
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=sagb20

Acta Agriculturae Scandinavica, Section B — Soil & Plant
Science

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/sagb20

Field investigation of topsoil moisture and
temperature as drivers for decomposition or
germination of sclerotia (Sclerotinia sclerotiorum)
under winter-killed cover crops

P. Euteneuer, H. Wagentristl, S. Pauer, M. Keimerl, C. Schachinger, G. Bodner,
H.-P. Piepho & S. Steinkellner

To cite this article: P. Euteneuer, H. Wagentristl, S. Pauer, M. Keimerl, C. Schachinger,
G. Bodner, H.-P. Piepho & S. Steinkellner (2022) Field investigation of topsoil moisture and
temperature as drivers for decomposition or germination of sclerotia (Sclerotinia�sclerotiorum)
under winter-killed cover crops, Acta Agriculturae Scandinavica, Section B — Soil & Plant Science,
72:1, 527-537, DOI: 10.1080/09064710.2021.2018034

To link to this article:  https://doi.org/10.1080/09064710.2021.2018034

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 26 Dec 2021.

Submit your article to this journal Article views: 782

View related articles View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=sagb20
https://www.tandfonline.com/loi/sagb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09064710.2021.2018034
https://doi.org/10.1080/09064710.2021.2018034
https://www.tandfonline.com/action/authorSubmission?journalCode=sagb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=sagb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09064710.2021.2018034
https://www.tandfonline.com/doi/mlt/10.1080/09064710.2021.2018034
http://crossmark.crossref.org/dialog/?doi=10.1080/09064710.2021.2018034&domain=pdf&date_stamp=2021-12-26
http://crossmark.crossref.org/dialog/?doi=10.1080/09064710.2021.2018034&domain=pdf&date_stamp=2021-12-26


Field investigation of topsoil moisture and temperature as drivers for
decomposition or germination of sclerotia (Sclerotinia sclerotiorum) under
winter-killed cover crops
P. Euteneuer a, H. Wagentristla, S. Pauerb, M. Keimerlb, C. Schachingerb, G. Bodner c, H.-P. Piepho d and
S. Steinkellner b

aUniversity of Natural Resources and Life Sciences, Vienna, Department of Crop Science, Experimental Farm, Vienna, Austria; bUniversity of
Natural Resources and Life Sciences, Vienna, Department of Crop Science, Institute of Plant Protection, Vienna, Austria; cUniversity of Natural
Resources and Life Sciences, Vienna, Department of Crop Science, Institute of Agronomy, Vienna, Austria; dUniversity of Hohenheim, Institute
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ABSTRACT
Cover cropping provides versatile benefits for sustainable agriculture, but many cover crops are
potential host plants for pathogens such as Sclerotinia sclerotiorum (Lib.) de Bary. Therefore, 14
cover crops were investigated for their interaction with sclerotia, topsoil moisture and
temperature in two consecutive field trials in East Austria. In July, after the cover crops were
sown, sclerotia were inoculated at 3 cm soil depth in two mesh tubes per plot with 1×1 mm
and 3×10 mm mesh size and remained until March. Cover crops did not affect decay of
sclerotia, but sclerotia declined faster in 3×10 mm mesh compared to 1×1 mm (75.7 and 54.7%;
respectively). Degree days reached the required 500 °C for apothecia development in
September in both years, but only in year 1 was topsoil moisture sufficient for apothecia
development. Nonmetric dimensional scaling revealed that, among others, topsoil temperature
in March was significant for sclerotia germination in spring and was independent of plant
biomass. There are indications that Poaceae such as sorghum × Sudan grass and Sudan grass
can stimulate early germination under cover crops, causing vulnerability of sclerotia to
degradation. This could reduce the pathogen pressure for the subsequent irrigated cash crops.
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Introduction

Cover crops are acknowledged for their ability to protect
the soil from erosion and nutrient depletion and for their
support of sustainable agriculture (Couëdel et al. 2018b;
De Baets et al. 2011; Wittwer et al. 2017), but little is
known about their effects on plant pathogens. An
important pathogen in this context is Sclerotinia sclero-
tiorum (Lib.) de Bary, a soil-borne fungus with a wide
host plant range such as Fabaceae, Asteraceae and Bras-
sicaceae and thus many common cover crops (Boland
and Hall 1994; Peltier et al. 2012; Prudy 1979). The life-
cycle of S. sclerotium (white mould) starts when shal-
lowly buried sclerotia take up water to germinate and
induce carpogenic infection by developing apothecia
(Abawi and Grogan 1979; Bolton et al. 2006). This
process is mainly dependent on topsoil moisture,
topsoil temperature and light, and takes 20–100 days
or 160–1720°C degree days (Hao et al. 2003; Mila and

Yang 2008; Sun and Yang 2000; Wu and Subbarao
2008). Sclerotia are thought to produce the highest
number of stipes at a topsoil temperature of 10°C,
apothecia at 15°C within a topsoil moisture of – 0.01–
0.3 MPa (Hao et al. 2003; Wu and Subbarao 2008).
These requirements allow sclerotia to germinate under
average climate conditions in September in East
Austria (long-term mean air temperature 1998–2019:
15.6°C) and October (10.6°C) and can infect cover crops.

Sclerotia can remain viable for many years, and crop
rotation with non-host plants for four to five years can
prevent sclerotia germination (Adams and Ayers 1979;
Kurle et al. 2001; Peltier et al. 2012). The viability of scler-
otia depends on burial depth, soil moisture, soil temp-
erature, soil chemistry and soil biology (Adams 1975;
Cosic et al. 2012; Duncan et al. 2006; Huang and Kozub
1994; Kurle et al. 2001; Rousseau et al. 2006; Warmington
and Clarkson 2016). Considering soil moisture, Cosic
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et al. (2012) reported that under flooded conditions, the
majority of shallow (5 cm) buried sclerotia degraded
within six months during the growing season. According
to Adams (1975) and Twengström et al. (1998), sclerotia
degradation is further accelerated by alternating drying
and rewetting cycles. In contrast, soil temperature alone
has little effect on viability of sclerotia. Indeed, Matheron
and Porchas (2005) showed that 42–77% of sclerotia ger-
minated after 28 days at 40°C and – 100 MPa soil moist-
ure, but germination was completely inhibited after 7
days in wet soil (> -0.02 MPa). According to Harvey
et al. (1995), the ability to produce stipes that can then
form apothecia is considered to be independent of scler-
otia size with 1.1 apothecia-sclerotium−1 of size < 4 mm
and > 4 mm in a field experiment. In contrast, Taylor
et al. (2018) found a large dependency of sclerotia size
of 1.1 (< 2 mm), 2.5 (4–6.7 mm) and 11.9 apothecia scler-
otium−1 (<6.7 mm) under a controlled 15°C. The
different results of Harvey et al. (1995) and Taylor et al.
(2018) show the variability of sclerotia and illustrate
the need for further investigation at a field scale.

The research on sclerotia is also of interest for semi-
arid regions like East Austria, with irrigated cash crops
such as soybeans (Glycine max (L.) Merr.) and an increas-
ing irrigation area, due to climate change adaptation
(Schönhart et al. 2014). In this context, the impact of
cover crops on the fate of sclerotia is still unknown.
Cover crops affect soil moisture, soil temperature, soil
chemistry and light incidence by shading the soil
surface (Bodner et al. 2007; Couëdel et al. 2018a,
2018b; Euteneuer et al. 2020; Zibilske and Makus

2009). Results of Couëdel et al. (2018a), Monteiro et al.
(2012) and Warmington and Clarkson (2016) indicated
that mulch and volatiles of specific Fabaceae, Poaceae
and Brassicaceae can reduce the number of sclerotia in
laboratory experiments. In addition, under field con-
ditions, Civardi et al. (2019) showed, that Congo grass
(Urochloa ruziziensis Germ. & Evrard), a lignin-rich
Poaceae, can reduce apothecia in subsequent soybean
by stimulating early germination, resulting in soil decon-
tamination. In general, cover crops can improve biologi-
cal activity (A’Bear et al. 2014; Ludwig et al. 2018; Roarty
et al. 2017), which Adams and Ayers (1979) also found to
have a major impact on the survival of sclerotia.

For this study, cover crops from different plant
families were selected based on their host and non-
host capabilities. The aim of this research was to investi-
gate the ability of cover crops (i) to produce plant
biomass under semi-arid conditions, (ii) to impact
topsoil moisture and temperature (0–7 cm) and (iii) to
interact with sclerotia decomposition and germination
at a field scale.

Materials and methods

Experimental site and environmental conditions

Field experimentswere conducted from July 2015 to Sep-
tember 2017 at the experimental farm of the University of
Natural Resources and Life Science, Vienna (Austria) in
Gross-Enzersdorf (48°11’58.2"N, 16°33’46.9"E). The farm
is located in the Pannonian basin in the East of Austria
with an annual precipitation of 538 mm, an average
temperature of 10.6 °C with most precipitation during
the growing season and is classified as semi-arid (EU
2011; Yaqub et al. 2011). The soil is characterised as a cal-
caric Chernozem (WRB 2014) with pHCaCl2 7.6 and con-
tains 23.3 g kg−1 of organic carbon; the field capacity is
0.32 cm³ cm-³ and soil texture (air-dried) is defined by
213.3 sand, 570 silt and 216.7 g kg−1 clay (Yu et al.
2016). Climate data were logged on a 15 min basis by a
meteorological station (Adcon A733, OTT Hydromet
GmbH, Kempten, Germany). Degree dayswere calculated
as cumulative daily mean air temperatures from August
to followingMarch (Sun and Yang 2000), minus tempera-
tures during winter were set at 0°C.

Experimental design and cover crops

Two annual field trials that examined the effects of
cover crops on sclerotia decomposition and germina-
tion were conducted in a randomised complete block
design with six replicates. Cover crops were sown in
pure stands in 3 × 10 m plot size after the harvest of

Table 1. Cover crop cultivars and their potential as host plant for
Sclerotinia sclerotiorum (Lib.) de Bary according to Prudy (1979).

Cover crop treatments Plant family
Potential host

plant

Black oat (Avena strigosa cv. ‘Luxurial’) Poaceae No
Buckwheat (Fagopyrum esculentum cv.
‘Lileja’)

Polygonaceae Yes

Common vetch (Vicia sativa cv. ‘Hanka’) Fabaceae Yes
Corn cockle (Agrostemma githago) Caryophyllaceae Yes
Grass pea (Lathyrus sativus cv. ‘Merkur’) Fabaceae Yes
Mustard (Sinapis alba cv. ‘Bea’) Brassicaceae Yes
Niger seed (Guizotia abyssinica cv.
‘Mungo’)

Asteraceae Yes

Oat (Avena sativa cv. ‘Raven’) Poaceae No
Oilseed radish (Raphanus sativus var.
oleiferus cv. ‘Radical’)

Brassicaceae Yes

Phacelia (Phacelia tanacetifolia cv. ‘Lisl’) Boraginaceae Yes
Quinoa (Chenopodium quinoa cv.
‘Zeno’)

Amaranthaceae Yes

Rye grass (Lolium multiflorum var.
westerwoldicum cv. ‘Aubade’)

Poaceae No

Sorghum × Sudan grass
(Sorghum bicolour × S. Sudanense cv.
‘King 61’)

Poaceae No

Sudan grass (Sorghum Sudanese cv.
‘Piper’)

Poaceae No

Bare fallow (control; kept weed-free) – –
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winter rapeseed (Brassica napus L.) on the 13th July
2015 (year 1) and spring oat (Avena sativa L.) on 20th
July 2016 (year 2). Plant residues were incorporated
with a cultivator to a depth of 7 cm and with a second
pass 10 days later.

Cover crops were seeded at a 12 cm row spacing in
drill seeding (Plot seeder S, Wintersteiger AG, Ried,
Austria; Table 1). Bare fallow plots, kept free of any
plant biomass by hand-weeding, served as a control.
Cover crops remained on the field until Mid-April the fol-
lowing year and were winter-killed by January, except
rye grass (Lolium multiflorum var. westerwoldicum) and
partly corn cockle (Agrostemma githago). Plant biomass
was taken in early November in both years by cutting
0.25 m² aboveground. Plant dry mass was determined
after 24 h by heating at 105°C.

During the growing season, from August to Novem-
ber and during the following March, topsoil moisture
and temperature at 0–7 cm were measured per plot
(WET-Sensor, Delta-T Devices Ltd, Cambridge, UK; cali-
bration according to the manual) on a weekly basis.

Sclerotia

Mycelia of S. sclerotiorum were maintained on a potato
dextrose agar (PDA) plate at 24°C and obtained from a
strain of S. sclerotiorum isolated from a sunflower field
in Gross-Enzersdorf in 2014. Mycelial plugs from the
PDA were transferred to autoclaved wheat kernels (Tri-
ticum aestivum L. cv. ‘Capo’) in polypropylene boxes
(15 cm × 10 cm × 5.5 cm, length × width × height) and
sclerotia developed to full maturity at 24°C in darkness
within six weeks (Euteneuer et al. 2019). After seeding
of cover crops in year 1 and 2, respectively, two sets
of firm sclerotia with a size of 4–8 mm were inserted
into mesh tubes of 1 × 1 mm and 3 × 10 mm mesh
size to restrict or allow earthworm access. The mesh
tubes were inoculated at two randomly chosen
locations per plot at 3 cm soil depth. Both sets of scler-
otia were excavated by the end of March year 1 and 2,
respectively. All excavated sclerotia were counted and
categorised as ‘remaining’ when without stipes, as ‘ger-
minated’ with stipes and additionally number of stipes
sclerotium−1.

Statistical analysis

Cover crop biomass (square root transformed) was ana-
lysed using a two-way linear mixed model (2-way LMM)
with the fixed effect cover crop treatments (14 levels;
mustard, oilseed radish, oat, Sudan grass, sorghum ×
Sudan grass, rye grass, black oat, grass pea, common
vetch, corn cockle, phacelia, quinoa, buckwheat, Niger

seed) and years (2 levels; year 1, year 2) and replicates
nested within years were set random.

To determine the effect of cover crops on topsoil moist-
ure over months, a three-way linear mixed model (3-way
LMM) was performed with fixed effects cover crop treat-
ments, years and months (5 levels; August, September,
October, November, March). Random effects were fitted
for replicates, plots and months as repeated factor.

A 3-way LMM was performed for remaining or germi-
nated sclerotia in March. Fixed effects were factors, cover
crop treatments, years and mesh size (2 levels; 1 × 1 mm,
3 × 10 mm). Random effects were fitted per replicate and
plots as both mesh sizes were inoculated in one plot
(Piepho et al. 2004). For the germinated sclerotia, the
number of remaining sclerotia was added to the
model as a covariate.

Plant biomass and sclerotia were analysed with func-
tion ‘lmer’ (‘lme4’ package; Bates et al. 2015) in R (R
Core Team 2021). Compound symmetry was used as a
variance-covariance structure for repeated measure-
ments and the residual maximum likelihood (REML)
method was used for estimation. For the analyses of
variance, the function ‘Anova’ was applied using
Wald-type F-tests and the Satterthwaite’s method for
denominator degrees of freedom and type III hypoth-
eses. Topsoil moisture was analysed with the package
‘nlme’ (Pinheiro et al. 2021) and function ‘lme’ and
REML. Analyses of variance was conducted with the
function ‘anova.lme (type =marginal)’ using Wald-type
F-tests and type III hypotheses. Function ‘emmeans’
(package ‘emmeans’; Lenth 2021) was applied in mul-
tiple mean comparisons (Sidak; P < 0.05) for factor com-
binations. All data provided are mean values and
standard deviation (mean, ±SD). Residual distributions
were inspected visually by frequency of residuals and
homogeneity of the variance by box plots of residuals
per variable and residuals against fitted values per
model.

Ordination for rank orders suitable of topsoil moist-
ure and temperature based on the proportion of
remaining and germinated sclerotia was obtained by
non-metric multidimensional scaling (NMDS) (Paliy
and Shankar 2016). Non-metric MDS was performed
with package ‘vegan’ (Oksanen et al. 2020) and function
‘metaMDS’ with Bray–Curtis distances and was solved
with a two-dimensional ordination with a stress score
of < 0.1 after an interaction of 20 tries (Clarke 1993;
Kenkel and Orloci 1986). Non-metric MDS plotting was
done with package ‘ggplot2’ (Wickham 2016) and
‘score’ function to extract the results of the vector
fitting by function ‘envfit’ (package ‘vegan’) with
scaling ‘species’ for sclerotia data and ‘site’ for soil par-
ameters and plant biomass.
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Results

Climatic data and cover crops

Total precipitation and mean air temperature from
August to November were slightly higher in year 1
than year 2 (191.5, 170.1 mm; 14.3, 13.2°C; respectively;
Figure 1). Additionally, the following months from
January to March of year 1 had an increased precipi-
tation and temperature of 117 mm and 4.3°C compared
to year 2 with 63 mm and 2.7°C. Overall, year 1 resulted
in higher degree days than year 2 and reached by the
end of October 1510°C and by March 2371°C compared
to year 2 with 1467 and 2079°C, respectively (Figure 2).

Cover crops gained higher biomass in year 1 than in
year 2 (682 ± 359; 72.2 ± 76.3 g m−2; F1 = 57.1; P <
0.001) and differed between species (F13 = 19.4; P <
0.001) and showed interactions with year (F13 = 9.23; P
< 0.001). In year 1, plant biomass increased with
common vetch≥ remaining cover crops≥ corn cockle
=mustard = black oat≥ Sudan grass > sorghum x
Sudan grass (Figure 3) and in year 2 common vetch,
buckwheat, corn cockle, rye grass had lower plant
biomass than mustard, oilseed radish, black oat, oat
and sorghum x Sudan grass (2-way LMM; Sidak; P < 0.05).

Topsoil moisture and temperature

Cover crop treatments, months and year showed an
impact on topsoil moisture in the first seven centimetres
and 3-way interactions (Table 2). Overall topsoil moisture

under bare fallow (6.46 ± 2.28%) and oilseed radish (7.28
± 2.93%) were drier than under grass pea, rye grass,
common vetch, Sudan grass and oat (8.19–8.54%). Gen-
erally, topsoil moisture in year 1 was higher than year 2
and in detail August and October year 1 were moister
than in year 2 and vice versa September, November
and March of year 2 (Figure 4). In addition, interactions
of cover crop treatments ×month × year revealed buck-
wheat had drier topsoil than common vetch, corn
cockle, oat, phacelia, rye grass and Sudan grass in

Figure 1. Climatic data with monthly mean air temperature (°C)
and sum of precipitation (mm) from July 2015 (Year 1) to March
2017 (Year 2) at the study site in Gross-Enzersdorf (Austria).

Figure 2. Degree days for the duration of sclerotia (Sclerotinia
sclerotiorum) inoculation from August to March in year 1 and
year 2.

Figure 3. Aboveground plant biomass (g m−2) of cover crops in
November in year 1 and year 2. Cover crops per year having no
letter in common are significantly different by multiple mean
comparison (2-way LMM, Sidak; P < 0.05). Mean +SD, N = 6.
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August year 1 and bare fallow was driest in September –
November year 1, August year 2 and following March in
both years (Sidak; P < 0.05; Figure 5; Supplementary
table 1). Common vetch showed the highest topsoil
moisture in September and October year 1, oat in
November year 1 and Sudan grass in following March
in both years (Sidak; P < 0.05).

Three-way LMM analysis showed an impact of cover
crops and month on topsoil temperature and interaction
of month × year (Table 2). Overall topsoil temperature
was higher under bare fallow (17.3 ± 7.64°C) than
sorghum × Sudan grass, Sudan grass, oat, phacelia,
oilseed radish and buckwheat (16.5–16.7°C; Sidak; P <
0.05). August, September and October topsoil

temperatures were warmer in year 2 than in year 1
and March year 1 soil was warmer than in 2017 (Figure
4).

Sclerotinia

Inoculated sclerotia were affected by mesh sizes and
year in sclerotia decomposition and germination, but
not by cover crop treatments (3-way LMM; Table 3).
Overall, more sclerotia decomposed, when inoculated
in 3 × 10 mm mesh size than 1 × 1 mm (0.24 ± 0.22;
0.45 ± 0.26; respectively) and decomposition was
higher in year 1 than in year 2. The number of germi-
nated sclerotia differed between mesh sizes in year 1
and was highest in 1 × 1 mm, but equal between both
mesh sizes in year 2 (Sidak; P < 0.05; Table 3; Figure 6).
Additionally, the proportion of germinated sclerotia
was independent of the covariate ‘remaining sclerotia’,
as year 2 had higher abundance of remaining sclerotia
than year 1, but lower numbers of germinated sclerotia
(Table 3). However, in October year 1, single patches of
infected plants were found in some stands of phacelia,
mustard, corn cockle, grass pea and a few sclerotia
were found on stems, flower heads and/or pods (Sup-
plementary figure 1) and a few apothecia developed in
the following March, but no apothecia or infected
plants were seen in year 2 (Table 4). Number of stipes
sclerotium−1 only differed between years, but not in
mesh size and was higher in year 1 than in year 2
(Sidak; P < 0.05; Table 3; Figure 6).

In all, NMDS shows a clear separation of the two years
along NMDS1 and assigns germinated sclerotia (1 ×
1 mm: R² = 0.721; 3 × 10 mm: R² = 0.5) to year 1 and
remaining sclerotia to year 2 (1 × 1 mm: R² = 0.833;

Table 2. Results of statistical analyses (3-way LMM) of topsoil
moisture and temperature for five months from August to
November and the following March under cover crop
treatments (control [bare fallow], black oat, buckwheat,
common vetch, corn cockle, grass pea, Niger seed, oat, oilseed
radish, phacelia, quinoa, rye grass, sorghum × Sudan grass,
Sudan grass) in two annual field trials (year 1; year 2).
Parameter F-value Df P-value

Topsoil moisture (%)
Cover crops (CC) 2.36 14 0.006
Months (M) 30.2 4 < 0.001
Year (Y) 12.1 1 0.006
CC × M 8.59 56 < 0.0001
CC × Y 2.23 14 0.009
M × Y 51.9 4 < 0.001
CC × M × Y 3.79 56 < 0.001
Topsoil temperature (°C)
CC 1.85 14 0.038
M 546 4 < 0.001
Y 0.681 1 0.429
CC × M 0.815 56 0.829
CC × Y 1.29 14 0.219
M × Y 44.9 4 < 0.001
CC × M × Y 0.513 56 0.999

Note: Degrees of freedom (Df), N = 6.

Figure 4. Topsoil moisture (0–7 cm; %) (A) and temperature (0-7 cm; °C) (B) from August to November and following March under
cover crop treatments in two years (year 1; year 2). Month having no letter in common are significantly different by multiple mean
comparison (3-way LMM; Sidak; P < 0.05). Mean +SD, N = 6.
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3×10 mm: R² = 0.815; Figure 7(a)). In contrast to higher
numbers of remaining sclerotia in year 2, vectors
(Figure 7(b)) show that soil parameter of year 1
affected sclerotia decomposition and germination by
topsoil moisture in August, October year 1 (R² = 0.405,
R² = 0.472, respectively) and topsoil temperature in
November (R² = 0.618) and March year 1 (R² = 0.693),
whereas topsoil temperature in August year 1 and year
2 was indifferent to any finding. Plant biomass (R² =
0.404) from November was assigned to germinated
sclerotia in year 1 and seemingly did not interfere with
germination in the following March.

Discussion

To our knowledge, no research has been conducted on
sclerotia decomposition or germination over the winter-
time and with winter-killed cover crops in the current
research area in Central Europe. Consequently, much
of this research is compared with other climatic
regions and strains of S. sclerotiorum with different pre-
requisites and requirements. However, growing areas
under irrigation in cash crops and narrow crop rotation,
means that research like the current field trial is needed,
as with rising temperatures the pathogen pressure can

Figure 5. Topsoil moisture (%) and temperature (°C) of cover crop treatments of two years (year 1; year 2) for five months from August
to November and March in the following year. Bare fallow (black dot), common vetch (white triangle) and Sudan grass (white square)
are highlighted; details of the 3-way LMM and post hoc test (Sidak, P < 0.05) are in supplementary table 1. Remaining cover crops
(small black circles) are jittered by 0.4 × 0.4 and dashed line indicates a sampling break during the winter. Mean ±SD (grey shaded
area), N = 6.
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increase (Garcia et al. 2005; Kurle et al. 2001; Peltier et al.
2012; Schönhart et al. 2014).

The cover crop biomasses were highly affected by
plant species and year. In particular in year 1, this was
in line with the ability of Poaceae to gain high plant bio-
masses (Creamer and Baldwin 2000; Duval et al. 2016).
However, this could hardly be confirmed in year 2,
when the cover crop biomass was clearly lower and
nevertheless below the threshold of 3 t ha−1 for
sufficient weed suppression (Büchi et al. 2020; Gfeller
et al. 2018; Wendling et al. 2019). In detail, common
vetch gained lowest plant biomass (3.77 ± 0.99 t ha−1)
in year 1 and developed slower than grass pea, as the
latter is more tolerant to drier conditions and was
above the threshold of 3 t ha−1 (6.15 ± 1.5 t ha−1) (Bie-
derbeck et al. 1993; Büchi et al. 2020). Further, Niger
seed and buckwheat developed rapidly in both years,
but were already terminated by frost at the time of

sampling in November and therefore lost plant
biomass. In contrast, rye grass is an annual to biennial
turf grass and known for usually high gains of plant
biomass in the following growth season (Solomon
et al. 2017). Hence, plant biomass production also
affected evapotranspiration and topsoil conditions as
seen with moisture and temperature throughout the
year.

Over both years, cover crops affected topsoil moist-
ure and were driest under bare fallow and oilseed
radish compared to grass pea, common vetch, rye
grass, oat and Sudan grass. Similar results were observed
with Sudan grass, black oat, radish and bare fallow in the
same study area by Euteneuer et al. (2020). The findings
of Table 3 were related to dew formation and reduced
evaporation from autumn to spring, due to shading of
slowly decomposing Poaceae with a high C:N ratio and
high biomass production (Blanco-Canqui et al. 2011;
Xiao et al. 2009; Zibilske and Makus 2009). Despite
cover crops affected topsoil moisture, their influence
on the fate of sclerotia was negligible as shown in
Table 3. The observed annual differences on decompo-
sition of sclerotia was due to higher precipitation and
degree days in year 1 compared to year 2 and not
related to any specific cover crop treatment (Mila and
Yang 2008). Also, Civardi et al. (2019) stated that the
onset of germinated sclerotia was not affected by
cover crop or spontaneous weeds in a field trial in
Brazil. It is interesting to note the similar results in
Congo grass in studies by Civardi et al. (2019) and in
sorghum × Sudan grass as well as Sudan grass in the
current trial. All three cover crops are relatively high in
C:N and in the current trial sorghum × Sudan grass
and Sudan grass had more apothecia by numbers in
March year 1 than other cover crop treatments (except
quinoa). That might be a function of their physiology
and/or interactions with soil microorganisms, but it

Table 3. Statistical analyses (3-way LMM) of sclerotia
decomposition (remaining), germination and stipes
sclerotium−1.
Treatment F-value Df P-value

Remaining sclerotia
Cover crops (CC) 0.384 14 0.977
Mesh size (MS) 11.6 1 0.001
Year (Y) 10.2 1 0.002
CC × MS 1.01 14 0.458
CC × Y 0.466 14 0.947
MS × Y 1.00 1 0.320
CC × MS × Y 0.394 14 0.971
Germinated sclerotia
Remaining sclerotia
(RS)

0.33 1 0.565

CC 1.38 14 0.163
MS 0.558 1 0.456
Y 1.052 1 0.306
RS × CC 1.28 14 0.221
RS × MS 0.408 1 0.524
CC × MS 1.452 14 0.132
RS × Y 0.093 1 0.761
CC × Y 1.52 14 0.104
MS × Y 0.115 1 0.732
RS × CC × MS 1.63 14 0.073
RS × CC × Y 1.23 14 0.254
RS × MS × Y 0.002 1 0.969
CC × MS × Y 1.54 14 0.1
RS × CC × MS × Y 1.113 14 0.348
Stipes sclerotium−1

CC 0.244 14 0.998
MS 3.35 1 0.071
Y 9.72 1 0.002
CC × MS 0.449 14 0.952
CC × Y 0.373 14 0.980
MS × Y 0.786 1 0.387
CC × MS × Y 0.534 14 0.907

Note: Sclerotia of Sclerotinia sclerotiorum were inoculated in July for eight
months under cover crop treatments (control [bare fallow], black oat,
buckwheat, common vetch, corn cockle, grass pea, Niger seed, oat,
oilseed radish, phacelia, quinoa, rye grass, sorghum × Sudan grass,
Sudan grass) in two mesh tube sizes (1×1 mm, 3×10 mm) in two
annual field trials (year 1: year 2). Statistical analyses of germinated scler-
otia contains numbers of remaining sclerotia as continuous variable.
Degrees of freedom (Df), F-value, P-value, N = 6.

Table 4. Number of apothecia in March in year 1 in cover crop
treatments. Mean ± SD, N = 6.
Cover crop treatments Number of apothecia ±SD

Bare fallow 0.00 0.00
Black oat 2.00 3.46
Buckwheat 0.67 1.15
Common vetch 0.33 0.58
Corn cockle 1.00 1.73
Grass pea 1.67 2.89
Mustard 1.00 1.73
Niger seed 0.00 0.00
Oat 2.33 2.52
Oilseed radish 0.00 0.00
Phacelia 0.00 0.00
Quinoa 4.67 8.08
Rye grass 1.67 2.89
Sorghum × Sudan grass 5.67 7.37
Sudan grass 3.33 3.51
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seems that Poaceae could be drivers for early germina-
tion of sclerotia.

More important than the effect of plants on the fate of
sclerotia is soil moisture (Cosic et al. 2012; Mila and Yang
2008; Rousseau et al. 2006; Sun and Yang 2000) which
may have been the limiting factor in year 2 (Abawi and
Grogan 1979; Matheron and Porchas 2005). Increased
topsoil moisture in the summer months of year 1 have
facilitated the development of apothecia. These apothe-
cia were indirectly detected by sclerotinia infections and
mature sclerotia on stems and flower heads in single
plants of phacelia, mustard, corn cockle, grass pea.
Degree days in both years were within the given range

identified by Sun and Yang (2000) of 160–900 and 760–
1720°C for high light (120–130 mol m–2 s–1) or low light
(80–90 mol m–2 s–1). The light intensity under the
canopy of the cover crops used in the current trial is
unknown, but in both years, August reached > 500°C,
September > 1000°C and October 1467–1510°C. This
excludes temperature as a limiting factor and leaves
lower soil moisture in year 2 responsible for the lack of
any apothecia in autumn year 2. However, the generally
low number of infected plants in year 1 might be
related to findings of Mila and Yang (2008), that in a
shorter timeperiodmore sclerotia germinated anddevel-
oped apothecia with fluctuating temperature between

Figure 7. Nonmetric multidimensional scaling (NMDS) of (A) remaining sclerotia (remain) of Sclerotinia sclerotiorum, germinated scler-
otia (germ). Sclerotia were inoculation in two mesh tubes (1 × 1 mm [ _1]; 3 × 10 mm [ _3]) under cover crop treatments in 3 cm
depth of two years (year 1; year 2). Site parameters of NMDS (B) with aboveground cover crops biomass (biomass) and monthly
mean topsoil moisture (sm) and temperature (st) from August to November and following March.

Figure 6. Proportion of remaining sclerotia of Sclerotinia sclerotiorum (A), germinated sclerotia (B) and stipes sclerotium−1 (C) after
eight months of inoculation under cover crop treatments (control [bare fallow], black oat, buckwheat, common vetch, corn cockle,
grass pea, Niger seed, oat, oilseed radish, phacelia, quinoa, rye grass, sorghum × Sudan grass, Sudan grass) in topsoil (3 cm
depth) in two mesh tubes (1 × 1 mm, 3 × 10 mm) of two years (year 1; year 2). Mesh size having no letter in common are significantly
different in multiple mean comparison (3-way LMM; Sidak; P < 0.05). Mean +SD, N = 6.
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20 ± 4°C than between 20 ± 6 or 20 ± 8 °C in a constant
water saturated soil. In the current trial, the range of
night and day temperatures reached from 15 to 33°C at
the beginning of September, 12–20°C in mid-September
and 7–17°C by the end of September, which could have
resulted in low numbers of apothecia and would
explain why weekly field observations have failed to
detect apothecia.

Overall, the poor plant establishment in year 2 was
due to high temperatures and inadequate soil moisture
by the end of July. The single heavy rain event by early
July was not sufficient to facilitate cover crop germina-
tion; therefore, weed pressure increased and led to
reduced cover crop biomass production. Cover crop
treatments had no impact on sclerotia and higher
plant biomass from November in year 1 than in year 2
did not interfere with the higher number of stipes in
the following March year 1 as shown in Table 3.
Overall, counted 0.96–2.96 stipes sclerotium−1 in year 1
and in year 2 are in line with results from Harvey et al.
(1995) with 1.1 apothecia sclerotium−1 in a field trial.
However, NMDS analyses revealed that topsoil moisture
of August and October year 1 and soil temperature of
November and March year 1 contribute to sclerotia ger-
mination in the following March. This finding accords
with Workneh and Yang (2000), who identified tempera-
ture as essential for apothecia development when soil
moisture is sufficiently available and close to field
capacity. In the current trial, the soil at the critical time
in March was not saturated, but considering the low
winter temperatures from January to March (4.3°C in
year 1 and 2.7°C in year 2) soil temperature was likely
the more important factor for the development of
apothecia in spring year 1 than soil moisture. Another
indication for this conclusion is the reduced number of
stipes sclerotium−1 in March year 2, while the proportion
of germinated sclerotia was similar in year 1 and in year
2. In addition, topsoil temperature in March year 1 was,
despite the overall higher plant biomass in year 1 than in
year 2, sufficient to produce apothecia also under high
biomass crop sorghum × Sudan grass (1643 ± 381; 127
± 113 g m−2 in 2016; 2017; respectively). To investigate
the germination during different months from autumn
to spring would therefore be of interest. Additionally,
NMDS showed that topsoil temperature (29.5 ± 1.91°C)
in August alone had no influence on the germination
of sclerotia. This can be related to the low topsoil moist-
ure of 4.88 ± 1.23% in both years and is in line with Math-
eron and Porchas (2005), where viability of sclerotia had
not declined after 28 days with 40°C with – 100 MPa soil
moisture. In general, cover crops proved their applica-
bility for semi-arid areas related to topsoil moisture
and their potential to diminish sclerotia pressure via

stimulation of early germination before subsequent
cash crops. Nevertheless, most of the observed effects
are related to annual weather conditions and cover
crops might therefore be carefully selected in areas
with higher rainfall during the late summer months.
Therefore, cover crop mixtures with low plant density
of mustard, phacelia, corn cockle and grass pea might
be preferable for these areas.

Overall, numbers of sclerotia were reduced in
3×10 mm compared to smaller mesh size and Euteneuer
et al. (2019) related this to activities of earthworms such
as feeding on sclerotia, as seen with Lumbricus terrestris
L. in a laboratory setting. In addition, likewise to meso-
fauna (Williams et al. 1998), earthworms could have con-
tributed to the acceleration of sclerotia in 3 × 10 mm
mesh tubes by the distribution of antagonistic fungi
such as Paraconiothyrium minitans. However, these poss-
ible interactions of cover crops, earthworms and sclero-
tia ought to be investigated in further research and
would add to the many benefits of cover crops.

Acknowledgements

Many thanks to all our colleagues and students of the exper-
imental farm for their help. Special thanks to Karin Baumgart-
ner who produced a thousand and one sclerotia.
Conceptualisation: Euteneuer, P., Wagentristl, H., Method-
ology: Euteneuer, P., Bodner, G., Piepho, H.-P.; Formal analysis
and investigation: Euteneuer, P., Pauer, S., Keimerl, M., Scha-
chinger, C.; Writing – original draft preparation: Euteneuer, P.;
Writing – review and editing: Euteneuer, P., Steinkellner, S.;
Resources: Wagentristl, H.; Supervision: Steinkellner, S.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Notes on contributors

P. Euteneuer is deputy of the Experimental Farm of the Univer-
sity of Natural Resources and Life Science, Vienna, Austria and
main author of this study. She is interested in ecosystem ser-
vices of cover crops and earthworms.

H. Wagentristl is head of the Experimental Farm of the Univer-
sity of Natural Resources and Life Science, Vienna, Austria.

S. Pauer is a Master degree candidate at the University of
Natural Resources and Life Science, Vienna, Austria and this
study is part of his master thesis.

M. Keimerlwas a student at the University of Natural Resources
and Life Science, Vienna, Austria and this study was part of his
master thesis.

C. Schachinger was a student at the University of Natural
Resources and Life Science, Vienna, Austria and this study
was part of her master thesis.

ACTA AGRICULTURAE SCANDINAVICA, SECTION B — SOIL & PLANT SCIENCE 535



G. Bodner is a researcher at the Institute of Agronomy at the
University of Natural Resources and Life Science, Vienna,
Austria and his focus is on cover cropping, root physiology
and soil conservation.

H.-P. Piepho is head of Biostatistics at the Institute of Crop
Science at the University of Hohenheim, Stuttgart, Germany
and his main interests are statistical procedures as needed in
plant sciences, crop breeding and cultivar testing.

S. Steinkellner is head of the Institute of Plant Protection at the
University of Natural Resources and Life Science, Vienna,
Austria and she works on soil-borne fungi; plant pathogens
in cover crops and Mycorrhiza.

ORCID

P. Euteneuer http://orcid.org/0000-0002-2983-6085
G. Bodner http://orcid.org/0000-0001-9813-1364
H.-P. Piepho http://orcid.org/0000-0001-7813-2992
S. Steinkellner http://orcid.org/0000-0003-0815-9377

References

Abawi GS, Grogan RG. 1979. Epidemiology of diseases caused
by sclerotinia species. Phytopathology. 69:899–904.

A’Bear AD, Johnson SN, Jones TH. 2014. Putting the ‘upstairs–
downstairs’ into ecosystem service: what can aboveground–
belowground ecology tell us? Biol Control. 75:97–107.
doi:10.1016/j.biocontrol.2013.10.004.

Adams PB. 1975. Factors affecting survival of sclerotinia in soil.
Plant Dis. Report. 59:599–603.

Adams PB, Ayers WA. 1979. Ecology of sclerotinia species.
Phytopathology. 69:896–899.

Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear
mixed-effects models using lme4. J. Stat. Softw. 67: doi:10.
18637/jss.v067.i01.

Biederbeck VO, Bouman OT, Looman J, Slinkard AE, Bailey LD,
Rice WA, Janzen HH. 1993. Productivity of four annual
legumes as Green manure in dryland cropping systems.
Agron. J. 85:1035–1043. doi:10.2134/agronj1993.
00021962008500050015x.

Blanco-Canqui H, Mikha MM, Presley DR, Claassen MM. 2011.
Addition of cover crops enhances no-till potential for
improving soil physical properties. Soil Sci. Soc. Am. J.
75:1471–1482. doi:10.2136/sssaj2010.0430.

Bodner G, Loiskandl W, Kaul H-P. 2007. Cover crop evapotran-
spiration under semi-arid conditions using FAO dual crop
coefficient method with water stress compensation. Agric.
Water Manag. 93:85–98. doi:10.1016/j.agwat.2007.06.010.

Boland GJ, Hall R. 1994. Index of plant hosts of Sclerotinia scler-
otiorum. Can. J. Plant Pathol. 16:93–108. doi:10.1080/
07060669409500766.

Bolton MD, Thomma BPHJ, Nelson BD. 2006. Sclerotinia sclero-
tiorum (Lib.) de Bary: biology and molecular traits of a cos-
mopolitan pathogen. Mol. Plant Pathol. 7:1–16. doi:10.
1111/j.1364-3703.2005.00316.x.

Büchi L, Wendling M, Amossé C, Jeangros B, Charles R. 2020.
Cover crops to secure weed control strategies in a maize
crop with reduced tillage. Field Crops Res. 247:107583.
doi:10.1016/j.fcr.2019.107583.

Civardi EA, Görgen CA, Ragagnin VA, Silveira Neto ANda,
Carneiro LC, Lobo M. 2019. Management of Congo
grass cover crop affects timing of Sclerotinia sclerotiorum
carpogenic germination and decay of soybean stem rot.
Trop. Plant Pathol. 44:94–103. doi:10.1007/s40858-018-
0268-3.

Clarke KR. 1993. Non-parametric multivariate analyses of
changes in community structure. Austral Ecol. 18:117–143.
doi:10.1111/j.1442-9993.1993.tb00438.x.

Cosic J, Jurkovic D, Vrandecic K, Kaucic D. 2012. Survival of
buried Sclerotinia sclerotiorum sclerotia in undisturbed soil.
Helia. 35:73–78. doi:10.2298/HEL1256073C.

Couëdel A, Alletto L, Kirkegaard J, Justes É. 2018a. Crucifer
glucosinolate production in legume-crucifer cover crop
mixtures. Eur. J. Agron. 96:22–33. doi:10.1016/j.eja.2018.
02.007.

Couëdel A, Alletto L, Tribouillois H, Justes É. 2018b. Cover crop
crucifer-legume mixtures provide effective nitrate catch crop
and nitrogen Green manure ecosystem services. Agric.
Ecosyst. Environ. 254:50–59. doi:10.1016/j.agee.2017.11.017.

Creamer NG, Baldwin KR. 2000. An evaluation of summer cover
crops for use in vegetable production systems in North
Carolina. HortScience. 35:600–603. doi:10.21273/HORTSCI.
35.4.600.

De Baets S, Poesen J, Meersmans J, Serlet L. 2011. Cover crops
and their erosion-reducing effects during concentrated flow
erosion. CATENA. 85:237–244. doi:10.1016/j.catena.2011.01.
009.

Duncan RW, Dilantha Fernando WG, Rashid KY. 2006. Time and
burial depth influencing the viability and bacterial coloniza-
tion of sclerotia of Sclerotinia sclerotiorum. Soil Biol.
Biochem. 38:275–284. doi:10.1016/j.soilbio.2005.05.003.

Duval ME, Galantini JA, Capurro JE, Martinez JM. 2016. Winter
cover crops in soybean monoculture: effects on soil
organic carbon and its fractions. Soil Tillage Res. 161:95–
105. doi:10.1016/j.still.2016.04.006.

EU (European Union). 2011. Maps of pedo-climatic zones in
Europe recommendations for establishing action pro-
grammes under directive 91/676/EEC concerning the pro-
tection of waters against pollution caused by nitrates from
agricultural sources.

Euteneuer P, Wagentristl H, Steinkellner S, Fuchs M, Zaller JG,
Piepho H-P, Butt KR. 2020. Contrasting effects of cover crops
on earthworms: results from field monitoring and laboratory
experiments on growth reproduction and food choice.
Eur. J. Soil Biol. 100:103225. doi:10.1016/j.ejsobi.2020.103225.

Euteneuer P, Wagentristl H, Steinkellner S, Scheibreithner C,
Zaller JG. 2019. Earthworms affect decomposition of soil-
borne plant pathogen Sclerotinia sclerotiorum in a cover
crop field experiment. Appl. Soil Ecol. 138:88–93. doi:10.
1016/j.apsoil.2019.02.020.

Garcia C, Roldan A, Hernandez T. 2005. Ability of different plant
species to promote microbiological processes in semiarid
soil. Geoderma. 124:193–202. doi:10.1016/j.geoderma.2004.
04.013.

Gfeller A, Herrera JM, Tschuy F, Wirth J. 2018. Explanations for
Amaranthus retroflexus growth suppression by cover crops.
Crop Prot. 104:11–20. doi:10.1016/j.cropro.2017.10.006.

Hao JJ, Subbarao KV, Duniway JM. 2003. Germination of Sclerotinia
minor and S. sclerotiorum Sclerotia under various soil moisture
and temperature combinations. Phytopathology. 93:443–450.
doi:10.1094/PHYTO.2003.93.4.443.

536 P. EUTENEUER ET AL.

http://orcid.org/0000-0002-2983-6085
http://orcid.org/0000-0001-9813-1364
http://orcid.org/0000-0001-7813-2992
http://orcid.org/0000-0003-0815-9377
https://doi.org/10.1016/j.biocontrol.2013.10.004
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2134/agronj1993.00021962008500050015x
https://doi.org/10.2134/agronj1993.00021962008500050015x
https://doi.org/10.2136/sssaj2010.0430
https://doi.org/10.1016/j.agwat.2007.06.010
https://doi.org/10.1080/07060669409500766
https://doi.org/10.1080/07060669409500766
https://doi.org/10.1111/j.1364-3703.2005.00316.x
https://doi.org/10.1111/j.1364-3703.2005.00316.x
https://doi.org/10.1016/j.fcr.2019.107583
https://doi.org/10.1007/s40858-018-0268-3
https://doi.org/10.1007/s40858-018-0268-3
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.2298/HEL1256073C
https://doi.org/10.1016/j.eja.2018.02.007
https://doi.org/10.1016/j.eja.2018.02.007
https://doi.org/10.1016/j.agee.2017.11.017
https://doi.org/10.21273/HORTSCI.35.4.600
https://doi.org/10.21273/HORTSCI.35.4.600
https://doi.org/10.1016/j.catena.2011.01.009
https://doi.org/10.1016/j.catena.2011.01.009
https://doi.org/10.1016/j.soilbio.2005.05.003
https://doi.org/10.1016/j.still.2016.04.006
https://doi.org/10.1016/j.ejsobi.2020.103225
https://doi.org/10.1016/j.apsoil.2019.02.020
https://doi.org/10.1016/j.apsoil.2019.02.020
https://doi.org/10.1016/j.geoderma.2004.04.013
https://doi.org/10.1016/j.geoderma.2004.04.013
https://doi.org/10.1016/j.cropro.2017.10.006
https://doi.org/10.1094/PHYTO.2003.93.4.443


Harvey IC, Foley LM, Saville DJ. 1995. Survival and germination
of shallow-buried sclerotia of Sclerotinia sclerotiorum in pas-
tures in canterbury. N. Z. J. Agric. Res. 38:279–284.

Huang HC, Kozub GC. 1994. Longlivity of of normal and abnormal
sclerotia of Sclerotinia sclerotiorum. Plant Dis. 78:1164–1166.

Kenkel NC, Orloci L. 1986. Applying metric and nonmetric mul-
tidimensional scaling to ecological studies: some new
results. Ecology. 67:919–928. doi:10.2307/1939814.

Kurle JE, Grau CR, Oplinger ES, Mengistu A. 2001. Tillage crop
sequence and cultivar effects on sclerotinia stem rot inci-
dence and yield in soybean. Agron. J. 93:973. doi:10.2134/
agronj2001.935973x.

Lenth RV. 2021. emmeans: estimated marginal means aka
least-squares means. R Package Version. 154.

Ludwig M, Wilmes P, Schrader S. 2018. Measuring soil sustain-
ability via soil resilience. Sci. Total Environ. 626:1484–1493.
doi:10.1016/j.scitotenv.2017.10.043.

Matheron ME, Porchas M. 2005. Influence of soil temperature
and moisture on eruptive germination and viability of scler-
otia of Sclerotinia minor and S. sclerotiorum. Plant Dis. 89:50–
54. doi:10.1094/PD-89-0050.

Mila AL, Yang XB. 2008. Effects of fluctuating soil temperature
and water potential on sclerotia germination and apothecial
production of Sclerotinia sclerotiorum. Plant Dis. 92:78–82.
doi:10.1094/PDIS-92-1-0078.

Monteiro FP, Pacheco LP, Lorenzetti ER, Armesto C, de Souza
PE, de Abreu MS. 2012. Substrates and cover crop residues
on the suppression of sclerotia and carpogenic germination
of Sclerotinia sclerotiorum. Comun. Sci. 3:199–205.

Oksanen JF, Blanchet G, Friendly M, Kindt R, Legendre P,
McGlinn D, O’Hara RB, Simpson G, Solymos P, Stevens
MHH, et al. 2020. Vegan: Community Ecology Package. R
package version 2.5-7.

Paliy O, Shankar V. 2016. Application of multivariate statistical
techniques in microbial ecology. Mol. Ecol. 25:1032–1057.
doi:10.1111/mec.13536.

Peltier AJ, Bradley CA, Chilvers MI, Malvick DK, Mueller DS, Wise
KA, Esker PD. 2012. Biology yield loss and control of sclero-
tinia stem rot of soybean. J. Integr. Pest Manag. 3:1–7. doi:10.
1603/IPM11033.

Piepho HP, Buchse A, Richter C. 2004. A Mixed modelling
approach for randomized experiments with repeated
measures. J. Agron. Crop Sci. 190:230–247. doi:10.1111/j.
1439-037X.2004.00097.x.

Pinheiro J, Bates D, DebRoy S, Sarkar D, Core Team R. 2021.
nlme: Linear and nonlinear mixed effects models. R
Package Version. 31–152.

Prudy LH. 1979. Sclerotinia sclerotiorum history diseases and
symptomatology. Phytopathology. 69:875–880.

R Core Team. 2021. R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing
Vienna, Austria.

Roarty S, Hackett RA, Schmidt O. 2017. Earthworm populations in
twelve cover crop andweedmanagement combinations. Appl.
Soil Ecol. 114:142–151. doi:10.1016/j.apsoil.2017.02.001.

Rousseau GX, Rioux S, Dostaler D. 2006. Multivariate effects of
plant canopy soil physico-chemistry and microbiology on
Sclerotinia stem rot of soybean in relation to crop rotation
and urban compost amendment. Soil Biol. Biochem.
38:3325–3342. doi:10.1016/j.soilbio.2006.04.054.

Schönhart M, Mitter H, Schmid E, Heinrich G, Gobiet A. 2014.
Integrated analysis of climate change impacts and

adaptation measures in Austrian agriculture. Ger. J. Agric.
Econ. 63:156–176.

Solomon JKQ, Macoon B, Lang DJ. 2017. Harvest management
based on leaf stage of a tetraploid vs. a diploid cultivar of
annual ryegrass. Grass Forage Sci. 72:743–756. doi:10.1111/
gfs.12313.

Sun P, Yang XB. 2000. Light temperature and moisture effects
on apothecium production of Sclerotinia sclerotiorum. Plant
Dis. 84:1287–1293. doi:10.1094/PDIS.2000.84.12.1287.

Taylor A, Coventry E, Handy C, West JS, Young CS, Clarkson JP.
2018. Inoculum potential of Sclerotinia sclerotiorum sclerotia
depends on isolate and host plant. Plant Pathol. 67:1286–
1295. doi:10.1111/ppa.12843.

Twengström E, Köpmans E, Sigvald R, Svensson C. 1998.
Influence of different irrigation regimes on carpogenic ger-
mination of sclerotia of Sclerotinia sclerotiorum. J.
Phytopathol. 146:487–493. doi:10.1111/j.1439-0434.1998.
tb04610.x.

Warmington R, Clarkson JP. 2016. Volatiles from biofumigant
plants have a direct effect on carpogenic germination of
sclerotia and mycelial growth of Sclerotinia sclerotiorum.
Plant Soil. 401:213–229. doi:10.1007/s11104-015-2742-8.

Wendling M, Charles R, Herrera J, Amossé C, Jeangros B, Walter
A, Büchi L. 2019. Effect of species identity and diversity on
biomass production and its stability in cover crop mixtures.
Agric. Ecosyst. Environ. 281:81–91. doi:10.1016/j.agee.2019.
04.032.

Wickham H. 2016. Ggplot2: elegant graphics for data analysis.
New York: Springer-Verlag.

Williams RH, Whipps JM, Cooke RC. 1998. Role of soil meso-
fauna in dispersal of Coniothyrium minitans: transmission
to sclerotia of Sclerotinia sclerotiorum. Soil Biol. Biochem.
30:1929–1935. doi:10.1016/S0038-0717(98)00063-7.

Wittwer RA, Dorn B, Jossi W, van der Heijden MGA. 2017. Cover
crops support ecological intensification of arable cropping
systems. Sci. Rep. 7:41911. doi:10.1038/srep41911.

Workneh F, Yang XB. 2000. Prevalence of Sclerotinia stem Rot of
soybeans in the North-Central United States in relation to
tillage climate and latitudinal positions. Phytopathology.
90:1375–1382. doi:10.1094/PHYTO.2000.90.12.1375.

WRB. 2014. World reference base for soil resources 2014: inter-
national soil classification system for naming soils and creat-
ing legends for soil maps. Rome, Italy: FAO Rome.

Wu BM, Subbarao KV. 2008. Effects of soil temperature moist-
ure and burial depths on carpogenic germination of
Sclerotinia sclerotiorum and S. minor. Phytopathology.
98:1144–1152. doi:10.1094/PHYTO-98-10-1144.

Xiao H, Meissner R, Seeger J, Rupp H, Borg H. 2009. Effect of veg-
etation type andgrowth stageondewfall determinedwithhigh
precision weighing lysimeters at a site in northern Germany. J.
Hydrol. 377:43–49. doi:10.1016/j.jhydrol.2009.08.006.

Yaqub A, Seibert P, Formayer H. 2011. Diurnal precipitation
cycle in Austria. Theor. Appl. Climatol. 103:109–118. doi:10.
1007/s00704-010-0281-z.

Yu Y, Loiskandl W, Kaul H-P, Himmelbauer M, Wei W, Chen L,
Bodner G. 2016. Estimation of runoffmitigation by morpho-
logically different cover crop root systems. J. Hydrol.
538:667–676. doi:10.1016/j.jhydrol.2016.04.060.

Zibilske LM, Makus DJ. 2009. Black oat cover crop management
effects on soil temperature and biological properties on a
mollisol in texas USA. Geoderma. 149:379–385. doi:10.
1016/j.geoderma.2009.01.001.

ACTA AGRICULTURAE SCANDINAVICA, SECTION B — SOIL & PLANT SCIENCE 537

https://doi.org/10.2307/1939814
https://doi.org/10.2134/agronj2001.935973x
https://doi.org/10.2134/agronj2001.935973x
https://doi.org/10.1016/j.scitotenv.2017.10.043
https://doi.org/10.1094/PD-89-0050
https://doi.org/10.1094/PDIS-92-1-0078
https://doi.org/10.1111/mec.13536
https://doi.org/10.1603/IPM11033
https://doi.org/10.1603/IPM11033
https://doi.org/10.1111/j.1439-037X.2004.00097.x
https://doi.org/10.1111/j.1439-037X.2004.00097.x
https://doi.org/10.1016/j.apsoil.2017.02.001
https://doi.org/10.1016/j.soilbio.2006.04.054
https://doi.org/10.1111/gfs.12313
https://doi.org/10.1111/gfs.12313
https://doi.org/10.1094/PDIS.2000.84.12.1287
https://doi.org/10.1111/ppa.12843
https://doi.org/10.1111/j.1439-0434.1998.tb04610.x
https://doi.org/10.1111/j.1439-0434.1998.tb04610.x
https://doi.org/10.1007/s11104-015-2742-8
https://doi.org/10.1016/j.agee.2019.04.032
https://doi.org/10.1016/j.agee.2019.04.032
https://doi.org/10.1016/S0038-0717(98)00063-7
https://doi.org/10.1038/srep41911
https://doi.org/10.1094/PHYTO.2000.90.12.1375
https://doi.org/10.1094/PHYTO-98-10-1144
https://doi.org/10.1016/j.jhydrol.2009.08.006
https://doi.org/10.1007/s00704-010-0281-z
https://doi.org/10.1007/s00704-010-0281-z
https://doi.org/10.1016/j.jhydrol.2016.04.060
https://doi.org/10.1016/j.geoderma.2009.01.001
https://doi.org/10.1016/j.geoderma.2009.01.001

	Abstract
	Introduction
	Materials and methods
	Experimental site and environmental conditions
	Experimental design and cover crops
	Sclerotia
	Statistical analysis

	Results
	Climatic data and cover crops
	Topsoil moisture and temperature
	Sclerotinia

	Discussion
	Acknowledgements
	Disclosure statement
	Notes on contributors
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


