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Abstract: A higher frequency of increasingly severe droughts highlights the need for short-term 

measures to adapt existing forests to climate change. The maintenance of reduced stand densities 

has been proposed as a promising silvicultural tool for mitigating drought stress. However, the 

relationship between stand density and tree drought susceptibility remains poorly understood, 

especially across ecological gradients. Here, we analysed the effect of reduced stand density on tree 

growth and growth sensitivity, as well as on short-term drought responses (resistance, recovery, 

and resilience) of Scots pine (Pinus sylvestris L.), sessile oak (Quercus petraea (Matt.) Liebl.), and 

ponderosa pine (Pinus ponderosa Douglas ex C. Lawson). Tree ring series from 409 trees, growing in 

stands of varying stand density, were analysed at sites with different water availability. For all 

species, mean tree growth was significantly higher under low compared with maximum stand 

density. Mean tree growth sensitivity of Scots pine was significantly higher under low compared 

with moderate and maximum stand density, while growth sensitivity of ponderosa pine peaked 

under maximum stand density. Recovery and resilience of Scots pine, as well as recovery of sessile 

oak and ponderosa pine, decreased with increasing stand density. In contrast, resistance and 

resilience of ponderosa pine significantly increased with increasing stand density. Higher site water 

availability was associated with significantly reduced drought response indices of Scots pine and 

sessile oak in general, except for resistance of oak. In ponderosa pine, higher site water availability 

significantly lessened recovery. Higher site water availability significantly moderated the positive 

effect of reduced stand density on drought responses. Stand age had a significantly positive effect 

on the resistance of Scots pine and a negative effect on recovery of sessile oak. We discuss potential 

causes for the observed response patterns, derive implications for adaptive forest management, and 

make recommendations for further research in this field. 

Keywords: drought stress; growth sensitivity; Pinus; Quercus; recovery; resilience; resistance; stand 

density; thinning; water availability  
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1. Introduction 

Climatic extremes, such as severe droughts, are expected to become more frequent and increase 

in intensity as a result of climate change [1]. Drought occurs under low levels of available water, 

relative to a site’s mean condition, being caused by reduced precipitation and/or increased 

atmospheric evaporative demand combined with low available soil water [2,3]. Forest ecosystems 

have, in the recent past, proven to be particularly vulnerable to such drastic changes in growing 

conditions due to their slow natural adaptation rates, ultimately resulting in widespread tree 

mortality and decreased tree and forest growth [4,5]. Silvicultural strategies, such as growing more 

drought-resistant tree species and converting monocultures into mixed, uneven aged forests, are seen 

as promising long-term options for adaptation, to cope with the increasing threat of climate change 

to forest ecosystem health and functioning [6–8]. However, there is still uncertainty regarding which 

short-term measures are feasible to mitigate the adverse effects of drought stress in existing stands, 

still far from rotation age, and to aid the transitioning into more stable forest compositions. Stand 

density, as a measure of tree abundance in a given area, is a primary driver of competition, with 

significant implications on tree growth and mortality [9]. Increasing evidence suggests that the 

reduction of stand density, in addition to accelerating tree growth [10] and increasing the growth 

responsiveness to environmental conditions [11], can be a mechanism for moderating the effects of 

drought-induced stress by increasing the vigour of individual trees due to increased average resource 

availability [12–17]. Reduced stand transpiration due to lower leaf area [18], as well as the formation 

of more extensive root systems [19], have been reported as contributing factors that may increase tree 

water availability under reduced competition. However, several studies have also shown detrimental 

effects of managing lower stand densities, reporting decreased water availability resulting from 

increased transpiration and evaporative losses that are caused by higher wind speeds and deeper 

penetration of solar radiation in recently thinned stands [20–22], as well as increased competition for 

soil moisture [23]. The inconsistency of the current body of knowledge is likely related to several 

confounding factors that complicate the derivation of generalized reaction patterns. For example, 

species have been found to react differently to drought under different levels of competition, as a 

result of varying adaptation strategies between coniferous and broadleaved species [24]. 

Furthermore, the benefits of reduced competition on drought tolerance have also been found to 

decrease with stand age due to higher water demands of larger trees in open compared with denser 

stands [25]. Finally, the effect of stand density on tree drought responses might be modified by 

climatic factors, such as long-term site aridity [24]. Despite a growing scientific interest in recent 

years, the relationship between stand density and tree drought susceptibility remains poorly 

quantified, especially across climatic growing conditions. In addition, under most site conditions, 

stand density reductions in favour of resource supply and growth of remaining trees, may ultimately 

cause a loss of stand productivity [26]. Thus, it appears important to know and quantify whether and 

how much density reductions really mitigate any growth losses that are caused by drought. 

To improve the state of knowledge, this study focuses on tree growth and tree drought reactions 

of Scots pine (Pinus sylvestris L.), sessile oak (Quercus petraea (Matt.) Liebl.), and ponderosa pine (Pinus 

ponderosa Douglas ex C. Lawson) under different stand density levels and climatic growing 

conditions. Scots pine and sessile oak constitute two fundamental European tree species that are 

economically important [27,28] and have proven to exhibit a relatively high drought tolerance as 

compared with other European tree species, such as European beech (Fagus sylvatica L.) and Norway 

spruce (Picea abies (L.) H. Karst.) [29–31]. Scots pine is protected against drought due to embedded 

stomata and a waxy layer on the epidermis [32], as well as a pronounced stomatal control that helps 

to regulate transpiration in early stages of drought [33]. However, Scots pine has more recently been 

found to suffer growth depression and decline in some parts of its natural distribution due to 

increasing drought stress [34–38]. Furthermore, Scots pine is widely represented on dry, poor, and 

formerly degraded sites, where it in the past was introduced for afforestation purposes [39]. On these 

marginal sites, the adverse effects of drought may be particularly pronounced [40]. Sessile oak is often 

equipped with deep-reaching tap roots that improve the accessibility of water under drought [41] 

and found to exhibit considerable resistance and resilience to episodic drought stress in mixtures and 
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monocultures [42,43]. In contrast to the drought avoiding isohydric Scots pine, the anisohydric oak 

is found to keep its stomata open for longer during drought [33], resulting in differing drought 

reaction patterns of both species [43,44]. Previous studies have revealed positive effects of mixing 

both species in terms of productivity and growth responses to episodic drought stress over broad 

ecological gradients [43,45,46]. In Europe, both species endure acute drought stress under episodic 

water shortage. However, current climate projections indicate that many parts of Europe, in 

particular southern and western Europe, will have a chronically lower water supply (higher 

temperature, lower or constant precipitation) by the end of the 21st century [47]. Therefore, forest 

managers now face the overwhelming task of adapting existing forests, which are still far from 

rotation age, to unprecedented climatic growing conditions. Thus, it becomes increasingly important 

to study indigenous tree species growing at the fringes or beyond their natural distribution (e.g.[48]), 

as well as comparing them with similar tree species, growing under conditions that may resemble 

future climate scenarios. Against this background, we analogously study ponderosa pine (Pinus 

ponderosa Douglas ex C. Lawson) in Arizona, USA, which, in this region, typically incurs more chronic 

drought stress conditions and less constant precipitation than Scots pine and sessile oak in Europe. 

Ponderosa pine is one of the most important timber species in the western United States and also 

used for a wide range of other applications, including erosion control and ethnobotanic use [49]. 

Ponderosa pine is able to survive hot and dry conditions, exhibiting a high drought tolerance that is, 

in part, resulting from deep reaching tap roots that are developed in early stages of tree ontogenesis 

[50]. Within the southern part of its distribution range, which encompasses the studied sites, it grows 

at higher elevations up to 3000 m. Regional evidence suggests beneficial effects of reduced stand 

density on drought responses of Scots pine [39,51,52], sessile oak [53], and ponderosa pine 

[9,16,54,55], although drought has also been reported to have more negative impacts on radial growth 

of larger ponderosa pines growing under low stand densities [56]. 

The objective of this study was to analyse the effect of reduced stand density on the species-

specific mean tree growth and mean tree growth sensitivity, as well as on short-term tree growth 

responses (resistance, recovery, and resilience) to episodic drought stress on sites with different water 

availability for two of the most important commercial European tree species. We included data from 

chronically water stressed sites in the U.S. Southwest, analysing the growth behaviour of ponderosa 

pine, in order to better understand how stand density interacts with tree growth and tree growth 

responses to episodic drought stress. 

To address the research objective, we tested the following hypotheses for each species: 

Hypothesis 1 (H1): Mean tree growth and mean tree growth sensitivity increase under reduced stand density. 

Hypothesis 2 (H2): Reduced stand density improves tree drought responses. 

Hypothesis 3 (H3): The benefit of reduced stand density on tree drought responses is moderated by site water 

availability. 

2. Material and Methods  

2.1. Study Sites and Sampling Design 

This study is based on individual tree sampling, carried out in monospecific, even-aged, and 

more or less mono-layered stands of Scots pine and sessile oak in southern Germany (Bavaria) and 

ponderosa pine stands in the U.S. Southwest (Arizona) (Figure 1). In order to study the influence of 

stand density on tree growth, trees on each site were sampled from one untreated control stand, 

exhibiting the site-specific maximum stand density, as well as from two adjacent stands, growing 

under same site conditions, but providing moderate and low stand densities, respectively. Study sites 

reflect different levels of site water availability, as represented by the Global Aridity Index (��) (cf. 

2.4). In Bavaria, the trees were sampled within the framework of existing long-term thinning and 

spacing trials, maintained by the Chair of Forest Growth and Yield Science, Technical University of 

Munich. In Arizona, trees were sampled in stands located within the research areas of Fort Valley 
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and Long Valley Experimental Forests, managed by the United States Forest Service. In the sampled 

stands, the density levels have mostly been maintained for many decades by thinning intervention 

at certain intervals (Table A1 provides information on the treatment history). Table 1 gives an 

overview of the site and stand characteristics for all nine study sites. The Bavarian sites are located at 

elevations of between 380 and 495 m a.s.l. (mean = 433 m a.s.l.), while sites in Arizona are found at 

elevations of 2079 to 2280 m a.s.l. (mean = 2203 m a.s.l.). The stand age varied from 47 to 68 years 

(mean = 60 years) in Scots pine, from 34 to 153 years (mean = 93 years) in sessile oak, and from 100 to 

105 years (mean = 102 years) in ponderosa pine. The age ranges sampled can be considered to be 

typical for the species-specific rotation periods in the respective study regions. 
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Figure 1. (a) Overview of study regions (black triangles) in Arizona, USA (US) and Bavaria, Germany 

(DE). (b) Detailed location (black triangles) of ponderosa pine study sites in Arizona (US 1–US 3). (c) 

Detailed location (black triangles) of sessile oak (DE 1–DE 3) and Scots pine study sites (DE 4–DE 6) 

in Bavaria. 
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Table 1. Site and stand characteristics for all nine locations studied in Bavaria, Germany (DE 1–DE 6) 

and Arizona, USA (US 1–US 3). ���: stand age. �: elevation. �: mean annual temperature. �: mean 

annual precipitation total. ��: Global Aridity Index. ��: parent material (geology). Reference period 

for climatic variables: 1978–2017. 

Site ID Country Species Age E T P IA PM 

    yrs m a.s.l C° mm   

DE 1 GEI 649 Germany sessile oak 34 495 8.3 767 1.26 sand, loess 

DE 2 ROB 620 Germany sessile oak 91 440 8.1 1021 1.70 sand 

DE 3 ROB 90 Germany sessile oak 153 470 8.3 981 1.62 sand 

DE 4 BOD 610 Germany Scots pine 65 400 8.5 722 1.17 sand 

DE 5 GEI 335 Germany Scots pine 68 380 8.9 756 1.20 sand 

DE 6 WEI 611 Germany Scots pine 47 410 8.3 714 1.16 sand 

US 1 FV U1 USA ponderosa pine 105 2250 7.1 575 1.07 basalt 

US 2 FV U2 USA ponderosa pine 100 2280 7.1 612 1.14 basalt 

US 3 LV USA ponderosa pine 100 2079 9.0 728 1.24 basalt 

2.2. Data Collection and Preparation 

All fieldwork was carried out at the end of the growing season of 2017, using a standardized 

protocol, described in the following. At least 15 dominant to co-dominant living trees were selected 

randomly in stands representing three different levels of stand density (low, moderate and 

maximum; ≥ 3 × 15 = 45 trees per site). Stand basal area (��, m² ha−1) was measured via angle count 

sampling [57] at each tree, by use of a level relascope (Spiegel-Relaskop, Relaskop-Technik, 

Vetriebsges. m.b.H., Salzburg, Austria) in order to confirm stand density levels of selected trees in 

the field and to gather information on local competition. For each tree, the diameter at breast height 

(��ℎ, cm) and height (ℎ, m) were measured (see Table A2 for information on mean tree dimensions). 

In addition, two increment cores were taken from north and east cardinal directions at breast height, 

using a 5.15 mm diameter increment borer (Haglöf Sweden AB, Långsele, Sweden). The annual ring 

widths were measured with an accuracy of 0.01 mm from each increment core, using a Type II digital 

positioning table after Johann [58] (Biritz and Hatzl GmbH, Vienna, Austria). Cross-dating of the raw 

ring width series was visually performed for each plot, guided by narrow ring widths in species-

specific pointer years [59]. 

2.3. Dendrochronological Evaluation 

The assessment of mean tree growth, mean tree growth sensitivity, and tree growth responses 

to episodic drought stress was based on the tree basal area increment (���, cm² yr−1), which was 

calculated from the mean annual ring width of both increment cores as ���� = (��
� − ����

� ) ∗
�

�
, where 

�� is the tree’s ��ℎ for year �. The two-dimensional ��� is preferably used, as it better reflects the 

growth of the whole tree rather than the one-dimensional stem diameter or stem radius increment 

[60]. 

A double detrending procedure [61] was applied in order to standardize the ��� series. In a first 

step, we applied a Hugershoff function [62], which was found to better reflect the nature of the 

observed ���  age trend, as compared with a negative exponential function or linear regression, 

traditionally used for detrending purposes. In a second step, we applied a smoothing cubic spline 

with a frequency cutoff of 50% at 2/3 of the curve length [63]. This resulted in a dimensionless series 

of basal area indices for each series, being calculated as the ratio between the actual measured 

increment and the fitted values. The applied detrending procedure allowed for us to remove long-

term trends due to age, size, and stand dynamics [64]. The resulting index series contained only year-

to-year variability associated with fluctuations in climate [64,65]. We calculated the mean inter-series 

correlation (����) and the mean expressed population signal (���) for each site-specific stand density 

level to assess the signal strength of the corresponding chronologies [66].  
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We employed the package ����  [67] from the statistical environment � , version 3.6.1 for 

descriptive statistics of ��� series and all detrending procedures [68]. 

2.4. Meteorological Data and Selection of Drought Events 

Meteorological data (monthly mean temperature and monthly precipitation total) were obtained 

from gridded datasets provided by the German Meteorological Service (Deutscher Wetterdienst, 

DWD) [69,70] for the study sites in Bavaria and by PRISM (Parameter elevation Regression on 

Independent Slopes Model) [71] for the study sites in Arizona. We calculated the mean annual 

meteorological variables (mean annual temperature (�, C°) and mean annual precipitation total (�, 

mm)) over a period of 40 years (1978–2017) (Table 1), based on the acquired monthly data, in order 

to characterize the general climatic site conditions. The mean annual temperature ranged from 8.3 to 

8.9 °C (mean = 8.5 °C) on study sites of Scots pine, from 8.1 to 8.3 °C (mean = 8.2 °C) in the case of 

sessile oak and from 7.1 to 9.0 °C (mean = 7.7 °C) in the case of ponderosa pine. The mean annual 

precipitation total ranged from 714 to 756 mm (mean = 731 mm) on study sites of Scots pine and from 

767 to 1021 mm (mean =923 mm) for sessile oak, while on study sites of ponderosa pine it ranged 

from 575 to 728 mm (mean = 638 mm). We used the Global Aridity Index (��) by the United Nations 

Environmental Programme (UNEP) [72] as a measure of meteorological site water availability, which 

determines the relation of moisture supply versus moisture demand (Equation (1)). 

�� = �/��� (1) 

�� is calculated as the ratio between � and the mean annual potential evapotranspiration (PET, 

mm). ��� was computed from monthly meteorological data, using the Thornthwaite equation [73]. 

Higher ��  values indicate a better site water availability and improved growing conditions. For 

sampled sites of Scots pine, the �� values ranged from 1.16 to 1.20 (mean = 1.18), while for sites of 

sessile oak and ponderosa pine the corresponding values ranged from 1.26 to 1.70 (mean = 1.53) and 

from 1.07 to 1.24 (mean = 1.16), respectively (Table 1). 

Figure S1 (Supplementary Material) provides information on the average climatic growing 

conditions throughout the calendar year (climate diagrams according to Walter and Lieth [74] based 

on the reference period 1978–2017). In Bavaria, precipitation and temperature patterns showed a 

significant peak in July; however, throughout a typical year, there was a more or less constant 

relationship between temperature and precipitation without any water deficit. In contrast, the study 

sites in Arizona exhibited a bimodal precipitation pattern that peaked in winter (December–March) 

and the summer monsoonal season (July–August); a considerable water deficit was common prior to 

the start of the monsoonal season. According to Kerhoulas et al. [75], winter precipitation can be 

considered to be the dominant water source for ponderosa pine trees growing in the studied region. 

Tree growth responses to episodic drought were investigated by considering a series of well-

reported drought events that occurred in 1976, 2003, and 2015 across Europe [42,76–79] and in 1989, 

2002, and 2009 across the U.S. Southwest [9,16,80,81]. In these years, the mean monthly Standardized 

Precipitation Evapotranspiration Index (����) [82], as experienced during the growing season (all 

months with a mean temperature of ≥ 10.0 °C [83]), ranged from −1.0 to −2.2 (Table A1), indicating a 

range of moderate to extreme drought intensities according to the classification by Potop et al. [84]. 

2.5. Quantification of Tree Population Density 

We calculated the weighted mean relative stand basal area ( ���� ) (Equation (2)) as a 

continuous measure of tree population density and inter-individual competition. 

���� = ������/������ (2) 

Here, ������ and ������  represent Assmann’s periodical mean basal area level [85] in m² 

ha−1 for the observed stand and the corresponding untreated control stand, respectively. ��� was 

determined as the mean of the stand basal area between the beginning (���) and the end (���) of the 

1…� survey periods, weighted by the length of the survey period (�) (Equation (3)). 
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��� =

���� + ����

2
∗ �� + ⋯ +

���� + ����

2
∗ ��

�� + ⋯ + ��

 (3) 

This concept of quantifying mean relative stand density has proven useful for analysing density-

growth relationships over longer time periods [26]. For example, ���� = 0.7 indicates that the stand 

under scrutiny was, on average, kept at a level of 70% of the local maximum during the entire survey 

time. Information on historic stand density development was sourced from long-term records of 

existing experiments (DE 1, DE 2, DE 3, DE 4, DE 6, DE 7), based on reoccurring complete inventories 

of research plots that are associated with the trees sampled, according to the DESER-Norm 1993 by 

Johann [86]. In other cases, this information was not available for the trees sampled (DE 5, US 1–US 

3). Here, the relative stand basal area was derived from the angle count samples taken during the 

field survey. Table A2 provides information on the ���� values for each stand. In the case of Scots 

pine, ���� ranged from 0.6 to 0.7 (mean = 0.6) and from 0.3 to 0.5 (mean = 0.4) in stands with 

moderate and low stand density, respectively. Sessile oak stands exhibited ���� values of between 

0.7 and 0.9 (mean = 0.7) and 0.4 to 0.8 (mean = 0.6) in stands with moderate and low stand density, 

respectively. Moderate stand density in ponderosa pine was characterized by ����  values of 

between 0.5 and 0.6 (mean = 0.6), while corresponding values under low stand density levels 

amounted to 0.3 on average. 

2.6. Assessment of Mean Tree Growth, Mean Tree Growth Sensitivity and Short-Term Growth Responses to 

Episodic Drought Stress 

We used two dendrochronological standard characteristics to quantify the average species-

specific tree growth behaviour under different levels of stand density. Firstly, the mean raw ��� 

(����, cm² yr−1), which provides a measure of the general tree growth level or potential [87], and 

secondly, the mean coefficient of variation (�� , %) of the standardized ���  index series, which 

provides information on the high-frequency year-on-year variability that is caused by environmental 

growing conditions [64,67]. ����  and ��  were both calculated based on a 30-year time frame 

(1988–2017). Short-term tree growth responses to selected drought events were individually assessed 

for each species by use of drought response indices as proposed by Lloret et al. [88], which were 

calculated from the standardized ��� index series. Resistance �� (Equation (4)) is calculated as the 

ratio between tree growth during the drought event (���) and the mean growth during the pre-

drought period (������ ). Recovery �� (Equation (5)) is calculated as the ratio between the mean 

growth during the post-drought period (�������) and the growth during the drought event (���). 

Resilience �� (Equation (6)) is defined as the ratio between the average growth after (�������) and 

before (������) the drought event. Resistance highlights the tree’s ability to maintain growth levels 

during drought, while recovery can be seen as the ability to restore a level of growth after drought. 

Resilience exhibits the tree’s capacity to recover to pre-drought growth levels.  

�� =
���

������

 (4) 

�� =
�������

���

 (5) 

�� =
�������

������

 (6) 

������  and �������  were calculated as the average growth during the two years before, or after, 

respectively, the selected drought events. This time frame was used, as it represented the best trade-

off between a sufficiently long time, in order to ensure a good estimation of the mean growth before 

and after the drought event, and the opportunity to study the year 2015, which constitutes a severe 

drought event in recent European history, characterized by SPEI values that range from −1.5 to −1.8 

on the studied sites (Table A1). We considered every drought event as a single stress event for each 

site. Drought events that coincided with thinning interventions in the same year were not considered 

in the analysis. In cases where local angle count samples were used to determine relative stand 
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density, the time frame was limited to a maximum of 30 years (1988–2017) and to periods without 

any recent thinning intervention, in order to ensure low variations in stand structure and inter-

individual competition. The final number of site-specific drought events ranged from one to three, as 

outlined in Table A1. 

2.7. Statistical Testing  

In this study, we applied linear mixed-effects models to account for nesting in the data, thereby 

accounting for pseudo-replication, potentially resulting in too progressive significances [89]. A 

separate model was fitted for each species and response variable (����, ��, ��, ��, and ��). All of 

the fitted models were visually checked for homoscedasticity and normal distribution of the 

residuals. We compared least-squares means of stands with different stand densities (low, moderate, 

maximum), as specified by the sampling design, to test the overall effect of stand density on mean tree 

growth and mean tree growth sensitivity (H1). In a next step, we used the weighted mean relative 

stand basal area (����) as a continuous predictor of short-term tree growth responses to episodic 

drought stress (H2, H3). Statistical analyses were conducted by use of the �-function ��� from the 

package ���� [90]. 

In the following, we present model equations used to test H1–H3. 

H1: Mean tree growth and mean tree growth sensitivity increase under reduced stand density. 

Equation (7) was used to test the influence of different stand density levels, represented by the 

categorical variable �� (low stand density: ����� ; moderate stand density: �����; maximum stand 

density: ����� ), as specified by the sampling design, on the species-specific mean tree growth 

(����) and mean tree growth sensitivity, represented by the mean coefficient of variation of the 

standardized ��� index series (��). The covariate tree size was included in form of the tree basal area 

(��) at the time of sampling. 

���� = �� + �� ∗ ����� + �� ∗ ����� ��
+ �� ∗ �������

+ �� + ���� (7) 

In Equation (7), ����  is the species-specific response variable, i.e., ����  or �� . The indices 

represent site ( � ), stand (� ) and tree (� ), respectively. Terms �� , �� , �� , and ��  represent the 

coefficients of fixed effects. The term �� represents the random effect on the level of site (��~�(0, ��
�)). 

Finally, ���� is an independent and identically distributed error (����~�(0, ��)). Tukey HSD multiple 

comparison ( � -package �������  [91]) was performed for contrasting all levels within �� , as 

obtained from the linear mixed model, against each other. 

H2: Reduced stand density improves tree drought responses. 

H3: The benefit of reduced stand density on tree drought responses is moderated by site water availability. 

Equation (8) constitutes the full model to test the influence of the weighted mean relative basal 

area (����) on the species-specific short-term tree growth responses to episodic drought stress and 

to analyse how this influence might be modified by site water availability, represented by the Global 

Aridity Index (��), and stand age (���). In addition, we included the covariate tree size (��) at the 

time of the drought event. 

����� = �� + �� ∗ ������ + �� ∗ ������ + �� ∗ ���
+ �� ∗ ����� + �� ∗ ������ ∗ ���

+ �� ∗  ������ ∗ ����� + ���� + �����  
(8) 

In Equation (8), �����  represents the species-specific tree growth response to drought in form of 

the drought response indices resistance (��), recovery (��), or resilience (��) on the level of site (�), 

stand (�), tree (�), and drought event (�). Terms ��–�� represent the coefficients of fixed effects. The 

term ���� denotes the random effect on the level of tree ( ����~�(0, ��
�) ). Finally, �����  is an 

independent and identically distributed error ( �����~�(0, �� )). The selection of potentially less 

complex final models nested in Equation (8) was based on the Akaike Information Criterion (���) 
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[92] and biological plausibility of the results. The selection was made with additional help by an 

automated ��� -based model selection procedure (function ������  from the � -package ����� 

[93]). 

3. Results 

3.1. Tree Ring Series and Their Basic Statistics 

On the nine sites studied, the sampled Scots pine, sessile oak, and ponderosa pine trees covered 

a representative range of diameter at breast height and tree height (Table A2). Tree ring series were 

successfully cross-dated and converted into ��� series, ultimately resulting in the establishment of 

chronologies for each site-specific stand density level. Table A2 shows the basic statistics for each 

chronology. In almost all cases, ��� was well above the critical value of 0.85, proposed by Wigley et 

al. [66], indicating that the sampled trees accurately represented a hypothetical population. ���� 

values of 0.46, on average, also indicate a good common signal across the individuals sampled in 

each group [94]. 

3.2. Mean Tree Growth and Mean Tree Growth Sensitivity 

The analysis of tree growth characteristics (���� , �� ) according to Equation (7) revealed 

considerable differences in mean tree growth and mean tree growth sensitivity in stands of differing 

stand density (Figure 2, Table A3). For Scots pine trees growing under low stand density levels, the 

mean basal area increment (17.3 cm² yr−1) was significantly higher than in the untreated controls (14.8 

cm² yr−1), but not significantly different from the moderately dense stands (15.6 cm² yr−1). The mean 

tree growth of sessile oak was significantly higher under low (17.5 cm² yr−1) compared with moderate 

(15.1 cm² yr−1) and maximum stand density levels (14.2 cm² yr−1). For ponderosa pine, there was a 

particularly pronounced significant difference between mean growth under low (15.5 cm² yr−1) versus 

moderate (8.6 cm² yr−1) and maximum (7.6 cm² yr−1) stand densities. 

 

Figure 2. Estimated least-squares means of mean tree basal area increment (����, cm² yr−1) and mean 

coefficient of variation (��, %), representing mean tree growth sensitivity, according to Equation (7) 

(Table A3) for Scots pine, sessile oak and ponderosa pine growing under different stand density levels 
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(low, moderate, maximum) based on 409 trees (Scots pine: 139; sessile oak: 135, ponderosa pine: 135). 

���� was calculated on raw ��� series, while �� was calculated on detrended ��� index series. 

Significant differences between the means (� < 0.05) are indicated by upper case letters. 

For Scots pine, the mean coefficient of variation of basal area increment (��), i.e., mean tree 

growth sensitivity, was significantly higher in stands with low stand densities (27%) compared with 

moderate (24%) and maximum (22%) stand densities. In contrast, ��  of ponderosa pine was 

significantly higher under maximum (35%) compared with low (26%) and moderate (30%) stand 

density. No significant differences in ��  were observed for sessile oak trees growing in stands 

exhibiting low (�� = 27%), moderate (�� = 25%) and maximum (�� = 26%) stand density. 

 

3.3. Growth Responses to Episodic Drought Stress 

As expected, growth decreased during the studied drought events in all species, as witnessed 

by resistance values of less than 1 on average (Table 2). Average recovery and resilience values of 

more than 1 indicate a full recovery to above average pre-drought conditions within the time frame 

of two years. On average, sessile oak seemed only little affected by the drought events studied (1% 

average growth reduction) when compared with Scots pine (18% average growth reduction) and 

ponderosa pine (11% average growth reduction). 

Table 2. Mean values and standard deviation (��) of species-specific resistance (��), recovery (��), 

and resilience (��) indices. Means are calculated for each species over selected site-specific drought 

events based on standardized basal area increment indices. � = number of observations. 

Species n Statistic Rt Rc Rs 

Scots pine 229 Mean 0.82 1.34 1.07 

  sd 0.16 0.34 0.27 

sessile oak 225 Mean 0.99 1.04 1.02 

  sd 0.20 0.28 0.32 

ponderosa pine 359 Mean 0.89 1.41 1.10 

  sd 0.37 0.68 0.35 

The estimated species-specific tree growth responses to selected episodic drought events are 

apparent from the results of linear mixed-effects regression modelling according to Equation (8) 

(Table 3). Higher weighted mean relative stand basal area (����) significantly lessened recovery 

(��) and resilience (��) of Scots pine, while its resistance (��) increased with increasing stand age. 

Site water availability, represented by the Global Aridity Index (��), had a significantly negative effect 

on the resistance, recovery, and resilience of Scots pine. The effect of stand density on drought 

responses of Scots pine was significantly influenced by site water availability; the advantage of 

reduced stand density in terms of drought recovery and resilience gradually decreased with 

increasing site water availability (Table 3, Figure 3d,g). In the case of sessile oak, a higher ���� 

significantly lessened drought recovery, as did higher stand age. Furthermore, the recovery and 

resilience of sessile oak significantly decreased with increasing site water availability. Analogously 

to Scots pine, increasing site water availability gradually decreased the advantage of reduced stand 

density in terms of drought recovery of sessile oak (Table 3, Figure 3e). Resistance and resilience of 

ponderosa pine significantly increased with increasing ����, while recovery decreased. In addition, 

the recovery of ponderosa pine significantly decreased with increasing site water availability. In line 

with Scots pine and sessile oak, the advantage of reduced stand density in terms of recovery of 

ponderosa pine significantly decreased with increasing site water availability (Table 3, Figure 3f).
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Table 3. Results of the linear mixed-effects model regressions from Equation (8). We test the effect of tree basal area (��, cm²), mean relative stand basal area (����), 

Global Aridity Index (��), stand age (���, ���) and corresponding interactions with ���� (����*��, ����*���) on the studied species-specific tree drought 

responses (��, ��, ��). The number of observations was always � = 229 for Scots pine, � = 225 for sessile oak and � = 359 for ponderosa pine. Bold values are 

significant at level � < 0.001 (***), � < 0.01 (**), � < 0.05 (*), � < 0.1 (.). 

Species Response Variable Statistic Intercept ba MRBA IA Age MRBA * IA MRBA * Age 

   a0 a1 a2 a3 a4 a5 a6 

Scots pine Rt—Resistance Estimate 5.47 *** - - −4.34 ** 0.01 ** - - 

  SE 1.44   1.33 0.00   

 Rc—Recovery  Estimate 16.09 *** - −15.29 ** −12.42 *** - 12.85 * - 

  SE 4.29  5.86 3.62  4.95  

 Rs—Resilience  Estimate 12.31 *** - −9.92 * −9.45 ** - 8.30 * - 

  SE 3.39  4.62 2.86  3.91  

sessile oak Rt—Resistance Estimate 0.74 *** - - 0.16 . - - - 

  SE 0.13   0.08    

 Rc—Recovery  Estimate 3.41 *** - −1.29 * −1.38 *** −0.00 *** 0.82 * - 

  SE 0.45  0.60 0.30 0.00 0.39  

 Rs—Resilience  Estimate 2.33 *** - - −0.82 *** - - - 

  SE 0.19   0.12    

ponderosa pine Rt—Resistance Estimate 0.71 *** - 0.30 *** - - - - 

  SE 0.04  0.07     

 Rc—Recovery  Estimate 4.76 *** - −4.32 * −2.72 * - 3.45 * - 

  SE 1.37  2.01 1.18  1.73  

 Rs—Resilience  Estimate 0.97 *** - 0.20 ** - - - - 

  SE 0.04  0.06     
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Figure 3. Effect of site water availability (��) on the drought responses of Scots pine (�� (a), �� (d), 

�� (�) ), sessile oak (��  (b), ��  (e), ��  (h)) and ponderosa pine (��  (c), ��  (f), ��  (i)) under 

different stand density levels (low, moderate, maximum). Lines represent the fixed effect terms from 

Equation (8). Explanatory variables other than ��  were set at the respective means of each stand 

density level as obtained from the data. 

4. Discussion 

Our study reveals significant species-specific differences in mean tree growth and mean tree 

growth sensitivity in accordance with prevalent stand density levels. In addition, species-specific 

short-term tree growth responses to episodic drought stress were found to be significantly influenced 

by relative stand density, site water availability, and, to a lesser degree, stand age. Of particular 

interest is the finding that increasing site water availability significantly moderated the positive effect 

of reduced stand density on drought responses in all species. 

The revealed growth patterns are well substantiated, owing to the ecological gradient covered, 

the investigation of site-specific drought events, characterized by considerable climatic drought 

stress, as confirmed by the metric ����, and the detailed information on tree and site characteristics. 
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4.1. Stand Density Influences Mean Tree Growth and Mean Tree Growth Sensitivity 

Mean tree growth was estimated to be higher under low compared with maximum stand 

densities for all species studied (Figure 2). Scots pine and sessile oak trees growing under low stand 

densities showed an estimated 17% and 23% higher mean basal area increment, respectively, when 

compared with fully stocked control stands. For the studied ponderosa pine trees, the stand density 

effect was even more pronounced, resulting in an estimated 104% higher mean basal area growth in 

stands with low compared with maximum stand densities. Mean growth in moderately dense stands 

was in no case significantly different from growth in the fully stocked control plots. Our findings are 

in line with the general view that tree population density reductions result in accelerated tree growth 

and that the magnitude of growth increase is directly related to the intensity of the density reduction 

[e.g.10]. Previous studies have also reported increasing diameter growth with thinning and reduced 

inter-individual competition in Scots pine [51,52,95–98], sessile oak [18,99,100], and ponderosa pine 

[16,51,56,101–106]. Stand density reductions can improve the growth of remaining trees by release 

from inter-individual competition for above and belowground resources, such as light, water, and 

nutrients [19,26,40], and are therefore often used as a silvicultural measure to maximize diameter 

growth and tree value on relatively short rotation [10]. At the same time, yield, defined as the entire 

stand biomass produced since stand establishment [107], might be lower under heavy compared with 

moderate stand density reductions or untreated controls [95,97,100,103], often prompting a trade-off 

between enhanced tree growth and stand productivity [26]. 

Growth sensitivity of trees can be seen as an indicator of the general responsiveness to prevailing 

environmental conditions, such as fluctuations in annual climate [64]. Mean tree growth sensitivity, 

measured here as the coefficient of variation of the detrended ��� index series, was estimated to be 

23% greater for Scots pine trees in low stand density environments as compared with fully stocked 

stands (Figure 2). This general response of growth sensitivity to reduced stand density was also 

observed by Sánchez-Salguero et al. [98], who reported a higher growth responsiveness to climate 

under low competition levels for Scots pine along an altitudinal gradient in Spain. Correspondingly, 

Guillemot et al. [11] found higher inter-annual growth sensitivity with increasing thinning intensity 

of Atlas cedar (Cedrus atlantica (Endl.) Manetti) in the southern French Alps. These and our findings 

underline the idea that inter-individual competition determines climate sensitivity of individual tree 

growth. We can hypothesize that in the studied Scots pine stands in Bavaria, where water is not the 

limiting factor under average growing conditions, competition for light is more relevant. Therefore, 

the mean climate signal may not be as pronounced in fully stocked stands, while the responsiveness 

of trees to show a growth reaction in response to annual climate is higher in stands with lower stand 

densities, where, in addition, a more asymmetric mode of competition might be present [108–110]. 

This idea is consistent with Pérez-de-Lis et al. [111], who reported increasing climate sensitivity of 

Canary pine (Pinus canariensis Sweet ex Spreng.) with thinning intensity on wet, but not on dry sites. 

In contrast to Scots pine, we found that mean tree growth sensitivity of ponderosa pine increased 

with stand density and was 35% higher in the untreated controls compared with low stand densities. 

In the case of ponderosa pine, growing under chronically water stressed conditions with a more 

irregular seasonal water supply and a higher frequency of drought events, water can be seen as the 

principle limiting factor for tree growth. Here, larger trees in the more heavily thinned stands may 

suffer more from hydraulic constraints and water/nutrient limitations may become more important 

[98,112]; competition for below-ground resources might be higher due to larger average tree size and 

associated root systems. Growth sensitivity of sessile oak was not significantly influenced by stand 

density, which might indicate that inter-individual competition for resources was comparatively low 

under average growing conditions. 

Based on our results, we partly confirm H1, as mean tree growth was positively affected by 

reduced stand density in all species, but the effect on mean tree growth sensitivity was insignificant 

in oak and inconsistent when considering the studied pine species. 
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4.2. Tree Growth Reactions to Episodic Drought Stress are Shaped by Relative Stand Density, Site Water 

Availability and Stand Age 

Water stress endured during the studied drought events on average reduced tree growth in all 

species (Table 2). The observed growth reductions were, on average, lower than previously reported 

for these species [42,44,81] and considerably more moderate than reported for other commercial 

European tree species, such as European beech and Norway spruce [42,113], confirming a 

comparatively high drought resistance of the species studied. However, it is possible that the 

smoothing led to and underestimation of the magnitude of possible climate-related effects due to the 

double detrending procedure used in our study [cf. 43]. Furthermore, differing criteria for selection 

of drought events may explain the differences between the studies [cf.39]. Differences in the average 

drought responses between sessile oak and both pine species could be attributed to different water 

uptake strategies under drought; while anisohydric species, such as sessile oak [30,114], are known 

to continue transpiration until water resources are depleted [115], isohydric species, such as Scots 

pine [30,33,114] and ponderosa pine [116], reduce water consumption and growth at an early stage 

of drought by closure of stomata and reduced photosynthesis [115]. The preventive drought response 

strategy of isohydric species can reduce stress damage (defoliation, fine root loss, and cavitation of 

xylem tissue), often resulting in a higher recovery after drought when compared with anisohydric 

species [117]. Our results confirm the often reported high drought resistance of oak [30,42,43,114], 

which, in line with the literature, seems to come at the expense of a lower recovery (Table 2). 

We found evidence that tree growth responses to drought can be significantly improved by 

reduced stand density. However, we can only partly confirm H2, as the effect was not always 

beneficial and it varied between the species studied. Overall, our results suggest that the effect of 

stand density on drought responses might be correlated with climate sensitivity (cf. 4.1); the higher 

the climate signal in tree growth, the higher the potential for reduced drought susceptibility. The 

drought responses of Scots pine were significantly improved by the maintenance of reduced stand 

density, as recovery and resilience were higher under lower compared with higher stand densities 

(Table 3), indicating the enhanced ability of Scots pine trees under lower inter-individual competition 

to recover after drought and reach or exceed pre-drought growth levels. A similar effect was observed 

in sessile oak, which also exhibited significantly higher recovery under lower compared with higher 

stand densities (Table 3). In accordance with our findings, previous studies have reported beneficial 

effects of reduced stand density on post-drought growth responses of Scots pine and sessile oak. For 

example, studying long-term thinning experiments in Germany, Sohn et al. [39] found that the 

thinning of Scots pine significantly improved growth recovery and resilience. Accordingly, Giuggiola 

et al. [51] reported an increase in leaf area to sapwood ratio in response to thinning in a xeric Scots 

pine forest in Switzerland, indicating reduced competition for water. Based on growth models that 

were developed from two thinning experiments in Spain, Fernández-de-Uña et al. [52] predicted 

lessened impacts of climate change under low levels of competition. The positive effects of reduced 

stand density on Scots pine drought responses could be attributed to decreased transpiration rates 

and increased hydraulic resistance, as reported for a Scots pine spacing trial in north-eastern Scotland 

by Whitehead et al. [118]. In the case of sessile oak, only little research has been devoted to studying 

density effects on growth responses to drought, but, based on a long-term experiment in France, 

Trouvé et al. [53] found that resilience was significantly lower for suppressed trees in higher density 

stands. In our study, ponderosa pine showed a distinctly different response pattern in relation to 

drought under different stand densities; resistance and resilience increased with increasing stand 

density, while, in line with Scots pine and oak, recovery was reduced (Table 3). In accordance with 

our findings, McDowell et al. [56] showed that ponderosa pine trees growing in open stands in 

Arizona, USA were bigger and exhibited a greater relative growth decline under drought than trees 

growing at a slower rate in high competition environments under high stand densities. They 

concluded that trees growing in highly competitive environments were less likely to benefit from wet 

or average growing conditions, but also less vulnerable under drought conditions. Furthermore, 

particularly strong reductions in stand density, such as those observed on the low density ponderosa 

pine plots of our study (���� = 0.30–0.32), have been reported to counteract generally positive 
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effects of reduced stand density on drought resistance and resilience over time [25]. This was 

attributed to significantly greater tree sizes being attained within the lower-density stands through 

stand development, resulting in higher hydraulic constraints and water demand compared with 

smaller trees. It is also likely that smaller trees and regeneration, which, under more favourable 

average growing conditions, may not be a significant factor for larger trees growing in the canopy, 

can constitute considerable competition for limited water resources on chronically water stressed 

sites, such as those sampled in Arizona, where large ponderosa pine trees may be more reliant on 

deep soil water than smaller trees [75]. Among the causality mechanisms reported for explaining 

negative effects of reduced stand density on drought responses, it is likely that increased evaporation 

and stand transpiration following stand density reductions [20–22] may prove particularly 

disadvantageous under arid growing conditions, such as those observed on the sampled ponderosa 

pine sites in Arizona. An explanation of the observed beneficial drought responses of ponderosa pine 

under higher stand densities may be found in facilitative interactions that may have overridden 

intraspecific competition, a mechanism observed by Fajardo and McIntire [119] and McIntire and 

Fajardo [120] in Lenga beech (Nothofagus pumilio (Poepp. & Endl.) Krasser) in Patagonia, Chile and 

confirmed by Owen [121] for ponderosa pine regeneration in Arizona, USA and Calama et al. [122] 

for Stone pine (Pinus pinea L.) in Spain. Fajardo and McIntire [119] proposed habitat amelioration via 

wind shelter and a reduction in radiation as facilitative processes between conspecific individuals 

that reduce evapotranspiration and improve water retention. Studying Stone pine at its ecological 

limit in the arid Spanish Northern Plateau, Calama et al. [122] also reported a positive effect of higher 

stand density on radial growth under episodic drought, which was seen as indicative of a shift from 

competition to facilitation under short-term water shortage. As potential causes for such facilitative 

effects Calama et al. [122] proposed root fusion by spontaneous graftage (anastomosis) of close 

conspecific neighbours, permitting an exploration of deeper ground layers and favouring 

mycorrhizal activity, as well as a maximization of light interception by the formation of single, 

umbrella like deep crowns, reducing irradiance and evapotranspiration. In our case, similar 

mechanisms may have increased ponderosa pine growth responsiveness to climate in dense 

compared to more open stands and improved growth responses under episodic drought. This seems 

like an interesting finding, as it, in general, is expected that intraspecific competition is fiercer than 

inter-specific competition, due to absolute niche overlapping [79,119,123]. In contrast to our findings, 

a number of studies have reported positive effects of reduced stand density on ponderosa pine tree 

drought resistance in its natural distribution range [16,55] and beyond [54]. The conflicting results 

could be related to methodological differences, such as the rationale for selecting trees, drought 

events, and pre- and post-periods, or differences in stand structure and site conditions. In accordance 

with our findings, Thomas and Waring [16] reported a positive effect of reduced stand density on the 

recovery of ponderosa pine. 

On average, higher long-term site water availability was found to negatively influence drought 

resistance, recovery, and resilience of Scots pine. In sessile oak, increasing site water availability 

lessened recovery and resilience, but had no significant effect on resistance. In addition, recovery of 

ponderosa pine was, on average, negatively influenced by increasing site water availability. In line 

with these findings, a previous study reported that Scots pine populations on wetter sites were more 

impacted by drought than on drier sites [124]. However, other studies have also reported higher 

growth reductions on drier when compared with wetter sites [42,125], or no significant effect [126]. 

A recent synthesis for a wide range of forest types in the Northern Hemisphere reported significant 

effects of water availability on resistance (positive) and recovery (negative), but not resilience [127]. 

Furthermore, the legacy effects of drought have been reported to be more pronounced on dry when 

compared with wet sites [128]. Differences in methodological approaches may partially explain these 

contrasting findings, as many previous studies focused on general growth responses to climate, while 

our study focused on tree growth responses to specific severe to extreme drought events. It should 

also be pointed out that mean annual climate variables used in previous studies and ours may hide 

important seasonal differences among sites. 
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The impacts of drought on tree growth are understood to be more detrimental in environments 

with limited water availability [64,76,129]. Thus, the effects of reduced stand density on growth 

performance are expected to be more positive on sites with scarcer water supply [24]. Consistent with 

this framework, our results show that, in cases where site water availability significantly influenced 

the density effect, the benefits of reduced stand density decreased with increasing site water 

availability (Table 3, Figure 3). Therefore, we confirm H3. Based on a meta-regression of previous 

regional studies, including investigations of Scots pine, sessile oak, and ponderosa pine, Sohn et al. 

[24] reported that growth resistance increased with site aridity in heavily thinned and unthinned 

stands, whereas site aridity had no or even a negative effect in moderately thinned stands. The lack 

of uniform results in this study was attributed to an imbalanced distribution of studies across 

taxonomic groups, thinning intensities, and climatic regions, which is not the case in our study. More 

pronounced effects might be possible for the analysed tree species, especially at marginal sites, as our 

sites did not reflect the full range of potential growing conditions. 

We did not find any indication that tree size had any effect on the studied species-specific short-

term drought responses. This result is likely associated with the fact that only information on co-

dominant and dominant trees was available in this study, which did not provide a broad range of 

tree sizes. Other studies, covering a larger part of the diameter distribution, reported significant 

influences of tree size or social class on drought responses of Scots pine [43], sessile oak [53,76], and 

ponderosa pine [55,105].  

Stand age was found to significantly increase the resistance of Scots pine and reduce the recovery 

of oak (Table 3). Similar to our findings, Thurm et al. [87] reported a higher resistance with tree age, 

accompanied by a prolonged growth recovery time in Douglas fir. They proposed that these 

responses related to higher hydraulic constraints in older trees. In addition, Sohn et al. [39] reported 

a generally positive effect of stand age on the resistance of Scots pine. While we were not able to 

confirm a significant influence of stand age on the density effect, Sohn et al. [39] reported that 

thinning helped to prevent an age-related decline in growth resistance and recovery following 

drought. Differences in the methodological approach relating to the selection of drought events and 

the quantification of stand density may explain the differing results. 

5. Conclusions 

Our study provides empirical evidence that the maintenance of reduced stand densities over 

longer periods of time can significantly increase mean tree growth, while at the same time reducing 

tree drought susceptibility of Scots pine and oak by accelerated growth recovery and resilience in the 

former and increased recovery in the latter case. Therefore, silvicultural measures that reduce inter-

individual competition, such as thinning, appear to be a suitable option for adapting existing stands 

of Scots pine and sessile oak to climate change. This is of high practical relevance, as mortality might 

be reduced and trees may become less susceptible to secondary pests and pathogens [24]. However, 

our findings also highlight the need for consideration of local climatic conditions when deciding on 

the suitability of such adaptation measures; the positive effects of reduced stand density were much 

stronger on sites with higher aridity, while the effect was reduced or even lost on sites with higher 

long-term water availability. This finding is new and the results appear promising under current 

climate scenarios that foresee higher average temperatures and lower or constant precipitation in 

many European regions, such as southern and western Europe [47]. However, it also prompts further 

questions as to what effects can be expected under more extreme climatic conditions and under 

higher seasonal variability in water supply. Our investigation of tree drought responses in 

chronically water stressed ponderosa pine confirms that, in contrast to Central Europe, where 

extreme drought events still occur less frequently and average water availability still seems sufficient, 

the observed relation of stand density and drought susceptibility may be reversed, a response pattern 

that was characterized by significantly decreased drought resistance and resilience in more open as 

compared with denser ponderosa pine stands. However, ponderosa pine growing under lower 

competition levels still exhibited greater recovery, higher absolute growth, and less variable growth 

overall. Further research should aim at studying the effect of competition on drought responses along 
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larger continuous climatic gradients, encompassing more extreme growing conditions at marginal 

sites. In addition, the sampling of trees should ideally be conducted along the entire diameter range 

of a given stand to better account for potential effects of tree size and social class on drought responses 

under different levels of competition. Future studies should also address the need for further research 

into the interactions between stand density and microclimate, which might help to better understand 

the causes for negative effects of stand density reductions on drought responses, particularly with 

respect to ponderosa pine. Finally, facilitative effects among conspecific neighbours with overlapping 

ecological niches may, in part, explain the drought response patterns that were observed in 

ponderosa pine. This constitutes a rather novel view on individual tree interactions under drought 

with potentially considerable implications for techniques currently employed by forest managers and 

silviculturists, therefore warranting further examination. 
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Appendix A 

Table A1. Thinning history (year of thinning and subsequent sampling) and analysed episodic 

drought events (year of drought and corresponding mean ���� value during the growing season in 

brackets) for each site. 

Site Species 
Thinning History (Year of Thinning and 

Sampling) 
Drought Years (SPEI) 

DE 1 sessile oak 2004, 2009, 2014 2015 (−1.5) 

DE 2 sessile oak 1981, 1986, 1991, 1996, 2002, 2010 2003 (−1.6), 2015 (−1.8) 

DE 3 sessile oak 
1934, 1942, 1952, 1958, 1966, 1976, 1986, 1996, 

2006, 2013 
2003 (−1.6), 2015 (−1.8) 

DE 4 Scots pine 1966, 1977, 1986, 1993, 1998, 2003, 2008, 2015 1976 (−1.2) 

DE 5 Scots pine 2002 2003 (−2.1), 2015 (−1.4) 

DE 6 Scots pine 1987, 1992, 1997, 2002, 2007, 2014 2003 (−1.7), 2015 (−1.6) 

US 1 
ponderosa 

pine 
1925, 1934 

1989 (−1.4), 2002 (−2.1), 2009 

(−1.3) 

US 2 
ponderosa 

pine 
1924, 1935, 1946, 1967, 1968, 1988, 1997 2002 (−2.2), 2009 (−1.3) 

US 3 
ponderosa 

pine 
1925, 1936 

1989 (−1.0), 2002 (−2.2), 2009 

(−1.3) 

Table A2. Mean tree and chronology characteristics by species, site and stand density level (��). �: 

number of trees sampled. ��ℎ : diameter at breast height. ℎ: tree height. ����: weighted mean 

relative stand basal area. ����: inter-series correlation. ���: expected population signal. 

Species Site SD n dbh h MRBA Rbar EPS 
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    cm m    

sessile oak DE 1 Low 15 21.8 18.5 0.44 0.55 0.95 

  Mod 15 18.5 18.3 0.65 0.45 0.92 

  Max 15 18.3 19.0 1.00 0.56 0.95 

 DE 2 Low 15 38.4 26.2 0.60 0.54 0.94 

  Mod 15 34.8 27.2 0.73 0.56 0.94 

  Max 15 28.2 28.3 1.00 0.52 0.94 

 DE 3 Low 15 48.7 31.1 0.80 0.50 0.92 

  Mod 15 44.0 30.5 0.86 0.59 0.95 

  Max 15 35.5 29.0 1.00 0.54 0.94 

Scots pine DE 4 Low 15 30.4 20.8 0.47 0.41 0.90 

  Mod 16 25.5 20.7 0.58 0.44 0.92 

  Max 15 28.1 24.7 1.00 0.43 0.91 

 DE 5 Low 17 38.3 23.5 0.30 0.40 0.91 

  Mod 15 37.0 24.7 0.56 0.44 0.91 

  Max 15 30.6 24.9 1.00 0.52 0.94 

 DE 6 Low 15 24.1 18.2 0.50 0.57 0.95 

  Mod 15 15.6 13.7 0.70 0.48 0.93 

  Max 17 14.9 14.5 1.00 0.49 0.94 

ponderosa pine US 1 Low 15 40.8 17.1 0.30 0.47 0.93 

  Mod 15 35.1 19.2 0.52 0.29 0.84 

  Max 15 27.6 19.4 1.00 0.33 0.88 

 US 2 Low 15 31.3 14.0 0.32 0.55 0.90 

  Mod 15 27.4 13.4 0.61 0.58 0.95 

  Max 15 22.3 12.7 1.00 0.44 0.92 

 US 3 Low 15 36.8 13.8 0.31 0.32 0.84 

  Mod 15 33.6 17.9 0.56 0.35 0.88 

  Max 15 23.7 15.6 1.00 0.18 0.74 

Table A3. Results of the linear mixed-effects model regressions from Equation (7). We test the effect 

of tree basal area (��, cm²), and stand density level (�����, �����, �����) on the mean tree growth 

(����, cm² yr−1) and the mean growth sensitivity (��, %). The number of observations was always � 

= 139 for Scots pine, � = 135 for sessile oak and � = 135 for ponderosa pine. Bold values are significant 

at level � < 0.001 (***), � < 0.01 (**), � < 0.05 (*), � < 0.1 (.). 

Species Response Variable Statistic Intercept ba SDmod SDmax 

   a0 a1 a2 a3 

Scots pine Mean Estimate 1.45 0.02 *** −1.73 . −2.48 * 

  SE  1.70 0.00 0.98 1.01 

 CV Estimate 31.59 *** −0.01 *** −3.09* −5.65 *** 

  SE  2.64 0.00 1.19 1.23 

sessile oak Mean Estimate 3.93 0.01 *** −2.41** −3.27 *** 

  SE  4.85 0.00 0.80 0.92 

 CV Estimate 27.68 *** −0.00 −2.03 −1.21 

  SE  2.30 0.00 1.30 1.46 

ponderosa pine Mean Estimate 9.24 *** 0.01 *** −6.87 *** −7.84 *** 

  SE  1.69 0.00 0.83 0.96 

 CV Estimate 27.91 *** −0.00 3.40 * 8.38 *** 

  SE  2.74 0.00 1.62 1.87 
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