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Abstract – This review synthesizes the available knowledge on drought-disease interactions in forest trees with a focus on (1) evidence and patterns
of drought-disease interactions, (2) current understanding of processes and mechanisms, and (3) three well documented cases studies. The first part
is based on the analysis of a database of slightly more than one hundred studies, obtained by keyword searches combining drought, diseases or
pathogens, and forest trees. A large majority of published studies referred to a positive association between drought and disease, i.e. disease favoured by
drought or drought and disease acting synergistically on tree health status, with a predominance of canker/dieback diseases, caused by pathogens like
Botryosphaeria, Sphaeropsis, Cytospora and Biscognauxia (Hypoxylon). The type of disease-related variables (incidence vs. severity) and the intensity
and timing of water stress were shown to be significant factors aﬀecting the drought- infection interaction. Interactions with other abiotic stresses and
species-specific and genetic eﬀects, related to host or pathogen, have also been reported. Direct eﬀects of drought on pathogens are generally negative,
although most fungal pathogens exhibit an important plasticity and can grow at water potentials well below the minimum for growth of their host
plants. Studies on indirect eﬀects of drought on pathogens through other community interactions are still relatively scarce. Positive drought-infection
eﬀects can mostly be explained by indirect eﬀects of drought on host physiology. The predisposition and the multiple stress hypotheses are presented,
as well as recent developments in the study of the molecular basis of abiotic and biotic stress, and their interactions. Sphaeropsis sapinea on pines,
Biscognauxia mediterranea on oaks and root pathogens in declines associated with drought provide illustrative examples, treated as case studies, of
pathogens of current significance associated with drought. The conclusion highlights some knowledge gaps, e.g. the role of latent parasites and the shift
to a pathogenic stage, or the genetics of some fungal groups. The need for prevention of pathogen dispersal, especially crucial in the case of latent
pathogens, is emphasized.
drought / water stress / pathogenic fungi / predisposition / forest trees
Résumé – Interactions entre sécheresse et agents pathogènes chez les arbres forestiers. Cette revue synthétise les connaissances actuelles sur les
interactions entre sécheresse et maladies chez les arbres forestiers, avec trois grandes parties : (1) description des types d’interaction ; (2) connaissances
acquises sur les mécanismes impliqués ; (3) trois études de cas bien étudiées. La première partie est basée sur l’analyse d’une base de données d’une
centaine d’études, sélectionnées par recherche sur mots clés. La plupart de ces études se rapportent à des maladies favorisées par la sécheresse ou à
un eﬀet synergique entre sécheresse et maladie sur l’état sanitaire des arbres, avec une prédominance de maladies à chancres ou de rameaux, causées
par des espèces des genres Botryosphaeria, Sphaeropsis, Cytospora et Biscognauxia (Hypoxylon). Un eﬀet significatif de l’intensité et de la durée du
stress est montré dans certains cas sur le développement des maladies. Les eﬀets de la sécheresse peuvent être diﬀérents selon qu’il s’agit de variables
liées à l’incidence ou à la sévérité de la maladie. Des interactions avec d’autres stress abiotiques ou en relation avec des eﬀets génétiques ou spécifiques
ont également été décrits. Les eﬀets directs de la sécheresse sur les pathogènes sont généralement négatifs, mais les champignons montrent une grande
plasticité et peuvent généralement se développer à des potentiels hydriques inférieurs à ceux inhibant la croissance de leurs hôtes. Les eﬀets positifs
entre sécheresse et infection s’expliquent principalement par des eﬀets indirects sur la physiologie des hôtes. Les hypothèses sur la prédisposition et
les stress multiples sont présentées, ainsi que les développements récents sur les bases moléculaires des stress et de leurs interactions. Les trois études
de cas concernent Sphaeropsis sapinea sur pins, Biscognauxia mediterranea sur chênes et l’interaction entre pathogènes racinaires et sécheresse dans
les dépérissements. Dans la conclusion, quelques perspectives de recherche à privilégier sont mentionnées, comme le rôle et la biologie des parasites
latents, ou la génétique de quelques groupes fongiques. Sur un plan pratique, la nécessité de limiter la dissémination des parasites, particulièrement
cruciale dans le cas des parasites latents, est soulignée.
sécheresse / stress hydrique / champignons pathogènes / prédisposition / arbres forestiers

1. INTRODUCTION
Among a wide variety of abiotic and biotic factors, drought
and pathogenic fungi are important stressors aﬀecting forest and tree health. The separate eﬀects of water deficits and

pathogens on tree physiology have been studied for decades.
Interactions between drought and disease have also long been
recognised [47,84]. Paradoxically, since moisture is indispensable for the germination and initiation of infection by fungal
spores as well as for dispersal in many species [1], the eﬀect of
drought in enhancing fungal diseases of plants has frequently
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been reported, especially in forest trees [173]. This question
has again moved to the forefront with the severe heat and
drought wave of the summer 2003 in Europe and the concern is
all the more important that such episodes might become more
frequent in the future with global climate change [86].
The aim of this review is to synthesize the available knowledge on drought-disease interactions in forest trees with a focus on (1) evidence and patterns of drought-disease interactions, (2) current understanding of processes and mechanisms,
and (3) three well documented cases studies.
2. EVIDENCE AND PATTERNS
OF DROUGHT-DISEASE INTERACTION
Our synthesis was primarily based on the analysis of articles selected from the CAB database (1973–2005) by conducting keyword searches combining drought, diseases or
pathogens, and forest trees. Our database included slightly
more than one hundred studies dealing with specific cases of
drought-disease interaction, which were categorised according to hosts, pathogens, and the methodology used to assess
drought-disease interactions (Tab. I). All studies dealt with
fungal pathogens (lato sensu, including Oomycetes) although
bacteria pathogenic to forest trees have been studied in other
woody hosts in interaction with water stress, e.g. Xylella fastidiosa [132]. The interaction was scored positive if disease
was favoured in the drought (water deficit) treatment(s) or if
drought and disease acted synergistically on tree health status. Not only statistically significant eﬀects were considered
but also correlative observations (epidemiological field observations). On the basis of the methodology used for the assessment of drought-disease interactions, the studies included
in the database can be categorized in two main types. Most
are experimental studies in which the development of disease
caused by one specific pathogen in stressed host plants has
been investigated. Most have used potted seedlings or saplings
grown in greenhouse or nursery, subjected to experimental
stress by various treatments of watering, and artificially inoculated, water stress being generally applied before and during interaction with the pathogen. The eﬀect of drought (or
water stress) has been assessed by comparing pathogen- or
disease-related variables (extent of colonisation, lesion length)
in water stressed inoculated plants to that in normally watered
inoculated plants or by examining the relationship between
symptom development and water potential. The variables used
therefore commonly refer to severity of disease rather than incidence (frequency of infection). Few experimental investigations have been carried out so far including pathogen and abiotic stress with an ecophysiological approach [10, 128, 129].
A second smaller group of references are epidemiological studies in which the eﬀect of environmental factors, especially drought, on disease expression or the combined effects of drought and pathogens on tree health status, have
been investigated in the field. The possible involvement of
drought has been examined by studying spatial and temporal
patterns of damage in relation to microclimatic or meteorological data, or water potential in trees. Simplest correlative

analyses have associated outbreaks of several diseases to years
with exceptionally hot and dry summers, e.g. Cryptostroma
corticale on sycamore (Acer pseudoplatanus) [74] or site factors potentially conducive to water stress (shallow soils, texture) to severity of some diseases, e.g. Phomopsis alnea on
black alder (Alnus glutinosa) [140] or Hypoxylon canker on
trembling aspen (Populus tremuloides) [31]. Dendrochronological analyses have also been used to demonstrate the cooccurrence or sequential association of low precipitation periods, lower tree growth and invasion of bark or wood tissues by
pathogens, such as Fusarium eumarti on oaks [166], Nectria
on sycamore [77, 144], or Eutypa and Biscognauxia on beech
(Fagus sylvatica) [83]. This approach has proved very interesting and useful in the case of complex decline syndromes where
multiple abiotic (including drought) and biotic (pathogens and
insects) factors are involved [80, 85, 106, 140].

2.1. Disease types
The foremost result of the literature analysis is that a great
majority of published studies referred to a positive association
between drought and disease. This applies both to broadleaved
trees and conifers. A wide variety of hosts are represented (20
genera) but more than half of the studies dealt with Quercus, Populus (most often P. tremuloïdes), Pinus and Picea,
which may reflect the productive and environmental importance of species in these groups in temperate regions. However, large diﬀerences both in the relative number of reports
and in the frequency of “positive reports” (i.e. with a positive
drought-disease interaction) were observed between pathogen
guilds or disease types (Tab. I). It is remarkable that more
than half of all studies focused on canker/dieback pathogens,
with a large predominance of Botryosphaeria, Sphaeropsis,
Cytospora, Biscognauxia and Entoleuca (Hypoxylon) species.
Root diseases were also rather well represented. Conversely,
very few studies with foliar diseases were found, and none
about obligate parasites such as rusts and powdery mildews.
The representativeness of the database for the general response of all diseases to drought interaction is therefore highly
questionable. Actually, it can be assumed that most studies
published in recent decades did not have the aim of testing
the generality of a positive interaction between drought and
pathogens, such as the Plant stress hypothesis, i.e. that abiotic stress increases the suitability of plants as food for herbivores, often referred to by entomologists [103]. Rather, experimental studies mostly focused on some pathogens for which
circumstantial evidence linking drought and disease in natural conditions had previously been reported, with the aim to
bring experimental support and some insights to our understanding of the processes involved [173, 175]. The over representation in the database of diseases having a strong positive link with drought is further supported by the fact that the
more a group is represented the more consistent is its response
to drought, i.e. with a high frequency of “positive reports”.
Thus, when comparing canker and foliar diseases, both their
respective number of reports and frequency of “positive” reports are likely to be indications of stronger or more frequent
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Table I. Classification of published studies on drought-disease interactions in forest trees.
Total
Hosts
Broadleaved trees
Quercus
Populus
Conifers
Pinus
Picea
Diseases
Anthracnoses (Discula, Apiognomonia, Septoria)
Beetle-associated Ophiostomatoïds
Cankers / shoot blights, including:
Botryosphaeria
Sphaeropsis sapinea
Cytospora
Hypoxylon / Biscognauxia
Foliar
Phytophthora root rot and stem cankers
Root pathogens (Armillaria, Heterobasidion, others)
Vascular
Methodological approach+
Experimental studies on potted seedlings or with excised tissues
Experimental studies in the field
Epidemiological studies in the field

Positive drought-disease
interaction*

82
32
14
35

56 (68%)
22 (63%)
22
10

22
10
117
7
6
64

78 (67%)
3 (43%)
1 (17%)
53 (83%)
12
10
9
13

5
14
18
3

2 (40%)
7 (50%)
10 (56%)
2 (67%)

70
9
32

53 (76%)
5 (56%)
25 (78%)

* Disease favoured by drought or drought and disease eﬀects acting synergistically on tree health; non-positive records include no eﬀect, or negative or
mixed eﬀects.
+
For hosts and diseases, each specific interaction was considered individually, whereas the methodological approach may apply to several pathogens.

positive drought-disease interaction for the former than for the
latter. Data from the French Department of Forest Health after
the drought wave of 2003 are consistent with this diﬀerential
response, although many factors might explain temporal patterns. Reports of poplar rusts showed a marked decrease in
2003 whereas those of Sphaeropsis sapinea showed a marked
increase in 2003–2004, especially for the second year (relative
to the total number of disease reports). S. sapinea on pines,
as well as Biscognauxia mediterranea on oaks, are illustrative
examples of canker/dieback pathogens with only positive interactions with drought reported. They will be presented below
in more detail, as case studies. A few reports, however, demonstrated a negative eﬀect of drought on some canker diseases,
such as Thyronectria canker of honeylocust (Gleditsia triacanthos) [87] and Cryphonectria cubensis on Eucalyptus [192].
Contrary to most canker diseases, mixed results on droughtdisease interaction are often reported in foliar and root diseases, even for the same etiological agent, as exemplified by
anthracnoses and Phytophthora diseases (see below).

2.2. Disease- or health status-related variables
In a few cases where diﬀerent types of disease-related variables were studied, contrasting results were obtained for the
eﬀects of drought on the incidence of disease (related to the
frequency of infection) and on the severity and impact of dis-

ease (related to symptom development and eﬀects on trees),
with less positive or negative eﬀects for the former as compared to positive eﬀects for the latter [23, 73]. Anthracnose
and Phytophthora diseases are typical and well documented
examples. Contrasting observations on the influence of climatological factors on dogwood (Cornus florida and C. nuttallii) anthracnose caused by Discula destructiva have been reported [55]. In a study with dogwood seedlings exposed to
natural inoculum, Britton [30] clearly established that both primary infection, at the initiation of epidemics, and secondary
cycles, were related to rainfall. This was consistent with higher
severity of the disease under moist conditions in some areas [46]. However, rainfall also promotes host vigour and has
been reported to lessen disease impact [55]. Moreover, experimental studies demonstrated a predisposition to the disease by drought stress, in agreement with some field observations [55, 67, 76]. A further reason for mixed responses to
drought in anthracnose diseases is that diﬀerent organs are
aﬀected. Diﬀerential eﬀects of a water stress treatment were
demonstrated on London plane (Platanus acerifolia) cuttings
when leaf or twig symptoms were considered, with a negative
eﬀect for the former and a positive for the latter [188]. The
same was observed for Septoria musiva [130].
Although Phytophthora diseases such as those caused by P.
cinnamomi are generally recognised to be more frequent on
soils with impeded drainage favourable to the pathogen [49,
65], severe losses have also been reported on well drained
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soils or even dry areas [28, 148]. Negative eﬀects of drought
on the development of P. cinnamomi in soil or in bark have
often been reported [32, 116, 125, 195] whereas synergistic interactions between drought and infection have been demonstrated on tree physiology and the severity of disease symptoms [20, 128, 129].

2.3. Intensity and timing of water stress
In most reports, experimental stress was tested at only one
level (stressed/non stressed), often with extreme values in
studies with potted plants. The influence of stress intensity
on plant response to infection may explain contrasting results
obtained in diﬀerent studies, especially between greenhouse
and field studies [107]. In addition, non-linear responses were
usually found in the few studies where a range of stress intensities or water potentials were used [51, 61, 118]. In most
cases, a trend of increasing disease severity with increasing
water stress was observed, either with a rather continuous
pattern or with threshold levels. Schoeneweiss [176] summarised the diﬀerent patterns of relationship between water
stress and disease, which he linked to pathogen aggressiveness. According to this scheme, threshold levels of water stress
(“critical water deficits”) are required for predisposition to
non-aggressive pathogens, but as pathogen aggressiveness increases, the influence of threshold levels of stress becomes less
evident and the favourable influence of water stress overall decreases. An example of a nonaggressive canker fungus is provided by Botryosphaeria dothidea which is able to develop in
stems of various host species only after plant water potentials
have reached lower values than the threshold level of –1.2 to
–1.3 Mpa, with colonisation extent increasing with decreasing
water potential [51]. However, levels of water stress required
for the development of Sphaerospsis sapinea in pines showed
a large variation between studies (cf. below). Referring to
Schoeneweiss’ classification, Ragazzi et al. [165] qualified
Diplodia mutila of medium aggressiveness since canker development was not nil in non-stressed seedlings but increased
with water stress. Cytospora chrysosperma on aspen [81] or
Botryosphaeria dothidea on pistachio [117] are other examples.
In some cases, non monotonic relationships between water deficit and disease were shown, with an optimum at intermediate values. Lindberg and Johansson [111] clearly demonstrated such a pattern for Heterobasiodion annosum in Picea
abies, with high host resistance at potentials higher than
–0.5 MPa, low resistance between –0.5 to –1.5 MPa, and increasing resistance below –1.5 MPa. Attenuation of the activity of decay fungi by both high and low moisture contents of
wood, in dead timber as well as in living trees, is a long established fact [167]. Wood moisture was also shown to be an
important factor determining the success of infection of Sitka
spruce (Picea sitka) stumps by Heterobasidion annosum, with
an optimum at 30–70% saturation [16, 168].
Duration and timing of stress were also shown to have an
influence on the outcome of host-pathogen interactions. In predisposition studies with B. dothidea, a minimum duration of

3 days at the threshold level was required after inoculation;
on the other hand, tissues could recover resistance 3–5 days
after the stress was relieved [51]. Johnson et al. [89], working with Sphaeropsis sapinea on Scots pines (P. sylvestris),
demonstrated that saplings subjected to stress levels of –3 to
–4.5 MPa were able to confine canker expansion when watering was resumed within a few days after inoculation whereas
increased canker development occurred when water was not
limiting before inoculation but withheld during 2 or 3 weeks
after inoculation. Diﬀerential eﬀects of water stress in relation to timing before or after infection have also been reported
for Lasiodiplodia theobromae on dogwood, with a more important eﬀect of pre-inoculation than post-inoculation stress
on canker development [142], a typical pattern of predisposition. A heavy watering prior to inoculation associated with
water stress after infection increased Dutch elm disease [183].
For P. cinnamomi on red oak (Quercus rubra), an increase in
lesion length was observed after but not during a period of
stress [125]. The favourable eﬀect on disease of alternating
wet and dry periods is consistent with field observations. In
Australia, dieback epidemics associated with P. cinnamomi in
eucalypt (Eucalyptus marginata) forests were related to typical weather sequences including three or four months of heavy
rainfall followed by three or four months of low rainfall [127].
2.4. Drought and other abiotic stresses
Comparisons or interactions of drought with other environmental stresses have been investigated in a few studies. Freezing stress in dormant plants, defoliation, and nutrient stress have often been shown to have predisposition
eﬀects comparable to water stress for canker diseases, such
as those caused by Entoleuca (Hypoxylon) and Cytospora
in aspen [12, 81], Godronia and Botryosphaeria in Betula
spp. [51, 60]. In black spruce (Picea mariana) seedlings, predisposition to Botrytis cinerea was obtained either by drought
or heat and dark [221]. Heat induced susceptibility has been
reported in other cases [173].
Erbaugh et al. [67] demonstrated that drought and light
stresses interacted on predisposition to dogwood anthracnose:
no eﬀect of drought on disease severity was observed in unshaded trees (100% light) whereas drought increased severity
on all shaded trees, with a maximum disease progression increase at 50% light but the highest overall disease level at 10%
light in droughted trees.
2.5. Species-specific and genetic eﬀects
Mortality patterns following severe drought have often been
shown to be species specific, resulting in shifts in species composition of stands after severe disturbance [46, 204]. A clonal
pattern was even shown for aspen decline [72]. Diﬀerential
responses of tree species or genotypes to water deficit and
pathogens may explain such patterns [164]. In a study of the
influence of the intense 1985–1988 drought on tree mortality in the southern Appalachian mixed-Quercus species forest,
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Clinton et al. [45] found scarlet oak (Q. coccinea) to be the
most frequently dead or declining species, in agreement with
previous reports showing a primary link to drought-induced
outbreak of Armillaria mellea. The analysis of the oak decline which occurred in France following the severe 1976
drought showed that only Quercus robur was aﬀected [14].
This could be explained by a higher sensitivity of Q. robur
than Q. petraea to water deficits and a higher susceptibility to
root pathogens [109, 161, 205].
Genetic variation in either pathogen or host has been shown
to be a source of variation in the response of trees to drought
and infection in some studies. In the sycamore (Platanus occidentalis) canker caused by Lasiodiplodia (Botryodiplodia)
theobromae, water stress had its greatest eﬀects on increased
canker development by the less virulent strain [110], in agreement with the scheme proposed by Schoeneweiss [176]. In
contrast, Blodgett et al. [23, 24] studying Sphaeropsis sapinea
on red pine (Pinus resinosa), reported significant eﬀects of
drought in increasing disease development only for the more
aggressive A morphotype. The same trend was observed with
Cytospora on willow (Salix spp.) [100].
Interaction eﬀects of drought and genetic disease resistance
of the host have been mostly investigated for woody ornamentals. Blaker and MacDonald [20] demonstrated that moderate
water stress predisposed normally resistant rhododendrons to
severe root and crown rot caused by Phytophthora cinnamomi.
A similar tendency was observed for Lasiodiplodia theobromae on dogwood, with the least susceptible cultivar in the absence of stress being the one with largest cankers after waterstress prediposition [142].

3. PROCESSES AND MECHANISMS
Theoretically, three main types of drought-disease interaction can be expected:
– A direct eﬀect of drought on pathogens;
– Indirect eﬀects of drought on pathogens through other
community interactions;
– Interaction eﬀects through host physiology; here, two
types of interactions can be distinguished: (1) an eﬀect of
drought on tree susceptibility to disease: the predisposition
concept; or (2) combined eﬀects of infection and drought
on tree physiology: the multiple stress concept.

3.1. Direct eﬀects of drought on pathogens
As mentioned earlier, direct eﬀects on pathogens, which affect primarily the free stages of fungi, i.e. spores and infective
forms, are expected to be mainly negative, since most fungi
require free water or high moisture for spore dispersal, germination and infection [105]. Even for diseases showing a close
positive relationship with drought such as those caused by Hypoxylon (Biscognauxia) or by Sphaeropsis sapinea, the production and activity of primary inoculum (ejection and germination of ascospores) is associated with high precipitation
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or high relative humidity [191, 203]. These direct negative
eﬀects are likely to be decisive, in a given season, for polycyclic diseases with many repeated cycles including such processes. Many foliar diseases, such as rusts, fall under this category, possibly explaining their low level of occurrence in the
database, because of the negative interaction of drought and
disease in these cases. The same negative eﬀect may be expected for fine root pathogens such as Phytophthoras for which
dispersal relies on flagellate zoospores swimming in free water
and therefore requires that the spaces between the soil particles
are filled with water [64, 127].
Water content may also have a direct eﬀect on fungal
growth within the host. Many authors have investigated the
response of mycelial growth or sporulation to water potentials
in vivo or in vitro [63, 66, 79]. As a general rule, most fungal pathogens exhibit an important plasticity and can grow at
water potentials well below the minimum for growth of most
higher plants: many species can sustain significant growth
(more than 50% of optimal) at water potentials as low as
–2 MPa ([49], Tab. II). Botryosphaeria dothidea exhibited a
remarkable tolerance to low water potentials, even for germination and germ tube elongation [117]. Badisiomycetes and
zoosporic organisms, such as Phytophthoras, are generally
less tolerant of low water potentials than ascomycetes [25,63].
3.2. Indirect eﬀects through community interactions
Drought could impact the epidemiology of pathogens
through eﬀects on other organisms within the community. This
is particularly relevant for insect-vectored diseases such as
bark beetle-Ophiostomatoïd fungi [101, 171] and Dutch elm
disease. Gibbs and Greig [75] reported a high invasion success of the large elm bark beetle in elms during the exceptionally hot, dry summer of 1976 in England. However, the overall
course of the epidemic was slightly aﬀected since the higher
insect establishment was counterbalanced by a lower transfer
of the fungus from beetle to elm and slower subsequent development of the fungus within the tree.
Other indirect eﬀects of drought may occur through mutualistic or competing species of the pathogenic fungus. The
literature in this field is relatively scarce. Malajczuk and
Theodorou [121] suggested that the prevention of sporangium
formation in P. cinnamomi at water potentials around –1 MPa
might be due to direct eﬀects on stimulatory bacteria rather
than on the pathogen itself. In contrast, the colonisation of
pine stumps by Heterobasidion annosum might be favoured
during drought episodes due to lower antagonism by Phlebiopsis gigantea [169]. Klepzig et al. [102] showed that the growth
of the three major fungal associates of the southern pine beetle
is strongly aﬀected by decreasing water potential, in favour of
mycangial fungi and bark beetle success.
3.3. Interaction eﬀects through host predisposition
to disease by drought
After the pioneer work by Bier [18, 19] on the relationship between bark moisture and development of fungi, the

602

M.-L. Desprez-Loustau et al.

Table II. Direct eﬀects of water potential on growth of some forest pathogens.
Water potential
control

Optimal water
potential (Mpa)

Water potential at
growth reduced by 50%

Reference

Botryosphaeria dothidea

O*

–2

–5

[116]

Cryphonectria cubensis

O

0

–2.6

[190]

Cryphonectria parasitica

O

–1

–4

[72]

Cytospora chrysosperma

M, O

–1

< −1.8

[80]

Cytospora kunzei

–1.4 to –1.5

Profer (cited in [80])

Diplodia mutila

O

–0.35 to –1.75

–3

[164]

Phytophthora cinnamomi

O
M
In vivo

–0.5 to –1.5
> −0.5

–2 to –3
–1 to –2

[48]
[120]

Thyronectria austro-americana

M

–0.4

< −4.5

[86]

Exidia glandulosa
Stereum gausapatum
Vuilleminia comedens

O

–0.2
–0.2
–0.4

–0.8
–2.1
–1.2

[25]

* M = matric , O = osmotic.

concept of plant predisposition to disease by environmental
stress was developed by Schoeneweiss [173–176] who initiated experimental research on predisposition in woody plants
under controlled conditions with fine monitoring of plant water status. An important observation is that pathogens that
cause increased damage in plants predisposed by stress are
usually already present on or in their host before stress, as
saprophytes or endophytes (see case studies). Schematically,
two main groups of mechanisms may explain predisposition:
(1) water stressed tissues being a better substrate for growth of
pathogens and (2) a decrease in active disease resistance. A review of biochemical and biophysical aspects of water deficits
and the predisposition to disease in plants was completed by
Boyer [27].
It is well established that carbohydrate and protein
metabolisms are very sensitive to changes in plant water status. Changes in tree chemistry may then provide compounds
that stimulate metabolism and growth of pathogens or decrease toxic or inhibitory contents [210]. For example, glucose, which increases in stressed trees, stimulates growth of
Armillaria and enables it to grow in the presence of inhibitory
phenols [210]. Popoola and Fox [162] also demonstrated that
levels of carbohydrates, fatty acids and amino-acids were altered in stressed Lawson cypress plants as compared to controls, favouring increased growth of Armillaria mellea and A.
gallica on root extracts. Similarly, certain amino-acids, e.g.
proline, asparagine, alanine known to stimulate hyphal growth
of Entoleuca (Hypoxylon) mammata were found in increased
concentrations in water-stressed plantlets of Populus tremuloïdes [15].
Besides drought eﬀects through the nutritional requirements of pathogens in stressed host tissues, changes may affect active resistance mechanisms in trees. The suppression of
such mechanisms, e.g. host enzymes with a lytic action on fungal hyphae, in stressed plants has been supported by various
observations. McPartland and Schoeneweiss [135] found that
Botryosphaeria dothidea hyphae in vessels of unstressed resis-

tant stems of birch (Betula alba) were thin and contorted compared to relatively large and rectilinear hyphae in vessels of
stressed stems. The production of antimicrobial compounds,
such as phytoalexins, has been shown to be aﬀected by tree
water status [104]. Cupressotropolones produced in cypress
when challenged by Diplodia pinea f. sp. cupressi and inhibiting its development, were found to accumulate more slowly
and at lower concentrations in water stressed plants as compared to controls [119]. The process of formation of the necrophylactic periderm, an active defense barrier against pathogen
colonisation, was shown to be delayed in water stressed tissues [163]. Consistent with these findings, is the longer window of wound susceptibility to canker pathogens in stressed
trees than in well-watered trees [133] and patterns of callusing in various hosts in response to infection and water
stress [7, 17].
3.4. Interaction eﬀects: drought and infection acting as
multiple stresses
The general conceptual framework of the response of organisms to stress, first developed for humans by the pioneer
in stress research Hans Selye, may be applied to plants [108].
According to this scheme, the response to stress (GAS = general adaptation syndrome) involves three phases: the alarm reaction, the resistance stage, and following long term exposure
to the stressors or in case of a severe stress, exhaustion. Since
both infection and drought act as stressors, each reducing the
plant’s capacity for plastic response, it is likely that their combined occurrence has additive deleterious eﬀects and may lead
more rapidly to exhaustion [10]. Paul and Ayres [154, 155]
provided a nice illustrative example in a series of experiments
with groundsel rust, showing that mechanisms of compensation for infection (principally higher leaf-to-root ratio) were
much less eﬀective during drought than in well-watered plants
and even an aggravating factor of water stress. Mechanisms
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producing a synergistic eﬀect between water deficit and infection in trees have been described in a study of Dutch elm disease (DED) in Ulmus minor [183]. Vessel cavitation is considered a determinant process leading to wilting, induced either
by water stress or DED. The severity of symptoms after inoculation associated with water stress was increased in plants with
large vessels more prone to cavitation.
The tree decline concept was developed by Manion [123,
124] to address complex decline syndroms involving a variety
of etiological agents, including biotic and abiotic factors. The
concept is illustrated by a decline spiral constituted of three
tiered inward rings, corresponding to the predisposing, inciting, and contributing stressing factors, respectively. Decline
is induced by the sequential occurrence of one stressing factor
from each ring, factors within each ring being interchangeable.
This spiral model has been widely used to analyse a number of
decline situations. Drought has very often been considered as
an inciting factor and root pathogens, such as Armillaria,
as contributing factors [72, 145, 146]. The role of pathogens
as predisposing or triggering agents of decline diseases has
also been recognised, especially powdery mildew and Phytophthora spp. in oak declines ([57, 210], cf. case study).

3.5. Molecular basis of drought-infection interactions
The study of plant responses to stress at the molecular level
has advanced considerably in recent years. Signalling pathways and genes involved in resistance to pathogens have been
unravelled, first in model plants [54, 208] and increasingly in
many other species, including trees [9,68,141]. The molecular
basis of plant response to abiotic stresses has also been extensively studied [213, 219, 224]. A number of studies provide
some evidence of common mechanisms in response to a variety of stresses [108]. For example, Nagy et al. [147] demonstrated that drought stress in Norway spruce (Picea abies)
seedlings induced some defenses similar to those of pathogen
infection, i.e. chitinases. A pine chitinase gene and the chestnut cystatin expression were shown to be induced by fungal
infection as well as abiotic stress [112, 157]. Increasing evidence suggests that signalling pathways mobilized for diﬀerent stresses may share common components, such as ABA or
mitogen activated protein kinase MAPK [136, 222]. The functional overlap between the signalling networks activated by
diﬀerent stresses may explain the cross-protection or crosstolerance phenomena, in which a particular stress can induce
resistance to a subsequent diﬀerent stress [26, 198], including drought and pathogen [40]. This may explain why mildly
stressed plants can be more resistant to pathogens [88]. However, other studies strongly suggest that the same gene may
inversely modulate disease resistance and abiotic stress tolerance [220]. Moreover, recent studies involving a combination
of diﬀerent stresses, e.g. drought and heat, revealed a complex
and specific pattern of plant response, including only a part
of the responses to single stresses and transcripts specifically
expressed in the combined stress condition [170].
The potential eﬀects of stress on the genetics of pathogenic
agents represent a new area of research, with recent results es-
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pecially for viral and bacterial human diseases. Pseudomonas
aeruginosa is a ubiquitous environmental bacterium, capable
of infecting a wide variety of organisms, from plants to animals and humans, as an opportunistic pathogen. Virulence
genes were shown to be expressed not in a constitutive way
but only when the bacterial population reached a critical density allowing it to overwhelm host defenses and to establish
infection [8]. Another type of host stress - pathogen virulence
interaction involving oxidative stress has been described by
Beck and collaborators [13]. Variants of several viruses with
increased virulence were shown to occur in hosts (humans and
experimental mice) subjected to antioxidant vitamin deficiencies. Such phenomena might be explained by oxidative stress
inducing faster viral replication and higher viral mutation rate.
The formation of reactive oxygen species leading to oxidative
stress is also a common response in plants, following exposure
to biotic or abiotic stresses [6, 143].
4. CASE STUDIES
4.1. Sphaeropsis sapinea-Pinus
Sphaeropsis sapinea (Fr.) Dyko & Sutton (syn. Diplodia
pinea (Desm.) Kikx.) is one of the most important parasites
of pines, distributed worldwide and causing a great variety of
symptoms: shoot blight, branch and stem canker, tip dieback,
cone infections, blue stain and root disease, often killing trees.
S. sapinea has also been reported in other conifers (Abies, Cedrus, Larix, Pseudotsuga...) but with lesser damage than in
pines. The first description of the fungus was made by Fries
in 1822 in Scandinavia and subsequent mentions in the th
century are from Europe and Eastern USA. However, disease
outbreaks associated with S. sapinea were first reported from
exotic pine plantations in the 1910s in South Africa [190,212].
Disease losses associated with S. sapinea have now been reported from all pine plantation areas in the Southern Hemisphere, e.g. New Zealand, Chile and Australia [56], and in
the Northern Hemisphere, e.g. Northeast of the USA [158],
East of China [178] and Europe [71, 97, 160]. In most of
these regions, an increasing number of reports has been issued during the last decades. The main aﬀected species are
P. radiata, P. pinaster and P. patula in the Southern Hemisphere, P. nigra and P. sylvestris in Europe and P. sylvestris,
P. resinosa and P. nigra in the USA. It is striking that the
same species may be little aﬀected in its natural area, and
suﬀer severe damage in exotic plantations, e.g. P. radiata,
P. pinaster and P. sylvestris. S. sapinea is generally recognised
to undergo only asexual reproduction [189]. However, a significant variation in morphology and cultural characteristics
has been described between isolates [99]. Two forms (I and
II) were distinguished in France [139] and two morphotypes
(A and B, roughly corresponding to II and I, respectively)
in the USA [151, 186, 209]. A third morphotype (C) was recently described [214]. Using multiple gene genealogies, de
Wet et al. [215] demonstrated that all isolates representing the
A and C morphotypes were grouped in separate but closely
related clades, in contrast to isolates of the B morphotype
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which grouped together in a diﬀerent clade and were therefore described as the new species Diplodia scrobiculata. The
A morphotype seems to be dominant in all areas where disease
has been reported. Pathogenic tests generally demonstrated a
higher virulence for A and C than for B [21–24, 214]. Several studies with vegetative compatibility groups and molecular markers showed a high genetic variability of S. sapinea
morphotype A in some areas, e.g. South Africa [33, 181]. A
recent study using SSR markers, however, revealed an overall low diversity and no geographic diﬀerentiation at a regional and even world scale [34]. S. sapinea can penetrate
host tissues either directly in buds, current shoots and needles or through wounds [41, 44, 120, 151, 158]. It has recently
been shown to occur as a latent pathogen in healthy pine tissues, especially in shoots and cones [69, 70, 182, 185]. Field
observations and experiments have usually associated the incidence and severity of disease with various stress factors (nutrition, hail, drought...) which would trigger host susceptibility [98, 149, 184, 190]. Eﬀects of water stress on the Pinus-S.
sapinea interaction have been investigated in several experimental studies, with wound inoculations on stems or shoots of
young saplings. A greater development of symptoms was consistently associated with water stress [11, 23, 24, 152]. Moderate water stress (minimum predawn leaf potentials of –1.5
to –2 MPa) was shown to be eﬀective in increasing symptom
severity, e.g. inducing a two-fold increase in canker length,
in various pine species [11, 23, 24, 43]. Lower levels of stress
(ψpl = −2.75 to –3 MPa) resulted in a complete break down of
resistance in P. radiata, with a ten-fold increase of lesions [43].
The rapid onset of disease in pines when they are exposed
to stress could be explained by the role of latent infections.
Whereas S. sapinea was confined to inactive pith tissues of
mature seed cones in non-stressed trees, an extensive colonisation of branch and stem tissues spreading from cones was
found in trees damaged by hail [182]. Stanosz et al. [187] provided strong experimental evidence of the role of S. sapinea
in the death of non-inoculated asymptomatic seedlings which
had been subjected to water stress.
Outbreaks of S. sapinea have been ascribed to other potential factors associated with global change: warming temperatures (the optimum growth temperature of S. sapinea is close
to 30 ◦ C, [42], nitrogen deposition [62], and increased trade
resulting in new introductions, including strains of higher virulence (especially via asymptomatic infected seeds) [181, 218].
4.2. Biscogniauxia mediterranea–Quercus
Biscogniauxia mediterranea (De Not.) Kuntze. (syn. Hypoxylon mediterraneum (De Not.) Mill.) is an opportunistic
parasite responsible for necrosis on stems and branches of
Quercus species in the Mediterranean area, known as “charcoal disease”. It is reported from Africa, Central America, Europe, USA and Russia [91, 172] on a wide range of hosts. The
name of the disease originates from the black stromata forming on the dead branches and stems. Its incidence is particularly alarming on Q. suber [196]. However, it causes serious damage also on Q. cerris, Q. frainetto, Q. pubescens and

Q. ilex [38, 200]. In environmentally predisposed oak sites incidence of charcoal disease on Q. cerris and Q. frainetto was
over 50% [204].
Symptoms of B. mediterranea attack on Quercus spp. are
not easy to distinguish from those typical of water stress; however they include a gradual generally basipetal crown wilt
that can involve the whole crown within 1 or 2 seasons, depending on intensity of water stress. Necrosis of bark and
black necrotic lines in the wood are present along stems and
branches. A severe wood discoloration generally delimited
by a black line is evident in transverse sections of stems or
branches [200]. These symptoms are accompanied by the presence of signs of B. mediterranea attack, including black stromata erupting from bark tissues and developing longitudinally
up to several meters. Stromata contain perithecia of the fungus.
Ascospores are actively ejected from perithecia in wet periods
and represent the main source of inoculum [203]. Ascospores
are dispersed by wind and rain splash; however evidence is reported for the involvement of the genus Agrilus as vector of B.
mediterranea [202]. Buds and microwounds are believed to be
the primary sites of infection of this fungus [203]. B. mediterranea commonly lives as endophyte in tissues of healthy vigorous oaks, including leaves, twigs and bark [4, 48, 131, 199].
It can be stated that this fungus is a typical component of the
endophytic micro flora inhabiting Quercus spp. in the Mediterranean forests. Recent investigations carried out in Italy reported B. mediterranea being present, in both the endophytic
and pathogenic phases, in Southern and Central Italy while it
was not detected in oak forests in northern Italy above 45◦ latitude [5].
Abundance of B. mediterranea in tissues and its ability to
shift from the endophytic to the pathogenic phase is mediated by water stress conditions of the host. As demonstrated
by Lucero [114], there is a significant correlation between
the abundance of B. mediterranea in asymptomatic tissues
and the decrease of leaf water potential of the host plant.
This finding is consistent with the higher frequency of isolation in autumn compared with spring, following the summer
drought typical of Mediterranean regions [48, 115]. During
its endophytic phase, B. mediterranea is nearly absent from
woody tissues [4,114]. However, invasion and discoloration of
wood is typical of the pathogenic phase of the fungus [200].
When the tree or part of it is subjected to severe water stress,
B. mediterranea develops rapidly within the xylem, preferentially spreading through the large air-embolized vessels and
apparently killing the adjacent parenchyma [201]. The entire
host may soon die, probably owing to synergistic colonization of tissues from several infection points where the fungus
was latently present. Combined physiological and pathological studies showed that a leaf water potential around –3.5 Mpa
corresponds in Q. cerris to up to 66% loss in conductivity and massive invasion of woody tissues by the fungus results [201]. Furthermore, at a leaf water potential between –3.0
and –3.5 Mpa the flux density dramatically drops suggesting
diﬀuse cavitation of vessels. Oak species diﬀer in susceptibility to B. mediterranea depending on their performance under
drought conditions [204]. As an example the higher susceptibility of Q. cerris to the fungus, compared with Q. pubescens,
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is associated with more negative PWP values than the latter
species, at the same water supply level [204]. Observations
carried out in mixed oak forests in Central and Southern Italy,
showed that heavy attacks of B. mediterranea following one or
more seasons of severe drought, noticeably change the species
composition of the biocenosis favouring the survival of the
most xerophytic species, Q. pubescens, and the reduction in
number of individuals of Q. cerris and Q. frainetto [204]. In
coppices heavily attacked by B. mediterranea, 56.8% of Q.
cerris trees died compared with only 1.9% of Q. pubescens,
after severe drought conditions [204]. In old abandoned coppices in which species composition has been directed by anthropic pressure, B. mediterranea acts as a beneficial factor in
the biocenosis, by reducing the biomass and modulating the
species composition.

4.3. Possible role of root pathogens in declines
associated with drought
The role of root pathogens in drought induced declines is
usually not easy to determine. The case of Armillaria species
is typical. Armillaria spp. have been commonly reported in the
literature to be associated with declines following drought (for
a review, see [211]) and species such as A. gallica and A. cepistipes are known to be secondary pathogens, i.e. pathogens unable to invade trees unless they are stressed by another factor [78]. Unfortunately, the Armillaria species involved in the
reported decline cases are often not known because many of
the reports are older than 1980. Most of these reports relate
to oaks and firs. Also, A. ostoyae has a higher prevalence on
coarse texture soils [50, 122, 134, 177, 193, 216, 217] and these
soils have a low water reserve. This could be an indication that
this species is more aggressive on conifers subjected to water
shortage. However, controlled condition experiments testing
the eﬀect of water stress on tree susceptibility to Armillaria
spp. do not show a clear trend.
The two studies conducted on pines suggest that the susceptibility of these species to A. ostoyae is not increased by
a water shortage [115, 207]. Both were conducted on potted
seedlings and the severity of A. ostoyae infections was increased neither for P. sylvestris nor for P. pinaster seedlings
subjected to water shortage compared to control seedlings.
The lack of drought impact in these experiments might be related to the scarcity of reports of pine decline involving Armillaria species following drought [211]. By contrast, an inoculation study with 3-year-old Abies grandis showed a clear
increase of seedling susceptibility to A. ostoyae following a
water stress [153]. Comparatively, very little work has been
done on broadleaf trees, and in particular on oaks that are
however most represented in reports of decline associated with
drought and Armillaria [211]. Anselmi and Puccinelli [3] studied the impact of a water shortage on the susceptibility of several oak species to A. gallica and A. mellea. Oak seedlings
inoculated by A. mellea and watered with only a third of the
amount of water given to the controls experienced increased
mortality compared to non-inoculated and water stressed oak
seedlings. Experiments conducted on mature trees are scarce.
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Walström and Barklund [206] induced an artificial drought on
26-year-old Picea abies inoculated with A. ostoyae and A. borealis by preventing rain water from reaching the soil. After
5 months, trees experiencing the water shortage did not differ in susceptibility to the tested Armillaria species from the
control trees.
The interaction between trees, pathogens and stressful environmental conditions has been mainly examined through the
enhancement of plant susceptibility to pathogens by stress,
with pathogens playing the role of contributory factors in the
decline process, according to Manion’s terminology. However,
in many cases, this proved to be diﬃcult to demonstrate. Another possible mechanism is a lower ability of infected trees
to withstand the stress, infection playing the role of a predisposing factor of decline. For example, Collybia fusipes has a
higher impact on Quercus robur in stands with low soil waterlogging and a coarse texture [36]. However, eﬀorts to demonstrate that oak trees growing in sandy soils or subjected to
water shortage were more susceptible to C. fusipes were not
successful [35, 37]. Furthermore, it was demonstrated that,
at a given level of root destruction by C. fusipes, the likelihood of decline of a tree was greater in a sandy loam compared to a clay loam [36, 126]. This could be explained by
a decreased ability of root-damaged trees to cope with situations of poor water availability. This mechanism has also
been suggested to be important in the case of Phytophthora
infected trees. Both field and experimental evidence support
a higher vulnerability of P. cinnamomi infected trees to water
deficits [52, 128, 129]. The death of roots, particularly roots
extracting water deep in the soil, may be especially critical in
sites with low water availability [53]. This may explain the pattern of P. cinnamomi induced Eucalyptus decline observed in
eastern Australia, where decline episodes occur in years where
a hot and rainy period in late spring-early summer, promoting
P. cinnamomi infection, is followed by a dry period in summer [197]. Several new Phytophtora ssp. have recently been
described and suggested to be involved in European oak declines [82, 90, 92–96]. Although these species act as primary
pathogens, their pathogenicity generally seems to be too low
to induce mortality alone, yet Phytophthora spp. may act as
additional stressors to oak trees [58].

5. CONCLUSIONS
Drought-disease interaction eﬀects are especially important in perennial plants, such as forest trees. Forest ecosystems are less managed than agrosystems and therefore more
likely subjected to eﬀects of naturally occurring stress like
drought. Moreover, long term eﬀects of drought, spanning several years, have often been demonstrated. The nature of diseases favoured by drought may be an additional factor explaining the importance of drought-infection interactions in
trees. As clearly indicated by the analysis of literature and
other reports, drought-induced diseases are often caused by
facultative parasites having saprophytic or endophytic abilities, developing in secondary tissues (bark/wood). These fungi
live in dead parts or as latent endophytes of living trees and
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water stress is often only a revealer of their presence, by
triggering host susceptibility and/or releasing pathogen quiescence. The ubiquitous nature of these parasites in natural
forests, and their role as “ecosystem roguers and scavengers”,
by killing weakened trees and decaying dead trees, has been
highlighted by Wargo [210]. However, this view, together with
the naming of pathogens as non-aggressive /facultative /secondary /opportunistic may be somewhat misleading about the
potential damage associated with these parasites, especially
in managed forests. Productive species artificially favoured
in managed forests have proved to be especially aﬀected by
drought-pathogen eﬀects where they are not well adapted, as
illustrated by the oak declines in France and Italy in the 1980s,
that aﬀected Q. robur and Q. cerris, respectively. Moreover,
the experience of stress, especially water stress, by trees is a
common condition during their lifespan and pathogens predisposed by drought can induce very severe damage, as shown
for Sphaeropsis sapinea. Infection by primary foliar or root
pathogens may reciprocally act as a predisposing factor to water stress. Very limited experimental research has been conducted at the stand/community level to study the eﬀects of
combined biotic and abiotic stress, in particular their role in
exacerbating competitive interactions between trees. Clearly, a
better knowledge of the relationships between diversity (both
specific and genetic, including age structure and other factors
of heterogeneity) and the capacity for plastic and adaptive responses at the population/community level of forest ecosystems is needed. Although experiments in grasslands support
the “insurance hypothesis” that increased species diversity
is associated with sustained functioning, especially improved
productivity and lower pathogen load [113, 137, 138, 194],
links between community properties and resistance or resilience to extreme climatic events are still poorly understood,
let alone considering interactions with pathogens. Contrasted
results in manipulated grasslands have been obtained on the
association between plant diversity and resistance to drought,
with some studies reporting lower ecosystem resistance to severe climatic stress with increased plant diversity [156, 159].
More specific knowledge gaps in the field of pathology relate to the pathogens commonly involved in drought-induced
diseases. Increasing evidence suggests the diversity and functional importance of fungal endophytes in trees [39, 180, 187].
As shown for Biscognauxia mediterranea and Sphaeropsis sapinea, host stress may trigger shifts from latent to
pathogenic stages. The occurrence of variants of high virulence selected by stress among the overall low virulent population, according to Beck’s model, cannot be ruled out and
should be examined. The genetic studies will also allow a clarification in the taxonomy of several groups. The taxonomic revision of Botryosphaeria (anamorphs Diplodia, Fusicoccum,
Lasiodiplodia, Botryodiplodia, Sphaeropsis) has made considerable progress in recent years with the use of molecular tools
[59, 150, 179, 215, 223]. The resolution of species complexes
may help solve questions on epidemiology of these species,
including host range and interaction with drought. The recent
description of the new species Botryosphaeria corticola [2],
diﬀerentiated from B. stevensii (Diplodia mutila) frequently
associated with dieback and cankers of oaks in the Mediter-

ranean region [164, 165] and sometimes in other areas, provides an illustrative example. Following the species level, the
population genetics of these fungi may provide insights into
their dispersal and variation in latent/pathogenic capacities.
This review was focused on drought in its interactions with
pathogens. Severe drought and heat are often associated, as
occurred in the summer 2003 in Europe, and in previous
episodes. The literature on heat stress is relatively scarce, especially in trees. The eruption of sooty bark disease of sycamore
in Great Britain was at first assumed to be linked to high
temperatures in summer, as in 1947 and 1949. However, the
comparison of disease levels in years similar in terms of temperature but diﬀering for the moisture deficit suggested a
more important role of drought, as also supported by experimental evidence [74]. The evolution of climate in temperate
regions may specifically favour thermophilic fungi able to persist in trees until the water regime is disrupted, as exemplified by C. corticale, B. mediterranea, S. sapinea. Pathogens
of Mediterranean or tropical origin extending their geographic
range in response to climate change represent a serious threat.
Straightforward implications for forest management of
drought-pathogen interactions are to prevent as much as possible both water stress in trees during drought episodes [29]
and pathogen damage. The foremost prevention measure for
pathogens is to avoid dispersal by means of infected material
used for plantations. Infected seed and nursery plants are important pathways of pathogen dispersal. The problem is even
more crucial with latent pathogens often involved in droughtinduced diseases, since they can persist in tissues asymptomatically. The improvement of diagnostic tools and methodology
to assess their prevalence is clearly needed. Although scientific support has still to be provided in the diversity-stability
debate, biological diversity in all its components is a key factor
to be considered in forest management, enabling populations
and communities to adapt to environmental change.
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