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resulting :n reduced N otttake. The mhibiion couid
be due t0 ‘ess mineralizaton of soil N, physical
impedance o root development and reduced N
uptake. the atrer resuiting from chang=d physical
and chemicai conditions such as anuerobism and
reducad av.ulaple water. [n the current 2xpenment
Caand Mg concentrauons were depressed by whez!
tracing dSut P and X concentranons were less
arfected. probubly because NPX ferulizer was
appiied for 2ach cut. The orttakes of N and minerals
were zeneraily lower in the wheeled treatments.

being a refdection in Most cases of lower concentira-
tuons ailied :o fower DMV vields.

[n terms o7 qerbuwe vield and quaiity and the <oil
parameters measured. there was no dirfereace
between sward types in their response ‘o '.w'n-::!
tracking trearments. vet tetraploid ¢v. Condesa had
35% fewer nilers on average than diploid cv.
Contender. However, the larger size of individual
tillers. tvpical of :etraploids. may have conrerred
upon the Condesa swards the same overall vegsta-
tive cover and cushioning capacity aguinst wheel
tracking as Coatender swards.

Conclusions

Whes! iraffic reducsd herbage DM yvield and
adversely arfected N and mineral composition
mainly owing to the indirect 2ffects of sou com-
paction on the rooting 2nvironment. although some
direct plant injury was also evident. The whee!
tracking simuiation of silage operations resuited in a
mean reduction of 3% in DM yieid. which was at the
lower and of published vield reductions as the tractor
* was relatively light n relation to most machinery
loads in other work. Frequent or delaved whesl
passes exacerbated the negauve 2rfects compared
with infrequent or immediate wheet passes. The two
sward types responded similariy to whes! tracking
treaments. [t is concluded that in practice silage
operations in the deid shouid be cammed out with the
lightest 2quipment and fewest trarfic activities con-
sisent with an efficient system and without undue
delay between operations at individual harvests.
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Opportunities for reducing the environmental impact of dairy
farming managements: a systems approach
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Abstract

Dairy farming systems are important sources for the
emission of a number of materals that include
various forms of nitrogen (NO,™, N.O and NH,)
with potenual eavironmental 'moa . The present
paper is a systems synthesis study and assesses the
likely impact of changes in management on N dows
and losses. These inciude tactical fertilizer adjust-
ment. slurry injection. maize silage production and
mc ase of white clover as an aitemative o fertilizar
. Implications for gresnhouse gases (N, ,O and
Cr{‘) and support energy have also been considered.
Substantial reductions in inputs and total and pro-
portional losses by ail the opticns considered were
predicted by this study. Thus. using a tactical
approach to ferilizer application and injecting
slurry or using 50% maize silage reduced overall N
losses from 160 (under conventional management)
0 36 and 109kgNha~! respectively. Combining
both possibilities reduced losses further to
69 kgha™". Although use of white clover, especially
at iow contents in the sward. was the most effective
regime to reduce losses, this was at some cost to
preduction 5o that losses per livestock unit (LU) did
aot always differ from those under other manage-
ments. Changing the N management had conse-
quences for greenhouse gas emission with an
estimated maximum 70% reduction in N.O release.
The ctfects on CH, emissions were relauvcly smail.
Substantial reductions in support energy costs were
also obrained: these arose mainly from the reduction
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Introduction

Dairy farming 1s a4 mujor agncuiturai enterprise tn
the UK which has adopted new techniques rapidly
to improve productivity. Intensive zrass-based dairy
farming managements are. 1n the main. dependent
upen larze inputs of aitrogen (Nj-based tertilizer to
stimuiate surricient drv matter production to sustain
milk production at economically attractuve levels.
Inputs of ferulizer N have gzeneraily been deter-
mined by 2conomic optima as 2stablished in tertil-
izer response trials without necessarily having
regard 0 efficiency of uulization. It has become
incrzasingly obvious that continued high inputs of
N can lead to imbalancas that result in the ransmis-
sion of excssses from the farm to waters and the
atmosphere. with potential adverse environmental
impact (Jarvis er al., 19937, As well as environmen-
tal concerms, there are also current economic and
sociepoiitical pressures to encourage more exten-
sive farming systems. Because of these issues
(Wilkins, 19933, current managements are being
assessed and opuons ror the future considered.

It is clear that dairy farms in temperate regions
can provide sources for a number of important
soiutes and zases. Much leaching. denitrification
and ammenia (NH,) voiatilization can take piacs
trom intensively m'ana"ed grassland soils and the
other components of animal production, i.e. from
stored and applied manures and other farm wastes
or directly trom the animal houses (Jarvis er ai..
1993). Grazed swards can lose much NO,~ through
leaching (Schoietield #r al.. 1993) and current EC
legislation on gquality of potable and other waters
requires actions to reduce NO,” concentration in
drainage waters. Animal produc-:ion svstems are the
primary sources for the increases in NH, in the
atmosphere (Jarvis and Pain. 1990) that have




occurmed yver recent vears with conseguences for
atmospheric chemistry (INDITE. 1994) and the
ennchment of natural/semi-natural ecosystems with
N (Pearson und Stewart. 1993). Recent calculations
indicate thar grassiand-based agricuiture i the UK
is als0 one of the major sources of emission of
mrous oxide (N,O) (INDITE. 1994), with a
significant congribution therefore 0 zlobal warming
effects (IPCC. 1992). Ruminant digestive systems
are one of the major global sources of methane
'CHX) generation. which. as another important
greenhouse 1as. s also causing concern (Crutzen.
1990,

There :s much fragmentary information about N
flows. transtormations and losses that could be used
10 provide the basis for zreater rficiency ot unliza-
ton within parucular components of dairving
systems. Substntial reductions in losses could be
made immediately from aiternative management of
farm manures (Rees er al. 1992) and leaching
losses could e reduced by using new termilizer
managements (Titchen and Scholefield, 1992).
However, for long-term success and sustainability it
IS essentia] that whole systems are considered
because changes introduced to remedy one loss
process may exacerbate other probiems.

There have Seen recent descriptions and assess-
ments of N dows and losses (Jarvis. 1993) and of
CH, and N.O =missions (Jarvis and Pain. 1994)
from a UK dairy farm that has characteristics and
management that are typical of many intensive
systems. Another recent study has described N
flows and losses in Dutch dairy farms (Aarts er al.,

1992). [n the present paper we examine the impiica-
tions of using alternative management optons for
the dairy farm described previously tJarvis. 1993)
for N and trace zas losses. Manipulation of N inputs
provides the basis for sach of the opuons discussed
because of its pivotal role in (a) determining pro-
duction responses and (b) environmental issues. To
do this we use the structure of the omgimnal :ase
study rarm and apply findings from recent 2xperi-
mental data. calculations based on mode! descrip-
tions and current best estimates in relaton o0 a
number of management iechnoiogtes.

The cuse study dairy farming system

The rationale behind. and full characteristcs of. the
case study farm are described elsewhere tJarvis.
1993) and key teatures are shown in Tabie . Our
study is based on a hypothetical. but typicai. dairy
farm in SW England. which reiies on 230xz N fer-
tilizer ha™" to produce surficient grazing and ensiled
grass (0 maintain 102 milking cows and a ‘otal of
164 livestock units. The assumptions for calculating
the flows of N and of N.O and CH, emissions are as
described by Jarvis (1993) and Jarvis and Pain
(1994). We consider the etffects of modirying the
management in various ways with the objective of
improving N management by (a) making more
efficient use of fertilizer N and that recycled in
slurry, (b) depending on inputs of biologically fixed
N, from white clover in mixed swards. and (c)
partly substituting maize silage for conserved grass.
Five alternative managements are examined ror

Table 1. Charactenstics of dairy farm case study / from Jarvis, (1993)

Soii vpesgrassiand

25 ha clay loam: poor drainage: long-rerm swards

51 ha loam: moderate dramnage: reseeded swards

Animais

102 cows vieiding 3554 | per cow

110 other cattie  foilowers and beer calves)

Total livestock umits (63

Purchased feeds

Farm produced fezds

Purcaased bedding 456t DM
Wistes 1692 m’ slurry
670 m’® dirty water

Annual N inputs

Femlizer 19:00 t
Atmosohere 130t
Fixatton 076t
Faads and bedding 393t
Touat 25:59:¢

129-4 t DM iconcentrates (390 kg per cow — 69 K2 per cow other suppiements)

393-5 csilage DM (26:3% DM)
37440 t grazed grass DM

DM. dry mauer.

2 1996 Blackwell Science Lid. Grass and Forage Science. 51, 21-31

L T P

which receat research rindings have ailowed zreater
understanding and for which appropriate technol-
ogy has become availabie. It is assumed througnout
that no silage erfluent is produced and that a wilted
silage (> 28% dry marter) is used. Forage conserved
in this way zives simular levels of milk production
ha~! to those obtained with well-preserved. wetter
stlage (Zimmer and Wilkuns, 1984). Ferulizers are
assumed to be applied zvenly across all ferulized
areas. As well as losses of N to waters and the
atmosphere. smissicns of the gresnhouse zases N.O
and CH, are aiso considered, and aithough we Jo
not address changes in the total C-balance or the
tarm. erfects on the support 2nergy requirements are
discussed.

Option 1. tac:ical jerdiiizer N use und slurry
injection

Current advice for N fertilizer use on grassiand in
the UK is based on economic optima responses with
only minimal regard to efficiency of use or the
applied N and refatively crude adjustments made in
relation to supplies of recycled N from either miner-
alization of soil organic matter or excretal returns
(MAFF, 1994). Model calculations (Scholereld
et al., 1991) showed that in the case stdy farm
aearly [2N (157kgNha™!) would be mineraiized.
Recent in situ measurements of aet mineralization
in soil sirmilar to that of the model farm have indi-
cated that 2ven greater rates of mineralization may
occur. i.e. > 300kg ha™! (Gill er al., 1993). As well
as this source, the estimated amounts of recycied N
degosited in excreta during grazing in the conven-
tional management was 10-5t (138 kgha™!). much
of which would have been in an available form: a

>

turther 3-5 ¢ was available in slurry and dirty water
tequivaleat o 111 kgha™") Jarvis. 1993). Current
recommendadons (MAFF. 1994) rfor N rerulizer
discrimunate between cut or grazed swards but the
dirference in the amounts to be appiied (40kzha™")
1s smail reiative to 2xcretal returns. Thus. there s
also oniy u simple separation into sotls with low.
medium or high background N status either with
i Thomas 2r .. 1990y, or without * MAFF. 1994),
some recognition of site characteristcs. There is.
therefore. dpportunity to improve ferulizer N rec-
ommendations 1o take much better account of back-
soil/site/management  differences  and
suppiies of recveled N.

The ntegrated effect of all inputs to the soil
minerzl N pooi is 0 produce an zrratce level of
availubie N in the soil profile. A recent approach
(Titchen and Scholefield. 1992) adjusts rertilizer N
inputs :acticaily in refanion o the current soil mineral
N conteats. the ssumated grass crop requirements
and predicted erfects of mineralization and denitrifi-
caziontg Using this approach on commercial dairy
farms annual fertilizer requirements were reduced
from. on average, 300 to 211kgNha™' compared
with the farmer’s routine methodoiogy with no
affect on drv mater production (Tichen and
choledeld. 1993). A simiiar etfect on the case
study farm 'vould reduce overall annual ferulizer N
appiication from 230 to 175kg Nha™".

Addiuonaily. there are also opportunities to use N
in slurrv more erficiently. The case study farm was
estimated to hold the equivalent of 120kgNha™' in
store as excrea or dirty water. of which 43% (54 kg
ha™!) was as NH,~ with poteadal. thererore. to be
lost. Caiculations indicated that 22 kg N ha™! would
be lost as NH, volatilization during surtacs appiica-

-

2round

Vi

Table 2. Inputs and production charactenictics of management uptions for Jawry farming systems (denvanon of vaiue is described by
Jarvis, 1993, with otner 2ssumptions 1s defined :n the text)

N inputs (kg ha™") Stociung rate Silage preduction {1t DMD
Opuon Cha
Feruiizer Aimosphere Fixauon Concentrates Totai Grass /cluver: Maize
and >euding

Case study 250 3 10 32 3933 =

i+ 155 25 10 52 393:5 -

L - 25 144 <1 [.74 3143 -

bg - 25 73 41 174 3143 =
3t 185 25 10 32 2147 196:7 196-7
433 15 25 10 32 202 247 1967 196:7
583 - 25 107 4 173 174 1573 1572

+Tacucal N = injected slurry. $Hign clover swaras. §Low clover swaras, “730‘% maize silage. zOpuon

Opzion 3.
DM. dry matter.

| = Opuon 3. }§0puon 2a =

© 1996 Blackwell Science Lid, Grass and Forage Science. 51, 21-31
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ONsEs over waole farm

Opuon 't aaenny Denutriticanon NH. volanhizatuon Tortal Loss ger LU
loss
Sturmvs Siurryz Storsy
appucanon appucation cutning appiicatun House
Case tudy e b3 5 103 123 24 133 160 =3
! 04 13 207 103 58 2.3 138 36 9
24 i8” .4 I8~ 30 e Gt 0] 1l 30 3
b 5" 9.4 ”T 30 15 it i1 nl 6
2 29 4 2 6 (B8 11-3 09 30
+ s % 7l 33 9.5 113 "9 2
2 ) 3.3 143 34 21 03 = 55 32

4 i crang fo the modet of Schoienieid of ad.
slnciudes dimty v

(ion DY 2 conventiomal vacuum tanker spreader.
Studies have shown st injection of slurry reducss
NH, volatilization sostantially (Phillips er al..
19a0), Option | assumes that the slurry is injected
with a shallow i injector (to 60 mm). and that NH,
\oknuz“non is reducad to 10%% of that from >pre.xd-
ing (B. F. Pain. pemonal communication). This
would require careful dming as other studies (van
der Weerden er 3/, 1994, have shown that under
some 2avironmental sonditions. losses from shai-
lowly injected slurry =n be at least as great as from
conventional spreading. We assume that the methed
is erfective and provides another 20 kg of N ha™! in
the soil that is avajlabie ror uptake and to substitute
for N fertilizer (Tabje 2). Losses through leaching
and denutrification are assumed not to have been
arfected by injection. Although this may not be the
case (van der Weersen er al..1994), there are
insurficient dara to be able 10 predict etfects with
any confidence. Fupthermore. run-orf wouid also be
reduced and if injectiom took place at the approori-
ate time, any leaching would also be reduced: the
JSSUmDUOH for the prsent purposes is that these

fects wouid bmanca

T'ﬂe tactical N appmach would take account of
the immediate arfects o conserving available N in
this way. and over the ! lgnger term. of any 2nhanced
build up of potentiaflly mineralizable N either
through the reduction i the loss of mobile organic
matezials ransported im run-off or 2ventual reiease
from more stabie formsaf organic matter. However,
If it is assumed thar the present impact is restricted
0 reducing NH, volagiization from 22 to 2 kg ha™!
(Tabie 3), the ferilizer requirement is 155 kg N
ha™', i.e. an overal] rednetion in fertilizer N of 38%,

1991

and/or as described by Jarvis 11993

and a total annual input to the rarm therasore. of
kg N ha~! compared with 337 kg N ha ™" : Tapie 2).
This reduction wouid be achieved at no cost o0 drv
marter preduction, and stocking rates and animal
production could be maintained.

Losses of N for this management system can then

be calcuiated as berore. i.e. from the mode! of

Scholefield er al.. (1991) or as described previously
(Jarvis. 1993).

Oprion 2: replacement of fertilizer N by
bioiogicaily fixed N, by white clover

Losses of N from mixed grass/white clover swards
nave been substantially lower than those from
highly fertilized ones, especiaily where these were
grazed (Ryden er al., 1984). This finding sncour-
aged the perception that biologicaily fixed N, had
less environmental impact than that derived from
mineral N fertilizers. More recently, studies have
shown that N losses are related o0 the N inputs into
the system, regardless of their origzin. and conse-
quently depend on the production and animal carry-
ing capacity of the enterprise. Thus. when
unrertilized {N) grass/clover pastures wers com-
pared with N-fertilized zrass swards there was little
dirference in the quantities of NO,~ N leached
(Cuttle ¢r al., 1992), and Jetermined by stocking
rate urespective of the origin of the N supplied
(Curde and Jarvis, 1993), with N loss ha~! increas-
ing with increasing animal numbers.

Although few direct comparisons have besn
made. one of the conseguences of reliance on white
clover would be a reduction in the stocking density
and overall production trom the system. For the

S 1996 Blackweil Science Lid. Grass und Forage Science, 51, 21-31
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JCth‘-'Cd in an Jdcquut::y tertilized one tse2
Scholedeid and Tvson. 1992) and that production
per animal remains the same. This would reguire
0% less herbage dry mawer. The model of
Scholefizld er ui. 11991 can e used :0 esumate the
N supply required 0 produce :his quanuty of dry
matier tassuming that there wouid be no dirfereace
in requirements with ferulizer or dxed N,) and the
associuted losses then estmated as before. The
annual input from white clover required for this
level of production is 144 kg N ha™* over the whoie
farm and this is the basis of Copton 2a :Tubie 1.
Proportionate decreases in farm slurry preductic
tand its impact) would 2iso resuit and [osses are
culated on that basis. Livestock carrving capacity
decreases from 2-17 livestock units {LU) ha ™ in the
case study to 1-74 LU ha™ (Tabie 2}

In fact. the requirements for the white clover ©
make inputs of N of :his order may be overestimated.
[t has been shown that under carertully controiled and
sustained managemeat guidelines, 30% of he stez;
carrying capacity on Zrass swards with 420 kg N on
mixed swards can be achieved with very low (< 3%)
white clover contents ( Parsons 2 al. 1991‘ Parsons
er al. (1991) estimated that anly 24 kg N qa™* were
fixed by the clover under :his rezime and :here were
concomitant low N losses compared with the ughiy
fertilized sward. Although :t may not be possibie 0
transter directly these dndings to gzrazing camie. it
does indicate a potentiai 10 reduce the reguirement
for the amounts of N, fixed whiie maintaining dry
matter preduction. As a further sxample thersfore
(i.e. Option 2b), the effacts of reducing fixation rate
by 50% to 72 kg N ha™! on N lcsses are also shown
(Table 3). The stocking rate was presumed 0 have
remained at 1.74 LU ha~

Option 3: use of "orage maizz

Most of the inerficiencies in N utilizatton witun
animal production systems relate to poor utiization
of dietary N by rumtnants -Beever and Revnolds.
1992). Under average conditions. the 2fiiciency of
utilization by dairy cows is 16-23% (van Vuuren
and Meijs, 1987). For the case study farm i Tabie 1),
the estimate for the overall conversion of N into
milk by cows and protein into growth of the young
animals was assumed to be 20%.

Dietary N utilization is more erficient with mix-
tures of maize and grass silage than with grass
silage alone (van Vuuren and Meijs, 1987:

production. substitution of maize »11 ge for a pro-
poruon of the 2nsiled grass may be an erfective
opton. Miik production per cow was assumed to be
unaffected by this <ubstitutions This is probably a
Jonservative  Jassumption as  2Xxpemments have
shown that miik vieid s increased by incorporation
ot maize silage in the diet (Phipps. 1990). Stocking
density is assumed to remain at 2-17 LU ha™' Ata
harvestapie drv matzer vieid or 10 t ha *. an area of
19.7 ha is required 0 zrow maize to substitute for

half of the 2asiled zrass in the case swudy. This can
be zrown without use of ferrilizer N ‘Phipps and
Pain. 1973) and. therefore. has the immediate
‘he overall fertilizer reyuirement
for the rfarm ‘rom 9 t 20 !<4:1 t(i.2. t0. Jn average,
for the whoie farm. Table 2

[n Cpuon 3. maize is grown on he better drained
land currently occupted by younger swards. As
aiready indicated. the N requirement of the mai:

1mmxu of reducing

crop is provided rom the stored manures and ‘~vould

greduce forage with |-3% .\"‘Jgn the drv mauer. This
mezns that in ‘otal the dietary intake of N in con-
served forage and concentrates (which remain as
berore: in this >pticn 'wouid be 11-2 t compared with
12:7 t with 2nsiied grass in the case study farm
Tabie -li. Assuming that. because production is
maintained. N in muik and animal tissues remains
the same ‘i.e. 3-1 ), total amounts of N excreted
would decrease ‘rom 20-1 t o 19-1 t and from 10 ¢
to 3-7 t in winter while the animals were indoors.
Thus, as well as reducing N inputs. use of maize
prcducss a slight increase in utilization efficiency of
dietary N from 20% w0 21%. At the same propor-
tional rate or loss Hy \IH, from the houses and stores
as in ‘he case study ‘i.2. 10-3% or the 2xcreted N),
some 7-3 t N would se nvauaole for application 0
land compared with 3-1 ¢

Culuvarting an established sward to provide a dith
suitabie for maize may cause reiease of N through
an :ananced rate of mineralizaton. Surges in the
soii mineral N content delow disturted grass swards
indicate that :his couid e substantial {Llovd. 1992).
but this couid e minimized by growing maize con-
tinucusiy on the same area of land. There are few
data 1s ver on which o base sstimates of ieaching
and other losses but recent Dutch studies (Schrdder
er 21, 1993) on a sandy soil have shown that NO;—
leaching can be substantial. The present farm hdh
much less fresly draining soils and so leaching
losses from the maize area are assumed 0 De less
than on the Dutch sandy soil and 2qual to 23% of

S 1996 Blackwell Science Lid. Grass and Forage Science. 31, 21-11



2% 3.C Jarvisistal,

that under grass in the convenuonal management.
To Jcnieve this requires that the siurry N is unlize

erficiently and ideaily applied 21ther immediateiy
berore or Jduring the cultivanon phase with rapid
incorporatton. or dunng the rapid zrowth stage of
the maize 'by band spreading. tor 2xampie:. If this
took place during spring, thea leaching and run-off
resulung from slurry application 0 the maize is
minimized. NH, voiaalizavon wouid be reduced
because of rapid incorporanion. but has been
assumed t0 be 104 of the total N added i compared
with 18:6% when slurmry is surtace spread) and
denitrification to be =2quivaleat o 20% of ‘the
NH,~—N s berore. Again it is probable that inac-
curacies in assumptions for any one component Jf
the losses will be balanced by differennal erfects in
others.

The assumed 10 t of harvestable maize Jdry matter
ha™" will represent only a proportion of the total dry
matter producsd. which is assumed to be 12 tha™"
At 1-3% N in the drv marter. this overail yieid wouid
require 3-53 t N. If older swards were used there
woulid be a significant supply through mineraiiza-
tion: this would be reduczd with younger swards but
if maize cropping were repeated on the same irea.
repeated applications of slurry would buiid up
potential for release. Forty-five per cent of the slurry
N is in NH,~ form and availabie for plant uptake:
some of the remainder will e in an easily mineral-
ized form and become availabie during the growing
season. This is assumed to be 50-50% of the non-
NH,~ N. With this composition and behaviour. and
taking into account losses as defined 1bove. a toral
of 7-2 t N is nesded to0 be supplied from slurry 0
producs the required 2mounts of harvestabie maize
silage. i.¢. most of that held in the store (Tabie 4).
Ctlizaton of N in this way therefore provides a
sink for most of the N in slurry and leaves a residual

0-7 t N t0 be appited (0 the grassland. Denutnrication
and NH, losses from this component were caicu-
lated as before and 'eaching surtace run-off losses
have been assumed {0 be Z2ro Hecause. on average,
lower application rates would ve used ind/or more
approprate nvironmental condittons <an be chosen
for the smailer volume 0 be iiscersed.

Options + und =: inanuagement . oimptrdiions

The options so rar considered have 2uch oeen dased
upon a singie major hunge 10 exisiing management
procedures. [t is obviously gussibie 0 integrate 4
aumber of options and we :nerefore 2iso onsider
the effects of comopiming maize silage oroduction
with tactical ferulizer appiicanon tOpticn 4) or with
grass/clover (Option 3). In this lamer case. mixed
swards with the higher white clover contents
(Cption 2a) were assumed. [n both optons the
assumptions were 1s berfore and the residuai slurry
ected into the respective zrass or grass/clover
duced the
area requiring N ferulizer and lowered the averags
overail requirement 0 113xgha™ (Taple 2) with
concomitant reduction in losses. which were caicu-
lated as described before. as 'vere those associated
with the slurry applied 0 muwze (Cption 3) or
injected into the sward iCgdon 1). Livestock
production was maintained ar 2:17 LU ha™' For
Option 5 (grass-clover with maize silage). the
assumptions made apout the rrass-clover area ind
the production of maize 0 provide 30% of the total
silage were as for Options 2a and 3 respecuvely.
Because maize ailows an increase in dry matter pro-
duction per unit area compared with the mixed
sward, the area required o producs haif the silage
nesded for the same stocking -ate as Opuion 2a i
1-74) is less at {3-7 ha. An alternanve would e

was i

swards. In Option 4. maize preduction

2.
0

Table 4. Amounts of N in componeats of housed ammal systems ander different management regimes (8 Jer ANy sysiem der yearn)

N in conserved feeds N excreted N :tored N in siumy Jppued <
Option Grass i/clover) Maize siiage Cone Grass cloverr  Maize wrea
silage irea
Case stuay 303 - 378 1019 314 94 -
t 393 = 375 10-19 )14 >14 =
2 714 - 300 315 3 T3 -
b 744 - 300 315 4 | -
3 126 295 373 368 79 )"§ Tum
4 446 295 375 3:08 779 )75 704
5 337 236 3490 713 = A2 a2
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mantan e maize area at 197 ha and ¢
iigntly. acsepuny that
ion of aoilutants,

Effects of managements on aitrogen balunces
and losses
It it Sle

1993y that “he calcaluted @

i from the dreswous anaivsis Jarvis,

instens Af N o

Ly farm o amosphere and drainage ve

stanciai and syuivaient o 160 kg N ha” r
T4 kg Noper LU - Tuole 31 Tins represented 477 of

the ol annuai tnput Hut is 20siDIV A4 sudstantal
af the annual

e

undersstimate because a futther 32
inputs werg a0t accounted for. Although this may

represent inadequate ssumation of some of the
losses, aspecuaily of Jeauntiganon Jarvis, 1993, a
substanuiui proportion of the 'maccounted for N may
be immobiiized n soil )rgm‘:’:c matter. Studies on
stmilar soil type witn simuiarly 1g=d swards :n SW
England 1ave shown that 54 X2 N ha™" per vear
were immootiized ( Tyson. 19935, Thus rate occurred
with long-term swards. dut would aot remain con-
stant and N accumuiation would decrease with ume.
However. it can e ssumated that at the current
status of the sresent swards .9 t N per vear couid be
immonilized.

All the preposed opuons had erfects in reducing N
losses by at least 327 : Cotion 3. maize silages and at
best by %6z ‘Opuon 3. zraswclover swards plus
maize compared with the case study rarm (Tabie 3.
The reiative impomance of individual compoenents of

Tabie 3. Nitrogen 1nputs. ourcut and [osses

Duir. Arng svsiems. Snvironmental impac: i

the losy changed with each vpaon. [n the case study.
he ratos of leaching 0 Jdemunficanon and NH,
losses were approximateiy 1:1:0.9. Changing o

mixed rrassiclover swards Cption 23 and @

crical
femilizer and maize 1 Cpuon 5. althougn reducing all
‘he fonses, incrzased the relative imporance of NH,
volatitzation so that the zquivalent ratuos were
Poiab2 and 1213013 respectvely. Siurry injection
r maize production on their awn reduced che
and che relatuve :mportance of NH, loss

amounts,
None of the proposed Hpticns made specific attempots
N,

to retuce NH, emission rom houses and stores.
wineh vas always 337 or greaterion average, 49%;
of the otal NH, loss. New approaches to reducing
NH, duxes from amimai houses are being nvesti-
1994, Although the on-

¢ developed. this

ated - Ketelaars and Rap
farm zecanoiogy for this is not ¥

may become more imrortant as the consequences of
NH, smissions from livestock rarming for environ-

mental Juaiity become more precisely determined
Hutchings eral.. 1993). [n the meantime. manipula-
nen of management. z2ither to reduce the quantities
of 2xeretal N from housed animais or 10 make better
use of that uppiied to fand. provides the best opportu-
awty o rzduce NH, sutput.

Leacaing losses were aiso reduced by all the
opticns with the lowest guantties lost rrom the
ross/clover and maize silage combination (Option
). The case study farm is based on a generaily
v soil. which would lead to relatively low
‘eaching losses. Nevertheless, the losses in all of the
opuiens. @ven when marked reductions have been

U

from dairy famung systems o ge

OConion
Cuase ~tugy H D=3 b 3 4 5
tirzer Qad) &y - - .72
muspnere HEE )] 1) Lol 1. i
Fixacon 1Th )"h [RIRY 547
Cancentrates Lnd Seuding 3 a3 13 RIS ML
Farm total i38 1932 2 2y
urouts 1nd iosses
Ourouts
Mk and oroen 5ol 50 108 408 3.0 S0 L8
Losses
Leaching 16 43 I L67 143
Cenitnficacon =39 07 1- 3:32 132
NH. volauhzauon lon 2:36 2 228 137
Farm total 052 ~00 470 328 522 19
Unaccounted tor $:32 878 391 1-73 T08 441 191
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whieved, were suil signiicant. Results from o
similar soil type in SW England (Scholefield e uf..
19931, showed that a loss of valy 31 X2 ha™ per
year resuited in inal NO,”-N concentrations
greater than [ 1-3 mg 17" in drainage. i.2. greater thun
the EC limit. Assuming similar 2ffecss in our study.
anly dptions 2. 4 and 3 would have preduced acal
leachate concentrauons lower than the EC limic {n
general. the ssumated denitnnication and leaching
losses were almost 2qual aithough. as indicated pre-
viouslv, it is probable that the denitnficauon 2sti-
mates may have been 100 low. Basing the farmung
system on other soil types with different drunage
churaczeristics would influence the balance of loss
from these two processes consicerabiy. L2, more
leaching from coarser textured. or more deniuni-
cation from heavier soils.

The impact of a change to a white clover-bused
N economy was in all cases considerabie. with
reductions per unit area in all the individual com-
ponents of loss. It is also informative 0 examine
the losses in relation to animal production. Sirong
positive relationships between shezp stocking race
and NO,~ leaching have been estabiished in the
past iCuttle 2r al.. 1992). With the present options
it can be sesn clearly that whereas low losses per
unit area could be achieved with a ‘normal’ ciover-
based sward {Option 2), production was reduced
and losses per LU were greater than. or squivalent
t0. those based on improved fertilizer manage-
ment. Nevertheless. it was clear that total losses

ere low, 2specially where white clover contents

were low (Option 2b) when they were of a similur
magnitude to those recorded by Parsons 2r ai.
(1991) with shesp-grazed pastures. To achieve and
sustain such a sward with a low clover composi-
ton under cartle farm managements may not be
practically achieved or easily sustained. but would
apparently provide a very efficient utilization of
the N cycling within the system. For a system such
as Option 2b to function properly requires that N is
recvcied rapidly and effectively (Shezhy. 1‘339).
Thus. Parsons er al (1991) estimated that 238 kg
of N were recvcled by excrema in the pasture
system with an annual input of 24 kg of fixed N.
Where inputs of N from clover have been
increased. for example in a grazed white Siover
monoculture, NO,™ leaching {Macdurt e ui..
1939) and NH, volatilization (Jarvis er al., 1991)
were increased to rates that were similar to those
from highly fertilized grass swards.

The annual input of N, from all sources. 10 an
inteasive animal production system s large. Le.

over 25-3 tin the case study farm. of whiea oniy
20 per cent was converted NLO ammal oroducss.
327 was not

o was :snm;ued‘m\“:"l' lost and 327

4
accounted for. [nputs were reducad in ail the cpuons
considered. 10 10-3 t:n Opuon 2b. [n this lawer case.
the apparent 2tficiency of conversion into 1sudie

product was incremsed o 39T, whiie iosses
remained "N‘L‘\‘ﬂl\‘(ld[ v the ~ame. and the unuc-
counted for N was reduced 0 16-2% of the ol
Assuming that immobilizanon of N in olunt
residues (n the sotl accounted for 436 ¢ Tuson.
1093) in all the spuons. this would remove il o the
excess N in Options 2b. 4 and 3 and at feast 9<% of
and 3. Although there are

that :n Opuicns !, 2
opportunities for losses. 48 vet unquantified. in
soiubie vrganic forms tn drainuge or siluge rtiuents
for exampie. the remainder of the 2xcess N s most
likely to be accounted for Dy de’mnm._uon
Denunfication issessments are surrently :
underestimate losses through shortcomings in tech-

nigues (Smith and Aran. [990) and an nabiity to
make measurements in all components of the
system. [n some of e options, particularly those in
which maize was invoived. there may have desn
Jreater Opportunity over tme Ior proportionately
morz N to be incorporated in the soil s drganie
matter from Jung and plant residues. Although this.
in tum. would reducs the immediate losses through
denitrificanon. there is the possibiiity that 2nhanced
mineralization ‘would nccur Secause of the Jultural
requirements of the maize <rop and s would
promote further loss Dy both denirirication and

leaching.

Effects on greenhouse gases. N,O and CH;

This paper has cenued thus far on effecss on N
cveling and losses per se and the modiried manage-
ments have been devised with N erficiency in mind.
The original case study farm has also been =xam-
ined (Jarvis and Pain. 1994) in terms of its impact
on 2mission of N.O and CH, and it ts of value to
look at the =ffect that the options have had on these
two gases. N,O losses wers zreatest in the case
study system and reduced fo varving degress in the
alternative managements by over 0% in Cpuon 2b
{low clover) but by at least 43% n the remuinder
(Table 5). The assumption throughout qas Seen that
the products of Je'mnnx.auon «N, and N,0) remain
in a fixed proportion (i.2. 3:1) in all situations: this is
unlikely to be the case. Changing amounts and
forms of N inputs are also likeiy t0 have had effects
on the proportions of N,O released during
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Table 0. Nirous VXiGe 2MISSIONS [FOM YAV TUFTINYE SYSEMS 1vdiles denved 48 descroed v Jarvis .nd P, 1994)

Nha Farm total

dpuen Wastes return eN sg NLU Ky CO.~ suurvaient
Case stuay Ed bl 1o 736 T293
i 32 = Nn) AL 428n
‘J 479 o) 3 =
b <4 - l)~_‘: _2..)_\' i
b} ! 2:) )0 225
3 < %3 1Al 302
= =) 2 )X 240
s 36 3 Ml 337

= Assumung 2 radiative 2ifect per N O motecuie of 200+ pacof CO.

denrtrincanon. Recent studies have shown that refa-
avely fess N.O is produced when NO, ™ subsirate
levels are low Scholefieid «r ul.. 1992), 5o that the
N.O losses from the lower mnput systems may have
bezn lower than indicated. '
Methane release was little arfected by the preseat
management changes. The case study farm was 2st-
mated 0 2mit aearly 12 ¢ CH,-C dunng the veur
Jarvis and Pain. 1994). in the main from the rumi-
nants themselves. There may have besn some
arfects of the dietary changes imposed by the
opuons invoiving zrass/clover and the incorporation
of maize silage ' Jurvis and Moss. 199<) but the :al-
culated effects of these would be reiatvely smail.
The major differencss were betwesn white clover-
based and the other systems. because of lower live-
stock carrving capacity of the white clover-pased
farms. Thus. the total emission ¢ but not that per LU
would be reduczd. on a pronomonz:d dasts 10 35t
CH.-C in Opuons 2a, 2b and 3. i.e. from 30:0 t 10
240t CO, equivalents mssun'ung a mdiauvc srfect
per CH, moiecule of thirty times that of CO.) for the
whole farm. Methane was always 30% or more of

emission in CO.  equivalents).
N munugement of the farm had a sub-
tin changing the totul CH, contribution
from 30¢% of the effect in the case swdy farm to
92% n Option 2a. '

Effects on support eneray

Support 2nergy use s Jf :mporance aot only
because it represents a major <ost 0 the farmer, bu't
also because of its relevance 1o the overail sustain-
abiiity and 2nvironmeatal impact of the system and
o 2missions at various points "up-siream’ from the
farm. Support energy costs for forage production
and conservation. based on White er al. (1933)
varied between 433 and 1923 GJ 'Tabpie 7). All of
the system modifications reduced the support
energy required compared with the case study with
the requirement per LU being more than halved in
Opuons 2a. 2b and 3. All the reductions arose. in the
main. from the reduced terulizer N use. which rep-
resented 56 of the rotal support 2nergy in the case
study rarm. - ’

Table 7. Support 2nergy required (o produce herbage and <onserved rorage :n ary famung systems

GJ ha™' (wnole-farm tasis) Total
Jpoon Dage productont Heroage =nsiiings Maize oroduct. Gim- GILL- Farm GJ
ELEHT IR
Cuase stuay 207 48 - 53 il 1923
: =3 192
i 16:3 14 - 34 R 1626
22 2.4 36 S 57 3 4:‘3
2 s : 3
b 2l 3a = s 33 i
3 teg N N 1 =i e
3 i5-3 23 4 37 04 1629
‘_‘ 124 23 39 8 30 144
5 -
3 17 -3 b4 57 39 309
“Basedon 73 MJ kg™ N. T MJ kg™ Pand T MI kg™ Kv.mu.m.Lssumeu average application rate of "8 kg Pha™'. and 112 kg X ha™") and

#ith N rates accoraing 0 particuiar management opuon. Allowance ot |

2GJna" for fuet and machunery and with exera 3 GJ h.x" for siurry

‘"}tglon in | and 4 ibased on White ¢ al., |983). zFor areas devoted to grass siaye. :nouts of 7-2 GJ ha™' for fuel and machinery and 3 9 GJ
ha™* Yor storage: figures reduced by 20% for grass/clover o allow for fower vieids (based on White et .ad.. 1983). $A totai of 15-0 GJ ha”

Maize production and ensiiing without rertilizers ( Wilkinson, [1981).
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Conclusion

The possibiiities for reduction in environmental
impact of dairy farms are evident and the options
considered here all have apparent potenual for
reduction in input and losses. As well as immediate
sffect on N balances. there were benefits for 2ach
aption in reducing N.O emissions and support
energy inputs. The implications of 2ach chunge for
N are complex because of the nature of the grass-
fand N cycle and have conseyuences for other
phases of the system. Although it was clear that N
derived from white clover was the best option as far
15 total losses were concerned. a lower stocking rate
resulted in similar rates of loss per unit of produc-
tion to those systems based on improved ferulizer
management. Introduction of maize had imporant
effects as demonstrated elsewhere (Weissbuch and
Emst. 1994). However. it should be noted that there
are still many poorly detined factors influencing N
transfer where maize is concerned. especially long-
term effects on mineralization rates and effective
atilization of mineral N supplied from slurry. The
availability of current models and information for
component parts of the system is a necessary pre-
requisite for a systems synthesis approach. In order
1o provide confidence in the estimates, some sensi-
tivity analysis is required but until data from experi-
mental systems are available. this will be difficuit o
achieve. In the meantime. the present ssumates
provide a basis for detailed consideration of effects
of these and further changes on N budgets.
However. there will be practical difficulties associ-
ated with a greater reliance on fixed or excretal N
because of uncertainties in rates of N supply from
these sources. There will also be significant zco-
nomic implications of the various management
options described here. The effects of vptions such
as these on economic returns from the dairy farm
system are being examined in a further study.

Acknowledgments

The work described was funded by the Ministry of
Agriculture. Fisheries and Food. London.

References

AARTS H.F M.. BiewiNGA E.E. and Van KEULEN H. (1992) Dairy
farmung systems based on efficient nuuent management
Netheriands Journal of Agricuitural Science. 40. 235-299.

Beever D.E. and Reyvoups C.K. (1994) Forage quality und
amimal pertormance. [n: t"Mannetje L. and Frame J. (eds.)
Grassland and Sociery, Proceedings of the I5th General
Meening of the European Grassk { Fede . Wagenming
pp. 48-60.

Cau T2EN PJ. 119911 Methune suks and sources. Vadure. Londony
330 IR0-381 ~

CotTLE 5.2 and JARMIS 3.C. JU9s) Thuver and fertitier uscd
strategtes o lmiC Mrate eacmng 0 conventional dgnuuiure =
relevance of fesedrch 10 arganic famung Systems, Bunogrcal
Aericuiture und Horncalire 11, 13314

CoTTLe S.P.. HaLLskDp M., DaMeL G. and SCURLOK R.Y 1992)
Nitrate lescning from sheep irazed rrass/Clover and fertiized

Journai of \grteniturat Science. Camoriaee

2risy pasture
119, 335-342.

GitL K. Jaryvis $.C. anu Hatcd DJ. (1995 Mineralicaton ot
aitrogen A long-ferm dasture soils  effects of munagement
Plunt and Sou. 172, 1 2/

HutoHinGs N. 1. Somyier 3.G. and Jarvis $.C. 19951 A modet o
ammonia volatiizaton  from a4 frazing livestoex rarm
Ammospherte Potlution 30. I3Y-349

INDITE (1994} [mpact of Nurogen Deposwion in Terresirial
Ecosvstems. Lundon: D.O E.

PCC (1992) Climate Change [992: The Supptementars Resort
the [PCC Scieaufic Assessiment. Hougnwn J.R.. Callancer 3.A.
and Vamey 3.K. teds) Camondge: Cambndee Universits Prass,

Jarvis S C. (1993) Nitrogen cyciing and fosses from dairy ‘arms.
Soul Use und Management. 9. 99=105.

Jagvis 5.C. and Moss . (1994) Methane smussions from Jaury
tarm systems. Worksnop Proceedings of the [Sth Generul
Meeting of the European Grassiund Federanon. Wagemngen.,
pp. 218-223.

Jarvis $.C. and Pary B.F. (1990) Ammonia volaulizaton from agn-
cuitural land. Proceedings or the F{-ulizer Soctery, 298, (=35

Jarvis 5.C. and Pain B.F. (1994 Greennouse gas enussions from
(ntensive livestock systems: their ssumation and tecanvlogies
for reduction. Climatc Change. 27. 27-38.

JarviS S.C.. Hatcn D.J. and Rey~oLDs 3.P. (1991) Micrometeoro-
logical studies vf AmmonIa emission from sheep Jrazed >wards.
Journal of Azricuiturai Science. Campriage 117.99-103

Jagv1S S.C.. ScHOLEFELD D and PN B.F. : 1993) Niwogen cycling
wn zrazing svsiems. (n: 3acon P.E. red.t Nirogen Ferniizanon in
+he Environment. op. 381-+19. New York: Marcel Dexker.

KeTeLAARs JJM.H. and Rap H. 11994) Ammonia volatiizatnon
from unne ippited to the door of a dairy cow bdam. [n:
t'Mannege L. and Frame J. teds.) Grassiand and Socterv.
Proceedings Of the [Sth General Meenng of :he Europesn
Grassland Fed. . Wageningen. pp. +13—17.

LLoYD A. 1 1992) Nitrate leaching foilowing the dreak-up of Zrass-
land for araole cropping. Vitrate and Farming Systems. Aspects
of Applied Biology 30. 2+3-247.

MacDUFF JLH.. Jarvts 3.C. and Roserts D.H. (1989) Nimue
leaching under grazed srassiand: measurements using ceramic
cup samolers. [n: Merckx R.. Verecken H. and Vlassak K. reds.)
Fertilizanon and the Environment. pp. 72-78. Leusen: Leuven
University Press.

MAFF (1994) Fernlizanon Recommendanons. Reference Book
209. 6th edn. London: MAFF.

PaRsONS AJ.. PENN(NG P.D.. Lockyer D.R. and RYDEN JiE,
(1991) Uptake. cycuing and fate of mirogen in Jrass—clover
swards conunuously zrazed by sheep. Journai of \gricuitural
Scrence. 116, 47-0l.

PeARSON J. and STEWART G.R. (1993) The deposiuon of stmos-
phenc ammonta and s effects on plaats. New Phytoiogist. 125,
283-303.

PriLLPS V R.. Paiv B.F. ind KLARENsgEK J.V. (1990 Factors
influencing odour and ammonia 2missions dunny and after he
land spreading of animul manures. [n: Nieisen V.C.. Vourburg
J.H. and L'Hermute P. teds.) Odour und Ammoma Emissions
Jrom Livestock Earming. 2p. 9R—106. Barking: Elscvier Appiied
Science.

Pripes R.H. (1990) Maize: a Review of Reseurch Finaings 'n
Relation :0 Amimai Productton. Occastonal Symposium No. 24
B8ritsh Grassiand Sociery. pp. 107-119.

Putpes P.H. and Pawy B.F. (1978) The efficiency of energy used in
forage maize producuon. [n: Bunung E.S.. Pun B F. Phiops
P H.. Wiikinson J.M. and Gunn R.E. (eds) Forage Maize
Production and Utilisatton. pp. 323-336. London: AFRC.

@ 1996 Blackwell Science Lid. Grass and Forage Science. 51.21-31

ReEs Y.J.. Pay B.F. PHILLIPS V.R. und KLARRENBEEN L.V (1992)
The :nfuence of surface and sub-surtace methods for g1 slurry
Jppiicanon on herbage vields and mirogen recovery Grass and
Forage Science. 48, 38— 1.

RypeN J.C., BaLL P.R. and GARWOOD E.A. ( 1984) Nitrate leaching
trom grassland. Vature tLondon), 311, 30-3 5

SCHOLEFIELD D. and Tyson K.C. (1992) Companng the levets of
nitrate leacning from grass/clover ind Neterulised zrassiands
grazed with beer cattle. Proceeaings of the !$th Grner;l Meenng
Europeun Grussiand Federanion, Lanu. Finland. pp. ¥ 5

SCHOLEFIELD D.. LOCKYER D.R.. WHITEHEAD D.C. and Tvson K.C.
{1991) A model to predict transformatons and losses of nirogen
in UK paswres rrazed by beer caute. Plant nd Soi. 132,
165-177

ScHOLEFELD D.. TYsoN K.C.. GRAWOOD E.A.. ARMSTRONG A.C..
Hawkins J. and STosg A. (1993) Nirate feactuny from grazed
grassiand lysimeters: effects of ferniizer mnput. feld Jra'mug:.
age of sward and pacermns of weather. Journal of Sui Science
H A0 I=ni3.

SCHOLEFELD D.. HAWKINS J.M. and JACKSON .M. 1994 Use or a
‘How uver’ ncubation technique without acetylene oiocking ©
measure the =ffects ot the factors controiling deannficavon 10 a
grassiand soil. Proceedings of he Sth Nurogen Waorksnop.
Gient, 1994

SCHRODER J.J., TEN HOLTE L.. VAN KEULEN H. ind STEENVOORDEN
JH.AM. 11993) Effects of nitnficanon mpubuors and ame and
ate of siurry and ferulizer N applicanon on silage maize yieid
and losses to the environment. Ferniizer Reseurch. 34,

267-277.

)-333

SHEEHY J.H. (1989) How much demirogen fixauon ts required in
grazed grassiand ? Annals of Boranvy. 64, 159-161.

SumH KA. and ARad J.R.M. (1990) Losses of aurogen by
deminfication and ¢mussions of airogen oxides from soils.
Proceedings of the Ferulizer Sociery. 299, 1=34

THOMAs C.. REEVE A and FisHER G.EJ. (eds.) 11991) Milk jrom
Grass. ICY/SAC/IGER. Reading: Briush Grassiand Soctety.

TiTeHEN N.M. and ScHOLEFIELD D. ' 1992) The zotenal of a rapid

Daury farming svstems: environmental impac: 31

test ror sotl muneral N to determune tactical appitcauon of rerul-
1zer atrogen o grassiand. [n: Vitrate and Farmng Svscems.
Aspevts of Appiied Swiogy. 30, 223-129

TitcHEN N.M. and SCHOLEFIELD D. 1 1993 Tucacui fertiliser upphi-
cafx:m on commerctal dairy farms. /GER Annual Reporr {993,
P

Tyson K.C. (1993) Finui Report on the AFRC-ADAS Druinuge
Expertment, 982 -/995. Okenampton: [GER. 33 pp.

Van Der WEERDEN T.J.. MiskL3rook T.H. and Paiy B.F (1994)
Ammonia emission and dennneaton following surrace soread-
ing and injection of cacle siurry to zrassland. {n: ¢ Mannege L.
and Frame J. teds.) Grassiund and Soctery. Proceedings /"r' the
15th General Meenng of the Europeun Grasslund Fraeraton,
Wageningen, pp. 471472

Van VUUReN A M. and Mens JA.C.. (1987) Effects of derbage
compusition and supplement fzeding on the excretion of Astro-
zen in Jung Jnd unne by rrazing dairy cows. In: Van der Meer
H.G.. Unwin R.J. van Dyk T.A. and Enmik G.C. ieus.). \numal
Munure on Grassiund and Fodder Crops. Fernlizer or Waste
pp. i7-25. Dordrecat: Martinus Nijhooft.

WEISSBACH Fand ERNST P. 1994y Nutnent budgets and rarm
management (o reduce nument zmussions. [n: (' Mannege L. and
Frame J. leds.) Grussiand and Svcterv, Proceedings of the !Sth
General Meeung ot the European Grassluna Federation
Waugeningen. op. 343-360)

WHe D.J. WiLkinson .M. and Wilkuns R.J. (1983) Support
Energy Use in Anumal Produc:ion from Grasstand. Occaswnal
Svmpostum No 4. Britsh Grassiand Socery.

WiLKINs RJ. (1993) Environmenal constramnts to production
systems. [n: The Pluces ror Grass in Land Use Systems.
Reading: 7p. 19-30. Bausa Grassiand Soctety. )

WILKINSON J. M. { 198 1) Potentiai changes in efficiency of grass and
forage conservauon. [n: Joilans J.L. (ed.) Grassiand in the
Bruusit Economy. CAS Paper 0. pp. 414428, Reading: CAS

Zimmer E. and WiLKkiNs R, 1984 Efficiency of silage sy\tems. A
companson  betwesn unwiited and  wited  silages
Lanubaurorschung Volkenrode. 69. 38 pp.

(Recevied 8 Augusr 1995; Revised 30 November [995)

© 1996 Blackwell Science Lid. Grass and Forage Science, 51, 21-31




G.W.H. WELLES
P

.

environmental etfects of various systems. Environmental balances for different mate-
rials and systems are being evaluated.

Finally. the general concern of the public about the effects of soilless culture on
environment. consumers’ health and traditional agricultural production. should be
anticipated by information on energy and nutrient input/output sheets. quality of
products and environmental risks. Studies by Gysi & Reist (1990) reveal that. with
respect to the above-mentioned criteria. intensive soilless production can to be con-
sidered more favourable than soil-based intensive production. If consumers are cor-
rectly informed. it may stimulate their appreciation of integrated horticultural prod-
ucts. and enable the widespread introduction of these environmentally safer produc-
tion systems.

Conclusions

[n order to establish a sustainable. safe and competitive glasshouse horticulture.
productien systems and management have to be improved. Clean production systems
are need{d not only because of governmental aims, but also because of changing
consumer attitudes towards the product quality in relation to the production process.
Only advanczd integrated production systems with minimim inpunts and emission
can fulfil the strict environmental aims. However, also the reluctance of consumers
must be overcome to allow the horticultural industry a successful conversion from
traditional soil-based systems to integrated (soilless) systems.
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Abstract

N

[n Dutch dairy farming. dramatic nutrient losses occur. causing serious environmental prob¥
lems and representing an economic and energy waste. So tarming systems have to be devel-
oped based on efficient nutrient management. A dairy farm is characterized as a system with
soils and crops. forage. cattle and manure as main components. Simple models of nutrient
flows in and between components of the farming system were used to design a prototype
system for a new experimental farm on sandy soil. that has to meet strict environmental
demands. Experimental results of this farm will be used to improve the models and the models
will be used again to optimize the prototype system. Initial results of modelling suggest that
nutrient losses can be reduced considerably by more accurate management and introduction of
rather cheap and simple measures. However. more radical and expensive modifications of the
farming system are necessary to meet future standards of the Dutch government for maximum
allowable emissions.

Keywords:
dairy farming, forage production. milk production. environmental demands. nutrient flow.
nutrient utilization. nitrogen, phosphorus

Introduction

Dairy farming. occupying about 65% of the cultivated area and providing the main
income to some 35% of its farmers. is the most important sector of Dutch agriculture.
In the past. milk production systems were characterized by careful use of animal
manure, limited milk production per hectare and integration of arable and dairy
farming (Damen. 1978). Over the last decades, however, these systems were strongly
intensified by increased inputs of anorganic fertilizers and purchased feeds. Introduc-
tion of the milk quota system in 1984 has resulted in a decrease of about 15% in milk
production. At present. average annual milk production on dairy farms is about
11500 kg ha”, but considerable differences exist between regions and individual
farms, with systems on sandy soils being more intensive than on clay or peat soils.
Intensification has also led to a serious imbalance between inputs of nutrients in
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Table 1. Average annual nitrogen: phosphorus and potassium balances of specialized dairy farms
on sandy. peat and clay soils in the Netherlands, 1983-1986 (Aarts et al.. 1988).

Sand Clay Peat

N P K N P K N P K
Inpur (kg ha'")
- fertilizers 331 15 20 340 19 6 295 12 17
- concentrates 137 25 74 122 21 65 127 23 68
- purchased roughage 44 7 34 28 4 18 33 5 20
— atmospheric deposition 48 1 4 39 l -+ 42 1 4
- miscellaneous 3 0 4 9 1 3 37 3 3
total 568 48 146 538 46 96 534 44 112
Outpur (kg ha'')
- milk 67 12 19 60 11 17 61 11 17
- sold livestock 14 4 1 11 3 1 11 3 1
- miscellaneous 1 0 0 l 0 0 0 0 1
total 8% 16 20 72 14 18 72 14 19
Input - Output (kg ha') 486" 32 126 466 32 78 46230 93
Output/Input (%) 15 33 14 1330 19 14 32 17

purch.xscd fertilizers, concentrates. roughage and atmospheric deposition and outputs
in milk and meat (Table 1). On Dutch dairy farms, output represents on average
about 14% of the input for nitrogen (N), 32% for phosphorus (P) and 17% for
potassium (K). The average annual surplus of 32 kg P ha' mainly accumulates in the
soil. but continued accumulation will lead to saturation and leaching. The N surplus
(about 470 kg ha™) contributes to environmental pollution by ammonia volatilization,
runoff. leaching and denitrification. Dairy farming appears to be the major source of
ammonia volatilization and associated acidification (Heij et al., 1991; Van Breemen
et al., 1982). Denitrification would seem harmless to the environment. but in addition
to Ny, N,O is produced, a greenhouse gas that also affects the ozone layer (Bach.,
1989). while denitrification in the subsoil may result in groundwater pollution by
sulphates and heavy metals. Accumulation of N in soil organic matter is difficult to
quantify. because of the large quantities present, but available evidence suggests that
it accounts for a negligible part of the N surplus (Janssen, 1984).

Recently. the Dutch government has presented target values for emissions of N
into the air and into groundwater and surface water, and for additions of P to the soil
in the year 2000. For ammonia volatilization it is set at a reduction of 70% compared
to the level in 1980. The nitrate concentration in the water at a depth of 2 m below
groundwater level should be below 11.3 mg N I''. Total P application in anorganic
fertilizer and manure should not exceed output in crop products. On P-saturated soils
input will be even more restricted. to lower the P content of the soil. Therefore,
societal demands on dairy farming systems with respect to N losses and P inputs are
to become more stringent. requiring more efficient nutrient utilization. In addition,
the health and well-being of men and animals, nature and landscape conservation and
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the use of energy should be taken into account. Nevertheless, costs of milk produc-
tion. including reasonable income. should not exceed financial returns.

The ultimate goal of farming systems research is to offer guidelines to farmers to
design and develop their farms, taking into account their specific circumstances. such
as soil type or farm size. and both short- and long-term objectives. This paper
describes a research approach to generate the knowledge required for improved
nutrient utilization in an economically optimum way. Integration of dairy farming
and nature conservation is discussed elsewhere (Hermans & Vereijken, 1992).

Nutrient flows in dairy farming

Characteristic for dairy farming systems is the combination of plant and animal
production. By exchanging manure and forage between the plant and animal compo-
nents. nutrients cycle through the system. but nutrient losses also occur. In Figure I,
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Fig. 1. Main N flows in an average dairy farming system on sandy soil. 1983-1986. Numerical
values are kg N ha' yr'.

Netherlands Journal of Agricultural Science 40 (1992) 287



H.F.M. AARTS. E.E. BIEWINGA AND H. VAN KEULEN

the main N flows on an “average’ farm on sandy soil are quantified. Only a minor
part of the N consumed by cattle is converted into milk and meat: about 80% is
excreted in urine and faeces. A quarter of this is lost through ammonia volatilization.
especially from the excrements produced indoors. The excessive input of N fertilizer
and the irregular distribution of excrements during grazing result in 40% loss of N
input from the soil. by leaching of nitrate and denitrification (Van der Meer & Van
Uum-Van Lohuyzen. 1986). A small part of the N taken up by the crop is lost by
volatilization of ammonia and other nitrous gasses during growth and forage conser-
vation. Moreover. some ammonia volatilizes from crop residues, left after grazing
and harvesting.

Efficient nutrient management; constraints and perspectives

Single nutrient flows can be influenced by changing management. However. in-
tervening in one step of the cycle may affect nutrient flows elsewhere, i.e. covering a
slurry storage reduces direct ammonia emissions. but most of that ammonia will
volatilise soon after slurry application. unless a low-emission technique is applied.
[njection of slurry into the soil may reduce ammonia emissions considerably, but will
lead to increased leaching of nitrate if the input of anorganic N fertilizers is not
reduced. Therefore. in a strategy aiming at minimum losses. all the components of
the system should be taken into account. Efficient nutrient management implies
efficient utilization of nutrients in all stages of the cycle. Hence, conversion of
nutrients from manure into forage and from feed into milk and meat should be
maximized. Quantifying nutrient balances of the main components of the system can
be useful to identify major losses and to find potential limiting or preventive mea-
sures.

In research ample attention has been paid to single measures to reduce losses. in
the past mainly to economize on fertilizer and feed use. recently mainly to reduce
environmental contamination. A considerable amount of information is. therefore.
available on the effect of various measures on nutrient losses (e.g. Aarts et al.. 1988;
Korevaar & Den Boer, 1990). Unfortunately. the effects of most measures have not
been tested in combination with other measures. Some measures. like avoiding appli-
cation of slurry in autumn. or slurry injection. are almost always very effective. The
costs and benefits of other measures. both in environmental and economic terms.
may depend strongly on specific farm conditions. For instance. growing silage maize
to balance the high N content in the summer diet of cows is difficult on peat soils. On
these soils. however. a comparable result can be achieved by reducing the N fertil-
ization level of the grass. Growing fodder-beets to partially substitute concentrates is
most attractive on farms with a relatively low milk production level per hectare and
consequently a surplus roughage. The costs of reducing N losses by restricted gra-
zing strongly depend on farm infrastructure. Therefore, in principle for each group of
farms with the same relevant characteristics. or even for each farm, a specific set of
consistent measures to meet environmental and economic goals should be developed.
Nevertheless. some aspects of optimizing nutrient utilization in the main farm com-
ponents can be formulated in general terms.
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Cuttle

At maximum. 43% of the N ingested by lactating cows can be converted into milk
and liveweight gain (Van Vuuren & Meijs. 1987), whereas the actual utilization is
only 15-25%. The quantity of faeces N of grazing cows is rather constant (Kemp et
al.. 1979; Van Vuuren & Meijs. 1987). Hence the N surplus in the diet is excreted
mainly in urine.

The quality of proteins in the diet also influences the utilization of N. Part of the
feed protein is degraded in the rumen. The amino-acids and ammonia produced in
the process will be used for microbial growth if enough energy is available. or the
surplus will be excreted in urine. As heavily fertilized grass contains a substantial
surplus of rumen degradable protein. reducing the protein content by restricted fertil-
izer application is an important option to improve utilization during grazing (Van
Vuuren & Meijs. 1987). Including silage maize. with its low protein content, in the
diet has a similar effect (Valk et al.. 1990). Where that is not feasible. low protein/
high energy concentrates are an alternative. P

Utilization of dietary N can also be improved by hrgher milk production per
lactation, because feed requirements per kilogram milk are lower. A higher lifetime
milk production means lower replacement rates. requiring less calves to be reared. a
rather inefficient form of protein utilization.

Animal manure

To restrict ammonia losses, transport time of excrements produced indoors to closed
storage should be minimized by a slightly sloping floor with a central urine-drain and
the use of a dung scraper. Preliminary research results suggest a reduction in ammo-
nia volatilization of 50-60% compared to a conventional stable. Storage capacity for
slurry, covering at least eight months of slurry production at the farm. should be
available to avoid the necessity of slurry application during autumn and winter.

Under the common method of surface spreading of slurry. 25-35% of its N is lost
through ammonia volatilization (Van der Meer et al.. 1987). Injection of slurry into
the soil will prevent ammonia losses almost completely. Also diluting slurry before
spreading. or sprinkling during or shortly after application. may reduce losses con-
siderably.

During grazing, faeces and urine are excreted in patches. leading to very high N
concentrations locally: in urine patches about 500 and in dung patches about 2 000
kg ha' (Lantinga et al., 1987). As N in the dung is mainly in stable organic form.
only some 13% is lost as ammonia. Nitrogen in urine mainly consists of urea. which
easily dissociates in ammonia and carbon dioxide. However. most urine penetrates
into the soil. restricting ammonia losses to about 13% (Van der Molen et al.. 1989:
Vertregt & Rutgers. 1988). while the remainder is transformed into nitrate. Such high
amounts of mineral N cannot be taken up by a crop. so a considerable proportion
may leach. Restricting grazing to daytime reduces the number of urine and dung
patches. If maize is ted indoors. N content in urine will be reduced concurrently. so
that. at a given level of fertilizer input. nitrate leaching will be lower (Korevaar &
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Den Boer. 1990). A zero-grazing system would reduce nitrate leaching even more.
butis detrimental to animal welfare and also labour-intensive.

Soil and crop

recommendation is based only on economic cost-benefit analyses. which at current
prices results in a break-even point of about 7-8 kg DM kg'! applied. For grassland
on clay and sandy soils, the recommendation is 400 kg N ha"' yr, including effective
N inapplied manure (Prins et al.. 1988); for silage maize it is 150 kg N ha' yr'. On
many farms. N inputs are higher, partly because effective N in animal manure s
underestimated. As a consequence, substantial quantities of N will leach to the
groundwater.

Sub-optimal growing conditions are another cause of low nutrient utilization,

* Quite often the expected yield, on which fertilizer application was based, is not

on grassland is much higher under grazing than under mowing. Hence, fertilizer
application should be based on the prevailing growing conditions and the mode of

of the year. To reduce the risk of nitrate leaching in autumn and winter, a catch crop
can be grown immediately after harvest (Scott et al., 1987).

ties and qualities of forages. and the possibilities to apply animal manure. For exam-
ple: on soils with limited moisture supply, feed energy production per unit area of
maize is higher than for grass. so from that point of view, expanding the area of
maize is attractive. However, nutrient uptake is lower, so on maize land less slurry is
permitted. Therefore, expanding the maize area to increase feed energy production
may lead to slurry surplus and increased demand for purchased proteins, which puts
a limit on that expansion.

In current practice, a large proportion of the manure of the dairy farm is used on
permanent maize land. Besides. part of the slurry of Pig farms is used on these fields.

J

As a result P accumulates in the soil. whereas on fields permanently cropped with

and P status of the sojls.
Forage
The proportion of farm-produced forage that is utilized by cattle should be kept as

290 Netherlands Journal of Agricultural Science 40 (1992)

~

S
N

DAIRY FARMING SYSTEMS WITH EFFICIENT NUTRIENT MANAGEMENT

high as possible to restrict nutrient losses from crop residues and the need for pur-
chased feeds that cause extra inputs of nutrients. In practice. losses up to 20% of the
potentially “harvestable" grass production, and about 10% of maize and fodder-beets,
are common. Losses can be reduced by restricting the daily grazing time and the total
grazing period per field. Better timing ‘and methods of harvesting also will reduce
losses in grass and maize considerably and improve forage quality. Generally these
measures will be economically viable, though they put high demands on the motiva-
tion and skills of the tarmer.

Research approach

Whole-farm system research on interactions and overall effects of integrated mea-
sures is needed for a substantial improvement in nutrient utilization, However. that
presents two major methodological problems. First replicates are hardly~ possible,

vations have to be made. An attractive solution to these probiems is to combine
system modelling and system prototyping. Modelling is used to generate and eval-
udte prototype systems (Van Keulen & Wolf, 1986: Spedding. 1990): Spedding.
1988). Prototyping is needed to validate and improve the models. Therefore an
important part of the experimental work aims at quantifying flows of nutrients.
especially N. That includes measurement of animal protein intake. N content of
manure and ammonia volatilization. both indoors and outdoors. Also leaching. min-
eralization and crop uptake of N have to be measured. If models have proven to be
valid. they can be used as a tool for farming systems design and development in
general. thus serving as a means of ‘translating” research results to other conditions.

Svstem modelling

Models represent simplified descriptions of reality. Accurate and reliable predictions
require simple models. calibrated on rather extensive data collected in the envi-
ronment where the models have to be used. Comprehensive models are not suitable
for predictive purposes. These models contain many functions and parameters. each

simple models (Spitters. 1990). Therefore. simple models have been used to describe
and integrate the main components of the dairy farming system. They were used to
calculate the effects of N and moisture supply on dry matter yield and N content of
crops. the influence of method of manure application on ammonia volatilization. and
the effects of diet composition on milk production and excretion of nutrients in urine
and faeces. Some of the relationships between management practices and nutrient
flows have been reliably quantified. such as the effect of slurry injection on ammonia
volatilization. others are more speculative. like the influence of grazing systems on
vield losses, which appear to be strongly affected by the management skill of the
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farmer. Examining the range of responses to this type of measures allows analysis of
the effect of farmer’s skill on farming results.

System prototyping

The most promising prototype. according to the initial results of modelling. will be
examined in practice by a joint effort of the Centre for Agriculture and Environment.
the Centre for Agrobiological Research and the Research Station for Cattle. Sheep
and Horse Husbandry. Recently. the Experimental Farm for Dairy Husbandry and
Environment (‘De Marke') came available for this purpose. The farm is located in
the east of the Netherlands on a well-drained sandy soil. It comprises 55 ha. twice the
size of an ‘average’ farm. but necessary to produce feed for the number of cows
needed for a valid experiment. Some of the environmental restrictions imposed on
the farm have been quantified explicitly in government regulations. others have been
derived from more generally formulated targets and converted into quantitative crite-
ria at farm level. A reduction in ammonia volatilization of at least 70%, compared to
the average situation in 1980, implies an upper limit of 40 kg N ha' yr'. For a
well-drained sandy soil and an annual precipitation surplus of 300 mm. nitrate leach-
ing should not exceed 34 kg N ha™ yr', to comply with the standard of 11.3 mg N I,
Total annual N losses, including denitrification and runoff, should not exceed 128 kg
ha”'. Accumulation of P should be avoided. if the P status of the soil is within the
agronomically satisfactory range. If it exceeds that. the P reserves should be reduced.
For the experimental farm as a whole this implies an annual permitted surplus of 0.4
kg N ha''. Moreover. all manure produced should be applied on the farm. In addition,
K leaching should be minimized. pesticide and energy use limited. well-being of man
and animal taken into account. and financial output maximized.

Initial results of modelling
System design

With the “current” system (I) as a reference, an ‘improved’ system (II) and a “further
improved” system (III) have been designed. based on constraints and perspectives of
efficient nutrient management as described above. The latter aims at meeting the
environmental standards of ‘De Marke". System I can be characterized as a dairy
farm on well-drained sandy soil. comparable to the ‘average’ dairy farm in the
mid-eighties (Table 2). The risk of nitrate leaching is high on this soil. but grass and
other fodder crops can be grown and slurry injection is possible. Measures to reduce
nutrient losses have been selected on the basis of cost-benefit analyses. System II is
characterized by more accurate management. including concentrate supply according
to the individual needs of the animals and more attention to grazing, harvesting and
conservation losses. The measures introduced are relatively simple and cheap. being
already practiced by innovative tarmers. There is one exception. requiring substantial
investments: the slurry storage has to be expanded and covered. System III is charac-
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terized by additional investments and measures to further improve the efficiency of
nutrient management (Tables 2 and 3).

Table 2. Characteristics of a “current” Dutch dairy farm on sandy soil, 1983-1986. and of the same
farm after (further) improvement (data on annual basis).

*Current’ ‘Improved’ ‘Further improved"

farm tarm farm

(system [) (system [I) (system III)
milk production (kg ha') 13 195 13 195 13195
number of cows ha’ 23 1.9 L5
grass (ha) 22 16 16
maize (ha) 3 9 6
fodder-beets (ha) 0 0 3
purchased fertilizer N (kg ha') 330 159 91
purchased fertilizer P (kg ha'') « 15 2 3
purchased concentrates (kg ha 4995 2 348 1778
purchased maize silage (kg DM ha') 2135 0 0
part of feed energy
produced on the farm (%) 57 83 84

Table 3. Measures to reduce nutrient losses on a “current’ Dutch dairy farm on sandy soil.

System components/measures ‘Improved’ farm ‘Further improved” farm
(system II) (system III)

Cattle component

— milk production
— young stock
— grazing regime

— diet grazing season
— diet winter season

Manure component
- slurry storage

- method slurry application

- time slurry application
- stables

Soillcrop and forage components

— fertilizer for grass
- fertilizer for maize
- catch crop

- land use

7000 kg cow ™" vr o 83500 kg cow” yr'

77% of dairy cows
only by day

additional maize silage

expanded and covered
injection
spring and summer

310 ke N ha' vr
145 kg N ha'' vr
after silage maize
more maize

57% of dairy cows

only by day

restricted grazing season
rotational grazing from
4 to 2 day

additional maize silage
fodder-beets and corn-
cob mix to replace
concentrates

expanded and covered
injection

spring and summer
improved floor

dung scraper

235 kg N ha'! yr'
130 kg N ha' yr'

after silage maize

more maize and fodder-
beets
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In systems Il and III. slurry is only applied in spring and summer by injection.
soon to be compulsory in the Netherlands. The LOS[\ of this measure, in terms of
prevented volatilization losses. are about NLG 3.5 kg N. twice the costs of anorgan-
ic-fertilizer N. For economic reasons the stable has not been adapted in system II. In
system III such adaptations have been assumed to minimize N losses. at a cost of
about NLG 23 kg'' N saved. To reduce N intake. and consequently the amount of N
in excrements, grazing has been changed from continuous grazing to daytime grazing
only. combined with feeding of maize silage. as is common practice already at about
50% of the dairy farms on sandy soils. In system III the grazing season ends on 1
October. one month earlier than in both other systems. As grazing is restricted. more
maize silage is needed in systems II and IIL. so grassland is partly replaced by arable
land. In system III. fodder-beets and maize (corn-cob mix) partly replace purchased
concentrates. In system [I. grass is fertilized annually with 310 kg N ha''. including
effective N in animal manure. and maize with 145 kg N ha'. In system III. where
annual leaching has to be restricted to 34 kg N ha', annual N input on grassland is
reduced to 235 kg ha™'. Maize is fertilized at 130 N kg ha'', fodder-beets at 170 N kg
ha'. In both systems. maize is followed by a catch crop to reduce nitrate leaching.
Fertilization rates of crops following a catch crop or grassland, are reduced in ac-
cordance with the expected increased N mineralization. In system III, utilization of
harvestable forage is improved by a two-day rotational grazing scheme. To reduce
feed requirements. annual milk production per cow has been increased from 5 700 kg
to 7000 kg (system II) or 8 500 kg (system III). In 1989, average milk production
per cow was already 6 700 kg, so this improvement has been realised partially
already on most farms. IncreasmU milk production to the level of system III cannot
be realised at once. but it can be achieved by continuous genetic improvement of the
cattle. In system III; the number of calves is reduced to that needed for replacement
of milking cows. so meat production is minimized.

Svstem evaluation

As shown in Table 4. conversion of N intake to milk and meat will increase from
17% to 23% (system II) or 26% (system III). Higher efficiencies could be attained by
further adaptations. such as zero-grazing. lower fertilizer rates on grass. higher milk
production levels or off-farm rearing of calves. However. most of these adaptations
will increase costs of milk production considerably.

As a result of improved manure management in the improved systems. a higher
proportion of N from the excrements reaches the soil component (82% and 90%.
compared to 73% in system [). This results. in combination with the lower N con-
tents of excrements. in a sharp decline in ammonia losses from manure: from 101 kg
N ha' to 50 kg N ha' and 21 kg N ha''. respectively. Similarly. reduced inputs and
improved utilization of nutrients lead to a strong reduction in numem surpluses from
the soil/crop component: from 325 kg N ha' to 113 kg N ha' and 77 kg N ha',
respectively: and from 29 kg P ha' to 0 kg P ha' for both systems. Lower fertil-
ization rates on grass. and replacement of grass by fodder crops lead to lower average
protein production per hectare but total dry matter production on the farm is hardly
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Table 4. The model-calclulated unnual nutrient balances (kg ha ' yr ) of 4 "current’ Dutch dairy tarm on sandy
soil. 1983-1986., and of the same farm after (further) improvement.

*Current’ “Improved’ *Further improved”

farm tarm furm

(system [) (system [ (system [1I)

N P N P N p
Cuttle component
input:
- purchased feed 178 31 63 12 38 10
— forage 313 42 293 42 234 35
output:
- milk 68 12 68 . 12 68 I3
- meat 16 S 12 4 8 2
output/input 17¢% 23% 23% 30% 26% 3%
Manure component
input: .
- excrements during grazing 191 25 htl all 62 8
~ excrements indoors 198 30 183 bR 151 23
output:
— excrements reaching soil 164 25 76 11 56 3
—  manure applied 120 30 147 28 136 33
input - output 103 0 50 0 21 0
output/input T3¢% 100%% 824 100% 90¢% 100%
Soullcrop component
input:
— excrements reaching soil 164 25 76 11 56 9
-~ manure applied 120 30 147 28 136 23
- artificial fertilizer 330 15 159 2 91 3
- atmospheric deposition 46 1 43 1 45 1
- returning forage losses 63 6 24 3 19 3
output:
~  harvestable crop 398 48 338 45 270 R
input - output 325 29 13 0 77 0
output/input 53% 62% 75% 1004 77% 100%
Forage component
input:
- harvestable crop 398 48 338 45 270 38
output:
- consumed forage 313 42 293 42 234 35
input - output 85 6 45 3 36 3
output/input 79%% 87% 87% 93% 87% 93%
Whole rarm
input:
- arificial ferulizer 330 15 159 2 91 3
- purchased concentrates 136 25 63 12 38 10
- purchased roughage 42 6 0 0 0 0
- deposition 16 1 45 | 45 1
- miscellaneous 7 0 4 0 4 0
output:
- milk 13 68 12 68 12
- meat 5 i 4 3 3
input - output 31 191 0 122 0
output/input 35% 30¢ 100¢% 39% 100%
volatlization: from manure 103 50 2
nitrogen accumulation in soil 30 0 0
leaching/denitritication 286 117 32
other losses So 24 19
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affected. because of the higher yields ot todder crops on soils with a limited water-
supplying capacity. The adapted grazing system and reduced harvest losses lead to
increased utilization of forage nutrients. At farm level. the annual surplus of nutrients
already decreases sharply in system II: from 477 kg N ha'to 191 kg N ha''; and tfrom

permanent @rass @ intensively monitored site
crop rotation I (53% arass) O-extensively monitored site
cropo rotation II (37% arass) farm buildings

Fig. 2. Plan of "De Marke".
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31 kg P ha' to 0 kg P ha'. In system III, N losses even decline to 122 kg ha'', just
below the 128 kg ha'' aimed for. Most of the N surplus is lost by leaching and
denitrification. In system I, annual leaching is approximately 135 kg N ha’, and in
the improved systems 44 kg N ha' and 28 kg N ha''. respectively.

Layout of the prototype system

Based on the initial results of model calculations. system III was selected as the
prototype system to be examined on the experimental farm ‘De Marke’. The farm
area was divided into permanent grassland and two crop rotations, varying in the
ratio of grass to arable crops (Figure 2). Most grassland is situated near the farm
buildings, favourable from a farm management point of view, as the cows are milked
indoors. Nevertheless, arable crops can be alternated with grass. for example to
reduce soil-borne diseases. To recover nitrogen mineralized after ploughing the
grassland. fodder-beets are grown first. because of their higher N uptake capacity
compared to silage maize. Only permanent grassland and grass in rotation I will be
irrigazed if urgently needed for grazing.

Yields of arable crops are assessed per field. Grass yield is estimated by measuring
silage yield and calculating intake of the grazing herd. More detailed information is
collected by monitoring the soil-crop system at 28 permanent sites, six of which are
monitored intensively. On permanent grassland and on each of the rotations two
“intensive’ sites are situated, one on a field with a relatively shallow groundwater
level. influencing soil water supply to the crop. and one on a field with a deep
groundwater level. On the 22 less intensively monitored sites. soil mineral N is
measured (in spring and autumn). crop phenological development is estimated
(weekly). crop yield and nutrient contents are quantified (at harvest) and soil fertility
is analysed (every three years). At the intensively monitored sites information is
collected more frequently and additional observations include: soil-water content.
soil-water tension. groundwater depth, nitrate concentration in drain water and soil
temperature. Meteorological data. including rainfall. radiation, relative humidity.
wind speed and temperature are recorded near the farm buildings.

Plot experiments. such as varying N fertilization levels. are only acceptable insofar
their influence on performance of the prototype system is acceptable. Within that
restriction. detailed experiments can provide important information about. for exam-
ple. N leaching as a function of the fertilization level.

Perspectives

The calculated results for the “improved’ system (II) illustrate that nutrient losses may be
reduced considerably by more accurate management and the introduction of an integrated
set of cheap and profitable measures into existing farming systems. As the improved
system does not fully meet the environmental goals with respect io N. further steps are
necessary. However, the performance of system III suggests that environmental standards
can be attained. even at a relatively high milk production level per hectare.

From agricultural practice, results have been reported from farms reducing the N
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surplus within a couple of years by 25-50% (Korevaar, 1992), mainly by better utilization
of roughage. hence reduced concentrate input and reduced fertilizer input. partly compen-
sated by better utilization of animal manure.

First steps in farm development towards integrated farming systems seem at least
cost-neutral and may even be profitable because of lower inputs. Subsequent steps need
more skill and are more expensive. However, preliminary calculations on the financial
results of system [II suggest an acceptable income. provided milk prices remain stable.
Therefore. most dairy farms characterized by average or below-average milk production
per hectare have rather favourable prospects. However, farms that are very dependent on
purchased feed either have to reduce milk production per hectare or export animal ma-
nure. Under present Dutch conditions of substantial manure surpluses, reducing milk
production seems the least expensive.

The experimental farm *De Marke' aims at development of advanced prototypes of
integrated farming systems. Subsequently these prototypes will be introduced on com-
mercial farms for testing and further improvement. Introduction of the systems on a large
scale requires the support of extension and education. and a stimulating environmental
policy. Registration of inputs and outputs of nutrients at farm level was started in the
Netherlands in 1990 on a voluntary basis, as a first step. In addition an adequate system
of levies and premiums should be introduced to accelerate transition from the current
farming systems to integrated systems with due attention to different goals.
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ABSTRACT

There are 43 Environmentally Sensitive Areas (ESAs) in the United Kingdom: 22 in
England, 6 in Wales, 10 in Scotland and 5 in Northern Ireland. Farmers within these
designated areas are able to enter into voluntary, 10-year management agreements for
which they receive annual payments Jor farming in a way which seeks to maintain and
enhance the landscape, wildlife and historic or archaeological interest of the area. The
combined area of the ESAs in the UK is 3,356,000 ha, covering around 15% of the
agricultural land area. ESAs encompass the range of habitats which are influenced by
agricultural operations, although grassland has been particularly targeted, there being
1,058,733 ha in total within the ESAs, 353,999 ha (33%) of which was under agreement
at the end of 1996. A range of grassland types occurs in ESAs, including a significant
proportion of the hay meadow, chalk downland and wet grassland communities which are
important for their nature conservation interest. This paper provides an overview of the
ESA Scheme, with particular reference to the grassland resource, and summarises the
associated monitoring and research and development programmes which have been
established in support of the scheme.

THE ENVIRONMENTALLY SENSITIVE AREA SCHEME

Background

The Environmentally Sensitive Area (ESA) Scheme was introduced in the UK in 1987
following the passage of the enabling legislation (Section 18 of the Agriculture Act 1986).
The Broads Grazing Marshes Conservation Scheme had previously been run as a pilot in
1985-6 (MAFF, 1989) and similar voluntary management agreements were operated by
the Exmoor National Park in the early 1980s. The aim of the ESA Scheme is to maintain
the landscape, wildlife and historic value of defined areas by encouraging beneficial
agricultural practices. The scheme is voluntary and farmers and other land managers with
responsibility for agricultural land within the designated areas are able to enter into 10-
year management agreements and to receive annual payments in return for adhering to
specified management prescriptions.

Since 1987 the ESA Scheme has been expanded and there are now 43 in the UK
covering some 15% of the agricultural land area. Of these, 22 are in England, 6 are in
Wales, 10 in Scotland and 5 in Northern Ireland. A list of the ESAs in the UK is given
in Table 1, with details for each of the date of designation, the area which is eligible to
be entered into the scheme, the approximate area of grassland (all types) and the area of

Table 1.

Environmentally Sensitive Areas in the UK (position as at end 1996)

ESA Date of Elgible Permanent Grassland un
designation area (ha) grassland (ha) agreement (b
England
Avon Valley . 1992 3.800 3.300 908
Blackdown Hills 1993 32.014 29 389 3,900
Breckland 1988 51,600 3.500 2,639
Broads 1987 24,000 17,334 15,352
Clun 1988 18.900 15,000 4,201
Cotswold Hills 1993 66.100 28,000 14,087
Dartmoor 1993 84.514 34,600 10,171
Essex Coast 1993 23,000 12,700 2,486
Exmoor 1992 68,362 35.440 24,008
Lake District 1992 219,300 162,800 87.865
North Kent Marshes 1992 11,600 7,300 3,400
North Peak 1988 50,500 3,900 2.876
Pennine Dales 1987 39,100 39,132 25.471
Shropshire Hills 1993 34,900 34,400 7,760
Somerset Levels & Moors 1987 25,900 23.722 15.032
South Downs 1987 51,700 14,865 5,584
South Wessex Downs 1992 38,737 10,771 4,784
South West Peak 1992 27,000 23,500 14.031
Suffolk River Valleys 1988 32,600 13,100 8,917
Test Valley 1988 3,300 2,400 1,178
Upper Thames Tributaries 1993 23,194 10,686 4,081
West Penwith 1987 6,914 3.752 3,392
Total: 937,035 529,591 262,183
Wales
Anglesey 1993 60,000 45.000 3.346
Cambrian Mountains 1987 119,600 83,720 24,078
Clwydian Range 1994 26,000 19,500 937
Lleyn Peninsula 1988 39,700 27,790 2.205
Preseli 1994 104,000 78,000 1.325
Radnor 1993 80,000 060,000 7,812
Total: 429,300 314,010 39,703
Scotland
Argyll Islands 1994 177,400 14,175 1,723
Breadalbane 1987 140,000 10,926 948
Cairngorms Straths 1993 148,700 15,686 297
Central Borders 1988 28.800 11,339 89
Central Southern Uplands 1993 220,300 36,732 0
Loch Lomond 1987 36,900 4.017 130
Machair of the Uists, etc. 1988 12,000 4,025 641
Shetland Islands 1994 144,900 15.477 910
Stewartry 1988 48,500 22,220 743
Western Southern Uplands 1993 131,000 29,422 34
Total: 1,088,500 164,019 5515
Northern Ireland
Antrim Coast 1993 21,840 12,977 12.495
Fermanagh 1993 28,280 17,953 15,779
Mourn Mountains 1993 14,559 3,029 2.692
Slieve Gullion 1994 2,462 1.119 882
Sperrins 1994 46,928 16,035 14,750
Total: 114,069 Sililil3 46,598
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grassland that had come into agreement by the end of 1996.

The criteria for ESA designation used in the latest round of English designations are
that the area must be of national environmental significance and represent a discrete and
coherent unit of environmental interest. In addition, its conservation interest must be
dependent upon the adoption, maintenance or extension of particular farming practices
which have either changed or are likely to change, Ot which could, if modified, result in

a significant improvement in that interest (Harrison, in press).

Environmental Aim and Objectives
The overall environmental aim of the ESA Scheme is to maintain the landscape, wildlife
and historic value of the designated areas by encouraging beneficial agricultural practices.
This is achieved through specific objectives which, although broadly similar, are tailored
to each ESA and focus on the priorities of the area concerned. The ESA Scheme Is
¢ designed and run so as to integrate the landscape, wildlife and historic interests of each
area and the specific objectives have been drawn up with this in mind. Details of the
objectives for each ESA are given in MAFF (1994) but they typically make reference to:
e maintaining and enhancing the wildlife conservation value of each of the habitats for
which the area is particularly noted,
e maintaining and enhancing landscape quality; and ,
e maintaining and enhancing the archaeological and historic resource. 5

Performance Indicators
‘Performance indicators’ have been defined for each objective in each ESA and specify
the targets which should be achieved during the five year period following the launch of

the ESA (or re-launch after each qumquennial review). They provide a means of
measuring the success of the scheme and 2 framework for its management and evaluation
through an associated monitoring programme. performance indicators cover uptake and
environmental impact and include a combination of:
e overall uptake targets (usually in the form of a percentage of a type of eligible land that
should be under agreement);
e targets that relate only to agreement land (e.g. the percentage of a certain type of
feature which should be renovated); and
e environmental impact indicators which relate to the desired result of the imposition of
ESA management agreements on various types of land (e.g. the maintenance Of
enhancement of botanical diversity or bird populations).
Full details of the performance indicators for each ESA are presented in MAFF (19%4)- §
These, and the associated objectives, are being reassessed as part of the current round of §
quinquennial reviews. :

Management Tiers and Prescriptions .
Under the current rules of the ESA Scheme, farmers and land managers with land I $§
the designated areas are able to enter into ten-year management agreements (although

there is an option for termination after 5 years) for which they receive an annual paymem-
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Each ESA has one or more tiers of entry in which the agricultural practices, or
prescriptions, which have to be followed are specified. The nature of each tier depends
upon the particular circumstances of each ESA, but may include, for example:

e the protection and management of existing habitats and features;

e the traditional management of hay meadows;

e the maintenance of high water levels in wetland habitats; and

e the reversion of arable land to grassland.

Although the precise details of the management prescriptions within each tier vary, they
usually place a restriction on the use of certain cultivation techniques, stocking rates, the
use of fertilisers, fungicides and insecticides and the introduction of new drainage
infrastructure. They also usually include a requirement to maintain watercourses and
boundary features. Some tiers impose more stringent management regimes than others and
may, for example, require specified water levels to be maintained or place restrictions on
the level and timing of grazing and/or the application of fertilisers. The payment rates
which apply to each tier reflect the income foregone and, if appropriate, the need to
provide an incentive.

THE GRASSLAND RESOURCE IN ESAs

The habitats specifically targeted by each of the ESAs in England and Wales are
summarised in Table 2. Grassland is of particular importance in the context of the scheme
and is the only habitat targeted by all ESAs. The total amount of grassland (all types) in
each ESA is shown in Table 1; the overall extent of the resource in the ESAs in the UK
being approximately 1,058,733ha, some 353,99%ha of which (33%) has come into
agreement.

A wide range of grassland types is represented in ESAs and many are particularly
important for nature conservation. The significance of the lowland grassland resource in
England has been assessed for each of English Nature’s Natural Areas (Jefferson, 1996).
This involved scoring each Natural Area on a five point scale from ‘outstanding’ to
‘negligible’, based on the estimated extent of lowland semi-natural grassland. Since the
boundaries of most ESAs correspond quite closely with Natural Areas, a subjective
assessment of the relative importance of the grassland resource in each ESA can be
obtained. Table 3 shows the assessments for Natural Areas which include or coincide with
ESAs. This indicates that the grasslands in seven ESAs are classed as ‘outstanding’, with
the remainder being at least of ‘some’ significance. In England as a whole the grassland
resource is classified as ‘outstanding’ in 12 ESAs.

There are a large number of neutral, calcareous and acid grassland and mire plant
communities of high botanical interest represented in English and Welsh ESAs. The
presence of significant National Vegetation Classification (NVC) communities (Rodwell,
1991 er seq.) is summarised in Tables 4 and 5. These include important concentrations of
the English resource of wet grassland associated with grazing marshes and river
floodplains; calcareous grassland, in particular chalk downland; and hay meadows. For
€xample, there is an estimated 53,000ha of wet grassland in English ESAs (Glaves, in
press). This represents around 27 % of the total English resource, estimated as 200,000ha
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(Dargie, 1993: DoE, 1995). The South Downs and South Wessex Downs ESAs include
around 9,200ha of calcareous grassland on chalk (ADAS, 1996; MAFE, in prep. j) which
represents around 29% of the English resource of 32,000ha (Jefferson & Robertson,
1996). In addition, important concentrations of calcareous grassland on limestone ocecur
in the Cotswold Hills, Lake District and Pennine Dales ESAs.

Table 2. Habitats targeted in English and Welsh ESAs.

ESA Grass Wet Wet- Arable Arable Low- Moor Water Stone Hedge Wood
Jland grass land (rever field land -land -cour walls -rows -land
-land _sion) m’gins_heath ses

England

Avon Valley
Blackdown Hills
Breckland

Broads

Clun

Cotswold Hills
Dartmoor

Essex Coast

Exmoor

Lake District

North Kent Marshes
North Peak

Pennine Dales
Shropshire Hills
Somerset Levels & Moors
South Downs

South Wessex Downs
South West Peak
Suffolk River Valleys
Test Valley

Upper Thames Tributaries
West Penwith
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Table 3. Lowland grassland significance assessments for English Nature Natural
Areas which include English ESAs

ESA Principal Natural Area Significance assessment’
Blackdown Hills Blackdowns Some
Breckland Breckland Outstanding
Broads Broadland Significant
Clun Central Marches Some

Cotswold Hills
Dartmoor

Essex Coast

Exmoor

Lake District

North Kent Marshes
North Peak

Pennine Dales
Shropshire Hills
Somerset Levels & Moors
South Downs

South Wessex Downs

Greater Cotswolds
Dartmoor

Thames Marshes

Exmoor and the Quantocks
Cumbrian Fells and Dales
Thames Marshes

Dark Peak

North Pennines/Yorkshire Dales
Shropshire Hills

Somerset Levels and Moors
South Downs

South Wessex Downs

Outstanding
Considerable
Some

Some
Outstanding
Some

Some
Outstanding
Notable
Outstanding
Considerable
Outstanding

oy L R

South West Peak South West Peak Some

Suffolk River Valleys Suffolk Coast and Heaths Notable

Upper Thames Tributaries Oxford Clay Vales Considerable

West Penwith Cornish Killas and Granite Some

Note: The small Avon Valley and Test Valley ESAs form or cross the boundaries of a number of

Natural Areas and are thus not included in the table.
" after Jefferson (1996).

MONITORING AND EVALUATION

An extensive programme of environmental monitoring has been established in order to
assess the degree to which the performance indicators are being met and thus the
achievement of the objectives of the scheme. An evaluation of the monitoring results is
undertaken to inform the review of each ESA which takes place every five years. An
analysis of the results of the monitoring exercise for the initial tranche of five ESAs which
were launched in England in 1987 was completed in 1996 and is presented in MAFF
(1996a-¢). Grassland monitoring has also taken place in second and third tranche ESAs
(MAFF, in prep. a-k). Critchley (in press) provides an overview of the botanical
monitoring methods which have been used in ESA monitoring.

Although it is only possible within the scope of this paper to provide a broad overview
of the results from the monitoring programme, the overall indication is that the wildlife
conservation interest of the areas concerned is being maintained. This compares
favourably with the situation prior to designation where the interest of many of the areas
was deteriorating. The wildlife conservation value of hay meadows in the Pennine Dales,
for example, appears to have benefitted from the ESA Scheme; the species diversity of
unimproved meadows having been maintained, whereas a general decline was noted
during the period from 1978 to 1990 (DoE, 1993). Another indication that the scheme is
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enefits comes from the Somerset
bird numbers. Other examp

bringing positive b

evidence of an increase n les are describe

Levels and Moors where there is

d in the detailed

monitoring repoits (MAFE, 1996a-¢; 1997a-K).

Table 4.  Neutral grassland and fen-meadow or rush-pasture National Vegetation
Classification communities (excluding moorland) of high botanical interest
in ESAs in England and Wales (community types are described in Appendix
1) '

ESA Neutral grasslands Fen-meadows and rush-pastures

Community: MG MG MG MG MG MG MG M M M M M M
2 3 4 5 8 1 13 72 23 24 25 26 27

England

Avon Valley s * # x %

Blackdown Hills * sk s e i

Breckland ok ”

Broads * * % s s ok &

Clun . * * # ®

Cotswold Hills  { ok

Dartmoor * T ¢

Essex Coast *

Exmoor * * T *

Lake District ok *% * * % *

North Kent Marshes *

North Peak * ® ®

Pennine Dales s kK T ® * *

Shropshire Hills *oR

Somerset Levels & Moors 2 * Rk kk KR sk kk Rk KK #o

South Downs *k *

South Wessex Downs *ok *

South West Peak * * ®

Suffolk River Valleys * * * N wk

Test Valley * * * % * %

Upper Thames Tributaries * * ok *

West Penwith * ® *

Wales

Anglesey * * * *

Cambrian Mountains ? * *

Clwydian Range *

Lleyn Peninsula * * * ®

Preseli * * * *

Radnor 2 * * * * * i

Notes:  Where the resource is important in terms of quality and/or extent this is indicated as **

grassland communities of lower botanical interest,
G10 are also widespread in ESAs

Other NVC mestorophic
MG6, MG7, MG9 and M

9 indicates that similar communities h
be confirmed
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The monitoring programme has also shown that the scheme has been successful in
maintaining the landscape quality of the five first tranche ESAs. Indeed, there has been
a significant enhancement of the landscape quality of two of these ESAs where the
reversion of arable land to grassland has led to major changes in the landscape. The
objective of maintaining the archaeological and historical resource within ESAs seems
largely to have been met, principally through affording increased protection to such
features by encouraging the reversion of arable land to grassland (Harrison, in press).

Table 5.  Calcareous, acidic and miscellaneous National Vegetation Classification
grassland communities (excluding moorland) of high botanical interest in
ESAs in England and Wales (community types are described in Appendix 1)
ESA Calcareous grasslands Acid grasslands Misc.
Community: CG CG CG CG CG CG CG CGCGOV U U U U SD'MC
1 2 3 4 S5 6 7 9 10 37 1 2 3 4
England
Blackdown Hills * % ¥ % ¥ ¥
Brﬁckland kK Kk KK KK ¥k E kK
Broads *
Cotswold Hills ¥k em sk A%
Dartmoor L
Exmoor A . ik
Lake District L [ %
North Peak #
Pennine Dales ek . iy ¥ ® *
S()Ulh DOW“S kK * %k k) LS 3 * * k%
South Wessex Downs L
South West Peak *
Suffolk River Valleys %%
West Penwith H L *%
Wales
Anglesey AL * TR BF
Cambrian Mountains ¥ *
Clwydian Range Hk oKk *% *k * *
Lleyn Peninsula # * *
Preseli * ® *
Radnor *
Notes: Where the resource is important in terms of quality and/or extent this is indicated as **

Other NVC acidic grassland communities of lower botanical interest, in particular U20 (and other
bracken communities) are also widespread in ESAs

" various sand dune communities

*various maritime grassland communities

RESEARCH AND DEVELOPMENT

An extensive programme of research and development has been and continues to be
carried out in connection with MAFF’s agri-environment programme. A summary of the
research projects relevant to ESAs which had been completed or were ongoing in 1995
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is presented in MAFF (1995). Many other projects have been initiated since then and -

MAFF’s current funding commitment amounts to around £800.000 year. A number of the
research projects funded by MAFF are the subject of papers at this conference.
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APPENDIX 1

National Vegetation Classification grassland communities of high botanical interest in ESAs

in England and Wales.

MG2  Meadowsweet-false oat-grass ‘northern tall-herb grassland’

MG3  Sweet vernal-grass-wood crane’s-bill ‘northern hay-meadow’

MG4  Meadow foxtail-great burnet ‘flood meadow’

MG5  Crested dog’s-tail-common knapweed ‘lowland hay-meadow/pasture’

MG8  Crested dog’s-tail-marsh-marigold ‘flood pasture’

MGI1 Red fescue-creeping bent-silverweed ‘inundation grassland’

MGI13  Creeping bent-marsh foxtail ‘inundation grassland’

CGl Sheep’s fescue-carline thistle ‘warm temperate limestone grassland’

CG2 Sheep’s fescue-meadow oat-g=ass ‘lowland species-rich calcareous grassland’

CG3 Upright brome ‘lowland calcareous grassland’

CG4  Tor-grass ‘lowland calcareous grassland’

CG5  Upright brome-tor-grass ‘lowland calcareous grassland’

CG6  Downy oat-grass ‘lowland limestone grassland’

CG7  Sheep’s fescue-mouse-ear hawkweed—-wild thyme ‘lowland calcareous grassland’

CG9 Blue moor-grass-small scabious ‘northern sub-montane/montane carboniferous limestone
grassland’

CG10  Sheep’s fescue—~common bent-wild thyme ‘northern sub-montane calcareous grassland’

OV37  Sheep’s fescue-spring sandwort ‘metalliferous (calaminarian) grassland’

Ul Sheep’s fescue-common bent-sheep’s sorrel ‘lowland acid grassland’

U2 Wavy hair-grass ‘acid grassland’

U3 Bristle bent ‘south-western acid grassland’

U4 Sheep’s fescue-common bent-heath bedstraw ‘sub-montane acid grassland’

M22  Blunt-flowered rush-marsh thistle ‘lowland fen-meadow’

M23  Soft/sharp-flowered rush-marsh bedstraw ‘western lowland rush-pasture’
M24  Purple moor-grass-meadow thistle ‘lowland fen-meadow’

M25  Purple moor-grass-tormentil ‘western lowland mire’

M26  Purple moor-grass-marsh hawk’s-beard ‘northern sub-montane mire’
M27  Meadowsweet-wild angelica ‘lowland mire’

SD Various sand dune communities

MC Various maritime grassland communities
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Nitrogen cycling and losses from dairy farms ,

S. (I.l!irvis

Abstract. The concern over leakage of nitrate into waters and loss of other forms of N to the environment
demands an appraisal of N flows within complete systems. The grassland N cycle is complex, with interactive
controls over fluxes and transtormations, and has the potential for considerable losses. Although there are data
from experimental systems, a total comprehension of flows is not yet possible.

Intensive dairy farming has a number of opportunities for leaks. A ‘model’ system in SW England has an
annual input of 25.6 tonnes of N: of this only 20% is transferred into protein or milk, a further 46% is lost to the
wider environment, 34% is as vet unaccounted for and much is recycled. Recent research has provided new
techniques to decrease losses. To mect the joint requirements of production and environmental concerns we need
to consider N flows and supplies on an integrated, whole farm basis, and to take better account of mineral N in the
soil profile in relation to current crop demand, local climate and past sward management.

INTRODUCTION

P ERCEPTIONS of the way in which nitrogen (N) is utilized
and of the amounts that are recycled within grassland
farming systems have changed enormously in recent years.
All nutrient cycles are complex, and that of grassland N is
particularly so because it involves not only soils and plants
(and their constituent components) but also the ruminant
animal. Unlike arable cropping, grassland agriculture also
involves perennial crops, which may include legume species
capable of fixing atmospheric N;, and is targeted at the
efficient husbandry of both plants and animals.

Nutrients such as N cycle between many of the various
components of grassland systems at rates which are as yet
poorly defined, especially where they are influenced by soil
characteristics and conditions. The controls over the fluxes
and transformations of grassland soil N are complex and
highly intcractive; mathematical (Thornley & Verberne,
1990; Scholeficld et al., 1991) and conceptual (' Mannetje &
Jarvis, 1990) models describe flows of N within grassland
systems, but there are many missing details. However, there
is a growing awareness that within animal production
systems there is a very inefficient transfer of N into the final
products (meat, milk or wool). Consequently, there is
potential for harmful leakages of excess, mobile N into the
wider environment, cither as nitrate intoagaifers or as gases

AFRC Institute of Grassland and Environmental Research, North Wyke,
Okehampton, Devon, EX20 2SB, UK.

into the atmosphere. Leakage of other nutrients can also occur
but it is particularly important with N, which can change
into forms that readily ‘escape’ from agricultural control.

Nitrogen fertilizers have been an important component of
grassland production in recent years. Responses to very high
levels of addition, whether gauged by plant or animal
production, have been well documented (Baker, 1986), and
as a result large amounts of N are used in intensive lowland
grass production. Recently there has been a levelling off in
application rates in the UK, but over 11% of intensively
managed systems receive more than 300 kg N/ha (Dampney,
1993). For intensive dairying, the recommended maximum
rates are 300-380 kg N/ha for grazing and 340-420 kg N/ha
for cut swards (ADAS, 1990). Recommendations for
grassland on non-peat soils in The Netherlands also range
up to 400 kg N/ha (Ocnema et al., 1992). Recent studies
have shown that where inputs are high there are often
opportunities for the equivalent of much of the added N to
be lost by leaching (Macdufl e al., 198%; Tyson, 1992),
denitrification (Jarvis ef al., 1991) or ammonia volatilization
(Jarvis, 1991) from various components of the system. Such
losses are no longer acceptable and current legislative,
cconomic and public pressures demand that N use is
optimized and that measures are defined to allow both
environmental and cconomic goals to be attained. This will
requirc a full appreciation of N movements in grassland
systems. This paper provides a description of N flows
within a dairy farm using recent experimental data, model
calculations and best estimates.
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NITROGEN CYCLING WITHIN A DAIRY
FARM

In order to sustain the production requirements of intensive
dairy systems, considerable flows of N into, within and
from the farm are required. This paper examines these in a
‘model’ enterprise which encompasses the main features of a
hypothetical, but typical, dairy farm in SW England. The
characteristics of the farm (Table 1) are taken directly or
calculated from results achieved by grassland farmers par-
ticipating in the ADAS ‘Milk Cheque’ consultancy scheme
(Whipps, 1991). The scheme covers 1447 herds of all breeds;
because of their participation these are likely to represent
the better-managed enterprises in the UK. Discussion with
ADAS consultants provided further information for Table 1.

The model dairy farm is a holding of 76 ha and has soils
ranging from moderately well-drained loams to poorly drained
clay loams. The milking herd consists of 102 cows (Whipps,
1991), with 70 replacement heifers and 40 young animals for

beef production (ADAS, pers. comm.), equivalent to a total of

165 livestock units (I.Us). The milk production of 5554 litres
per cow is sustained by silage production (at 9 t fresh weight
per 1.U), total bought-in feeds equivalent to 1459 kg per cow
and by grazed grass during a grazing period of 185 days.
Other materials brought into the farm which ultimately con-
tribute to the mobile N pool include bedding and fertilizers.

D]

Annual inputs to the farm

Production responses in dairy systems have been very much
stimulated by N fertilizer, supplied not because there are
shortfalls of N as far as the animal is concerned, but to

Table 1. Characteristics of a model dairy farm enterprise in SW England

I.and areat: 76 ha
Soil type: loam —clay loam: moderate -+ poorly drained
Numbers LU
Stocking: milking cowst 102 102
replacement heifers} (yr 1) 35 26
(vr 2) 33 14
beef calvest (vr 1) 20 15
(vr 2) 20 8
Toral 212 165

Milk productiont: 5554 ljcow  Total 366,508 1

tonnes DM

Silage production: 9 tonnes FW/LUZ (26.5% DMt) 3935
Bought-in feedst:
concentrates 1390 kg/cow (@ 87% DM) 1233
others 69 kg/cow§ (@ 87% DM) 6.1
Bought-in bedding§:
chopped straw for cow cubicles (@ 120 kg/L.U/180 days) 12.2
foose housing for other animals (@ 530 kg/LU/180 days) 334
Volume of wastesY: m
slurry/farm wastes ((@ 37 I/LU/180 days) 1693
dirty water (‘@ 18 l/cow/day) 670

promote sufficient carbon fixation and plant growth (dry
matter) for high rates of animal production. I'or the farms
within the Milk Cheque scheme the estimated average
fertilizer N input was 250 kg/ha (ADAS, pers. comm.); this
is a lower rate of application than, currently recommended
(ADAS, 1990), but is substantially more than the average
ratec for all lowland grass systems. It is assumed in the
present calculations that fertilizer is applied uniformly
across grazed and ensiled areas to give a farm total of 19 t N
(Table 2). Inputs from the atmosphere are probably less
than the 35-40 kg/ha quoted for SE England (Goulding,
1990), but are still significant because of the high density of
livestock and the likely patterns of ammonia volatilization
and deposition; they are assumed to be 25 kg/ha.

Although clover-based pastures do not feature in this farm
management system, some white clover may exist within the
sward, especially in the older pastures. At an average overall
clover content of 1-5%, Cowling (1982) estimated that
approximately 10 kg N/ha would be symbiotically fixed.
This additional N, plus that from atmospheric deposition,
represents a further input to the farm of 2.66 t. Even if the
farm relied much more on fixation of atmospheric N, the
cycling, utilization and loss of N would not differ significantly
from a farm based entirely on fertilizer N, provided total
inputs of N did not change (Jarvis, 1992). The other major
sources of imported N are concentrates and other feeds, and
the straw provided as bedding for the cow cubicles and for the
other animals: together these total 3.93 t N. In total, the annual
input of N to the model dairy farm is 25.59 t N (Table 2).

Recycled N

The annual flows of N through the different components of
the dairy farm are considerable. As well as the direct supply
of N from new inputs (fertilizer, feed, ctc.), plant available
mincral N is also supplied from mineralization of soil
organic matter. In the model farm there are 25 ha of old
(10-25 yr) pasture and 51 ha of recently (4-6 yr) reseeded
swards. If we assume that the organic N content and bulk
density of the soils are similar to those quoted for
experimental pastures in SW England by Tyson (1992),
the top 10 cm would contain 5015 and 4300 kg N/ha

Table 2. Nitrogen inputs to a model dairy farm

Inputs Farm rotal
Source (kg/ha) (t)
Atmospheret 25 1.90
Fertilizers{ 250 19.00
Fixation§ 10 0.76
Purchased feeds®|:
concentrates (@ 2.88% N) 3.55
other feeds ((@ 3.20% N) 0.20
bought-in straw (@ 0.4% N) 0.18
Total 25.59

tTaken or calculated from Milk Cheque (Whipp, 1991).

1ADAS, personal communication.

§Calculated from Whipp (1991) and assumes same prices as concentrates.
CMAFF (1991).

tAssumed figure fur SW England.

TADAS (S. Peel), personal communication.

§Cowling (1982): assumes an average clover content of 1-5%.
SWhipp (1991).
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respectively, giving a total of 345 t organic N in this layer of
the soil over the whole farm. The flows of N from and into
this large pool of soil N are difficult to predict, but it is likely
that the net release through mineralization is substantial. A
similar poorly drained soil in SW England (Blantern, 1991)
with a previously well-fertilized grazed sward mineralized
141 kg N/ha/yr; draining the soil and increasing aeration
increased the rate to 279 kg N/ha/yr. On a well-drained soil
in SE England Hatch er al. (1991) estimated an annual net
mineralization rate of 310 kg N/ha for a fertilized grass
sward. The ‘N-cycre’ model of Scholefield er al. (1991)
predicts that 173 and 149 kg N/ha is mineralized from
soils of the old and reseeded swards of the model farm,
respectively. From these estimatcs a total of nearly 12 t N is
released by mineralization of soil organic matter (Table 3).

Table 3. Amounts of N cycling through components of 2 model dairy farm

Per unit arca Total
(kg/ha) (1)
Mineralized from soilf
25 ha old sward 173 4.34
51 ha resceded 149 7.62

Subtotal 11.96

Contents in harvested herbage

in ensiled grass (‘@ 2.27%)t 8.93

in grazed grass§ 13.03
Excreted NYI - EY

at pasture ' 10.47

during housing 10.19
Stored in wastes

dirty water (20 0.1% N)|| 0.67

farm wastes (@@ 0.5% N)|| 8.47

Subtotal 9.14

tCalculated from Scholefield er al. (1991).

TWhipp (1991).

§Calculated from a daily N intake of 0.427 kg/LU (as derived from winter
period) for 185 day grazing season.

9Sce Table 4 and text tor derivation.

|{Pain, personal communication.

Under most circumstances the apparent utilization of
applied N by grass swards is very efficient. Grass roots are
effective absorbers of N and where grass is cut and removed,
apparent recovery in the herbage is high. Van der Meer &
Van Uum-Van Lohuyzen (1986) showed that apparent
recovery from fertilizer increased from 60% or less before
1975 to up to 90% in the 1980s. On the model farm the total
N removed in the harvested silage is nearly 9 t; most of
which is consumed by animals. If it is assumed that the total
consumption of N per .U is the same during the summer as
that calculated for the winter from ensiled grass plus
concentrates, i.e. 0.427 kg N/LU/d, an N intake of over 13 t
can be calculated for the 185 d grazing period. The total
annual N consumption by the animals (21.9 t) represents an
apparent efficiency of utilization of all annual inputs by
harvested plants of over 85%. Efficiency of uptake into the
sward would be even greater because this calculation takes
no account of the N returned directly back to the soil during
harvesting and through normal senescence of plant tissues,
or of the losses in effluents from silage.

The problem of N losses from animal production systems
usually arises because of the inefficiency of the ruminant at
converting ingested N into milk or protein and liveweight
gain. A maximum of 43% of the N ingested by dairy cows
can be transferred in these forms (Van Vuuren & Meijs,
1987). Often the conversion rate is much less (Table 5). The
excess N is excreted in dung and urine and, on a whole
farm basis (Table 3), nearly 21 t N are excreted during the
year; Table 4 shows the basis for this estimate. Excreted
N is returned directly to the pasture during grazing or
accumulated into farm wastes. Depending on whether it is
in dung or urine, it can be partitioned into relatively
immobile forms as soil organic matter, or into the mobile
mineral N pool from which it will be taken up by the grass
crop or become vulnerable to loss. In practice, much of the
mobile N returned to the sward exceeds immediate local
plant demands and can therefore be lost. Ryden ¢ al. (1984)
demonstrated the effect of excreta by comparing soil nitrate
contents under cut and grazed swards.

Nitrogen excreted during housing is stored as farm wastes
or collected in dirty water (Table 3), the volumes of which
have been calculated using information from MAFF (1991)
(Table 1). Typical N contents for these components of the
dairy farm are 0.5 and 0.18%, respectively (Pain, pers.
comm.). The difference between the total amount of N
excreted during housing (Table 4) and that found in the
stored wastes represents a loss from the system.

Many of the components cycling through the various
broad N pools within the farm need further quantification.
It would also be of value to define retention times within
each pool in order to manipulate rates of recycling and thus
maximize the utilization of N.

QUTPUTS AND LOSSES OF NITROGEN
Qutputs

Much of the N ingested by farm animals is excreted. The
annual offtake of 2940 kg N in milk from the dairy farm,

Table 4. Annual excretion of N from animals in a model dairy farm

Total Total (t1)
per unit area e ettt
Component (kg/ha) Dung Urine
Grazing
COWS 87 2.24% 35
others 51 1.59§ 229
Housing
cows - 2.18% 4.23
others 1.55§ 2.23

tData for cows calculated from difference between consumed N
(grass + silage + feeds) and that removed in milk (Table 5) (see text): it is
assumed that daily intake of N during summer is the same as in winter.
Data for other, young animals is calculated on the basis that (1) intake per
LU is as for mature animals, and (2) 78% of consumed N is excreted (Jarvis
er al., 1989).

+Assumes 66% of excreted N is as urine (Van Vuuren & Meijs, 1987).
§Assumes 39% of excreted N is as urine (Jarvis et al., 1989).
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plus that assimilated into the protein of the ;'(;l;ngcr animals,
represents 27% of the fertilizer N input and only 20% of
the total annual input. There are also other minor transfers
of N into maintenance of the lactating animals which are not

included in the present estimations.

Losses of N [rom grassland

The current major environmental concern is leakage of nitrate
from well-drained soils into waters to be used for drinking.
Other pathways of loss also have to be considered as potential
causes of pollution in their own right and because they may
influence the amount of nitrate leached. Volatilization and
denitrification both result in major losses of N through emission
of gases (ammonia and nitrous oxide, respectively) which affect
atmospheric quality. Gaseous emissions and movement of
nitrate into surface waters will be increasingly scrutinized.

Full definition of the factors controlling leaching from
grassland soils is far {rom precise, though there is some
information for a few UK sites and soil types. For example,
in Northern Ireland relatively new, grazed swards, to which
200300 kg fertilizer N/hajyr was applied, lost on average
33 kg N/ha (Watson et al., 1992), but losses from well-fertilized
long-term swards in Institute of Grassland and Environ-
mental Research cxperimental svstems on well-drained
soils were greater—up to 200 kg N/ha from swards where
420 kg fertilizer N/ha was applied (Macduft er af., 1989).
Leaching losses from an experimental system on a very
poorly drained soil in SW England receiving 200 kg N/ha/yr
have ranged over an 8-year period from 3 to 34 (mean 17)
kg/ha/vr (Tyson, 1992). Leaching losscs at particular sites
increase with increasing fertilizer addition, and escalate
above a critical range of fertilizer input (Barraclough et al.,
1992: Watson et al., 1992).

Computer predictions using the N-cycie model (Schole-
field ¢t al., 1991) suggest that, averaged across the two soil
types on the model farm, 48 and 43 kg N/ha/yr would be
leached from the old and reseeded swards, respectively. The
model’s prediction of the small difference between the older
and newer swards is surprising because losses were almost
three times greater from old than from resceded swards
on undrained soils at North Wvke (Tyson, 1992); larger
fertilizer inputs at North Wyke may have been responsible
for the difference. ‘The computed values for leaching losses
from the grazed swards in the model farm indicate a loss of
nearly 18% of the applied fertilizer N (‘'Table 5). There may
also be significant transfer of N in organic forms which are
not vet accounted for. Leaching losses occurring after slurry
application are more difficult to compute because of a lack of
data. Losses ranging from 55 to 90 kg N/ha/yr have been
found for slurry applied to grassland in autumn (Smith &
Chambers, 1993). An Irish study indicated that whereas
13% of the N applied in slurry was lost by leaching from a
well-drained loam, only 2% was leached from an imperme-
able gley soil (Jarvis e al., 1987). Overall losses from less
permeable soils may be increased by surface runoff. Total
losses by leaching and runoff from farm waste application on

Table 5. Outputs and losses of N from a model dairy farm

Form ki/ha t
Utilized
removed in milk (@ 0.519%)t 294
assimilated into growth (protein)i . 2.16
Subtotal 5.10
[Lost at grazing
leaching§: old sward 18 =21
resceded 43 2.17
denitrification§: old sward 48 1.21
resecded 42 2.17
volatilization®i 10 0.74
Lost from wastes
leaching|| 0.90
denitrificationtt 0.82
volatilization: animal house}{ + store 1.05
spreading$§§ 1.70

Subtotal 11.97

tWhipps (1991).

$Calculated from Jarvis et af. (1989). Assumes difference between intake
and excretion = assimilation.

§Calculated from Scholefield er al. (1991).

Y Calculated from Jarvis (1991).

[[Assumes lcaching = 5% of added N and runoff kg/ha = 0.0016 x applicd
N +3.5 (Khaleel et al., 1978).

HtCalculated as 20% of NI1; * applicd in total farm wastes (NHy YN = 43%
of total N) (Pain et al., 1989).

t1Calculated from difference between winter excretion of N and that in
stored wastes.

§Calculated as 18.6% of total N applied (Jarvis & Pain, 1990).

the model dairy farm have been calculated as 897 kg N/yr
(i.c. 11.8 kg N/ha/yr); this assumes a 5% leaching loss which
is greater than from the impermeable gley soil but less
than from the well-drained loam described by Jarvis et al.
(1987), and uses the relationship of Khaleel er al. (1978) to
calculate runoff.

in soils by micro-organisms to N; and N,O under anaerobic
conditions, is another important loss process. Despite much
data on denitrification losses in agricultural soils, rates
are still uncertain because of problems associated with
spatial and temporal variability, which make sampling and
measurement under field conditions very difficult (Smith
& Arah, 1990). The problem is particularly important in
grassland soils which are inherently very heterogencous.
Scholefield e al. (1990) demonstrated the variation associated
with one commonly used field technique, and concluded
that a greater {requency of sampling rather than greater
replication on each occasion would improve the accuracy of
the estimates. Furthermore, most estimates have been based
on measurements in the upper 10 cm of the soil profile and
take no account of the significant denitrification that occurs
below this depth (Jarvis et al., 1991). The calculations for
the fertilized, grazed swards on the model farm are based
on estimates from the model of Scholefield et al. (1991),
which indicate that on average 45 kg N/ha/yr is denitrified,
this rate agrees with average losses at comparable levels of
input on a poorly drained soil in SW England (Tyson, 1992),
but is more than the annual average of 25 kg/ha measured on a
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similar soil type in SE England (Barracldugf‘l et al., 1992).
Application of slurry also stimulates denitrification losses by
providing a mobile source of N, an anaerobic environment
and an available carbon supply. Several studies indicate that
these losses are substantial (Pain er al., 1989). Total
denitrification losses from the farm resulting from fertilizer
inputs and excretal returns are 4.20 t N/yr (Table 5),
cquivalent to 55 kg N/ha/yr, though this is probably an
under-estimate.

Another major loss process, ammonia volatilization,
accounts for 3.49 t N (an average of 46 kg N/ha) released
from the system. There is good information on losses from
grazed swards and relationships have been established which
can be used to provide realistic estimates (Jarvis, 1991).
Much information also exists on losses of ammonia after
spreading slurry and farm wastes onto grassland, and the
figure quoted in Table 5 is based on average losses from UK
studies (Jarvis & Pain, 1990). Much less information is
available for ammonia losses directly from animal houses and
waste stores. It is reassuring that the estimate of loss calculated
by the difference between the N excreted during housing
(‘Table 4) and that contained within the stored slurry (Table
3), ie. 1.05 t NH3-N, is similar to that calculated from
Dutch information for losses per animal place using rates of
8.8 kg per cow, 3.9 kg per heifer/steer and 1.5 kg per calf
(Klarenbeek & Bruins, 1988), i.e. 1.20 t NH;-N.

The total calculated losses of N from the model dairy
farm are thercefore equivalent to 12.55 t, i.e. over 46% of the
annual N input. A further 20% of the total input is
assimilated into milk and protein in the young animals,
leaving 34% (8.54 t or 112 kg/ha) as yet unaccounted for.

INTERACTIONS WITHIN THE N CYCLE

Improved methods in the future will allow better estimates
of losses (especially those from denitrification) and resolve
much of the current imbalance between inputs and outputs.
Some of this imbalance probably results from the return
to the soil of N immobilized as organic components of plant
shoots and roots. Much of the model farm has relatively
young swards and some N is likely to be sequestered in the
soil in this way. Similar young swards in SW England,
reseeded some 10 years ago and receiving 400 kg Njha,
had an average annual increase in soil organic matter N of
64 kg/ha (Tyson, 1992). Because of the smaller N input to
the soils on the model farm, rates of immobilization are
likely to be less than this but perhaps not substantially so.
The extent of mineralization of N in grassland soils is
poorly defined but depends particularly upon sward age and
the soil aeration status. This component of the N cycle plays
an important role in the overall fluxes of N, and changes in
grassland management can influence utilization and losses of
N through effects on net mineralization. For example,
drainage, by increasing aeration, can decrease denitrification
potential and, most importantly, enhance mineralization at
the same time. Both these effects may increase nitrate

leaching. Cultivation and reseeding act similarly. Increased
acration after cultivation stimulates mineralization; this is
followed by a period of accumulation and immobilization of
N into the soil organic pool and a slower rate of release of
mineral N. After a period, which varies according to site,
soil, climate and management, the soil system achieves an
equilibrium with respect to organic matter accumulation,
and the differences between, for example, a cultivated,
reseeded system and a long-term pasture, narrow. The net
effects of some of these changes are illustrated in Figure 1;
they demonstrate the complexity of the cycle and the
difficulty of estimating N flows in grassland for all soil types
and all management histories.

Despite the difficulties in quantifying this part of the N
cycle, much of the unaccounted inputs to the model dairy
farm can be allocated to immobilization. If it is assumed that
60 kg N/ha is immobilized in plant organic materials
returned to the soil, this represents a total of 4.56 ¢ N. It
seems likely that much of tHe remaining 3.98 t (52 kg/ha)
may be denitrified, but there may also be significant loss of
soluble organic N in surface runoff and leachates.

FUTURE PROGRESS: IMPROVED
FERTILIZER MANAGEMENT

Many of the problems in minimizing leaching and other
losses are related to inadequate knowledge of the amounts,
forms and patterns of change in mineral N (NQ; + NH, ")
in the soil profile throughout a production cycle. Under
most typical grazing managements, there are considerable
seasonal fluctuations in the amounts and forms of mineral N
and a marked accumulation in the soil towards the end of
the growing scason. Any major increase over and above that
immediately required by the grass crop is potentially
available for loss; that present at the end of grazing is
particularly vulnerable because there is then little oppor-
tunity for plant uptake. One approach taken at North Wyke
(Titchen er al., 1989) has been to decrease this accumulation
by shortening the grazing period, thereby minimizing
excretal returns, and allowing the sward to act as a sink

kg N/halyr

Fig. 1. Leaching and denitrification losses from grazed permanent or
reseeded (R) swards on a poorly drained soil in SW England (from Tyson,
1992). Treatments were drained (D) or undrained (UND) soils, receiving
200 or 400 kg fertilizer N per vear. @, leaching; B, denitrification.
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for excess N which is then removed in conserved forage.
However, the decrease in loss potential at this stage may
have a ‘knock-on’ effect with increased N losses resulting
from the greater quantity of N in farm wastes.

Another recent approach (Titchen & Scholefield, 1992)
has been to develop a rapid field test for soil mineral N to
provide guidance for fertilizer additions, and thus achieve a
smooth profile of mineral N levels throughout the grass
growing period. When this ‘tactical’ method was compared
with a conventional application of 210 kg N/ha/yr in regular
doses at regular intervals, the decrease in the potentially
leachable mineral N was over 30% and animal production
was increased by 16%. Further refinement of ‘tactical’
fertilizer applications and greater knowledge and better
integration of all N sources (from fertilizer, soil organic
matter, farm waste and white clover) and their utilization
will be necessary to decrease losses. This must be done on
an integrated, whole farm basis with due regard to economic
and environmental demands and constraints, soil type and
conditions, local climate and past sward management.

As demonstrated in the model dairy farm example, the
flows of N within a complete contemporary system are
considerable and there are opportunities for much loss.
There are also many opportunities within the cycle to
enhance the efficiency of utilization at particular stages:
improvement of capture of fertilizer N by forages, decrease
in immediate losses and better use of slurry N (Jarvis &
Pain, 1990), and increased efficiency of dietary N by
ruminants are all feasible and practical options. However, it
should be remembered that unless inputs are changed,
decreasing flows and losses in one particular component of
the overall farm cycle are likely to promote losses elsewhere.
Further, enhanced capture of N into the products of
grasslands ultimately results in release of the excess N (most
likely through denitrification and a release of N,O to the
wider environment) at the human end of the food chain.
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Utilizing the nitrogen content of organic manures on

farms—problems and practical solutions,/

j,\.)ﬁnith' & B. _].{El}ambcrsz

Abstract. Organic manures contain valuable quantities of nitrogen, phosphate and potash, but many farmers
regard them as ‘waste materials’ rather than as sources of plant nutrients. Utilization of the plant-available
nitrogen content is poor at present because of manure management practices which lead to leaching and
atmospheric losses. Experiments studying the cffect of timing suggest that, in order to decrease nitrate leaching,
applications of manures which contain much available nitrogen should not be made during the period September
to December on frecly draining grassland and arable soils. Spring top dressings of dilute pig or cattle slurries and
poultry manures to growing cereal crops are generally more efficient than autumn applications, particularly on
freely draining soils. Legislation requiring manures to be applied in an environmentally acceptable manner and
the economic need for farmers to realize the nutrient value of organic manures are likely to change the farming

industry’s perception of manures as ‘waste materials’.

INTRODUCTION

ISTORICALLY, organic manures have been important
for maintaining soil fertility. However, in recent
decades a ready supply of cheap inorganic fertilizers has
meant that these have dominated farm fertilizer policies.
Concurrently, increased intensification of livestock
production has encouraged farmers to regard application
of organic manures as a ‘waste disposal’ process. Conse-
quently large quantities have been applied to limited land
areas in the autumn/winter period without considering their
manurial value and the potential pollution hazards.
Estimates of livestock waste production on UK farms
based on June 1990 census figures (MAFF, 1990) suggest
a total annual output of around 191 million tonnes, of

'ADAS Rosemaund, Preston Wynne, Hereford, HR13PG, UK.
2ADAS Soil and Water Research Centre, Anstey Hall, Maris Lane,
Trumpington, Cambridge, CB2 2LF, UK.

which approximately 78 million tonnes is slurry or
manure collected from buildings and yards and requiring
handling and storage. The plant-available nitrogen content
of these manures has a potential annual value of £56
million, based on a fertilizer price of 30 pencefkg
However, its utilization is poor because management
practices lead to nitrate leaching, ammonia volatilization
and denitrification losses.

Recent statistics from Chalmers ¢z a/. (1992) suggest
that farmer perception of the fertilizer value of organic
manurcs is poor. The figures in Table 1 rcpresent the
difference between inorganic fertilizer rates applied to crops
receiving no organic manures and those receiving organic
manures. They show that farmers make small, inconsistent
decreases in inorganic fertilizer following applications of
organic manures. Even a modest improvement in allowances
for nutrients supplied from organic manures could result in
major savings in fertilizer costs without loss of yield and
with less environmental pollution.
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{Introduction

Over recent yeurs, (here have been increasing
{and 1o reconsider their nutrient use poli
ars usc to manipulate their autrients for optimal £CoN0MIc retums, environmental issues have
zeently had substantial impact in influencing the way thatr we consider nutrienits in grasslands
and in deiry [urming svstems in parteular. Throughout Europe, policics have besn put into
place to meet the requirements of the Nitrate Dircetive, accepied by memb
in 1951, Ciher policies relating to diffuse sourses of phesphorus (F), ammonia (NH;) and
nitrous oxide (N»Q) are currsntly under various
cems, dairy farming is an imporiant 2mission source (larvis, 1999). Fertilizers nave become
cheap comparec with the costs of land, labour and quotas and bzcause of this and because
they provide flexibiiity for the farmer, fumtilizing above recommended opumum levels hag
ofien been the case. In the Netherlands, for example, grassiands receive 50 kg N ha' more
than recommended optima (Reijneveld ef of., 2000).

Tae research effort that has takes piace ov

Grassiand Farming = Balancing environmeital and econonie demarnds
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tems perspective

Rax 18, NL-6700 A4 Wagzningen, The Nethericnds

vantities of nutrients (N
ider environmerd. Such losscs can be reduced consid-
tsation of nutrienss iv all components of the farm and by
undersianding their sveling within and between these components. A systems approach pro-
vides one important rnears of developing the undersianding and nte
interastions that oczur with nutrient flows and losses in agriculre. Systems analysis indicates
that inputs ¢f N in fertilizers and feeds could be halved for intensive dajry systems in the UK
and the NL. important factors invluds reduced feed intake per umt of milk producsd, as the
id per cow, an improved wilisalion of nutrients in manures and
slurries produced or the farm and a ¢hanging balance tetween the area of grassland and that
for the production of other fodder ¢rops where this is possible.

on of the compiex

indicators, losscs, fertilizers, nitrogen, phos-

on those who manage agricultural

ose operational drivers which farm-

er states of the EU

ges of consideration, For all of these con-

¢ cent years has modified, in msny respeets (and
especially for N), the approaches that have heen taken to 1deniify problems, t0 define oppor-
wnities to reduce tnese and e maintain susla
One important step was the rsalisation that. whilst 2 knowiedge of sffects at soil and field
scales wes essential for defining economic responses, only by understanding the relatianships
berween these and other components of the whole system coula effective optimisation for
both production. and environment targets be achieved. To do
edge not only of inputs and outpurs to and from the soil (2 surface balance), but also of inputs
and ouiputs to and Zrom the farm (a “farm gawe™ baiance) and of all losses, internal flows and
trensters {to provids a sysiems balance and understanding). Surface balances have been im-
portant tools for (etilizer recommendations and monitoring soil feritlity bur do not provide

ahle svstems for meat and milk production.

s properly demands a knowl-
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direct information on losses, aor of the fate of the nutricnts partitioned in forages to be con-
sumed by animals. Farm gatwe baiances provide a simple means cf determimng nurient
surpluses within a system bur not of their fate. Faru gate baiances dc. bowever. provide 2
means of indicating efficiency/inefficiency (of outputs in relation w inputs) within the system
and the surpius (inputs minus outputs) is indicative of the potential fer loss. Figurs | shows,
perhaps not surprisingly, that for N, there is 2 swong relationship batween system surpiuses
and lossas (leaching = denitrification + volarlization), The fact that there is not a 111 rato,
indicates that either not all the losses 3re being accounted for and/or that the sysiem is not in
equilibrium and is accumulating N (in soil organic matter}. As the sward age increasss, it can
be expecred thart the differential benwean surplus and loss will grow smaller.

Of mes: value, and without which the relationship in Figuré 1 could not be demonstrated, but
moare difficult to achieve because of (he greater tequirement for data, is the systems ealance.
This atlows featares of a nutrient's behaviour within, as well as movzament to and from, the
system (o be examined. Most usually this has been used as a research (ool either as small-
scale experimenial units (Peel er al, 1997; Ledgard er al, 1999) or compiete whole farm
systems (Aarts 2 al., 1099). Modelling and systems analvsis have also been used 0 demoan-
strate impacts, trends snd opportunities for changes ir sucrient management (Jarvis & af,,
1996). These approaches (o managing nutrients have dermonstrated new methods for devel-

ping management structurcs o satisfy the dual dernends of production and reduced
environmental impact. The advaamges of understanding nutrient tehaviour and maragement
2t a farm scale ave therefore as follows: (i) it provides an appreciation of all soucces and fates
of nutrients, (if) it requires a knowledge of transfers and recycling which is essental ro maxi«
mise the efficiency of utilisation of the internal nutrient resources and to identify ‘leaky’
componznts of the system and (iii} because it is integrative, it also allows an understanding of
the 'knock-on' =ffects that any change in nutrient management may have within other parts of
the farm. For N, which has much potential for loss, this is especially urportant.

Dairy facms are particuiarly complex in terms of their management structurs and the way in
which nutrients are atilised and recveied. Many Zamms have relied on large inputs of nutrients
in ferrilizers, especially of N, tut also of phesphorus (P) and potassium (K) te provide the dry
marrer production and the flexibility in management required to meet cconomic targets., There
have aiso besn increased inpurs of concentratss because of their low costs and the nced w0
improve gquality of the dier of high yielding cows: these also contribute large quantines of
nutrients 10 the svstem. [n the presen: paper we concentrate oi nutrient MARAZUMERT within
dairy farming systems with particular reference (because of the current ¢nv ironmental issues)
to N and P. An improved appraciation of the potential to improve nutrient management wiil
be 1o the benefit of farmers and tae public ot larze alike. There are many other issues within
the EU7 which will also interact with nutrient management and demand cross compliance, for
evample *duction of subsidizs on milk and payment for the quality of the envirerment.

The dairy farm as a system

There are many opporwunities for losses of nutrients from dairy farms. All farms operaie with
a surplus of nutrients, i.2. an excess of inputs over those remevad ia products. Surpiuscs
generally increase (Jarvis, 1999} in a more or less lincar way (Fig. 1) with ‘n¢reasing inpats to
dairy farms. Theix malti-component. multi-paasic natire means that qutrients ses rransferred
from one component of the system to ancther (Fig. 2). Zach transfer provides an epporunicy
for inetfiziercy and loss, especially in the case of N with wiich there is often ar associated
change in physicel end chemical forms, Table 1 fllustates the efficicncies in the various paits
of the system.
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Tahle 1. Elficiencies (%) of component parts of specialised intensive dairy farming systems in
the Netherlands on sandy soil: (a} technically attainable and (b) ssaiised in practice by skilled
fanners (Aarts ef al.. 1999; Aars e ai, 2000).

Compaonent Techncaily amainable  Average realised in
practice
N P N F
Soil: transfer from soil 10 harvestable crop 77 100 53 60
Crop: transfer from harvesed srop to feed 86 2 71 75
intake
Animal: conversion from fesd to 25 52 18 22
milk-meat
Shurry/dung+~uring: transter 93 130 &0 100
from excreta to soil
Wheole furm: from inputs 10 outpuis 36 100 16 oF
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Figurs 3. Controls over [lows and losses of nirogen and phosphorus in dairy farms (modificd
from Jarvis, 1997).

Much of the opportanity for loss is connected with the ruminant. Whercas grass and other
forages are usually highly efficient removers of available nutrients from the soil tnto their
biomass, the ruminant is not and excrtes large propertions of ingested N and P (Table 1). The
needs of the ruminant are also responsible for the oftea large imports of nntrients inio the
farming system in concenuates and other additiona! feods. These are often neglected when the
nutrient status of the svstem is considerad but offen comprisé a major properdon of the nuti-
ent import to the farm and therefore to the total balance/surplus in the system.
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Nutrient management from @ farming sysiems perspective

In order o provide truly effective improvements, it i¢ important that all parts of the system are
considerad in an integrative way. Thore are a number of reasons for dus. Firstly, as indicared
above, it is impartant that all inputs and oulputs o the syswem are considered. Each compo-
nent and phase of maragement inleracts with others and manipulation of one may have
consequent efects in other purts of the farm (Figs, 2 and 3), The incfficicnt stages and there-
fore the “weak” phases which offer opportunity for loss and improvement are identified in
Figure 2_In general. N has mary opportunities fcr loss because of the changes in valence and
form which occur especiaiiy after passage through the ruminant gur. Modelled (Jarvis, 1993;
Jarvis er al., 1996, Aars ¢ @l, 1992) studies indicaie tha: 4t least 50% of the N inputs w
dairying zre lost (0 the wider cnvironment by leaching, volatilization or denitrification. As is
demonstrated in Figure 3. as well as the on~farm. direct activities which are directed at nuer-
ent usse, iransfers losses and balancas, off-farm factors (econormics, pouciss, weather/ciimase)
2130 ¢etermine the nutrient status and halance of the system.
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Figure 4. Relationship between nitrogen inputs and eliciensy of nirogen use in Dutch dairy
farms (daia from Reijneveld of al.. 2000; @ typical Dutch farms, B cows and opporwnities”
scheme; A de Marke; -% - de Marke line).

G SRR g v

Figure 4 demonstates the efficiency of N use in practice in 1997 (Reijneveld er o/, 2000).
Inputs to typical Duich commercial farms are shown [for ferilizers and feed oniy); these
reprasent the complete rangs of soil type and intensity of milk producuon in the Netherlands.
The data rom “Cows and Opportunites” schems are for [2 selected commeraial farme just
before the start of 2 new project in which farmers aim to improve nutrient managemeants
following the expsriences of De Marke, The wide rangs in the data iliustrates big dilferences
beiween commercial farms and therelors oppornunitiss and poiential © make improvements.
For P, the proportions that are jost are much less than for N because the generally conserva.
tive nature of P means that it will accumulate within the farm. A recent analysis has indicated
that only ¢. 2% of the annual P inpur is lost from a dairy farm (Haygarh er o/, 1598). Al

.

though this represemts only @ small proportion. it has somc significance in terms of
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environmental impact and eutrophication of surfuce waters (and this impact can increase
substantially whea the fixation capacity of the soil is exceeded),

The vulnerable comporents of dziry farm management
Losses to water

(i) Nitrogen

Aithough there may de environmnentally significant ransfers of other forms of N (viz. NQy
anc NHg ), NOy is the main form that 1s lost to waters. This anses because of accurnulations
in the 50il profile immediately prior to periods when plant uptaks has diminished and there is
excess rainfall. There may be some direct loss from fertilizers and as the resuit of manure
applications. but these are smail and most NQ;' leaching from grassland can be related to
rrineral N derived from the excreta of grazing animals. Rates of leaching tfrom grazed areas
are controlled by the inputs w0, and management of, the sward and the extent of soil moisture
deficits during the preceding growth period (Scholefield et al., 1993). Options for redusing
NGC;™ leaching by reducing, for example, the grazing period. have been suggested; current
trends (0 extend grazing seasons may exacerbate the problem. As well as that derived from
excreta, NO3™ is also generated drom the munsralization and oitrification processas in the soil
acting upon native and added (in manures) orgsnic materials. Stimulating mineralization by,
for example, cultivating long-term pastures has an imraediate impact on the generation of
excess NOy which may be lost if cwltivations arc made at inappropriate times of the vear.

(i} Phosphorus

Under most circumstances only small amounts of P (in various inorganic and organic forms)
arc leached in drainage unless the sorption capacity of the soil has been exceeded. Nevertha-
less. the amounts that are lost are of Imporance In actipg as diffuse supplies of P with
environmental impact Accentuazed losses of P occur when there is 2 combination of poorly
timed zppiications of fertilizers or manures/siunies to land when the soil arc above field
capacity (= “incideptal” insses: Hayaarth and Jarvis, 1999).

Losses to air

These relate entirely 1o N and involve denitrification and NH; volatilization processes. Deni-
trification, the anaerobic reduction of NO;’ w0 N> and N,O, is a soil-based process occurring in
pastures when they are wer and there is an excess of NOj™. There is therafore opportunity for
direct losses when mineral (especially NCy'-based) fertilizers are applied, when excreta are
deposited in the field und when slurries‘manures are applicd. Some smaller denitrification
losses may also occur ffom stored manures. Estimates indicate thet, in totwsl, for a dairy farm
based on a poorly drained soil, the zquivaient of at least 22% of the arnusi fertilizer input is
lost through this process (Jarvis, 1993}, Improved management of fertilizers and alternstive
strategies for manures all affect demtrification and the losses that may result,

Ammonia volatilization occurs wherever free NH; is generated, which in the context of 2
dairy farm is largely through the degradation of urca. Ammonium based ferdlizers provide
small emission sourses, but unless urea fertilizer is being uscd, the major (and substantial)
saurce is the urea eéxcreted by the cattle. Valarilization can therefore occur throughout the
farming system — during grazing, w the collection yards and houses, and from stored and
applied nisaures and slurries. There are cpporranities to reduce lossas of NXY; at each swage of
production and these have been extensivaly documented. This is en crea where a complete
systems understanding is particularly important because of the “downstream™ effects that may
occur when a specific action is taken to mitigate a particular Joss pathway,

Grassiand Science in Eurcpe Vol. 5
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Managing nutrients on a farm scale

Strategies

There are many opiions te reduce nutrient inputs, surpluses and losses witiun dairy farm
svsterns: some of thiese are summarised in Table 2. In many instances care needs 1o be taken
that measures taken tc reduce one loss do not conflict with measurss that may be taken to
reduce another. For example, reducing or increasing the grazing perind as measures o reduce
teaching and overall farm NH; emissicns, respectively, may incidentally raise NH; and lower

leaching, respectively (Table 2). p
Table 2. Measures to Improve the nuwricnt flows of a dairy farming system.
Component of Measure/activity Effect intended
svstern
Soi) Reduce fertilizer inpus Enhance utilisation of system nutricnts;
decreased inputs purchased fertilizers
Reduce fertilization neriod Increase utilisation of fertilizers
Increase maize arca Less fertilizer needed
Catceh crep after maize Reduce NO;' leaching after harvest
Reguiar soi] testing Improve fertilizer application
Improve fertilizer application More effective supply; reduce direct
accuracy: avoid vairnerabie arses  transfer of N and P into waters
Crop Promotw retational grazing Reduce grazing losses
Use best management practice for  Reduce nitrate leaching from increased
reseading ‘permancent’ grassland  mineralization .
Use “nutricnt efficient” genotvpes Enhance capture of nutrients in crop a
Animal Include maize or other low C:N Reduce N conten: -= reducsa N excre- ¢
products in diet tion
Increase milk produstion/cow Reduce feed needs’kg milk quota: less

excreta per unit of product
Reduced replacement rate of cows  Reduce feed needs/kg milk quota

Rear young stock outside farm Reduce feed needskg milk quota
Reduce P contents of supplements  Reduce P excrstion and farm surplus
Reduced grazing period More efficient usc of gress crop
Increase grazing period Reduce overali farm NH; emissions
Dung+urine Limiting daily grazing time Reduce urine parches, increasing quan-

tity slurry and reduce mineral ferulizerss.
Reduce grazing losses

Restrict length of grazing season  Reduce urine patches, esp. in autumn,
increasing shutry quantity. Reduce graz-

ing losses
Sturry/manure  Fast removal to storage (e.g. Reduce NH; volatilization
scrapsrs)
: Covenng store & * i
& Incorporation | injection, band = = 2
spreading

O S L R TP PEL P
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$teategies for the soil-component aim to make more eflective use of fertlizers and include
increasing those crops with low requirements compared with grassland, such as maize. Utili-
sation of fertilizers can also be improved by taking better account of soil supplies and better
diming: to reduce ineficiency, fertilization should start later in spring and end earlier in
autumn. The effect of carcful fertilizer policies for grassland is clearly demonstrated in Fig. 5,
Farmgare surpluses for Dutch commercial farms are strongly related to the differcnce betwesn
actual fertilizer appiication ratcs and those which are recornmended. On average for the farms
in Figure 3, surpiuses could be reduccd to ¢. 268 kg N ha !, if recommendetions had been
followad.
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Figurc §. Efficiency (ouputinput) as affccted by the difference between acrual fertilization
and recomunended (Anancial apuinum) fertilization (data from Reijnoveid «f ai., 20009 typi-
ca: Dutch farms; B * cows and opportunities™ scheme; & de Marke; -#8 - de Marks line).

The main strategy for the crop component can be related w0 a changed balance between graz-
ing and cutting for conservation. On the onc hand, there is porential to improve utilisaton by
reducing grazing and thercfore harvest losses; as a result less feed has to be purchased (less
inputs) ard the dsk of iosses from crop residues is reduced, Stopping grazing earlier in the
season alse reduces leaching losses and the incidental losses of P. On the other hand, grazing
the animals for longer muy reduce the overall NHj losses from the system because that re-
sulting from the housed phase of production in most counlriss is substantially greater than
when animals are grezing.

Fot the anitaal component, the steategy is to reduce imported feeds, for example by reducing
the sumber of animals whilst mairtaining milk production by using cows with a high gepetic
potential and/or improved feeding regimes to increase vield per cow. Reduced N and P intake
will reduce rotal excretion on the furm This automatically reduces the oppormnity for losses.
For herter managemeni of the wine+dung component, as noted above, avoidance Of genera-
tion of urine- and dung patches as much 2s possible, ¢speciaily those in late summer or
auturcn. Reswicted grazing has some impact because nutrient concentrations in these parches
are much higher than s crop can utilise and much of the N can be lost. The potential to us¢
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nutrients in dung and urine coliected indoors is rmouch greater and reduces the necd for mineral
ertilizers but only if the slurry or manure is used effectively. The value of shury as a fortilizer
can be improved particularly by reducing NH; volarilization and there arc & number of meas-
ures by which this can be achicved. '

Case studies.

Magy of the options ideniified in Tabie 2 have been incorperatad into the N managemenis of
Superimental systems: some case study examples of these are summarised in Table 3. These
ziso illuswate three different systems approaches taken Lo investigate the impact of various
management stralégies to improve N use efficiency and reduce losses, Full detgils are given in
the relevant pubiications bur briefly the svstems arc as follows.

A. Farm scale comparisons between s commerciai enterprisc and a prototype system (De
Marke) which includes 2 reduced stocking rate, lower N [ertilizer inputs, crop rotation: and
catch ¢ropping after increased maize production (Aans e al., 1999}

B: Modellmg/systerns synthesis of the porential improvements to a rypicai UK dairy farm
with modelied prediciion of effects on transfer and losses. Management changes include using
a tactical fertilizer method aad imecting slurry, using mixed grass/clover swards and no fer-
tlizer N, end growing maize instead ! producing grass silage (Jarvis er o/, 1996)

C: Experimental farmlet scale sxpeniments to compare a high output, commercial production
system in the UK with (a) a reduced loss high outpat system bused on improved fertilizer and
siurry N utifisation and maize preduction and (b) animal loss and reduced intensity system

with further reductiops in ¥ inpurs and injecied slurry (Peel ef al., 1998).
12

D. Experimenal New Zealand farmisls to compare 2 grass/clover management with fertilizer
at 200 or 300 kg ha™ and high or [ow stocking rates (Ledgerd et al., 1999).

Tiie data in Table 3 can be used 1o diustrate & number of points i.c. that {!) there are effecrive
options Lo reduce fertilizer N mputs substantially and w better wilise N in maaurcs and slur-
ries with consequent effects on N surpivses and losses; (ii) as demonstrated in Figure 1,
pradicted and racasured losses are highly dependent upon the system surplus; () thers is a
good dea!l of similarity in the effects demonstrated hetween e systems that have been inves-
tigated, especially in the UK and NL; {iv) consideration of nutrients from distary sourcss is
important: onily by understanding all the system transfers is the full impuact of this appreciated:
and (v) it Is important that whex comparisons are made all impacts are considered so thar true
effects can be quantified: it will also be important w0 take account of the cconomic insplica-
tions of the changes proposad.

Takle 3 includes some kev indicators of the changes tha can be achieved which link produc-
tien and environmenwal effects and illustrats, within these experimental systems, the
substantial effects that can be attained 0 the benafit of both targets, The indicators can e
tonsiderad as diagnostics of efficiency of production. i.c. capturce into product and litres of
miik produced per unit of N input into the system, and as environmenta} diagnostics, i.¢. farm
surpius (an indicator of potential iuss) and Kg N lost per unit of miik preduced (to provide a
uatity assurance guide). The lauer, for example, can be used 1o demonstrate the 2ffcets of
having high yielding cows (B) or high stocking rates (D) in terms of N emissions associared
with each litre of mill produced. The final mdicstor, kg N lost per kg N osurpius, could bhe
¢onsidercd an indicator of the exient to which the system is away from a steady state 2nd
shows distinct differénces berween the four basic farming svsiems axperiments. In many cases
the management changes have halved the values of the indicarors. This is important because a
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B: UK "modelled” farms

N lllpul;(l [ ha'i

_tetal {mcluding feeds, depasiion etc)
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N losses {l:g_lL! b
Other Indicators
Production: hitres milk/Akg N inpui
Losses: kg N per 1000 1 milk
_kg N per kg N surplus

)
v

Nnmgcn usge, loss and etln:x:-nc:) indices for ' cxpa,nmem;ll“ dairy fanmning systems.
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recent survey of N in UK. diary farms showed that tere were many-fold ranges in & numesr

ol these indicators (Jarvis, 1999), demousirating that there is rauch opportunity o make im-
provement in overall N efficiency.

Future progress

Therse is much OpportuNiTy 1o improve nuttiens use within dairy fanns and many new, reizvant

wa v L

technologies which conld he employsd. For maxiumum effect, it 1s important that the adopticn
of nev practices are seen withm the conwext of the whole farming system 5o that both advar-
tages and disadvantages can be obscrved, Understanding the nuwrient budget of farming
sysiem should enable farmers to better appreciate ail the nutrient sources and fluxes and en-
hance efficiency and profitability. The developraent of indices and indicarors will enablc
changes to be observed and comparisons to be made, hut these will need to be compared with
appropriate standards and yardsticks.
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Nutrient cycling and losses based on a mass-balance
model in grazed pastures receiving long-term
superphosphate applications in New Zealand.

1. Phosphorus

M.L.NGUYEN* anp K. M. GOHY
Department of Soil Science, Lincoln University, Canterbury, New Zealand
(Revised MS received 14 November 1991)

SUMMARY

Phosphorus (P) cycling and losses in irrigated, sheep-grazed pastures receiving superphosphate
(SP) applications for 35 years at annual rates of 0, 188 and 376 kg/ha were studied using a mass-
balance approach which accounted both for P inputs to and outputs from the soil-plant-animal
system. Total recoveries of applied P in the soil-plant-animal systems in the 188 and 376 kg SP/ha
treatments were 94 and 83 % respectively. Approximately 52-53 % of the applied P was recovered in
the soil within the major plant rooting zone (0—300 mm soil depth). These data suggest that P leaching
losses from SP fertilizer, plant litter, root residue and sheep faeces were unlikely to occur beyond the
major plant rooting zone. However, the transfer of excretal P to stock camps and the transport of P
from SP fertilizer, plant litter and sheep faeces via the irrigation water along the border from the top
to the bottom of the irrigated border strip accounted for less than 6% of the applied P.
Superphosphate applications resulted in the accumulation of both soil inorganic and organic P
fractions to a depth of 225 mm. The accumulation of soil inorganic P was most pronounced when SP

was applicd annually at the rate of 376 kg/ha, which was in excess of pasture P requirements.

INTRODUCTION

Superphosphate (SP) has traditionally played an
important role in the maintenance of phosphorus (P)
and sulphur (S) in ryegrass—white clover pastures in
New Zealand (During 1984; Nguyen er al. 1989)
and Australia (Blair 1983; Lewis et al. 1987a, b).
Efficient use of the applied SP in grazed pastures
depends on the extent of excretal transfer loss to stock
camps, leaching losses, surface run-off, mineralization
of soil organic P and organic S. and the immo-
bilization of the applied P and S (Blair er al. 1977;
Barrow 1980: Cornforth & Sinclair 1984 Sinclair &
Saunders 1984).

In recent years. a downturn in the agricultural
economy in Australasia, together with an increasing
awareness of the need to sustain agriculture with non-
renewable fertilizer resources. has focused greater
attention on the importance of (i) identifying the

* Present address: MAF Technology. Canterbury Agri-
culture and Science Centre, PO Box 24. Lincoln, Canterbury,
New Zealand.

+ To whom correspondence should be addressed.

major processes influencing the efficient use of applied
P and S, (ii) estimating P and S losses from grazed
pastures and (iii) assessing the maintenance P and S
requirements in grazed pastures (Cornforth & Sinclair
1984 ; Sinclair & Saunders 1984 ; Till et al. 1987).

In response to these issues, various New Zealand
researchers have constructed mass-balance models of
P and S for sheep farms (Karlovsky 1982; Saggar et
al. 1990a, b) and dairy farms (Middleton & Smith
1978 ; Parfitt 1980). A similar approach has been
taken by Lewis er al. (1987a, b) for pastures in the
sandy soils of south-eastern South Australia. In fact,
the P and S models developed by the New Zealand
Ministry of Agriculture and Fisheries (MAF) for
estimating pasture maintenance P and S requirements
are based on the mass-balance modelling approach
(Cornforth & Sinclair 1984; Sinclair & Saunders
1984). This approach accounts for P and S inputs and
outputs from fertilizers, irrigation, rainfall, pasture
uptake. excretal returns and removal of nutrients in
animal products. By constructing mass-balance
models. Lewis er al. (1987a, h) and Saggar et al.
(1990 a. b) showed that P was recycled more efficiently
in grazed pastures than S from SP. These workers
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attributed the more efficient recycling of applied P to
the greater adsorption of P by soil colloids in the form
of H,PO,~and HPO*" than of S in the form of SO,
ions.

Since the extent of applied P and S remaining in
soils from SP applications to grazed pastures depends
on factors such as pasture management practices. soil
phosphate and SO,*" retention capacities, annual
rainfall distributions and topography (Gillingham
1980 Till 1981 : Cornforth & Sinclair 1984 ; Sinclair &
Saunders 1984), information obtained from hill-
country sheep farms or dairy farms (Middleton &
Smith 1978 Parfitt 1980 Saggar et al. 19904, b) may
not be applicable to sheep-grazed pastures in flat
land. which comprises the major part of Australasian
agriculture. The long-term grazing experiment con-
ducted at Winchmore Irrigation Research Station in
New Zealand since 1952 (Nguyen er al. 1989:
Condron & Goh 1990: Nguyen & Goh 1990) offers a
unique opportunity for constructing mass-balance
models of P and S to assess the effects of grazing
animals and long-term SP application on the recovery
of applied P and S in irrigated sheep-grazed pastures.

This paper reports on the results of using the mass-
balance approach in identifying the major processes
that affect P cycling and losses in irrigated sheep-
grazed pastures, while a similar approach for S
cycling and losses is presented in another paper
(Nguyen & Goh 1992).

MATERIALS AND METHODS
Experimental sites and treatments

The experimental site was on a shallow (300-450 mm)
Lismore stony silt loam (Udic Ustochrept). derived
from moderately weathered greywacke loess over
gravels (Fieldes 1968). The soil was well drained. with
low phosphate (< 30%) and sulphate (< 15%)
retention capacities (Nguyen 1990).

The experiment was initiated in 1952 on a 2-year-
old pasture which had been sown with perennial
ryegrass (Lolium perenne=3..) and white clover (Tri-
Sfolium repens L) (Nguyen et al. 1989). Three fertilizer
treatments were used, which consisted of annual
applications of SP (9:3% S: 11% P) in July of each
vear since 1952 at rates of 0 (control), 188 and
376 kg/ha, to provide annual inputs of P of 0. 17.5
and 35 kg P/ha and S of 0, 21 and 42 kg S/ha. These
treatments were arranged in separately fenced border
strips of 0-07 ha (64 m x 11 m) per border (Fig. 1) in
a randomized complete block design with four
replicates per treatment. All treatments received lime
at the rate of 4t/ha in 1972 to maintain soil pH
within the optimum range of 58-6:0 for pasture
growth (Edmeades er al. 1985).

Each treatment was grazed by a separate flock of
dry ewes to ensure that there was no excretal transfer

of P and S between different treatments. The stocking
rate (SR) in each treatment was adjusted to give
adequate control of pasture growth and an annual
average pasture utilization (PU) of 80 % (Rickard &
McBride 1987; Nguyen er al. 1989). The average
annual SRs in the 0, 188 and 376 kg SP/ha per year
treatments were 8, 17 and 20 ewes/ha, respectively.
Each dry ewe (50-60 kg liveweight) was replaced
every 4-5 years and produced 4-3-4-4 kg of wool
annually (Nguyen 1990).

The site receives an average annual rainfall of
600-750 mm (Taylor 1981). Mean monthly soil
temperature at a depth of 50 mm was 3 °C in July
(winter) and 16 °C in January (summer). Soil tem-
perature ranges in winter, spring, summer and autumn
were 3-4-6:1, 9-6-144, 152-20-6 and 10-2-13-8 °C
respectively (Rickard & McBride 1986). Irrigation
water was applied using the border-strip system
(Taylor 1981) during the December-April period
(summer to early autumn), whenever the gravimetric
soil moisture content (w/w) in the top 100 mm depth
was c¢. 15%, with an average of five irrigations per
year and 70-100 mm per irrigation (Nguyen er al.
1989).

Fig. 1. Schematic layout of a border under border-strip
irrigation (after Taylor 1981) and a replicate of each
superphosphate treatment.
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Table 1. Parameters used in the phosphorus transfer model for determining phosphorus transfer losses from non-
camp to camp areas (adapted from Saggar et al. 1988, 1990a, b)

Svmbol Definition
Herbage P uptake from camp (c) and non-camp (nc) areas
HPc Herbage P uptake (kg/ha per year) from camp areas.
HDMc Herbage dry matter (DM) (kg/ha per year) from camp areas.
{HPJc Herbage P concentration (%) in camp areas.
HPcf Herbage P uptake (kg/ha per year) from camp areas after correcting for the proportion (Sc%) of these
areas on l-ha basis.
HPnc Herbage P uptake (kg/ha per year) from non-camp areas.
HDMnc Herbage DM (kg/ha per year) from non-camp areas.
[HP]nc Herbage P concentration (%) in non-camp areas.
HPncf Herbage P uptake (kg/ha per year) from non-camp areas after correcting for the proportion (Snc%) of
these areas on | ha basis.
Animal P uptake from camp (c) and non-camp (nc) areas
\Pcf Animal P uptake (kg/ha per year) from camp areas.
\Pncf Animal P uptake (kg/ha per year) from non-camp areas.
SLAP 5 Sum of animal P uptake (kg/ha per year) from both camp and non-camp areas.
Faecal P returns to camp (c) and non-camp (nc) areas
YFaP Faecal P return (kg/ha per year) to camp and non-camp areas.
FFaPc Faecal P return (kg/ha per year) to camp areas after taking into account the proportion (Dc %) of
faecal DM return to camp areas.
FaPnc Faecal P return (kg/ha per year) to non-camp areas after taking into account the proportion (Dnc %)
of faecal DM return to non-camp areas.
Pgc. Pinc Amounts (kg/ha per year) of P transfer gains (Pgc) and losses (Plnc) from camp and non-camp areas

respectively.
Pgc%. Plnc%

Proportion of excretal P gains (Pgc%) and losses (PInc%) from camp and non-camp areas respectively.

The annual P inputs to the experimental site from
irrigation water and rainfall were negligible (Quin &
Woods 1978), while the amount of annual P released
from soil weathering was estimated to be 4 kg P/ha
(Quin & Rickard 1981).

The area of each border which was irrigated was
termed the border strip (Fig. 1). Water was admitted
to each border strip through the headrace and sills
(Taylor 1981) and the border strips were separated by
mounds (border levees) of soil (350 mm wide, 300 mm
high) running the length of the strips. The area that
was within ¢. 1000 mm of the base of the levee was
referred to as the border crutch. Sheep were found to
camp and deposit substantial amounts of P, S and K
on both border crutches and border levees (Close &
Woods 1986: Nguyen & Goh 1988; Nguyen 1990),
and these were defined as camp areas.

Development of mass-balance phosphorus models

The development of the mass-balance P model
involved the integration of the following components:
annual P inputs from SP fertilizer applications, rock
weathering. irrigation and rainfall;: annual herbage P
uptake and animal P intake; the return of root and
plant P residues to soils for pasture plant uptake;

«

excretal P transfer losses to stock camps and changes
in soil P after 35 years of SP applications.

Data on some of these components, such as herbage
nutrient uptakes and changes in soil P and Sin the top-
soil (0-75 mm) over a 35-year period have been
reported (Nguyen et al. 1989). However, additional
information is required on excretal transfer losses,
root P uptake, inorganic and organic P contents in
pasture herbage, pasture roots and sheep faeces and
changes in soil P in camp areas and in the lower soil
depths (75-300 mm) which are within the major
rooting zone (0-300 mm) of border strip, irrigated,
grazed pastures (Nguyen 1990). Detailed methods for
obtaining values of these components are presented
below.

In the mass-balance model, it was assumed that the
inorganic P (P,) fractions in plant litter. root residues
and sheep faeces were returned directly to the soil
inorganic P (soil P,) pool while their organic P (P )
fraction contributed to soil organic P (soil P ) before
being decomposed and mineralized to phosphate
(Rowarth er al. 1985). Total P was designated P,.

Transfer losses of excretal phosphorus

Excretal P transfer losses from the main grazing
area (border strips) to stock camps (border crutches)

L=
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Table 2. Equations used in the phosphorus transfer

model for calculating phosphorus transfer gains and

losses in camp and non-camp areas respectively
(adapted from Saggar et al. 1988, 1990 a. b)

Symbol Equation

HPc HDMc x [HP] ¢

HPcf HPc x *% proportion of camp areas (Sc%) on
I ha basis*

HPnc HDMnc x [HP]nc

HPncf  HPnc x % proportion of non-camp areas
(Snc%) on 1 ha basis*

APcf HPcf x % pasture utilization (PU%)+

APncf  HPncfx % PU

ZAP APcf+ APncf

IFaP  IAPx 09}

FaPc ZFaP x % proportion of faecal DM (Dc%)
returned to camp areas.

FaPnc  XFaP-FaPc

Pgc FaPc— APcf

Pgc% (Pgc + APcf) x 100

Plnc APncf—FaPnc

PInc%  (Plnc +APncf) x 100

* Proportions of camp and non-camp areas of 18% and
82 % respectively.

t Pasture utilization of 80 %.

{ A constant representing 90 % of animal P intake returned
as excretal P and 100 % of this excretal P present in facces
(Barrow & Lambourne 1962: During 1984).

were estimated by using the P transfer model proposed
by Saggar et al. (1988, 19904, b) assuming that 90 %
of the P consumed by grazing animals was returned in
excreta and almost all (> 99 %) of the excretal P was
present in faeces (Burrow & Lambourne 1962). The
parameters and equations used in the P transfer
model are presented in Tables | and 2.

Excretal P transfer Jesses to stock camps were
calculated front the difference between the estimated
amounts of faecal P returns and pasture herbage P
uptake in camp areas.

Determination of pasture vield and pasture herbage
phosphorus content in camp and non-camp areas

Annual pasture dry matter (DM) production from
the non-camp area of the three SP treatments over a
35-year period was determined by harvesting pasture
herbage from the border strip of each replicate of the
three treatments at 1-1-5 month intervals, using two
4 m* enclosure cages (Nguyen er al. 1989). In
addition. DM production from the border crutches
(Fig. 1) of each replicate was determined during the
1983/84 growing scason by using one smaller
(0-75 x 1 m) enclosure cage for each replicate. Herbage

in each cage on the border crutches was cut on the
same day as the pasture herbage from cages on the
border strips. Harvested herbage was oven-dried at
60 °C for 48 h before DM determination. Subsamples
of oven-dried herbage were finely ground (< 1 mm)
before P analysis (Quin & Woods 1976). Uptake of P
in pasture herbage (kg/ha) was calculated as the
product of mean annual DM yield (kg/ha) and
pasture herbage P content (%). Data on DM
production and pasture P uptake in non-camp areas
over a 35-year period have been published (Nguyen er
al. 1989).

Finely ground (< 0-15 mm) samples of herbage,
harvested from the border strips of all treatments at
the end of the 1984/85 growing season (May 1985)
were also analysed for P, and P, contents (Walker &
Adams 1958).

Faecal sampling for assessing faecal distribution

Amounts of faecal DM return to camp and non-camp
areas of replicates I, 2 and 3 of each treatment during
the 1983/84 period were assessed during spring
(September 1983), summer (January 1984), autumn
(March 1984) and early winter (April/May 1984).
Prior to sheep entering each of these replicates. ten
random circles (1000 mm diameter) from each of the
camp and non-camp areas were selected. The centre
of each circle was marked with a wooden peg, and
visible faeces that had been deposited from previous
grazings within the area of the circle were removed
using a hand-held leaf rake. Subsequently, after these
replicates had been grazed by sheep, faeces from
within each circle were collected, oven-dried at 105 °C
for 48 h and then weighed for DM determination.

Faecal sampling from determining phosphorus
content

Faecal samples collected for DM distribution were
not suitable for analysing P content because of
possible soil contamination by animal trampling
and/or P leaching losses from faecal materials during
the period between deposition and sampling (Rowarth
et al. 1985). Thus only faecal materials freshly
deposited on the sampling date in May 1984 were
collected from each replicate of all treatments. These
faecal materials were dried at 60 °C for 48 h and
ground (< 0:15mm) before analysis for P, and P,
(Walker & Adams 1958).

Determination of root dry matter and root
phosphorus content

Composite soil samples of four cores (100 mm
diameter) were collected to a depth of 0-600 mm at
intervals of 0-75, 75-150, 150-300, 300-450 and
450-600 mm from the border strip and border crutch
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of each replicate of the three treatments and on four
occasions in spring (October 1985), summer (February
1986), autumn (April 1986) and winter (June 1986).
These samples were passed through a series of sieves
with mesh sizes of 2, 1, 0-5, 0-25 and 0-125 mm. Root
materials from each composite soil sample retained
by these sieves were combined. washed free of soil
with distilled water and oven-dried at 60 °C for 48 h
before weighing for DM determination. They were
then ground (< 0-15 mm) for P, and P, determination.

Soil sampling for chemical analyses

Composite soil samples of ten cores (25 mm
diameter) from each depth (0-75, 75-150, 150-225
and 225-300 mm) of the border strip and border
crutch of each treatment were collected in July 1987
before SP application. Subsamples were air-dried and
finely groungd (< 0-15 mm) before analysis for P, and

Soil P, was calculated as the difference between soil
P, and P, (Walker & Adams 1958). Soil samples which
had been collected from the same four soil depths in
1952, at the beginning of this long-term grazing
experiment, were also retrieved from storage (at room
icmperature) to determine P, and P, contents.

Determination of soil bulk densiry

Four replicates of soil samples from each border
crutch and border strip of one randomly selected
replicate of each treatment were collected in July 1987
at 7S mm intervals to a depth of 300 mm using a
percussion auger (43 mm diameter). The bulk density
of" each soil depth in border strips or border crutches
was determined as the ratio of oven-dried (105 °C for
72 h) weight (g) of soil over the total volume (cm® of
soil collected in the auger. The measured soil P
concentrations (ug/g) in both border strips and border
crutches were corrected for soil bulk density (g/cm?)
Lo calculate the amounts (kg/ha) of soil P in these
areas.

Determination of the proportion of applied P
recofered in the soil-plani-animal systems

The proportion (%) of applied P recovered in soils
after 35 years of SP applications was determined as
the proportion of the difference in soil P, in the major
rooting zone (0-300 mm) between the SP and control
treatments over the cumulative amount of P applied
over a 35-year period.

The proportion of applied P recovered in the
soil-plant-animal systems in SP-treated pastures
was determined using the following equation:

P recovery = [(A,+A,+P,+R,)
—(A+A +P +R)]=[(WP+PN—WP]x 100 (1)

or

P recovery = [(A,+A,+P,+R,
~A,—A,—P,—R,)=Pf]x100 (2)

where P recovery was the recovery (%) of applied
P in soil-plant-animal systems in SP-treated pastures;
A,. A,, P, and R, represented various P pools in SP
treatments: A, was an annual change (kg P/ha) in
total soil P, while A,, P, and R, were annual P
removal in animal products and animal P returned to
soil in plant litter and root residues respectively;
A A, P and R, represented the above parameters in
the same order for the control treatment: WP was
the annual P release from soil weathering and Pf was
the amount of annual P input from SP fertilizer
application.

Statistical analyses

Analysis of variance of soil chemical data, faecal P
concentration and annual herbage P uptake was done
using the Statistical Analysis System (1987) in
accordance with the randomized complete block
design of the experiment. Root P data and total root
DM production in the 0-600 mm depth were analysed
using GENSTAT (Genstat 5 Committee 1987), with
sampling dates as split plots and SP treatments as
main plots. Sampling areas and sampling dates were
treated as split plots in statistical analyses of data
from faccal DM deposition, pasture DM production
and pasture P status in camp and non-camp areas.
Sampling dates and soil depths were treated as split

plots in the analysis of variance for the distribution of

root DM with depth over a I-year period. P < 0-05
was the minimum acceptable level of significance.

RESULTS AND DISCUSSION
Animal phosphorus intake

Based on the assumption that 80% of herbage P
uptake was consumed by grazing animals with an
average PU of 80 % (Nguyen 1990), annual amounts
of animal P intake from pastures with 0, 188 and
376 kg SP/ha per year treatments were estimated to
be 65, 23-3 and 357 kg P/ha respectively. Annual
“anjounts of herbage P uptake in 0, 188 and 376 kg
SP/ha treatments were reported to be 81, 29-1 and
44:6 kg P/ha respectively (Nguyen et al. 1989).

Annual returns of plant litter phosphorus

Since 80 % of herbage P uptake was considered to be
utilized by grazing animals, the remaining 20 %,
estimated as 16, 5-8 and 89 kg P/ha per year, was
returned as plant litter P to soils in grazed pastures
with 0, 188 and 376 kg SP/ha applied per year
respectively.

Approximately 44-62 % of herbage P content was




94 M. L. NGUYEN AND K. M. GOH
Table 3. Total phosphorus (), inorganic phosphorus
1989) in pasture herbage. annual animal phosphorus

receiving three different superphosphate (SP) inputs

A s B st S e R e LN A AR e i

(P) and phosphorus uptake (obtained JSrom Nguyen et al.
intake and annual herbage phosphorus residue in pasture

Herbage P
SO Herbage P residue
P,
SP input P, ———— P uptake Animal P intake P, P,
(kg/ha per year) (% DM) (% DM) (% P, (kg/ha per vear) (kg/ha per year) (kg/ha per year)
S —— T TR
0 0:22 0-09 44 81 65 1-6 07
188 0-32 0-17 53 29-1 233 5-8 31
376 0-42 0-26 62 44-6 367 89 545
S.E. (6 D.F.) 0-006 0-003 —* 1-24 — = =
* — not applicable.

Table 4. Amounts of faecal dry marter (kg DM /ha) deposited in camp and non-camp areas sampled at different
J ] 8 P P P P 4

times in grazed pastures receiving three

different superphosphate (SP) inputs

Camp

—_—
Non-camp

SP input (kg/ha per year)

SP input (kg/ha per year)

Sampling date 0 188 376 0 188 376

September (spring) 1983 267 (48)* 494 (89) 533 (96) 88 (72) 238 (195) 268 (220)

January (summer) 1984 644 (116) 1044 (188) 1317 (237) 307 (252) 839 (688) 891 (731)

March (autumn) 1984 178 (32) 261 (47) 261 (47) 83 (68) 174 (143) 199 (163)

April/May (early winter) 1984 417 (75) 655 (118) 683 (123) 152 (125)  437(358) 488 (400)
D.F. S.E.

Area 6 159

Treatment 4 229

Sampling date 522 253

* Values in parentheses indicate
(829%) areas in grazed pastures.

Table S. Proportions (%) of faecal dry

amount of faecal DM after correction for the proportions of camp (18

in grazed pastures with three different superphosphate (SP) inputs

%) and non-camp

matter returned to camp and non-camp areas sampled at different times

_—_—
Camp

Non-camp

SP input (kg/ha per year)
. et b el -

SP input (kg/ha per year)

Sampling date 0 188 376 0 188 376
September (spring) 1983 40-0 31-3 304 600 687 69-6
January (summer) 1984 31:5 21-5 245 68-5 785 755
March (autumn) 1984 32:0 247 224 68-0 753 77-6
April-May (early winter) 1984 37-5 24-8 235 62-5 752 76:S
Mean +s.E. 3534209 2564206 252 +1-79 648+£2:09 7444206 748+1-79

found to be in the P, form (Table 3), in agreement
with the results of other workers (Bromfield & Jones

P, pool.
1972 Playne 1976). Thus ¢. 0-7-5-5 kg P/ha per year

from plant litter would be considered (o center the soil
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Annual phosphorus removal in animal products

Amounts of annual P removal in animal products
Irom ewe-grazed pastures which had been treated
with 0. 188 and 376 kg SP/ha per year were 0-6. 1-2
and 1-4 kg P/ha respectively. These estimates were
based on the assumption that each ewe causes the
total annual removal of 0-074 kg P. which is the sum
ol the P removal in 4-4 kg wool (6:6 x 10 kg P) with
a P content of 0:014-0-016 %% (Blair 1983 : Grace 1983)
and annual P removal in liveweight (0073 kg P)
resulting from a replacement of a 55 kg ewe at 0-6 %
P (Grace 1983) every 4-5 years.

Phosphorus removal in animal products was con-
sidered to represent a relatively small P output from
the soil-plant-animal system in the different SP
treatments. since it accounted for < 10% of the P
intake by gpazing animals (Table 3).

Excretal phosphorus output and phosphorus lost by
excretal transfer

Since < 1-5 kg P/ha per year of the animal P intake
was retained in wool and animal tissues. ¢. 5-9. 22-1
and 34-3 kg P/ha per year ingested by grazing animals
was returned as excreta to pastures in the 0. 188 and
376 kg SP/ha per year treatments respectively. This
cxcreta was subject to transfer losses., since a
significantly  higher amount of faccal DM was
returned to camp than to non-camp areas (Table 4).

Since camp areas accounted for 18% of the total

grazing area in each replicate. the proportions of

faecal DM returned to camp areas of the 0. 188 and
376 kg SP/ha treatments were estimated to be 35. 26
and 25% respectively (Table 5). The higher excretal
transfer observed in the control treatment. particularly
during the spring and late autumn-early winter periods
(Table 5). could be due to the low SR (8 ewes/ha) in
this treatment. as other workers (Taylor 1980: Morton
& Baird 1990) have shown that with a low SR. animals
tend to spend more time in camp areas. This effect is
likely to be more pronounced when pasture growth is
active in the spring and autumn periods.

Pasture DM production and pasture P uptake on a
xg P/ha basis were found to be significantly higher in
camp than in non-camp areas (Table 6). This could be
due to higher excreta deposition and hence higher
returns of excretal nutrients such as nitrogen (N),
potassium (K). P and S to the former areas (Nguyen
& Goh 1988: Nguven 1990).

Sheep facces deposited in pastures with annual SP
ipplications of 0. 188 and 376 kg/ha were found to

contain between 0-52 and 1:07% P. and ¢. 56-82 % of’

aecal P was present in the inorganic fraction (Table
7). The observed increase in faecal P, concentration

ind faccal P, fraction with an increase in the rate of

SP application (Table 7) probably reflects the increase
in herbage /P uptake and hence animal P intake (Table

i/

3). This is supported by results obtained from other
studies. which showed that faecal P, concentration
(Floate & Torrance 1970: Rowarth er «l. 1988) and
the faecal P, fraction (Bromfield 1961: Barrow &
Lambourne 1962) increased with increasing herbage P
concentration.

The transfer of excretal P to stock camps could
account for the annual P gains in camp areas. where
the annual estimated amounts of faecal P returns
(FaPc: Table 8) were higher than the annual amounts
of animal P intake (APcf; Table 8) from these areas.
These P gains in camp areas were found to be at the
expense of P losses in non-camp areas. where the
amounts of faccal P returns (FaPnc: Table 8) were
lower than those ingested by grazing animals from
these areas (APncf; Table 8). The proportions of
excretal P that were subjected to transfer losses from
non-camp to stock camp areas in pastures with
annual SP applications of 0, 188 and 376 kg/ha were
estimated to be 22-4, 139 and 13-7% respectively
(Plnc %: Tables 1, 2 and 8). Thus the estimated
amounts of excretal P transfer to stock camps in the
0. 188 and 376 kg SP/ha treatments were 1-3, 3-1 and
47 kg P/ha per year respectively. These transfer
losses in the 188 and 376 kg SP/ha treatments were
similar to those (12-5%) quoted in the New Zealand
MAF P and S models (Cornforth & Sinclair 1984
Sinclair & Saunders 1984) for pastures under intensive
rotational  grazing systems where the ratio of
SR:potential carrying capacity is > 0-75 (Metherell &
Morrison 1984). However. the estimated transfer loss
in the control pastures receiving no SP applications
was substantially higher. probably because of the low
SR (8 ewes/ha) in these pastures.

In the development of the P transfer model for
estimating excretal P transfer to stock camps (Table
8). border levees being on top of a mound of soil (Fig.
1) and not in direct contact with irrigation water were
not considered to be the major source or sink of P in
nutrient cycling in grazed pastures because of their
lack of adequate soil moisture for pasture growth
(Nguyen 1990). In addition, very limited camping
occurred on border levees because of the fence running
along the top of these levees.

The above assumption is justified. since Nguyen
(1990) in another study on border strip. irrigated.
grazed pastures with a similar soil type observed that
P transfer losses to stock camps with the inclusion of
border levees as a source or sink of P in grazed
pastures were similar to those where border levees
were not considered to be involved in P cycling in
grazed pastures.

In addition to the excretal P transfer to stock
camps, some excretal P was also lost from the grazing
trial to either the off-trial area (Fig. 1) whenever
grazing animals were shifted from one replicate to
another. or to the shearing shed for crutching. shearing
or drenching (i.e. off-farm losses). Since the period of

[ Ses ]
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Table 6. Dry matter production (kg DM /ha), herbage
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vhosphorus concentration (% P in DM) and phosphorus
! P P P

uptake (kg P/ha) from camp and non-camp areas sampled at different times in grazed pastures with three different

superphosphate (SP) inputs
Camp Non-camp
P uptake P uptake
Sampling P _— P
time DM concentration (kg on area DM concentration (kg on area
(month) (kg/ha) (%) (kg/ha) basis)* (kg/ha) (%) (kg/ha) basis)*
0 kg/ha SP input
September 146 0-21 0-31 0-06 73 0-19 0-14 0-11
October 600 0-25 150 0-27 405 0-23 093 0-76
November 780 0-24 1-87 0-34 520 0-26 1-35 1-11
December 974 0-27 2:63 0-47 695 0-24 1-67 1-37
January 1015 0-24 2:44 0-44 620 0-21 1-30 1-07
March 765 0-28 214 0-39 450 0-27 1:21 0-99
April 627 0-20 1:25 0-23 375 0-22 0-83 0-68
May 180 0-21 038 0-07 114 0-16 018 0-15
Total 5087 — 12:5 23 3252 — 761 62
188 kg/ha SP input
September 595 0-37 2:20 0-40 384 0-35 1-34 I-10
October 2356 0-45 10-60 191 1885 0-39 7:35 6:03
November 1733 0-38 659 1-19 1284 0-40 514 421
December 2083 0-37 771 1-39 1488 0-35 521 427
January 3607 0-35 12:62 2:27 2060 0-33 6-80 557
March 1473 0-35 516 0-93 1133 0-33 374 307
April 1110 0-29 322 0-58 926 0-31 2-87 235
May 139 0-30 042 0-08 110 0-31 0-34 0-28
Total 13096 = 485 88 9270 — 328 269
376 kg/ha SP input
September 683 0-50 342 0-61 488 0-45 2-20 1-81
October 3145 0-48 15-10 272 2030 0-49 995 8:16
November 1750 0-53 9-28 1-67 1400 0-50 700 574
December 2180 0-47 10-25 1-84 1615 0-48 75 6:36
January 4140 0-38 1573 2:83 2325 041 9-53 7-82
March 1955 045 880 1-58 1448 0-46 666 546
April 1465 0-47 6-88 1-24 1045 0-43 4-49 368
May 225 0-43 097 0-18 180 0-39 0-70 0-58
Total 15543 — 704 127 10530 — 48-3 396
DM P concentration P uptake (kg/ha)
D.F. S.E. D.F. S.E. D.F. S.E.
Area (camp v non-camp) 9 469 9 0003 9 0:125
SP inputs 6 72:1 6 0-007 6 0-130
Sampling month b 126 126:1 126 0-011 126 0-198

* Based on an area basis of 18 % (camp) and 82% (non-camp) of total grazing area.

time in which the grazing animals were involved in
these activities accounted for ¢. 10 days per year,
potential amounts of off-trial and off-farm P losses
were estimated to be 2:7% of the total excreta P
output per vear (Table 8) or 0-15. 0-61 and 094 kg
P/ha per year for pastures with annual SP applications
of 0. 188 and 376 kg/ha respectively.

Phosphorus uptake in plant roots and phosphorus
returns to soils from root residues

Most of the pasture root DM production to a depth
of 600 mm was in the top 300 mm (Table 9). Over
95% of root DM production was in the topsoil
(0-75 mm). This suggests that soil sampling to a
depth of 300 mm for P and S analyses was adequate
when assessing soil P status for predicting pasture P
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“able 7. Faecal total (P) and inorganic phosphorus (P) concentrations and the proportion of faecal phosphorus
as inorganic fraction in sheep faeces collected Srom pastures with three different superphosphate (SP) inputs

Faecal P,
SP input Faecal P, Concentration Proportion
(kg/ha per year) (% P in DM) (% Pin DM) (% faecal P)
0 0-52 0-29 S6
188 - 0-80 0-60 75
376 1-07 0-88 82

S.E. (6 D.F.) 0-003 0003 —

uble 8. Amounts (kg P/ha) of herbage phosphorus utilized by grazing sheep and returned as faeces to camp and
lon-camp areas sampled at different times in grazed pastures with three different superphosphate (SP) inputs

4 Animal P intake* Faecal P to*
Sampling _— Proportion (%) of
time Camp  Non-camp  Total Faecal P* faecal DM in Camp  Non-camp
(month) (APch) (APncf) TAP (ZFaP) camp areas (Dc)t (FaPc) FaPnc)
0 kg/ha SP input

September 0-05 009 0-14 0-13 40-0 0-05 0-08
October 0-22 0-61 0-83 0-75 40-0 0-30 0-45
November 0:27 0-89 116 1-04 40-0 0-42 0:62
December 0-38 1-10 1-48 [-33 40-0 0-53 0-80
January 0-35 0-86 1-21 1-09 315 0-34 0-75
March 0-31 0-79 110 0-99 32:0 0-32 0-67
April 0-18 0-54 072 0-65 375 0-24 0-41
May 0-06 012 018 0-16 37-S 0-06 0-10

Total 1-82 500 6-82 614 — 2:26 3-88

188 kg/ha SP input

September 0-32 0-88 1-20 [-08 313 0-34 0-74
October 1783 482 6-35 572 313 1-79 393
November 0-95 337 432 3-89 313 1-22 2:67
December 111 342 453 408 313 1-28 2-80
January / 1-82 446 628 565 21-5 1-22 443
March / 0-74 246 320 2882 247 0-71 217
April 046 1-88 2:34 241 24-8 0-52 1-59
May 0-06 022 0-28 0:25 24-8 0-06 019

Total 699 2151 28-50 25-66 — 7-14 18-52

376 kg/ha SP input

September 0-49 1-45 1-94 1-74 304 0-53 1-21
October 218 653 871 7-84 304 2:38 5-46
November 1-34 4:59 593 534 304 1-62 372
December 1-47 509 6:56 590 304 1-79 411
January 226 626 8:32 7-66 24-5 1-88 5-78
March 1-26 4-37 563 507 224 1-13 394
April 0-99 2:94 393 354 235 0-83 271
May 0-14 0-46 0-60 0-54 23-5 0-13 0-41

Total 10-13 3169 41-82 3763 — 10-29 27-34

‘alculated using parameters and equations from Tables | and 2. See Table | for abbreviations.
)btained from Table 3.

iuirement. Root DM production was higher in  pasture herbage (Nguyen er al. 1989). Lower root
“ing and autumn than in summer or winter (Table DM production in the SP-treated pastures compared
This seasonal pattern was similar to that shown by with the control (Table 9) was attributed to the higher
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Table 9. Root dry matter production (kg DM [ha) and its proportion (%) in soil sumples from five different deptily collected over four seasons (1985/86)
Srom three superphosphate (SP) treatments

SP input (kg/ha per year)

Spring

Winter
(June 1986)

Autumn
(April 1986)

Summer
Soil (October 1983) (February 1986)
depth e
(mm) 0 188 376 0 188 376
0-75 7296 (83)* 7725 (85) 63579 (85) 8190 (82) 6110 (84) 35314 (83)
75-150 972 (11) 846 (9) 648 (8) 1040 (10) 600 (8) 645 (10)
150-300 294 (3) 258 (3) 310 (4) 425 (4) 336 (5) 289 (45)
300-450 170 (2) 178 (2) 133 (2) 212:2) 184 (3) 138 (2)
450-600 68 (1) 66 (1) 50 (1) 65 (1) 5711 39 (0-3)
Total 8800 9073 7720 9932 7287 6425
Root DM distribution with depih
D.F. S.E.
Sampling date 171 B2
SP treatments 6 157

Depth

171 348

* Proportion (%) of root DM production (0 600 mm depth) present at each depth.

0 188 376 0 188 376
7816 (85) 8210 (83) 3635 (86) 7493 (85) 6890 (84) 5973 (83)
784 (8:5)  835(9) 448 (7) 781 (9) 825 (10) 628 (9)
385 (4) 390 (4) 276 (4) 294 (3) 289 (3:5) 244 (3)
25 (1) lod (1:5) 136 (2) 171 (2) 163:(2) 115 (1-5)

51 (0-5) 60 (0-3) SE() 45 (0:5) 54 (0-3) 45 (0-3)
9161 9659 6546 8784 8221 7005

Total root DM production

D.F. SIE.
27 1483
433

86
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Table 10. Effects of three different superphosphate (SP) treatments and four sampling seasons (1985/86) on root
phosphorus concentration and root phosphorus uptake

SP input (kg/ha per year)

Root P concentration

Root P uptake

(% P in DM) (kg P/ha)
Sampling date 0 188 376 0 188 376
Spring (October i985) 0-13 0-20 0-24 114 181 18:5
Summer (February 1986) 0-12 0-19 0-21 11-9 13-8 13:5
Autumn (April 1986) 012 0-15 0-18 110 14-5 11-8
Winter (June 1986) 0-12 0-20 0-24 10-5 16:4 16:8
Mean 012 0-19 0-22 112 15-7 £5:2
D.F S.E. D.F. S.E

Sampling date 27 0012 . 27 0-19

Treatment 6 0-009 6 0-12

7 Treatment x sampling date 27 0014 27 0-30

Table 11. dmounts (ng P/g) of soil total phosphorus at four different soil depths of the main grazing area
(horder strips) prior to (1952) and 35 years after (1987) receiving three different annual superphosphate (SP)
mputs, including soil bulk density and values of soil total phosphorus (kg/ha) after correction for bulk density

1987
Soil Soil
sampling bulk SP input (kg/ha per year)
depth density —
(mm) (g/cm?) 1952 0 188 376 S.E. (6 D.F.)
Uncorrected for soil bulk density
0-75 710+ 13* 750 930 1150 10-1
75-150 670410 715 885 1010 12-1
150-225 600+ 16 625 680 740 11-5
225-300 505+ 11 500 500 510 87
Corrected for soil bulk density
0-75 101 (30t 538 568 704 871 92
75150  1-11(2-5) 558 595 737 841 10-1
150-225 1-23 (1-5) 554 577 627 683 87
225-300  1-24 (2-2) 470 465 465 474 87
Soil P, (0-300 mm) 2120 2205 2533 2869 217

Changes in P, (0-300 mm)
Over a 35-year period —
Annually —

85 413 749 —

24 11-8 214 —

* Mean +S.E.
+ Coelficient of variation in parentheses.

DM production of the plant tops at the expense of the
root DM production in the former.

PhospHorus content in pasture roots was found to
refiect the previous SP top-dressing history (Table 10)
and was higher in SP-treated pastures that in the
control. A similar pattern was observed for herbage P
content (Table 3).

The mean annual P uptakes by pasture roots in the

«

0. 188 and 376 kg/ha treatments were 11-2, 15-7 and
15-2 kg P/ha respectively (Table 10). Published data
csggests that there is a 50 % turnover of root biomass
cach year in frequently grazed pastures (Middleton &
Smith 1978 Parfitt 1980). Thus the annual root P
residues in the 0, 188 and 376 kg SP/ha treatments
were estimated to be 5:6. 79 and 7-6 kg P/ha. Since
over 98% of root P in these SP t(reatments was
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present as P (data not presented), almost all root P
residues were considered to be assimilated into the
soil P, pool.

Changes in soil phosphorus over long-term pasture
development and superphosphate applications

Significant amounts of soil P, accumulated (o a depth
of 0-225 mm in all treatments after 35 years of
pasture development with or without annual SP
applications (Table 11). Changes in soil P, and P, with
time in the topsoil (0-75 mm) over a 35-year period
have also been reported (Condron & Goh 1989:
Nguyven er al. 1989). Except for the 7-vear period
following lime application in 1972, the accumulation
of soil P, in all treatments was linear (Quin & Rickard
1981: Nguyen er al. 1989). Annual rates of P
accumulation in the major plant rooting zone
(0-300 mm) in the control. 188 and 376 kg SP/ha
treatments measured by the increase in soil P, (kg
P/ha) after 35 years of the grazing experiment.
relative to that in the soil at the beginning (1952) of
this experiment, were estimated to be 2:4, 11-8 and
214 kg P/ha per year respectively (Table 11). Soil
bulk density at each sampling depth of the main
grazing area (border strips) was found to be unaffected
by different SP treatments (data not presented) and
unchanged over 35 years (D. S. Rickard & B. F. Quin,
unpublished). Thus only data of the mean of soil bulk
density for these SP treatments (Table 11) was used in
the conversion of soil P, from pg P/g to kg P/ha basis.

The accumulated soil P, in the main grazing area
(non-camp soil) of the control trcatment was attri-
buted to an increase in the soil P, fraction (Table 12),
while SP applications enhanced the accumulation of
both soil P and P, fractions and increased the ratio of
soil P, :soil P in the 0-225 mm depth (Table 12). The
higher soil P,: P, in SP-treated pastures was attributed
to a higher accumulation of soil P, relative to soil P,
in these pastures (Table 12).

The higher accumulation of both soil P, and P,
fractions even to the depth of 150-225 mm (Table 12)
in SP treatments relative to that in the control,
suggests some leaching of either or both P fractions
from soil P, and P, pools in the topsoil (0-75 mm),
applied P fertilizers. and faecal P (Bromfield & Jones
1970: Campbell & Racz 1975; Schoenau & Bettany
1987). This could also be due to a number of
other factors such as the preferential flow of
dissolved particulate soil organic matter or faecal
materials down soil macropores by irrigation water
(Kanchanasut e¢r al. 1978: Kanchanasut & Scotter
1982 Blair 1983). the distribution and decomposition
of plant root P residues (Clark er al. 1980) and the
incorporation and transportation of faecal P, plant
litter P and soil P from the 0-75 mm depth to the
lower soil depth (150-225 mm) by carthworms and
other soil fauna (Syers & Springett 1984). These
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suggestions were [urther supported by the finding
that, compared with the control treatment. higher
DM production in SP-treated pastures (Nguyen ez al.
1989) allowed higher SR (o be carried and hence there
was higher return of animal excreta and plant litter
(Tables 3, 4 and 8). Consequently the amounts of
plant and faecal P residues that were likely to be
cxposed to earthworm activity, leaching or prefer-
ential flow from soil surface to a depth of 225 mm
would be higher in SP-treated pastures than in the
control treatment. This P movement is unlikely to
occur beyond a depth of 225 mm since there was no
significant difference in soil P,, soil P, or soil P, at
225-300 mm between different treatments.

Accumulation of soil phosphorus in camp areas

Amounts (ug P/g) of soil P, soil P, and soil P,
within 0-225 mm soil depth of the camp areas were
significantly higher in SP-treated pastures than in the
control (Table 12), probably reflecting the higher
faecal P return in the SP treatments (Table 8). The
presence of higher soil P, at the 0-225 mm depth in
the camp area of the 376 kg SP/ha treatment. relative
to that in the 188 kg SP/ha treatment (Table 12) was
in agreement with the result obtained from the non-
camp soil (Table 12). This showed that an increase in
annual SP applications from 188 to 376 kg SP/ha
enhanced the accumulation of soil P, in both camp
and non-camp areas. This was attributed to the
oversupply of P input from the 376 kg SP/ha
treatment for pasture maintenance P requirement
(Nguyen er al. 1989), leading to an accumulation of P,
in labile and Ca-bound forms (e.g. NaHCO,-ex-
tractable P and HCl-extractable P) (Condron & Goh
1989). The mean of soil bulk density for each sampling
depth in camp areas (border crutches) of the three SP
treatments (Table 13) was used in the conversion of
soil P, from pg P/g to kg P/ha. since it was found that
these treatments did not significantly affect soil bulk
density in camp areas (data not presented).

Amounts of soil P, soil P, and soil P, at the depth
of 225-300 mm in the camp areas were found to be
unaffected by different SP inputs (Tables 12 and 13).
In addition, these amounts were similar to those in
non-camp areas at the same soil depth (Table 11). The
results suggest that leaching of both P, and P, beyond
225 mm depth in this low phosphate-retaining soil is
unlikely to occur not only in the non-camp but also in
camp areas. although the latter received higher faecal
P returns (Table 8) and showed higher soil P, and P,
in the top 225 mm soil depth than that of non-camp
areas (Table 12).

By comparing the amounts (kg P/ha) of soil P.
within the major rooting zone (0-300 mm) in camp
and non-camp areas, the estimated amounts of P
gains in camp areas of the control. 188 and 376 kg
SP/ha treatments due to excretal P transfer (Table 8)



Table 12. Amounts (ug P/g) of soil inorganic (P) und organic (P)* phosphorus and their r.
strips) prior 1o (1952) and after 35 years (1987) and in camp area (border crutches) in pust
) (SP) inputs

19y

SP input (kg h

1952 0 188
Soil sampling depth ————— e —— A —————
(mm) P, B, PgP, B, P, P, PP P, B, P
Main grazing arca
0-75 260 450 0-58 —F 220 530 042 o+~ — 325 G
75-150 210 460 046 — 195 520 038 £ — 275 on
150-225 195 430 045 — 185 440 042 — 220 doi
225-300 195 305 0-64 — 190 310 06l = 25 2ys
Camp areu

075 920 300 620 048 1400 675 723
75- 150 820 280 540 052 1150 490 o660
150 225 710 250 460 054 825 310 5iF

225-300 515 195 320 06l 5200 195 32

* P, estimated as the difference between Pand P,
T — not applicable as P, values for main grazing area were presented in Table 11,

at four different soil depths of the main grazing area (border
ter 35 years (1987) of three different annual superphosphate

Iyear)

154
45
148
169

193
174
60

60

540
365
280
210

950
720
350
200

610
645
460
330

720
655
545
325

S.E. (6 D.F.)

Pl Pl Pu
- 87 130
— 72 116
— 66 104
— 43 66
361 260 275
275 231 246
188 176 173
144 144 116

$a.umisvd pazvad ul sasso] pup Suysld snaoydsoyy
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Table 13. Amounts of soil total phosphorus (kg P/ha)

orrected for soil hulk

E O S ST

AND K. M. GOH

density at four different soil depths

i camp areas of grazed pastures after 35 years with three different superphosphate (SP) inputs

Soil bulk

SP input (kg/ha per year)

Soil sampling depth density —
(mm) (g/cm?®) 0 188 376 S.E. (6 D.F.)
0-75 101 (2:7)* 697 1061 1265 20-2
75-150 101 (2:4) 621 871 1042 188
150-225 1-15(1-9) 612 712 T2 144
225-300 1119 (1-5) 460 464 469 10-1
Total (0-300) e 2390 3108 3548 246

/

* Coeflicient of variation (%) in parentheses.

Table 14. Amounts of soil total phosphorus (P,) at 0-300 mm dep

thin camp and non-camp areas of three different

superphosphate (SP) treatments before and after correction for the proportion of these areas in each treatment

Soil P,

and estimated transfer gains of phosphorus in camp soils

kg P/ha basis* kg P on area basist
SP input — = P transferf
(kg/ha per Camp Non-camp Camp Non-camp Total (kg/ha
year) B P P Piss: (Pogr+Pysm) per year)
0 2390 2205 430 1808 2238 09
188 3108 2533 559 2077 2636 29
376 2353 35

3548

2869

* Obtained from Tables 11 and 13.

2992

T Based on camp and non-camp areas occupying 18 and 82% of the total grazing arca respectively.
© Estimated as the proportion of the difference between (P, +P,) and P, over a period of 35 years.

were 0-9. 2.9 and 3-5kg P/ha per year (Table 14)
respectively. These estimates based on soil P were
similar to those (1-3. 3-1 and 4-7 kg P/ha per year)
estimated earlier using the P transfer model.

Recovery of applied phospibrus in soil-plant-animal
j P
systems

The proportion of applied P recovered in the major
soil rooting zone (0-300 mm depth) was found to be
unaflected by the rate of SP application and was
estimated to range from 53-6 to 54-2% (Table 15). By
including the annual amounts of P cycling in both
plant and animal P pools, the proportions of applied
P recovered in the soil-plant-animal system in the 188
and 376 kg SP/ha (reatments were estimated to be
94-3 and 83-1 % respectively (Table 15). These results
suggested that 5:7-169% of the applied P was not
recovered. Approximately 11-:7-12:6 % of the applied
P was estimated to be transferred to stock camps or
lost to off-trial and off-farm sites (Table 15). Thus the
remaining applied P that was not accounted for in the

soil-plant-animal system (i.e. 0-52% of applied P:
P Y pp

Table 15) was postulated to be lost by lateral P
transfer via the floating of dry facces in irrigation
water as it moved along the border strip from the
headrace to the bottom of the border strip (Fig. 1).
Close & Woods (1986) recorded a significant increase
in P concentration in irrigation water as it moved
from the top to the bottom of the border strip.

Practical implications

As shown in this study. long-term SP applications
lo irrigated, sheep-grazed pastures resulted in the
accumulation of both soil P, and P, fractions to a
depth of 225 mm. This accumulation was mainly
from plant litter, sheep excreta, microbial P immobili-
zation and adsorption of fertilizer P on soil colloids.
The accumulated soil P may play a significant role in
sustaining  both pasture and animal production,
especially after the withholding of SP applications.
The degree of this P sustainability needs to be
examined in the light of the increasing economic
pressure on Australasian farmers to reduce fertilizer
inputs.
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Table 15. Phosphorus pools and phosphorus inputs to and outputs from the soil-plant-animal system in grazed
pastures with three different superphosphate treatments

Amounts of P (kg/ha)

SP input (kg/ha per year)

P pools. inputs and P outputs 0 188 376
Soil weathering 4 4 4
SP fertilizer

per vear basis 0 17-5 35

over 35 years 0 612-5 1225
Soil P pool 2205 2533 2869
A soil P due to pasture development and SP applications

over 35 years 85 413 749

per year basis 24 11-8 214
A soil P over 35 years due to SP applications — 328 664
Recovery (%) of applied P in soil == 536 54-2
Herbage P pool 81 29-1 44-6
Anima} P removal 0-6 22 1-4
Excretal P output 59 28+ 343
Excretal transfer to

stock camps <3 31 47

ofl-farm and off-trial sites 02 06 09

total transfer losses -5 3-7 (12-6)* 56 (11:7)*
Plant P residue 1-6 58 89
Root P residue 56 79 7-6
P in soil-plant-animal pools 0-2 267 39-3
Recovery (%) of applied P in soil -plant-animal pools — 94-3 831

* Excretal P transfer expressed as a percentage of applied P after taking into account the amount of excretal P transfer

m the control treatment.

The accumulated soil P, and P, to a depth of
225 mm suggests that both P, and P, from SP fertilizer.
plant residues, sheep faeces and soil P may be leached
or transported by earthworms from the topsoil
(0-75 mm depth) to lower soil depths (75-225 mm).
However, this P movement was unlikely to occur
beyond the major rooting zone (0-300 mm depth),
and hence most of the applied P even at the highest
rate of 376 kg SP/ha. which exceeded pasture plant P
requirements. was accounted [or in the soil-plant-
animal system. Phosphorus losses in surface run-off
were unlikely to be the major concern on these
irrigated. sheep-grazed pastures since these losses
accounted/for < 6% of the applied P.

Grazing animals played a significant role in the
recyeling of P from pasture herbage to the soil via the
return of sheep faeces. Sheep faeces consisted of both
P and P fractions. and the proportion of faecal P as
P increased with increasing SP inputs. The return of
taccal P to the soil may play a significant role in
providing P for pasture plants. Future studies on the
decomposition of sheep faeces and the plant avail-
ibility of P in sheep faeces of irrigated. grazed
pastures are warranted.

Although grazing animals might play a major role
m P recycling in grazed pastures. they were also

responsible for a considerable amount (14-22% of
excretal P) of P transfer as excreta from the main
grazing arcas to stock camps. This transfer may be
reduced by management practices such as rotational
grazing at high SRs. In addition, the efficiency of the
utilization of P fertilizers in irrigated, sheep-grazed
pastures can be improved when P fertilizers are
applied only to the main grazing areas (border strips)
and not to the entire grazing area which includes the
animal camp (border crutches) area.

CONCLUSIONS

Jbds study shows that long-term SP applications
resulted in the accumulation of both soil P, and P,
fractions. The accumulated soil P provided significant
amounts of P for pasture requirements. Leaching
losses of P from SP fertilizer, plant litter, root residues
and sheep faeces were unlikely to occur beyond the
major soil rooting zone (0-300 mm) in this low
phosphate-retentive soil. Most of the applied P was
accounted for in the border strip of the irrigated.
sheep-grazed pastoral system. To improve the efficient
use of applied P, SP should be applied to border strips
(non-camp) and not to the entirc grazing area. The
excretal P transfer loss may be reduced by man-
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agement practices which involve rotational grazing at

high SRs.
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Abstract The existence of soluble organic forms of N
in rain and drainage waters has been known for many
years, but these have not been generally regarded as
significant pools of N in agricultural soils. We review
the size and function of both soluble organic N ex-
tracted from soils (SON) and dissolved organic N pres-
ent in soil solution and drainage waters (DON) in ara-
ble agricultural soils. SON is of the same order of mag-
nitude as mineral N and of equal size in many cases;
20-30 kg SON-N ha™ is present in a wide range of ara-
ble agricultural soils from England. Its dynamics are af-
fected by mineralisation, immobilisation, leaching and
plant uptake in the same way as those of mineral N, but
its pool size is more constant than that of mineral N.
DON can be sampled from soil solution using suction
cups and collected in drainage waters. Significant
amounts of DON are leached, but this comprises only
about one-tenth of the SON extracted from the same
soil. Leached DON may take with it nutrients, chelated
or complexed metals and pesticides. SON/DON is
clearly an important pool in N transformations and
plant uptake, but there are still many gaps in our un-
derstanding.
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Introduction

The forms of N present in the soil and lost in drainage
have been the subject of research for many years.
Lawes and Gilbert (1881) made gravimetric analyses of
the organic and inorganic contents of lysimeter drai-
nage waters after laboriously distilling >100-1 samples.
They reported that the amount of dissolved organic N
(DON; N dissolved in soil solution and drainage water
collected from agricultural land) leached was no more
than 2 kg N ha™' and mostly <1 kg N ha™! out of a total
leached of 50 kg N ha™', and that it was highly nitroge-
nous, with a mean C:N ratio of 2.6:1. They said that:
“Respecting the nature of these nitrogenous organic
bodies, and the part they possibly play in plant nutri-
tion, very little is at present known.” Russell and Rich-
ards (1919) reported analyses of N in rainwater. They
calculated that rainwater deposited ca. 1.5 kg organic-N
ha™', one-quarter of the total N deposited at the begin-
ning of this century. Thus it was known almost
100 years ago that rain and drainage waters contained
DON. What progress have we made? Fortunately la-
bour-intensive distillation and gravimetric analysis is a
thing of the past and we are beginning to understand
the composition and dynamics of DON. This paper re-
views that progress.

The plough layer of arable soils may contain
>3000 kg N ha™ (Stevenson 1982; Streeter and Barta
1988), but most of this is composed of a continuum of
complex organic forms, which can be divided concep-
tually into a number of pools (Paul and Juma 1981).
These pools may include organic N which is virtually
inert (Hsieh 1992) as well as N present in the living
bodies of the soil microbial biomass (SMB) (Jenkinson
and Powlson 1976). Mineral N comprises only a small
part of the total N in the soil (Harmsen and Kolenbran-
der 1965; Bremner 1965), usually about 1% in arable
soils (Jarvis et al. 1996), except after fertiliser applica-
tion. But mineral N cycles rapidly. It is supplied by the
mineralisation of soil organic matter, as well as from


http://www.c1r.uwa.cdu.au

fertiliser, manure and atmospheric deposition, and de-
pleted by plant uptake and immobilisation by micro-
organisms, by denitrification and by leaching. Although
microbial N comprises only 3-5% of total N in soil, mi-
neralisation, immobilisation and denitrification are all
microbially mediated processes.

The importance of NH3-N and NO3-N in crop nutri-
tion, and the environmental and possible health im-
pacts of NO3 in groundwater has focused attention on
the study of mineral N (Archer et al. 1992). However, a
pool of soluble forms of organic N of equal size to mi-
neral N (about 0.3-1% of total organic N in arable
soils; Mengel 1985) also exists in soil. Only recently has
interest in soluble organic N (SON; N extracted from
soil by water, KCl, etc.) and DON increased. We make
the distinction between SON and DON because, as we
shall show later, the two pools are neither the same size
nor of the same composition. Soluble pools of organic
N are composed, at least partially, of easily mineralisa-
ble N, and so have a major impact on the usually very
small but rapidly cycling N pools such as NH}-N (Men-
gel et al. 1999). SON is therefore likely to be an impor-
tant pool in N transformation pathways and plant up-
take (Németh et al. 1988). The flux of N through the
microbial biomass is large compared to its size and the
size of the mineral N and SON pools at any given time.
Determination of the relative importance of mineral N
and SON in specific N transformation pathways and
crop nutrition is essential for a proper understanding
and prediction of the production, transformation and
fate of N in agricultural systems.

In forest systems increased levels of atmospheric
deposition have increased the N content of soil and
brought many forest soils close to N saturation (Aber
et al. 1989; Aber 1992; Currie et al. 1996; Koopmans et
al. 1997; Goulding et al. 1998). Quite large pools of
DON have been measured in leachates from forest
floors (Yavitt and Fahey 1986; Stevens and Wannop
1987; Qualls et al. 1991; Currie et al. 1996). Qualls et al.
(1991) found that 94% of the dissolved N leaching
through a deciduous forest soil was present in organic
form. Yu et al. (1994) also found that SON was the
dominant form of N in a coniferous forest soil. SON
has been identified as a key pool in soil-plant N cycling
in forest systems (Qualls and Haines 1991), arctic tun-
dra (Atkin 1996) and subtropical wet heathland
(Schmidt and Stewart 1997) and DON represents a ma-
jor input of N to surface water in forested watersheds
(Wissmar 1991; Hedin et al. 1995), suggesting that the
leaching of organic N could be a major pathway for N
loss from at least some soils.

Compared to semi-natural systems, little is known
about the form and function of SON/DON and the role
that it plays in soil N cycling in agricultural soils. Here
we review the progress that has been made since Lawes
and Gilbert (1881) first analysed rain and drainage wa-
ters. We review methods of extraction, pool sizes and
the role of SON and DON in N transformations and
losses.
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Measuring SON and DON
Extraction of SON from soil

Soluble forms of N can be extracted from soils by shak-
ing with water. However, such extractions cause the
dispersion of clays and it can be difficult to obtain clean
solutions for analysis (Young and Aldag 1982). A range
of salt solutions have been used for extracting N from
soils, most commonly solutions of CaCl,, KCl and
K5SO,. Salt extracts may disturb adsorption equilibria
on soil surfaces and release organic N, which was not
originally dissolved (Fig. 1). The SON pool in soils can-
not be measured directly by extraction, but instead is
determined by subtracting the mineral N concentration
from the total soluble N (TSN) concentration. Kjeldahl
digestion was first used in this way to determine TSN in
seawater; it has also been used for soil solutions (Beau-
champ et al. 1986). This method is based on the reduc-
tion of N to NHZ-N in an acid solution, and has been
described in detail by Bremner and Mulvaney (1982).
However, the method is slow and cumbersome, and
large N contents in control samples can decrease the
accuracy and sensitivity of the procedure (Smart et al.
1981).

The development of simple, rapid and automated
methods by which TSN can be routinely analysed has
encouraged more measurements of SON to be made in
recent years. Persulphate (K,S,03) oxidation was origi-
nally used for the analysis of seawater (D’Elia 1977,
Koroleff 1983) but has been modified to determine
TSN in fresh water (Solérzano and Sharp 1980) and soil
extracts (Ross 1992; Cabrera and Beare 1993; Sparling
et al. 1996). K,S,0s oxidation is based on the principle
that, in the presence of a strong oxidising agent, both
NHi-N and SON are converted to NO3-N. Complete
oxidation is achieved by autoclaving the soil extract or
by ultra-violet digestion (Cabrera and Beare 1993; Wil-
liams et al. 1995; Sparling et al. 1996). Both approaches
are suitable for the processing of large batches of sam-
ples (100 per day) and require only simple laboratory
equipment. This technique has become popular in re-
cent years for determining SMB-N from the difference
in TSN between chloroform-fumigated and non-fumi-
gated soils (Ross 1992; Sparling and Zhu 1993; Murphy
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Fig. 1 Effect of extractant on the size of the soluble organic N
pool in soils of differing texture
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et al. 1998a). By also measuring the mineral N content
in non-fumigated soil, SON can be estimated by differ-
ence (Jensen et al. 1997; McNeill et al. 1998). Alterna-
tively, KCI extracts are routinely used to measure mi-
neral N in soil to support fertiliser recommendations
(Shepherd et al. 1996; Wilson et al. 1996). It is possible
to use samples of the same soil extract for determina-
tion of TSN, mineral N and thus SON (Bhogal et al.
1999).

Smart et al. (1981) reported that K,S,0g oxidation
was more precise than Kjeldahl digestion for measuring
TSN in samples collected from a range of aquatic habi-
tats. Studies employing water and 0.5 M K,SO, soil ex-
tracts, comparing Kjeldahl digestion and K,S,0g oxida-
tion, have found no significant difference in the amount
of TSN determined (Cabrera and Beare 1993; Yu et al.
1994; Sparling et al. 1996). However, in 1 M KCI soil
extracts, TSN was overestimated at low concentrations
and underestimated at higher concentrations by
K,S,05 oxidation compared to Kjeldahl digestion (Ca-
brera and Beare 1993). More recently, Merriam et al.
(1996) proposed a high-temperature catalytic oxidation
technique to measure TSN and found that results com-
pared well to those of K,S,03 oxidation.

Our measurements of arable and cultivated ley crops
growing on a sandy loam soil suggest that the extrac-
tant has only a slight influence on the size of both the
mineral N and SON pools in this soil type. Extractions
made with routine procedures for mineral N (2 M KCl)
or SMB-N (0.5 M K,S0O,) all show the same quantita-
tive differences in the effects of management on N pool
size and distribution; all are suitable for determining
SON. However, other measurements of TSN on three
contrasting soil types, sandy loam, silty clay loam and
clay loam (Fig. 1) suggest that water and KCl extract
comparable amounts of SON from non-clay soils, but
that clay soils contain TSN only extractable with KCIL.
This is likely to be NH#-N or organic N adsorbed on
cation exchange surfaces on the clay.

Measuring SON by electroultrafiltration

Electroultrafiltration (EUF) applies an electric field to
soil suspensions to separate fractions of soluble N by
forced diffusion through membrane filters (Németh
1979, 1985). The method removes both mineral (EUF-
NO;) and organic (EUF-N,,,) N, and is therefore con-
sidered by its advocates to remove all forms of N that
are available for plant uptake, loss or microbial trans-
formations over the short term. The advantage of EUF
is that the rate of nutrient release can be determined,
whereas soil extraction determines only pool sizes (Né-
meth 1985). However, EUF is labour intensive, costly,
and produces variable results compared to soil extrac-
tion (Houba et al. 1986). Houba et al. (1986) found that
amounts of N extracted by EUF and 0.01 M CaCl, were
highly correlated, and concluded that the two tech-
niques were interchangeable. Feng et al. (1990) found

that the EUF-N,,, fraction was larger than the pool of
N extracted with CaCl, 1 week after the incorporation
of ground and dried rape tops into soil. Recent results
from Mengel et al. (1999) indicated that EUF removed
a larger N, fraction than CaCl, in 13 of 20 soils. Thus
EUF appears to measure SON plus a part of some oth-
er soil N pool.

DON in soil solution

Dissolved mineral and organic N in soil solution is
found in mobile water flowing through pores, cracks
and channels, and in immobile water within pores in
soil peds. Sampling techniques must be selected to ex-
tract the pool of interest. Centrifugation of soil at natu-
ral soil moisture contents has been shown to be a suita-
ble method for obtaining solutions containing dissolved
organic C similar in composition to the soil solution in
macro-, meso- and micro-pores (Raber et al. 1998).
However, most measurements are made to estimate
leaching losses, and these can be made in a number of
ways, summarised below (Addiscott et al. 1991; Gould-
ing and Webster 1992; Titus and Mahendrappa 1996).
All of the methods have limitations, especially in struc-
tured soils with heterogeneous preferential flow
through soil macropores.

Suction cups (also called porous cups, porous probes
and, by some, lysimeters) are made of a hydrophilic
material containing small pores, typically kaolin clay.
When they are buried in the soil and connected to the
surface by one or more narrow tubes, soil solution can
be collected by creating a vacuum in the cup (Gross-
mann and Udluft 1991). They have been very widely
used to measure NO3-N leaching, but only work well in
homogeneous (e.g. sandy) soils where water flow is not
dominated by cracking and preferential flow. In such
soils, solute movement as measured by suction cups
and monolith lysimeters is in close agreement (Webster
et al. 1993). They do not work well on poorly drained,
heavy clay soils because they have been found to pre-
ferentially sample immobile water from soil peds
(Goulding and Webster 1992; Hatch et al. 1997), where-
as macropores are the dominant drainage route, espe-
cially after heavy rain (Grossmann and Udluft 1991) or
irrigation. However, suction cups may still be useful for
determining the composition of the pool of water that
plant roots utilise.

It is difficult to determine the volume of soil from
which suction cups remove solution; the reproducibility
of both the volume of water removed and the concen-
tration of solutes in it is often unsatisfactory (Addiscott
et al. 1991). Suction cups with ceramic heads are nor-
mally used to obtain soil solution for the analysis of
NO;3-N (Webster et al. 1993; Poss et al. 1995; Hatch et
al. 1997) but their use is questionable for measuring a
strongly adsorbed ion such as PO3~ (Hansen and Harris
1975). Because DON contains molecules that adsorb
and absorb strongly, ceramic suction cups are unlikely




to be suitable for measuring DON. Quartz/Teflon
samplers are inert (Zimmermann et al. 1978) and are
now widely used, especially in P leaching studies
(Bottcher et al. 1984). However, they are approximate-
ly 10 times more expensive than ceramic cups.

DON in drainage water

Nutrient and pollutant losses have been extensively
studied by collecting drainage water from field drains
(Lawes et al. 1882; Tyson et al. 1997), and lysimeters
(Smolander et al. 1995; Titus and Mahendrappa 1996).
However, field drains may only partially intercept soil
drainage, the rest percolating to the aquifer when sub-
soils are permeable. Drains also require constant (pref-
erably automatic) sampling. Very detailed results are
available from experimental systems of fully automat-
ed, hydrologically isolated plots such as the Brimstone
experiment (Cannell et al. 1984; Vinten and Redman
1990). Such experiments enable all drainage to be col-
lected and analysed, giving a quantitative water and so-
lute budget from plots on which agricultural operations
can be carried out as normal, but at great cost (Cannell
et al. 1984). Lysimeters are in the middle price range at
approximately one-tenth of the cost of a field drainage
system but 10 times the cost of porous cups. Although
subject to soil shrinkage problems, they are the most
reliable and economic tools with which to measure total
water and solute loss from a block of soil large enough
to minimise spatial variation and allow management
practices almost as normal.

Size of the SON and DON pools

Smith (1987) measured SON pools as large as, or larger
than, mineral N pools in air-dried agricultural soils. He
suggested that this reflected the presence of freshly de-
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composed plant material and/or organic matter compo-
nents disrupted during sample preparation. Recent
studies with fresh soil have confirmed that as much
SON as mineral N can exist in soil under agricultural
cropping systems (Jensen et al. 1997; McNeill et al.
1998; Bhogal et al. 2000). Jensen et al. (1997) showed
that 0.5 M K,SOj,-extractable SON varied seasonally
between 8-20kg SON-N ha! in a coarse sand and
15-30 kg SON-N ha™! in a sandy loam (0-15 cm); the
minimum occurred during winter and the maximum in
late summer. McNeill et al. (1998) showed that SON
comprised 55-66% of the TSN under wheat (18 kg
SON-N ha™) and pasture (28 kg SON-N ha) on a loa-
my sand (0-10 cm) of low organic matter content. As-
suming a bulk density of 1.5 g cm™ for the 0 to 30-cm
layer, Mengel et al. (1999) removed a CaCl,-extractable
SON pool (fraction 1, 20°C) of approximately 30-45 kg
N ha™' from 17 arable soils. Our data (Table 1) show,
for a wide range of soil types (0 to 30-cm layer), a KClI-
extractable SON-N content of generally 20-30 kg SON-
N ha™ and a very constant ratio between mineral N
and SON in arable soils, with SON comprising about
40-50% TSN. Both data sets were collected in spring,
although our measurements were made on field-moist
soil while those of Mengel et al. (1999) were conducted
on air-dried sieved (<1 mm) soil.

On the sandy loam soil of the long-term Woburn
ley-arable experiment (described by Johnston 1973) we
measured SON contents in the 0 to 25-cm layer ranging
from 7 kg SON-N ha™' under continuous arable crop-
ping to 18 kg SON-N ha™' after 8years of grass ley.
These accounted for between 33% and 60% of the
TSN. Our measurements of SON in the 0 to 25-cm
layer of a range of soils on an organic farm showed that
it accounted for 80% of TSN and ranged from 24 to
46 kg SON-N ha™', increasing with the number of pre-
vious years under grass/clover ley. Figure 2 shows mi-
neral N and SON pool sizes in the plough layer
(0-23 cm) under continuous arable (under wheat dur-

Table 1 Mineral and soluble organic N pools (kg N ha™') extracted in 2 M KCl for 12 soils (0-30 cm) under arable cropping in spring
1999. Values in parentheses are SEMs (n=3). BD Bulk density, SON soil organic N

Soil Soil subgroup USDA great Texture Previous crop BD Mineral SON
(SSLRC) group (g cm™) N
1 Typical brown earth Dystrochrept Sandy loam Winter wheat - 1.01 26 (6) 29 (8)
2 Typical argillic brown earth  Hapludalf Silty loam Winter wheat 1.44 35 (3) 33 (3)
3 Stagnogleyic argillic Hapludalf Sandy clay loam Winter oilseed 1.42 37 (3) 22 (4)
brown earth rape
4 Stagnogleyic argillic Hapludalf Sandy clay loam Winter wheat 127 81 (8) 30 (1)
brown earth
5 Gleyic argillic brown earth ~ Hapludalf Silty clay loam Celery 1.31 26 (1) 34 (1)
6 Typical humic-alluvial Haplaquoll Clay loam Winter wheat 1.41 32 (2) 28 (3)
gley soils
7 Brown rendzina Eutrochrept Clay loam Field peas 1.31 21 (3) 33 (1)
8 Brown rendzina Eutrochrept Clay loam Winter wheat 1.13 25 (1) 24 (2)
9 Pelo-stagnogley soil Haplaquept Clay Winter wheat 0.97 33 (6) 24 (3)
10 Typical calcareous pelosol Haplaquept Clay Winter wheat 1.26 33 (2) 27 (2)
11 Typical calcareous pelosol Haplaquept Clay Winter wheat 1.36 27 (2) 33 (3)
12 Typical calcareous pelosol Haplaquept Clay Winter barley 1.08 27 (2) 23 (3)
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Fig. 2 The dynamics through a year (1 October 1996-30 Septem-
ber 1997) of the mineral N and soluble organic N (SON) pools
(extracted in 2 M KCl) in the surface soil (0-23 cm) under a con-
tinuous arable plot (a) and a short-term ley ploughed up immedi-
ately after the first sampling and planted with wheat (b). Capped
bars are SEM

ing year of sampling; Fig.2a) and an 8-year ley
ploughed up immediately after the first sampling and
sown to wheat (Fig.2b) in the Woburn ley-arable ex-
periment. More SON and mineral N were found under
the ploughed up grass, as was expected. Even larger
SON pool sizes (70-500 kg SON-N ha~') have been
measured in the soil profile (0-90 cm) after ploughing
and reseeding long-term (>50 years) grasslands (Bho-
gal et al. 1999). Clearly SON is a significant pool within
agricultural soils.

Composition of SON

Dissolved organic matter leaching from forest floor lit-
ter is dominantly composed of decay-resistant organic
acids formed by partial decomposition of plant, micro-
bial and animal tissues (Currie et al. 1996). It is often
fractionated by polarity and charge using resins and/or
the optical absorbance of solutions determined at
340 nm (Raber et al. 1998; Scott et al. 1998; Tipping et
al. 1999). In organic-rich layers, such as leaf litter or

peat, hydrophobic and hydrophilic acids occur in equal
concentrations. However, hydrophobic compounds are
retained by adsorption and aggregation in mineral hori-
zons, and the relative concentration of hydrophilic
acids increases in drainage from upland soils as the
thickness of the mineral horizons increases (Tipping et
al. 1999). Ligand exchange between the dissolved or-
ganic matter and carboxyl (Kaiser et al. 1997) or hy-
droxyl groups (Shen 1999) on the surface of soil miner-
als is thought to be an important mechanism for sorp-
tion, although a number of other mechanisms have also
been proposed (see Chiou et al. 1983). Adsorption iso-
therms for interactions between dissolved organic C
and arable agricultural soils can be represented by lin-
ear isotherms, where the different adsorption capacities
of different soils are related to the clay content (Riffal-
di et al. 1998). Shen (1999) found the sorption capacity
of the soil to be influenced by pH (maximal at pH 4-5
and decreasing with pH>5), clay content (through its
relationship with the amount of mineral surface), the
ionic strength of the soil solution and the ion species
present in soil solution (e.g. Ca?* binding to mineral
sites or complexing with dissolved organic matter).
Thus management practices in agricultural systems,
such as manure application and liming, will change the
sorption capacity of soil and the resulting composition
of the dissolved organic matter in solution.

Dissolved organic matter from arable agricultural
soils has a higher proportion of hydrophobic com-
pounds when compared with extracts from grassland
and forest soils (Raber et al. 1998). Total amounts of
SON are usually higher under grassland and forest and
the proportion of amino compounds is greater than in
arable soils (Németh et al. 1988; Mengel et al. 1999). In
arable soils, 23-55% of SON is hydrolysable. Free ami-
no acids only make up 3% of DON, amino sugars and
heterocyclic-N bases, on average, 15%; the remainder
of the hydrolysable fraction is present in amino com-
pounds.

The availability of suitable analytical techniques has
restricted progress in determining the composition of
SON/DON. However, new developments in techniques
such as fluorescence spectroscopy (Senesi et al. 1991;
Tam and Sposito 1993; Erich and Trusty 1997), Fourier-
transform infrared spectroscopy (Candler et al. 1988;
Gressel et al. 1995a; Kaiser et al. 1997), *C-nuclear
magnetic resonance spectra (Candler et al. 1988; Novak
et al. 1992; Kaiser et al. 1997) and ultraviolet-visible
spectra (Candler and Van Cleve 1982; Cronan et al.
1992) are now being employed to characterise dissolved
organic matter into functional or structural groups.
Most progress has been made from the analysis of hum-
ic substances (Gressel et al. 1995a) but research into
dissolved organic matter (Gressel et al. 1995b) suggests
that progress will be rapid. We need to further charac-
terise specific components of SON rather than consid-
ering it as a single pool. Only then will we quantify the
size of SON fractions that are actually involved in N
cycling and loss processes.



Role of SON in N transformations
Mineralisation

The SON pool and its transformations have been large-
ly overlooked in research into mineralisation, which
has usually concentrated on changes in the size of the
soil mineral N pool. However, the form of N deter-
mines which micro-organisms and plants can utilise it,
and so the distinction between the mineralisation of or-
ganic matter through to NH#-N or only to SON is im-
portant.

Appel and Mengel (1993) have suggested that
CaCl,-extractable SON is a reliable indicator of the
pool of organic N available for mineralisation in sandy
soils because the size of this pool correlates with net N
mineralisation (Appel and Mengel 1992, 1993; Groot
and Houba 1995). However, Appel and Xu (1995) at-
tempted to relate the mineralisation of EUF-N,,, to the
appearance of mineral N by using '°’N-labelled rape re-
sidue as a tracer. They found that, while EUF was able
to selectively extract organic N derived from the rape,
the decline in the size of the EUF-N,,, fraction was not
sufficient to account for all of the production of *N-
labelled mineral N. The authors also found that a large
(but unknown) fraction of the EUF-N,,, derived from
the rape was not easily mineralisable.

Murphy et al. (1998b) found that changes in the size
of the KCl-extractable SON pool in a loamy sand under
pasture and wheat paralleled gross N mineralisation
rates. We have recently found that the production of
KCl-extractable SON during aerobic incubation is sig-
nificantly correlated to gross (r=0.73, P<0.001) and
net N mineralisation rates (r=0.68, P<0.01) in agricul-
tural soils ranging in texture from sandy loam to clay
loam. However, no direct link between SON turnover
and gross N mineralisation rates has yet been estab-
lished.

Smith (1987) showed that, during the long-term
aerobic incubation of soil with periodic leaching [using
the method of Stanford and Smith (1972)] DON was
produced between leaching episodes, although the ma-
jority of leached N was removed as NO3-N. Smith
(1987) determined the mineralisation potential of the
leachates in the absence of soil and concluded that the
leached DON was not “exceptionally susceptible” to
mineralisation. This may imply that DON is stable in
soil and, after leaching, in streams and rivers. However,
since the mineralisation potential was determined out-
side of the soil, the findings of Smith (1987) cannot be
used to indicate an in situ rate of turnover for this
pool.

Since the breakdown of soil organic matter can re-
sult in the production of organic compounds that are
soluble but recalcitrant to further microbial decomposi-
tion (Smolander et al. 1995), it is likely that only a frac-
tion of the SON pool will be mineralised. Better rela-
tionships may exist between N mineralisation and the
labile fractions of SON. DeLuca and Keeney (1994)

379

measured a decline in the size of the soluble amino-N
pool in soil under tallgrass prairie that coincided with
an increase in SMB and N mineralisation. Kielland
(1995) has suggested that the rapid turnover of amino
acids in arctic tundra soil results in high rates of gross N
mineralisation. Recently, Mengel et al. (1999) exam-
ined the relationship between net N mineralisation and
fractions of SON (amino-N, amino sugars, heterocyclic-
N of nucleic acids). They found a significant correlation
between amino-N and net N mineralisation across 17
arable, 1 forest and 2 grassland soils. However, this re-
lationship was not significant when the arable soils
were examined independently: the range of amino acid
contents of the arable soils was narrow compared to the
variation in net N mineralisation rates, suggesting that
N pool size does not necessarily reflect N process rates.
Jones (1999) showed that the degradation of amino
acids is extremely rapid with half-lives, for a range of
amino acids, being only 1-12 h in a range of soils.
One difficulty with interpreting net N mineralisation
rates is the confounding problem of immobilisation
(Barraclough 1991; Davidson et al. 1991; Mary and Re-
cous 1994; Murphy et al. 1998b; Recous et al. 1999). We
have found that gross N mineralisation rates (i.e. am-
monification) vary less than net N mineralisation across
arable soils (unpublished data), highlighting the impor-
tance of immobilisation in the cycling of N in agricul-
tural soils (Gaunt et al. 1998). Similarly, Barraclough et
al. (1998) found that gross N mineralisation rates, asso-
ciated with the decomposition of plant residues, were
more constant than net N mineralisation rates. This
suggests that, if the amino-N and amino sugar fractions
are the direct sources from which inorganic N is pro-
duced (Mengel et al. 1999), then their pool size may be
better related to total soil N supply (i.e. gross N miner-
alisation) than the net product of mineralisation-immo-
bilisation turnover. However, fluxes in and out of the
amino-N and amino sugar pools may still mask the rela-
tionship between N fraction and N transformation.

Immobilisation

NHj is the dominant form of N assimilated and immo-
bilised by soil micro-organisms (Jansson and Person
1982; Recous et al. 1988; Shen et al. 1989), although
NO3-N can also be assimilated when C is available
(Azam et al. 1986; Recous et al. 1988). Mineralisation-
immobilisation theory (MIT) assumes that all N uptake
is from the mineral pool. However, micro-organisms
can also utilise low molecular weight SON compounds
(Molina et al. 1983; Barak et al. 1990; Barraclough
1997), suggesting that classic MIT theory may be incor-
rect. Hart et al. (1994) found that the C:N ratio of the
substrate utilised by heterotrophic micro-organisms in a
forest soil was similar to that of the K,SO,-extractable
organic pool in that soil. They also showed that the
K,SO4-extractable SON pool declined when the chloro-
form-labile N pool (i.e. SMB-N) increased, and sug-
gested that extractable SON is a major source of N for
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micro-organisms in forest soil (Hart and Firestone
1991; Hart et al. 1994). In a soil under winter wheat,
only 44% of added leucine-N and 82% of glycine-N
was mineralised through to NH3-N, while all of the am-
ino-N disappeared from the soil, presumably due to di-
rect assimilation by the SMB (Barraclough 1997). Thus
conventional views of N transformation within soil may
be an over-simplification.

Plant residues contain significant amounts of water-
soluble C and N (Mengel and Kirkby 1978), and water-
soluble fractions of straw have been shown to be rela-
tively rich in N (Jensen et al. 1997). N from plant resi-
dues is rapidly assimilated by the SMB, and Jensen et
al. (1997) found no significant increase in the amount of
SON in soil after amendment with 4 and 8t ha™ oil-
seed rape straw compared to unamended soil. By con-
trast, both SON and DON were larger in the FYM plot
of the Broadbalk wheat experiment than in the other
plots receiving fertiliser (Table 2). Clearly the quality
of the organic material has a major impact on SON/
DON. This is further supported by studies of nutrient
dynamics on tropical soil amended with green manures,
which showed the concentration of SON to increase
substantially at the same time as immobilisation of mi-
neral N (Mulongoy and Gasser 1993).

Figure 3 shows mineral N and SON pools in soil into
which three contrasting crop residues had been incor-
porated. Both SON and mineral N pools were smaller
in the soil to which maize residues had been added than
in the control soil. Maize residues have a C:N ratio of
108:1, and it is probable that both mineral N and SON
were immobilised in this treatment. By contrast, forage
rape and rye have C:N residues of 11:1 and 14:1, and
both the mineral N and SON contents of the soil to
which these residues were applied increased greatly.
During the residue incubation, rain fell after day 50.
The SON content of the soil in the residue treatments
returned to a value similar to that of the control after
rainfall, perhaps because the organic N released from
the residues was leached below the layer from which
samples were taken. If this was the case, it indicates a
difference in leachability and thus chemical composi-
tion between SON derived from newly incorporated re-
sidue and older SON.

Table 2 Mineral N, soluble organic N SON or dissolved organic
N (DON) contents (kg N ha™) in the soil profile (0-75 cm) and
drainage solution collected from tile drains (September-Novem-
ber 1998) located at a soil depth of 65 cm under plots of the
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Fig. 3 The dynamics of the SON pool (a) and the mineral N pool
(b) in soils into which forage rape, rye and maize residues had
been incorporated

Leaching

Concentrations of DON in forest floor leachates exceed
concentrations of mineral N (Yu et al. 1994), and DON
has been found to be a dominant source of N leached
into lakes in forested watersheds (Wissmar 1991). Stev-
ens and Wannop (1987) studied the composition of
TSN in leachate from lysimeters under the organic ho-
rizon, and from ceramic cup samples in the soil mineral
layers, after the clearfelling of Sitka spruce in north

Broadbalk wheat experiment. Values in parentheses are SEMs
(n=4) N0 No N applied, N144 144 kg SNH4)2N03-N ha™ year™,
N288 288 kg (NH,4),NOs-N ha™! year™, FYM farmyard manure
with a N content equivalent to ca. 240 kg N ha™! year™

Method Measurement NO N144 N288 FYM

Soil extraction® Mineral N 193 (1.3) 35.9 (1.3) 49.3 (2.2) 82.9 (3.0)
SON 469 (8.9) 23.7 (8.7) 553 (11.7) 60.5 (11.9)

Total drainage® Mineral N 9.9 6.3 29.0 52.0
DON 12 1.1 25 7.0

# Soil profiles (0-75 cm) sampled on 7 December 1998 and ex-
tracted using 2 M KCl

® Assumes that 200 mm of total drainage (tile drains plus leaching
through to chalk) occurs over the total leaching period (Septem-

ber-March). Values calculated using an average concentration of
mineral N and DON concentration from the tile drains over the
period September-November 1998



Wales. They found that, within the organic horizons,
DON was >90% of TSN, but that deeper in the soil
profile NO3-N predominated, suggesting the transfor-
mation of DON to NO3-N during percolation.

The current perception is that, in agricultural soils in
temperate climates, NO3-N is the main source of N in
drainage water. It now seems that DON may also be a
vehicle for significant loss of N from the soil. Table 2
shows some data recently collected from the Broadbalk
continuous wheat experiment at Rothamsted [de-
scribed by Dyke et al. (1983)]. This 156-year-old experi-
ment compares the effects of different amounts and
types of fertiliser and manures on wheat grown contin-
uously and in rotation. Each plot is drained and sam-
ples collected from the drains and suction cups. DON
in drain waters is compared with SON measured in KCl
soil extracts. The data show that the SON pool in the
soil is much larger than the amount of N leached as
DON,; the latter being equivalent to only 2-10% of the
SON pool. However, approximately 10% of the N
leached from drains is still lost in an organic form. Thus
the amount of N that is likely to be leached in organic
form is significant but much less than the amount that
remains within the soil.

It is apparent that more total N and DON is leached
from plots receiving farmyard manure (FYM) com-
pared to inorganic N. Loss of DON increased in the
order nil-N plot <N-fertiliser plots<FYM (Table 2).
The increase in DON under FYM is related to the
greater amount of N in the soil (N0=0.104% N,
N144=0.127% N, N288=0.129% N, FYM =0.297% N)
but may also be due to the reduced sorption of DON
onto soil in the FYM plot. Soil organic matter blocks
active sites on soil minerals, reducing the sorption of
dissolved organic matter.

Very large amounts of DON (up to 20% of total N
lost) have been found in drainage waters leaving grass-
land lysimeters in Devon, UK (Hawkins et al. 1997).
Certainly the potential exists for large leaching losses of
DON: substantial amounts of SON have been found at
depth (0-90 cm) when extracted from soil under wheat
and especially permanent pasture (Fig. 4; Bhogal et al.
1999). To date it is unclear whether SON is mineralised
before leaving the surface soil, thus leaching as NO3-N,
or whether it is retained in the soil. It is also unclear
whether DON leaving soils can be transformed to NO3-
N in surface- or groundwaters. If SON is being mineral-
ised during percolation through soil then it is included
in measured losses (as NH3-N, always small, and NO3-
N) and accounted for in the N balance. However, SON
sorbed in lower soil horizons may not be accounted for
in measurements. Losses of N from soil may therefore
be greater than previously considered from NOj3 leach-
ing studies, and leached DON may partially explain the
imbalance that is sometimes calculated in experiments
tracing the fate and recovery of °N-labelled fertiliser
(Glendining et al. 1997). This is supported by findings
of Németh (1985), who found that fertiliser N was re-
covered in both EUF-NOj; and EUF-N,,, fractions, and
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concluded that it is necessary to measure the easily mi-
neralisable EUF-N,,, fraction in fertiliser-recovery
studies. However, Appel and Mengel (1992) did not
measure an increase in the size of the EUF-N,,, frac-
tion following fertiliser addition.

Plant uptake

The release of N through the mineralisation of SOM
and plant residues has long been identified as an impor-
tant source for plant uptake (Scarsbrook 1965; Paul and
Voroney 1980). Plants are usually thought to take up
NHZ-N and NO3-N, with NO3-N being favoured when
it is available in abundance (Streeter and Barta 1988).
Plants are able to take up urea directly in the absence
of hydrolysis (Harper 1984), but more slowly than mi-
neral N. Bollard (1959) demonstrated that many plants
are able to use SON compounds as their sole N source.
In some natural environments (e.g. temperate and arc-
tic heathlands) mineralisation rates are too slow to
supply all of the N required by plants as NO3-N or
NHj-N (Chapin et al. 1988; Nadelhoffer et al. 1991;
Jonasson et al. 1999; Schmidt et al. 1999), and soluble
forms of organic N are a major source of plant-availa-
ble N (Chapin et al. 1993; Kielland 1994). Schmidt and
Stewart (1997) found that, over 1year of measure-
ments, NHi-N and amino acids were the dominant
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forms of N under subtropical heathland. It is well estab-
lished that some plants are capable of utilising SON
either directly (Chapin et al. 1993; Kielland 1994) or in
association with mycorrhiza and ectomycorrhizae (At-
kin 1996; Kielland 1994; Michelsen et al. 1996). Mycor-
rhizal roots may transport amino acids from the bulk
soil via the extracellular mycelium, thus preventing
their rapid degradation in the rhizosphere. This may be
the main route for the direct uptake of SON by plants
(Jones 1999). However, there is still little information
on the contribution of SON to the total intake of N by
mycorrhizal plants.

Within agricultural soils, the availability of organic
N compounds to plant roots is usually assumed to be
minimal (Harper 1984). It is not clear whether agricul-
tural crops benefit from SON either by direct uptake or
via microbial immobilisation of organic molecules and
then re-mineralisation of NHZ-N. Appel and Mengel
(1990, 1992) found that the size of the organic N pool
extracted by EUF or CaCl, did not decline in sandy
soils during the growth of rape plants, although this
lack of change in the size of the SON pool does not
indicate that the fraction is not turning over and
supplying N to plants. Jones and Darrah (1994) demon-
strated the presence of amino-acid-specific transporters
in the cell membranes of plant roots capable of operat-
ing at low solution concentrations, and established that
maize roots possess a highly efficient mechanism for
scavenging SON. Further studies using °N as a tracer
are required to determine what proportion of the ex-
tractable SON is used by plants.

Mercik and Németh (1985) showed that long-term
(since 1923) annual applications of inorganic N (90 kg
N ha™') increased both the EUF-NOj; and EUF-N,,
fractions compared to soils given no N. Mercik and Né-
meth (1985) also found that leaching of EUF-NO; was
greater under potato monoculture compared to rye
monoculture. On the Broadbalk experiment at Roth-
amsted, less SON was present where wheat followed
potatoes compdred to continuous wheat. At present we
are unsure whether this was related to: (1) a difference
in the quality and quantity of residue inputs to soil un-
der potatoes compared to wheat, or (2) a difference in
the utilisation of SON between plant species.

Seasonal dynamics of SON

Seasonal variations in dissolved organic matter fluxes
have been measured in the seepage water from forest
soil and drainage from upland peat soils, with maxi-
mum fluxes occurring during summer (Tegen and Dérr
1996; Scott et al. 1998). The Woburn dynamic study
(Fig. 2) was an attempt to measure the dynamics of all
the major pools and transfer processes of N through an
agricultural year. Figure 2 shows the dynamics of the
mineral N and SON pools. Clearly the SON responds
to periods of plant uptake and mineralisation/immobil-
isation, but it is not as dynamic as the mineral N pool.

Under continuous arable cultivation, the size of the
SON pool was relatively constant at ca. 15-20 kg SON-
N ha™ (0-23 cm), decreasing with leaching in early
winter and increasing markedly during the period of
rapid root growth in spring. Under ploughed-out grass,
the SON pool size was larger at ca. 20-25 kg SON-N
ha' (0-23 cm), and the changes were larger than under
continuous arable, but occurred at the same times of
the year and in the same way. The dynamics of the
SON and mineral N pool in the plough layer (0-23 cm)
were reflected in subsoil down to 90 cm. The period of
rapid plant growth (April to June) both above and be-
low-ground (root growth/turnover and exudates) ap-
peared to play an important role in SON dynamics. We
hypothesise that in this soil there is a relatively constant
pool of SON (related to soil organic matter content and
soil texture) and a more dynamic pool of SON, which
reflects current plant dynamics. Presumably these two
fractions of SON vary greatly in their chemical compo-
sition, stability and transformation rates.

Transport of pollutants with DON

Early work appreciated that dissolved organic matter
leached from soil could carry with it nutrient cations
such as Ca?* and Mg?* and pollutants such as toxic
metals (low affinity for DON - Cd, Zn; high affinity for
DON - Cu, Cr, Hg) and pesticides (Chiou et al. 1986;
Berggren et al. 1990; Wissmar 1991; Liu and Gary
1993). It is the concentration of a heavy metal in soil
solution that is of importance in determining its envi-
ronmental impact, not the total metal content (Tem-
minghoff et al. 1998). This makes the study of dissolved
organic matter/heavy metal relations even more impor-
tant. Many of the functional groups of dissolved or-
ganic matter are acidic and deprotonated, resulting in
anionic charged matter which facilitates its solubility
and ability to complex with metals (Shen 1999). The
availability and mobility of heavy metals in soils is de-
pendent on their chemical speciation and relative distri-
bution in soil solution. Heavy metals such as Cu that
complex with dissolved organic matter are potentially
highly mobile (Temminghoff et al. 1997; Kalbitz and
Wennrich 1998; Romkens and Dolfing 1998). Reddy et
al. (1995) showed that Cu was predominately com-
plexed with dissolved organic matter at neutral pH,
while under acidic conditions free ionic forms domi-
nated. Animal manure is a source of Cu in agricultural
systems (Romkens and Dolfing 1998) and we have
measured a higher concentration of Cu in the drainage
solution from the Broadbalk wheat experiment under
FYM compared to mineral N plots.

The use of SON in fertiliser recommendations

To predict the availability of N to crops from soil it is
necessary to determine both mineral N and N which is




easily mineralisable and likely to be released during
crop growth. Many methods and models have been de-
veloped for measuring or predicting N released by mi-
neralisation. These were reviewed by Jarvis et al.
(1996) and Shepherd et al. (1996). Very little research
has concentrated on SON. Smith et al. (1980) recog-
nised the need to measure what they described as “or-
ganic N leached” when using extractants to estimate
mineralisable N. Németh (1985) and Recke and Né-
meth (1985) also concluded that it is necessary to meas-
ure both the EUF-NO; and EUF-N,,, fractions of soil
N when predicting N fertiliser requirements. The EUF
method has been used to predict fertiliser requirements
for sugar beet (Wiklicky 1982; Recke and Németh 1985;
Sheehan 1985), grapes (Eifert et al. 1982) and other ag-
ricultural crops (Appel and Mengel 1990; Saint Fort et
al. 1990; Linden et al. 1993). Rex et al. (1985) found a
highly significant correlation between the grain yield of
winter wheat and EUF-N (EUF-NO; plus EUF-N
content of the soil.

We found no strong relationship between the size of
the KCl-extractable SON pool and the amount of po-
tentially mineralisable N (PMN; determined by anae-
robic incubation) in soil collected from a range of soil
types and land uses (Fig. 5). Both the mineral N and
SON pool size increased after anaerobic incubation,
with the ratio between mineral N and SON being iden-
tical at the beginning and at the end of the incubation.
The absence of any change in this ratio did not indicate
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that SON was not the source of mineral N production,
since input and output fluxes through this pool may
have been in balance during the incubation. As an in-
dex, PMN would rank soils in the same order whether
SON was included as a component of the total pool or
not. However, if the size of the PMN pool released dur-
ing incubation is thought to reflect the amount of the N
that will become available in the short-term to plant
uptake, then inclusion of SON within the PMN pool
may be warranted. Measurement of both mineral N
plus SON (i.e. TSN) may improve subsequent fertiliser
recommendations but, with the exception of EUF rec-
ommendations, few attempts have been made to incor-
porate measurements of SON into decision support sys-
tems. This may be because the processes and conditions
which promote and consume SON are not, as yet, well
defined.

Conclusions

Concerns over the environmental and health impacts of
NO3-N leached from agricultural soils, as well as the
importance of NH{-N and NO3-N in crop nutrition,
have focused attention on the study of mineral N in ag-
ricultural soils. In contrast, SON in soil, its transforma-
tions, and losses by leaching of DON have received re-
latively little attention. Recent research suggests that
the SON pool is as large as the mineral N pool, with at
least a proportion of it leaching either untransformed
as DON or transformed into NO5-N. DON carries with
it nutrients and pollutants into surface- and groundwat-
ers. It is very likely that SON plays an important role in
mineralisation/immobilisation. However, the absence
of a relationship between SON and other indices of N
availability suggest that merely measuring SON will not
indicate the size of the mineralisable N pool. Informa-
tion on the role of SON in N transformations is sparse
and often contradictory. Until the many questions sur-
rounding SON are answered we will be limited in our
ability to incorporate it into N-cycle models and deci-
sion support systems. We need to quantify the size and
composition of SON pools in different systems, identify
those fractions of SON that are involved in N mineral-
isation, microbial assimilation and plant uptake, and
determine the ultimate fate of SON. The recent devel-
opment of simple methods to measure SON and im-
proved techniques to characterise SON will stimulate
research and enable workers to begin to answer these
questions.
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NATURAL AND ARTIFICIAL SOURCES OF NITROGEN AND PHOSPHATE
POLLUTION OF SURFACE WATERS IN THE NETHERLANDS

J H.AM. STEENVOORDEN and H.P. OOSTEROM

SUMMARY

Nitrogen and phosphate pollution of surface waters by various potential sources is discussed in
general. Attention is paid to the more or less natural sources: precipitation, leaching of natural soil
constituents, seepage of saline groundwater and to the artificial sources: domestic waste water, inlet
water from storage canals, leaching of fertilizers, surface runoff and discharge of dune-water.

For three polders and three brook catchment areas the total nitrogen and phosphate load has been
calculated. Polders and catchment areas differ with respect to the geo-hydrological situation, soil
type, agricultural soil use and population density. The contribution by the more or less natural sources
of pollution is much higher in the polders than in the brook catchments because of the influence of
seepage and peat soil in the former. For polder waters the role of agricultural sources is not important
neither for phosphate nor nitrogen.

In the sandy soil of the brook catchment areas on the other hand, the nitrogen pollution originates
for the largest part from scattered agricultural sources. The contribution to the phosphate load by
domestic sewage depends on the population density and the treatment method of waste water, but
generally speaking it is an important factor. The use of P-fertilizers in agriculture up to now does not
lead to an increase in the leaching of phosphate to the groundwater. Via surface runoff from badly
drained grassland, P-fertilizers can be transported to surface waters. The quantification of this source
needs further investigation.

For the explanation of the water quality information must be available about geology, hydrology,
soil type and human activities.

1. INTRODUCTION

The fight against pollution of surface waters is heavily focussed on the removal of
phosphate and nitrogen compounds because of their adverse effect on water quality.
Each addition above the natural load causes undesirable changes in the biological
equilibria of the receiving waters. Small or large fluctuations in the oxygen content of the
surface waters and even anaerobic situations can occur as a result of increased algae
growth. Pollution of surface waters with ammonium or organic nitrogen compounds can
lead to a considerable consumption of oxygen when oxydation to nitrate occurs. The
suitability of surface waters for some functions will be lowered by the presence of certain
compounds. For example when surface waters are used for the production of drinking
water, the nitrogen concentration should be lower than 11 g.m >N (Ministerie van
Verkeer en Waterstaat, 1975).

In many surface waters in The Netherlands high concentrations of nitrogen and
phosphorus are periodically or constinously recorded (table 1). The question arises which
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Table I Short and long term water quality aims for nitrogen and phosphate in surface waters in The
Netherlands (Ministerie van Verkeer en Waterstaat, 1975) and the recorded concentrations

in two areas

Parameter Water quality aims Recorded
short term long term Barneveldse  Polder near
Beek Oranjeplaat
Kjeldahl-N (g.m3N) 3.0 1.0 34 7.8
NHj (g.m™*N) 2.0 <0.5 2.1 6.0
NO; (g.m*N) 4.0 2.0 5.6 0
Total-P (g.m™*P) 0.3 0.05 1.2 1.4

pollution source is to blame for this and what can be done to minimize pollution. A
necessary and useful tool to answer this question is the nitrogen and phosphorus balance
for surface waters. The balance for The Netherlands as a whole does not give adequate
information to be used as basis for measures to be taken in a specific area, since even
in dry summers more than 80 per cent of the phosphate imported by the river Rhine
is transported directly to the sea. Moreover, large differences in nitrogen and phosphorus
load between areas can be expected to occur due to differences in hydrological situation,
soil type and soil use. In this article information will be given about the contribution
of nitrogen and phosphate by some potential sources for the situation in The
Netherlands. With this knowledge an explanation will be given for the nitrogen and
phosphorus load as present in three polders and three catchment areas.

[S9]

POLLUTION SOURCES OF NITROGEN AND PHOSPHATE

[§9]

.1. Precipitation

Research carried out about the chemical composition of precipitation in general gives
information on the total load by dry as well as wet deposition. It therefore is not correct
to ascribe this pollution to rain alone.

Table 2 Nitrogen (g.m~3N) and phosphate contents (g.m™*P) of precipitation

Measuring Number of Nitrogen Phosphate Literature
period stations

mineral* total** ortho total
32-"37 1 0.6 - - - Leeflang (1938)
*73-"75 1 2.4 3.2 0.03 0.08 Steenvoorden and

: Oosterom (1975)

73-"74 14 2.0 - - 0.15 Henkens (1976)
78 12 2.4 - 0.01 = KNMI/RIV (1978)

*NH? and NOJ; **Kjeldahl-N and NO3; — not analyzed.

3
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The chemical composition of the precipitation (table 2) has changed considerably as
a result of increasing agricultural and industrial activities and traffic intensity. In the
period 1932 through 1937 an average concentration of 0.6 gm >N has been measured.
Now a total-nitrogen concentration of 3.0 gm™N seems to be an acceptable value.
For total-phosphate the average concentration is 0.1073P. The yearly amount of rain
in The Netherlands is roughly 750 mm. If all the precipitation would fall on open water
in a certain area this would give a load of 22.5 kg N and 0.75 kg P per hectare.

~
™~

2.2. Groundwater 5

In this paragraph attention will be paid to the natural contribution by groundwater to
the load of surface waters. In paragraph 2.3. the influence of agricultural activities on the
concentrations of nitrogen and phosphorus compounds will be discussed.

The groundwater not influenced by man’s activities already contains a certain amount
of nitrogen and phosphorus compounds. Discharge of a precipitation surplus via the
groundwater system on open water always causes a natural load. The groundwater
discharge not only depends on the local precipitation surplus, but also on the regional
geo-hydrological situation. The discharge can be higher because of seepage and can be
smaller as a result of infiltration.

Information about the natural chemical composition of the groundwater has been
gained from analyses in the upper meter of the groundwater under nature areas. The
concentrations found are to a very large extent determined by the soil composition.
Especially the organic matter content is of influence with regard to the concentrations
of nitrogen and phosphate (table 3). The dispersion of phosphate concentratio@xs for one
type of soil was rather wide. For sandy soils total-phosphate concentrations of 0.15 g.m™?
P as well as 0.01 g.m™ P have been found. Therefore the calculation of the natural
mineral load of groundwater in a certain area should be based on analyses of groundwater
from the investigated area. The very high concentrations found under nature areas on a
marine clay soil are influenced by the seepage of saline groundwater (table 4).

Table 3 Average nitrogen and phosphate concentrations in the upper meter of the groundwater under
nature areas for different soil types (Steenvoorden and Oosterom, 1973; Bots et al., 1978)

Soil type Number of Nitrogen (g.m™*N) Phosphate (g.m~*P)

nature SRENE - F Y

areas Kjeldahl-N  NOj total ortho total
Sand 3 0.9 0.3 1.2 0.02 0.05
River clay 1 0.5 04 0.9 0.01 0.11
Cut-over high moor peat 4 4.8 0.3 5.1 0.01 0.09
High moor peat 2 5.8 0.6 6.4 <0.01 0.15
Mesotrophic low moor peat 4 5.1 0.5 5.6 0.04 0.28
Marine clay 5 11.1 0.3 11.4 2.6 3.2
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Table 4 Nitrogen and phosphate concentrations in the deep groundwater (10m - 100 m) of some
areas in The Netherlands. The number of analyses placed between brackets

Area Nitrogen Phosphate Literature
(g.m™N) (g-m™3P)
Groningen, Friesland* 6.6 (240) 0.9 (156) Bots et al. (1978)
North-Holland ** 18 ( 88) 2.9 ( 88) Toussaint and
Boogaard (1978)
Mid-western Netherlands* 8.0 (600) 1.0 (430) Steenvoorden (1976)
Zeeland (South-west Netherlands) 11.8 ( 52) 2.3 ( 49 ICW

*NH] and ortho-P; **total-N and total-P

In marine sediments the groundwater generally can be characterised not only by high
chloride concentrations but also by high nitrogen and phosphate concentrations. The
contents can reach values of 5 gm™ P and S0 g.m™ N or even more. This eutrophic
groundwater can be found in a small strip along the coast of the provinces Groningen
and Friesland in the northern Netherlands and in the largest part of the provinces North-
Holland, South-Holland (mid-western Netherlands) and Zeeland in the western part of the
country. For the provinces Groningen and Friesland only groundwater samples have been
used with a C1~ concentration of 200 g.m ™ or higher and the analyses in North-Holland
have been performed on water from gas wells and from wells for cooling water. The high
concentrations not only are found at depths of more than 10 meters below sea level, but
also in the upper meter of the groundwater (table 3). The absence of nitrate and the
high concentrations of ammonium in the groundwater have been caused by the long
residence time in the subsoil and the anaerobic conditions in the eutrophic marine
sediments.

The saline and eutrophic groundwater can reach the surface waters by several ways.
A more or less natural way is seepage. Seepage of loaded water takes place when the pres-
sure in loaded deep groundwater is higher than in the shallow groundwater and when
between shallow and deep groundwater a soil layer with a low hydrological permeability
Is missing. Nutrient rich groundwater can reach the surface water also by an artificial

2.3. Leaching of fertilizers

The application of phosphate fertilizers on grassland and arable land has not yet had a
measurable effect on the transport of phosphate to the groundwater, when the dose is
based on soil fertility and crop production. The phosphate concentrations in shallow
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Table 5 Total phosphate concentrations in the drainage water of arable land (Henkens, 1971) and in
the shallow groundwater under grassland (Steenvoorden and Oosterom, 1977) for different

soil types
Arable land gm™ 3P Grassland T2 e o
Sand 0.02 Sand 0.04
River clay 0.04 River clay 0.05
Old cut-oyer high moor peat 0.02 Low moor peat 0.11
Newly cut-over high moor peat 0.73

groundwater under grassland and in drainage water from arable land (table S) are the
same as the concentrations in the shallow groundwater under nature areas on a
comparable soil type (table 3). An exception must be made for newly cut-over peat
soils, where higher phospate concentrations are measured because of the high mobility
of the soil organic matter. The application of large amounts of cattle manure, up to
300 m> ha™! year™! with a dry matter content of 9%, during five years on a sandy soil
did not have a measurable effect. One can expect, however, that continuously giving a
high dosis of manure will, because of the mobility in the soil of organic phosphates, in the
long term result in an increased phosphate leaching (Gerritse, 1977).

The consequences of fertilizing for the nitrogen pollution of the groundwater are
depen‘gent on:

— soil use (grassland, arable land);

— soil type;

— the level and type of fertilizing (fertilizers, manure);
— the hydrological situation.

The leaching of nitrogen occurs for nearly 100% in the form of NO3. At the same
fertilization level the nitrate concentration in the shallow groundwater is higher for arable
land than for grassland (fig. 1). This is caused by mineralization of the organic matter of
the remainder of crop and roots on arable land and moreover, by the absence in early

spring of a growing crop that can take up the mineralized nitrate.

With respect to the results given in fig. 1 one should take into account that the arable
land only received manure which causes a much higher nitrogen leaching than fertilizer
gifts. The research on grassland and arable land has been performed in different years
so that the total amount of leachate is not the same. The calculated groundwater feed
_ was roughly 100 mm for the grassland plots and 300 mm for the ones on arable land.
The leaching of nitrogen at the different manure doses on arable land is roughly 30% of
the applied amount of nitrogen. On grassland the leaching was 5%.

Soil type plays an important role in leaching. At a comparable fertilization level
the nitrate concentrations in the shallow groundwater under grassland are much higher
for sandy soils than for soils with some organic matter in the profile and for soils with
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Fig. I Nitrate concentration in the upper meter of the groundwater as influenced by nitrogen fertil-
izing on sandy arable land and sandy grassland in field studies and lysimeter experiments. The
line, “100% leached’ has been calculated for a net groundwater feed of 300 mm.year™' (after
Steenvoorden, 1978b; Kolenbrander, 1978)

a finer texture, like clay soils (table 6). The same effect has been noted for arable land by

Kolenbrander (1971). -
The drainage situation has a large influence on the leaching of nitrogen. For average

climatic conditions in The Netherlands the leaching of sandy soils in a good drainage
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Table 6 Influence of soil type on the nitrate concentration in the upper meter of the groundwater
under grassland with a comparable fertilization level (Steenvoorden and Qosterom, 1977)

Soil type Fertilization (N kg.ha™' .year™) NO,
fertilizer manure total N g.m™
Sand 350 205 555 29
Loamy and peaty sand 335 165 500 1
Clayey sand 435 . 170 605 &
Heavy clay 360 130 490 0

situation amounts to a loss of 50% of the mineral nitrogen which is present at the end of
the growing season. For a moderate drainage situation the percentage is 80 because of an
accelerated transport to open water via surface runoff and interflow (Rijtema, 1977).
Before the groundwater reaches surface waters the nitrate content can decrease as a result
of denitrification in the groundwater during transport and mixing with less polluted
groundwater. Type of soil, residence time and geo-hydrological situation are important
factors with regard to these processes.

Transport of precipitation surplusses can occur not only in a downward direction
but also horizontally through or over the top soil. This will happen when in a certain
period the quantity of precipitation exceeds the sum of evapotranspiration, groundwater
feed and storage in and on the soil. The phosphate concentration in this surface runoff
water depends on soil fertility and soil type (Kolenbrander, 1977; Sharpley et al., 1977).
The more the phosphate dosage exceeds the uptake by plants, the higher the storage in
the soil and the higher the phosphate concentration in the soil solution (fig. 2). At the
same phosphate dosage the potential contribution on a sandy soil is higher than on a clay
soil. For the climatic situation in The Netherlands one can expect that surface runoff
will be a rare phenomenon and will be restricted to grassland which in general has a higher
groundwater level and the soil therefore a lower storage capacity than arable land.

The nitrogen concentrations in the surface runoff are dependent on the mineral nitro-
gen stock in the percolated soil layer and on the amount of runoff water. The nitrogen
concentration, in contrast to that of phosphate, will be in the same range as the con-
centration in the shallow groundwater. At higher precipitation surplusses the concentra-
tion will decrease because of the limited quantity of mineral nitrogen in the soil (Kolen-
brander and Van Diik, 1972).

2.4. Domestic waste water

The quantity of nutrents yearly produced as domestic sewage by the average
individual include S kg nitrogen (Kolenbrander, 1971) and 1.5 kg phosphorus (Koot,
1970). The part reaching open water heavily depends on the way of handling the waste
water. Most of the waste water nowadays is treated in biological purification plants.

e e



conc.P in soil moisture
(g.m-=3)
40 — i

36 =

24 —

20 =

12 —

advice

L | | | [ .|
0 500 1000 1500 2000 2500 3000 3500 L
P, Og fertilization (kg. ha-1) )

Fig. 2 Relation between total-P concentration in the soil moisture in the upper 20 cm of the unsatu- &
rated zone and the cumulative quantity of P, O, added in 5 to 7 years in the form of fertilizers
or organic manure (after Kolenbrander, 1977). The broken vertical line indicates the cumulative
fertilization advice



9

An impression of the contribution to the nitrogen and phos'phorus load by effluents
of biological treatment plants can be given from the results of a research carried out in
the area of the Schermerboezem (Hoogheemraadschap, 1976) and the Bameveldse Beek
(Beunders, 1978). The concentrations found are slightly influenced by industrial
discharge, but in the area of the Bameveldse Beek this applies only to one plant. The
average nitrogen contribution per inhabitant equivalent is quite comparable for the two
areas (table 7). S

For the scattered inhabited sites sometimes a septic tank is used for the treatment, or
the waste water is directly discharged on open water. The effect of septic tanks on the
reduction of the nitrogen and phosphorus concentrations in effluents is largely unknown.

2.5. Fresh water inlet

The inlet of fresh water has several reasons. Rather general motives are the water °

supply of agriculture and horticulture and the water management for shipping purposes.
To combat saline seepage and penetration of saline water near sluices sometimes large
quantities of water are used to flush the canals (table 8). Large differences in the quantity

Table 7 Average discharge of nitrogen and phosphate via effluents of water purification plants in the
area of the Schermerboezem and the Barneveldse Beek
i

Item Dimension Schermerboezem Barneveldse
Beek

Total-N Ngm™ 35 27

Total-P Pgm™ - 13.5
Water discharge 1.inhabitant™* .day ™' 203 200
N-discharge N kg.inhab.™* .year™! 2.6 2.0
P-discharge P kg.inhab.™ .year™! - 1.0
Number of plants 9 6

Table 8 Quantity of inlet water (mm) to flush saline water ways and used for other purposes in the
dry summer of 1976 for different soil types and averaged for a number of water supply areas
(Van Boheemen, 1977)

Soil type Number of Flushing Other purposes
supply areas

Low moor peat 2 0 123

Marine clay 3 35 36

Low moor peat and marine clay 4 106 120

River clay 3 0 63

Sand 6 0 64
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of input water within the same soil type can occur between the water supply areas, this
depends on the differences in seepage of saline water, availability of water, etc.

The fresh inlet water in The Netherlands mainly originates from the river Rhine and it
has very high nitrogen and phosphate concentrations. The average total-nitrogen and
total-phosphate concentrations are roughly 7 gm™>N and 1gm™P (RWS/RIV/RID,
1976 and 1977). During the transport through channels towards the area where it is
needed, important changes in the chemical composition may occur, for example by
polluted water discharges. Analyses in the inlet water may be necessary therefore to cal-
culate the total load of surface waters.

2.6. Discharge of agricultural waste water

Since the law of 1970 on combating pollution of surface waters is in action, many
Water Authorities have played an active role in repelling discharges of agricultural waste
waters. It can be presumed that possible illegal discharges will be a scarce phenomenon
and thus will give only a small contribution to the mineral load of surface waters. The
high concentrations in spread liquid manure, however, can have an important temporary
influence on local water quality. These concentrations can be in the order of some
thousands g.m™3 for nitrogen and some hundreds g.m™ for total-P (Kolenbrander and
De La Lande Cremer, 1967). The exact contribution to the total load of surface waters
will always remain rather unsure and only a rough estimation.

3. DISCHARGE OF NITROGEN AND PHOSPHATE

The nitrogen and phosphorus compounds added to open water by pollution sources
partly will be discharged in either a dissolved form or an undissolved but floating one.
Partly the compounds will be involved in physical, chemical and biochemical processes
by which products can escape to the atmosphere or can be stored in bottom sediments
or in living organisms like reed, fish, etc.

Nitrogen can be lost to the atmosphere by denitrification and NHj;-evaporation.
The importance of denitrification mainly depends on the availability of a biochemical
oxidizable substrate and on water temperature. Especially in waterways receiving
effluents of purification plants favourable denitrification conditions will exist. In such
a situation denitrification rates have been measured of 35 g.m™. year ' N at 4°C and
of 330 gm™2 year 'Nat 21°C (Tiren et al., 1976; Van Kessel, 1976).

Little is known about the quantitative importance of NHj-evaporation. In watery
solutions ammonium is dissociated as follows: NH; < NH; + H". When the pH-value
of the temperature rises, the equilibrium shifts to the right. At a pH of 8 and a tempe-
rature of 0°C still all NH} is undissociated. At a pH-value of 9 and a temperature of
20°C already 30% of the NHj is in the dissociated form. In surface waters with high
ammonium concentrations, for example in eutrophic polders, important quantities

SRS
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Fig. 3 Relation between the water discharge of the Barneveldse Beek and the concentration of ortho-
phosphate and total-phosphate

of nitrogen may be lost via this process during algal blooms which create favourable con-
ditions by a rise in pH.

IR——
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Accumulation of nitrogen compounds and phosphate in the bottom sediment can
proceed by precipitation of phosphate, adsorption of phosphate and ammonium and by
settling of floating particles and dead water organisms and plants.

The disappearance of soluble phosphates from surface waters has been observed
in a polder with saline seepage (Steenvoorden and Pankow, 1976) and in the Barneveldse
Beek after the dischar\ge of effluent by a purification plant in a dry summer period
(Beunders, 1978).

All processes by which accumulation can occur in principle are reversible. When
conditions change, nitrogen and partially phosphate can be released from the sediment
to the surrounding water. For phosphate this reversibility is proved by the concentration
increase during summertime in the lake Veluwe Meer. The only source in that period
is the bottom sediment (Hosper, 1978). For the release of nitrogen and phosphate by
sediments in some lakes, Vollenweider (1968) mentions values of 0.01 g.m™2.day ™! P
and 1.2 gm™.day™'N. The rate of exchange will depend among other things on the
concentrations in the water, the oxygen conditions at the water — sediments interface,
and the flow velocity of the water.

During a peak flow of nearly five days a close correlation existed between the
water discharge and the concentrations of ortho- and total-phosphate (fig.3). The
concentration of dissplved P in the surface runoff from agricultural land depends on the
fertility of the soil L(ASharpley et al., 1976), which is nearly constant during a peak
flow period of some days, so if surface runoff from agricultural land would have been
the P-source the concentration in the water in the Bameveldse Beek would have been
constant. It is very probable that in dry periods some phosphate is stored in the sediment,
which is resuspended in periods with peak flows.

4. BALANCES FOR NITROGEN AND PHOSPHATE IN SURFACE WATERS
4.1. Nitrogen and phosphate balances in polders

Nitrogen and phosphate balances are given for three polders, all situated in the western
part of The Netherlands. Industrial activities are not present and population density is
low. Two of them, Frederikspolder and Veenderpolder, are under grass and consist of a
eutrophic peat soil and a peaty clay soil respectively. The polder near Oranjeplaat consists
of an arable clay soil. Other differences are the seepage intensity, the ratio between land
and open water and the presence of gas wells. The last aspect is important for the Veen-
derpolder alone (table 9) (Steenvoorden, 1977).

The diffuse potential agricultural sources of pollution are leaching of fertilizers via
the groundwater and disposal of agricultural waste water during the stabling period.
In the groundwater nitrate could not be analysed, which is not such a big surprise as the
level of fertilization is much lower than the level mentioned in table 6. All the nitrogen in
the groundwater is in the form of ammonium and organic nitrogen and originates from
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Table 9 Some characteristics of the Frederikspolder, the Veenderpolder and the polder near Oranje-

plaat
Characteristic Dimension Frederikspolder Veenderpolder Polder near
Oranjeplaat

Area~__ ha 68 156 40
Land use:

grassland % 85 96 -

arable land % - - 99

water % 15 4 1
Population density inhabitants.ha™ 0.20 0.25 0.10
Animal density agric. soil: L

cattle* cu.ha™ 2.1 24 -

total stock* cu.ha™! 2.3 2.7 -
Seepage mm.day ™ -0.1 0.1 1.0

*1 cu (cattle-unit) is the added value equivalent with that of 1 milk cow

Table 10 Load and discharge of nitrogen and phosphate in surface waters in three polders

Polder Nitrogen Phosphate

" (N kg.ha™! .year™) (P kg.ha™!.year™)

. load discharge load discharge
Frederikspolder 22 18 6.0 4.3
Veenderpolder 46 21 12.3 3.8
Polder near Oranjeplaat 110 52 19.3 9.1

natural soil resources. The same holds for phosphate (see chapter 2.3). In grassland
polders a part of the dung-water produced in the stabling period can reach the ditches
when storage facilities are lacking. From a census of storage facilities at farms in the
north-western part of The Netherlands it appeared that roughly 8% of the farms had no
facilities at all (Hoogheemraadschap, 1976). For the two grassland polders the discharge
of agricultural waste water has been calculated to be 8% of the dung-water production
in the stable period. The contribution by other sources could be calculated from
hydrological and water quality data collected in the field.

The nitrogen and phosphorus load of the surface waters in the polders varies largely
(table 10), which to a large extent is caused by differences in seepage intensity and the
contribution by gas wells (table 11). The discharge of nitrogen and phosphate via the
pumping stations controlling the polder water management is much lower than the total
input, so that loss of nitrogen to the atmosphere and storage of nitrogen and phosphorus
in the sediment will have played an important role. In the Frederikspolder and Veender-
polder the conditions for NHj-volatilization have been favourable as in summertime
pH-values between 8 and 9 frequently have been measured.
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The N/P ratio of the total load lies between 3.5 and 5.5, which makes it very probable
that in these polders nitrogen is the limiting factor for algal growth.

Sources which cause an inevitable pollution of surface waters and which can not be
forced back by water authorities may be named more or less “natural” pollution sources.
This background pollution is created by: precipitation which directly falls upon open
water, leaching of natural soil components and seepage of saline water. The contribu-
tion by these sources is more than 25% of the total load for the three investigated polders
and can even reach 99% (table 11). The artificial pollution is mainly caused by the inlet
water from storage canals and saline water from gas wells. Discharge of dung-water from
stables account for a relative small part of the nitrogen and phosphorus load in grassland
polders. The significance of the last mentioned pollution source will increase in polders
with a lower natural load. Especially in polders without seepage of saline water and in
soil consisting of mesotrophic or oligotrophic peat this source will be of great concern.
Even when all artificial sources of pollution would be eliminated it will be impossible to
meet the short and long-term water quality aims (table 1) for a great number of polders
in The Netherlands.

4.2. Nitrogen and phosphate balances in catchment areas

The nitrogen and phosphate balances have been calculated for the brooks Barneveldse
Beek (Beunders, 1978; Steenvoorden, 1978a), Hupselse Beek (Kolenbrander and Van
Dijk, 1972; Study Group Hupselse Beek, 1973) and Raalterwetering (Steenvoorden and

Table 11 Contribution (in %) by sources of pollution to the nitrogen and phosphate load of surface
waters in three polders

Sources of pollution Frederikspolder Veenderpolder Polder near
Oranjeplaat

N P N P N P
Natural sources:
precipitation on open water 17 2 2 1 <1 <1
leaching of natural soil constituents 8 60 8 13 6 3
saline seepage - - 24 23 93 96
sub-total 25 62 34 37 99 99
Artificial sources:

-domestic waste water 4 4 2 4 <l 1
gas wells - - 32 29 - -
leaching of fertilizers 0 0 0 0] 1 0
discharged stable water 14 2 7 1 - -
inlet water 57 32 25 29 - -
sub-total 75 38 66 63 | 1

Total 100 100 100 100 100 100

s a4
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Oosterom, 1973), all situated in the eastern sandy part of The Netherlands.

The soil in an important part of the catchment area of the Bameveldse Beek consists
of fine loamy sandy soils. In combination with a bad drainage situation this can lead to
surface runoff in wet periods. At a depth of 15 to 20 meters a clay layer with a low
permeability can be found. This causes a shallow groundwater flow pattern. Roughly
75 per cent of the population lives in dwellings connected to sewage purification plants
of which the effluents are discharged into the surface waters inside the catchment area.

In the area of the Hupselse Beek the top soil consists of medium coarse sand which
contains some gravel. The thickness of the layer varies from nearly O to 10 meters. The
underlying sediment is a clay layer with a very low permeability. The flow in the brook
reacts very quickly on precipitation.

The top 40 cm of the sandy soil in the catchment area-of Raalterwetering is slightly
loamy. At greater depths the soil consists of a well-permeable coarse sandy soil. The

groundwater flow pattern is rather deep as compared with the two previous catchment

areas and the response of the flow on precipitation is slow.

The discharge of the three areas in the years of investigation was 300, 145 and
150 mm.year ! for respectively Barneveldse Beek, Hupselse Beek and Raalterwetering.
Information about soil use, cattle intensity and population density can be found in
table 12.

In sandy soil areas the cattle intensity normally lies on a much higher level than in
other regions. The consequence might be that in periods that the manure can not be
spread over the land, part of the dung-water is illegally dumped into the surface waters.
Because of this uncertainty the contribution by diffuse agricultural sources will be cal-
culated from the difference between the total nitrogen and phosphorus discharge from
the catchment area via the water and the input by the known sources of pollution. By
using this method one neglects the processes in the waterways by which nitrogen and

Table 12 Some characteristics of the catchment areas of the Barneveldse Beek, the Hupselse Beek and
the Raalterwetering

Characteristic ' Dimension Barneveldse Hupselse Raalter-
Beek Beek wetering

Area ha 15,400 650 1525
Land use:

grassland % 59 64 94

arable land % 6 16

water % 1 1

other % 34 19 -
Population density inhab.ha™' 2.8 0.4 0.3
Animal density agric. soil:

cattle* cu.ha™! 2. 2.0 2.2

total stock* cu.ha™! 12.4 4.1 45

*1 cu (cattle-unit) is the added value equivalent with that of 1 milk cow

v
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Table 13 Annual load and discharge of nitrogen (N kg.ha™ .year™) and phosphate (P kg.ha ! .year™)
for the surface waters of the three sandy catchment areas: Barneveldse Beek (BB), Hupselse

Beek (HB) and Raalterwetering (RW) .
Sources of pollution Nitrogen Phosphate
BB HB RW BB HB RW

Natural sources: .
001 <0.01 <0.01

precipitation on open water 0.2 0.2 0.2

leaching of natural soil constituents 3.0 1.5 1.5 0.3 0.07 0.15

sub-total 3.2 1.7 7 0.31 0.07 0.15
Artificial sources:

domestic waste water and industry 9.5 0.5 0.3 3.6 0.15 0.10

leaching of fertilizers 0 0 0

surface runoff and agric. discharges }13.0 123.5 10.9 -0.2 0.03 -0.01

sub-total 225 24.0 1.2 34 0.18 0.09
Total discharge 25.7 25.7 2.9 37 7 025 0.24

phosphorus can disappear from the water. As a first approximation ii is allowable,
however.

The natural leaching of P from the soil via the groundwater has been calculated from
the total water discharge and the average concentration in the groundwater of the catch-
ment areas. These concentrations are 0.10gm™P for the Barneveldse Beek and the
Raalterwetering areas and 0.05 g.m‘:’P"‘for the Hupselse Beek area. For nitrogen the
natural content is roughly 1.0 gm™N for all three areas. About pollution by domestic
sewage of the scattered population very little information is available. For the calculation
of this contribution some approximations have been made. The first is that in the summer
half-year no domestic sewage reached the open water because of infiltration into the
subsoil. For the winter half-year the nitrogen in the domestic sewage was supposed to
reach open water for 100% and the phosphate for 50%.

The load with N and P by natural sources of pollution in the sandy soil catchment
areas has a much lower level than in polders (table 13, compare table 10 and 11). As the
N/P-ratio of the natural load varies between 11 and 24 for the three investigated brooks
'phosphate seems to be the limiting element for algal growth. An important part of the
artificial nitrogen pollution originates from agricultural sources. For the Bameveldse
Beek, the Hupselse Beek and the Raalterwetering the share is respectively 51%, 91% and
31%. The much higher contribution by agriculture for the Hupsele Beek as compared
with the Raalterwetering can be explained by the higher percentage of arable land and
the speedy and shallow groundwater flow pattern. Both factors have a negative effect on
the leaching of nitrate. With a higher residence time of groundwater in the subsoil denitri-
fication and immobilization can reduce the nitrate concentration before the ground-
water reaches open water.

Despite the very high cattle intensity in the Barneveldse Beek area, the share



17

of agricultural sources in the N-load is much smaller than for the Hupselse Beek with the
same total load. Factors which can explain the lower share in the Barneveldse Beek area
are: the higher percentage of nature areas, the lower percentage of arable land and the
heavier structure of the top soil (see fig. 1 and table 6).

The contribution by agriculture to the N-load in sandy soil areas is underestimated by
the method used, because the N-losses to the atmosphere by denitrification of bottom
sediments have been neglected. An estimation for the Bameveldse Beek area, where the
disposal of sewage-plant effluents give a fair supply of organic material, leads to a yearly
loss of roughly 5.5 kg.ha™ N on average for the whole area. Introducing this correction,
the contribution by agricultural sources increases from 13.0to 18.5 kg.ha™' N and the share
in the total load from 51 to 61%. The influence of denitrification by bottom deposits in
the other two brooks will be much smaller because there is no disposal of sewage-plant
effluents. Moreover, in the Hupselse Beek sometimes high peak flows occur which re-
move the bottom deposits.

The phosphate load of the Barneveldse Beek is highly influenced by the disposal of
sewage-plant effluents and domestic sewage of the scattered population. The share of
this source in the total P-load of Barneveldse Beek, Hupselse Beek and Raalterwetering
is 95, 60 and 40% respectively. The share of domestic sewage is overestimated by using
this calculation met{jod because the probable increase of P in the bottom deposits has
been neglected. In eleven sediment cores taken over a distance of some kilometers down-
stream from a heavy disposal of sewage-plant effluents, the total P-storage has been
analysed. Per square meter to a depth of 30 cm an amount of 120 g P is present (Hoekstra,
1979). So the contribution of agricultural sources is underestimated in this area. This is
confirmed by some analyses in the runoff from grassland in the Barneveldse Beek area.
The concentration of total-P ranged between 0.02 at low flows and 0.9 g.m™ at peak
flows (Vasak, 1978; Steenvoorden, 1979). The negative values for agricultural P-sources
in table 13 must also partly be explained by the errors made in the measurements or
estimations of other sources. A more precise calculation of the P-pollution by agriculture
can only be achieved when more information is available about changes in storage in
bottom deposits. But also the contribution by domestic sewage from the scattered
population is an uncertain item in the P-balance.
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Summary

The environmental impact of large inputs of fertilizer N applied to intensive
agricultural systems has been well documented. However, in order to determine the
full impact of N loading to surface waters, the relative contributions of both dissolved
inorganic and organic fractions must be cgnsidered. Few studies have so far addressed
either the losses of the organic N fraction or the hydrological pathways through which
losses occur.

Introduction

Intensively managed grassland systems have long been recognised as potential diffuse
sources of pollution to freshwater bodies. Garwood and Ryden (1986) showed that
substantial losses of nitrogen (N) could occur from grassland receiving inorganic
fertilizer inputs exceeding 250 kg N ha''. Additionally. a large proportion (50-80%) of
the N ingested by grazing cattle is returned to the soil in their excreta and in particular
urine (Bristow, 1992)

As yet, few attempts have been made to measure mobile organic N and this may be
attributable to the following reasons. Inorganic N was considered to be the major
problem and most leaching studies concentrated on this area. Total nitrogen analysis
involving kjeldahl digestion is slow, expensive, and involves chemicals that are
hazardous to health. Sample collection using porous ceramic cups has problems
associated with the potential adsorption of organic compounds onto the ceramic.

Data from a catchment study by Johnes & Burt (1991) however show that losses of
organic N may be 40 % of the total N lost. This suggests that there may be a serious
shortfall in previous estimates of bio-available N in downstream waters. This paper
reports the preliminary results from a three year study of the extent of organic N
losses in surface runoff and drainage waters from grazed grassland in SW England.
under different fertilizer managements.



Methods

Hydrologically isolated plots (1ha) were set up on grassland with a poorly drained
clay loam soil. The plots were grazed continuously by beef cattle, were either drained
or undrained and were managed under different fertilizer regimes (0, 200, 300 kg
mineral N ha ' yr ' ). Water movement pathways (drainage to 85c¢m. or runoff and
surface lateral flow to 30cm). were separately. channelled to V-notch weirs. More
details of the grassland management and drainage treatments are given in Tyson ef al.
(1992) and Armstrong & Garwood (1991).

Water samples were collected from the outflows of field drains and surface weirs
once per day throughout the winter drainage period.(Oct-Mar) and more intensively
during storm events. The samples were separately analysed for soluble inorganic N
and total UV digestible N both before and after filtering (<0.2 microns). The total N
fraction was determined using an automated continuous flow method based on
conversion of organic N to nitrate by digestion with di-potassium peroxodisulphate at
70°C, catalysed by UV. The nitrate was colorimetrically determined as nitrite by the
Griess reaction following reduction by a cadmium/copper reductor. The organic N
fraction of the sample was determined by difference.

.
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Results

Preliminary results show that losses of total N from pasture receiving 300 kg N ha ™
yr ™' were higher from drained swards compared with undrained swards (88.8 kg N ha
“and 31.7 kg N ha ', respectively). The largest organic N concentration (40 mg N1°
") was in drainage to 85cm from drained pasture receiving 300 kg N ha ' yr
Overall. the proportion of organic N was generally larger (38% compared with 19%)
in runoff and surface lateral flow from undrained grassland receiving the same mineral
N input. The largest organic N losses (18.6 kg organic N ha ' yr ') were from
undrained grassland receiving 200 kg N ha yr ~' and represented 22% of the total N
lost.

The largest proportion of N lost in the organic form (60%) was in runoff and surface
lateral flow from undrained grassland with ryegrass/white clover swards.

There were insignificant differences in organic N concentrations between unfiltered
and filtered samples. »

Fig 1. Shows a typical chemograph (elution profile) of inorganic and organic N during
a winter drainage period. It shows that although the overall organic N contribution to
total N is smaller than that of inorganic N, initial organic N concentrations may be
relatively large.
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Undrained grassland may yield a larger proportion of total N losses as organic N than
drained grassland. A significant proportion of total N losses from grazed grassland

may be as organic N and may not have been previously accounted for in existing
estimations of N balances and models of the N cycle in pasture systems.
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Leaching of dissolved organic N from grass—white clover pasture in
SW England.

Jane Hawkins and David Scholefield

Institute of Grassland and Environmental Research, North Wyke Research Station,
Okehampton, Devon, EX20 2SB, UK

Abstract

Although it has long been suspected that some of the nitrogen (N) lost in waters
draining from grassland systems is in soluble organic forms. few studies have
attempted to determine the extent of such loss. This paper gives the details of a two
year study on losses of organic N in surface runoff and drainage waters from poorly
draining grass and grass-white clover grazed lysimeters. The results show that as
much as 66% of the total N lost from grass-white clover swards is in an organic form.
Organic N represents a significant proportion of total N losses from grazed grassland
which has not previously been accounted for in existing estimations of N balances and
models of the N cycle in pasture systems.

Keywords: Organic N, N Cycle, total N, grass-white clover, grassland.

Introduction

The use of legumes, and in particular white clover, is fundamental for providing a
nitrogen input to organic grassland systems. Grass-clover swards are considered less
N leaky in comparison to grass swards receiving mineral N fertilizer. Few studies
have so far addressed either the losses of dissolved organic N or the hydrological
pathways through which losses occur from pasture. C onsequently, models of the N
cycle in pasture systems have tended to ignore the contribution of N leaching from
organic matter. Data from a catchment study by Johnes & Burt (1991) show that
losses of organic N may be 40 % of the total N lost. and suggest that there may be a
serious shortfall in previous estimates of N leaching losses. This paper reports the
results of the extent of organic N losses in surface runoff and drainage waters from
grazed grass-white clover and grass swards in SW England, under different hydrology
regimes over two winter drainage periods between 1995-97.

Method

Hydrologically isolated pasture lysimeters (1 ha) were set up on poorly draining clay
loam soil in SW England. The lysimeters were continuously grazed by beef cattle,
typically from March to October, and received either an application of 200 or 0 kg N
ha™ yr ! grass-white clover). The average percentage clover in the grass-white clover
swards was 13 % in 1995 and 9% in 1996 and N fixation levels were estimated to be



1 o' and 34 kg N ha'! yr! respectively. The lysimeters receiving mineral
were drained and the grass-white clover lysimeters were either drained or
_ Each fertilizer treatment was replicated. Water movement pathways
to 85cm, runoff and surface lateral flow to 30 cm). were separately
led through V-notch weirs. More details of the grassland management and
Rhage treatments are given in Tyson er al. (1992) and Armstrong & Garwood
Wételr)samples were collected from the outflows of field drains and surface weirs once
r day throughout the winter drainage period (October-March). The samples were
paratelv analysed for soluble inorganic N and total UV digestible N after filtering
' (<0.2 microns). The dissolved organic N fraction of the sample was determined by
‘difference. The drainage volumes for the two winters of the study were 383 and 364
mm respectively.

Results

Results from both winter drainage periods show that total N losses were larger from
drained grass swards receiving 200 kg ha ™' yr ! compared with those from drained
grass-white clover. The largest proportion of organic N lost was in runoff and surface
lateral flow from grass-white clover grassland. which contamed up to 66% of total N
lost In an organic form (Table 1.) Total N losses (19.8 kg ha ' yr !, 8.28 kg ha ' yr-
" from the drained grass-white clover swards in 1995-96 and 1996 97 amounted to
30.6% and 24.35 % of the N fixed respectively. Organic N concentrations in surface
runoff from grass-white clover exceeded those of i inorganic N at the start of drainage
and periodically throughout the winter (Fig 1.).

Conclusions

Results suggest there is an increase in N leached in an organic form where clover is
present in the sward. Although organic N exports from grass-white clover swards are
! smaller than those from swards receiving fertilizer. the proportion lost effectively
‘ doubles the total N export. A significant proportion of total N losses from 0razed
grassland may be as organic N and may not have been previously accounted for in
existing estimations of N balances and models of the N cycle in pasture systems.
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Table 1. Total N and percentaae organic N leaching from grass-white clover and grass

receiving 200 kg N ha™ vr

1995-96 1996-97
Treatment Total \I Percentage Total N Percentage
(kg N ha™h) organic N (kg Nvha™) organic N
Grass-clover undrained 8.94 60 5.35 66
Grass-clover drained 19.84 L5 8.28 22
200 kg N ha™ yr! drained 84.66 o 44.9 13

Figure 1. Patterns of inorganic N (solid line) and organic N (broken line) inrunoff

from an undrained grass—white clover sward.
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Abstract Nitrogen mineralization was measured in
three permanent pastures — either fertilized or unfertil-
ized grass, or a mixed grass-clover sward — which were
further amended with cither fertilizer or cattle dung
over a summer growing season. Measurements were
made at 4-weekly intervals from June to October.
Rates of net mineralization were similar in each of the
background treatments (overall mean 0.99£0.091 kg N
ha'day ') and did not change markedly during the ex-
periment. From the second sampling (July) onwards,
rates of mineralization in all the dung treatments were
higher than in the control by a factor of up to 2. In the
fertilizer-amended treatments, rates were also consis-
tently (but not significantly) higher than in the control.
However, the relatively small effect of fertilizer de-
tected at each sampling had a significant cumulative ef-
fect by the end of the experiment. There was no inter-
action between the background and current treatments.
Potential mineralization. measured by anacrobic incu-
bation. increased in all the treatments over the period
of the experiment. showing an accumulation of readily
mineralizable residues. Total N mineralized and the N
accumulated during the experiment were calculated
and compared. This approach suggests that potential
measurements  could provide a good
changes in soil N supply that would not be otherwise
detectable in changes in soil total N in the short-term.
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Introduction

Soils vary widely in their physical, chemical and biolog-
ical properties and in their ability to support plant
growth. The time taken for a soil to recover to the equi-
valent structure of a long-term pasture, following long-
term arable cultivation, can be more than 50 years
(Low 1955). Along with the physical changes, increas-
ing ranges in complex chemical and biological proc-
esses will also become established. These changes in
soil characteristics may be accompanied by a gradual
accumulation of soil organic matter (SOM) and will
combine to determine the overall soil fertility (Clement
and Williams 1964: Tyson et al. 1990).

Soil fertility may also be thought of in terms of the
relationship between the nutrient requirements of a
crop and the ability of the soil to satisly these require-
ments. Since the productivity of soil is often driven by
the supply of N, an estimation of the release of N from
SOM may be regarded as a prime indicator of soil fer-
tility. The capacity of soils under grassland manage-
ment to accumulate organic N can be large, e.g. equi-
valent to 160 kg N ha ' year™' (Clement and Williams
1967). However, at any one time. only a small propor-
tion (generally <2% of total soil N) is present in inor-
ganic forms that will be readily available to plants
(Bremner 1965). The proportion of the total soil or-
ganic N that is released annually varies widely from
<2% to more than 10%. depending on soil type and
conditions (Bartholomew and Kirkham 1960). Thus.
the accumulation of organic N in the longer term may
not be related directly to the ability of the soil to sus-
tain the rate of N released. However, the net amount of
N mincralized (i.c. the difference between gross miner-
alization and gross immobilization) will indicate the
ability of the soil to satisly the immediate requirements
of the plant.

Changes in soil organic N may be relatively rapid in
the first years following cultivation and the establish-
ment of a new sward, but the trend becomes asymptotic
after some 10-15 years as grassland approaches an



equilibrium (Tyson et al. 1990). During the last 15 years
of a 30-year study on grass/clover swards, Tyson et al.
(1990) found an increase of only about 0.001% in soil
total N per annum to 15 cm depth (equivalent to 25 kg
N ha'year'). Even though this rate of change repre-
sents an annual increase of about 0.5% of the total N
present, much of which may be readily decomposable,
such changes are still difficult to detect in the short
term, without a large-scale soil sampling programme
and a high degree of analytical resolution. The process
of N accumulation may be accelerated by the applica-
tion of fertilizer N and also under grazed as opposed to
cut swards, since much of the organic N will be re-
turned in excreted waste (Whitehead et al. 1990).

The recycling of organic materials from both animal
excreta and plant residues are important sources of N
in grassland production, but their contribution to plant
growth is difficult to quantify. Potential mineralization
measures the component of SOM that is likely to be
mingeralized (Hassink 1992) and can therefore be con-
sidtred to provide a useful measure of fertiity. Pre-
vious measurements using field incubation techniques
(Hatch et al. 1991; Gill et al. 1995) have shown that in
long-term grassland the annual release of mineral N
from SOM is considerable. There is a need to improve
the predictive capability for mineralization so that ex-
ternal N inputs can be optimized (Jarvis et al. 1996).
Here we report on both net and potential rates of mi-
neralization in grass swards. Measurements were made
over several months. from the time when fresh dung
was deposited until the pats had begun to fragment and
these were compared with the effects of periodic appli-
cations of fertilizer N.

Materials and methods

The study was conducted between June and October 1997 on an
established experimental site (Rowden Drainage Experiment) on
the farm of IGER. North Wyke Research Station, Devon in S.W.
England. Further details can be found in Hatch et al. (2000) but
briefly. long-term grazed swards were divided into [-ha treatment
paddocks which had been maintained under the same manage-
ment systems since 1982. Three background systems were used in
the present experiment: (1) a fertilized perennial ryegrass sward
(predominantly Lolium perenne L.) receiving 200 kg N ha'
year ' (GF): (2) a grass-clover sward containing about 20% clover
(GC): (3) an unfertilized grass sward (containing mixed grass spe-
cies dominated by Agrostis L. spp.. Anthoxanthum odoratum 1.
and Holcus lanatus L.) receiving no fertilizer N (GO). All three
treatments had been grazed by beef cattle and received 25 kg P
and 50 kg K ha "in April; fertilizer N was also applied at that
time to the GF sward at a rate of 40 kg N ha".

Four replicate field plots. approximately 30 m?, were fenced
off within each of the background treatments to exclude cattle
during the 1997 grazing season. Within these field plots. three in-
dividual sub-plots (each of 6m°) were established to provide
three current treatments. namely:

I. Control: unamended background treatment i.e. no additional

fertilizer added (C).

2. Fertilizer: N-fertilizer applied in three or four applications, to-

taling 200 kg N ha™' as NH,;NO; (F).

3. Dung: artificial dung pats providing the equivalent of 660 kg

(total) N ha ' within the dung pat area (D).
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There were. therefore, nine current treatments: GFC, GFF.
GFD, GCC, GCF, GCD. GOC, GOF and GOD, each separately
replicated by four field plots within the background treatments.

After the swards had been cut to a uniform height (4 cm) on
30 May. fertilizer was added to the three current fertilized (F)
treatments at a rate of 60 kg N ha ' for the GFF (which had alrea-
dy received 40 kg N ha '), and 100 kg N ha ' for the GCF and
GOF. Fresh dung from dairy cattle was applied as pats to the dung
treatment plots (GFD, GCD and GOD) on 25 June. Aliquots of
dung (4 kg) were formed into circular pats (0.125 m?) on top of
500-mm squares of open plastic mesh (10 mm x 10 mm) that had
been positioned on the sward. In this way, dung material could
pass into the soil whilst the residual material. supported on the
plastic mesh. could be lifted periodically to allow soil cores to be
taken from beneath them. The fresh dung comprised 7.9% dry
matter, 34.5% C and 2.6% N (dry weight basis) with a C:N ratio
of 13.1. The swards were cut again on 21 July, after which the
GFF. GCF and GOF plots received 60 kg N ha ' and cut once
more on | September, followed by a further 40 kg N ha ' to each
of the fertilized plots.

Measurements were made at approximately 4-week intervals
from 16 June to 13 October (17 weeks in total). Rates of net mi-
neralization were determined using the technique described by
Hatch et al. (1990). Four (37 mm diameter) pairs of soil cores
were taken to a depth of 70 mm from cach treatment sub-plot:
one core from each pair was placed in a 1-1 Kilner jar and the
remaining four cores were bulked and analysed for NH-N. The
Kilner jars (four per treatment) were sealed and acetylene (C-H»)
was added as a nitrification inhibitor to produce a 2% concentra-
tion (v/v) in the headspace. The jars were then incubated in holes
in the ground. adjacent to the experimental area. for 7 days be-
fore analysis.

On the day ol sampling. the bulked soil from each sub-plot
was crumbled, mixed by hand and the above-ground plant mate-
rial (shoots and stubble) plus undecomposed root material and
stones were removed. Moist soil samples (50 g) were shaken with
2 M KCl (250 ml) on an orbital shaker for 2 h. The suspension
was then filtered through Whatman No. | paper and the filtrate
was collected after the first 5cm?® had been discarded. The con-
centrations of NH; and NO; in the extracts were determined by
automated segmented-flow colorimetry (Scarle 1984: Kempers
and Luft 1988). Net mineralization was calculated from the differ-
ence in NH{-N contents of the soil cores at the start and end of
the incubation period.

Potential mineralization rates were determined by an anac-
robic incubation method (Lober and Reeder 1993) based on a
modification of an earlier technique (Waring and Bremner 1964).
Soil was air-dried at 30°C and ground to pass a 2-mm sieve: S ¢
was placed in 60 ml polypropylene svringes fitted with Luer-Lok
taps. Deionized water (13 ml) was added and air was eliminated
by gentle shaking and advancing the plunger. until the soil slurry
reached the Luer tip. The syringes were clamped needle-end
down to a stand and placed in an incubator at 37 °C. After 7 days
of incubation, 37 ml of 2.7 M KCI was added to each syringe re-
sulting in a 2 M KCI to soil extract ratio of 10:1. The plungers
were pulled down to introduce headspace and the syringes were
shaken vigorously for 1 h. The soil solutions were filtered and
analysed for NHj and NO; as previously described. Mineralizable
N was calculated as the difference between post- and pre-incuba-
tion NH}-N values.

An aliquot of each soil sample was dried at 105°C overnight
for gravimetric soil moisture determination. Sub-samples of air
dried soil were ground to pass a 2 mm sieve and analysed for total
C and total N. using a Carlo Erba NA 1500 analyser (Erba
Science UK Ltd). Bulk density was calculated from the dry
weight of soil in the cores divided by their volume.

A randomized design was adopted for replicates within each
of the background treatments. Data were examined by analysis of
variance (ANOVA), grouped regression analysis and Student’s 7-
test (using Genstat 5 software) and an antedependence analysis
was employed for the repeated measurements of net mineraliza-
tion on the background treatments (Kenward 1987).
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Results

Table 1 shows some of the soil characteristics of the
background treatments measured at the beginning of
the experiment. Total soil C and N contents increased
in the order G0<GC<GF (7<0.05), but there were
no differences in soil C:N ratio between the treatments.
Inorganic N (NHf{+ NO3) content was similar in each
of the background treatments (3.9%1.16, 5.5+0.75 and
5.2+0.96 mg kg, respectively) but the NHZ: NOs ratio
was lower (P<0.05) in the GC and GF soils (Table 1).
Three weeks after the dung pats had been applied (14
July), there was an increase in soil C content of 18%
and 30% in GOD and GCD., respectively (P<(0.05).
However, although inorganic N increased, no signifi-
cant change in total soil N content was detected at this
time and there was a corresponding increase in soil
C:Nin GOD and GCD with ratios of 9.3 and 10.2:1.
respectively (P<0.05). The increase in soil C content
with dung was short-lived: subsequent measurements
showed no differences between treatments in soil C. or
in soil C:N. Soil bulk density (BD) was similar in each
of the background treatments and. as reported earlier
(Hatch et al. 2000). the effect of dung was to lower the
BD in GOD and GFD. A similar effect was found for
GCD (P<0.05) in this study. No effect of fertilizer N

(GOF. GCF and GFF treatments) was found in terms of

soil total C and total N or BD. The dung pats (in GOD,
GCD and GFD) became progressively depleted in both
C and N and by September had begun to fragment and
were penetrated by new grass shoots. By the end of the
experiment, the total C and N contents of the remnants
of the dung pats had fallen by 52% and 42%. respec-
tively. with a change in C:N ratio from 13:1 to 11:1
(during the experiment). Soil water content was similar
in all the treatments and is shown as a mean (of all the
tr¢atments) together with soil lemperature, on cach
s({mpling occasion (Fig. 1). '

Higher (P<0.05) soil inorganic N (NHj+ NO;)
contents (Fig. 2) were measured in the N treatments
(GOF. GCF and GFF) in the weeks following two of the
fertilizer applications (30 May and 1| September).
Where the interval was more than 3 weeks between fer-
tilizer N application (21 July) and sampling (19 Au-
gust), levels of inorganic N were no longer significantly
different, except in the long-term fertilized (GFF) treat-

Table 1 Soil characteristics of three grass swards. unfertilized
(G:0). grass/clover (GC) and fertilized (GF). Values are means
(n=4%SEM) and relate to dry wt. soil

Background GO GC GF
treatment
% C 4.39 (0.158) 5.17 (0.236) 5.98 (0.332)

% 0.54 (0.016) 0.63 (0.024) 0.73 (0.037)
C:N 8.1 (0.25) 8.2 (0.14) 8.1 (0.13)
pH (water) 5.3 5.5 5.6
NHi:NO; 7.1 (1.53) 3.8 (0.34) 3.2 (0.91)
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Fig. I Soil water content (O) and temperature at 7cm (A) in a
silty clay loam under permanent pasture measured from June to
October = SEM (vertical bars)
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Fig. 2a—c¢ Inorganic N (NHI+NO:) in soil from background
treatments: a unfertilized (G0). b grass/clover (GC) and ¢ fertil-
ized (GF) swards. shown as histograms which received either zero
N (C. shaded). fertilizer N on 30 May. 21 July and 1 September
(F. open). or dung applied 25 June (D, part shaded) £SEM (ver-
tical bars)



ment (£<0.05). On 14 July, higher levels of soil inor-
ganic N (P<0.05) were found under all the dung treat-
@cnts (GOD, GCD and GFD). By the next sampling
date (19 August), levels had fallen and were similar to
.lhe controls. However GFD, which had the highest val-
@ c on 14 July, remained significantly higher than GFC
(P<0.05). Over the period of the experiment, NH}:
Q\IO;’ ratios in the controls were, on average, 8.1:1,
@' 7:1 and 3.9:1 for the GOC, GCC and GFC soils, re-
spectively, but the distribution between the two forms
I N became more even with the addition of either fer-
ilizer or dung. Thus at the end of the experiment, NHI:
NO; ratios were 1.5:1. 1.4:1 and 1.6:1 for the GOF,
Q}(‘F and GFF soils and 5.1:1, 4.5:1 and 3.9: | for the
@ VD, GCD and GFD soils, respectively.

Rates of net mineralization were similar on each
.umpling occasion in the three control treatments
‘(;()C. GCC and GF(Q) throughout the experiment
doverall mean 0.99+0.091 kg N ha' d-'); each fol-

owed the same seasonal pattern with a small increase
@' Scptember followed by a decrease in October
Fig. 3). From 14 July onwards. net mineralization was
igher (P<0.05) in the dung treatments (GOD, GCD
@"d GFD) than the controls, with the highest rates in
2ich case recorded in September. After this, control
’nd dung values tended to converge. The fertilized
@catments (GOF, GCF and GFF) recorded consistently
igher rates of net mineralization than the controls on
ach sampling occasion, but the differences were not
@:nificant, with the exception of GFF on 13 October
> <(.05). However, antedependence analysis showed
1at starting from the August sampling, a cumulative
@ticrence in all background treatments was established
a the amendments of N, as well as dung (P<0.001),
lich persisted through to the final sampling in Octo-
@' Mean rates obtained from fitted regressions were
\ed to compare rates of mineralization, and estimates

OT the total amounts of N mineralized in each treatment
re obtained for the experimental period of 119 days
Gzlble 2). Within each of the background treatments

d)lcz Bulk density (measured in September 1997) and mean
> of increase in potential mineralization (n=4+SEM) over an
overall

A

1
t’.crimcnlzll period of 119 days from

which the
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increase in potential over the same period is derived for compar-
ison with net mineralization.

Bulk density

bﬂ tment

Potential mineralization

Net mineralization

L4
-

Rate of increase
(Mil g 1 L|il)‘ l);x

(kg ha ")"
Overall increase
(kg ha ')

50C (.85 0.42 (0.049) 30 92
L ) 0.89 0.53 (0.061) 39 134
54D 0.71 0.71 (0.104) 42 212
&‘ 0.77 0.83 (0.140) 53 142
g (.84 0.85 (0273} , s 60 191
”; / 0.67 1.43:(0.308) 79 259
P e 0.78 0.52 (0.153) 33 120
1‘ 0.81 0.60 (0.110) 40 165
j‘ 0.62 1.03 (0.286) 53 233

ained from the mean of the rates over the experimental period (Fig. 3)

&tained from the slopes of the regressions using the data shown in Fig. 4
t
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Fig. da—c Potential mineralization in soil from background treat-
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(GF) swards which received either zero N (C. @). fertilizer N on
30 May. 21 July and 1 September (. [). or dung applied 25 June
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(GO. GC and GF). the amended sub-treatments were in
the order C<F<D (P<0.001). There was no interac-
tion between the background treatments and the
amended treatments.

At the start of the experiment. potential mineraliza-
tion in the background treatments (Fig. 4) was in the
order 301. 308 and 383 ug N g' (dry soil) for GO, GC
and GF. respectively. but the values were not signifi-
cantly different. On any particular sampling date, no ef-
fect of fertilizer or dung could be detected, but there
was a consistent trend for an increase in potential mi-
neralization in all treatments during the experiment. In
the control treatments, the increases were between 14
and 33%. the largest being in GCC, from 308 (0 410 g
N g™' (dry soil). Using a grouped regression analysis, it
was established that the trend for increasing potential
mineralization with time was significant (P<0.001) in
all treatments (Fig. 4). Fitted regressions showed that
although the rates of increase (i.e. slopes) were similar
in all treatments. the dung treatments had consistently

higher values (P <0.05) than the other two treatments
(i.e. signilicantly different intercepts). In Table 2, over-
all increases in potential mineralization for the period
of the experiment (calculated from the slopes of the re-
gressions) are compared with the net N mineralized
(measured by jar incubation). There was an increased
potential in the controls (GOC and GFC) of about 30 kg
N ha ', but a ncarly two-fold increase in the control of
the clover-based sward (GCC) and in all treatments re-
ceiving cither fertilizer or dung. Net mineralization val-
ues were some 3-5 times greater than potential measur-
ements.

Discussion

Soil characteristics of the background treatments were
related to their long-term management in that soil C
and N contents increased with the scale of previous N
inputs. i.e. unfertilized < clover < fertilized. The greater
amounts of N mineralized in the GCC and GFC treat-
ments probably reflected the return of higher quality
plant residues (with a lower C:N ratio) than those in
the GOC treatment (Ledgard et al. 1998). There were
also high levels of inorganic N in the soils following the
application of fertilizer. Soil sampling was timed to be
at least 2 weeks alter fertilizer was applied and there
was no indication that high levels of inorganic N inter-
fered with the measurements of mineralization. Inor-
ganic N was also higher in the soil under dung and this
persisted for the first few weeks. following placement of
the dung pats. Dickinson and Craig (1990) and Lovell
and Jarvis (1996) also found that an increase in inor-
ganic N under dung pats lasted for only a few weeks
after deposition. Despite large inputs of N, in the pres-
ent study the relative stability in the soil inorganic N
pools would suggest rapid immobilization by plants
and/or soil microbiota, as found by Jackson et al.
(1989).

Higher rates of net mineralization were measured in
all the dung treatments from July to September, after
which rates began to converge. This pattern is consis-
tent with the breakdown of a finite amount of readily
available labile C substrate (i.e. from dung) and resem-
bled the same pattern of increased microbial respira-
tion when dung was added to soil, as reported by Lovell
and Jarvis (1996). In a grazed pasture, the effect of
dung will be localized, e.g. over a grazing season (180
days). and assuming average stocking rates of cattle
and no overlapping, dung would cover about 260 m? in
a l-ha pasture. This represents less than 3% coverage
of the I-ha grazed area and so the considerable in-
crease in net mineralization that was found in the dung
treatments would translate into only a small change in
the actual amount of N mineralized. Although the in-
creases in rates of net mineralization were lower in the
N treatments than with dung, the effect of N applies to
the whole area of sward and would, therefore, result in
larger total amounts of N mineralized per unit area. For
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example, Gill et al. (1995) found that net annual miner-
alization was 317kg N ha™' in a fertilized and only
@35 kg N ha ' in an unfertilized grass sward.

Whereas dung had a major impact on mineralization
rates by increasing soil C directly. the effect of fertilizer

was less pronounced since it increased C only indi-
rectly by improving plant growth and increasing the re-
turn of plant residues, as was shown in arable (Glendin-
ng et al. 1992) and pasture (Gill et al. 1995) soils. How-
cver, over the course of this experiment a statistically
significant difference was found in the overall increase
in rates of net mineralization in N treatments compared
with the controls. Therefore, small, but consistent
changes in the short term that are difficult to detect be-
cause of soil heterogeneity will contribute to the estab-
lishment of longer-term changes that develop in ‘im-
proved’ grassland systems. This effect has also been de-
scribed recently (Hatch et al. 2000) for two of these
same background treatments (GO and GF).

Potential mineralization is usually measured only as

®.n index of the general nutrient supplying ability’ of a
soil. For example, there is a range of soil tests that are
intended to indicate the amount of N that may become

@:vailable for crop growth by mincralization of SOM

.Lluring the growing scason (Gianello and Bremner
1986). However, it is unlikely that any one particular

.lcsl will be able to predict accurately the release of soil

.N. since the continual return of plant litter and recy-
cling of N cannot be accounted for adequately. A

@:tandard test was not identified in the review of meth-
ods undertaken by Meisenger (1984). The situation is
further complicated by changes in the composition and

@:ctivity of the soil microbiota in response to the compo-
sition of SOM residues, or during seasonal variations.
There is unlikely to be a simple relationship between
SOM accumulation and subsequent net release because
ol the many physical, chemical and climatic/scasonal
conditions that will affect soil microbiota (Nannipicri ¢t

®.1. 1990). Only moderate or poor correlations were

.('ound with different chemical indexes of soil N availa-
bility (Hong et al. 1990), but more promising results
have been obtained with soil incubations (both aerobic
and anaerobic) when compared with plant uptake
(Fyles et al. 1990). Soil incubation has also been used to
measure potential mineralization in whole soil and light
[ractions of SOM. which can be used to assess the labile
component of SOM that is biologically mediated (Bar-

.rios et al. 1996).

In the present study, potential mineralization (anae-
robic incubation) was measured regularly and in paral-
lel with net mineralization. It was possible, therefore, to

.cxaminc changes over an extended period and to iden-
tify a clear increase in potential mineralization in all
@ rcatments. representing an accumulation of readily mi-
neralizable (i.e. labile) residues. This trend occurred
concurrently with the net release of NHJ from SOM,
Qcstimated by measurements of net mineralization. With
no additional “inputs’ (sce GOC and GFC). potential
mineralization might be expected to remain unchanged,
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or even to decline over a season. but returns of organic
N from plant shoots and roots contribute to the net ac-
cumulation of SOM, particularly in undisturbed grass-
land soils (Jarvis et al. 1996).

From previous records (K. Tyson, personal commu-
nication) covering the 10-year period (1987-1996) prior
to this experiment, the total soil N had increased, on
average. by 41, 44 and 83 kg N ha ' year ' in the GO,
GC and GF swards, respectively. It is reasonable to as-
sume that these amounts are probably somewhat high-
er than when our study was made (1997). since the rate
of accumulation lessens in a soil as it approaches an
equilibrium (Tyson et al. 1990). Therelore, the rates de-
rived from soil analysis over the long term appear to be
very similar to those calculated from the increase in po-
tential mineralization values that were measured in the
present study (Table 2). We therefore suggest that the
periodic assessment of potential mineralization could
be used as an indicator of the accumulation of readily
mineralizable residues which then contribute to the re-
lease of inorganic N over the succeeding growing sea-
son(s).

The contrasting result of net mineralization, whilst
al the same time registering an increase in labile resi-
dues (i.c. potential mineralization) is an enigma which
is [requently encountered in the N cycle of soils under
semi- or permanent grassland. Thus, it is quite possible
to have a positive net mineralization combined with a
positive accumulation of organic N. This can be ex-
plained if the total inputs of N from fertilizer, atmos-
pheric deposition, in precipitation and N fixation, ex-
ceed the total outputs of N in animal products and
losses through denitrification, ammonia volatilization
and leaching (Jarvis et al. 1995; Whitechead 1995).
Moreover, measurements of net mineralization, based
on fluxes through the inorganic N pool, will include N
that has been reeyeled perhaps several times through
the soil system (Hatch et al, in press). Consequently,
net values may not necessarily relate directly to the
overall change in organic N when expressed on an an-
nual basis.

Whilst the actual mineralization rate of new labile
residues over succeeding scasons still needs to be estab-
lished (depending on local climatic conditions etc.). the
similarities between increases in soil organic N and po-
tential mineralization warrant further investigation.
Regular assessments using potential measurements
could provide a more accurate estimate of changes in
soil N supply (and perhaps other aspects of soil fertili-
ty) than would be identifiable from soil total N analyses
in the short term, or from other methods which rely on
chemical extraction.
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Relationships between soil thermal units, nitrogen

mincralization and dry matter production in pastures

ryn - & “ . 2 S5 _)
I'J. Clough', S.C. Jarvis® & 1. atch

Abstract. Nitrogen (N) is of environmental concern if it leaches or is released as nitrous oxide (NLO). In order to
utilize N cfficiently in grazed pasture systems, the fluxes of N from various sources need to be quantified. One
flux is \ minceralization from organic sources. Previous work has examined incubation and chemical extraction
of soils as methods to determine N mineralization potential. This paper re-examines new and previously pub-
lished data on net mineralization, with the aim of examining the relationships between soil thermal units, net N
mincralization (measured using acetylence incubations) and dry matter production in pastures. Net N mineraliza-
tion is expressed as N turnover (net N mineralization as a %o of total soil N). Relationships are developed between
soil thermal units, dry matter production and N turnover. These relationships have potential in advising farmers
on potential N mincralization from soil organic matter. A second use of such relationships is the modelling of N
transformations in pasture systems. Further work should explore the effect of soil moisture on such relationships
and examine the relationship between soil thermal units and uptake of N by pasture.

Kevwords: Nitrogen, mineralization, models, prediction, soil temperature, pastures

INTRODUCTION

ap . . . N . <D .
oil inorganic-N may be derived from fertilizér, the miner-
alization of organic matter and deposition on to the pas-
ture from atmospheric and animal sources. Grassland soils

are often high in organic matter and the potential supply of

inorganic=N released by mineralization can be correspond-
inghy Targe (Jarvis e al, 1996). Inorganic-N may undergo
further transtormations such as denitrification, nitrate leach-

ing, plant uptake and immobilization. In the interests of

cificient farming practices, for both environmental and eco-
nomic goals, it 1s desirable for inorganic-N from all sources to
be utilized efficiently by pasture plants. Nis of environmental
concern it it leaches as nitrate (NO ), (Jarvis, 1992), or if N,O)
is produced since it is involved in global warming and ozone
depletion (Crutzen, 1981: Robertson, 1993): both emissions
may be substantial in grassland especially when grazed ( Jarvis
etal., 1993) 1o achicve efficient N utilization and avoid excess
N in the soil, the rate of soil inorganic-N production from soil
organic matter must be known.

NMethods to determine the potential mineralization indices
of soils mclude Taboratory and field incubations, chemical
extractions, measurement of N minceralization in the field,
and "N labelled fertilizer techniques (Jarvis e al., 1996).
Another method 1o predict N minceralization examined the
density fractions of soil macro-organic matter (Hassink,
19930). W hile cood agreement can be achieved between differ-
ent faboratory procedures (Giranello & Bremner, 1986: Groot
& Houba 1993) few if any tests relate the inorganic-N mea-

! VeResearch. Ruakura Aericultaral Research Centre, Flamilton,  New
Zealand

SInstitute of Grassland and - Environmental Research, North Wike,
Okehampton. Devon, EX202SB UK

\ddress for correspondence: 1] Clough, Department of Sl Science, PO
Box S84 Lincoln Unnversar, Canterburs, New Zealand., Fax: +64-3-3233607

F=mail: Clouel 1 v Bincndn ac ny

sured, during incubation or extraction, to either the release
under field conditions or to actual N uptake and dry matter
(DA production of pasture. At best these laboratory tests
provide measurements of the potential to release N measured
under specified conditions (Jarvis et al., 1996).

Factors which influence the rate of soil N mineralization
include soil moisture, soil pHand soil temperature (e.g. Stan-
ford et al., 1973). Soil thermal units (STU) have been used to
predict N mineralization in sludges (Honeveutt ef al., 1988),
manures and crop residues added 10 soils under field condi-
tions (Honeycutt & Potaro, 1990). T'he approach has been fur-
ther developed, to estimate the availability of N to plants from
soil organic matter and other organic N sources, and to improve
N use efficiency in cropping systems (Honeveutt et al., 1994).

The method has been used over a limited range of condi-
tions and has not been applied to grazed pasture systems.
There are few comprehensive datasets, containing field data
on N mineralization rates and soil temperature, which allow
relationships between N mineralization and STU to be exam-
ined. Gill ez al. (1995) and Tatch er «f. (1990, 1991) measured
net mineralization in pastures using soil core incubation
withacenylene inhibition of nitrification. In these studies var-
iation in soil temperature accounted for a statistically signifi-
cant propoition of the vartation in net mineralization rates
recorded. The objective of this study was 1o re-cxamine
these datasets, and some new New Zealand data, to try and
determine relationships between net N mineralization, dry
matter production and soil temperature in pasture systems.

MATERITALS AND METHODS

At sites m the Wartkato region of New Zealand net N miner-
alizatuon was measured under rvegrass/white clover (Lolium
perenne Vo=Trifoliwon repens 1.) pastures. These pastures were
on a free draming silt loam soil and had received spli dress-
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mas ot urea totalling 0, 200, or 400kg \/ha per vear. Net \
mincralization was measured, at each site, using the method
ot Tlatch ez al. (1990). In brief, 12 soil cores (7Z3¢m x 2.5¢m)
were mcubated moa elass jar with acetvlene (220 v/v), in the
ficld, fora 14 dav period (Hateh e al., 1990), replicated thrice.
Jarssvere placed inholes in the ground adjacent to experimen-
talareas. Mrer 4 davs the cores were sieved and extracted with

v KCTand the soil water content determined. The amount of

morganic=\ in the soil cores after incubation, less that mitially
present, was taken as the amount mineral- ized. Methods
used to determine soil inorganic-N and soil total N arc
described fully in Hatch eral. (1990). Previously published net
mincralization data measured in the UK (Gill ¢ al, 1995;
Hatch eral 1991, 1990) were examined as described below.

DAL production data (coinciding with the 14 day mineral-
1zation measurements) were also available for part, or the
whole, of these experiments. In total 13 datasets were avail-
able, varving with time of sampling, soil tvpe, pasture com-
position, N fertilizer history and sampling depth (Table 1),
Soil temperatures at 10em depth were either recorded
during the experiments or obtained from meteorological sta-
tion records at the study sites. Total soil organic-N was calcu-
lated for the sampling depth used, from the toral N
concentration in the soil and the soil bulk density. Net N
mincralization is expressed as a percentage of the total soil
organic-N pool and is referred to as N turnover:

Net N mineralization

Vo 100
o\ turnover = — - —
I'otal soil organic N 1

Soil thermal units (STU) over the whole of the measurement
7 s o 5 .
deriods were caleulated by summing the avdéidge daily soil
temperature above O C(Honeycutt ez al., 1988). Relationships
between STU DA production and N turnover were deter-
mined from both the data obtained in New Zealand and the
UK (Table 1),

RESULTS AND DISCUSSION

A summary of the total STU, DM production, N turnover
and average N content of DM is presented in Table 2. Net N

mmncralizaton rate fluctuated considerably with time (Fig.
I Comverting net N mineralization to N turnover and plot-
tme camalative N turnover versus STU produced a close
relationship between the two variables (Fig. 1b). 1t is clear
that in this example from a long-term perennial ryegrass
sward, that with some initial characterization of the soil
(bulk densiy and total soil N), STU could be an effective pre-
dictor of N turnover.

demperature is also a controlling factor for plant growih
(Langer, 1973; Downs & THellmers, 1975). Plotting the mea-
sured DN as camulative DM production, versus STU also
resulted ina close relationship (Fig. lo). As well as cumulative
N\ turnover and cumulative DM production being expressed
with respect to STU a correlation also exists when cumulative
N turnover s plotted versus cumulative DM production
(Iig. 2). For cach of the 13 datasets considered, over a range
of management conditions, relationships could be demon-
strated for cumulative N turnover versus STU; cumulative
dry matter production versus STU and cumulative N turn-
over versus cumulative DM production (Table 3). While a
strong corrclation occurs between cumulative DM produc-
tion and N turnover this does not necessarily mean there is a
causal link. However, if other factors are at an optimum (c.g
soil moisture, nutrient supply, temperature) then N availabil-
ity could be a major factor in determining DM production.

Poolingall the datasets and plotting cumulative N turnover
versus STU produced no clear overall relationship, suggest-
ing that N turnover was site or soil specific. Plotting pooled
data of cumulative DN production versus cumulative N
turnover clearly showed three distinct subsets (Fig. 3). D\
vield per unit of N turnover was lowest in the grouped New
Zcaland data (grass/clover pasture) and highest in that for
the all grass only treatments (sets 17,9, 10), with the excep-
tion of datasct 6, a grass/clover site. Intermediate between
these two groupings was a third subset of data (8) from a
grass/clover site. These groupings suggest that the correla-
tion between DN vield and N turnover may be influenced by
pasture composition, possibly due to the plant material
returned to the pasture decomposing and mineralizing at dif-
ferent rates. Alternatively differences could be related to the

Table 1. Summary of the 13 datasets used to describe the relationships between sorl thermal units, dry matter production and N turnover.

Reference Daraser Date of Number of Toalsoll N Pasture Napphedi Soil sample Soil Prior
start of davs measured (kg \ ha) nped (R N\ ha pervear)  depth (em) texture management
experiment histors§
Call eval 1993 1 24 Apr 1992 247 040 pr 200 10 clay 200, rg
2 24 Apri19v92 217 4960 pr 200 10 clay 200, re
3 24 Apr1yy2 217 5120 Al 0 10 clay 0, rg
Harch erad 1990 } 10 Nar 1986 120 4620 P 0 15 loam 420, ¢
3 2 Nlar 1987 85 4620 pr 0 15 loam 420 rg
h 2 \ar 1987 8 4620 Prowe 1] S loam 0 re
7 4 Mar 1987 155 3150 Pt 0 5 clay 0, lg
Harch crad 1991 N 10 Nar 1988 210 4620 Prowe 0 15 loam Ore
" 10 N ar 1988 210 6090 Pt 0 15 loam 420, rg
10 10 NMar 1988 210 H090 pr 420 15 loam 420, rg
New Zealand data i1 1 Apr 1996 152 3850 P 0 75 silt loam 0. rg
tunpubhshed)
v 1 \pr 1996 152 4200 Prowe 0 75 silt foam 200, rg
13 1 \pr 1996 152 3300 prowg (0 73 silt Toam 400, rg

T opre perennual rye evass ol perenne): we = white clover (afidoim repens). N apphed s NN O ) durme measurement period. §N applied (ke hapern

prior o acetdlene incubation measurements followed by defoliation treatment where re

rotational grazmg e lax grazing and ¢ - cutting
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Lable 2

Sty of ST, v production, N twnover and o N\ in

lotal ST lotal I\ Jdal N 7 Mean herbaee

(s the hn turnover (o) N (")
1 BT SEn 463 330
2 2328 G4m0 463 28
3 3345 1600 168 2.3
4 1241 302 1.86 243
3 Hio() AN 196 3.20
0 Hol) 33 1.51 290
7 1331 1642 L.23 V.32
b Wiz NS4 .52 216
9 2077 13607 542 228
10 Ryt Y323 354 283
1 1503 35 73 434
12 1503 2555 991 400
13 1503 1542 7.33 3.0

different sampling times, soil sampling depths and rainfall
events (see below).

Once N is minceralized in the soil only a proportion of it
may actually be taken up by the pasture plants. Honeyeutt ef
al. (1994) showed that in a cropping system, N recovery from
soil organic matter and crop residue was a dynamic process
reflecting changing nutrient availability and plant demand.

Using STU Tloneveutt o al. (1994) determined the N
uptake cfficiency from historical growth data of crops and
compared it to predicted net N mineralization. Nitrogen
uptake requirements in excess of N mincralization could be
met by fertilizer NoNitrogen use efficiency in mixed pastures
is more complex with multiple N sources comprising N fixa-
tion by clover, mineralization of N from soil organic matter
as well as fertilizer Noand grazing animal returns. This may
be further complicated by the possibility of mixed pasture
spectes. Hatch ez al (1991) and Gill et al. (1993) found the
total uptake of mineralized N\ to average 74 and 14490 respec-
tively over the experimental periods. In Hatch e al. (1990)
and at the New Zealand sites total uptake of N by the pastures
averaged 91 and 30%0 respectively. The apparently low effi-
ciencey of use of the mineralized N at the New Zealand sites,
measured during an atypically wet autumn/winter period,
mayv be due 1o the season in which data collection com-
menced. Veasured losses of Nas Ieaching and denitrification
were significant (Ledgard ez al, 1996) resulting in a reduced
amount of N\ available for plant uptake. In contrast the UK
data collections commenced in spring and coincided with
rapid plant growth and N\ uptake and low potential for leach-
ing. For example, total rainfall (over 85 1o 135 davs) during the
collection of the Hatch (1990) datascts varied between sites
from 148 10 329 mm whercas at the New Zealand sites total
rainfall was 820mm for the 132 dav study period. Tt is Tikely
that \ turnover was over-estimated since short=term isola-
tion of the soil from natural wetting/dryving cveles during
acetvlene incubation can climinate the potential for leaching
and reduce denitrification loss, and soil coring can poten-
tially increase the onveen status and amount of substrate
availabic and thus mineralization occurring in the soil. Poten-
tialh, over-estimation of N turnover could have occurred at
all sites due to reasons mentioned above. However, in an
extremely wer season, with evenly distributed rainfall such
over estimation may be accentuated using the acetvlene

/ P }

incubation technique. The mosture content of the soil at
any given time can affect N mineralization. Docel o af. (1990)
found that soil thermal units appeared 1o adequately predict
net N minceralization from oreanic residues at soil water
0.03 10— 0.01 NIPa but were not valid for pro-
longed dry conditions.

potentials of

The relationships described above could have potential
roles in advising farmers on the expected contribution of N
mincralization to their pasture and in modelling N dynamics
in pasture. In an advisory situation the prediction of N turn-
over would be limited by the time consuming acetylene tech-
nique. To avoid this lengthy and time consuming process of
characterizing N turnover rate there needs to be a laboratory
incubation method of soil calibration linked to the field ther-
mal data, readily obtainable from meteorological records.
Honeyeutt er al. (1988) successfully used laboratory incuba-
tions to predict net N mineralization in the field from paper
mill sludge, indicating a potential for linking laboratory and
ficld studies. Such an approach should be examined for char-
acterizing N turnover from soil organic matter in the field.
N turnover following application of sludges and slurries to
grazed pastures could also be examined using similar proce-
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Fable 30 Summuany of the cocthiaents for the correlations between camulanive N tarnover cumalatinve DA and ST

Cumubaitne N turnover vs, STU
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2% 2000- bell eral. (1995) suggested coupling the potentially mineraliz-
3 = 0 = —t———+t-—— {——— able N concept with deterministic models (such as CERES
“ 0 1 2 3 4 5 6 :

Cumulative N turnover (%)

Fig. 2 Cumulative DM plotted against cumulative N turnover (data set 10,

Hatch eral 1991
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dures. Incubation of a pasture soil sample at several moisture
contents with successive subsampling for net mineralization,
might directls Tink N tornover in the laboratory 1o soil tem-
peratures and moistare contents in the field. This informa-
tion would enable farmers to estimate the supply of mineral
N\ provided they had access to data on STU and soil moisture.
Fassink (19953h) demonstrated that increases in mineralized
N\ can reduce fertilizer N requirements, after examining data
from 21 mown tield sites it was found that increases in non-
fertihizer N osuppl (NFNS) resulted in decreases in the opti-
mum fertilizer application rates required. For a 100 kg N /ha
mcrease in NENS, dertilizer N could be reduced by S0kg
Noha ar a marginal N efficieney of Z3kg DM per kg N
applicd. NIPNS was the difference in N uptake between ferti-
lized and unternlized plots and woeuld have under-estimated
toial N mincralization sinee leaching or denitrification of \
would not have been accounted for,

and LEACHNM) and to quick routine laboratory methods
(such as hot 2\t KCI extraction), thereby enabling prediction
of N mineralization. Also, the NCYCLFE model (Scholefield
et al, 1991) includes a mineralization sub-model which pre-
dicts N mineralization in pastures on an annual cyvcle. Cur-
rent developments of NCYCLE (Scholefield e al., 1996)
include shorter time steps (e.g. monthly). Once the minerali-
zation potential has been estimated for a soil at a given moist-
urce content, from predicted soil thermal units, other
lcaching and/or denitrification sub-models could also be
included 1o examine the fate of N mineralized.

CONCLUSIONS

This analysis indicates that it may be possible to predict DM
production and N turnover for a specific site or soil using
simple procedures. The studies defined here indicate that
the key factors required are soil temperature, total soil N and
bulk density at the beginning of the period in question and
pasture composition. The relationship of STU with DM
vieldand N turnover provides a useful correlation that could
possibh be used in the modelling of N use in pasture systems.
Future work should first examine linking a quick laboratory
bascd mcubation technique to the acetslene technique so the
relationship between STU and N turnover can be used to
characterize a farmer’s soil N supphy from organic matter
and thus be of use m predicting N mineralization. Secondly,
the relationships should be further explored for modelling N
dvnamics by examining different threshold temperatures,
based on limits of microbial activity or pasture species, and
possible relationships between N uptake and STU.
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| .ctter to the editor

Deep soil compaction

Dear Sir,

Sullivan & Moncomery (1998) constder two hypotheses to
explain deep subsoil compaction: clay translocation and traf-
fic loading. There seems 1o be at least one more possible
causc of this phenomenon.

The soils concerned have clay contents of 5006070,
Some soils with clav contents as high as this shrink during
the dry season and form cracks reaching o e surface;
sometimes these cracks are wide enough to ship a hand into.
At the same time, some at Teast of these soils break up at the
surface to form small fracments which may be some 2 3mm
across, These fragments could casily fall down into the
cracks: and the tendency 1o do so might be higher under
arable than under pasture. Hocrumbs did fall into cracks
this wav, they would impede swelling during the wet season,
leading 1o the development of high horizontal stresses,

which might in turn result in compaction (and shear). In par-
ticular, the high bulk densities at 0.5 TOmm depth under
cotton at Pilliga (Fig. b in the original report) would be con-
sistent with the hyvpothesis that fragments of surface soil
become lodged in the eracks at this depth.

Peter Smart

Civil Engineering Department
Glasgow University

Glasgow G12 8QQ

UK
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Leaching of dissolved organic N from

grass-white clover pastire in SW England

Jane Hawkins and David Scholefield




Background

In the mid 1980’s concern arose that water
draining from intensively managed grassland
could exceed the EC imposed levels of 11.3 mg |1
NO,;-N for drinking water.

Arable enterprises - thought to be the major
concern.

Comparisons were made with cut and not grazed
grassland.

Large proportion (50-80%) of the N ingested by
the animal is returned to the soil in their excreta
and in particular urine




Background

Waters from intensively grazed grassland

soils found to contain nitrates in excess of
EC limit

Studies focus mainly on inorganic Nitrogen (N)

Catchment study by Johnes and Burt - losses
of organic N may be up to 40% of total N

Models of the N cycle in pasture systems
have tended to ignore the contribution of N
leaching from organic matter.




1 ha lysimeters
Hydrologically Separated with interceptor drains

Half drained down to 85 cm. The rest undrained but surface
lateral runoff to 30cm.

4 inorganic N fertilizer treatments:-

Conventional N ~ 280 kg N- regular doses

Tactical N ~ 200 kg strategic dose based on mineral N in soil
Grass/clover ~ no mineral N

Zero N No N input

Slurry inputs kg N ha- yri:-

Conventional N - 40-50kg

Tactical N - 90kg

Grass/clover - 80 kg only on undrained
Zero N - no slurry

Lx . . il 3 "l



Clover content of swards

% clover Estimated N fixed

(kg N ha1 yr)

1995 13 62

1996 9 34




Total N and percenta

clover and grass rec

ge organic N leaching from grass-white

eiving 200 kg N ha- yri.

1995-96

1996-97
Treatment Total N % Total N i %
(kg N ha -1) organic N (kg N ha -1) organic N
Grass-clover undrained 8.94 60 5.35 66
Grass-clover drained 19.84 25 8.28 22
200 kg N drained 84.66 22 44.9 13




Patterns of inorganic N and organic N in runoff from
an undrained grass—white clover sward.
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Organic forms of soil nitrogen

Amino acid N

Amino sugar N

Ammonia-N

Acid insoluble-N

Unknown fraction

% of soil N

30-45
9-10

20-35
20-35
10-20



Conclusions

Larger total N losses from swards receiving
Inorganic fertilizer N

Increase in proportion of organic N where
clover is present

Estimations of N losses from grazed grassland
systems should take organic N losses into account



SYSTEM 2

FARM STATUS

Area ; 19 ha

Stocking rate : 1.9 LU/ha = 36 cows

Milk : 6000 l/cow = 216000 1

Silage : 2.53 t DM/cow = 91.8 t (DM)
Concentrates - 1400 kg/cow = 42.8 t (DM)
Volume of wastes: housed winter ;. 57/LUM (200 d) = 4104 m°
Volume of wastes: summer : 10 LU/ (165 d) = 59.4 m°
Volume of dirty water : 18 I/LU/d (200 d) = 129.6 m®

(Volumes from Code of Good Agricultural Practice)

N INPUTS
' kg/ha total t
Atmosphere 30.0 0.570
Conce1§trates @ 3.00% N (SP) 67.3 1.285
Fertilizers (from systems description Appendix
1C and 20 kg/ha to maize) 175.4 3.325
Total for system 272.6 5.180
N IN CROP
kg/ha total t
Harvested for silage: 91.1 t (DM)
- grass 39.8 t (DM) @ 2.55% N (SP) 53.4 1.015
- maize 51.3 t (DM) @ 1.4% N (SP) 37.8 0.718

Present in grazed grass

93.0 t (DM) @ 2.7% N (SP) 132.1 2.511
(grazed grass yield estimated from Milk from Grass
at approprigie N ferfilizer mput) = - 7 smemmems 0 e

Total for system 2234 4.244
N IN MILK
kg/ha total t
21600 1 @ 0.% (SP) 58.5 1112
(uses 1.03 x 1 to kg conversion)
Assume some maintenance/conversion as system 1) 23.8 0.453

Total for system 82.8 1.567




EXCRETED N DURING HOUSING

Total N intake by cattle
(grazed + ensiled grass+maize+concentrates)

Excreted N calculated as difference between intake
and utilised.
(1) Assume 67% of N utilised during housing (SP)
(adjusted to 200 d) [(5.529 - 1.567) x 0.67]
(1) Assume 4 hrs spent at milking during grazing
[(3.962 - 2.650) x 0.17]

Total N excreted in house for system

N STORED IN WASTES

469.8 ma slurry @ 0.5% N
129.6 m’ dirty water @ 0.1% N

Total for system

N LOSSES FROM SYSTEM

(i) from cutting/grazing etc.

Leaching and denitrification: estimated (except where indicated) from NCYCLE for loam soil:

good drainage: long term grassland: 2-10 year swards.
Leaching

(a) 2 cut silage 3 ha @ 245 kg/ha

(b) 1 cut silage 4.5 ha @ 245 kg/ha 30.6}
64.5}

(c) grazing 5.5 ha @ 250 kg/ha

(d) maize 6 ha @ 20 kg/ha

Total for system
(*uses Bridgets best estimate)

Denitrification

(a)

(b) 10.2}
21.5)

(c)

(d)

Total for system
(*NCYCLE value for cut grass)

2.655

total t
0.092

€« *



NH; volatilization: calculated as before
(i.e. NH; N volatilized = 0.000347 x kg N/ha '*7)

(b) 5.5 ha grazed at 250 kg/ha 9.9
(¢) 4.5 ha grazed at 245 kg/ha 9.3
Total for system 5.1

(11) from wastes etc. (all calculated as per Jarvis. 1993)

(a) leaching (no run-off assumed)

Assume 57.5% of slurry N applied to maize (see Append 1B)
1.e. 1.413 tN applied to maize and 1.066 tN to grass.

loss from maize:- taken into account in calculation above.

loss from grass @ 5% of total N in wastes 2.8
(b) denitrification: (assume 20% of applied NH," and that
NH," N = 45% of total N: same rate of loss from maize as
for grass 11.7
(c) volatilization - spreading
- from grass (assume 18.6% of total N applied) 10.4
- from maize (assume 10% of total N applied) 7.4
- from shed + store (calculated as difference between N
excreted during housing and stored N) 20.8
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