought year by definition, we included it
in the multi-year drought period since the REW was also below the long-term mean in this year’s
summer. Similarly, the years 2011 and 2012 could be also interpreted as a multi-year drought event.
The defined droughts showed much coincidence with reduced growth of trees (Figure 9).

Figure 9. Standardized relative extractable water (REW) of the summer months (orange columns),
with one standard deviation below the mean (dotted line) and the detrended mean standard chronology
of all sites (light green background).

The daily analysis of REW revealed important characteristics of the drought years. The drought
in 1993 can be characterized as an early summer drought event that was preceded with a late summer
drought in 1992 (Figure 10).
Tree ring width did not respond remarkable in 1992, since the extractable soil water was relatively
high until August. In contrast, significantly reduced growth appeared in 1993. The trees were able to
cope with this event that was verified by the high recovery value and also by the resilience value of
close to one (Figure 11).
The prolonged multi-year drought event 2000–2003 had severe negative consequences for tree
growth (Figure 10). The radial tree growth in 2000 reacted by a large drop from high values in
1999. The temporary better conditions in 2002 led to a slight improvement in growth. The drought
characteristic in 2003 was similar to the drought in 2000 in terms of temporal REW changes during the
year, but it was the most severe in the analysed period. The recovery dropped sharply after this event
and the resilience value below one indicated that the effect of drought was still persisting for years
(Figure 11). Due to the legacy effect of drought the trees were able to recover pre-drought relative
growth rates three years after the drought event (Figure 9). This agrees well with other studies on
Black pine [16,19,65] who found a recovery two to three years after severe drought episodes. The legacy
effect can be caused by severe drought stress through hydraulic deterioration [4,5,72].
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The drought in 2011–2012 was severe in terms of very long rainless periods (total number of
consecutive days with less than 5 mm precipitation per day) that reached almost 50 days in late summer
of 2012. This may have exceeded the ability of trees to tolerate water shortages and triggered a mass
mortality of Black pine in the study area by a (secondary) fungal pathogen attack [22]. Similar abrupt
mortality of pines has been described by several authors [66,70,73] where droughts in combination
with unfavourable site conditions initiated mortality episodes through additional stressors such as
defoliation by fungal pathogens. The values of recovery and relative resilience dropped again from the
values of the period 2000–2003 implying that the further decline in growth could be the superimposed
effect of previous droughts (Figure 11).

Figure 10. Daily relative extractable water (REW) of the analysed drought years, grey area denotes the
REW values below 0.4.
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Figure 11. Drought reaction for the four drought response measures (dimensionless).

Since 2015 was again a drought year (Figure 9) that influenced the calculation of the response
measures for the drought 2011–2012, we conducted a supplementary analysis with 2 and 4-years
pre-and post-periods of the selected droughts. This showed very similar results to the applied
3-year period and thus reinforced the results of our analysis. The mean tree-ring widths
(standardized chronologies) before, during and after the drought events are provided in the
Supplementary Materials (Table S3). Unfortunately, due to the nature of the standardization method
the tree-ring width of the last analysed year 2016 was less reliable. Since this heavily influenced the
calculation of the 4-year post-drought period after 2011–2012, this calculation was omitted.
In general, our results are consistent with those that found Black pine to be sensitive to summer
drought [65,69,74–76].
3.4. Vegetation Activity Responses to Drought
We found that the mean monthly NDVI during the analysed drought years (1992, 2000–2001, 2003,
2011–2012) diverged from the long-term mean (1984–2016) only in August and in September. The NDVI
values in 1992 (August anomaly: −0.09, September anomaly: −0.13), in 2003 (September anomaly:
−0.04) and in 2012 (August anomaly: −0.04) were significantly (p < 0.01) lower than the
1984–2016 mean values (Figure 12).
While both vegetation indices could indicate drought, the NDII reacted to the analysed
drought conditions more rapidly and to a greater extent than NDVI from June to September.
Especially remarkable are the very low NDII values in the extreme drought year 2012 starting already
in May and reaching the bottom with more than two standard deviations below the long-term mean
in August (anomaly: −0.1). The NDII was also below average in August (anomaly: −0.01) and
September 2003 (anomaly: −0.05) but as opposed to the NDVI, the NDII did not respond to drought
conditions in the late summer of 1992. The possible reason is that the NDII is proportional to the water
content of the canopy [77] that is sensitive to changes in available water in the soil, and thus could
react to changing conditions fast. This interpretation is confirmed by a recent paper of Sriwongsitanon
et al. [78] where the NDII was successfully used to monitor the moisture content of the root zone
especially during dry periods. Besides the different nature of the indices, the high daily maximum
temperatures of August in 1992 (about 2.7 ◦ C higher than in August of 2012) may have more negatively
influenced the photosynthesis and consequently the NDVI than the NDII [79].
The observed NDVI and NDII anomalies were also in coarse coincidence with remarkable growth
reductions of trees (Figure 13).
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Figure 12. Monthly mean (±SD) normalized difference vegetation index (NDVI) (upper chart) and
the normalized difference infrared index NDII (bottom chart) values (for 1984–2016) compared to the
mean values of the drought years (1992, 2000–2001, 2003, 2011–2012) and average values of different
months in 1992, 2003 and 2012.

However, correlation of tree-ring width series with the mean NDVI of the months from May
until September only showed a significant relationship in the single case of September (r = 0.45,
p < 0.05 one-tailed t test). In the case of the NDII, the correlation with tree-ring widths was stronger and
even significant for the months July, August and September (r values 0.55, 0.46 and 0.46 respectively)
that may refer to the higher potential of NDII to explain growth, although the available data is not
enough to draw robust conclusions. Although we had limited data to compute the average seasonal
change of NDVI and NDII over the selected drought years (for some months only three data were
available mainly because of cloudy weather conditions), they captured the changes in the vegetation
activity to drought conditions, although to different degrees (Figure 12).
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Figure 13. The normalized difference vegetation index (NDVI) (upper chart) and normalized
difference infrared index (NDII) (bottom chart) anomalies for selected months and the detrended
mean standardized chronology of all sites (light green background).

4. Conclusions
This study on Black pine growing under frequent summer droughts in south-west Hungary has
indicated that:
(1) The summer moisture availability of the current year was the main driver of the growth of
Black pine. The results of the analysis suggest that on soils with low soil water storage capacity the
summer precipitation alone could be sufficient to track radial growth changes of Black pine, and thus
the use of daily soil water balance is not necessarily needed.
The established climate-growth relationship is valid for the majority of Black pine stands
in Hungary located on shallow soils with a sandy texture and no surplus water. Furthermore,
the climate-tree-growth analysis should be extended to stands with deeper soils and larger soil
water storage capacity to be able to estimate the country-wide changes in growth of Black pine induced
by future climate change.
Due to the influence of many different factors like forest management activities
(thinning intensities), competition, adaptation [80,81], prolongation of vegetation period, effect of
fungal pathogens [82] and fertilizing effects of CO2 and nitrogen [83] the possible impact of the
expected climate changes on tree growth is challenging. However, the strong dependency of Black pine
growth on the water availability in summer combined with the declining summer precipitation [84]
projected by climate models might lead to decreasing growth of Black pine in the future in Hungary.
(2) The drought response analysis showed that both the radial growth and vegetation activity
of Black pine is sensitive to summer drought at this low altitude with poor site quality conditions.
We found that Black pine was able to recover less and less during the three successive droughts of the
last decades (1992–1993, 2000–2003 and 2011–2012) confirmed by the declining values of recovery and
relative resilience, suggesting a long-term superimposed effect of these events.
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The vegetation activity of Black pine responded with varying intensity to drought conditions.
NDII reacted to droughts faster and to a greater extent than NDVI, but due to the low number of
available images, this result has to be supported by additional studies on the intra-annual changes of
vegetation indices.
Hence, it can be concluded that the risk of vitality loss due to the expected increase of the drought
frequency is large on soils with low soil water storage capacity. For that reason, we argue that the
suggestion by several papers [16–19] that Black pine can be a possible substitute species in the Alpine
and Mediterranean region in the future should be revisited, and other substitute tree species, potentially
well adapted to drought, should be the subject of dendroecological investigations to provide a scientific
basis for future silvicultural management activities in these regions.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/7/414/s1,
Table S1: Formulas of the applied meteorological and water balance variables, Table S2: The modified Brook90
parameters, Table S3: Mean tree-ring widths (standardized chronologies) before, during and after the drought
events (1993, 2000–2003 and 2011–2012).
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pathogens causing diseases in pines. Biologija 2016, 62, 276–283. [CrossRef]
Mellert, K.H.; Prietzel, J.; Straussberger, R.; Rehfuess, K.E.; Kahle, H.P.; Perez, P.; Spiecker, H.
Relationships between long-term trends of air temperature, precipitation, nitrogen nutrition and growth of
coniferous stands in Central Europe and Finland. Eur. J. For. Res. 2008, 127, 507–524. [CrossRef]
Gálos, B.; Führer, E.; Czimber, K.; Gulyás, K.; Bidló, A.; Hänsler, A.; Jacob, D.; Mátyás, C. Climatic threats
determining future adaptive forest management—A case study of Zala County. Idojaras 2015, 119, 425–441.
© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

