BALTIC FORESTRY

I B/OGAS DIGESTATE SUITABILITY FOR THE FERTILISATION OF YOUNG SALIX PLANTS [l B. HOLM AND K. HEINSOO Il

Biogas Digestate Suitability for the Fertilisation of Young

Salix Plants

BERT HOLM AND KATRIN HEINSOO*

Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences, Kreutzwaldi 5d,
51014 Tartu, Estonia, E-mail address: katrin.heinsoo@emu.ee

Holm, B. and Heinsoo, K. 2014. Biogas Digestate Suitability for the Fertilisation of Young Salix Plants. Baltic
Forestry 20(2): 263-271.

Abstract

We analysed the possibilities to use the digestate from pig slurry anaerobic digestion as a nutrient supply for Short
Rotation Coppice Salix species. Our greenhouse experiment revealed that the total biomass (roots, cutting and shoots)
of one-year-old Salix plants treated with moderate amounts (hereafter 0.5F) of digestate during the vegetative period
was more than twice that of control (hereafter C) plants and this difference increased in time. After the first vegetative
period both shoot and root biomass production of 0.5F plants were also significantly higher than those of plants supplied
with mineral NPK fertiliser at optimal N load (hereafter MIN). Although the digestate application at optimal N load
(hereafter F) harmed the plants by damaging the roots during the first vegetative period, they were able to recover and
annual production was comparable with C plants during the following year. The MIN plants supplied with the same N
load as F plants died back during winter despite the larger supply of K. The largest load (hereafter 2F) of digestate caused
serious problems and was lethal to one-year-old plants. By the end of the experiment the pH of the growing substrates
treated with digestate or mineral fertiliser was lower than in control pots. Less ammonium N was available but the K and
P content increased in growing substrates following digestate application. Our results reveal that digestate can be an
alternative fertiliser in SRC and the nutrients from digestate are more available for Sal/ix plants than those from mineral

fertiliser.

Key words: biogas digestate, biomass, fertilization, Salix, shoot growth rate

Introduction

Short Rotation Coppice (SRC) of willows (Salix)
is assumed to be one of the most promising second
generation energy crops for the northern Europe
(Christersson and Sennerby-Forsse 1994). However, its
economically feasible yield can be achieved only
through supply of additional nutrients. Use of miner-
al fertiliser is costly and its production requires large
fossil energy consumption. Therefore technologies
that substitute mineral fertilisers with other sources
of required chemical elements (mainly N, P and K) are
favoured in modern and sustainable agriculture (Dim-
itriou and Rosenqvist 2011). To date the most popu-
lar alternative nutrient resources for SRC fertilisation
are pre-treated sewage sludge, bottom ash from wood
boilers and municipal wastewater. The application of
sewage sludge to SRC supplies plants with P, which
may increase the crop yield on poor soil sites (Has-
selgren 1998; Holm and Heinsoo 2013). However, in
this case hygienic risks or contamination of agricul-
tural land with heavy metals, e.g. Cd must be avoided
(Heller et al. 2003). Wood ash is usually exploited to-
gether with sewage sludge to provide additional K to
the plants (Adler et al. 2008). The most promising al-

ternative nutrient resource for SRC is municipal waste-
water after mechanical pre-treatment and reasonable
storage time to minimize the hygienic risks. This kind
of wastewater usually contains nitrogen (N) and phos-
phorus (P) in a ratio that is optimal for Salix growth.
Application of these nutrients along with water to SRC
increases the wood yield in most cases as water avail-
ability is considered a major limiting factor of Salix
growth in the region (Aronsson et al. 2002). Techni-
cally the irrigation of SRC is limited by wastewater
transportation costs. Moreover, the applicability of
this particular SRC fertilisation method also depends
on local legislation (Heinsoo and Holm 2008). Due to
limitations in local monitoring techniques for ground-
water quality some countries have difficulties in con-
sidering such vegetation filter methods to be sustain-
able or environmentally safe.

Recently a new co-product of bioenergy produc-
tion has come to the market. The increase of biogas
production from agricultural substrates (e.g. manure,
maize) in Europe has resulted in large amounts of li-
quid co-product digestate, which in general has very
high N content (Poeschl et al. 2010). This residue has
to be utilised carefully in order to avoid contamina-
tion of watersheds, but on the other hand, it can be

I 2014, Vol. 20, No. 2 (39) I, 1SSN 2029-9230 [

263



BALTIC FORESTRY

I B/OGAS DIGESTATE SUITABILITY FOR THE FERTILISATION OF YOUNG SALIX PLANTS [l B. HOIM AND K. HEINSOO Il

used as an alternative fertiliser, if the application can
be carried out in a sustainable way without significant
environmental impact (Weiland 2010), particularly the
emission of NH, (Rehl and Miiller 2011). In order to
minimize pollution and diminish the cost of digestate
utilisation and transportation, crops with high annual
productivity and large N demand should be preferred.
In addition, multi-annual crops should be favoured as
in that case the growing substrate contains a larger
proportion of roots for filtering the supplied material
and well-developed rhizosphere enables faster aero-
bic degradation of N compounds. These requirements
make SRC to become a reasonable choice for diges-
tate utilisation.

In recent years a lot of information about the di-
gestate has become available. The main issue here is
to give adequate input to the life cycle analysis of the
biogas production as a whole (Patterson et al. 2011,
Budzianowski 2012). Results can be variable as the
content of organic material, N, P and K in digestate
depends on the anaerobic digestion technology and
feedstock used (e.g. Tambone et al. 2010). Furthermore,
digestate from different sources may also have varia-
ble effects on the physical and mechanical character-
istics of soil (Beni et al. 2012). In general, application
of biogas digestate runs a lower hygienic risk than
spreading fresh manure because of the thermal treat-
ment during digestion process (Goberna et al. 2011).
However, usage of slurry for biogas production may
result in highly variable concentrations of critical
chemical elements (e.g. Zn, Cu) in digestate. Diges-
tate from the biogas plants that also use sewage sludge
or other industrial wastes as primary raw material may
contain such large amounts of heavy metals as to
make the application of it to agricultural land impos-
sible. Therefore the international harmonisation of the
requirements for digestate quality acceptable for ag-
ricultural fertilisation is required (e.g. Alburquerque et
al. 2012). So far national standards are available only
in some countries. In the situation, where biogas tech-
nology will meet both the needs of sustainable agri-
culture and bioenergy production, the digestate ap-
plication to farmland can improve the local N use ef-
ficiency and can be suggested for including in organ-
ic farming systems (Gunnarsson et al. 2011) and con-
sidered for rural economic development plans (Garfi
et al. 2011).

Due to the high variability of the chemical char-
acteristics of digestate, it is not easy to evaluate its
influence on the yield of agricultural crops. There are
data available that digestate application can increase
the number of soybean pods and their yield even if
digestate treatment has burned the plants and nega-
tively influenced their growth (Makadi et al. 2008). In

organic farming, application of pre-digested ley crop
and beet foliage effluent has increased the yield of
marketable red beets by more than 50% (Gunnarsson
et al. 2011). Also the yield of potatoes in digestate
treated plots was higher than that of control area (Garfi
etal. 2011).

As the information about the influence of diges-
tate on SRC was very limited we conducted a green-
house experiment to diminish the number of uncon-
trolled factors and avoid environmental risks. In our
experiment we used Salix viminalis genotype, which
has been studied in SRCs of different countries for
years. The biogas digestate used, originated from a
biogas plant treating only pig slurry. Such a choice
seemed to be reasonable because pork production is
one of the main branches of the Estonian agricultural
industry and utilisation of large amounts of pig slur-
ry via biogas production is one of the main interests
of our farmers. The aim of the experiment was to find
out the possible impacts of digestate utilisation on
young Salix plants and the response of the plants to
the treatment with different nutrient loads/resources.
The questions we wanted to be answered during the
experiment were:

* What is the optimal load of digestate that can
be applied to the young Salix plants without nega-
tive impact to the plants?

* What impact has the digestate application on
the biomass production of Salix plants?

* Does digestate application cause any change in
the biomass allocation between different plant parts
(mainly root/shoot ratio)?

* How does digestate application influence the
growing substrate’s chemical characteristics?

Material and Methods

The experiment was carried out during two con-
secutive vegetative periods of 2006 and 2007. In May
31%, 2006, we planted 50 cuttings of 25 cm long orig-
inating from Salix viminalis into specially designed
pots. The planting material originated from one-year-
old shoots of the Salix clone 78183 according to Swed-
ish clone numbering system. Each cutting was plant-
ed vertically into the growing substrate according to
its original orientation so that no more than 1...2 cm
of the cutting remained above the substrate surface.

In principle each pot consisted of two buckets put
into each other. The inner vessel with the volume of 5
litres had three drilled holes in the bottom. Through
each cavity approximately one third of 30 cm-long tex-
tile wick reached to the bottom of outer vessel. The
outer vessel constantly contained water up to the
bottom level of the inner vessel. The water level was
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controlled and water added on demand at least twice
per week. In case of heavy rainfall or excessive irriga-
tion the extra water was removed from the outer ves-
sel via the hole in vessel’s wall at the bottom level of
inner vessel. With the described design we ensured
that the plants growing in pots had sufficient water
supply and water was not a limiting factor of plant
growth.

Before planting the pots were filled with sandy
soil. The substrate, which was very rich in silica, was
used in order to diminish the amount of natural nutri-
ents in the growing substrate. Moreover, this sub-
strate was also assumed to be a reasonable option
enabling the collection of all the fine roots of the
plants according to the experiment scheme. During
both vegetative periods the pots with plants were
stored in the open-roof greenhouse, where they were
protected from wind and vandalism but opened com-
pletely to the sunshine and precipitation. During win-
ter 2006/2007 the pots with 25 plants that remained for
experiment in 2007 were taken to the garden, where each
inner vessel was partly buried into the ground so that
the substrate level in the pot remained at ground lev-
el. With this treatment we simulated the natural grow-
ing conditions of plant roots during winter period.
Throughout the vegetative periods the pots were reg-
ularly checked for mechanical elimination of weeds and
pests (ants invaded some pots).

In the experiment, two different types of fertilizer
were used. Liquid fraction of digestate originated from
commercial biogas plant at Saaremaa Island, which was
the first enterprise to produce biogas from pig slurry
in Estonia. This liquid was the co-product of anaero-
bic digestion separated from the digestate by centri-
fuging. The liquid was transported in plastic contain-
ers to the greenhouse in both springs and stored in a
cellar at a temperature of 5...10 °C throughout the ex-
periment. The chemical composition of liquid diges-
tate (Table 1) was analysed in an accredited laborato-
ry of the Agricultural Research Centre of Estonia (L024)
prior to application in the experiment. The amount of
applied digestate was calculated on the basis of its
nitrogen content. We assumed that optimal N require-
ment of plants corresponds to the typical fertilisation
level in mature Short Rotation Coppice (SRC) (200...250
kg N per ha). In respect of an SRC plant density of
20 000 plants per ha the requirement of a single Salix
plant corresponds to 10...13 g N per year. In order to
analyse the impact of digestate load we had besides
optimal digestate load (F) also half (0.5F) and double
(2F) digestate load series in our experiment. To com-
pare the test series with those without any additional
fertilisation and with mineral fertilisation both treat-
ments were included to the experiment (C and MIN,

respectively). The mineral fertilisation was adjusted to
provide an N application load comparable to the opti-
mal (F) treatment. In the beginning of our experiment
10 healthy young plants were randomly chosen for
each of our test series. The fertilisation treatment
started in a month after planting.

Table 1. Loading of critical chemical elements in applied fer-
tilisers

liquid digestate mineral fertiliser
concentration in concentration in
fertiliser C 0.5F F 2F fertiliser MIN
mg "' g week” gkg” g week™

pH 8.66
N 5000.00 000 050 1.00 2.00 170.00 1.00
P 530.00 0.00 0.05 0.11 0.21 31.00 0.18
Ca 890.00 0.00 0.09 0.18 0.36
Mg 110.00 0.00 0.01 0.02 0.04
K 2100.00 0.00 0.21 042 0.84 116.00 0.68
S 160.00 0.00 0.02 0.03 0.06

Throughout vegetative periods the plants were
supplied weekly with fertilisers according to the ex-
periment scheme (Table 2). We diluted the dosage of
the fertiliser in 1 litre of tap water for each particular
plant and poured the solution to the pots gradually
throughout the week taking into account the natural
precipitation and avoiding over-irrigating and loss of
the liquid from the emergency outflow of the outer
vessel. Our initial aim was to supply the nutrients 13
times during both vegetative periods despite the treat-
ment. However, in 2006 we did not achieve this goal
as the pots treated with digestate formed a thick lay-
er of biofilm on the surface of growing substrate.
Therefore we had to skip the irrigation with digestate
in some weeks during the vegetative period. The reg-
ular visual evaluation also confirmed that plants sup-
posed to be treated with the highest load of digestate
(2F) started to suffer from over-fertilisation during the
first month of experiment. This was another reason
why we decreased the number of irrigations of this
treatment during July and August 2006. However, some
plants of that treatment died during the first vegeta-
tive period and we had to exclude them from our study.
In 2006 the last irrigation was performed in the begin-
ning of September. At the beginning of the following
vegetative period we had to postpone the digestate
application for some weeks as the over-wintered plants
suffered from drought and we wanted to be sure that
the plants were in good health before continuation of
our experiment. Unfortunately, we were not able to
vitalize the plants treated with mineral fertiliser dur-
ing 2006. As also the number of plants that got the
maximum dosage of digestate (2F) had decreased dras-
tically by the vegetative period of 2007. Therefore we
had to exclude both MIN and 2F treatments from the
experiment in 2007.
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Table 2. Fertilisation scheme of different treatments de-
scribed by the N load applied

year C 0.5F F 2F MIN

amount of N per week (g) 0.0 0.5 1.0 2.0 1.0
total amount of N (g) 2006 0.0 6.5 110 120 13.0
total amount of N (g) 2007 0.0 5.0 10.0

At the end of the first vegetative period we se-
lected randomly 5 plants per treatment for biomass
measurements. From each plant we removed all shoots
with sharp scissors near the surface of initial cutting
and chopped the shoots for packing into paper bags.
The inner vessels of the pots were emptied into a sieve.
With careful usage of running tap water and tweezers
we separated the root system from the growing sub-
strate. The exposed root system was carefully divid-
ed into two components, initial cutting (further on
referred as stem) and the fine roots. The stem was
cleaned from growing substrate by washing. All the
fine roots of the plant were collected onto a sieve and
bathed carefully several times in clean standing wa-
ter. The last procedure was needed to ensure that none
of the finest roots got lost during the washing. On the
other hand, we wanted to be sure that all the mineral
particles of growing substrate were separated from the
roots. All the paper bags with shoots, stems and fine
roots were labelled with treatment and plant index and
dried at 85 1C for 3 days for dry weight estimation. In
2007 we repeated the same procedures with the sur-
vived plants from C, 0.5F and F treatments.

For statistical analyses SAS 9.2 software package
(SAS Institute Inc., Cary, NC, USA) was applied. For
analysing the influence of treatment and growing year
on biomass production SAS GLM MANOVA procedure
was used. Multiple comparisons of biomass and its
allocation by treatments were carried out with the Ryan-
Einot-Gabriel-Welsch Multiple Range (REGWQ) test.
The confidence level of all analyses was set at 95%.

Results

The biomass production of studied plants depend-
ed significantly on the treatment and the year of meas-
urement (GLM MANOVA p < 0.0001 in both cases). The
stem (initial cutting) biomass did not have significant
influence on the root or shoots biomass in any treat-
ment in 2006 (GLM ANOVA p > 0.05 in all cases).
During the 1% year of experiment, the largest biomass
was gained by 0.5F plants followed by MIN and C
plants (Table 3). The average sum of shoot, stem and
root dry biomass per plant were 85.1, 55.1 and 354 g
for 0.5F, MIN and C treatments, respectively. The av-
erage biomass of F plants was a little smaller than that
of C plants, 30.2 g. The poorest growth was performed
by the 2F plants with average dry weight of 12.8 g.
The majority of plants of this treatment were dead in
the first autumn and therefore excluded from the meas-
urements of the year 2007. The MIN plants did not
survive the winter 2006/2007 and were also excluded
from the experiment in 2007. At the end of the 2™ veg-
etative period the largest average biomass (189.2 g)
was obtained once again by 0.5F plants with their bi-
omass almost threefold compared with C plants (65.8
g). The annual increment of 0.5F plants was more than
110%, whereas for both C and F plants it remained less
than 100%.

The contribution of different plant parts to the
total biomass was also significantly treatment-specif-
ic (Table 3). In 2006 the stems of 2F plants were on
average significantly smaller than those of C plants.
Among the remaining treatments no significant differ-
ences in the stem biomass were found in 2006. More
significant differences were found in the biomass pro-
duction of newly-sprouted shoots of the studied
plants. In 2006 the largest average shoot biomass was
achieved by 0.5F plants, 46.3 g. This was almost twice
as large as the biomass of the second best shoot-pro-
ducer, MIN treatment. Moreover, the shoot biomass

Table 3. Biomass production (g) of various Salix parts for different treatments, total biomass production (g) and the shoot/
root ratio of Salix in case of different treatments. S.E.% is standard error ratio from the mean; REGWQ is different letters
indicating significant differences between treatments according to SAS GLM REGWQ test (n = %)

Year plantpart C 0.5F F 2F MIN
Mean S.E.% REGWQ Mean S.E.% REGWQ Mean S.E.% REGWQ Mean S.E.% REGWQ Mean S.E.% REGWQ
2006 stem 18.90 0.10 a 17.96 0.15 a;b 17.74 0.16 a;b 10.17 0.09 b 17.92 0.12 a;b
shoots 6.51 0.15 c 46.28 0.11 a 9.95 0.19 c 2.06 0.45 c 25.70 0.14 b
roots 9.99 0.21 b 20.90 0.17 a 2.66 0.17 c 0.59 0.45 c 11.44 0.10 b
total biomass (g) 35.40 85.13 30.35 12.82 55.05
shoot/rootratio  0.65 2.21 3.74 3.52 2.25
2007 stem 20.32 0.05 a 20.18 0.10 a 16.16 0.11 a
shoots 24.98 0.08 b 118.14 0.06 a 29.08 0.20 b
roots 20.48 0.12 b 50.84 0.07 a 15.42 0.12 b
total biomass (g) 65.78 189.16 60.66
shoot/rootratio  1.22 2.32 1.89
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of C, F and 2F plants was more than fivefold lower
than that of the most productive 0.5F series. At the
end of second vegetative period 0.5F plants had still
the largest shoot biomass. However, in this year the
relative differences between 0.5F plants and C or F
plants were decreased to fourfold. This was the result
of the very rapid relative growth of shoots by C and
F plants in 2007 (3.8 and 2.9 times by C and F plants,
respectively). The annual biomass increment of 0.5F
plants was 2.5 times in 2007.

Large differences were also found in the root bi-
omass of different treatments. The most productive
were the 0.5F plants with an average of 20.9g of root
biomass in 2006 and 50.8 g in 2007. There were no large
differences in the root biomass between MIN and C
plants. Both F and 2F plants demonstrated poor root
growth in 2006. During the second vegetative period
the largest annual increment of roots was found in F
plants (5.8 times) and the root biomass of F and C
plants was comparable (annual root increment twofold
in both cases).

For biomass allocation strategy analysis between
different plant parts we used the relative biomass dis-
tribution data of studied plants (Figure 1). For both
study years we found different patterns here. In 2006
the smallest proportion of roots was developed by F
and 2F plants. For MIN, 0.5F and C plants the relative
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Figure 1. Biomass distribution between different Salix parts
in 2006...2007. Values marked with distinct letters differ
from each other significantly

biomass of roots was 20.8%, 24.6% and 28.2% of total
biomass, respectively. In 2007 the plants from F treat-
ment also increased their root biomass up to 25% of
total biomass and no statistically significant differences
in biomass allocation to roots were found between the
treatments. In 2006 the shoot biomass ratio was the
largest for 0.5F and MIN plants, 54.4% and 46.7% re-
spectively. Both C and 2F plants had shoot biomass
less than 20% of the total plant biomass in this year.
In 2007 the shoot biomass ratio of 0.5F plants increased
up to 62.5% and the shoot biomass ratio of F plants
was also found to be significantly higher than that of
C plants (48% and 38%, respectively). No statistically
significant differences in the stem biomass ratio be-
tween treatments were detected.

The shoot/root ratio varied between the treat-
ments more than six-fold in 2006 (Table 3). The small-
est (0.7) ratio was for C plants. Both 0.5F and MIN
plants had 2.2...2.3 times larger shoot biomass com-
pared with root biomass. The largest ratio was found
for 2F and F plants (3.5 and 3.7, respectively). After
the end of the second vegetative period the shoot/root
ratios were 1.2, 1.9 and 2.3 for C, F and 0.5F plants,
respectively.

Limited number of soil samples did not allow sta-
tistical analyses of the soil data and therefore only
general trends in the treatment-inducted changes were
detected (Table 4). Despite the application of diges-
tate with a strong alkaline character (pH=8.7) all soil
samples that were treated with this material had lower
pH than that in control pots. Moreover, the propor-
tion of NH, content was larger in the soil of C and MIN
trails. By the end of the first vegetative period the
amount of P in soil that was treated with mineral fer-
tiliser was larger than that in the soil of 0.5F treatment
scheme after two years. On the other hand, fertilisa-
tion with digestate in F treatment over two years re-
sulted in a larger amount of P in soil than after one
year of experiment with mineral fertiliser. At the same
time, the concentration of K in the soil of F treatment
after two years was only ca. 10% higher of that in the
soil after one year of mineral fertiliser application.

Table 4. Chemical characteristics of growing substrate
after completion of the experiment

C 0.5F F 2F* MIN*

PHka 6.59 6.05 5.94 6.07 5.09
organic matter % 2.96 4.72 4.01 4.50 4.00

NH,-N (mg/kg) 14.10 8.70 2.10 6.00 18.20
N % 0.15 0.26 0.23 0.25 0.22

P (mgkg) 9750 21840 314.00 21430 260.60
K (mg/kg) 260.50 43290 597.90 922.00 533.40

* For C; 0.5F; F treatments the duration of experiment was two vegetative peri-
ods, for 2F and MIN treatments one vegetative period
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Discussion and Conclusions

Plant dieback analysis

In order to avoid environmental risks we carried
out the experiment in a greenhouse. Therefore the tri-
al was conducted with young, recently sprouted plants
instead of mature SRC having well-developed root
system. Youth of the plants is the most obvious rea-
son why the plants in the experiment suffered from
digestate and mineral fertiliser overloads. When de-
signing the experiment we assumed that the optimal
load of N for Salix plants corresponds to 200...250 kg
per ha per year (Perttu and Kowalik 1997, Heinsoo et
al. 2002). However, the results of our experiment re-
vealed that for young Salix plants this load was an
overestimate and application of that amount of N with
digestate probably burnt the newly formed roots of 2F
plants during the first months of the experiment.

The other technical drawback that we faced dur-
ing the digestate application was the very poor infil-
tration of the digestate solution to the growing sub-
strate. According to the literature (Beni et al. 2012)
digestate application does not change the macropo-
rosity of the soil. Complications caused by biofilm
layer forming on the growing substrate surface and low
absorption rate of digestate in our experiment, where
most probably caused by the larger amount of undi-
gested organic matter in the digestate.

Another unexpected problem in our experiment was
the death of MIN plants during the winter 2006/2007.
Although their root and stem biomass were as large as
those of control plants in 2006 and the plants looked
healthy in autumn, most of them did not resprout in
spring 2007. This result may indicate that the young
plants did not tolerate periodical N application during
the whole first vegetative period and their physiology
was not prepared for wintering. Even the relatively large
amount of K in mineral fertiliser that is used to sup-
port plant preparation for wintering in agriculture (e.g.
Bilderback and Bir) did not diminish the problem in our
experiment. Most obviously the similar amount of N in
F series compared with MIN treatment was in a form
that was easier to uptake by plants and therefore the F
plants were able to prepare for winter. Larger amount
of ammonium N contained in digestate compared with
manure is reported earlier (e.g. Holm-Nielsen et al. 2009).
The risk of lower survival of MIN plants should be kept
in mind while designing a wastewater irrigation scheme
for SRC, because nitrogen content is the main limiting
factor in typical municipal wastewater used for vegeta-
tion filter irrigation. Therefore the irrigation of young
SRC plants or during the final weeks of the vegetative
period can be critical for vegetation filter overwinter-
ing as well.

Biomass production

It has been reported previously that Salix shoot
production during the first months after planting de-
pends on the size of the cutting used (Verwijst et al.
2012). In our experiment the stem (initial cutting) bio-
mass did not correlate significantly with shoot or root
biomass production in any of treatments at the end
of the first vegetative period (after three months of
growing). In four of five groups ANOVA indicated
p > 0.5. Most probably this can be explained by a
longer vegetative period in our experiment. Besides ran-
dom choice of plants in the beginning of the experi-
ment also the fact that shoot/root biomass was not
correlated with that of the stem at the end of the first
vegetative period enabled us to exclude the cutting
size parameter from further biomass production ana-
lysis.

Throughout the experiment the most productive
group in terms of biomass production was 0.5F. Dur-
ing the first year of experiment the stem growth of 0.5F
plants was similar to that of C and MIN plants, but
the production of roots of that group was twice that
of C or MIN treatments. Even larger differences with
similar pattern were detected in shoot growth. While
the reason for different shoot growth between C and
0.5F groups is obviously the lack of nutrients in grow-
ing substrate without fertilisation, the differences
between 0.5F and MIN plants are more difficult to
explain as MIN plants got more nutrients (Table 1).
Hence we have to assume that in digestate these were
in a more available form for plants than in mineral fer-
tiliser. Advantages of digestate compared with miner-
al fertilisers have been reported also earlier (e.g. Wei-
land 2010). Another explanation for the differences in
biomass production of MIN and 0.5F plants in 2006 is
that different microorganisms become available to
plants during digestate application and this facilitates
nutrient assimilation. This assumption sounds credi-
ble to explain also why MIN plants were not able to
overcome the winter. The 0.5F and F plants with sim-
ilar treatment duration survived the winter success-
fully, even when the F plants indicated poor growth
and most probably suffered from applied digestate load
in summer 2006.

The rationale for poor growth of 2F plants in 2006
was already discussed in the section about plant sur-
vival. Significantly smaller production of fine roots in
this group compared with most of other treatments
confirms our hypothesis of unsuitability of such a large
digestate load to young plants during their active
rooting period.

Despite the significantly smaller biomass of roots
of F plants compared with most of the other treatments
in 2006, these plants were able to recover and their
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biomass was in the same range with C plants in the
end of 2007. Very rapid growth of this group in 2007
leads to the assumption that with an even longer ex-
periment their biomass would have exceeded that of
C plants. Therefore we can conclude that for fertilisa-
tion of Salix for bioenergy purposes mineral fertilisa-
tion can be substituted with the use of liquid diges-
tate. Special care has to be taken not to burn the young
plants by applying too large a digestate load and not
to pollute the plantation area with heavy metals that
can be easily taken up and removed from the SRC
plants (Adler et al. 2008).

Both from the physiological and economical point
of view it is interesting to analyse the biomass allo-
cation between different parts of plants. Usually it is
assumed that smaller shoot/root ratio indicates the
shortage of water or nutrients and the larger ratio is a
prerequisite for plants to capture more light and C
through photosynthesis (e.g. Grace 1997). This pat-
tern has also been confirmed for plants growing in
fertilised/unfertilised plots of SRC (Heinsoo et al.
2009). The current study revealed that the shoot bio-
mass of one-year-old plants (0.5F and MIN) was twice
as large as that of fine roots. After the second vege-
tative period plants from F treatment that had very high
shoot/root ratio of 3.7 in 2006 and also gained a shoot/
root ratio comparable to that of 0.5F plants. In C plants
this ratio increased from 0.7 to 1.2 by the end of sec-
ond vegetative period. Therefore we can assume that
for growth modelling shoot/ root ratio in a range
1.9...2.3 can be applied for SRC plants anticipated to
have sufficient water and nutrient supply. In order to
increase the harvestable wood yield of SRC, moder-
ate additional fertilisation of young plants during the
first years to minimize the biomass allocation to roots
can be suggested.

Substrate characteristics

Limited number of soil samples and shortage of
sampling procedures enabled us to draw only general
conclusions about treatment-induced changes in soil
main characteristics. Soil analysis confirmed previous
knowledge indicating that digestate application is an
option to increase C deposition in soil and to improve
the soil quality. Besides the direct mechanical effect
of organic substrate application rapid development of
microbial activity could also be expected in the grow-
ing substrate (Alburquerque et al. 2012). Increased
microbial activity is also most probably the reason for
organic material growth in MIN trial growing sub-
strate. According to the literature, the microbial bio-
mass content and enzymatic activity of different or-
ganic fertilisers or treatments can be variable (Albiach
et al. 2000). Our previous study has revealed that

wastewater application did not significantly affect the
amount of microorganisms in soil but changed its di-
versity (Truu et al. 2009). Therefore, in further stud-
ies it would be necessary to analyse the changes in
microorganism diversity after digestate or mineral fer-
tiliser application as well. Most likely the majority of
them belong to the group that produce acidic residues,
because this could be the simplest explanation to the
decrease in the pH after continuous application of
alkaline digestate in our study. Another possibility is
that the change of pH is caused by the surplus of K
in the substrate caused by digestate application. The
additional deposition of P and K in the substrate with
digestate application should be taken into account
while planning long-term experiments in the field or
practical usage of digestate for SRC fertilisation in
order to avoid long term decline in soil quality or the
leakage of nutrients. Therefore local soil characteris-
tics should be taken into account when planning for
digestate application. The total N content was also
slightly higher in fertilised substrates, but the propor-
tion of which was tied up in ammonium was smaller
compared with control substrate. Most probably this
reflects the increased uptake of N by larger plants.
However, it is possible that control plants without
biofilm on the growing substrate surface are able to
fix air N by endophytic bacteria. Such endophytes have
been reported to increase the growth of both Sal/ix and
Poplar species (Doty et al. 2011, Wuehlisch, G. 2011;
Knoth et al. 2014). However, as long as atmospheric
N was not available for fixation by treated plants due
to biofilm, we have to conclude that the atmospheric
N was insufficient to support biomass production lev-
els comparable with plants that were treated with bio-
gas digestate.
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HNPUT'OAHOCTDb BHUOTI'A30BOI'O JUI'ECTATA B KAYECTBE YIAOBPEHUA IJIA
MOJIOJIbIX PACTEHUH UBBI

b. XoabMm n K. XdiiHcoo
Pe3srome

MBI poaHanu3upPOBaIN BO3MOXHOCTU HCIOJNBb30BAHUSA AUrecTaTa OT aHa’poOHOro OpOoXKEHMs >KUIKOI CBHHOM
(exanbHOI CyCIeH3uH, KaK MUTATeIbHYI0 J00aBKy I KY/IbTHUBHPOBAHNS HBOBBIX ITAHTALMH C KOPOTKHM LIUKJIOM POTAIHH.
Kaxk noka3zanu npoBeieHHBIE HAMH HCCIIEI0BaHMS B SKCIIEPUMEHTAIBHOM opamxkepee, o0Ias 6oMacca 0JJHOIETHETO PACTEHUS
ceMeiicTBa MBOBEIX, 00pab0TaHHOTO yMEpeHHBIM KoindecTBoM (manee — 0,5F) murecrara Ha ImpOTSKEHHM BETETaTHBHOTO
neproga Obuta OoJee 4eM B JBa pa3a Oomblie, 9eM B KoHTporne (manee — C) U 9Ta pa3HHUIA HA MPOTSHKEHHH BPEMEHH TOJIBKO
Bo3pacrtaeT. [locne mepBOro BEreTaruBHOIO MEpHOJA MPOU3BOAUTENBHOCTh MOJNOJBIX JAE€PEBHEB U KOPHEBON OHOMACCHI
pactenuii 0,5F Obl1a 3HAYNTENBHO BBIIIE, YeM Y PACTEHHUIl, y100pseMbIX MUHEpaJIbHBIM KomiriekcoM NPK mpu ontumansHOM
xommaectBe N (manee — MIN). HecmoTpst Ha TO, 4TO IpHMEHEHHE JUrecTaTa IpH OoNTHMaibHOM koindecte N (manee — F)
BPEIUT PacTEHHSM, CIIOCOOCTBYSI Pa3pyIICHUIO KOPHEH B IIepHOJ] IEPBOT0 BEr€TaTHBHOTO ITEPHO/a, TEM He MEHEee OHU CMOTIIH
BOCCTAHOBHUTECS M MIPOJOIDKHUTH €XKETOAHYIO0 MPOIYKIHIO, COIIOCTaBUMYIO ¢ pacTeHusMH C Ha NMPOTSHKEHHH CIIETYIOIIEro
roga. Pacrenusm MIN mocrasimsuioch Takoe ke Koau4ecTBO N, Kak M pacTeHUsAM F, OTMUpaBIIMM Ha NPOTSKEHUH 3UMBI,
HECMOTps Ha JUIUTeIbHOE UCIoNb30BaHue ynoopenus K. bosibmoe konndecTBo aurectara (ganee — 2F) BeI3bIBaeT cepbE3HbIE
npoOJIeMBl U SIBISICTCS JIETAJIbHBIM JUIsl OMHOJETHUX pacTeHuil. B xoHume skcrnepuMenta pH murarensHOro cybcrpara,
00pabOTaHHOTO JUTreCTaTOM M MUHEPAJIbHBIMH YIOOPEHHUSIMH OBLI BBIIIE, YeM B KOHTPOJBHBIX ropirkax. Ilocie BHeceHeHUs
aurecTara OBUIO JOCTYHMHBIM HE3HAUHTENIPHOE KONMMYecTBO aMMoHMs N, Ho conxepxkanne K u P B murarensHOM cyGcrpare
YBETHUMIOCH . TakuM 00pa3oM, MONydeHHBIE HAMH PE3yJbTaThl MOKa3bIBAIOT, YTO JUTECTAaT MOXKET OBITh MCIONB30BaH B
Ka4€CTBEC aJIbTCPHATUBHOTIO y1106peﬂml JIIA paCTeHPIi’I C KOPOTKHMM LHUKJIOM POTAllMX U MUTATCIIbHBIC BEIICCTBA U3 AUIeCTara
GoJiee JOCTYIHBI PACTEHUSIM MBBI, YeM TaKOBBIE MHHEPAIILHEIX YIOOPEHUH.

KiroueBblie ciioBa: 01ora3oBelil nurectar, buomacca, ynoopenue, Salix, poct mooeros
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