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Abstract

Purpose of Review Bark beetle outbreaks are intensifying under climate change, yet the links among drought stress, beetle
attack and colonization, rapid tree mortality, and tree physiology, remain poorly integrated across disciplines. This review
provides a comprehensive, mechanistic synthesis of recent advances in tree physiology, bark beetle ecology, and microbial
interactions to examine how drought alters xylem—phloem function, carbon allocation, and defense capacity, how these
changes affect beetle host selection and reproductive success, and how associated microbes accelerate host decline.

Recent Findings Drought-driven declines in xylem water potential constrain phloem transport through reduced turgor and
increased sap viscosity, reshaping carbon distribution and defense deployment. Moderate drought may transiently enhance
some defenses, whereas severe or prolonged drought depletes non-structural carbohydrates, impairs resin flow, and increases
phloem nutritional suitability for beetles. Beetle attacks cause spatially complex phloem disruption and local carbon deple-
tion together with their associated fungi, which also contribute to pit membrane degradation, increasing vulnerability to
embolism. The altered bark and phloem microenvironments, including gas exchange and moisture conditions within bark
beetle galleries, may further influence microbial activity and host responses.

Summary We propose a cross-disciplinary, integrated mechanistic framework in which drought-induced physiological
destabilization predisposes trees to beetle attack, after which phloem disruption and microbial activity amplify carbon limita-
tion and hydraulic dysfunction. Hydraulic failure may represent a convergence point among interacting stressors, underscor-
ing the complex multi-trophic feedbacks driving infestation expansion. Key gaps remain in quantifying phloem dynamics,
bark permeability, and subcortical microclimates during attack, limiting predictions of forest vulnerability under increasing
drought and bark beetle pressure.

Keywords Bark beetles - Drought stress - Phloem physiology - Hydraulic failure - Tree defenses - Tree mortality

Introduction

Bark beetle outbreaks are a leading cause of forest mortality
worldwide, with profound ecological and economic conse-
quences [1]. In recent decades, the frequency and severity
of these disturbances have risen markedly, primarily due
to climate warming and the associated increase in extreme
weather events such as windstorms and droughts [2—4].
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The intensification of drought events, characterized by
greater severity and longer duration, together with rising
temperatures, is increasing water stress in trees and enhanc-
ing the number of scolytid generations per year (voltinism),
thereby posing a substantial threat to the long-term sustain-
ability of forest ecosystems globally [2, 5-7]. However, the
effects of drought duration on forest susceptibility to the
bark beetle species capable of entering epidemic population
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phases (mainly of the genera Ips and Dendroctonus) are not
uniform. For example, acute droughts, defined as strong
reductions in soil water availability, in mesic environ-
ments have been associated with increased scolytid activity,
whereas trees acclimated to chronically dry habitats often do
not exhibit heightened vulnerability during drought events
[8]. These findings indicate that certain bark beetle species
may employ a selective colonization strategy, preferentially
attacking moderately stressed trees while avoiding both
unstressed and severely stressed individuals [9].

Drought stress induces stomatal closure and reduces pho-
tosynthetic carbon assimilation, progressively constraining
the carbohydrate pool available for metabolism, storage,
growth and the biosynthesis of new carbon-based defence
compounds. This reduced carbon budget is thought to limit
both the formation of structural defenses (e.g., lignification,
resin ducts) and the synthesis of bioactive secondary metab-
olites involved in plant defense (e.g., phenolics, terpenoids),
ultimately increasing tree susceptibility to bark beetle colo-
nization [10, 11]. Beyond weakening defenses, depletion
of stored carbon reserves may also alter phloem nutritional
quality by changing concentrations of soluble sugars, amino
acids, and other metabolites essential for larval develop-
ment, with potential consequences for beetle fecundity and
brood viability [12, 13].

Bark beetles colonize the phloem of host trees and facili-
tate the establishment of a complex microbiome, including
associated fungi and bacteria, which can synergistically
accelerate host mortality. Ophiostomatoid fungi, a group of
ascomycete fungi commonly associated with bark beetles,
are frequently implicated in tree death due to their capac-
ity to detoxify tree defense compounds and disrupt xylem
hydraulic conductivity [14]. A key mechanism underlying
this disruption is the enzymatic degradation of pit structures
connecting xylem conduits [15], which increases wood
porosity [16] and compromises the pits’ capacity to prevent
the entry of air into water-filled xylem conduits (a process
known as air seeding). This process directly elevates vulner-
ability to drought-induced embolism across the hydraulic
system [16—18]. Some ophiostomatoid fungi can colonize
not only the vascular elements of sapwood, but also the
phloem and ray parenchyma tissues [19]. Although bark
beetle—fungus associations are often host-specific [20], they
share core physiological mechanisms across systems. Well-
studied pathosystems, such as Dendroctonus ponderosae
— Pinus contorta, D. frontalis — southern pine species, and
Ips typographus — Picea abies, illustrate the tight ecological
coupling among beetles, host trees, and microbial consortia
[21-23].

Despite broad recognition that tree mortality emerges
from complex interactions among host trees, bark bee-
tles, and their associated fungal symbionts [21], critical
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knowledge gaps remain regarding the physiological factors
that predispose trees to infestation and the mechanistic path-
ways leading to decline and mortality. In particular, the links
between physiological destabilization in conifer hosts and
the underlying biochemical and molecular processes, both
prior to and following bark beetle attack, remain poorly
understood [24]. Notably, the dynamics of phloem transport
during different phases of bark beetle attack have received
limited attention. Moreover, it is increasingly evident that
these pathosystems extend beyond binary host-beetle inter-
actions to encompass diverse microbial communities of
both agents, including aerobic and anaerobic taxa [13, 25].

We argue that an important pathway to mortality may
be represented by hydraulic failure, defined as the inability
of the xylem to supply sufficient water to offset leaf tran-
spirational losses due to the formation and spread of air
embolisms. This condition may be triggered, potentially
synergistically, by multiple factors, including drought, bee-
tle-induced phloem disruption, and fungal weakening of the
xylem via pit membrane degradation.

To capture the multifaceted nature of bark beetle patho-
systems, we propose an integrative framework encom-
passing the physiological, biochemical, and ecological
dimensions of interactions among host trees, beetles, and
their associated microbiota. We outline a conceptual model
describing a sequential and empirically testable cascade of
events initiated by climate-induced environmental stressors.
These stressors trigger physiological responses in host trees
that increase susceptibility to beetle colonization, followed
by mechanical and biochemical disruption of host tissues
and the establishment of a restructured internal microenvi-
ronment shaped by symbiotic fungi and bacteria. Together,
these processes drive profound alterations in host physiol-
ogy, ultimately culminating in tree mortality, potentially
further accelerated by additional pathogens (Fig. 1).

Phloem Physiology is Dependent on Xylem
Physiology

Bark beetles primarily exploit the inner phloem, a vascu-
lar tissue specialized for the long-distance translocation of
aqueous solutions enriched in soluble carbohydrates [26].
This transport system is essential for distributing energy-
rich compounds to non-photosynthetic tissues (known as
sink tissues) throughout the plant, thereby sustaining cel-
lular metabolism. Among these sink tissues, roots have
particularly high and dynamic metabolic demands. The
plasma membranes of root cells are densely populated with
specialized transport proteins, such as aquaporins that facil-
itate water movement and ion channels that mediate nutri-
ent uptake. Maintaining these transport processes requires
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Trees attacked in the current season
dry out, their adjacent trees undergo
uncontrolled water loss, increasing
the attractivenessto pioneer beetles
in further adjacent stressed trees in
the following season

Fig. 1 Schematic development of bark beetle attack (e.g., Ips typogra-
phus) on specific host trees. Phase 0: Trees are healthy, with no physio-
logical limitations from soil water availability or vapor pressure deficit
(VPD) affecting their physiology. Tissues are well hydrated, and resin
exhibits low viscosity. Phase 1: Drought-stressed trees begin to reduce
the osmotic potential of their living tissues, making them vulnerable
to colonization by pioneer bark beetle adults. These pioneers emit
aggregation pheromones, initiating mass attack. Phase 2: During mass
colonization (establishment of first offspring generation), damage to
bark tissue leads to increased water loss, which intensifies competition
for soil water among neighboring trees. As water availability declines,

substantial metabolic energy to support rapid protein turn-
over and to preserve the electrochemical gradients (differ-
ences in ion concentration and charge across membranes)
that are critical for cellular function [27].

Phloem transport is driven by a hydrostatic pressure gra-
dient between sieve elements at source tissues (e.g., leaves
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neighboring trees also lower the osmotic potential of their tissues,
becoming susceptible to colonization by beetles establishing a sister
brood or second generation. Phase 3: Excessive water loss causes a
sharp decline in xylem water potential, surpassing the threshold for
embolism formation. Extensive embolism (hydraulic failure) rapidly
impairs xylem water transport, leading to tree death. Trees undergo-
ing mass colonization further increase bark water loss, imposing addi-
tional stress on adjacent trees, which may then be colonized in the
current or next season. Phases 4 and 5: Trees affected during previous
mass colonization phases progressively die from hydraulic failure

and storage parenchyma) and sieve elements at sink tis-
sues (i.e., heterotrophic tissues such as roots), as described
by Miinch’s pressure-flow theory [28, 29]. This transport
mechanism is intrinsically dependent on xylem water
potential. Turgor pressure in sieve elements develops when
sugar loading lowers phloem water potential below that of
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the adjacent xylem, inducing passive water influx from the
xylem into the phloem. The resulting expansion of sieve ele-
ments generates the turgor pressure required to drive bulk
flow along the phloem pathway.

A key physical constraint on phloem transport is sap
viscosity, which increases nonlinearly with rising sugar
concentrations. Elevated viscosity increases hydraulic resis-
tance to flow, as described by the Hagen—Poiseuille rela-
tionship [30], thereby reducing transport efficiency. This
constraint becomes especially pronounced under declin-
ing xylem water potentials, such as during drought events.
Living tissues may acclimate to reduced water availability
either through passive dehydration, where cells lose water
and osmotic potential decreases without maintaining turgor,
or through active osmotic adjustment, where sugar accumu-
lation helps retain water and sustain turgor pressure. Passive
dehydration ultimately leads to phloem transport failure due
to insufficient turgor, while active sugar accumulation can
maintain turgor but at the cost of increased sap viscosity,
which imposes a physical limit on transport capacity.

These physiological dynamics of phloem transport and
tissue hydration may have important consequences for bark
beetle development. Variations in phloem sap sugar compo-
sition, concentration, and water content [31, 32] are likely to
influence the nutritional quality of phloem tissues, thereby
affecting host suitability, colonization success, and repro-
ductive performance of pioneer beetles [33]. Despite this
potential relevance, the mechanistic links between phloem
physiology and bark beetle ecology remain poorly under-
stood and warrant targeted investigation.

Phloem dynamics under drought conditions are tightly
coupled to concurrent physiological responses driven by
changes in xylem water potential resulting from soil water
deficits. Under conditions of adequate soil moisture and
moderate atmospheric evaporative demand (Fig. 1, phase
0), xylem water potential remains relatively high, support-
ing sustained stomatal conductance and maximizing pho-
tosynthetic carbon assimilation. This favorable hydraulic
status maintains comparatively low concentrations of sol-
uble carbohydrates in both phloem sap and adjacent liv-
ing tissues, thereby minimizing sap viscosity, optimizing
phloem hydraulic conductivity, and supporting efficient
long-distance carbohydrate transport as well as adequate
hydration of metabolically active cells.

Under such well-hydrated conditions, corresponding to
higher xylem water potentials, the relatively diluted phloem
sap [32] may offer limited nutritional value for organisms
feeding on phloem tissues, such as sap-feeding insects or
phloeophagous bark beetles. In healthy trees, low concen-
trations of sugars and other nutrients (assimilates) may act
additively with tree defenses to limit larval growth, survival,
and reproductive success, thereby reducing host suitability
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[33]. In addition, bark water losses in healthy trees are typi-
cally low, as the bark functions as an effective insulating
layer. Well-hydrated and fully expanded bark tissues protect
living cells and functional xylem from direct atmospheric
exposure, further contributing to hydraulic stability and
resistance to biotic invasion [34].

Constitutive and Inducible Tree Defenses
Against Bark Beetles

Tree defense mechanisms against bark beetle colonization
comprise both constitutive and inducible components. Con-
stitutive defenses provide pre-formed protection against
potential invaders, whereas inducible defenses are activated
or amplified in response to attack, reinforcing both physical
and chemical barriers [35, 36].

A central component of conifer defense is the secretion
of oleoresin from axial and radial resin ducts damaged dur-
ing beetle penetration beneath the bark. Exuded resin can
physically repel or entomb invading insects while simulta-
neously isolating beetle-associated fungi, thereby restricting
pathogen spread within host tissues [37]. In many conifers,
including Picea and Pinus species, resin ducts form an
extensive three-dimensional network filled with oleoresin,
a hydrophobic mixture dominated by volatile monoterpenes
and non-volatile diterpene acids [38—40]. High monoter-
pene concentrations are associated with low resin viscosity
[11], facilitating rapid resin mobilization and enhancing the
tree’s ability to deter beetle entry during the initial phases
of attack [37].

Effective defense requires resin to flow at sufficiently
high rates to inundate and immobilize invading beetles.
Resin is a viscous fluid, and its flow rate is therefore
inversely related to viscosity (Hagen—Poiseuille law [41]),
making it highly sensitive to oleoresin composition and tis-
sue hydration. Upon exposure to air, volatile terpenes evap-
orate, causing resin hardening by polymerization, while
dehydration further accelerates solidification. In addition,
volatile organic compounds may diffuse from resin ducts
into adjacent xylem tissues, driven by concentration gradi-
ents and facilitated by negative xylem water potentials [42].

Well-hydrated bark tissues help maintain low resin vis-
cosity by preserving oleoresin composition and tissue
hydration, thereby ensuring rapid resin mobilization dur-
ing beetle attacks [11]. Suberized bark layers and adequate
hydration also act as physical barriers limiting monoterpene
volatilization and preserving the chemical efficacy of oleo-
resin at entry points [34]. Under these conditions, resin is
rapidly mobilized and solidifies around the beetle body,
forming both physical and chemical barriers that restrict
beetle advancement and fungal inoculation.
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Under drought conditions, however, these defensive pro-
cesses become compromised. Water deficits increase resin
viscosity and reduce its flow rates [11], impairing the tree’s
capacity to repel bark beetles. Prolonged or severe drought
further exacerbates this vulnerability by markedly reducing
resin secretion rates [11, 22], thereby diminishing overall
defensive potential [43].

While constitutive defenses provide initial resistance,
inducible defenses can enhance resin synthesis and flow fol-
lowing recognition of biotic threats, including the formation
of traumatic resin ducts [35, 36, 44, 45]. Trees also activate
a range of chemical defense pathways in response to biotic
and abiotic stressors. Fungal infection, for instance, induces
hypersensitive wound responses in bark tissues character-
ized by localized cell death and the accumulation of second-
ary metabolites such as phenolics and terpenoids [43, 46,
47].

The impact of drought on tree susceptibility to bark
beetle infestation depends strongly on tree water status
and the availability of stored carbon reserves that sustain
investment in both constitutive and inducible defenses. Car-
bon allocation to defense inevitably trades off with other
demands, including the accumulation of osmotically active
compounds (substances that help retain water in tissues) to
maintain tissue hydration [48] and the production of new
biomass [49].

Most conifers exhibit tight stomatal regulation under
water-limiting conditions [50], reducing carbon assimila-
tion and increasing reliance on stored non-structural car-
bohydrates (NSCs) to sustain metabolism and hydration.
Under mild to moderate drought, concentrations of solu-
ble NSCs often increase in phloem and bark parenchyma
[10], partly offsetting declines in xylem water potential.
This condition may transiently stimulate certain defense
responses, such as stilbenes, flavonoids, and diterpenes,
particularly following fungal infection [43]. However,
experimental evidence indicates that elevated soluble
carbohydrate concentrations do not necessarily translate
into increased terpene biosynthesis [51-53], despite the
high toxicity of these compounds to bark beetles and
their fungal symbionts [54, 55].

As drought intensifies, the combined effects of carbon
depletion and increasingly negative xylem water poten-
tials elevate the risk of hydraulic failure due to embolism
formation, while simultaneously constraining carbon
availability for the biosynthesis of new defensive com-
pounds [19, 56]. Tissue dehydration in the outer bark lay-
ers reduces cell turgor, potentially creating gaps between
dehydrated cells [57], thereby compromising the bark’s
insulating function [58]. These structural changes may
facilitate the diffusion of hydrophobic monoterpenes
into the atmosphere, reducing their local concentration

within resin ducts, especially in the longer term [51].
The decline in monoterpene content to be expected after
extended, severe drought, increases resin viscosity and
limits resin mobility, undermining one of the primary
defense mechanisms against pioneer bark beetles [11].
Collectively, these physiological changes may increase
the risk of bark beetle infestation [11, 59, 60].

In parallel, higher osmolality, the concentration of dis-
solved solutes, in bark and phloem tissues under drought
conditions [32, 48] may provide a more favorable nutri-
tional substrate for bark beetles and their fungal associates
[61]. Osmoregulatory adjustments, together with drought-
induced accumulation of phenolic compounds, suggest that
water stress fundamentally reshapes the nutritional and
chemical landscape of bark tissues [51].

Consistent with this hypothetical framework, model out-
comes and monitoring data clearly demonstrate that drought
events leading to acute tree water deficits are correlated with
outbreaks of I. typographus [8].

Despite these advances, current understanding remains
fragmented. The physiological regulation of defense
responses has not yet been fully integrated with phloem
transport dynamics and drought-induced shifts in osmotic
potential, which together govern carbon redistribution
within stressed trees. Furthermore, bark beetle-associated
fungi exacerbate defense depletion by consuming host-
derived sugars [47, 62] and metabolizing phenolic com-
pounds [63-65], further weakening chemical defenses.
Emissions of volatile terpenoids and ethanol, through
both bark diffusion and xylem transport to the canopy,
are strongly modulated by temperature, soil moisture,
and resin quality [66, 67]. While moderate drought often
enhances volatile organic compound emissions, severe
drought suppresses emissions and alters their chemical
composition, reflecting metabolic constraints and sub-
strate limitation [68]. These biochemical and physical
signals may enable pioneer bark beetles to identify hosts
with compromised defensive capacity and optimal condi-
tions for colonization.

Host Tree Selection

Osmotic adjustment in drought-stressed trees can alter the
performance and development of bark-feeding organisms by
reshaping the nutritional and chemical properties of phloem
and bark tissues. These drought-induced changes may also
affect host suitability for colonizing beetles and, impor-
tantly, may provide cues that allow insects to discriminate
between stressed and healthy trees through a combination
of olfactory, gustatory, visual, and potentially vibrational
(auditory/tactile) signals [69] (Fig. 1, phase 1).
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Olfactory and Gustatory Cues

The volatile fraction of conifer resin has long been
hypothesized to contribute to the primary attraction of
bark beetles [9]. Bark beetles exhibit high olfactory sen-
sitivity not only to aggregation pheromones but also to
volatiles emitted by host and non-host trees [70], as well
as to compounds associated with symbiotic fungi [71]. In
principle, drought-induced shifts in resin chemistry and
emission rates could modify these olfactory landscapes,
enabling beetles to assess host condition at distance.
However, despite strong mechanistic plausibility, defini-
tive field evidence that pioneer beetles reliably orient
toward “high-quality” stressed hosts based solely on host
volatiles remains limited [9].

By contrast, gustatory mechanisms remain comparatively
poorly understood. Once a beetle contacts the bark surface,
short-range cues likely become increasingly important. Pio-
neer beetles are thought to detect and avoid non-hosts partly
via characteristic volatile blends [72] and emissions may
differ between healthy and vulnerable trees [9]. Individual
compounds, including camphor, trans-4-thujanol, and other
oxygenated monoterpenoids, can act as attractants or repel-
lents in beetle and fungal bioassays. This suggests that host
selection may depend on a balance between cues that indi-
cate susceptibility and those that signal toxicity or active
defense [24, 73].

In addition to terpenoids, ethanol has been proposed
as a potential indicator of physiological stress. Increased
ethanol emissions from drought-stressed bark could
signal altered carbon status and enhanced availability
of soluble substrates in inner bark tissues, potentially
increasing host attractiveness under certain conditions
[74]. In fact, ethanol has been shown to be an effective
attractant for most species of bark and wood boring sco-
lytids, yet not for economically important species such as
L typographus [75].

Radiative and Thermal Cues

Drought-induced hydraulic constraints reduce stomatal con-
ductance, weakening transpirational cooling of needles and
potentially also of stems. At the same time, lower sap flow
rates reduce the supply of relatively cool water from deeper
soil layers to the canopy. Together, these processes can alter
the thermal regime of both stems and crowns, shifting their
long-wave radiative signatures relative to well-watered
trees [7, 76]. Such temperature contrasts may provide radia-
tive and thermal information, directly or indirectly, at short
distances, particularly under conditions where canopy ther-
mal properties covary with physiological stress and reduced
defensive capacity.
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Auditory, Tactile, and Vibrational Cues

As xylem water potential becomes increasingly negative
and crosses species-specific thresholds, air can enter water-
filled conduits and spread through the xylem network as pit
membranes fail to contain air seeding, leading to embolism
formation (i.e., the blockage of water transport by air bub-
bles). The rapid release of tension during embolism events
generates ultrasonic acoustic emissions [77]. Although such
emissions can be masked by other ultrasound sources in
natural environments [78], they may still produce airborne
or substrate-borne vibrations detectable by insects when
in close proximity or when walking on the bark surface. If
detectable, embolism-generated vibrations could serve as
a highly proximate indicator of acute hydraulic stress and
declining host function, potentially contributing to host
assessment during the final stages of selection.

The Mass Attack Phase: Much More than Just
Girdling

Once pioneering adults (males in Ips) start boring into tree
bark, they release aggregation pheromones that attract addi-
tional male and female conspecifics and promote rapid col-
onization. As larvae hatch, they excavate feeding galleries
along the inner phloem. During successful outbreaks, gal-
lery densities can become extremely high and extend over
several meters of the bole, producing extensive damage
across large stem areas [5].

Phloem Disruption is Spatially Complex, Not a
Simple “Ring Cut”

During colonization, bark beetles mechanically disrupt
the phloem tissue responsible for long-distance assimilate
transport. This damage reduces the longitudinal continuity
of sieve elements and impairs the redistribution of carbohy-
drates from sources to sinks, thereby weakening the whole-
plant carbon economy. Functionally, this resembles girdling
in that phloem transport is interrupted; however, beetle
injury cannot be treated as equivalent to a continuous girdle.

Unlike a circumferential cut that fully severs phloem
transport, beetle galleries create a heterogeneous and dis-
continuous mosaic of lesions, with highly variable spatial
arrangement and degrees of vascular interruption along and
around the stem [5]. This spatial complexity likely results
in areas where phloem transport fails in some regions but
not others, leading to localized carbohydrate accumulation
above damaged areas and carbon starvation below them,
conditions that are difficult to capture with classical girdling
analogies.
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Carbon Depletion and Altered Xylem-Phloem
Coupling

Beyond mechanical disruption, larval feeding directly
consumes soluble sugars in the phloem and non-structural
carbohydrates stored in bark parenchyma [53, 79, 80].
The combination of (i) disrupted transport pathways and
(i1) local carbohydrate removal is expected to destabilize
xylem—phloem coupling by altering both the availability
of osmotically active solutes and the capacity to main-
tain phloem turgor. Because phloem transport depends on
water exchange with the xylem [28, 29], this disruption can
amplify existing drought stress by impairing the dynamic
coordination of water and carbon fluxes, especially under
low xylem water potentials.

Induced Defenses are Costly, Spatially Constrained,
and May be Short-Lived

Mass attack also triggers strong host responses. Beetle-asso-
ciated fungi elicit hypersensitive wound reactions [44, 46],
which are accompanied by localized accumulation of sec-
ondary metabolites, including mono-, sesqui-, and diterpenes
in bark tissues [47]. In drought-stressed trees, elevated local
sugar concentrations, initially accumulated for osmotic adjust-
ment, may temporarily provide substrates for defense biosyn-
thesis, potentially intensifying chemical responses near attack
sites. However, these defenses are inherently spatially con-
strained and energetically expensive. As the attacked surface
area expands rapidly during mass colonization, host capacity
to sustain effective inducible defenses may be outpaced by the
scale and speed of tissue invasion, especially if carbon supply
and phloem transport are already compromised.

Why Beetle-Attacked Trees Die Faster than Girdled
Trees

Phloem disruption has well-characterized whole-plant
consequences. Carbohydrate accumulation above phloem
blockages can increase respiratory activity in stems and
branches and alter leaf traits such as leaf mass per area [81].
In girdling experiments, sugar accumulation has been used
to explain declines in leaf photosynthesis via end-product
inhibition [82]. In parallel, reduced carbon supply to root
sinks can decrease stomatal conductance and transpiration,
increase leaf abscisic acid, and raise leaf water potential [83,
84]. Severe phloem disruption can therefore impair carbo-
hydrate supply to the lower stem and roots, compromising
maintenance respiration, nutrient uptake, and other essential
functions [61].

Yet, while artificially girdled trees (e.g., removal of
a~10 cm-wide bark strip) can survive for years [85], trees

subjected to mass bark beetle attack often die within weeks
to months [13, 43]. This discrepancy suggests that mortality
may be driven by more than phloem interruption alone. A
key difference could be the simultaneous action of multiple
stressors: (i) widespread, spatially complex phloem dam-
age and carbohydrate depletion, (ii) intense metabolic costs
of defense and wound responses, and (iii) fungal-mediated
impairment of xylem function. In particular, beetle-asso-
ciated fungi may accelerate hydraulic collapse by increas-
ing xylem vulnerability, e.g., through mechanisms such as
pit membrane degradation, thereby amplifying drought-
induced embolism risk and pushing the tree toward rapid
hydraulic failure. Together, these interacting processes may
help explain why mass attack can produce much faster mor-
tality than girdling alone.

The Pathway to Crown Desiccation and Tree
Death

Following a successful attack, oviposition and brood develop-
ment begin within days, whereas fungal proliferation typically
proceeds over longer timescales, with extensive sapwood colo-
nization often developing over months [5, 16, 21]. Importantly,
however, the physiological impacts of the first fungal inocu-
lations can be immediate. Ophiostomatoid fungi associated
with I fypographus (e.g. Grosmannia penicillata and Endo-
conidiophora polonica) challenge tree defenses by inducing
the accumulation of monoterpenes and diterpene resin acids,
while simultaneously consuming NSCs and degrading phe-
nolic compounds in the necrotic areas [43, 47]. Even before
external symptoms such as needle discoloration become vis-
ible, E. polonica can trigger rapid vertical expansion of dehy-
drated sapwood “dry zones”, often extending~20-40 cm
within weeks of inoculation [16]. The speed of this response
is suggestive of an embolism-driven mechanism, whereby fun-
gal activity at numerous inoculation points may initiate local-
ized hydraulic dysfunction that can rapidly propagate along the
stem. During mass attacks, multiple dry zones may coalesce,
increasingly constraining sap flow until whole-tree transport
becomes critically impaired and systemic hydraulic failure
ensues [16]. In parallel, fungal growth into phloem tissues may
further suppress photosynthate transport, compounding carbon
limitation already imposed by gallery formation [21].

The Subcortical Microenvironment as a Driver of
Multi-Trophic Feedbacks

Bark beetles are aerobic and rely on ventilation holes to
support gas exchange between the atmosphere and their
galleries beneath the bark. Within these galleries, beetle
respiration and altered water relations likely generate
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microenvironments with strongly fluctuating oxygen avail-
ability and humidity, creating spatial and temporal mosa-
ics of aerobic and anaerobic conditions. Such heterogeneity
may promote the establishment of diverse microbial com-
munities, including aerobic and anaerobic taxa, that are
symbiotically associated with beetles or introduced by
other vectors [86—88]. Within this expanding microbiome,
ophiostomatoid fungi, as well as associated bacteria/yeasts
can contribute to host decline by depleting non-structural
carbohydrates in phloem, bark, and living xylem cells
[47, 62]. Some of these microbial associates may damage
parenchyma cells (the living cells in wood and bark) [89],
even though they generally do not decompose the structural
wood polymers characteristic of classical wood-decay fungi
[18, 90]. In addition, nitrogen-fixing bacteria may be strate-
gically important for supporting beetle development, given
the low nitrogen content of phloem tissues that constitute
the primary larval substrate [91, 92].

From Gallery Aeration to Bark Water Loss and
Escalating Hydraulic Stress

Bark beetle galleries under the bark create networks of
tunnels that breach the protective barrier of the bark and
phloem [36], exposing subcortical tissues to the atmosphere
and altering the normal gas and vapor exchange path-
ways. These tunnels and the structural changes in the wood
increase permeability of the affected tissues, likely enhanc-
ing oxygen supply to the galleries but also increasing evapo-
rative water loss from subcortical tissues [34, 93] (Fig. 1,
phase 2). Increased bark dehydration would further depress
xylem water potential and could transiently intensify sap
flow demands. However, as xylem water potential becomes
progressively more negative, declining xylem conductance
and increasing embolism frequency should ultimately cur-
tail water transport, pushing the tree toward critical thresh-
olds (Fig. 1, phase 3).

At this stage, beetle-infested trees are likely to experi-
ence extensive xylem hydraulic failure, characterized by
widespread embolism formation and reduced water reserves
in bark tissues, particularly under severe drought [94, 95].
While embolism-driven mortality can occur in the absence
of beetles and fungi, their presence introduces additional,
synergistic pathways that promote embolism formation at
less negative water potentials and accelerate system-wide
collapse. Beetle galleries can increase water loss, whereas
ophiostomatoid fungi can directly increase xylem vulner-
ability. In particular, fungal degradation of pit membranes
weakens the xylem’s capacity to prevent air seeding, and
may also release surface-active compounds into the sap
stream that reduce xylem sap surface tension, both mecha-
nisms that promote embolism spread under comparatively
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milder tensions [16, 96]. These interacting mechanisms
provide a plausible explanation for the rapid sapwood des-
iccation commonly observed in beetle-killed trees [95]. A
sapwood dominated by air-filled vascular conduits may
then become more permissive to colonization by aerobic
fungi, potentially helping to explain why blue stain devel-
opment in sapwood often becomes conspicuous after crown
desiccation.

Spatial Contagion: Why Infestations Expand

Within this framework, the expanded microbiome that
develops in susceptible trees may accelerate the depletion
of carbon and nitrogen resources stored in bark tissues,
thereby driving overall tree decline. An additional, intrigu-
ing implication of the “high bark water loss” hypothesis is
that attacked trees could temporarily increase their uptake
of local soil water, potentially affecting water availability
for neighboring trees. If surrounding trees experience more
negative water potentials, osmotic adjustment may increase
the concentration of soluble compounds in phloem and
bark tissues, potentially shifting them into a more “attrac-
tive” or “susceptible” physiological state for pioneer beetles
(Fig. 1, phase 2). Such neighborhood-scale feedbacks could
contribute to the characteristic spatial expansion of infesta-
tion nuclei observed in some pathosystems, including Picea
abies—Ips typographus (Fig. 1, phases 4-5).

Conclusions

This synthesis integrates plant hydraulics, phloem transport,
carbon allocation, defense chemistry, insect behavior, and
microbial ecology to develop a mechanistically grounded
framework for understanding bark beetle—associated tree
mortality under drought. By explicitly linking well-estab-
lished physiological responses of host trees to beetle col-
onization dynamics and the modifying role of symbiotic
microorganisms, the framework highlights interactions that
are often examined in isolation. Central to this perspec-
tive is the coupling between xylem and phloem function:
drought-induced declines in water potential, changes in
osmoregulation, and shifts in carbohydrate allocation con-
strain transport efficiency and defensive capacity, thereby
shaping host susceptibility prior to attack.

Following successful colonization, mass attacks disrupt
phloem integrity in a spatially complex manner, reducing
assimilate transport, depleting local carbon reserves, and
destabilizing xylem—phloem coordination. In parallel, fun-
gal and bacterial associates amplify host decline by con-
suming stored resources, detoxifying chemical defenses,
and impairing xylem function through processes such as pit
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membrane degradation. Together, these interacting mecha-
nisms can accelerate hydraulic dysfunction and increase
vulnerability to embolism, positioning hydraulic failure as a
potential convergence point among multiple stressors rather
than as a single, universal cause of mortality.

At the same time, several elements of the proposed cascade
remain supported primarily by indirect evidence. In particular,
the magnitude and ecological relevance of changes in bark
permeability, subcortical gas and vapor exchange, microbial
microenvironmental heterogeneity, and sensory cues guid-
ing beetle behavior remain poorly quantified. Moreover, the
relative importance of hydraulic failure, carbon limitation, and
metabolic disruption as terminal processes likely varies across
species, environments, and disturbance regimes. These unre-
solved aspects primarily reflect gaps in empirical observation
and therefore identify priorities for future research rather than
shortcomings of the integrative approach.

By clearly delineating both established mechanisms and
unresolved questions, this framework provides a foundation
for targeted experimentation and model development aimed
at improving predictions of forest responses to increasingly
frequent and severe drought and bark beetle outbreaks under
ongoing climate change.
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