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A B S T R A C T   

A recent increase in the intensity and frequency of climate extremes under global warming is likely to continue to 
cause unprecedented rates of forest dieback in different habitats around the world. As one of the most widely 
distributed tree species, Scots pine (Pinus sylvestris L.) has experienced widespread mortality over the past two 
decades and many of those forests transitioned to broadleaved dominance inducing massive changes in 
ecosystem functioning and services. Here, we synthesize the factors and processes underlying drought-induced 
Scots pine mortality. Our review identifies agreement across studies on the impact of drought, prevalence of 
crown defoliation prior to mortality, influence of stand density and ecological growth memory, as well as the 
presence of biotic agents, such as insects and mistletoes. Studies generally agree that drought triggered self- 
thinning plays an important role. The post-mortality stand density seems far below the comparable pre- 
drought numbers of trees per hectare, which indicates a significant reduction in the productivity of forest 
stands. Most surprisingly, we show while Scots pine mortality in the early-2000 s occurred at the species’ arid 
distribution limits, high mortality rates are now also reported from the species’ climatic optimum where growth 
conditions used to be more beneficial. Extreme droughts such as 2003, 2015 and 2018 are causing this observed 
pattern, which may indicate that an increase in frequency of extreme drought could challenge Scots pine trees 
growing in climatically favorable areas. Our review indicates that tree level acclimation strategies such as 
lowering leaf area and enhancing water-use efficiency as well as stand-level adjustments including self-thinning 
are apparently not sufficient to prevent Scots pine mortality induced by frequent extreme droughts and asso-
ciated impact of biotic agents (insects and mistletoes). However, we still lack clear understanding in linking 
functional strategies of the species to local climatic variation to fully understand the capabilities of the species to 
grow and survive in the future climate.   

1. Introduction 

Tree mortality is a key ecological process that affects the dynamics of 
forest stand development, impacts the availability of substrates, and 
provides new habitats for biodiversity (Franklin et al., 1987). Any 
elevated level of tree mortality can alter forest dynamics, causing shifts 
in vegetation composition and impacting the functioning and produc-
tivity of forest ecosystems at different spatiotemporal scales (Allen et al., 
2010; Anderegg et al., 2013; Batllori et al., 2020). In recent decades, 

several studies conducted in temperate and Mediterranean Europe re-
ported that drought-induced mortality of Scots pine (Pinus sylvestris L.) is 
causing shifts in vegetation composition and ecosystem function (e.g., 
Galiano et al., 2010; Rigling et al., 2013; Vacchiano et al., 2012; 
Vilà-Cabrera et al., 2013; Vilà-Cabrera et al., 2011). These studies 
identified that many populations of Scots pine across Europe are 
declining together with a substantial reduction of their regeneration, 
which might be a concern as the species is considered relatively drought 
resistant (Irvine et al., 1998; Jiang et al., 2023). Moreover, a recent 
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Europe-wide analysis showed that although the growth of Scots pine 
increased towards the boreal biome the growth has been decreased 
across the Mediterranean region because of rising temperature and 
precipitation reduction (Pretzsch et al., 2023). 

Scots pine is one of the most widely distributed tree species covering 
a range of 10, 000 km longitudinally (8◦W in Spain to 141◦E in Russia) 
and 3, 700 km latitudinally (70◦N in Scandinavia to the mountains of the 
Sierra Nevada in Spain at 37◦N – order from south to north) (Krakau 
et al., 2013). Scots pine is a boreal tree species but shows acclimation 
and adaptation capacities to vastly different climatic and edaphic con-
ditions (Bose et al., 2020a; Poyatos et al., 2007). The species can display 
conservative growth strategies during droughts by adjusting its stomatal 
conductance (Irvine et al., 1998), crown transparency (Dobbertin et al., 
2010), intrinsic water-use efficiency (Timofeeva et al., 2017), and 
leaf-to-sapwood area ratio (Martínez-Vilalta et al., 2009). In semi-arid 
conditions such as the Mediterranean region and the inner-Alpine val-
leys, Scots pines usually maintain small height and crown stature and 
show low radial growth rates over decades to centuries (Bigler et al., 
2006; Sánchez-Salguero et al., 2015). This acclimation strategy is 
consistent to the growth differentiation balance hypothesis (GDBH) 
proposed by Herms and Mattson (1992). The GDBH assumes that scar-
city of resources constrains growth more than photosynthesis, which 
leads to greater allocation of assimilated C to the secondary metabolism 
and, thus, to defense, but when resources are plentiful growth gains 
priority over defense (Lerdau et al., 1994). However, long, frequent, and 
severe soil and atmospheric droughts adversely impact such conserva-
tive growth strategy and may cause mortality after persistent declines in 
crown transparency and radial growth (Hunziker et al., 2022; 
Sánchez-Salguero et al., 2012). 

Scots pine has also a tendency for investing relatively low amount of 
the assimilated carbon for root growth but a high proportion for crown 
development when water availability is high (Bose et al., 2022), which is 
not consistently observed among plant species (Poorter et al., 2012). The 
resulting large above-ground structure (crown and leaf area) then in-
creases the water demand and that may expose trees to crown dieback or 
even mortality under warm and dry periods (Feichtinger et al., 2014; 
Rigling et al., 2003; Zweifel et al., 2020). As an early successional 
pioneer species, Scots pine can form homogenous and dense mono-
cultural stands which can increase demand for resources due to low 
niche complementarity and therefore high competition between trees 
(Steckel et al., 2020). Drought has been reported as a central factor for 
Scots pine tree mortality by triggering increased competition among 
trees (Galiano et al., 2010). In addition, rising temperatures stimulate 
population dynamics of potentially harmful insect populations and 
hemi-parasitic mistletoes indirectly contributing to mortality of 
drought-stressed Scots pines (Dobbertin & Rigling, 2006; Sangüesa--
Barreda et al., 2013; Vacchiano et al., 2012; Wermelinger et al., 2008). 
In addition, the legacy of past climatic and stand structural conditions 
can affect the current responses of trees via epigenetic changes (Bose 
et al., 2020b; Lamelas et al., 2024) and through ecological memory of 
growth, morphological and physiological structure (Peltier et al., 2022; 
Pretzsch, 2021). For example, the water transport system characterized 
by xylem structure and crown morphology may represent an ecological 
memory and determine a tree’s growth and vitality in the future (Zweifel 
et al., 2020). In mesic and highly productive growing conditions, the 
memory of faster growth during the early phase of life could predispose 
a tree to dieback or mortality when they become exposed to persistent 
dry events at maturity (Pretzsch, 2021). 

The drought-induced mortality of Scots pines is particularly well 
studied compared to that of other tree species. The rich body of scientific 
literature allowed us to review agreement and disagreement on how 
tree, stand, site, climatic and biotic variables are associated with the 
drought-induced mortality of this species. This is relevant because 
synthesized knowledge is required to disentangle the direct and indirect 
effects of site-specific processes against general drivers of Scots pine 
mortality. This understanding is crucial for predicting the vulnerability 

of Scots pine forests to and resilience in future climate changes. The 
purpose of this review is to summarize current knowledge and to 
examine links between extreme droughts and associated impacts of bi-
otic factors on Scots pine mortality. We first reviewed observed drought- 
induced mortality patterns and how they vary along the geographical 
gradient and whether the sites where mortality occurs are located across 
and along the arid distribution limit or also towards the climatically 
more favourable areas of the species distribution. We then synthesized 
abiotic and biotic drivers and mechanisms responsible for tree mortality. 
We also examined whether growth-climate relationships along the 
geographical gradient in Europe provide additional insights to tree 
mortality patterns of Scots pine. 

2. Methods 

The literature review was conducted based on peer-reviewed publi-
cations. Pertinent scientific publications were identified using online 
search engines Google Scholar and Web of Science and combinations of 
the following factorial keywords: ‘‘Scots pine AND mortality’’, dieback, 
‘‘factors AND affecting AND mortality’’, ‘‘mechanisms AND associated 
AND Scots pine AND mortality’’. We used both the local name “Scots 
pine” and Scientific name “Pinus sylvestris” for literature search. We first 
identified studies that reported the mortality events of adult trees 
(Supplementary Table SM1). For each of those studies, we extracted 
geographical location/s (latitude and longitude) of the mortality and 
identified drivers and mechanisms that were tested as causes for mor-
tality. It is important to consider that the analysed drivers and mecha-
nisms of tree mortality differed between the studies. For understanding 
the role of ecological memory of past growth on tree mortality, we 
considered studies that reported tree-ring width data of still living and 
dead trees of the same site (Supplementary Table SM2). To understand 
how the role of ecological memory of past radial growth trajectories in 
determining mortality varies across species, we considered Scots pine, 
“angiosperms”, “other gymnosperms”. We recognize that such compar-
ison is rather qualitative as the studies are conducted in different regions 
(even in different continents) and not all studies examined “Scots pine”, 
“other gymnosperms”, and “angiosperms” together. We found 7 studies 
and 12 sites for Scots pine, 7 studies and 15 sites for “other gymno-
sperms” and 8 studies and 9 sites for angiosperms (see Supplementary 
Table SM2 for more details). For each site, we visually examined the 
growth trajectory of live and dead trees and developed three categories 
based on the growth onset of live and dead trees. These categories are 
superior, inferior, and similar growth onset indicating higher, lower, 
and similar radial growth, respectively in dead trees compared to pre-
sent live trees. The “growth onset” characterises the radial growth at the 
initial phase (first 20–30 years) of life. We then quantified the per-
centage of total sites had superior, inferior and similar growth onset in 
present dead trees compared to present live trees. 

For understanding the role of intrinsic water-use efficiency and tree 
mortality, we considered studies that examined δ13C in tree ring of live 
and dead trees of the same site (Supplementary Table SM3). We also 
synthesized literature for examining potential linkages between growth- 
climate sensitivity and tree mortality (Supplementary Table SM4). For 
this objective, we used the search terms “Scots pine AND growth 
sensitivity”, “Scots pine AND climate-growth AND relationship”, and 
“Scots pine AND climate-growth AND correlation”. For that, we only 
considered studies that reported radial growth sensitivity (i.e. correla-
tion coefficient and respective p-value) to monthly temperature and 
precipitation from previous year June to current year September. For the 
consistency, we did not consider studies that reported correlation co-
efficient to minimum or maximum temperature/precipitation (e.g., 
Sánchez-Salguero et al., 2015; Sensuła et al., 2015), or used 
non-detrended ring-width indices or basal area increment (e.g., Sidor 
et al., 2018), or used earlywood/latewood instead of whole ring-width 
(e.g., Lebourgeois et al., 2010). We also excluded studies that exam-
ined growth responses of trees growing under special habitat conditions 
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such as the treeline (e.g., Franke et al., 2017; Linderholm, 2002), dunes 
(e.g., Cedro et al., 2022), or peatlands (e.g., Linderholm et al., 2002; 
Moir et al., 2011). However, from both Linderholm et al. (2002) and 
Moir et al. (2011), we considered non-peatland sites. 

3. Drought induced Scots pine mortality 

A review of the literature revealed that 37 published studies, 
including sites from temperate and Mediterranean Europe (Supple-
mentary Table SM1), have investigated drought-induced tree mortality 
of Scots pine. These studies covered a latitudinal gradient from 35◦ N to 
52◦ N (Fig. 1) and an elevational gradient from 200 m to 1700 m. The 
earliest study was published in 1998, but 30% of the studies were 
published from 2020 to 2022. This may indicate that the occurrence of 
Scots pine mortality has been increased in recent years which may 
resulted from more frequent extreme drought events including the 
droughts in 2003, 2015 and 2018. A high percentage of these studies 
were conducted in the moisture- and high-temperature limited edge of 
the Scots pine distribution; 91% of the studies were conducted at sites 
that received less than 1000 mm of annual precipitation (Fig. 2). Studies 
from the warm and dry edge of distribution especially dominated until 
2012 (Fig. 2) indicating (as one would expect) that drought-induced 
mortality occurred mostly at naturally dry and warm sites. However, 
the results from Fig. 2 showed that compared to earlier years a higher 
percentage of studies report drought-induced mortality towards the 
climatic core areas of Scots pine distribution. This indicates that dieback 
presently also occurs at sites which are not necessarily extreme for Scots 
pine from a long-term precipitation and temperature point of view, but 
may limited by soils of low water holding capacities where a reduction 
in precipitation might become critical (unfortunately, the available 
literature does not allow to test this hypothesis). 

Our review identified drought-induced crown defoliation and tree 
mortality in semi-arid environments of Austria (Oberhuber, 2001), 
France (Archambeau et al., 2020; Lemaire et al., 2022), Germany (e.g., 

Buras et al., 2018; Haberstroh et al., 2022; Hartmann et al., 2022), Italy 
(Vacchiano et al., 2012; Vertui & Tagliaferro, 1998), Poland (Tymiń-
ska-Czabańska et al., 2022), Romania (Hereş et al., 2021), Spain (e.g., 
Galiano et al., 2010; Hereş et al., 2012; Sánchez-Salguero et al., 2012), 
and Switzerland (e.g., Dobbertin et al., 2005; Rigling et al., 2013). 
Drought-induced Scots pine mortality has been episodic, which con-
strained us in drawing temporal dynamics. Hartmann et al. (2022) 
showed that the mortality rates of Scots pine increased tenfold (from 
<0.1% in 2018 to 1% in 2020) following the 2018 drought in Germany, 
while Vilà-Cabrera et al. (2011) reported a 11-fold increase in standing 
tree mortality over a 10-year period while studying inventory plots in 
the Iberian Peninsula of Spain covering a region from 10◦ W to 3◦ E 
longitude and from 43◦ to 35◦ N latitude. In the Rhone valley of 
Switzerland, Rigling et al. (2013) showed that the percentage of Scots 
pine mortality was 60% higher than that of the companion species pu-
bescent oak (Quercus pubescens) over a period of 20 years. They showed 
that the Rhone valley has been exposed to persistent warm and dry 
periods and that persistent dry conditions were associated with the 
mortality of Scots pine. They found that the stand density of trees larger 
than 12 cm (DBH) was 200 trees per hectare, which is extremely low 
compared to other natural non-drought exposed Scots pine stands of 
similar age (50–100 years). This may indicate that the drought impact 
was not just capturing the natural self-thinning process but significantly 
reducing the tree density of the forest stands. Increase growth rates at 
the population level through fertilization (Pretzsch & Biber, 2022), 
precipitation and temperature may also trigger self-thinning-induced 
tree mortality in Scots pine stands (Toraño Caicoya et al., 2024). In 
such cases self-thinning induced mortality mainly eliminated small sized 
trees rather trees from all size classes (Pretzsch et al., 2022). However, in 
the context of our synthesis while examining 37 studies, we found that 
30 of those studies were conducted at sites receiving annual precipita-
tion from 320 to 775 mm. The self-thinning related mortality that we 
synthesized is more likely triggered by frequently occurred extreme 
drought events than by increased growth rates (e.g., Galiano et al., 2010; 

Fig. 1. Blue rectangles indicate locations of Scots pine mortality identified by different studies (N=37). Shaded areas in the figure indicates the distribution of Scots 
pine according to Mátyás et al. (2004). 
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Rigling et al., 2013; Vilà-Cabrera et al., 2013). 
Although the analysed drivers and mechanisms of tree mortality 

differed between the considered studies (Fig. 3), our review identified 
the direct or indirect effect of drought and/or heat as primary driver of 
Scots pine mortality in 89% of the studies. The second most important 
climatic variable contributing to pine mortality was vapor pressure 
deficit (VPD) (Fig. 3). However, very few studies considered and 
measured VPD as the potential drivers of mortality. VPD has been 
identified as a dominant environmental growth constraint for European 
tree species in recent years (Trotsiuk et al., 2021) and induced plausible 
changes in forest dynamics and species distribution (Grossiord et al., 
2020). In addition to environmental factors, 25% of the studies showed 
that tree size was an important factor in explaining drought-induced 

mortality of Scots pine. These studies demonstrate that smaller trees 
showed a higher mortality compared to larger trees. Dense forest 
structures may act as intrinsic continuous stress on small and suppressed 
trees and that stress intensifies under drought, when soil water and 
nutrient resources get limiting, and could, thus, indirectly contribute to 
mortality (Archambeau et al., 2020). Scots pine trees that are weakened 
by continuous competition and droughts (Rigling et al., 2013; Weber 
et al., 2008) become more susceptible to additional biotic contributing 
factors such as insects and pathogens (Heiniger et al., 2011; Jaime et al., 
2019; Wermelinger et al., 2008), and hemiparasitic mistletoes (Rigling 
et al., 2010; Sangüesa-Barreda et al., 2013; Wang et al., 2023) resulting 
in a higher risk of mortality. In our review, 22% and 19% of the studies 
identified insects/pathogens and mistletoes, respectively as drivers of 

Fig. 2. Climate space of Scots pine distribution (light blue circles) and locations identified where Scots pine mortality occurred (red circles) over the past 25 years 
(1998–2022). The first study that reported Scots pine mortality was published in 1998. The climate data was downloaded from World Clim: http://worldclim.org. It 
represents average monthly climate data for 1970–2000. The data were created by Steve Fick and Robert Hijmans. 

Fig. 3. Percentage of studies (N=37) that identified the factors and underlying processes driving Scots pine mortality. Environmental factors and tree-level attributes 
are grouped by four and three categories, respectively. Note. All environmental factors and tree-level attributes listed above were not considered by all studies. 
Therefore, the percentage values are biased to some factors which were often examined (e.g., heat and drought and crown defoliation). However, this summary figure 
provides the list of factors and processes which were found responsible for Scots pine mortality. Note. small trees: smaller trees of the tree size classes within a plot 
had higher mortality compared to larger trees; lower number of resin duct: dead trees had a lower resin duct compared to live trees; smaller lumen diameter: dead 
trees had smaller lumen diameter compared to live trees; higher growth sensitivity: dead trees were more sensitive to climate prior to dead compared to present live 
trees; lower d18O values: dead trees were associated with lower d18O value in tree-ring compared to live trees. 
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Scots pine mortality (Fig. 3). Scots pine is a host for a large number of 
harmful insect species (Wermelinger et al., 2008), and increased tem-
perature together with drought not only trigger water-stress for Scots 
pine it also makes the trees vulnerable to insect attack (Jaime et al., 
2019). Beetle species are known to contribute to tree mortality by their 
larval feeding, and adult beetles often colonize suppressed and weak 
Scots pine trees (Bose et al., 2022; Wermelinger et al., 2008). 

4. Mechanisms underlying drought-induced Scots pine mortality 

McDowell et al. (2008) introduced a framework with three interac-
tive and non-exclusive mechanisms for explaining drought-induced 
mortality in trees: (i) carbon starvation, (ii) hydraulic failure and (iii) 
biotic agents. Carbon starvation describes the situation when the carbon 
demand for metabolism and defense is not met due to reduced photo-
synthesis and associated low carbohydrate supply (McDowell & Sev-
anto, 2010), while hydraulic failure occurs when water transport from 
roots to leaves disrupts though xylem embolism (Mantova et al., 2022). 
Synthesizing data of 19 experimental and observational studies covering 
26 species, Adams et al. (2017) showed that while xylem hydraulic 
failure often appears to be a necessary condition for drought-induced 
mortality, carbon starvation was not universal across species but more 
common in conifers (Galiano et al., 2011). 

Trees can avoid water stress under droughts through efficient sto-
matal control (Salmon et al., 2020) and increasing root:shoot ratio (Bose 
et al., 2020b) or can tolerate drought through osmotic adjustment or 
increasing resistance to embolism (Urli et al., 2013). However, stomatal 
closure over a long period can be unsustainable as it will reduce carbon 
assimilation and associated carbon balance in trees (Galiano et al., 2011; 
Poyatos et al., 2013), while structural adjustments (i.e., leaf area and 
sapwood) during droughts strongly depends on the legacy of 
pre-drought structural conditions (Zweifel et al., 2020) and acclimation 
of the xylem structure occurs over the longer term only (Eilmann et al., 
2009). At the stand level, water availability per individual tree will 
depend on the overall water demand of the vegetation, input of water 
(precipitation, lateral inflow in the soil), soil water storage capacity, and 
root systems of the competing trees (Grossiord, 2019). 

Overall, the responses to drought depend on a range of factors and 
processes including tree size (Bennett et al., 2015; Colangelo et al., 
2017), species-specific functional traits (Anderegg et al., 2016; Green-
wood et al., 2017), stand structure (Clark et al., 2016; Venturas et al., 
2021), species composition (Hajek et al., 2022; Thrippleton et al., 2018; 
Weber et al., 2008), biotic agents (Jonas et al., 2014; Wermelinger et al., 
2008; Williams et al., 2012), and legacy effects of past climate and forest 
management (Gimmi et al., 2010; Lloret et al., 2022; Senf et al., 2018). 
The magnitude of the interactions among multiple inciting and exacer-
bating factors associated with diverse forest mortality processes high-
lights the complexity in understanding tree mortality dynamics (Allen 
et al., 2015). Based on our literature review, we discussed below four 
biological and community-level mechanisms that were found relevant in 
explaining the mortality of Scots pine. Among the four mechanisms, (i) 
water vs carbon depletion and (ii) the ecological memory of the past tree 
development deals with tree-level processes while (iii) soil predisposing 
factors and (iv) legacy effects of past forest management deals with 
stand-level processes. 

4.1. Water vs carbon depletion in Scots pine 

Several studies indicated that Scots pine trees growing under semi- 
arid conditions such as in Swiss Rhone valley and northeastern Spain 
are subjected to carbon availability limitations and their mortality may 
be related to carbon starvation (e.g., Galiano et al., 2011; Hereş et al., 
2014; Timofeeva et al., 2017; Voltas et al., 2013). However, a study that 
measured changes in NSC (non-structural carbohydrates: soluble sugars 
and starch) after a winter drought did not reveal any evidence of 
depleted carbon reserves in stems of dying trees compared with healthy 

trees (Voltas et al., 2013). However, a tendency of carbon starvation in 
Scots pine trees has been identified by Aguadé et al. (2015b) in north-
eastern Spain. When studying defoliated and non-defoliated trees in 
northeastern Spain, Aguadé et al. (2015a) showed that total NSC 
significantly decreased during drought in needles. In addition, Onnia P. 
Karst infection was detected in defoliated trees and was associated with 
depleted root starch reserves during and after drought (Aguadé et al., 
2015a). Moreover, Galiano et al. (2011) showed that trees that failed to 
recover leaf area contained very low levels of carbon reserves. This 
depletion of carbon reserves was strongly related to the probability of 
tree mortality. However, Schönbeck et al. (2018) showed a constant 
soluble sugar and starch values in needles across different soil water 
availability and along a gradient of defoliation. However, strongly 
defoliated trees, which have a high probability to die within the next few 
years (Hunziker et al., 2022) displayed decreased C reserves. While 
studying Scots pine trees in northeastern Spain and Switzerland, 
respectively Hereş et al. (2014) and Timofeeva et al. (2017) showed that 
dying Scots pine trees exerted stronger stomatal control and a more 
conservative water-use strategy compared to surviving trees. Reduced 
stomatal conductance for more than three decades reduced the pro-
duction of new carbohydrates in those trees, and they probably died due 
to carbon starvation. 

Our review did not find any study that quantitatively identified hy-
draulic failure as an underlying mechanism for Scots pine mortality, 
although few studies tested that experimentally (e.g., Aguadé et al., 
2015a; Aguadé et al., 2015b). However, Salmon et al. (2015) showed 
that defoliated Scots pine trees had lower needle water potentials and 
smaller hydraulic safety margins compared to non-defoliated trees in 
Prades mountain of northeastern Spain. Meanwhile, Poyatos et al. 
(2013) showed that, at the same site, sap flow per unit leaf area was 
actually higher in defoliated trees indicating an increased water trans-
port efficiency determined by higher water use per unit leaf area. These 
structural and physiological adjustments indicate continuous stress in 
defoliated trees and its vulnerability to water-stress. Moreover, Voltas 
et al. (2013) observed higher growth rates in later dying Scots pine trees 
compared to surviving ones and fast growth decline and mortality after a 
drought and late frost event indicating hydraulic failure as mortality 
mechanism (see also Gessler et al., 2018). Our review identified that 
physiological mechanisms underlying Scots pine mortality are not well 
understood, however, several studies provided hypothetical frameworks 
on whether tree mortality was related to depletion in carbon or water in 
trees (e.g., Haberstroh et al., 2022; Hereş et al., 2014; Timofeeva et al., 
2017). 

4.2. Ecological memory of the past tree development 

A classical approach for understanding and modelling tree mortality 
responses to environmental stresses or management treatments is based 
on trees current size, age, environmental conditions, and competitive 
status (Burkhart & Tomé, 2012; Weiskittel et al., 2011). However, recent 
research into the growth and mortality response to environmental stress 
provides increasing evidence that current reactions of trees to environ-
mental conditions can be determined by conditions that trees experi-
enced in the past (Bose et al., 2020b; Ogle et al., 2015; Ovenden et al., 
2021; Pretzsch, 2021; Zweifel et al., 2020). While reviewing global-scale 
tree mortality data, Jump et al. (2017) demonstrated that periods of 
favorable climate that promoted abundant tree growth can lead to 
structural overshoot or an unbalanced aboveground tree biomass rela-
tive to below-ground root biomass and can lead to water stress in trees 
when droughts inevitably return. 

The results of our review showed that current-dead Scots pine trees 
from 50% of the sites (N=12) had faster growth during their early phases 
of life (“superior growth onset”) compared to current-living trees 
(Fig. 4). This result suggests that the memory of superior growth onset is 
closely associated with mortality of Scots pine. However, for “other 
gymnosperms” the “superior growth onset” was related to mortality in 
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higher percentage of sites compared to Scots pine (Fig. 4). Our synthesis 
also shows that at 45% of the sites, the growth trajectory during the 
earlier phases of life of current-dead Scots pine trees was similar to 
current-living Scots pine trees. This group of dead trees had experienced 
a long and persistent growth decline over a period of 30 or more years 
prior to death (e.g., Hereş et al., 2012; Oberhuber, 2001; Timofeeva 
et al., 2017), which may indicate their persistent struggle for survival 
under water limiting conditions. These trees might have died through 
persistent water stress and competition from neighbouring trees (Voltas 
et al., 2013), and the ones currently living but also showing persistent 
growth decline and low growth rate would probably die in near future 
(Cailleret et al., 2017; Weber et al., 2008). This particular growth tra-
jectory of maintaining low-growth rate over a long-period prior to death 
was not common in other gymnosperms but was visible in angiosperm 
species (e.g., Bigler & Bugmann, 2004; Colangelo et al., 2018). 

4.3. Soil predisposing factors 

Studying across a latitudinal gradient from southern Spain to 
northern Germany, Bose et al. (2020a) showed that the resilience to 
extreme droughts have decreased over the recent decades in Scots pine 
trees from low-productivity sites. This continuous decrease in resilience 
to extreme droughts can lead to crown defoliation and dying of the 
whole tree (Cabon et al., 2023; DeSoto et al., 2020). These 
low-productivity sites reported by Bose et al. (2020a) are located to-
wards the drier edge of Scots pine distribution where the annual growth 
has been affected by frequent drought events over the past 30 years. 
Scots pine growing on stony soils, which are common across alpine re-
gions, can be extremely sensitive to short-term fluctuations of water 
availability (Oberhuber et al., 1998). Soil depth may act as a long-term 
predisposing factor (Oberhuber, 2001), as Scots pine strongly relies on 
soil water stored at the top soil layer to meet summer evaporative de-
mand (Bose et al., 2022). Among soil properties, stoniness, clay content 
and soil depth influence the soil water holding capacity, and a persistent 
decline in soil water can trigger crown defoliation rates in Scots pine 
(Galiano et al., 2010), and can lead to mortality (Hunziker et al., 2022). 

Although many of our identified sites where drought-induced mor-
tality of Scots pine occurs are located at the drier edge of the Scots pine 
distribution, Madrigal-González et al. (2020) and Vilà-Cabrera et al. 
(2013) showed that the species can also be sensitive to drought-induced 
mortality when growing under less dry conditions. Lévesque et al. 
(2013) demonstrated that tree growth in mesic sites with deeper soils is 
strongly controlled by the water availability in current summer, and 
hence, an increased warming or drought in summer will threaten such 
fast growing trees from mesic sites as well. In mesic environmental 
conditions, Scots pine shows a tendency of growing relatively faster and 

developing higher above-ground biomass (e.g., longer xylem and higher 
leaf area) compared to trees growing in drier conditions and on shal-
lower soils (Rigling et al., 2002; Timofeeva et al., 2017). Those trees 
from mesic sites could become vulnerable when they face a persistent 
exposure to dry climatic conditions (Bose et al., 2022; Jump et al., 
2017). In the mesic environment, when the conditions change from 
moist to dry, the reaction of trees could either be maintaining the growth 
and physiological activities using the accumulated carbon reserves 
(Zweifel et al., 2020) or adjusting traits and functions according to the 
changes in the new environment (Grossiord et al., 2018). For example, 
in the Swiss Rhone valley, Scots pine trees were irrigated over a 
nine-years period, and when the irrigation was stopped in 2013, the 
trees’ initial reaction was to maintain the leaf area and radial growth 
possibly using their carbon reserves (Schönbeck et al., 2018; von Arx 
et al., 2017). However, these trees returned quickly to the level of 
growth and leaf area of stressed control trees (which were never irri-
gated) (Bose et al., 2022; Zweifel et al., 2020). This indicates that Scots 
pine trees currently growing under less dry conditions such as at higher 
elevation sites or on deeper soils in central and Mediterranean Europe 
could also be vulnerable to extreme droughts if the frequency of the 
drought events increased in future (Camarero et al., 2011; 
Sánchez-Salguero et al., 2015). 

4.4. Legacy effects of past forest management 

Forest management options such as reductions of stand density and/ 
or increase in species mixing are often proposed to increase resistance of 
individual trees and forests against extreme droughts (Ammer, 2019; 
Bose et al., 2018; Sohn et al., 2016b). Stand density reductions by 
thinning have been found to be effective across conifers in decreasing 
inter-tree competition and mortality since the available resources were 
shared among less trees (Bottero et al., 2021; Giuggiola et al., 2013; 
Giuggiola et al., 2015; Sohn et al., 2016b). However, opposite results 
have also been found where thinning can increase water stress and tree 
dieback (Camarero et al., 2011). This could happen due to sudden 
changes in stand microclimate conditions such as increases in wind 
penetration into the residual stand and increases in evaporative demand 
(Bladon et al., 2007) and superficial soil water depletion as a result of 
higher soil evaporation (Simon et al., 2017). Increases in evaporative 
demand could cause cavitation in xylem even though less trees are 
competing for the soil water resources (Brodribb et al., 2021). An in-
crease in VPD alone in the absence of soil drought can lead to hydraulic 
damages but also to a reduction of photosynthesis due to stomatal 
closure. VPD induced cavitation will also constrain water supply to 
leaves, eventually additionally reducing the rates of photosynthesis. In 
addition, thinning-associated faster growth and crown development can 
predispose trees to water stress under extreme drought events as 
observed for silver fir (Abies alba) in Spain (Camarero et al., 2011). 

Our literature review revealed that 8 published studies have inves-
tigated the impact of stand density on drought-induced tree mortality of 
Scots pine (Table 1). These studies were conducted in temperate and 
Mediterranean Europe. Overall, these studies agree that densification 
resulted from the lack of thinning interventions may act as an intrinsic 
continuous stress factor on Scots pine trees through increased compe-
tition for resources, and that densification stress could intensify under 
extreme climatic dryness. The current structure and composition of 
many Scots pine forests in Spain, Switzerland, Romania and elsewhere in 
Europe is associated with relatively young (younger than 100 years), 
homogenous, and dense stands that resulted from abandonment of 
traditional agricultural and forest uses during the 20th century (Hereş 
et al., 2021; Rigling et al., 2013; Vilà-Cabrera et al., 2011). The mortality 
was primarily associated with smaller and suppressed trees (Table 1), 
which may indicate that self-thinning was probably the main driving 
process of this mortality, and that self-thinning processes might have 
been triggered by extreme climatic conditions (Bigler et al., 2006; 
Rigling et al., 2013; Vilà-Cabrera et al., 2013). In addition, the 

Fig. 4. Initial growth trajectories of dead trees relative to live trees of Scots 
pine, other gymnosperms and angiosperms species. The results are based on 7 
studies and 12 sites for Scots pine, 7 studies and 15 sites for other gymnosperms 
and 8 studies and 9 sites for angiosperms (see Supplementary Table SM2 for 
more details). Superior, inferior, and similar growth onset indicate higher, 
lower, and similar radial growth, respectively in dead trees compared to present 
live trees during the initial years of life. 
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probability of Scots pines being infested by bark beetles was higher with 
high Scots pine density and basal area (Jaime et al., 2019). 

Species mixing aims to promote the efficient uptake and utilization 
of the available resources by reducing the functional redundancy and 
through niche complementarity among trees (Ammer, 2019). However, 
studies on potential roles of species mixing showed that species richness 
is not always positively related to drought resistance (Grossiord, 2019; 
Ovenden et al., 2022) and can even increase tree mortality (Searle et al., 
2022) in forest ecosystems, therefore, should be dependent upon 
site-specific biotic and abiotic factors (Forrester et al., 2016). Scots pine 
has often shown higher biomass growth when mixed with other species 
including Quercus petraea and Q. robur (Pretzsch et al., 2020), Fagus 
sylvatica (Pretzsch et al., 2016), Picea abies (Ruiz-Peinado et al., 2021) 
and Pinus pinaster (Riofrío et al., 2017). Using a large latitudinal and 
longitudinal gradient in Europe, Steckel et al. (2020) showed that Scots 
pine in mixed stands with Quercus species exhibited a higher drought 
resistance (i.e., the ability to maintain growth during drought) 
compared to homogenous Scots pine forests. Similar to that finding of 
Steckel et al. (2020), Scots pine displayed higher resistance to extreme 
drought when it was growing with Norway spruce across sites located in 
temperate, hemiboreal and boreal Europe (Aldea et al., 2022). However, 
tree ring isotopes, which are highly sensitive indicators of gas exchange 
responses to drought (Supplementary Table SM3 and Jucker et al., 
2017), indicated that drought events more strongly affected intrinsic 
water use efficiency of Scots pine when growing in mixtures compared 
to monoculture, both in boreal and Mediterranean ecosystems (Forrester 
et al., 2016). Our review indicates that mixing Scots pine with other tree 
species will increase the growth and survival of Scots pine as well as of 
associated tree species under extreme drought conditions (e.g., De 
Cáceres et al., 2021; Gea-Izquierdo et al., 2014; Martínez-Vilalta et al., 
2012), but the response of intrinsic water use efficiency might indicate 
that longer or more intensive droughts might negatively affect Scots pine 
in mixed stands in future (González de Andrés et al., 2018). 

5. Ecological factors of growth-climate sensitivity 

Tree radial growth is a particularly sensitive indicator of drought 
stress and associated mortality and can be followed for decades to 
centuries back in time (Cailleret et al., 2017). Environmental factors that 
significantly influence radial growth for decades prior to mortality can 
provide valuable signals on which factors are constraining tree growth 
and inducing persistent stress in trees (Cailleret et al., 2019). Tree 
growth sensitivity to climatic factors (e.g., precipitation or temperature) 
refers to the responsiveness of trees’ biological processes to climate 
(Peltier & Ogle, 2020). The magnitude of growth sensitivity to a climatic 
variable indicates the importance of that climatic variable for growth at 
a given site (Wilmking et al., 2020). Therefore, the patterns of growth 
sensitivity may serve as early warning signs for mortality in the face of 
drought. 

A review of the literature revealed that 29 studies, including 140 
sampling sites (Supplementary Table SM4) from boreal, temperate and 
Mediterranean Europe, have investigated the growth sensitivity of Scots 
pine in relation to monthly temperature and precipitation of the current 
and previous year. Significant relationships of Scots pine tree-ring 
widths were more commonly found with precipitation compared to 
temperature and more with current-year climate than previous-year 
climate (Fig. 5 and Supplementary Fig. SM1). The percentage of sites 
that had significant relationships between tree-ring widths and monthly 
climatic variables varied across geographical gradient (latitudes and 
longitudes). The precipitation in May and June of the current year was 
found to be the most important variable and was positively related to 
tree-ring width. However, the percentage of sites that had positive 
relationship with June precipitation decreased with increasing latitude 
indicating higher dependency of southern European sites on precipita-
tion occurring in early summer. February and March temperature of the 
current year were more often positively related to tree-ring width than 
the temperature in summer, autumn, or previous-year winter. The 
importance of current-year spring temperature for tree growth was more 
common towards the northern latitude in Europe. The temperature in 
current-year June or in July was negatively associated with tree-ring 

Table 1 
List of studies investigating how the legacy of forest densification (i.e., lack of forest management) modulates drought impacts on mortality of Scots pine.  

Location Legacy of forest densification effects Scale of 
observation 

References 

Direct effect of 
densification 

Interactive effect with 
drought 

Interactive 
effects with tree 
size 

Interactive effects with site 
aridity 

Central Pyrenees, 
Spain 

Increased mortality NC Higher 
mortality of 
smaller trees 

NC Tree/Plot Galiano et al., 
2010 

Iberian Peninsula, 
Spain 

Increased mortality Drought effect was 
intensified by the stand 
density 

Higher 
mortality of 
smaller trees 

Dry and wet sites were equally 
vulnerable to mortality 

Plot Vila`- Cabrera et 
al., 2011 

Catalonia, Spain Effect of stand density was 
dependent upon soil 
depth and summer aridity 

Low density stands 
associated with low summer 
water balance had higher 
mortality 

Higher 
mortality of 
smaller trees 

In dry sites, intensive thinning 
increased tree mortality, but low 
soil depth had no effect on 
mortality 

Plot Vila`- Cabrera et 
al., 2013 

Rhone valley, 
Switzerland 

Increased mortality Stand densification effect 
was intensified by droughts 

Higher 
mortality of 
smaller trees 

Higher mortality in drier sites Plot Rigling et al., 
2013 

NFI data of 
Switzerland 

Increased mortality NC Higher 
mortality of 
smaller trees 

Higher mortality across dry-low 
elevation sites 

Plot Etzold et al., 
2019 

NFI data of Finland, 
France, Germany, 
Spain, and Sweden 

Increased mortality Stand densification effect 
was intensified by droughts 

NC Effect of conspecific basal area 
increasing mortality was higher 
in dry sites 

Plot Archambeau 
et al., 2020 

Valsain pinewood, 
Spain 

Increased mortality Stand densification 
contributed to drought- 
induced tree mortality 

NC Effect of stand densification was 
similar across dry and wet sites 

Plot Madrigal- 
Gonzalez et al., 
2020 

Carpathians, Romania Increased mortality Stand densification 
contributed to drought- 
induced tree mortality 

NC NC Plot Heres et al., 2021 

NC: not considered in the analysis. 
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Fig. 5. Growth response of Scots pine to monthly climatic conditions based on the results of 29 studies and 140 sampling sites (Supplementary Table SM4). Each row 
corresponds to a month (most important months are included which are all from the current year). Left and right panels refer to growth response to monthly total 
precipitation (mm) and mean temperature (◦C), respectively. The two outermost columns present the proportion of sites showing significant (α = 0.05) negative and 
positive responses as a function of latitude. Negative responses are shown in red and positive in blue. 
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width of sites located in central Europe but not of sites located above 55◦

latitude (Fig. 5). This may imply that warmer temperatures can reduce 
growth across a wide range of forests in central Europe. However, 
warmer temperature can increase tree growth of Scots pine towards 
northern Europe as indicated by Pretzsch et al. (2023). Scots pine trees 
growing across southern Spain (35◦ - 40◦ N) were mostly unrelated with 
our climatic variables except current year June and previous year 
September precipitation (Fig. 5 and Supplementary Fig. SM1). 

An important finding of our synthesis is that growth of Scots pine 
trees located below 55◦ N, which is more than half of its distribution area 
in Europe, is positively associated with summer precipitation. This 
higher dependency of precipitation over temperature is contributing to 
the observed high vulnerability to drought as shown by recent studies 
examining the response of Scots pine to the 2018 European drought (e. 
g., Haberstroh et al., 2022; Hartmann et al., 2022; Tymińska-Czabańska 
et al., 2022). The two findings that (1) growth sensitivity of Scots pine is 
depending on summer precipitation in warm and dry sites and (2) 
mortality is also driven by precipitation reduction in summer shows how 
relevant growth-climate sensitivity studies are for predicting the risk for 
Scots pine mortality in a changing climate. Several studies conducted on 
pine species in Europe and north America reported a higher 
growth-sensitivity to climatic factors of current-dead trees compared to 
live ones (e.g., Ogle et al., 2000; Timofeeva et al., 2017). However, it is 
important to consider that the effect of growth sensitivity on the like-
lihood of mortality can be modified by endogenous factors such as tree 
age (Ogle et al., 2000), tree size (Campbell et al., 2021) and phylogeny 
(Herguido et al., 2016). 

6. Implications for forest management 

Our review indicates that forest management interventions need to 
be based on site moisture legacies. Stand structures of Scots pine forests 
across Europe become more homogeneous with increasing site quality 
(Pretzsch et al., 2022). At dry sites, thinning interventions can reduce 
drought stress in Scots pine by reducing competition for soil water 
(Giuggiola et al., 2013; Sohn et al., 2016a). However, a reduction of 
stand density in moist sites could promote an unbalanced above-ground 
biomass relative to below ground root networks, and that could make 
the trees vulnerable when a drought event occurs after the intervention 
(Vilà-Cabrera et al., 2013). Heavy thinning in moist sites with taller trees 
could also make Scots pine trees vulnerable to windthrow as thinning 
usually increases wind penetration in post-thinned stands and trees in 
moist conditions are often associated with superficial root systems 
(Bladon et al., 2007). As a consequence, rather moderate thinning, 
which does not strongly change above ground space availability should 
be the preferred practice in normally well water-supplied stands, while 
stronger interventions are proposed at dry sites. 

Mixing Scots pine with broadleaved species such as Quercus spp. on 
mesic to dry sites and with Fagus sylvatica in mesic sites could enhance 
complementarity and could benefit Scots pine trees as well as the 
companion trees under drought conditions (Pretzsch et al., 2016; Steckel 
et al., 2020). However, Condés and del Río (2015) showed that Scots 
pine mortality increased with the proportion of beech while beech 
benefited from the presence of Scots pine in semi-arid forests of Spain, 
probably due to unequal competitive strength for water. Our review also 
suggests that the response of trees to species mixture or drought may 
depend on the site conditions respective tree history (Hilmers et al., 
2022). For example, as shown for P. ponderosa the initial growth tra-
jectories such as wide tree ring and large xylem vessels resulted from 
wide initial spacing or repeated thinning could increase the risk of 
embolism under drought in the long term (McDowell et al., 2003). Forest 
management thus needs long-term strategies for establishing Scots pine 
in mixed stands and for adjusting the silvicultural regime comprising 
stand initiation as well as thinning intensity and frequency (Bolte et al., 
2009). 

7. Conclusion 

How do changes in water stress interact with life history strategies of 
Scots pine to drive performance in changing environments? The answers 
to this question require understanding of the (i) nature of the variation 
of water stress in the past, at present, and in the future, (ii) the mean and 
the variation of the impact throughout the life cycle of the species, (iii) 
where in the life cycle the impact is most influential, and (iv) how co-
ordinated functional strategies the species employ relate to the timescale 
and predictability of local climatic condition. Recent research has pro-
vided understanding on general patterns of drought-induced Scots pine 
mortality and tree- and forest-level acclimation strategies. Our synthesis 
indicates that the species has already been undergoing increases in 
crown transparency and decrease in radial growth leading to mortality 
at their dry distribution limits in the Mediterranean countries and semi- 
arid regions in central Europe. In addition, a significant number of 
studies identified increased mortality patterns in the climatic core areas 
of the distribution after the 2018 drought in central Europe. Our syn-
thesis indicates that individual tree level acclimation strategies (e.g., 
lowering leaf area and enhancing water-use efficiency) and forest-level 
acclimation strategies (e.g., reduction in stand density) are not neces-
sarily sufficient to cope with the challenges induced by the expected 
more frequent extreme droughts. However, we still lack clear under-
standing in linking functional strategies of the species to local climatic 
variation, local sites conditions (e.g., the water holding capacity of the 
soils) and combinations of biotic factors to fully understand the capa-
bilities of the species to grow and survive in the future climate (Table 2). 

In the context of global change, we currently face the following two 
uncertainties (i) how will the site conditions change in future, and (ii) 
how will the species perform under that changed growth conditions 
(Bolte et al., 2009). Future research should explore the adaptive po-
tential of Scots pine under different climatic conditions and soil prop-
erties and examining the performance of different genotypes under 
variable growing conditions (e.g., Taeger et al., 2013). Our synthesis as 
well as current literature show a strong role of ecological memory in 
determining growth and mortality responses to present environmental 
conditions (Pretzsch, 2021; Zweifel et al., 2020). However, our current 
forest vegetation models do not incorporate the ecological memory of 
extreme events or the memory of past growth trajectories or stand 
structural conditions for predicting future growth or mortality behav-
iour (e.g., Forrester et al., 2021; Pretzsch et al., 2002). Future research 
should address these knowledge gaps for better predicting the future 
growth and/or mortality pattern of Scots pine and of other tree species. 
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Table 2 
Summary of findings and possible interpretation of factors and processes responsible for Scots pine mortality.  

Influence 
(Factors and 
processes) 

Findings Possible interpretation References 

Climate Studies agree that drought in combination with 
heat and VPD increased tree mortality. 

Drought reduces soil moisture, imposes stomatal closure, 
increases insect activities and vulnerability of trees to carbon and 
water limitation. 

Galiano et al., 2011; Rigling et al., 
2013; Poyatos et al., 2013; Lemaire 
et al., 2022 

Tree size Higher mortality of smaller trees. Drought triggers self-thinning among trees. Sanchez-Salguero et al., 2012; Vila- 
Cabrera et al., 2013; Etzold et al., 2019; 
Jaime et al., 2019 

Stand density Studies report competition among trees 
prevailed as continuous stress and contributed 
drought-induced mortality. 

Land abandonment and lack of forest management may result 
densification of forest stands and increased vulnerability of weak 
and suppressed trees to drought. 

Galiano et al., 2010; Vila-Cabrera et al., 
2011, 2013; Etzold et al., 2019;  
Archambeau et al., 2020 

Mistletoes Reduced tree growth and increased mortality 
especially in semi-arid sites. 

Mistletoes can take water and carbohydrates from host trees and 
can enhance crown defoliation prior declining in tree growth. 

Dobbertin and Rigling, 2006;  
Gea-Izquierdo et al., 2014, 
Sanguesa-Barreda et al., 2013 

Insects and 
diseases 

Presence of bark beetles, diplodia shoot blight, 
root-rot infection and fungal infections were 
identified by some studies. 

Drought associated with increased temperature can favour 
population growth of insect species such as bark beetles. Insect 
attacks were associated with suppressed and weak Scots pine 
trees. 

Vertui and Tagliaferro, 1998; 
Dobbertin et al., 2007; Caballol et al., 
2022; Lemaire et al., 2022 

Soil depth Inverse relationship between soil depth and 
number of dead trees was identified. 

Soil depth measures the soil moisture availability for trees and 
can be determined by the soil clay content. 

Oberhuber, 2001; Galiano et al., 2010;  
Haberstroh et al., 2022 

Crown 
defoliation 

Consistency across studies reporting crown 
defoliation prior tree death. Crown defoliation 
>75% is identified as the point of no-return. 

Persistent decrease in leaf area may indicate stress in trees. 
Reduction in photosynthetic machineries can reduce carbon 
storage and induce mortality via carbon starvation. 

Sanguesa-Barreda et al., 2013; 
Camarero et al., 2015; Buras et al., 
2018; Hunziker et al., 2022 

Growth 
trajectory  

(a) Conservative strategies such as reduced 
growth and increased water-use efficiency 
could delay mortality event.  

(b) Superior growth onset during early phase of 
life could trigger mortality after drought.  

(a) Present dead trees may show stronger isohydric behaviour 
with earlier stomatal closure compared to present live trees. 
This may lower photosynthesis and reduced production of 
new carbohydrates.  

(b) (b) A faster growth in the earlier phase may indicate that 
trees that grow fast can build large xylem vessels and 
disproportionately higher above-ground biomass, which 
could make them more vulnerable to cavitation and hy-
draulic failure. 

Heres et al., 2012; Voltas et al., 2013;  
Timofeeva et al., 2017; Buras et al., 
2018 

Growth 
sensitivity to 
climate 

Current dead trees were more sensitive to 
climate compared to current live trees. 

This may indicate a stronger coupling between climate and trees’ 
biological activities, thus rendering them vulnerable with 
alternation of climate. 

Heres et al., 2012; Voltas et al., 2013;  
Timofeeva et al., 2017  
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Bielak, I., Brazaitis, K., Coll, G., L, et al., 2016. Mixing of Scots pine (Pinus sylvestris 
L.) and European beech (Fagus sylvatica L.) enhances structural heterogeneity, and 
the effect increases with water availability. For. Ecol. Manag. 373, 149–166. 

Pretzsch, H., Steckel, M., Heym, M., Biber, P., Ammer, C., Ehbrecht, M., Bielak, K., 
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