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Abstract: Mixed stands are currently supported as effective management options to reduce forest vulnerability to cli-
mate change. However, our issues about benefits of mixtures, mechanisms of their incidence and conditions for their 
effectiveness have yet been only partly clarified. We assessed the crown condition of Norway spruce (Picea abies /L./ 
Karst) and occurrence of symptoms caused by Armillaria spp. on spruce in a small area in the Drahanská vrchovina 
Highlands (Czech Republic) in differently mixed stands in 2002 and 2019. We found that although the broadleaf abun-
dance affected the total defoliation of Norway spruce, the effect was unstable in time. The observed effect of altitudinal 
zones and Norway spruce abundance on the occurrence of symptoms of Armillaria root rot in spruce was also unstable. 
The drought during recent four years and the implemented forestry measures (salvage and intermediate felling) can be 
reasons for the relationship instability. We did not identify any statistically significant relationship between tree species 
diversity (Simpson’s Index) and defoliation.
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Recent studies have underlined the influence of 
species composition on forest productivity, health 
condition or some ecosystem services (Schuler et 
al. 2017). Mixed stands are often much more pro-
ductive than monocultures (Zhang et al. 2012; 
Bielak et al. 2014). These stands can also be more 
resistant to insect herbivores. The effect is probably 
higher when mixed forests comprise taxonomically 
more distant tree species, and when the propor-
tion of non-host trees is higher than that of host 
trees (Jactel, Brockerhoff 2007). The effect of tree 
diversity on pest occurrence and damage caused by 
them can follow a biogeographic pattern, because 
forest resistance to herbivory may depend on the 
mean annual temperature which is a key driver of 
plant and insect phenology (Kambach et al. 2016). 

In the case of Norway spruce (Picea abies /L.)/ 
Karst.) as a climate-sensitive species the differ-
ence between growth and stress responses of both 
monocultures and mixtures is very important for 
sustainable timber production, disturbance risk 
management and also for adaptive forest man-
agement implementation. Numerous studies have 
indicated higher timber production of Norway 
spruce in mixed stands (Pretzsch et al. 2010; Bielak 
et al. 2014). Fewer studies have pointed to the effect 
of tree species diversity on health status or crown 
condition of Norway spruce. Iacopetti et al. (2019) 
observed that the tree diversity had an effect on 
Norway spruce defoliation in Alpine areas. The ef-
fect was not the same in different years; therefore, 
Iacopetti et al. (2019) presumed that particular 
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climate-related events and biotic attacks had dif-
ferent impacts on trees growing in monocultures 
and mixed stands. The mixtures may be able to re-
duce damage caused by the root decay such as Het-
erobasidium annosum (Thor et al. 2005; Žemiatis, 
Stakenas 2016) or Armillaria spp. (Morrison et al. 
2014). However, other studies found no significant 
effect of tree species composition on the presence 
of Heterobasidium annosum and Armillaria spp. 
(Dálya et al. 2019).

Felton et al. (2010, 2016) underlined that mixed-
species stands (Picea abies, Pinus sylvestris, Betu-
la pubescens or B. pendula) can provide different 
benefits such as increased biodiversity, water qual-
ity, aesthetic and recreational values and reduced 
stand vulnerability to pest and pathogen damage. 
Similar benefits were also described by Pretzsch et 
al. (2017).

Climate change increases the vulnerability of for-
est stands to strong stress or disturbances evoked by 
extreme events like windstorm or drought. Mixed 
forests can be more resilient thanks to complemen-
tarities in species sensitivity (Lafond et al. 2014). 
The silviculture of mixed stands can be among the 
strategies to increase forest adaptability, but for-
est managers need information about the complex 
benefits of mixtures, conditions for their effective-
ness. Research outputs about these issues can be 
important for forest management optimization.

The Proklest forest district (north of Brno, Mora-
via, Czech Republic) is characterized by stands with 
prevailing Norway spruce in different mixtures ‒ 
the differences lie in Norway spruce proportion as 
well as in tree species composition. We assessed 
the crown condition and health of Norway spruce 
in the district in 2002 and in 2019 after repeated 
droughts. Our aims were to i) to compare the con-
dition of Norway spruce in 2002 and 2019; and ii) 
to identify possible effects of tree species composi-
tion and other selected site and stand parameters 
on the crown condition of Norway spruce and oc-
currence of symptoms caused by Armillaria spp.

Material and methods

Study plots and research design. The study area 
is a part of the Drahanská vrchovina Highlands – 
the Proklest forest district, Training Forest Enter-
prise called Masaryk Forest at Křtiny (TFE). Nor-
way spruce (Picea abies /L./ Karst) covers about 
60% of the total stand area. 

In both years 78 stands were evaluated. The plots 
are in the beech altitudinal zone (62) and in the 
oak-beech forest altitudinal zone (16). The age of 
stands ranged from 36 years to 146 years in 2019 
(Figure 1).

Norway spruce was the prevailing tree species  
(> 50% in species composition) in all the stands 
in the first assessed year 2002. Most of the stands 
were mixed. The mixed stands were composed of 
Picea abies (50% and more in 2002) and 1–6 oth-
er species: Larix decidua, Pinus sylvestris, Abies 
alba, Pseudotsuga menziesii, Fagus sylvatica, Quer-
cus petraea, Carpinus betulus, Fraxinus excelsior, 
Acer pseudoplatanus, Betula pendula and Alnus 
glutinosa. 

Our research plot was based on a simplified ICP 
Forest network – Level I design (Eichhorn et al. 
2010). The plots were situated inside the assessed 
stands to minimize the edge effect. We selected 
twenty trees and used a simplified visual assess-
ment – modified methods of Cudlín et al. (2001) 
and Eichhorn et al. (2010), see Table 1. The widely 
defined assessment categories shortened the time 
spent in the field so as to evaluate all stands in the 
same conditions. The same trees were not assessed 
in the two investigated years because many trees 
had disappeared from the stands due to mortal-
ity, salvage and intermediate felling (elimination of 
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Figure 1. Age distribution of forest stands in 10-year age 
classes in 2019
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trees damaged by drought and accompanying fac-
tors like bark beetles or root rots). The same for-
estry measures were implemented also in the pe-
riod before the study period. The present attack of 
stands by Armillaria sp. was assessed in the same 
plots. A tree displaying visual symptoms attribut-
able to infection by Armillaria spp. such as butt 
swelling, fruit bodies, syrrotium or rhizomorphs 
was evaluated as symptomatic. All other trees were 
classified as non-symptomatic. 

The site and stand parameters were compared 
with the defoliation of primary structure –defolia-
tion of primary shoots produced by regular growth 
(Kozlowski 1971; Cudlín et al. 1999, 2000), the total 
defoliation and occurrence of symptoms caused by 
Armillaria spp. in both assessed years using one-
way analysis of variance (ANOVA). Stand parameter 
values (age, Norway spruce abundance, broadleaf 
abundance) were taken over from forest manage-
ment plans and forest records. Tree diversity was 
quantified using Simpson’s index (Simpson 1949).

Climate conditions. We used climate data from 
gridded (0.5° × 0.5°) meteorological measurements 
calculated by the Climate Research Unit (CRU 
TS4.03; via http://climexp.knmi.nl) covering the 

study area (Harris et al. 2014). The climate condi-
tions changed during the period (Figure 2). The an-
nual temperature was above-average in all the years 
since 2011 (compared with 1981–2010 climate 
normal period). Severe drought periods were de-
tected in the growing seasons (March–September) 
in 2003, 2015 and 2018. Notably below-average 
seasonal precipitation totals were recorded also in 
2004, 2012 and 2017. 

Results

Species composition
The portion of the tree species changed in time 

because of forestry measures (salvage and usual 
intermediate felling), interspecific competition 
and dying caused by occurring chronic stress. The 
abundance of Norway spruce increased in 32 stands 
between 2002 and 2019, decreased in 36  stands, 
and 10 stands showed no change between 2002 
and 2019. The broadleaf abundance increased in 
31 stands between 2002 and 2019, decreased in 24 
stands, and 23 stands were without change between 
2002 and 2019. The more detailed data about spe-
cies composition are in Figure 3. The average abun-
dance of Norway spruce decreased from78.2% to 
75.8% between 2002 and 2019. The average broad-
leaf abundance increased from12.6% to 15.7%.

Crown condition
The total defoliation of Norway spruce increased 

in 57 stands between 2002 and 2019, decreased in 
1 stand only, and 20 stands were without change 
(Figure 4). The defoliation of primary structure in-
creased in 43 stands between 2002 and 2019, de-
creased in 4 stands only, and 31 stands were with-
out change (Figure 4). 

Effect of site and stand parameters on the Nor-
way spruce condition

The total defoliation, the defoliation of primary 
structure and the occurrence of symptoms attribut-
able to infection by Armillaria spp. increased with 
the age of stand in both assessed years. The stands 
with higher broadleaf abundance had significantly 
lower total defoliation in 2002. In the same year, the 
more intensive presence of Armillaria spp. symp-
toms was found in stands in the oak-beech forest 
altitudinal zone (compared to the beech zone) and 
in stands with higher Norway spruce abundance 
(Table 2). In 2019, the three relationships were not 

Table 1. The evaluated parameters

Defoliation  
of primary structure Total defoliation

Degree Value area Degree Value area
1 < 20% 1 < 10%
2 21–40% 2 11–20%
3 41–60% 3 21–30%
4 61–80% 4 31–40%
5 81–100% 5 41–50%

6 51–60%
Occurrence of symptoms attributable  

to infection by Armillaria spp.
Degree Description

1  � symptoms attributable to infection  
by Armillaria spp. are not evident

2   0–25% �trees show symptoms attributable  
to infection by Armillaria spp.

3 26–50% �trees show symptoms attributable  
to infection by Armillaria spp.

4 51–75% �trees show symptoms attributable  
to infection by Armillaria spp.

5    > 75% �trees show symptoms attributable 
to infection by Armillaria spp.
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found. However, we identified a significant rela-
tionship between the broadleaf abundance in 2019 
and the change in the total defoliation of Norway 
spruce between 2002 and 2019 (Table 3). Fifteen 
out of twenty stands which showed the same de-
foliation degree between 2002 and 2019 had a 15% 
share of broadleaved trees and more in 2019. One 
stand which was classified in a lower defoliation 
degree in 2019 than in 2002 had a 61% share of 
broadleaves in 2019.

Discussion

The total defoliation and the defoliation of pri-
mary structure increased with age in both assessed 
years (Table 2). These relationships are common for 
Norway spruce, as has been identified in many Eu-
ropean areas (Vitale et al. 2014; Čermák et al. 2019; 
Eickenscheidt et al. 2019). Natural senescence plays 
a role in the age effect on defoliation with respect 
to the fact that the social status and the occurring 

Figure 2. Annual average temperatures and seasonal (March–September) precipitation in 2000–2018 compared with 
1981–2010 climate normals

Figure 3. The abundance of Norway spruce and broadleaf species in 2002 and 2019. The bubble size represents the number 
of stands – a continuum from the smallest bubble representing one stand to the largest bubble representing six stands
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Figure 4. Total defoliation and defoliation of primary structure (the defoliation degrees are defined in Table 1)
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Table 2. Effect of site and stand parameters on the health condition of Picea abies in 2002 and 2019 using one-way 
ANOVA

Source
2002 2019

F P F P
Effect on the defoliation of primary structure
Age 10.3080 0.0000 32.2654 0.0000
Altitudinal zone 3.8712 0.0524 0.9257 0.4539
P. abies abundance 1.4687 0.1096 0.9648 0.5478
Change of P. abies abundance – – 1.0971 0.3850
Broadleaf abundance 1.5142 0.1123 1.3518 0.1748
Change of broadleaf abundance – – 1.9619 0.0813
Simpson’s Diversity Index 1.4220 0.2373 1.0971 0.3845

Effect on total defoliation

Age 4.2851 0.0000 2.4863 0.0042
Altitudinal zone 0.0842 0.7725 0.0531 0.8184
P. abies abundance 1.5128 0.4035 0.7210 0.8454
Change of P. abies abundance – – 0.7966 0.7541
Broadleaf abundance 1.9966 0.0218 1.1307 0.3501
Change of broadleaf abundance – – 0.9162 0.5990
Simpson’s Diversity Index 1.9531 0.6598 0.7701 0.7661

Occurrence of symptoms attributable to infection by Armillaria spp.

Age 8.8554 0.0000 3.9321 0.0001
Altitudinal zone 5.0483 0.0265 0.9528 0.3321
P. abies abundance 1.7757 0.0200 0.6595 0.9000
Change of P. abies abundance – – 0.7248 0.8348
Broadleaf abundance 1.5844 0.0894 1.2399 0.2516
Change of broadleaf abundance – – 0.8856 0.6383
Simpson’s Diversity Index 0.8014 0.7563 0.4554 0.9824

Statistically significant values (p < 0.05) are in bold
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stress determine the tree senescence (de Vries et al. 
2014). The age did not have any effect on the change 
of total defoliation and the defoliation of primary 
structure between 2002 and 2019 (Table  3). The 
finding is in accordance with Eickenscheidt et al. 
(2019), who found that the age effect primarily de-
termined the general level of defoliation whereas 
weather conditions were the main drivers of spatio-
temporal defoliation trends.

The total defoliation increased between 2002 and 
2019. Reasons for the defoliation increase could not 
be identified from the two separate assessments. 
However, two factors are very likely important 
drivers: the aging of stands (see above) and subnor-
mal precipitation in three out of the last four years 
(Figure 2) together with the accompanying damage. 

Precipitation and precipitation deficit (of the 
current and previous years) were the factors that 
were mainly correlated with defoliation in France 
ICP Forests Level II plots (Ferreti et al. 2014) and 
in Romania ICP level I network (Popa et al. 2017). 
Dry summers were also among the main causes of 
increased Norway spruce defoliation during 1986–
2000 in southeastern Norway (Solberg et al. 2015).

We found that Norway spruce defoliation in-
creased more in the stands with a lower propor-
tion of broadleaf trees during the research period 
characterized by repeated droughts. The result 
is consistent with Iacopetti et al. (2019) findings. 
They found that the crown condition worsened in 

the Norway spruce monocultures but remained 
relatively stable in mixed plots of Alpine areas dur-
ing the period with lower precipitation from 2008 
to 2012. Iacopetti et al. (2019) also underlined 
that different events or conditions can differently 
change the sign of the relationship between tree 
diversity and defoliation. In relatively favourable 
years the defoliation was higher in mixed stands. 
They observed negative correlations only between 
defoliation and tree diversity (Shannon index) in 
the years when the overall defoliation of Norway 
spruce was highest (> 25%). Conversely, a slight but 
significant positive correlation between local tree 
diversity and Norway spruce defoliation was ob-
served in stands at higher elevations in the Alps, 
i.e. in optimal climatic conditions for spruce and 
in climax forests which are often monospecific or 
with low diversity (Bussotti et al. 2018). We did not 
identify any statistically significant relationship be-
tween diversity (Simpson’s index) and defoliations 
in our study area (Table 2). We suppose that an 
important reason can be a high variability in the 
species composition of particular evaluated stands. 
The stands with identical or very similar diversity 
had different species composition. Crown defolia-
tion of individual Norway spruce trees can be more 
affected by species identity than diversity of their 
neighbouring trees (Bussotti et al. 2018). Every spe-
cies has different competitiveness, aboveground 
and root system architectures or evapotranspira-

Table 3. Effect of site and stand parameters on the change of the health condition of Picea abies between 2002 and 
2019 analysed using one-way ANOVA

Source F P

Effect on the change of the defoliation of primary structure

Age 1.1055 0.3895

Altitudinal zone 0.3877 0.5354

Change of P. abies abundance 1.5775 0.0793

Broadleaf abundance 2019 1.3445 0.1791

Change of broadleaf abundance 1.0800 0.4010

Effect on the change of total defoliation

Age 1.0255 0.4769

Altitudinal zone 0.1953 0.6598

Change of P. abies abundance 1.1542 0.3269

Broadleaf abundance 2019 1.8799 0.0258

Change of broadleaf abundance 1.6873 0.0524

Statistically significant values (p < 0.05) are in bold
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tion needs and these characteristics influence its 
effect on nearby spruces.

In our research, a positive correlation between 
broadleaf abundance and total defoliation was 
found in 2002 (when the Norway spruce total de-
foliation was lower than in 2019), but no such a 
relationship was observed in 2019. The reasons 
have not been identified. However, we suppose that 
some of the benefits provided by broadleaf trees 
may have disappeared in the recent multiannual 
drought period. Like for example at night, through 
deeply extending root systems (for example of 
beech roots), some tree species can release water 
into the surface-near soil horizons where it is avail-
able also for Norway spruce. The “hydraulic lift” 
can be functional only in situations when the water 
deficit is only in the upper layer of soil and not in 
the whole soil profile.

Specialised fungal pathogens can reduce their 
virulence in mixed forest stands or when the pro-
portion of host trees is lower (Thor et al. 2005). 
However, Armillaria spp. have a huge host range. 
The generalist pathogens such as Armillaria spp. 
may spread from one host species to another and 
thereby the incidence of diseases can be increased 
(Parker et al. 2015). Possible effects of tree diver-
sity on the pathogen occurrence or pathogenicity 
are therefore less predictable. Mixed stands may 
provide more suitable microclimates (e.g., higher 
humidity) for fungi than monocultures (Jules et al. 
2014). On the other hand, a disease impact might 
be lowered by admixture of disease-tolerant tree 
species (Morrison et al. 2014). 

Morrison et al. (2014) observed decreased mor-
tality of susceptible conifers by Armillaria root rot 
in mixed conifer and broadleaf stands rather than 
in mixed conifer stands compared with pure coni-
fer stands. Conversely, Dálya et al. (2019) identified 
no significant effects of tree species composition, 
soil type and altitudinal zones on Armillaria spp. 
distribution in the forest of Vallombrosa (Apennine 
Mountains, Italy). We found a significant effect of 
Norway spruce abundance and altitudinal zones on 
the occurrence of symptoms caused by Armillaria 
spp. in 2002, but not in 2019. 

The age of the stand had a significant effect on 
the occurrence of symptoms caused by Armillaria 
spp. in both years (Table 2). Armillaria spp. gen-
erally attacked mainly Norway spruce trees in the 
study area, both at their young and middle age. 
In the case of other hosts, Armillaria spp. mainly 

colonized strongly stressed or dying old trees. A 
partial number of spruces disappeared from the 
stands because of mortality, salvage and interme-
diate felling during 2002–2019. The same forestry 
measures were also implemented in the period be-
fore the study period, but salvage fellings were in-
tensified during the last five years as a consequence 
of drought and accompanying damage. 

These fellings can be a reason for the absence 
of the effects of Norway spruce abundance and 
altitudinal zones in 2019. The significance of the 
stand age for the distribution of Armillaria spp. 
was already identified by Dálya et al. (2019). Differ-
ent Armillaria species dominated in different age 
classes; the majority of A. cepistipes was found in 
the age class of 61–80 years, while the occurrences 
of A. gallica and A.  ostoyae were detected in the 
oldest stands.

Conclusion

We found that the forest altitudinal zone and 
Norway spruce abundance influenced the occur-
rence of symptoms caused by Armillaria spp. in 
our study area in 2002, but these relationships were 
not observed in 2019. The total defoliation and de-
foliation of primary structure of Norway spruce 
increased between 2002 and 2019. The broadleaf 
abundance affected the total defoliation of Norway 
spruce in 2002, but the effect was not present in 
2019. Moreover, we identified a significant positive 
effect of broadleaf abundance in 2019 on the change 
in the total defoliation of Norway spruce between 
2002 and 2019 – most of the stands without in-
crease of defoliation between 2002 and 2019 had 
a 15% share of broadleaf trees and more in 2019. 
The instability of the observed relationships can be 
caused by many factors; we supposed that impor-
tant factors were subnormal precipitation in three 
out of the last four years and the related increase in 
salvage felling. Our outputs show that the benefits 
for Norway spruce in mixed stands are influenced 
by climate and forest management. 
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