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Recent advances on oak decline in southern Sweden

Kerstin Sonesson and Igor Drobyshev

During the last decades of the 20th century, the condition of oak species throughout Europe generally deteriorated.
In southern Sweden, oak decline represents a recent phenomenon with complex temporal and spatial patterns. In
this region, crown defoliation of the most common oak species, pedunculate oak Quercus robur, increased by >20%
from 1988 to 1999. In 1999, 59% of the oaks were considered damaged, i.e. showing >25% crown defoliation.
However, a trend of improving crown conditions was observed in southeastern Sweden during 2000—2008. Available
research suggests unfavorable climatic variability as the main cause of negative dynamics in oak crown conditions.
Studies have demonstrated the important role of climatic extremes (e.g. cold winters during the dormant season and
drought events during vegetation season) in initiating decline phenomena, and a strong correlation between crown
condition dynamics and tree-ring increments. Phytophthora quercina (class Oomycetes, kingdom Chromalveolata), a
soil-born pathogen of oak, is present in declining oak stands with soil pH (BaCl,) >3.5. The role of Phytophthora spp.
in initiating the decline in southern Sweden remains unclear, since most oak stands in this region have more acidic
soil conditions (pH <3.5). Similar to other European studies, our results point to the multi-factorial nature of oak
decline and the importance of stand conditions in decline dynamics. This paper reviews recently published studies on
the topic and presents a simple conceptual model of oak decline. We discuss future research themes that may advance
our understanding of oak decline.
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Deterioration of oak (pedunculate oak Quercus robur and
sessile oak Q. petraea) forest condition in Europe has been
reported regularly during the past three decades (Oleksyn
and Przybyl 1987, Greig 1992, Landmann et al. 1993,
Oszako 2000, Barklund 2002, Thomas et al. 2002). Re-
cently, these two species have, relative to other common
trees, shown the highest share of damaged and dead trees
in Europe-wide inventories (Anon. 2008). In the most
recent survey of 2007, the proportion of damaged de-
ciduous oaks (crown defoliation >25%) reached a level of
35.2% (Anon. 2008) with pedunculate oak more severely
affected than sessile oak in a number of regions (Thomas
et al. 2002). Similar to the situation in southern and cen-
tral Europe, oaks in Sweden, and particularly Q. robur,
have generally shown deterioration in crown conditions at
the end of the 20th century. From 1988 to 1999, crown
defoliation in mature oak stands increased by 20% (Sones-
son 1999, Sonesson and Anderson 2001, Drobyshev et al.
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2007a). In 1999, 59% of the observed oaks were consid-
ered as damaged, i.e. showing >25% crown defoliation,
compared to 9% in the first survey in 1988. Overall, the
mean value of defoliation rose from 11 to 33% between
1988 and 1999 (Sonesson and Anderson 2001).

Oak decline symptoms include crown thinning and de-
foliation, dieback of branches, formation of leaf clusters,
underdevelopment of young shoots in the crown, discol-
oration or yellowing of the leaves, formation of epicormic
shoots, and exudations from the bark and bark lesions
(Sonesson 1999, Sonesson and Anderson 2001, Barklund
2002, Thomas et al. 2002). The most commonly used
measure of oak decline is crown defoliation assessed on the
uppermost 2/3 of the crown and is given as a percentage
of a normal ample crown (=0-10% defoliation). The es-
timated defoliation includes leaf loss, crown transparency,
branch losses and dying branches. Since defoliation and
many accompanying symptoms are not specific to a par-
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ticular set of physiological conditions, it is often difficult
to identify principal factors behind decline symptoms.
Today oak decline is considered to be a complex phenom-
enon in which predisposing, inciting, and contributing
factors interact simultaneously in a particular oak forest
ecosystem (Fiihrer 1992, Gibbs and Greig 1997, Oszako
2000, Thomas et al. 2002, Jénsson 2004b). Reports on
the decline of European oak stands suggest that the factors
responsible for deterioration on crown conditions may in-
clude summer droughts (Pilcher and Gray 1982, Epron
and Dreyer 1993, Bréda 2000, Bridge and Winchester
2000), changes in precipitation, excess precipitation and
summer droughts (Pilcher and Gray 1982, Oosterbahn
and Nabuurs 1991, Bridge et al. 1996, Gibbs and Greig
1997, Siewecki and Utfnalski 1998, Thomas and Hart-
mann 1998, Thomas et al. 2002), cold winters and win-
ter/spring frosts (Hartmann et al. 1989, Hartmann and
Blank 1992, Barklund and Wahlstrém 1998, Barklund
2002, Thomas et al. 2002). Other possible factors that
predispose oak to decline may include: inappropriate for-
est management through high stand densities and sub-
optimal choice of proveniences and sites (Breda 2000,
Yakovlev and Yakovlev 2000, Olano et al. 2009), nitro-
gen eutrophication and nutrient imbalances (Thomas and
Blank 1996, Fliickiger and Braun 1998, Thomas and But-
tner 1998, Thomas and Hartmann 1998, Thomas and
Ahlers 1999, Bréda 2000), infection by pathogenic fungi
and microorganisms (Blaschke 1994, Hansen and Dela-
tour 1999, Jung et al. 1999, 2000, Marcais et al. 1999,
2000, Marcais and Caél 2006, Hajji et al. 2009), and
insect defoliation and borer attacks (Gieger and Thomas
2002, Thomas et al. 2002). Certain pathogenic organisms
are considered to act as stress-inducing factors, whereas
others, such as oak powdery mildew, Armillaria spp., bark
beetles, and borers (e.g. the two-spotted oak borer Agrillus
angustulus) are mostly regarded as secondary agents killing
already weakened trees (Manion 1991, Wargo 1996, but
see also Hartmann 1996).

Available studies suggest that the relative roles of de-
cline-associated factors vary considerably across Europe.
For example, although insects are mostly regarded as
minor or secondary factors in oak decline, in some areas
they are considered to be the primary threat to oak forests
(Moraal and Hilszcanski 2000a, b). In Hungary, an in-
crease in the population of the two-spotted oak borer A.
angustulus led to intensive attacks of this beetle on oak trees
(Somogyi 2000). Similarly, this insect was regarded as one
of the most influential secondary agents of oak decline in
the Flemish region (Roskams and Sioen 2000).

Oak powdery mildew caused by Erysiphe alphitoides
(formerly Microsphaera alphitoides) is one of the most com-
mon diseases of pedunculate and sessile oaks in Europe
(Hajji et al. 2009). However, the disease is generally con-
sidered as less damaging to mature trees than to younger
ones, though it can reduce tree vigor, in conjunction with
other factors such as defoliation by insects, and thus con-
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tribute to oak decline (Thomas et al. 2002, Marcais and
Breda 2006, Hajji et al. 2009).

Several studies have demonstrated the involvement of
soil-borne species of the genus Phytophthora (class Oomyc-
etes, kingdom Chromalveolata) in European oak decline,
mostly on soils with pH (BaCl,) >3.5 (Jung et al. 1996,
1999, 2000, Gallego et al. 1999, Thomas et al. 2002, Vet-
traino et al. 2002). The oak-specific species P guercina has
been proved to be aggressive towards root systems of oak
seedlings in greenhouse studies (Jung et al. 1996, 1999,
2002, Jung 2003) and significant correlations have been
found between the presence of P guercina and the con-
dition of the fine roots and crown in mature oak stands
(Jung et al. 2000, Vettraino et al. 2002, Balci and Halm-
schlager 2003a, b). Presence of Phytophthora has therefore
been suggested to be a predisposing factor in oak decline
or even the principal factor (Brasier et al. 1995, Jung et al.
2000). However, further studies have shown that P querci-
na may be present in non-declining oak stands without
signs of excessive mortality (Hansen and Delatour 1999,
Camy et al. 2003).

Air pollutants are generally not considered among the
main factors contributing to oak decline (Thomas et al.
2002), although the importance of air-born agents may
have been increasing over recent decades. The chemically
active form of molecular oxygen, ozone, is a likely contrib-
utor to forest declines (King et al. 2005, Bussotti and Fer-
retti 2009): ozone levels commonly observed over central
Europe have been shown to affect growth and physiological
processes of forest trees (Braun et al. 2007). The relative
sensitivity of both Q. petraea and Q. robur is, however, low-
er than of other European oak trees (Karlsson et al. 2007).
Correlative studies in mature forests showed a statistically
significant effect of ozone exposure, expressed as AOT 40
(accumulated ozone exposure over a threshold of 40 parts
per billion), on crown conditions and growth. However,
this effect was weaker than the impacts of site conditions
(including soil conditions), of water regime, and of man-
agement alternatives (Stribley and Ashmore 2002, Zietl
2002, De Vries et al. 2003, Karlsson et al. 2006, Seidling
2007, Bussotti and Ferretti 2009). Thus, the biological sig-
nificance of ozone exposure on crown conditions remains
uncertain (Bussotti and Ferretti 2009).

The deposition of anthropogenically fixed nitrogen
from the atmosphere has strong influence on terrestrial
ecosystem processes. High input of N and acidifying com-
pounds, currently observed across European subcontinent,
was proposed as a factor destabilizing the flow of nutrients
in oak ecosystems and reducing the stress tolerance of trees
(Jénsson 2004b). However, direct correlation between nu-
trient status and oak health has not been conclusively shown
(Berger and Glantzel 1994, Thomas and Kichne 1995, Si-
mon and Wild 1998, Thomas and Biittner 1998). Recent
research expands our understanding of how N deposition
can affect forest ecosystems, though the knowledge of indi-
rect effects of N deposition is still inadequate. For example,
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N deposition has been linked to changes in insect activity,
insect population densities, and within-community inter-
actions (Throop and Lerdau 2004), all of which could be
potentially important for decline phenomena. Specifically,
N deposition was suggested to increase the susceptibility
of trees to damage by insects or pathogens (Skeffington
and Wilson 1988, Fliickinger and Braun 1998), and to de-
crease frost hardiness (Thomas and Blank 1996, Thomas
and Ahlers 1999). N excess, in combination with drought,
possibly lead to reduced concentration of allelochemicals
in the leaves of Q. robur (Thomas and Schaffellner 1999,
Thomas et al. 2002). In a recent experiment with Quercus
kelloggi, a North American oak species, leaf nitrogen and
nitrate were significantly higher at the high pollution site
than at the low pollution site (Jones et al. 2008). Foliar ni-
trate concentrations were positively correlated with abun-
dance of sucking insects, leaf rollers, and plutellids, sug-
gesting higher degree of insect-related damage with higher
level of N input.

In Sweden, eatlier studies have proposed unusually
cold winters at the end of the 1980s (Barklund and Wahl-
strom 1998, Barklund 2002, see also Helama et al. 2009
on Finnish oaks) and a low availability of soil base cati-
ons (Sonesson and Anderson 2001) as factors associated
with oak decline. To further advance our understanding
of this phenomenon we review results of the recent Swed-
ish studies on this topic. Over the recent decades, research
on regional oak-decline has concentrated on three themes:
a) crown condition dynamics and their relationship with
diameter increment, b) mortality patterns of oak in Swe-
den, and ¢) involvement of the oak-specific pathogenic
microorganism Phytophthora quercina in decline phenom-
ena. Several potentially important factors such as elevated
ozone concentration, nitrogen deposition, the role of sin-
gle species (Erysiphe alphitoides, Agrillus angustulus) have
not yet received proper attention in this context. These
knowledge gaps make it difficult to confidently connect
decline effects with underlying causes, and assess the rela-
tive importance of different factors. In an attempt to ad-
vance our understanding of oak decline phenomena we
summarize the results of recent studies in southern Sweden
and propose directions for future research.

Recent case studies

Crown condition dynamics and growth

Decline of oak forests in southern Sweden has been report-
ed for more than two decades (Drobyshev et al. 2007¢) and
an extensive monitoring program has shown an increase in
crown defoliation by >20% from 1988 to 1999 (Droby-
shev et al. 2007a). The changes in crown defoliation have
been related to the pH in the upper 20-30 cm of the min-
eral soils, which was closely connected to other measures of
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soil fertility, including cation exchange capacity and C/N
ratio. Oaks growing on soils with high pH (>4.0 in BaCl -
filtrate), high CEC and low C/N ratio had significantly
lower crown defoliation than trees growing on more acid
soils (pH <4.0), indicating that less favorable soil condi-
tions further enhance oak decline. A significant interaction
was observed between changes in crown defoliation from
1988 to 1999 and soil pH for trees younger than 100 yr.
The trees on the more acid soils had a greater increase in
crown transparency than trees on less acid soils. Surpris-
ingly, age did not differentiate trees with respect to crown
defoliation, indicating that decline in crown condition was
not due to an age-related increase in crown defoliation.

Generally, insect- and fungi-related crown damages did
not appear to be an important factor in oak decline in
southern Sweden, although minor damages due to these
agents were increasingly common (1.1, 2.1, and 13.5% in
1988, 1993, and 1999 inventories respectively, Drobyshev
et al. 2007a). A similar pattern was observed in relation
to mildew occurrence on oak, with an increase from 3 to
11% between 1988 and 1999. Oaks damaged by insects
or fungi had a higher degree of crown defoliation than
oaks unaffected by these factors, (36 and 37% vs 32%,
respectively), suggesting that both agents contributed to
decline of oak crowns. Interestingly, insect and mildew
damages were negatively correlated to each other, which
implies that the presence of one damaging agent did not
make trees more susceptible to others.

A follow-up study revealed strong correlation between
crown conditions and tree-ring widths in both pure and
mixed oak stands (Drobyshev et al. 2007b). The highest
annual tree-ring increments have been observed in trees
with healthy crowns (1.05-1.2 mm, <25% defoliation),
intermediate in trees with moderately declined crowns
(0.95-1.05 mm, 25—60%), and lowest in trees with heav-
ily declining crowns (0.8-1.05 mm, >60%). The study
also showed variation in the growth trends of trees as a
function of crown condition class. Over the last decade
of the 20th century, trees with healthy crowns showed in-
creasing annual increments, whereas growth decline was
observed in oaks with defoliation >60%. Similar to results
obtained from inventory datasets, stand soil properties af-
fected the relationship between growth and crown condi-
tions: the growth trends among crown classes were more
pronounced in oaks growing on nutrient-poor soils, com-
pared to trees on more fertile soils.

Oak mortality pattern

The most recent peak in oak mortality apparently oc-
curred in southern Sweden around the year 2000 (Droby-
shev et al. 2007¢). The temporal pattern and the presence
of pre-death growth depressions were studied in detail by
analyzing a dataset of dendrochronologically dated dead
and living Q. robur at thirteen sites. Year- and site-spe-
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cific growth data from living trees were used as a control
to identify growth depressions in dead trees. Altogether,
growth depressions were recorded in 80% of all dead oaks
and were most prominent during the 1990s. While some
oaks showed an obvious reduction in growth over several
decades, 51% of the dead trees indicated heavy growth
depression for at least 4 yr prior to death. About one fourth
of all trees showed growth depression during 1-3 yr prior
to death, while no growth depression was detected in one
fifth of all dated dead trees. Pre-death growth depression
in tree-ring chronologies implies that mortality of oak is a
decade-long process and the actual death events might be
lagged behind the timing of the mortality-inducing fac-
tors. Competition among trees could be a factor predispos-
ing trees to decline as the dead oaks in the study had lower
diameter at breast height (dbh) than living trees during the
same growth period (Drobyshev et al. 2007c¢).

A compilation of empirical data from natural and semi-
natural forests, mostly in northern Europe, showed annual
oak mortality rates varying between 0 and 6.3%, with a
mean of 1.68% (Drobyshev et al. 2008a, 2009). The vari-
ation was higher in trees younger than 150 yr than in older
oaks, although the differences in mortality rates between
age groups were not significant. Oaks in high density
stands (100 trees ha™) showed significantly higher mor-
tality as compared to trees growing in stands with lower
density (Drobyshev et al. 2008a).

Occurrence and involvement of Phytophthora
quercina in oak decline

To evaluate geographical distribution of Phytophthora-
infected soils, Jonsson et al. (2003a) sampled 27 declining
oak stands located at 55.3—-59.4°N latitude, on the border
between the northern nemoral and the southern boreal
vegetation zones. Soil-borne species of Phytophthora were
geographically widespread in southern Sweden. The oak-
specific fine root pathogen P quercina was the most fre-
quently recovered species, and it was isolated from rhizo-
sphere of 10 out of 27 stands. The isolation frequency was
on average 35% in the Phytophthora infested stands, and
the pathogen was present in the rhizophere of all sampled
trees at two investigated sites. Two further species, £ cacto-
rum and P cambivora, were recovered from one declining
stand each. The Phytophthora seemed to be more likely to
occur in declining than in healthy stands, as no species of
Phytophthora was isolated from five healthy oak stands in-
vestigated in Skdne, the southernmost province of Sweden
(Jonsson et al. 2005). Although infested oak stands were in
the stage of decline more often than non-infested stands,
analysis showed no statistically significant relationship be-
tween the stand vitality and the occurrence of Phytophthora
over 32 stands surveyed.

The soil conditions of the stands infested by Phyroph-
thora species ranged from mesic sediments to moraines,
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with silty, loamy, and clayed textures and with soil pH
(BaCl,) between 3.5 and 5.0 (Joénsson et al. 2003a,
2005). The pathogen was associated more with clayed
and loamy soil than with silty and sandy soils and no
Phytophthora species were recovered from sites with sandy
soil or from sites with soil pH (BaCl,) <3.5. There were
no differences in average summer precipitation or average
annual precipitation between infested and non-infested
stands.

Isolates of two Phytophthora species, P quercina and P
cactorum, infected and caused substantial root damage to
Q. robur seedlings in two greenhouse studies (Jonsson et
al. 2003b, Jonsson 2004a). In the first soil infestation test,
two isolates of P quercina from two different oak stands
and two different soils (nutrient-rich and nutrient poor)
were used (Jonsson et al. 2003b). The seedlings (8-12
weeks old at the start of the experiment) were growing
under a restricted mesic water regime without prolonged
flooding during three months. Both isolates caused fine-
root decay, dieback of nonsuberized and suberized fine
roots, and necrosis of fine (diameter 0—2 mm) and coarse
roots (2-5 mm). Necroses on suberized, coarse roots usu-
ally developed via infection of nonsuberized lateral roots,
occasionally leading to the death of taproots. The study
found significantly more dead fine roots in the two soils
infested with the two isolates of P guercina than in the
control. The trend was similar for both soil types and iso-
lates, but there was a higher percentage of fine-root die-
back and more severe damage on coarse roots in the acid
forest soil. However, aboveground growth and leaf nutri-
ent concentration did not differ between trees on infested
and controls soils.

In the second soil infestation test, the pathogenicity of
seven southern Swedish isolates of P quercinaand oneisolate
of P cactorum was tested (Jonsson 2004a). Quercus robur
seedlings (14-18 weeks old at the start) were grown during
25 weeks in a natural, nonsterilized, and Phyrophtora-free
soil. The soil chemistry was acidic and representative of
southern Swedish oak stands. The applied water and tem-
perature regimes attempted to simulate regional summer
conditions. The seedlings were flooded with deionized
water for 15 min once a day, on three consecutive days
every third week. Both Phytophthora species caused a sig-
nificant dieback of nonsuberized as well as suberized fine
roots of seedlings. Nerotic lesions were observed mainly
on fine roots (0—2 mm), but also some necroses and die-
back of coarser roots (2—5 mm) occurred. Total and live
root lengths were significantly lower in seedlings infected
by the isolates than in controls. Similarly, dead taproots
and dieback of mother roots were more common among
the infected seedlings. The necroses on the coarser roots
usually developed via infections of nonsuberized lateral
roots. These differences were not, however, paralleled by
significant variation either in aboveground growth or
in nutrient concentration between infested and control
groups of seedlings.
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A negative impact of P guercina on fine-root systems
of naturally growing mature oaks has been shown in the
study of Jénsson and Rosengren (2005). The healthy oaks
growing in infested stands had significantly higher live
fine-root length than moderately and severely declining
trees. In non-infested oak stands, no difference was found
in live fine-root length among trees of differing vitality.
The study found a substantial dieback of non-suberized
fine roots of severely declining oaks in the Phytophthora-
infested stands. The suberized coarse roots of declining
trees often had discolored necrotic areas and one to sev-
eral lesions in the lateral roots. The lesions varied in size,
10-15 mm in length and 2-5 mm in width. Necrotic
areas and lesions appeared, but only to a smaller extent, on
roots of the healthy trees. No significant effects on above-
ground growth or leaf nutrient concentration were found.
Soil chemistry showed few differences in comparisons of
healthy and declining stands. However, in stands with P
quercina, the concentration of total N in the organic soil
layer was higher under healthy trees than under declining
ones, while the opposite pattern was observed in patho-
gen-free stands (Jonsson and Rosengren 2005). The con-
centration of P in the organic layer and the upper 30 cm
of the mineral soil was significantly lower in stands with
presence of Phytophthora.

Discussion

Insights from Swedish oak decline studies

Oak decline in southern Sweden represents a relatively
recent phenomenon with complex temporal and spatial
patterns. Although further studies are needed to reveal the
driving factors behind the decline, available research points
to unfavorable climatic variability as the most likely cause
of negative dynamics in oak crown conditions. Support
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for this conclusion comes from strong climatic control of
oak growth in southern Sweden (Drobyshev et al. 2008b)
and similarly strong correlation between growth and tree
crown conditions (Drobyshev et al. 2007b). Ongoing re-
search (Drobyshev et al. unpubl.) indicates that negative
growth anomalies in regional oak chronology are primarily
driven by the pattern of growing season water availability,
which may also drive crown condition dynamics. The
same decline mechanism was proposed for Slovenian oak
forests, where strong correlation was found between crown
defoliation and precipitation (Cater and Levanic 2004).

Due to the more resilient nature of crown dynamics,
it apparently lags behind changes in the ring-width in-
crement, as suggested in Drobyshev et al. (2007b). Given
the same set of factors guiding both growth and crown
condition dynamics, we explain general deterioration of
crown conditions as a reaction to a) prolonged water deficit
during the growing season, and b) unusually strong and/
or late cold spells during the dormant season or during the
transition between dormant and growing seasons. In the
first case, we interpret loss of the parts of oak crown as a
tree’s adaptation to decrease water expenditures through
evapotranspiration. In the second case, frost-induced tis-
sue damages including damages to meristems and the tree’s
water transport system are likely physiological factors be-
hind the decline.

A wider temporal perspective on the decline phenom-
ena may add to understanding its temporal scale. In
Sweden, observations of decline in oak crown conditions
consistently coincided with negative growth anomalies in
the regional oak chronology (Fig. 1). First observations of
crown declines in early 1940s (Barklund 2002) were asso-
ciated with strong negative growth anomaly in that period.
The increasingly deteriorating state of oak forests during
1988-1999 (Drobyshev et al. 2007a) was paralleled by de-
cline in regional ring-width indexes (Fig. 1). The negative
trend, however, might have changed around the turn of the
20th century. In line with dendrochronological data, the

1900 1920

1940

1960 1980 2000

Figure 1. Regional southern Swedish oak chronology (Drobyshev et al. 2008b) and timing of three regional forest inventories (Sones-
son and Anderson 2001) and decline in crown conditions reported in Barklund (2002) during early 1940s (dashed lines).
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most recent, although limited, inventory data from south-
eastern Sweden suggest general improvement of oak crown
conditions (Fig. 2). Considering regional oak chronology
as a proxy of crown conditions, it should be possible to
estimate the typical length of the decline-prone periods.
In the 20th century, such periods probably extended over
one to two decades.

Since regional tree-ring chronology was developed
from live trees, periods of improved growth are likely in-
dicative of periods with positive growth/crown dynamics,
and cannot be attributed to loss of dead tree chronologies
contributing with low increments before tree mortality.
This suggests, therefore, that the negative trend in crown
conditions may be reversible. Our studies indicate that
growth recovery occurs in trees with crown transparency
below 60% (Drobyshev et al. 2007b). In accordance with
this observation, a review of oak mortality rates showed
generally similar values (around 1-2% annually) across
both different age cohorts and time periods, including the
decline-prone period during the 1980s—1990s (Drobyshev
et al. 2008a). Instead, a change in stand densities, often
resulting from changes in land-use practices, may be an
important factor affecting mortality rates. We argue, how-
ever, for cautious interpretation of mortality patterns since
actual waves of mortality may lag considerably behind the
onset of unfavorable environmental conditions (Pedersen
1998). In southern Swedish oaks, such lag may reach 8-10
yr (Drobyshev et al. 2007¢).

Soilborne Phyrophthorais present in declining oak stands
in Sweden and is probably involved in the decline in tree
crown conditions. In general, Phytophthora are considered
to be more aggressive at higher pH values (Schmitthen-
ner and Canaday 1983), and Jung et al. (2000) showed
an increase in the production of sporangia in P quercina
with increasing soil pH. Local soil conditions may there-
fore have a strong impact on the pathogenicity of the mi-
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Figure 2. Dynamics of crown transparency in oak stand in south-
east Sweden (Kalmar region, 5 plots, data from Swedish Forest
Board, 2009, <www.svo.se>) for 2000-2008. Data — average
crown transparency (circles) and average percentage of damaged
trees (squares, >20% in crown transparency) with SD plotted
for each year.

202

croorganism. Indeed, in southern Sweden, the pathogen
seems only to occur at sites with soil pH (BaCl,) >3.5, and
most oak forest sites in the region are more acidic (Son-
esson and Anderson 2001). More acidic soil conditions
may also explain lower diversity of Phyrophthora species in
the region (with only three species identified), compared
to high species diversity within this genus in central and
south Europe. The lower diversity of Phytophthora species,
however, may be an artifact of the relatively recent immi-
gration of Phytophthora in southern Sweden.

It remains unclear to what degree the results obtained
on oak seedlings can provide explanations of declining dy-
namics of mature stands. The results of two different ex-
periments confirm pathogenicity of 2 quercina to Q. robur
seedlings under restricted water availability (Jénsson et al.
2003b, Jénsson 2004a). Jonsson and Rosengren (2005)
have demonstrated a negative impact of 2 guercina on fine
roots of mature oaks in infested oak stands in a field study.
It has been suggested that continuous root infections may
result in an increased susceptibility of the tree to further
pathogen infections as well as to other stress factors (Jons-
son 2004b). However, studies have repeatedly found a
poor association between Phytophthora infection and trees’
aboveground status (nutrient balance and growth) (Jons-
son et al. 2003b, Jénsson 2004a). Further, the pathogen
was only recovered from a moderate proportion of the
declining oak stands surveyed. This may indicate the im-
portance of other site-specific factors, as well as methodo-
logical difficulties in identifying soil infection even with
multiple sampling occasions (Jénsson 2004b).

The contribution of other non-climatic factors in oak
decline in southern Sweden remains unclear and requires
further studies. For example, the mildew E. alphitoides
impact on trees previously defoliated by insects has been
documented in European studies (Thomas et al. 2002).
Swedish inventory data, however, show no clear statisti-
cal relation between this parasite and crown defoliation
(Drobyshev et al. 2007a). Likewise, the buprestid beetle A.
biguttatus which attacks mostly stressed and declining oaks
(Vansteenkiste et al. 2004) is rarely found in Sweden, and
for that reason is probably of little significance (Barklund
2002). Recently, interactions between different pathogens
were proposed as an important driver of oak decline (Mar-
cais and Breda 20006), but there is almost no data to discuss
these interactions in the southern Swedish context.

Even with favorable climatic conditions, oak wellbeing
may be at risk due to negative development of regional
soil conditions. Swedish oak forests are growing on soils
ranging from haplid podsols to eutric cambisols. Over
the second half of the 20th century, forests in southern
Sweden have been affected by acid and nitrogen deposi-
tion through air pollution, which caused soil acidification,
nutrient imbalance, and decreased tree vitality (Nihlgird
1997a, b, Jénsson et al. 2003¢). The soil nutrient pool has
decreased substantially even on highly productive cam-
bisols (Sgjernquist et al. 2002). A survey on soil chemistry
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in >250 oak and beech stands in southern Sweden showed
low pH-values (<4.2 in BaCl,-filtrate) in 86% of the stands
and low (10-20%) and very low (<10%) base saturation
in more than one third of the stands surveyed (Sonesson
and Anderson 2001).

Soil acidification is still proceeding in southern Sweden,
which leads to soil depletion and may compromise nu-
trient sustainability on commercial oak stands (Sverdrup
et al. 2006). A number of Swedish studies indicate low
levels of foliar nutrients, macro as well as micro elements,
in oak, as compared to the range suggested for Europe by
ICP-forests (Sonesson 2000, Schlyter et al. 2002, Hagen-
Thorn et al. 2004). The Swedish nutrient ratios to N re-
flect low, but in general balanced, nutrient conditions. The
only exceptions are Ca/N and Mg/N ratios that show a
more narrow span, and lower ratios, than what is present
in the continental European data. In certain areas, oak for-
ests would need addition of Ca (Sverdrup et al. 20006).
Nihlgard (1997b) has proposed acid and nitrogen depo-
sition due to air pollution as predisposing factors of the
stresses leading to forest decline.

Conceptual model of forest decline

We summarize the current understanding of oak decline
phenomenona in a simple model linking climatic varia-
tion, site-level condition, and the risk or proportion of
trees affected by the decline (Drobyshev unpubl., Fig.
3). Climate defines an “envelope” for species’ geographi-
cal distribution, and climatic variation exercises the main
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Figure 3. Conceptual model of interaction between climatic
variation, site properties, and decline phenomena (Drobyshev
et al. unpubl.). The model predicts variation in the proportion
declining trees o, alternatively, a risk of decline for stands along
gradients in climatic variation and a hypothetical gradient in site
conditions. See further explanations of the model in the text.
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control over expression of decline, which is understood as
decline in crown conditions and/or decline in ring-width
increment. Incidence or risk of decline effects is minimal
during the periods with close-to-optimal conditions, since
most of the gradient of site conditions can adequately
support processes of nutrition and growth. Deviation of
climatic conditions away from the optimal state reduces
the part of the site conditions gradient where a majority
of trees can be adequately supplied by resources. Larger
deviation from the optimal range of growing conditions
would then mean a higher percentage of trees being physi-
ologically stressed and, eventually, being subject to second-
ary decline agents (e.g. insects or parasites). The model ex-
plicitly considers climatic variability as the main factor be-
hind the decline. Further, we consider increased frequency
of extreme events, i.e. events deviating from the typical
range of climatic variability for the region, as the princi-
pal element in climate variability related to oak decline.
Site conditions may uniquely modify expression of physi-
ological stress in trees on a particular site. We consider this
model, though relatively simple, as the most general re-
presentation of the state of our knowledge concerning oak
decline in southern Sweden. The temporal component of
the phenomena is represented by the changes in the area
of the “decline-free” envelope in the multi-space of the site
properties, as the result of climatic variability. The graphic
version of the model lacks representation of time lags in
the studied system.

Directions for future research

Although oak decline has been observed in southern Swe-
den since 1987 (Barklund and Wahlstrom 1998), its na-
ture and driving mechanisms still require better mechan-
istic models to interpret its spatio-temporal dynamics.
Building on completed and ongoing studies we propose
a number of research topics, which should advance our
knowledge in this field. We start by acknowledging the
importance of regional field inventory data in providing
information about the current state of oak forests. The
size of the regional dataset (n,, . = 808, n,  =123) allows
complex interactions between tree- and site-properties to
be tested statistically (Drobyshev et al. 2007a). Continued
effort with such inventories would permit analysis of the
time factor, i.e. temporal trends in forest conditions, at
multiple spatial scales. In this context, temporal dynamics
of oak crowns are to be analyzed as a function of tree-level
variables (e.g. size, age, and past crown conditions), site
conditions (e.g. soil conditions, stand density, stand com-
position, presence of P quercina), and sub-regional differ-
ences in weather conditions (e.g. amount of precipitation
and frequency of climatically extreme periods). Coupling
existing inventories with remote sensing methods may
bring further advantages by considerably expanding data
on spatial coverage and providing opportunities for analyz-
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ing crown inventory data in a spatially-explicit way with
other gridded environmental datasets.

Extending our understanding of climatic influence on
tree functioning is fundamental for interpreting the de-
cline phenomena and, generally, for providing a mechanis-
tic model of trees’ responses to environmental variability.
Long observational series are vital for parameterizinge such
models. Tree-ring chronologies present the most readily
available annual proxies of trees” past environmental con-
ditions and therefore have a strong potential in modeling
research. Our studies suggest that analysis of the regional
networks of tree-ring width chronologies may consider-
ably increase temporal resolution and extend the time per-
spective of forest condition studies. Additionally, annual
ring-based chronologies of element concentrations and
stable isotope chronologies may bring further important
detail into this work.

Physiological conditions of the trees may be an impor-
tant factor affecting dynamics of tree crowns. Studies of
trees’ nutrient status, as one of the measures of tree health
status, should help evaluate the role of nutrient deficiencies
and their interactions with adverse climatic conditions in
shaping the pattern of oak decline. Results from such stud-
ies may also be instrumental in developing such silvicul-
tural activities as soil liming and/or fertilization to mitigate
negative crown dynamics.

Finally, detailed analysis of crown dynamics in other
trees from the Fagaceae family should be of value in as-
sessing the generality of patterns revealed in oak forests.
In southern Sweden, European beech Fagus sylvatica has
shown similar negative trends in crown conditions since
the late 1980s (Sonesson and Anderson 2001). Both ac-
cumulating tree-ring chronologies and already available
inventory data allow for a similar set of analyses to be
performed for this species. With apparent differences in
biology of these two species, e.g. in the patterns of root
distribution (Rosengren and Stjernquist 2004) and mech-
anisms of stomatal control (Epron and Dreyer 1993), a
comparative analysis may be of value in partitioning the
effects of climatic variability and site conditions on decline
dynamics.
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