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Manure constitutes a nutrient resource that should be efficiently recycled in agriculture. We assessed the nutrient 
cycling properties of three bedding materials (peat, wood shavings and pelleted straw) in horse manure by com-
paring their compostability, ability to retain nitrogen (N) and phosphorus (P) under rainfall and capacity to release 
N when mixed with soil. Manure with pelleted straw bedding had superior composting characteristics as it lost half 
of its dry mass, reached temperatures >60 °C and ended up having a carbon (C) to N (C:N) ratio of <15. In percolat-
ed water, 4–11% of total manure N and 5–23% of total manure P was leached during a 2 h 15 min event of artificial 
rainfall. Peat manure was most susceptible to P loss. In all fresh manures, C:N ratio exceeded 30, which led to net N 
immobilization in soil. Composting decreased the C:N leading to a slight positive or an insignificant fertilizer effect.
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Introduction
The equine sector has increased globally during the last decades and currently about 6 million hobby and sports 
horses reside in the EU member states (EPMA 2009, EHN 2016). Manure produced by these horses constitutes a 
considerable nutrient resource. Based on average nitrogen (N) (Graham-Thiers and Bowen 2011) and phospho-
rus (P) (Ögren 2013, Fowler et al. 2015) concentrations, and an average daily production of about 12–17 kg dung 
(Jansson and Dahlborn 1999, Fowler et al. 2015) and 12 l urine (Toribio et al. 2007), the horses in EU can be cal-
culated to excrete over 300 million kg N and 48 million kg P annually. The N originates mainly from urine and P 
from dung (Schryver et al. 1971, Särkijärvi and Saastamoinen 2014). 

Exploitation of horse manure in agri- and horticulture as a fertilizer or soil conditioner should be enhanced. To pre-
serve the value of horse manure as a fertilizer, proper management, including choice of bedding material, handling, 
storing and end use is essential. If nutrients are leached due to poor manure handling, horse manure may pose 
a risk to local watercourses and finally to the Baltic Sea. In Finland, lot of horse stables and activities are placed 
on areas that are critical regarding leaching of nutrients to waters (Pussinen et al. 2007). Especially leaching of P 
from horse manure or paddocks can be considered an environmental risk (Närvänen et al. 2008, Uusi-Kämppä et 
al. 2012, Parvage et al. 2015).  

Under warm climatic conditions horses are commonly kept outdoors for several hours daily, but in northern cool 
climate, horses are exercised outside only a few hours during a winter day. Most of the dung and urine is thus pro-
duced in the stalls and mixed with the bedding material, which is applied to bind moisture and gases and afford a 
soft bed to the horses. The choice of bedding material has a marked effect on the properties of the manure since 
bedding makes up 60 to 80% of the manure volume depending on the material applied (Särkijärvi et al. 2004, 
Airaksinen 2006). Several choices are available for the bedding in horse stables, wood shavings, saw dust, peat, 
pelleted straw and straw being the most common ones. For the welfare of both horses and people working and 
visiting in stables, stall bedding should be hygienic, free from dust, able to absorb ammonia, and be easy and light 
to handle. From environmental perspective, the bedding should have high capacity to retain nutrients during use 
and storage but at the same time efficiently release them once recycled into agricultural soil.

Horse manure typically has a high carbon (C) to N (C:N) ratio, meaning that decomposing microbes absorb re-
leased N to satisfy their growth requirements (Chen et al. 2014). Due to this net N immobilization, horse manure 
is not a desired fertilizer. However, due to beneficial effects on soil structure and C content, it can be considered 
a valuable soil conditioner (Sweeten and Mathers 1985). Composting, meaning biological aerobic decomposition, 
reduces the manure volume, moisture and odor, increases its uniformity, stability and concentration and elimi-
nates pathogens, parasites and flies (Bernal et al. 2009). Handling, transport and utilization of manure can thus 
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be enhanced by composting. Efficient composting of animal faeces requires the use of a C rich bulking agent to 
adjust both the nutrient balance and the physical structure of the substrate (Bernal et al. 2009). In horse manure, 
the bedding serves as the bulking agent.

In this study, horse manure with three bedding materials, peat, wood shavings and pelleted straw, was examined 
on the nutrient cycling point of view. The three manures were compared in relation to their N, P and potassium 
(K) content, ability to store N and P during storage even under rainfall, compostability and ability to release N 
when used as a soil amendment. Bedding material makes up the bulk of horse manure and can thus be expected 
to govern the decomposition rate and nutrient cycling properties of the manure. 

Material and methods
Manure collection and composting

Horse manure with three different commercial bedding materials, peat (Vapo Ltd., Finland), pine and spruce wood 
shavings (Hunter, Metsä Wood Ltd., Finland) and pelleted barley and wheat straw (Biolki Ltd., Finland), was collected 
during four consecutive one-week periods in January–February 2013. Six Finnhorse mares (mean body weight 
555 kg) used in the experiment were individually stabled in the research stables of Luke (former MTT Agrifood  
Research Finland) in Ypäjä, south-western Finland. The horses were fed with a typical Finnish hay-concentrate diet 
supplemented with a mineral-vitamin mixture according to the Finnish feeding recommendations (Luke 2017), 
and allowed free exercise in outdoor paddocks for about four hours daily. The four manure collection weeks, each 
forming one replicate for the study, were preceded by one test week. Over the five weeks, the horses were rotated 
in six stalls, of which two of each were bedded with one of the three different materials. Proper amount of bed-
ding was applied to ensure adequate absorption of moisture, comfortableness of horses and easy maintenance. 
In total, 740 kg peat, 730 kg pelleted straw and 440 kg wood shavings were consumed.

Soiled bedding and dung were removed from the stalls daily by the same person. By bedding material, the ma-
nure removed was weighed and placed into a 0.5 m3 plastic storage box until the box was filled. The minor quan-
tity of manure discarded was not recorded. At the end of each one-week collection period, the entire amount of 
manure acquired into each box was mixed thoroughly and thereafter sampled by combining several grab sam-
ples. The samples were frozen immediately after collection and stored at –20 °C until chemical analyses and fur-
ther studies. In the middle part of each manure-filled box, two temperature sensors equipped with dataloggers 
and one bi–metallic thermometer were installed. The dataloggers recorded the manure temperature in every four 
hours, whereas the conventional thermometers were read weekly or when necessary for up–to–date monitoring.

During the week of manure collection, the storage boxes were kept inside the stable and immediately thereafter 
transported to a nearby storage barn. In the barn, the boxes were in outdoor temperature but protected from  
animals, wind and rain. The manures were let to compost between January and September, (in total 28–31 weeks). 
In the beginning of June and July, the manure piles were thoroughly aerated by turning with spades and pitchforks. 
During the latter turning, the masses were moistened with deionized water. In early September, the boxes were 
weighed to define the loss of dry mass and sampled by bulking 3–5 cores obtained by drilling through the com-
post pile. The samples were immediately frozen and stored at –20 °C until chemical analyses and further studies.

Laboratory analyses
The chemical composition of both fresh and composted manure samples was determined at Eurofins Viljavuuspal-
velu Ltd (Mikkeli, Finland). The total concentration of N was analyzed by the Kjeldahl method (SFS-EN 13342:2000, 
SFS-EN 13654-1:2002) and total P and K by ICP after dry combustion (SFS-EN 15510:2008). The water soluble  
ammonium–N (NH4–N), nitrate–N (NO3–N), phosphate–P (PO4–P) and total dissolved N and P were analyzed from 
1:60 water extracts using a continuous flow analyzer (Aquakem 250). The total dissolved concentrations of N and 
P include both inorganic and organic compounds all converted to NO3–N or PO4–P by oxidative digestion with 
peroxodisulfate (SFS-EN ISO 11905–1). The total content of C in the manures was determined via dry combustion 
(Dumas method) at Luke laboratories in Jokioinen. In addition, the bulk density of the samples was measured  
according to EN 13040.
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Leaching studies
For leaching studies with artificial rain, plastic containers (Ø 270 mm) equipped with bottom drainage runoff col-
lection system were used. A one-cm layer of quartz sand, which was covered with 1×1 mm plastic mesh, was laid 
at the bottom of the containers. On top of the mesh, a manure sample was weighed according to the volume 
weight of the material to obtain a three-litre sample volume, which corresponded to 0.28 ± 0.05 kg manure dry 
mass (dm) and formed an approximately 5 cm-thick layer. The containers were positioned to have a 4% slope to-
wards the drainage outlet while subjected to artificial rainfall of 8–10 mm h-1 under a stationary drip type rain-
fall simulator (Uusitalo and Aura 2005) for a period of 2 h 15 min. The percolated water was collected from the 
start of the rain until 10 min after its end. The raindrops of deionized water fell from a distance of 220 cm. The 
manures were treated in groups of three arranged according to the week of manure collection (replicates 1–4) 
so that fresh and composted samples were treated separately including one replicate of each of the three bed-
ding types into all batches. All the collected waters (24 samples in total) were weighed and analyzed for NH4–N, 
NO3–N, total N, PO4–P and total P with a continuous flow analyzer (Lachat QuikChem IC+ 8000 Series) at the Luke 
laboratories in Jokioinen.

N mineralization
An incubation study was conducted according to ISO 14238 standard. Aliquots of both fresh and composted ma-
nure providing 100 mg of N kg-1 of soil (as total N) were weighed and mixed with 600 g fine sand soil in a plastic 
container (Ø 180 mm). An additional 30 mg of N kg-1 soil was applied as ammoniumnitrate (NH4NO3) to promote 
the decomposition process. The mean amount of total P introduced in the manure amendments ranged between 
15 and 25 mg kg-1 soil. The soils were let to incubate at 20 °C. During the incubation the soils were thoroughly 
mixed twice a week concurrently adding deionized water to maintain a constant moisture level of 18.8%. Subsa-
mples were taken for N analyses after 0, 7, 14, 28 and 48 d of incubation. The samples were extracted immedi-
ately after collection with 1 M potassium chloride (KCl) solution (1:5 soil: solution ratio). The NH4–N and NO3–N 
concentrations of the extracts were determined with a continuous flow analyzer (Skalar San++ System) at the 
Luke laboratories in Jokioinen.

Statistical analyses
An analysis of variance was conducted to test for differences in the N, P and K concentrations and leaching loss-
es of N and P under rain simulation between the peat, wood shavings and pelleted straw manures. The analyses 
were performed separately for fresh and composted manures. Individual means were compared using least sig-
nificant difference (LSD). A pairwise t test was used to study changes in selected characteristics of the manures 
during composting. The significance level was set at 5%.

Results
Nutrient content

Of the three bedding materials studied, peat and pelleted straw contained inherently more N than wood shavings 
(Table 1). The proportion of water soluble N from the total N was around 5% in the clean peat and pelleted straw 
bedding and 15% in the wood shavings. The total P and especially K concentrations were higher in pelleted straw 
than in peat and wood shavings. Water soluble P comprised around 20–25% of the total P in the clean beddings.

In the fresh manures, the total N concentration was equal between peat and pelleted straw manure and some-
what lower in the wood shavings manure (Table 1). The water soluble N concentrations were at the same level 
in all the three manures. The proportion of water soluble N from total N was almost 40% in the wood shavings 
manure and around 30% in the peat and pelleted straw manures. Of the water soluble N in the fresh manures, 
NH4–N comprised roughly 40% in the pelleted straw manure, 55% in the wood shavings manure and 65% in the 
peat manure. Less than 1% of the water soluble N was found in the NO3–N form in all of the fresh manures. The 
remaining proportion of the soluble N was assumedly made up of organic N compounds.

The total P and K concentrations of the fresh manures were slightly higher in the pelleted straw than in the peat 
and wood shavings manures (Table 1). The water soluble P occurred nearly totally as inorganic PO4–P and com-
prised 45% of the total manure P in the pelleted straw manure and 55–60% in the peat and wood shavings manures.
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In the composted manures, the total N and P concentrations of the pelleted straw were roughly double to those 
in the peat and wood shavings manures (Table 1). The total K concentration was likewise clearly highest in the 
pelleted straw manure. The water soluble N concentration was markedly lower in the wood shavings manure 
than in the peat and pelleted straw manures. Water soluble N comprised around 15% of the total N in the wood 
shavings and pelleted straw manures and almost 30% in the peat manure. On average 20% of the soluble N in the 
composted manures occurred as NH4–N, whereas the proportion of NO3–N was 65% in the peat manure, 25% in 
the pelleted straw manure and less than 1% in the wood shavings manure. As in the fresh manures, the water 
soluble P of the composted manures occurred totally as inorganic PO4–P. The water soluble P comprised 60% of 
the total manure P in the peat manure, 50% in the wood shavings manure and 35% in the pelleted straw manure.

Compostability

The temperatures of the manure piles started to decrease immediately after the boxes were moved from the sta-
ble to outdoor winter temperatures at the end of the one-week collection period and from mid March to early 
May the masses were frozen (Fig. 1). The mean outdoor daily temperatures increased above 0 °C from mid April. 
In May, the manure temperatures begun to increase sharply peaking around 30 °C in the manures containing peat, 
30–50 °C in those with wood shavings and 40–60 °C in the ones containing pelleted straw. Aerating by turning 
initiated further temperature peaks especially in the manures containing pelleted straw but in August, the tem-
peratures of all manure piles decreased to below 20 °C.

Table 1. Total and water soluble (1:60) nutrient concentrations (g kg-1 dry matter) of fresh and 
composted horse manures with different bedding materials. The results of clean beddings are means 
of three replicates ± standard deviation. The results of the manures are means of four replicates. 
Standard errors (SE) and least significant differences (LSD) within columns are shown in italics.

Total conc. 
(g kg-1 dry matter)

Water soluble conc.a 

(g kg-1 dry matter)

N P K N P

Clean bedding

Peat 8.7 ± 0.2 0.3 ± 0.1 <0.7 0.4 ± 0.1 0.07 ± 0.00

Wood shavings 0.6 ± 0.0 <0.1 <0.7 ± 0.0 0.02 ± 0.00

Pelleted straw 9.1 ± 0.4 1.4 ± 0.1 8.5 ± 0.1 0.4 ± 0.1 0.34 ± 0.08

Fresh manure

Peat 14.3 2.2 14.3 3.8 1.2

Wood shavings 10.2 2.0 14.0 3.8 1.2

Pelleted straw 14.8 2.7 16.3 4.6 1.3

SE/LSD 1.0/3.4 0.1/0.5 0.6/2.0 0.4/1.5 0.1/0.4

Composted 
manure

Peat 15.5 2.7 16.5 4.2 1.6

Wood shavings 13.8 3.3 21.0 2.1 1.7

Pelleted straw 28.8 6.3 37.0 4.7 2.2

SE/LSD 0.7/2.3 0.2/0.8 1.0/3.6 0.5/1.6 0.2/0.5
aTotal dissolved amount (including organic and inorganic compounds) in 1:60 water extracts
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During composting, the total dry mass of each manure pile decreased (Table 2). The decrease was highest (50%) 
in the pelleted straw manure followed by wood shavings manure (30%) and peat manure (20%). Composting had 
a significant effect on the manure volume weight only in wood shavings manure, in which the volume weight in-
creased by nearly 20%. Total C concentration of the manures tended to decrease slightly, whereas no significant 
loss of N could be detected. The C:N ratio clearly decreased in the wood shavings and pelleted straw manures, 
whereas the NH4–N:NO3–N ratio showed a significant decrease in the peat and pelleted straw manures. In the 
fresh manures, the dry matter content was 28 ± 2% in the peat manure, 32 ± 2% in the wood shavings manure 
and 34 ± 3% in the pelleted straw manure. The corresponding values in the composted manures were 25 ± 2%, 
27 ± 1% and 28 ± 3%.     
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Fig. 1. Temperature (°C) inside 0.5 m3 piles of horse manure with different bedding materials and in 
the ambient outdoor air during 7–months of composting in Feb – Sep 2013. The temperatures of 
the manures were recorded in every four hours in the middle part of the piles. The results shown 
represent the third replicates of the study. The mean daily ambient air temperatures were recorded 
at a meteorological station of Jokioinen located approximately 10 km from the composting facility. 

Table 2. Dry mass, volume weight, C concentration, total N content, C:N ratio and NH4–N:NO3–N ratio in fresh horse manures with 
different bedding materials (initial values) and the change in these characteristics during composting. The values are averages of 
four replicates with standard error (SE) and p value of the pairwise t test at the 0.05 significance level.

Initial value in fresh 
manure

Mean change during 
composting

Parameters for pairwise t test

SE p

Total dry mass 
(kg)

Peat 60 -11 1.0 0.002

Wood shavings 51 -16 0.3 <0.001

Pelleted straw 82 -39 4.0 0.002

Volume weight
(g dw l-1)

Peat 89 -1.1 1.0 0.4

Wood shavings 72 13 3.4 0.03

Pelleted straw 106 8.7 19 0.4

C conc.
(%)

Peat 46 -0.5 0.1 0.03

Wood shavings 46 -2.4 1.2 0.1

Pelleted straw 45 -4.4 0.4 0.002

N content
(g)

Peat 865 -93 92 0.4

Wood shavings 518 -38 23 0.2

Pelleted straw 1187 40 143 0.8

C:N Peat 33 -3.9 3.1 0.3

Wood shavings 45 -13 2.0 0.007

Pelleted straw 31 -17 3.2 0.01

NH4–N:NO3–N Peat 532 -531 78 0.007

Wood shavings 276 -221 147 0.2

Pelleted straw 491 -475 64 0.005
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The total nutrient concentrations (N, P and K) of the manures tended to increase during composting roughly in 
proportion to the loss of dry mass (Table 3). Similarly, the water soluble P concentrations increased and no change 
was observed in the proportion of soluble P from total P. The water soluble N concentrations, in contrast, showed 
no significant change in the peat and pelleted straw manures and a marked decrease in the wood shavings ma-
nure. Consequently, the proportion of soluble N from total N decreased except in the peat manure.

N and P leaching during rainfall

In comparison of the fresh manures, wood shavings manure lost the greatest proportion of its total N content 
within the percolated water of the simulated rainfall (Table 4). However, no similar difference could be seen in 
the N concentrations of the leachates since the wood shavings manure let through more water (500 ml) than the 
pelleted straw manure (450 ml) and peat manure (240 ml). On the contrary, after composting, the wood shav-
ings manure tended to lose less N than the peat and pelleted straw manures. In the leachates from fresh manure, 
NH4–N dominated (40–70%) and the proportion of NO3–N was marginal (<1%), whereas the N in leachates from 
composted manure was mostly in NO3–N form (50–70%) and only 5–20% of the soluble N was acquired as NH4–N.

The leaching losses of P were greatest from the peat manure, regarding both fresh and composted manure (Table 
5). Wood shavings and pelleted straw manures were rather similar in regard to P leaching under simulated rain-
fall. The P in the leachates was mostly (80%) inorganic PO4–P.

Table 3. Total N, P and K concentrations, water soluble (1:60) N and P concentrations and the proportions of water soluble N 
and P from the total amounts in fresh horse manures with different bedding materials (initial values) and the change in these 
characteristics during composting. The values are averages of four replicates with standard error (SE) and p value of the pairwise 
t test at the 0.05 significance level.

Initial value in fresh 
manure

Mean change during 
composting

Parameters for pairwise t test

SE p

Total N conc.
(g kg-1 dw)

Peat 14 1.3 1.3 0.4

Wood shavings 10 3.6 0.7 0.01

Pelleted straw 15 14 1.5 0.003

Total P conc.
(g kg-1 dw)

Peat 2.2 0.5 0.1 0.006

Wood shavings 2.0 1.4 0.2 0.007

Pelleted straw 2.7 3.5 0.2 <0.001

Total K conc.
(g kg-1 dw)

Peat 14 2.3 0.5 0.02

Wood shavings 14 7.0 0.9 0.005

Pelleted straw 16 21 0.9 <0.001

Soluble N 
conc.a

(g kg-1 dw)

Peat 3.8 0.4 0.2 0.08

Wood shavings 3.8 –1.7 0.4 0.02

Pelleted straw 4.6 0.1 0.8 0.9

Soluble P 
conc.a

(g kg-1 dw)

Peat 1.2 0.4 0.1 0.004

Wood shavings 1.2 0.6 0.2 0.05

Pelleted straw 1.3 1.0 0.2 0.01

Proportion of 
soluble N from 
total N (%)

Peat 26 0.7 1.7 0.7

Wood shavings 37 –22 2.1 0.002

Pelleted straw 31 –15 4.8 0.05

Proportion of 
soluble P from 
total P (%)

Peat 55 3.6 1.8 0.1

Wood shavings 58 –6.6 3.0 0.1

Pelleted straw 46 –10 4.3 0.1
aTotal dissolved amount (including organic and inorganic compounds) in 1:60 water extracts
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Incubation
The changes in soluble inorganic N (NH4–N+NO3–N) concentrations during 48-d incubation in the soils amended 
with fresh and composted manures are presented after subtracting the corresponding N concentrations in control 
soils incubated with NH4NO3 addition only to discern the effect of the manures (Fig. 2). Immobilization of soluble 
N introduced within the fresh manure additions (decrease in soluble N concentration) was observed with all ma-
nure types (Fig. 2a). The N concentrations seemed to exhibit an immobilization – mineralization – immobilization 
cycle, which was more evident in the peat and pelleted straw manure amended soils than in the ones containing 
wood shavings manure. At the end of the incubation, roughly half of the initial soluble N content introduced with 
the wood shavings manure remained in the soil, whereas in the soils containing peat and pelleted straw manures, 
the soil soluble N concentrations were at the same level with the control soils.

In the incubation with composted manures, the curves illustrating changes in the soil soluble N concentration fol-
lowed the same shapes than in the corresponding soils with fresh manures (Fig. 2b). However, for the pelleted 
straw and wood shavings manures, the initial decrease in soil soluble N was not as steep as for the fresh manures, 
and at the end of the incubation these soils exhibited net mineralization. In the soils amended with wood shavings 
manure, the soluble N concentration doubled from the initial level, and in the soils amended with pelleted straw 

Table 4. Leaching losses of N from different types of manure under simulated rainfall. The results are means of four 
replicates. Standard errors (SE) and least significant differences (LSD) within columns are shown in italics.

N concentration in the 
percolated water

(mg l-1)

Total amount of N leached
(mg kg-1 manure dw)

Proportion of leached N 
from manure total N

(%)

Fresh manure

Peat 786 740 5

Wood shavings 492 1156 11

Pelleted straw 628 880 6

SE/LSD 77/266 158/545 1.0/3.6

Composted manure

Peat 1054 1368 9

Wood shavings 287 541 4

Pelleted straw 1270 1702 6

SE/LSD 174/603 291/1006 1.3/4.3

Table 5. Leaching losses of P from different types of manure under simulated rainfall. The results are means of four 
replicates. Standard errors (SE) and least significant differences (LSD) within columns are shown in italics.

P concentration in the 
percolated water

(mg/l)

Total amount of P leached 
(mg kg-1 manure dw)

Proportion of leached P 
from manure total P 

(%)

Fresh manure

Peat 342 303 14

Wood shavings 69 162 8

Pelleted straw 100 139 5

SE/LSD 17/60 36/126 1.2/4.1

Composted manure

Peat 477 639 23

Wood shavings 201 381 12

Pelleted straw 338 454 7

SE/LSD 38/131 95/327 2.4/8.2
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manure an increase of 20% in the soluble N was observed. In the soils amended with composted peat manure, 
the end soil soluble N concentration was roughly half from that in the beginning. 

Discussion

Since bedding material makes up the bulk of horse manure, its nutrient composition can be expected to affect 
the manure nutrient contents. Consequently, the relatively high total P and K concentrations of pelleted straw 
and low N concentration of wood shavings were reflected in the corresponding concentrations in the manures.

A horse weighing 400–600 kg excretes on average 19–30 kg dung and urine per day, which contains on estimate 
70–150 g N, 10–30 g P and 20–50 g K (Lawrence et al. 2003). The amount of nutrients excreted by the horse in 
dung and urine depend highly on the nutrition and feed quality (Graham-Thiers and Bowen 2011, Ögren 2013, 
Ögren et al. 2014, Fowler et al. 2015, Trottier et al. 2016), optimization of which is an important tool in reducing 
excess nutrient load from horse operations. Averages of around 500 horse manure samples analyzed in Finland in a 
commercial laboratory, Eurofins Viljavuuspalvelu Oy, between 2005 and 2009 were 15 g kg-1 dw for total N, 3 g kg-1 
dw for total P and 16 g kg-1 dw for total K (Viljavuuspalvelu 2016). The corresponding concentrations in our study 
tended to be slightly lower than these nationwide averages. An application rate of 9 t dw ha-1 (roughly 30 t ha-1 
fresh weight) of the fresh manures produced in our study would provide in total 90–130 kg N, 20–25 kg P and 125 
–150 kg K. However, the amount of water soluble N would be only 35–40 kg. According to the present incubation 
study, practically all the soluble N of fresh peat and pelleted straw manure and half of that in the wood shavings 
manure would be immobilized after incorporation into soil. Thus the short-term N fertilizer effect of the manures 
would be close to zero or even negative. The mineralization rate of N from manures and composts is overall low 
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 Fig. 2. The effect of fresh (a) and composted (b) horse manure with different 
bedding materials on the soluble inorganic N (NH4–N+NO3–N) concentrations 
in soil during 48-days of incubation. The results are means of four replications ± 
standard deviation. The background N concentrations in soil incubated without 
manure amendment have been subtracted from the results.
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(Hartz et al. 2000, Eghball et al. 2002). Manure P is, in contrast to N, mostly plant available (Eghball et al. 2002, 
Ögren et al. 2014). The plant availability of manure K is likewise generally high (Wen et al. 1997, Eghball et al. 2002).

Composting provides a potential way to increase the value of horse manure since it increases nutrient concen-
trations and decreases C:N ratio due to decomposition of organic matter (Bernal et al. 2009). According to the 
indices we used to assess the composting process, namely heat generation, dry mass and C loss, and changes in 
C:N and NH4–N:NO3–N ratios, the compostability of the studied manures could be ranked pelleted straw > wood 
shavings > peat. Comparisons of compostability of differently bedded animal manures have produced somewhat 
contradictory results. For example, in the studies of Airaksinen et al. (2001) peat-bedded horse manure was found 
to compost more efficiently than manure containing wood shavings, straw, hemp, linen, sawdust or newspaper, 
whereas N’Dayegamiye and Isfan (1991) found wood shavings manure to have superior composting character-
istics in comparison to sawdust and peat moss manures. Swinker et al. (1997) found sawdust to compost more 
readily than phone book paper or straw but Komar et al. (2012) concluded that straw–based materials are better 
suited for composting than wood-based materials. These discrepancies can be explained by differences a) in the 
particle size of the substrates used, b) the proportion between dung, urine and the bedding material (C:N ratio), 
c) moisture content and d) process control, namely aeration (Gajalakshmi and Abbasi 2008).

In our study, heat generation by the microbial activity was not sufficient in any of the manure piles to resist the 
winter’s frost. Even during the spring and summer time, the temperature increased high enough for pathogen 
(Gajalakshmi and Abbasi 2008) as well as weed seed and animal parasite destruction (Johansen et al. 2013) only 
in the manure containing pelleted straw bedding and the maximum heat peaks in all the manures were relatively 
short in duration. In several other studies, no great differences in the temperature development between ma-
nure composts containing different bedding materials have been observed (Airaksinen et al. 2001, Larney et al. 
2008, Komar et al. 2012). High compost heats have been maintained successfully despite extreme winter air tem-
peratures (Larney and Hao 2007) and the thermal thresholds for eliminating pathogens (>55 ˚C for 15 d) easily 
exceeded (Larney et al. 2008). However, in some experiments the temperatures adequate for manure hygieniza-
tion have not been reached (Swinker et al. 1997, Komar et al. 2012).

The wintertime difficulties in keeping up microbial activity in our composts might have been related to the small 
size (0.5 m3) of the manure piles. Moisture content of the manures was likely adequate throughout the experiment. 
We processed the manures in their inherent moisture content of around 70% while ideal moisture for allowing 
metabolic and physiological activities of microorganisms yet maintaining adequate oxygen supply is considered 
to be 50–60% (Gajalakshmi and Abbasi 2008). Clear spikes in the manure temperatures following turning of the 
masses indicate that oxygen supply limited the composting process. Even though composting occurs to some ex-
tent naturally, efficient composting requires careful process control (Bernal et al. 2009).

Despite the probably slightly suboptimal conditions in our study, the total dry mass losses of 18% for peat ma-
nure, 31% for wood shavings manure and 48% for pelleted straw manure during composting are in agreement 
with the results of previous studies. Larney and Hao (2007) reported dry matter losses of 20–30% during manure 
composting, Hao et al. (2004) recorded a 30% dry mass loss for straw-bedded manure and 27% for wood bedded 
manure and in the study of Komar et al. (2012), the dry mass reductions were 49% for pelletized straw manure 
and 40% for wood shavings manure. The rate of degradation is dependent on the quality of the C source and the 
initial C:N ratio of the substrate (Bernal et al. 2009, Gajalakshmi and Abbasi 2008). Labile organic compounds de-
grade quickly, whereas more recalcitrant compounds decompose slowly. In wood based materials, lignin content 
is higher than in those composed of straw, which makes the wood-based beddings less biodegradable (Hao et al. 
2004). Greater dry mass loss with straw than wood-based beddings has been reported in several studies (Hao et 
al. 2004, Michel et al. 2004, Larney et al. 2008). High C:N ratios lead to limiting N concentrations, wherefore mi-
crobial populations remain small and decomposition takes long. An ideal C:N ratio for a substrate to be composted 
is around 25–35, which was attained for the peat and pelleted straw manures composted in our study. The C:N 
ratio of mature composts should be less than 20 (Goyal et al. 2005, Bernal et al. 2009), which level we reached 
only with the pelleted straw manure. Initially high decomposition stage of peat bedding may explain the poor 
compostability of peat manure in our study.

In cattle manure composting experiments reviewed by Larney and Hao (2007), bulk density of the manures in-
creased 3–4 fold during composting but we found a significant increase only in the bulk density of wood shavings 
manure, which as fresh had the least dense structure of the manures compared. 
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Occurrence of nitrification is one of the indicators of compost maturity though no exact target level of the ratio 
of NH4–N to NO3–N can be set (Gajalakshmi and Abbasi 2008). In cattle manure composts the NH4–N:NO3–N ratio 
decreased from around 400 to less than one (Larney and Hao 2007). In our study, the variation in NO3–N concen-
trations between replicate samples was considerable, and a substantial difference was found in the proportions 
of NO3–N in the water extracts (<1%) and rainfall leachates (47%) of composted wood shavings. However, clear 
decreases in the NH4–N:NO3–N ratio were observed indicating the most active degradation had ceased.

Composting increased the total nutrient concentrations of all the manures studied, except for the total N concen-
tration of peat manure, due to loss of dry mass in the process. Our coarse inspection of the N mass balances over 
the composting period showed no significant decrease in the total N content of the composts. Ammonia (NH3) 
volatilization is generally the major pathway for N losses from manure composts and the gaseous losses can ac-
count for around 50% of the initial total N of the manure (Michel et al. 2004, Bernal et al. 2009). The C:N ratio 
of the substrate governs the magnitude of NH3 volatilization since excess N not immobilized in the microbial bio-
mass is easily lost (Gajalakshmi and Abbasi 2008). Several studies have shown bedding materials rich in available 
C to reduce N losses (Fraser and Lau 2000, Hao et al. 2004, Michel et al. 2004, Larney et al. 2008, Bernal et al. 
2009). The high bedding material contents of horse manures thus makes them less vulnerable to N volatilization.

The stabilization of organic matter via composting leads to reduced mineralization rates, which slows the release 
of nutrients but also reduces the potential immobilization of released mineral N (Kirchmann and Bernal 1997, 
Parkinson et al. 2004, Larney and Hao 2007). Comparison of the N dynamics during incubation of fresh and com-
posted manures in soil demonstrated this effect, except for the peat manure, which composted most poorly. Even 
though the amounts of N mineralized from the composted wood shavings and pelleted straw manures during the 
48–d incubation were small, the negative fertilizer effect was, however, overcome by the composting process.

In our study, leaching losses of nutrients were avoided by sheltering the manure piles from rainfall but the rate of 
nutrient release during a rain event was, however, assessed under rain simulation. The rain simulation study re-
sembles water extraction carried out in the analyses of soluble nutrient contents of the manures but in rain simu-
lation, the water retention capacity and structure of the manure, which govern the percolation of water through 
the manure pile, are emphasized. Our results showed the water retention capacity of peat manure to be consid-
erably higher than that of pelleted straw and wood shavings manures, which is in agreement with the results of 
Airaksinen et al. (2001). However, the greatest proportional loss of total P occurred in the peat manure. Parvage 
(2015) found the maximum P-retention capacity of peat, wood chips and wheat straw to be rather similar but only 
wood chips were able to bind P leached from horse dung under rain simulation, whereas peat and straw were 
rather sources of additional P. We found the N retention capacity of wood shavings manure to be poorer than 
that of the peat and pelleted straw manures but a decrease in the amount of soluble N due to N immobilization 
during composting reduced the risk of N leaching from the wood shavings manure. Based on our results, cover-
ing the composts and manure storages is recommendable to reduce the losses of nutrients to environment and 
improve the fertilizer value of horse manure.

Conclusions

In conclusion, the differences in the total and water soluble N and P concentrations were small between the 
fresh manures studied though the total nutrient contents were lowest in the wood shavings manure. Compost-
ing proved to be beneficial since it reduced the manure volume, increased its nutrient concentrations and elimi-
nated N immobilization after soil application, though the N fertilizer value of the manures remained low. Pellet-
ed straw manure composted more efficiently than wood shavings manure and peat manure, which showed the 
weakest composting characteristics. Active aeration was needed to maintain the composting process in all the 
manure types. Peat manure appeared to be more susceptible to leaching losses of P under rainfall than manures 
with wood shavings or pelleted straw. Covering the composts and manure storages is recommendable to reduce 
the leaching losses of nutrients.
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