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on a commercial farm in the Netherlands where a specific composting method had been
developed for a woodchip-bedded pack. A conversion of excreted inorganic N into organic
form was assessed by repeated pack analysis; volatile N loss from the barn by calculation of
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its accumulating N mass balance. Our results show that volatile N loss from the barn was
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closely related to pack C:N ratio (P < 0.001; R2adj. ¼ 83 %) and was negative during the first

Nitrogen mass balance

two months of composting. The negative loss was likely the result of NH3-absorption and/

Compost-bedded pack barn

or N2-fixation by microorganisms from ambient air, two phenomena reported in literature.

Thermophilic composting

The critical pack C:N ratio, at which volatile N loss from the barn was zero, was 35, in line

Woodchips

with critical ratios found in other studies. We conclude that controlled thermophilic
composting of a woodchip-bedded pack, at a relatively high C:N ratio, has potential to
minimise volatile N loss from compost-bedded dairy barns.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of IAgrE. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1.

Introduction

Volatile nitrogen (N) loss from dairy barns is a concern for society and farmers. Volatilised N can eutrophicate the environment when lost as ammonia (NH3) or contribute to global
warming when lost as nitrous oxide (N2O). Furthermore, all N
losses, irrespective of form, reduce the amount of N cycling at
farm level, which eventually results in productivity losses. More
specifically, N volatilisation from manure excreted in the barn
results in less manure N available for feed production. The lost N
must be replenished, usually from sources outside the farm
cycle, e.g. through the purchase of additional N fertiliser or feed.

In major milk-producing countries, such as the Netherlands,
freestall barns have become the housing standard for dairy
cattle (Bewley et al., 2017). In freestall barns, the cattle are
housed on a slatted floor, with cubicles added as lying places.
Urine and faeces excreted by the cattle pass through the floor
slats and end up as slurry in the storage pit beneath. The
excretion gives rise to N volatilisation from the floor and from
the slurry stored below. This volatilisation is predominantly in
the form of NH3 (>90%) (Jungbluth et al., 2001; Misselbrook et al.,
2016); the default value for total volatile N loss from Dutch
freestall barns (without the cattle grazing) is 10.3% of excreted
N (Van Bruggen et al., 2021).
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An attractive alternative for freestall barns, from the
perspective of improved animal health and welfare, is
compost-bedded pack barns (Leso et al., 2020). In compostbedded pack barns, slatted floor and cubicles are (partly)
replaced by an organic pack, which functions as a walking and
resting area for the cattle and as storage for their manure
(Galama, 2014). When a freestall barn is replaced by a
compost-bedded pack barn, differences in housing conditions
and manure handling can influence both the level and form of
volatile N loss from the barn (Aguirre-Villegas & Larson, 2017;
Leso et al., 2020). Although N is still predominantly lost as NH3,
relative losses of N2 and N2O are typically larger (Galama et al.,
2015; Van Dooren et al., 2019) and the level of total N loss is
usually higher (Galama et al., 2015).
Volatile N loss from dairy barns can be reduced by a variety of
measures (e.g. Bougouin et al., 2016; Misselbrook et al., 2016;
Moreira & Satter, 2006). Nitrogen loss reduction may, however,
be more challenging for compost-bedded pack barns than for
freestall barns, due to an increased floor area (and increased
emitting surface), increased manure handling, and a high biological activity in the pack. Packs are regularly supplied with
fresh litter, frequently turned over, and even in situ composted,
to keep the top layer dry and clean (Galama, 2014). A major
advantage of in situ composting is the generation of heat, which
stimulates the evaporation of excess water from the pack.
However, high composting temperatures are also associated
with high NH3-loss (Eklind et al., 2007; Hümbelin et al., 1980).
High volatile N loss from a composting pack is potentially
mitigated by microbial assimilation of inorganic N
(Kirchmann & Witter, 1989; Meyer & Sticher, 1983). The use of
pack litter with a high C:N ratio turns N into a limiting factor
for microbial growth (Eiland et al., 2001), which results in a
rapid microbial assimilation of excreted inorganic N, preventing its volatilisation (Hümbelin et al., 1980). Facilitation of
this process could result in mitigation of volatile N loss from
the pack and the barn. So far, this practice has seldom been
applied and data on its effectiveness are lacking.
We studied the hypothesis that controlled thermophilic
composting of a woodchip-bedded pack, with cattle housed on
top, would result in a conversion of inorganic N (excreted by the
cattle) into organic form, a reduction of pack inorganic N concentration, and a reduction of volatile N loss from the barn.

2.

Materials and methods

2.1.

Introduction

We studied our hypothesis during an 8-month composting
period, on a commercial compost-bedded dairy farm in the
Netherlands where the farmer had developed a specific
composting method for the woodchip-bedded pack. A conversion of excreted inorganic N into organic form was
assessed from repeated bedding analysis; volatile N loss from
the barn by calculation of its accumulating N mass balance.

2.2.

Barn and floor

The studied barn (Fig. 1) was open on three sides (Fig. 2),
except for roof-supporting pillars and some sections of 1-m
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high walls, and naturally ventilated, with supplemental air
movement provided by fans. Its rectangular-shaped floor area
was divided into two parts, separated by the feeding alley. At
one side of the feeding alley, a rectangular shaped bedded area
(1074 m2) was surrounded by a strip of slatted floor (557 m2) at
one short and adjacent long side. This strip separated the
bedded area from the milking parlour and the feeding alley. At
the other side of the feeding alley, there was a strip of slatted
floor and a strip of straw-bedded solid concrete floor. The
storage pit for liquid manure was located underneath the barn
floor (excluding the bedded area), consisted of five separate
compartments, and had a floor area of 956 m2.
The floor of the bedded area was made of prefabricated
concrete slabs (200  200  13 cm) placed on a sand layer and
spaced 30 cm apart in the long direction of the bedded area. In
the 30-cm gaps, air ventilation tubes (ø 20 cm) had been
buried into the sand, with the top side of the tubes sticking
out of the sand layer but remaining a few cm below slabsurface. In the top side, small ventilation holes had been
drilled every 25e30 cm, resulting in one hole per 0.57 m2 floor
area. Air from outside the barn was blown through these
holes by a central ventilator unit (max. capacity 2040 m3
hour1). The floor ventilation system described here was
jointly developed by the farmer (Wiersma, Midwolde, The
Netherlands) and a contracting firm (Loonbedrijf Stuut,
Zevenhuizen, The Netherlands).

2.3.

Animal herd and diet

During the observational period, on average 105 cows (Holstein-Friesian) were present in the barn: 51 lactating cows, 16
dry cows, 11 pregnant heifers, 14 non-pregnant heifers, and 13
calves. At one side of the feeding alley, the lactating cows, dry
cows, and pregnant heifers were housed (Fig. 2). The dry cows
were kept at the left side of this area (35% of total bedded and
slatted-floor area) and were separated from lactating cows
and pregnant heifers by an electric fence. This separation
enabled different feed rations for lactating and dry cows.
Pregnant heifers joined the lactating cows four months before
giving birth, joined the dry cows one month before giving
birth, and re-joined the lactating cows after giving birth. The
average bedded area per animal during the composting period
was 13.8 m2. At the other side of the feeding alley, the other
heifers and the calves were housed, on the strip of slatted floor
and the strip of straw-bedded concrete floor, respectively. All
animals remained indoors during the observational period.
The diet of lactating cows and pregnant heifers comprised
silage grass and wet by-products from the feed industry,
supplemented with concentrates. Wet by-products were
brewers’ grains, potato peel, and wet pea pulp. The diet of dry
cows, non-pregnant heifers, and calves, comprised silage
grass and grass hay, for the calves supplemented with
concentrates.

2.4.

Composting method and pack management

On the bedded area, the farmer (Wiersma) applied his own
composting method (the ‘Wiersma-method’), described
below, which aimed at a rapid thermophilic composting of a
woodchip-bedded pack, to generate a relatively high pack
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Fig. 1 e View of the bedded area of the compost-bedded pack barn, seen from the upper left side of the schematic drawing in
Fig. 2 (Photo by Paul Galama).

Fig. 2 e Schematic drawing of the plan view of the compost-bedded pack barn. Lactating cows, dry cows, and pregnant
heifers were housed in the light grey area, young stock and calves in the darker grey area.
temperature (50e55  C) and thus maintain a high rate of
moisture evaporation. A second aim was to stabilise excreted
inorganic N into organic form and reduce volatile N loss.
The composting period started by adding a large amount of
(fresh) woodchips to the cleared bedded area. Afterwards, fresh
woodchips were added regularly, to supply extra metabolisable
energy to the composting process (i.e. to ‘feed’ the microorganisms). Every day, starting at day 3, the pack was intensively
rototilled with a rotary tiller (Maschio Gaspardo, Campodarsego, Italy), for the first seven days to 10 cm depth and
thereafter to 25 cm depth. Rototilling mixed the excreted dung

patches with the woodchips, which kept the top layer clean. It
also reduced woodchip size, increased the wood surface area
and thus promoted the composting process rate. Rototilling
initially resulted in the formation of two separate layers; an
upper 25 cm-thick layer that was intensively cultivated and
composted, and a lower layer that had a lower composting
activity and remained largely intact. This lower layer, with a
relatively coarse structure, aided in the distribution of air
ventilated from the floor through the pack.
Floor ventilation was applied every 6 h for 15 min, to increase pack oxygen content and stimulate the composting
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process, but also to increase water evaporation by convection.
When the pack temperature increased too rapidly, at a risk of
becoming too high (above 55  C), the duration of ventilation
was increased until the temperature came down within the
intended range. In this study, such a rapid increase occurred
in the second week of composting.
The composting period was from 13 November 2013 until 8
July 2014, and was intentionally started in late autumn, in
order to have enough metabolisable energy present in the
pack during the winter period. Especially in January and
February, when weather in the Netherlands is cold and
humid, there is a high risk of the pack becoming too wet. In
that case, air volume in the pack becomes too low, which results in a decrease in composting rate, a further wetting of the
pack, and eventually a complete shut-down of the composting
process. Then, the pack has to be removed from the barn,
replaced by fresh woodchips, and the entire process has to be
started again. After the second half of March, when ambient
temperature increased and weather conditions became drier,
the additional supply of metabolisable energy (with woodchips) was stopped. This resulted in a decreasing thickness of
the upper pack layer and a gradually increased co-composting
of the lower layer.

mixed for each sampling date. Sampling with a gouge auger (ø
3.5 cm; Eijkelkamp, Giesbeek, The Netherlands) was done
from 14 January onwards, was also done down to the concrete
slabs, at 21 positions equally distributed over the pack area,
and subsamples were also pooled and mixed. All collected
samples were frozen to 20  C and analysed later for dry
matter, ash, total N, total P (phosphorus), total K (potassium),
total C (carbon), NH4eN, NO3eN, and pH (see section 2.6 for
analysis methods). Delivered woodchip batches were sampled
during farm visits. These samples were also frozen to 20  C
and analysed later for dry matter, ash, total N, total P, total K,
and total C.
The level of liquid manure in the storage pit was measured
each farm visit, at 10 to 20 positions proportionally distributed
over the slatted floor area of the five compartments. Manure
was sampled every two farm visits, at the same positions used
for measurement of manure level, using a multisampler
(length 1.8 m, ø 30 mm; Eijkelkamp, Giesbeek, The
Netherlands). At each sampling date, the subsamples were
pooled, mixed, and frozen to 20  C. Samples were analysed
later for density, dry matter, ash, total N, total P, total K, and
total C (see section 2.6 for analysis methods).

2.6.
2.5.
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Analysis methods

Measurements

Measurements in the barn were of various pack characteristics (height, temperature, volumetric mass density, composition), of woodchips (composition), and of liquid manure in the
storage pit (height, composition). Pack temperature was
measured to follow the composting process; all other measurements were to collect data necessary for calculation of the
N mass balance. Pack temperature was measured by the
farmer, all other characteristics by an employee of Wageningen Livestock Research who visited the farm every two to
three weeks.
Pack temperature was measured from 23 November onwards, every 3e15 days, at 4 positions equally distributed
along the main diagonal line of the pack area, at 15 and 25 cm
depth, using a pointed penetration probe (stainless steel,
custom-made, ø 12 mm, length 1.0 m) fitted with a thermocouple at the tip and connected to a Testo 110 thermometer
(Testo BV, Almere, The Netherlands).
Pack characteristics, except temperature, were measured
just after rototilling, when the pack was relatively loose. Pack
height was measured at 21 positions, equally distributed over
the entire pack area, and results were averaged. Pack density
was measured at three positions along the main diagonal line.
At every position, a hole was dug in the pack with a garden
fork, down to the concrete slabs, and the removed material
was mixed. A 5 L bucket was filled with this material, which
was compacted by hand to represent the level of compaction
present in the freshly-tilled pack, and weighed. Density was
calculated for each position and results were averaged. Pack
sampling was initially done with the garden fork, because of
the materials’ coarse texture, and later, when texture became
finer, with a gouge auger. Fork sampling was done between 14
November and 14 January, at the same three positions used
for density measurement and with use of the previously
collected material. The three subsamples were pooled and

The collected samples of woodchips, composted pack, and
liquid manure, were analysed by standard methods for dry
matter and ash (NEN 7432, 2008), total N (NEN 7434, 2008), total
P (NEN 7435, 2008), total K (NEN 7436, 2008), and NH4eN (NEN
7438, 2008). Pre-treatments included mixing (NEN 7430, 2008)
of liquid manure; mixing, drying, and grinding (NEN 7431,
2008) of woodchips and compost, and destruction (NEN 7433,
2008) of all materials before measurement of total N, P, and
K. The density of liquid manure was determined volumetrically. The pH was measured with a standard pH electrode
connected to an Orion 520a pH meter, either directly in the
material (liquid manure) or after 1:4 dilution with de-ionised
water (compost). The NO3eN in liquid manure and compost
was determined by ion chromatography, using suppressed
conductivity detection (Dionex ED50, Dionex IonPack AS17-C
column). Pre-treatment included the addition of de-ionised
water (except for liquid manure), mixing, centrifugation, and
1:49 dilution of the supernatant with de-ionised water. Total C
in all materials was determined after drying at 70  C, grinding
to 0.2 mm, and dry combustion in an element analyser (EA
1110, Interscience, New York, USA).

2.7.

Balance calculations

2.7.1.

General approach

Nitrogen loss from the barn during the composting period
was assessed by calculating the accumulated barn mass
balances for minerals N, P, and K, every two to three weeks,
on the dates of the farm visits, 13 times in total. Because N
was not lost from the barn by leaching, but only by volatilisation, N loss was the difference between N input in the barn
with pack litter, feed, and animals, and N accounted for in
liquid manure (slatted floor), compost (bedded area), milk,
and animals. Mass balances for the three minerals (Mbalance)
were thus calculated as:
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Mbalance ¼ Mlitter þ Mfeed  Mliquid manure  Mcompost  Mmilk
 D Manimals
Because P and K were not lost from the barn by leaching or
volatilisation, all inputs of these minerals had to be accounted
for as ‘outputs’. Surpluses or deficits on the P and K balances
were therefore indicative of the error in balance calculations
and were used to correct the N balance. The P and K balances
were each corrected for their respective error by evenly correcting both their input and ‘output’ categories by half of the
relative error. For example, if the P balance had a surplus of
10%, all input categories were increased by 5% and all ‘output’
categories were decreased by 5%. The correction factors for
the P and K balance were averaged, for input and ‘output’
separately, and then applied to correct input and ‘output’
categories of the N balance. Only N loss estimates are shown
in corrected form, all other balance data are shown without
correction. Nitrogen loss was also expressed relative to N
excretion by the animals, which was calculated as: Nfeed Nmilk - D Nanimals. The mineral balances were calculated for all
animals in the barn and for the entire floor area they were
housed on, except for the calves on the strip of straw-bedded
floor. The individual balance categories were calculated as
follows.

2.7.2.

Minerals in pack litter

Mineral input in the barn with litter (woodchips) was calculated per day as: woodchip bulk volume (m3) * bulk density (kg
L1) * mineral concentrations (g kg1). The volumes of woodchip batches supplied to the bedded area were recorded daily
and volumes were converted to mass using an average
(measured) bulk density of 0.28 kg L1. Woodchips (including
foliage) were delivered fresh on the farm and came from
shredded deciduous trees and shrubs, such as poplar (Populus
sp.), oak (Quercus sp.), and beech (Fagus sp.), which grew in the
neighbourhood.

2.7.3.

Minerals in feed

Mineral input with silage grass or wet by-products was calculated per feed type per day as: amount fed (kg) * mineral concentrations (g kg1). The daily amounts fed were weighed in the
mixer feeder. The used mineral concentrations were the result
of sampling and analysis (silage grass batches), were provided
by suppliers (wet by-products), or were taken from default
values in the Dutch Feeding Tables (grass hay; CVB, 2011).
Mineral input with concentrates was calculated per day for
lactating cows and pregnant heifers as: animals present in the
barn (# day1) * average daily mineral intake (g animal1
day1). The numbers of animals present in the barn, per
category, were recorded daily by the farmer. The average daily
intake of minerals from concentrates by lactating cows and
pregnant heifers was calculated from the total amounts of
minerals in concentrates delivered at the farm during the
observational period, corrected for the (recorded) amounts fed
to the calves.

2.7.4.

Minerals in pack and liquid manure

Amounts of minerals accounted for in the pack were calculated
for each balancing date as: pack height (m) * pack area (m2) *
pack density (kg L1) * pack mineral concentrations (g kg1).

Liquid manure volume in the storage pit was calculated for
each balancing date as: liquid manure level (m) * pit floor area
(m2). The average manure level in the storage pit was calculated from the average manure level in each of the five compartments, using their relative proportion in the total pit floor
area. Amounts of minerals accounted for in the produced
liquid manure were calculated from the average daily increase
in amounts of minerals in the storage pit during a reference
period (15 November 2013 through 28 February 2014). This
approach was necessary because, after the reference period,
several batches of manure were removed from or added to the
storage, which complicated a reliable calculation of amounts
of minerals. Amounts of minerals present in the storage pit at
farm visits during the reference period were calculated as:
liquid manure volume (m3) * liquid manure density (kg L1) *
liquid manure mineral concentrations (g kg1). Liquid manure
was sampled and analysed every other farm visit; for the dates
in between, the averages of the analysis results of the previous
and following date were used.

2.7.5.

Minerals in milk

Amounts of minerals accounted for in produced milk were
calculated as: amount of milk (kg) * milk mineral concentrations (g kg1). The amounts of milk delivered at the milk factory, its protein concentration, fat concentration, and urea
concentration, were recorded every three days. Milk N concentration was calculated as: protein concentration * 15.7% (N
concentration in milk protein; CBS, 2011). For milk P- and Kconcentrations, default values of 1.0 and 1.6 g kg1 milk,
respectively, were used (CBS, 2011).

2.7.6.

Minerals in animals

Changes in amounts of minerals in animals largely concern
minerals fixed in born calves and growing young animals. In
adults, minerals can be fixed or mobilised, depending on the
lactation status and whether the animals are properly fed.
Fixation or mobilisation of minerals is calculated as: (change
in) animal weight (kg) * (change in) mineral concentration in
body tissue (g kg1). Under the conditions of the present study,
weighing of animals was not feasible. However, because milk
production level was moderate and cow ration balanced, there
was no reason to assume net fixation or mobilisation of
minerals in adult animals (Gustafson et al., 2007). Amounts of
minerals fixed in born calves and growing young animals are
usually low; from other balances it follows that these amounts
are 0.6e1.2% of total N accounted for, 1.0e1.8% of total P
accounted for, and <0.1% of total K accounted for (Galama
et al., 2015; Gustafson et al., 2007). Given the usually small
changes in amounts of minerals fixed in animals, we excluded
this item from balance calculations.

2.8.

Statistical analysis

Based on the plotted data, the relationships between amounts
of minerals in liquid manure and time were analysed using the
linear regression procedure in statistical package Genstat (19th
edition; VSN International, Hemel Hempstead, UK). The number of animals present on measurement dates, with variation of
animal category, was added as an extra explanatory variable to
the models. Relationships between accumulating loss on the N
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balance (after balance correction) and pack C:N ratio were
analysed using the polynomial regression procedure in Genstat. Based on the plotted data, regression analysis started by
assuming a 3rd degree polynomial relationship, and nonsignificant (P > 0.05) regression coefficients were dropped
from the model.

3.

Results

3.1.

Pack and composting characteristics

declined to 44  C by the end of the composting period. Pack
temperature ranged during the composting period between
43  C and 52  C, meeting thermophilic conditions (Miller, 1996;
Sundberg et al., 2004).
Pack density started at 0.41 kg L1 (measured three days
after the start of composting), increased to 0.60 kg L1 after 70
days, and then varied between 0.49 and 0.57 kg L1 for the rest
of the composting period. Pack moisture content during the
composting period (as derived from dry matter content, Table
1) ranged between 42% and 56%.

3.2.
Woodchip supply started with a large batch of 72 t at the first
day of composting, followed by a second large batch of 44 t
after 9 days, and a third and final large batch of 67 t after 119
days (Fig. 3). In between the large batches, smaller 5e15 t
batches were supplied. During the entire composting period,
280 t of fresh woodchips were used, on average 15.2 kg
woodchips per animal per day.
Pack height started at 21 cm (measured three days after the
start of composting), was 45 cm about 14 days later, decreased
over the following 42 days to 33 cm, increased again during the
next 70 days to a maximum of 56 cm, and then decreased to
48 cm at the end of composting (Fig. 3). Pack height increased
with the supply of fresh woodchips and decreased when this
supply was stopped (after 12 March).
Pack temperature at 15 cm depth increased steadily after
the start of composting, from 18  C at the start of measurements to a maximum of 50  C after 133 days, remained stable
at that level for 69 days, and then decreased to 43  C by the end
of the composting period (Fig. 4). At 25 cm depth, temperature
increased more rapidly; it reached a maximal value of 51  C
after 19 days, stabilised around 47e48  C for 99 days, increased
again and stabilised around 50e51  C for 84 days, and then
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Mineral balance categories

Total N input into the barn over the entire composting period,
11709 kg N, was 8% from woodchips and 92% from cattle feed
(Fig. 5, Table A.1). Nitrogen input from woodchips increased
irregularly over time, from 241 kg N at the first day of composting up until 882 kg at 12 March, the last day woodchips were
supplied. Nitrogen concentration in the woodchips varied between 2.2 and 4.2 g kg1 fresh product, P-concentration between
0.3 and 0.5 g P kg1 product, K-concentration between 1.4 and
1.8 g kg1 product, and C:N ratio between 76 and 158.
Nitrogen input from feed (roughage, wet by-products,
concentrates) increased rather linearly over the composting
period, up until a level of 10826 kg N at the end (Fig. 5; Table
A.1). Total N input from feed was 4% from wet by-products,
7% from concentrates, and 89% from roughage. The average
daily N intake of lactating cows and pregnant heifers during
the composting period was 471 g N animal1 day1.
Total amount of N accounted for from the barn over the
entire composting period, 10932 kg N, was 15% from milk,
34% from composted pack, and 51% from liquid manure
(Fig. 5; Table A.1). Average milk production of cows
(including dry period) was 20 kg day1 and 7295 kg year1.

Fig. 3 e Amounts of woodchips supplied to the pack (per day, vertical bars) and development of pack height (triangles)
during the composting period in the compost-bedded pack barn.
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Fig. 4 e Development of pack temperature at 15 cm depth (closed triangles) and 25 cm depth (open triangles) during the
composting period in the compost-bedded pack barn.

Table 1 e Changes in the composition of the pack, composted in the compost-bedded pack barn. Pack characteristics are
expressed in g kg¡1 fresh material, except for pH and C:N ratio.
Daysa
2
16
30
44
58
72
86
107
128
149
170
191
212
237
a

Dry matter

Ash

Total N

Total P

Total K

Total C

NH4eN

NO3eN

pH

C:N

489
501
513
520
578
443
481
463
443
494
447
464
472
469

16
20
21
22
24
31
33
35
33
44
47
58
71
76

3.29
4.32
4.38
5.20
5.94
6.82
7.18
7.48
6.95
9.26
9.39
10.0
12.9
12.5

0.39
0.51
0.52
0.66
0.78
0.90
0.89
0.98
0.98
1.29
1.29
1.50
1.97
1.97

1.55
2.12
2.65
3.78
3.82
6.70
6.85
8.03
6.29
9.58
11.5
13.0
15.0
15.6

252
261
274
267
285
229
235
230
244
226
208
244
228
220

0.05
0.02
0.10
0.12
0.21
0.29
0.31
0.33
0.13
0.29
0.36
0.34
0.39
0.42

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

5.5
6.6
6.8
7.4
7.9
8.5
8.2
8.6
7.7
8.6
8.6
8.6
8.8
9.0

77
60
62
51
48
34
33
31
35
24
22
24
18
18

Days since pack establishment.

Milk contained on average 3.4% protein, 4.0% fat, and 24 mg
urea (100 g)1 milk.
Pack N concentration increased from 3.3 g kg1 product at
first measurement to 12.5 g kg1 at final measurement (Table
1), and was 96% or more present as organic N, and 4% or less as
NH4eN. NO3-concentration was always below the detection
limit (<0.01 g kg1). In liquid manure, total N concentration
was not correlated with time (P > 0.05), varied between 3.5 and
4.9 g N kg1 product, and averaged 4.2 g N kg1. Linear
regression showed significant (P < 0.01e0.001) relationships
between amounts of manure or minerals in the storage pit
and the date value during the reference period, with explained
variances of 98% (manure), 92% (N), 75% (P), and 90% (K).
Addition of an extra explanatory variable to the regression
models, the number of animals present at the measurement

dates (with use of the different categories), did not increase
the explained variances (P > 0.05).

3.3.

Balance error and nitrogen loss

Relative error in the P balance changed from þ1% for the first
balance to 6% for the final balance, and relative error for the
K balance from þ21% to þ6% (Table A.2, Table A.3). Averaged
over the P and K balance, relative error decreased from þ11%
at the first balancing date to þ1%, 0%, and 0% at the final three
balancing dates, respectively. The small average relative error
at the final three balancing dates resulted in negligible corrections to the corresponding N loss.
Cumulative N loss from the barn during the composting
period, after correction for average relative balance error,
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Fig. 5 e Cumulative amounts of N supplied into the barn with woodchips (black) and feed (light grey), and accounted for in
milk (diagonal lines), compost (dark gray), and liquid manure (dotted), as calculated every two to three weeks of the
composting period in the compost-bedded pack barn.

varied between a loss of 167 kg N, two months after the start
of composting, to a loss of þ778 kg N at the end (Fig. 6). Cumulative N loss increased steadily after 21 March, following
the termination of woodchip supply (12 March). Over the
entire composting period, corrected N loss relative to cattle N
excretion was 8.5%.
Cumulative N loss, as it evolved during the composting
period, had a significant (P < 0.001) 2nd degree polynomial
relationship with the evolving pack C:N ratio, which explained
83% of its variance (Fig. 7). The relationship was described as:
Y ¼ 1838 - 81x þ 0.81x2 (SE ¼ 133 kg N). Nitrogen loss occurred
below a C:N ratio of 35.

4.

Discussion

4.1.

Balance calculation error

N. Because it is unknown which mineral gives a better representation of the error in N balance calculation, we choose to
‘spread the risk’ and use the average error on both balances to
correct the N balance. This approach of ‘spreading the risk’ was
also chosen for correction of the input and ‘output’ categories;
because it was unknown to which extent e.g. a surplus on a
balance was the result of underestimation of the input or
overestimation of the ‘output’, and of which categories, we
chose to correct all input and output categories equally. It is
worth noting that this approach resulted in a decrease in
average relative error over the composting period, a decrease
that would be expected with the collection of more data when
the error is largely random in nature. Also worth noting is that,
with the used approach, the average error on the N balance and
the corresponding correction of N loss, both calculated over the
entire composting period, were negligible (Fig. 6, Table A.1).

4.2.
In our study, the error in calculation of the P and K balances was
used to correct the N balances. For such correction, a standard
method is not available; a choice could also have been to use
either the error on the P or K balance. Although the error on both
balances is indicative of the methodological error in balance
calculations, differences in the nature and behaviour of the two
minerals can result in a different error on their respective balances. For instance, the amount of K accounted for in liquid
manure may be calculated more accurately than the amount of
P, because sampling and analysis of highly soluble K may be
more representative than sampling and analysis of less soluble
P. If only the error on the K balance had been used, corrected N
loss over the entire composting period would have been much
lower than presented, 1.5% instead of 8.5% of excreted N. If, on
the other hand, the error on the P balance had been used, corrected N loss would have been much higher, 15.5% of excreted

Nitrogen loss and pack C:N ratio

Relating the evolving pack C:N ratio to the evolving N loss over
the composting period revealed not only a significant relationship between these parameters, with a high percentage of variance in N loss explained, but also the occurrence of negative N
loss during the first two months of composting and the apparent
presence of a critical C:N ratio (Figs. 6 and 7). Because the C:N
ratio and N loss individually also have a significant relationship
with time, there is a potential risk that the observed relationship
is the result of a confounding with time. However, this risk is
largely eliminated by the simultaneous occurrence of the three
causal effects (discussed below) in this one relationship.
The negative N loss during the first two months of composting suggests that N was absorbed or biologically fixed
from ambient air. Such absorption or fixation has been
observed before during composting of organic material with a
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Fig. 6 e Nitrogen loss from the compost-bedded pack barn during the composting period, before correction (closed triangles)
and after correction (open triangles) for the methodological error in balance calculation.

Fig. 7 e Nitrogen loss from the compost-bedded pack barn during the composting period (after correction for the
methodological error in balance calculation) as related to pack C:N ratio (P < 0.001; R2adj. ¼ 0.83). The solid line represents the
fitted relationship, the dotted lines its upper and lower 95%-confidence limits.

high C:N ratio. Hümbelin et al. (1980) measured an increase in
compost N concentration, due to biological N2 fixation, of up
to 14%, during the composting of cattle faeces mixed with
straw. In tunnel composting, Beck et al. (1997) recorded a
lower NH3-concentration in air returning from the tunnel
compared to ambient air entering the tunnel. A net absorption
of NH3 from ambient air was confirmed by a 28% increase in
the amount of N present in the compost. Beauchamp et al.
(2006) measured not only N2-fixation during the composting
of paper sludge, but also isolated the responsible bacteria and
identified their genus. Pepe et al. (2013) successfully inoculated compost with N2-fixing bacteria to increase its N

concentration. More background on potential N-fixation processes and the microorganisms involved has been provided by
Cooper and Scherer (2012).
Our study revealed an apparent critical C:N ratio of 35 in
the composting pack (Fig. 7). At the critical C:N ratio of litter,
the microbial demand for N is exactly met (Bloemhof &
Berendse, 1995). At a higher ratio, N is immobilised, and at a
lower ratio, N is mineralised. The apparent critical C:N ratio
found in our study is in line with results found by others; it
falls in the middle of the 30 to 40 range reported by Beck et al.
(1997) for the composting of animal faeces, and is also in
agreement with the ratio of 36 reported by Bloemhof and
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Berendse (1995) for decomposing plant litter. This agreement
supports the conclusion that this is an actual critical C:N ratio
rather than only an apparent one. The existence of a critical
C:N ratio suggests a considerable potential for minimisation of
volatile N loss from pack composting: as long as the C:N ratio
of a well-composting pack is kept above this ratio, net volatile
N loss should be absent.

4.3.

Nitrogen stabilisation and loss

Nitrogen loss from the studied barn was 8.5% of excreted N,
which compares favourably to the default loss of 10.3% for
Dutch freestall barns. It cannot be concluded that N loss from
this compost-bedded pack barn was lower than from a common freestall barn, because a reference freestall barn (with
similar animal management as in the compost-bedded pack
barn) was not included in our study, replication was missing,
and the relative N loss from the compost-bedded pack barn
was based on an 8-month period instead of a 12-month period
(used to calculate the default loss). The most relevant result of
our study is the close relationship between N loss and pack
C:N ratio, and the potential it suggests for N loss
minimisation.
Our hypothesis was that microbial conversion of excreted
inorganic N would reduce pack inorganic N concentration and
volatile N loss. During composting, 96% or more of the N in the
pack was in organic form (Table 1). This does not necessarily
mean that all excreted inorganic N was converted into organic
N, because N volatilisation from the pack also results in a low
inorganic N concentration. However, the close relationship
between N loss and pack C:N ratio indicates that microbial
conversion was responsible for the low level of N loss. Moreover, the level of N loss from this barn was only 8.5% of
excreted N whereas, in earlier research, N loss from compostbedded pack barns ranged between 17% and 35% of excreted N
(Galama et al., 2015).
Field application has a large contribution to the volatile N
loss from liquid manure, adding an extra 8.0% to the loss from
excreted N when liquid manure is shallowly injected into
grassland (Van Bruggen et al., 2021). The reason for this relatively high N volatilisation is that about 50% of the N in liquid
manure is present as NH4. The low NH4-concentration in
composted pack, however, limits the potential for volatile N
loss after its surface-spreading. In literature, NH3-volatilisation after compost application varies between 0.02% and 1.0%
of total N applied (Amon et al., 2001; Brinson et al., 1994; He
et al., 2003; Matsushima et al., 2009; Mulder, 1992) (data previously discussed by De Boer, 2014). In the present study, NH4N in compost leaving the barn was only 3% of total N. Even if a
maximal 75% of this NH4-N would volatilise after surfacespreading (Mulder, 1992), only 2% of total N would be lost,
instead of the default of 8.0% for shallowly-injected liquid
manure. Nitrogen loss by N2O-volatilisation from field-applied
compost is also low; reported emissions vary between 0.74%
and 0.11% of total N applied (Alluvione et al., 2010; Dalal et al.,
2010; Meijide et al., 2007; Vallejo et al., 2006) (data previously
discussed by De Boer, 2014). Thus, a stabilisation of excreted
inorganic N into organic form not only reduces volatile N loss
from the barn, but also N loss from composted pack applied to
the fields.

4.4.
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Complexity of pack composting

In our study, pack composting temperature ranged between 43  C
and 52  C (Fig. 4). This temperature level is not only required to
generate enough heat for water evaporation, but also for a
maximal biodegradation and optimal use of the energy in
woodchips (Stentiford, 1996). Ammonia volatilisation is minimal
when composting temperature remains below 55  C (Hümbelin
et al., 1980). Temperature should therefore not become too
high, but also not too low, because the latter will increase the risk
of wetting of the pack and a termination of the composting process (see section 2.4). However, it may be challenging to keep the
composting temperature in the 45 to 55  C range. In the present
study, we describe the results of a specific composting method,
which was well-thought-out, tested, and carefully implemented.
Based on these experiences, a set of initial guidelines for application of this method were formulated (De Boer et al., 2015). Such
guidelines are in practice often only partially followed. Regular
skipping of the daily rototilling, the use of heavy equipment
which compacts the pack, or high animal densities on the pack
are among the many factors that may hamper or prevent a successful composting. A faltering composting process is likely to
result in much higher N losses (Galama et al., 2015) than reported
here, so our results should not be taken as the default for composting of woodchip-bedded packs under practical conditions.
Farmers who want to apply this method and reproduce our results are likely to need expert coaching.

5.

Conclusion

Controlled thermophilic composting of a woodchip-bedded pack
in a compost-bedded dairy barn resulted in low volatile N loss
from this barn when compared to other compost-bedded pack
barns with different pack management. Moreover, the level of N
loss was closely related to pack C:N ratio and was lower when
this ratio was higher. A critical pack C:N ratio, at which volatile N
loss was absent, was established at a value of 35. The maintenance of a relatively high pack C:N ratio, through a continuous
supply of metabolisable energy in the form of woodchips, can be
used to influence and minimise volatile N loss from the barn.
Further research is necessary to replicate these results and to
explore the potential for N loss minimisation.
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Appendix

Table A.1 e Cumulative N mass balance (kg) for the compost-bedded pack barn, calculated every two to three weeks during
the composting period
Balance category

Inputs
Woodchips
Roughage
Wet by-products
Concentrates
Accounted for
Milk
Pack
Liquid manure
Totals
Total input
Total accounted for
Loss

Days since pack establishment
0

16

30

44

58

72

86

107

128

149

170

191

212

237

0
0
0
0

558
711
0
53

614
1296
0
98

635
1882
0
139

635
2467
0
182

656
3036
6
224

674
3598
13
266

738
4442
25
335

882
5277
76
408

882
6109
145
481

882
6940
215
557

882
7771
285
637

882
8603
355
708

882
9593
439
795

0
0
0

90
823
376

173
928
704

252
1309
1033

334
1222
1362

423
1722
1691

514
1607
2019

663
1773
2512

828
2262
3005

991
2600
3499

1159
2785
3992

1332
3037
4485

1492
3468
4978

1682
3685
5565

0
0
0

1322
1289
33

2008
1806
202

2656
2594
61

3284
2918
366

3922
3836
86

4552
4140
412

5540
4948
592

6643
6095
548

7618
7089
528

8594
7935
659

9576
8854
722

10549
9938
611

11709
10932
777

Table A.2 e Cumulative P mass balance (kg) for the compost-bedded pack barn, calculated every two to three weeks during
the composting period
Balance category

Inputs
Woodchips
Roughage
Wet by-products
Concentrates
Accounted for
Milk
Pack
Liquid manure
Totals
Total input
Total accounted for
Loss

Days since pack establishment
0

16

30

44

58

72

86

107

128

149

170

191

212

237

0
0
0
0

59
103
0
9

65
188
0
16

67
272
0
22

67
357
0
29

70
437
1
36

72
516
2
43

79
633
3
54

101
748
9
66

101
862
18
77

101
976
27
90

101
1090
36
103

101
1203
44
114

101
1339
55
128

0
0
0

17
97
55

32
111
104

47
167
152

62
161
200

78
228
248

96
200
297

124
232
369

155
320
442

186
362
514

217
383
587

250
454
659

281
531
732

318
581
818

0
0
0

171
169
1

268
247
22

362
366
4

454
423
31

544
555
11

632
592
40

770
725
45

924
917
7

1058
1062
4

1193
1187
6

1328
1364
35

1463
1544
81

1622
1717
95

Table A.3 e Cumulative K mass balance (kg) for the compost-bedded pack barn, calculated every two to three weeks during
the composting period
Balance category

Inputs
Woodchips
Roughage
Wet by-products
Concentrates
Accounted for
Milk
Pack
Liquid manure
Totals
Total input
Total accounted for
Loss

Days since pack establishment
0

16

30

44

58

72

86

107

128

149

170

191

212

237

0
0
0
0

244
881
0
25

269
1607
0
45

276
2332
0
65

276
3058
0
85

283
3765
7
105

289
4465
17
124

311
5514
32
156

432
6545
55
190

432
7566
81
224

432
8588
107
260

432
9609
134
297

432
10631
160
330

432
11846
191
371

0
0
0

27
403
474

52
561
889

75
952
1303

99
785
1718

126
1692
2133

153
1532
2547

198
1904
3169

248
2049
3791

298
2690
4413

348
3398
5035

400
3934
5657

450
4168
6279

509
4603
7020

0
0
0

1150
904
246

1921
1501
420

2673
2331
343

3419
2603
817

4160
3950
210

4896
4232
663

6014
5272
742

7222
6089
1133

8304
7401
903

9387
8782
605

10472
9992
480

11553
10898
655

12841
12132
709
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