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1 Forest Management Planning and Terrestrial Measurements, Department of Forest Engineering,
Faculty of Silviculture and Forest Engineering, Transilvania University, 1 Ludwig van Beethoven Str.,
500123 Bras, ov, Romania

2 Department of Forest Monitoring, “Marin Drăcea” Romanian National Institute for Research and
Development in Forestry, 128 Eroilor Blvd., 077190 Voluntari, Romania

* Correspondence: tudoran.george@unitbv.ro; Tel.: +40-268418600

Abstract: In the last decade, coniferous stands outside their natural range in Romania have expe-
rienced declines in both their health and growth and, in tandem with global climate trends, these
forests are becoming even more threatened. We studied the relationship between tree growth and
defoliation as an indicator of tree health. The data came from black pine stands monitored from
2012 to 2021 in the Postăvarul Massif in the Romanian Carpathians. Analyses were carried out on
508 individual trees based on their defoliation and radial growth data and also at the stand level. The
results revealed an increase in the percentage of tree defoliation from 17% to 38% during the studied
decade, along with 13.5% tree mortality. Over the decade, radial growth showed a negative trend,
driven significantly by defoliation. The biometric parameters of the trees did not influence their
percentage of defoliation. In contrast, spring/summer droughts associated with high temperatures
affect the health and growth of trees. Models generated from the temperature–defoliation–radial-
growth relationship estimated a significant continuous reduction in the radial growth of the trees of
0.5%–0.6% for each 1% increase in defoliation. Under the site conditions of the investigated stands, an
increase in basal area and stocking degree significantly increased stand defoliation. This was further
accentuated when the pine stand included an understory of young trees. As a rule, in the interest
of production, stands are kept dense to fully exploit the site, but thinning may become necessary to
protect these stands and ensure their survival as the climate changes.

Keywords: defoliation class; drought; mortality; tree-ring width; radial growth; black pine

1. Introduction

As a result of climate change, the condition of forests is increasingly worrying, with
temperatures predicted to continue to rise [1]. This trend is expected to change the fre-
quency and intensity of natural disturbances [2,3] and will likely become a stressor for
forest sites and affect living organisms [4]. The coniferous forests located in Southern and
Central Europe have been significantly affected [5,6], particularly spruce and pine forests
in Norway [7]. These species will experience significant productivity losses as they remain
threatened by future climate change [7,8]. Climate scenarios indicate potential changes in
species distribution with serious consequences for forest management and nature conser-
vation [8]. The impact of droughts in conjunction with warmer temperatures, also known
as “hotter droughts” [9], begets increases in tree defoliation [10], leading to significant
increases in tree mortality [9–11]. According to the “International Co-operative Programme
on Assessment and Monitoring of Air Pollution Effects on Forests” (ICP Forests), tree
defoliation is an important indicator of forest health, which is relevant for sustainable
forest management [12] and can be used as a measure of forest health and vitality [13].
The tree crown records the cumulative effect of the action of various biotic and abiotic
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factors, including the site characteristics, climatic conditions, pests, and deposition of air
pollution [14]. Studies investigating defoliation have mainly focused on dominant trees [15],
which in some cases are considered more sensitive compared to suppressed trees, with
the response of trees differing due to the availability of water and nutrients [16]. This
highlights the importance of the natural distribution of species, and in general, of knowing
the behavior of species under the site conditions in which they are to be introduced or the
response of species under similar site conditions.

Climate change has become one of the main factors affecting forest health, causing
radical changes in forest structures [17]. For example, changes in composition result in
changes in the structural complexity of stands due to the ability of species to use the space
between trees and belowground resources differently. The increase in drought severity
in Europe is predicted by all climate scenarios [1,8,18] and is faithfully recorded in tree
crowns and ring growth. Tree-ring analysis provides objective information about how adult
trees respond to variations in climate [19,20]. Silvicultural interventions also shape stand
structure [21] and induce changes in the growth of individual trees [22] and stands [23,24].
Consecutive droughts with reduced rainfall in spring lead to reductions in growth and
may be one of the causes of pine forest decline [25,26], as pine is more susceptible during
the growing season. Numerous studies have highlighted the relationship between climatic
factors and radial growth processes in the Carpathians [27–29], which has led to a den-
drochronological series that explains the response of various species to climatic factors.
Climate fluctuations and changes are also known to be responsible for tree defoliation, and
defoliation is significantly negatively related to radial tree growth [13] and, as a result, the
basal area [30].

In Romania, the droughts of 2011–2012 severely affected mainly coniferous stands
located at the lower limit of their natural distribution and outside. Research findings from
a country-level dendrochronological network of Scots pine in Romania [19] have indicated
that high temperatures in spring and summer and low rainfall during the growing season
in 2011–2012 significantly reduced stand growth and productivity, triggering dieback and
mortality events in some areas of the country. Black pine (Pinus nigra ssp. banatica [Borb.]
Novák, P. nigra var. banatica Georg. and Ion.) is found, in its natural range, in south-western
Romania—on rocky calcareous soils at altitudes of between 500 and 900 m, and with annual
rainfall of between 900 and 1100 mm [31]. However, throughout the country, it is mostly
represented by plantations on degraded land [32] and on steeply sloping, rugged land (i.e.,
P. nigra var. austriaca [Höss] Asch. and Graebn., P. austriaca Höss) [33], considered outside
the natural distribution range of the species [34]. These monocultures have a low genetic
diversity compared to natural old-growth forests, whose genetic richness makes them more
adaptable to changing environmental conditions [35]. Since black pine find it difficult to
regenerate during dry periods [36], the site conditions outside its natural distribution range
could diminish its ability to regenerate naturally.

Droughts can cause the defoliation and death of tree crowns [37]. Defoliation fre-
quently correlates with precipitation and precipitation deficit, while air temperature is
not considered an important predictor [38], although leaf browning tendencies have been
observed after considerably higher temperatures and precipitation deficit [39]. Drought-
induced defoliation also caused a significant reduction in the radial growth of conifer-
ous trees and beech trees [13,39]. The decline induced by drought can manifest itself
differently—either it can be transmitted immediately to a decline in radial growth and
later on the canopy condition [40], resulting in increased defoliation, or immediately and
simultaneously on the crown and the trees growth [39]. The impact of drought depends on
tree size, with understory trees being less sensitive to mortality than dominant trees in a
structured forest [16], but also by the genetic variability of the population [35]. Additionally,
large trees are more likely to be affected [39], but they can explore the deeper layers of the
soil in favorable precipitation [16]. However, there have also been cases where suppressed
trees are the most negatively impacted by drought events, as their diameter shortens more
than dominant trees [16]. Under climate change, the responses of trees depend on multiple
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conditions and are specific to the site and tree species. In this paper, we discuss the behavior
of black pine in Romania, not only at the level of individual trees but also at the level of
stands, outside its natural distribution area, and under high-temperature drought condi-
tions. We hypothesize that hotter droughts in Romania will lead to a decline in the health
of black pine trees growing outside their native distribution range. Therefore, our objective
was to determine (i) the dynamics of tree and stand health after the severe drought of 2012
and (ii) the relationship between defoliation and stand growth. These indicators provide
more insight into the response of pine forests located outside their natural distribution to
the changing environmental conditions, which is indispensable for the management of
these forests.

2. Materials and Methods
2.1. Study Area

The surveys were carried out in the Postăvarul Massif in the Romanian Carpathians
(45◦38′20′′ N, 25◦36′17′′ E and 45◦37′59′′ N and 25◦35′54′′ E). The growing conditions of
the stands were specific to south-eastern slopes, with inclinations of between 25 and 37◦,
on limestone substrates and in rendzinic soils. The climate of the studied area, according to
the Köppen–Geiger map for climate classification, was Dfb (warm and humid continental),
with a mean annual temperature (MAT) of around 7.8 ◦C and a mean annual precipitation
(MAP) of around 750 mm. The edaphic volume of the soils was between 10 and 40 cm
and served to differentiate the productive potential of the site conditions in the researched
stands in two productivity levels: medium (average height (i.e., hg), between 18 and 22.5 m)
and high (i.e., hg > 22.5 m).

Field measurements were carried out in 2012 in six sample plots (SPs), all covering
1.5 ha, located in 100-year-old black pine monocultures. These stands had not been sub-
jected to silvicultural interventions. Each SP consisted of five permanent circular subplots
(P1–P5 in Figure 1), each with an area of 500 m2, arranged in the directions of the cardinal
points [15]. The SPs were surveyed periodically (every 3 years) between 2012 and 2021.
The circumference, height (h), crown length (cl), and crown diameter (cw) were measured
in all (508) trees in the SPs. The tree diameter (d) was calculated from the circumference.
Table 1 shows the values of these parameters for the six SPs in 2021.
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Table 1. Biometric parameters of the inventoried pine stands [41].

SP Inventoried Area (ha) Species N dg ± SD (cm) hg ± SD (m) cwg ± SD (m) clg ± SD (m)

SP1 0.25 black pine 71 34.98 ± 8.18 19.3 ± 3.3 3.3 ± 0.8 7.3 ± 2.2
SP2 0.25 black pine 62 36.77 ± 7.9 18.2 ± 3.1 4.0 ± 0.9 8.0 ± 2.7
SP3 0.25 black pine 61 36.66 ± 7.7 19.1 ± 3.6 3.7 ± 0.8 8.0 ± 2.5
SP4 0.25 black pine 90 40.37 ± 6.6 25.3 ± 3.0 3.9 ± 0.9 7.8 ± 2.6
SP5 0.25 black pine 116 29.73 ± 4.7 19.4 ± 2.5 3.0 ± 0.5 6.6 ± 2.2
SP6 0.25 black pine 108 29.92 ± 6.1 18.5 ± 2.3 2.7 ± 0.6 6.2 ± 1.9

Total 1.50 —- 508 —- —- —- —-

Note. N = number of trees inventoried; dg ± SD = mean squared diameter or quadratic mean diameter (the
diameter corresponding to the mean basal area of trees or groups of trees) and their corresponding standard
deviation (SD); hg = height of the dg tree and SD; cwg = average crown diameter of the inventoried trees
(corresponding to the crown diameter of the tree with dg) and SD; clg = average crown length of the inventoried
trees and SD. Sites with hg values of 18.2 to 19.3 m were classed as medium productivity, whereas those with hg
values of 25.3 m were classed as high productivity [42].

2.2. Crown Defoliation

Defoliation was estimated visually, based on the loss of needles in the tree crown
compared to a reference tree (i.e., healthy tree, with full foliage, 0% defoliation) of the same
species in the vicinity [15]. Defoliation intensity was recorded in 5% steps, ranging from
0% (no defoliation) to 100% (dead tree) [12]. The defoliation values were grouped into
five classes: 0—-up to 10%; 1—-slight, >10%–25%; 2—-moderate, >25%–60%; 3—-severe,
>60%–<100%; and 4—-standing dead, 100% [43]. Assessments were carried out on all the
trees in the subplots. During the period of analysis (i.e., 2012–2021), there was no damage
to the trees from biotic or anthropogenic factors, so the defoliation was not influenced by
these factors. The assessment was carried out every 3 years from 2012, at the end of August
each time.

2.3. Radial Growth

Radial wood cores were extracted from trees in the SP buffer zones that had similar
site index values (i.e., hg = 18.2 to 19.4 m), as they were considered to be representative
of the radial growth trend over the last 30 years (i.e., 1992–2021). Cores were extracted in
2021 at the end of the growing season. However, strictly defoliation data collected from
2012 to 2021 were used for data analysis. The trees from which the cores were taken were
visually analyzed for physical damage, and they were selected from all defoliation classes
and from the mean-diameter category of each subplot. Defoliation was estimated and size
was measured in these sample trees during the same period (i.e., late August). Two cores
were extracted from each tree. Annual tree-ring width (RW) was measured using a digital
positiometer with an accuracy of 0.01 mm. Interdating of the radial growth series was
performed statistically using COFECHA software [44]. Cores from 91 sample trees were
selected and retained. These 91 trees provided a tree RW determination error of 10%, with
the error at the growth-year level within the 2012–2021 range being 5%. An individual tree
RW series was produced and standardized to a linear equation for the period of 2012–2021.

2.4. Data Processing
2.4.1. Defoliation Explained by Biometric Variables (at Tree Level and Stand Level)

The tree volume (v) was determined using the equation applied at the national level
for forest species in Romania [45]:

log v = a0 + a1 log d + a2 log d2 + a3 log h + a4 log2 h (1)

In Equation (1), the regression coefficients had the values a0 = −4.01698, a1 = 1.96342,
a2 = 0.01241, a3 = 0.57848, and a4 = 0.094783 (for black pine).

At level trees, the defoliation values were correlated with the tree biometric parameters
(i.e., d, h, v, cw, and cl), as well as the slenderness index (h/d) and form factor (f) [46].
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We assumed that each subplot contained information on the stand structure. Therefore,
to analyze the correlation between defoliation and stand structure, the mean values of
the biometric parameters were determined at the subplot level, including the basal area
(G), stocking degree of the stand (SSD), quadratic mean diameter (dg), mean height (hg),
tree volume (v), mean tree crown diameter (cwg), and mean tree crown length (clg). In
the relationship between defoliation and the structure of the stands, these indicators were
considered to be independent variables. To determine the SSD, the normal basal-area values
(i.e., the values used for maximizing production) were taken from the production tables
for the black pine species used in Romania [42]. The defoliation trends, related to variable
characteristics such as tree size, stand structure, or climatic conditions, were explained via
univariate linear regression only, such as the defoliation equation (DEF) in relation to MAT
and the tree RW equation in relation to defoliation (equation RWD). A Fischer test was used
to investigate the variability in defoliation under site conditions with different site index
values (i.e., hg = 18.2 to 19.4 vs. 25.3 m). At the stand level, the defoliation values were
distinctly highlighted on the two productivity levels. Also at the stand level, defoliation
was analyzed in relation to the coefficient of variation in tree height, with the difference
being insignificant, reason for which the results was not provided.

2.4.2. Relationship between Radial Growth and Crown Defoliation

The radial growth (i.e., RW) measured between 1992 and 2021 for the 91 trees was
factored into the calculations. Thus, a growth series characterizing the radial growth of the
pine trees in stands located in sites with a site-index between 18.2 and 19.4 m was obtained.
Based on the obtained growth series, an equation (RW) was generated to estimate radial
annual growth for the study period 2012–2021, for which tree health data were available.
The diameter annual growth of stands over the study period (i.e., 2012–2021) was based on
the radial growth estimated by equation (RW) (i.e., double the radial growth).

Two series of growth versus defoliation were conducted to estimate the radial growth
trend based on defoliation, one at the 2012–2021 level and another at the 2021 level. The
first series uses the defoliation percentages observed at the inventory year level between
2012 and 2021. The second series uses the defoliation percentages observed for trees in the
year 2021. An F-test was used to compare the two series. The equation (RWD) expressing
the relationship between radial tree growth and defoliation is based on this second series.
This series shows the variation in radial growth in response to different percentages of tree
defoliation produced under the same climatic conditions (i.e., specific to 2021). It has the
advantage of separating the effect of defoliation on radial growth from the effect of climatic
conditions in the inventory years (which is important as these conditions differed from
year to year). Thus, the equation (RWD) predicts radial growth as an effect of defoliation
under the same climatic conditions.

2.4.3. Growth Driven by Climate

The climate data were retrieved from the Meteoblue online data archive [47] (accessed
on 17 March 2022). The climate parameters MAT and MAP were used (see Supplementary
Materials Table S1). To eliminate age-related trends in annual ring width and analyze it
using climate data, the measured RW values were transformed into an A RW index (RW%).
The increasing trend of defoliation and the mean annual temperature in the last decade
allowed for the generation of an equation (DEF) that estimates the defoliation of stands
based only on the mean annual temperature. The model is based only on the values of the
two variables (i.e., defoliation and MAT) known between 2012 and 2021.

3. Results
3.1. Crown Defoliation

In 2012, 36% of trees showed no defoliation. Most trees exhibited slight defoliation
(47%), with only 1% having severe defoliation. After 2012, tree defoliation increased, with
all trees becoming affected and most (64%) showing moderate defoliation (Figure 2). By
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2015, standing dry trees experienced the highest increase (around 6%); however, this figure
gradually decreased over time, reaching 4% in 2021. Thus, in the 2012–2021 period, the
percentage of downed trees on the ground reached 13.5%. These were windthrown trees of
different defoliation classes, including dead trees. The defoliation value, characterized by
the six surveys in which the assessment was carried out, is 38%.
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3.2. Defoliation and Biometric Parameters in Trees and Stands

Defoliation did not differ significantly depending on diameter or height. In forest
sites where hg is between 18 and 25 m (Table 1), the correlation coefficient values between
defoliation and tree biometric parameters (i.e., d, h, cw, cl, v, h/d, and f) is within the range
of –0.08 to +0.06. The different site productivity levels (i.e., medium vs. high) did not
significantly affect tree defoliation (Figure 3).
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Figure 3. Relationship between the defoliation and biometric parameters of trees with medium
(411 trees) and high (81 trees) site productivity: (a) diameter; (b) height; (c) crown diameter; (d) crown
length; (e) slenderness index; and (f) pruning height. Trees with 100% defoliation were not included.

At the level of the stand, trends indicating an increase in defoliation were determined
in relation to each biometric indicator (i.e., G, SSD, dg, hg, cwg, clg, and v). The correlations
were significant for all indicators. Defoliation was most strongly related to dg (R2 = 0.249
and p = 0.005), and the weakest relation was to hg (R2 = 0.152 and p = 0.033). Table 2 presents
the results of the linear regression between the stand biometric parameters and defoliation,
whereas Figure 4 illustrates the relationship between defoliation and the parameters G and
SSD. At the stand level, the different yield potentials of the site conditions (i.e., medium vs.
high) did not cause a significant difference in defoliation.
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Table 2. Relationship between defoliation and stand biometric parameters.

Biometric Parameter n Intercept Slope (Value/std. Error/t) R2 p-Value MAE RMSE

dg 30
21.847 0.524

0.249 0.005 −0.0016 3.92076.008 0.172
3.636 3.043

V 30
34.852 0.339

0.242 0.006 −0.0026 3.94121.873 0.113
18.604 2.99

G 30
33.25 4.302

0.232 0.007 0.0005 3.96622.433 1.477
13.664 2.912

SSD 30
32.574 9.797

0.19 0.016 0.0002 4.07442.991 3.818
10.89 2.566

clg 30
27.827 1.663

0.182 0.019 0.0003 4.09374.931 0.666
5.643 2.498

cwg 30
27.3 3.732

0.179 0.02 0.001 4.10125.193 1.51
5.27 2.472

hg 30
26.053 0.698

0.152 0.033 0.0087 4.1756.266 0.311
4.158 2.242

Note. The relationship between defoliation and the biometric parameters characterizing the black pine stands
surveyed at the subplot level with different plot productivity indices (see Table 1). Biometric parameters: dg—
quadratic mean diameter; V—stand volume; G—stand basal area; SSD—stocking degree; clg—mean tree crown
length; cwg—mean tree crown width; and hg—height of tree with dg. The values of these parameters were
determined in 2021.
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3.3. Radial Growth and Crown Defoliation

Radial growth and diameter growth of stands. The radial growth of the trees over
the last 30 years (i.e., 1991–2021) has continuously decreased to an annual average of less
than 0.5 mm/year (Figure 5a). This was accompanied by a continuous decline in the
health of the trees, possibly due to defoliation, which has increased year on year. Increased
defoliation has also led to a trend of reduced tree RW (Figure 5b).

Forests 2023, 14, x FOR PEER REVIEW  9  of  16 
 

 

   
(a)  (b) 

Figure 5. Radial growth  trend:  (a) over  the  last 30 years  (1992–2021); and  (b)  in 2021, regarding 

defoliation intensity. The ten RW values are averages of the radial growth of the sample trees. They 

correspond to the ten percent defoliation estimated in 2021 for the 91 sample trees. 

Between 2012 and 2021,  the mean annual  radial growth was similar  from year  to 

year,  showing a variation  coefficient of 11%. However,  the  level of variation  in  radial 

growth at the level of trees in the sample plot, not at the level of years in the study period, 

was higher. Thus,  the coefficient of variation  in  the  radial  increment of  the 91  sample 

trees from which cores were extracted was 48%. Because the different site productivity 

potentials did not significantly influence the radial growth rate, and the age of the trees 

was the same, the differences in growth between the trees can be explained by their dif‐

ferent percentages  of defoliation  and possibly  by  the  structural  conditions.  For  2012–

2021,  the  trend  in  the  radial growth of  trees could be expressed by a simple  linear  re‐

gression (RW, Table 3). The confidence interval of the theoretical regression coefficient b 

was between −0.005 and −0.009. The equation (RW) estimated the mean annual value of 

radial growth for each year from 2012 to 2021 with a RMSE = 0.0379. The estimated mean 

annual radial growth over  the period of 2012–2021  is 0.33 mm yr−1,  leading  to a mean 

annual diameter growth of 0.66 mm yr−1. The confidence interval limits for the equation 

(RW)  for 2021  ranged  from 0.197  to 0.404 mm. Because  the  radial growth used  in  the 

analysis was extracted from the mean trees, the growth of 0.66 mm yr−1 was an annual 

diameter growth for 100‐year‐old pine stands and the respective site conditions. 

Table 3. Statistical descriptor of the regression equation. 

Equation (RW)  Coefficient  Std. Error (SE)  t  p  R2  MAE  RMSE 

Intercept  15.256  1.1961  7.78 
0.000  0.67  −0.0025  0.0379 

Slope  –0.0074  0.001  −7.577 

Note. The equation (RW) estimated the mean annual value of radial growth for each year from 2012 

to 2021. RW (i.e., annual radial growth)—dependent variable, calendar year—independent varia‐

ble. 

The relationship between radial growth (i.e., RW) and defoliation (i.e., D). The most 

defoliated trees showed the lowest radial growth. The value of the correlation coefficient 

between radial growth (i.e., tree RW) and defoliation (D) is significant. The relationship 

between these variables can be characterized by the equation (RWD): 

RWD = −0.004D + 0.459  (2)

Equation (2) estimated the radial growth by defoliation category with a MAE error 

of −0.0058 and a RMSE error of 0.0652, and explained 60% (p = 0.008) of the variation in 
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defoliation intensity. The ten RW values are averages of the radial growth of the sample trees. They
correspond to the ten percent defoliation estimated in 2021 for the 91 sample trees.

Between 2012 and 2021, the mean annual radial growth was similar from year to year,
showing a variation coefficient of 11%. However, the level of variation in radial growth
at the level of trees in the sample plot, not at the level of years in the study period, was
higher. Thus, the coefficient of variation in the radial increment of the 91 sample trees from
which cores were extracted was 48%. Because the different site productivity potentials did
not significantly influence the radial growth rate, and the age of the trees was the same,
the differences in growth between the trees can be explained by their different percentages
of defoliation and possibly by the structural conditions. For 2012–2021, the trend in the
radial growth of trees could be expressed by a simple linear regression (RW, Table 3). The
confidence interval of the theoretical regression coefficient b was between −0.005 and
−0.009. The equation (RW) estimated the mean annual value of radial growth for each year
from 2012 to 2021 with a RMSE = 0.0379. The estimated mean annual radial growth over
the period of 2012–2021 is 0.33 mm yr−1, leading to a mean annual diameter growth of
0.66 mm yr−1. The confidence interval limits for the equation (RW) for 2021 ranged from
0.197 to 0.404 mm. Because the radial growth used in the analysis was extracted from the
mean trees, the growth of 0.66 mm yr−1 was an annual diameter growth for 100-year-old
pine stands and the respective site conditions.

Table 3. Statistical descriptor of the regression equation.

Equation (RW) Coefficient Std. Error (SE) t p R2 MAE RMSE

Intercept 15.256 1.1961 7.78
0.000 0.67 −0.0025 0.0379Slope –0.0074 0.001 −7.577

Note. The equation (RW) estimated the mean annual value of radial growth for each year from 2012 to 2021. RW
(i.e., annual radial growth)—dependent variable, calendar year—independent variable.
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The relationship between radial growth (i.e., RW) and defoliation (i.e., D). The most
defoliated trees showed the lowest radial growth. The value of the correlation coefficient
between radial growth (i.e., tree RW) and defoliation (D) is significant. The relationship
between these variables can be characterized by the equation (RWD):

RWD = −0.004D + 0.459 (2)

Equation (2) estimated the radial growth by defoliation category with a MAE error of
−0.0058 and a RMSE error of 0.0652, and explained 60% (p = 0.008) of the variation in radial
growth with respect to tree defoliation. In Equation (2), the radial growth (i.e., RWD) values
in 2021 correspond to the defoliation percentages (i.e., D) of the 91 trees surveyed in 2021.
Even at 90% defoliation, the equation estimated a growth of 0.099 mm yr−1. Thus, even at
90% defoliation, the trees could still accumulate growth at 0.099 mm yr−1 (i.e., a growth in
diameter of 0.198 mm/yr) over the entire growing season. Because the sample trees were
in the mean-diameter category, the growth of 0.198 mm yr−1 is equivalent to the current
annual diameter growth of a stand of the same age (i.e., 100 years) with 90% defoliation
and has the same site conditions as the surveyed stands. Using the observed defoliation
percentages for the years 2012–2021 led to an equation that differs from Equation (2) only
in the value of the constant (0.458 instead of 0.459). Thus, the radial growth estimated by
the two equations does not differ significantly (F = 0.011 and F crit 4.413 for p 0.05).

3.4. Radial Growth and Climatic Conditions

The reduction in RW% (i.e., tree RW expressed as a percentage or the radial growth
index) could not be explained over the entire time frame (i.e., 2012–2021) by the climatic
conditions. The values of the correlation coefficients between the RW% and the climatic
conditions (i.e., the correlation coefficient between the RW% and the MAP, and between
the RW% and the MAT) were insignificant, with values of 0.48 and –0.02, respectively.
However, a strong correlation between RW% and MAP was determined for a period of, at
most, 5 years between 2012 and 2016 (R2 = 0.90 and p = 0.013)—the period following the
2012 spring drought. However, the 2012 drought was a sequel to the 2011 drought. In 2011,
MAP reached 618 mm (see Supplementary Materials Table S1), compared to an average
of 745 mm for the 2012–2021 period. Additionally, in March 2012, rainfall stood at 28 mm,
compared to the average of the last 30 years (40 mm), and rainfall in the summer of 2012
reached 165 mm (compared to the 30-year average of 252 mm). Results show that after the
droughts of 2011–2012, tree growth became strongly influenced by the amount of rainfall,
regardless of the soil volume. The year 2016 was the wettest in the 2012–2021 period, with
a MAP recording of 849 mm. This was followed by the 2019 drought, wherein there was a
reduced MAP value of 674 mm, but this year yielded the highest MAT value recorded in
the last 30 years (8.5 ◦C). After the drought of 2019, the RW% returns to being dependent
on MAP. Correlation coefficient values between RW% and MAT) are insignificant.

The correlation of defoliation with MAP was also not significant (R2 = 0.115 and
p = 0.661). However, a significant correlation was determined between defoliation and
MAT (Eq. DEF from Table 4), as both variables have a positive upward trend. Of course, this
relationship characterizes black pine under the site conditions specified (i.e., south-eastern
slopes, with inclinations 37◦, on limestone substrates with rendzinic soils).

Table 4. Indicator statistics.

Equation (DEF) Coefficient SE t p R2 MAE RMSE

Intercept −263.692 15.452 −17.065
0.003 0.99 0.0028 0.8194Slope 38.858 2 19.425

Note. The equation (DEF) estimated the average defoliation value of trees (i.e., stand defoliation) in relation to
MAT value. DEF (i.e., defoliation)—dependent variable, MAT (mean annual temperature)—independent variable.
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Compared with the years 1992–2001, on average, MAT increased between 2002 and
2011 by 0.4 ◦C and between 2012 and 2021 by 1.2 ◦C. The DEF and RWD equations
indicated that an increase in MAT by 0.5 ◦C could produce an increase in the percentage
of defoliation from 38% (as it was in 2021) to 59%, which would mean a reduction in the
RW to 0.22 mm yr−1. With a temperature increase of 1 ◦C, the DEF equation estimated an
increase in defoliation of up to 78%.

4. Discussion
4.1. Crown Defoliation

The period of 2012–2021 was a critical one for black pine outside its natural habitat.
Over this time period, tree defoliation increased from 17% to 38% (with dead trees being
excluded in the calculation of the mean defoliation), culminating in 13.5% of the inventoried
trees drying out (Figure 2). In other research on pine trees in the Carpathian Mountains
of Romania, defoliation values between 24.9% and 33.8% were recorded, with Scots pine
being the least affected. Spruce was observably in poor condition, with 42.9%–46.6% of
the trees being damaged, and fir with 46.0%–50.9% damage in defoliation classes 2–4 (i.e.,
moderate, severe, and standing dead) [48]. Tree crown damage over time has also been
observed in other forest species (e.g., spruce and beech) in the Southern Carpathians of
Romania, and was attributed to drought and highly acidic precipitation [49].

Increased browning in the tree crowns of black pine in 2012 was likely caused by
the severe drought in that spring. Studies on the basal-area increment in black pine have
shown the favorable effect of spring rains on it [50]. The 2012 spring drought caused
increased defoliation in pines in other parts of Europe, including the Keszthely Mountains
of south-western Hungary [51] and Mediterranean lowland pines [14]. The results from
the large-scale, representative, transnational ICP Forests assessments (Level I) carried out
in 2020 show a 6.3% increase in the annual mean plot defoliation of Austrian black pine,
compared to an increase of 4.4% for Scots pine [43].

Tree crown condition is the result of tree age, drought, ozone levels, and exceedances
of critical levels of acid deposition [48]. Studies on other forest species (Norway spruce,
European beech, Scots pine, and sessile oak) have also exhibited the strong effect stand
age has on defoliation [52], with older trees being the most susceptible to drought [53]
when the population has a low genetic variability [35]. In the sample plots, at the level of
individual trees, defoliation did not significantly correlate with tree size (i.e., d, h) or crown
dimensions (i.e., cw and cl) (Figure 3). Other studies on the relationship between crown
dieback and tree diameter [54] show an increase in damage to trees with smaller diameters.
On high-productivity sites (i.e., SP4 in Table 1), it is possible that trees with larger diameters
(i.e., larger than the average diameter of the stand, e.g., 40.37 cm) are more able to exploit
the soil edaphic environment at depth, whereas those trees with smaller diameters are more
sensitive to water deficits at the soil surface, where they have more extensive root systems.
The low number of trees in the investigated high-productivity stand (i.e., 81 trees) did not
allow us to draw a firm conclusions in this respect. Thus, these results characterize the
studied stands, which have the aforementioned specific site and stand structure conditions.
The results cannot be generalized.

Tree density and growing stock volume affected the defoliation of black pine at the
stand-level. Tree size has been found to be more important than age when considering
the climatic effects on the growth of pine trees [55,56]. Defoliation increased significantly
with G, SSD, V, dg, hg, cwg, and clg, with the highest values occurring with the highest
values of G, SSD, dg, hg, cwg, clg, and V (Table 2 and Figure 4). The stands with smaller
tree sizes had the lowest defoliation values and were associated with microsites with the
shallowest soils. When water supply is limited, trees may acclimate through morphological
or physiological changes, resulting in drought hardening [54]. On the most productive sites
(with hg = 25.3 m), the presence of native deciduous juveniles were quite abundant and
tended to form a second story. The presence of a sapling–pole structure, including shrub
species, may have accentuated soil and water deficits during dry periods. Additionally, in
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these stands, smaller black pine trees, despite participating in the dominant story, showed
a higher defoliation rate and were more vulnerable. These trees increased the average
percentage of defoliation in the stands. It is possible that, during critical periods, the soil,
even if it is deep, may not be able to support these stands as well. It follows that defoliation
monitoring should be carried out on all trees in permanent stands, regardless of their
cenotic position, and not only on the dominant target trees, in order to capture the behavior
of trees of different sizes and species in the mix (i.e., the effect of stand structure).

4.2. Relationship between Radial Growth and Defoliation

In the study area, black pine showed a negative radial growth trend (Figure 5a and
Table 3). This trend occurred in all of the trees in the analyzed plots, regardless of stand
structure or site condition. Recent research on pine stands with site conditions similar
to those in our study [34] showed that the significant negative RW trend occurred inde-
pendently of the vigor class (i.e., dead vs. living) of the trees. However, in 2021, there
were significant reductions in the RW% for the most defoliated trees (Figure 5b). Smaller
radial increases in trees that experienced greater defoliation have been determined in other
species (e.g., spruce and beech) [49]. Thus, radial growth is significantly negatively related
to defoliation, with a significant decrease in annual RW when defoliation levels are above
20% [13].

In pine stands (around 50 years old, located on sites moderately affected by sheet
erosion), the climate (rainfall and temperature) can contribute to overall tree growth by
up to 57% [32]. Tree-growth–climate relationships determined for 1928–2015 under site
conditions similar to those in our study [26] showed that black pine grew permanently
under conditions of limited water availability, as black pine adapted to these conditions,
albeit while being sensitive to the spring precipitation of the current year. A higher MAP
led to an increase in RW% in our study, but this correlation between RW% and MAP was
maintained over only a short time span (e.g., 2012–2016). This is possibly attributable to the
reaction of the trees to the severe drought in the spring of 2012. A similar MAP deficit was
also observed in 2018 and 2019, and this also resulted in reduced radial tree growth. Warm
years, such as in 2014, also generated an increase in RW%, although only with sufficient
MAP. This increase in RW% was not possible in 2015, when there was a deficit of MAP.
This year (i.e., 2015) also saw the highest percentage of dead trees (6%)—a year in which
the average defoliation recorded by the ICP Forests survey also peaked [43]. The RW%
fluctuations show that black pine growth may be affected for years following a dry period.
The combination of warm, dry conditions in 2015 significantly increased tree defoliation
and, indirectly, tree radial growth. This was most pronounced in the high-density stands.
Increased defoliation implicitly leads to a reduced RW% in trees. Even with reduced growth
over a long period of time, pine stands can withstand critical periods and remain viable,
demonstrating a high ability to acclimate to changing environmental conditions.

The estimates of tree defoliation and annual tree RW were based on the analysis of
tree health in relation to the MAT for 2012–2021 only. However, this analysis could not be
generalized and is only relevant for stands with the same structural characteristics that
experience similar site conditions to those of the investigated stands. From the equations
we developed (Table 4), it was estimated that an increase in the MAT by 0.5 ◦C would
increase defoliation to 59% and increase the percentage of trees that were ground-dried.
This would lead to a reduction in stand density and, as a result, large volume growth
losses, as well as a reduction in the protective effect of the stands, given the very steep
slope of the land. It is known from the literature that defoliation rates of 5%–24%, caused
by processionary moth damage, can lead to growth losses of around 20%, with defoliation
>50% inducing growth losses of almost 50% [57]. Studies on trees in permanent monitoring
plots have also shown a significant negative reduction of 0.7–0.8% in the basal-area growth
of coniferous trees with a 1% increase in defoliation [30]. Increasing the MAT by 1 ◦C could
generate an even greater increase in pine defoliation (up to 78%), further jeopardizing the
very existence of stands.



Forests 2023, 14, 884 13 of 16

It is possible that other variables could explain the negative growth trend in pine,
with one of these variables possibly being the age of the stands. Studies have indicated
that the amount and also the timing of water availability, such as a water deficit in the
soil in spring, can strongly influence seedling performance [58]. The current structural
conditions are another important variable to consider (e.g., high density and growing-stock
volumes), including rich native deciduous juveniles. These compete for soil water and
also hinder natural pine regeneration. Thus, the continuity of these stands outside their
natural range is questionable. The natural regeneration of pine becomes conditioned by
the gaps’ presence and the thickness of forest litter, and seed germination and seedling
survival depend on these conditions [36]. On the other hand, the species association effect
affects the behavior of insect pests and significantly reduces the damage they can cause to
seedlings [59]. It follows that black pine, introduced outside its natural distribution range,
in isolated stands, forms populations of reduced size and genetic diversity. As a result,
their probability of successfully adapting to environmental changes is reduced. The health
status of these stands, coupled with the lack of regeneration and the presence of rich native
juveniles, already indicates the response of these stands to climate change, which should
be considered in the management of these stands. For such stands, located outside their
natural range, species mixing could be a future solution.

5. Conclusions

The deteriorating health of pine trees is characterized by a continued reduction in
radial growth. An obvious indicator of this is defoliation intensity. Under the specific site
conditions of the investigated stands, defoliation occurred in all of the trees, regardless of
their cenotic position or dendrometric characteristics. At stand level, defoliation increases
in intensity where the basal area (i.e., growing-stock volume of the stands) increases.
A decrease in spring and summer rainfall could lead to a significant deterioration in
stand health and growth. However, the relationship between pine growth and climatic
conditions needs to be studied at the level of the growing season of the trees, considering
the age of the stands as well as other site variables that define their productive potential.
The presence of abundant native deciduous juveniles indicates an obvious succession
of species, meaning that the continuity of the pine trees would not be possible without
silvicultural interventions that favored their regeneration. Monocultures outside its natural
distribution range are not a solution for Romania’s future forests. The long-term monitoring
of existing forests is needed to select the most tolerant trees that are the most adaptable
to changing environmental conditions. Management measures in future stand structures
should promote locally sourced species that have proven their adaptability and resilience
and are capable of stable mixtures. This would ensure the continuity of services that forests
are supposed to provide and avoid biodiversity loss and significant economic losses.
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A.C., A.-C.D., M.C., I.-S.P. and Ş.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The datasets that were analysed during the study are publicly archived
at http://www.rplpkronstadt.ro/uploads/Harta-generala-UP-IV-Brasov-scanata_-1.pdf.

Acknowledgments: We thank the Forest R.P.L Kronstadt staff of Bras, ov for supporting this research
and giving us access to the Forest Management Plans.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/f14050884/s1
https://www.mdpi.com/article/10.3390/f14050884/s1
http://www.rplpkronstadt.ro/uploads/Harta-generala-UP-IV-Brasov-scanata_-1.pdf


Forests 2023, 14, 884 14 of 16

References
1. Allen, M.; Antwi-Agyei, P.; Aragon-Durand, F.; Babiker, M.; Bertoldi, P.; Bind, M.; Brown, S.; Buckeridge, M.; Camilloni, I.;

Cartwright, A. Technical Summary: Global Warming of 1.5 C. An IPCC Special Report on the Impacts of Global Warming of 1.5 C above
Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the
Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty; IPCC—The Intergovernamental Panel on Climate
Change: Geneva, Switzerland, 2019.

2. Schelhaas, M.J.; Nabuurs, G.J.; Schuck, A. Natural disturbances in the European forests in the 19th and 20th centuries: Natural
disturbances in the european forests. Glob. Chang. Biol. 2003, 9, 1620–1633. [CrossRef]

3. Seidl, R.; Thom, D.; Kautz, M.; Martin-Benito, D.; Peltoniemi, M.; Vacchiano, G.; Wild, J.; Ascoli, D.; Petr, M.; Honkaniemi, J.; et al.
Forest disturbances under climate change. Nat. Clim. Chang. 2017, 7, 395–402. [CrossRef] [PubMed]

4. Hoegh-Guldberg, O.; Jacob, D.; Taylor, M.; Guillén Bolaños, T.; Bindi, M.; Brown, S.; Camilloni, I.A.; Diedhiou, A.; Djalante, R.;
Ebi, K. The human imperative of stabilizing global climate change at 1.5 C. Science 2019, 365, 6459. [CrossRef] [PubMed]

5. Ficko, A.; Poljanec, A.; Boncina, A. Do changes in spatial distribution, structure and abundance of silver fir (Abies alba Mill.)
indicate its decline? For. Ecol. Manag. 2011, 261, 844–854. [CrossRef]
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