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Abstract

Leaf rust caused by Melampsora caprearum is one of the most important but un-

derstudied diseases of goat willow (Salix caprea). This research studied for the

first time the effect of genotype and the morphology of goat willow leaves on

the occurrence and abundance of Melampsora caprearum uredinia. The geno-

type showed a statistically significant impact on the occurrence and abundance

of uredinia on goat willow leaves. The morphological characteristics of the leaves,

leaf area, leaf circumference, and length and width of the leaves had a statistically

significant effect on the occurrence of uredinia, while they did not impact the

uredinia abundance on the leaves. On the same tree, leaves of larger dimensions

showed greater resistance to the occurrence of infe'ction sympFoms. Basgd on Keywords: willow rust, development,
leaf morphology, the results represent a realistic basis for selecting goat willow redinial stage, protection strategies
trees less susceptible to Melampsora caprearum. Measures that can be applied

in goat willow habitats to regulate leaf dimensions and reduce damage from  po:

Melampsora caprearum are discussed. https://doi.org/10.31298/51.150.1-2.2
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INTRODUCTION

The genus Salix L. comprises about 600 species of shrubs
and trees that grow in moist habitats (Cvjetic¢anin et al.
2016). Species from the genus Salix represent a valuable
source of biologically active components widely used for
various therapeutic purposes (Ramos et al. 2019, Tawfeek et
al. 2021). Goat willow (Salix caprea L.) is a pioneer, fast-grow-
ing honey plant adaptable to different habitat conditions
and able to extract heavy metals from the soil (Enescu et al.
2016). Lands populated by goat willow trees demonstrate
enhanced water retention potential and moisture buffering
capacity compared to fallow soils, indicating that goat wil-
low positively influences hillside hydrology (Gonzalez-Ol-
lauri and Mickovski 2020).

Rust fungi (Pucciniomycotina, Pucciniales) constitute one of
the most significant orders of fungi, accounting for about a
quarter of the known Basidiomycota (Aime and McTaggart
2021). Rust fungi represent the most numerous plant patho-
gens, and many aspects of their biology remain unexplained
(Lorrain et al. 2018). In certain parts of Europe, more than two
hundred taxa of rust fungi have been recorded (Woods et al.
2015, Talhinhas et al. 2019). The genus Melampsora was first
described in 1843; it represents heteroxeny Basidiomycetes
with a complete development cycle characterized by the for-
mation of a crust of sessile, laterally adherent single-celled
teliospores (Pei et al. 2005). The fungi from the genus
Melampsora are among the most important pathogens in
poplar plantations and short-rotation coppice systems. Sev-
eral species of the genus Melampsora are found on Salix spp.
in Europe (Ciszewska-Marciniak and Jedryczka 2011). Also, it
is known that Melampsora caprearum (DC.) Thim occurs on
goat willow in urban green spaces (Stankeviciené 2018). Re-
search in Central Europe has identified several species of the
genus Melampsora that affect willow biomass production
(Bubner et al. 2014). However, the bioecology of species of
the genus Melampsora has not been sufficiently researched,
particularly regarding hosts that are not used for broad com-
mercial purposes but mainly have environmental value.

A higher-rang classification of the order Pucciniales must
also include various aspects of the development of these
organisms (Aime and McTaggart 2021). Climate change
has led to an increased spread of rusts to higher eleva-
tions (Dudney et al. 2021). Ecological and basic biological
studies of rust development are necessary to develop new
control methods (Yamaoka 2014). The literature lacks data
regarding the influence of the goat willow leaf morpholo-
gy (Salix caprea) on the spread of Melampsora caprearum.
Understanding this relationship will help maintain better
health conditions for goat willow and reduce the spread of
Melampsora caprearum, particularly in goat willow stands
and protective belts in natural settings. This is especially im-
portant due to the additional threat to goat willow from leaf
chewers, leaf miners, and gall inducers (Veselkin et al. 2019).
Genotypes tolerating these threats can provide a valuable
source of quality reproductive material. Accordingly, this
study aimed to investigate the life cycle of Melampsora ca-
prearum depending on the genotypes and the morphology
of the goat willow leaves. The occurrence and abundance of
uredinia as the phases of rust development that cause the
most damage to the goat willow were investigated.
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MATERIAL AND METHODS

Research Locality

The goat willow trees infected with rust Melampsora
caprearum were sampled at lvica Mountain in Montenegro
(43°01'13"N, 19°08'30"E). The trees belonged to the
longitudinal belt of goat willow next to the stream, without
pronounced exposure, at an elevation of 1,373 meters
above sea level. The distance between the trees was less
than 1 meter. The source of the inoculum was a larch tree
(Larix decidua Mill.) situated less than 500 meters away from
the goat willow trees (43°01'09"N, 19°08'27"E). No other
(secondary) hosts for other rust species that can occur on
goat willow were noticed, so the occurrence of other rust
species can be excluded.

Plant Material

Eleven goat willow genotypes aged 11 to 12 years were
selected to analyze the morphology of leaves infected by
Melampsora caprearum. The leaves were sampled in August
2023, when the infection period for the uredinial stage was
over, and the uredinia were visible on the infected leaves. Ure-
dinia were dark yellow and orange, 1-2 mm in size, primari-
ly hypophyllous, while in terms of arrangement, they were
scattered and aggregated. Urediniospores had a colorless cell
wall; some were completely colorless, ovoid, and ellipsoid
14-20 X 12-15 pm in size (Figure 1). The cell wall was echinu-
late, which was less noticeable on some spores. The morpho-
logical characteristics of fruiting bodies and spores matched
the description of Bagyanarayana (2005) and Pei (2005).

Due to the high tree density, trees were sampled at a 30 m
distance to avoid collecting genetically identical trees. Each
genotype represented a separate individual, that is, a ge-
notypically different individual. Individuality was estimated
based on the distance between sampled trees. A random
sample of 20 leaves was taken from each tree at a height
of 2 meters from the southwest side and the middle of the
branch. The collected leaves were packed in plastic bags
and stored in the refrigerator for 48 hours. The uredinia oc-
currence on the leaves, an indicator of the beginning of rust,
and the uredinia abundance on the leaves, an indicator of
the intensity of rust, were examined. The uredinia occurrence
is defined as binary, based on the occurrence or absence of
leaf rust. Afterward, the fungal uredinia were counted on the
lower side of each leaf to determine their abundance. All the
leaves were scanned, and their lamina length, width, circum-
ference, and area were calculated using LAMINA software
(Umea University) (see Table 1, Figure 1).

Statistical Methods

Binary logistic regression was used to examine how factors
such as genotype, leaf length, width, circumference, and
area influence the occurrence of uredinia.

A general linear model (GLM) was used to compare the
abundance of uredinia depending on the same factors test-
ed for the uredinia occurrence. The normality of the resid-
uals for the general linear model was assessed using the
Lilliefors-corrected Kolmogorov-Smirnov test. At the same
time, the homogeneity and linearity were checked through
the point scatter diagram. Fisher's least significant difference
(LSD) post hoc test was used to compare the abundance of
uredinia between goat willow genotypes.



Vemic et al.: Influence of the Salix caprea Genotype and Leaf Characteristics on the Occurrence of Fungus Melampsora caprearum

Table 1 Leaf dimensions of the tested goat willow leaves.

Number of Trees Area (mm?) Circumference (mm) Leaf Width (mm) Leaf Length (mm)
1 1986.1680 + 1027.48 156.8930 + 41.58 39.2195+8.74 69.6220+19.17
2 1857.6105 £ 566.31 159.6730 + 33.74 38.6405 +5.50 67.9620 +13.70
3 1694.7970 + 487.39 149.8365 + 24.59 34.7420 + 4.25 67.7735+11.09
4 2309.7147 £ 774.83 172.2079 + 35.61 427147 £7.14 754311+£1532
5 1700.4610 + 346.81 150.1135+ 16.34 36.2895 + 4.02 684530+ 7.47
6 1846.6125 £ 308.57 151.6980 + 14.78 39.1695 + 3.80 66.2260 + 6.15
7 24104360 £ 822.41 171.2705 + 34.39 440260 £ 8.15 73.9495+15.12
8 1576.7890 £ 313.24 145.1575+£14.54 34.5415+4.25 64.3510+£6.40
9 1415.5765 £ 568.58 134.2135+24.41 32.6535+6.27 59.5105+10.37
10 2467.7885 + 1598.97 1784155 £ 67.92 41.1080 £ 11.83 786025+ 29.18
1 2209.8581 + 806.59 176.3514 £ 34.15 40.0243 £7.31 77.8781+£14.85
Figure 1 Uredinia and urediniospores of Melampsora caprearum.
RESU LTS as the leaf's area, circumference, length, and width on the

Uredinia Occurrence on the Goat Willow Leaves

Infected leaves showed apparent symptoms in the form of
yellow spots on the upper side and necrotic spots on one
or both sides of the leaf (Figure 2). Abundant uredinia were
found on the lower side of the leaves (Figure 2). Neverthe-
less, the binary logistic regression showed a statistically
significant influence of the goat willow genotype, as well

uredinia occurrence caused by Melampsora caprearum (Ta-
ble 2, Figure 2, Figure 3). The odds ratio in binary logistic re-
gression shows that different genotypes influence a higher
or lower probability of the uredinia occurrence. According
to the odds ratio from the binary logistic regression, an in-
crease in leaf dimensions corresponds to a lower likelihood
of symptoms caused by Melampsora caprearum, indicating a
reduced probability of uredinia occurrence (Figure 3).
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Table 2 Influence of the goat willow genotype and leaf dimensions on the occurrence of the Melampsora caprearum uredinia.

Source Wald Chi-square Type Il df p
Genotype 21334 10 0.019
Leaf area 4776 1 0.029
Leaf circumference 11.274 1 <0.001
Leaf width 19.350 1 <0.001
Leaf length 14.038 1 <0.001

Figure 2 Damage to goat willow
leaves (Salix caprea) caused by
Melampsora caprearum; a - symp-
- toms on the upper face of the leaf on
less susceptible trees; b - the abun-
dance of uredinia on the lower face
of the leaf on less susceptible trees;
¢,e - symptoms on the upper face of
the leaf on middle susceptible trees;
d/f - the abundance of uredinia on
the lower face of the leaf on middle
susceptible trees; g - symptoms on
the upper face of the leaf on sensi-
tive trees; h - the abundance of ure-
dinia on the lower face of the leaf on
sensitive trees.
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Figure 3 Resistant goat willow leaves
(Salix caprea) without rust symptoms.
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Uredinia Abundance on the Goat Willow Leaves

A statistically significant difference was observed in the
number of Melampsora caprearum uredinia between differ-
ent goat willow genotypes based on GLM results (Table 3,
Figure 2, Figure 4). The lowest number of Melampsora ca-
prearum uredinia on leaves was present on individual trees,
with a prevalence of 9.09% (Figure 2 a—b, Figure 4, Figure 5).
Also, the highest number of uredinia appeared in the same

percentage of trees, again at 9.09% (Figure 2 g-h, Figure 4,
Figure 5). The remaining 81.82% of trees were in the range
between the highest and lowest sensitivity (Figure 2 c-d,
Figure 2 e—f, Figure 4, Figure 5). However, leaf area, circum-
ference, length, and width did not affect the abundance of
uredinia based on GLM results (Table 3). This indicates that
leaves of different dimensions showed a similar number of
uredinia (Figure 2 d, f).

Table3 Influence of the goat willow genotype and leaf dimensions on the abundance of the Melampsora caprearum uredinia.

Source Type lll Sum of Squares df Mean Square F p
Genotype 23755.738 10 2375.574 2216 0.026
Leaf area 500.755 1 500.755 0467 0497
Leaf circumference 53.641 1 53.641 0.050 0.824
Leaf width 2188.638 1 2188.638 2,042 0.157
Leaf length 21.201 1 21.201 0.020 0.889
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Figure 4 The abundance of uredinia on different goat willow genotypes.

M The highest number of uredinia

The lowest number of uredinia

B The middle number of uredinia

Figure 5 The percentage of goat willow trees with different uredinia abundance.
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DISCUSSION AND CONCLUSIONS

Tree breeding and genomics development enable new rust
control strategies worldwide (Hamelin 2022). This study
showed a significant influence of various factors such as
genotype, leaf length, width, circumference, and area on the
occurrence of the uredinia of Melampsora caprearum fungus
on goat willow leaves. Namely, different genotypes showed
unequal intensity of rust occurrence on the leaves in the can-
opy. At this moment, it is impossible to determine the pre-
cise mechanism for this phenomenon. The reasons for this
phenomenon are reflected in various biochemical processes
and the potential presence of genes that increase trees' de-
fense reactions (Hlickelhoven and Pillen 2024). Larger leaves
showed greater resistance compared to smaller leaves. This
larger leaf size influences goat willow's preexisting defense
mechanisms, which include features such as thicker cell
walls, a larger surface area for wax secretion, a greater num-
ber and size of leaf hairs, and variations in the shape and
arrangement of stomata. These structural differences effec-
tively hinder the pathogen's ability to establish an infection
(Huckelhoven and Schouten 2024). The growth of goat wil-
low is hindered in unfavorable conditions, but these plants
can rapidly change their growth dynamics when conditions
improve (Dusek and Kvét 2006). Soil moisture is essential
for germination in the first year, and prolonged three-week
droughts can result in seedling mortality (Tiebel et al. 2023).
According to the above-mentioned, planting and restoring
goat willows in high-quality habitats is expected to reduce
the occurrence of Melampsora caprearum. On the other
hand, in lower-quality habitats with decreased productivity,
especially in places prone to drought, soil fertilization mea-
sures are necessary to promote the growth of goat willow,
i.e., to reduce the incidence of Melampsora caprearum.

This study also showed that the goat willow genotype in-
fluences the abundance of uredinia on leaves, while leaf
dimensions did not show a significant effect. Similar to
the influence of the genotype on the uredinia occurrence,
several mechanisms existed within the goat willow trees,
primarily different defense reactions, which contributed to
the slow development of the pathogen (Hiickelhoven and
Schouten 2024). These findings are partially in agreement
with a similar study by Toome et al. (2010a, 2010b), which
demonstrated that leaf area and clones of Salix viminalis L.
and Salix gmelinii Pall. (S. dasyclados Wimm.) impacted the
abundance of Melampsora epitea rust pustules. Research
on the rotting of goat willow branches showed that the
branch dimensions did not affect the rot's intensity; rather,
the number of microorganisms played a more critical role.
This suggests that the size of the branches has limited im-
portance in mitigating rot (Angst et al. 2018). Similar to the
aforementioned research, the leaf dimensions had no signi-
ficance in the abundance of the Melampsora caprearum ure-
dinia, i.e,, the intensity of leaf destruction. However, in the
case of Melampsora caprearum rust, it is possible to directly
reduce the damage intensity to individual trees by prevent-
ing the infection of specific leaves. Pruning can effectively
shape the canopy to consist mainly of less sensitive leaves.

Damage to trees caused by Melampsora caprearum can
potentially reduce the genetic diversity of goat willow. Re-
search on the decline of genetic diversity in goat willow
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within fragmented habitats has led to recommendations
for preserving populations with various genetic diversity
(Tokdemir et al. 2024). In the case of Melampsora caprearum,
it was found that the genotype and the leaf dimensions
of goat willow independently influence the occurrence of
infection. In this way, in addition to utilizing and restoring
resistant trees, it is possible to encourage the development
of large leaves on more susceptible trees. This approach can
preserve the stability of various willow stands and create
conditions for conserving particularly endangered habitats.

Goat willow is an important component in species succes-
sion, where competition on different floors affects species
distribution and herbaceous plants' biomass in the under-
story (Mudrdk et al. 2016a). Also, active measures are need-
ed in damaged habitats, where restoration is complex, to
enable vegetation succession (Mantero et al. 2023). The
lifespan of goat willow seeds is expected to shorten due
to global climate change (Tiebel et al. 2024). The germina-
tion of goat willow seed depends on whether it is protect-
ed within the soil or located on the soil surface (Tiebel et
al. 2018). As such, the mechanical removal of weeds in the
vicinity of the goat willow trees is recommended, especially
in poor habitats, to enhance the nutrient uptake from the
soil. Early stimulation of goat willow tree growth is neces-
sary to limit competition from other plants for space and
nutrients. Therefore, we suggest that promoting the devel-
opment of trees with larger leaves is particularly important
in endangered habitats where rapid vegetation recovery is
needed. The goat willow genotypes were grown under the
same environmental conditions, indicating a direct relation-
ship between leaf size and resistance. The development of
goat willow leaves can be stimulated by applying various
forestry sylvicultural measures. These include reduction in
competition from other vegetation (Mudrak et al. 2016ab)
and thinning (Leonardsson and Gotmark 2015), which will
contribute to better growth of goat willow, positively im-
pacting leaf development. Another way is to plant seedlings
that have larger leaves. Moreover, since certain goat willow
genotypes show greater resistance to the occurrence of
Melampsora caprearum, they should be used where select-
ing seedlings with larger leaves is not possible.

On the other hand, the excessive spread of willows must
be addressed in productive habitats, as this negatively im-
pacts vegetation change (Cannone et al. 2022). Since these
habitats enable the natural tendency for larger leaves to de-
velop (Dusek and Kvét 2006), we suggest that less suscepti-
ble genotypes should be prioritized. In this way, adequate
protection is provided without the danger of changing the
vegetation.

Defoliation of goat willow trees caused by Melampsora ca-
prearum can have indirect negative consequences on the
development of subsequent vegetation. The fallen leaves
of goat willow can hinder the seed germination of other
species in vegetation succession (Mudrak and Frouz 2012).
Species diversity at the beginning of vegetation indicates
its further development (Mudrak et al. 2016b). On the other
hand, disturbances during succession affect the resumption
of vegetation growth (Gustafsson et al. 2021). Also, goat wil-
lows have lower shoot vigor than other tree species in these
habitats. Therefore, the thinning measures can be planned
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to follow the needs of the field (Leonardsson and Goétmark
2015).

The length and width of goat willow leaves are proven pa-
rameters for distinguishing Salix caprea from Salix gracilistyla
Mig. and their hybrids (Seo et al. 2021). Accordingly, balanc-
ing the cultivation of trees with different leaf morphologies
is necessary to preserve the natural goat willow gene pool
and phenotype. Also, Salix caprea has slightly lower pho-
tosynthesis parameters than green alder (Alnus alnobetula
(Ehrh.) K.Koch) and aspen (Populus tremula L.) as other pio-
neer species (Popa and Popa 2021). Regulating the diversity
of other woody species that share a habitat with willow can
contribute to forming different habitus of willow and im-
prove the effect of photosynthesis in a specific habitat.

The ectomycorrhiza of goat willow consists of the species
Hebeloma populinum, Cortinarius atrocoerulaeus, Inocybe
hirtella, Laccaria cf. ochropurpurea, Tuber maculatum, Ceno-
coccum geophilum and Phialophora finlandia (Hrynkiewicz et
al. 2023). In addition, endophytic fungi in the roots improve
the physiology of goat willow (Likar and Regvar 2013). Bioti-
zation of goat willow seedlings gives these fungi the possi-
bility of better growth, and further research should explore
the potential use of some of these fungal species to protect
goat willows from the rust fungus Melampsora caprearum.
Currently, it is known that the level of soil salinity and the
season influence the development of different genera of ec-
tomycorrhizal fungi (Hrynkiewicz et al. 2015).

Producing reproductive material, as well as the natural re-
generation of more resistant goat willow trees or genotypes
with large leaves, also indirectly suppress Melampsora ca-
prearum rust. Goat willow seeds are dispersed over long dis-
tances from the parent trees (Tiebel et al. 2019). Therefore,
goat willow genotypes with a higher degree of resistance,
i.e, with larger leaves, have the potential to intensively
spread to other localities; they provide the basis for creating
goat willow stands less susceptible to damage from this rust.

Finally, it should be noted that the findings on the host-rust
interaction contribute to a better understanding of how
climate change impacts these pathogens (Helfer 2014).
There were several historical periods of the spread of dif-
ferent willow species into new areas, so it is necessary to
conduct ecological studies to extend knowledge of habitat
differentiation for different willow species (Wagner et al.
2021). Therefore, we believe that findings on the influence
of the goat willow leaf morphology on the development of
Melampsora caprearum can be used to predict the future
distribution of this rust due to the expected impact of cli-
mate change on tree development.

ACKNOWLEDGMENTS

This study was supported by the Ministry of Education, Sci-
ence and Technological Development of the Republic of
Serbia, grant number: 451-03-66/2024-03/200027.

REFERENCES

« Aime, M.C., A.R. McTaggart, 2021: A higher-rank classification for rust
fungi, with notes on genera. Fungal Systematics and Evolution 7:
21-47. https://doi.org/10.3114/fuse.2021.07.02

. Angst, S., P. Baldrian, L. Harantov4, T. Cajthaml, J. Frouz, 2018: Differ-
ent twig litter (Salix caprea) diameter does affect microbial commu-
nity activity and composition but not decay rate. FEMS Microbiology
Ecology 94 (9): fiy126. https://doi.org/10.1093/femsec/fiy126

« Bagyanarayana, G., 2005: The Species of Melampsora on Salix (Sali-
caceae). In (Pei, M.H., A.R. McCracken, eds.): Rust Diseases of Willow
and Poplar. CABI Publishing, Wallingford, Oxfordshire, UK, pp. 29-50.

« Bubner, B., S. Wunder, I. Zaspel, M. Zander, J. Gloger, S. Fehrenz, C.
Ulrichs, 2014: Melampsora rust species on biomass willows in cen-
tral and north-eastern Germany. Fungal Biology 118 (11): 910-923.
https://doi.org/10.1016/j.funbio.2014.08.002

« Cannone, N., M. Guglielmin, C. Casiraghi, F. Malfasi, 2022: Salix shrub
encroachment along a 1000 m elevation gradient triggers a major
ecosystem change in the European Alps. Ecography 2022 (2): e06007.
https://doi.org/10.1111/ecog.06007

. Ciszewska-Marciniak, J., M. Jedryczka, 2011: Life cycle and genetic
diversity of willow rusts (Melampsora spp.) in Europe. Acta Agrobo-
tanica 64 (1): 3-10. https://doi.org/10.5586/aa.2011.001

« Cvjeti¢anin, R., J. Bruji¢, M. Perovi¢, V. Stupar, 2016: Dendrologija. Uni-
verzitet u Beogradu, Sumarski fakultet, Beograd. (eng. Dendrology,
University of Belgrade, Faculty of Forestry, Belgrade.)

« Dudney, J,, CE. Willing, AJ. Das, AM. Latimer, J.C.B. Nesmith, J.J.
Battles, 2021: Nonlinear shifts in infectious rust disease due to cli-
mate change. Nature Communications 12 (1): 5102. https://doi.
org/10.1038/541467-021-25182-6

« Dusek, J., J. Kvét, 2006: Seasonal dynamics of dry weight, growth rate
and root/shoot ratio in different aged seedlings of Salix caprea. Bi-
ologia 61 (4): 441-447. https://doi.org/10.2478/s11756-006-0074-0

« Enescu, C.M,, T. Houston Durrant, D. de Rigo, G. Caudullo, 2016: Salix
caprea in Europe: distribution, habitat, usage and threats. In (San-
Miguel-Ayanz, J., D. de Rigo, G. Caudullo, T. Houston Durrant, A. Mau-
ri, eds.): European Atlas of Forest Tree Species. Publ. Off. EU, Luxem-
bourg, pp. €01322d+

« Gonzalez-Ollauri, A., S.B. Mickovski, 2020: The effect of willow (Salix
sp.) on soil moisture and matric suction at a slope scale. Sustainability
12 (23): 9789. https://doi.org/10.3390/su12239789

« Gustafsson, L., V. Johansson, A.B. Leverkus, J. Strengbom, S. Wik-
berg, G. Granath, 2021: Disturbance interval modulates the starting
point for vegetation succession. Ecology 102 (9): €03439. https://doi.
org/10.1002/ecy.3439

« Hamelin, R.C., 2022: Rust diseases of forest trees. In (Asiegbu, F.O,, A.
Kovalchuk, eds.): Forest Microbiology Volume 2: Forest tree health.
Academic Press, Cambridge, Massachusetts, US, pp. 201-213. https://
doi.org/10.1016/B978-0-323-85042-1.00028-8

« Helfer, S., 2014: Rust fungi and global change. New Phytologist 201
(3): 770-780. https://doi.org/10.1111/nph.12570

« Hrynkiewicz, K., B.U. Furtado, J. Szydto, C. Baum, 2023: Ectomycor-
rhizal diversity and exploration types in Salix caprea. International
Journal of Plant Biology 15 (2): 340-357. https://doi.org/10.3390/
ijpb15020028

« Hrynkiewicz, K., S. Szymanisk, A. Piernik, D. Thiem, 2015: Ectomycor-
rhizal community structure of Salix and Betula spp. at a saline site in
Central Poland in relation to the seasons and soil parameters. Water,
Air, Soil & Pollution 226: 99. https://doi.org/10.1007/s11270-015-
2308-7

« Huckelhoven, R., A. Pillen, 2024: Genetics of plant disease and resist-
ance. In: (Oliver, R.P, R. Hiickelhoven, E.M. Del Ponte, A. Di Pietro, eds.):
Agrios’ Plant Pathology (Sixth Edition), Academic Press, London, UK,
San Diego, USA, Cambridge, USA.

- Hickelhoven, R, A. Schouten, 2024: Plant immunity and plant de-
fense, In (Oliver, R.P, R. Hiickelhoven, E.M. Del Ponte, A. Di Pietro, eds.):
Agrios’ Plant Pathology, Sixth Edition, Academic Press, London, UK,
pp. 133-160. https://doi.org/10.1016/B978-0-12-822429-8.00004-2

« Leonardsson, J., F. Gétmark, 2015: Differential survival and growth
of stumps in 14 woody species after conservation thinning in mixed
oak-rich temperate forests. European Journal of Forest Research 134:
199-209. https://doi.org/10.1007/510342-014-0843-1

25


https://doi.org/10.3114/fuse.2021.07.02
https://doi.org/10.1093/femsec/fiy126
https://doi.org/10.1016/j.funbio.2014.08.002
https://doi.org/10.1111/ecog.06007
https://doi.org/10.5586/aa.2011.001
https://doi.org/10.1038/s41467-021-25182-6
https://doi.org/10.1038/s41467-021-25182-6
https://doi.org/10.2478/s11756-006-0074-0
https://doi.org/10.3390/su12239789
https://doi.org/10.1002/ecy.3439
https://doi.org/10.1002/ecy.3439
https://doi.org/10.1016/B978-0-323-85042-1.00028-8
https://doi.org/10.1016/B978-0-323-85042-1.00028-8
https://doi.org/10.1111/nph.12570
https://doi.org/10.3390/ijpb15020028
https://doi.org/10.3390/ijpb15020028
https://doi.org/10.1007/s11270-015-2308-7
https://doi.org/10.1007/s11270-015-2308-7
https://doi.org/10.1016/B978-0-12-822429-8.00004-2
https://doi.org/10.1007/s10342-014-0843-1

Likar, M., M. Regvar, 2013: Isolates of dark septate endophytes reduce
metal uptake and improve physiology of Salix caprea L. Plant and Soil
370 (1-2): 593-604. https://doi.org/10.1007/s11104-013-1656-6

Lorrain, C., K.C. Gongalves dos Santos, H. Germain, A. Hecker, S. Du-
plessis, 2018: Advances in understanding obligate biotrophy in rust
fungi. New Phytologist 222 (3): 1190-1206. https://doi.org/10.1111/
nph.15641

Mantero, G., D. Morresi, S. Negri, N. Anselmetto, E. Bonifacio, M. Gar-
barino, R. Marzano, 2023: Short-term drivers of post-fire forest re-
generation in the Western Alps. Fire Ecology 19 (1): 1-16. https://doi.
org/10.1186/542408-023-00182-7

Mudrak, O., J. Frouz, 2012: Allelopathic effect of Salix caprea litter
on late successional plants at different substrates of post-mining
sites: pot experiment studies. Botany 90 (4): 311-318. https://doi.
0rg/10.1139/b2012-005

Mudrak, O., M. Hermova, C. Tesnerov4, J. Rydlova, J. Frouz, 2016a:
Above-ground and below-ground competition between the willow
Salix caprea and its understorey. Journal of Vegetation Science 27 (1):
156-164. https://doi.org/10.1111/jvs.12330

Mudrék, O., J. Dolezal, J. Frouz, 2016b: Initial species composition
predicts the progress in the spontaneous succession on post-mining
sites. Ecological Engineering 95: 665-670. https://doi.org/10.1016/j.
ecoleng.2016.07.002

Pei, M.H., 2005: A brief review of Melampsora rusts on Salix. In (Pei,
M.H., A.R. McCracken, eds.): Rust Diseases of Willow and Poplar, CABI
Publishing, Wallingford, Oxfordshire, UK, pp. 11-28.

Pei, M.H., C. Bayon, C. Ruiz, 2005: Phylogenetic position of Melamp-
sora in rust fungi inferred from ribosomal DNA sequences. In (Pei,
M.H., A.R. McCracken, eds.): Rust Diseases of Willow and Poplar.
CABI Publishing, Wallingford, Oxfordshire, UK, pp. 1-9. https://doi.
0rg/10.1079/9780851999999.0001

Popa, A., I. Popa, 2021: Photosynthesis traits of pioneer broadleaves
species from tailing dumps in Calimani Mountains (Eastern Carpathi-
ans). Forests 12 (6): 658. https://doi.org/10.3390/f12060658

Ramos, P.A.B., C. Moreirinha, S. Silva, E.M. Costa, M. Veiga, E. Coscueta,
S.A.O. Santos, A. Almeida, M.M. Pintado, C.S.R. Freire, A.M.S. Silva, A.
J.D. Silvestre, 2019: The health-promoting potential of Salix spp. bark
polar extracts: Key insights on phenolic composition and in vitro bi-
oactivity and biocompatibility. Antioxidants 8 (12): 609. https://doi.
org/10.3390/antiox8120609

Seo, H-N., H-I. Lim, Y-Y. Kim, S-B. Chae, W. Cho, 2021: Discrimination of
Salix caprea, Salix gracilistyla, and their interspecific hybrid using veg-
etative characteristics and partial least squares discriminant analysis.
Horticultural Science 56 (10): 1-9. https://doi.org/10.21273/HORTS-
Cl16015-21

Stankeviciené, A. 2018: Prevalence and diversity of Uredinales fungi
at urban greeneries in Lithuania. In (Treija, S., S. Skujeniece, eds.):
24th Annual International Scientific Conference "Research for Rural
Development 2018", Latvia University of Life Sciences and Technolo-
gies, Jelgava, Latvia, May 16-18, 2018, pp. 138-144.

Talhinhas, P, R. Carvalho, R. Figueira, A.P. Ramos, 2019: An annotated
checklist of rust fungi (Pucciniales) occurring in Portugal. Sydowia 71:
65-84. https://doi.org/10.12905/0380.sydowia71-2019-0065

26 Sumarski list 150 (1-2): 19-26, 2026 © Hrvatsko Sumarsko drustvo

Tawfeek, N., M.F. Mahmoud, D.I. Hamdan, M. Sobeh, N. Farrag, M.
Wink, A.M. El-Shazly, 2021: Phytochemistry, pharmacology and
medicinal uses of plants of the genus Salix: An updated review.
Frontiers in Pharmacology 12: 593856. https://doi.org/10.3389/
fphar.2021.593856

Tiebel K., A. Karge, S. Wagner, 2023: Does shading and ground cover
of moss and litter improve germination and establishment of Betula
pendula Roth, Salix caprea L. and Populus tremula L. seedlings dur-
ing drought stress in climate change? — A greenhouse study. Forest
Ecology and Management 544: 121212. https://doi.org/10.1016/j.
foreco.2023.121212

Tiebel, K., J. Dahlmann, A. Karge, 2024: Global warming could shorten
the seed lifespan of pioneer tree species and thus natural regenera-
tion window of damaged areas. European Journal of Forest Research
143: 437-450. https://doi.org/10.1007/510342-023-01633-1

Tiebel K., F. Huth, S.Wagner, 2018: Soil seed banks of pioneer tree spe-
cies in European temperate forests: a review. iForest - Biogeosciences
and Forestry 11 (1): 48-57. https://doi.org/10.3832/ifor2400-011

Tiebel, K., L. Leinemann, B. Hosius, R. Schlicht, N. Frischbier, S. Wagner,
2019: Seed dispersal capacity of Salix caprea L. assessed by seed trap-
ping and parentage analysis. European Journal of Forest Research
138 (3): 495-511. https://doi.org/10.1007/s10342-019-01186-2

Tokdemir, Y., F.O. Degirmenci, A. Ulug, P. Acar, Z. Kaya, 2024: Genet-
ic diversity of Salix caprea L. populations in fragmented habitats
of northeastern Tirkiye. Biologia 79 (4): 2013-2023. https://doi.
org/10.1007/511756-024-01649-x

Toome, M., K. Heinsoo, A. Luik, 2010a: Relation between leaf rust (Mel-
ampsora epitea) severity and the specific leaf area in short rotation
coppice willows. European Journal of Plant Pathology 126: 583-588.
https://doi.org/10.1007/510658-009-9566-4

Toome, M., K. Heinsoo, B. Holm, A. Luik, 2010b: The influence of can-
opy density on willow leaf rust (Melampsora epitea) severity in willow
short rotation coppice. Biomass and Bioenergy 34 (8): 1201-1206.
https://doi.org/10.1016/j.biombioe.2010.03.012

Veselkin, D.V., N.B. Kuyantseva, O.E. Chashchina, A.G. Mumber, A.G.
Zamshina, D.A. Molchanova, 2019: Levels of leaf damage by phyl-
lophages in invasive Acer negundo and native Betula pendula and
Salix caprea. Russian Journal of Ecology 50: 511-516. https://doi.
0rg/10.1134/51067413619060134

Yamaoka, Y. 2014: Recent outbreaks of rust diseases and the im-
portance of basic biological research for controlling rusts. Journal
of General Plant Pathology 80: 375-388. https://doi.org/10.1007/
510327-014-0529-z

Wagner, N.D,, L. He, E. Horandl, 2021: The evolutionary history, diver-
sity, and ecology of willows (Salix L.) in the European Alps. Diversity
13 (4): 146. https://doi.org/10.3390/d 13040146

Woods, R.G., R.N. Stringer, D.A. Evans, A.O. Chater, 2015: Rust Fungus
Red Data List and Census Catalogue for Wales. A.O. Chater, Aberyst-
wyth.


https://doi.org/10.1007/s11104-013-1656-6
https://doi.org/10.1111/nph.15641
https://doi.org/10.1111/nph.15641
https://doi.org/10.1186/s42408-023-00182-7
https://doi.org/10.1186/s42408-023-00182-7
https://doi.org/10.1139/b2012-005
https://doi.org/10.1139/b2012-005
https://doi.org/10.1111/jvs.12330
https://doi.org/10.1016/j.ecoleng.2016.07.002
https://doi.org/10.1016/j.ecoleng.2016.07.002
https://doi.org/10.1079/9780851999999.0001
https://doi.org/10.1079/9780851999999.0001
https://doi.org/10.3390/f12060658
https://doi.org/10.3390/antiox8120609
https://doi.org/10.3390/antiox8120609
https://doi.org/10.21273/HORTSCI16015-21
https://doi.org/10.21273/HORTSCI16015-21
https://doi.org/10.12905/0380.sydowia71-2019-0065
https://doi.org/10.3389/fphar.2021.593856
https://doi.org/10.3389/fphar.2021.593856
https://doi.org/10.1016/j.foreco.2023.121212
https://doi.org/10.1016/j.foreco.2023.121212
https://doi.org/10.1007/s10342-023-01633-1
https://doi.org/10.3832/ifor2400-011
https://doi.org/10.1007/s10342-019-01186-2
https://doi.org/10.1007/s11756-024-01649-x
https://doi.org/10.1007/s11756-024-01649-x
https://doi.org/10.1007/s10658-009-9566-4
https://doi.org/10.1016/j.biombioe.2010.03.012
https://doi.org/10.1134/S1067413619060134
https://doi.org/10.1134/S1067413619060134
https://doi.org/10.1007/s10327-014-0529-z
https://doi.org/10.1007/s10327-014-0529-z
https://doi.org/10.3390/d13040146

