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The study assessed the sensitivity of 20 provenances of European larch (Larix decidua Mill.) growing at 
provenance experimental trials located in lowland (Siemianice) and upland (Bliżyn) climate in Central 
Poland to air temperature and precipitation, including drought. The measure of the tree’ sensitivity 
was their radial growth reactions, i.e. changes in the radial growth in years 1971–2015. We found 
that rainwater supplies in a soil stored in autumn of the previous year, length of the growing season 
and thermal conditions in its beginning, as well as thermal and moisture conditions of the year of 
tree ring formation had a significant impact on the wood volume formed by the larches, regardless of 
their origin and climatic region in which they grew. The degree of homogeneity of tree’ radial growth 
reactions to precipitation deficit and high temperature was the lowest in a warmer and drier climate in 
the lowlands in Central Poland. Larch provenances with the lowest and the highest values of drought 
resilience components (resistance, recovery, resilience, relative resilience of radial growth) originated 
in different regions of Poland. Greater resistance to drought was observed in larch provenances 
growing at the trial located in the uplands. The relative resilience index seems to be the most helpful 
in predicting the future radial growth reactions of the studied provenances, and consequently their 
viability and survival, as this index showed the highest variability among trees of a given provenance 
and was most often significantly different between pairs of provenances.
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Due to a constant increase in air temperature and changes in precipitation distribution, climate models 
predict an increase in the frequency of extreme events, i.e. droughts, extreme temperatures and intense storm 
precipitation1–3. For example, in recent decades, the length and intensity of summer droughts in Central Europe 
have doubled4, making them one of the main challenges for forest management5,6. Long-term precipitation 
deficit limits the growth of trees7,8 and often contributes to their dying9–11. In order to ensure productive and 
viable tree stands, their resistance to various harmful environmental factors should be increased, i.e. through 
the selection of appropriate tree species12 improvement cutting13 and genetic selection14. For example, the radial 
growth response of trees to drought depends on a tree species15,16, biosocial position of tree in a stand12,17, 
age18,19, habitat conditions8 and tree origin20–29.

In the face of many threats, provenance experiments are helpful, as they allow us to indicate which tree 
populations are more resistant to adverse meteorological conditions, mainly droughts. However, trees of a 
given population may differ in the radial growth reactions, resulting from individual genetic predispositions. 
Therefore, the chronologies of interval trend indices are often used to assess the mass and common growth 
reactions of trees. The interval trend values can be straightforwardly interpreted in contrast to the abstract values 
of other popular types of tree-ring index chronologies30. This indicator shows the percentage of trees with a 
specific growth response, i.e. an increase or reduction in growth, to the pressure of a specific climatic element. 
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Elements determining the occurrence of larch pointer years were successfully identified by analysing climatic 
conditions prevailing in pointer years and in the years immediately preceding them31–34.

Larch is one of the most high-transpiration species and uses water inefficiently35–39. Therefore, long periods of 
precipitation deficit can be a highly destructive factor for larch, which disturbs a water balance in a tree, weakens 
its growth and even causes death. Previous studies on the intraspecific variability of European larch indicate its 
sensitivity to precipitation deficits, especially during the growing season34,40–43. In addition, European larch is 
characterized by high spatial and temporal variability in its climate-growth relationships33,44–50.

The impact of droughts on the growth condition (vitality) of trees can be assessed, among others, using the 
resilience components proposed by Lloret et al.18. One of them is the estimation of the resistance index (Rt), 
which consists in the lack of tree’s reaction to a stress factor (e.g. drought). On the other hand, recovery (Rc) is 
the process of rebuilding the radial growth after the period of stress, while resilience (Rs) is the ability of tree to 
recover the ring growth from before a disturbance. These indices were used to investigate the drought resilience, 
e.g. in yellow pine18, Norway spruce51, Scots pine12, Douglas fir and silver fir15, Australian cedar and Indian 
mahogany16, Scots beech52, Picea crassifolia53, English oak and Sessile oak54, Siberian larch55, Austrocedrus 
chilensis56, Chinese pine57, and black pine58.

The aim of the study was to assess the sensitivity of European larch trees of 20 provenances to thermal and 
moisture conditions, and droughts, on provenance experimental trials located in two Polish regions differing in 
climatic conditions – in lowlands and uplands.

On the basis of the current knowledge about the sensitivity of European larch to the climatic factor, we have 
adopted the following hypotheses:

H1  The primary factor influencing the radial growth of larch, irrespective of tree origin or experimental plot 
location, is the length of the growing season shaped by an air temperature in its beginning, and thermal and 
moisture conditions during the growing season;

H2  On both experimental plots, larches with high drought resilience components originate from lowland re-
gions with low precipitation, while larches with low drought resilience components are from upland regions with 
abundant precipitation;

H3  Larch provenances growing in colder, precipitation-rich upland plots, which are not frequently exposed to 
drought, exhibit lower drought resilience components than those growing in lowland plots that are warmer and 
have less precipitation.

Methods
The study was carried out at two experimental trials where 20 Polish larch provenances were grown (Fig. 1). 
These trials were located in the lowlands in 1967 (Siemianice – SI; 51°13’N, 18°03’E, 170 m asl) outside the 
natural distribution range of European larch and in the uplands in 1968 (Bliżyn – BL; 51°02’N, 20°40’E, 305 m 
asl) within this range (Fig. 1).

For each provenance, a total of 20 larch trees aged 51–53 years were drilled twice from E and W stem 
direction at a height of 1.3 m above the ground using increment borer during the period 2015–2017. The sanded 
cores were scanned using an optical scanner (2400 DPI). Tree-ring widths were measured and cross-dated using 
CooRecorder and CDendro 7.8 computer software60. The cross-dating were examined using the COFECHA 

Fig. 1.  Locations of the seed source stands, the provenance trials in Siemianice (SI), Bliżyn (BL) and the 
weather stations. Distribution map of European larch (at the top right)59.
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program61. Two series from a given tree were averaged. Consequently, each larch tree was represented by an 
individually tree-ring width chronology for the period 1970–2015. One chronology of interval trend indices 
(IT) for each larch provenance at each provenance trial was developed on the basis of 20 tree chronologies (1)30.

	 IT i = mi • ki
−1� (1)

where m is the number of trees that in a given year i showed an increase in the ring-width compared to the 
previous year plus half of the trees that had the same ring-width as in the previous year; k – is the number of all 
analyzed tree chronologies.

One IT chronology for each provenance trial was developed on the basis of 400 tree chronologies. The 
time period common to all the IT chronologies used in the study was 1971–2015. The above-mentioned IT 
chronologies describe the degree of similarity of radial growth responses (an increase or decrease in growth) in 
larch of a given provenance and in all trees at a given provenance trial.

In order to determine differences between the IT chronologies of individual provenances and between the 
study trials, a grouping method was carried out using Ward’s hierarchical cluster analysis (distance: 1.0 − r (the 
Pearson correlation coefficient)). Then, pointer years were determined for both experimental trials on the basis 
of IT values from 400 individual chronologies. It was assumed that a positive pointer year is the year in which 
IT value was higher than 0.9, i.e. at least 90% of trees increased a ring-width compared to the previous year. In a 
negative pointer year, IT value was lower than 0.1, i.e. at least 90% of trees reduced a ring-width compared to the 
previous year62. Climatic conditions in positive and negative years were then compared on basis of differences 
between monthly precipitation and temperatures34. In addition, a cluster analysis was performed on the series of 
correlation coefficients, which were calculated between the IT chronologies and mean monthly air temperatures 
and monthly precipitation totals.

We assessed the radial growth response of each larch provenance to drought using the indices of resistance 
(Rt), recovery (Rc), resilience (Rs) and relative resilience (RRs)18,51. The Rt is the measure of reduction in the 
growth caused by a drought. It is calculated as the proportion of mean ring-width in the year of drought (Dr) 
and the mean ring-width of the 3 years before the drought (PreDr): Rt = Dr / PreDr. Rt = 1 means that tree is fully 
resistant to drought. The lower the Rt value, the lower the drought resistance of tree. The Rc is the measure of 
tree’s ability to recover radial growth capacity after a drought. This is the proportion of mean increment of the 
3 years after a drought (PostDr) and increment of the drought year (Dr): Rc = PostDr / Dr. Rc = 1 indicates the 
maintain of low level of radial growth after drought, and Rc < 1 indicates a deepening reduction in growth after a 
drought, while Rc > 1 indicates that a tree regained growth capacity higher to the level which reached in the year 
with a drought. The Rs describes the ability of tree to regain a pre-drought growth level. This is the proportion 
of the mean increment of the 3 years after a drought (PostDr) and the mean increment of the 3 years before the 
drought (PreDr): Rs = PostDr / PreDr. Rs > 1 indicates that a tree fully recovered growth capacity after a drought 
and is highly flexible in response of adverse growing conditions. Rs < 1 indicates the low adaptability of tree to 
changing growing conditions and indicates a long-term reduction in growth after a drought. The RRs determine 
how quickly tree is able to regain the level of pre-drought radial growth, taking into account a reduction in 
growth in the year of drought. It is calculated according to a formula: RRs = ((PostDr – Dr) / (PreDr – Dr)) 
(1 – (Dr/PreDr)). The RRs index are interpreted in the same way as in the case of the Rs index, but it may have 
negative values if a mean increment of the 3 years after a drought is lower than a increment in the drought year. 
A high value of the resistance index (Rt) decreases the relative resilience (RRs), while a low one increases it.

The assessment of hydrothermal conditions and the identification of drought years in the period 1970–2015 
were carried out on the basis of Sieljaninov’s hydrothermical index (2), which is expressed as the proportion of 
10 times the values of monthly precipitation and the monthly total of mean daily air temperatures for the period 
in which a mean daily temperature exceeded 10 °C63. The lower the HTC value, the drier the conditions.

	
HT C =

10
∑ n

i=1Pi∑ n

i=1ti
� (2)

 where: n – length of the analyzed period (days),

Pi – total precipitation on the day i (mm),
ti – mean daily air temperature on the day i (°C),
HTC < 0.4 extremely dry year, 0.4 < HTC ≤ 0.7 very dry, 0.7 < HTC ≤ 1.0 dry, 1.0 < HTC ≤ 1.3 fairly dry, 

1.3 < HTC ≤ 1.6 optimal, 1.6 < HTC ≤ 2.0 moderately humid, 2.0 < HTC ≤ 2.5 humid, 2.5 < HTC ≤ 3.0 very humid, 
HTC > 3.0 extremely humid).

The year of the lowest sum of HTC value from two experimental trials was analysed (SI = 0.6, BL = 1.0) 
(Fig. 2), assuming that in this year occurred at least 25% reduction in the radial growth compared to the mean 
increment of the 3 previous years. In this way, the certainty that the decline in the growth was related to droughts 
was increased18. It turned out that on both trials it was 1992. The diagrams of deviations of thermal and moisture 
conditions from the climatic norm confirmed that this year was a particularly warm and dry in the growing 
season (Fig. 2). This year was the worst in terms of precipitation and temperature in both regions. In the SI trial, 
the very dry years were 1983, 2015, and only fairly dry years occurred in the BL: 1971, 1976, 1982, 1983, 1988, 
2008, 2012.

In order to determine whether larch provenances differ in sensitivity to a drought, the ANOVA and then 
post-hoc Tukey’s HSD test (α = 0.05) for the Rt, Rc, Rs and RRs indices was used. HSD test categorized the index 
value into homogeneous groups. From these groups, were selected and showed the provenances whose index 
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value was significantly different from the provenance with the lowest index values, and the provenances whose 
index value was significantly different from the provenance with the highest index values64.

The values of climatic parameters used in the analyses came from the nearest IMGW-PIB meteorological 
stations with full data set: Wieluń (51°12’40"N, 18°33’28"E; 201  m asl) and Kielce (50°48’37"N, 20°41’32"E; 
261 m asl)65.

Climate
The two experimental trials differed in climatic conditions. The SI trial is located in a lowland area with a 
warmer and drier climate compared to BL. The mean annual temperature (Ta) was 8.6 °C and the mean annual 
precipitation total (Pa) was 556 mm for the period 1970–2015 (Fig. 3). The BL trial was situated in an upland 
with a colder and more abundant in precipitation climate (Ta = 7.6 °C, Pa = 618 mm) than in SI. The annual air 
temperature amplitude (Amp = 20.7 °C) in BL trials indicates that there was more continental climate than in 
SI. In SI trial, located further west, the annual amplitude was 19.9 °C. On average, the highest precipitation in SI 
and BL occurred in July (84 and 91 mm, respectively). The lowest precipitation totals on both trials occurred in 
February (SI = 26 mm, BL = 29 mm).

Fig. 3.  The climate diagrams for the trials in Siemianice (SI) and Bliżyn (BL) for the period 1970–2015. Ta – 
mean annual air temperature, Amp – mean annual air temperature amplitude, Pa – mean annual precipitation 
total.

 

Fig. 2.  Sieljaninov’s hydrothermical index (HTC), deviations (%) of monthly mean air temperatures (T) and 
precipitation totals (P) in 1992 from the climate norm (1970–2015) in the trials in Siemianice (SI) and Bliżyn 
(BL).
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Results
Radial growth reactions of larches at provenance trials
The IT chronology courses for 20 larch provenances are strongly differentiated in both trials (Fig.  4). There 
are no years in which all trees growing at a given trial have the same radial growth reaction (IT = 0 or 1). This 
reaction is understood here as the proportion value of the number of trees with the specific direction of the 
year-to-year change in the size of increment. Positive reactions at SI trial are the most in 1977 (IT = 0.960), 
and negative reactions are the most in 1988 (IT = 0.021). At BL, respectively 1990 (IT = 0.957) and 1976, 2003 
(IT = 0.005) (Figs. 4 and 5).

The cluster analysis (CA) of IT chronology identified two main groups of larch provenances: The first consisted 
of chronologies of provenances growing at the SI trial, whereas the second one the chronologies of provenance 
growing at BL trial (Fig. 6). Thus, the radial growth reactions of larches growing at both experimental trials were 
different and independent of the region of larch origin. Therefore, it can be tentatively assumed that a factor 
differentiating the chronologies between the trials was specific climatic conditions prevailing in these trials. In 
addition, we found for both experimental trials that it was not possible to distinguish the subgroups of larch 
provenances associated with a specific region of their origin (Fig. 6).

In order to confirm the assumptions that the factor differentiating the interannual radial growth variation 
of European larch at both trials is the climatic conditions prevailing there, the Pearson correlation coefficients 
between IT chronologies and the monthly values of temperature and precipitation were first calculated (Fig. 7).

The course of correlation coefficients series for 20 provenances in the case of temperature was similar. A 
slightly greater variation in the course of series was observed in the case of precipitation, especially at the BL 
trial (Fig. 7).

Then, a cluster analysis was performed in which variables were the above-mentioned series of correlation 
coefficients. This analysis grouped larch provenances into two clusters associated with the experimental trial 
(Fig. 8). The results are very similar to the results of the cluster analysis for the IT chronology (see Fig. 6).

Subsequently, on the basis of the IT chronology course developed from all tree-ring width chronologies 
(n = 400), 5 positive and 8 negative pointer years were found at the SI trial (Fig. 5). We were found more pointer 
years at the BL trial than at SI, respectively 7 and 10.

In contrast to the BL trial, February in the negative pointer years was cold and dry at SI. The growing season 
(May-September) was warm and dry at the SI trial in contrast to BL (Fig. 9). Similar conditions occurred in larch 
pointer years at BL.

Differences in tree resilience to drought between trials and provenances
At both SI and BL, the lowest values of resistance (Rt), recovery (Rc), resilience (Rs) and relative resilience (RRs) 
were observed across different provenances (Figs. 10 and 11). Similarly, the highest values of these indices varied 
by provenance.

Fig. 4.  IT chronologies of larch provenances growing at the trials in Siemianice (SI) and Bliżyn (BL).
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At both trials, we also found statistically significant differences in the values of the above-mentioned 
indices between the provenances (Table 1). At SI, the least drought resistant larches came from Pelplin (p2), 
i.e. a northernmost seed source stand in Poland – the area with relatively high precipitation. The most drought 
resistant larches came from Prószków (p20) in the South-western Polish lowlands, i.e. from the area with 
relatively low precipitation (Table 1). At SI, the provenance with the worst recovery index after drought was 
no. 20, and the best was provenance no. 2. The lowest resilience indices (Rs, RRs) was observed in the northern 
Polish provenances “Płonne” (p6) and “Prószków” (p20), while the highest resilience indices was observed in 
the central Polish provenances “Rawa” (p8) and “Bliżyn” (p12). Taking into account all growth indices, the 
central Polish provenances are the best to survive the drought period at SI, and the least of the northern Polish 
provenances.

At BL, the least drought resistant (Rt) was the provenance “Henryków” from the Sudety Mountains (p21), 
and the most was upland provenance “Moskorzew” (p14), located in this climatic region of Poland, as the 
experimental trial (Table 1). The worst in terms of the recovery (Rc) and resilience (Rs, RRs) indices of growth 
was the mountain provenance “Krościenko” (p18) from the highest altitude of seed source stand, and the best 
was the northern Polish provenance “Tomkowo” (p6). At BL, provenances from the Northern Poland and central 
uplands are the best at coping with drought periods, in contrast to mountain provenances.

Despite the fact that the HTC value in 1992 was different on both experimental trials, an attempt was made to 
compare the drought resilience components of the studied larch provenances between two trials. All provenances 

Fig. 5.  IT chronologies for larches from the trials in Siemianice (SI) and Bliżyn (BL), and positive (white dots) 
and negative (black dots) pointer years.
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growing at BL were significantly higher (p < 0.05) resistant to the drought (Rt) than those at SI (Table 2). Most 
of the provenances originating from the Northern Poland, the Carpathians and the Sudety Mts. (nos. 1, 6, 14, 
16, 18, 2, 22, 23 and 24) growing at SI were significantly (p < 0.05) higher recovered (Rc) after the drought than 
those at BL. The resilience index for all provenances growing at BL, except for no. 14 and 16, was significantly 
(p < 0.05) higher than in those at SI.

Discussion
Specificity of radial growth features of larch provenances at experimental trials
The results support the hypothesis that larches, regardless of their origin, show specific radial growth sensitivity 
to thermal and moisture conditions prevailing in a given trial. The different climatic conditions prevailing in the 
experimental trials located in the Polish lowlands (SI) and uplands (BL) had a very strong and specific influence 
on the radial growth responses of larch provenances growing there. The genotype, shaped over many years by, 
among other things, the specific climate features of their origin region (local adaptation) were dominated by the 
climatic conditions of the trials so strongly that they were not reflected in their radial growth reactions. Similar 
observations in the case of other species are also reported by other researchers. This was the case, for example, 
with Scots pine provenances from entire European, natural distribution range growing at 2 experimental trials 
in the Western and Northeastern Germany26, and with the Scots pine provenances from the entire Asian range 
growing at a trial in the Central Siberia in Russia21. Similar conclusions apply to Norway spruce provenances 
from the entire European range growing at 8 trials in various parts of Finland28. The study on Douglas fir 
provenances from native range in North America growing at 3 trials located in different climatic zones in the 
German Alps did not show a relationship between the origin region of trees and their growth decline in the 
extreme dry and hot year 2003 at the trials24.

Therefore, it was not possible to distinguish larch provenances in terms of the characteristics of their pattern 
of interannual radial growth variations, which would come from a specific, climatically homogeneous region, 
i.e. from lowlands, uplands or mountains. It turned out that the separate groups with specific radial growth 

Fig. 6.  Grouping of IT chronologies of larch provenances growing at the trials in Siemianice (SI) and Bliżyn 
(BL) in terms of radial growth reactions of trees.
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pattern included provenances from various climatic regions of Poland. Differences in wood properties (elasticity, 
proportion of sapwood and heartwood, compressive and bending strength) and the growth dynamics parameters 
(maximum growth rate and growth acceleration rate) of larch at SI trial had also no genetic basis66–70. However, 
Wilczyński and Kulej71 distinguished two groups of North American giant fir provenances with the specific 
features of radial growth pattern. They were grown at trials in the Polish Carpathian Mountains. The first group 
consisted of giant firs from coastal areas and the second from mountainous areas of the North America. Thus, in 
this case, the influence of genome, which was formed in two native regions with strongly different climates, on 
their radial growth response after an introduction to the Polish mountains was clearly marked.

Sensitivity of larch provenances to the thermal factor of experimental trials
A factor differentiating the radial growth reactions of larches between the experimental trials were a climatic 
conditions, which determined the proportion of trees with a specific growth reaction (decline and increase). 
About 1/3 more pointer years were in the upland trial (BL) than in the lowland trial (SI). This is puzzling, 
because climatic conditions in BL were more optimal for larch growth than in SI. More negative pointer years 
than positive were in the both trials. This suggests that weather conditions for larch growth were more frequent 
unfavourable than favourable.

Cold and dry February and cold March in the both trials adversely affected the wood increment of almost all 
larch provenances. Particularly strong relationships between the wood increment and the air temperature in the 
second half of winter season are visible in the case of larches at the trials located in the uplands (BL), where winters 
are colder and longer than at SI. Koprowski44 and Danek et al.48 also showed that local partial populations that 
were grown in the various parts of Poland were sensitive to cold and long winters. These conditions resulted in a 
shorter growing season which caused the increase in radial growth. However, the opposite reaction was observed 
in some provenances. For example, at SI, the increase in the growth of lowland larch provenances (nos. p1, p7 
and p9) was negatively affected by high air temperature in February. At BL the larches of lowland provenance 
(no. p1) and came from the Sudetes (no. p22) decreased their growth when temperature in January was high. 
It is likely that these property may be genetically determined, as provenance no. p22 came from the Sudety 
Mts., where winter is relatively frosty and snowy. Another explanation is that when individual populations are 
moved to a different location, the response of larches to a given climatic element may change due to genotype-
environment interaction20. Therefore, each provenance should be analyzed in detail in this respect.

Thus, a projected increase in temperature during the winter season2,72 may inhibit the radial growth of some 
larch provenances, but for others this effect will be positive and will result in an increase in their incremental 
vitality. Cambium activation in trees begins earlier, when winter ends sooner73,74. This contributes to wider 
wood rings deposited by larches44,45,75,76. Our results also confirm this. Warm March and April at SI and warm 
March at BL were conducive to the generation of wide wood rings by most larch provenances. However, some 
provenances reacted negatively to high temperature in April by reducing the radial growth.

The relationships between summer temperature and the growth of larch provenances were highly diverse at 
both trials. At SI, some western and mountain Polish provenances reacted positively to high temperature in June 

Fig. 7.  Series of correlation coefficients (c) for 20 larch provenances at the trials in Siemianice (SI) and 
Bliżyn (BL), as calculated between the IT chronologies and mean monthly air temperature and total monthly 
precipitation for 13 consecutive months from September of the previous year (pSep) to September of the year 
of tree ring formation (Sep) for the period of 1971–2015. Critic values for α = 0.05 – dashed lines.
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(no. p24), July (nos. p7, p20, p23, p24), August (nos. p23, p24) and September (nos. p7, p20, p23). At BL, also 
some upland’s and Sudeten provenances (nos. p19, p21, p24) increased wood growth when August was relatively 
warm.

Sensitivity of larch origins to the pluvial factor
On the basis of the IT index, we found that the radial growth response of larch provenance to thermal-pluvial 
conditions in the autumn proceeding the year of ring formation was more diverse at the SI experimental trial 
than at BL. At the BL trial, a cold and abundant precipitation in September caused that the growth reaction 
of the vast majority of provenance was the increase in the tree-ring growth in the following year. European 
larch forms buds mainly in September77. Abundant precipitation, which is associated with high cloudiness 
and solar radiation deficit, causes that the vegetative buds are formed in trees. As a result, new assimilation 
apparatus (needles) and shoots are abundant in the following year, resulting in increased wood production78. 
There are therefore fewer flower buds and, consequently, fewer cones in the following year79. We also found 
that high precipitation in November at BL had a positive effect on the radial growth of all larch provenances in 
the following year. The accumulation of water reserves in the soil in autumn protects trees from winter frosts 
and has a beneficial effect on larch growth in the following year45. Also, high precipitation at both experimental 
trials in the end of winter (February) had a positive effect on the amount of wood formed by most of the larch 
provenances in the coming growing season. According to Rötzer et al.80, available soil water in the end of winter 
is necessary for the activation of tree cambium.

At the SI trial with relatively low precipitation totals, the vast majority of larch provenances deposited wide 
tree-rings when spring (March-May) was abundant in precipitation. However, at the trial located in the uplands 
(BL), most of the larch provenances decreased the radial growth when there was too much precipitation in 
spring. A lot of precipitation in spring also indicates high cloudiness, which lowers the air temperature, on which 
the activation of the vascular cambium depends.

Fig. 8.  Grouping of the series of correlation coefficients of the larch provenances (SI - Siemianice, BL - Bliżyn) 
(see Fig. 7). Cluster analysis was used – Ward’s method and 1-r Pearson’s distance measure.
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We also found that larches of most provenances at the upland’s trial BL increase wood growth when summer 
precipitation is high. Although northern and Sudeten Polish provenances (e.g. nos. p2, p21) were slightly less 
sensitive to this climatic element. At the trial SI located in lowland with lower precipitation, e.g. the Sudeten 
provenance (no. p23) was slightly less demanding in relation to summer precipitation.

The above-described climate-radial growth relationships of different larch provenances indicate a large 
interpopulation diversity in terms of sensitivity to air temperature and precipitation. These relationships had no 
clear connection with the regions of larch seed source. This statement corresponds well with previous studies 
based on the correlation analysis of the size of wood growth and climatic parameters42,43. Some larch populations 
are not bothered by episodic precipitation shortages during the growing season. However, it is surprising that 
this applies to trees that come from regions with relatively high precipitation. Isohydric species (i.e. Norway 
spruce) reduce water consumption and growth already in the early phase of drought by closing the stomata. 
However, European larch, like beech and oak, is considered an anisohydrological tree species that does not 
exhibit restrictive stomatal regulation35,37. During droughts, larch still maintains high photosynthetic activity45. 
It should be emphasized that larch does not reduce the sap flow in the steam, including water, during the deficit 
of water vapour in the air and water in the soil during short summer droughts, and larch does not show a 
permanent reduction in growth during the summer35.

Fig. 9.  Differences between mean monthly temperature (T) and precipitation (P) in negative (neg) and 
positive (pos) pointer years of larches from the trials in Siemianice (SI) and Bliżyn (BL) (values in neg. were 
subtracted from pos.)
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Sensitivity of larch to drought
The reductions in radial growth of the studied larch provenances were associated with precipitation deficits 
occurring in different periods of the growing season in 1992. Climate diagrams and the index of climate dryness 
(HTC) showed that these periods were particularly dry compared to those in the three previous and three 
following years that were optimal. Therefore, in our case, the conditions in the three years preceeding the year 
with drought could not significantly disrupt the values of the resilience components. This gives such an indication 
for future research that it is necessary to carefully analyse weather conditions in previous years in order to fully 
assess the response of trees to drought. Droughts in Poland since 1951 have varied in severity, duration and 
location. They did not occur in both experimental trials we studied. However, the most severe drought with the 
greatest extent occurred in 1992. The long-lasting drought in 1992 took on the character of a natural disaster 
that covered the entire area of Poland, with the most severe occurrence in the northwestern and central parts 
of the country (i.e., the area in SI and BL). In some regions it even lasted for the entire growing season (April-
September)81,82. Therefore, the comparison of differences between provenances in terms of drought resilience 
components in the 1992 example is highly authoritative.

It turns out that a given population on a given experimental trial showed a high variability between the 
indices and high variation in a given index between the trials. None of the provenances growing at the two 
experimental trials was fully drought tolerant (resistance index Rt < 1). Droughts often defoliate tree crowns18,83, 
and consequently reduce tree-ring growth84. Tree growth disorders caused by drought promote secondary 
damage in trees by insects or fungi11. However, extreme droughts can accelerate the mortality process, mainly 
in low-growing trees85,86.

The resistance index allows to indicate the most and least drought resistant larch provenances. At SI, the 
highest drought resistance index was found in the provenances nos. p8, p20, and the lowest in provenance no. p2. 
It is likely that these properties may be genetically determined, as provenances nos. p7, p8, p20 came from warm 
and relatively dry lowland’s regions of Poland, while origin no. p2 came from relatively cool and precipitation 
abundant northern part of Poland. At BL, the northern Polish provenance (no. p4) was the second lowest 
resistance to drought after Sudeten provenance (no. p21), and the highest drought resistance was provenance 
from the center of Polish uplands (no. p14).

At both trial, all provenances well recovered growth after drought (Rc > 1). At SI, provenances from the 
northern half of Poland (no. p2) recovered the growth best, and at BL it was origin no. p6. However, provenances 

Fig. 10.  Resistance (Rt), recovery (Rc), resilience (Rs) and relative resilience (RRs) index of the radial growth 
of larch provenances after the 1992 drought in Siemianice. The bars – 95% confidence level. The vertical lines – 
one standard deviation from the mean.
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from the southern half of the country were the weakest in the growth recovering. At SI it was provenance no. 
p20, and at BL no. p18.

Of all the provenances, only the 7 provenances at SI and BL had a high resilience of response to adverse 
climatic conditions. It showed a higher increase after drought than in the pre-drought period (Rs > 1). This 
may be due to the fact that this provenance came from the driest area of Poland with negative water balance for 
many years2. Even a slight improvement in water conditions in the years following the drought could have had 
a positive impact on the radial growth of this larch provenance. The least resilient growth reactions at SI and BL 
(Rs < 1 – lower growth after drought than in the pre-drought period) were found in the Carpathian provenance 
no. 16, originating from mountainous terrain which is quite abundant in precipitation. These results are hard to 
interpret at this stage of research.

After a drought, the provenances nos. p4, p6, p9, p13, p14, p16, p20, p21 at SI and provenances nos. p2, p9, 
p10, p12, p12, p19 at BL maintained the radial growth at a similar level as in the pre-drought period but reduced 

Index SI BL

Rtmin p2 (4–9, 20–24) p21 (2, 6–8, 12–14, 22, 23)

Rtmax p20 (1, 2, 19) p14 (1,4, 21)

Rcmin p20 (1, 2,12) p18 (1, 4–7, 13, 21, 24)

Rcmax p2 (4, 6, 11, 16, 24) p6 (1–8, 12, 21, 22)

Rsmin p6 (7, 8, 12, 18, 19, 21) p18 (4–8, 12–14, 22, 24)

Rsmax p8 (2, 6, 14, 16) p6 (9–12, 16–19, 21)

RRsmin p20 p18 (1, 4–8, 11, 13, 20–22, 24)

RRsmax p12 (4, 6, 13) p6 (1, 12, 18, 19)

Table 1.  The provenances (p) of larch with the lowest (min) and highest (max) values of resistance (Rt), 
recovery (Rc), resilience (Rs) and relative resilience (RRs) indices in 1992 in Siemianice (SI) and Bliżyn (BL). 
The numbers of provenances whose index values are significantly (p < 0.05) higher than the provenance with 
the lowest index value and significantly (p < 0.05) lower than the provenance with the highest index value are 
given in brackets. Tukey’s HSD test was used.

 

Fig. 11.  Resistance (Rt), recovery (Rc), resilience (Rs) and relative resilience (RRs) index of the radial growth 
of larch provenances after the 1992 drought in Bliżyn. The bars – 95% confidence level. The vertical lines – two 
standard deviation range from the mean.
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by the size of the growth level during drought (relative resilience index 1 < RRs > 1). The radial growth in the 
rest of the provenance was at a higher level after drought (RRs > 1). At SI, the lowest RRs represented provenance 
no. p16, and at BL no. p20, i.e. from the southern of Poland. Such a low radial growth rate may be related to 
the fact that anisohydric species transpire and grow despite drought stress until the water is depleted. They risk 
morphological changes, loss of tiny roots and leaves due to previous cavitation of water-conducting bundles as 
a result of drought stress. The latter means slower recovery from drought stress, because the growth can only 
be accelerated again after a tree overcame the xylem tissue cavitation and lost damaged organs87. However, in 
the case of extreme droughts, deeper root systems can use water from a larger volume of soil and thus delay the 
onset of water stress during drought80 which may have resulted in maintaining the radial growth for most larch 
provenances.

The analysis of the above-mentioned indices showed a high variability radial growth features in European 
larch trees of the same provenance between the experimental trials. However, within a given trial, no provenance 
was clearly marked by better or worse the all resilience components to all other provenances. Therefore, it was 
not possible to identify with absolute certainty the most suitable and future-oriented populations in terms of 
radial growth and resilience components for the region in which the trials were located.

Conclusions
The research showed a variation in the annual growth rhythm of European larch trees at lowland and upland 
experimental trials. The grouping obtained in the study, concerning both the IT chronology and the series of 
climate-radial growth correlation coefficients, confirmed unambiguously the climatic causes of differences 
between provenances in terms of their sensitivity to the climatic factor which was characteristic for a given trial 
(region).

Rainwater reserves in the soil accumulated in the autumn of the previous year and the length of the growing 
season modelled by its beginning date had a significant impact on the amount of wood formed by larches, 
regardless of its origin. At both trials, the beginning of vegetation is determined by thermal conditions, mainly 
in February. In terms of the amount of wood deposited by larches, the thermal-pluvial conditions of the summer 
were also important. The colder and more abundant precipitation was in the region, the more homogeneous 
the radial growth reactions of the trees of the studied provenance to precipitation deficit and high temperature.

The variation of the radial growth responses to thermal and pluvial conditions, including droughts, was not 
related to the climatic regions from which larches originated. At two experimental trials, larches with the lowest 
and highest resistance, recovery and resilience came from different regions of Poland, and not, as assumed, 
from the wettest and driest regions, respectively. The differences in above-mentioned features between the 
provenances were usually statistically insignificant. This may indicate that the heritability of drought resilience 
components among the progeny of larches is low or that larch shows high plasticity in relation to the climatic 
conditions in which it currently grows.

The highest resistance to drought was observed in larch provenances growing at the trial BL located in the 
uplands, and not, as assumed, at the trial SI located in the lowlands. This may mean that larches, regardless of 
their origin, react badly to dry summers in the lowlands, i.e. where there is a frequent deficit of precipitation.

Larches growing in the lowlands presented lower relative resilience. This may indicate that larches, regardless 
of their origin, do not adapt well to dry periods in the lowlands. However, this adaptation is better in the uplands, 
because it is more common for a dry year to be followed by years with abundant precipitation.

The variability of the values of the above-mentioned indices in larches within the same provenance was 
high, what indicates a large individual genetic variability determining the sensitivity of trees to drought. The 
relative resilience index seems to be the most helpful in predicting the future incremental reactions of the 
studied larches to unfavorable growth conditions, and consequently predicting their viability and ability to 
survive in unfavorable conditions. It turned out that the variability of this indicator among individuals of a given 
provenance was the highest and its values were most often significantly different when comparing the pairs of 
studied larch provenances.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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Provenace number

Index 1 2 4 6 7 8 9 10 11 12 13 14 16 18 19 20 21 22 23 24

Rt (-) - (-) (-) (-) (-) (-) (-) (-) - - (-) (-) (-) (-) (-) - (-) (-) (-)

Rc (+) (-) + (+) + + + + + + (-) (+) (+) (+) (+) (+) + (+) (+) (+)

Rs (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) - - (-) (-) (-) (-) (+) (-) (-)

RRs - (-) - - - - - (-) - (-) (-) - (+) - - (+) (-) - - -

Table 2.  Differences (– negative, + positive) between the values of the Rt, Rc, RS and RRs index after the 1992 
drought for the larch provenances in the trials in SI and BL (SI values were subtracted from BL). Significant 
values of differences (p < 0.05) – brackets.
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