
Chapter 13
The Multiple Causes of Forest Decline in Spain:
Drought, Historical Logging, Competition
and Biotic Stressors

J. Julio Camarero, Juan Carlos Linares, Gabriel Sangüesa-Barreda,
Raúl Sánchez-Salguero, Antonio Gazol, Rafael M. Navarro-Cerrillo,
and José Antonio Carreira

Abstract Climate warming is predicted to intensify drought stress in forests by
amplifying the severity and frequency of droughts. This drying trend will potentially
trigger forest dieback, characterized by tree growth decline and mortality. In
drought-prone Spain, forest decline is mainly attributed to severe water shortage.
This inciting factor causes a loss in tree vigor and interacts with predisposing or
contributing factors that usually act at long time scales. Combined, these factors
drive complex patterns of forest decline. Here, we illustrate four case studies
on forest decline in Spain, evaluated using dendroecology. These declines were
triggered by drought, interacting with other causal factors including past logging in
Pyrenean silver fir, increased competition induced by land-use changes in Spanish
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fir, variation in drought vulnerability of planted pine species, and mistletoe infection
in Scots pine. These case studies demonstrate that multiple causes drive forest
decline in drought-prone regions. Differentiating the causal factors and inferring
their interactions was feasible through tree-ring analyses, which provide robust
reconstructions of changes in tree vitality through time.

Keywords Drought • Forest dieback • Stress • Tree death • Tree growth

13.1 Introduction

Climatic change is among the major drivers of forest decline at present (Allen et al.
2015) and in the past (Foster et al. 2006). Forest decline or dieback is a phenomenon
affecting trees worldwide, causing a premature loss of vitality, growth decline,
canopy dieback, and rising mortality rates (Muller-Dombois 1992). In water-
limited regions, climate warming may intensify drought stress and accelerating
forest decline processes, preferentially affecting the most vulnerable individuals,
populations and species (McDowell et al. 2008; Anderegg et al. 2016). Climate
warming without increases in precipitation is accompanied by aridification and
extreme drought events can lead to abrupt and rapid changes in forest dynamics
including severe forest decline (Allen et al. 2015).

Drought-triggered forest decline can be also predisposed by other factors, which
act synergistically by reducing tree vitality (sensu Manion 1991). Competition
is a major contributor to tree mortality in temperate (Das et al. 2011; Amoroso
and Larson 2010) and dry Mediterranean forests (Bravo-Oviedo et al. 2006).
In regions with intensively managed forests, such as Europe and north-eastern
America (Reams and Huso 1990), past thinning, harvesting, and reforestation
shape the current forest structure and composition, often resulting in forests more
susceptible to drought. For instance, reforestation with high initial densities or using
genotypes with a low tolerance to drought can contribute to drought-induced decline
(Sánchez-Salguero et al. 2012). In stands exploited in the past then abandoned,
the establishment of conservation measures may lead to dense forests that are
more prone to drought-induced decline and death (Franklin et al. 1987; Peet and
Christensen 1987; Waring 1987). In addition to stand history, climate warming may
increase the incidence of biotic stressors as mistletoes, insects and pathogenic fungi,
making forests more prone to drought-associated decline (Ayres and Lombardero
2000).

Most Spanish forests are subjected to periodic drought stress, which makes them
a good system to study forest decline (Martínez-Vilalta and Piñol 2002; Camarero
et al. 2015a). The application of dendroecology to study forest decline corroborates
observations that trees with pronounced leaf shedding or exhibiting crown dieback
also exhibit low rates of growth, which often portend tree death (LeBlanc and
Raynal 1990; Ogle et al. 2000; Bigler and Bugmann 2003; Dobbertin 2005;
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Amoroso and Larson 2010). Here, we illustrate four case studies on forest decline
in Spain, evaluated using dendroecology. We show how drought stress triggers
decline and interacts with predisposing or contributing factors (sensu Manion 1991)
in four case studies: past logging in the case of Pyrenean silver fir (Abies alba
Mill.), increased competition induced by land-use changes in the case of Spanish
fir (Abies pinsapo Boiss.), variation in drought vulnerability of several planted pine
species, and mistletoe infection in the case of natural Scots pine stands. We use
these case studies to: (i) show the complex etiology of forest decline since tree
dieback and death are attributed to drought interacting with other stressors; and (ii)
to demonstrate how tree-ring analyses applied to this ecological issue pinpoints the
timing and temporal patterns of forest decline.

13.2 Silver-fir Decline: Predisposed by Historical Logging
and Triggered by Drought

Since the 1980s, silver fir decline has been documented in the central and western
Spanish Pyrenees. Loss in tree vitality is characterized by needle yellowing and
shedding, abnormal crown architecture, growth decline and elevated mortality,
which has been mainly attributed to severe late-summer water deficit accentuated
by warmer temperatures (Camarero et al. 2011). Interestingly, growth rates of silver
fir exhibit a post-1980s decline only in the Spanish Pyrenees, whereas in mesic sites
of the species distribution in central and eastern Europe and Italy, silver fir shows
enhanced growth during the twentieth century (Büntgen et al. 2014; Gazol et al.
2015).

Many of the most affected Pyrenean stands are characterized by summer drought
causing sub-optimal climatic conditions, low productivity, and low growth rates
(Camarero et al. 2011). However, in these declining stands, many dying or recently
dead trees showed growth releases in the 1950s during a period of intense logging in
the area (Cabrera 2001) (Fig. 13.1a). The post-logging releases lead us to postulate
that past logging predisposed the declining stands to drought-triggered dieback
(Camarero et al. 2011). Stand thinning by high-grading the large-diameter trees
would have favored the persistence of small-diameter and slow-growing trees, which
may be the most vulnerable to drought stress. In heavily-thinned stands, opening of
large gaps also alters forest microclimatic conditions, increasing water demand at
tree level which negatively affects silver-fir vigor (Aussenac 2002). At some sites,
thinning can favor the spread of root-rot fungi (Oliva and Colinas 2007), but their
abundance is not higher in declining than non-declining forests (Sangüesa-Barreda
et al. 2015).

This case study demonstrates the need to account for predisposing historical
factors, which act as legacies and condition the responses of trees to drought.
Growth responses to predisposing factors can be quantified and used to evaluate
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Fig. 13.1 Tree-ring signatures characterizing silver-fir (Abies alba) dieback in the Spanish
Pyrenees. The upper plot (a) shows a typical growth curve of a dead silver fir which showed
a growth release in the 1950s related to past thinning. The tree was sampled in a declining
silver fir forest (Paco Ezpela, Huesca, northern Spain; 42ı 450N, 0ı 520W, 1230 m a.s.l.) where
mortality reached 50% of trees after the 2012 severe drought. The lower plot (b) shows how growth
(ln-transformed basal area increment) diverges between coexisting declining (inset image) and
non-declining trees at this forest after the 1990s. Points show growth data of each vigor class
and lines correspond to statistical models (General Additive Mixed Models) fitted to these data
(lines show mean fitted values with standard errors) to highlight long-term growth trends. Figures
modified from Camarero et al. (2011, 2015a)

tree-ring series from non-declining trees or stands to search for the early-warning
signals of decline that portending tree death (Pedersen 1998; Bigler et al. 2004;
Cailleret et al. 2016). In this case study, silver fir behaves as a long-term memory
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species (Fig. 13.1b) because its tree-ring growth patterns are useful predictors of tree
death and can be used as early-warning signals of decline and impending mortality
(Camarero et al. 2015a).

13.3 Spanish fir Decline: Predisposed by Intense
Competition and Triggered by Drought

The recent decline of Spanish fir, a drought-sensitive conifer that is endemic to
southern Spain and northern Morocco, shows how drought stress and increased
stand density, promoted by changes in land use and stand development, can
contribute to a loss of tree vigor and tree death (Linares et al. 2009). In dense
stands with trees showing closed canopies, competition between trees drives self-
thinning and density-dependent (e.g., crowding-dependent) mortality occurs (Oliver
and Larson 1996). Trees with different diameters, basal areas and height classes
compete differently for light, water and other resources (Peet and Christensen 1987;
Orwig and Abrams 1997; Martin-Benito et al. 2008). In general, larger and taller
trees are better competitors and more likely to survive.

Linares et al. (2009, 2010) showed the importance of competition in stand
dynamics after land-use changes, as a contributing factor in the decline as a
contributing factor in the decline of Spanish fir. The long-term changes in basal
area increment of Spanish fir in relict stands were reconstructed from tree rings to
investigate how density-dependent factors modulate the responses of radial growth
to climatic stress (Linares et al. 2009). The likelihood of mortality of Spanish
fir increased with decreasing elevation, indicating the influence of drought stress
on mortality. Mortality was not greater in smaller tree size classes; rather, high
mortality was linked to stands with closed overstories and homogeneous structures
(Linares and Carreira 2009). Conversely, Spanish fir stands with lower mortality
rates corresponded to more open and structurally heterogeneous stands (Linares
et al. 2009). This example illustrates that both drought and stand structure have
the potential to profoundly alter tree growth, vigor and mortality.

Several studies have shown that tree mortality rates are inversely related to radial-
growth rates (Waring 1987; Wyckoff and Clark 2000; van Mantgem et al. 2003; van
Mantgem and Stephenson 2007; Cailleret et al. 2016). Similarly, the dendroeco-
logical assessment of the growth trends in Spanish fir was useful to identify trees
with higher probabilities of decline and death (Linares et al. 2009). In this study,
the low mean growth rate of Spanish fir was mainly determined by high levels of
competition (Fig. 13.2), whereas growth trends indicating decline preceding death
were similar among dominant, codominant and suppressed trees and related to
climatic variation. Trends of radial growth decline were strongly related to long-
term warming trends, while inter-annual growth variability of trees was related
to precipitation. These two climate-growth relations decreased in significance as
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Fig. 13.2 Spring (March to May) precipitation (a) expressed as standardized values) and basal-
area increment (b) measured in dominant, co-dominant, and suppressed Spanish fir (Abies pinsapo)
trees located near the lowermost elevation limit (36ı 430N, 4ı 570W, 1200 m a.s.l.) of the species’
altitudinal range in southern Spain. Competition is estimated using a spatially-explicit competition
index values (Linares et al. 2010). Bottom bars indicate the number of tree-rings series measured.
Error bars represent the standard error. Figures modified from Linares et al. (2010)

competition (indicated by tree density) increased. To address potential confounding
effects of changing phenology on climate-growth relationships, Linares et al. (2012)
showed that climate warming during the second half of the twentieth century
did not lead to extended growing seasons in the mid- to low-elevation Spanish
fir populations where mortality was greatest. Specifically, non-linear responses
of growth cessation to water availability offset the linear effects of increasing
temperature on earlier budburst date. These results support the contention that
observed growth decline and death of Spanish fir result from interactions between
competition over long time scales and drought over short time scales (Linares et al.
2010).
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The response to only the most recent drought raises questions about cumulative
predisposing stress factors interacting with climatic stress. Extreme climate events,
such as successive and severe droughts, may cause abrupt growth declines and
pulses of elevated tree mortality. These events are expected to more severely
affect tree populations growing near their climatic tolerance limit. Very low annual
precipitation was detected in 1994–1995, with similar low rainfall during 1945–
1946, 1954–1955, 1965–1967, 1977 and 1987 (Fig. 13.2). However, only the
1994–1995 droughts caused decline in Spanish fir populations (Linares and Carreira
2009).

In summary, increased competition due to changes in land use predisposed
Spanish fir to growth decline triggered by drought stress (Linares et al. 2010).
Furthermore, various stressors lead to increases in severity of drought impacts on
the forest, without corresponding increases in drought intensity. For example, if
tree-to-tree competition reduced growth in a significant proportion of a population
of susceptible trees, any drought could severely damage or kill more trees than it
would in a more heterogeneous stand (Suarez et al. 2004; Linares et al. 2010).
Thus, stressors may interact with competition predisposing trees to being killed
by drought, as trees subjected to high competition are more likely surpassing their
physiological thresholds of drought tolerance (McDowell et al. 2008, 2011).

13.4 Species-Specific Decline in Pine Plantations Triggered
by Drought

In many countries in the Mediterranean Basin, intensive land uses such as logging
and overgrazing by rural populations caused deforestation that motivated govern-
ments to support reforestation. In Spain, extensive plantations of Scots pine (Pinus
sylvestris L.), Aleppo pine (Pinus halepensis Mill.), black pine (Pinus nigra Arn.)
and maritime pine (Pinus pinaster Ait.) were established during the 1950s (FAO
2006). In the semi-arid southeastern Spain, many pine plantations were planted
beyond the species natural climatic limits. During cool and wet climate of the
1970s, growth rates of planted pines were high but they were not sustained when
climate became warmer and droughts occurred in 1994–1995, 1999, and 2005
(Sánchez-Salguero et al. 2012). During the warm and dry climate of the 1990s and
2000s several of the planted pine stands showed pronounced needle shedding or
defoliation, growth decline and extensive mortality (Navarro-Cerrillo et al. 2007).

The four planted pine species differ in their vulnerability to drought, indicated
by their natural distribution, ecophysiology and functional traits, which affected
their success in semi-arid, southeast Spain. Scots pine showed the most intense
growth decline and highest mortality rates (Fig. 13.3) as it is naturally distributed in
Eurosiberia and is most vulnerable to drought-induced xylem embolism (Martínez-
Vilalta and Piñol 2002). Drought-tolerant Aleppo pine, naturally distributed in the
Mediterranean, was least affected (Camarero et al. 2015a). The other two Mediter-
ranean species, black pine and maritime pine, occupied intermediate positions
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Fig. 13.3 Recent growth trends of basal area increment of four pine species planted at south-
eastern Spain (37ı 220 N, 02ı 500 W) according to their recent crown defoliation (empty squares,
defoliation <50%; filled circles, defoliation �50%). Years characterized by droughts (1994–1995,
1999 and 2005) correspond to growth decline, particularly in the most defoliated trees and the
species less tolerant to drought as Scots pine (Pinus sylvestris). The right y-axis shows the annual
water balance (lines with triangles, P � PET, difference between precipitation and potential
evapotranspiration; note the reverse scale). The vertical error bars show standard errors. Figures
modified from Sánchez-Salguero et al. (2012)

within this vulnerability ranking and did not present such marked growth loss.
However, the decline of trees due to warmer temperatures and droughts causing
water shortage during the growing season was not homogeneous within or among
stands. Some individuals showed more defoliation and growth loss than conspecifics
at the same site and apparently subjected to similar climatic, topographic, and
edaphic conditions (Sánchez-Salguero et al. 2012).

Dendroecology allowed investigation of the decline processes of different pine
species and tree vigor classes in response to successive droughts. A divergence in
radial growth of trees with defoliation levels higher or lower than the 50% crown
transparency was most evident in Scots pine. In contrast, growth differences were
lacking between maritime pine with high and low defoliation levels (Fig. 13.3). This
difference suggests that maritime pine can be considered a drought-tolerant species,
which is consistent with the observed low growth sensitivity of natural maritime
pine forests in response to temporal variability in drought (Camarero et al. 2015b).

Local site conditions may have predisposed some planted trees to drought more
than others. Topographic variation would explain why most defoliated trees were
growing on steeper sites with shallow soils, where soil water availability is lowest
(Navarro-Cerrillo et al. 2007). Such predisposing factors may cause persistent
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differences in vigor among trees of the same species and explain the positive
relationships between wet site conditions, tree size and growth rates reported by
Sánchez-Salguero et al. (2012). These differences in vigor are particularly relevant
to forecast the probability of recovery of defoliated trees, especially for species less
resistant to drought-induced xylem embolism such as Scots pine (Martínez-Vilalta
and Piñol 2002). The decline of Scots pine plantations described in south-eastern
Spain is characterized by a rapid growth reduction and widespread defoliation
making the future existence of these plantations unlikely under the warmer and drier
conditions predicted for most semi-arid regions of the Mediterranean Basin (Giorgi
and Lionello 2008).

13.5 Scots Pine Decline driven by Interactions Between
Mistletoe Infestation and Drought

An increasing number of forest declines involving several causal factors including
drought and biotic stressors such as mistletoes, insects, and root-rot fungi are
being reported worldwide (Ayres and Lombardero 2000; Carnicer et al. 2011).
This research contrasts recent reviews on forest decline that conclude there is a
research gap on the roles of biotic stressors in forest decline (Allen et al. 2010,
2015). However, studies on interactions between drought and biotic stressors as
drivers of forest decline are notably scarce. These types of interactions may be
complex and difficult to unravel because the drivers influence tree growth and vigor
at different spatial and temporal scales and biotic stressors affect trees in different
ways. For example, insect outbreaks cause defoliation, root-rot fungi affect roots,
and mistletoes alter crown architecture and branch growth.

Hemiparasitic plants, such as mistletoes, obtain water and nutrients from host
trees. Consequently, mistletoe infection may make host trees more sensitive to the
negative effects of drought by enhancing water loss and reducing carbon gain of
infected branches (Zweifel et al. 2012). Drought and mistletoe infection have been
mainly studied separately; how drought and mistletoe interact and induce forest
decline is not fully understood (but see Sangüesa-Barreda et al. 2013). Tree-rings
allow reconstruction of the growth of infected trees to infer when mistletoe infection
started and its effect on growth, and how it predisposes trees to drought-induced
decline.

European pine mistletoe (Viscum album L. ssp. austriacum) is limited by low
temperatures and rising temperatures may increase its abundance and promote an
upslope or altitudinal expansion of its range (Dobbertin et al. 2005). Increased
incidence and spread could accelerate forest decline in the most infected pine stands
at dry locations (Dobbertin and Rigling 2006). Similar impacts have been described
for other mistletoe affecting conifer species elsewhere (Alfaro et al. 1985; Vallauri
1998; Noetzli et al. 2004; Tsopelas et al. 2004).



316 J.J. Camarero et al.

Fig. 13.4 Drought and mistletoe infestation contribute to growth decline in Scots pine. Growth
patterns of mistletoe-infested trees (a) and scheme showing the Scots pine dieback process of
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Dendroecology was applied to determine how mistletoe infection and drought
stress modified the long-term growth patterns in Scots pine by exploring changes
in growth at different heights, since mistletoe is mainly present in upper exposed
tree crowns (Sangüesa-Barreda et al. 2012). Long-term changes in radial growth
were assessed at the tree apex, diameter at breast height (dbh), and at the tree base.
Basal area increment was used to quantify and compare growth trends of trees with
different degrees of mistletoe infestation: trees without mistletoe mats (class ID1),
moderately infected trees with mistletoe present in one or two thirds of the crown
(class ID2), and severely infected trees with mistletoe present throughout the whole
crown (class ID3). As well, drought sensitivity and drought recovery were calculated
as the relative changes in growth for the three most severe droughts affecting the
study area over the last three decades. In 1986, 1994–1995 and 2005 growing-season
precipitation was �48% of the mean for the 1950–2015 period.

Mistletoe infection negatively affected growth from the apex to the stem base
(Fig. 13.4a), but the effect was more noticeable near the tree apex where most
mistletoes occur and induce more needle shedding than at other sampled heights.
Mistletoe infection of Scots pine caused an average loss of 64% in basal area
increment at the tree apex, whereas the loss of basal area increment was c. 51% at the
other two heights. Notably, mistletoe most commonly affected the tallest trees with
biggest crowns and diameters, which are most exposed to mistletoe seed deposition
because birds prefer to perch in the top of tall trees (Sangüesa-Barreda et al. 2012,
2013). These canopy-dominant trees also had the highest growth rates, supporting
the hypothesis that large and fast-growing trees are more prone to mistletoe infection
and growth decline.

The basal area increment of severely and moderately infected trees diverged
from that of non-infected trees since 2001 and the growth loss of infected trees
was magnified by drought in 2005. These results indicated a strong interaction
between mistletoe infection and drought stress that lead to a short-term reduction
of tree growth, and preceded the death of many of the most severely infected
trees. Mortality rates were 7–10% in the most affected stands (Sangüesa-Barreda
et al. 2012). Interestingly, the growth divergence between infected and non-infected
trees was relatively recent (c.10 years). Further research will test if the timing of
divergence is different at wetter sites, but preliminary data suggest that divergence
was much longer (c. 30 years) as drought stress diminishes. Tree-rings provide
information on radial growth and wood formation and represent a proxy of water-use

�
Fig. 13.4 (continued) infested trees in drought-prone sites following the Manion (1991) model.
(b) Radial-growth data was quantified at the tree apex, at 1.3 m where the diameter at breast height
(dbh) is measured, and at the base for trees with different mistletoe infestation degree (a) and
responses to drought (dashed vertical lines). In the upper plot the right y axis shows the sampled
depth (number of measured radii) and error bars are standard errors. We classified the infested-trees
in three classes: ID1, trees without mistletoe; ID2, moderately infested trees; and ID3, severely
infested trees. In the lower plot (b) the image shows a tree heavily infested by mistletoe (class
ID3). Figures modified from Sangüesa-Barreda et al. (2012)
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efficiency and long-term changes in tree functioning. The discrimination between
the carbon of atmospheric CO2 and the carbon fixed by trees as woody tissues can
be quantified by analyzing in 13C/12C isotope ratios in tree-ring wood or cellulose
(McCarroll and Loader 2004; Saurer et al. 2004). This approach was followed to
assess how the combined effect of mistletoe infection and drought affected radial
growth and water-use efficiency in Scots pine. The water-use efficiency of the
most severely infected trees decreased during the last 5 years prior to sampling,
although their radial growth rates were low for more than 10 years (Sangüesa-
Barreda et al. 2013). Growth of severely infected trees was more sensitive to drought
stress than non-infected trees. Although infected and non-infected trees displayed
similar increasing trends of water-use efficiency, the synergistic effect of drought
stress and mistletoe in severely infested trees caused a marked growth loss and
reversed any potential increase of water-use efficiency due to the rise in atmospheric
CO2 concentrations. Consequently, rising atmospheric CO2 concentrations could
not compensate for the negative impacts of drought and mistletoe on tree growth
and water-use efficiency in Scots pine forest under xeric conditions. Finally, these
findings suggest mistletoe infection requires more time to cause severe growth loss
at mesic than at dry sites, i.e., the growth divergence between infected and non-
infected trees should last longer and be less harmful to trees if drought stress is
alleviated.

This is not the first study showing that potential fertilization effect of increasing
atmospheric CO2 concentrations do not override the negative effects of stress
factors, in this case drought and mistletoe infection on growth and water-use
efficiency of affected trees. In declining silver fir trees growth decreased and water-
use efficiency stopped rising as a consequence of severe droughts in the 1980s and
1990s, despite rapidly increasing atmospheric CO2 concentration during the late
twentieth century (Linares and Camarero 2012). Both the mistletoe-pine and the
silver fir forest-decline examples show that drought and other stress factors override
the increased availability of atmospheric carbon, thus causing a persistent reduction
in growth rates and often leading to tree death. If warmer and drier conditions
persist, Scots pine and silver fir stands currently showing severe forest decline will
likely experience changes in stand structure and composition of dominant trees.

13.6 Summary and Further Remarks

Several recent studies have documented forest decline and increased rates of tree
mortality worldwide, often associated with drought in recent decades (Allen et al.
2010, 2015; van Mantgem et al. 2009). There is concern that climate warming
will exacerbate drought stress by rising evapotranspiration rates, causing more
widespread and intense forest decline (Williams et al. 2013). In addition, some
authors suggest that warmer conditions could favour the spread and incidence of
biotic stressors (e.g., mistletoe, herbivore insects and invasive pathogens) making
them more aggressive to trees (Ayres and Lombardero 2000). Dendroecology
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provides a long-term perspective to ascertain if and how forest decline is connected
to recent climate warming and drying trends, in particular in arid areas of the
northern hemisphere (Dai 2013).

Here, four case studies of forest decline in Spain illustrated various growth
patterns and responses of declining trees to different combinations of stressors. In
all four cases, drought stress was an inciting factor (sensu Manion 1991), which
is common in declining Mediterranean (Sarris et al. 2007) and other drought-
prone forests (Suarez et al. 2004; Williams et al. 2013). Severe drought-triggered
abrupt growth reductions were observed in mesic Pyrenean silver-fir forests,
where water deficit was amplified by warmer summer temperatures and increased
evapotranspiration rates (Vicente-Serrano et al. 2015). Evidently, rare but severe
droughts could be relevant disturbances shaping the dynamics of humid temperate
forests, particularly if climate continues warming (Pederson et al. 2014). The case
studies also demonstrate that factors other than drought cause forest decline, such as
previous logging (silver fir), competition (Spanish fir), species-specific tolerance to
drought (pine plantations), and mistletoe infestation (Scots pine). Such predisposing
or contributing factors (sensu Manion 1991) often act at longer time scales than
punctuated droughts, and their attribution is complicated because forest decline and
tree death can occur years or decades after those factors started affecting trees. In
this sense, a major application of dendroecology is to forecast tree vigor or predict
the probability of tree death based on measured tree-ring variables (Cailleret et al.
2016), including width, anatomy (Pellizzari et al. 2016), or isotopes (Levanič et
al. 2011). In addition to statistical characteristics of the tree-ring series, forecasts of
vigor may be enhanced by data on climatic stress (e.g., drought severity), (Camarero
et al. 2015a), and variables reflecting long-term predisposing and contributing
factors (e.g., management and use, competition, some biotic stressors). Including
the long-term stressors would require novel approaches and tools to consider legacy
effects and decipher how the ecological memory is imprinted on tree-ring records
(Ogle et al. 2015).

The use of dendroecology to pinpoint the start of drought-triggered growth
decline has several important outcomes and applications. First, identifying the
timing of growth decline is helpful to attribute stressors (e.g., drought or logging)
and to quantify tree recovery from their impact stressors. Second, if the tree-ring
variables exceed a critical threshold, they can be used as early-warning indicators
of portending tree death (Camarero et al. 2015a). Consequently, growth trends or
growth responses to climate, including post-drought growth resilience, could be
used as valuable traits to predict the probability of drought-induced damage in
forests (Anderegg et al. 2015; Gazol et al. 2016). Third, since radial growth is
considered a long-term proxy of tree vigor (Dobbertin 2005), future directions
on forest-dieback research could bridge post-drought changes in radial growth
with primary growth. Primary growth (e.g., shoot and root elongation, bud and
needle production, and reproduction) is a major component of tree performance
and determines canopy architecture (Jalkanen 1995; Vennetier et al. 2013). Fourth,
dendroecological studies can address forest decline from a modern pathological
perspective by quantifying critical thresholds of disease and tree death required to
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maintain dynamic and resilient stands able to withstand climate change and new
threats from biotic stressors (Manion 2003).

Finally, tree-ring data can be used to parameterize empirical models of tree
growth to project forest responses to CO2-concentration and climate change scenar-
ios and produce probabilistic predictions of dieback events and maps of forest vul-
nerability (Charney et al. 2016). These outcomes would contribute to science-based
adaptive management strategies under future climate and management scenarios.
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