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In order to find the best management practices for forest nursery waste composting, organic
waste was composted without or with horse manure or urea in six windrows for two years. The
windrows were built in four consecutive years during 1999-2002. In 1999, no extra-nutrients
were added to the windrow (N99). In 2000, urea fertilizer was used as a nitrogen source (U00).
Despite this, the process did not function properly. In 2001, two windrows were built, one
(HO1) with and the other (NO1) without horse manure. Horse manure slightly accelerated the
heating process. Consequently, two windrows with more horse manure were built in 2002. One
was aerated passively (H02) as earlier windrows, and the other was aerated forcedly (HA02).
Horse manure and forced aeration were needed to keep the temperature above 55°C for long
enough to ensure microbial hygiene of the material. The degradation of cellulose was greater
during the curing stage. Nutrient leaching was low, although the additives increased leach-
ing in conjunction with the inefficient process. The results showed that forest nursery waste
alone is ineffective at raising the temperature of the compost, and degrades slowly due to its
low nutrient and easily available carbon content. The best management practice for forest
nursery waste composting is to use horse manure and aeration to ensure the heating process.
Environmental contamination can be avoided by collecting the leachates. Further research is
needed to evaluate the usability of the compost.
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1 Introduction

Finnish forest nurseries deliver over 150 mil-
lion tree seedlings annually for planting (Finnish
Forest Research Institute 2004). Almost 90% of
the seedlings are produced by 24 enterprise-owned
forest nurseries, and the remainder is grown in 60
to 70 small, family-owned forest nurseries. Forest
nurseries are usually located in rural areas with
long distances to community facilities or landfill
sites (Poteri 2003).

According to a survey (Juntunen and Rikala
2001), forest nurseries find the handling of organic
waste problematic (unpublished data). The annual
amount of organic waste varies, but in the late
1990’s the average amount was 50 m3 per forest
nursery (Veijalainen et al. 1999). The Finnish
Waste Act (1072/1993) does not allow the heaping
up or burning of organic waste in an uncontrolled
fashion in forest nurseries. Landfilling is not a
solution because the regulations dealing with the
use of landfills have been tightened up in order
to encourage the composting of organic wastes
and the utilization of the produced compost for
agricultural purposes or ecological improvement
(European Communities 1999). Thus, the most
practical solution for forest nurseries would be to
compost the organic wastes on-site in the fields
and reuse the composted material.

However, Finnish forest nurseries have limited
resources to carry out composting. The ration-
alization of seedling production, and the severe
competition in this sector, have led to a need
for minimizing production costs including labor
costs. As a result, there is less time and person-
nel available to take care of waste management,
even though waste management is important to
ensure good nursery hygiene. The composting
method should therefore be inexpensive and easy
to implement technically, without any negative
environmental impacts.

Composting has been studied extensively in
the municipalities, as well as in agriculture and
horticulture, which produce considerable amounts
of easily decomposable material (e.g. Koivula
et al. 2000, Bertran et al. 2004). Forest nursery
waste, in contrast, consists mainly of woody tree
seedlings and their growth media (low humified
Sphagnum peat), which are difficult to degrade
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(Gray et al. 1971a, Puustjdrvi 1991). However,
forest nursery waste also includes easily decom-
posable material, e.g. weeds, leaves and grass
clippings, which may enhance the process and
raise the temperature sufficiently to kill patho-
gens and weed seeds (Haug 1993, Grundy et
al. 1998, Noble and Roberts 2004). Although
the fundamentals of the composting process are
well known, this is, as far as we know, the first
study concerning with large-scale composting of
organic wastes typical of forest nurseries.

Forest nurseries are usually located on ground-
water aquifers and/or near lakes and rivers (Jun-
tunen and Rikala 2001). The relatively high
nutrient concentration in the leachates from
manure compost and small-scale forest nursery
waste composts indicates that nutrient leaching
may be a pollution risk to water resources (e.g.
Martins and Dewes 1992, Ulén 1993, Parkinson
et al. 2004, Veijalainen et al. 2007). Consequently,
nutrient leaching from large-scale forest nurs-
ery waste windrows containing different nutrient
sources needs to be studied.

The quality of the compost product depends on
the properties of the raw materials, the compost-
ing method used, and the process functional-
ity (Rynk 1992, Haug 1993, Raviv 2005). It is
currently recommended that the quality of the
compost product should be evaluated by moni-
toring the process and by using a combination
of physical, chemical and biological methods,
which are well documented (e.g. Zucconi et al.
1981, Mathur et al. 1993, Bernal et al. 1998,
Levanon and Pluda 2002). The methods suitable
for forest nurseries should be economically viable
and simple to carry out.

The main goal of this study was to find the best
management practices for composting forest nurs-
ery waste on-site using nursery-scale windrows.
The limited resources of the forest nurseries were
taken into account by keeping the method as
simple as possible, while ensuring that the proc-
ess functioned properly. More specific aims were
to study the microbial hygiene, organic matter
decomposition and nutrient leaching in forest
nursery waste composting with and without horse
manure, urea and forced aeration. Certain proper-
ties of the produced composts were also evaluated
in more detail.
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Table 1. Features of the 2-year experimental windrows piled in Suonenjoki forest nursery during 1999-2002. Wind-
row codes: N99: nursery waste, U0O: nursery waste and urea, NO1: nursery waste, HO1: nursery waste and
horse manure, HO2: nursery waste and horse manure, HAO2: nursery waste, horse manure and aeration.

Windrow N99 U00 NO1 HO1 HO02 HA02
Volume, m3 50 50 50 50 34 34
Forest nursery waste, m3 47 50 50 38 17 17
Horse manure, m? 3a 0 0 122 17b 17°
Urea, kg © 0 75 0 0 0 0
Dimensions, m ¢ 9%x6%x1.8 9%x6x1.8 9%x6x1.8 9x6%x1.8 10x4x1.7 10x4x1.7
Composting 7.7.1999— 20.6.2000-  13.6.2001- 13.6.2001-  9.7.2002- 9.7.2002—
period 4.6.2001 4.6.2002 10.6.2003  10.6.2003 26.5.2004 26.5.2004
Aeration 5 pipes + 8 pipes + 1 pipe + 1 pipe + 1 pipe + Duct fan +
turnings turnings turnings turnings turnings turnings
Direction of across © 1 along and along along along along
pipes 7 across ¢t

2 Cutter chip bedded horse manure; P Peat bedded horse manure; ¢ CO(NH,),, (46.3% N) Kemira Corp., Finland;
d Length, width and height; ¢ The distance between pipes was ca. 1.5 m; f Pipes in two layers (30 and 80 cm above the bottom)

2 Materials and Methods

2.1 Construction of the Windrows

Forest nursery waste was composted in six nurs-
ery-scale windrows for a 2-year period at the Suo-
nenjoki forest nursery in Central Finland (Table
1). Sufficient waste material was available to
build only 1 or 2 windrows per year, depend-
ing on the amount of rejected seedlings. Thus,
windrows were piled in four consecutive years
during 1999-2002.

Every year compost material consisted mainly
of 1-year-old container silver birch (Betula pen-
dula Roth) seedlings, 1- and 2-year-old container
and 4-year-old bare-root of Norway spruce (Picea
abies (L.) Karst.) seedlings and 1-year-old con-
tainer and 2-year-old bare-root of Scots pine
(Pinus sylvestris L.) seedlings, and occasionally
of some other tree species. The compost material
also included the growth media (low humified
Sphagnum peat) of the container seedlings, weeds,
grass clippings and dead leaves. The material was
not pre-processed before composting. The roots
of the weeds and bare-root seedlings, which were
grown in the field, were usually sandy and thus
contributed inorganic material to the windrows.

Composting was done with or without horse
manure or urea in six 34-50 m3 windrows
(Table 1). N99, UO0O and NO1 windrows con-
sisted of pure forest nursery waste. Urea fertilizer

(75 kg, Kemira Corp., Finland) was added to UOO
windrow as a nitrogen source. Cutter chip bedded
horse manure (3 m?) was added to N99 windrow
as a microbial source (Raviv 2005). The other
three windrows, HO1, HO2 and HAO02, consisted
of forest nursery waste and horse manure. HO1
windrow consisted of forest nursery waste (3/4
of the total volume) and cutter chip bedded horse
manure (1/4 of the total volume). HO2 and HA02
windrows consisted of peat bedded horse manure
equivalent to half of the total volume, and a layer
of wood chips about 25 cm thick at the bottom
of the windrow.

Each year the compost material was mixed and
piled using a bucket loader into a windrow (with
a triangular cross section) located on an asphalted
area (Table 1). The percolation water running out
from each windrow was collected in separate
concrete wells. Each windrow was composted
on the asphalted area for 2 years, except for the
NO1 and HO1 windrows, which were moved to
the field after one year due to the construction
of walls and a roof for the composting area. The
lower part of the back and sides of the asphalted
area consisted of a wall made of concrete bricks
(height 1 m, constructed in June 2002). A roof
and wooden lath walls were installed on top of
the concrete brick wall in September 2002 and
June 2003, respectively.

Aeration of the windrows was provided pas-
sively using perforated pipes (& = 6 cm) and
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turnings in all the windrows except HA02, which
was aerated forcibly using a circular duct fan
(Model K160 M, Systemair Oy, Finland) with
150 m3 daily air stream for the first 6 months and
for one month after 11 months composting (Table
1). The fan was connected to the perforated pipe
running longitudinally through the pile. The pipe
was located on the wood chip layer beneath the
compost material. The windrows were turned
using a bucket loader after ca. 3, 12, and 24
months of composting. The N99 and UOO win-
drows were covered with polyethylene sheeting
after 12 months of composting. After piling the
other windrows were covered with woven poly-
propylene fabric to prevent the growth of weeds
on the surface of the windrows.

2.2 Monitoring the Composting Process
2.2.1 Temperature

Temperature was measured with thermocouples
located at 5-10 points inside the windrows at
least 2 times a week during the first month, and
subsequently at 1- or 2-week interval during the
2-year composting period. Temperature was also
measured at depths of 10 and 30 cm in all the
windrows (except N99) from October to June.

2.2.2 Physical and Chemical Properties

Compost material (n = 4—6, volume 4 1) was
sampled from each windrow at the start and at
the turning time in order to determine the physical
and chemical properties of the compost. Organic
matter (OM) was determined by loss of mass
on ignition of oven-dried samples at 550°C to
constant mass. OM decomposition (%) during
the 2 years’ composting was calculated using the
equation (Haug 1993):

OM,, %~ OM , %)100

100
OM,, %(100 - OM , %)

OM decomposition % =

where OM},% is the organic matter content before
composting and OM,% is organic matter content
after composting. The water content, pH, and
the carbon (C), nitrogen (N) and phosphorus
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(P) concentrations were determined as described
in Veijalainen et al. (2005). The potassium (K)
concentration was determined in the same way
as for the P concentration. Electrical conductiv-
ity (EC) (CDM-80, Radiometer, Denmark) was
measured on the same suspension (1:5 by volume)
as the pH.

The ammonium (NHy4-N) and nitrate + nitrite
(NO3-N + NO»-N) concentrations were deter-
mined, following extraction of the sample with
1 M KCl, by flow injection analysis (FIA) (Quik-
Chem 8000, Lachat Instruments, USA) during
2001-2004. Bulk density (on a dry mass basis)
was measured by weighing a 10 litre bucket filled
with fresh compost material during 2001-2004.
Odour, colour and structure of the compost mate-
rial were evaluated subjectively at the time the
windrows were turned.

2.2.3 Microbial Hygiene

The microbial hygiene of the compost material
in the HO2 and HAO2 windrows was studied
after 2 months’ composting. Hygiene analyses
were made on 2 different bulked samples (n = 3),
which were taken at depths of 30 cm and 100 cm.
Faecal coliforms, coliphages (hosts Escherichia
coli ATCC 13705 and 15597), enterococci and
faecal clostridia (sulphite-reducing clostridia)
were determined as described by Heinonen-
Tanski and Savolainen (2003). The detection
limit was 10 cfu g! for coliphages and faecal
clostridia, and 100 cfu g‘1 for faecal coliforms
and enterococci.

2.2.4 Wood Decomposition

One litre of barkless 30-year-old Norway spruce
shavings (15x20x1 mm) were bagged in nylon
mesh bags (mesh size 6 mm) and placed in HO2
and HAO2 windrows during piling. Six bags were
placed together at 3 different locations (at the
front, middle and back part) in the windrows.
Three bags were removed from each location after
1 and 2 years’ composting. The bags were stored
frozen (-15°C) until analysis, which was car-
ried out in November 2004. Three uncomposted
shaving bags were stored in the same way as the
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composted shaving bags until analysis.

Only the inner contents of the shaving bags
were used in the analyses, because the outer part
of the shavings was contaminated with com-
post material during composting. The oven-dried
(+40°C, 2 days) shaving samples were milled.
The o-cellulose, total sugars and uronic acids
were analyzed as described by Anttonen et al.
(2002). The hemicellulose + starch concentration
was calculated (% of dry matter) using the for-
mula: total sugars — o.-cellulose + uronic acids.

2.3 Water Percolation and Nutrient Leaching

The volume of the percolation water was measured
at 2-weeks intervals during the 2-year composting
(except for one year in the NO1 and HO1 wind-
rows). Water samples were collected monthly if
any water had percolated out of the windrows.
The samples were stored frozen and filtered
through Schleicher & Schuell 589/2 filter paper
before the nutrient analysis. Total P was analysed
by inductively coupled plasma atomic emission
spectrophotometry (ICP/AES, ARL 3580, Swit-
zerland). Total soluble N, NH4—N and (NO3-N
+ NO,-N) were analysed by FIA (flow injection
analysis) (Tecator 5012, Foss, Sweden and Qui-
kChem 8000, Lachat Instruments, USA).

2.4 Germination Tests

Preliminary germination tests of cress (Lepidium
sativum) and Norway spruce seeds were carried
out with different-aged composted material in
summer 2004. Seeds (n =5 for both species) were
sown in 1.0 litre pots (5 replicate pots) filled with
composted material from the different windrows.
Sphagnum peat was used as a control growth
medium. Growing was carried out under green-
house lamps with a 16 h day at 22°C and 18°C
during the dark period. Water was sprayed on the
sown area regularly to keep the seeds and medium
moist. The number of germinating cress seeds
was counted 7 days after sowing, and of Norway
spruce seeds 7, 14 and 21 days after sowing.

2.5 Statistics

Repeated measures of ANOVA (SPSS 13.0 for
Windows) and the Bonferroni pairwise com-
parison were used to determine the statistically
significant differences in the o-cellulose and
hemicellulose + starch concentrations before
and after 1 or 2 years’ composting. One-way
ANOVA was used to determine the statistically
significant differences in the germination of cress
and Norway spruce seeds in compost material
from the different windrows. The data were arc
sin square root transformed before the statistical
analysis in order to fulfil the assumptions of vari-
ance analysis. Means were compared for signifi-
cant differences at p<0.05 by Tukey’s test.

3 Results

3.1 Composting Process
3.1.1 Temperature

The temperature increased above 40°C (ther-
mophilic phase) 2 days after piling in HAO02 and
HO2, and after 7 and 11 days in HO1 and N99,
respectively. In UOO and NOI, the temperature
did not increase over 40°C (Fig. 1).

The highest temperature (61°C) was observed
in HAO2 after 2 weeks’ composting. The tempera-
ture stayed over 55°C for one month in HA02.
A maximum temperature of 50 and 48°C was
reached in HO1 and HO2 after 3 and 2 weeks’
composting, respectively. Without horse manure
addition, the maximum temperature was 41, 36
and 32°C in N99, U0O and NO1 after ca. 2, 4 and
10 weeks composting, respectively (Fig. 1). The
temperature varied (SD 2-8°C) inside the win-
drows during the thermophilic and cooling phase.
The variation was wide in the windrows contain-
ing horse manure or urea, obviously because the
raw materials had not been mixed very uniformly
by the bucket loader.

The longest thermophilic phase occurred (3.5
months) in HAO2. In the other windrows the
temperature stayed above 40°C for 2, 1.5 and 1
months in HO2, HO1 and N99, respectively. In
the middle of September, the windrows gradually
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= Nursery waste
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= Nursery waste, horse manure and aeration
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Composting time, months
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Fig. 1. Windrow temperature (°C) and average air temperature during 18 months’ compost-
ing. Surface temperatures (at depths of 10 and 30 cm) are not included in the average

windrow temperature.

started to cool down along with the decrease in the
ambient air temperature. However, the windrows
(except the surface layer of the HAO2 and H02)
did not freeze during the winter. The surface
temperature of HA02 and HO2 was a few degrees
below zero (-5°C at the lowest) for 2 months,
because the roof over the windrows prevented
the formation of an insulating snow layer on top
of the windrows.

After the winter, the temperature increased
slowly along with the ambient air temperature
and was at its highest in August when the air tem-
perature began to decrease. In HO2 and HA02 the
temperature decreased along with the air tempera-
ture. However, in N99 and UQO, the temperature
remained relatively constant for 3 and 2 months,
respectively, in the autumn (Fig. 1).

3.1.2 Physical and Chemical Properties

The OM content was initially 35-56% in all
the windrows (Table 2). The addition of horse
manure did not increase the OM content before
composting. The OM content decreased in all
the windrows during the 2-year composting. OM
decomposition was the highest in the windrows
containing easily decomposable horse manure
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Table 2. Organic matter content (OM, % of DM) before
and after two years’ composting. Average + stand-
ard deviation. OM decomposition (%) annually
during the 1st and 2nd composting year, and after
the whole two years’ composting. For windrow
codes, see Fig. 1.

Windrow OM, % OM decomposition, %
before after Istyr 2nd yr during 2 yrs

N99 35£10 2443 -1 —40 —41
uoo 47+18 32«1 +8 -56 —48
NO1 40+ 7 31£2 -38 +4 -34
HO1 56+12 35+4 48 -9 =57
HO02 37 4 2945 —42 +10 =32
HAO02 46+ 8 352 =30 -7 =37

during the first year. In contrast, OM decomposi-
tion was the highest in NOI during the first winter,
and in N99 and U0O during the second year.
The initial total N concentration was, on the
average, lower in N99, NO1 and HO2 than in UQO,
HO1 and HAO2 (Fig. 2a). The N concentration
decreased by 20-30% in the forest nursery waste
windrows and in HO1 during 2 years’ compost-
ing. During the same period the N concentration
increased in H02 and HAO2. Horse manure addi-
tion increased the initial P and K concentrations
(Fig. 2b and ¢). The P and K concentrations did
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O before composting

12+ Q) M after two years' compostin,

N, 9 kg DM

N99 UO0O  NO1 HO1 HO02  HAO02

Fig. 2. Total nitrogen (N) (a), phosphorus (P) (b) and
potassium (K) (c) concentrations (g kg=! of dry
matter) before and after two years’ composting.
Standard deviations are indicated by bars. The
initial N concentration before urea addition in UOO
windrow. For windrow codes, see Fig. 1.

not change markedly in the forest nursery waste
windrows, but they did decrease in the windrows
containing horse manure during 2 years’ com-
posting.

The C/N ratio was <40:1 in all the windrows
before composting (Fig. 3a). In HO2 and HAO02,
which contained the greatest amount of horse
manure, the C/N ratio was <30:1. In HO1 the C/N
ratio was the highest, despite the horse manure
addition. The C/N ratio decreased by 20% in HO1
during 2 years’ composting. The decrease was
less in the other windrows. The C/P ratio was
high in forest nursery waste windrows and in HO1
before composting (Fig. 3b). In HA02 and HO2

O before composting

40 - a) M after two years' composting

0+
5004 b)
400
o 300 -
O
200
100 -
0 -

N99 uoo NO1 HO1 HO02

HAO02

Fig. 3. Carbon to nitrogen ratio (C/N) (a) and carbon
to phosphorus ratio (C/P) (b) before and after two
years’ composting. Standard deviations are indi-
cated by bars. For windrow codes, see Fig. 1.

the C/P ratio was <200, and thus more favourable
for microbial growth.

The mean NH4—N concentration was higher
(380-1400 mg kg~! DM) in the horse manure
windrows than in the forest nursery waste win-
drows (220 mg kg~! DM) at the beginning of com-
posting. The NH4—N concentration decreased as
composting proceeded, and was <50 mg kg~! DM
in all the windrows after 2 years’ composting. The
initial NO3—N concentration was, on the average,
<80 mg kg~! DM in all the windrows, except in
HO02 where it was 200 mg kg~! DM. In contrast to
the NH4—N concentration, the NO3—N concentra-
tion increased in all the windrows during 2 years’
composting, and was the highest (>650 mg kg~!
DM) in HO2 and HAO2 after composting. The
NH4/NO3 ratio was < 0.16 in all the windrows
(except N99 and HO1) after 2 years’ composting
(Table 3).

The addition of horse manure increased the
initial pH (Table 3). However, the pH remained
below 7.0 in all the windrows during the 2 years’
composting. In HO1 and NO1 the pH remained
relatively constant during the whole compost-
ing period. The pH decreased below 5.0 in UOO
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Table 3. NH,/NOj ratio, pH and bulk density (kg m—3 DM) of the compost material before and after two years’
composting. The average water content (by mass, %) and electrical conductivity (EC, mS m™!) of the com-

post material during 2 years’ composting. Average + standard deviation. For windrow codes, see Fig. 1. nd

= not determined.

Windrow NH4 / NOj3 pH Bulk density, kg m= DM Water content, %  EC, mS m~!
before after before after before after

N99 nd 5.60 5.3+x0.5 6.0+0.1 nd nd 58+6 30«10
[8[00] nd 0.08 5.3+t0.4 4.5+0.1 nd 245+ 5 67+6 60£30
NOI 3.02 016 54203 5.620.2 140+10  290+10 61£6 60+20
HO1 6.72  0.27 5.9+0.2 5.8+0.3 180+£20 265+65 62+7 80+30
HO02 4.00 0.03 6.2+0.6 4.8+0.1 27050 385+25 52+7 180+70
HAO02 18.06  0.05 6.6£0.3 4.9+0.2 300+40 31020 55+4 220+80
after 1 year’s composting, and in HO2 and HA02 50 - a) o-cellulose OHO2
windrows after 2 years’ composting. An increase W HA02
in pH was observed only in N99 during 2 years’
composting. =% P

The initial bulk density was, on the average, DD\o
higher in the windrows piled in 2002 than in 2001 40
(Table 3). The bulk density increased during com-
posting. The average water content was 52-67 35 : :
mass-% .in all the windrows during the 2 years’ 141 b)Hemicellulose + starch
composting (Table 3). The mean water content x
was the highest in UOO and the lowest in HO2
and HA02. The mean EC was lower in the forest 127
nursery waste windrows than in the horse manure g
windrows (Table 3). 40 4
3.1.3 Microbial Hygiene 8 0 ' 1 ' 2

The hygienic quality of the compost material
in the HAO2 windrow was found to be good
after 2 months’ composting. No faecal coliforms,
coliphages or enterococci were detected in the
material taken from HA02. The number of faecal
clostridia was 18 cfu g-! in the material taken
from HAO2.

The compost material in HO2 was not totally
hygienized. No coliphages or enterococci were
detected in the material taken from HO2. How-
ever, the number of faecal coliforms was 2790
and 810 cfu g~! in samples taken at depths of 30
and 100 cm, respectively. Similarly, the number of
faecal clostridia was 20 and 280 cfu g~! at depths
of 30 and 100 cm.

20

Composting time, years

Fig. 4. o-cellulose (a) and hemicellulose + starch (b)
concentration (% of dry matter) of wood shavings
in HO2 and HA(O2 windrow before and after one
and two years’ composting. Standard deviations
are indicated by bars and significant differences
in concentrations between years in both HO2 and
HAO2 windrow by asterisks (p<0.05). For windrow
codes, see Fig. 1.

3.1.4 Wood Decomposition

The concentration of a-cellulose in the wood
shavings placed in HO2 and HAO2 decreased
significantly during the second composting year
(Fig. 4a). The hemicellulose + starch concentra-
tion of the wood shavings decreased significantly
during the first composting year (Fig. 4b).
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Fig. 5. The amount of percolation water (L m2) (a),
leached nitrogen (N, g m™2) (b) and phosphorus
(P, ¢ m™2) (c) during the first summer (VII-IX),
autumn (X—XII), winter (I-11I) and spring (IV-VI).
For windrow codes, see Fig. 1.

3.2 Water Percolation and Nutrient Leaching
3.2.1 Water Percolation

Water percolation was generally small; the annual
amount of percolation water was less than 1.5 m3
from all the windrows. Larger amounts of water
(22-27 L m2) percolated through N99, U0O and
HO1 than through NOI1, HO2 and HA02 (2-13

L m2) during the first composting year (Fig.
5a). However, theoretically calculated the annual
amount of percolation water was less than 7% of
annual precipitation in all the windrows. Percola-
tion was relatively regular throughout the year,
although the amount of water increased slightly
in U0O and HAO2 during the summer (VII-IX),
in N99 and UOO during the autumn (X-XII), and
in N99 and NO1 during the spring IV-VI). In the
case of HA02 and HO2, 65 and 100% of the water
percolated during the first summer, respectively.

Approximately the same amount of water per-
colated through N99 during the first and the
second composting year. One half less water
percolated through UOO during the second com-
posting year. In HA02 and HO02, there was no
water percolation during the second composting
year. Water percolation through NO1 and HO1 was
monitored only during the first year.

3.2.2 Nutrient Leaching

The annual amount of leached N was highest in
UO00 during the first composting year (Fig. 5b).
In the other windrows, the annual amount of
leached N was one third or less than that from
U00. However, the absolute amount of leached
N was negligible (12-407 g a™!) from all the
windrows. Almost 50% of the annual amount of
N leached out during autumn (X-XII) from N99
and U00. The amount of N leached from NO1 and
HAO2 was the highest (60 and 77%, respectively)
during the spring (IV-VI). The leaching of N
from HO1 was relatively constant during the first
composting year.

Most of the leached N was in the form of
NO3-N in all the windrows, except in HO1 where
67% of the leached N was organic N. In NO1, the
leached N consisted of equal amounts of NO3—-N
and organic N. The proportion of NHs—N was
<10% of the total amount of N leached from all
the windrows, except for HO2 in which 21% of
the leached N was NH4—N.

The addition of horse manure increased the
leaching of P only from HO1 (Fig. 5¢). The annual
amount of P leached from the other windrows was
46-95% less. However, the absolute amount of
leached P was insignificant (3-90 g a~!) from all
the windrows.
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The annual amount of leached N was 70
and 80% less from N99 and U0O, respectively,
during the second year. Also the annual amount
of leached P was 75% less from UO0. However,
the annual amount of leached P was 25% higher
from N99 during the second year.

3.3 Compost Product Quality
3.3.1 Odour, Colour and Structure

The compost materials in all the windrows (except
U00) had an earthy smell after each turning. In
U00, the material had a slightly putrid odour when
the windrow was turned for the first time after 3
months’ composting. The compost materials in all
the windrows had a dark brown colour after each
turning. However, seedling shoots and root plugs
were clearly visible after 3 months’ composting.
After 2 years’ composting, the visual structure of
the compost material was relatively uniform. Only
the shoots of the 4-year-old spruce seedlings were
still recognisable at that time.

3.3.2 Germination Tests

All the cress seeds germinated in the control peat
and in the composted material from HAO2. The
germination of cress seeds was 96, 88, 80, 80 and
76% in the composted material from H02, U0O,
N99, HO1 and NO1, respectively. The germination
of cress seeds was significantly lower in NO1 than
in HAO2 and the control peat. The visual appear-
ance of the seedlings was faultless.

All the Norway spruce seeds germinated in the
composted material from HA02 and HO2. The
germination of spruce seeds after 21 days was
96% in peat and 92, 92, 88 and 84% in the com-
posted materials from NO1, N99, UOO and HO1,
respectively. However, the differences were not
statistically significant. The visual appearance of
the seedlings was faultless.
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4 Discussion

4.1 Composting Process
4.1.1 Hygienization

Horse manure is a source of N, P, K, easily avail-
able C compounds, microbes and neutralizing
compounds that enable effective growth of the
microbes responsible for OM decomposition and
consequent rise in temperature (Gray et al. 1971a,
Haug 1993, Raviv 2005, Veijalainen et al. 2005).
According to many authors, it is necessary to keep
the temperature above 55°C for 3—14 days for the
hygienization of waste material, in other words to
eradicate plant and human pathogens and weed
seeds (Fernandez and Sartaj 1997, Grundy et
al. 1998, Ryckeboer 2001, Maa- ja metsitalous-
ministerio and Kasvintuotannon tarkastuskeskus
2004, Noble and Roberts 2004). In our study,
the desired temperature-time relationship and
the absence of microbial hygiene indicators was
achieved only if forest nursery waste was com-
posted with horse manure and forced aeration
(HAO02). However, if time of exposure increases,
the temperature required for total eradification of
pathogens decreases (Ryckeboer 2001). Moreo-
ver the eradification during composting is also
affected by other factors such as toxic compounds
and microbial antagonism (Bollen 1984, Ryck-
eboer 2001, Noble and Roberts 2004). Thus, in
our study, the eradification of plant pathogens
might have also happened in other horse manure
containing windrows, in which the temperature
stayed above 45°C at least for a month.
Fernandez and Sartaj (1997) noticed in their
studies that, the passive aeration may cause the
lack of oxygen, and thus retard microbial activity
in windrow composting. This might have hap-
pened in passively aerated HO2, in which the
temperature did not increase over 50°C and the
microbial hygiene indicators were not completely
destroyed. In HOI, the loose cutter chips used
as a bedding material and lower bulk density
facilitated passive aeration and resulted in higher
temperature (Veijalainen et al. 2005). The other
reason for the lower temperature in HO2 was the
lower initial amount of nutrients. Unfortunately,
the quality of the horse manure was not uniform,
probably due to nutrient losses during storage
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before piling (Martins and Dewes 1992, Airak-
sinen et al. 2001).

The temperature profile in the U0OO windrow
implies that N is not the only limiting factor in the
composting of forest nursery waste. Artificial fer-
tilizers like urea lack the other beneficial features
typical of organic additives, e.g. horse manure, as
discussed earlier. The second reason for the lack
of a thermophilic process in UOO may have been
the lack of oxygen due to the high water content.
In general, a lower limit for the optimal water
content (50-70 w/w%) is recommended in static
heaps and windrows in order to support microbial
activity (Gray et al. 1971b, Golouke 1991, Haug
1993). The third reason was the low pH, which
probably had a negative effect on microbial activ-
ity also in N99 and NO1. Thus, pH adjustment e.g.
with lime would be desirable when the material
is both acidic and has a low N content, e.g. forest
nursery waste (Haug 1993).

4.1.2 Organic Matter Decomposition

In most composting studies, the waste material
such as agricultural and food waste has a high
amount of organic material, > 75%, which is
mainly easily decomposable (Bernal et al. 1998,
Koivula et al. 2000). In our study, the waste
material had low initial OM content, 35-56%.
The high amount of mineral material was caused
by the presence of coarse sand, which was used
to cover the growth media in the containers, as
well as the sand, which was stuck on the roots
of the bare-root seedlings and weeds removed
from the sandy fields. This, together with the low
initial nutrient content and the presence of slowly
decomposable and stabile C compounds in tree
seedlings and peat explain the slow OM decom-
position and low temperatures in forest nursery
waste windrows without additives (Puustjdrvi
1991, Bernal et al. 1998). Eriksson et al. (1990)
and Haug (1993) have also reported that cellulose
is relative resistant to biodegradation in wood
when it is associated with hemicellulose and
lignin as lignocellulose, and requires a relatively
long composting time. Accordingly, in our study,
the degradation of cellulose in wood shavings,
placed in the windrows piled in 2002, happened
during the second year.

The OM decomposition rate was the highest in
windrows containing horse manure, and conse-
quently easily available C compounds, during the
first summer. The decrease in the concentration
of hemicellulose + starch in the wood shavings
was clearly due to the degradation of more easily
degradable starch during the first year (Haug
1993). The degradation of hemicellulose was neg-
ligible in this study, although it is considered to be
more easily degradable than cellulose due to the
lower degree of polymerization (Eriksson et al.
1990). However, the lignocellulosic compounds
are often degraded simultaneously, although the
relative degradation rate may vary depending
upon the microbes and conditions (Eriksson et
al. 1990). According to our study, composting
time should be long enough to ensure the decom-
position of woody seedlings. Nonetheless, the
composting time longer than 2-3 years cannot be
recommended for forest nursery waste, because
the final compost with even lower OM content is
of poor quality (Puustjdrvi 1991, Raviv 2005).

4.2 Water Percolation and Nutrient Leaching

Puumala and Sarin (2000) have studied the water
percolation through cow and chicken manure
windrows in Finland i.e. in similar climatic condi-
tions as our study was conducted. In their study,
the amount of percolation water was 2.2-6.0 m?
from 100 m? cow manure windrows and 0.07-0.3
m?3 from 30 m3 chicken manure windrows during
eight months composting. In our study, the annual
amount of percolation water was same magnitude,
being less than 1.5 m3 from all the windrows.
Although the amounts were negligible, water per-
colation caused by rain and decreased evaporation
(autumn) or melting snow (spring) can be reduced
if the windrows are placed under a roof, as was
done in this study after 2002. Other solution could
be covering, e.g. Berner (1989) and Ulén (1993)
have recommended covering a windrow with
waterproof material after the thermophilic phase
to reduce water percolation. However, waterproof
material such as plastic prevents the air circula-
tion in windrow (Rynk 1992). In our study, the
decomposition continued after the temperature
had stabilized, and thus air circulation should be
ensured also during curing.
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In addition to the amount of water, the depth
of the water table and soil characteristics also
influence the risk of groundwater contamination
(MilkKki et al. 1988), and thus should be taken into
account when selecting the site for windrows. The
use of water collection and circulation systems is
an easy way to avoid the negative environmental
impacts of composting when the amount of per-
colation water is not high (Martins and Dewes
1992), as was the case in our study.

Nutrient leaching can be minimized by opti-
mizing the composting process parameters and
conditions in order to ensure that the composting
process functions effectively (Berner 1989). In
our study, the effect of poorly functioning proc-
ess on N leaching was apparent in UOO windrow,
from which the annual amount of leached N
was the highest, 0.4 kg. The leaching of N, spe-
cifically NOs3, can result in the contamination of
groundwater and poses a threat to drinking water
quality (European Communities 1998). Leached
NH,4 and organic N are also potential groundwater
pollutants, because they can later be transformed
into NO3 in the soil (Killham 1994). Leaching of
P was a consequence of horse manure addition
and the low P absorption of in the forest nursery
waste. According to Rannikko and Hartikainen
(1980) Sphagnum peat has a low P absorption.
Also Juntunen et al. (2002) reported that P is
easily leached from the peat medium used in
forest seedling production. The leaching of P can
cause eutrophication, which is one of the most
serious threats to Finnish surface waters (Niemi
et al. 2001). However, in our study, the addition
of P-rich horse manure promoted the composting
process and resulted in small amounts of leached
P, 3-90 grams.

4.3 Compost Product Quality

The odour and colour of the compost material can
be monitored easily and should be used routinely
as an indicator of process functioning and matura-
tion, respectively (Haug 1993). The putrid odour
in the UOO windrow here was an indication of
anaerobic conditions, which means that it should
have been turned earlier in order to re-establish
the pile structure required to support air circula-
tion. In general, the compost should be turned
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during the thermophilic phase in order to ensure
that all the waste material is exposed to the high
temperatures required to kill pathogens and weeds
(Haug 1993). The high proportion of peat gave
characteristic colour to our compost, and thus
the colour can not be used as an indication of
the maturity. The non-decomposed woody twigs
found in compost product should be removed by
sieving before utilization, because non-degraded
woody material can cause the immobilization
of N and have a negative effect on plant growth
when it is applied to the soil (Rynk 1992, Mathur
et al. 1993).

The decrease in the C/N ratio and NH4-N
concentration and an increase in the NO3—-N
concentration have been proposed to be used
as an indicator of maturation for many types of
compost (Bernal et al. 1998, Sdnchez-Monedero
et al. 2001, Parkinson et al. 2004). However, the
decrease in C/N ratio is usually small in composts
with high amount of stabile C compounds, which
are hardy broken down by the microbes (Golouke
1991). Moreover, the N loss due to leaching or
volatilization may increase the C/N ratio of the
compost material (Bertran et al. 2004). In our
study, the decrease in C/N ratio was insignificant
in all other windrows, except HO1, because of the
stabile C compounds and N leaching. However, a
loss through the volatilization of ammonia is not
likely, because the presence of peat and ligno-
cellulosic compounds, together with the acidic
conditions, retard the formation and escape of
gaseous ammonia (Golouke 1991, Airaksinen et
al. 2001, Sanchez-Monedero et al. 2001). Thus,
the decrease in C/N ratio cannot be used as an
indication of maturity in forest nursery waste
composting. Nonetheless, the changes in NH4—N
and NO3—N were clear indicators of nitrification
and after 2 years’ composting the NH4/NOj3 ratio
was in most cases less than 0.16, which is consid-
ered as the limit for mature composts (Bernal et
al. 1998, Sanchez-Monedero et al. 2001).

Phytotoxic substances are produced only in
certain stages of decomposition and tend to be
rapidly inactivated, and thus they are not likely to
exist in 2-year or older composts as here (Zucconi
et al. 1981). Therefore, these preliminary germi-
nation tests provided useful information about the
compost utilization rather than the phytotoxicity
of the compost.
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5 Conclusions

Forest nursery waste was found to be a slowly
decomposable and acidic material with a low
initial content of organic material, nutrients and
easily available C. Horse manure was suitable
additive material for the hygienization of the forest
nursery waste. Horse manure was easy to handle,
and it provided nutrients, microbes and easily
available C compounds to the process, and cre-
ated, together with the forced aeration, a suitable
neutral and aerobic environment guaranteeing the
heating process. Woody tree seedlings evidently
decomposed at a later stage in the process. Thus,
the composting process should be long enough to
enable the decomposition of slowly degradable
OM. However, extended composting may have
a negative effect on compost quality. For this
reason, chopping raw material and turning could
be used to accelerate the process and to guarantee
a uniform quality of the compost product.

Nutrient leaching can pose an environmental
contamination risk if the waste material is piled
at the same site for a number of years without
a water collection system. Nutrient addition,
together with an unsuccessful composting proc-
ess, may increase the leaching of nutrients in
the climatic conditions prevailing in the Nordic
countries. Therefore, optimization of the process,
the use of water collection and circulation systems
and covering the compost are recommended to
avoid an extra nutrient load on the environment.

Forest nursery waste composting in windrows
without additives is a feasible way of organic
waste management in accordance with the regula-
tions. It is worth noticing, however, that there is a
risk that the compost product will not be totally
hygienized. Therefore, it is recommended that the
compost will be used e.g. on lawns, in parks or for
landscaping. The best management practice for
forest nursery waste composting is to use horse
manure, or other additive materials with similar
positive features, and forced aeration to ensure
the rise in temperature high enough to kill weed
seeds, plant and human pathogens. In conse-
quence, the compost product can probably be used
as a part of the growth medium for high-value
plants. However, further research is needed before
it can be used for horticultural applications.
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