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Table 7

J. Webb, T.H. Misselbrook } Atmospheric Environment 38 (2004} 2163-2176

. Annual NH, emissions from UK livestock production estimated by NARSES_EM and by the IAEUK

Livestock sector

Mean (1 x 10%) NARSES_EM IAEUK
Confidence interval (95%)
Lower Upper . As % mean
Cattle
Buildings 39.2 215 58.4 94 393
Hard standings 17.7 13.3 231 55 17.7
Slorage 10.0 5.8 14.9 92 100
Spreading 51.6 28.6 80.4 100 54.6
Grazing 94 28 16.3 144 87
Total 127.9 95.9 164.7 54 130.3
Pigs
Buildings i4.1 1.5 216 185 i4.1
Hard standings 0.1 0.1 0.1 69 0.1
Storage 1.2 0.1 24 £99 1.3
Spreading 9.7 35 19.4 165 57
Outdoor 0.7 0.5 1.0 65 0.3
Total 258 14.7 36.7 86 219
‘Sheep, goats and deer
Buildings 1.3 0.3 24 157 1.3
Hard standings 1.} 038 14 47 0.7
Storage 0.t 00 0.1 164 0.1
Spreading 1.9 0.5 3.6 161 1.1
Grazing 10.0 26 17.2 146 10.6
Total 14.4 6.8 219 105 13.8
Poultry
Buildings 15.6 7.1 240 108 158
Storage 0.4 -0.1 08 231 0.3
Spreading 224 5.7 40.3 154 17.8
Outdooc 0.2 0.0 0.4 165 0.2
Total 38.8 20.2 58.1 98 341
Horses total 3.0 2.3 19 53 37
Manure management stage
Buildings 704 45.1 952 71 70.2
Hard standings 18.9 14.5 243 52 20.3
Storage 11.6 7.2 16.7 82 i1.9
Spreading 85.6 529 122.4 Bl 814
Grazing and outdoor 213 13.0 34.5 92 24
Total 209.8 168.7 255.5 4] 206.2

indication of N excretion is given and emissions are
‘expressed as g LU™'d™! or similar. The other difficulty
is that the housing system may not be the same as in the
UK. For example, in the Netherlands, where the preatest
amount of work has been done on emissions from
buildings housing cattle, studies have been made on
mechanically ventilated buildings, which are rarely, if
ever, used to house cattle in the UK. These difficulties
are compounded by the general lack of emissions data
from livestock buildings, especially from naturally-
ventilated buildings housing cattle. A comprehensive

41

set of EFs for livestock emissions from housing, storage
and following spreading, expressed as a proportion of N
or TAN, are available only for Denmark (Hulchings
et al, 2001). These EFs tend to be smaller than those
calculated for the UK, especially for cattle, pigs on
FYM and laying hens. For stored slurry, the EFs quoted
by Hutchings et al (2001) are in reasonable agreement
for cattle (9% N), but stightly larger for pig slurry (6%
N). The much greater EF for UK lagoons is to be
expected as a result of the much greater surface
area to volume ratio of these stores compared with
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. Table 2.
Cuomulative ammonia loss, following slurry application
Experiment Soil Cumulative ammonia loss, NH~N, kg ha ' SEg{‘ Pt Ammonia loss, % of applied NH, N
condition - (res.df 6)
Splash- Band Trailing Shallow Splash-' Band Trailing * Shallow
plate spread shoe infection plate spread shoe infection
la Dry, hard 28-8 10 10-2 11-5 274 0007 96 333 34 383
1b Moist 12:4 71 95 58 344 ns 413 237 317 19-3
2a Dry, hard 376 375 243 254 536 ns 627 62-5 40-5 423
2b Dry, hard - 163 122. 158 149 3386 ns 494 37 479 452
3 Moist &9 67 54 22 1-28 ns 23 223 18 73
4 Moist 53 3-8 35 1 1-:62 ns 21 15-8 146 4-2
5 Moist 3 34 46 07 05 0007 91 103 139 2-1
6 Moist 134 55 33 38 2:36 0073 319 131 79 9
7 Moist 59 4-5 4-3 3 141 ns 21-1 161 154 10-7
3 Dry 202 13 87 61 262 0035 59-4 382 256 179
9 Moist 94 43 : -26 419 ns 49-5 226 ¥ -137
10 Moist 112 6 43 28 282 ns 249 133 96 &2
11 Moist 38 24 31 46 109 ns 165 104 135 20
12 Moist 132 6 48 61 214 ns 44 20 16 204
13 Moist 38 21 54 39 107 ns 317 17:5 45 325
14 Dry 16 95 97 9 133 0028 50 29-7 303 28
*SEM, standard error of mean; res. df, residual degrees of freedom; TP, probability; ns, not significant at the 5% level of significance; *Treatment not applied due to

adverse soil conditions; !Only a very low rate NH,-N applied; these results excluded from overall mean losses (Table 3), to avoid biag as a resuit of errors associated with

this run,
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K.A.SMITH ET AL.

Table 4
Crop respanse to manures — ADAS Gleadthorpe 1997

Application time

Treaiment P SEM Res. df

(Experiment no ) *

Splash- Bend Trailing Shallow

plate spread shoe injection

Aut:.unn (Now, 1996) (9)
Grain yield,tha™" at 85% DM 221 252 237 178 0025 0215 20
N offtake in grain, kg ha~? 272 310 300 209 0063 3236 20
Earl',_v spring (March 1997) (11}
Grain yield, tha™! at 85% DM 240 319 33 347 0025 G215 20
N offtake in grain, kg ha™! 288 397 428 41-5 0-063 3236 20
Late spring (May 1997) (13)
Grain yield, tha~ !at85% DM 263 249 272 273 0025 0215 20
N offtake in grain, kg ha ™! S 313 102 326 337 0063 3236 20

Note. P,probability, SEM, standard error of mean; Res. df, residual degrees of freedom.

YMissing values estimated by GENSTAT.

. small harvest area enforced by the requirements of the

NH, emission measurements, masked any treatment
differences present.

Despite a marked response to fertilizer N in winter
wheat at ADAS Bridgets (P < 0-001), there were rio stat-
istically significant (P > 0-05) slurry treatment effects
on grain yield or N offtake. Grain yields from the
slurry treatments were low as a result of low N supply;
a trend towards increasing yield and N offtake, from
the surface placement slurry applications, was not
observed with the autumn applied slurry treatments.
Such differences in crop response would not be anticip-
aled, as a result of overwinter leaching losses of any
extra slurry N conserved by application treatment. At
ADAS . Gleadthorpe, despite low rates of slurry
NH4-N applied (12-23 kgha™'), at the first spring
application in March 1997, the splash-plate treatment
gave the lowest yield (P < 005), which was reflected
also in grain N offtake (Table 4). Slurry injection
* in November gave lower yield and grain N offtake than
the other application methods. There were no significant
- treatment differences at the May slurry application
timing. :

The average grain yield from the slurry plots at
ADAS Bridgets was calculated as being equivalent to
an application of 16kgha™! N as ammonium nitrate,
representing manure N efficiencies of 33, 36 and 38%
at the three timings. Equivalent efficiencies of 21, 21
and 23% were obtained at ADAS Gleadthorpe. Whilst
low trajectory application of slurry in the spring,
tended to increase grass DM and cereal grain
yield and N offtake, these trends disappeared when

considered across the three application timings
studied. g

*Experiment number listed in Table 1;

4. Discussion

The observed rates of NH; .emission following
conventional, surface application of slurry (Fig. 3) were
in close agreement with those reported by Jarvis and
Pain (1990), who suggested that, from broadcast slurries,
40-50% of the total losses occurred within 6h, 70%
within 24 h and more than 90% over 5 days. The three
surface placement slurry application techniques consis-
tently reduced NH; emissions when compared with sur-
face broadcast application, though these reductions often
failed to reach statistical sigaificance (P < 0Q-03) in the
current studies. Ammonia losses were generally high dur-
ing the early observations, in summer 1995, when the
results were likely to have been affected by the dry, hard
soil conditions prevailing following an extended period
of low rainfall. When the experiments were carried out
under moister soil conditions NH, emissions were re-
duced and the variability of the results appeared less. For
sutface broadcast slurries, a linear relationship was found
between NH, loss and slurry dry matter (Fig. 5); over the
limited range (slurry DM of 2-5%) represented by these
data, NH; loss increased by about 6% for every 1%
increase in slurry solids content — similar to results
reported elsewhere (Sommer & Olesen, 1991; Smith
& Chambers, 1995). In addition to the reduced potential
for NH; emission as a result of the generally low DM
content slurries used in these experiments, it has already
been pointed out that as a consequence of the dilute
slurries and the modest application rate, the rate of
NH,-N applied was also relatively low. It would there-
fore be anticipated that treatment effects (arising from
NH, volatilization losses of only a few kg ha™! N}, would
be difficult to identify or measure quantitatively.
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. 4.1. Application technigue

Ammonia losses were consistently reduced with slurry
applied by surface placement technique compared to the
conventional splash-plate method, at 39, 43 and 57% of
the emission from surface broadcast application, respec-
tively, for the band-spread, trailing shoe and shallow
injection techniques. However, abatement was consider-
ably less than the potential benefits reported by some
other rescarchers (Mulder & Huijsmans, 1994; Lorenz
& Steffens, 1997) where, under experimental conditions,
reductions in NH, emissions by injection or rapid incor-
poration, of up to 90%, have been achieved. The slightly
disappointing results from the current experiments may
have been, at least in part, due to the low DM content
slurries used.

However, variable control was also the conclusion

" from a number of other, related studies. Misselbrook
et al. (1996) found that shallow injection gave a 40 and
79% reduction in emission compared to surface broad-
cast for March and.June applications, respectively, rep-
resenting 35 and 21% of the total ammoniacal nitrogen
(TAN) applied. Mannheim et al. (1995) reported the fol-

- lowing losses (N as % TAN) in experiments on cattle

slurry applied to grassland/arable land: broadcast (grass-

- land) 38-74%, shallow injection (grassland) 7-23%,

shallow injection (arable) 0-6%. In these studies, band-
spreading was much less effective, with increased emis-
sions recorded on some occasions; similarly, Matilla

(1998) found that band spreading gave no effective reduc-

tion in emissions compared Lo broadcast cattle slurry on
grassland, whereas no emissions were detected from in-
jected slurry. In contrast, Sommer ef al. {(1997) recorded
up to 80% reduction in emissions using trailing hoses to
apply pig slutry to winter wheat. Morken and Sakshaug

(1998) found that the direct ground injection system,

a slightly different approach using a high-pressure jetting

technique but with no soil penetrating coulters, gave

a reduction of ca. 50% in emissions.

Within these experiments, crop responses {yield and/or

N offtake) were few and of limited extent, which is hardly

surprising when differences in plant available N (arising
from differences in NH; volatilization) may only have
amounted to a few kgha~!. Moreover, siles were not
selected on the basis of their likely responsiveness to

N supply (a normal pre-requisite of N response experi-

ments). Similarly, there have been few reported ag-
ronomic benefils in the literature. Lorenz and Steffens

(1997) showed grass yicld responses at similar NH,-N

application rates for trailing shoe and shallow injection,
compared to surface broadcast, but no benefit from band
spreading. Significant yield increase was obtained when
conditions at the time of spreading were conducive to
large NH, losses from surface broadcast application (i.e.

94
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hot and dry conditions rather than cool and wet). Some
negative effects have also been recorded with injection, for
example, Misselbrook et al. (1996) found that shallow
injection led to reduced yield and N recoveries [ollowing
grassland application in June (thought to be due to sward
damage). Rees et al. (1993) recorded reduced first-cut yield
following injection, but second- and third-cut yields were
improved, with no significant differences when assessed
over the full season, compared to surface broadcast.

4.2. Other factors

There seems to be a wide range in the effectiveness of
application techniques for reducing NH; emissions, both
in these experiments and in the literature. The results,
overall, suggest that the net eflects of the different ap-
plication techniques are likely to vary according to soil
conditions (both in terms of moisture and soilfambient
temperatures—low temperatures reducing losses) and
cultivation; loose tilth (associated with arable seedbeds)
facilitating rapid infiltration of slurry and reducing NH;
losses. It appears likely that very dry soils, especially
grassland soils high in organic matter may become, to an
extent, hydrophobic unless subjected to a gradual re-
welling process. Under dry conditions, it is possible that
slurry may remain on the soil surface for an extended
period, rather than infiltrating into the soil matrix, dur-
ing which time, warm ambient conditions may increase
NH, emissions. In contrast to these results, Sommer et al.
(1997) found that NH; losses increased with increasing
volumetric soil moisture content but this was due to
impeded infiltration of NH{ at high soil water content
(Petersen & Andersen, 1996), which did not apply in
these experiments.

Sommer et al. {1997) indicated the importance of crop
canopy {leaf area index and crop height) for more effec-
tive reduction of NH, emissions by surface placement
application technique and this will be particularly so in
the case of the trailing shoe. Crop cover was not tested in
these experiments, as slurry was applied to short grass
swards or to arable crops at early growth stages or low
plant density. Experimental conditions were standard-
ized to include slurry applications at 30m*ha~! and
applications from the different techniques all made at the
same timing; these limitations may have introduced

a bias in favour of one treatment or other, depending
upon the conditions.

5. Conclusions

From the results on grassland in dry conditions, there
appears to be little to choose between the three low
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Table 1
Site details

Site Location Soil type Soil series Saoif pH
| Devon Coarse sandy loam Crediton 5-7-5-8
2 Devon Heavy clay Hallsworth 5-1-60
3 Hampshire Calcareous silty clay loam Andover 80-82
4 Worcestershire Clay/clay loam Denchworth 638
5 Cheshire Loamy sand Newport 72
6 Herefordshire Silty clay loam Bromyard 6:1-6-6
7 Yorkshire Silty clay loam over weathered chalk Panholes 8.0-8-2

2.3. Ammonia volatilization

- Comparisons were usually made between conven-
tional surface broadcast application and one of the new
application techniques, although on some occasions
three-way comparisons were also made. Measurements
of NH; emission were made using a micrometeorologi-
cal mass balance technique (Denmead, 1983), employing
passive flux samplers (Leuning et al., 1985). A mast
supporting five passive flux samplers at approximate
heights of 0-25, 0-65, 1-20, 2-00 and 3-30m was placed
either at the centre of a slurry-treated square plot
(approximately 40m by 40 m) or downwind of a slurry-
- treated strip of 20m by 50 m, such that fetch length (i.e.

the distance between the upwind edge of the plot and the
downwind sampling position in a windward direction)
was always at least 20m. A background mast, support-
ing three samplers at approximately 0-25, 125 and
3-00 m was positioned at the upwind edge of the treated
area. The NH; flux, F in g [NH;-N]Jm 257!, from the
treated area was calculated for each sampling period as
the difference between the vertically integrated horizon-
tal flux at the downwind mast (subscript div) and that at

the upwind mast (subscript uw), divided by the fetch
length, x in m. Thus:

l ¥ Z
F=;[f0 @apdz - [ (u—c)wdz] W

where: u is the wind speed in ms™'; ¢ is the NH;
concentration in gm™>; and z the vertical height in m.
The passive flux samplers measure directly the mean
horizoatal fiux, i@, calculated from:

M
Y 2

where: M is the mass of NH, collected in g in the
sampler during sampling period ¢ in s; and 4 in m? is the
effective cross-sectional area of the sampler (determined
in wind-tunnel calibrations).

All experiments {excepting one, which used pig slurry
at the site in Yorkshire (Table 1)] were conducted using
cattle slurry. Mecasurements of NH; emission were
conducted for 5-7 days after slurry application.

uc =

Additionally, measurements were made of slurry com-
position [dry matter, pH, total N, total ammoniacal-N
(TAN)), soil type and moisture content at application,
crop height or growth stage and meteorological condi-
tions (temperature, relative humidity, rainfall, incident
solar radiation). Target application rates were 25-
35m*ha~’, according to manufacturer’s recommenda-
tions. Details of experiments conducted on grassland are
given in Table 2 and those on arable land in Table 3.

3. Results

The main effect of the new slurry application
techniques was to reduce the peak emission rate
observed in the first few hours after application [e.g.
Fig. 2(ay—data from Experiment 1], with differences in
emission rates on subsequent days being of less
significance. As upward of 50% of total emission can
accur within the first few hours following application,
the difference in emission rates during this period can
lead to appreciable differences in total cumulative
emission [Fig. 2(b)}. Cumulative emissions reported here
are those measured over the measurement period, with
no extrapolation for periods beyond 57 days.

Target application rates were not always achieved
(Tables 2 and 3) and were considerably exceeded in
some of the experiments. However, visual observations
at the time of application confirmed that the machines
performed satisfactorily even at high application rates;
slurry did not overspill the injection slots for shallow
injection application and remained in narrow bands
beneath the herbage with the trailing shoe application.
Composition of slurry between treatments, within each
experiment, was generally consistent.

As the reduction achieved by an alternative
application technique may be biased within individual
comparisons, e.g. in some instances when therc
were exceptionally low losses from surface broadcast
application, the data from each set of comparisons were
pooled to derive a mean emission for each of
the alternative application techniques which could
be compared with that for surface broadcast application
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Misselbrook, T.H., D.R. Chadwick, B.F. Pain, and D.M. Headon. (1998). Dietary
manipulation as a means of decreasing N losses and methane emissions and

improving herbage N uptake following application of pig slurry to grassland.
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Dietary manipulation as a means of decreasing N
- losses and methane emissions and improving herbage N
uptake following application of pig slurry to grassland

T.H.MISSELBROOK®*, D.R. CHADWICK, B.F. PAIN ano D. M. HEADON
Institute of Grassland and Environmental Research, North Wyke, Okehampton, Devon EX20 2SB, UK
(Revised MS received 4 August 1997)

SUMMARY

Slurry was collected from two groups of finishing pigs fed either a standard commercial diet
(containing 205 g/kg crude protein (CP)) or a specially formulated lower CP content diet (140 g/kg
CP). The sturries were surface applied to grass/clover plots on a freely draining soil in SW England
in mid-March 1995 at three application rates: 25, 50 and 70 m®/ha. Measurements were made from
the 50 m*/ha plols of ammonia volatilization, denitrificalion, nitrous oxide and methane emissions
and nitrate leaching. Measurements of herbage yield and apparenl N recovery (ANR) were made
from all plots. Decreasing the CP content of the pigs’ diel reduced N excretion by the pigs and also
changed other characteristics of the slurry. Slurry from pigs fed the lower CP diet (the slurry referred
to hereafter as LS) had a higher dry matter (DM) content, lower pH, lower total ammoniacal N
(TAN), total N and VFA content with a similar total C content compared with slurry from pigs fed
the standard commercial diet (the slurry hereafter referred to as CS). From the 50 m*/ha treated
plots, losses by ammonia volatilization represented 38 and 58 % of the applied TAN and net losses
through denilrification represented 53 and 12% of the applied TAN for LS and CS respectively.
Nitrous oxide emission was similar from the two slurries, with net emissions of ¢. 0-5% of the applied
TAN. Methane emission was significantly less from LS. No nitrate leaching was detected either in
spring or in the following autumn. Yield and ANR increased with increasing slurry application rate
up to 50 m*/ha. The best % N recovery was from the 50 m*/ha application rate with 58 and 47% of
the applied TAN being recovered from LS- and CS-treated plots respectively. Changes in the slurry

characteristics due 10 the lower CP diet resulted in lower losses to the environment and an improved
utilization of the slurry N by the herbage.

INTRODUCTION

Intensive pig production leads to the accumulation of
large volumes of slurry, most of which is spread on
land. Applying slurry Lo the soil can result in pollution
through nitrate leaching, ammonia (NH,) volatiliz-
ation and emission of greenhouse gases such as
nitrous oxide (N,O) and methane (CH,). The problem
- of nitrate pollution, in particular, from animal

efflucnts has led to constraints on the amount of
- slurry nitrogen (N) that can be applied per hectare of

land, thereby increasing the area required for slurry
disposal. There arc potential benefits, therefore, in
decreasing the N content of sturry by decreasing N
excretion by pigs.

Lenis (1989) suggested the better balancing of
dietary protein as the best means of decreasing N

- * Email: tom.misselbrook @bbsrc.ac.uk

excretion by pigs, but recognised the difficulty of
formulating a diet in an economic way without the
oversupply of certain amino acids. Some decrease is
achievable by the use of different feedstuffs, as shown
by Jondreville e af. (1993) substituting peas for wheat
and soyabean meals. With improved knowledge of
the amino acid requirements of pigs (Wang & Fuller
1989; Lenis er al. 1990), a greater decrease in N
excretion can be achieved by decreasing the crude
protein (CP) content of the diet and including
synthetic amino acids o maintain a balance (Gatel &
Grosjean 1992; Lee ef al. 1993 ; Roth & Kirchgessner
1993).

Having cstablished that N excretion by pigs can be
decreased by decreasing diclary CP content, it is
generally assumed that this will decrease subsequent
N pollution (i.e. after slurry application 1o land),
although little work has been done to confirm this.
Decreasing the CP content of the diet may lead to
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other changes in slurry charactenistics. Fremaut &
Deschrijver (1991) reported an increase in excretal dry
matler (DM) content and Hobbs et af. (1996) reported
a decrease in the concentration of major odorants in
the slurry. Changes in slurry characleristics other
than N content may have an eflect on the fale of N
and may also have implications for methane emissions
following slurry application to land.

The aims of this experiment were to investigate the
effect of decreasing dietary CP content on the
characteristics of pig slurry and to assess the effect of
these changes on emissions, losses and ulilization
following application to grassland.

MATERIALS AND METHODS
Site

The experiment was conducted in 1995 on a freely
draining, sandy loam (Crediton series) in SW England
with an established grass/white clover sward. The
field had been in grass since 1991, with a combination
of silage harvests and sheep grazing, and cereal
production prior to that. Clover was to have been
sprayed out of the sward, but weather conditions
precluded this. However, clover content of the sward
was judged to be low (< 5% of the dry matter
content of the sward) and uniform across all plots
(although no objective assessments were made).
Annual rainfall on the site was 1040 mm for 1995
(compared to an annual 30-year average of 1054 mm).

‘Experimental design

Slurry was collected from two groups of finishing pigs
(12 pigs per group) which were fed cither a standard
commercially available diet (the slurry hereafter
referred to as CS) or a specially formulated lower
crude protein diel (the slurry hereafter referred to as
LS} in which synthetic amino acids were included to
mainlain the ideal ratios of essential amino acids. The
CP content of the diets was 205 and 140 g/kg for the
commercially available and lower CP diets, respect-
ively. The pigs had been housed in slatted pens with
individual slurry stores beneath each pen.

Slurries were stored at ambient temperature for 2
months and then surface-applied in mid-March to
grass/white clover plots, using watering cans fitted
with splash-plates. Slurry was applied at three rates:
25, 50 and 70 m*/ha and a conltrol treatment receiving
no slurry or ferlilizer N was included. Equal amounts
of mineral P and K fertilizer were added to all plots to
maintain recommended soil contents. Slurry samples
. were taken at the time of spreading and analysed for

total solids, pH, total ammoniacal-N (TAN), total N,
carbon (C) and volatile fatty acid (C,—C,) content.
Measurements were made from the control and the
50 m*/ha slurry treated plots of ammonia volatiliz-
ation, denitrification, nitrous oxide and methane

emissions and nitrate leaching. Measurements of
herbage vicld and N recovery were made from all
trealments, on a separate arca of the plot frem that
used for N loss and methanc emission measurements.

Three replicate plots of each treatment were
arranged in a randomized block design, with plots of
3Ix4m for treatments with N loss, methane and
herbage yield measurements and 3x2m for treat-
ments with herbage yield measurements only. Results
were analysed using the analysis of variance procedure
of GENSTAT (Lawes Agricultural Trust 1993).

Ammonia volatilization

Ammonia votatilization was measured for 4 days
following sturry application using a system of small
wind tunnels (Lockyer 1984), each covering an area of
1 m?, with windspeed through the tunnels set to
I m/s. The concentration of ammenia in the air
entering and leaving each wind tunnel was measured
using absorption flasks containing orthophosphoric
acid. The loss of ammonia from the area beneath the
tunnel was calculated as the product of the volume of
air which flowed through the tunnel and the difference
between the concentrations of ammonia in the air
entering and leaving the tunnel.

Denitrification

Nitrogen losses due to denitrification were measured
for 50 days following slurry application using a slight
modification of the soil core incubation system with
acelylene inhibition as described and evaluated by
Ryden et al. (1987). Eight soil cores, each 3-3cm
diameter x 10 cm deep, were taken from each plot and
placed in a 1 litre gas-tight jar; then 50 m! air was
withdrawn from the jar prior to injecting 50 ml
acetylene to give a 10% (v/v) concentration at
atmospheric pressure. The jars were incubated in the
field for 24 h, after which the concentration of N,O
was measured using gas chromatography with an
electron capture detector. The rate of denitrification
was calculated from the concentration of N,O and the
cross-sectional area of the soil cores. Losses between
measurements were estimated by averaging rates of
loss either side of a time period.

Following incubation and measurement of N,O,
the soil cores from each jar were analysed for mineral
N content (NH,*-N and NO,™-N) by extraction with
2 M KCl followed by automated colorimetry.

Nitrous oxide and methane emissions

CH, and N,O were measured for a period of 60 days
following slurry application, using the static chamber
technique (Mosier 1989). Steel boxes (20 x 15 x 50 cm)
were pushed or lightly hammered into the soil to a
depth of 2 cm. At each sampling period clear perspex
lids were clamped to the boxes and left for 40 min,
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after which 20 cm?® samples of gas were taken via the
‘suba-seai’ port in each lid and stored in evacuated
glass storage vials. Ambient air samples were taken as
the lids were clamped to the box and appropriate N,O
- and CH, standards were stored in a similar manner.

After each sampling the lids were removed but the
boxes remained in situ.

N,O and CH, were measured using gas chroma-
tography. Rates of emission were expressed as pg
N,;O-N/m® per h and cumulative losses were estimated
by averaging rates of loss either side of a sampling
point.

Nitrate leaching

Measurements of nitrate leaching were made using
methods similar to those described by Lord &
Shepherd (1993), validated for freely draining soils by
Webster et al. (1993), with porous ceramic cups
placed at 50 cm depth in the soil at an angle of 30° to
- the vertical. Fine silica sand was introduced around
the ceramic cup Lo ensure good contact between soil
and cup, and a bentonite plug inserted around the top
of the tube (just below the topsoil layer) to prevent the
preferential fiow of water down the tube. Samples
were taken by applying a suction of 0-7 bar to the cups
-and removing any sample collecied afler 1-2 h.
Drainage between sampling periods was estimated by
subtracling potential evapotranspiration figures from
rainfall. Cups were sampled at about every 30 mm
drainage both in the spring period immediately
following slurry application and in the autumn when
- drainage recommenced. The amount of nitrate-N
leached over the period was then calculated as the
product of the nitrate-N concentration and drainage
volume (Lord & Shepherd 1993).

Herbage yields

Three herbage cuts were taken during the season (10
May, 20 July and 31 October) using a Haldrup small-
plot harvester. The harvester cut a 1-5 m strip from
the centre of each plot for yield assessment. Sub-
samples were taken for dey matter (DM) deter-
mination by drying to constant weight at 85°C and
analysed for N content. Apparent N recovery (ANR)
was calculated by subtracting the N removed in cut
herbage on control plois from that on slurry-treated

plots. % ANR was also calculated, as (ANR/TAN)
x 100.

185

RESULTS
Siurry characteristics

Decreasing the CP content of the pig's diet resulted in -
a slurry with a higher DM content, lower pH, TAN,
total N and VFA content and a similar total C
conlent (Table 1). TAN content was 40% lower,

although total N and VFA contents were only 20%
lower.

Ammonia volatilization

Ammonia volatilization was significanlly less {P <
005) from LS both in absolute terms and when
expressed as a proportion of the TAN applied.
During the 4 days following slurry application, 109
and 43 kgN /ha were lost from CS and LS respectively,
representing 58 and 38% of the applied TAN.

N loss (ug N/m?/h)
Ty

g

(=

— —
L C -
PRl

-+

10 cm soil
temperature (°C)
F— - -]

[
o

Rainfall
{mm)
o B ¢

=]

10 20 30 40

Days after slurry application

Fig. 1. Denitrification losses following application 1o
grass/clover plots of slurries from pigs fed a standand
commercial diet (——A—-), a lower crude protein diet

(—H-—) and from plots receiving no slurry or mineral N
fertilizer (-- .~ @—---).

50 60

Table L. Anralyses of slurries from pigs fed standard commercial (CS) or lower crude protein (LS) diets

Total

Yolatile
% Dry ammoniacal N Towal N Towl C  fatty acids
Shurry matter  pH (mg/z) {mg/2) (mg/g)  (me/g)
cs 39 78 378 556 273 8-86
LS 57 72 2-28 446 296 7408
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Denitrification and nitrous oxide

There were two peak events in denitrification activity
over the first 50 days following slurry application,
although the second peak was only evident for CS
plots; both peaks were associated with increased
rainfall (Fig. 1). There were sigaificant differences (P
< 0-05) in the net cumulative N loss via denitrification
with losses of 22:6 and 6:0 kgN/ha from CS and LS
- plots respectively, represenling 12-0 and 53% of the
applied TAN.

N,O emissions followed a similar pattern to
denitrification, with a large peak between days 10 and
25 and a smaller peak between days 30 and 50 (Fig. 2).
Cumulative emission over the 60 days following
slurry application was lower for LS plots, although
there was no significant difference (P > 0-05) between
treatments when expressed as% TAN applied, with
losses of 0-5 and 0-6% from CS and LS respectively.

Nitrification of the TAN content of the slurries
resulted in the soil concentrations declining over 40
days foliowing slurry application (Fig. 3}. NO,~-N
concentrations in the soil increased after {5 days with
higher concentrations on CS plots than LS plots,
reflected in the higher rates of denitrification from CS.

Methane

Methane emissions were short-lived following the
slurry applications with > 95% of the emission
occurring in the first 24 h. Emissions over the 60-day
“measurement period were significantly lower (P <

Nitrous oxide loss (tg N20-N/m?/b)

0 10 20 30 4 S0 60

Days after application
Fig. 2. Nitrous oxide emission following application to
grass/clover plots of slurries from pigs fed a standard

commercial diet (——A--), a lower crude protein diet

(—M—) and from plots receiving no slurry or mineral N
fertilizer (---~@-.--).

60
50
40
30
20

pg N/g dry soil

ug N/g dry soil

Q 10 20 1o 40 S0 60

Days after slurry application
Fig. 3. (@) Soil ammonium-N and {b) nitrate-N contenls
following application to grass/clover plots of slurries from
pigs fed a standard commercial diet (—— A —-), a lower crude

protein diet (—l—) and for plots receiving no slury or
mineral N fertilizer (~- - -@----).

0-05) from LS than from CS. The net cumulative
losses of CH,-C from the LS and CS were 0-12 and
023 kg/ha respectively, representing 0008 and
0-017% of the added C. The control plots acted as
minor sinks for CH, over the experimental period.

Nitrate leaching

There was minimal drainage in the weeks following
slurry application and consequently little nitrate
leaching. 140 mm drainage was recorded over the
period from the return of field capacity in the autumn
to the last sampling dale (22 December 1995). There
was no significant difference (£ > 0:05) in N loss
through nitrate leaching between slurry treatments
and control, with a mean of 1-7 kg N/ha leached.

Herbage yields and N recoveries

The main herbage response was evident in the first cut
following slurry applications (Table 2). The low DM
yicld of 21} t/ha from the control treatment implies
that N fixation was low, due to the low clover conitent
of the sward. There was no effect of slurry type on
DM yield (P > 0-05), although yield increased with
increasing slurry application ratec (P < 0-05). Simi-
larly, N offtake was unafiected by slurry type and
increased with increasing sturry application rate from
25 to 50 m*/ha. ANR was also unaffected by slurry
type but, by taking account of the different TAN
contents of the slurries and expressing ANR as%
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Table 2. Herbage yields and N offtakes for first herbage cut and tatal of three herbage cuis following application
of slurries from pigs fed standard commercial (CS) or lower crude protein (L.S) diets to grass/claver swards

Dry matter yield {t/ha) N offtake (kg/ha)
Slurry Slurry
application ammonium N Total of Total of
. Treatment {m®/ha) applied (kg/ha) Ist cut 3 cuts Ist cut 3 cuts
Control 0 0 211 360 384 736
CS 25 95 336 503 654 106-4
LS 25 57 334 478 636 1906
Cs 50 189 379 654 1050 1630
LS 50 114 3-85 598 9240 1395
[ 70 265 394 613 94-3 1437
LS 70 160 395 576 984 1435
s..* Slurry type (D.F.) 0-150{10) 0198 (10} 483 (10) 616 (9)
5.E.* Application rate (D.F.) 0-183 (10) 0-243 (10) 592 (10) 154 (9)

* For slurry treatments only.

. ‘Table 3. Apparent N recoveries (ANR) from first herbage cut and total of three herbage cuts following application
of slurries from pigs fed standard commercial (CS) or lower crude protein (LS) diets to grass/clover swards

ANR as % applied

ANR (kgN/ha) ammonium-N
Application Total of Total of
Slucry rate {m*/ha) Ist cut 3 cuts Ist cut 3 cuts
Cs 25 270 328 28-5 3438
LS 25 252 270 41 428
Cs 50 666 894 152 473
LS S0 535 659 470 578
Cs 70 559 101 21-1 265
LS 70 600 699 376 438
s.e. Slurry type (D.F) 483 (10) 616(9) 360 (10) 450 (9)
s.e. Application rate (p¥.) 592 (10) 7-54 (9) 441 (10) 551 9)

TAN applicd (%ANR), slurry type does have a
. significant effect (P < 0-01), with LS plots recovering
15% more of the applied TAN than CS plots when
averaged across all application rates (Table 3).
Yields from second and third cuts were much
smaller. Residual effects of the slurry applications
were apparent in the second cut, with significant
effects (P <005) of both treatment and slurry
application rate, CS plots having greater DM yields
and ANR. There were no significant effecls of
treatment or slurry application rate in thicd cul DM
yields or ANR (P > 0-05). The effects of the shurry
treatments on the total DM yield and ANR over the
season were therefore similar to those in the first cut,
with no effect of slurry treatment on DM yield or
ANR but a significantly greater %ANR (ANR
expressed as% TAN applied} from LS-treated plots.

The best %ANR was at the 50 m¥/ha application
rate, where ANR was 47 and 58% of the applied
TAN, or 32 and 30% of the applied total N for CS-
and LS-treated plots respectively.

DISCUSSION

Decreasing N excretion from pigs by reducing the CP -
conlent of the diet has been established previously.
Hobbs et al. (1996) showed reductions of 37 and 40%
in N excretion and 44 and 13% in VFA content of the
slurry from diets in which the CP content had been
decreased by 26 and 31 %, respectively. Simmins ef al.
(1996) demonstraled a 32 % decrease in N ¢xcretion
by leeding a diet containing 130 g/kg CP decreased
from 160 g/kg, with no significant effect on pig
performance and Fremaut & Deschrijver (1991)
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achieved a 39% decrease in N excretion by decreasing
dictary CP cantent from 185 to 129 g/kg. There was
no significant effect of diet on the performance of the
pigs used in our experiment, with similar growth rates
being achicved, although pigs on the lower CP diet
did have a greater backfat depth (Kay & Lee 1996).
The 20% decrease in total N content of the slurry in
our experiment was lower than these quoted values
(although decrease in TAN content was 40%). The
slurry N concentrations may not be directly com-
parable, however, as different volumes of slurry were
produced by the two groups of pigs. Total slurry
volumes were less from the pigs fed the reduced CP
diet, largely due to a lower water intake and urination
(R. M. Kay, personal communication), as reflected in
the higher DM content. Fremaut & Deschrijver (1991)
reported a 21 % lower water inlake and an increase in
DM contenl of excreta (faeces and urine collected in
metabolism crates) from 117 to 17-1 % for pigs fed a
lower CP diet. Thus, in terms of N excretion by the
pigs, the differences between the groups would have
been greater than the observed differences between
" the slurries, and more comparable with quoted values.
As most of the TAN content is derived from urine, it
would appear that decreasing the CP content of the
diet was more effective at decreasing urine N than
faecal N.

Sturry pH is largely determined by the relative
concentrations of VFA and TAN and increases as the
VFA:TAN ratio decreases (Paul & Beauchamp
19894). Both VFA and TAN content were lower in
LS than CS (Table 1), but TAN had decreased by a
greater amount, thus the VFA:TAN rmalio had
increased with a resultant decrease in pH from 7-8 to
7-2. As VFAs in slurry are largely degradation
products of lipids and carbohydrates, a diet with
lower CP content, while decreasing TAN content,
would not necessarily decrease slurry VFA content.
* Substantial losses of N can occur via NH, volatili-
zation following slurry application Lo grassland,
typically between 15 and 75% of the applied TAN
being lost (Pain et al. 1989; Klarenbeek & Bruins
1991; Moal er al. 1995), depending on factors such as
environmental conditions and soil and slurry charac-
teristics. As the slurries were applied at the same time
on the same site, differences in NH, volatilization
must have been due to differences in the slurry
characteristics. Correlations have been found pre-
viously between slurry DM content and NH, volaltili-
" zation (Sommer & Olesen 1991 ; Moal et al. 1995), so
. we might have expected a greater loss from LS with

the higher DM contenl. It would appear that the
difference in slurry DM content was not such an
important factor in this case as other factors, such as
slurry pH. It has been previously demanstrated that
lowering slurry pH to a value of 55 will decrease NH,
volatilization by up to 85% (Stevens er al. 1989;
Frost et al. 1990; Pain et al. 1994). Marlinez ef al.

(1996) achicved a 37 % decrease in volatilization from
pig slurry by lowering pH from 7-8 to 7-0, evidence
that even a small decrease in pH, such as in our
experiment, can give a substantial decrease in volatili-
zation.

Rate of denitrification increased after periods of
rainfall, presumably as the number of water-filled
pore spaces, and the anaerobicity, of the soil increased
(Aulakh et al. 1992). As plant uptake of nitrate
increased with increasing soil temperature, and soil
became drier, denitrification became minimal. The
C: N ratios of the slurries were different, with ratios of’
4-9 and 66 for CS and LS respectively. This was not
reflected in a proportionally greater denitrification
loss from LS-treated plots as may have been expected
with the increased addition of C (Thompson 1989),
although it has been suggested that under grassland
soils, with high root density and therefore a good
supply of exudate and decomposing root material,
denitrification is unlikely to be limited by organic
matter (Clark & Paul 1970; McGill et al. 1981). Other
workers (Beauchamp ef al. 1989; Paul & Beauchamp
19895) found thal denitrification was influenced by
teadily available C in the form of VFAs. This may
account for the lower denitrification losses from LS,
as, although LS had a higher total C content, the
VFA content was lower than CS.

While there were significant differences in denitrifi-
cation rates, N,O emissions were similar from both
treatments. Although two different methods were
used 1o determine these fluxes, it would appear that
the differences were duc 1o N, emissions. Weier et af.
(1993) showed that the addition of available C
increased denitrification and also increased the ratio
of N,:N, O produced. The higher VFA content ol CS
therefore appears to have favoured the production of
N, rather than N,;O as the product of denitrification.
This is possibly due lo the increased microbial
respiration from the addilional available C, reducing
the oxygen content of the soil atmosphere, thus
favouring production of N, rather than N,O, as
proposed by Comfort ef al. (1990).

It would appear that CH, emission was belter
related to VFA content than to total C content. The
50% reduction in CH, emission from the LS plots
was probably a result of the reduced VFA content of
the LS. As with NH, volatilization losses, we may
have expected lower CH, emission from CS due to the
lower slurry DM content, enabling the slurry to
infilirate into the soil more rapidly and be more
susceptible Lo the action of methanotrophs (Chadwick
& Pain 1997). Again, however, the differences in DM
content did not appear to be as important as other
factors — VFA content in this case.

The lack of any nitrate leaching in either the spring
or autumn drainage periods implies that March
applications of pig slurry to grassland may not pose a
significant leaching risk, although measurements were
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. Table 4. N sinks (kg N /ha) following application of siurries from pigs fed standard commercial (CS) or lower crude
protein (LS} diets to grass/clover swards at 50 n*/ha

Slurry
ammonjum-N Ammonia (Remaining  Herbage
Slurry applied volatilization Denitrification Leaching TAN)* N Totalt
Cs 189 109 23 0 (57) 89 224
LS 114 43 6 0 (65) 66 15

* Total ammoniacal-N (TAN) remaining for herbage growth after subtracting ammonia volatilization, denitrification and

leaching losses from TAN applied.

1 Total of applied ammonium-N accounted for by ammonia volatilization, denitrification, leaching and herbage N.

not continued through the entire winter period to
confirm this. Other studies have also shown that
nitrate leaching is much lower from late winter
applications than autumn applications (Froment et
al. 1992; Misselbrook e! al. 1996). Leaching losses are
influenced by the mineral N content of the soil at the
end of the summer (Steenvoorden 1989) and the low
DM yields and N offtakes from the second and third
herbage cuts in this experiment indicate that relatively
little mineral N remained in the soil. It is untikely that
.any significant mineralization of residual organic N
would have occurred after the third herbage cut in
 October until the following spring. ‘
Utilization of slurry N on grassland can vary
greally, but ANR in herbage in the year ol application
is usually < 35% total N applied (Pain et al. 1986;
Unwin et al. 1986), as found in this experiment.
Generally only a small proportion of slurry organic N
becomes available for crop growth during the first
season, so comparisons ar¢ better made con the
available N (TAN) content. N recoveries of 47 and
50% applied TAN in the herbage from CS- and LS-
treated plots respectively are comparable with re-
coveries of 79 and 49 % applied TAN given by Laws
(1996) following surface application of cattle slurryin
March to grass/clover plots on a similar site for 1993
and 1994 respectively. The lack of any further yield
_response from the 50-70 m*/ha slurry applications
for both slurry treatments was probably due to the
negative effects of high slurry application rates, such
as smothering and scorching (Smith er al. 1995),

offsetting any benefits of the additional N available
for herbage growth.

The greater losses from CS-trealed plots (via NH,
volatilization and denitrification) resulled in yieids
and N recoveries not significantly different from those
from the LS-treated plots, despite the 40 % reduction
in TAN applied to the LS plots. TAN remaining for
herbage growth after subtracling NH, volatilization
and denitrification losses from the applied TAN were,
in fact, very similar for the two slurries (Table 4),
although this takes no account of N immobilization
or mineralization. Clover content of the sward was
not assessed (although estimated to be Jow, borne out -
by the low DM yield from the zero N treatment) and
an assumplion was made in the calculation of ANR
that N fixation was equal on all plots. However, it has
been shown that mineral N and slurry N applications
decrease the clover content of grass/clover swards
(although slurry N apparently to a lesser extent)
(Nesheim et al. 1990} giving poorer yield responses to
applied N on grass/clover than grass only swards.
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ABSTRACT

Improvements to the efficiency of dietary nitrogen
use by lactating dairy cattle can be made by altering
the concentration and form of protein in the diet. This
study collected urine and feces from dairy cows from
selected crude protein (CP) treatments of 2 lactation
studies. In the first trial, collections were made from
cattle fed a diet with high (19.4%) or low (13.6%) CP
content (HCP and LCP, respectively). In the second
trizl, collections were made from cattle fed diets in
which the forage legume component was alfalfa (ALF)
or birdsfoot trefoil with a low (BFTL) or high (BFTH)
concentration of condensed tannins (CT). A system of
small laboratory chambers was used to measure NH;
emissions over 48 h from applications of equal quanti-
ties of urine and feces to cement (simulating a barn
floor) and from applications of slurries, made by combin-
ing feces and urine in the proportions in which they
were excreted for each treatment, to soil. Reducing di-
etary CP content resulted in less total N excretion and
a smaller proportion of the excreted N being present in
urine; urine N concentration was 90% greater for HCP
. .than LCP. Surprisingly, NH; emissions from the barn
floor were similar in absolute terms despite the great
differences in urine urea-N concentrations, presumably
because urease activity was limiting. Cumulative emis-
sions from fresh slurries applied to soil represented
18% of applied N for both HCP and LCP. Following
storage at 20°C for 2 wk, cumulative emissions from
LCP were much lower than for HCP, representing 9
and 25% of applied N, respectively. Emissions were also
lower when expressed as a proportion of slurry total
ammoniacal N (TAN) content (24 and 31%, respec-
tively) because of treatment differences in slurry pH.
Increasing CT content of the dietary forage legume com-
ponent resulted in a shift in N excretion from urine to
feces. Cumulative NH; emissions from the barn floor
were greater for ALF than for BFTL or BFTH. Emis-
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sions from fresh and stored slurries were in proportion
to slurry TAN contents, with approximately 36% of ap-
plied TAN being lost for all treatments. Emissions ex-
pressed as a proportion of total N applied were consis-
tently lower for BFTH than for ALF.

(Key words: dietary manipulation, crude protein, tan-
nin, ammonia emission)

Abbreviation key: ALF = alfalfa, BFTH = birdsfoot
trefoil with high tannin concentration, BFTL = birds-

_ foot, trefoil with low tannin concentration, CT = con-

densed tannins, HCP = high CP diet, LCP = low CP
diet, TAN = total ammoniacal N.

INTRODUCTION

Dairy cows use feed N much more efficiently than
many other livestock, but they excrete 3 times more N
in manure than in milk. An average cow producing
8200 kg of milk annually excretes 21,000 kg of manure
containing about 110 kg of N (van Horn et al., 1996),
with approximately equal proportions excreted in feces
and urine. The majority of urinary N (depending on
diet and animal condition) is in the form of urea, which
is hydrolyzed by fecal urease to NHjs. About 26% of
dairy manure N is lost as NH; under current US prac-
tices (Pinder et al., 2004), contributing to the total an-
nual NH; redeposition rates in the Upper Midwest of
23 to 40 kg of N/ha (Burkart and James, 1999). Environ-
mental and potential human health impacts occur both
from the relatively local redeposition of NH; and from
aerosols that travel greater distances (Dockery et al.,
1993; Davidson and Mosier, 2004).

Ammonia losses begin directly after urine deposition
in the dairy barn and continue throughout manure han-
dling, storage, and land application. Most efforts to re-
duce nutrient loss from dairy operations have focused
on improved methods for land application of manure,
where a large impact can be made at relatively low cost
(Misselbrook et al., 1996; Smith et al., 2000; Huijsmans
et al., 2001; Misselbrook et al., 2002; Thompson and
Meisinger, 2002). However, reducing N excretion
through dietary manipulation represenis another op-
portunity where large impacts could be made, as subse-
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quent losses would be reduced throughout the manure
management continuum, particularly if combined with
other abatement strategies (e.g., at manure appli-
cation). :

A number of dietary studies have shown that reduc-
ing the CP content of the diet, above that needed to
meet requirements, leads to better efficiency of N use
i.e., a higher proportion of N intake is secreted in milk
N and a lesser proportion excreted in urine and feces
(Krober et al., 2000; Kulling et al., 2001; Broderick,
2003). Reducing urinary N excretion should lead to re-
ductions in subsequent NH; emissions. Kebreab et al.
(2002) presented a model of N metabolism for a lactat-
ing dairy cow that predicted significant reductions in
NH; emissions (based oo modeled urea-N eutputs) from
cattle associated with reducing CP content or increas-
ing energy.content of the diet. A number of studies using
laboratory chamber systems measuring NH; emissions
from slurries (mixtures of urine and feces) have shown
reductions in NH; emission associated with lower CP
content of the diet (Paul et al., 1998; James et al., 1999;
Kulling et al., 2001; Frank and Swensson, 2002), as
might be expected. However, Paul et al. (1998), working
with dairy cattle, and Misselbrook et al. (1998), working
with pigs, showed that diet might influence other ma-
nure characteristics, such as pH, thereby influencing
the proportion of N that is lost as NH;.

Brito and Broderick (2003) found that an equal mix
of forage from alfalfa silage with corn silage in lactating
dairy cows’ diet gave the greatest improvement in N
efficiency, without loss of yield of milk, fat, and protein,
compared with diets dominated by either one of these
forages. Beyond the improvements seen with proper
mixes of alfalfa and corn silage, the feeding value of
perennial forages is enhanced by condensed tannins
(CT) and polyphenols, which are lacking in most feeds
used in the United States. Modest amounts of CT (2
to 4% of DM), as is found in birdsfoot trefoil (Lotus
corniculatus), reduce protein breakdown during ensil-
ing and rumen fermentation by up to 50% (Albrecht
and Muck, 1991; Broderick and Albrecht, 1997). Studies
with sheep indicate that medest concentrations of tan-
nin permit extensive protein digestion in the abomasum
and small intestine, and greater subsequent absorption
of amino acids, without adversely affecting feed con-
sumption or digestion (Min et al, 2003). In a New
Zealand study, tannins in birdsfoot trefoil increased
railk production of nonsupplemented Holstein cows by
2.7 kg/d (Woodward et al., 1999). In addition to enhanec-
ing protein use by ruminants, experiments with forage
and browse in Africa suggest that tannins and pol-
yphenols shift N excretion from urine to feces and from
soluble toinsoluble N forms in feces (Powell et al., 1994).
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Two recent trials were conducted to assess the influ-
ence of dietary protein concentration (manipulating the
CP content of the diet) or protein form (different concen-
trations of CT in the forage legume component of the
diet) on the performance of lactating dairy cows. Details
of these studies are reported elsewhere (Olmos Colmen-
ero and Broderick, 2003, 2004; Hymes-Fecht et al.,
2004). Briefly, Olmos Colmenero and Broderick (2003)
showed that poorer N use was associated with diets
higher in CP, with no significant increase in milk yield
for an increase in dietary CP content from 15 to 19%.
Hymes-Fecht et al. (2004) suggested that improved use
of CP in the forage legume component of the diet was
associated with an increased concentration of CT'in the
silage. The objectives of the present study were to assess
(using urine and feces from the above trials and a sys-
tem of laboratory chambers) the influence of manipulat-
ing dairy cattle dietary protein concentration and form
on NH; emissions from urine and fecal deposits to a

concrete floor and from fresh and stored slurries applied
to soil.

MATERIALS AND METHODS
Dietary Treatments

Urine and feces were collected from lactating Hol-
stein cows housed in a tie-stall system, from 2 dietary
trials varying either in dietary protein concentration
or protein form. Urine and feces collections were made
from a randomly selected subgroup of the cows on each
diet after completion of the lactation trials, with each
subgroup continuing to be fed the treatment diet until
the completion of urine and feces collection. _

In the first trial, cattle were fed diets with high (19%)
or low (14%) CP content (treatments HCP and LCP,
respectively) with 2 cows per dietary treatment. In the
second trial, cows were fed diets of similar composition,
with the exception of the forage legume component,
which was alfalfa (ALF; Medicago sativa), or birdsfoot
trefoil with low tannin (~2% of the forage, 1% of the
total diet on a DM basis, BFTL), or high tannin (~7%
of the forage, 3.6% of the total diet on a DM basis,
BFTH) content, with 3 cows per diet. Details of the
diets for both trials are given in Table 1. Total feces
and urine were collected separately from the cows while
in the tie stalls (i.e., excluding periods when the cows
were being milked) over a period of 60 to 100 h. Feces
were scraped by hand from metal catchment containers
fitted into the tie-stall gutters; urine was collected via
indwelling catheter tubes draining into plastic contain-
ers embedded in ice. Volume of urine and mass of feces
were recorded on an individual cow basis and subsam-
ples of material were retained for total N analyses.
Composite fecal and urine samples for each dietary
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Table 1. Composition of the diets used in the dietary protein concentraiion and protein form manipulation
trials for lactating dairy cattle from which urine and feces samples were collected.

Dietary protein Dietary protein
concentration trial form trial
Low High BFT? low BFT, high
Ingredient! cp CP Alfalfa tannin tannin
Alfalfa silage 25 25 60
BFT, low tannin 50
" BFT, high tannin 50

Corn silage 25 25 10 10 10
Rolled high-moisture shelled corn 44.0 304 346 33.5 336
Roasted soybeans 2.5 25
Selvent-extracted soybean meal 24 16.0 4.7 5.8 58
Sodium bicarbonate 0.6 06 0.3 0.3 0.3
Salt 0.2 0.2 0.2 0.2 0.2
Dicalcium phosphate 0.2 0.2 0.1 0.1 0.1
Vitamin and minerals 01 0.1 01 0.1 0.1
Chemical composition of TMR

DM, % 63.8 65.0 45.0 45.1 43.2

N, % 22 31 21 25 2.6

CP, % 136 194 17.1 15.8 16.4

NDF, % 26.2 26.2 26.1 26.0 26.3

1Percentage on a DM basis.

2BFT = Birdsfoot trefoil.

treatment were frozen after collection until required
for the laboratory trials.

Laboratory Chambers for Ammonia
Emisston Measurement

The laboratory set-up consisted of 6 chambers in
which the manure was exposed to a constant airflow
(Figure 1), similar to the system described by Chadwick
et al. (2001). Air was drawn through the system by
means of a vacuum pump, with the airflow rate through
each chamber being controlled at 4 L/min. An acid trap
{containing 0.075 L of 0.02 M orthophosphoric acid)

Ammonia emissions
from manure surface

|

Pump

._.,T

Emissions
chamber

!

Qutlet acid
trap

f

Flow
meter

Inlet acid
trap

Figure 1. Schemaucdmgram of laboratory set-up of chambers for
ammonia emission measurements.
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before each chamber removed NH; from inlet air and
a second acid trap on the outlet side of each chamber
collected any NH; emitted during the measurement
period. Glass or fluorinated ethylene propylene (FEP)
tubing was used between the chamber and outlet acid
trap to minimize adsorption of NH; to tubing walls.
The set-up was housed in a large incubator such that
all experiments were conducted at a constant tempera-
ture (15°C).

The chambers were constructed from plastic drainage
pipe of 10 em diameter and 19 cm height. An end-cap
was glued to the base of the chamber and a lid fitted
to the top, with silicone grease used to ensure an air-
tight seal. The internal surfaces of the lid were sprayed
with Teflon coating to minimize adsorption of NHj.
Each charmber lid had 4 horizontally positioned inlet
and outlet ports to ensure gocd mixing of air within the
chamber. The main body of the chamber was filled with
cement (to simulate a barn floor) or soil, leaving a head-
space of approximately 0.35 L. The flow rate through
the chamber (4 L/min) ensured that the number of head-
space changes per minute was such that the emission
rate would not be greatly influenced by small differ-
ences in flow rates between chambers (Kissel et al.,
1977).

Tests were conducted to assess the quantitative re-
covery of NH; emitted from a solution within the cham-
ber by the acid traps. Two acid traps were connected
in series on the chamber outlets to determine whether
a single acid trap was sufficient to trap all NH; in
outflow air. Recovery tests were performed by placing

Journal of Daity Science Vol. 88, No. 5, 2005
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a shallow Petri dish containing 0.02 L of ammonium
sulfate solution (2 g/L of N) in each chamber. The solu-
tion pH was raised by adding 1 mL of sodium carbonate/
sodium bicarbonate mixture (1 M) through a port in
the chamber lid, to promote NH; volatilization. The
system was run with airflow of 4 L/min for a 4-h period.
To stop volatilization, 1 mL of 2 M sulfuric acid was
added to the solution in the chamber via the port in the
chamber lid. Samples of the initial and final solutions in
the Petri dishes within each chamber and the solutions
in the outlet acid traps were analyzed for ammonium-
N by automated colorimetry (Searle, 1984).

Emissions from Simulated Deposits to Barn Floor

Deposits of urine and feces to a barn floor would
normally be scraped, leaving a thin layer from which
emission occurs. In the simulation experiments, there-
fore, a congtant mass of feces (8 g) and volume of urine
(8 ml,) were applied to the chambers to achieve a thin
emitting layer of approximately 1 mm above the cement
surface [similar to the methodology used by Elzing and
Monteny (1997)]. Immediately after adding the urine,
the chamber lid was closed and sealed with silicon
grease, and the airflow through the system started.
Acid traps were changed after 1, 3, 6, 12, 24, and 36 h,
and measurement was stopped at 48 h. At the end of
each sampling period, acid from the outlet acid traps
was made up to 0.1 L. with deionized water and then
" - dnalyzed for ammonium-N using automated colorime-

try (Searle, 1984). Three replicate chambers were used
for each of the selected dietary treatments. Samples of
feces and urine were retained for chemical analyses.

Ammonia emission rates (¥, mg of N/m? per h) for
cach sampling period were calculated as:

XV

F=E

(1]

where X is ammoniacal-N concentration of the acid trap
solution (mg/L), V is the volume of acid trap solution
(L), A is the exposed surface area of the chamber (m?),
and ¢ is the duration of the sampling period (b). The
total emission for the period (mg of N) is calculated as
XV, and total emission for the duration of the experi-
ment {48 h) is derived by summing emissions for each
sampling period. Total emission was expressed as a

proportion of the total N, urine N, or urea N applied to
each chamber.

Emissions from Slurry Applied to Soll

For simulated emissions from land applications, the
urine and feces from each selected treatment were

Joumal of Dairy Science Vol. 88, No. 5, 2005

mixed in the proportions in which they were excreted
to produce slurries, which were then standardized at 7%
DM content by the addition of water. Two experiments
were conducted in which NH; emission measurements
were made from fresh (stored for 24 h at 4°C) or stored
(2 wk at ambient temperature, mean 20°C) slurries
applied to soil in the laboratory chambers. The cham-
bers were packed with a steved (to 2 mm) silt leam soil
of the Plano series (Munoz et al., 2003) at a bulk density
of 1.2 g/em®, leaving 0.35 L of headspace. Water was
added to the soil to achieve 60% water-filled pore space.
Following addition of water, the chambers were left for
24 h at 15°C to equilibrate before slurry application.
Slurry was applied to the soil at a standard rate of
40 nmL to each chamber, equivalent to a field application
rate of 50 m%ha. Lids were replaced and measurements
commenced immediately after slurry application to
each chamber. Measurement continued for 48 h, with
acid traps being replaced after 1, 3, 6, 12, 24, and 36
h. Emission rates for each period and cumulative emis-
sions were calculated as described above. Three repli-
cate chambers were used for each of the slurry treat-

ments. Samples of slurry were retained for chemical
analyses.

Chemical Analyses

Samples of feces used in the barn-floor simulation
studies were analyzed in triplicate for DM content, pH,
total N, total ammoniacal N (TAN), and undigested
feed N content, Dry matter content was determined by
drying in an oven to constant weight at 100°C. The pH
of a water/feces mixture (2:1 ratio) was measured using
a calibrated portable pH meter (Accumet AP61, Fisher
Scientifie, Pittsburgh, PA). Acidified samples of feces
were freeze-dried and ground for total N determination
by combustion assay (Leco FP-2000 nitrogen analyzer,
Leco, St. Joseph, MI). Total ammoniacal N content was
determined by automated colorimetry (Searle, 1984)
following KCl extraction (5.g of feces in 50 wmL of 2 M
KCl, shaken for 2 h and filtered through Whatman
no. 42 filter; Fisher Scientific). Cell wall components
of feces were determined using the detergent system
{Goering and van Scest, 1970) as NDF, and the N con-
tent of the NDF was determined by combustion assay
(Leco FP-2000 nitrogen analyzer).

Samples of urine used in the barn-floor simulation
studies were analyzed in triplicate for pH, total N, TAN,
and urea N content. Following pH determination, sam-
ples were acidified (60 mL of 0.07 N H,S0, and 15
mL of urine) before subsequent analyses. Total N was
measured by combustion assay (Elementar Vario MAX
CN analyzer, Elementar, Hanan, Germany), with 200
mg of sucrose being added to the 2.5-ml, urine sample
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'.I‘able 2. Proportion of N excretion in urine and feces as influenced by dietary protein concentration or form
in lactating dairy cattle. Values are the mean for the 2 (protein concentration trial) or 3 (protein form trial)

cows on each diet.

Dietary protein Dietary protein
concentration trial form trial
Low High BFT,! low BFT, high
cp cpP Alfalfa tannin tannin
Urine [total N), g/L. 4.5b 8.5 7.5b 5.8° 6.7°
Feces [total N], g/lkg of DM 20.6 24.4 26.7 296 331
Urine velume,® L/h 1.09 1.05 0.93 1.09 1.07
Feces volume,? kg of DM/h 0.21 0.17 0.20 0.21 0.30
Relative proportion of total N in
Urine, % 52 68° 55 60* a0
Feces, % 48 agh 45" 40 60°

=bWithin each trial, values with different superscripts are significantly different (P < 0.05),

IBFT = Birdsfoot trefoil.

*Based on total amount collected per cow aver the 60- to 100-h collection period, which excluded times

when cows were being milked.

to aid combustion. Total ammeoniacal N was measured
following KCl extraction, as for the fecal samples. Urea
N was determined using an automated colorimetric
assay (Broderick and Clayton, 1997) adapted to a flow-
injection analyzer.

Slurry samples were analyzed in triplicate for DM
content, pH, total N, and TAN content, using the same
procedures as for the fecal samples.

Statistical Analyses

For each of the individual chamber measurements,

a Michaelis-Menten type curve was fitted to the cumu-
lative NHj loss with time, as used by Sommer and
Ersboll (1994):

¢

N(t) = Nmu 't—+—K—

(2]

where N(¢) (kg of N per ha) is the cumulative loss at
timet (h), and N, (kg of N per ha) and K, (h) are model
parameters representing tota] loss as time approaches
infinity and time at which loss reaches one-half of maxi-
mum, respectively. For each manure application, the
parameters N,,,, and K, were derived using the model-
fitting procedure in GENSTAT (Lawes Agricultural
Trust, 1993). Mean cumulative losses after 6, 12, 24,
and 48 h and N,,,, for the simulated barn floor trials
and 6, 24, and 48 h and N, for the slurry to soil trials
were compared between treatments (within the protein
concentration or protein form trial) using the 1-way

~ ANOVA procedure in GENSTAT (Lawes Agricultural
Trust, 1993)
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RESULTS
Laboratory Chamber Recovery Tests

Mean recovery of NH,*~N over 7 recovery tests was
97% (standard error = 1.0%), with a range from 92.1 to
100.2%. Mean capture of NH,*—N in the first of 2 acid
traps on the outlet side of each chamber was 99.5% of
the total captured in both acid traps, indicating that a

single acid trap on each outlet was sufficient for mea-
surements.

Nitrogen Excretion

During the dietary protein concentration trial, urine
N concentration in HCP was almost twice that in LCP
(Table 2). There were no significant differences between
the protein concentration treatments in fecal N concen-
trations or in the volumes of urine and mass of feces
collected over the collection period (P > 0.05}). The
greater N concentrations in urine for HCP resulted in
a shift in the relative proportion of N excreted in urine
or feces from approximately equal amounts in LCP to
a much greater proportion in the urine for HCP. Based
on the concentration and volume outputs, mean hourly
total N excretion per cow over the collection period was
30% lower for LLCP than HCP (P < 0.05), with respective
values of 9.2 and 13.1 g/cow per h. Urine N excretion
was 45% higher (P < 0.05) for HCP than for LCP (8.9
vs. 4.9 g/cow per h, respectively).

From the protein form trial, urine N concentration
was highest in BFTL, with no significant differences
between that of ALF and BFTH (Table 2}. There were
no significant dietary effects (P > 0.05) on total N con-
centration in the feces or in the volumes of urine and
mass of feces collected. Thus a greater proportion of the
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Table 3. Analyses of composite urine and feces samples used in the ammonia emission studies.!
Dietary protein Dietary ﬁrobe'm
concentration trial form trial
Low High BFT? low BFT, high
CP cp Alfalfa tannin tannin
- Urine
pH 9.0 (0.01) 8.8 (0.03) 7.8 (0.02) 7.8 (0.02) 7.9 (0.02)
Total N, g/L. 4.50 (0.007) 9.35 (0.041) 6.38 (0.260) 5.41 (0.016) 5.67 (0.022)
- Urea N, g/LL 1.91 (0.019) 5.83 (0.663) 4.23 (0.357) 3.70 (0.075) 3.54 (0.009)
TAN,? g/L 0.43(0.161)  0.23(0.090)  0.43(0.016)  0.33(0.006)  0.26 (0.005)
Feces
pH 6.5 (0.03) 6.8 (0.04) 6.6 (0.02) 6.6 (0.04) 6.6 (0.08)
DM, % 17.9 (0.35) 18.0 (0.08) 14.6 (0.10) 14.8 (0.14) 14.6 (0.41)
Total N, g/kg of DM 26.9 (0.47) 28.4 (0.63) 23.8 (0.09) 22.8 {0.36) 24.7(0.10}
TAN, g/kg of DM 1.80 (0.730) 0.90 (0.860) 3.42 (0.090) 2.95 (0.050) 3.562 (0.070)
NDF N, g/kg of DM 2.35 (0.244) 2.16 (0.100) 2.37 (0.090) 2.95 (0.069) 3.60 (0.088)

Values in parentheses are standard errors of the mean (n = 3).

2BFT = Birdsfoot trefoil.
3TAN = Total ammoniacal N.

N was excreted in the urine for ALF and BFTL and in
the feces for BFTH (Table 2). Total N excretion per cow
over the.collection period did not differ significantly
between treatments (P > 0.05), averaging 12.3, 15.8,
and 17.1 g/cow per h for ALF, BFTL, and BFTH, respec-
tively. Urine N excretion was significantly greater (P
< 0.05) from BFTL than from ALF or BFTH (9.6 vs. 7.0
and 7.2 g/cow per h, respectively).

Ammonia Emissions from Simulated
Deposits to Barn Floor

Protein concentration, Analyses of the urine used
in the simulated barn floor emissions trials showed that
HCP had a significantly higher total N and urea N
concentration (Table 3). It should be noted that the
urine and fecal N concentrations given in Table 3 are
for composite samples of material and differ from the
averages of individual animal values as given in Table
2. The proportion of urine N as urea N was also higher
-in HCP (62% compared with 42% for LCP). There were
no significant differences between LCP and HCP in
terms of fecal analyses, with the exception of pH. For
both urine and feces, differences in pH were statistically
significant, but small in absolute terms and likely to
have been of little consequence in influencing NH,
emissions.

Cumulative NH; emissions from the urine and feces
in the chambers over the 48-h measurement period
were not significantly different (P > 0.05) between LCP
and HCP (Figure 2a). Thus when expressed as a propor-
tion of either the total N applied (Figure 2b) or urea N
applied (Figure 2¢c), losses were significantly greater
from LCP as the urine from the LCP treatment had a
lower total N and urea N concentration. Projected Ny, ,,

Joumal of Dairy Science Vol. 88, No. 5, 2005

values could not be derived using equation [2] because
there was insufficient curvature within the cumulative
emission against time relationship to 48 h.

Protein form. For the manure spread in the cham-
bers, urine total N concentration was greater for ALF
than for BFTL or BFTH, which were not significantly
different (Table 3). There were no differences in urea N
concentrations, but urine TAN concentration decreased
with the increasing concentration of CT in the forage
legume. There were small differences in fecal total N
concentration, with that from BFTL being lower, and
an increase in NDF-N content with increasing CT con-
tent of the forage legume, suggesting a greater amount
of undigested feed N in those diets. Urine and fecal pH
values were similar, as were fecal DM and TAN
contents.

Cumulative NH; emission over the 48-h measure-
ment period was significantly greater (P < 0.05) from
ALF than from BFTL and BFTH, which were not sig-
nificantly different in absolute terms or when expressed
as a proportion of the total N or urea N applied (Figure
3). As the cumulative emission curves were of similar
shapes, the predicted N, values were also higher for
ALF than the other 2 treatments (Table 4).

Ammonia Emissions from Slurry
Applications to Soll

Protein concentration. The DM content of the pre-
pared fresh slurries was greater than the target value
of 7% (Table 5). Differences in DM content and pH
between the treatments were small in absolute terms.
Total N and TAN concentrations were greater for HCP,
although TAN represented a greater proportion of total
N for LCP than HCP, with respective values of 33 and
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Figure 2. Influence of dietary CP content on ammonia emissions

from dairy cattle urine (8 mL) and feces (8 g) deposited on a simulated Figure 3. Influence of dietary protein form on ammonia emissions
bam floor: a) expressed ag g of N/m%, b) as percentage of total N from dairy cattle urine (8 mL) and foces (8 g} deposited on a simulated
applied; c) as percentage of the urea N applied. Dietary CP contents: barn floor: a) expressed as g of N/m? b) as percentage of total N
13.6% (@) and 19.4% (O). Error bars show + 1SE (n=3). applied; ¢) as percentage of the urea N applied. Dietary forage legume
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birdsfoot trefoil with high tannin content (¥). Error bars show + 1
SE(n=3).
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Table 4. Predicted maximum cumulative ammonia emissions (Ny.,,), estimated from a fitted Michaelis-
Menten function te the cumulative emissions curve, for urine and feces applied to a simulated barn floor

and for fresh and stored slurries applied to soil.

Dietary protein

Dietary protein
concentration trial form trial
Low High BFT, low BFT, high
CP CcP Alfalfa tannin tannin
Barn floor simulation
gm? ND® ND 3.15° 174" 1.66"
% of total N applied ND ND 34 20 1%
% of urca N applied ND ND 76° AP 47
Fresh slurry to soil
g/m? ND ND 3.69° 3.58° 272}
% of total N applied ND ND 31° g 25
% of TAN? applied ND ND 45 44 48
Stored slurry to soil
g/m® 1.42% 4.80° 3.94° 3.09° 265"
% of total N applied 12 29" 30* 2% 19*
% of TAN applied 32 36 45 41 47

=bWithin each trial, values with different superscripts are significantly different (P < 0.05).

IBFT = Birdsfoot trefoil.
2TAN = Total ammoniacal N.
3ND = Not determined.

24%. After 2 wk of storage, pH had increased in HCP
(Table 5). Dry matter contents had decreased for both
treatments. Total N and TAN concentrations were
greater for HCP and there was a substantial change in
the proportion of the total N represented by TAN, with
values of 38 and 82% for LCP and HCP, respectively.
Pre- and poststorage volume measurements were not
made, so it was not possible to determine N loss dur-
ing storzage.

Cumulative NH; emissions over 48 h from the appli-
cation of fresh slurries to soil were significantly greater
(P < 0.05) for HCP than LCP, both in absolute terms

- and when expressed as a percentage of the initial TAN

concentration, but not when expressed as a proportion
of the total slurry N content (Figure 4). There were
differences in the shapes of the cumulative emission
curves, with that for HCP still rising steeply after 48
h. Projected N, values could not be derived using
equation [2] because there was insufficient curvature
within the cumulative emission against time relation-
ship to 48 h. Cumulative emissions over 48 h from the
application of stored slurries to seil were also signifi-
cantly greater (P < 0.05) for HCP, in absolute terms
and as a proportion of the initial total N or TAN (Figure
5). Predicted maximum emission from HCP as a propor-
tion of the total N applied was more than twice that

Table 5. Analyses of slurries derived from urine and feces samples collected from lactatihg dairy cows fed
diets varying in protein concentration and protein form.!

Dietary protein Dietary protein
concentration trial form trial
Low High BFT,? low BFT, high
cp cp Alfalfa tannin tannin
Fresh slurry
pH 7.70.02) 8.1 (0.01) 8.5 (0.02) 8.3 (0.02) 8.0 (0.02)
DM (%) 7.7(0.21) 8.4 (0.20) 7.9 (0.25) 7.6 {0.01) 7.4 (0.16)
Total N, g/L 3.02 (0.031) 4.97 (0.044) 2.42 (0.051) 2.18 (0.014) 2.19 (0.018)
TAN,? /L. 1.01 (0.028) 1.20 (0.036) 1.63 (0.020) 1.61(0.012) 1.15 (0.034)
Stored slurry :
pH 76 8.7 8.0 7.6 7.6
DM (%) 4.7{(0.73) 6.3 (0.44) 6.5 (1.11) 5.6 (1.47) 6.5 (0.35)
Total N, g/L 2.37 (0.064) 3.27 (0.071) 2.61 (0.008) 2.70 (0.044) 2.68 (0.013)
TAN, g/L 0.90 (0.021) 2.69 (0.154) 1.74 (0.030) 1,50 (0.049) 1.10 (0.001}

Walues in parentheses are standard errors of the mean (n = 3).
2BFT = Birdsfoot trefoil.
3TAN = total ammoniacal N.
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for LCP but as a proportion of the TAN applied, there
was no significant difference (P > 0.05) between treat-

ments, with a mean loss across both treatments of ap-
proximately 34% of applied TAN.
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Protein form. There were no differences in the DM
content of the fresh slurries prepared from the urine
and feces from the protein form trial (Table 5) although
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target DM content of 7% was marginally exceeded.
There were small differences in fresh slurry pH, with
the pH declining with increasing CT content of the di-
ctary forage legume. Total N content was greater for
ALF than for either BFTL or BFTH, whereas TAN con-
tent was similar in ALF and BFTL, both being greater
than for BFTH. Total ammoniacal N expressed as a
proportion of total N content was therefore greatest in
BFTL (74%) and least in BFTH (52%). After 2 wk of
starage, slurry DM contents were lower than for the
fresh slurries with no differences between treatments,
‘with a mean value of 6.2%. Slurry pH was lower for
the BFTL. and BFTH treatments than for ALF. Total N
concentrations were similar, but TAN content declined
with increasing CT content, so TAN expressed as a
proportion of total N also declined with increasing con-
densed tannin content with values of 67, 56, and 41%
for ALF, BFTL, and BFTH, respectively.

Cumulative NH; emissions over 48 h following appli-
cation of the fresh slurries to soil were significantly
greater (P < 0.05) for ALF and BFTL: than for BFTH
in absolute terms and as a proportion of the total N
applied, but there were no treatment differences as a
proportion of TAN applied (Figure 6), The cumulative
emission curve shapes were similar between treat-
ments and the predicted N,,,, values followed the same
pattern (Table 4). Following application of the stored
slurries, cumulative emissions over 48 h were signifi-
cantly greater (P < 0.05) from ALF than either BFTL
or BFTH in absolute terms and as a proportion of total
N applied, but again, there were no significant differ-
ences (P > 0.05) when expressed as a proportion of the
TAN applied (Figure 7). Again, similarities in the emis-
sion curve shapes meant that treatment effects on pre-

dicted N,y values (Table 4) were the same as those on
cumulative emissions at 48 h.

DISCUSSION

Nitrogen excretion was reduced by 30% and urinary
N excretion by 45% when dietary CP content was low-
ered from 19.4 to 13.6%. These values are not basedon a
full daily collection of urine and feces and the possibility
that there were differences in excretal volumes while
the cows were away from the stalls cannot be excluded.
In addition, the mean hourly rate of excretal output
may have been different while the cows were being
moved and milked, so mean daily output values were
not predicted from our data. However, these results
confirm the work of others that N excretion can be
reduced by lowering dietary CP content and that the
reduction is predominantly in the urea N content of the
urine (Krober et al., 2000; Kulling et al., 2001; Broder-
ick, 2003). The magnitude of the reduction in urinary
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N excretion was not as large as that reported by Castillo
et al. (2000), who concluded from a number of published
studies that reducing CP content from 20 to 15% would
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. result in a 66% reduction in urinary excretion. Castillo
et al. (2000) also reported reductions in fecal N excretion
of up to 21%, but noe significant reductions were found
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in the present study. Although not assessed in this
study, increasing the energy content of the diet may
improve efficiency of N use (e.g., Broderick, 2003), and
replacing grass forage with maize or concentrates has
been shown to improve N use (Valk, 1994; Kulling et
al., 2003).

Increasing the CT content of the dietary forage le-
gume component did not reduce total N excretion; in-
deed, it appeared to have the opposite effect, but the
shift from urinary to fecal excretion between the BFTL
and BFTH treatments was obvious. There were some
differences in the CP content of the diets, with that for
ALF being greater than that for the birdsfoot trefoil
treatments, which may have led us to expect lower N
excretion from the BFTL and BFTH treatments. Re-
sults from the lactation trial suggested no differences
in N intake between diets but an improved milk N
output for the birdsfoot trefoil diets (Hymes-Fecht et
al., 2004), so, again, we might have expected less N
excretion from the birdsfoot trefoil diets compared with
ALF. Fewer cows were used for the manure collection
for this study and intake measurements were not made,
so differences in intakes cannot be excluded as a possi-
ble reason for differences in excretal N output. In addi-
tion, as discussed above, fecal and urine outputs as
collected may not be representative of daily outputs.
The amount of undigested feed N in feces increased
with increasing concentration of CT in the diet (Table 3)
and a balance is required between protecting sufficient
protein from rumen degradation to improve postrumen
absorption of essential amino acids and protecting too
much protein such that it passes through the animal
undigested. Previous research has shown that in sheep,
feeding birdsfoot trefoil with medium concentrations of
CT (3 to 6%) improved N use efficiency without reducing
intake, whereas high concentrations (7.5 to 10%) de-
pressed voluntary feed intake and rumen carbohydrate
digestion (Barry and McNabb, 1999).

Measurements from the simulated barn fleor trials
indicated that cumulative NH; emissions would con-
tinue to increase beyond the 48-h measurement period
(Figures 2 and 3). This is consistent with the time re-
quired for complete hydrolysis of the urea content of
the urine, which has to occur before WH; volatilization
can take place. Rate of hydrolysis is temperature-de-
pendent but from the data given by Whitehead and
Raistrick (1993), complete hydrolysis at 15°C (as used
in the present study) would occur within 10 to L5 d.
Muck (1981) reported much faster hydrolysis of urea
on dairy barn floors, with >95% urea decomposition in
urine within 6 h at 30°C and within 24 h at 10°C. Elzing
and Monteny (1997) showed that peak emission rate
{occurring within 1 to 5§ h of urine application to a
concrete floor}increased with increasing urea N coneen-
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tration of the urine. The results from the protein form
trial are consistent with this, where cumulative emis-
sion after 48 h was greater from ALF, which had a
higher urea N concentration than either BFTL or
BFTH. However, in the protein concentration trial, the
emission rates were similar over the first 48 h despite
large differences in urea N concentration of urine for
HCP and LCP. It is possible that urease activity was
limiting in this case and that emissions would have
continued for longer from HCP. The higher pH of the
urine from the protein concentration trial (Table 3) may
have influenced urease activity; Muck (1981) showed
that maximum urease activity occurred between pH 6.8
.and 7.6 and that activity decreased linearly with pH
outside this range. Cumulative emission from LCP after
48 h accounted for almost 100% of the applied urea N
and some of this emission probably derived from other
urine and fecal N components, as was noted by
- Whitehead and Raistrick (1993) and Muck and Rich-
ards (1983). Actual losses from a dairy barn floor will
depend on a number of variables including tempera-
- ture, airflow, cleaning frequency, urease activity, and
urine puddle replenishment rate (Monteny et al., 1998),
but the results of the present study suggest that dietary
manipulation may not always result in a reduction in
emissions proportional to the reduction in excreted
urea N.

Urea hydrolysis appeared to be a limiting factor con-
trolling emission rates from the fresh slurries applied
to soil in the protein concentration trial. Slurry TAN
content was only 20% higher for HCP compared with
LCP, whereas a much greater difference would be ex-
pected based on differences in urine urea N concentra-
tions. Continued hydrolysis over the 48-h measurement
period, replenishing the slurry TAN content, resulted
in the cumulative emissions curve for HCP rising more
steeply than that for LCP (Figure 4). Two weeks of
storage at 20°C was sufficient for complete hydrolysis
to have occurred and consequently there was a much
greater difference in TAN contents between the 2 treat-
ments in the stored slurries. The stored HCP slurry
had a higher pH, resulting in a greater proportional
loss of NHj (Figure 5c). A higher slurry pH associated
with higher dietary CP content was noted in cattle by
Paul et al. (1998) and. in pigs by Misselbrook et al.
(1998). Slurry pH is largely determined by the relative
concentrations of VFA and TAN and increases as the
VFA:TAN ratio decreases (Paul and Beauchamp, 1989).
Reducing the CP content of the diet, resulting in a lower
slurry TAN content, would not necessarily reduce
slurry VFA content. For the protein form trial, there
were no additional effects of other slurry compositional
changes on NH3 emission and differences in losses were
related to the differences in slury TAN contents.

Joumnal of Dairy Science Vol. 88, No. 5, 2005

MISSELBROOK ET AL.

CONCLUSIONS

Manipulating the concentration and form of protein
in the diet of lactating cows influenced the amount and
form of N excretion and subsequent NHj emissions from
the barn fleor and manure management. Reducing di-
etary CP content from 19 to 14% reduced total N excre-
tion and resulted in a greater proportion of the N excre-
tion in urine, with an increase in urine N concentration
of 90%. Surprisingly, losses from a simulated barn floor
were similar from both treatments in the short term
(48 h), presumably because urease activity was lim-
iting, but losses from slurries applied to soil were lower
for the LCP treatment both in absolute terms and as
a proportion of the TAN applied. Increasing the concen-
tration of CT in the forage legume component of the
diet shifted N excretion from urine to feces and led to
reduced losses from the barn floor (in absolute terms
and as a proportion of urine urea N applied) and slurries

applied to soil (in proportion to the reduction in the
TAN content of the slurries).

ACKNOWLEDGMENTS

The authors thank K. Niemann (Dairy Forage Re-
search Center) for technical assistance. This work was
conducted while T. Misselbrook was a visiting scientist
at the Dairy Forage Research Center and was partly
supported by the USDA. The Institute of Grassland and
Environmental Research is sponsored by the Biological
and Biotechnological Sciences Research Council.

REFERENCES

Albrecht, K. A., and R. E. Muck. 1891. Proteolysis in ensiled forage
legumes that vary in tannin concentratien. Crop Sci. 31:464-469.

Barry, T. N., and W. C. McNabb. 1999. The implications of condensed
tannins on the nutritive value of temperate forages fed to rumi-
nants. Br. J. Nulr. 81:263-272.

Brite, A. F,, and G. A. Broderick. 2003. Effects of different dietary
ratios of alfalfa and corn silage on milk production and rumen

metabelism in lactating dairy cows. J. Dairy Sci. 86(Suppl.
1):62. (Absir.)

Broderick, G. A. 2003. Effects of varying dietary protein and energy
levels on the production of lactating dairy cows. J. Dairy Sdi.
86:1370-1381.

Broderick, G. A_, and K. A. Albrecht. 1997. Ruminal in vitro degrada-
tion of protein in tannin-free and tannin-containing forage legume
apecies. Crop Sci. 37:1884-1891.

Broderick, G. A, and M. K Clayton. 1997. A atatistical evaluation
of animal and nutritional factors influencing concentrations of
milk urea nitrogen. J. Dairy Sci. 80:2964-2971.

Burkart, M. R., and D. E. James. 1999. Agricultural nitrogen contri-
butions to hypoxia in the Gulf of Mexzico. J. Environ. Qual.
28:850-859.

Castillo, A. R, E. Kebreab, D. E. Beever, and J. France. 2000. A
review of efficiency of nitrogen utilisation in lactating dairy cows
and its relationship with environmental pollution. J. Anim. Feed
Sci. 9:1-32.

Chadwick,D. R., J. Martinez, C. Marol, and ¥. Beline. 2001. Nitrogen
transformations and ammonia loss following injection and surface

129



DIETARY MANIFULATION AND AMMONIA EMISSIONS

application of pig slurry: A laboratory experiment using slurry
labeled with N-156-ammonium. J. Agric. Sci. 136:231-240.

Davidson, E. A, and A. R. Mosier. 2004. Controlling losses to air.
Pages 251-259 in Controlling Nitrogen Flows and Losses. D. J.
Hatch, D. R. Chadwick, S. C. Jarvis, and J. A. Roker, ed. Wagen-
ingen Academic Publishers, Wageningen, the Netherlands.

- Dackery, D. W., C. A, Pope, X. Xu, J. D. Splenger, J. H. Ware, B. G.
Ferris, and F. E. Speitzer. 1993. Mortality risks of air poflution:
A prospective cobort study. N. Engl. J. Med. 329:1763-1769.

Elzing, A., and G. J. Monteny. 1997. Ammonia emission in a scale
model of a dairy-cow house. Trans. ASAE 40:713-720.

Frank, B., and C. Swensson. 2002. Relationship between content of
crude protein in rations for dairy cows and milk yield, concentra-
tion of urea in milk and ammonia emissions. J. Dairy Sci.
85:1829-1838.

Goering, H. K., and P. J. van Soest. 1970. Forage fiber analysis
(Apparatus, Reagents, Procedures and Some Applications). Ag-
ricultural Handbook No. 379. US Government Print Office, Wash-
ington, DC.

Huijsmans, J. F. M., J. M. G. Hol, and M. M. W. B. Hendriks. 2001.
Effect of application technique, manure characteristics, weather
and field conditions on ammonia velatilization from manure ap-
plied to grassland. Neth. J. Agric. Sci. 49:323-342,

Hymes-Fecht, U. C., G. A. Broderick, R. E. Muck, and J. H. Grabber.
2004, Effects of feeding legume silage with differing tannin levels
on lactating dairy cattle. J. Dairy Sci. 87(Suppl. 1):249. (Abstr.}

James, T., D. Meyer, E. Esparza, E. J. DePeters, and H. PerezMonti.
1999. Effects of dietary nitrogen manipulation on ammonia vola-
tilization from manure from Holstein heifers. J. Dairy Sci.
82:2430-2439.

Kebreab, E,, J. France, J. A. N. Mills, R. Allison, and J. Dijkstra.
2002. A dmamic model of N metabolism in the lactating dairy cow
and an assessment of impact of N excretion on the environment. J.
Anim. Sci. 80:248-259.

Kissel, D. E,, H. L. Brewer, and G. F. Arkin. 1977. Design and test
of a field sampler for ammonia volatilization. Soil Sci. Soc. Am.
J.41:1133-1138.

Krober, T. F., D. R. Kulling, H. Menzi, F. Sutter, and M. Kreuzer.
2000. Quantitative effects of feed protein reduction and methio-
nine on nitrogen use by cows and nitrogen emission from slurry.
J. Dairy Sci. 83:2941-2961.

Kulling, D. R., H. Menzi, T. F. Krober, A. Neftel, F. Sutter, P. Lischer,
and M. Kreuzer. 2001. Emissions of ammonia, nitrous oxide and
methane from different types of dairy manure during storage as
affected by dietary protein content. J. Agric. Sci. 137:235-260.

Kulling, D. R., H. Menzi, F. Sutter, P. Lischer, and M. Kreuzer. 2003.
Ammonia, nitrous oxide and methane emissions from differently
stored dairy manure derived from grass- and hay-based rations.
Nutr. Cycl. Agroccosys. 65:13-22.

Lawes Agricultural Trust. 1993. Genstat 5, Release 3 Reference Man-
ual. Ozford University Press, Oxford, UK.

Min, B. R., T. N. Barry, G. T. Attwood, and W. C. McNabb. 2008.
The effect of condensed tannins on the nutrition and health of

ruminants fed fresh temperate forages: A review. Anim. Feed Sci.
" Technol, 106:3-19.

Misselbrook, T. H., D. R. Chadwick, B. F. Pain, and D. M. Headon.
1998. Dietary manipulation as a means of decreasing N losses and
methane emissions and improving herbage N uptake following

application of pig slurry to grassland. J. Agric. Sci. (Camb.)
130:183-191.

Misselbrook, T. H., J. A. Laws, and B. F. Pain. 1996. Surface applica-
tion and shallow injection of cattle slurry on grassland: Nitrogen

130

1777

losses, herbage yields and nitrogen recoveries. Grass Forage Sci.
61:270-277.

Missclbrook, T. H., K. A. 8mith, R. A Johnson, and B. F. Pain. 2002.
Slurry application techniques to reduce ammonia emissions: Re-
sults of some UK ficld-scale experiments. Biosyst. Eng.
81:313-321.

Monteny, G.J.,D. D. Schulte, A. Elzing, and E. J. J. Lamaker. 1998.
Conceptual mechanistic model for the ammonia emissions from
free stall cubicle dairy cow houses. Trans. ASAE 41:193-201.

Muck, R. E. 198]1. Urcase activity in bovine feces. J. Dairy Sc¢i.
665:2157-2163.

Muck, R. E., and B. K Richarda. 1983. Losses of manurial nitrogen
in free-stall barns. Agric. Wastes 7:65-79.

Munoz, G. R., J. M. Powell, and K. A. Kelling. 2003. Nitrogen budget
and soil N dynamics afier multiple applications of unlabeled or
15Nitrogen-enriched dairy manure. Soil Sci. Sec. Am. .
67:817-825.

Olmos Colmenero, J. J., and G. A. Broderick. 2003. Effect of level of
dietary crude protein on milk yield and ruminal metabolism in
lactating dairy cows. J. Dairy Sci. 86(Suppl. 1):273. (Abstr.)

Olmos Colmenero, J. J., and G. A. Broderick, 2004. Effect of level of
dietary crude protein on ruminal digestion and bacterial NAN
flow inlactating dairy cows. J. Dairy Sci. 87(Suppl. 1):223. (Abstr.)

Paul, J. W., and E. G. Beauchamp. 1989. Relationship between vola-
tile fatty acids, total ammonia and pH in manure slurries. Biol.
Wastes 29:313-318.

Paul, J. W., N. E. Dinn, T. Kannangara, and L. J. Fisher. 1998.
Protein content in dairy cattle diets affects ammonia losses and
fertilizer nitrogen value. J. Environ. Qual. 27:528-534.

Pinder, R. W., R. Strader, C. [. Davidson, and P. J. Adams. 2004. A
temporally and spatially resolved emmonia emission inventory
for dairy cows in the United States. Atmos. Environ. 38:3747-
3766.

Powell, J. M., S. Fernandez-Rivera, and S. Hofs. 1994. Effects of
sgheep diet on nutrient cycling in mixed farming systems of semi-
arid West Africa. Agric. Ecosyst. Envirgn. 48:263-271.

Searle, P. L., 1984. The Berthelot or indophenol reaction and its use
in the analytical chemistry of nitrogen — A review. Analyst
109:549-568.

Smith, K. A., D. R. Jackson, T. H. Misselbrook, B. F. Pain, and
R. A. Johnson. 2000. Reduction of ammonia emission by slurry
application techniques. J. Agric. Eng. Res. 77:277-287.

Sommer,S.G.,and A. K. Ersboll. 1994. Soil tillage effects an ammonia
volatilization from surface-applied or injected animal slurry. J.
Environ. Qual. 23:493-498.

Thompson, R. B., and J. J. Meisinger. 2002. Management factors
affecting ammonia volatilization from land-appiied cattle slurry
in the mid-Atlantic USA_ J. Environ. Qual. 31:1329-1338.

Valk, H. 1994. Effects of partial replacement of herbage by maize
silnge on N-utilization and milk production of dairy cows. Livest.
Prod. Sci. 40:241-250.

van Horn, H. H,, G. L. Newton, R. A. Noratedt, G. Kidder, E. C.
French, D. A. Graetz, and C. F. Chambliss. 1996. Dairy manure
management: Strategies for recycling nutrients to recover fertil-
izer value and avoid environmental pollution. Circ. 1016 (revised).
Florida Coop. Ext. Serv., Gainesville, FL.

Whitehead, D. C., and N. Raistrick. 1993. Nitrogen in the excreta of
dairy cattle — Changes during short-term storage. J. Agric. Sci.
(Camb.) 121:73-81.

Woodward, S. L., M. J. Auldist, P. J. Laboyrie, and E. B. L. Jansen.
1999. Effect of Lotus corniculatus and condensed tannins on milk

yield and milk composition of dairy cows. Proc. N.Z. Soc. Anim.
Prod. 59:162-165.

Joumal of Dairy Science Val. 88, No. 5, 2005



Acknowledgements
My first thanks are to Brian Pain, for setting me off along this route many years
ago. Very grateful thanks to my supervisors and mentors throughout this period,
Rob Parkinson and David Scholefield and to those giving me ‘pastoral care’, Bob
Clements and David Hatch. Direct support and encouragement were received
from my Team manager, Dave Chadwick, and from the head of department at
IGER, North Wyke, initially Roger Wilkins and more latterly Steve Jarvis,
without which this degree would not have been possible.
A number of overseas students assisted on various projects making it possible to
- pursue additional interesting avenues of research which were not necessarily part
of funded projects and they fully deserve my thanks: Paolo Maccioni, Sebéstien
Hefrey, loannis Papanagiotou, Romain Chauvin, Rosa Yague.
Encouragement, support and assistance were given at various ﬁmes by members
of the Manures and Farm Resources Team at North Wyke, past and present: Dave
Chadwick, John Laws, Phil Hobbs, Sirwan Yamulki, Rick Johnson, Sarah
Gilheépy, Siobhan Brookman, Rachel Matthews, Andy Retter. And a special
thanks to Jo Chisholm for helping to put together the final document.
Over the years I have been greatly encouraged by friends and colleagues from
abroad; in particular Sven Sommer, Lena Rodhe, Jan Huijsmans and Mark Powell.
Finally my thanks to my wife, Rose, and two boys, Josh and Toby, for keeping me

sane and reminding me that there is more to life than manure and ammonia!

131



