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ABSTRACT

The aim of this study was to determine the effect 
of housing system (or manure management system) 
and season on manure N recovery and volatilization 
using an N mass balance. Dietary, milk, and manure 
N were monitored together with outside temperatures 
in 6 dairy barns. Three barns were designed as con-
ventional freestalls (cubicle, CUB) with an automatic 
manure scraper system and concrete floor, in which the 
gutter in the middle was continuously scraped (every 
2–4 h) and the slurry was conveyed toward an open-air 
concrete pool. The other 3 barns were designed as a 
loose housing system (HS) with a compost-bedded pack 
(CB) and conventional confinement housing provided 
with a feed alley that was cleaned mechanically (2–3 
times per day). The farms under study were located 
near Lleida in the center of the Ebro valley, in north-
eastern Spain. Nitrogen recovery was measured twice 
under farm-like conditions either during spring-summer 
(3 mo of increasing temperatures) or fall-winter (3 mo 
of decreasing temperatures). The number of cows per 
barn ranged from 99 to 473, and average age, mean 
lactation, and parturition intervals were 4.1 yr, 2.43 
lactations, and 426.6 d, respectively. In spring-summer, 
animals ate more [26.3 vs. 23.8 kg of dry matter 
(DM)/d] and produced more milk (34.6 vs. 31.3 kg/d 
± 0.68). However, milk composition did not change. 
Stored manure from the CB system showed a higher 
DM concentration with respect to the CUB system 
(379.15 vs. 97.65 g/kg of fresh matter); however, N 
(31.45 vs. 40.2), NH3-N (5.3 vs. 18.9) and its ratios 
with phosphorus (NH3-N:P, 3.52 vs. 5.2) and potassium 
(NH3-N:K, 0.615 vs. 2.69) showed the opposite trend. 
No differences were found in N intake (653 vs. 629.5 
g/d) or milk N secretion (190 vs. 177.8 g/d for CUB 
and CB barns, respectively) although net N recovery of 

the excreted N (Nintake − NMilk) was significantly lower 
in manure in CB barns than in CUB systems (193.8 
vs. 389.3 g/d). The proportion of N irreversible loss in 
relation to the N intake was higher in CB than in CUB 
barns (42.3 vs. 11.0%). There was no clear association 
between season and irreversible N losses; however, the 
housing system was pivotal in the association between 
N recovery in manure and irreversible losses by volatil-
ization.
Key words: nitrogen losses, manure, housing system, 
season, dairy cow

INTRODUCTION

Over the past 20 yr, environmental concerns related 
to livestock production have driven the importance 
of developing manure management alternatives to 
mitigate pollution in runoff water, air, and soils. State 
regulations have been enacted to avoid N (as nitrates) 
pollution in vulnerable soils; thus, both manure N ap-
plication (per hectare) and production per cow have 
been targeted (Generalitat de Catalunya, 2009). For 
this reason, dairy researchers have increasingly encour-
aged farmers to apply dairy cow rationing to maximize 
milk N recovery. However, under commercial condi-
tions, only 20 to 30% of dietary N is secreted as milk N 
(Powell et al., 2006); the remainder is wasted, mostly 
through urine as urea N (Bristow et al., 1992). The 
presence of urease in manure oxidizes urea to ammonia, 
although its activity is dependent upon pH. When the 
unstable equilibrium between NH3 and NH4

+ is altered, 
ammonium is volatilized and wasted irreversibly as it is 
released into the atmosphere. Losses of N as ammonia 
can reach up to 50% of manure N excretions (MWPS, 
2001), and the primary factors that alter ammonia N 
emissions are diet, housing, and manure handling strat-
egies (Sanchis et al., 2019).

Freestall barns (cubicles, CUB; in which cows are 
confined in cubicles with a solid floor and manure is 
regularly collected through a gutter, scraped regularly, 
and stored for 1 to 5 mo in an open-air concrete pool) 
are the most common housing system for dairy farms in 
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Spain, although compost-bedded pack housing systems 
(CB) have recently been promoted among farmers.

Compost-bedded barns provide an open resting area 
surrounded by a retaining wall for manure storage for 
up to 6 mo (Janni et al., 2007). Milking typically occurs 
2 to 3 times per day, which represents a convenient 
time to work regularly on the compost without cows oc-
cupying the resting area (Shane et al., 2010). Common 
management practices mix manure and urine from the 
surface into the pack and enhance the aerobic microbial 
activity and temperature. Under arid conditions, such 
as those in Israel where the compost-bedded system 
was originally developed, the bed does not require ad-
ditional material. However, an optimal dairy cow stock-
ing density requires greater space, with a recommended 
minimum of 15 m2 per cow when feed alleys are scraped 
daily and between 20 and 30 m2 when composting is 
also applied to the feed alley (Klaas et al., 2010).

Compost-bedded pack barns meet the space, exer-
cise, resting, and social needs of cows (Galama, 2011) 
and may improve animal wellbeing by reducing the 
incidence of lameness (Lobeck et al., 2011), the masti-
tis infection rate (Reneau et al., 2005; Barberg et al., 
2007), and total SCC counts (Klaas et al., 2010).

Because of the low cost and positive effects on animal 
welfare, compost-bedded systems have received increas-
ing attention in the semi-arid regions of northeastern 
Spain. The primary aim of this study was to identify 
which of the 2 systems—CUB or CB—has the low-
est environmental impact in terms of N recovery. To 
achieve this aim, we proposed 2 objectives; first, to 
assess the N losses from 2 types of commercial dairy 
farms (CUB and CB); and second, to determine the 
effect of season, focusing on seasonal variables such as 
temperature variation (increasing and decreasing) and 
wind speed. Measurements were restricted to the barn 
and outdoor storage; aspects related to field manure N 
application were outside the scope of this study.

MATERIALS AND METHODS

Measurements were conducted over two 10-wk sea-
sons; in season I, temperatures were increasing (from 
February to May), whereas in season II, temperatures 
were decreasing (from August to November), thus these 
2 seasons covered both warm and cold periods of the 
year. All barns were located in the Lleida area of the 
Ebro valley, northeaster Spain (for farm localization, 
see Table 1).

Barn Design and Management

Measurements were performed in 6 selected commer-
cial dairy cattle barns with different manure handling/
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storing systems. Barn selection was performed to seek 
representativeness among the different managing sys-
tems currently used in dairy farms but also to maintain 
a certain degree of homogeneity between the barns 
included in the study. Barns 1 and 3 were not compart-
mented, whereas barns 2 and 4 were divided into 2 equal 
pens and barns 5 and 6 were divided into 3 equal pens. 
Milking facilities were placed at the center of the barns, 
and all were fully open and naturally ventilated and had 
no differences in natural ventilation practices between 
the hot and cold seasons. Barn layout and housing 
equipment differed. Three barns were equipped with a 
conventional freestall system using cubicles (CUB: 1, 2, 
and 3) with an automatic manure scraper system and 
a concrete floor where the deep slurry gutter (30–45 
cm) in the middle was scraped and slurry was moved 
outside the barn by circulating scrapers (every 2–4 h) 
to a concrete open-air pool. The other 3 barns were 
equipped with a loose housing system with a bedded 
pack (CB: 4, 5, and 6) and conventional confinement. 
The compost-bedded pack was tilled daily after the 
morning milking; moreover, CB barns had a concrete 
floor feed alley surrounded by a retaining wall designed 
to isolate the manure deposited into the feed alley or 
into the compost-bedded pack without disturbing cow 
mobility. In general, no substrate was used as bedding 
material, although barley straw was occasionally added 
to the bedded pack. Extra information about buildings, 
equipment, and concrete pools is detailed in Tables 1 
and 2.

Before this trial, no large-scale studies had been con-
ducted with these herds, which had only been managed 
for commercial purposes, and it was agreed with the 
owners that any interference due to sampling and data 
collection would be minimized to maintain farm-like 
management practices throughout the trial.

Animal Management

All farms raised Holstein Friesian cows with from 1 
to 4 parturitions. Cows were milked twice or thrice per 
day (2 barns were milked twice and one thrice in each 
housing system). On average, animals were artificially 
inseminated at (approximately) 157 d after parturition 
and dry-off, 70 d before the anticipated next calving, 
and the mean DIM ratio (lactation period) was 83.6% 
(FEFRIC, 2018). Because of the lack of weight-record-
ing systems at the barns and to calculate cattle protein 
requirements and the balance between undegradable 
and degradable protein, we assumed a standard con-
stant live weight of 700 kg (Observatory of Milk and 
Beef Production, 2018).

Experimental Diet

Cows received TMR balanced according to Agricul-
tural and Food Research Council (1993) with a mini-
mum of 45% forage, including corn silage and alfalfa 
silage to support a daily production of 30 to 35 kg of 
milk. Rations for the dairy cows were formulated to 
maintain an average CP (on DM basis) between 16% 
and 17%. Ration compositions are shown in Table 3; 
the amount of TMR offered daily was adjusted to mini-
mize or avoid refusals.

Data and Sample Collection

In every month of each season, CUB barns (barns 1 
to 3) were sampled in the first and third weeks, and CB 
barns (barns 4 to 6) were sampled in the second and 
fourth weeks of the month. This resulted in 6 sampling 
days and 5 periods of evaluation per barn.

Feed N Intake. On the sampling day, offered feed 
(both details and precision of the unified provider 
are presented in Table 2) and refusals were manually 
weighed; group DMI was calculated as the DM offered 
minus the DM refused. Daily samples of the offered 
TMR (Table 3) were collected, dried for 48 h at 60°C 
forced-air oven, and stored until further analysis.

Milk N Secretion. Average milk yield was mea-
sured daily per barn calculated from the increased 
volume in the refrigerated tank (for details, see Table 
2). Every 2 d, refrigerated tanks were sampled to deter-
mine milk composition. Milk composition analyses were 
performed by the Dairy Inter-Professional Association 
of Catalonia testing service (ALLIC, Cabrils, Spain), 
and the average milk composition of each barn was cal-
culated using composition values recorded within each 
2-wk sampling period.

Manure N Production. For dairy cows under the 
CUB system, the N left in the storage pool (N leftpool) 
was assessed on each sampling day. Manure volume was 
determined by considering the storage pool surface and 
manure depth; manure depth was considered an aver-
aged value of the depth registered in different spots 
(up to 10) of the storage pool. Samples from a whole 
section of semi-solid manure strata were obtained using 
manure probes consisting of solid PVC tubes (PVC, 
10 cm in diameter and 300 cm long). The sharp end of 
the probe was inserted perpendicularly into the surface 
of the manure pool; when the PVC probe was filled, 
the other end was hermetically closed, the probe was 
slowly removed, and the complete sample harvested. 
Duplicate samples of manure were taken at different 
spots (up to 10), pooled, and kept frozen at −40°C 
before further N concentration analysis. Total N leftpool 
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was calculated as the product of the manure volume by 
the N concentration of each sampling day.

Manure N left in the CB barns was also measured for 
each sampling day but 2 fractions were distinguished, 
as follows. During the sampling day, manure deposited 
in the feed alley was scraped and fully collected me-
chanically (2–3 times per day) using a tractor provided 
with a shovel, weighed, and sampled [~20 kg of manure 
fresh matter (FM)], and daily N left into the feed alley 
(N leftalley) was calculated as the product of the fresh 
manure weight by its N concentration. Once the manure 
deposited in the feed alley was collected and sampled, it 
was stored in the dung heap (first fraction). The second 
fraction corresponded to the manure that was deposited 
and accumulated in the compost-bedded pack, and it 
was measured as follows: just after the morning tillage, 
the volume of the bed was determined by considering 
bed surface and depth of manure. A steel drill designed 
for soil sampling (7 cm in diameter × 100 cm long, 
Eijkelkamp, Nijverheidsstraat, Giesbeek, the Nether-
lands) was used for simultaneous depth measurement 
and manure sampling from the compost bed. From each 
compost bed (square), samples (at least 50 spots) were 
taken diagonally every 4 to 5 m. Spot samples were 
pooled and analyzed for N concentrations; N left in the 
compost-bedded pack (N leftcompost) was determined by 
multiplying manure volume by N concentration.

Sample Analyses

Samples collected by ALLIC were analyzed using 
the CombiFoss 5000 (Foss Electric, Hillerød, Denmark) 
for protein and fat determination by MilkoScan 4000 
and MUN by infrared. Feed was ground (1-mm screen 
diameter) and analyzed for DM and OM. Feed DM 
was determined with a 105°C forced-air oven. Ash was 
determined using a muffle furnace maintained at 550°C 
for 6 h. Organic matter percentage was calculated as 
100 − ash. Feed N was determined by Kjeldahl method 
(AOAC International, 2010). Neutral detergent fi-
ber was determined on feed samples using α-amylase 
(A3306, Sigma Chemical Co., St Louis, MO) with 
sodium sulfite and corrected for ash concentration ac-
cording to Van Soest et al. (1991), and adapted for 
Ankom200 Fiber Analyzer (Ankom Technology, Faiport, 
NY). After thawing, fresh manure samples were divided 
in 2 subsamples. The first was used for analysis of total 
N and NH3-N; N was determined by Kjeldahl method 
and NH3-N concentration was determined by direct dis-
tillation with Na2B4O7. The second was dried in a 105°C 
forced-air oven, ground and analyzed for DM, OM, and 
CP as described above. Phosphorus and potassium 
contents were analyzed by atomic emission spectro-

photometry (Thermo ICAP 6300 DUO Waltham, MA) 
following Porta et al. (1982).

Environmental Parameters

During the experimental period, temperature and 
wind speed of the area were obtained from the clos-
est climatic control stations; averaged values are 
presented on a weekly basis (Figure 1). For the loca-
tion of the meteorological stations used as a reference 
[Vallfogona de Balaguer (41°47′08.1″N 0°49′40.5″E), 
El Poal (41°40′15.0″N 0°52′37.7″E), and Gimenells 
(41°39′22.4″N 0°23′22.8″E)], geographical homogeneity 
of the area and closeness of the barns (the distance 
from the barns to the closer station was less than 25 
km) allowed for a representative description of the cli-
matological situation of the barn climate.

Calculations and Statistical Analyses

Manure Density Determination. Each sampling 
day, manure volume was converted to mass by deter-
mining the density. Density was determined using 2 
protocols: (1) density of slurry samples (liquid or semi-
liquid samples) coming from concrete pools and feed 
alleys was obtained by the coefficient d [d = M/V] 
between mass (M) and volume (V) of the samples; (2) 
density in solid manure from CB barns (solid material) 
was obtained as follows: 3 whole-depth grooves (pits) 
were mechanically excavated in the bed (about 5 m 
long and 0.4 m wide) using a tractor, and for each 
groove, the cross section was proportionally divided 
into 3 levels [bottom, near to the bed floor, middle, 
and surface level). For each level, 3 volumetric metallic 
rings (55 mm internal diameter and 7 cm thickness, 
Eijkelkamp) were introduced into the manure, and the 
complete volume was extracted and weighed. Thus, 
manure density was calculated as the mean value of all 
volume and weight samples from the rings.

Experimental N Losses from Manure Storage. 
Nitrogen left in concrete pools (CUB system) and the 
bedded pack (CB system) manure correspond to N 
production minus N lost during storage; however, mea-
sures of N left in the fresh daily manure from the feed 
alley (CB barns) refer only to the N production. To 
estimate N losses from manure collected and stored in 
the dung heap (coming from the feed alley in CB 
barns), a manure pool simulator (MPS) was designed 
to replicate the manure condition registered in the dung 
heap. The manure pool simulator consisted of a plastic 
barrel (85 cm diameter and 160 cm height) placed near 
the dung heap and maintained under the same environ-
mental conditions. One MPS was placed in each of the 
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analyzed barns, and the fresh manure added to the 
simulator was calculated to be equivalent to the in-
crease in the manure depth registered in the dung heap. 
On each sampling day, a representative quantity of 
fresh manure was added to the MPS, with the sampling 
procedure as follows: several (25–50 spot samples, 0.5–1 
kg of FM) samples of fresh manure were taken from the 
alleys, pooled, subsampled, weighed, and directly added 
(20–40 kg) to the MPS. Every sampling day (i = 1  
to 6) N stored in the MPS (N storedMPSi) was  
calculated as the sample weight multiplied by the N 
concentration. At the end of each season, total MPS 
manure was weighed, sampled, and analyzed to calcu-
late N left in the MPS (N leftMPS). Differences between 
N stored in the MPS, calculated as the summation 

N storedMPSii ( )=∑ 1

6  and N leftMPS were considered a 

valid index of the N losses from the manure stored in 
the dung heap. An MPS-lost coefficient (k) in grams of 
N lost/grams of N stored was calculated as follows:

	 k
i

i

i

i

=
N stored N left

N stored

MPS MPS

MPS

( ) ( )

( )






−

=

=

∑ 1

6

1

66∑
. 	

N Mass Balance Calculations. Mass N balance 
and N losses (Nin − Nout) were calculated for each pe-
riod of sampling with the following equation: N balance 
(g/d per cow) = intake N − milk N – manure N, where 
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Figure 1. Changes in weekly temperature (°C) and wind speed (at 2 m height; m/s) during the 2 seasons of the study. Error bars indicate SD.
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intake N (g/d per cow) = DMI (kg/d per cow) × ration 
N (g/kg of DM) and milk N (g/d per cow) = milk 
production (kg/d per cow) × milk N (g/kg of milk).

The increase in manure N (fecal plus urinary N, g/d 
per cow) for each period was calculated using N left 
from the 2 samplings (i and i + 1) from the period (Pd) 
and accounting for the number of cows as follows:

	

Manure N

for CUB
N leftpool, +1 

N leftpool,

No. cows Pd 

=

−
,

i i

i · days of Pd

for CB,
N left N left

compost, +1 compost,

i

i i
−( )) ( ) ( )−

No. cows Pd · days Pd
+

1 · N left

No. cows

alley,

i i

k
i

Pd i











. 	

Statistical Analyses

Barn was considered the experimental unit for sta-
tistical purposes but results were expressed on per 
day and per cow bases. Data were analyzed with the 
MIXED procedure in SAS (version 9.4; SAS Institute 
Inc., Cary, NC). Dry matter intake, milk, and milk-N 
yield, MUN, feed efficiency (milk yield/DMI), and N 
mass balance variables were analyzed using the model 
represented in following equation:

	 Yijkl = µ + HSi + Wj + Sk + (HS × S)ijk + εijkl,	

where Yijkl is a measurement from a herd of cows al-
located in each barn, µ is the overall mean; HSi is the 

manure management system (CUB, CB); Wj is the 
weekly effect and is treated as a repeated measure (j 
= 1 to 5); Sk is the seasonal effect (season I, increas-
ing temperature; season II, decreasing temperature); 
HS × S is the interaction effect among the previously 
described effects, and εijkl is the residual error. Statisti-
cal significance was declared at P < 0.05 and trends at 
0.05 < P < 0.10. Variances of wind speed between 2 
experimental seasons were analyzed using Fisher exact 
test, which was performed at level of 0.05.

RESULTS

In most of the analyzed parameters the interactions 
were negligible and results are presented as main effects 
(Tables 4 and 6); however, in manure composition data 
(Table 5), when there were significant interactions, in-
teraction means are presented.

Barn Management

No specific changes in dairy management during the 
experimental period were recorded, although in barn 3 
(CUB barns), the slurry pool was partially emptied in 
the middle of experimental season I; however, volumes 
had been recorded and samples taken. In barn 4 (CB 
barns) during the fall-winter season, some substrate 
material (barley straw) was used and the edges of the 
composting bed were mechanically emptied to prevent 
excess humidity; in both cases, manure and bedding N 
were measured and controlled.

Balcells et al.: HOUSING SYSTEMS AFFECT N VOLATILIZATION

Table 4. Cows’ performance and milk composition parameters in the cubicles (CUB) and compost bed (CB) housing systems under study 
during 2 seasons

Variable

Housing system

SEM

Season1

SEM

P-value2

CUB CB ↑Ta ↓Ta HS S HS × S

Barn conditions                  
  Wind speed, m/s 1.31 1.44 0.060 1.82 0.92 0.0554 0.12 0.001 0.18
  Temperature, °C 14.5 14.3 0.17 16.5 12.3 0.18 0.53 0.001 0.27
Herd structure                  
  Cows, no. 224 255 94.0 248 231 67.0 0.74 0.85 0.99
  Mean cow age, yr 4.1 4.2 0.09 4.1 4.1 0.06 0.30 0.97 0.91
  Mean lactations, no. 2.43 2.23 0.035 2.35 2.32 0.029 0.001 0.46 0.46
  Parturition interval, d 426.6 438.5 6.92 433.5 431.6 4.92 0.10 0.79 0.98
Herd performance                  
  DMI, kg/d 25.2 24.7 0.62 26.2 23.7 0.59 0.94 0.03 0.07
  Milk yield, kg/d 33.9 32.1 1.34 34.6 31.4 1.39 0.22 0.05 0.46
Milk composition, g/kg                  
  Fat 34.7 35.3 0.92 34.8 35.2 0.86 0.71 0.81 0.13
  Protein 33.1 33.9 0.40 33.5 33.5 0.30 0.02 0.85 0.97
  MUN 248.0 251.7 12.38 249.6 250.2 11.56 0.83 0.97 0.74
Feed efficiency, g/g 1.35 1.27 0.042 1.32 1.30 0.039 0.19 0.85 0.37
1Where ↑ and ↓ indicate increasing temperature (from February to May) and decreasing temperature (from August to November), respectively.
2HS = housing system; S = season; HS × S = interaction of housing system and season.
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Diet Composition

Diets were formulated based on the recommendation 
of the Agricultural and Food Research Council (1993), 
and the ingredients and chemical and nutritional com-
positions of the rations are tabulated in Table 3. At the 
barn, and before serving each meal (twice a day), in-
gredients in the ration were mixed using a TMR mixer 
and sampled as previously described. Diets were based 
on corn (silage and grain) and soybean meal as primary 
ingredients. No specific changes related to season were 
applied to the rationing.

Throughout the experimental period, CP values were 
between 14.0 and 17.0% DM, predicted RDP values 
were 4.65 and 4.63, and RUP values were 7.26 and 7.02 
for seasons I and II, respectively. No apparent differ-
ences in NDF, ADF, and NFC were recorded, although 
NDF (g/kg of DM) was numerically higher in season I 
than in season II diets (355.3 vs. 346.15 for NDF and 
214.6 vs. 207.7 for ADF), whereas the opposite was 
observed for NFC (358 vs. 368 g/kg of DM). Overall, 
data summarized in Table 3 show no significant differ-
ences in nutrient intake between seasons and housing 
systems.

Herd Conditions, Structure, and Performance

Environmental Variables. No differences between 
management systems were registered in the average 
temperatures (14.5 vs. 14.3°C for CUB and CB, re-
spectively); however, average outside temperatures 
registered during season I (February–May; 16.5°C) were 
higher (P < 0.001) than average temperature during 
season II (August–November, 12.3°C). Average wind 
speed recorded did not differ between management 
systems (1.31 vs. 1.44 m/s for CUB and CB, respec-
tively) but winter-spring season was windier (1.82 vs. 
0.92 m/s; for seasons I and II respectively SEM: 0.554; 
P < 0.001) and showed a higher variance (1.32 and 
0.23 for seasons I and II, respectively; P < 0.05) as 
index of changes on wind speeds or directions. Changes 
in weekly temperatures and wind episodes during both 
seasons are shown in Figure 1.

Herd Structure and Performance. Although 
farms were chosen using a homogeneity criterion based 
on barn characteristics (i.e., facilities, design, and ex-
creta collection system), the number of cows was not 
homogeneous among barns and ranged from 99 to 473 
animals. Herd size was kept constant within but not 
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Table 5. Manure composition in dairy cows in the cubicles (CUB) and compost bed (CB) housing systems under study during 2 seasons

Variable

Fresh manure

 

SEM

 

P-value2CUB-Feed alley   CB-Feed alley

↑Ta1 ↓Ta   ↑Ta ↓Ta Housing Season HS S HS × S

DM, g/kg of FM3 133.3 133.5 168.7 169.3 9.99 11.01 0.01 0.44 0.27
Density, g/cm3 1.011 1.022 0.998 1.003 0.2230 0.2510 0.44 0.56 0.38
N, g/kg of DM 37.8 35.8 34.4 35.0 1.01 1.53 0.06 0.12 0.22
NH3-N 15.94 9.10 11.51 9.10 1.309 1.616 0.14 0.04 0.01
P 6.53 6.16 6.85 7.01 0.420 0.518 0.38 0.25 0.19
K 27.6 25.2 20.1 23.0 1.89 1.23 0.12 0.44 0.07
Ratio, g/g                  
  N:P 5.58 5.51 5.23 5.00 0.327 0.384 0.55 0.23 0.16
  NH3-N:P 2.44 1.57 1.68 1.24 0.243 0.247 0.08 0.06 0.04

Stored manure

SEM P-valueCUB-Lagoon CB-Bed

↑Ta ↓Ta ↑Ta3 ↓Ta4 Housing Season HS S HS × S

DM, g/kg of FM 101.6 93.7 342.0 416.3 32.83 32.42 0.001 0.19 0.04
Density, g/cm3 1.021 1.024 0.866 0.968 0.0700 0.1010 0.10 0.33 0.28
N, g/kg of DM 39.4 41.0 31.5 30.4 2.31 3.08 0.001 0.47 0.23
NH3-N 19.9 17.9 4.94 5.81 2.366 2.184 0.006 0.37 0.13
P 7.28 6.69 7.63 8.78 0.738 0.863 0.33 0.42 0.21
K 31.0 36.7 27.4 36.5 6.78 5.14 0.29 0.12 0.05
Ratio, g/g                  
  N:P 5.41 5.02 3.64 3.40 0.441 0.422 0.001 0.31 0.28
  NH3-N:P 2.72 2.67 0.57 0.66 0.683 0.721 0.001 0.26 0.54
1Where ↑ and ↓ indicate increasing temperature (from February to May) and decreasing temperature (from August to November), respectively.
2HS = housing system; S = season; HS × S = interaction of housing system and season.
3FM = fresh matter.
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between seasons, and one of the CB barns suffered a 
significant reduction in the herd size, from 109 in season 
I to 80 in season II. Therefore, although mean herd size 
was higher for CB barns during season I, differences 
were not significant (Table 4; P < 0.74) due to the high 
coefficient of variation registered (>20%).

Average cow age, lactation number, and parturition 
interval were similar between seasons, although the 
number of lactations was higher in CUB (2.43) com-
pared with CB barns (2.23; P < 0.001). Moreover, par-
turition interval in CUB (427 d) tended to be shorter 
than in CB structures (439 d; P < 0.10). In relation 
to herd performance, milk composition was not signifi-
cantly affected by HS; however, mean milk protein was 
slightly higher in CB than in CUB barns (33.9 vs. 33.1 
g of protein/kg of fresh milk; P < 0.02).

Season had a significant effect on herd performance 
(Table 4). Higher intake (26.3 vs. 23.8 kg of DMI/d; P 
< 0.03) and milk production (34.6 vs. 31.3 kg/d milk 
yield; P < 0.05) were observed during season I (Feb-
ruary–May) because of the longer lighting period and 
lower temperatures, although neither milk composition 
nor feed efficiency (P > 0.05) was altered by season.

Manure Composition

Housing System Effect. In fresh samples, slurry 
DM (g/kg) was higher in CB than in CUB barns 
(133.4 vs. 169.0; P < 0.01), although no differences 
were detected in slurry density, which averaged 1.01 g/
cm3 (SEM: 0.091). The concentration of N (g/kg DM) 
in fresh (unstored) manure samples harvested in CUB 
barns was slightly higher than that in CB barns (36.8 
vs. 34.7, respectively; P < 0.06). In stored manure, 
there was a significant interaction between housing 
system and season for DM concentration (P < 0.05): 
manure DM was higher in CB than in CUB systems 

(379 vs. 98 g/kg of FM; P < 0.001), but season only 
altered DM composition in CB barns, being higher in 
spring-summer than in fall-winter (342.0 vs. 416.3 g/
kg of FM). In stored manure samples, density values 
in CUB (1.022 g/cm3) were similar to values registered 
in fresh samples, but those harvested from the bedded 
pack (CB barns) tended to show a lower density (1.022 
vs. 0.917 g/cm3 for CUB and CB barns respectively; 
P < 0.1). In stored manure, both N (31 vs. 40 g/kg of 
DM) and NH3-N (5.4 vs. 18.9 g/kg of DM) concentra-
tions were significantly lower in CB barns than in CUB 
barns (N; P < 0.001 and NH3-N; P < 0.01). In addition, 
the ratio of N and NH3-N to P was significantly lower 
in CB barns than in CUB barns (N:P, 3.5 vs. 5.2, P < 
0.001; NH3-N:P 0.61 vs. 2.69, P < 0.001).

Seasonal Effect. Chemical composition of fresh 
manure samples was affected by season (Table 5). Fresh 
manure samples collected during season I (increasing 
temperatures) were higher in NH3-N (13.7 vs. 9.1 g/kg 
of DM; P < 0.05) when expressed as absolute values 
with respect to season II (decreasing temperatures). An 
interaction between housing and season was observed, 
with NH3-N:K being higher in manure from CUB sys-
tem only during the spring-summer season (interaction 
HS × S; P < 0.04).

Season had a minor effect on the chemical composi-
tion of the stored manure samples. An interaction be-
tween housing system and season was observed in DM 
content of stored manure that was more pronounced in 
CB structures. During season I, the K concentration 
was significantly lower in CB manure than in that from 
CUB (P < 0.05).

N Balance

Nitrogen balance (g/d) and losses in dairy and dry 
cows on a per season and a per housing system basis 
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Table 6. Nitrogen balance (g/d) and N emission of milking cows in the cubicles (CUB) and compost bed (CB) housing systems under study 
during 2 seasons

Variable

Housing system

SEM4

Season1

SEM

P-value2

CUB CB ↑Ta ↓Ta HS S HS × S

N intake 653 629.5 10.35 671.3 611.2 11.40 0.17 0.005 0.03
N milk 190 177.8 7.86 197.7 170.2 7.52 0.28 0.032 0.2
N excretion 463 451.6 8.53 473.6 441.5 10.51 0.46 0.069 0.11
N deposited into the alley — 114.8 14.61 135.35 94.35 17.70 — 0.17 —
Theoretical N losses 13.6 15 1.32 15.6 14.3 3.62 0.63 0.4 0.71
N left into the alley — 98.2 12.92 114.35 82.05 — — 0.27 —
N left into the pool or bed 389.3 98 30.29 223.5 263.5 22.96 0.001 0.25 0.82
Total N left in manure 389.3 193.8 27.21 304.5 280.6 21.46 0.0002 0.45 0.77
N losses 73.6 255.8 31.92 193 136.5 26.14 0.0012 0.16 0.65
N losses, % of N intake 11.1 42.3 4.85 28.9 21.9 4.02 0.009 0.1 0.96
1Where ↑ and ↓ indicate increasing temperature (from February to May) and decreasing temperature (from August to November), respectively.
2HS = housing system; S = season; HS × S = interaction of housing system and season.
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are shown in Table 6. Nitrogen flows were affected, to 
a different degree, by both housing system and season.

Housing System. Nitrogen intake, milk N, and 
theoretical N excretion (Nintake − Nmilk) were not influ-
enced by housing system; however, N left in manure 
was highly modified by the housing system. In con-
ventional CUB barns, an average of 653 g of N/d per 
cow was ingested, whereas N excretion in the forms 
of milk and slurry were 190 and 389 (g of N/d per 
cow), respectively. Therefore, 73.6 g of N/d per cow 
was irreversibly lost, probably through volatilization 
representing 11.1% of the total N intake. In CB barns, 
cows deposited 114.8 g of N/d (approximately 30% 
of the theoretical N excretion) in the front alley, and 
the rest (336.8 g of N/d per cow, approximately 70% 
of the theoretical N excretion) into the compost bed. 
Recovered N in the dung heap and compost bed was 
measured as 98.2 and 98.0 g of N/d per cow, respec-
tively (Table 6). Therefore, calculated N irreversibly 
lost (255.8 g/d; 84.1%) differed significantly between 
housing systems (P < 0.01).

Season. In season I (when temperature increased), 
N intake (P < 0.05), milk yield N (P = 0.03), and 
calculated N excretion (P = 0.07) were higher than in 
season II.

DISCUSSION

Experimental Design

In this experiment, we aimed to calculate N losses in 
2 dairy housing systems using the input-output N bal-
ance procedure. Accurate estimates of NH3 emissions 
calculated from mass balance requires that N contained 
in the rations, milk, and manure is precisely detailed; 
then, unaccounted N is assumed to be lost as gaseous 
N. Because emissions are estimated as the residual of 
this accounting, any errors in measuring or estimat-
ing the mass of N in each of the individual procedures 
will be transferred to the final emission estimate. It 
is true that alternatives to N mass balance do exist 
(i.e., methods to monitor gas emissions) although they 
are also subject to specific restrictions (Harper, 2005) 
and show a high experimental variation (Leytem et al., 
2011). Considering the methodological restrictions and 
the main objective of this study (to compare mass N 
production in 2 types of manure management systems 
and their seasonal variations), N flows were accurately 
measured and losses minimized throughout all the op-
erations; moreover, measurements were conducted in 
both housing systems simultaneously for each season. 
As a matter of self-validation, study values regarding 
N intake, N excretion, and N left in the manure agree 
with authors working in similar conditions (Hristov et 

al., 2011). Nevertheless, existing results on NH3 emis-
sions are quite variable with a significant unexplained 
residual component; in this sense, it is necessary to 
consider uncontrolled factors that might alter NH3 
concentration within the manure and the proportion of 
NH3 emitted to the atmosphere, some of them related 
to animal (Bjerg and Klaas, 2014) or environmental 
conditions (Sanchis et al., 2019).

With these considerations in mind, N left in manure 
storage was based on weight (feed alley’s manure) or 
volume, when weight records could not be taken (calcu-
lated from the dimension of storage); this was the case 
for manure deposited into the compost-bedded pack or 
slurry pool, and when transforming volume to mass 
manure density factors were applied.

Nitrogen concentrations in manure are heteroge-
neous, with significant variations in N content; there-
fore, a protocol including collection of a large number of 
samples (especially in compost-bedded pack barns) was 
designed and applied to obtain a consistent and rep-
resentative database referring to both manure density 
and N concentration. An estimation of mass N content 
in the various manure storage compartments allowed 
for corrections to be made as a result of changes in 
volume due to increases in the moisture content (i.e., 
through rain, spilling, and cleaning water) and evapo-
ration. Moreover, any addition of substrate (barley 
straw) or slurry removed from the pools was quantified 
and accounted for in subsequent calculations.

Finally, both temperature and wind conditions were 
gathered from the 3 nearest climatologic stations. The 
central-northern sector of the Ebro Basin is a relatively 
flat area, with an average altitude of 250 m above sea 
level and an even topography disturbed only by flat 
mesas, topped by ancient pediment deposits. The short 
distance between the study sites (25 km along an east–
west straight line) contributed to homogeneous climatic 
conditions for all 6 barns used.

Barns, Management, and TMR Characteristics

Barn selection was performed according to design 
homogeneity criteria. However, a certain variability (in 
terms of available area per cow) remained within barns 
of the same housing system, particularly in CB barns 
(from 11.0 to 13.6 m2/cow). For the alleys, variability 
in area per cow (m2/cow) was higher in CUB barns 
(3.31) than in CB (2.17). However, based on field ob-
servations, the available area in the alleys did not seem 
to compromise cow eating behavior.

Preliminary results indicated that in freestall cu-
bicles (barns 1 to 3), continuous circulation of the 
scraper allowed, over the long term, complete emptying 
of the daily slurry produced in the alley, and thus, no 
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significant manure accumulation was observed. During 
the scraping interval (2 to 4 h), manure did remain 
in the alley and some N losses could have occurred 
(Monteny et al., 1998); moreover, poor cleaning effec-
tiveness of the scraper could increase N leakage (Snoek 
et al., 2017) although these potential losses should be 
considered inherent to the housing system.

Cows were given time to stand up and defecate be-
fore walking away from the alleys toward the milking 
parlors; however, excreta from the milking intervals 
(approximately 1 h at each milking) that was placed 
outside of the alleys or beds were not considered. Con-
sidering existing data on manure production in this 
time period reported by White et al. (2001), this error 
would have been small. However, even if manure losses 
did exist, bearing in mind that milking parlors were 
placed (in both housing systems) at one end of the 
barns, uncontrolled losses of N should be minor and of 
similar relevance when both collection/storage systems 
are compared (CUB vs. CB).

During both seasons, dietary CP levels ranged from 
14.9 to 17.2% of DM; ME reached 2.05 and 1.98 Mcal/
kg of DM, and fermentable ME (Mcal/kg) values were 
1.64 and 1.64 for seasons I and II, respectively. Pre-
dicted RDP supply (46.4 ± 4.62 g/Mcal of fermentable 
ME) was similar to the value proposed by the Agricul-
tural and Food Research Council (1993), so neither a 
potential restriction on microbial growth nor an excess 
of urinary N excretion was expected. However, RUP 
supply exceeded 20% of estimated requirements (Agri-
cultural and Food Research Council, 1993) when using 
current TMR ingredients and cow performances. This 
excess has commonly been used as a safety margin to 
prevent potential nutrient deficiencies related to the 
animal’s requirements. Such nitrogen, which does not 
contribute to the cow’s metabolic requirements, will 
be lost through the excreta. Animal parameters un-
der consideration were cow age, lactation number, and 
parturition interval. Moreover, milk yield and chemical 
composition (see Table 4) did not differ with respect to 
the average values registered and proposed in this area 
(FEFRIC, 2018) with a dairy system based on indoor 
production and the extensive use of corn silage as a 
primary roughage source.

Spot Sampling

Differences in the chemical composition of fresh sam-
ples of manure harvested from the alleys on sampling 
days were minimal, although slurry from CB alleys had 
higher DM and lower NH3-N concentrations. The fact 
that slurry from CUB was continuously cleaned, where-
as cleaning in CB alleys was performed twice a day 
might have contributed to these differences. Moreover, 

because of the low wall that separated the feeding al-
leys from the compost beds, manure in CB alleys might 
have been contaminated with bed manure because the 
alleys were continuously crossed by cows moving from 
the feeders to the resting area. Thus, continuous con-
tamination of fresh slurry with bed pack manure could 
have contributed to some of the observed differences in 
DM and N concentrations.

Season affected both absolute and relative (NH3-N:P 
ratio) concentrations of NH3-N in fresh slurry. Ammo-
nia concentration was higher in samples harvested in 
season I, when the average outside temperatures were 
higher (Table 5); the relationship between temperature 
and ammonia evaporation will be discussed later.

In stored manure, average N concentration (g/kg of 
FM) in the pool-stored manure or in the compost bed-
ded pack (3.9 and 11.7, respectively) were within the 
range proposed by Velthof et al. (2015) for pool-stored 
slurry (4.0 ± 0.7 g/kg of FM) and compost-bedded 
packs (7.7 ± 5.7 g/kg of FM).

Dry matter concentration in compost beds was 
within the range reported by other authors (Atzori 
et al., 2009; Bjerg and Klaas, 2014). Daily treatment 
(including mechanical labor and cow interactions) of 
compost beds favored water evaporation, and thus DM 
concentration increased. This increase in DM content 
was more pronounced during season II, when tempera-
tures were decreasing. However, no effect from season 
was significant in pool-stored manure.

Compost-bedded pack management enhanced N vol-
atilization, resulting in a reduction of absolute values 
for both NH3-N and total N concentration. However, 
differences in N concentration between fresh and aged 
manure were influenced by DM concentration in the 
bedded pack manure. Both P and K are elements shown 
to be more stable in manure (Atzori et al., 2009), and 
their ratios with other compounds may provide a reli-
able index of absolute values of N losses when the N:P 
ratios of fresh and aged materials are compared (Todd 
et al., 2005; Moreira and Satter, 2006). Nitrogen losses 
based on the model proposed by Moreira and Satter 
(2006) [N losses = [1 − (N:Pstored excreta/N:Pfresh excreta)] 
× 100] were 7.1% (±2.61) in CUB, whereas those 
recorded in CB were 32.7% (±4.54); effectively, N:P 
ratio provided evidence of increasing N losses by vola-
tilization in the composting bed system. However, it is 
important to note that N:P ratio-derived estimations 
should be treated with caution. Phosphorus is mostly 
excreted through feces in insoluble form, whereas N is 
excreted mostly through urine under urea-soluble form; 
therefore, any bias in the distribution between urine 
and feces (i.e., excreta distribution between alleys and 
bed packs) or loss through runoff during the sampling 
of fresh slurry may cause a bias in the ratio N:P.
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Potassium may constitute an alternative internal fe-
cal standard because, like N, it is found in both feces 
and urine (Gustafson and Olsson, 2004); however, its 
excretion in urine only occurs when intake exceeds the 
K requirements (Underwood and Suttle, 2001). Thus, 
P uncertainties are not fully compensated for when 
using K as the internal marker. Hristov et al. (2009) 
reported reasonable results when comparing N mass 
balance against both N:P and N:K ratios, but in our 
case, K concentrations in fresh and aged samples were 
less consistent than P concentration; consequently, only 
the latter was used as an internal fecal standard.

Nitrogen Balance at the Herd Level

In the present study, herd mass balance of N was 
calculated as the difference between N input and out-
put; therefore, several assumptions were needed to ap-
ply the previous equations. For instance, changes in 
the animals’ body proteins should be minimal because 
protein mobilization in cows after parturition or early 
lactation (Komaragiri et al., 1998) can be compensated 
for by accretion of those animals placed during mid to 
late lactation (Andrew et al., 1995). In fact, any varia-
tion in animal distribution could lead to an alteration 
in the N balance and increase the experimental error. 
To avoid any imbalance in the animal distribution, the 
experimental program was initially discussed with the 
farmers, although sporadic changes in herd size were 
unpredictable. Dermal and scurf N losses recovered in 
manure may have also altered the N mass balance, but 
this source of error should have minor relevance (Agri-
cultural and Food Research Council, 1993).

Nitrogen balance presented in our study fit well 
within the intervals proposed in the meta-analysis (Eu-
ropean data sets; n = 998) published by Huhtanen and 
Hristov (2009), in which N intake varied between 480 
and 624 g/d, milk N excretion between 24.7 and 27.7% 
of N intake, and N losses between 430 and 470 g/d, 
respectively. However, variability of aspects affecting 
irreversible N losses is extremely challenging (Hristov 
et al., 2011). Analyzed data on NH3 emissions from 
conventional dairy facilities (CUB barns) revealed that 
N losses (defined as NH3 emission) averaged 59 g of 
N/cow per day, which was lower than values obtained 
in the present approach (73.6 ± 12.31 g of N/cow per 
day). The authors recognize that the reported values 
should be treated with caution due to the wide range 
determined, between 0.82 to 250 g of N/cow per day.

When only data obtained from the mass N balance in 
conventional solid floor cubicle (CUB) system are con-
sidered (building facilities plus manure storage pools), 
irreversible N losses varied from 72 to 129 g of N/cow 
per day, which agrees with previous authors (Moreira 

and Satter, 2006; Cole and Todd, 2009; Aguerre et al., 
2010; Hristov et al., 2011).

Using compost-bedded pack as a housing system has 
become popular for reducing the volume and weight of 
livestock manure (Inbar et al., 1993). Mechanical dis-
ruption of the bedded pack in CB (including farming 
plus animal interactions, such as stepping, walking, and 
lying) alters the chemical composition of composting 
manure. In this sense, Eghball et al. (1997) showed that 
by composting the manure in this way, between 19 and 
45% of initial N is lost. In our case, N losses (related 
to N intake) derived from bedded pack management 
reached values of 42% and were much higher than those 
values (11%) recorded in conventional solid floor cu-
bicles (CUB; Table 6). Estimations of N losses from CB 
were higher using mass N balance estimates (42.3%) 
than using N:P ratio (32.7%), although as discussed 
above, the instability in the N:P ratio may have led to 
some bias in these latter estimations.

Data related to irreversible N losses coming from 
composting bed systems are scarce. Our values fit rea-
sonably well into the range proposed by Rotz (2004), 
from 25 to 40% (N losses/N excretion), with an average 
value of 35%. These values were confirmed by Atzori et 
al. (2009), who found a mean annual N volatilization 
percentage (N lost/excreted) of 38.8% measured in the 
area covered with bedded pack; however, in the feeding 
and walking areas, N volatilization reached 42.5% of 
total N excreted.

Ammonia accounts for the primary source of N 
volatilization (de Vries et al., 2003; Seradj et al., 2018); 
NH3-N emissions are mostly generated in the upper 
layer where urinary urea is rapidly hydrolyzed to NH3 
by oxygen-dependent ureases (James et al., 1999), 
which diffuses at the manure air-water interface and is 
partially emitted to the atmosphere. In this scenario, 
both ammonium (NH4

+) and NH3-N coexist in an 
equilibrium determined by both pH and temperature 
(Ndegwa et al., 2008).

By increasing the pH, balance is shifted toward NH3-
N, and then N volatilization increases exponentially. 
The pH level at the manure surface (where most NH3 
volatilizes) determines NH3 emission rate. When ma-
nure is exposed to air, dissolved CO2 is released faster 
than NH3 due to its lower solubility. Therefore, rapid 
CO2 evaporation increases surface pH, whereas pH in 
the bulks remains relatively constant (Sommer et al., 
2006). Montes et al. (2009) demonstrated that by con-
tinuous manure mixing, pH at the surface may increase 
by 1 unit with respect to bulk manure pH. Mechanical 
aeration, constant animal movement, and mixing of 
feces and urine as occur into the compost bedded pack 
system (Todd et al., 2006) could explain the increase in 
irreversible N losses compared with conventional CUB 
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systems, in which manure remains stored in a more 
stable condition.

Degradation of fecal protein may also constitute an 
additional source of NH3 in the upper layer, but in a 
minor proportion (Maier et al., 2009). Lower bed layers 
also contribute to gas emissions, mostly as CH4, but 
also as NH3, which moves upward (Goyal et al., 2005), 
although this fraction would likely be less affected by 
bedded pack farming.

Increasing temperature enhances urease activity 
(Powell et al., 2008b), the dissociation of NH4-N to 
NH3-N (Srinath and Loehr, 1974), and hence, NH3 
volatilization. In relation to the former, urease activity 
is temperature-dependent, being relatively low below 
10°C but increasing rapidly after that point (Braam et 
al., 1997); thus, over that threshold, a positive correla-
tion between temperature and NH3 volatilization has 
been described by several authors. Smits et al. (1995) 
described an increase of 3.8% in NH3 volatilization per 
temperature degree increase. This finding was similar 
to the increase (2.9%) proposed by Kroodsma et al. 
(1993), although other authors (Powell et al., 2008a) 
could not confirm any relationship between N losses 
and temperature. In our case, irreversible N losses were 
measured during 2 seasons, when temperature was ei-
ther increasing or decreasing (Figure 1). However, in 
the present study, differences between average tempera-
tures (16.5 vs. 12.3°C for seasons I and II, respectively) 
were probably too low to discriminate potential changes 
in N losses from the experimental error (CV = 9.21%). 
It is also true that during manure storage, both bacte-
ria and fungi liberate energy from OM decomposition, 
and endogenous heat generation can bias a direct effect 
between outside temperature and N evaporation.

Figure 1 shows the wind profile throughout the 
experimental period. On average, wind speed of 1.38 
m/s (0.060 SEM) fell within the range proposed by 
the available literature [0.5–7 m/s, averaging 3.1 m/s 
(1.5 SEM), n = 35; Bjorneberg et al., 2009; Ngwabie 
et al., 2009; Leytem et al., 2011, 2013]. In our study, 
wind speed was not constant and the winter-spring 
season was windier and showed a high variance, as a 
measure of change in wind speed or direction, although 
it did not affect N losses between seasons (Table 6). 
Ammonia volatilization depends on the mass transfer 
coefficient, so it could be affected by wind speed at ma-
nure level (Snoek et al., 2014). Nevertheless, our data 
were not taken at the manure level and it is known that 
air speed may be highly variable within an individual 
barn. In any case, the difficulty in discriminating the 
effect of wind from other climatological features (e.g., 
temperature) has been suggested previously (Leytem 
et al., 2011), and a limited relationship between wind 

speed and NH3 emission was demonstrated by meta-
analysis (Sanchis et al., 2019).

CONCLUSIONS

Application of herd-level N mass balance studies is 
a valuable tool by which to study changes in irrevers-
ible N losses in response to different housing systems 
and seasonal conditions reflecting commercial farm-
like conditions in the semi-arid part of northeastern 
Spain. This study demonstrated that housing system 
alters the balance between the fraction of N recovered 
into slurry and the fraction lost by volatilization, with 
compost bedded systems showing a higher loss rate. 
Although the work was carried out in 2 seasons, the dif-
ferences in average temperature were not sufficient to 
demonstrate a temperature effect on NH3-N emissions 
during manure storage. Our results clearly illustrated 
the potential effect of manure management systems on 
real values in terms of N balance, and emissions.
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