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Summary. Oak decline is generally accepted to be the result of a dynamic interaction between oaks and a mix of
abiotic and biotic causes, within which environmental stresses (drought, salinity, frost, low fertility) may be important as predisposing factors. As a result of these interactions, trees gradually begin to show symptoms of general
suffering, which below ground consist of functional and anatomical modifications to the rootlets and changes in the
ectomycorrhizal status. The present study was performed in a coastal Quercus ilex forest, where decline symptoms
appeared after heavy land reclamation in the adjoining areas, which caused a rapid lowering of the ground water
level and the underground intrusion of seawater from the neighbouring Adriatic Sea into the forest itself. A forest
survey including examination of rootlet features from asymptomatic and declining trees suggested that drought and
salinity were involved in this decline. The relative frequency of the most recurrent ectomycorrhizal morphotypes
distinguished clearly between asymptomatic, weakly declining and strongly declining trees, suggesting that the
occurrence and distribution of only a limited number of morphotypes can give an indication of the severity of the
decline. Moreover, of all the morphotypes observed only one third were found in all three decline classes, while the
remaining two thirds were gradually replaced by others as the proportion of declining trees increased, where the
number of morphotypes was greater. The hypothesis of an adaptive response of the ectomycorrhizal community to
decline or to the predisposing factors of decline is discussed.
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Introduction
“Oak decline”, which is widespread in Europe,
Asia, and in North and Latin America, has a complex aetiology involving dynamic interactions between plants on the one hand, and abiotic and biotic causes on the other. Trees become naturally
predisposed to decline when they are weakened by
long-term environmental changes (reduction in soil
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fertility, air pollution). Decline symptoms appear
when more intense, short-term abiotic stresses occur (i.e. drought, frost). Biotic disorders (fungal
parasites, defoliating insects) are considered to be
contributory factors that become operative at a later stage (Schütt and Cowling, 1985; Manion and
Lachance, 1992).
Macroscopically, declining trees display a gradual increase in canopy transparency because of the
wilting and falling of leaves, bud abscission, and
the reduced and delayed production of new leaves.
Growth slows down, the root biomass decreases,
the internodes become shorter and many epicormic twigs begin to appear along the trunk and close
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to the collar. In later stages, the branches begin to
desiccate from the distal part, and longitudinal
bark cracks sometimes appear. At this point, infections from fungi causing canker, decay, or root
rot (Armillaria spp., Collybia spp., Biscogniauxia
spp., Diplodia spp., Ganoderma spp., Phytophthora spp.) can appear (Halmschlager, 1998; Bruhn et
al., 2000; Jung et al., 2000; Marcais et al., 2000;
Anselmi et al., 2002).
Studies on many forest species report that the
fine roots of declining trees often show functional
and anatomical anomalies and changes of the ectomycorrhizal status as compared with healthy
trees (Guillaumin et al., 1985; Perrin and Estivalet, 1989; Thomas and Büttner, 1992; Blaschke,
1994; Causin et al., 1996). Since little is known
about holm oak (Quercus ilex L.) decline (Fisher et
al., 1994; Blaschke et al., 1995; Panaiotis et al.,
1997), the main aim of the present study was to
examine the main rootlet features (length, extent
of ramification, tip vitality) and the composition of
the ectomycorrhizal community in holm oak at different stages of decline in a coastal holm oak forest on sandy soil, where both drought and groundwater salinity could be involved in the decline as
predisposing factors.

Materials and methods
Decline survey

The study was carried out in a declining Quercus ilex L. forest of 1057 ha in Bosco della Mesola
(44°47' N, 12°15' E), northern Italy, which borders
the Po River delta and the Adriatic Sea (Fig. 1).
Heavy drainage of the areas to the east and west
of the forest, which were reclaimed about 30 years
ago, led to below-ground intrusion of seawater into
the forest from the south, as a result of which the
soil became arid, and the groundwater level was
lowered from -100 to -250 cm and became brackish, with a conductivity that often exceeds 1600
µS cm-1 at 18°C, particularly in the southern portions (Ministero Agricoltura e Foreste, 1984;
A.R.P.A., Emilia-Romagna Region, unpublished
data).
A decline survey, of 1787 Q. ilex trees in 33 circular areas (150 m2) and 5 transects (10⫻50 m)
was undertaken from May to August 2000. In order to draw a detailed decline map, the decline
survey was integrated with a walk-through sur-

vey, in which each tree was assigned to a defoliation class (class 1, defoliation <30%; class 2, 30–
70%; class 3, >70%) using a photographic atlas
(Economou et al., 1994). When further major decline symptoms (dead twigs and branches, epicormic twigs, shorter internodes) were detected in a
tree (Causin et al., 1996), the tree was assigned to
the next higher defoliation class, which represented its decline class. Trees in decline class 1 were
considered asymptomatic. All trees with epigeous
damage due to parasites, silvicultural practices or
weather events were excluded.
Plot description and sample collection

A 2 ha study plot was chosen in an area showing the most evident signs of decline (star in Fig.
1). The plot was on average 1 m a.s.l., with alluvial sandy soil (98.5% sand), organic litter 3–6 cm
deep, modern-type humus, and a soil pH of 7.2.
Average annual rainfall was 694 mm and the mean
monthly temperature 13.1°C. The plot was in a
typical Q. ilex forest with poorly represented Fraxinus ornus and Crataegus monogyna.
In May 2001, five 45–55-year-old trees in each
decline class were randomly selected, with each
selected tree being at least 5 m apart from its neighbour. Six sampled soil cubes (10 cm3) were collected at a distance of 150 cm from each tree and stored
in plastic bags at 4°C in the dark. The 90 samples
so obtained were subjected to quantitative and
qualitative analysis within 10 days.
Quantitative analysis

In each of the 6 soil samples per tree, 15 fine
roots were randomly chosen, selecting the distal
portion (fragment) including 15 undamaged and
fully developed mycorrhizal tips. On each fragment,
the total length (TL) and the number of ramifications (NR) were determined. All tips (1,350 per tree)
were classified as ‘non vital’ (NV, scurfy surface and
easily detachable cortex, with or without ectomycorrhizae); ‘vital unmycorrhized’ (NM, well-developed, inflated and turgid tip, mantle lacking); or
‘vital ectomycorrhized’ (EM, as above, but with a
well-developed mantle) according to Baar and De
Vries (1995). Damaged and not fully developed tips
were excluded. Each ectomycorrhizal system was
counted as one unit, irrespective of the extent of
ramification. The probability of finding non-vital,
vital unmycorrhized or vital ectomycorrhized tips
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Figure 1. Decline distribution map. The decline classes indicated identify the dominant decline class observed.
Decline class 1 identifies asymptomatic trees.
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(PNV, PNM, PEM respectively) was calculated as
a percentage of the total recovery frequency (Camussi et al., 1986). Relationships between TL, NR,
PNV, PNM and PEM were determined by the
Spearman correlation (P<0.05). Statistical differences between decline classes were determined
with the Kruskall-Wallis non-parametric test
(P<0.05), followed by pairwise tests between these
classes using the Mann-Whitney U-test (P<0.05).

(CANDISC procedure, SAS Institute, 1990),
grouping the data by soil sample (n=90) and considering only the morphotypes with a recovery
frequency greater than 1% in at least one decline
class (n=17). Mahalanobis squared distance was
performed to compare the means of each pair of
decline classes.

Results

Qualitative analysis

Decline survey

All the vital ectomycorrhizae were morphotyped, recording colour, type of ramification and
features of mantle surface, type of outer mantle,
occurrence and type of emanating hyphae, rhizomorphs, cystidia and laticifers (Agerer, 1991; Tedersoo et al., 2003). Within 2 months, new samples
were collected from the same trees so as to have
sufficient mycorrhized tips to assign the most frequently occurring types to a fungal family, genus,
species or to already described “unidentified” (sensu Agerer, 1991) ectomycorrhizae (Agerer, 1987–
2002; Agerer, 1996–2002; Agerer and Rambold,
1998; Goodman et al., 1996; Cairney and Chambers, 1999; Montecchio et al., 1999a; Montecchio
et al., 1999b; Montecchio et al., 2001a; Montecchio et al., 2001b; Montecchio et al., 2002; Montecchio et al., 2004). Two undescribed morphotypes, Lactarius chrysorrheus and Leccinum lepidum, were classified by both morphological (Agerer, 1991; Agerer and Rambold, 1998) and molecular (White et al., 1990; Gardes and Bruns, 1993)
characteristics. Molecular classification was by
comparing PCR amplification and restriction of
the ITS region of the ribosomal DNA of the ectomycorrhizal mantles of the two morphotypes, with
amplifications from the carpophores of the two
species collected in the same forest. All specimens
were preserved in FEA solution (formaline 90%,
ethanol 5%, acetic acid 5%) and stored in the herbarium of the TeSAF Dept., University of Padova, Italy.
To guard against overestimating the number
of morphotypes due to poor vitality or the paucity
of distinct features, all morphotypes with a total
frequency of less than 0.1% in all classes were
grouped together as “minor morphotypes”.
Multivariate analysis of the relations between
decline classes and morphotype occurrence was
performed using canonical discriminant analysis

Decline symptoms were widespread throughout
the forest. Trees in severe decline (class 3: white
areas in Fig. 1) were mainly found far away from
the internal canal network, in denser stands, in
older stands, on higher ground, closer to the sea
and along the forest boundary. Asymptomatic trees
(class 1) were prevalent in only two areas (black
areas in Fig. 1), one with young trees, the other
with a small lake whose level was kept stable artificially. Trees in class 2 (medium decline: grey areas in Fig. 1) were found mainly in the remaining
areas. Within the 2 ha study plot, 6% of trees were
in decline class 1, 31% in class 2 and 63% in class 3.
Quantitative analysis

The Spearman correlation showed that TL was
positively correlated with PEM (r = 0.57) and negatively with PNV (r = -0.63). NR was positively
correlated with PNV (r = 0.57) and negatively with
PNM (r = -0.64). The other correlations were not
significant.
In the Mann-Whitney U-test, PNM decreased
significantly from asymptomatic to severely declining trees, while PNV and NR increased significantly. No significant differences were found for TL or
PEM (Table 1).
Table 1. Mean ± standard deviation of PNM, PNV, PEM,
TL (mm) and NR in each decline class. Values followed
by the same letter within rows are not significantly different (Mann-Whitney U-test; P<0.05).

PNM
PNV
PEM
TL
NR

Class 1

Class 2

Class 3

00.32±0.10 a
00.41±0.12 a
00.25±0.08 a
15.17±2.05 a
01.25±0.25 a

00.20±0.12 ab
00.57±0.16 a
00.22±0.08 a
13.80±1.42 a
01.43±0.76 a

00.03±0.01 b
00.81±0.12 b
00.15±0.11 a
11.89±2.06 a
03.23±1.34 b
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Qualitative analysis

Sixty-two morphotypes were recovered with a
total frequency greater than 0.1%. Of these, 3 were
assigned to a family (Cortinariaceae), 13 to a genus (Amanita, Boletus, Hygrophorus, Inocybe, Lactarius, Russula, Tuber, Xerocomus), 5 to a species
(Amphinema byssoides, Cenococcum geophilum,
Cortinarius ionochlorus, Lactarius chrysorrheus,
Leccinum lepidum), and 4 to ectomycorrhizae previously described in detail (Q. araneosa + Q. ilex,
Q. bicolor + Q. ilex, Quercirhiza cistidiophora + Q.
ilex, Q. incrustata + Q. ilex). The remaining ones
remained undetermined.

Asymptomatic trees had a significantly (c2=10.5)
lower number of morphotypes (10.6±2.3) than declining trees in class 2 and class 3 (14.4±1.4 and
15.8±0.8 respectively). In total, 34, 45 and 40
morphotypes were detected in classes 1, 2 and 3
respectively. Twenty of the morphotypes were
found in all decline classes, while 4, 10 and 14
were found exclusively in class 1, 2 and 3 respectively (Table 2). The remaining morphotypes occurred in two classes: these were always adjoining classes.
Multivariate analysis of variance detected
that the 17 most frequent morphotypes (marked

Table 2. Average frequencies of morphotypes (%) in the three decline classes. Asterisks indicate morphotypes used
for multivariate analysis. Group 1: Q016; group 2: Q086, Q103, Q018, Q082, Q080; group 3: Q017; group 4: Q055;
Q056; Q057; Q058; Q059; Q060; Q061; Q062; Q064; Q065; Q066; Q067; Q068; Q069; Q071; Q072; Q073.
Morphotype

Class 1

Cortinarius ionochlorus*
Q033 Cortinariaceae*
Amphinema byssoides*
Cenococcum geophilum*
Q001 Boletus sp.*
Q012
Q015 Amanita sp.
Q039 Hygrophorus sp.*
Q030 Lactarius sp.*
Leccinum lepidum*
Quercirhiza cistidiophora*
Q008 Amanita sp.
Q026
Q070 Russula sp.
Q034 Lactarius sp.
Q002 Russula sp.
Q032
Q011 Russula sp.
Q014 Lactarius sp.
Q031
Group 1
Quercirhiza incrustata*
Q102 Cortinariaceae*
Q101
Q004
Lactarius chrysorrheus*
Q096 Lactarius sp.*
Quercirhiza araneosa*
Quercirhiza bicolor*
Q099
Q040
Q037
Q078 Tuber sp.
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0.30
3.38
0.42
1.36
0.25
0.86
0.40
1.44
1.26
1.31
1.06
0.19
0.09
0.58
0.15
0.37
0.04
0.19
0.10
0.04
0.01
2.99
1.45
0.67
0.36
4.27
0.30
1.25
1.18
0.81
0.47
0.05
0.25

Class 2

Class 3

2.71
0.72
2.59
0.99
0.09
0.72
0.62
0.14
0.70
0.20
0.05
0.43
0.47
0.07
0.23
0.20
0.18
0.14
0.07
0.07
0.02
1.91
3.78
0.44
0.32
0.04
0.31
0.48
0.06

0.68
0.28
0.37
0.01
1.87
0.53
0.48
0.73
0.07
0.04
0.20
0.53
0.17
0.01
0.27
0.07
0.38
0.06
0.04
0.07
0.02
-
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Morphotype
Q095
Q076 Russula sp.*
Q084
Q098
Q093
Q104
Q079
Q081
Q075
Q077
Q085
Group 2
Q022 Inocybe sp.
Q005 Cortinariaceae
Q006
Q036
Q045
Group 3
Q024 Xerocomus sp.*
Q049
Q067
Q048
Q021
Q044
Q023
Q050
Q058
Q019
Q043
Q025
Q038
Q041
Group 4

Class 1

Class 2

Class 3

0.09
-

0.20
1.05
0.49
0.40
0.20
0.16
0.15
0.15
0.14
0.12
0.10
0.26
0.72
0.01
0.14
0.01
0.09
0.01
-

0.46
0.23
0.01
0.14
0.01
0.01
3.12
0.72
0.23
0.20
0.17
0.16
0.15
0.15
0.15
0.14
0.14
0.11
0.11
0.10
0.87
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with an asterisk in Table 2) occurred with different relative frequencies in the three decline classes. Overall, Wilk’s Lambda found highly significant differences between classes (Wilk’s λ=0.20;
P<0.0001). In addition, the means of every pair
of classes compared with Mahalanobis squared
distances always showed significant differences
(P<0.0001). Two discriminant functions were calculated and CAN 1 and CAN 2 were employed to
plot the separation among the three classes in
Fig. 2. Within the variation described by multivariate analysis, CAN 1 was responsible for
65.9% of between-class variation and separated
class 3 from classes 1 and 2. CAN 2, accounted
for 34.1% of between-class variation and separated class 1 from class 2. Thirteen morphotypes
were highly correlated with the discriminant
functions (Table 3). Among them, Q76 was positively correlated with CAN 1, Q96 was negatively correlated with CAN 2, and Q74 was positively correlated with both CAN 1 and CAN 2.

Table 3. Pearson correlation coefficients between the
discriminant functions and the morphotypes employed
in the multivariate analysis. Values followed by asterisk are significant with P<0.05
Morphotype

CAN 1

CAN 2

Q1
Q3
Q9
Q20
Q24
Q27
Q28
Q29
Q30
Q33
Q39
Q74
Q76
Q89
Q92
Q96
Q102

-0.45*
0.20
0.28*
0.21*
-0.63*
0.41*
0.10
0.15
0.26*
0.12
-0.11
0.23*
0.24*
0.20
0.16
0.31*
0.15

0.05
0.05
0.15
-0.11
0.01
0.02
0.26*
-0.40*
0.20
0.34*
0.15
0.44*
-0.51*
-0.10
0.06
-0.49*
0.30*

4

· ··
·
·· ··
2
·
·
·
·1 · ·
·
··
CAN 1
··
·
·
·
·
·
·
·
·
·
·
·
·
······ ·· ····· ·· ·· ·
-3
-2
·-1· · ··· · 3 4
·
·
··
-2
· ··· ··
··· ·
-3
3

-4

-4

Figure 2. Canonical discriminant analysis of the 17
morphotypes identified by an asterisk in Tab. 2 and
Mahalanobis squared distances (P<0.0001). Black, grey
and white dots indicate class 1, 2 and 3, respectively.

Discussion
Decline symptoms were more severe when trees
were farther away from surface water or groundwater, and when the saline concentration of the
water was higher (A.R.P.A., Emilia-Romagna Region, 2002 unpublished data), suggesting that, as
reported by other authors (Schütt and Cowling,
1985; Manion and Lachance, 1992), drought and
water salinity are important environmental factors
predisposing the less resistant genotypes to decline
(Thomas and Büttner, 1992; Nagarajan and Natarajan, 1999; Shi et al., 2002).
At the experimental plot these features were
highly evident and homogeneous, since here
asymptomatic, lightly declining and strongly declining coeval trees from the same gamic origin all
grew close together.
An examination of the rootlets irrespective of
the decline severity of the tree revealed that rootlet ramification level was positively correlated with
non-vital tips, negatively with vital tips, and nonsignificantly with ectomycorrhizal tips. This suggested that, regardless of ectomycorrhization, and
similarly to what happens above-ground with bud
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necrosis, when a rootlet tip dies the rootlet produces new tips proximally, increasing the ramification and decreasing the soil volume explored (Sarig et al., 1993). Furthermore, irrespective of the
ramification, rootlet length was correlated negatively with non-vital tips, positively with ectomycorrhized tips, and non-significantly with vital and
unmycorrhized tips, corroborating Smith and Read
(1977) who found a positive effect of ectomycorrhization on rootlet development.
When we examined the data by decline class
and shifted from asymptomatic to declining trees,
both the number of non-vital tips and the extent of
ramification gradually doubled. Therefore, as previously reported on Quercus robur by Causin et al.
(1996), the extent of ramification of rootlets having the same total length and the incidence of nonvital tips in this forest were decline-discriminant
features, but the degree of ectomycorrhization was
not.
From a qualitative point of view, the study corroborated Kovacs et al. (2000), who reported that
the relative frequency of some morphotypes was
related to decline severity, since multivariate analysis of the consortium shaped by the 17 most frequent morphotypes showed that their relative frequency differed strongly between asymptomatic,
weakly declining and strongly declining trees, so
that the severity of a decline can also be characterised through below-ground features, by determining the recovery frequency of the more frequent
ectomycorrhizae independently of the least common ones.
Furthermore, about a third of the morphotypes
detected occurred in all three decline classes, but
the number and frequency of morphotypes assigned exclusively to one class increased with aggravating decline (tripling from asymptomatic to
strongly declining trees), but decreased in frequency. Unfortunately, little is known about the
dynamics and the ecological role of the ectomycorrhizal community in forest ecosystems, and still
lesser about that in declining trees (Linderman,
1988; Perrin and Estivalet, 1989; Horton and
Bruns, 2001). The results of the study on trees at
different stages of decline and growing in close
proximity to each other in the same environment,
suggested that the ectomycorrhizal community
changes as an indirect result of selective pressure
exerted by environmental stresses on the tree and
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its rootlets. These rootlets, depending on individual susceptibility, gradually decline, maintaining
their full ectomycorrhization but loosing their
ability to select the most efficient fungal symbionts so that other, less efficient, symbionts are
enabled to take their place, in accordance with a
well-known principle of colonisation, that both the
composition of a fungal population, and the relative frequency of the members within it, gradually change when the medium is changed (Pugh,
1980; Grayston and Campbell, 1996; Lilleskow
and Bruns, 2001; Shi et al., 2002). In this hypothesis, while the morphotypes common to both
asymptomatic and declining trees may have had
a wider adaptive range, the few ectomycorrhizae
occurring exclusively on asymptomatic trees
would be gradually replaced by a greater number
of ectomycorrhizae growing exclusively on severely declining trees. Such ectomycorrhizae would be
essential to maintain the stability of the modified ecosystem processes but would probably be
less efficient than the previous ones (Zhou and
Sharik, 1997; Loreau et al., 2001). Examples of
ectomycorrhizal fungi that do not act in a mutualistic manner throughout their entire life cycle
(colonizing the tip as weak saprophytes or parasites, or growing saprophytically away from the
tip, or forming resting stages) are well known
(Agerer and Waller, 1993; Johnson et al., 1997;
Hibbett et al., 2000), and the saprophytic or resting ability of some fungi colonising the most
strongly declining trees, rapidly growing as mycelium or producing sclerotia on artificial media,
or even generating a developed but immature sporocarp (Xerocomus Q024), was revealed by our
laboratory observations (unpublished data).
To extend our knowledge of the successional
structure of the ectomycorrhizal community on
declining holm-oak, and to verify the cause-andeffect relationships between ectomycorrhizal population dynamics and tree decline severity, further
investigations are essential. For this purpose, detected morphotypes are being characterised by
morphological and molecular means, and the functional interactions between these morphotypes and
asymptomatic holm-oaks subjected to increasing
levels of both water and saline stress are being
studied by measuring morphological and physiological below-ground parameters such as the root
biomass.
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