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Abstract: Climate change is modifying precipitation distribution and increasing drought events frequency,
leading to decline in many stands. Pinus nigra was introduced to Poland in the 19th century as a measure
to mitigate negative effects of soil pollution. This species is also known to be well adapted to drought
conditions. However, its response to drought on different soil conditions remains unclear. The aim is to
investigate the growth relation of P. nigra to drought and its resilience under the same climatic conditions
but different soil types (fertile and poor soils) in central Poland. Two mature stands of P. nigra were selected,
one on fertile soil and one on poor soil. Tree-ring data were collected and analysed to assess growth pat-
terns and climate sensitivity. Resilience indices were calculated for seven common drought years, i.e. 1940,
1954, 1963, 1976, 2003, 2006 and 2015, to compare the impact of soil conditions on drought response. The
study found similar climate-growth correlations for both soil types, with March temperatures and summer
precipitation positively affecting growth, highlighting the significant influence of local climatic conditions
on growth. However, resilience to drought varied between poor and fertile soil, with opposite trends ob-
served in the drought year 1976 (characterized by dry June, wet July and dry August) and in the drought
years 1963 and 2006 (characterized by wet June and dry July and August). With a higher resilience for the
trees on poor soil in 1976 and a higher resilience on fertile soil in 1963 and 2006. Moreover, differences
were not consistently observed: only 3 of the 7 years were significantly different. The study indicates that
soil conditions partially influence the resilience of P. nigra to drought, but the relationship seems drought
episode-dependent. Relationships between soil fertility and climate-growth dependencies are complex, and
to draw more robust conclusions, further studies are needed, incorporating additional soil types.
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Introduction

In the context of climate change, an increase in
temperature is likely to lead to a change in the dis-
tribution of annual precipitation and an increase in
the frequency of drought events (Intergovernmental
Panel On Climate Change (IPCC), 2023). Climate
change increases the mortality in many forest stands
around the world (Camarero et al., 2015) due to
increasing evaporative demand and weather distur-
bances. This does not spare Scots pine Pinus sylvestris
L. (Camarero et al., 2015), a widespread coniferous
species in Central Europe, which is sensitive to the
cumulative drought effect and thus shows a declining
growth pattern. To mitigate the adverse effects of cli-
mate change on coniferous forests, alternative phy-
logenetically closely related species may be consid-
ered. Black pine (Pinus nigra JEArnold), a coniferous
species native to Southern Europe, was introduced in
Central Europe in the 19th century. The introduction
of this species in Poland was initially aimed at replac-
ing the native P. sylvestris with a species better adapt-
ed to growth under conditions of high industrial and
urban pollution (e.g. Latocha & Hawrys, 1976). It
has now been recognized as a species better adapted
to climate warming (Vacek et al., 2023).

P nigra appears to be tolerant to moderate
drought. The persistent weak negative correlation
between growth and negative Standardized Precipita-
tion Evapotranspiration Index (SPEI), which persists
over time despite more frequent and severe droughts,
suggests that P. nigra remains capable of adapting to
a changing climate and performes well under favour-
able growing conditions (Klisz et al., 2022). Moreo-
ver, this species seems to respond relatively well to
the temperate climate, with an extended period of
growth in response to high temperatures. However,
it seems to be sensitive to severe summer drought
(SPEI < —2), with P, nigra showing a negative growth
correlation (Klisz et al., 2022). In addition, P. nigra
copes better than other non-native pine species with
climatic anomalies (e.g. Pinus strobus L.; Klisz et al.,
2022) or comparable (e.g. Pinus rigida Mill.; Klisz et
al., 2023). Indeed, the positive correlation between
spring and summer rainfall and growth has increased
in recent years for P. nigra, whereas it seems to be
weakening for other non-native species (Klisz et al.,
2022). P. nigra also exhibits less frequent intra annu-
al density fluctuations in comparison to other alien
species (e.g. P. strobus or Pseudotsuga menziesit (Mirb.)
Franco), indicating a lower sensitivity to short water
deficit (Klisz et al., 2022). When Klisz et al. (2022)
were comparing the drought susceptibility of native
and introduced pines, local conditions (i.e. soil and
climate) seemed to predominate over species specific
growth response. This led to the similar growth re-
sponse to the end-of-winter and spring temperatures

for P. nigra and P. sylvestris. The same study showed
that resilience and recovery indices were similar
among different pine species under the same site
conditions, suggesting that climate sensitivity is
largely related to the site conditions rather than the
species. One of the most important site characteris-
tics are soil properties. Durand et al. (2020) reported
positive effects of soil nutrients on tree growth. Tree
growth has also been positively associated with the
soil’s water storage capacity, which is influenced by
factors such as soil granulometry and chemical prop-
erties (Bolotov et al., 2019). For example, organic
matter can enhance a soil’s ability to retain water.
The results on water-nutrient interaction are, howev-
er, inconsistent, with some results showing more ef-
ficient use of water with fertile soil and, on the other
hand, greater sensitivity of trees to severe drought on
fertile soil (Gessler et al., 2017). Indeed, according to
Gessler et al. (2017), although high fertility increases
the risk of hydraulic failure, and the risk of biotic at-
tack, high fertility balances these negative effects by
increasing water use efficiency. However, the extent
to which soil conditions can alter the sensitivity of P
nigra to atmospheric drought is not sufficiently under-
stood. Therefore, we aimed to investigate the growth
reaction to drought of P. nigra under the same climat-
ic conditions, but different soil types. A fertile soil,
which is characterized by a predominant grain size of
loose sands and weak clayey sands, but with a bed-
ding of fine-grained materials (clays or silt) increases
the abundance of nutrients and water retention. On
the other hand, poor soils with high sand content,
acidity, and low levels of alkaline cations such as po-
tassium (Kabala et al., 2019) have lower soil trophic
indices (SIG) compared to fertile soils. These differ-
ences in soil quality create distinct growth conditions
for P. nigra, primarily driven by variations in water
availability and nutrient status. We hypothesize that,
since poor soils have fewer resources available to
buffer against stress, (i) trees from a less fertile site
will exhibit stronger climate-growth effects and (ii)
lower drought tolerance.

Material and methods

Species selection and study site

The study was performed in Central-East Poland
(52.09-52.11°N, 20.86-20.88°E, 167 m a.s.l.), where
the State Forests National Holding is conducting ex-
periments on the introduction of non-native conif-
erous species (Fig. 1). In our study, we focus on P.
nigra, which is known to be climate-sensitive and has
a broad distribution range.

Two mature stands of P. nigra (PINI), with an age
of 114 years (1911-2024) and 110 years (1911-2020)
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were selected for this study (Fig. 1, Table 1; FERTILE
and POOR, respectively). FERTILE site is character-
ized by a mean height of 27 m, a density of 700 trees/
ha and a mean diameter at breast height (DBH) of
44.62 cm. POOR site is characterized by a mean
height of 19 m, a density of 800 trees/ha and a mean
DBH of 36.20 cm. The study area is characterized
by a cold climate, without a dry season and warm
summer. In 1920-2022, the annual mean tempera-
ture was 8.3 °C, while mean annual precipitation was
506 mm (Fig. 1) (E-OBS 0.1° x 0.1° gridded climate
data, version 28.0e: Cornes et al., 2018). These cli-
mate conditions are characterized as a humid conti-
nental climate. The forest type was different for the
two stands, mesic coniferous for POOR and mesic
mixed broadleaved for FERTILE. Moreover, POOR

20.85°E

and FERTILE are characterized by two different soil
types, respectively an albic (poor) brunic arenosol
and a cambic (fertile) brunic arenosol. According to
Panagos et al. (2022), our soils have a water capacity
of 95 mm and a depth between 80 and 120 cm. How-
ever, the resolution of this database does not allow
for differentiation between study sites. Therefore, we
used the data from Kabala et al. (2019), which pro-
vides more detailed information on soil characteris-
tics. They clearly show a difference in water storage
and fertility. FERTILE soil, predominantly composed
of loose sands and weak clayey sands, contains a
bedding layer of fine-grained material (clay or silt),
which enhances nutrient richness and water reten-
tion. In contrast, poor soil, primarily composed of
sands, is acidic and deficient in alkaline cations.
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Fig. 1. Location of the study sites (data source: State Forests Information System). Panel in lower left corner: climatic dia-
gram for the area (data source: E-OBS, version 28.0e), RDb and RDbr stand for albic (POOR) and cambic (FERTILE)

brunic arenosols, respectively

Table 1. Characteristics of tree-ring chronologies: mean diameter at breast height (DBH), number of trees considered in
the final chronologies (NTree), Gleichldufigkeit (GLK), mean growth rate (GR), first order autocorrelation (AR1),
mean correlation between trees (RBAR), expressed population signal (EPS), signal-to-noise ratio (SNR) and subsam-

ple signal strength (SSS)

Sites ID  Period considered DBH (cm)  NTree GLK GR (mm) AR1 RBAR EPS SNR SSS
POOR 1911-2020 36.20 20 0.69 1.27 0.74 0.42 0.93 14.24 0.99
FERTILE 1911-2024 44.62 8 0.75 1.52 0.68 0.49 0.89 7.71 0.99
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Radial growth data

For each stand, 8 (for the fertile soil) to 20 (for the
poor soil) sample trees, dominant or co-dominant,
healthy, with no visible damage and preferably dis-
tant from the forest edge, were selected. Two incre-
ment cores, from perpendicular, random directions
(the ground being flat), were extracted from each
tree at breast height (1.3 m) with 5.15-mm-diame-
ter Pressler borers. POOR and FERTILE have been
sampled in 2021 and 2024, respectively. Then each
core was air dried and mounted on a wooden hold-
er and sanded progressively using sandpaper (grain
size of 80, 240 and 1000). These cores were scanned
at 3200 dpi using an Epson expression 10000 XL.
Ring-widths were measured with an accuracy of 0.01
mm and cross-dated using CooRecorder and CDen-
dro (Cybis Elektronik & Data AB, https://www.cy-
bis.se/). Cross-dating accuracy was assessed using
CDendro (Cybis Elektronik & Data AB) and corr.rwl.
seg() function of dplR. The correctness of the deter-
mination of the boundaries between the annual rings
was verified using a LEICA A60 binocular at x30
magnification.

Dendrochronological analysis

An individual annually resolved tree-ring se-
ries was created for each tree by averaging the two
growth series. We successfully cross-dated all in-
dividual tree-ring series. Tree-ring series were de-
trended using a cubic smoothing spline approach,
with a cut-off of 50% of the frequency, at a wave-
length of 30 years, with detrend() function from the
dplR package (Bunn, 2010). To remove the remain-
ing temporal autocorrelation and highlight year to
year growth variability, the series were prewhitened
using a first order autoregressive model. We used
a biweight robust mean to create the final residu-
al chronologies with the chron() function from the
dpIR package (Bunn 2010). Ring width index (RWT)
were calculated by dividing the observed raw value
of the ring width (RW) by the value of the fitted cu-
bic spline. To assess the quality of the established
tree-ring chronologies, we calculated the following
indicators (Table 1): the Gleichldufigkeit (GLK) (Bu-
ras & Wilmking, 2015), mean growth rate (GR),
first order autocorrelation (AR1), which estimates
the interdependence of successive rings, mean cor-
relation among trees (RBAR), expressed population
signal (EPS), signal-to-noise ratio (SNR) and sub-
sample signal strength (SSS).

Climate sensitivity

We adopted daily precipitation and temperature
data from E-OBS 0.1° x 0.1° gridded climate data

from 1920 to 2023, version 28.0e (Cornes et al.,
2018). To determine the statistical relations between
climatic conditions and the growth of P nigra on
different soils, we used the daily_response() function
of the dendroTools package (JevSenak & Levanic,
2018), for the period 1921-2023 and 1921-2019
for the fertile and poor sites, respectively. This func-
tion uses a moving time window (in our case, 21 to
270 days), shorter windows help detect immediate
or short-term responses of tree growth to climatic
variations, such as temperature or precipitation and
longer windows are designed to capture cumulative
or lagged effects. To calculate the Pearson correlation
coefficients between aggregated daily climatic data
and RWI. We used climate data for all seasons, start-
ing in the previous January and ending in the current
November (Klisz et al., 2022).

Resilience indices

To understand the growth response of P. nigra
stands growing under different soil fertility condi-
tions to extreme drought years, we used resilience
indices (Lloret et al., 2011). First, we determined
common negative pointer years between the two se-
ries using bias-adjusted standardized growth change
method (BSGC) using the function bsgc() from the
dendRolAB package (Buras et al., 2022). A year is
classified as a negative pointer if p(BSGC) < 0.025,
with:

0.93 0.53

p(GSGC)™™ x p(SGC)
X p(SGC)™™ + (1 — p(GSGC))

p(BSGC) = 0.93 0.93 053

p(GSGC) x (1 = p(SGC))
where GSGC is the globally standardized growth
change, and SGC is the standardized growth change
(Buras et al., 2022).

We selected three common negative pointer
years, i.e. 1940, 1976 and 2006, all of which had a
SPEI3 (June-August) below O (Appendix 2). Addi-
tionally, we included 4 negative pointer years specif-
ic to either FERTILE or POOR soil conditions, i.e.
1954, 1963, 2003 and 2015, all of which had a SPEI3
(June-August) below 0.

Next, four different resilience indices were cal-
culated to evaluate how the two P. nigra populations
cope with drought conditions: resistance, recovery,
resilience and relative resilience (Van Der Maat-
en-Theunissen et al., 2021). To calculate these indi-
ces, we used the RWI, with PreDr (pre-drought) as
the average RW for the 4 years preceding the event,
PostDr (post-drought) as the average RWI for the 4
years following the event and Dr (drought) as the
RWI of the year itself.

We also tested different time frames for resilience
calculations. However, using a shorter period did
not allow sufficient time for trees to recover normal
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growth, while a longer period resulted in overlaps be- Resistance (Rt) is defined as reversal of the reduc-
tween multiple drought years, blurring event-specific ~ tion in growth during disturbance:
response. Finally, a four-year period was selected.
Recovery (Rc) is defined as the ability to recover Rt = Dr / PreDr
after the growth reduction during the disturbance:
Resilience (Rs) is defined as the capacity to reach
Rc = PostDr / Dr pre-disturbance performance levels:

Rs = PostDr / PreDr

Precipitation Temperature
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/
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Fig. 2. Significant Pearson correlations (p-value < 0.05) between tree-ring width index and daily climatic data, precipita-
tion on the left and temperature on the right, for the two sites, POOR at the top and FERTILE at the bottom
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Relative resilience (RRs) is defined as the resil-
ience weighted by the growth reduction experienced
during disturbance:

RRs = ((PostDr — Dr) / (PreDr — Dr))
(1 — (Dr / PreDr))

In this study, we calculated these indices using
the function res.comp() of the PointRes R package
(Van Der Maaten-Theunissen et al., 2021). The in-
dices were then compared for each year between the
sites using a Kruskal-Wallis test. All analyses were
performed using R-4.4.0 (R Core Team, 2024).

Results

Site-specific chronologies

The different indicators calculated for our two
chronologies (Table 1) are mainly similar for the two
sites, the GLK is above 0.65 for the two sites. EPS
is over 0.85 for the two sites, even if the fertile site
is only composed of 8 trees, AR1 and RBAR are rel-
atively similar between the two sites. However, the
SNR is much lower for the fertile site, which can be
the sign of a chronology of lower quality than the
poor site due to the low replication (Table 1). The
SSS exceeded the threshold of 0.85 at the year 1914

Recovery

(Appendix 1), which was also used to truncate both
chronologies.

Climate-growth relationships

The Pearson correlations between RWI and cli-
matic parameters were generally similar between the
two study sites, but poor site showed slightly more
extreme correlations (maximum of 0.52 for poor site
vs 0.50 for fertile site and a minimum of —0.37 vs
—0.31 respectively for the temperature). The most
significant positive correlations with RWI were ob-
served for March temperature for both sites (Fig. 2).
A positive correlation was also observed with the
precipitation of the current August and during the
previous summer for the two sites (Fig. 2). Howev-
er, a negative Pearson correlation with precipitation
in the previous April/May was mainly visible for the
site on poor soil and not for the fertile site.

Resilience indices

Seven negative pointer years were studied, i.e.
1940, 1954, 1963, 1976, 2003, 2006 and 2015. They
are characterized by different seasonality of drought
events (Appendix 3). For 1976 and 2015, the drought
was characterized by an extreme water deficit in June
and August (SPEI around —2) but with a break in
July (SPEI around 0.5) (Appendix 3) and 1954 was

Relative resilience

(=]

e P T,

Resilience

Hea sy . &
|

Resistance

'S

Lloret s resilience indices

w

=

1'%4‘.—@;:&%@;#%%#7

R L L Ll e L

1940 1954 1963 1976 2003 2006 2015

1940 1954 1963 1976 2003 2006 2015

Site £ Poor £ Fertile

Fig. 3. Lloret’s indices for seven negative pointer years 1940,

1954, 1963, 1976, 2003, 2006 and 2015: * p-value < 0.05,

** p-value < 0.01, *** p-value < 0,001, in red POOR and in blue FERTILE, calculated indices are recovery, relative

resilience, resilience, resistance
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characterized by a positive water balance in June
and July but negative in August (Appendix 3). The
drought in 1963, 2003 and 2006 was characterized
by a positive water balance in June (SPEI around 2)
but followed with two successive months of water
deficit (SPEI around —2) (Appendix 3). The year
1940 is a unique case, as it experienced exclusively
negative SPEI values in June, July and August, with
approximate values of —1, —2 and —1, respectively.

The differences were significant for the resilience
for 1963, 1976 and 2006. Trees on fertile site were
more resilient in 1963 and 2006, and trees on poor
site were more resilient in 1976 (Fig. 3).

Moreover, in 1954 the resistance was higher on
fertile soil, whereas in 1963 it was higher on poor
soil (Fig. 3). In both cases, relative resilience and re-
covery were greater on fertile soil, but only in 1963
were all four indices significantly different, making it
the only year with a distinct divergence in resilience
metrics.

Discussion

We found that the resilience of P. nigra during the
drought 1963, 1976 and 2006 differed between the
two soil conditions, which can be partly explained
by our hypothesis on the impact of soil fertility on
drought tolerance (ii). However, the trend between
these three years is opposite, emphasizing a complex
relationship between growth response and soil fertil-
ity under drought conditions. In 1976, the drought
was characterized by a large water deficit in June
and August, with an interruption in July (Appendix
3), and this year we observed a higher resilience for
the stand on poor soil (Fig. 3). The opposite trend
was observed during the droughts of 1963 and 2006,
where a higher resilience for the stand on fertile soil
was observed (Fig. 3). These years were character-
ized by a positive water balance in June, yet followed
by two successive months of moderate water deficit
(Appendix 3).

Hence, based on our results, we cannot conclu-
sively determine whether poor or fertile soils are
more favourable for P. nigra growth in terms of re-
silience to drought conditions. The relationship be-
tween soil conditions and resilience appears to be
complex, as evidenced by the fact that only three of
the seven years studied showed significant differenc-
es in resilience.

Climate growth relationships

We observed a similar sensitivity to climate on
fertile and poor soils, indicating an important role
of local climatic conditions on growth (Izmir et al.,
2024). As observed in previous studies (e.g. Klisz et

al., 2023), spring temperatures and summer rainfall
have a predominant influence on secondary growth.
However, when we look at the details, trees on poor
soil show a negative correlation with spring rain-
fall from the previous year (Fig. 2). This is probably
linked to the soil’s inability to store water, coupled
with unevenly distributed rainfall throughout the
year, leading to a loss of this water, which results in
growth decline (Versace et al., 2022). Water reserves
from previous years are essential for the growth of
P nigra (Cedro, 2006). In addition, the correlation
with summer precipitation is slightly more enhanced
on poor soils. This can probably be explained by the
soil’s low capacity to store water and the dependence
of trees on rainfall during the growing season and
drought reducing secondary growth (Cedro, 2006;
Sahan et al., 2024). This may lead to greater sensi-
tivity to several consecutive months of drought in
summer.

Response to drought events of 1963,
1976 and 2006

The greater resilience of the stand on fertile soil
in 1963 and 2006 (Fig. 3) can be attributed to the
June precipitation, which replenished the soil’s water
reserves (Appendix 3). This enabled the stand to bet-
ter withstand drought conditions, whereas poor soil
does not have the capacity to store as much water
(Kabata et al., 2019). During the drought in the sum-
mer of 1976, the poor soil failed to retain water, as
evidenced by the significant water deficit observed in
June, a brief reprieve in July, and another substantial
deficit in August (Appendix 3).

The resilience in 1976 was lower for both sites
compared to 1963 and 2006.

This can be partly explained by the fact that water
is a limiting factor at both sites. The poor stand, hav-
ing fewer nutrients available (Kabatla et al., 2019),
grows less quickly than the stand on fertile soil, lim-
iting water loss during prolonged water stress. In-
deed, Gessler et al. (2017), showed that, in the event
of short, severe stress (e.g. year 1976), plants on
poor soils coped better. This is most likely due to the
fact they are growing less and have a smaller needle
area, whereas those on fertile soils are at greater risk
of embolism due to the imbalance between growth
and water availability. But the opposite is the case
when prolonged stress occurs (e.g. 1963 and 2006;
Appendix 3). Trees on poor soil may experience chal-
lenges such as reduced carbon availability and poten-
tially face carbon starvation under stress. Whereas
trees on fertile soil generally benefit from improved
nutrient transport efficiency, which can support bet-
ter physiological functioning (Gessler et al., 2017),


https://www.zotero.org/google-docs/?KTjgKj
https://www.zotero.org/google-docs/?KTjgKj
https://www.zotero.org/google-docs/?AdcJ5P
https://www.zotero.org/google-docs/?AdcJ5P
https://www.zotero.org/google-docs/?o46PUk
https://www.zotero.org/google-docs/?RxBKW8
https://www.zotero.org/google-docs/?JdwCzv
https://www.zotero.org/google-docs/?JdwCzv
https://www.zotero.org/google-docs/?nAm8LN
https://www.zotero.org/google-docs/?06eZh2
https://www.zotero.org/google-docs/?bf50lu
https://www.zotero.org/google-docs/?bf50lu
https://www.zotero.org/google-docs/?bf50lu
https://www.zotero.org/google-docs/?Vgn0Q6

The effect of soil conditions on climate-growth correlations at two Pinus nigra sites 67

allowing greater resilience afterwards thanks to the
carbon stock.

However, it should be noted that only 3 of the
7 years studied showed significant differences, even
though some have similar drought patterns. For ex-
ample, the year 2003, which had a similar drought
seasonality to 1963 and 2006, showed no significant
difference in resilience between the two sites. This
suggests that additional factors influence resilience,
highlighting complex interactions. These factors
could, for example, be the climatic conditions of
the preceding and following years, with black pine
depending on rainfall in the previous year (Cedro,
2006), as previously discussed.

Conclusion

Our study highlights that local climatic condi-
tions have a significant influence on P. nigra growth.
However, the trees’ responses to these conditions
differ depending on their underlying soil fertility
levels. To gain a deeper understanding of this com-
plex relationship, further research is needed across
multiple soil types and over longer periods, includ-
ing several years with drought. For future research,
it would be useful to investigate a wider range of
soils, as our study only focuses on two sites from the
same group, the brunic arenosols. We have also only
studied seven drought years, which limits the study
of other drought models. But these seven years are
well known in Central Europe and have also affect-
ed Scots pine (Martinez del Castillo et al., 2024). So
testing how P. nigra copes with dry conditions when
P sylvestris suffers is particularly interesting in the
process of introducing alternative tree species. This
knowledge is essential for mitigating the adverse ef-
fects of climate change, especially given that many
central European forests currently prioritize specific
wood production over-optimizing forest ecosystems
for existing environmental conditions. Consequently,
their resilience to climate change may be insufficient.
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