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Plants encounter several biotic and abiotic stresses, usually in combination. This results in 
major economic losses in agriculture and forestry every year. Climate change aggravates 
the adverse effects of combined stresses and increases such losses. Trees suffer even more 
from the recurrence of biotic and abiotic stress combinations owing to their long lifecycle. 
Despite the effort to study the damage from individual stress factors, less attention has been 
given to the effect of the complex interactions between multiple biotic and abiotic stresses. 
In this review, we assess the importance, impact, and mitigation strategies of climate change 
driven interactions between biotic and abiotic stresses in forestry. The ecological and 
economic importance of biotic and abiotic stresses under different combinations is highlighted 
by their contribution to the decline of the global forest area through their direct and indirect 
roles in forest loss and to the decline of biodiversity resulting from local extinction of 
endangered species of trees, emission of biogenic volatile organic compounds, and reduction 
in the productivity and quality of forest products and services. The abiotic stress factors 
such as high temperature and drought increase forest disease and insect pest outbreaks, 
decrease the growth of trees, and cause tree mortality. Reports of massive tree mortality 
events caused by “hotter droughts” are increasing all over the world, affecting several genera 
of trees including some of the most important genera in plantation forests, such as Pine, 
Poplar, and Eucalyptus. While the biotic stress factors such as insect pests, pathogens, 
and parasitic plants have been reported to be associated with many of these mortality 
events, a considerable number of the reports have not taken into account the contribution 
of such biotic factors. The available mitigation strategies also tend to undermine the interactive 
effect under combined stresses. Thus, this discussion centers on mitigation strategies based 
on research and innovation, which build on models previously used to curb individual stresses.

Keywords: stress interaction, tree growth, tree mortality, forest disease, insect pests, economic impact, response, 
mitigation

INTRODUCTION

Biotic and abiotic stress factors cause major economic losses by reducing yield and quality in 
agriculture and forestry. A global survey on the major food crops indicated that pathogens, 
insect pests (hereafter pests), and weeds cause average yield losses ranging from 17.2% in 
potato up to 30.0% in rice (Savary et  al., 2019). Similarly, the major abiotic stresses such as 
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temperature extremes, drought, as well as the deficiency and 
toxicity of plant nutrients cause up to 51–82% annual loss of 
crop yield in the world (Oshunsanya et  al., 2019). Despite the 
lack of similar comprehensive assessments of losses, there is 
sufficient evidence indicating that the forestry sector is similarly 
affected by these biotic and abiotic stresses (Phillips et  al., 
2009; Hurley et  al., 2017; Graziosi et  al., 2019; Schuldt et  al., 
2020). For example, Forest Resources Assessment (FRA-2015) 
revealed that the major biotic and abiotic stresses affected 
141.6  million ha of forest in 75 reporting countries between 
2003 and 2012 (van Lierop et  al., 2015). Thus, biotic and 
abiotic stresses can negatively affect the “ecosystem services” 
of forests (Alcamo et al., 2003) and may contribute to the 
decline in the global forest area (Keenan et  al., 2015).

The global forest area is expected to continue declining 
despite the recent decrease in the rate of annual forest loss 
(d’Annunzio et  al., 2015; Keenan et  al., 2015) and increase in 
planted forest area (Payn et al., 2015). According to FRA-2015, 
while the global forest area decreased from 4.12 to 3.99 billion 
ha from 1990 to 2015 (Keenan et  al., 2015), planted forest 
area increased from 167.5 to 277.9 million ha during the same 
period (Payn et  al., 2015). d’Annunzio et  al. (2015) predicted 
that the global forest area will continue to decline in the current 
decade, though at a lower rate of loss. However, Song et  al. 
(2018) found an increase in the overall area of global tree 
cover between 1982 and 2016. Yet, owing to the observed 
(Song et al., 2018) and predicted regional differences (d’Annunzio 
et  al., 2015), it is expected that there will be  areas, where 
forests will be  lost at a very high rate.

The vulnerability of forests to biotic and abiotic stresses is 
increasing with climate change (Allen et  al., 2015; Pureswaran 
et  al., 2018) and global movement of pathogens and pests 
(Roy et  al., 2014). All scenarios of global climate predictions 
indicate that the observed global change will continue and 
cause major changes in precipitation and temperature in different 
parts of the world (IPCC, 2018). Significant increase in 
temperature was observed on 76% of the global land area in 
the 20th century, and a further increase of 2.4–4°C is predicted 
to occur by 2100 (Gonzalez et  al., 2010). Increasing frequency 
and intensity of droughts accompanied by global warming 
driven higher temperature, termed “hotter droughts” (Allen 
et al., 2015), are further witnesses of a changing climate (Crockett 
and Westerling, 2018). Global land area affected by prolonged 
heat waves increased from an average of less than 1% in the 
period from 1951 to 1980 to 10% in the period afterward, 
reaching as high as 22.21% in 2010 (Hansen et  al., 2012) and 
is expected to increase throughout the 21st century (Wu et  al., 
2020). Such concerning changes are matched by the threat of 
forest pathogens and pests, which also continue to show increasing 
trends in different parts of the world (Roy et  al., 2014; Deidda 
et  al., 2016; Hurley et  al., 2016; Nahrung and Carnegie, 2020).

Trees are often exposed to both simultaneous and sequential 
combinations of several biotic and abiotic stresses recurring 
throughout their long life. Thus, it is important to understand 
the complex interactions between multiple biotic and abiotic 
stresses (Anderegg et  al., 2015) as it is difficult to predict the 
response of trees to multiple stress factors and the resulting 

damage from single stress studies (Pandey et  al., 2015). This 
is particularly urgent in the context of global climate change, 
which may further complicate the interactions through increasing 
the frequency and severity of extreme weather events (IPCC, 
2018). These events may increase the susceptibility of trees 
(Buotte et  al., 2017), facilitate the spread, reproduction, and 
development of pathogens and pests (Matsuhashi et  al., 2020), 
and weaken or destroy their natural enemies and competitors 
(Thurman et  al., 2017). While climate change may also reduce 
damage by negatively affecting pests and pathogens (Zhan 
et  al., 2018), more increased than decreased effects on tree 
growth and mortality have been observed (Creeden et al., 2014; 
Camarero et  al., 2018).

Despite earlier focus on the dynamics and management of 
individual stresses in forest trees, research on combined biotic 
and abiotic stresses is increasing. Recent reviews focused on 
the mechanistic and theoretical foundations of some interactions 
(Cobb and Metz, 2017; Jactel et  al., 2019; Simler-Williamson 
et  al., 2019) estimated/predicted the effect of some of the 
interactions (Jactel et al., 2012; Gely et al., 2020), and documented 
regional impacts (Kolb et  al., 2016). While a lot of studies 
focused on experimental stresses (Desprez-Loustau et al., 2006) 
and increased our understanding of the physiological and 
molecular mechanisms of tree responses, the more complex 
interactions in the field may have different outcomes (Huber 
and Bauerle, 2016). Most of the previous work focused on 
the impact of the gross “global change” which includes slight 
changes in temperature and moisture (Ayres and Lombardero, 
2000; Weed et  al., 2013; Pureswaran et  al., 2018) and may 
affect the dynamics of forest pathogens and pests without 
necessarily causing physiological abiotic stresses on trees.

In this review, we  discuss the importance and impact of 
climate change driven interactions between biotic and abiotic 
stresses in forestry. The damage biotic and abiotic stresses cause 
to trees could be  the best indicator of impact (Jactel et  al., 
2012) because it is often difficult to partition the effect of 
individual stresses and their interactions under their combined 
occurrence (Calvão et al., 2019). Thus, using recent observations 
from forests in different parts of the world, we  show how 
these interactions will shape the damage from forest disease 
and pest outbreaks, their effect on tree growth and mortality, 
as well as the resulting ecological and economic impacts. In 
addition to the effect of environmental factors under climate 
change such as variations in precipitation and temperature, 
we  assess how these environmental factors at the level of an 
abiotic tree stressor will interact with the biotic stress factors 
and affect trees. We  also discuss how the available mitigation 
strategies can be employed in this context. Despite the importance 
of the abiotic stresses such as nutrient toxicity and deficiencies, 
soil salinity and acidity, radiation extremes as well as the biotic 
stresses such as parasitic plants and mammalian herbivory, 
we  limit our observations to the interactions of pests and 
pathogens with heat and drought stresses. These combinations 
represent the most important biotic-abiotic stress interactions 
inflicting the most damage (Breshears et  al., 2005; Carnicer 
et  al., 2011; Fettig et  al., 2019; Gheitury et  al., 2020), and 
their impact is increasing as they are strongly affected by global 
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climate change (McDowell et  al., 2018). As a result, most of 
the studies also focus on these interactions (Desprez-Loustau 
et  al., 2006). Furthermore, from the perspective of the 
physiological and molecular responses of plants, these interactions 
are generally representatives of many of the biotic-abiotic stress 
interactions (Wang et  al., 2003; Kissoudis et  al., 2014).

WEATHER EXTREMES AND FOREST 
DISEASE/PEST OUTBREAKS

Forest diseases and pests are significant threats to the forest 
sector. For example, diseases and pests respectively affected 
at least 12.5 and 85.5  million ha of forest in 75 countries 
reporting to FRA-2015 between 2003 and 2012 (van Lierop 
et al., 2015). They were found to be the most important causes 
of forest disturbance in the Northern Hemisphere affecting 
43.9  million ha of forests every year (Kautz et  al., 2017). 
Similarly, a recent study indicated that both pathogens and 
pests are among the major agents of disturbance in the temperate 
forests (Sommerfeld et  al., 2018).

The interaction among plants, pathogens and pests, and the 
environment has been an important aspect of plant disease 
and pest outbreaks. With the increasing frequency and intensity 
of weather extremes due to global climate change, however, 
the environment is not just a matter of more or less “optimum” 
condition for biotic stress factors, rather it also comprises abiotic 
stress factors which affect the plants directly and indirectly. 
Similarly, extreme weather events may also affect pathogens 
and pests, further complicating the interaction. Apart from the 
weather extremes such as droughts and heat waves, mild variations 
in temperature and precipitation also affect the dynamics  
of disease and pest outbreaks (Ayres and Lombardero, 2000; 
Dukes et  al., 2009; Weed et  al., 2013).

The impacts of global climate change on forest pathogen 
and pest populations as well as the mechanisms and theoretical 
models behind their interaction with weather extremes have 
been studied using both experimental stresses and field 
observations (reviewed in Desprez-Loustau et  al., 2006; Dukes 
et  al., 2009; Cobb and Metz, 2017; Jactel et  al., 2019; Simler-
Williamson et  al., 2019; Gely et  al., 2020). Generally, changes 
in weather may affect both the host and the pathogen/pest 
either negatively or positively resulting in either an increase 
or a decrease in disease/pest outbreaks as well as the subsequent 
impacts on tree growth and mortality. Nevertheless, mechanistic 
models focusing on the pathogens and pests themselves indicate 
the possibilities of increased outbreak as the more likely scenario 
(Pureswaran et al., 2018; Jactel et al., 2019). It was also previously 
shown that most of the experimental drought-pathogen infection 
trials confirmed synergistic interaction (Desprez-Loustau et al., 
2006). Similarly, a meta-analysis by Jactel et al. (2012) revealed 
an overall significant positive effect of drought on pathogen 
and pest damage. Thus, more rather than less damage can 
be  expected from most of the biotic and abiotic stress 
combinations under climate change.

Furthermore, the change in the distribution and range of 
pathogens and pests due to climate change (Burgess et al., 2017; 

Pureswaran et al., 2018) may increase outbreaks in wider areas. 
Observed trends show that the area affected by diseases and 
pests increased from boreal to subtropical forests (Kautz et  al., 
2017). However, predictions show that climate warming may 
reverse this trend for some of the important pests and pathogens 
(Burgess et  al., 2017). These changes may ultimately increase 
the area affected by outbreaks and the resulting damage at a 
global scale. In this section, we summarize the recent observed 
and predicted trends in forest disease and pest outbreaks using 
the damage to trees, except tree growth and mortality, which 
are discussed in the next sections, as an indicator to the 
outcome of the complex interactions between pathogens/pests 
and abiotic stresses (Jactel et  al., 2012).

Forest Disease Outbreak
Variations in temperature and precipitation are observed to 
affect the prevalence and incidence of forest diseases and may 
lead to an outbreak (Supplementary Table  1). Several reports 
indicated that warming temperature increased the prevalence 
of diseases (Fabre et  al., 2011; Brodde et  al., 2019; Calvão 
et  al., 2019). However, the effect of precipitation was less 
consistent showing negative (Calvão et al., 2019), positive (Fabre 
et  al., 2011; Woods et  al., 2016; Gao et  al., 2019), and no 
correlation (Brodde et  al., 2019; Thoma et  al., 2019) with 
disease. This indicates that areas where an increase in temperature 
is predicted along with both decrease and increase in precipitation 
may possibly be  exposed to future disease outbreaks. Indeed, 
Fabre et  al. (2011), Bosso et  al. (2017), and Matsuhashi et  al. 
(2020) predicted future increases in disease outbreaks under 
these different scenarios (Supplementary Table 1). Thus, despite 
the contrasting observations, increased disease outbreaks are 
likely in many areas as climate predictions are equally contrasting 
in different regions of the world (IPCC, 2018).

There is also a possibility that changing climate may reduce 
or does not affect disease outbreak. A notable example for 
this is that a warming condition is found to be  the major 
driver leading to local extinction of the fungal pathogen 
Triphragmium ulmariae (Zhan et  al., 2018). Paap et  al. (2017) 
reported that the incidence of Phytophtora spp. on Corymbia 
calophylla did not increase with temperature and only slightly 
increased with decreasing precipitation. Temperature increased 
infection of Pinus albicaulis by Cronartium ribicola only at 
high relative humidity and up to a certain threshold of 11°C 
(Thoma et al., 2019). Both extremely low and high temperatures 
did not favor crown rot disease caused by Phytophthora alni 
in alders (Aguayo et  al., 2014) and pine wilt disease caused 
by pine wood nematode, Bursaphelenchus xylophilus (Gao et al., 
2019) indicating that warming conditions may well reduce 
damage in some areas. However, a possible shift in the range 
of pathogens may cancel out this effect at a regional and 
global scale. For example, Burgess et  al. (2017) predicted that 
global warming will increase the distribution of Phytophthora 
cinnamomi in cold areas, where it currently does not occur 
and decrease in warm areas, where it currently occurs. Moreover, 
observations of reduced impacts are rather scarce in the literature.

The changes in disease outbreaks observed or predicted 
under different scenarios of moderate and gradual changes in 
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temperature and precipitation regimes may differ under extreme 
conditions, such as heat and drought stresses. For example, 
Calvão et  al. (2019) demonstrated that the mortality of Pinus 
pinaster under B. xylophilus infection is worsened by hotter 
and drier conditions indicating that these conditions may have 
enhanced infection. Previously, a review on the interaction of 
mainly experimental drought with different pathogens in trees 
revealed that drought and pathogen infection showed synergistic 
interaction in most of the cases (Desprez-Loustau et al., 2006). 
However, observations on the effect of heat waves, droughts, 
and hotter droughts on the incidence and severity of diseases 
seem to be scarce in the literature. Most of the previous studies 
focused on the resulting mortality, which will be discussed later.

The effect of drought and heat stresses may vary with the 
type of disease, the affected tissue, and the level of the abiotic 
stress (Desprez-Loustau et al., 2006; Jactel et al., 2012). Drought 
has been shown to significantly increase the damage caused 
by leaf pathogens and reduce that of root and stem pathogens 
(Jactel et  al., 2012). Recent experimental studies have shown 
that drought increases the severity of diseases caused by 
necrotrophic pathogens in Pine and Eucalyptus (Sherwood 
et  al., 2015; Barradas et  al., 2018). Similarly, the resistance of 
Eucalyptus marginata clones to P. cinnamomi decreases with 
increasing temperature (Hüberli et  al., 2002). However, we  did 
not find other observations that support these results.

In general, the available information on the observed and 
predicted interactions between forest pathogens and changes 
in temperature and precipitation tend to show more damage 
than less. In cases where climate change reduces vulnerability 
to diseases, it is limited to specific pathogens and localities. 
Furthermore, such effects may be offset by possible new outbreaks 
related to range shift that can be  enhanced by increased 
distribution of the pathogens due to globalization. This may 
result in a transitional period of a novel outbreak, which will 
be  exotic to the trees, and is more damaging as has been 
seen in ash dieback (Marcais et  al., 2017). Moreover, we  only 
have limited knowledge on the interactions with the weather 
extremes such as drought and heat waves, which are predicted 
to increase in frequency and intensity.

Insect Pest Outbreak
Temperature is one of the most important drivers of forest 
pest outbreaks as shown in Supplementary Table  1. Rising 
temperatures have been associated with increased spruce 
budworm (Choristoneura spp.) outbreaks in North America 
(De Grandpré et  al., 2019) and also increased infestation of 
Picea abies by Ips typographus in Europe (Marini et  al., 2017; 
Mezei et al., 2017). This is consistent with the effect of warmer 
temperature in increasing the reproduction and survival of 
insects (Pureswaran et  al., 2018). However, warming may not 
affect pest outbreak unless it is synchronized with the important 
phases of the insect’s life cycle such as overwintering. In this 
regard, Gazol et  al. (2019) showed that only warmer winters 
affect pine processionary moth, Thaumetopoea pityocampa, 
outbreak. According to these findings, while warming temperature 
may increase pest outbreaks, there are also possibilities that 
this may not always be  the case.

While moderate warming has been associated with increased 
pest outbreak, extreme high temperature may have a different 
effect. For example, the enhancement of I. typographus infestation 
by warming declined at temperatures higher than a certain 
threshold (Mezei et al., 2017). It has been shown that extremely 
high temperatures such as heat waves may be  lethal to the 
insects (Rouault et  al., 2006). Thus, temperature which is not 
too high to kill the trees may reduce pest outbreak. Due to 
limited information on this aspect, there is a need for research 
to evaluate the temperature thresholds of the important 
pest species.

Drought has been strongly associated with historic pest 
outbreaks (Klein et  al., 2019). However, its effect varies with 
the feeding guilds of insects, the substrate they feed on, and 
the intensity of drought (Jactel et  al., 2012; Kolb et  al., 2016; 
Supplementary Table  1). The outbreaks of bark beetles, wood 
borers, and sap suckers are often associated with drought. For 
example, drought increased bark beetle outbreaks in the 
United  States (Kolb et  al., 2016) and Sirex noctilio outbreak 
in Argentina (Lantschner et  al., 2019). However, Jactel et  al. 
(2012) also indicated that drought has a negative effect on 
sap suckers and wood borers. Yet, massive tree mortality events 
associated with the combined effect of droughts, and these 
groups of pests are increasing (see section Tree Mortality).

The effects of drought on defoliator pest outbreaks are not 
consistent in the literature. Drought decreased outbreaks of 
larch casebearer, Coleophora laricella, in the United States (Ward 
and Aukema, 2019). Similarly, insect and fungal pathogen 
caused defoliation decreased during severe drought in Southern 
European forests as defoliation and tree mortality caused by 
drought increased (Carnicer et al., 2011). The effect of drought 
on Western spruce budworm, Choristoneura freeman, outbreak 
varied during the different phases of the outbreak and had 
contrasting effect on drier and wetter areas. Although drought 
was a strong driver of outbreak initiation in wetter areas, it 
had no effect on the expansion of the area affected by the 
outbreak. In the drier areas, drought had no effect on outbreak 
initiation and only a small effect on the outbreak expansion 
(Xu et  al., 2019). This indicates that drought stress may have 
a more important role in the initiation of pest outbreaks than 
their expansion. While the area affected by and intensity of 
pine caterpillar, Dendrolimus spp., outbreak clearly increased 
during drought years, the outbreak decreased with increasing 
precipitation (Bao et  al., 2019). Overall, these results indicate 
that the effect of drought on the outbreak of defoliator insects 
may be  weak, at least at the expansion phase.

From the foregoing discussion, it can be  inferred that both 
drought and warming are associated with an increase in pest 
outbreak in many cases. However, their effects are not independent 
of each other. For example, the effect of temperature was observed 
to decrease with low rainfall (Marini et  al., 2017). Several 
observations indicate that warmer and drier conditions favor 
outbreaks of many important bark beetles. Hotter droughts 
increased outbreaks of the mountain pine beetle Dendroctonus 
ponderosae in Western United  States (Creeden et  al., 2014; 
Buotte et al., 2017), the Eurasian spruce bark beetle I. typographus in 
Italy (Marini et  al., 2012) and Austria (Netherer et  al., 2019), 
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and the eastern larch beetle Dendroctonus simplex in United States 
(Ward and Aukema, 2019). Predictions also show that the 
trend of increased D. ponderosae outbreak will continue with 
increasing temperature and drought in Western United  States 
until 2100 (Buotte et  al., 2017). In line with these trends, 
such combinations have been important drivers of massive 
tree mortality.

Recent evidence revealed that Norway spruce stands in 
relatively wetter areas are more susceptible to bark beetle attack 
during drought seasons than stands in drier areas (Netherer 
et  al., 2019) suggesting a possible acclimation by mild long 
term moisture deficit. A similar effect was observed in the 
initiation of Western spruce budworm outbreak (Xu et  al., 
2019). If this effect is further substantiated, it may give a 
choice to forest managers between minimizing risk from possible 
outbreaks and accepting some possible loss in productivity 
due to moisture deficit during normal times (Lévesque et  al., 
2014). Thus, further studies are needed on the extent of 
acclimation and the balance between predisposition and 
acclimation in different tree species (Bostock et  al., 2014).

THE EFFECT OF COMBINED BIOTIC 
AND ABIOTIC STRESSES ON THE 
GROWTH AND MORTALITY OF FOREST 
TREES

Tree Growth
Although warmer weather may increase plant growth in wetter 
areas and currently colder areas such as boreal forests (Torzhkov 
et al., 2019), weather extremes such as drought and excessively 
high temperature are among the main tree growth limiting 
factors (Pichler and Oberhuber, 2007; Lévesque et  al., 2014). 
Plant growth and reproduction are usually negatively correlated 
with these abiotic stresses (Blum, 2005). Similarly, in defense-
growth trade-off, plants reduce growth and reproduction and 
allocate more resources in defending themselves against pathogens 
and pests (Jacquet et  al., 2012; Huot et  al., 2014). Plants may 
use different mechanisms to regulate this trade-off, which are 
also dependent on environmental factors (Kliebenstein, 2016; 
Karasov et al., 2017). Consequently, it is imperative to understand 
how combined biotic and abiotic stresses will shape this trade-off 
and affect the growth of forest trees.

The outcome of the interaction between different biotic and 
abiotic stresses with respect to tree growth varies with the 
type and level of the stresses and the species of trees. For 
example, the reduction in the growth of P. abies infected by 
the fungal pathogen Heterobasidion annosum was shown to 
be  higher in drier and warmer locations (Gori et  al., 2013) 
showing a synergistic interaction between the two stresses. 
Given that H. annosum is a root pathogen which may affect 
the transport of water, it can be  hypothesized that pathogens 
which affect the vascular system of trees such as root rot and 
canker causing pathogens may have a similar effect. Infection 
by the fungal pathogen Gremmeniella abietina has been shown 
to reduce basal area increment by 26–58% in Pinus sylvestris 

stands (Sikström et  al., 2011). Future studies may focus on 
determining whether drought will further reduce growth in 
such cases.

Defoliation by pests during drought has been thought to 
reduce evapotranspiration and hence water deficit stress, thus 
avoiding damage due to the interaction between pests and 
water deficit stress (Bouzidi et  al., 2019). In support of this, 
the interaction between climatic moisture index and defoliation 
by pests enhanced the growth of surviving Populus tremuloides 
despite the negative effect on their survival (Cortini and Comeau, 
2020). Even though combined defoliation by pine processionary 
moth, T. pityocampa, and mild drought reduced growth in 
P. sylvestris, this was matched by a similar level of recovery 
during non-drought years causing no overall loss in growth 
in the long term (Linares et  al., 2014). Growth showed either 
a weak positive correlation or no correlation with the interaction 
between pest defoliation and mild drought in non-host and 
host trees, respectively (Itter et  al., 2019). According to these 
observations, the risks of reduction in tree growth due to 
combined drought and pest defoliation might be  minimal 
during relatively short term and mild droughts. Conversely, 
considerable damage due to insect defoliation in areas, where 
relatively longer and more intense droughts are predicted cannot 
be  ruled out (Balducci et  al., 2020).

The effect of either of drought and heat or pathogens and 
pests on the reduction of growth may be  higher depending 
on the intensity of each of the stresses. The contribution of 
drought to growth decline was higher than that of insect 
outbreak in P. tremuloides (Chen et  al., 2018). However, it was 
not indicated if there were any interactive effects. While leaf 
damage by the aspen leaf miner, Phyllocnistis populiella, reduced 
basal area index, variation in climatic moisture index and its 
interaction with defoliation had no effect on growth (Boyd 
et  al., 2019). Nonetheless, the interaction of pest defoliation 
with severe drought may have a different impact on tree growth. 
For example, the growth of P. tremuloides decreased by 33% 
under the combined effect of hotter drought, defoliator, and 
wood boring pests between 1997 and 2014  in Canada (Hogg 
et  al., 2008). These results indicate that the interactions of 
more severe abiotic stresses with pests and pathogens may 
cause more severe damage to tree growth.

Tree Mortality
Tree mortality is a natural phenomenon often caused by several 
contributing factors. Generally, it occurs at a very low rate in 
all forest populations without causing any considerable ecological 
and economic damage in the short term (Jimenez et al., 1985). 
Tree mortality events which affect relatively larger areas and 
a large number of trees have been mainly associated with rare 
catastrophic events, such as hurricanes, earthquakes, and 
landslides (Jimenez et  al., 1985; Lugo and Scatena, 1996). 
However, recent evidences show that large scale tree mortality 
events, which are not associated with such rare catastrophes 
are increasing (Allen et al., 2010, 2015; Greenwood et al., 2017; 
McDowell et  al., 2018) Here, we  use the tree mortality 
classification given in Lugo and Scatena (1996) with the exception 
that the term “massive mortality” will be  used to represent 
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the mortality events, which can be  considered as both 
“catastrophic” and “extensive/massive.”

The abiotic stresses such as the extremes of moisture and 
temperature as well as the biotic stresses such as pests and 
pathogens have been among the major drivers of massive 
mortality events (McDowell et  al., 2018). It has long been 
known that tree mortality is a result of the contribution of 
several interacting causes that involve both biotic and abiotic 
factors (Franklin et  al., 1987; Ciesla and Donaubauer, 1994). 
Thus, it can be  expected that the different biotic and abiotic 
stresses are more likely to be  acting in combination to cause 
the increasing massive mortality events. Indeed, there is an 
increasing number of observations in support of this (De 
Grandpré et  al., 2019; Stephenson et  al., 2019; Ward and 
Aukema, 2019). Even though these stress factors have always 
been problems in forestry and agriculture, the intensity and 
frequency of extreme weather events as well as forest disease 
and pest outbreaks have increased and will continue to increase 
due to climate change and global movement of pests and 
pathogens (Hansen et  al., 2012; Roy et  al., 2014; IPCC, 2018).

Reports of landscape level tree mortality events which can 
be  considered to occur at both background and catastrophic 
rates (Lugo and Scatena, 1996) are increasing in different parts 
of the world (Figure  1; Supplementary Table  2). Combined 
biotic and abiotic stresses have been associated with many of 
these events, most of which are massive mortality events (Figure 2). 
This underlines that recent massive mortality events are more 
likely driven by combined biotic and abiotic stresses. This is in 
line with the “coupling” among various drivers and mechanisms 
of tree mortality hypothesized in McDowell et  al. (2018), where 
drivers of tree mortality such as drought, high temperature, and 
biotic factors interact through the physiological mechanisms of 
tree death such as carbon starvation and hydraulic failure.

Hotter droughts have been associated with most of the 
massive mortality events, and both pathogens and pests have 
been reported in most of them (Figure  3). Some of the most 
severe recent mortality events are results of the combined 
effects of hotter droughts, bark beetles, and fungal pathogens 
(Worrall et  al., 2008, 2010; Klockow et  al., 2018; Gheitury 
et  al., 2020). The combination between hotter droughts and 
bark beetles (Breshears et  al., 2005; Floyd et  al., 2009; Millar 
et  al., 2012; de La Serrana et  al., 2015; Kharuk et  al., 2019) 
as well as hotter droughts and pathogens (Holuša et  al., 2018; 
Wood et  al., 2018) have also resulted in severe losses. These 
are considerable threats to forestry in the future as predictions 
show that hotter droughts (Crockett and Westerling, 2018) 
and associated tree mortality (Zhang et  al., 2014b; Hember 
et  al., 2017) have been increasing in different parts of the 
world and are expected to continue to increase (Allen et al., 2015; 
Wu et  al., 2020).

Previously, Ciesla and Donaubauer (1994) established that 
abiotic stresses act as predisposing factors to biotic attacks 
which usually come out to be  the inciting and contributing 
factors to tree death. A recent example for this was reported 
in Ward and Aukema (2019), where changes in temperature 
and precipitation predisposed eastern larch, Larix laricina, to 
defoliation by larch casebearer, C. laricella, and finally tree 
mortality occurs after eastern larch beetle, D. simplex, infestation. 
Furthermore, delayed mortality associated with pathogens and 
pests was observed after a severe drought indicating a possible 
predisposition by drought (Klockow et al., 2018). Thus, mortality 
events seemingly caused by a single biotic or abiotic stress 
may well have unreported biotic or abiotic predisposing/inciting 
factors. However, in some of the landscape level tree mortality 
events caused by droughts, biotic stress factors were not involved 
(Figure  3). Similarly, Kautz et  al. (2017) estimated that biotic 

FIGURE 1 | Map showing recent (1982–2020) landscape level tree mortality events associated with the biotic and abiotic stresses drought, heat, pests, 
pathogens, and their combinations reported in peer reviewed publications. The summary of the reports and the respective references are given in Supplementary 
Table 2. We searched on Google scholar using different combinations of the key words: “tree,” “forest,” “vegetation,” “plantation,” “massive,” “mortality,” “die-off,” 
“die-back,” and “decline.” Reports from relevant reviews (Allen et al., 2010, 2015; McDowell et al., 2018) were also searched. Reports which do not indicate the 
spatial characteristics and intensity of mortality as well as those which include other exogenous mortality agents such as fire, flood, etc., were excluded. In addition, 
seedling mortality, mortality due to experimental stress, long term mortality analyses were not included. Then, reports which clearly describe individual mortality 
event/events and can be approximated as landscape scale according to the classification given in Lugo and Scatena (1996) were selected. Reports describing 
different aspects of the same mortality event at the same location were considered as single reports.
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disturbances may cause up to 3.3  million ha tree mortality 
in the Northern Hemisphere per year without the involvement 
of abiotic stress factors. Re-examination of such mortality events 

will provide an insight in this regard. Future studies and 
prediction models should therefore consider both biotic and 
abiotic factors.

FIGURE 2 | The proportion of landscape level tree mortality events (Figure 1; Supplementary Table 2) reporting single or combined biotic and abiotic stresses as 
causes. The intensity of mortality events were approximated to background and catastrophic based on the classification given in Lugo and Scatena (1996).

FIGURE 3 | The main biotic-abiotic stress combinations associated with recent landscape level tree mortality events caused by combined stress (Figure 2; 
Supplementary Table 2). Normal droughts are differentiated from hotter droughts, which refer to droughts accompanied by increased temperature as termed in 
Allen et al. (2015). “Others” refers to parasitic plants alone or with insect pests. The symbols/plot characters represent mortality events caused by combined stress. 
The shape and colors of the characters respectively represent the biotic and abiotic factors involved.
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Parasitic plants and soil nutrients were reported to 
be  associated with a few of the massive mortality events 
(Figure 3). Warming climate with lower precipitation increased 
tree mortality due to parasitic plants through decreasing the 
growth of trees and predisposing them to other drivers of 
mortality (Galiano et  al., 2010; Bell et  al., 2019). Increased 
infestation with insects and parasitic plants after severe drought 
was associated with a large increase in the annual tree mortality 
in pinyon pine (Flake and Weisberg, 2019). Soil nutrients, 
drought, and bacterial canker were found to cause massive 
poplar mortality in China (Ji et  al., 2019). Thus, although 
these factors are beyond the scope of this review, they deserve 
to be  explored in future research.

The reported landscape level mortality events (Figure  1) 
affected different species of trees belonging to several genera 
(Figure  4), including some of the most planted genera, such 
as Pinus, Eucalyptus, Populus, Picea, and Abies (Del Lungo 
et  al., 2003; Brockerhoff et  al., 2008). The genus Pinus, which 
covers the largest area of planted forests in the world (Del 
Lungo et  al., 2003), is also the most highly affected genera 
(Figure  4). For example, mortality due to the combined effect 
of hotter drought and Ips confuses infestation in the United States 
was estimated to reach as high as 80% in Pinus edulis affecting 
more than 1.2  million ha forest during 2000–2003 (Breshears 
et  al., 2005). Similarly, 89.6 and 48.1% of sampled Pinus 
ponderosa and Pinus lambertiana trees, respectively, were dead 
under the combined effect of bark beetles and the 2012–2015 
hotter drought in California (Fettig et al., 2019). These mortality 
events clearly affected some species more severely than others 

(Suarez et  al., 2004; Floyd et  al., 2009; Fettig et  al., 2019). 
Thus, forest tree genetic improvement programs and forest 
managers should consider selecting tree species that are tolerant 
to these combined stresses.

The effect of combined biotic and abiotic stresses on tree 
mortality is not limited to the extensive and catastrophic 
events on which we  mainly focused here. There is evidence 
showing that the rate of gradual background tree mortality 
is also increasing with changing climate (van Mantgem et  al., 
2009; Taccoen et  al., 2019). The biotic stress factors such as 
pests and pathogens have been identified as the major drivers 
of background tree mortality (Das et  al., 2016). Therefore, it 
is reasonable to hypothesize that non-outbreak levels of 
pathogens and pests interacting with mild climate change 
driven abiotic stresses may be  responsible for the increasing 
rate of background tree mortality. Recent evidence in support 
of this is that temperature and moisture variations indirectly 
affected pest and pathogen driven deaths of Abies lasiocarpa 
(Lalande et  al., 2020).

ECONOMIC AND ECOLOGICAL 
IMPACTS OF COMBINED BIOTIC AND 
ABIOTIC STRESSES IN FORESTRY

The major causes of forest loss leading to the decline of the 
global forest area remain to be deforestation, shifting cultivation 
and wildfire (Curtis et al., 2018). While the direct contribution 
of biotic and abiotic stresses to such forest losses seems to 

FIGURE 4 | The main genera of trees affected by landscape level tree mortality events across the world (Figure 1; Supplementary Table 2).
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be relatively low (Curtis et al., 2018), their indirect role cannot 
be underestimated. For example, tree mortality caused by insect 
pest outbreaks, heat waves, and droughts are frequently associated 
with forest fires resulting in huge tree losses (Brando et  al., 
2014; Klein et  al., 2019; Talucci and Krawchuk, 2019; Xie 
et  al., 2020). In addition, the regional and temporal variation 
in the occurrence of biotic and abiotic stresses also highlights 
the importance of these factors. For example, pests were reported 
to cause 32% of the tree mortality in the Western United States 
compared with 18% loss caused by fire (Berner et  al., 2017). 
Another study also indicated that biotic disturbances such as 
pathogens and pests are the most important causes of forest 
disturbance in the forests of the Northern Hemisphere 
(Kautz et  al., 2017).

Apart from complete forest loss that leads to a change in 
land use, the economic and ecological impact of biotic and 
abiotic stresses operating in forestry can be  viewed through 
their impact on the ecosystem services of trees (Alcamo et al., 
2003). Previously, Boyd et  al. (2013) used this framework to 
summarize the impact of pests and pathogens. The decline in 
forest productivity due to tree mortality and reduced growth 
resulting from combined biotic and abiotic stresses (section 
The Effect of Combined Biotic and Abiotic Stresses on the 
Growth and Mortality of Forest Trees) as well as reduced quality 
of products (Brodde et  al., 2019) can affect the provisioning 
services and cause a direct revenue loss (Zwolinski et  al., 1990; 
Aukema et  al., 2011). Though controversial, it has been argued 
that climate change increases tree growth and hence forest 
productivity (Kirilenko and Sedjo, 2007; Reyer et  al., 2017; 
Torzhkov et  al., 2019; Ruiz-Pérez and Vico, 2020). However, 
even if there would be a possible increase, the impact of extreme 
weather interacting with increased pathogen and pest outbreaks 
will cause major losses and may even offset any gain in 
productivity (Reyer et  al., 2017; Woods and Watts, 2019).

Increased tree mortality, crown die-back and defoliation 
caused by combined biotic and abiotic stresses may have a 
negative impact on human well-being by affecting the cultural 
and regulatory services of trees (Alcamo et al., 2003). The 
decrease in the density of forests and canopy cover of trees 
have been associated with increased human health problems 
stemming from respiratory diseases (Donovan et  al., 2013) as 
well as increased temperature associated with the loss of canopy 
shade (Jones, 2019). Massive tree mortality may also have an 
impact on other components of the forest ecosystem, such as 
the micro and macro faunal and floral diversity. For example, 
massive ash (Fraxinus spp.) mortality caused by emerald ash 
borer (Agrilus planipennis) created canopy gap (Ulyshen et  al., 
2011) and accumulation of woody debris (Perry and Herms, 
2017), which affect the activity and diversity of forest 
invertebrates. Massive tree mortality may also cause a decline 
in the population of coexisting organisms such as lichens, and 
may lead to local extinction (Jönsson and Thor, 2012; 
Lõhmus and Runnel, 2014).

Recent evidence indicates that biotic and abiotic stresses 
may contribute to the decline in the population of tree species 
and may even lead to extinction. A good example for this is 
the fungal pathogen Austropuccinia psidii, which has caused 

a rapid decline in Rhodomyrtus psidioides population in Australia 
since 2012 (Fensham et al., 2020). The coupling of biotic stresses 
with weather extremes may be  beyond the capability of some 
species to adapt to a changing climate (Schaberg et  al., 2008; 
Sáenz-Romero et  al., 2020). This may result in a selective 
massive death of certain vulnerable species (Suarez et al., 2004) 
and may lead to local extirpations (Alfaro et  al., 2014) and 
even extinction in the case of endemic species (Fensham et al., 
2020). Thus, if the episodes of massive tree mortality caused 
by combined biotic and abiotic stresses (section The Effect of 
Combined Biotic and Abiotic Stresses on the Growth and 
Mortality of Forest Trees) continue even at current pace, the 
direct and indirect contribution of such stresses to the extinction 
of tree species may become a real threat at least to the already 
endangered species.

Biotic and abiotic stresses induce considerable emission of 
biogenic volatile organic compounds associated with the responses 
of stressed living trees (Faiola and Taipale, 2020) and decay 
of dead trees (Kurz et  al., 2008; Phillips et  al., 2009). Pest 
attack increased biogenic emissions of different compounds 
from trees and simultaneously occurring abiotic stresses such 
as heat and drought mostly further increased such emissions 
(Faiola and Taipale, 2020). Biotic and abiotic stresses negatively 
affect the global carbon pool by the loss of potential carbon 
sinks through reduced growth and death of trees as well as 
the addition of carbon sources for future emission from decaying 
dead trees (Kurz et al., 2008; Phillips et al., 2009). For example, 
hotter drought in the Amazon forest in 2005 caused the loss 
of 1.21–1.60  Pg potential carbon storage from reduced growth 
and tree mortality (Phillips et  al., 2009). A severe drought in 
Texas, United  States, caused the loss of 24–30  Tg C due to 
tree mortality (Moore et al., 2016). Similarly, a study in Canada 
estimated the loss of carbon storage due to pests to be 2.87 tone 
C ha−1 year−1 (Zhang et  al., 2014a). Furthermore, predictions 
also indicate that increased drought and associated pest outbreak 
will significantly affect the carbon balance in a similar fashion 
(Scheller et  al., 2018). These examples are good indicators of 
the significance of combined biotic and abiotic stresses to 
environmental sustainability. However, in most of the cases, 
attempts to quantify these impacts are inadequate. Thus, further 
research on quantifying the emissions and their environmental 
impact will benefit environmental models for carbon balance 
(Faiola and Taipale, 2020).

It is difficult to attach an economic value to all kinds of 
damages caused by biotic and abiotic stresses. However, there 
were attempts to estimate the economic impacts from different 
perspectives (Supplementary Table  3). The economic loss due 
to tree death and reduced growth is a direct indicator of such 
impacts. However, dead trees, especially mature ones, can still 
be  of economic value through “salvage logging” despite the 
undesirable ecological consequences due to the associated 
increase in harvest frequency (Thorn et  al., 2018). An estimate 
of economic loss derived from predicted tree mortality (Waring 
et  al., 2009; Ochuodho et  al., 2012; Soliman et  al., 2012), 
comparisons of the cost of protection to the possible loss (Watt 
et  al., 2011; Cameron et  al., 2018), and revenue loss due to 
downgraded products (Costanza et  al., 2019) were used to 
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demonstrate possible damage from biotic and abiotic stresses. 
Government and household expenditures as well as losses in 
property value associated with tree mortality have also been 
estimated (Aukema et  al., 2011). More holistic assessments 
included the economic loss from production, protection, tourism, 
and carbon sequestration (Notaro et  al., 2009). However, only 
some of the studies (Waring et  al., 2009; Ochuodho et  al., 
2012; Soliman et  al., 2012) considered the combined effects 
of biotic and abiotic factors, which may result in an over- or 
under-estimation of loss. Because damages such as tree mortality 
are mostly the results of the combined effect of biotic and 
abiotic stresses, future studies should include these factors into 
their analyses. Moreover, as economic analysis is important 
for policy makers and forest managers, such information,  
which may be  largely found in technical reports, should 
be  systematically analyzed.

RESPONSES OF FOREST TREES TO 
COMBINED BIOTIC AND ABIOTIC 
STRESSES

The impact of combined biotic and abiotic stresses on the 
physiology of trees is different from that of individual stresses. 
Sequential or simultaneous combinations of biotic and abiotic 
stresses may have a negative or positive outcome on different 
morphological and physiological traits of forest trees depending 
on the species of trees, the type of biotic stress factors, and the 
duration and intensity of abiotic stresses (Supplementary Table 4). 
These changes may make trees either more susceptible or resistant 
to one or more of the co-occurring stresses.

Several individual biotic and abiotic stresses affect plant-water 
relations. For example, drought stress (McKiernan et  al., 2017) 
and infection by fungal pathogens, which affect the vascular 
system (da Silva et  al., 2018) influence the movement of water 
and reduce stem and leaf water potential. The simultaneous 
occurrence of these stresses may cause further reduction in 
water potential in plants. In support of this, it has been reported 
that infections by Neofusicoccum eucalyptorum in Eucalyptus 
globulus (Barradas et  al., 2018) and Obolarina persica as well 
as Biscogniauxia mediterranea in Quercus brantii (Ghanbary 
et  al., 2017) caused a further reduction in the stem water 
potential of drought stressed plants. However, this may not 
always be  the case depending on the level of resistance to the 
involved pathogen as well as the intensity and duration of 
drought. For example, while both drought and infection by 
Quambalaria coyrecup reduced leaf water potential in C. calophylla, 
their combination did not result in a further reduction (Hossain 
et  al., 2019). Similarly, while water potential decreased due to 
drought stress, no such reduction was observed due to infection 
by Leptographium wingfieldii in P. sylvestris (Croisé et  al., 2001) 
and P. cinnamomi in Quercus ilex and Quercus cerris (Turco 
et al., 2004). Furthermore, priming with previous drought resulted 
in significantly higher leaf water potential as compared to 
non-primed plants under combined drought and N. eucalyptorum 
infection in E. globulus (Barradas et  al., 2018). According to 
these observations, while drought stress strongly influences  

plant water-relations, the effect of fungal pathogens both as an 
individual stress and in combination with short term experimental 
drought seems to be  moderate.

It is well-known that drought stress negatively affects 
photosynthetic gas exchange, however, some pathogens (da 
Silva et  al., 2018) and their combination with drought 
(Supplementary Table  4) have also been reported to have a 
similar impact. Ghanbary et  al. (2017) reported that drought 
and the pathogens O. persica and B. mediterranea significantly 
reduced stomatal conductance, photosynthetic rate, and 
maximum photochemical efficiency of photosystem II (Fv/Fm) 
in Q. brantii. Interestingly, the combination of both pathogens 
with drought caused further reduction in all of these parameters. 
Combined biotic and abiotic stresses may also negatively affect 
photosynthesis by reducing the concentration of photosynthetic 
pigments. For example, Ghanbary et  al. (2018) reported that 
chlorophyll content decreased due to pathogen infection, drought, 
and their combination in Q. brantii. These findings indicate 
that the effect of combined biotic and abiotic stresses on 
photosynthesis may be  worse than each of the individual 
stresses. This may be  one of the reasons for the reduction in 
tree growth and increase in tree mortality associated with 
combined stresses.

Accumulation of osmolytes and soluble sugars are among 
the most common responses of plants to osmotic stress resulting 
from abiotic stresses such as drought. Such accumulations may 
increase due to pathogens and pests which affect plant-water 
relations. Sherwood et  al. (2015) and Ghanbary et  al. (2018) 
revealed that proline, which increased under both drought 
and pathogen infection, showed a further increase under the 
combination of both stresses. On the other hand, the 
accumulation of osmolytes and soluble sugars in response to 
abiotic stresses may create favorable condition for biotic stress 
factors such as fungal pathogens and wood boring pests thereby 
increasing the susceptibility of trees. In support of this, Caldeira 
et  al. (2002) reported that a reduced bark moisture content 
and increased accumulation of glucose, fructose, and sucrose 
enhanced the survival and growth of Phoracantha semipunctata 
under drought conditions in E. globulus. Similarly, combined 
drought and pathogen infection increased soluble sugar 
concentration in Q. brantii (Ghanbary et  al., 2018) resulting 
in increased susceptibility to pathogens (Ghanbary et al., 2017). 
These findings indicate that osmotic adjustment may represent 
a synergistic interaction between responses to biotic and abiotic 
stresses resulting in increased damage under multiple 
stress situations.

Metabolites such as phenolics and terpenoids, which are 
commonly involved in plant defense against pathogens and 
pests, may also be affected by co-occurring abiotic stress factors, 
such as heat and drought. Total phenol concentration increased 
under both drought and pathogen infection as individual stresses 
in Q. brantii, and a further increase was observed under their 
combination (Ghanbary et  al., 2018). The interaction between 
drought and pine weevil, Hylobius abietis, attack respectively 
decreased and increased the accumulation of polyphenols and 
diterpins in Pinus halepensis (Suárez-Vidal et  al., 2019). By 
doing so, moderate drought weakened basal defense and 
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significantly increased the susceptibility of seedlings to pest 
attack. However, there were also observations which revealed 
that combined stress did not have a significant effect on phenol 
and terpenoid concentrations. For example, a study in 
C. calophylla found that total phenols and total terpenes generally 
tended to increase due to Q. coyrecup infection while drought 
stress generally did not further increase their concentration 
(Hossain et  al., 2019). Similarly, the concentration of total 
monoterpenes increased due to infection of Pinus contorta 
and Pinus banksiana by Grosmannia clavigera while drought 
stress had no effect (Lusebrink et  al., 2016). These variations 
may be  related to the tolerance/resistance of trees to each of 
the stresses.

Formation of reactive oxygen species (ROS) and their 
subsequent detoxification is a common response of plants to 
both biotic and abiotic stresses. Reactive oxygen species along 
with phytohormone signaling pathways have been considered 
to be  two of the main “converging points” between responses 
to biotic and abiotic stresses in plants (Zhang and Sonnewald, 
2017). Infection by N. eucalyptorum reduced the accumulation 
of Malondialdehyde (MDA) in drought primed E. globulus 
plants as compared to simultaneously infected ones (Barradas 
et al., 2018). However, this does not indicate improved resistance 
to the pathogen as lesion length was significantly longer in 
the drought-predisposed plants. Thus, it was hypothesized that 
the reduction in MDA may be  the result of the pathogen’s 
defense against pre-accumulated ROS. In agreement with this, 
despite the increase in MDA concentration due to drought 
stress, pathogen infection, and their combination in Q. brantii, 
both the highest MDA concentration and the largest lesion 
were recorded under combined stress (Ghanbary et  al., 2017, 
2018). Although H2O2, which increased due to drought stress, 
significantly decreased upon infection by Diplodia sapinea alone, 
and in combination with drought in Pinus nigra, this was not 
associated with an increased resistance to the pathogen (Sherwood 
et  al., 2015). These results may indicate that the effect of 
combined biotic and abiotic stresses on the ROS signaling 
pathway tend to be  synergistic resulting in increased damage 
to trees. However, as hypothesized in Sherwood et  al. (2015), 
this may be  limited to necrotrophic pathogens as ROS may 
affect biotrophs differently. The increased accumulation of ROS 
due to abiotic stresses may enhance hypersensitive response, 
which is an effective defense strategy against biotrophic pathogens 
unlike necrotrophic ones (Zhang and Sonnewald, 2017).

The involvement of phytohormones in modulating growth 
and responses to both biotic and abiotic stresses is well-known. 
A review by Zhang and Sonnewald (2017) hypothesized that 
Auxin may coordinate response to combined biotic and abiotic 
stresses. A study on Lycopersicon esculentum revealed that 
increased abscisic acid concentration due to drought stress 
did not cause susceptibility to infection by Oidium neolycopersici 
and Botrytis cinerea (Achuo et al., 2006). Similarly, the increased 
accumulation of jasmonic acid and salicylic acid, as well as 
unchanged concentration of abscisic acid due to prior drought 
stress resulted in improved resistance to infection by Pseudomonas 
syringae in Arabidopsis thaliana (Gupta et  al., 2017). However, 
we  did not find similar studies on forest trees.

The molecular response of plants to combined stress is 
generally different from their response to individual stresses. 
In addition to the molecular responses which are shared between 
the individual biotic and abiotic stresses that may be prioritized 
depending on the severity of stress, plants show molecular 
responses which are unique to combined stresses (Choudhary 
et  al., 2016). A number of differentially expressed genes which 
were shared among the individual stresses and unique to 
combined stress have been identified in Arabidopsis (Gupta 
et  al., 2016; Choudhary et  al., 2017). Some of the uniquely 
regulated genes due to combined drought and pathogen infection 
in Arabidopsis include genes involved in fatty acid and amino 
acid metabolism, secondary metabolites, and photosynthesis 
pathways, as well as genes in the transcription factor families 
such as NAC, WRKY, and MYB (Gupta et al., 2016). However, 
to the best of our knowledge, there has been no study on 
the molecular changes due to combined biotic and abiotic 
stresses in forest trees.

Recent studies in Arabidopsis reported the identification of 
key genes which confer resistance to combined biotic and 
abiotic stresses. The transcription factor gene G-Box Binding 
Factor 3 (GBF3), which regulates genes in the ABA signaling 
pathway (Dixit et al., 2019) and the micro-RNA gene ath-miR164c, 
which regulates genes involved in proline biosynthesis (Gupta 
et  al., 2020), were found to confer tolerance to combined 
drought and infection by P. syringae in A. thaliana. Future 
studies should target the identification and characterization of 
more common regulators, while research in forest trees should 
prioritize the investigation of these genes.

MITIGATION STRATEGIES

Prevention strategies such as strict quarantine have been useful 
in minimizing the introduction of exotic pathogens and pests 
(Wingfield et  al., 2015). In the case of combined biotic and 
abiotic stresses, prevention is still useful as it minimizes parts 
of the problem. Besides, it remains to be  one of the most 
important ways to protect our natural forests where other 
strategies such as genetic improvement of tree resistance are 
not feasible. However, the possible risk of increased outbreaks 
of domestic pests and diseases due to climate change (section 
Weather Extremes and Forest Disease/Pest Outbreaks) calls 
for better coping mechanisms. Thus, ex situ conservation and 
selection of resistant trees should be considered for endangered 
species of vulnerable natural forests (Fensham et  al., 2020; 
Sáenz-Romero et  al., 2020).

Genetic improvement of tree resistance/tolerance to biotic 
and abiotic stresses through conventional breeding techniques 
and genetic engineering is a relatively longer term strategy 
(Wingfield et  al., 2015; Naidoo et  al., 2019). The vulnerability 
of trees to growth decline and massive mortality under the 
combined effect of biotic and abiotic stresses varied among 
species (Suarez et  al., 2004; Floyd et  al., 2009). Such genetic 
diversity is a valuable resource, not only for selective planting, 
but also for selective breeding and genetic engineering. The 
increasing availability of large multi-omics data, systems and 
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synthetic biology approaches as well as improved functional 
testing will allow us to integrate and complement conventional 
breeding, genetic engineering, and genome editing (Naidoo et al., 
2019). Genetic improvement for combined biotic and abiotic 
stress tolerance may target either the regulators common to 
the different stresses or pyramiding of genes governing response 
to individual stresses (Kissoudis et  al., 2014). Recent studies 
are shedding light on the possibilities of engineering plants for 
multiple traits (Cho et  al., 2019). Thus, improving trees for 
resistance to combined biotic and abiotic stresses using these 
techniques may also become possible. Existing model systems 
that have been used to study biotic stresses such as those in 
Eucalyptus (Naidoo et  al., 2013; Mangwanda et  al., 2015; Visser 
et  al., 2015), Pine (Visser et  al., 2018), and Poplar (Feau et  al., 
2007; Hacquard et  al., 2011) can be used to develop a workable 
approach in this regard. We propose the use of drought-pathogen 
interactions, which has been considered a model in annual 
crops (Pandey et al., 2017), to study combined biotic and abiotic 
stresses in forest trees. Owing to the representativeness of drought 
in several abiotic stresses (Wang et  al., 2003) and the relative 
ease of manipulating pathogens in both field and green house 
studies, drought-pathogen interactions is a suitable model to 

study combined stress. In addition, as much as drought and 
pathogens are two of the most important stresses in agriculture 
and forestry, they have been studied as single and combined 
factors better than several others and their combinations (Desprez-
Loustau et  al., 2006; Pandey et  al., 2017).

While genetic improvement of trees is a valuable strategy 
for plantation forestry, it is less feasible to natural forests, and 
it is also a long-term project which needs initial investment 
in research. Thus, the options of biological control of pests 
and pathogens (Hurley et  al., 2012; Martín-García et  al., 2019) 
and the use of microorganisms such as mycorrhiza and 
endophytes to alleviate abiotic stress tolerance (Liu et al., 2015; 
Khan et  al., 2016; Ferus et  al., 2019) should be  explored. 
However, these biological agents have been used against single 
stresses under optimum environmental conditions (Slippers 
et  al., 2012), and thus, may not function under multiple  
stress settings. For example, drought has been reported to 
negatively affect biological control using entomopathogenic 
nematodes (Hassani-Kakhki et al., 2019). Similarly, while severe 
drought increases S. noctilio outbreak (Lantschner et al., 2019), 
drought has the opposite effect on the biocontrol agent 
Deladenus siricidicola (Hurley et  al., 2008). Thus, genetic 

A

B1

B2

B3

FIGURE 5 | A scheme showing the impact of combined biotic and abiotic stresses in forestry under the influence of climate change. Climate change may reduce 
damage from diseases and pests by negatively affecting pathogens and insect pests, increase tree growth, and result in beneficial economic and ecological impacts 
(A). Climate change, along with increased global distribution of pathogens and pests due to globalization, may increase disease and pest outbreaks as well as the 
intensity and frequency of abiotic stresses. This increases the susceptibly of tress under combined biotic and abiotic stresses (B1), and result in increased damage 
to trees, which includes decline in tree growth, increase in tree mortality, defoliation, and crown die-back (B2). These damages negatively affect the ecosystem 
services of trees resulting in harmful economic and ecological impacts (B3). The negative effect on the ecosystem services of forests include loss of potential carbon 
sinks and increased emission of biogenic volatile organic compounds, reduction in the quality and productivity of forest products, negative impact on human health 
and well-being, and loss of micro and macro faunal- and floral-diversities, which may in turn cause loss of indirect services from the forest. Yellow arrows indicate 
cause and effect relationships, and deep blue and red arrows indicate increase and decrease in tree growth, respectively.
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improvement can and should also target biological control 
agents (Wang and Wang, 2017).

A number of forest management strategies can be  deployed 
to mitigate the impacts of combined biotic and abiotic stresses. 
They include; thinning and reduction of the basal area of stands 
(Bradford and Bell, 2017; Restaino et  al., 2019; Lalande et  al., 
2020), facilitating regeneration in advance of predicted hotter 
droughts (Redmond et al., 2018), shorter rotation age to minimize 
damage from bark beetle and droughts (Maclauchlan, 2016), 
and stand diversification such as “clonal composites” (Rezende 
et  al., 2019). Accurate predictions of massive tree mortality and 
early warning on hot spots of combined biotic and abiotic stresses 
(Roux et  al., 2015; Preisler et  al., 2017; Rogers et  al., 2018) will 
aid not only decision making by forest managers but also scientific 
interventions and priorities for ex situ conservation.

CONCLUSION

Biotic and abiotic stresses have always been important in 
agriculture and forestry. In recent years, their importance has 
increased as a result of climate change enhanced frequency 
and intensity of weather extremes as well as globalization which 
has increased the movement of pathogens and pests. Plants 
often face these biotic and abiotic stresses in combination, 
either simultaneously or sequentially. Forest trees are exposed 
to the recurrence of these combinations due to their long 
lifecycle. Plants show both shared and unique responses to 
combined biotic and abiotic stresses. As a result, it is difficult 
to predict both the response of plants to and damage due to 
combined stresses from single stress studies. In this context, 
we  have shown the importance of combined biotic and abiotic 
stresses as drivers of forest disease and pest outbreaks (Figure 5). 
Indeed, observed and predicted evidences indicated that 
combined biotic and abiotic stresses are associated with reductions 
in tree growth and increasing episodes of massive tree mortality, 
which have huge economic and ecological implications.

Climate change driven abiotic stresses such as heat and drought 
may either increase or decrease pest and disease outbreaks 
depending on the species of trees, pests, pathogens, and forest 
biomes. Whether the increase or decrease is more likely at a 
global scale is a subject of continued debate, although the available 
evidences tend to show more increase in many cases. However, 
what is more important is that such changes along with the 
global movement of pathogens and pests will undoubtedly continue 
to bring in a new spatial and temporal trend of disease and 
pest outbreaks and the associated damage. This may also couple with 
weather extremes which are increasing in frequency and intensity.

The current studies and reviews, despite the inconsistency 
and contradiction of findings, underline two things. First, many 
of the studies used climatic variables rather than considering 
the physiological stress caused by weather extremes such as 
heat and drought. Particularly, while studies on warming showed 
considerable interaction with pathogens and pests, extreme 
heat and cold which cause physiological stress to both the 
trees and pathogens/pests might have an entirely different 
outcome. The more frequent heat waves and hotter droughts 
should thus be  used as good opportunities to study such 
responses. Second, the interactions between host trees and 
pathogens/pests can be affected by climate change driven changes 
in the abiotic stresses in a complex manner, which can further 
be  complicated by the interacting effect of the different abiotic 
factors. As a result, despite the global attention given to climate 
change and its impacts in forestry, we  are far from fully 
understanding the constantly changing conditions. Thus, 
understanding all levels of interactions at least for the major 
stress combinations is important. In this regard, both experimental 
and observational studies using model systems can better equip 
us to respond to possible damages from combined biotic and 
abiotic stresses in the future.

AUTHOR CONTRIBUTIONS

SN and DT contributed to the conception of the review. 
DT wrote first draft. SN, DT, and GZ commented and revised 
the manuscript. All authors contributed to the article and 
approved the submitted version.

FUNDING

This work was supported by the South African National Research 
Foundation (NRF) Y-rated Grant to SN (UID105767). Opinions 
expressed and conclusion arrived at are those of the author(s) 
and are not necessarily to be attributed to the NRF. The authors 
acknowledge funding from the Technology Innovation Agency 
of South Africa through the Forest Molecular Genetics 
Cluster Program.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.601009/
full#supplementary-material

 

REFERENCES

Achuo, E., Prinsen, E., and Höfte, M. (2006). Influence of drought, salt stress 
and abscisic acid on the resistance of tomato to Botrytis cinerea and Oidium 
neolycopersici. Plant Pathol. 55, 178–186. doi: 10.1111/j.1365-3059.2006.01340.x

Aguayo, J., Elegbede, F., Husson, C., Saintonge, F. X., and Marçais, B. (2014). 
Modeling climate impact on an emerging disease, the Phytophthora alni-
induced alder decline. Glob. Chang. Biol. 20, 3209–3221. doi: 10.1111/
gcb.12601

Alcamo, J., Ash, N. J., Butler, C. D., Callicott, J. B., Capistrano, D., Carpenter, S. R., 
et al. (2003). Millennium ecosystem assessment: Ecosystems and human well-
being: A framework for assessment. Washington, DC: Island Press.

Alfaro, R. I., Fady, B., Vendramin, G. G., Dawson, I. K., Fleming, R. A., 
Sáenz-Romero, C., et al. (2014). The role of forest genetic resources in 
responding to biotic and abiotic factors in the context of anthropogenic 
climate change. For. Ecol. Manag. 333, 76–87. doi: 10.1016/j.
foreco.2014.04.006

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2020.601009/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.601009/full#supplementary-material
https://doi.org/10.1111/j.1365-3059.2006.01340.x
https://doi.org/10.1111/gcb.12601
https://doi.org/10.1111/gcb.12601
https://doi.org/10.1016/j.foreco.2014.04.006
https://doi.org/10.1016/j.foreco.2014.04.006


Teshome et al. Biotic-Abiotic Stress Interactions in Forestry

Frontiers in Plant Science | www.frontiersin.org 14 November 2020 | Volume 11 | Article 601009

Allen, C. D., Breshears, D. D., and McDowell, N. G. (2015). On underestimation 
of global vulnerability to tree mortality and forest die-off from hotter drought 
in the Anthropocene. Ecosphere 6:art129. doi: 10.1890/es15-00203.1

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., 
Vennetier, M., et al. (2010). A global overview of drought and heat-induced 
tree mortality reveals emerging climate change risks for forests. For. Ecol. 
Manag. 259, 660–684. doi: 10.1016/j.foreco.2009.09.001

Anderegg, W. R., Hicke, J. A., Fisher, R. A., Allen, C. D., Aukema, J., Bentz, B., 
et al. (2015). Tree mortality from drought, insects, and their interactions 
in a changing climate. New Phytol. 208, 674–683. doi: 10.1111/nph.13477

Aukema, J. E., Leung, B., Kovacs, K., Chivers, C., Britton, K. O., Englin, J., 
et al. (2011). Economic impacts of non-native forest insects in the continental 
United  States. PLoS One 6:e24587. doi: 10.1371/journal.pone.0024587

Ayres, M. P., and Lombardero, M. J. (2000). Assessing the consequences of 
global change for forest disturbance from herbivores and pathogens. Sci. Total 
Environ. 262, 263–286. doi: 10.1016/s0048-9697(00)00528-3

Balducci, L., Fierravanti, A., Rossi, S., Delzon, S., De Grandpré, L., Kneeshaw, D. D., 
et al. (2020). The paradox of defoliation: declining tree water status with 
increasing soil water content. Agric. For. Meteorol. 290:108025. doi: 10.1016/j.
agrformet.2020.108025

Bao, Y., Wang, F., Tong, S., Na, L., Han, A., Zhang, J., et al. (2019). Effect of 
drought on outbreaks of major forest pests, pine caterpillars (Dendrolimus 
spp.), in Shandong Province, China. Forests 10:264. doi: 10.3390/f10030264

Barradas, C., Pinto, G., Correia, B., Castro, B., Phillips, A., and Alves, A. 
(2018). Drought× disease interaction in Eucalyptus globulus under 
Neofusicoccum eucalyptorum infection. Plant Pathol. 67, 87–96. doi: 10.1111/
ppa.12703

Bell, D. M., Pabst, R. J., and Shaw, D. C. (2019). Tree growth declines and 
mortality associated with a parasitic plant increase during warm and dry 
climatic conditions in a temperate coniferous forest ecosystem. Glob. Chang. 
Biol. 26, 1714–1724. doi: 10.1111/gcb.14834

Berner, L. T., Law, B. E., Meddens, A. J., and Hicke, J. A. (2017). Tree mortality 
from fires, bark beetles, and timber harvest during a hot and dry decade 
in the western United  States (2003–2012). Environ. Res. Lett. 12:065005. 
doi: 10.1088/1748-9326/aa6f94

Blum, A. (2005). Drought resistance, water-use efficiency, and yield potential—
are they compatible, dissonant, or mutually exclusive? Aust. J. Agric. Res. 
56, 1159–1168. doi: 10.1071/AR05069

Bosso, L., Luchi, N., Maresi, G., Cristinzio, G., Smeraldo, S., and Russo, D. 
(2017). Predicting current and future disease outbreaks of Diplodia sapinea 
shoot blight in Italy: species distribution models as a tool for forest 
management planning. For. Ecol. Manag. 400, 655–664. doi: 10.1016/j.
foreco.2017.06.044

Bostock, R. M., Pye, M. F., and Roubtsova, T. V. (2014). Predisposition in 
plant disease: exploiting the nexus in abiotic and biotic stress perception 
and response. Annu. Rev. Phytopathol. 52, 517–549. doi: 10.1146/annurev-
phyto-081211-172902

Bouzidi, H. A., Balducci, L., Mackay, J., and Deslauriers, A. (2019). Interactive 
effects of defoliation and water deficit on growth, water status, and mortality 
of black spruce (Picea mariana (Mill.) BSP). Ann. For. Sci. 76:21. doi: 10.1007/
s13595-019-0809-z

Boyd, M. A., Berner, L. T., Doak, P., Goetz, S. J., Rogers, B. M., Wagner, D., 
et al. (2019). Impacts of climate and insect herbivory on productivity and 
physiology of trembling aspen (Populus tremuloides) in Alaskan boreal forests. 
Environ. Res. Lett. 14:085010. doi: 10.1088/1748-9326/ab215f

Boyd, I., Freer-Smith, P., Gilligan, C., and Godfray, H. (2013). The consequence 
of tree pests and diseases for ecosystem services. Science 342:1235773. doi: 
10.1126/science.1235773

Bradford, J. B., and Bell, D. M. (2017). A window of opportunity for climate-
change adaptation: easing tree mortality by reducing forest basal area. 
Front. Ecol. Environ. 15:1445. doi: 10.1002/fee.1445

Brando, P. M., Balch, J. K., Nepstad, D. C., Morton, D. C., Putz, F. E., Coe, M. T., 
et al. (2014). Abrupt increases in Amazonian tree mortality due to drought–
fire interactions. Proc. Natl. Acad. Sci. U. S. A. 111, 6347–6352. doi: 10.1073/
pnas.1305499111

Breshears, D. D., Cobb, N. S., Rich, P. M., Price, K. P., Allen, C. D., Balice, R. G., 
et al. (2005). Regional vegetation die-off in response to global-change-type 
drought. Proc. Natl. Acad. Sci. U. S. A. 102, 15144–15148. doi: 10.1073/
pnas.0505734102

Brockerhoff, E. G., Jactel, H., Parrotta, J. A., Quine, C. P., and Sayer, J. (2008). 
Plantation forests and biodiversity: oxymoron or opportunity? Biodivers. 
Conserv. 17, 925–951. doi: 10.1007/s10531-008-9380-x

Brodde, L., Adamson, K., Julio Camarero, J., Castaño, C., Drenkhan, R., 
Lehtijärvi, A., et al. (2019). Diplodia tip blight on its way to the north: 
drivers of disease emergence in Northern Europe. Front. Plant Sci. 9:1818. 
doi: 10.3389/fpls.2018.01818

Buotte, P. C., Hicke, J. A., Preisler, H. K., Abatzoglou, J. T., Raffa, K. F., and 
Logan, J. A. (2017). Recent and future climate suitability for whitebark pine 
mortality from mountain pine beetles varies across the western US. For. Ecol. 
Manag. 399, 132–142. doi: 10.1016/j.foreco.2017.05.032

Burgess, T. I., Scott, J. K., Mcdougall, K. L., Stukely, M. J., Crane, C., Dunstan, W. A., 
et al. (2017). Current and projected global distribution of Phytophthora 
cinnamomi, one of the world’s worst plant pathogens. Glob. Chang. Biol. 
23, 1661–1674. doi: 10.1111/gcb.13492

Caldeira, M. C., Fernandéz, V., Tomé, J., and Pereira, J. S. (2002). Positive 
effect of drought on longicorn borer larval survivl and growth on Eucalyptus 
trunks. Ann. For. Sci. 59, 99–106. doi: 10.1051/forest:2001009

Calvão, T., Duarte, C. M., and Pimentel, C. S. (2019). Climate and landscape 
patterns of pine forest decline after invasion by the pinewood nematode. 
For. Ecol. Manag. 433, 43–51. doi: 10.1016/j.foreco.2018.10.039

Camarero, J. J., Álvarez-Taboada, F., Hevia, A., and Castedo-Dorado, F. (2018). 
Radial growth and wood density reflect the impacts and susceptibility to 
defoliation by gypsy moth and climate in radiata pine. Front. Plant Sci. 
9:1582. doi: 10.3389/fpls.2018.01582

Cameron, N., Carnegie, A., Wardlaw, T., Lawson, S., and Venn, T. (2018). 
Economic appraisal of sirex wood wasp (Sirex noctilio) control in Australian 
pine plantations. Aust. For. 81, 37–45. doi: 10.1080/00049158.2018.1430436

Carnicer, J., Coll, M., Ninyerola, M., Pons, X., Sanchez, G., and Penuelas, J. 
(2011). Widespread crown condition decline, food web disruption, and 
amplified tree mortality with increased climate change-type drought. Proc. Natl. 
Acad. Sci. U. S. A. 108, 1474–1478. doi: 10.1073/pnas.1010070108

Chen, L., Huang, J. G., Dawson, A., Zhai, L., Stadt, K. J., Comeau, P. G., et al. 
(2018). Contributions of insects and droughts to growth decline of trembling 
aspen mixed boreal forest of western Canada. Glob. Chang. Biol. 24, 655–667. 
doi: 10.1111/gcb.13855

Cho, J. S., Jeon, H. W., Kim, M. H., Vo, T. K., Kim, J., Park, E. J., et al. 
(2019). Wood forming tissue-specific bicistronic expression of Pd GA 20ox1 
and Ptr MYB 221 improves both the quality and quantity of woody biomass 
production in a hybrid poplar. Plant Biotechnol. J. 17, 1048–1057. doi: 
10.1111/pbi.13036

Choudhary, A., Gupta, A., Ramegowda, V., and Senthil-Kumar, M. (2017). 
Transcriptomic changes under combined drought and nonhost bacteria reveal 
novel and robust defenses in Arabidopsis thaliana. Environ. Exp. Bot. 139, 
152–164. doi: 10.1016/j.envexpbot.2017.05.005

Choudhary, A., Pandey, P., and Senthil-Kumar, M. (2016). “Tailored responses 
to simultaneous drought stress and pathogen infection in plants” in Drought 
stress tolerance in plants. Vol. 1. eds. M. A. Hossain, S. H. Wani, S. Bhattacharjee 
and L. P. Tran (Cham: Springer), 427–438.

Ciesla, W. M., and Donaubauer, E. (1994). Decline and dieback of trees and 
forests: A global overview. Rome: Food and Agriculture Organization.

Cobb, R. C., and Metz, M. R. (2017). Tree diseases as a cause and consequence 
of interacting forest disturbances. Forests 8:147. doi: 10.3390/f8050147

Cortini, F., and Comeau, P. G. (2020). Pests, climate and competition effects 
on survival and growth of trembling aspen in western Canada. New For. 
51, 175–190. doi: 10.1007/s11056-019-09726-9

Costanza, K. K., Crandall, M. S., Rice, R. W., Livingston, W. H., Munck, I. A., 
and Lombard, K. (2019). Economic implications of a native tree disease, 
Caliciopsis canker, on the white pine (Pinus strobus) lumber industry in 
the northeastern United  States. Can. J. For. Res. 49, 521–530. doi: 10.1139/
cjfr-2018-0380

Creeden, E. P., Hicke, J. A., and Buotte, P. C. (2014). Climate, weather, and 
recent mountain pine beetle outbreaks in the western United States. For. Ecol. 
Manag. 312, 239–251. doi: 10.1016/j.foreco.2013.09.051

Crockett, J. L., and Westerling, A. L. (2018). Greater temperature and precipitation 
extremes intensify Western US droughts, wildfire severity, and Sierra Nevada 
tree mortality. J. Clim. 31, 341–354. doi: 10.1175/JCLI-D-17-0254.1

Croisé, L., Lieutier, F., Cochard, H., and Dreyer, E. (2001). Effects of drought 
stress and high density stem inoculations with Leptographium wingfieldii 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1890/es15-00203.1
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1111/nph.13477
https://doi.org/10.1371/journal.pone.0024587
https://doi.org/10.1016/s0048-9697(00)00528-3
https://doi.org/10.1016/j.agrformet.2020.108025
https://doi.org/10.1016/j.agrformet.2020.108025
https://doi.org/10.3390/f10030264
https://doi.org/10.1111/ppa.12703
https://doi.org/10.1111/ppa.12703
https://doi.org/10.1111/gcb.14834
https://doi.org/10.1088/1748-9326/aa6f94
https://doi.org/10.1071/AR05069
https://doi.org/10.1016/j.foreco.2017.06.044
https://doi.org/10.1016/j.foreco.2017.06.044
https://doi.org/10.1146/annurev-phyto-081211-172902
https://doi.org/10.1146/annurev-phyto-081211-172902
https://doi.org/10.1007/s13595-019-0809-z
https://doi.org/10.1007/s13595-019-0809-z
https://doi.org/10.1088/1748-9326/ab215f
https://doi.org/10.1126/science.1235773
https://doi.org/10.1002/fee.1445
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1007/s10531-008-9380-x
https://doi.org/10.3389/fpls.2018.01818
https://doi.org/10.1016/j.foreco.2017.05.032
https://doi.org/10.1111/gcb.13492
https://doi.org/10.1051/forest:2001009
https://doi.org/10.1016/j.foreco.2018.10.039
https://doi.org/10.3389/fpls.2018.01582
https://doi.org/10.1080/00049158.2018.1430436
https://doi.org/10.1073/pnas.1010070108
https://doi.org/10.1111/gcb.13855
https://doi.org/10.1111/pbi.13036
https://doi.org/10.1016/j.envexpbot.2017.05.005
https://doi.org/10.3390/f8050147
https://doi.org/10.1007/s11056-019-09726-9
https://doi.org/10.1139/cjfr-2018-0380
https://doi.org/10.1139/cjfr-2018-0380
https://doi.org/10.1016/j.foreco.2013.09.051
https://doi.org/10.1175/JCLI-D-17-0254.1


Teshome et al. Biotic-Abiotic Stress Interactions in Forestry

Frontiers in Plant Science | www.frontiersin.org 15 November 2020 | Volume 11 | Article 601009

on hydraulic properties of young scots pine trees. Tree Physiol. 21, 427–436. 
doi: 10.1093/treephys/21.7.427

Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A., and Hansen, M. C. 
(2018). Classifying drivers of global forest loss. Science 361, 1108–1111. 
doi: 10.1126/science.aau3445

d’Annunzio, R., Sandker, M., Finegold, Y., and Min, Z. (2015). Projecting global 
forest area towards 2030. For. Ecol. Manag. 352, 124–133. doi: 10.1016/j.
foreco.2015.03.014

Das, T., Majumdar, M. H. D., Devi, R. T., and Rajesh, T. (2017). Climate 
change impacts on plant diseases. SAARC J. Agric. 14, 200–209. doi: 10.3329/
sja.v14i2.31259

Das, A. J., Stephenson, N. L., and Davis, K. P. (2016). Why do trees die? 
Characterizing the drivers of background tree mortality. Ecology 97, 2616–2627. 
doi: 10.1002/ecy.1497

da Silva, A. C., de Oliveira Silva, F. M., Milagre, J. C., Omena-Garcia, R. P., 
Abreu, M. C., Mafia, R. G., et al. (2018). Eucalypt plants are physiologically 
and metabolically affected by infection with Ceratocystis fimbriata. Plant Physiol. 
Biochem. 123, 170–179. doi: 10.1016/j.plaphy.2017.12.002

De Grandpré, L., Kneeshaw, D. D., Perigon, S., Boucher, D., Marchand, M., 
Pureswaran, D., et al. (2019). Adverse climatic periods precede and amplify 
defoliator-induced tree mortality in eastern boreal North America. J. Ecol. 
107, 452–467. doi: 10.1111/1365-2745.13012

Deidda, A., Buffa, F., Linaldeddu, B. T., Pinna, C., Scanu, B., Deiana, V., et al. 
(2016). Emerging pests and diseases threaten Eucalyptus camaldulensis 
plantations in Sardinia, Italy. IForest 9:883. doi: 10.3832/ifor1805-009

de La Serrana, R. G., Vilagrosa, A., and Alloza, J. (2015). Pine mortality in 
Southeast Spain after an extreme dry and warm year: interactions among 
drought stress, carbohydrates and bark beetle attack. Trees 29, 1791–1804. 
doi: 10.1007/s00468-015-1261-9

Del Lungo, A., Carle, J., and Varmola, M. (2003). “Planted forest database: 
analysis of annual planting trends and silvicultural parameters for commonly 
planted species” in Planted Forest and Trees Working Papers, Working Paper 
26, Rome: Forest Resources Division, Food and Agriculture Organization 
of the United Nations, 60.

Desprez-Loustau, M. -L., Marçais, B., Nageleisen, L. -M., Piou, D., and Vannini, A. 
(2006). Interactive effects of drought and pathogens in forest trees. Ann. For. 
Sci. 63, 597–612. doi: 10.1051/forest:2006040

Dixit, S. K., Gupta, A., Fatima, U., and Senthil-Kumar, M. (2019). AtGBF3 
confers tolerance to Arabidopsis thaliana against combined drought and 
Pseudomonas syringae stress. Environ. Exp. Bot. 168:103881. doi: 10.1016/j.
envexpbot.2019.103881

Donovan, G. H., Butry, D. T., Michael, Y. L., Prestemon, J. P., Liebhold, A. M., 
Gatziolis, D., et al. (2013). The relationship between trees and human health: 
evidence from the spread of the emerald ash borer. Am. J. Prev. Med. 44, 
139–145. doi: 10.1016/j.amepre.2012.09.066

Dukes, J. S., Pontius, J., Orwig, D., Garnas, J. R., Rodgers, V. L., Brazee, N., 
et al. (2009). Responses of insect pests, pathogens, and invasive plant species 
to climate change in the forests of northeastern North America: what can 
we  predict? Can. J. For. Res. 39, 231–248. doi: 10.1139/X08-171

Fabre, B., Piou, D., Desprez-Loustau, M. L., and Marcais, B. (2011). Can the 
emergence of pine Diplodia shoot blight in France be  explained by changes 
in pathogen pressure linked to climate change? Glob. Chang. Biol. 17, 
3218–3227. doi: 10.1111/j.1365-2486.2011.02428.x

Faiola, C., and Taipale, D. (2020). Impact of insect herbivory on plant stress 
volatile emissions from trees: a synthesis of quantitative measurements and 
recommendations for future research. Atmos. Environ. 5:100060. doi: 10.1016/j.
aeaoa.2019.100060

Feau, N., Joly, D. L., and Hamelin, R. C. (2007). Poplar leaf rusts: model 
pathogens for a model tree. Botany 85, 1127–1135. doi: 10.1139/B07-102

Fensham, R. J., Carnegie, A. J., Laffineur, B., Makinson, R. O., Pegg, G. S., 
and Wills, J. (2020). Imminent extinction of Australian myrtaceae by fungal 
disease. Trends Ecol. Evol. 35, 554–557. doi: 10.1016/j.tree.2020.03.012

Ferus, P., Barta, M., and Konôpková, J. (2019). Endophytic fungus Beauveria 
bassiana can enhance drought tolerance in red oak seedlings. Trees 33, 
1179–1186. doi: 10.1007/s00468-019-01854-1

Fettig, C. J., Mortenson, L. A., Bulaon, B. M., and Foulk, P. B. (2019).  
Tree mortality following drought in the central and southern Sierra  
Nevada, California, US. For. Ecol. Manag. 432, 164–178. doi: 10.1016/j.
foreco.2018.09.006

Flake, S. W., and Weisberg, P. J. (2019). Fine-scale stand structure mediates 
drought-induced tree mortality in pinyon–juniper woodlands. Ecol. Appl. 
29:e01831. doi: 10.1002/eap.1831

Floyd, M. L., Clifford, M., Cobb, N. S., Hanna, D., Delph, R., Ford, P., et al. 
(2009). Relationship of stand characteristics to drought-induced mortality 
in three Southwestern piñon–juniper woodlands. Ecol. Appl. 19, 1223–1230. 
doi: 10.1890/08-1265.1

Franklin, J. F., Shugart, H. H., and Harmon, M. E. (1987). Tree death as an 
ecological process. Bioscience 37, 550–556. doi: 10.2307/1310665

Galiano, L., Martínez-Vilalta, J., and Lloret, F. (2010). Drought-induced multifactor 
decline of scots pine in the Pyrenees and potential vegetation change by 
the expansion of co-occurring oak species. Ecosystems 13, 978–991. doi: 
10.1007/s10021-010-9368-8

Gao, R., Wang, Z., Wang, H., Hao, Y., and Shi, J. (2019). Relationship between 
pine wilt disease outbreaks and climatic variables in the three gorges reservoir 
region. Forests 10:816. doi: 10.3390/f10090816

Gazol, A., Hernández-Alonso, R., and Camarero, J. J. (2019). Patterns and 
drivers of pine processionary moth defoliation in Mediterranean mountain 
forests. Front. Ecol. Evol. 7:458. doi: 10.3389/fevo.2019.00458

Gely, C., Laurance, S. G., and Stork, N. E. (2020). How do herbivorous insects 
respond to drought stress in trees? Biol. Rev. 95, 434–448. doi: 10.1111/brv.12571

Ghanbary, E., Kouchaksaraei, M. T., Guidi, L., Mirabolfathy, M., Etemad, V., 
Sanavi, S. A. M. M., et al. (2018). Change in biochemical parameters of 
Persian oak (Quercus brantii Lindl.) seedlings inoculated by pathogens of 
charcoal disease under water deficit conditions. Trees 32, 1595–1608. doi: 
10.1007/s00468-018-1736-6

Ghanbary, E., Tabari Kouchaksaraei, M., Mirabolfathy, M., Modarres Sanavi, S., 
and Rahaie, M. (2017). Growth and physiological responses of Quercus 
brantii seedlings inoculated with Biscogniauxia mediterranea and Obolarina 
persica under drought stress. For. Pathol. 47:e12353. doi: 10.1111/efp.12353

Gheitury, M., Heshmati, M., Noroozi, A., Ahmadi, M., and Parvizi, Y. (2020). 
Monitoring mortality in a semiarid forest under the influence of prolonged 
drought in Zagros region. Int. J. Environ. Sci. Technol. 11, 4589–4600. doi: 
10.1007/s13762-020-02638-8

Gonzalez, P., Neilson, R. P., Lenihan, J. M., and Drapek, R. J. (2010). Global 
patterns in the vulnerability of ecosystems to vegetation shifts due to climate 
change. Glob. Ecol. Biogeogr. 19, 755–768. doi: 10.1111/j.1466-8238.2010.00558.x

Gori, Y., Cherubini, P., Camin, F., and La Porta, N. (2013). Fungal root pathogen 
(Heterobasidion parviporum) increases drought stress in Norway spruce stand 
at low elevation in the Alps. Eur. J. For. Res. 132, 607–619. doi: 10.1007/
s10342-013-0698-x

Graziosi, I., Tembo, M., Kuate, J., and Muchugi, A. (2019). Pests and diseases 
of trees in Africa: a growing continental emergency. Plants People Planet 
2, 14–28. doi: 10.1002/ppp3.31

Greenwood, S., Ruiz-Benito, P., Martínez-Vilalta, J., Lloret, F., Kitzberger, T., 
Allen, C. D., et al. (2017). Tree mortality across biomes is promoted by 
drought intensity, lower wood density and higher specific leaf area. Ecol. Lett. 
20, 539–553. doi: 10.1111/ele.12748

Gupta, A., Hisano, H., Hojo, Y., Matsuura, T., Ikeda, Y., Mori, I. C., et al. 
(2017). Global profiling of phytohormone dynamics during combined drought 
and pathogen stress in Arabidopsis thaliana reveals ABA and JA as major 
regulators. Sci. Rep. 7:4017. doi: 10.1038/s41598-017-03907-2

Gupta, A., Patil, M., Qamar, A., and Senthil-Kumar, M. (2020). ath-miR164c 
influences plant responses to the combined stress of drought and bacterial 
infection by regulating proline metabolism. Environ. Exp. Bot. 172:103998. 
doi: 10.1016/j.envexpbot.2020.103998

Gupta, A., Sarkar, A. K., and Senthil-Kumar, M. (2016). Global transcriptional 
analysis reveals unique and shared responses in Arabidopsis thaliana exposed 
to combined drought and pathogen stress. Front. Plant Sci. 7:686. doi: 
10.3389/fpls.2016.00686

Hacquard, S., Petre, B., Frey, P., Hecker, A., Rouhier, N., and Duplessis, S. 
(2011). The poplar-poplar rust interaction: insights from genomics and 
transcriptomics. J. Pathog. 2011:716041. doi: 10.4061/2011/716041

Hansen, J., Sato, M., and Ruedy, R. (2012). Perception of climate change. Proc. 
Natl. Acad. Sci. U. S. A. 109, E2415–E2423. doi: 10.1073/pnas.1205276109

Hassani-Kakhki, M., Karimi, J., El Borai, F., Killiny, N., Hosseini, M., Stelinski, L. L., 
et al. (2019). Drought stress impairs communication between Solanum 
tuberosum (Solanales: Solanaceae) and subterranean biological control agents. 
Ann. Entomol. Soc. Am. 113, 23–29. doi: 10.1093/aesa/saz050

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/treephys/21.7.427
https://doi.org/10.1126/science.aau3445
https://doi.org/10.1016/j.foreco.2015.03.014
https://doi.org/10.1016/j.foreco.2015.03.014
https://doi.org/10.3329/sja.v14i2.31259
https://doi.org/10.3329/sja.v14i2.31259
https://doi.org/10.1002/ecy.1497
https://doi.org/10.1016/j.plaphy.2017.12.002
https://doi.org/10.1111/1365-2745.13012
https://doi.org/10.3832/ifor1805-009
https://doi.org/10.1007/s00468-015-1261-9
https://doi.org/10.1051/forest:2006040
https://doi.org/10.1016/j.envexpbot.2019.103881
https://doi.org/10.1016/j.envexpbot.2019.103881
https://doi.org/10.1016/j.amepre.2012.09.066
https://doi.org/10.1139/X08-171
https://doi.org/10.1111/j.1365-2486.2011.02428.x
https://doi.org/10.1016/j.aeaoa.2019.100060
https://doi.org/10.1016/j.aeaoa.2019.100060
https://doi.org/10.1139/B07-102
https://doi.org/10.1016/j.tree.2020.03.012
https://doi.org/10.1007/s00468-019-01854-1
https://doi.org/10.1016/j.foreco.2018.09.006
https://doi.org/10.1016/j.foreco.2018.09.006
https://doi.org/10.1002/eap.1831
https://doi.org/10.1890/08-1265.1
https://doi.org/10.2307/1310665
https://doi.org/10.1007/s10021-010-9368-8
https://doi.org/10.3390/f10090816
https://doi.org/10.3389/fevo.2019.00458
https://doi.org/10.1111/brv.12571
https://doi.org/10.1007/s00468-018-1736-6
https://doi.org/10.1111/efp.12353
https://doi.org/10.1007/s13762-020-02638-8
https://doi.org/10.1111/j.1466-8238.2010.00558.x
https://doi.org/10.1007/s10342-013-0698-x
https://doi.org/10.1007/s10342-013-0698-x
https://doi.org/10.1002/ppp3.31
https://doi.org/10.1111/ele.12748
https://doi.org/10.1038/s41598-017-03907-2
https://doi.org/10.1016/j.envexpbot.2020.103998
https://doi.org/10.3389/fpls.2016.00686
https://doi.org/10.4061/2011/716041
https://doi.org/10.1073/pnas.1205276109
https://doi.org/10.1093/aesa/saz050


Teshome et al. Biotic-Abiotic Stress Interactions in Forestry

Frontiers in Plant Science | www.frontiersin.org 16 November 2020 | Volume 11 | Article 601009

Hember, R. A., Kurz, W. A., and Coops, N. C. (2017). Relationships between 
individual-tree mortality and water-balance variables indicate positive trends 
in water stress-induced tree mortality across North America. Glob. Chang. 
Biol. 23, 1691–1710. doi: 10.1111/gcb.13428

Hogg, E., Brandt, J., and Michaelian, M. (2008). Impacts of a regional drought 
on the productivity, dieback, and biomass of western Canadian aspen forests. 
Can. J. For. Res. 38, 1373–1384. doi: 10.1139/X08-001

Holuša, J., Lubojacký, J., Čurn, V., Tonka, T., Lukášová, K., and Horák, J. 
(2018). Combined effects of drought stress and Armillaria infection on tree 
mortality in Norway spruce plantations. For. Ecol. Manag. 427, 434–445. 
doi: 10.1016/j.foreco.2018.01.031

Hossain, M., Veneklaas, E. J., Hardy, G. E. S. J., and Poot, P. (2019). Tree 
host–pathogen interactions as influenced by drought timing: linking 
physiological performance, biochemical defence and disease severity. 
Tree Physiol. 39, 6–18. doi: 10.1093/treephys/tpy113

Huber, A. E., and Bauerle, T. L. (2016). Long-distance plant signaling pathways 
in response to multiple stressors: the gap in knowledge. J. Exp. Bot. 67, 
2063–2079. doi: 10.1093/jxb/erw099

Hüberli, D., Tommerup, I. C., Colver, M. C., ColquhounC, I. J., and Hardy, G. E. S. J. 
(2002). Temperature and inoculation method influence disease phenotypes 
and mortality of Eucalyptus marginata clonal lines inoculated with Phytophthora 
cinnamomi. Australas. Plant Pathol. 31, 107–118. doi: 10.1071/AP01078

Huot, B., Yao, J., Montgomery, B. L., and He, S. Y. (2014). Growth–defense 
tradeoffs in plants: a balancing act to optimize fitness. Mol. Plant 7, 1267–1287. 
doi: 10.1093/mp/ssu049

Hurley, B. P., Croft, P., Verleur, M., Wingfield, M. J., and Slippers, B. (2012). 
“The control of the Sirex woodwasp in diverse environments: the south African 
experience” in The sirex woodwasp and its fungal symbiont. eds. B. Slippers,  
P. de Groot and M. J. Wingfield (Dordrecht: Springer), 247–264.

Hurley, B. P., Garnas, J., Wingfield, M. J., Branco, M., Richardson, D. M., and 
Slippers, B. (2016). Increasing numbers and intercontinental spread of invasive 
insects on eucalypts. Biol. Invasions 18, 921–933. doi: 10.1007/s10530-016-1081-x

Hurley, B. P., Slippers, B., Croft, P. K., Hatting, H. J., van der Linde, M., 
Morris, A. R., et al. (2008). Factors influencing parasitism of Sirex noctilio 
(Hymenoptera: Siricidae) by the nematode Deladenus siricidicola (Nematoda: 
Neotylenchidae) in summer rainfall areas of South  Africa. Biol. Control 45, 
450–459. doi: 10.1016/j.biocontrol.2008.02.010

Hurley, B. P., Slippers, B., Sathyapala, S., and Wingfield, M. J. (2017). Challenges 
to planted forest health in developing economies. Biol. Invasions 19, 3273–3285. 
doi: 10.1007/s10530-017-1488-z

IPCC (2018). “Summary for policymakers” in Global Warming of 1.5°C. An IPCC 
Special Report on the impacts of global warming of 1.5°C above pre-industrial 
levels and related global greenhouse gas emission pathways, in the context of 
strengthening the global response to the threat of climate change, sustainable 
development, and efforts to eradicate poverty. eds. V. Masson-Delmotte,  
P. Zhai, H. -O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, et  al.

Itter, M. S., D’Orangeville, L., Dawson, A., Kneeshaw, D., Duchesne, L., and 
Finley, A. O. (2019). Boreal tree growth exhibits decadal-scale ecological 
memory to drought and insect defoliation, but no negative response to 
their interaction. J. Ecol. 107, 1288–1301. doi: 10.1111/1365-2745.13087

Jacquet, J. -S., Orazio, C., and Jactel, H. (2012). Defoliation by processionary 
moth significantly reduces tree growth: a quantitative review. Ann. For. Sci. 
69, 857–866. doi: 10.1007/s13595-012-0209-0

Jactel, H., Koricheva, J., and Castagneyrol, B. (2019). Responses of forest insect 
pests to climate change: not so simple. Curr. Opin. Insect Sci. 35, 103–108. 
doi: 10.1016/j.cois.2019.07.010

Jactel, H., Petit, J., Desprez-Loustau, M. L., Delzon, S., Piou, D., Battisti, A., 
et al. (2012). Drought effects on damage by forest insects and pathogens: 
a meta-analysis. Glob. Chang. Biol. 18, 267–276. doi: 10.1111/j.1365- 
2486.2011.02512.x

Ji, Y., Zhou, G., Li, Z., Wang, S., Zhou, H., and Song, X. (2019). Triggers of 
widespread dieback and mortality of poplar (Populus spp.) plantations  
across northern China. J. Arid Environ. 174:104076. doi: 10.1016/j.
jaridenv.2019.104076

Jimenez, J. A., Lugo, A. E., and Cintron, G. (1985). Tree mortality in mangrove 
forests. Biotropica 17, 177–185. doi: 10.2307/2388214

Jones, B. A. (2019). Tree shade, temperature, and human health: evidence from 
invasive species-induced deforestation. Ecol. Econ. 156, 12–23. doi: 10.1016/j.
ecolecon.2018.09.006

Jönsson, M. T., and Thor, G. (2012). Estimating coextinction risks from epidemic 
tree death: affiliate lichen communities among diseased host tree populations 
of Fraxinus excelsior. PLoS One 7:e45701. doi: 10.1371/journal.pone.0045701

Karasov, T. L., Chae, E., Herman, J. J., and Bergelson, J. (2017). Mechanisms 
to mitigate the trade-off between growth and defense. Plant Cell 29, 666–680. 
doi: 10.1105/tpc.16.00931

Kautz, M., Meddens, A. J., Hall, R. J., and Arneth, A. (2017). Biotic disturbances 
in Northern hemisphere forests–a synthesis of recent data, uncertainties 
and implications for forest monitoring and modelling. Glob. Ecol. Biogeogr. 
26, 533–552. doi: 10.1111/geb.12558

Keenan, R. J., Reams, G. A., Achard, F., de Freitas, J. V., Grainger, A., and 
Lindquist, E. (2015). Dynamics of global forest area: results from the FAO 
Global Forest Resources Assessment 2015. For. Ecol. Manag. 352, 9–20. doi: 
10.1016/j.foreco.2015.06.014

Khan, Z., Rho, H., Firrincieli, A., Hung, S. H., Luna, V., Masciarelli, O., et al. 
(2016). Growth enhancement and drought tolerance of hybrid poplar upon 
inoculation with endophyte consortia. Curr. Plant Biol. 6, 38–47. doi: 10.1016/j.
cpb.2016.08.001

Kharuk, V., Shushpanov, A., Petrov, I., Demidko, D., Im, S., and Knorre, A. (2019). 
Fir (Abies sibirica Ledeb.) mortality in mountain forests of the Eastern sayan 
ridge. Siberia Contem. Prob. Ecol. 12, 299–309. doi: 10.1134/S199542551904005X

Kirilenko, A. P., and Sedjo, R. A. (2007). Climate change impacts on forestry. 
Proc. Natl. Acad. Sci. U. S. A. 104, 19697–19702. doi: 10.1073/pnas.0701424104

Kissoudis, C., van de Wiel, C., Visser, R. G., and van der Linden, G. (2014). 
Enhancing crop resilience to combined abiotic and biotic stress through 
the dissection of physiological and molecular crosstalk. Front. Plant Sci. 
5:207. doi: 10.3389/fpls.2014.00207

Klein, T., Cahanovitc, R., Sprintsin, M., Herr, N., and Schiller, G. (2019). A 
nation-wide analysis of tree mortality under climate change: Forest loss and 
its causes in Israel 1948-2017. For. Ecol. Manag. 432, 840–849. doi: 10.1016/j.
foreco.2018.10.020

Kliebenstein, D. J. (2016). False idolatry of the mythical growth versus immunity 
tradeoff in molecular systems plant pathology. Physiol. Mol. Plant Pathol. 
95, 55–59. doi: 10.1016/j.pmpp.2016.02.004

Klockow, P. A., Vogel, J. G., Edgar, C. B., and Moore, G. W. (2018). Lagged 
mortality among tree species four years after an exceptional drought in 
East Texas. Ecosphere 9:e02455. doi: 10.1002/ecs2.2455

Kolb, T. E., Fettig, C. J., Ayres, M. P., Bentz, B. J., Hicke, J. A., Mathiasen, R., 
et al. (2016). Observed and anticipated impacts of drought on forest insects 
and diseases in the United  States. For. Ecol. Manag. 380, 321–334. doi: 
10.1016/j.foreco.2016.04.051

Kurz, W. A., Dymond, C., Stinson, G., Rampley, G., Neilson, E., Carroll, A., 
et al. (2008). Mountain pine beetle and forest carbon feedback to climate 
change. Nature 452:987. doi: 10.1038/nature06777

Lalande, B. M., Hughes, K., Jacobi, W. R., Tinkham, W. T., Reich, R., and Stewart, J. E. 
(2020). Subalpine fir mortality in Colorado is associated with stand density, 
warming climates and interactions among fungal diseases and the western 
balsam bark beetle. For. Ecol. Manag. 466:118133. doi: 10.1016/j.foreco.2020.118133

Lantschner, M. V., Aukema, B. H., and Corley, J. C. (2019). Droughts drive 
outbreak dynamics of an invasive forest insect on an exotic host. For. Ecol. 
Manag. 433, 762–770. doi: 10.1016/j.foreco.2018.11.044

Lévesque, M., Rigling, A., Bugmann, H., Weber, P., and Brang, P. (2014). Growth 
response of five co-occurring conifers to drought across a wide climatic 
gradient in Central Europe. Agric. For. Meteorol. 197, 1–12. doi: 10.1016/j.
agrformet.2014.06.001

Linares, J. C., Senhadji, K., Herrero, A., and Hódar, J. A. (2014). Growth 
patterns at the southern range edge of scots pine: disentangling the effects 
of drought and defoliation by the pine processionary caterpillar. For. Ecol. 
Manag. 315, 129–137. doi: 10.1016/j.foreco.2013.12.029

Liu, T., Sheng, M., Wang, C., Chen, H., Li, Z., and Tang, M. (2015). Impact 
of arbuscular mycorrhizal fungi on the growth, water status, and photosynthesis 
of hybrid poplar under drought stress and recovery. Photosynthetica 53, 
250–258. doi: 10.1007/s11099-015-0100-y

Lõhmus, A., and Runnel, K. (2014). Ash dieback can rapidly eradicate isolated 
epiphyte populations in production forests: a case study. Biol. Conserv. 169, 
185–188. doi: 10.1016/j.biocon.2013.11.031

Lugo, A. E., and Scatena, F. N. (1996). Background and catastrophic tree 
mortality in tropical moist, wet, and rain forests. Biotropica 28, 585–599. 
doi: 10.2307/2389099

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/gcb.13428
https://doi.org/10.1139/X08-001
https://doi.org/10.1016/j.foreco.2018.01.031
https://doi.org/10.1093/treephys/tpy113
https://doi.org/10.1093/jxb/erw099
https://doi.org/10.1071/AP01078
https://doi.org/10.1093/mp/ssu049
https://doi.org/10.1007/s10530-016-1081-x
https://doi.org/10.1016/j.biocontrol.2008.02.010
https://doi.org/10.1007/s10530-017-1488-z
https://doi.org/10.1111/1365-2745.13087
https://doi.org/10.1007/s13595-012-0209-0
https://doi.org/10.1016/j.cois.2019.07.010
https://doi.org/10.1111/j.1365-2486.2011.02512.x
https://doi.org/10.1111/j.1365-2486.2011.02512.x
https://doi.org/10.1016/j.jaridenv.2019.104076
https://doi.org/10.1016/j.jaridenv.2019.104076
https://doi.org/10.2307/2388214
https://doi.org/10.1016/j.ecolecon.2018.09.006
https://doi.org/10.1016/j.ecolecon.2018.09.006
https://doi.org/10.1371/journal.pone.0045701
https://doi.org/10.1105/tpc.16.00931
https://doi.org/10.1111/geb.12558
https://doi.org/10.1016/j.foreco.2015.06.014
https://doi.org/10.1016/j.cpb.2016.08.001
https://doi.org/10.1016/j.cpb.2016.08.001
https://doi.org/10.1134/S199542551904005X
https://doi.org/10.1073/pnas.0701424104
https://doi.org/10.3389/fpls.2014.00207
https://doi.org/10.1016/j.foreco.2018.10.020
https://doi.org/10.1016/j.foreco.2018.10.020
https://doi.org/10.1016/j.pmpp.2016.02.004
https://doi.org/10.1002/ecs2.2455
https://doi.org/10.1016/j.foreco.2016.04.051
https://doi.org/10.1038/nature06777
https://doi.org/10.1016/j.foreco.2020.118133
https://doi.org/10.1016/j.foreco.2018.11.044
https://doi.org/10.1016/j.agrformet.2014.06.001
https://doi.org/10.1016/j.agrformet.2014.06.001
https://doi.org/10.1016/j.foreco.2013.12.029
https://doi.org/10.1007/s11099-015-0100-y
https://doi.org/10.1016/j.biocon.2013.11.031
https://doi.org/10.2307/2389099


Teshome et al. Biotic-Abiotic Stress Interactions in Forestry

Frontiers in Plant Science | www.frontiersin.org 17 November 2020 | Volume 11 | Article 601009

Lusebrink, I., Erbilgin, N., and Evenden, M. L. (2016). The effect of water 
limitation on volatile emission, tree defense response, and brood success 
of Dendroctonus ponderosae in two pine hosts, lodgepole, and jack pine. 
Front. Ecol. Evol. 4:2. doi: 10.3389/fevo.2016.00002

Maclauchlan, L. (2016). Quantification of Dryocoetes confusus-caused mortality 
in subalpine fir forests of southern British Columbia. For. Ecol. Manag. 359, 
210–220. doi: 10.1016/j.foreco.2015.10.013

Mangwanda, R., Myburg, A. A., and Naidoo, S. (2015). Transcriptome and 
hormone profiling reveals Eucalyptus grandis defence responses against 
Chrysoporthe austroafricana. BMC Genom. 16:319. doi: 10.1186/
s12864-015-1529-x

Marcais, B., Husson, C., Cael, O., Dowkiw, A., Saintonge, F. -X., Delahaye, L., 
et al. (2017). Estimation of ash mortality induced by Hymenoscyphus fraxineus 
in France and Belgium. Balt. For. 23, 159–167.

Marini, L., Ayres, M. P., Battisti, A., and Faccoli, M. (2012). Climate affects 
severity and altitudinal distribution of outbreaks in an eruptive bark beetle. 
Clim. Chang. 115, 327–341. doi: 10.1007/s10584-012-0463-z

Marini, L., Økland, B., Jönsson, A. M., Bentz, B., Carroll, A., Forster, B., et al. 
(2017). Climate drivers of bark beetle outbreak dynamics in Norway spruce 
forests. Ecography 40, 1426–1435. doi: 10.1111/ecog.02769

Martín-García, J., Zas, R., Solla, A., Woodward, S., Hantula, J., Vainio, E. J., 
et al. (2019). Environmentally friendly methods for controlling pine pitch 
canker. Plant Pathol. 68, 843–860. doi: 10.1111/ppa.13009

Matsuhashi, S., Hirata, A., Akiba, M., Nakamura, K., Oguro, M., Takano, K. T., 
et al. (2020). Developing a point process model for ecological risk assessment 
of pine wilt disease at multiple scales. For. Ecol. Manag. 463:118010. doi: 
10.1016/j.foreco.2020.118010

McDowell, N., Allen, C. D., Anderson-Teixeira, K., Brando, P., Brienen, R., 
Chambers, J., et al. (2018). Drivers and mechanisms of tree mortality in 
moist tropical forests. New Phytol. 219, 851–869. doi: 10.1111/nph.15027

McKiernan, A. B., Potts, B. M., Hovenden, M. J., Brodribb, T. J., Davies, N. W., 
Rodemann, T., et al. (2017). A water availability gradient reveals the deficit 
level required to affect traits in potted juvenile Eucalyptus globulus. Ann. 
Bot. 119, 1043–1052. doi: 10.1093/aob/mcw266

Mezei, P., Jakuš, R., Pennerstorfer, J., Havašová, M., Škvarenina, J., Ferenčík, J., 
et al. (2017). Storms, temperature maxima and the Eurasian spruce bark 
beetle Ips typographus—an infernal trio in Norway spruce forests of the 
Central European High Tatra Mountains. Agric. For. Meteorol. 242, 85–95. 
doi: 10.1016/j.agrformet.2017.04.004

Millar, C. I., Westfall, R. D., Delany, D. L., Bokach, M. J., Flint, A. L., and 
Flint, L. E. (2012). Forest mortality in high-elevation whitebark pine (Pinus 
albicaulis) forests of eastern California, USA; influence of environmental 
context, bark beetles, climatic water deficit, and warming. Can. J. For. Res. 
42, 749–765. doi: 10.1139/x2012-031

Moore, G. W., Edgar, C. B., Vogel, J. G., Washington-Allen, R. A., March, R. G., 
and Zehnder, R. (2016). Tree mortality from an exceptional drought spanning 
Mesic to semiarid ecoregions. Ecol. Appl. 26, 602–611. doi: 10.1890/15-0330

Nahrung, H. F., and Carnegie, A. J. (2020). Non-native forest insects and 
pathogens in Australia: establishment, spread and impact. Front. For. Glob. 
Chang. 3:37. doi: 10.3389/ffgc.2020.00037

Naidoo, R., Ferreira, L., Berger, D. K., Myburg, A. A., and Naidoo, S. (2013). 
The identification and differential expression of Eucalyptus grandis pathogenesis-
related genes in response to salicylic acid and methyl jasmonate. Front. Plant 
Sci. 4:43. doi: 10.3389/fpls.2013.00043

Naidoo, S., Slippers, B., Plett, J. M., Coles, D., and Oates, C. N. (2019). The 
road to resistance in forest trees. Front. Plant Sci. 10:273. doi: 10.3389/
fpls.2019.00273

Netherer, S., Panassiti, B., Pennerstorfer, J., and Matthews, B. (2019). Acute 
drought is an important driver of bark beetle infestation in Austrian Norway 
spruce stands. Front. For. Glob. Chang. 2:39. doi: 10.3389/ffgc.2019.00039

Notaro, S., Paletto, A., and Raffaelli, R. (2009). Economic impact of forest 
damage in an alpine environment. Acta Silv. et Lignaria Hungarica 5, 
131–143.

Ochuodho, T. O., Lantz, V. A., Lloyd-Smith, P., and Benitez, P. (2012). Regional 
economic impacts of climate change and adaptation in Canadian forests: a 
CGE modeling analysis. For. Policy Econ. 25, 100–112. doi: 10.1016/j.
forpol.2012.08.007

Oshunsanya, S. O., Nwosu, N. J., and Li, Y. (2019). “Abiotic stress in agricultural 
crops under climatic conditions” in Sustainable agriculture, forest and 

environmental management. eds. M. K. Jhariya, A. Banerjee and R. S. Meena 
(Singapore: Springer), 71–100.

Paap, T., Brouwers, N. C., Burgess, T. I., and Hardy, G. E. S. J. (2017). Importance 
of climate, anthropogenic disturbance and pathogens (Quambalaria coyrecup 
and Phytophthora spp.) on marri (Corymbia calophylla) tree health in Southwest 
Western Australia. Ann. For. Sci. 74:62. doi: 10.1007/s13595-017-0658-6

Pandey, P., Irulappan, V., Bagavathiannan, M. V., and Senthil-Kumar, M. (2017). 
Impact of combined abiotic and biotic stresses on plant growth and avenues 
for crop improvement by exploiting physio-morphological traits. Front. Plant 
Sci. 8:537. doi: 10.3389/fpls.2017.00537

Pandey, P., Ramegowda, V., and Senthil-Kumar, M. (2015). Shared and unique 
responses of plants to multiple individual stresses and stress combinations: 
physiological and molecular mechanisms. Front. Plant Sci. 6:723. doi: 10.3389/
fpls.2015.00723

Payn, T., Carnus, J. -M., Freer-Smith, P., Kimberley, M., Kollert, W., Liu, S., 
et al. (2015). Changes in planted forests and future global implications. For. 
Ecol. Manag. 352, 57–67. doi: 10.1016/j.foreco.2015.06.021

Perry, K. I., and Herms, D. A. (2017). Effects of late stages of emerald ash 
borer (Coleoptera: Buprestidae)-induced ash mortality on forest floor 
invertebrate communities. J. Insect Sci. 17:119. doi: 10.1093/jisesa/iex093

Phillips, O. L., Aragão, L. E., Lewis, S. L., Fisher, J. B., Lloyd, J., López-González, G., 
et al. (2009). Drought sensitivity of the Amazon rainforest. Science 323, 
1344–1347. doi: 10.1126/science.1164033

Pichler, P., and Oberhuber, W. (2007). Radial growth response of coniferous 
forest trees in an inner alpine environment to heat-wave in 2003. For. Ecol. 
Manag. 242, 688–699. doi: 10.1016/j.foreco.2007.02.007

Preisler, H. K., Grulke, N. E., Heath, Z., and Smith, S. L. (2017). Analysis 
and out-year forecast of beetle, borer, and drought-induced tree mortality 
in California. For. Ecol. Manag. 399, 166–178. doi: 10.1016/j.foreco.2017.05.039

Pureswaran, D. S., Roques, A., and Battisti, A. (2018). Forest insects and climate 
change. Curr. Fores. Rep. 4, 35–50. doi: 10.1007/s40725-018-0075-6

Redmond, M. D., Weisberg, P. J., Cobb, N. S., and Clifford, M. J. (2018). 
Woodland resilience to regional drought: dominant controls on tree 
regeneration following overstorey mortality. J. Ecol. 106, 625–639. doi: 
10.1111/1365-2745.12880

Restaino, C., Young, D. J., Estes, B., Gross, S., Wuenschel, A., Meyer, M., et al. 
(2019). Forest structure and climate mediate drought-induced tree mortality 
in forests of the Sierra Nevada, USA. Ecol. Appl. 29:e01902. doi: 10.1002/
eap.1902

Reyer, C. P., Bathgate, S., Blennow, K., Borges, J. G., Bugmann, H., Delzon, S., 
et al. (2017). Are forest disturbances amplifying or canceling out climate 
change-induced productivity changes in European forests? Environ. Res. Lett. 
12:034027. doi: 10.1088/1748-9326/aa5ef1

Rezende, G. D. S. P., Lima, J. L., da Costa Dias, D., de Lima, B. M., Aguiar, A. M., 
Bertolucci, F. D. L. G., et al. (2019). Clonal composites: an alternative to 
improve the sustainability of production in eucalypt forests. For. Ecol. Manag. 
449:117445. doi: 10.1016/j.foreco.2019.06.042

Rogers, B. M., Solvik, K., Hogg, E. H., Ju, J., Masek, J. G., Michaelian, M., 
et al. (2018). Detecting early warning signals of tree mortality in boreal 
North America using multiscale satellite data. Glob. Chang. Biol. 24, 2284–2304. 
doi: 10.1111/gcb.14107

Rouault, G., Candau, J. -N., Lieutier, F., Nageleisen, L. -M., Martin, J. -C., and 
Warzée, N. (2006). Effects of drought and heat on forest insect populations 
in relation to the 2003 drought in Western Europe. Ann. For. Sci. 63, 
613–624. doi: 10.1051/forest:2006044

Roux, J., Germishuizen, I., Nadel, R., Lee, D., Wingfield, M., and Pegg, G. S. 
(2015). Risk assessment for Puccinia psidii becoming established in 
South  Africa. Plant Pathol. 64, 1326–1335. doi: 10.1111/ppa.12380

Roy, B. A., Alexander, H. M., Davidson, J., Campbell, F. T., Burdon, J. J., 
Sniezko, R., et al. (2014). Increasing forest loss worldwide from invasive 
pests requires new trade regulations. Front. Ecol. Manag. 12, 457–465. doi: 
10.1890/130240

Ruiz-Pérez, G., and Vico, G. (2020). Effects of temperature and water availability 
on Northern European boreal forests. Front. For. Glob. Chang. 3:34. doi: 
10.3389/ffgc.2020.00034

Sáenz-Romero, C., Mendoza-Maya, E., Gómez-Pineda, E., Blanco-García, A., 
Endara-Agramont, A. R., Lindig-Cisneros, R., et al. (2020). Recent evidence 
of Mexican temperate forest decline and the need for ex situ conservation, 
assisted migration, and translocation of species ensembles as an adaptive 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.3389/fevo.2016.00002
https://doi.org/10.1016/j.foreco.2015.10.013
https://doi.org/10.1186/s12864-015-1529-x
https://doi.org/10.1186/s12864-015-1529-x
https://doi.org/10.1007/s10584-012-0463-z
https://doi.org/10.1111/ecog.02769
https://doi.org/10.1111/ppa.13009
https://doi.org/10.1016/j.foreco.2020.118010
https://doi.org/10.1111/nph.15027
https://doi.org/10.1093/aob/mcw266
https://doi.org/10.1016/j.agrformet.2017.04.004
https://doi.org/10.1139/x2012-031
https://doi.org/10.1890/15-0330
https://doi.org/10.3389/ffgc.2020.00037
https://doi.org/10.3389/fpls.2013.00043
https://doi.org/10.3389/fpls.2019.00273
https://doi.org/10.3389/fpls.2019.00273
https://doi.org/10.3389/ffgc.2019.00039
https://doi.org/10.1016/j.forpol.2012.08.007
https://doi.org/10.1016/j.forpol.2012.08.007
https://doi.org/10.1007/s13595-017-0658-6
https://doi.org/10.3389/fpls.2017.00537
https://doi.org/10.3389/fpls.2015.00723
https://doi.org/10.3389/fpls.2015.00723
https://doi.org/10.1016/j.foreco.2015.06.021
https://doi.org/10.1093/jisesa/iex093
https://doi.org/10.1126/science.1164033
https://doi.org/10.1016/j.foreco.2007.02.007
https://doi.org/10.1016/j.foreco.2017.05.039
https://doi.org/10.1007/s40725-018-0075-6
https://doi.org/10.1111/1365-2745.12880
https://doi.org/10.1002/eap.1902
https://doi.org/10.1002/eap.1902
https://doi.org/10.1088/1748-9326/aa5ef1
https://doi.org/10.1016/j.foreco.2019.06.042
https://doi.org/10.1111/gcb.14107
https://doi.org/10.1051/forest:2006044
https://doi.org/10.1111/ppa.12380
https://doi.org/10.1890/130240
https://doi.org/10.3389/ffgc.2020.00034


Teshome et al. Biotic-Abiotic Stress Interactions in Forestry

Frontiers in Plant Science | www.frontiersin.org 18 November 2020 | Volume 11 | Article 601009

management to face projected climatic change impacts in a megabiodiverse 
country. Can. J. For. Res. 50, 843–854. doi: 10.1139/cjfr-2019-0329

Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., McRoberts, N., and 
Nelson, A. (2019). The global burden of pathogens and pests on major 
food crops. Nat. Ecol. Evol. 3:430. doi: 10.1038/s41559-018-0793-y

Schaberg, P. G., DeHayes, D. H., Hawley, G. J., and Nijensohn, S. E. (2008). 
Anthropogenic alterations of genetic diversity within tree populations: 
implications for forest ecosystem resilience. For. Ecol. Manag. 256, 855–862. 
doi: 10.1016/j.foreco.2008.06.038

Scheller, R. M., Kretchun, A. M., Loudermilk, E. L., Hurteau, M. D., Weisberg, P. J., 
and Skinner, C. (2018). Interactions among fuel management, species 
composition, bark beetles, and climate change and the potential effects on 
forests of the Lake Tahoe Basin. Ecosystems 21, 643–656. doi: 10.1007/
s10021-017-0175-3

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., 
et al. (2020). A first assessment of the impact of the extreme 2018 summer 
drought on Central European forests. Basic Appl. Ecol. 45, 86–103. doi: 
10.1016/j.baae.2020.04.003

Sherwood, P., Villari, C., Capretti, P., and Bonello, P. (2015). Mechanisms of 
induced susceptibility to Diplodia tip blight in drought-stressed Austrian 
pine. Tree Physiol. 35, 549–562. doi: 10.1093/treephys/tpv026

Sikström, U., Jacobson, S., Pettersson, F., and Weslien, J. (2011). Crown 
transparency, tree mortality and stem growth of Pinus sylvestris, and colonization 
of Tomicus piniperda after an outbreak of Gremmeniella abietina. For. Ecol. 
Manag. 262, 2108–2119. doi: 10.1016/j.foreco.2011.07.034

Simler-Williamson, A. B., Rizzo, D. M., and Cobb, R. C. (2019). Interacting 
effects of global change on forest pest and pathogen dynamics. Annu. Rev. 
Ecol. Evol. Syst. 50, 381–403. doi: 10.1146/annurev-ecolsys-110218-024934

Slippers, B., Hurley, B. P., Mlonyeni, X. O., de Groot, P., and Wingfield, M. J. 
(2012). “Factors affecting the efficacy of Deladenus siricidicola in biological 
control systems” in The sirex woodwasp and its fungal symbiont. eds.  
B. Slippers,  P. de Groot and M. J. Wingfield (Dordrecht: Springer), 119–133.

Soliman, T., Mourits, M. C., van der Werf, W., Hengeveld, G. M., Robinet, C., 
and Lansink, A. G. O. (2012). Framework for modelling economic impacts 
of invasive species, applied to pine wood nematode in Europe. PLoS One 
7:e45505. doi: 10.1371/journal.pone.0045505

Sommerfeld, A., Senf, C., Buma, B., D’Amato, A. W., Després, T., 
Díaz-Hormazábal, I., et al. (2018). Patterns and drivers of recent disturbances 
across the temperate forest biome. Nat. Commun. 9, 1–9. doi: 10.1038/
s41467-018-06788-9

Song, X. -P., Hansen, M. C., Stehman, S. V., Potapov, P. V., Tyukavina, A., 
Vermote, E. F., et al. (2018). Global land change from 1982 to 2016. Nature 
560, 639–643. doi: 10.1038/s41586-018-0411-9

Stephenson, N. L., Das, A. J., Ampersee, N. J., Bulaon, B. M., and Yee, J. L. 
(2019). Which trees die during drought? The key role of insect host-tree 
selection. J. Ecol. 107, 2383–2401. doi: 10.1111/1365-2745.13176

Suarez, M. L., Ghermandi, L., and Kitzberger, T. (2004). Factors predisposing 
episodic drought-induced tree mortality in Nothofagus–site, climatic 
sensitivity and growth trends. J. Ecol. 92, 954–966. doi: 10.1111/ 
j.1365-2745.2004.00941.x

Suárez-Vidal, E., Sampedro, L., Voltas, J., Serrano, L., Notivol, E., and Zas, R. 
(2019). Drought stress modifies early effective resistance and induced chemical 
defences of Aleppo pine against a chewing insect herbivore. Environ. Exp. 
Bot. 162, 550–559. doi: 10.1016/j.envexpbot.2019.04.002

Taccoen, A., Piedallu, C., Seynave, I., Perez, V., Gégout-Petit, A., Nageleisen, L. -M., 
et al. (2019). Background mortality drivers of European tree species: climate 
change matters. Proc. Royal Soc. B 286:20190386. doi: 10.1098/rspb.2019.0386

Talucci, A. C., and Krawchuk, M. A. (2019). Dead forests burning: the influence 
of beetle outbreaks on fire severity and legacy structure in sub-boreal forests. 
Ecosphere 10:e02744. doi: 10.1002/ecs2.2744

Thoma, D. P., Shanahan, E. K., and Irvine, K. M. (2019). Climatic correlates 
of white pine blister rust infection in whitebark pine in the greater yellowstone 
ecosystem. Forests 10:666. doi: 10.3390/f10080666

Thorn, S., Bässler, C., Brandl, R., Burton, P. J., Cahall, R., Campbell, J. L., 
et al. (2018). Impacts of salvage logging on biodiversity: a meta-analysis. 
J. Appl. Ecol. 55, 279–289. doi: 10.1111/1365-2664.12945

Thurman, J. H., Crowder, D. W., and Northfield, T. D. (2017). Biological control 
agents in the Anthropocene: current risks and future options. Curr. Opin. 
Insect Sci. 23, 59–64. doi: 10.1016/j.cois.2017.07.006

Torzhkov, I., Kushnir, E., Konstantinov, A., Koroleva, T., Efimov, S., and 
Shkolnik, I. (2019). “The economic consequences of future climate change 
in the forest sector of Russia” in IOP Conference Series: Earth and Environmental 
Science; October 23–24, 2019; Voronezh, Russia (IOP Publishing).

Turco, E., Close, T., Fenton, R., and Ragazzi, A. (2004). Synthesis of dehydrin-
like proteins in Quercus ilex L. and Quercus cerris L. seedlings subjected 
to water stress and infection with Phytophthora cinnamomi. Physiol. Mol. 
Plant Pathol. 65, 137–144. doi: 10.1016/j.pmpp.2004.11.010

Ulyshen, M. D., Klooster, W. S., Barrington, W. T., and Herms, D. A. (2011). 
Impacts of emerald ash borer-induced tree mortality on leaf litter 
arthropods and exotic earthworms. Pedobiologia 54, 261–265. doi: 10.1016/j.
pedobi.2011.05.001

van Lierop, P., Lindquist, E., Sathyapala, S., and Franceschini, G. (2015). Global 
forest area disturbance from fire, insect pests, diseases and severe weather 
events. For. Ecol. Manag. 352, 78–88. doi: 10.1016/j.foreco.2015.06.010

van Mantgem, P. J., Stephenson, N. L., Byrne, J. C., Daniels, L. D., Franklin, J. F., 
Fulé, P. Z., et al. (2009). Widespread increase of tree mortality rates  
in the western United  States. Science 323, 521–524. doi: 10.1126/
science.1165000

Visser, E. A., Mangwanda, R., Becker, J. V., Külheim, C., Foley, W., Myburg, A. A., 
et al. (2015). Foliar terpenoid levels and corresponding gene expression are 
systemically and differentially induced in Eucalyptus grandis clonal genotypes 
in response to Chrysoporthe austroafricana challenge. Plant Pathol. 64, 
1320–1325. doi: 10.1111/ppa.12368

Visser, E. A., Wegrzyn, J. L., Myburg, A. A., and Naidoo, S. (2018). Defence 
transcriptome assembly and pathogenesis related gene family analysis in 
Pinus tecunumanii (low elevation). BMC Genom. 19:632. doi: 10.1186/
s12864-018-5015-0

Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, 
salinity and extreme temperatures: towards genetic engineering for stress 
tolerance. Planta 218, 1–14. doi: 10.1007/s00425-003-1105-5

Wang, C., and Wang, S. (2017). Insect pathogenic fungi: genomics, molecular 
interactions, and genetic improvements. Annu. Rev. Entomol. 62, 73–90. doi: 
10.1146/annurev-ento-031616-035509

Ward, S. F., and Aukema, B. H. (2019). Anomalous outbreaks of an invasive 
defoliator and native bark beetle facilitated by warm temperatures, changes 
in precipitation and interspecific interactions. Ecography 42, 1068–1078. doi: 
10.1111/ecog.04239

Waring, K. M., Reboletti, D. M., Mork, L. A., Huang, C. -H., Hofstetter, R. W., 
Garcia, A. M., et al. (2009). Modeling the impacts of two bark beetle 
species under a warming climate in the southwestern USA: ecological and 
economic consequences. Environ. Manag. 44, 824–835. doi: 10.1007/
s00267-009-9342-4

Watt, M., Bulman, L., and Palmer, D. (2011). The economic cost of Dothistroma 
needle blight to the New  Zealand forest industry. N.Z. J. For. 56, 20–22.

Weed, A. S., Ayres, M. P., and Hicke, J. A. (2013). Consequences of climate 
change for biotic disturbances in North American forests. Ecol. Monogr. 83, 
441–470. doi: 10.1890/13-0160.1

Wingfield, M., Brockerhoff, E., Wingfield, B. D., and Slippers, B. (2015). Planted 
forest health: the need for a global strategy. Science 349, 832–836. doi: 
10.1126/science.aac6674

Wood, J. D., Knapp, B. O., Muzika, R. -M., Stambaugh, M. C., and Gu, L. 
(2018). The importance of drought–pathogen interactions in driving oak 
mortality events in the Ozark border region. Environ. Res. Lett. 13:015004. 
doi: 10.1088/1748-9326/aa94fa

Woods, A., Martín-García, J., Bulman, L., Vasconcelos, M. W., Boberg, J., 
La Porta, N., et al. (2016). Dothistroma needle blight, weather and possible 
climatic triggers for the disease’s recent emergence. For. Pathol. 46, 443–452. 
doi: 10.1111/efp.12248

Woods, A. J., and Watts, M. (2019). The extent to which an unforeseen biotic 
disturbance can challenge timber expectations. For. Ecol. Manag. 453:117558. 
doi: 10.1016/j.foreco.2019.117558

Worrall, J. J., Egeland, L., Eager, T., Mask, R. A., Johnson, E. W., Kemp, P. A., 
et al. (2008). Rapid mortality of Populus tremuloides in southwestern 
Colorado, USA. For. Ecol. Manag. 255, 686–696. doi: 10.1016/j.foreco.2007.09.071

Worrall, J. J., Marchetti, S. B., Egeland, L., Mask, R. A., Eager, T., and Howell, B. 
(2010). Effects and etiology of sudden aspen decline in southwestern 
Colorado, USA. For. Ecol. Manag. 260, 638–648. doi: 10.1016/j.
foreco.2010.05.020

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1139/cjfr-2019-0329
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1016/j.foreco.2008.06.038
https://doi.org/10.1007/s10021-017-0175-3
https://doi.org/10.1007/s10021-017-0175-3
https://doi.org/10.1016/j.baae.2020.04.003
https://doi.org/10.1093/treephys/tpv026
https://doi.org/10.1016/j.foreco.2011.07.034
https://doi.org/10.1146/annurev-ecolsys-110218-024934
https://doi.org/10.1371/journal.pone.0045505
https://doi.org/10.1038/s41467-018-06788-9
https://doi.org/10.1038/s41467-018-06788-9
https://doi.org/10.1038/s41586-018-0411-9
https://doi.org/10.1111/1365-2745.13176
https://doi.org/10.1111/j.1365-2745.2004.00941.x
https://doi.org/10.1111/j.1365-2745.2004.00941.x
https://doi.org/10.1016/j.envexpbot.2019.04.002
https://doi.org/10.1098/rspb.2019.0386
https://doi.org/10.1002/ecs2.2744
https://doi.org/10.3390/f10080666
https://doi.org/10.1111/1365-2664.12945
https://doi.org/10.1016/j.cois.2017.07.006
https://doi.org/10.1016/j.pmpp.2004.11.010
https://doi.org/10.1016/j.pedobi.2011.05.001
https://doi.org/10.1016/j.pedobi.2011.05.001
https://doi.org/10.1016/j.foreco.2015.06.010
https://doi.org/10.1126/science.1165000
https://doi.org/10.1126/science.1165000
https://doi.org/10.1111/ppa.12368
https://doi.org/10.1186/s12864-018-5015-0
https://doi.org/10.1186/s12864-018-5015-0
https://doi.org/10.1007/s00425-003-1105-5
https://doi.org/10.1146/annurev-ento-031616-035509
https://doi.org/10.1111/ecog.04239
https://doi.org/10.1007/s00267-009-9342-4
https://doi.org/10.1007/s00267-009-9342-4
https://doi.org/10.1890/13-0160.1
https://doi.org/10.1126/science.aac6674
https://doi.org/10.1088/1748-9326/aa94fa
https://doi.org/10.1111/efp.12248
https://doi.org/10.1016/j.foreco.2019.117558
https://doi.org/10.1016/j.foreco.2007.09.071
https://doi.org/10.1016/j.foreco.2010.05.020
https://doi.org/10.1016/j.foreco.2010.05.020


Teshome et al. Biotic-Abiotic Stress Interactions in Forestry

Frontiers in Plant Science | www.frontiersin.org 19 November 2020 | Volume 11 | Article 601009

Wu, X., Hao, Z., Tang, Q., Singh, V. P., Zhang, X., and Hao, F. (2020). Projected 
increase in compound dry and hot events over global land areas. Int. J. 
Climatol. 40, 1–11. doi: 10.1002/joc.6626

Xie, H., Fawcett, J. E., and Wang, G. G. (2020). Fuel dynamics and its implication 
to fire behavior in loblolly pine-dominated stands after southern pine beetle 
outbreak. For. Ecol. Manag. 466:118130. doi: 10.1016/j.foreco.2020.118130

Xu, B., Hicke, J. A., and Abatzoglou, J. T. (2019). Drought and moisture 
availability and recent Western spruce budworm outbreaks in the Western 
United  States. Forests 10:354. doi: 10.3390/f10040354

Zhan, J., Ericson, L., and Burdon, J. J. (2018). Climate change accelerates local 
disease extinction rates in a long-term wild host–pathogen association. 
Glob. Chang. Biol. 24, 3526–3536. doi: 10.1111/gcb.14111

Zhang, X., Lei, Y., Ma, Z., Kneeshaw, D., and Peng, C. (2014a). Insect-induced 
tree mortality of boreal forests in eastern Canada under a changing climate. 
Ecol. Evol. 4, 2384–2394. doi: 10.1002/ece3.988

Zhang, X., Lei, Y., Pang, Y., Liu, X., and Wang, J. (2014b). Tree mortality in 
response to climate change induced drought across Beijing, China. Clim. 
Chang. 124, 179–190. doi: 10.1007/s10584-014-1089-0

Zhang, H., and Sonnewald, U. (2017). Differences and commonalities of plant 
responses to single and combined stresses. Plant J. 90, 839–855. doi: 10.1111/
tpj.13557

Zwolinski, J., Swart, W., and Wingfield, M. (1990). Economic impact of a 
post-hail outbreak of dieback induced by Sphaeropsis sapinea. Eur. J. For. 
Pathol. 20, 405–411. doi: 10.1111/j.1439-0329.1990.tb01155.x

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2020 Teshome, Zharare and Naidoo. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1002/joc.6626
https://doi.org/10.1016/j.foreco.2020.118130
https://doi.org/10.3390/f10040354
https://doi.org/10.1111/gcb.14111
https://doi.org/10.1002/ece3.988
https://doi.org/10.1007/s10584-014-1089-0
https://doi.org/10.1111/tpj.13557
https://doi.org/10.1111/tpj.13557
https://doi.org/10.1111/j.1439-0329.1990.tb01155.x
http://creativecommons.org/licenses/by/4.0/

	The Threat of the Combined Effect of Biotic and Abiotic Stress Factors in Forestry Under a Changing Climate
	Introduction 
	Weather Extremes and Forest Disease/Pest Outbreaks
	Forest Disease Outbreak
	Insect Pest Outbreak

	The Effect of Combined Biotic and Abiotic Stresses on the Growth and Mortality of Forest Trees
	Tree Growth
	Tree Mortality

	Economic and Ecological Impacts of Combined Biotic and Abiotic Stresses in Forestry
	Responses of Forest Trees to Combined Biotic and Abiotic Stresses
	Mitigation Strategies
	Conclusion
	Author Contributions
	Supplementary Material

	References

