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Abstract To assess the effects of cutting phenology on early
growth performance of three willow clones grown under dif-
ferent weed treatments and planting dates, freshly harvested
(non-dormant) and cold-stored (dormant) cuttings from wil-
low clone Tora, Jorr, and Olof were planted in bucket exper-
iment outdoors in central Sweden on five planting dates
(May–June 2013) with or without a model weed (spring bar-
ley). Non-dormant cuttings sprouted faster than dormant cut-
tings when planted early in the season. For cuttings planted
later in the season, bud sprouting was affected only by willow
clone. Aboveground biomass production was affected by cut-
ting phenology, planting date, clone, and weed treatment.
When planted on May 3 and May 10, biomass produced from
non-dormant and dormant cuttings did not differ, while
willows grown from dormant cuttings produced 59% more
aboveground biomass than willows grown from non-
dormant cuttings when planted on May 24–June 16. Tora
produced on average 12% more biomass than Jorr and Olof,
and weed competition reduced aboveground biomass produc-
tion on average with 36%. The ability of willow to suppress
weeds (WSA) was 26 (non-dormant cuttings) and 12% (dor-
mant cuttings) higher for willows planted onMay 3 compared
withWSA of willows grown from cuttings planted later in the
season. The ability to tolerate competition from weeds (WT)
was 51 and 52% lower for willows grown from non-dormant
and dormant cuttings planted late in the season compared with
WTof willows planted earlier in the season. We conclude that

planting with long-term cold storage of willow cuttings can be
replaced with planting freshly harvested cuttings when plant-
ing is performed in early season, and that weed competition
strongly reduces biomass production. Weed control during the
establishment phase is crucial in order to maximize willow
biomass production.
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Introduction

Improving the profitability of biomass production in willow
short rotation coppice (SRC) is important for further imple-
mentation of this cropping system [1–3], and prospects for
cost reduction are good for major cost components such as
establishment and harvest [4]. In Sweden, willow SRC prop-
agation units are routinely produced from dormant willow
rods [5] which are harvested after growth cessation (i.e., early
winter) and require storage in sub-zero temperatures, i.e., ap-
proximately − 4 °C [6] in order to retain vigor and vitality until
planting. As cold storage is logistically demanding and adds to
the costs, savings in planting material cold storage are desir-
able [7]. In general, the costs of willow SRC establishment are
divided into material and field operation costs, which are ap-
proximately 80 and 20%, respectively. More than a half of the
costs of material incur from purchase of planting material [8].
Moreover, as willow cuttings are nowadays commonly pro-
duced from dormant shoots, approximately 3–5% of the total
cost of the planting material is attributed solely to cold storage
(Lena Åsheim, Salixenergi Europa AB, Sweden, personal
communication).
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Grown from non-dormant propagation units, willows may
survive, establish, and produce biomass, although these pa-
rameters may vary between different willow species/clones
and abiotic conditions [7, 9, 10]. However, comparisons of
the performance of non-dormant and dormant cuttings under
conditions relevant for commercial willow SRC, such as dif-
ferent planting dates and weed pressure, are thus far
unavailable.

Growth performance from cuttings is expected to depend
on the available amount and activity of carbohydrates [11] and
hormones [12] at planting and may also be dependent on
willow clone [13, 14]. Cuttings that are non-dormant at plant-
ing presumably will establish faster than dormant cuttings.
Faster establishment may in turn contribute to a higher com-
petitive ability of willows under weed pressure, which is con-
sidered as a main determinant of willow SRC biomass pro-
duction [15]. However, non-dormant cuttings that are harvest-
ed (and planted) later in the seasonmay have depleted a part of
their carbohydrate reserves and thereby have, in comparison
to dormant cuttings planted later in the season, less reserves to
grow and compete with weeds.

The aim of this study was to quantify early growth perfor-
mance of willow as affected by cutting phenology. However,
early growth parameters have been shown to be affected by
interplay between different factors such as cutting phenology,
planting date, and willow clone [9, 16]. Furthermore, weeding
regime has been found to be an important predictor of early
willow growth [15, 17]. With this in mind, we compared bud
burst phenology, aboveground biomass production and the
ability of willow to suppress weeds (WSA, weed suppressive
ability of willow), and willow ability to tolerate competition
from weeds (WT, weed tolerance of willow) of non-dormant
and dormant cuttings from three willow clones planted at five
planting dates with two levels of weed pressure.

We hypothesize that: (1) phenological development, in
terms of bud burst, (a) will be faster for non-dormant cuttings
compared with dormant ones at early planting dates, and (b)
will be clone-dependent; (2) subsequent performance (above-
ground biomass increment) of non-dormant and dormant cut-
tings will be dependent on cutting type, willow clone, planting
date, and weed treatment; and (3) the differences in willow
growth performance are in their turn reflected in willowWSA
and WT.

Materials and Methods

Experimental Design

A bucket experiment was conducted outdoors in a netting
enclosure at Ultuna near Uppsala, Sweden (59° 48′ N, 17°
39′ E) from May to September 2013. The buckets, with a
volume of 12 l and a surface area of 0.064 m2, were filled

with substrate, consisting of 85% moderately decomposed
peat, 15% sand, total N content of 0.057 kg m−3, and NPK
proportion of 2:1:2 (Hasselfors Garden AB, Sweden) and ir-
rigated just before planting.

Overall, the experiment accommodated 240 buckets, con-
taining willow cutting type (two levels; non-dormant and dor-
mant), weed treatment (two levels; with and without weeds),
willow clone (three levels; Tora, Jorr, and Olof), and planting
date (five levels; May 3, 10, 24, and June 6, 16), all planted in
four replicates. In order to avoid effects of competition for
light between treatments, buckets were moved randomlywith-
in each planting date level during the first 5 weeks. To avoid
damages of tall and branched shoots, random moving was
omitted during weeks 6 to 8.

Cutting Preparation and Planting

Three willow clones commercially available and tested in nu-
merous experiments in Sweden were used in the study: Tora
(Salix schwerinii × Salix viminalis), Jorr (S. viminalis), and
Olof (S. viminalis × (S. viminalis × S. schwerinii) [18]. For
each of the willow clones, 80 1-year-old dormant shoots (each
approximately 160-cm long and diameter approximately
1.0 cm at the shoot base) were tagged in a willow nursery at
Ultuna, Uppsala on March 15, 2013. Per clone, 40 randomly
chosen shoots were harvested, wrapped in polyethylene bags,
and cold-stored (approximately − 4 °C). The shoots which
remained in the field were randomly harvested on May 3,
10, and 24 and on June 6 and 16, 2013 in five batches of eight
shoots per clone and planting date.

From both the basal and apical parts of all shoots, a 40-cm
long part was removed to diminish the effect of dehydration,
fungal/bacterial infections, and/or storage-caused damages.
The remaining shoot parts were cut manually into four cut-
tings with a length of 20.0 ± 0.2 cm and diameter ranged from
0.8 (apical part of the shoot) to 1.9 cm (basal part of the shoot).
Four willow cuttings were planted per bucket (giving a nom-
inal planting density of about 65 cuttingsm−2) by gently press-
ing them into the substrate while leaving approximately
2.0 cm of the cutting above the substrate surface.

In the weed treatment, a model weed, spring barley
(Hordeum vulgare L. var. Waldemar, Svalöf Weibull AB,
Malmö, Sweden), was sown 5 days after willow planting in
order to ensure that willow sprouted in weed-free conditions.
Sowing depth was approximately 2.0 cm and sowing density
was 25 seeds bucket−1 (giving a nominal planting density of
about 400 plants m−2). Spring barley was used as model weed
due to its strong competitiveness and resemblance to mono-
cotyledonous grassy weeds [19].

Irrigation was performed daily to eliminate competition for
water. To avoid competition for nutrients, plants were fertil-
ized 5 weeks after planting with a dose of 80, 16, and 70 kg N,
P, and K ha−1 in a liquid form (Blomstra, WALLCO
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VÄXTNÄRING 51 + 10 + 43 + MIKRO, Cederroth
International AB, Upplands Väsby, Sweden). Weeds occur-
ring from the soil seed bank were manually removed.
Monthly mean temperature during May–September 2013
ranged from 13.6 to 11.8 °C. Corresponding values for month-
ly precipitation and monthly radiation ranged from 14.6 to
52.8 mm and from 595.86 to 311.63MJm2, respectively [20].

Measurements

A day before each of the five planting dates, eight willow
shoots per clone were taken out from cold store, and eight
shoots per clone were freshly harvested from the willow
nursery. On each shoot, bud burst developmental stage by
using a five-stage scale [21] (Fig. 1) was assessed along the
stem (S) between 40 and 120 cm above the shoot base and
in the distal part of the shoot (D) about 150 cm above the
shoot base.

For each willow cutting, bud burst phenology was recorded
daily for the most developed bud per cutting [21].

Destructive harvest for each planting date was performed
about 60 days after willow planting and coincided with a stage
of 60–66 expanded leaves of willow clone Tora grown from
dormant cuttings without weeds. Willow shoots (leaves and
stems) were dried at 90 °C for 24 h; dry weight of each indi-
vidual shoot was assessed and averaged per bucket. All barley
shoots (stems, leaves, and spikes) were dried at 90 °C for 24 h,
and dry weight was assessed per bucket.

Data Handling and Statistics

As there were differences in time span from planting to
harvest and in temperature to which the experimental

units planted on different dates were exposed, growing-
degree day (GDD, °C) was calculated following
McMaster and Wilhelm [22]:

GDD ¼ ∑
Tmax þ Tmin

2

� �
−Tbase -C½ � ð1Þ

where Tmax and Tmin represent the daily maximum and
minimum air temperatures, respectively, and Tbase is the
basal temperature (5 °C) below which willow is as-
sumed to stop growing [23]. Calculations used measured
Tmax and Tmin values, and Eq. (1) was used without any
modifications [22]. Climatic records of air temperatures
from the SLU meteorological station at Ultuna were
used [20].

Daily GDD values were summed [24] over the period
from planting to full sprouting (average bud burst phenol-
ogy score = 5) giving bud burst cumulative growing-
degree days (BCGDD, °C). In order to calculate incre-
ment of aboveground biomass production per GDD unit,
the values of aboveground biomass were divided by the
sum of daily GDD from willow planting to harvest.

Since willows and weeds for each planting date grew
under the same time span and temperature, biomass pro-
duction of willow and weeds used in the calculations of
the WSA and WT remained uncorrected for GDD.

The WSAwas calculated according to Nelson et al. [25]:

WSA ¼ 100− bw=btð Þ � 100ð Þ ð2Þ
where bw denotes the total aboveground weed biomass and bt
the total aboveground biomass (willow + weed) per experi-
mental unit. TheWTwas calculated according to Szumigalski
and Van Acker [26]:

Fig. 1 The scale of bud burst developmental stages of willow shoots.
Lower case letters represent stages of bud burst development cited from
[21]. a Stage 1—no sign of bud swelling, the tip of the bud is tightly
pressed to the shoot. b Stage 2—the tip of the bud starts to bend from the

stem, bud scales are starting to open and the length of the shoot tip is 1–
4 mm. c Stage 3—the shoot tip is 5 mm or longer, protruding leaves are
put together. d Stage 4—new leaves start to bend from each other. e Stage
5—one or more new leaves are perpendicular to the shoot axis
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WT ¼ Cbw=Cbwfð Þ � 100 ð3Þ
where Cbw denotes the aboveground willow biomass in the
presence of weeds and Cbwf the aboveground willow biomass
when grown without weeds.

Willow growth parameters were modeled using PROC
MIXED procedure in SAS [27] using restricted maximum
likelihood (REML) method with Kenward-Roger denomina-
tor degrees of freedom adjustment [28] and with fixed effects
of cutting type (two levels), willow clone (three levels), and
planting date (five levels) (analyses of BCGDD); cutting type,
weed treatment (two levels), willow clone, and planting date
(analyses of willow aboveground biomass increment per
GDD unit); and cutting type, planting date, and willow clone
(analyses ofWSA andWT). In the analyses of BCGDD, weed
treatment was excluded as no competition from the weeds was
assumed during the willow bud burst stage. The bucket (ex-
perimental unit) was a random variable in the model. The
analyses (mixed-design ANOVA, post hoc comparisons of
the means) were run on untransformed (originally measured)
and transformed (log-transformed) datasets, and as they pre-
sented similar outcome (distribution of residuals), analyses on
untransformed datasets were chosen. In all PROC MIXED
analyses, post hoc multiple comparisons of the means were
performed with Fisher’s least significant difference test at con-
fidence level of 95%. Two-, three-, and four-way interactions
between fixed effects were tested in the analyses.

Results

Bud Burst Phenology

The development of the bud burst of distal part of the shoots
was more advanced compared with the middle part of the
stem, and more advanced for non-dormant compared with
dormant shoot material (Table 1).

Bud burst of cuttings expressed as BCGDD was signifi-
cantly affected by cutting type (P = 0.0007), planting date
(P < 0.0001), willow clone (P < 0.0001), by the two-way
interactions (P < 0.0132), and by the three-way interaction
(P = 0.0009) between these factors. The impact of experimen-
tal factors on BCGDD varied during the different planting
dates (Table 2). The BCGDD was approximately 14 and 8%
lower for non-dormant than dormant cuttings planted on
May 3 and May 10, respectively (Table 2), but did not differ
significantly between cutting types from May 24 to June 16.
For willows planted on May 10–June 16, BCGDD was sig-
nificantly affected by willow clone (Table 2). Willow clones
Tora and Jorr developed faster than Olof on May 10 (non-
dormant and dormant cuttings) and May 24 (non-dormant
cuttings). Tora developed faster than Jorr and Olof on
May 24 (dormant cuttings) and June 6 (dormant cuttings).

Willow clone Olof developed faster than Jorr and Tora on
June 6 (non-dormant cuttings), whereas development of wil-
low clones on June 16 was Tora > Jorr > Olof (dormant cut-
tings) (Table 3).

Willow Aboveground Biomass Production

Willow aboveground biomass production per GDD unit was
significantly affected by cutting type, weed treatment, plant-
ing date, willow clone (P < 0.0001 for all of them) and by
some of their two-way interactions (except weed treat-
ment × cutting type, planting date × willow clone,
P > 0.2038). Neither three-way interactions (P > 0.1139) nor
four-way interaction (P = 0.8397) significantly affected wil-
low aboveground biomass production per GDD unit.

Overall, aboveground biomass production per GDD unit
was significantly affected by cutting type but only for willows
planted on May 24–June 16 (Table 4). Weed treatment had a
significant effect on aboveground biomass production per
GDD unit at all planting dates (P < 0.0001) (Table 4).
Willow clone significantly affected biomass production per
GDD unit at all planting dates except for May 3 (Table 4).

When investigated for separate cutting types, weed treat-
ments, and willow clones (Table 5), aboveground biomass
production per GDD unit was significantly reduced
(P < 0.0006) for willows grown with weeds compared with
willows grown without weeds. Depending on planting date:
(i) biomass production per GDD unit was 34–84% lower
when non-dormant cuttings grewwith weeds, and (ii) biomass
production per GDD unit was 52–72% lower when dormant

Table 1 Developmental stages (following Verwijst et al. [21]) of bud
burst for the distal part of the shoot (D) and for the middle part of the stem
(S) for non-dormant and dormant shoots from three willow clones at five
planting dates

Planting date Phenology of
shoot material

Willow clone

Tora Jorr Olof
D, S D, S D, S

May 3 Non-dormant 3, 1 4, 1 4–5, 1

Dormant 1, 1 1, 1 1, 1

May 10 Non-Dormant 5, 1 4–5, 2 5, 2

Dormant 1, 1 1, 1 1, 1

May 24 Non-dormant > 5, 2 > 5, 2 > 5, 2

Dormant 1, 1 1, 1 1, 2

June 6 Non-dormant > 5, 2 > 5, 2 > 5, 2

Dormant 2, 1 2, 1 2, 1

June 16 Non-dormant > 5, 2 > 5, 2 > 5, 2

Dormant 2, 1 2, 1 2, 1

Developmental stages were assessed 1 day before planting about 150 cm
above the basal part of the shoot (D) and between 40 and 120 cm above
the basal part of the shoot (S)
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cuttings grew with weeds (Fig. 2). When willows grew with-
out weeds, no differences in biomass production per GDD unit
between non-dormant and dormant cuttings were observed
between planting dates May 3–June 6. On June 16, non-
dormant cuttings produced significantly less (P = 0.0130) bio-
mass per GDD unit than dormant cuttings (Table 5, Fig. 2).
However, when willows grew with weeds, biomass produc-
tion per GDD unit from non-dormant and dormant cuttings
did not differ on May 3 and May 10 (P > 0.05). Non-dormant
cuttings planted on May 24–June 16 produced significantly
less biomass per GDD unit compared with dormant cuttings
(P < 0.0130) (Fig. 2).

In several of the treatment combinations (planting date, cut-
ting type, andweed treatment), the willow biomass produced per
GDD unit (g GDD °C−1) differed significantly between willow
clones (Table 5). Willow clone Olof grown from both non-
dormant and dormant cuttings was frequently found to have
the lowest biomass production per GDD unit (Table 5).

Willow WSA and WT

WillowWSAwas significantly affected by cutting type, planting
date, willow clone (P < 0.0001), by the two-way interactions (P
ranged between < 0.0001 and 0.0262), but not by the three-way

interaction (P = 0.1566) between these factors. The differences
in WSA between different cutting types were insignificant on
planting dates May 3 and May 10, but on May 24, June 6, and
June 16, all willow clones grown fromnon-dormant cuttings had
significantly lower (approximately 60% lower) WSA than
willows grown from dormant cuttings (P = 0.0050,
P = 0.0005, P = 0.0004 for willows planted on May 24,
June 6, and June 16, respectively) (Fig. 3). Statistically signifi-
cant differences in the WSA existed between willow clones but
only on May 24 to June 16 (within cutting type, P ranged be-
tween < 0.0001 and 0.0102), and Tora and Olof had the highest
and the lower WSA, respectively (Fig. 3).

Willow WT was significantly affected by cutting type
(P = 0.0006), planting date (P = 0.0063), willow clone
(P < 0.0001), by the two-way interaction cutting type × plant-
ing date (P = 0.0006), but not by the three-way interaction
(P = 0.9680) between these factors. The differences in WT
between different cutting types were insignificant on planting
dates: May 3 and May 10, but on May 24 to June 16, all
willow clones grown from non-dormant cuttings had signifi-
cantly lower (approximately 52% lower) WT than willows
grown from dormant cuttings (P < 0.0001, P = 0.0094,
P = 0.0365 for willows planted on May 24, June 6, and
June 16, respectively) (Fig. 4). Statistically significant

Table 3 Mean values of bud
burst phenology expressed as bud
burst cumulative growing-degree
days (BCGDD, °C), i.e., cumula-
tive growing degree days from
planting to full sprouting, for cut-
ting type, willow clone, and
planting occasions

Willow clone Bud burst phenology (BCGDD, °C)

Planting date

May 3 May 10 May 24 June 6 June 16

Cutting type Tora 127 ab 135 a 154 a 203 b 177 a

Non-dormant Jorr 123 a 129 a 157 a 195 b 171 a

Olof 138 b 165 b 166 b 165 a 170 a

Dormant Tora 144 a 147 a 147 a 172 a 152 a

Jorr 156 b 138 a 168 b 200 b 170 b

Olof 149 ab 182 b 175 b 205 b 185 c

Statistically significant differences (P < 0.05) between willow clones within cutting types and planting dates are
indicated by lower case letters

Table 2 P values of experimental factors and their interactions (mixed-design ANOVA) performed for bud burst phenology expressed as bud burst
cumulative growing-degree days (BCGDD, °C), i.e., cumulative growing degree days from planting to full sprouting, for planting dates ranged from
May 3 to June 16

Bud burst phenology (BCGDD, °C)

Planting date

Source of variation May 3 May 10 May 24 June 6 June 16

Cutting type < 0.0001 0.0140 0.1558 0.5730 0.3063

Willow clone 0.1974 < 0.0001 < 0.0001 0.4261 0.0108

Cutting type × willow clone 0.0696 0.8127 0.0425 0.0028 < 0.0001

Effects significant at P < 0.05 in italics
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differences in WT existed between willow clones but only
during planting dates May 3 and June 6 (within cutting type,
P = 0.0116 and P = 0.0428, respectively), and the highest WT
was recorded for willow clone Tora (Fig. 4).

Discussion

Our study is the first report comparing early growth perfor-
mance of non-dormant versus dormant willow cuttings in
terms of bud burst, aboveground biomass production, and
ability to suppress weeds and tolerate weeds.

The rationale behind the first hypothesis presented in the
study was that the non-dormant cuttings mobilize their carbo-
hydrate reserves, which will be more depleted in non-dormant

than dormant cuttings the later the planting date becomes, and
that BCGDD is genetically determined and differs between
willow clones [29, 30]. The first hypothesis was partly sup-
ported by our results as BCGDDwas significantly affected by
willow clone during mid- and late planting dates (i.e., May 10
and 24, June 16). Frequently, the willow clone Olof required
more BCGDD to full sprouting than other two willow clones
which was also reported byVerwijst et al. [21]. The interaction
between cutting type and willow clone increased in signifi-
cance as a factor affecting BCGDD toward later planting
dates, and dormant cuttings presented clear differences in
BCGDD (Tora < Jorr < Olof) at the latest planting date (i.e.,
June 16). Significant differences in BCGDD were observed
between non-dormant and dormant cuttings only on early
planting dates (i.e., May 3 and May 10), and non-dormant

Table 5 Mean values of willow biomass produced per GDD unit (g GDD°C−1) per clone, for each treatment combination (cutting type, weed
treatment, and planting date)

Weed treatment Willow clone Willow biomass production (g GDD°C−1)

Planting date

May 3 May 10 May 24 June 6 June 16

Cutting type With weeds Tora 0.0043 a 0.0043 a 0.0021 b 0.0022 b 0.0029 a

Non-dormant With weeds Jorr 0.0029 a 0.0040 a 0.0012 a 0.0012 a 0.0019 a

With weeds Olof 0.0039 a 0.0032 a 0.0009 a 0.0009 a 0.0023 a

Dormant With weeds Tora 0.0042 b 0.0061 b 0.0057 b 0.0045 b 0.0083 b

With weeds Jorr 0.0021 a 0.0040 ab 0.0035 a 0.0026 a 0.0056 b

With weeds Olof 0.0022 a 0.0035 a 0.0031 a 0.0027 a 0.0031 a

Non-dormant Without weeds Tora 0.0074 a 0.0109 a 0.0097 a 0.0038 a 0.0062 a

Without weeds Jorr 0.0108 b 0.0114 a 0.0087 a 0.0083 a 0.0073 a

Without weeds Olof 0.0108 b 0.0105 a 0.0080 a 0.0069 a 0.0057 a

Dormant Without weeds Tora 0.0096 a 0.0147 b 0.0099 a 0.0088 b 0.0103 b

Without weeds Jorr 0.0099 a 0.0141 b 0.0083 a 0.0106 b 0.0092 ab

Without weeds Olof 0.0092 a 0.0098 a 0.0074 a 0.0058 a 0.0066 a

Statistical significant differences between willow clones (P < 0.05) for each treatment combination are indicated by lower case letters

Table 4 P values of experimental
factors and their interactions
(mixed-design ANOVA) per-
formed for willow biomass pro-
duction per GDD unit
(g GDD°C−1) between planting
dates

Willow biomass production (g GDD°C−1)

Planting date

Source of variation May 3 May 10 May 24 June 6 June 16

Cutting type 0.4781 0.0737 0.0379 0.0031 < 0.0001

Weed treatment < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Willow clone 0.9823 0.0335 0.0098 0.0086 0.0009

Cutting type × weed treatment 0.5444 0.3854 0.0115 0.3835 0.3657

Cutting type × willow clone 0.1224 0.1610 0.7764 0.1774 0.0183

Weed treatment × willow clone 0.0521 0.5382 0.9345 0.0208 0.3832

Effects significant at P < 0.05 in italics. Three-way interaction cutting type × weed treatment × willow clone was
statistically insignificant (P > 0.2651)
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cuttings required less BCGDD (meaning sprouted earlier) to
achieve complete sprouting (from no bud swell to develop-
ment of leaves) compared with dormant cuttings.

The significant effect of cutting type on bud burst phe-
nology in early season (Table 1) suggests that bud burst in
our study was affected rather by the hormonal factors than
determined by the size of the carbohydrate reserves, which
presumably was comparable for non-dormant and dormant
cuttings planted on May 3 and May 10. While we standard-
ized for differences in temperature sums between planting
dates, it should be noted that both carbohydrate reserves
mobilization and hormonal pathways in bud burst phenol-
ogy are sensitive to other environmental factors such as
day length, light conditions, and seasonality of temperature
[31–34].

The aboveground biomass production per GDD unit was
affected by planting date and weed treatment providing sup-
port for our second hypothesis. However, as the impact of
cutting type and willow clone became significant only under
certain circumstances, the hypothesis was only partially
supported.

For all planting dates, the impact of weed competition on
aboveground biomass production per GDD unit was signifi-
cant (Fig. 2), confirming the need for weeding during willow
SRC establishment [15]. When grown without weeds, above-
ground biomass production per GDD unit was equal for non-
dormant and dormant cuttings during all but the last planting
date (i.e., June 16), at which the dormant ones performed
slightly better (Fig. 2). This is likely due to a resource deple-
tion of the non-dormant cuttings in late season. In the presence

of weeds, however, biomass production of non-dormant cut-
tings planted on May 24–June 16 was lower compared with
dormant cuttings, showing the combined effect of competition
from weeds and declining carbohydrate reserves of non-
dormant cuttings. While the effect of weeds was significant
during the entire planting season, factors such as cutting type
and willow clone became significant only under certain con-
ditions, showing that final aboveground biomass production is
dependent on the interactions of all factors studied. This is in
agreement with other studies which account for the simulta-
neous impact of several factors on biomass production of wil-
low propagated either from non-dormant or dormant willow
cuttings. For example, Teodorescu et al. [9] reported that non-
dormant willow shoots planted as green structures in urban
environment in Canada varied in biomass production between
willow clones and planting dates. Furthermore, biomass pro-
duction from dormant cuttings of three willow clones (i.e.,
Tora, Doris, and Tordis) was approximately 55–89% higher
when willows were planted in early May as compared with
early July and varied between willow clones and geographical
locations [16]. Clone- and site-dependent reduction of willow
biomass with > 90% under weed competition in Swedish SRC
willow propagated from dormant cuttings was reported by
Albertsson et al. [15]. A study of Larsen et al. [35] reported
that biomass production of willows propagated from dormant
cuttings not only depended on willow clone but also on soil
type, climate, and willow SRC management.

In our last hypothesis, we postulated that differences in
willow growth performance are reflected in WSA and WT.
Abundant irrigation and fertilization of plants in our experi-
ment aimed to minimize competition for resources other than
light, which is considered as the most essential factor at the
phase of willow establishment and early growth. Thus, willow
performance such as WSA and WT was in our study
expressed predominantly in relation to competition for light.

Overall, WSA and WT were found to be very low, which
supports the conclusion that limited light retards willow de-
velopment and decreases competitive ability of willow during
establishment phase [15]. This poor ability to suppress and to
tolerate weeds does require efficient weed control during wil-
low establishment [6, 36]. When planted later in the season,
willows grown from non-dormant cuttings had a significantly
lower WSA and WT than willows grown from dormant cut-
tings, whereas no significant differences in WSA and WT
between willows grown from non-dormant and dormant cut-
tings were found early in the season (Figs. 3 and 4). This is
likely due to the declining carbohydrate reserves of non-
dormant cuttings later in the season. However, as WSA and
WT are simple proportions between biomass of crop (in our
case willow) and weed (in our case spring barley) grown in
mixtures and in monocultures [25, 26], levels of WSA and
WT also may be influenced by other factors than direct crop-
weed interactions. Influence of organisms from other tropic

Fig. 2 Aboveground biomass production per GDD unit (g GDD°C−1)
from non-dormant and dormant willow cuttings grown with and without
weeds planted at five different dates. Bars represent mean values with
standard error of the means (±SE). Statistical significance (P < 0.05)
within each of the five planting dates between weed treatments within
cutting type or between cutting types within weed treatment is indicated
by lower case and upper case letters, respectively
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levels, such as pests and predators which are specific to weeds
or to willow clones, may have accounted for some of the
variation encountered in this study. While the experiment
was terminated 8 weeks after planting to avoid intraspecific
competition between willow plants, WSA and WT also were
likely to be affected by the initial planting density of both
weeds and willow.

Conclusions

We conclude that when planted early in the growing season,
non-dormant and dormant willow cuttings present similar
aboveground biomass production and ability to suppress
weeds and to tolerate weeds. Within a given weed treatment,
and when planted later in the growing season, these

Fig. 3 Weed suppressive ability of willow (WSA, i.e., the ability of
willow to suppress weeds). Bars represent treatment means with
standard error of the means (±SE). Statistically significant differences in
WSA within each of the five planting dates between non-dormant and
dormant cuttings within and between willow clones are presented in
upper right corner of each graph. Statistical significant differences

(P < 0.05) in WSAwithin each of the five planting dates between non-
dormant and dormant cuttings within individual willow clone or between
willow clones irrespectively from cutting type are indicated by lower case
and upper case letters, respectively. Note the difference in scales for
plantings 1–4 and 5
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Fig. 4 Weed tolerance of willow (WT, i.e., the ability of willow to
tolerate competition from a model weed). Bars are treatment means
with standard error of the means (±SE). Statistically significant
differences in WT within each of the five planting dates between non-
dormant and dormant cuttings within and between willow clones are

presented in upper right corner of each graph. Statistical significant dif-
ferences (P < 0.05) in WTwithin each of the five planting dates between
non-dormant and dormant cuttings within individual willow clone or
between willow clones irrespectively from cutting type are indicated by
lower case and upper case letters, respectively
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parameters become dependent of clone for non-dormant and
dormant willow cuttings. This implies that: (1) cold storage of
cuttings is redundant when willow SRC is to be planted in
early growing season, and (2) weeds have a strong and nega-
tive effect on willow growth during early establishment,
whenever non-dormant or dormant cuttings are planted
throughout the growing season. Consequently, weed control
is crucial for a successful establishment and should be per-
formed in order to maximize aboveground biomass produc-
tion in willow SRC.
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