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MATERIAL GENERADO

Uso de balances de nutrientes como herramienta de buenas prácticas
ganaderas en sistemas productivos del sur de Chile.

Código: FIA-FP-V-2003-1-P-017
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Science into Practice

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 adop'ion, main,enance or ex'ension of particular farming practices
which ha\ e either changed or are likely to change. or which could, if modified. result in

a significan! improvement in that interest (Harrison. in press).

Envirorullental Aim and ObjectivesThe o\'erall environmental aim of the ESA Scheme is to maintain the landscape, wildlife
and historie value of the designated are as 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 are a concerned. The ESA Scheme is
designed and run so as to in,egrate lhe landscape, wildlife and historie interests of each
are a and the specific objectives have been drawn up with this in mind. Details of (he
objectives for each ESA are given in MAFF (1994) but they typically make reference to:
• maintaining and enhancing the wildlife conservation value of each of the habitats for

which (he area is particularly noted;
• maintaining and enhancing landscape quality; and
• maintaining and enhancing the archaeological and historic resource.

Performance Indicators'Performance indicators' have been detined for each objective in each ESA and specify
,he ,argets which should be achieved during ,he five year period following ,he launch 01
the ESA (or re-Iaunch af,er each quinquennial review). They pro

vide
a means 01

measuring the success of the scheme and a framework for i(s management and evaluation
through an associated monitoring prograrnme. Performance indicalOrs cover uptake and

environmental impact and include a combination of:
• overall uptake targets (usually in the form of a percentage of a type of eligible land that

should be under agreement);• targ
ets

that relate only 'o agreement land (e.g. the percentage of a certain type 01

feature which should be renovated); and
• en"ironmental impact indicalOrs which relate to the desired result of the impositio

n
of

ESA management agreements on various types of land (e.g. the maintenance or

enhancement of botanical diversity or bird populations).
Ful\ details of the performance indicators for each ESA are presented in MAFF (199

4
).

These. and the associated objectives, are being reassessed as part of the current round of

quinquennial reviews.

Management Tiers and Prescriptions
Uoder the current rules of the ESA Scheme, farmers and land managers with lao

d
iD

the designated areas are able to enter ioto ten-year management agreements (althougll.
lhore is ao option for tenuination alter 5 years) for which they receive an aonual paym

ent
.
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Environmentalh Sensiti\e Areas in the UK and their GrasslanJ Resource

bch ESA has one or more tiers 01' entry in which the agricultural practices. or
prescriptions. which have to be followed are speci1'ied. The nature 01'each tier depends
UPOI1the particular circumstances 01'each ESA. but may include. 1'or example:
• the protection and management of existing habitats and 1'eatures:
• the traditional management of hay meadows;
• the maintenance 01'high water levels in wetland habitats: ami
• the reversion of arable land to grassland.

Although the precise details of the management prescriptions within each tier vary. they
llsually place a restriction on the use of certain cultivation techniques. stocking rates. (he
use 01' 1'enilisers, fungicides and insecticides and the introduction of new drail13ge
infrastructure. They also usually include a requirement to maintain watercourses and
bounuary 1'earures. Some tiers impose more stringent management regimes than others and
may. for example, require specified water levels to be maintained or place restrictions 011
the level and timing oí' grazing and/or the application of 1'enilisers. The payment rates
which apply to each tier reflect the income foregone ando if appropriate. the neeu to
provide an incentive.

THE GRASSLAND RESOURCE I:\i 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 353,999ha of which (33%) has come into
agreement.

A wide range of grassland types is represented in ESAs and many are particularly
importam 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 'outstandimr' in 12 ESAs.

There are a large number of ne;tral, 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 et seq.) is surnmarised 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
example, 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, OOOha
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(Dargie. 1993: DoE, 1995). The South Downs and South Wessex Downs ESAs include
Table 3.

around 9.200ha of calcareous grassland on chalk (ADAS, 1996: MAFF, in prep. j) which
e

represents around 29% of the English resource of 32,000ha (Jefferson & Robertson. •
1996).

In addition, important concentrations of ealcareous grassland on limestone oeeur
ESA ,

in the Cotswold Hills, Lake District and Pennine Dales ESAs.
Blackd(lw~
Brecklane

Table 2. Habitats targeted in English and Welsh ESAs.

Broads •Clun

ESA Grass Wet Wet- Arable Arable Low- Moor Water Stone Hedge Wooo
Cl)tswoloe
Dan!11oor

-land grass land (rever field lano -lano -cour walls -roWS -lano E,sex C¡l.

-lami -sion) !11'ginsheath ses EXllltl¡,r.

EIl!!Il/lId

Lake Distrll

Avon Valley ./ ./ ./
Ntlnh Ke•

Blackdo"n Hills ./
./

N¡lrIhPe~

Brecklano ./ ./ ./ ./
l'ennine ,

Broads ./ / / / ./ SIll";lpshil•

Clun ./ / /
/ s¡lInerSd•

Cots"olo Hills ./ / ". / SoutJ¡Do

Darulll)or /
/ / ./ / Snu[h w~

Essex Coast / / /
South Wes :

EXllloor ./
./ / ./ Suffolk R•

Lake DiStrict ./ / / / Upper Thl

Nonh Kent Marshes / / ./
West Pen ,

Nonh Peak /
/ ./ •

Pennine Dates ./
/ /

Shropshire Hills /
./ ./

Note: •
SO!11ersetLevels & Moors / /

./ •
South Downs ./ ./ /

South Wessex Downs ./ / ./

South \Vest Peak /
/ ./ MONII

Suffolk River Valleys ./ / /
An e .

Test Valley / ./
assess •

Upper Thames Tributaries / / /
./ achieve •

We,t Penwith ./
./ ./ undertai

Wa!es

analysis

Angle'ey / / / ./ (./) / / ,¡
, were la.

Camhrian Moul1(ains / / / / / ./ ./ (1996a-.

Clwyoian Range ./ / / / / ./ / / (MAFF

Lleyn Peninsula ./ / / / (/) ./ / / monitor'

Preseli ./ / / ./ (./) ./ / /

Raonnr ./ / / / / ./ ./ / Alth.- of the re

(/) includes mosaies of maritime heath. maritime grassland and dune communities
conservf
favoura
Was det.
for exa.

unimpr:
during t t
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Tablc 3. Lowland grassland significance assessments for English Nature Natural
Areas which include English ESAs

ESA
SumeBI:lckJl)WIl Bilis

BrecklanJ
BroaJs
Clun
Cl)[SWl)IJ Hills
Dartlll()l )r
E,sex Coast
E\1Il0l'r
L.lke DlstrlC[
North Kent Marshes
Nlmh Peak
Pennine Dales
Si1ropshire Hills
S,llllerset Levéis & MOllrs
SllUth Downs
South Wessex Downs
Súuth \\:'t:q Peak
Suffolk Ri\er Valle)'s
l'rper Thames Trihutaries
\Vest Penwith

~Jge WOllJ
ows -lanJ

./

./

./

./

./

Principal Natural Area
BlackJowns
BrecklanJ
BroaJlano
Central ~Iarche:s
Greater Cotswolos
Dartmuor
Thames Marshes
EXl1100r ano the Quantllcks
Cumhrian Fells ano Dales
Thames :Vlarshes
Dark Peak
North Pennines/Yorkshire Dales
Shropshire Hills
Somerset Levels ano Monrs
South Dowlls
South \Vessex Downs
South West Peak
Suffolk Coast and Heaths
Oxford Clay Vales
Cornish Killas and Granite

Outstanoing
Significant
So me
Outstanoing
Cllllsioerahle
Some
Sume
Outstanolllg
Some
Sume:
OutstanJlIlg
Notahle
Outstanoing
Consioerable
Outstallding
So me
Notable
Considerable
Some

./ :--¡l)te: The small Avon Valley and Test Valley ESAs form or cross lhe hounoaries 01' a Ilumher l)f
Natural Areas and are thus not incluoeo in tht! tahlt!.
I aftt!r Jefferson (1996).

MO;--'¡ITORING AND EV ALUA TION
An exrensive prograrnme of environrnental monitoring has been established in order ro

assess rhe degree ro which the performance indicators are being met and thus the
achievement of the objectives of the scheme. An evaluation of the monitoring results is
undenaken to inform the review of each ESA which takes place every five years. An
analysis of the results of the monitorin!! exercise for the initial tranche of five ESAs which
were launched in England in 1987 was completed in 1996 and is presented in MAFF
(l996a-c). Grassland monitoring has also taken place in second and third rranche ESAs
(MAFF. in prep. a-k). Critchley (in press) provides an overview of rhe boranical
monitoring methods which have been used in ESA monitoring .

Alrhough it is only possible within the scope of this paper to provide a broad overview
of rhe results from the monitoring programme, the overall indication is rhat rhe wildlife
conser\'arion interest of the areas concerned is being maintained. This compares
favourably with the situation prior to designarion where the interest of many of the areas
was deteriorating. The wildlife conservation value of hay meadows in rhe Pennine Oales.
for example, appears to have benefitred from the ESA Scheme: the speeies diversity of
unimproved meadows having been maintained. whereas a general decline was noted
during the period from 1978 ro 1990 (OoE, 1993). Another indication that rhe seheme is

./

./

./ ./

./ ./

./ ./

./ ./

./ ./

./ ./

unities
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hringing positive bene1'its Cl1mes 1'rolll the Somerset Levels and Moors where there is
evidence 01' an increase in hird numbers. Other examples are descriheJ in the detaileJ

monitnring repons (MAFF. IL)ll6a-e: 1ll97a-k).

Tahle .t.
Neutral !!rasslanJ ano fen-meadow or rush-pasture National Yegetatinn
Classificatinn communities (excluding moorlandl of high hotanical interest
in ESAs in EmIland :111dWales (communitv types lre descrihed in Appendix~ .

1 l

ESA
~elllral grasslallJs

C\ll1llnllIllt\. \1(, \\G \IG \1G rvlG MG MG
, ..: 5 8 II I3

h:n.l1leaJ\lW\ al1ll rll<;h-paslllre~
\1 M \1 M \1 M

25 26

[:'nl!i¡/nt!

AVllll \'alky
BlackJll\\1l Hill'
BrecklallJ
Br< laJs
Clun
Cots"nlJ Hills
Dartll11111r
Ess.:\ Cllasl
EXl1loor
Lake DIslricl
Nnrth Kent Marshes
Nurth Peak
Pennine Dales
Sllrupshire Hills
Slllnerset Levels & tvh¡¡lr,;
Snuth Downs
Soulh Wessex Downs
South West Peak
Suffnlk River Valleys
Test Valley
Upper Thames Trihutaries
We,t Penwith

*

*

:(.

*
*

*
* *

o;;'; ** "':*

*** :,:;;': ** **
** *
** ** **
* * * ** **

* * *
** **** ***

* * *Wllln
Anglesey
Camhrian Mountains
Clwydian Range
Lleyn Peninsula
Presel i
Radnllr

* **

* * * *
* * *

* *
.) * * * *

Nnles. Where lhe reSllurce is important in terms 01' ljuality ami/m extent lhis is indicateJ as **

Olher NVC mestorophlc grasslanJ communities 01' lower hotanical interest. in particular MG 1.

MG6. MG7. \lG9 anJ \'IG 10 are al so wiJespreaJ in ESAs

) inJicales lhal similar cOlllmunilies have heen JescribeJ. hUI these are nut typical llf ha\'.: yd lO

be confirmeJ

.+0

••
The monitoring ,

maintaining the lana
a significam enha.
reversion of arablel
objective of maimal I

largely to have be
features by encoura.

calcar:
r:rassla1l'
ESAs i.•

Table 5.

ES¡\.
CllllllllUllity •••FII~lafll¡

Blackdown Hills
Breckland
Br'lads
Cotswold Hills
Dart11100r
EXI1100r
Lake District
Nllrth Peak
Pennine Dales
South Downs
Soulh Wessex DOWllS
South West Peak
Suffolk River Vallen
West Penwith .

••••••••••••••
Wales
Anglesey
Cambrian Mlluntains
Clwydian Range
Lleyn Peninsula
Preseli
Radnor
Notes: Where the •

Other NVCa
hracken COIJIIr
1 various s.
'various m.

RESEARCH AND.
~n exte~sive pro.

carned out In connea
research projects rel"••••
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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 wirhin 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).

lS

~J

)Il

~st
lix

.1

.7

Calcareous, acidic and miscellaneous National Vegetation Classification
grassland communities (excluding moorIand) of high botanical inrerest in
ESAs in England and Wales (community types are described in Appendix 1)

Table 5.

ESA Misc.
so' MC2

Calcareous grasslaIllls
Cllmmunity: CG CG CG CG CG CG CG CG CG OY

2 3 4 5 6 7 9 10 r

AciJ grasslanJs
U U U U

234

*
"

**

Ew!land
Blackdown Hills
BrecklamJ
Broads
CorswolJ Hills
Oartmoor
Exmollr
Lake Oistrict
Nllrth Peak
Pennine Oales
South Oowns
Slluth Wessex OOWIIS
South West Peak
Suffolk River Yalleys
West Penwith

"
Wales
Anglesey
Camhrian Mountains
Clwydian Range
Lkyn Peninsuia
Preseli
Raunor

" * * * *
** ** ** ** ** ** **

*
** ** ** **

:;.: * **
* * ** **

** ** **
*

** * *
** ** ** ** ** " ***

** ** ** ** ** **
*

**
" " " **

* ** * ** **
* *

** ** *" * ***
* * "
* * "

Notes:
*

Where the resource is important in terms of quality and/llr extent this is indicated as **
Other NVC acidic grassland communities of lower botanical interest, in particular U20 (and other
hracken communities) are also widespread in ESAs
, various sand dune communities
2 various maritime grassland communities

RESEARCH AND DEVELOPMENT
An extensive programme of research and development has been and continues to be

carried out in connecrion with MAFF's agri-environment programme. A summary of the
research projects relevant to ESAs which had been completed or \vere ongoing in 1995

-
tI' MGl.
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MAFF (In P.·
MAFF (lnp,.
RODWELL .
Cniversity P.~

APPENDIX!
National Ve~~
in England.
MG2 Me.'
MG3 Sweet·
MG4 Mea.'
MG5 Cree

~g~1~:~~
MG13 Cre,::
CGl She •. ,

She.
Upr~[

CG4 Tor-!P'~.
Upr.:

CG6 Do.'
CG7 She~
CG9 Blue'lft'í

gras.
She.

SheJ'
Shee
Wa
Bris.
She .

BIU'
Soft.
Pu4~,
Mea.
Var.
Var.

Seienee into Praetiee

is presented in MAFF (1995). Many other projects have been initiated since then and
MAFF's current funding cornrnitment amounts to around f800.000 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.
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1987-1995.

Sweet vernal-grass-wood crane's-bill 'northern hay-meadow'
Meadow fo.'(tail-great burnet 'flood meadow'
Crested dog's-tail-common knapweed .lowland hay-meadow/pasture'
Crested dog's-tail-marsh-marigold 't10od pasture'
Red fescue-creeping bent-silverweed 'inundation grassland'
Creeping bent-marsh foxtail 'inundation grassland'
Sheep's fescue-carline thistle 'warm temperate limestone grassland'
Sheep's fescue-meadow oat-g:3.SS 'Iowland species-rich calcareous grassland'
Upright brome 'Iowland caIcareous grassland'
Tor-grass 'Iowland caIcareous grassland'
Upright brome-tor-grass 'Iowland calcareous grassland'
Downy oat-grass 'Iowland limestone grassland'
Sheep's fescue-mouse-ear hawkweed-wild thyme 'Iowland calcareous grassland'
Blue moor-grass-small scabious 'northern sub-montane/montane carboniferous limestone
grassland'

Sheep's fescue-common bent-wild thyme 'northern sub-montane calcareous grassland'
Sheep's fescue-spring sandwort 'metalliferous (calaminarian) grassland'
Sheep's fescue-common bent-sheep's sorrel 'Iowland acid grassland'
Wavy hair-grass 'acid grassland'
Bristle bent 'south-western acid grassland'
Sheep's fescue-common bent-heath bedstraw 'sub-montane acid grassland'
Blunt-flowered rush-marsh thistle 'Iowland fen-meadow'
Soft/sharp-flowered rush-marsh bedstraw 'western lowland rush-pasture'
Purple moor-grass-meadow thistle 'Iowland fen-meadow'
Purple moor-grass-tormentil 'western lowland mire'
Purple moor-grass-marsh hawk's-beard 'northern sub-montane mire'
Meadowsweet-wild angelica 'Iowland mire'
Various sand dune communities

MC Various maritime grassland communities

-1996.
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:PI>
l/ Nitrogcn cycling and losses [rom dairy farms/I

Ahstract. Thc cnncern over leaka!(e nI' nitrate into waters ami los5 01' othcr tilrms of N [11 the environment
dcmands an a!,praisal 01" "1 nows willlin CIJIllplclCsyslCIIlS. The ~rasslalld N cydc is CUlI1plcx, Wilh intcraCli\T
controls O\Tr tluxes antI translormations, antI has the potential 1(lr considerahle losses. Ahhough there are tIata
from experimental systems, a total cumprehension 01" nows is not yCI l'ossible.

Intl"l1sive dairy farmin¡?: has a numher of ol'portunities hlr Icaks. A 'model' syslem in SW Englaml 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 10 the
wider environmeot, H% is as yet unaccountcd fm antI much is rccyeIed. Recent research has providcd new
techniques to decreasc losses. '1'0 meet the jnint rcquircments of production and cnvironmental concerns we need
to l'onsider N flnws and supplies on an inle!(rated, whole farm basis, and to take helter account ofmineral N in the
soil profilc in rdation to currenl crop demaml, local dimatc and pasl sward management.

SIIt:I'IIf.RIl,1\1.•.\., JOIINSO",1'..'\. & S~l1TII,1'. I<¡n. Thc cITectof nop
rol.lion on nitrall' Icachin~ losses; saruHand and lirncslnne aquifcrs.
A,pa/< o!, .1pplr,¿ 81010j!,)' 30, ,'I/,Ira" and [om,¡rrl: 'yH,m,. 18.1 190.

Sm.PllfMll.1\1. .'\. & l.ORll,E.I. 1'1'111. En'et nI'crnp rntatinn and hushandry
on nitrate loss hy IC3t:hinJC frum sandland. In: N,tralts, dxricuüurt, lI'oUr

(ed. R. Calvcl), INRA, Paris, pp. JIU Jlli.
SYLH.SllK-BM.WIJ.\·,R., ArllllSl.lln, '1'.1\1., V.\II>YANATI"",LV., MUkM.\\,

INTRODUCrlON

PERn.PTIO'-'S 01' the way in which nitrogen ('-1) is utilized
ami ()f the amounts that are recyded within grassland

farming systems have changed enonnously in recent ycars.
AII nutrient eycles are complex, and tha! of grassland N is
particularly so hecause it involvcs not nnly soils and plan!s
(ami their constituent components) hu! also the ruminanl
animal. enlike arahle cropping, grassland agriculture also
in\'(lhcs pen:nnial crops, which tila)' indudc legutlle specics
capahle 01' fixing atmospheric N 2, and is targeted at thc
efficient hushandry 01' bOlh plants ami animals.

Nlltrients such as N cycle between man)' of Ihe variolls
components of grassland systems al rates which are as yct
pnorly dcfincd, cspecially where Ihey are influenced by soil
characteristics and conditions. The controls over the f1uxes
ami transformations of grassland soil N are complex ami
highly intcractive; mathematical (Thornlcy & Verberne,
1990; Sc!Jolctidd l'I ul., 1991) and conceptual (t'Mannetjc &
]arvis, 1990) modcls describe flows of N within grassland
sySlems, but there are many missing details. Howe\'er, there
is a growing awareness that within animal production
systems there is a \'ery inefficient transfer of l'\ into the final
products (meat, milk or wnol). Consequently, there is
potential for harmful leakages nI' excess, mohile N into Ihe
wider environmcnt, eithcr as nitrate intn.Q'I,lifers or as gases

AFRC InSlilUle of Grassland and Em'irnnrncntal Rcscarch, North W)'kc,
Okehampton, Dcvon, EX20 2SB, VK.

;\.W.:\. & W.II rMOKE, A.I'. I<¡X7.Nilrogcn advice for cereals; prescnl
realilic, ;ln,1 fUlure pnssihililie,. I'trliJi"r ,\'''';(1.1'I'rnafJlIIgs 263.

\\'r_IIS·U.K, C.P., SIIEPln:RU. ~\O'¡\., GOl11.DI,\(j, K.\\'.T & 1.0MI\, F..L \Q93

Comparisnn nf melhods lor mcasuring Ihe leaching nf mineral nitrogcn
fron>ara"le land. Journal 'Ir Soil Su",a 44, 49 1)2

\\'\(;NI.k, G.H. 1'ló1. Use nf pornus cerarnic ClIpSlO sample slIil water
wilhin Ihe prulile. Soil Scornrr 94, 379 3X6.

I
¡nto the atmosphere. I.eakage 01'olher nutrients can also occur
hut it is particularly important with N, which can change
into forms that readily 'escape' from agricultural control.

:--Jitrogen fertilizers have been an important component of
grassland production in recent years. Rcsponses to very high
levels 01' addition, whether gauged by plan! or animal
production, have been well documented (Baker, 1(86), and
as a rcsult large amollnts of N are lIsed in intensive lowland
grass production. Recently there has been a levelling off in
application rates in the UK, but over l1 % nI' intensil'ely
managed systems receive more than 300 kg N/ha (Dampney,
19(3). For intensivc dairying, the n:commended maximum
rates are 300·-380 kg N/ha for grazing and 340 42U kg N/ha
for cut swards (ADAS, 19(0). Recommcndations for
grassland on non-peat soils in The Netherlands also range
up to 400 kg N/ha (Ocncma e( al., 19(2). Recent studies
have shown that where inputs are high there are "ften
opportunitits for Ihe equivalent nI' much nf the addcd N In
be 10sI by Icaching (Macdufl' <,1 tll., 1989; Tyson, 1(92),
denitrification (Jarvis el 111., 1(91) or ammonia volalilization
(Jarvis, 199 1) from various components of the system. Such
losses are no Inngcr acceptahle and current legisla ti ve,
economic and public pressures demand that N use is
optimizcd and that measures are defined to allow both
environmcntal and econnmic goals 10 he attained. This will
require a full appreciation (lf N mo\'emcnts in grassland
systems. This paper provides a dcscription of N flows
within a dairy farm using recenl experimental data, model
calculations and best estimatcs.
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promote sufficient carhon fixation and plant growth (dry
matter) for high rates of animal production. For the farms
within the Milk Cheque scheme the estimated average
fertilizer ~ input was 250 kg/ha (ADAS, pers. cumm.); this
is a lower rate of application than. currently recummended
(ADAS. 19(0), hut is suhstantially more than the a\'erage
rate for all lowland grass systerns. It is assumed in the
present calculations that fertilizer is applied unifurmly
across grazed ami ensiled areas to give a farOl total 01' 19 t N
(Table 2). Inputs from the atmosphere are prllhably less
than the 35·-40 kg/ha quoted for SE England (Goulding,
1(90), hut are still signilicant hecause 01' the high density of
li\'estock amI the likely palterns of ammonia volatilization
and deposition; they are assumed to be 25 kg¡ha.

Although c111\'er-hased pastures do not feature in this farm
managerncnt system, sume white c1o"er may exist within the
sward, especially in the older pastures. At an average O\'erall
c1o"er cnntent 01' 1 5%, Cowling (l9H2) estimated that
approximatc1y 10 kg N/ha would he symbiotically fixed.
This additional N, plus that from atmospheric depnsition,
represents a further input to lhe farOl 01' 2.66 t. E\'en if the
farm relied much more on fixation of atmospheric N, the
cycling, utili7A1tion and IlIss 01' ~ wOllld not uifl'cr signiliclIllly
from a farm haseu entircly on fertilizer ~, prO\"iueu total
inputs 01' N did nol change (Jar\'is, 1992). The other major
sources of imported N are cllncentrates and other feeds, and
Ihe straw pro"ided as hedding for Ihe cow cubicles and for the
other animals: together these lotal .1.9J IN. In tOlal, the annual
input nf N lo Ihe model dairy farm is 25.:;9 l N (Tahlc 2).

SOl!. l.'SE :\1'\1) 1\\ \N¡\(¡E,\IENT Volumc 9, Numhcr 3, SCl'ternhcr 1'193

NITROGEN CYCLlNG WITIIIN A UAIRY
FARM

In order to sllslain Ihe production requirernents 01' intensi"e
dairy systerns, considerable Ilows of N into, within and
from the f:1[rn are required. This paper examines these in a
'model' enlcrprise which encompasses Ihe main fcatures nI' a
hypothetieal, hut typical, dairy farm in SW England. The
characteristics of Ihe farm (Table 1) are taken directly or
calclllated I'rom rcslIlts achieved hy grassland farmers par-
licipating in Ihe ADAS 'l\lilk Cheque' consultanc)' scheme
(Whipps, 19(1). The scheme co\'ers 1447 herus of a1l hreeds;
hecause 01' Iheir participation these are likeh to rcpresent
Ihe better-manaIred enterprises in Ihe LJK. Discussion with
¡\DAS consultants provided further information lor Table l.

The rnodcl dairy farOl is a holding 01' 76 ha and has soils
ranging frnl1l moderately "ell-drainetI1oams to poorly drained
clay loams. The milking herd consists of 102 cows (Whipps,
1(91), with 70 replacernent heifers and 40 young animals for
heef production (ADAS, pers. cornm.), equivalent lo a lotal 01'
I (¡:; li\cstock units (LUs). The milk productioll of 5554 litres
pcr COI\' is sustained hy silage production (at 9 t fresh weight
per I.Ul, total hought-in feeus equi\'alent to 1459 kg per eow
and hy grazed grass during a grazing periud 01' IH5 days.
Olhcr malerials brought intn the farm which ultimately con-
tribute tu Ihe mohile N pool indude hedding antl fcrtilizers.

Annua! inpllls 111 l/U: Jarm
Produclion responses in dairy systems have heen very much
slimulalcd by N lertilizer, supplicd not hecause there are
shortfalls 01' N as far as the animal is concerned, hU( 10

Tahle 1 Ch:H2ctl'ri"itiLs of:( IIlIHld (Ióliry f.1r1l1 cJlIc-rpri~c in S\~/ Enp;Jand

I..nd areat:
Soil Iypc:

76 ha
loam- ...•day loam: mmlcralC "pm,rl) drainl"d

.\'"",/0", 1.1:
Stol'king: milking cowst IIlZ IOZ

rel'lal'ellll'nt heifers! (~r 1) 1.' 2ó
(H 2) .1, 14

heef cal\'cst (\'f 1) 211 15
(yr 2) 20 X

TllIal 2t2 11>5

,\Iilk I'rodUClinnf: 5554 I/eow Total ;ó6,50H I
tann" LJ.II

Silage production: 9 lonnes FW¡I.Ct (2Id% DMt) .193,5
Rnught-in feeds+:

l'onCenlraleS I.WO kglcow (Iil' R7% DI\I) 12.1.1
OlnCT< 6'J k,,!row§ (Id' R7% IlM) ó. t

Bought-in htdding~:
~horped <Ir•••. for en", euhieles (f.o IZO kg/LU/lRO d.)s)
loose hnusing 1'1( olher animals (la 530 kglLCllRO days)

Yolume of wastcs~:
slurT\/farm wasles (,ci .i7 I:LL!ilHO dars)
dirl" water (fa. 1 R li('ow:d,,')

12.2
3J.4

I

'"

tTaken nr calculaled from Milk Cheque (Whipp, 1991).
t -\n:\S. personal communication.
~Calculated from Whipl' (\ '1'11)and assumes same priccs as concentrates.
"'1\1'\1'1' (1991)

RfC)lcled N
The annual 110ws 01' N through the difierent cnmponents nf
the dairy farOl are considerable. As well as Ihe direcI supply
01' N frorn new inpuls (fertilizer, feed, etc.), plant a\¡¡ilable
mineral i\' is also supplied from Illineralizatiofl of soil
organic rnatter. In t he model farm Ihere are 25 ha (lf old
(In·25 yr) pasture amI 51 ha of recently (4 h yr) reseeded
swards. If we assume thal the organic N COnlen! and bulk
density of the soils are similar lo those 4ullled lor
experimental pastures in SW England hy Tyson (1992),
the top 10 CIII would cOlllain 5015 ami 4JOO kg N/ha

Table 2. l'Oilrogen inputs lO a modcl dair, f.rm

Source
Inl'Uls
(k~/ha)

2~
250

lO

1.90
I')llll
0.76

Farm total

(t)

Almosphcrct
Frrlilizer<t
Fix'lion§
Purchased feeds"¡:

nlOccnlrates ("al Z.HH'% N)
"Iher feeds (la.' :120% N)
bnu~hl-in stra", «(d' 0,4% \,,')

.l.S5
0.2(1
O.IX

2~.59Tntal

t Assumeu figure fur S\\' England.
tAI)AS (S. Pee!), personal eommunicalion.
~Cowlil1g (1'182): assumes an average clovcr content ()f 1-5%.
~Whipp (1'!91).
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respcnivcly, !{iving a total of 345 t organic N in this layer of
Ihe soil (lver the whole farm. The flows of N from and inlo
this large pool of soil N are difficult to predict, bU! it is likely
that Ihe net release lhrough mineralizalion is subslanlial. A
similar poorly drained soil in SW England (B1antern, 1(91)
wilh a previnusly well-ferlilized grazed sward mineralized
HI kg N/hafyr; draining the soil and inereasing aeration
inereased Ihe rate to 279 kg Nfhafyr. On a well-drained soil
in SE Enldaml Halch el al. (1991) eSlimated an annual net
mincralization rate of 31() kg N ¡ha f~lr a fertilized grass
sward. The ·"-(HU.' model of Scholefield el al. (1991)
predicts thal 173 and 149 kg N/ha is mineralized from
soils of the old and reseeded swards of the model farm,
rcspeeti\"ely. From these estimates a total of nearly 12 t N is
relcased by mineralizatinn of soil organic matler (Table 3).

Tahle .1. ,~mount' ",. r-.; cyclin¡: thrnu¡:h component, of a model dalry Iarm

Per unit arca
(lgiha)

Total
(1)

~'ljnrrali-/etl from ..•oilt
25 ha "Id ,,,,"rtl

.i 1 ha rcscedcd
m
14')

4..H
7.h2

11.%Subtotal

,,

Lonll'nts 10 h:lnr\ICd herhafl;l'
in cnsil •.•1 ¡(rass ('u' 2.2í%)t

in J{razcd ~rass§
Excrctcd N'I

at pl'ifUfl'

durin}: hOlJsin~
Stnrrtl in "aSlC'

dlfl\ water (:" 11 1% N)II
far", wa,tes (", n.5°,;, 1'\)11

0.117
HA7
').14

X, '1.1

IJ.IJ.'

IIIA7
IU.I')

Subtot.1

+CalcuJatcd frum Schllldieltl re al. (I')IJI).
tWhipp (1'1'11).
§Caleulatcd from a dail) "J intake (lf 0.427 kg!LU (as derivecl from "inter
pnilJd) ¡(Ir 1>15 da~ gra/ing se.lso".
',Sec Tahle ¡and text I"r dcri\'atinn.
liPain. l'l'fsullal nHumllnicllillll.

línder most eircumSlanceS the apparent utilization of
applicd ~ by ~rass swards is very efticient. Grass roots are
cffectiye absorbers 01' N and where grass is cut and removed,
apparent reco\'ery in the herbage is high. Van der l\,leer &
Van Uum-Van Lohuyzen (19116) showed that apparent
recovery from fertilizer increased from 60% or less before
197510 up lo 90% in the 19805. On the model farm the total
N rCIlII)\"cd in , he harvested silage is nearly 9 t, most 01'
which is cOIlsumed by animals. I f it is assumed that the total
consumption ofN per LU is the same during lhe summcr as
that ealculatcd for the winter from ensiled grass plus
eonecntrates, i.c. 0.427 kg N/LU/d, an N imake ofover 13 t
can be calculated for Ihe 185 d grazing periodo The total
annual N consumption by the animals (21.9 t) represents an
apparent efficieney of utilization of all annual inputs by
harvesteu plants or over '85%. Efficieney of uptake into the
sward would be even greater beca use this calculation lakes
no account of the N returned directly baek to the soil during
harvesting and through normal senescencc of plant tissues,
or of rhe losses in emuents from silage.

The problem uf N losses from animal produclion syslems
usually arises beca use uf the inefliciency of the ruminant al
converting ingested N into milk or protein and liveweight
gain. A maximum of 43% 01' the N ingested by dairy cows
can be transferred in these forms (Van Vuuren & Meijs,
1987). Often the eonversiun rate is mueh less (Table 5). The
excess N is excreted in dung and urine and, un a whole
farm basis (Tablc 3), nearIy 21 t N are excreted during the
year; Table 4 shows the basis for this estimate. Exereted
N is returned directly to the pasture during grazing or
accumulatcd into farm wastes. Depending on whether it is
in dung or urine, it can be partitioned ¡nto relatively
immobile forms as soil organie matter, or into the mobile
mineral N pool from whieh it \Vil! be taken up by the grass
crop or bccome vulnerable lo loss. In praetiee, much 01' the
mobile N rcturned to the sward exceeds immediate local
plant demands and can thcrcfore be losl. Ryden el al. (1984)
demonstrated the cHeet 01' excreta by eomparing soil nitrate
contents under cut and grazed swards.

Nitrogcn cxcreted during housing is slored as farm wastes
or colleeted in dirty water (Table 3), the volumes of which
have been calculated using infilrmalion from MAFF (1991)
(Table 1). Typical 1\ contents for these components of the
dairy farm are 0.5 and tU R%, respectively (Pain, pers.
comm.). The difference between the total amount of N
excreted during housing (Table 4) and tha! found in the
stnred wastcs represents a loss from the syslcm.

Many 01' Ihe eomponents cycling through the various
broad N pouls within the farm need further quantifieation.
It ",ould also be of value to define retention times within
eaeh pool in order lo manipulate rates of recycling and thus
maximize the utilization of N.

OUTPUTS ANI> LOSSES OF NITROGEN

()UlpUIS

!\1uch 01' the N ingesleJ by farm animals is excrcted. The
annual olrtake of 2940 kg N in milk from the dairy farm,

Tahlc ". :\1111"01excrction nI' N from animals in a model dair) farm

ComponcnI

Total
per unit arcOl

(kg/ha)

Total (tt)

Dung lirine

(j,azinK
C()WS

othcrs
Ilousing

co"'s
nthl"rs

117
51

224t ~..\~
1.59§ 2.29

2 IRt 4.2.1

U5§ 2.23

tDala lor eo"s calculaled lrom tlitfcrence belwcen eonsumed N
(¡¡rass + silal(c ¡ feeds) and that removed in mill (Table 5) (sc:e te XI): it is
assumcd that daily intake of "J durinl( summer is the same as in winter.
Data for other, ynung animals is calculatetl on the b.sis thal (1) inloke per
LU is as for mature animals, and (2) 7R% nf consumcd r-.; is excreted Uarvis
re al., 1(189)
!Assumes 66% nf cxcreled N is as urine (Van Vuuren & \lcijs. 1'187).
§..••ssllmrs :;9% (lf cxcrctccl :--¡ is as urinc Uarvis tI al .• 1'J!l'I).
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plus Ihar assimilatco inro Ihe pmtein or Ihe ; (',u'np;er animal s, Tahle 5. ()utput, andlos,es ut:\J Ifllm a moJel Jair) tarm

Formreprescnts n'~i)of Ihe fcrrilizer ;\¡ input ami only 20'% or
rhe total annual input. Therc are also other minor transfcrs
or N into maintenance nr Ihe lactating animals which are not
inclutlcd in the present estimalions.

1,(J.(Jt:.! 01,\' FOil! ¡t,rlls.l/lllld

Tht! current major environmcntal conct!rn is Icakage of nitrate
from well-oraincu soils into waters 10 be used ti)r drinking.
Othn pathways nf loss also ha ve lo he considen:u as pOlenlial
causes 01' pollution in their own ri~ht and hecause they may
influence Ihe amount of nitrate It:ached. Volalilization and
denilrification hOlh rcsult in major losscs 01' N through emission
of pscs (ammonia and nitrous oxiue, rcspccti\c1y) which aHcct
atmospheric quality. Ciaseous emissions and movcmcnt of
nitrale into surfare waters will he increasingly sCTulinizeu.

Full dciinition of Ihe factors controlling leaching from
~rassland soils is far lrom precise, Ihough there is SOllU:
information for a few LI\. sites al1ll soil t\"pes. For example,
in Northern Ircland rclali"ely new, grazeu swards, to which
200 300 kg tCrtilizer N/ha/yr was applieu, lost on average
.B k~ \;Iha (Walson e/ 111., 19(2), hUI losses from wcll-fertilized
long-term swards in I nstitute 01" Grassland and Emiron-
mental Rescarch experimental systems on well-draincd
soils ,,"ere p;reater up to 200 kg '\J Iha I"rom swards where
420 k~ fenilizer N Iha was applicJ (Macduf!" ,./ II/., )lIXlI).
I.eaching losses from an experimental system on a very
poorly draincd soil in SW En¡dallll rect:i"ing 200 kg ;\i;hafyr
ha ve ranged o"er an X-year period from .l to .H (mean 17)
kgfhalyr (Tyson, 1Y(2). Leaching losses at particular sites
increase with im:reasing: fcrtilizer addilion, and escalalc
ahmc a rrilical range 01" fl:rtilizer input (Barraclollgh 1'1 lit.,

1992; Watson t/ 111., )1192).
Computer predictiol1s using the 'onu r model (Schole-

líell.! el 111., 19(1) suggest that, a\"era~nl ,ICroSS the two snil
t"pes on Ihe moJel farm, 4X amI 43 kg N/ha!yr would be
leached from Iht' old and rcsecdcd swards, respectively. The
model's prediction of the small diflCrence hetween the older
and ncwcr swards is surprising becallse losses werc almost
three times grcatcr from old than from resceded swards
(In undrained soils al North \\\kc (Tyson, 1992); largcr
lertilizer inputs at '\orth Wyke m,IY have heen responsihlc
for Ihe diHercllce. Thc compllted values for leaching losscs
I"rom the grazcd swards in Ihe mode! farm indicate a loss of
nearly 1H'~'~01"rhe applied fertilizer N (Tahlc 5). There may
;lIso he significalll transl"er 01' N in of!~allil' forms which are
nol ycl accounlcd foro I.eaching losses occllrring after slllrry
applil:ation are more difficult to compute because of a lack of
data. I."sscs ranging from 55 In (10 kg 1'\jha/yr ha ve bccn
founJ for slurry applied 10 grassland in autumn (Smith &
Chamhcrs, 19{/.1). An Irish sludy indicateu Ihat whereas
15% of Ihe N applied in slurry \Vas lost hy Icaching from a
well-Jrained loam, only 2% was leached from an imperme-
ahle ¡(ley soil (Jan'is el 111., 19S7). (hcrall losses from less
pcrmcahle soils may he increascu hy surface runolr. TUlal
losscs \w Icaching amI runol!" from farm waste application on

Ltilized
removed in milk (fa O.SI9%)t
assimil¡ucd inl., growlh (pro(cin)!

2.94
2.111

S"hllltal .'.10
I.ost at f(razinf(

kachint:§: "ltI swanl
rrsrcdnl

denitrifiealion§: nld swud
resccded

IX
43
4R
42
10

UI
2.17
121
2.17
0.7·1\'o)Jfilil.atinnCI

1.0,,( fruTl1 W;,ISlrs

lr.chin~11 0.'10
dcnilritialtnntt 0.X2
mlatiliz.ation: animal hnllsett ~ store I.OS

sprcadinf(§§ 170
Suhtntal 11.'1i

tWhipps (1'I'lI)
¡Cakulated (rom Janis ti al. (1989). ¡\ssumes difieren.-c hctwecn illlakc
"nd cxcrction - assimilation.
§Calculated tr"m Scholclicld ,., al. (1 '191).
':Cakul.trd from Jani, (11)'}f l.
11'\ssllm" karhin~ ~ S% nf .ddcd N and runotr k!!;ha - (UKIII> x arplied
r..; + 5.-' (K h.lecl ," (/1, 1'178).
tt( :alrlllatcd as 20% or '\JII, . applicd in "'tal t'rm w•.,tcs (~II. I -N .- 4:'%
111 I"tal Nl (I'.in ,., "l., I'IS').
: iCalculatcd Imm diflerencc hctwccn winter rxcrction of N and that in
ston't.! wasll'S.

~(.alculatcd as IX.bOlon( lotal " applied (Janis & 1'3in, 1'1'10).

the model dairy fiulII llave becn calculated as 897 kg l\i Iyr
(i c. 11.8 kg Nfhafyr); rhis assumes a 5% leaching loss which
is greater than from the impermeahle gley soil but less
rhan from the wcll-draincd loam dcscribcd hy Jar\"is e/ al.
(19X7), and uses Ihe relalionship of Khaleel e/ al. (1978) to
calculale runotr

Dcnitrification, the hiological reduction nf excess nitratc
in soils hy micro-or~anisms to N 2 amI N 20 under anaerohic
conditions, is another importanl loss process. DespilC llIuch
data on denitrification losscs in agricultural soils, rates
are still uneertain heeause of problems associaled ""ith
spatial and temporal variability, which makc sampling and
mcasurement under ficld condilions "ery difficult (Smith
& Arah, 1990). The prohlem is partieularly important in
grassland soils which are inherently very heterogcneous.
Scholeficld el al. (1990) dcmonstrated Ihe variation associated
with onc commonly used ficld technique, a 11(1 concluded
rha! a greater frequency of sampling rather than greater
replicatiun un cach lIccasion would improvc the accurar)" of
Ihe estimates. Furthermorc, most eSlimatcs ha Ve been hased
on measurements in the upper 10 cm 01" the soil profile anu
take no account of the significant denitrificatiuIl thar occurs
helow this depth Uarvis el al., 19(1). The calculations for
Ihe fertilized, grazed swards on the modcl farm are hased
on estimates from the model of Seholefield el al. (1991),
which indicate that 011 average 45 kg N/ha/yr is denilrified;
Ihis rale agrces wilh avera~e losses al eomparable Icvels of
inpUl on a poorly draineJ soil in SW I::ngland (Tyson, 1(92),
hut is more than Ihe annual a"era¡(e of 25 kg¡ha mcasureJ on a
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similar soil Iypc in SE England {Barracl(;lI'gh ,'/ al., 19<)2).
Application 01' slurry also stimlllates denitrification losscs by
proyioing a rnohile soun:e 01' N, an anaerobic environment
and an a,ailahle carbon supply. Several stuoies inoicale thal
these losscs are substantial (Pain e/ a/., 1(89). Total
oenitrificatioll losses from the farm resulting from ferlilizer
inputs and excretal returns are 4.20 t N!yr (Tahle 5),
equi\alcnt lo 55 kg N/ha/yr, Ihough this is probably an
unoer-estimale.

Another rnajor loss process, ammonia volatilizalion,
accollnts for 3.49 I l\ (an average of 46 kg N/ha) releaseO
from the system. There is gooo inf(lrrnation on losses frolll
grazed swaros ami rclalionships have been eSlablisheo which
c:an he used lo prllvide realistic: estimates (Jarvis, 1(91).
Muc:h inforrnation also exists on losses 01' arnmonia alter
spreading slllrry amI farm wastes onto grassland, and the
figurc quoted in Tahle 5 is based on average losses frorn UK
stlldies (Janis & Pain, 1(90). Much less information is
availahle f(lr ammonia losses directly from animal houses and
waste stores. Il is reassuring that the estimate of loss calculated
by the diflál'llce het",een Ihe N excreteo during housing
(Table 4) and that containcd within Ihe stored slurry (Tahle
3), i.e. 1.05 l NH1-:\I, is similar to that calculated from
J)utch inf()rmati"n f(lr losses per animal place using rates 01'
¡Ul kg per CO\\', 3.lJ kg per heifer/steer and 1.5 kg per ealf
(Klarenbeek & Bruins, 1(88), i,c. l.2n t l\H¡-N.

The total calculated losses of N from Ihe model dairy
farm are Iherefnre equivalenl lo 12.551, i.e. nver 46% oflhe
annual N input. A furthcr 20% 01' the total input is
assimilated inlu milk and prolein in the young animals,
IC3ving .H'Yo (!l. 54 t ur 112 kg/ha) as yet unaccounted fof.

INTERACTIONS WITHIN THE N CYCLE

Improved mcthods in the future will allow hettcr estimates
of losses (especially those from dl'nitrification) and resolve
rnuch of the current imbalance helween inputs and outputs.
Sorne 01' Ihis imhalanee prnbahly results (rom the rcturn
to Ihe soil nI' II.J iml1lobilized as organie cumpunents 01' plant
shools and roots. Much 01' the model farm has relalively
young swards and some N is likcly to he sequestered in Ihe
soil in this way. Similar young swards in SW England,
reseeoed some 10 years ago and receiving 400 kg N/ha,
had an average annual inerease in soil organie matter N "f
64 kg/ha (Tyson, 1992), Hecausc of the smaller N input to
the soils on the model farm, rates 01' immobilization are
likcly lo he less than this but perhaps not substantially so.

The eXlel1l 01' mincralizalion uf N in grassland soils is
poorly defined bUI depends particularly upon sward agc and
Ihe soil aeration status. This component 01' Ihe N eyele plays
an important role in the overall fluxes (lf N, and ehanges in
grasslano management can influenee utilization and losses of
~ through elfects on net mineralization. For example,
drainage, by increasing aeration, can decrease denitrification
potential and, l1los1 importantly, enhance mineralization at
the same time. Both these effeets may inerease nilrate

¡

/ .. _.~ <.:_'"a

leaching. Lultivatinn and reseeding aet similarl~. Incrcasnl
acralion aftcr cultivalion slilllulatcs mincralization; Ihis is
followed by a perioo of accumulalion and immobihzation 01
N into lhe soil organie pool and a slower rate ot' rcleasc of
mineral N. After a period, whieh varies aecording to sile,
soil, c1imate and management, the soil system achie\'es an
equilibrium with respecl 10 organi<: malter accumulation,
and lhe diflerences hetween, for example, a eulti\'ated,
reseeded system ano a long-Ierm pasture, narrow. The net
ef1ects of some 01' these changes are illustrated in Figure 1;
Ihe)' deJnonstrale Ihe <:omplexity 01' Ihe eyde and Ihe
oifnculty 01'estimaling 1'\ f10ws in grassland lor all soil types
ano all rnanagemenl hislories.

Uespile Ihe difficulties in quantifying this part of the N
cyele, mueh 01' Ihe una¡;counled inpUls lo Ihe mooel oair)'
farm can be allocated to immobilization. If it is assumco that
60 k~ Nfha is immohilizeo in planl organic materials
returned lo the soil, Ihis represents a total of 4.56 t 1'\. It
secms likely Ihat much 01' tHe remaining 3.98 t (52 kg/ha)
may he denilrified, bul Ihere Illay also oe significant loss 01'
soluble oq~anie N in surface runo!r and leachales.

FUTURE PROGRESS: IMI'ROVED
FERTILlZER MANAGEMENT

Many (11' the prohlerns in minimizing leaching ano other
losses are relatcd to inadequate kno",ledge 01' (he amounts,
!orrns and patlerns 01' ehange in mineral N (N01- + NH4 +)
in the soil protile Ihroughuul a produclion cyde. Under
llloSI Iypical grazing managements, there are considerable
seasonal f1uctuations in the amounts and forms 01'mineral N
and a marked acc:umulalion in Ihe soil IOwards [he eno 01'
the growing scason. Any tnajor ¡nuease over and ahovc tha!
immediately required hy the grass crop is potentially
a\'ailahlc tilr loss; that present at the end 01' grazing is
particularly vulnerahle hecausc there is Ihen linle oppor-
lunil)' fllr planl uptakc. Onc approac:h lakcn at Norlh \Vykc
(Titchen el /I/., 1(89) has oeen to oecrease (his aecumulation
oy shortening (he grazing period, Ihereoy minimizin¡t
excrelal returns, ano allowing Ihe sward to ac:t as a sink
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Fig. 1. I.eaching .nd deni,rificatilln I""e, from gra7.ed perlllanent or
resceded (R) swards on J pllorl\' drJined sllil in S\\' England (frllm 'I\son,
l'In). Tre.tments ..-ere drained (D) nr undrained (l''1(») ,o¡ls, recciúng
lUn or 40U kg fCrtilizcr N rer ~car.• , Icarhing; ~. dcnitriliration.
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for cxcess N which is Ihcn rCI1l()\"cd in conservcd forage.

However, the decrcase in loss potential al this stage may

ha ve a 'knock-on' elfccI with incrcased N losses resultin¡¡;

from Ihe grealer quantily 01' N in brm wasles.

i\nother recent approach (Titchen & Scholeticld, 191Jl)
has hecn lo dc"elop a rapid ficld tesI for soil mineral "J to

pro\'ide gllidance for lertilizer additions, and thlls achieve a
smooth profile of mineral N Ic\'cls throughout the grass

~rowing periodo \Vhcn this 'tactie;!!' mcthod was compared

with a comcnlional application 01' 210 kg N/haiyr in regular

doses al regular inler\'als, Ihe dccrease in Ihe potentially

leachable mineral N was O\'er 30% and animal produclion
was increascd hy 16~·o. FlIrther rcfincmenl of 'taclieal'

fl:rtilizer applications and ¡¡;reater knowled¡¡;e amI oelter

integration 01" all N sources (from li:rtilizer, soil organic

matter, farm wasle ami whitc c1over) and thcir utilization

will be necessary to decrease losses. This must be done On

an integrated, whole farm basis wilh dlle regard to economic

and environmental demands and cnnstraints, soil type and
¡

/ conditions, local c1imalc and pasI sward m~n-,:~cment.
As dcmonSlratcd in the model dairy farm examplc, the

110ws of N within a complete contemporary system are

consideraole and there are opportunities for much loss.
There are also many opportunities within the cyele 10

enhancc Ihe efficiency of lItilizalion at particular sta~cs:
improvemcnt of capture 01" fertilizcr N hy forages, decrease

in immediate losses and hclter use of slurry N Uarvis &
Pain, 1990), ami increased efficiency 01" dietary !'J by
rllminants are all fcasible and practical uptions. However, it

should be remembered Ihat unless inputs are changed,

decreasing f10ws and losscs in one particular component of

the overall farm cycle are likcly to promotc losses elsewhere.
FlIrther, enhanccd capture of N into the products (lf

~rasslands lIhimalely resuhs in rclcase 01' Ihc excess N (most
likcly Ihrollgh denilrilicalion amI ¡J rclcase (Ir ]\;20 10 the
wider cnvironmcnl) al lhe human end of thl' filod chain.
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r~liZing thc nitrogcn content of organic manures on
farms=-=problcms and practical solutions((

I
I

/

Ahstract. Organic lllanures contain valuablc quanlilics 01' nitrugen, phosphale and potash. but lllany farmers
rCJ(anl IhclIl as 'wastc malerials' ralhcr rhan as sources 01' planl nUlrients. Utilization of the plant-available
nilrogcn contcnt is poor at prcsent beca use of manurc management practices which lead to leaching and
atlllosphcric losses. Expcrimcnts sludying Ihe cffccl of liming suggesl Ihat, in order lo deLTcase nitrale leaching,
applications of manllres which conlain much availahlc nilrugen should nOI be made during the period Septcrnher
10 Dccelllber on freely draining grassland and arable soils. Spring IOp dressings of dilule pig or callle slurries and
poultry manures lo growing cereal crops are generally more effieienl than alltllmn applications, particularly on
freel)' draining soils. Lcgislalion requiring manures 10 he applied in an cm:ironmentally acceptable manner and
the econollljc need for farmers to realize the nutrient value of organic manures are Iikely to change the farming
induslry's pcr~eplion 01" lllanurcs as '",aSle malerials'.

INTRODUCTION

H ISTORll.:\J.I.Y, organic manurcs have heen importanl
for maintaining soil fútility. However, in recent

oecaoes a reaoy supply of cheap inorganic fertilizers has
meant Ihat Ihese have oominateo farm fertilizer policies.

Concurrenlly, increased intcnsification of livcslock
proouction has cncourageo larmers lo regaro applicalion
nf organic manures as a 'waslc oisposal' process. Conse-

quently largc quantities have Ileen applied to limited land
arcas in Ihe 3ulumn/wintcr perino wilhoul considering their

manurial value ano the potential pollution hazaros.
Estimates 01' livcslOck wasle produl'liun on UK bums

ha seo on June 1990 ccnsus figures (MAFF, 19(0) su¡.¡gest
a total annual output 1.If arouno 191 million tonnes, of

r:\DAS Ro<em.und. Preston Wvnne, IIcreford, flR 131'0, UIo.:.
'.-\D:\S Soil .ntl Water Rcse~rch Centre, Ansley Hall, Maris Lane,
Trumpin~lon, Cambridge, CH2 21.1', UK.

which approximalely 78 million lonnes is slurry or

manurc collecteo from buildings ano yards and requiring
hanoling ano storage. The plant-available nitrogen content
01' these manurcs has a pOlential annual value 01' [56
Illillion, haseo on a lerlilizer pricc of 30 pence/kg N.
Howc\cr, ilS utilizalion is ¡JOor he¡;ausc managcmcnl

practices leao to nitrale leaching. arnmonia volatilization
ano oenitrification losses.

Re¡;ent statistics from Chalmers (/ al. (1992) suggest

that farmer perception of Ihe fertilizer value 01' organic
manures is poor. The figures in Table 1 rcpresenl the

oilTcrence betwcen inorganic lertilizer rates applicd lo crops
n:r.:eivinJ:; no organic manurcs ,¡nd thosc recciving organic

manures. Thcy show that farmers make small, int'onsistent
oeueases in il10rganic ferlilizcr following applications 01'
organic mal1urcs. Even a mooest improvement in allowances

for nUlrienls supplieo Irom organic manures could result in
major savings in fcrtilizcr costs without 1055 of yielo and
wilh less emironmcnral pollutjol1.
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::\"utrient management f.rom a farming !ó;~stt:ms perspective

~. C. ~~t:""¡tSland H. f. \/1. .~¿rt~?
iJTr.stiru: •., ..'!,rGy,¡ssial~d ~~'!'"!d::nvirf)n".;~'ntai ,q_escüich _:\!'J.-rh ~r¡"ke R.z5¿tlrc.~ Srar:f'')":l.
Okeh.Q¡:¡-;:or..DC!VCl1 EX2i) ::::'1.7. U~
-;P!an! ~~i!;4i-!'irc:;~ !nre....~( ..:~(lr,<1/. P. (i HI}J:. !6, \'L ·é'7(/O A.~ H:í.A·b~rJ¡ng~~rl. Th¿ \!!-rh€rZC:J".Js

Abstrad
'~~'...lr!"cnti~t!:!1sive d,iir:~' r(lr::l IT:anfJ.gt:c:ents 11E1.)"b~ ;L1caJ<H),?'~l.i!?c ~\.;o..lltiti::; c.rnutrl~!'l~~ (~~
and ?) anj ;., so ciüinl¡¡~::realening tb:: \'. icer :mtwn:r;,;"t. SUcl: !OSSc~C<lnbt redu~ed consia-
~r¡¡bi) t:y a.'l ;¡¡;;:,;;,sed u:i¡IS:l.t:C·!1 "f nu!rien~, ÜJ al! compo!lcm:; Q+' the lilrm and by
ür.Jcl;)~::in~.h!lbtr..t!~·,::yl,.lin; \",i~hin .lr.J be~'~r;.-n :ht;~··e c:n~pOnCljt!) .• \ 3ystems J.Pi'roacr. .~r(>
"Ides C!"le i'l~r"![:ln, m"aT,' of ic:!\·til'.:1ing th:: Llmkr'>ictnd: '·'E. 3x,d ~re;ra:iün of che COClpiex
Jt1:e~~U¡ons,hat JC:·_¡' w;th nutrient f:¡W:5 and !05ses in 8¡,;ríc'.:lr:lre, Systerns a:1::dysis ir!d:c"te~
m:;.¡ inputS cf ':'< in fe~,!¡;ze~;; anct tú;;, I.'ouid he I-tal"ec "-0::-inv~nsi"e ©Jr: 5ystems In Ihe LiK
<lr>G¡he :--IL. imponam lit~rLlr~ u:";:IJd; rcJI,1.:ed feed inn!;:;; pcr l,1T',l ();' rr.:Jk prodl.lc~.:l, ac th,"
r~$ul, ,~~iMrmved 111ii;" ;.ri::!d per (,0\\'. an improYeQ uj!¡~,¡,I()1l 01 nutri~ms in ;J1¡¡;'.UT~and
sl\lrric~ pr0¿uced 01". ¡he farm and a l,,:¡J¡ll"\ging balance tcl'),·;en ¡he area of Jras~¡a:-;d and that
for :~le !)oduction Q:- oth:.:r toddcr crops where mls is possibk
K':YW(llds: dair) farms, erwiro!'.l-:>cl;w.l impac~, ~ndi.:ato!""S_ lc:;:;(:~,fer:ili?c:!rs. nitl'ogen, ?hü.,-
phorus,

Clntroduction
Over re'_;~n\ y",ah. lh.~re ha"e h",.,r, II¡creasi:-.g ?r:::S3llr~·; on t:10S2 wno :r,~m<l.¡¡;e .:l,;:rico.:1tural
:Xld lO rec::mside:- iliúr mllri.c;1! use po¡ic cs. As \Ve!! as !,hos~ epen¡:onal GT!'·,'r::- ,.hic;' farm-
¿1S u.!c tl mampdate ¡heir Ll'.ltnelJ!$ ~:ll"optimal ,~;::(I!IOlll.:.'~ ~et\ilT,~,envinm:nental issue~ na·;c
re;xr::l;¡ hilG ~ubs¡amiaj ¡roUUC! il1 lf1tlc!encing !J..¡.,; '" "y maL we con~;dc:'nlltricrt::s in gr:a..~,;bl1¿S
¡mu in dl:liry fam::mg s::ster:-,S in par':·r:ub.r Th.ro\lgnoul Eoror,e policics hll\"('" beer, ~I:t into
pmcr:' ~o rnce:. th.: require'l1em~ of ,he 'Iitr:lte Din:cbe. accepted r} memb~: s.ates of the El.-
iD i951. (i.her ~l(Jlicie~ j"e:a,i,~g m d,ffusc sc'W";e~ (le rhcsphoms (P), il¡-;-;r:nonia (NJ:-l;) ;1::J.d
nltrous oxide (1'~O~are c'J.ITcr"ly ~nó~r v<lril)lI~S7age~ ;,f :¡-:I1~id~,at:on. f or a!i .,f t·:1es.:: .::on'
Ce:"71~.¿ai::y f:mnir..¡; is al: impcr:~l1, ~rni<;s'cn SOllT(:~(,:an'.is, ·.999). Fertil].;!crs iave Oecm,1e
cheup ¡;omparec witll thc ~OStS o: la,,'::, lab'Jur Mii qU0':.l~ and b:<;'l.use of T.his and ':le<;ause
!he;. ?ro'. ide: flexíbiiity fo:· rhe fanr.er, :·l:rtiiuÍ:lg abOI e reconm:cn<k<i .)p¡,:rl"i.lr\'J levels has
o!'¡cn bccn t¡le ca~c, ln tht l"c:tht:r!"rds, for examplc, a,j"assialld5 ,oeceive 50 kg r-: ha" more
t:,at\ recomm~n¿ed :lptima (Rcijné'.:::!j el al., 2000)
Tic researcl:: efron tJ::.at hat. wke¡~ pb ...:~ Jv¡:r ;¡;c;nt ;"~ar:; hll:> rr.od:fied_ in •.n~ny tespecg (a71d
especially fa! ~~). tb,'. appr'-~3C¡'c.':'; ¡ha: llave heer tahn :0 iden,ify prob;ems_ to def¡Tle oppor-
rur.ities tú reduce tnese al~d t0 mai!1t3in sU6t.a::..able syste'1i5 for meat a!le 11i1lc productlon.
(Jr,e ¡ruporu:m step W<lS the re~'¡i;aütJr. thai. whi!Sé a k..r¡o"-'iedgc of "fr"t:C¡S ar 50i! and 1ield
scal~s W(IS e;senri:ai Tor de:ll1ing ~cono:mc re<;JX'nse~,only by .md~r<:tandin~ ,he re¡ation~hip;:.
berw;;n these and other cmnpon("nts of th~ w~oie syster:1 C()ulc. effecti\ ¿- ()plimisation for
both pwdu<;tior. .lr.d envir',lnmenr t.argets be acÍ1Í::,wd. To do t::i:; ?foperly demands a k.'1owl-
edge nc¡ on!;; oi input S M;d outpu:s te', ano Ü\):11 the soil (,a surra<;;: tatlI1c~), but abo Ol input,
and liUl?·.ts to ,md :rom the fam1 (a "farm g:\t~_·~)a¡anc.:.> :dnd I)f al! los'.'es internal flows ano
tm::l~t""-;;rs(te p::"(". id: a svs:er',s balan~e and unde:rs:anding). SUTI8Ce balances havc b\;cn im-
portan! tQols Íor i'e.:1.iiit:e:recommendations and monitoring soil fertilitj bUI do not proyidt
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¿irec-t information on lo:;se~, nr)f of th" rate úf the nutricnts partitioncd in íorages to be CO!;'-

slJmeá by animaIs. Farm gat.; baiacccs provide a simpl: rncans cf dC~"IIIlir.lIlg nu:rie:l.t
surpü:ses \4.ithin " system bUI nOI of tbelr [ate. rarp.l gato:! baiance$ de. howe·/er. ¡>Nvide a
m~ oi indicatins d1iciency/inefficiency (of outP'Jts in r:lation t" U1Fl.ltS) wjthin tn.; 5~Stcm
;md me surplus (inpurs mim.:s JUtp'ltsl is indicativc of t.•.•e potl!nt.iE.l fcr loss, Figur:: 1 :;hC'w~,
tl¿rha!'" r:nr ~urr:'i;;!n\)'l:,. th::.: :O, '1, lj1~re ;s a ~m)r.<"l relatonship benveen system surpiu.~~,
¡,t:':: los;e~ (ieaching - de!'úr¡fi~;¡t;('r. i- ·/olarili7.ittior.\ Th~ facr óar there i¡; not .l. ¡:1 ~;lÜO,

bli;:ates t!~<í.teither r:ot a11 thc los,c3 ill: being acco'lnted for :md:'or t.1ar [he sys:c:n i5 no! 'n
q:lili:'fiul11 and is ac.::.¡:n:,!lati::lg '~ (.in so:! orgmic mateer) .. 6,.~ the sh<'.rd ag:: inercas:S. :t ;;ar.
be ex?<=c:e,¡ ti'!&r the j¡ff~~",:l[ial ~.:r\\'~n S'Jrplus ~nd lOi~ ,,,iti grow sm<:ii:~r

o: mos, vaiue, and \v:thout ..yhi;,;h lhe ~~la~ion:>hip ir. .~·igure 1 could rlor ~ demons:rorN., 'out
m:re di{-5cult to achic\'c because ,)f I:"lé: ~reatér :-equire¡n~:H fe: data.. is 6e syste::1S oalaw;e,
T!u~aUow.; :~at·.1te~ or"a nutri:!r.t', 'oe~a\'iour within., as well lS mO\"~:T.ent to 3.:1dfrom, the
$yste~ le be examinec!. M'Jst uS\:a:ly trjs has been used ~s a ~ese~.:-ch ~ool eitr.er as smaH-
~',l<! .:xperiI:le¡¡~l Jr..Íés (l'eel ó?t al., 19Q7; Le¿garé IU al., !j99) or cc,mp!'~tc ',v:10k farm
::;y,tc:ms ~Aar.s .'J.! aí., 1(99). :\.1üddEng :-.nd systi!r.1S :lr\.Ly~:;; have a!so teen usea :c ¿emoll-
srral:e imp,c~s, t"eoó ar:d opport\lr.it;e$ for cnanges ir. ntlCríenl lTlanageme~t (Jarv¡s <t! uJ.,
1996) The~e ap¡:¡ro3.cncs to manag:n¡; nutrienl.$ have derr..onsrra¡ed ne',r,' methods for devel- ~
()~ing 1'r.!I1agemco': ~uucturcs ;0 satisíY tilo ct:ll: dcrmmds of j7~uction Qnd reduced
e;1\1ironmental irr.pa.,;t, 7he adVMtuges of unde:sta:ld;ng nutri~l[ tehaviQur md !'l1:!I.:~gemant
at a t1:.rm$ca:e a;'e rherefcre 3S follows; (i) it provi¿cs an appre:;:iation of al: sou\'Ces and fates
of nutrienrs, (ii) it requirc:~ a lo.()wledge of transfers anc recyclítl8 which ís essell1:ia[ to maxi·
m:se the efficie:tcy oí utilisauon ~f rhe internal nutrienr resOllrc~s aod to ide!'lcfy 'leaJ..)"
compon;nts of thQ !;~5t"m Qnd (i¡i) b~o.us-e it ;s íntegmti,'e, it 0.1.::0::1I10ws lr. underst.'lDdiog of
LÍle 'knock-on' effects tl1at any :h3.I1ge in nuuiem management may ~aYc witrun ot.1'lcrparrs of
':he ta."1Il. For:\', wruch has '11\!Ó po:ent;a: fur loss, this is especiall:, in:porrant.

D~iry t3cuS .:1('", j1a,~ici.1iariy c,'n;pln ir: tcrr:-:s of th~ir managem:=::::1 ~t!'.1c:ure and ¡he v.'ay :n
wlich nu:.'"icntS ~r~ .Itllised an<~re~v,:ied. 'vLmv :arn:s have relied on large in::¡ut> el' ::ul!'ients
in :ertiliz-::s, espe-;i ••lly of~, L",1: ;li;o of p:"c,phQPJ) (P) ano pl.)ta~.:mm:.d,.) té provióe; th" dry
fT'I~L~::~produ.:tion ana the t1ex:l::!i~y in managen;ent req:.!ired ~c ml,;ct t:'-'UI::or:¡_;c ta:g;:lS, There
h:wl,; :Ü~Ü bl:;;!1 i."lcreas~d :np1.ll'; cf c(,n¡,;entt'at",s because cf t:~eir lo\\" eosts and the ne.:d 1.0
lmprüve ~uaiity of the di<':é (lf i::8h yie'cting C()'.v.o,: tr.esé: alw cont.nh.:.te larg'! .:{:la.,tices oí'
m:t:ients lO ;:he .)'scem. fn tl:.e pre;en: paper W~ -:oncelltrólte Oll nutri~::,- :lllu:a.s;',rn~r.~ .••;rnin
ll:Jit')- f~in~ S)'Stenl$ ~~'ít¡~P¡!.~:c~larreference :because of t.';.e cu::-~ntt,;r!\. irol1.rncntai iss:.t-es)
k "'¡ and P. An impr::lved lppreciatio2! of ~e pc-t<::ltial to i:"'Opov~ r,u~~i,!,,¡ mll.l'.a~emé'n: will
be t0 me benefit of ta,~c::s ¡;r,j tÍlI: ?CÜ:!;C e.t lar.~e ~like, Th;re ar~ many other lSS\l~S '.-:th:,'1
:h~ 1St''willó will <:'::'0m~,:ra'.'~with i:utricnt .cr:.,n:l~;;:nl:r.t nnd d<!t-:\a....•..i C!\)5~ ~cr.:;,;i!!.!l::~, for
exar:n:p!e :"et:uction or 5t1bsj':ll~ 01<mi:;~a::d p")'1I.,;nt ter tb-: ~t.:3lit~ ,)f che e!'!Ylr::"r:H,:1:

The dairy farm liS a sy~tem
Thl::fC a:c many 0PNr':Ur!i;;e$ for iosse$ ,)f Ii'.;.:riems fwm .:'.3.[y f:;.'T.1~.A!.l iarms 0-':era~e',v~th
a sllIPlus 01 ntltrienL'), í,,~.ali exces.} of int;ut .• ol'e: tnos" [\;."!'JlQ\'~di~l.oroduct~;. Su~lu.scS
••m~r~llv ir.crc~~c (.lf¡C'\'·¡s. 199'1~ir, !lo rnCl'e o~ less !:":J(;¡J!, "'av (Fi¡,:, 1) ".; tb ·'.n,rea.sing :~Ints ti)

¿.•iry fa~:; Thcir n..:lri-c(\m:)~,nem. nl'.Ju-p:laslC nan¡n: ~C:trlS~tJ::¡¡t ::ulri.:ú.LS ,,{l! '1'ilnsfer:d
from on.: ¡,;cmpone:1t c,i ¡he $ystem to a::!ütner (Fig. 2), E::Ic:.ltransfer provine·; 'O" (:,,~imuni:y
t'lr ineff¡;::iercy ~r.d !";;". e;:pe~lally ir. th~ <:ase of.:'1 with "J.lch ¡her'! :s ,)r:é:p aro <l.,sociated
~h.mge ir. ?hysictL. a:d ;he~:li~ll torill;. f:lble 1 ;llu.strates ::1~effiót,;!:G:eS ir: c.h:; ·:.l..r',)ll$ paIts
oí" .he 5yS"t(::r::.
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T¡J,¡~ kEfficic:ncies !.%) of Co(~po"ent ;:'::.rtEof specialised imensive .hiry i'anning 5YStC:::S i:l
th~ ';¿:húiands on ;,¡¡¡::.dysoi!: (3 i teÓ!li;:ally attainal:-Ie and b) "e~i:scd il' ¡Tactice by 5ki'!ee
fanners (.\¡lÍLS e.' al .. 1999, Aar:s el ai .. ZOOO).

Slt';/1! C. Jan';_' and H. F"ans ..\4 .1arts
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Fi3,-,r", :;. Ci.,I:.,r'):~ ')\ ",. Il"ws .l. ,¿ IOSS~~of :1::rogcn i:.lld ph'sphorus in d:iiry fdI':~l.S (modific<'.
frC'ffi JaI"vis. J9()C'·).

[\·[:_¡<;;hof ¡Lo: <lppon;.mit> {or loss i~ ~'.':!r;c:"l~dwith the ruminam. \\'lw;-cas gra:.$ an¿ .)ther
to~a3;:s a."'r:' ..¡~ll.,I1y hig'lly ••fficient rer.:¡;v¡;r;; of available nutr.ent5 :Ton:. tbc soil ¡mo ,heir
bJOmass. :]1-;; rumi:1a:lt i5 no: ¡trod ¿:xcre¡es :argr: prop<:r<.:ionscf bges¡ed N and P \Table 1). ne
nccd!, of ¡he rur.lin~nt ue also rc:;pol1~il;i1: [or lho: vfte'l !Mg<t jJJ]r-k)I~S of nutriCTlt< in¡·) ¡he
fa. ming syst~m in conc~nU;ll~ <:ml vdl"r .J.ud'"ionaJ fccd:s. Thc~o;= "iten ,.,,,gl,,cted ''''hCll ,be
nutriem .:arus lif rhe >Y'¡tcrr:. is consjder~d but ürlen ..:orr.prisc a m~ior ;:lroportion ct' th•.•~t;t.;i-
em in:port to ¡he fam1 and ;i<:r~for,;: to :he tCltal balance. ~urp[;.lS in the $ystell1.

3~6 Gr.;¡ssl,md S,:'ier:ce in Europe Voi. 5
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In orde¡ ~oFI"J', ici~truly ;;tYccti':e imprOvemem2., tt ie importaN that .111p.:irt~c:f !he sys!em are
cousié"r~¡l':l a,', ;"tC;&-ilt;VC .••..:.~). Thcrc are a nl\nlbe,. of rea~,ms fC'r t:·,f.. cirstly, as indíc::':{>2'd
ao;;,;:, it i5 i:npcn::lm rr.at aIl ;:1.pl.llS ath'l OUlp,.b 'v :.h::: syst.::-r:. ar<: cc,:l,i¿ered. ta<;h compo-
llcut m¿ ph;l.';;~ ,)f 7Tla¡·..g~m,,"~mt"rao;:t~ with othcrs ar.d m;mipula:ion of 011" ma)' h~"1:
cou~e-'1ue!l!~:!é'W. in oLI,e,. pu.'"t$ Coithc film) l.Figs. 2 ¡¡ud 3,. T¡~c lIlct'f.ck:'1t slas=~ and th;~·
for~ thc "weak" pn~,:,e~ which off-:~ opportu:¡jty fOl' bss and :mprOVel1le!1T are Id::nti[id In
Figur~ .2,In gene!'aL :"l ha:; T.al:y opportunitles fe!' 10;,s be;:ause of :he ;112;!ge,: lB ·"aJl;:m:~ an::
lor:n wÍ1¡ch occur especiaii;' ••ft:::r ?assage :.:'\rough lh<.: ruminant gut. ?víode!led (JarvLs. 1993.
Jarvis er (.J.f •• J 996, Aar:s e' a~', 1<192) studic~ mdi(;a~:.:(ha:, :it kas¡ 50% of the '\j inpus lO
dai:y;r.g .:re ¡O$t ¡<.) t~;;\\ ¡(k:- ~!l"ir0nmcnt by lea;hit~g, ';o~"tiiizatiot: el' denitrification .. ~ ,5
deil:ons":lt::d in F:~urc 3. a" "vd] as the on·fa.rrr.. direct a¡;,lvitil:S which are directcd at :lUO"·
en" tl~é, 'r;lT'\~fcrs ¡OSSE'S3nd ba:a.n~C's.. )ff·farm factors V!'collClu:ic!:. ?),i.;,;s, WéQlh",..¡direllt<:,1
a:sü ceter:nino: thc nument stan.s 'iD': balance of ,he :::y,tem.
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Flg'Jce 4, R<!i.•tion~hi'P br:Lwe¡;n nitrogt;:n inpuL, ami c;:l'icic;n;: 01 ni:.rogén clse in Dutcb dJ.!ry
farms (data ircm Rcijn~vdd J¡ al .. 200J; • ly?ic(,J DlIt.;h Úirme .• 'C(~":5 ano ');)porrunities"
scl:emr:; ..•. de :-"l¡¡;l~~;4C - de l\1;.:r:~e lbe).

Figur~ 4 dc:nonsrrates óe effi(ie;1;Y of ~ use :u D:'lcn;;e in 1)9'7 l Re!1li::ve:¿ er .:;.1., 20001.
Inpub to (¡'P,c:11 D¡:rcn commerciaí t'anTs are ~h'(')wn ~for fertililers ~nd fee.:i (mi;'); :he~e
rl:presem the complete nmg-: ~){ ~I)il L)?<; and inlt:r.:,it) O¡'milI,. produc!.ion in ¡he '\.J<!therlands.
The ,'h~ :Te.::l"C o""'; anc Opportunille." SCh"'l'!!, :u¿ f:.r 12 ¡;t:kde¿ c<.:>mm,.n~i••l farm( j",t
he-or:; thc stlIt Jf a nev. proJ;:'! in WhiCb :anners ::!Ír!1 te' iJ':1provc nlltric", l'l"an¡;¡gemenTS
f(;Uowing ¡be e~;p.;rjenc~s of De ~.1~rke.The wide ra:lge in ¡he jara I]L.lStrat;;~ big diff;r;nc<:~
}:¡'~:weel) (,;om.:nerdal far::J5 :md .hc:reJ()p; ~lp¡x)rt\;nities ~nd pOl;:mi¡¡1 ¡.;) rnakt' im,)! l1velJ1t'nt:i,

For P, lhe prvpol1:i"t~$ tr:.1t are ..:;s¡ aro> ml:"r. ¡¡>S~,han f1" 1\ l'ecau;:e rhe geno1'raliy ;::.m~e!'..a·
tive narure ofP mean$ ,hat it wi!1 accumuiate wiÜ11n tile Tarm .4. l'e.;em amlysis has indicated
tb:t or.Jy ,:" 2% of ¡he anm;;?l P ir.pu! is tOSTf~om a da.~y :a;r:l (Ha~¡~ar.~1-?7,'1/, 1998) Al-
thoUéh &.;5 rc;prc;se;;1.S o.,J ..•.. " srr:<rIJ pn_'porticn. .r ha" ~(.):nc signili::ftncc ll: tcnns cf
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S¡eve C. Ja/"Vis and ti. Fran! :'vi.Aarrs

CIl'.m:mn::tcnta[ irnpact and él.ltroptlicat;on of ,ur:i4ce waters Cana this impact cm incr.:ase
substantialiy whcn Lhe fL"',ut:on cap6~ity of 1hc soil is e;{c«>ded),

Tbe vulnerable (:omponents of dailJ' farm management
Losscs to water
(O Vitrogerl
~.ith()ugJl lhere rr:ay Je ~mirun:nl;::ntaliy signi::kant uam[~!> of oll!~r fúr::ns 01' r-,' (VlZ. N02'
anc .S"H.¡ -:1, ::--10;' ;s t!Jc !uam fonu that 1:5 lost te waters. TbJs an:;<r.; be.;;¡¡~:;eoí accl.L"l1Jlanons
in me soil profile immcdiah;:y prior to ?criods whcn plant uptuk<; ha:, diminish~ and the:e i$
excess rainfal!. There reay be some direc! loss from fe~ilizers l\nd ~ thc: result or manu.'"e
ap¡:licatiocs. bur the~e are m:.ail and moSt !\03' leaching fron: gras~land can be relate:! to
mineral N derive!! from (he excreta of grazin,g amma1s. Rates of leaching ttom ~azed areas
are oor.trúllcd by me lnputs :o, r.nd manageroem of, the sward a!lÓ the e"tent "f 50il :-:1oisture
dcficit., dunng thc preceding growth period (Scholefield el al" 19~3). OptiOllS fQr redu~mg
NO;' leaching by reducing, fcr ex.,unpl.e, the gr..zing periodo have been suggested: current
trcnds (O exte:ld gra/.:Jng seasons may exace:bate the pr(Jblem .. '\¡; well as that dC:1ved from
cxcreta, "!'-lO,' is /lIso i¡;!;n.,rat~.j~m the: =<;:e.lizati"n clml t'litritic.at;on pmcesses in me soi:
ac~ing upon native ;md added (in T.l1m:n:SI or.;\~n:c mtiteri~k Stim"iatíng minernli7.at:0I1 by.
for eX<t..1'!Iple,.::ultivaring lons-term pasrures has an iUlraediate impact on the generaticn oi'
exce;;s ~03 ~hicl1 roay be lost:f C\¡jti\'~itioru¡.m: m!ldc: aLinappropriate times ofrhe year.
(ii) Phospror.Js
t:nder most circu.:n:Sl.:lm:cs only small lmounts Qf P (in .•drious iuorganic and organic fcrms)
;~rc Ic~chcd in arllir;age l'nl~ss th,.. sorpticn capaciry of th..: soil h.,s ~e:'l exceedeci. Neve:tn<!.
less. t..'1eamoums rhat are 'OS! are ot' :mpOfUlf1Ce in actin;\ as diffus~ supplies of P wi¡h
en';;.r00m';¡:4[ impac!. Accentua:ed ¡!)sse, ()!' P occur when there is a combinatiQn o: poorly
timed appiica,ions 01 fertilizC:f3 cor manure'ilsiuníes to land wh~:r. tne 50il ue above 5eld
c"pcity (= "lllcidentaP' iosses: HaYf¡alih ano Ja!v!s. 1999).

Th~::;c relate ~:.1tlTl'::iJ:0 ;.J and ir.\iolve d~r.ilritic:;.t¡on and NE, yolac¡ii.<:atioll processes. Deni.
t.tirkacol1, th~ anaerobic reduction ofN03' te N; ar..d NzO, is a soil·based pro(;e:!s licc\:rrir,g in
p:.k-rures whe!1 rhey aJe u.et and the¡e is an exceS5 of :-.103'. There is ,herefore opportlinlt) for
di:ect :osses whe:l :r;ineral (especially NC] '-based) fertilizers are applied when cxcreta are
deposited in tlic tleiC and whí;.,:) s!um¡:s'ma."'lt.:res are appli.:d. Some ,¡maller de:l:triñCJ!Íon
losses :nay also occur lrom ·jtor.;\Í rnanurcs. E,timatl"$ indicat<; Ihat, in totó.l, for a dai¡-y farm
based on :l poo:r:ly d~~\,,('cl ,(\i1, 'he eql.:ivilient of at lC3!'t 22% Oi' the arr.u¡:_¡ ferti!izer input is
ios, through thi3 pTocess (Jarvis. 1993}. lnproved manngement of ferti!izers and alternative
Str<:.reg:es for U1anur;:s all aff;:.;t j::n:triEcat.on !:!.na :he losses tha¡ rosy resulto

Ammonia volatiEz.:n:on oce:.lrs wh¡;n;\'cr free 1\H3 is gencra(td. whkh ¡n the context OI a
dairy furm is largely !hrough th~ degradalion of urca. Amr,1')niun:: b;,¡s<;:d fedli7..e:-s pro\'id~
';Ullll .:missioll sour~,"s, but unless urea fertilizer is being uscd, the major (and $ub~tanti&n
5üu:ce is the ure.:l e:icre:ed by tne cat:le. \'/n:arilizaricn can th~refore occur throl.lShout the
farming sysl~m - dllr:ug graz!llg, al tte ;;ollectioll yards ami houses, :md from stored and
ap¡Jli~ ¡;¡,.{l:,¡,es alla slurrie$. There are (;P?Ql"!',mi;i<'S 1:0reduc~ 1055:'-..5 of l\H¡ al eaC~l'\.agc Q;
prodllctior~ :ilJ.d tl'.c¡;sc ha'lc bccr. c.'m:mivdy ¿QCl.'mCcltc4. Thi~ ¡" "" ¡¡rea where :1 .:omplé:¡:
syst<;::mund::Tstandir'lg is parrkul ••rly ímpo.-um because of,h", '"dow::¡str.:am'·.:ffect,; chat roa:'
o;.;¡;:u:wn.;:o <1spo:citic .lck)(I is take:¡ tc m;tiga:e ~ paricular los s p3t.~ .•.."a;:.

368 Grasst'und SClC/lCe in Europc Vol. 5
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'lana~ing nutrienh {ln a farm scale
StTategies

Tnere a.re tr.;;my op¡ion~ tú redu~l' autricnt mplJ.!s, surpluses a.¡d 10sses with;:c óair/ far::l
;;ystems: Somc ofthese ale ;;umn:ac:sed :11Tlble 2_ In many mstaflce~ car¡; m;i,;d~ ,o ~ talce!;
that measun;s taker. t,; f¿duce vllC' los$ ,lo not ':-01\11.-:, w!!h ffi;a$U::, ~h::lt ma; be take:,_ te
~duce another_ For examp!e, reciuc:r_g '::r increa,ins :ht! gr'-t7ín3 pcrílllÍ ,~~ n1¡;;l1sures te. reduce
le:l.ching and overal1 far!!l Ñnj ·:m:ssiGns, respe:rh el;" !TIay inddent?-Ily "'aise K::-h anc! lo'-yc:
leaching, respective!y (TZlble 2).

Tai:!.: 2_ Me[¡81l~es tú i::npro'-'c th:: nmricn: :10\\ s vf l d:lÍr} farming sys:e:n.

Effecr imendee

Reduce grazing losses
Reduce niaate leaching rr:-Jll1 incl'~:l.;;¿J
mincnlization
Enh¡il1ce capt'.lre ti7 nutrient< in cmn
Reduce N conten~ -> rel·ucec ;\ excn;-
tion
Reduce feed needs:kg miJk quota: les;-
ex.:reta per unir of product

Reduc~_¿ 7'Cpb~ement rate d CQWS Rr;.:!ucc f~d uccds.'kg mili< qtlOr.l
Real" young stock (>utSide farm Reduce fe;d :leeds:k1' miL\ quota
Reduce P conter.:s cf stipplemeútS Reduce P e?:.cretion and far.n surplus
Reduced gra:zirlg pedad :\lore efticient use of grJSS crop

-,-- __ ~ __;I_n~c_re_;_a!_s_e_..gt''_az;o_;_-'_:n_.g__._p_e_ri_o_c_. R_ed_-'_JC_'.:_- ..;.(l_...·_e....:r~!iflirm 1"H) .:;Jr.i~si~s _
Dur.gTuri:le Umiting daily ?!?zmg tim¿ Reduce unn¿o pmc1es, ¡ncre~ing quan-

tity sJurry and reduce mineral ferdlizeró.
Reduce glazillg losses
Reduce 'Jrine patches, esp, Ül aurumn,
mcreasing slurr:v quantity. Reduce graL-
¡og losses

CCT:lpCUem l)[ ::VkasUW;lC!l"ity
sys,em
Soi) Reduce fertilizer il'lp':,!.:'

Red;.¡ce k:tií¡zftÜ\lfi 'X:r:0d
increa;,e maizc arla
Catch crcp aftcr 1TI¡j,1Z¿

Regu:ar soi1 testiug
Improve fc:rtili2e~ ~ppli"ati()n
lCCuracV: avoid \-ül~~rob:e area.s
Prom()~ rcrañonal grazil1&
:";se best managc:n::m pracrice for
r~~¿íng 'pc::mancnt' _gra:,:ómd
li::;e "nutricn! dflcicnr" genor<.pzs
I.nclude maize or other low ex
products in diet
lIl<...'-!eaSé milk produ-:tlonicow

Crop

Animal

Resrrict lengtb cf grazing season

Lr\nUl'lCe \lli;isll;100 ,)f S:_'3tc:n nutricllts:
decTe-%td ioput~ p'.:r:"hascd fertilizers
In~-rc;;.sc ~!tilisation o' ferti!:zer~
Less fe:-:ilizer needed
Rduce 1-.;OJ- le~cÍling arter h(¡_:-\ e::l:

lmprove fertilizcr 'ipplication
)\to:c ~ff,.:ctiv~suppiy; red'.Ice dir~t
tnl.1J$fc:, of1' .:md Pinto watcrs...._._~---

_.

SiLU!)-lmanurc Reduce NH) volatillutiOllfast rem~>v<:!l t6 stora~e (e_g
scrap~rs\
Cove-ring ~tOTC

Incorporatior¡ ; inje.:tion, ba~d
spr~djng _

Gras,;I("_'1d Farming - BaJancing c'm'¡ronmcII(Ql a71d economic dcmands 3¿9
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Stn:egiés for thc '1o:l-component aim to :nake ::norr: en~,t;ve use of fertilizer:> ~d inelude
in(rea.~ing th.:se crops witn low r~uiremen~ compared with grassland. such as mai2e. Utili-
sation of fe!"'tlluers can also bt: ilJ'\::,roved !~ytaking- o~tter ac~OUl!t of so!! 5up?lies ar.d bena
CiIT.illg.tu rd¡;,cc; ineffidency, fertilization should ~U1rt later in spring' and end earliu in
tturuml'l_The et'fl':ct of cllrcful fertilizer pdicies ror ~sland is cleariy demonstl'ated i:l Fig. S.
Farm~te ;urpluses ror Dutch con:merci ••l farms are str:)cg]y rela,¡ed tn the differcnce i;)etween
ílctu;J fert;1j7.e~ appji:ari:m ratcs and ¡hose which are recomncnded, On average far the farms
in Fig1.lrt~:5 SlJrp;U'ié'; ¡;C1uld he reduc¡;d LO e, :68 kg N ha 1, if recomroel1¡jations had been
foll<w:~¿,

5eo

450 •
•4CO • •

•••
'IUO

5C
-~oc -"o él 50 100 15,) 2(';0

FIÓ.m: .~. '2ffi",ic::nc:¡ (on:pt:.t'ínput) as sffcc 1,:";by the dlffereuce 'y~twcé' acrua. fertiliut:on
md ,e:;,1ouncod(Xi (!ir.iL.,cial 0ftlmum) f¡¡;:tili.zativo (data frlJm ReijncvI'oid d al., 2000. typi,·
ea: D1:.tch farms, •. , CO'NS md opport'J.ni,ie','· 5cheme: .. de \1ark<:; -. - de Mark~ lir.e).

The '1':ain 5tr:ltegy fQr th:: crop comp<)nel~~can 1)-:re[alea tO a changed balance herwe~n Jf3Z-
ing and cutting fvr clJn:l:r'ation. On :he onc ha.:.d.. [here is pot=tial to irn?r<,we utilísati0n by
reducing ~azing alld there{ore harvest !OSSeS; as 3. resi.llt (,;ss feed has to be purch.ased (less
inp~ts', ur.d the ri;;j{ of ~os~~ rrom "rop residues is rc;(!:.¡ced. Stopping grazing e!lrlier in thc
season ab.: reduce; le~'\chi~ lcs,><,~:m:í ,re incIdental !o:m:s é>C P. On :he other h!lIld, g."lIzins;
the aniC1li.i:i for !ongr:r m;.¡~"r<:llu(;~ lhe overcll ~H3 IO~C$ from th~ 5yst~m bec.üuse :h(l.t re-
sulti:lg frorn th,! hou~eC1p~a.sc of pr,'Xiuction in mo~. ';~Ju¡¡Lrit:S:s subst~m¡ruIY ",'Te:1ler':han
whcn :¡¡-j,mals ai'e grnz:ng.
fcr me a:i.ímal cumpL'nt'Ill. lhe suategy is to rc:lll.!ce imponed fccds. ter e!(ample by reducing
t.'t ~,umber of animab w~iht maif'tair.ing milk pro¿'lction ;,y tlsing ~:)ws wiú 3 higb genetic
rh)le'-¡lial a.nC;Oí Imprl'H'j feed;ng re~Lr:lc" W lncrea.:.e )-ldd iJ<.;f (.;ow, Reduce¿ N lDd P mtakc
\vi!1 red¡lCe t<)t;ll excreti:m on t!;.e ü= T"i" auronnricalIy red:.u,:es th.:: oppcromilY for IOSS~·¿;.

Fcr bener n1anag¡:ri1I:;n~ 01' :he 'Jl'ir.e-+d~;ng.:om¡Ylne:1t. as ilOtccl ~bove, avoidancc of genera-
tion cf unm;. ::\.¡,:j C:u,n~ patcnes as muó :lS possiblc, ~pt:Cially th.:-se In lp.te S';,l'nmer or
atlt'llL"l. Res:.rict.l:d ~;LCillg 1Ias SOUlC:Illpa.:: beQWC l:umcnt ,,)~centrotions in rbe.se patche~
.:Il'I? lna,:h high •.•r than a ~'!'op elln uriEse "n(: :'n\lch Clf the ~ cal') be l03t. ":'h~ potenrial to use

Grass/(JI"d Sde"ce ;'n Europe Voj, 5
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tlu:.:-il:!1!::;in dlJlg aed unnf" C(l!',-.;!,?d induors i~rou(;h sreatcr and ;educes me nzcC fcr m:::eral
:erri;:zers :,ut only jf me sl\J:r:, l)~ t'",Jnc¡r~ i~ :,¡sed effe::tivdy Thc: ':a!ue of sh.rry ilS ¡¡ fcrtilize:
.::n be lmproveri par.ict:] ••(y by ~dU{'~Ulg"\lB; lIola!iíjz:-tticn an(i lhere are a n:..n::ber of mea's-
w'es by '.yl:.ich !.nl;> .;;¡m te <1<.:~c\.cd.

Case studles.

~be ~ of me OPUU¡;Siden.ilied ir: T¡j'Jk :: ha\ e been in(;orporot~d into tni: ?--J mauilgemcms of
~xp€:'!men'::ú S"iS~t'm:i:son~e r.;ase s;,udy exa.r.1ple~ of ¡hes~ are ;'.mnli:'.rised in Tliole 3_ The~;:!
.!i~n it)¡¡ma:e three dift-"rent sysl~:i ap,rciChe~; takeu lo inv.~s¡ign~e tnt impact ot' va!"i<)\,s
m:mageccnt str:.tegles m impro\'e N USe efficien,,-y ano reduce ~I)ss,:s. FulI details ar~ g.ivcr. In
~~.\O relevhm puhi.;atwn;; ?ut b6dl:;: the 5:-'stems are a; follows.

A. Fal';:'Q stale cl)mpar's,')'I~ b::tu,eer. a ('·C'r.1'!':";;:rcíai emerpnsc and a ?:~tmype system (De
.\larke·, '''mch ir.c1udt:s a red,K,~d stodang ra!e, bwer N f::rril:zer inputs, crop ,ctatio:1~ and
.::1tch ~TOF~illg;¡-:rer :ncrea.:;,:,:' maize pro-:L¡c~k'n (Aarts é.'t al, 1999)

B: \kddlmg!sy·;tt:n:.s "y1'l[he~is o,' me po,,:,mial improv<:!l1cn:s to l:I rY1Jlcal !.JK dairy lilrm
\~.th rr.odc;llc:d ;?rediction of e~fé,;;tsr_'n tra .•~)iáand !osses. M,magement .:canges ;.t).:!ude using
a lacti';J.l fc:tij¡z~r ructhoc. and ir.]ec:in~ 'j!..Irry, using mixclÍ ¡'rr:lSs/clove~ ,wards and ;Iv fr::-
~Iliz~: >t!lIld 2!'1)wi::!g maize instead ,.l'prod'Jcing grass $ila~c (Jarvis el al., 1996:1

C: EXj'enmt:r.tal fanr.let seale expe;-l:uenl$ to ,:o~Fare a high Nltput, .;ommerclal ?fO¿UCÜon
system in tb~ CK. \>ith (a) a re.:1uct'd ¡os::; higb output syst.::lI) b:;"d 01'\ lDlpro'.'ed fe::t:.lizer:a:d
,¡un;- ~ utiiisation .1:1d maiz.: ;rcduction md Cb) arumal loss J!ld reduccd intel.1sity s)'Stem
wlr~';!'~¡nhe~reductoM in ": in¡'lur, and injer,;l.cd slurry (?eel el al., 1998),...
D. E.\pt:rime~\1'all""cw lealanc :a;'m,~lS to compare a gr.iSs/c]cv::r manas~rn¡;nt with tl:rtl!ize:-
<::.t 200 ,)r -+00 k.gha'; and h:e:h or j,)W stockmg :-a:es (!.J.:dg:ard 6t a:., 1999),

:i:~;J"ta in TólO:C 3 eall be use~!O L11usr.rate <. nt..anber ofpoints i.t. that (1) Ih-::re are eftecri',e
OrtiO.:l5 lO red:J(:e Ícrtili <:er N inp:H~subst.:¡r.!:i:illy and 1:0 bctter utiüsc N in m~urcs and 31m-
:ie:; "ith consequcnt ef:e~ts on ~ surpll!.~e,; !lnd lo%'!s, ni) ::.:;~emor.~trated in FIgure 1,
p~=d.i..:tl.;d ar.d I':l¡:a;;ured los.>ec; ate higniy d~p;:ndent \¡FOl1 the >/:;tem ~urp:JS; (ili) ther:: is a
gl)od deal (Ir 5~milarit:: .in me e~ect:'l dem()n~~tr3rcd bc[',veen d,e , ysttlms tt2[ nave been im-c$-
:iga:d, espec:aJly if'l tht_~li'J( :lnd N:'; (iv) con5idermíon of n:Jt:-lents frum ¡}eury SOurC;$ ls
i:noo:13n:: onlv by understancing :1I!th; $vstem :ralufe:'s is lhe fl.;li imp:;ct J7 mi" llppreci3tec'
a::~j 1.'1) it 15 !n:i'Fo~.al)!that whe!t ccrnpari~ons an madc al! ¡mpw.:ts are con:;idered $;) Iha! true
effe,;ts :an Ix quantitied: it will ¡¡1:';IJ be illlpo~an: ¡o ¡akc accoun! of the lXonomic illlplica-
tion~ of!.~e cha::ge~ proposed.

'TaCle 3 íncludes some key ind¡:ate,r8 of+.he cLanges !ha'. can be a-.:hie·;ed which link produl;-
:ior: and env¡ro¡l~;=r.¡:1] effe;::tz (!)'ld i!lusrnt~. wiU)jrl th",:::e e:~.pc.:t'.mental systems, th~
~tI~,tantíal cffe-:ts Jut ear be atu.¡:l.':Ó :0 .he beut.fil of both ta:.gets. The ind:cat.0¡; caro t..:
:c'()siúc:red as diag:nostic~ I)f eff1.;ier.,;;; of prouuctiún. :,c. C:1ptW"~· into product and !itres of
n'¡;¡': pTodtice¿ per u;~:,of~ inpu.: ¡_,-:~Othé s~·~tcm, and as envirunnn'ntal dÜlgrlosties, Le. f;!IT'1

~L:1i:us (ar, inci-:a:cr ·-:;f púte:r:¡aJ ¡._,,,~)a¡;d kg .t-; los¡ per unit oL m¡ik produ..:ed (to pro\' ide a
qu;¡:ity aSS\lra.!1ct: g'.!jci~¡ The ial¡er, f.:,!, cx.>mr1e, éar. be ~(;-.! 1:0 dc:monsrraze the df~~c~~of
b::.ving hlgh yie;,ji~g Co\\;; (B) cr hlgb. stock.;;:g mtes (D) in r.enm ofN emissionr; ~~sociated
v:i0. t:dch 1¡tre oí mill.: p,,)ci~~o:d. Th.: final :ndicstor, k.: ~ ln5r jJ~r k~ ~ surpius. could be
<.-.:;nsid':r¡-d an inai<:a:or of Inl:: ex;er.r to w¡'íc~ the sys¡::m 15 away from :¡ $teady s-.atC me
"~;!jV":;diotinct ¿ifferences bet·,veen th~ fO\l: ba;;ic far:nir.¡; systems ;experiruents. In rnan) cases
(,r; manageme.'1t changcs nave halv~d the 'Jall.•es (.fthc indicato!'S. Tn¡s i$ imporrant becaust! a
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rtc.:nt st.:rvey of!'-; i:, T,-X diary farms 5hcwed that uer'p- were rnaJ'l~J-foid ni.~g";:; in a numc¿r
or lh'•••.iac¡(;~~;X~ (J:;c \ b. : 999). deml)¡¡~¡: ating \ha, tb:re is mu.;;:: 'JppNtunJ¡y (O r,;~k~:m-
pro'.'em~nt in ov.;.'rall l' ~ffi~ie!!c,:!.

Future progress
Tl:.::~i~r:¡uc~ vppü(n.ln~ty t\,) i:npro":e nl1t:-i~n¡ ~l.~ \\.-jthi~Lda1r~: rann5 an¿ n¡an:,,' nc',v, rci:vant
t<:":hnoio¡;i..,,, .••..hieh r:,-'I,:d ~ el!']r¡,)y~d. F,;! ID:ix:rnurrl effe;;:;, !t lS 1mr•.)rt..anr Lha: ~hc aCop!:é:n
(.I[[11::,"- ;::>raclÍ<;e, 'are ~.:en ",,;:\1111 :!le ,:omcxt oí' the 'whok farming 'ly~¡c:m;lOtin¡ hmh ac,!lr'
tages ;,¡le ctisadvanlages ::'1.11 be ob~c:-v~d. TJnde:"-;!:lT,,-ting rh: nuu-icnl budgct of iarmir:g
sys,em ,i:ou:d enable far~",l's 10 octtc:- :1pp=ceiare ;).:1the nutrient sourc(:::; ami tlti.'l.cS and :::r.-
hanCé eftic.e:\cy ano p:crltabili'C)'. The ;,!;·.dopmen( cf indlc.c:$ alld mC!GI1Tors will cnab!c
crilnges t,) pt: "bser'\'eJ and ,:ompari50u~ to bt made !Yu.tthe;¡e will n;:cd to be corr.pared wirb
appro?riale <¡:andards ar,; Y:1r¿,rick5.
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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* AND K. M. GOHt

Deparllllelll 1I1,)'uil Sciellce, Lineolll Ullil'ersiIY, Call1erbury, Nell' Zealalld

(Rel'ised :I/S rec1'il'ed 14 Novelllher 1991)

SUMMARY

rho~horus (rl cycling and losses in irrigated, sheep-grazed pastures receiving superphosphate
(SP) applications ror 35 years at annual rates 01' 0, 188 and 376 kg/ha were studied using a mass-
halance approach which accounted hoth ror P inputs to and outputs rrom the soil-plant-animal
system. Total recoveries 01' applied r in the soil-plant-animal systems in the 188 and 376 kg SP Iha
treatments were 94 and 83 % respectively. Approximately 52-53 % 01' 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 sr fertilizer, plant Iitter. 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 sr fcrtilizer. plant litter and sheep faeces via the irrigation water along the border from the top
to the bottom 01' the irrigated border strip accounted for less than 6 % 01' the applied P.
Superphosphate applications resulted in the accumulation of both soil inorganic and organic P
fractiol1s to a depth 01' 225 mm. The accumlllation 01' soil inorganic r was most pronollnced when SP
was applicd annually at the rate 01' 376 kg/ha, which was in excess 01' pastllre l' requirements.

INTRODUCTION

Superphosphate (SI') has traditionally played an
important role in the maintenance 01' phosphorus (P)
and sulphur (S) in ryegrass-white clover pastures in
New Zealand (During 1984; Nguyen el al. 1989)
and Australia (Blair 1983; Lewis el al. 198711, h).
Efficient use of the applied SP in grazed pastures
depends on the extent 01' excretal transfer loss to stock
camps, leaching losses, surface run-off, mineralization
01' soil organic P and organic S. and the immo-
bilization 01' the applied P and S (Blair el al. 1977;
Barrow 1980: Cornforth & Sinclair 1984: Sinclair &
Sallnders 1984 l.

In recent years. a downturn in the agricultural
economy in Australasia, together with an increasing
awareness 01' the need to sustain agriculture with non-
renewable fertilizer resources, has focused greater
attention on the importance of (i) identifying the

• Prcsent address: 7\IAf Technology. Canterhury Agri-
culture and Scienee Centre. PO Box 24. Lineoln, Canterbury,
01ew Zealand.

t To ",hom correspondence should he addressed.

/

major processes influencing the ellicient use 01' applied
P ami S, (ii) estimating l' and S losses from grazed
pastures and (iii) assessing the maintenance P and S
requirements in grazed pastures (Cornforth & Sinclair
1984; Sinclai~ & Saunders 1984; Till el 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 el
al. 199011,h) and dairy farms (Middleton & Smith
1978; Partltt 1980). A similar approach has been
taken by Lewis el al. (1987 a, h) for pastures in the
sandy soils of south-castern South Australia. In facl.
the P and S models developed by the New Zealand
Ministry 01' Agrieulture 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-halance
models, Lewis el al. (1987a, h) and Saggar el al.
(1990a. h) showed that P was recycled more efficiently
in grazed pastures than S from SP. These \Vorkers
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attribulcd Ihe more efficienl recycling of applied P lo
the grealer adsorption of l' by soil colloids in the I"orm
01" H~PO, and HpO,z' than ofS in Ihe form oI"SO,"-
lons.

Sillce the cxlcnt 01"applieo P ano S rcmaining in
soils I"rom SI' applications lo grazcd pasturcs dcpenos
on faclors such as pasture management practices. soil
phosphatc and SO,"- retention capacitics. annual
rainfall distributions and topography (Gillingham
1980: Till 1981 : Cornl"orth & Sinclair 1984: SincIair &
Saunders 1984). information obtained from hill-
country shccp fúms or oairy farms (Middlclon &
Smith 1978: Parfitt 1980: Saggar el al. 1990a. h) may
not be applicable lO shcep-grazed paslures in flat
land. which compriscs the major part of Australasian
agriculture. The long-term grazing experiment con-
ducteo al Winchmore Irrigation Research Station in
Ncw Zealand sincc 1952 (Nguyen el l/l. 1989:
Condron & Goh 1990: Nguyen & Goh 1990) offers a
unique opportunily for conslructing mass-balance
models of l' and S lO assess the etfects 01"grazing
animals and long-tcrm SP application on the recovery
01" applied P and S in irrigaled sheep-grazed pastures.

This paper reporls on Ihe results 01"using the mass-
balance approach in identil"ying the major processes
Ihat affecl P cycIing 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 ANO METHOOS

/
/

Experilllellral siles alld IreallllelllS

The experimental sile was on a shallo\V (300 450 mm)
Lismore slony sill Inam (Udic Ustochrepl). derived
from muderately wcathered greywacke locss over
gravels (Fieldes 1968). The soil was well drained. wilh
low phosphale « 30%) and sulphate « 15%)
retention capacities (Nguyen 1990).

The experiment was initialed in 1952 on a 2-year-
old pasture which had been sown with perennial
rycgrass (LoliulII perellu(~.3,") and white clovcr (Tri-
¡(¡Iilllll r('pells L".)(Nguyen el al. 1989). Three fertilizcr
trealments were used. which consisted of annual
applications of SI' (9'3% S: 11 % P) in Jllly 01" each
year since 1952 at rates 01" O (contro!). 188 and
376 kg/ha. to pro vide annllal inpllts of P of O. 17.5
and 35 kg PIha and Sol" O. 21 and 42 kg SI ha. These
Irealmenls were arranged in separalcly fenced border
strips ofO'07 ha (64 m x 11 m) per border (Fig. 1) in
a randomized complete block dcsign with four
replicates per treatment. AII trealments rcceived lime
at Ihe rate of 41/ha in 1972 lo maintain soil pH
within Ihe optimum range 01" 5,8-6,0 I"or pasture
growth (Edmeades el al. 1985).

Each treatment was grazed by a separate nock 01'
dry ewes to ensurc lhat there was no excretal lransfer

01"P and S between different Ireatments. The slocking
rate (SR) in cach treatment was adjusted lo give
adequale control of paslure growth and an annual
average pasture ulilization (PU) of 80% (Rickard &
McBride 1987: Nguyen el al. 1989). The average
annual SRs in the O. 188 and 376 kg SP Iha 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 01' 50 mm was 3°C in July
(winler) and 16°C in January (summer). Soil lem-
perature ranges in winter. spring, summer and autllmn
were 3'4-6·1. 9·6-14'4. 15,2-20,6 and 1O'2-IH °C
respectively (Rickard & McBride 1986). Irrigation
water was applied using the border-strip system
(Taylor 1981) during the Oecember-April period
(summer lo early autumn), whenever Ihe gravimelric
soil moisture contenl (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 (Ngllyen el al.
1989).

Headrace lane

U\,d'''(~
\,>0 .' ,<)(
\c."''''~. ,e\\U\\
~:<\)~(\n
a{e'~

Fig. l. Schematic layout of a border undcr border-strip
irrigation (after Taylor 19XI) and a replica te nf each
supcrphosphatc trcatmen!.
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rabie l. PlIramClcrs lIsed in Ihe phosphorlls Iralls(er moc!el for delermillillg phospllOrus rrllllsler losses from 11011-
camp lo camp areas (lldllPledfrnm Sllggar et al. /988. 1990a, b)

Delinition-;\l1lbol

lIerbage P uptake from eamp (e) and non-camp (ne) areas

Herbage P uptake (kgjha per year) from eamp areas.
Herbage ory matter (DM) (kgjha per year) from eamp areas.
Herbage P conecntration (%) in eamp areas.
Herbage P uptake (kgjha per year) from eamp areas after eorreeting for the proportion (Se%) of these
areas on 1 ha basis.

Herbage P uptake (kgjha per year) from non-camp areas.
Herbagc DM (kgjha per year) from non-eamp areas.
Herbage P concentration (%) in non-camp areas.
Herbage P uptake (kgjha per year) from non-eamp areas after eorreeting for the proportion (Sne%) of
these areas on I ha basis.

Animal P uptake from eamp (e) and non-camp (ne) areas

HPc
IIDMe
:HPjc
IIPcf

IIPne
IlDMne
IllPjnc
IIPncf

Animal P uptake (kgjha per year) from camp areas.
Animal P uptake (kgjha per year) from non-camp arcas.

, Sum of animal P uptake (kgjha per year) from both camp ano non-camp areas.

Faccal P returns to camp (e) and non-camp (ne) areas

Faecal P return (kgjha per year) to eamp ano non-camp areas.
Faeeal P return (kgjha per year) to eamp areas after taking into aeeount the proportion (De '\/0) of
faeeal DM return to eamp areas.

Faeeal P return (kgjha per year) to non-eamp areas after taking into aeeount the proportion (Dne%)
01' faecal DM return to non-camp areas.

Amounts (kgjha per year) of P transfer gains IPge) and losses (Plne) from eamp and non-eamp areas
rcspectivcly.

Proportion 01' excretal P gains (Pgc%) and losses (Plnc%) from camp and non-camp areas respectively.

\Pcf
\I'ncf

~/\J>

~FaP
raPc

FaPnc

I'gc. Plllc

J>gc%. Plnc%

excretal P transICr losses to stock camps and changes
in soil P after 35 years 01' SP applications.

Data on some ofthese components, such as herbage
nulrient uptakes and changes in soil P and S in the lop-
soil (0-75 mm) over a 35-year period have been
reporled (Nguyen el al. 1989). However. addilional
inrormation is required on excrelal transfer losses.
root P uptake. inorganic and organic P contents in
pasture herbage. pasture rools 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,) fracti0ns in plant litter. rool residues
and sheep faeces were relurned directly lo the soil
inorganic P (soil P,) pool while their organic P (P.,)
fraction contributed to soil organic P (soil PJ before
being decomposed and mineralized to phosphate
(Rowarth el al. 1985). Total P was designated P,.

Thc annual P inpllts to the experimental site from
irrigation water and rainrall were negligible (Quin &
\Voods 1978), while the amount ofannual P released
from soil \Vcathering was cstimated to be 4 kg PIha
(Quin & Rickard 1981).

The area 01' each border which was irrigated was
tcrmed the border strip (Fig. l l. Water was admitted
lo each border strip Ihrough the headrace and sills
(Taylor Iq81) and the border strips were separated by
mOllnds (border levees) ofsoil (350 mm wide. 300 mm
high) running the length of the strips. Thc area that
was within ('. 1000 mm of the base 01' the levee was
rcferred to as the border crutch. Sheep were found lo
camp and deposit substantial amollnts 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.

Derelopmelll o( mass-balllllce pllOspllOrus models

The development of Ihe mass-balance P model
involved the integration 01' the following components:
annual P inputs from SP fertilizer applications. rock
\\'eathcring. irrigation and rainfall: annual herbage P
lIPlake and animal P intake: the return of rool and
plant P residues lo soils for pasture plant lIptake:

Trallsfer losses of excretal pllOSphorlls

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

I
I

I
• <....>
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Table 2. El/l/aliolls l/sed ill lile pllOspllOrus 1/"lIIIsfer
/IIodel jór calcl/lalillg pllOsphorus Iralls/ér gaills l/1It1
losses ill camp l/lid lIon-calllp l/reas respeclil'ely

(at/apledti'om Saggar et al. 19N8, 1990a. b)

Svmool Equation

IIPc
IIPcf

IIDMc x [IIPJc
IIPc x 0'0 proportion 01' camp areas (Sc%) on
I ha basis·

IIDMnc x [HPJne
HPne x % proportion 01' non-camp arcas
(Snc%) on I ha basis·

HPefx 0;' pasture utilization (PU%)t
HPnefx % PU
APef+ APnef
rAP x O'9t
rFaP x % proportion 01' faecal DM (Dc%)
returned to camp areas.

IraP-FaPe
raPe-APef
(Pge~APef)x 100
APnef - raPnc
(Plne ~ APncf) x I(lO

HPlle
HPnef

APef
APncf
IAP
IFaP
FaPc

FaPnc
Pgc
Pgc~ó
Pille
Plllc%

• Proportions 01' camp and non-camp areas 01' 18% and
82 % respectively.
t Pasturc utilization (lf SO %.
t A constant representing 90% of animal P intake returned
as exeretal P and 100% 01' this exeretal P prescnt in faeccs
(Barrow & Lambourne 1962; During 19R4).

¡

/

were estimated by using the P transfer model proposed
hy Saggar el l/l. (19X8. 1990 l/. h) assuming that 90 %
01' the P consumed hy grazing animals was returned in
excreta and almost all ( > 99 %) 01' lhe excretal P was
presenl in faeces (Burrow & Lamoournc 1962). The
parameters and eqllatinns used in the P lransler
modcl are prescnlcd in Tahlcs 1 and 2.

Excrelal P Iransler k:5es lo slock camps were
calclllaled fronl lhe ditTcrence hetwecn the eSlimated
amounls 01' faecal P returns and pasture herbage P
uptakc in camp areas.

Delermillalion o(pasll/re .l'ield l//I(lpasll/re herhage
phosphorl/s CO/llenl in eamp anclllon-camp areas

Annllal paslure dry maller (DM) produclion from
Ihe non-camp arca of Ihe Ihree SP Ireatments over a
35-ycar period was delermined by harvesting pasturc
hcrbage from Ihe border strip of each replicalc of Ihe
three Irealmenls al 1-1,5 monlh inlervals, lIsing two
4 m" enclosllre cages (Nguyen el al. 1989). In
addilion. DM prodllclion rrom Ihe oorder crulches
(Fig. 1) 01' each replicale was dClermincd during the
1983/84 growing scason by using one smaller
(0·75 x 1 m) enc10sure cage for each replicate. Hcrbagc

in each cage on Ihe border crutches was cul on the
same day as Ihe paslure herbage from cages on Ihe
border strips. Harvested herbage was oven-dried at
60°C for 48 h before DM determination. Subsamples
of oven-dried herbage were Ilnely ground « 1 mm)
before P analysis (Quin & Woods 1976). Uplake ofP
in pastllre heroage (kg/ha) was calclllated as the
producl of mean annual DM yield (kg/ha) and
pasture herbage P content (%). Data on DM
production and pasture P uptake in non-eamp arcas
over a 35-year period have been published (Nguyen el
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 dis/ribution

Amounts of faecal DM return to camp and non-camp
arcas 01' replicates 1, 2 and 3 01"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 lo sheep entering each of Ihese replica les. ten
random circ1es (1000 mm diametcr) from each of the
camp and non-camp arcas were selected. The centre
of each circ1e was marked with a wooden peg, and
visible faeces Ihal had oeen deposited from previollS
grazings within the area 01" the circ1e were removed
using a hand-held leaf rake. SlIbsequently. after Ihese
rcplicates had been grazed by sheep, faeces from
within each circ1e were collected. oven-dried at 105°C
for 48 h and then weighed for DM delermination.

F{/(.'cal sampling /i"om tlelerlllining pl1OspllOr"s
conlCll1

Faecal samples collected for DM distribulion were
not slIitable for analysing P content beca use of
possible soil contamination by animal Irampling
and/or P leaching losses from faecal materials during
Ihe period belween deposilion and sampling (Rowarth
el al. 1985). Thlls only faecal materials freshly
deposited on the sampling date in May 1984 were
collected from each replicate 01' all lreatrnents. These
faecal malerials were dricd at 60°C for 48 h and
ground « 0·15 mm) before analysis for P, and P;
(Walker & Adams 1958).

Delermina/ion al roo/ tlry mal/er alltl roOI
pllOSpllOrrts eOlllell/

Composile soil samples of fOllr cores (100 mm
diameter) were colleCled lo a deplh of ()-600 mm al
inlervals 01' 0-75. 75-150. 150-300, 300-450 and
450-600 mm from the border slrip and border crulch
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,)f cach replicate of the three treatments and on four
'lccasions in spring (October 1985), summer (February
1(86). autumn (April 1986) and winter (June 1986).
These samples were passed through a series of sieves
with mesh sizes 01'2.1. 0·5. 0·25 and 0·125 mm. Root
Illaterials from each composite soil sample retained
hv these sieves were combined. washed free of soil
\\:ith distilled water and oven-dried at 60°C for 48 h
he 1'0re weighing for OM determination. They were
then ground « 0·15 mm) for P, and P, determínation.

Soil sampling for ('/¡emi('al 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
~'rutch of each treatment were collected in July 1987
hefore SP application. Subsamples were air-dried ami
linely grounp ( < 0·15 mm) before analysis for P, and
p

"Soil P was calculated as the dilTerence between soil
P and 1''' (Walker & Adams 1958). Soil samples which
h:ld bee~ eollected from the same four soil depths in
1952. at the beginning of this long-term grazing
experimento were also retrieved from storage (at room
lcmperature) to determine 1', and p¡ contents.

Determination o( soil hl/lk de/lsity

Four rcplicates 01' soil samples from each horder
crutch and border strip 01' one randnmly selected
rcplicate ofcach trcatment were collccted in .fuly 1987
at 7'5 mm intervals to a dcpth of 300 mm using a
pcrcussion auger (43 mm diameter). The hulk density
nf cach soil depth in border strips nr border crutchcs
\\'as determined as the ratio nf oven-dried (lOS °C fnr
72 h) \\'eight (g) nI' soil nver the total vnlume (cma, 01'
'ioil collected in the auger. The measured soil P
concentrations (JlgI g) in hoth border strips and border
crutches were corrected for soil bulk density (g/cm")
lo calcula te the amounts (kg/ha) of soil P in these
areas.

Determi/la/ion o( t/¡e proportion o( applied P
re('q/ered in the soil-plalll-ani/llal sl'stem.~

The proportion (%) 01' applied P recovered in soils
al'ter 35 years 01' SP applications was determined as
lhe proportion 01' the difference in soil P, in the major
rooting zone (0-300 mm) hetween the SP and control
lrealm~nts over tbe cumulative amount of P applicd
Ilver a 35-ycar periodo

The proportion 01' applicd P recovered in the
'ioil·-plant·-animal systems in SP-treated pastures
was determined using the following equation:

P reco\'ery = [(Ó, + Ae + p" + R")
-(ti,+A,+P,+R,)l~[(WP+PI)-WPlx 100 (1)

or

P recovery = [(ó~+ A~ + 1', + R~

-ÓI-A,-P,-R,)~Pf]x 100 (2)

where P recoverv was the recoverv (%) of applied
P in soil-plant-a~imal systems in SP-treated pastures;
ó., A", P., and R. represented various P pools in SP
trcatlñents; ó. w~s an annual change (kg P Iha) in
total soil P. while A... P., and R. were annual P
removal in animal proctucts and aniinal P returned to
soil in plant litter and root residues respectively;
ó,. 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 llnalyses

Analvsis 01' variance 01' soil chemical data. faecal P
conc~ntration and annual herbage l' 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
OM production in the 0-600 mm depth were analysed
using GENSTAT (Genstat 5 Committee 1987). with
sampling dates as split plots and SI' treatments as
main plots. Sampling areas and sampling dates were
treated as split plots in statistical analyses of data
from faecal OM deposition. pasture OM production
and pasture P status in camp and non-camp arcas.
Sampling dates and soil depths were treated as split
plots in the analysis 01' variance ror the distribution of
root OM with depth over a I-year periodo P < 0·05
was the minimum acceptable level 01' significance.

RESUL TS ANO OISCUSSION

Animall'/¡osphorl/s illtake

Based on ¡he assumption that 80 % 01' herbage P
uptake was consumed by grazing animals with an
average PU of 80 % (Nguyen 1990), annual amounts
01' animal P intake from pastures with O. 188 and
376 kg sr Iha per year treatments were estimated to
be 6'5. 23·3 and 35·7 kg P/ha respectively. Annual

'alL~ounts of herbage P uptake in O. 188 and 376 kg
SP Iha treatments were reported to be 8·1. 29·1 and
44'6 kg PIha respectively (Nguyen et al. 1989).

Allmllll retl/ms (I( plalll fil/er p/lOspllOrl/s

Since 80 % 01' herbage P uptake was considered to be
utilized by grazing animals. the remaining 20 %.
estimated as 1'6. 5·8 and 8·9 kg PIha per year. was
returned as plant Iitter P to soils in grazed pastures
with n. 188 and 376 kg SP Iha applied per year
rcspectively.

Approximately 44- 62 o~) 01' herbage l' content was
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Table 3. TOla! pJlOspJlOrlls (P,). i/lorga/lic phosphorus (P') ami phosphorus IIPlake (ohlai/led ¡mm Nguyefl et al.
1989) in paslure herhage. annlla! a/lima! pllOspllOrus ifllake a/l{i annlla! herhage pJlOsphorlls residlle in paslure

rec1'il'ing Ihr1'1' dilferelll slIperpllOsphale (SP) inplllS
- ----. __ ._----------~~---~._-_ .

.---~,._---- ..- ----.-~------. __ ---_o. _..

Herbage P
-----~-----. ---_._----._~-------

Herbage P residue
SP inpul
(kgjha per year)

P,
P,

(% DM)
P uplake Animal P intake

( °'0 DM) (% P,) (kgjha per year) (kgjha per year)
-- ----._---- ._--------_.~

1).1)9 44 R·I (,. 5
0·17 53 29·1 23·3
0·26 62 44·6 35·7()'O03 - • 1·24

- _ ..

P, P,
(kgjha per ycar)

o
IXX
376
S.E. (6 D.F.)

0·22
()'32
()'42
()'006

1·6
5·8
8·9

0·7
3·1
5·5

• - not applicable.

Table 4 . .'111101/111.1'offal'ca! tlry JlU/ller (kg DA! Iha) deposill'd ifl Cllmp 1I11l1/l0fl-Cllmp arellS slllllp!ed al dilláefll
limes in gra:::ed pllslllres recl'Íl-ing Ihree diflerenl sup1'rpllOsphale (SP) inpUlS

Camp Non-camp

SP input (kgjha per year) SP input (kgjha per year)
Sampling date o 188 376 o 188 376--------------------- --------- ----- ._--_._----~~Seplember (spring) 1983 267 (41W 494 (89) 533 (96) XX (72)January (summcr) 19R4 644 (116) 1044 (1 SS) 1317 (237) 307 (252)March (aulumn) 1984 178 (32) 261 (47) 261 (47) 83 (68)ApriljMay (early wintcr) 1984 417 (75) 655 (liS) 683 (123) 152(125)

D.F. S.E.
I\r(.'a (1 15·9
Trealment 4 22-9
Sampling date 'in 25'3

238 (195)
839 (688)
174 (143)
437 (35S)

268 (220)
891 (731)
199(163)
488 (400)

• Values in parcntheses indicate amount of faecal DM after corrcction for the proportions of camp (18 %) and non-camp
(82 %) areas in grazed pastures.

Table 5. Pmporrions (%) ojfaecal dn' malter r('/umed lO camp and non-camp areas sampled al dijferenl limes
in gra:::ed paSll/res II-ilh Ihree dilferent superphosphale (SP) inpUIS

Camp Non-camp

sr input (kgjha per year) sr input (kgjha per year)
Sampling date -_._-------~-----_._-~---o 188 376 o 188 376
September (spring) 191U
Janllary (summer) 1984
March (autllmn) 1<)84
April-May (early winter) 1984

Mean ±S.E.

400 313 30·4 60·0 68·7 69·631·5 21·5 245 68·5 78·5 75·5320 24·7 22-4 68·0 75'3 77-637·5 24·8 23·5 62·5 75·2 76·5
35·3 ± 2'09 25·6 ± 2'06 25'2± 1·79 64'8±2'09 74'4±2'06 74'8± 1·79

found to be in Ihc P, form (Tablc 3), in agreement
wilh Ihe results of other workers (Bromlield & Jones
1972: Playne 1976). Thus c. 0,7-5'5 kg P/ha per year

from plant litter \Vould be considered lo en ter the soil
P, pool.

/
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.·I/IIll/a! p/¡o.l"pllOrl/s remol'a! in anima! pmdl/CIS

'\mounls 01' annual P removal in animal products
rrom ewe-grazed pastures which had been lrealed
wilh O. ISR ami 37ó kg SP/ha per year \Vere O·Ó. 1·2
and 1·4 kg P/ha respeclively. These eslimates were
ha sed on the assllmplion that caeh cwe causes lhe
10lal annllal removal 01' 0·074 kg P. whieh is the sum
nI' lhe P removal in 4·4 kg wool (ó'6 x 10 I kg P) with
a P coment 01' 0'0 14-0,0 16% (Blair 1983; Graee 1(83)
and annual P removal in live\Veight (0'073 kg P)
reslIlting from a replacement of a 55 kg e\Ve at 0·6 %
P (Graee 1(83) every 4·5 years.

Phosphorlls removal in animal prodllcts was con-
,idereo lo represenl a relatively small P olllput from
Ihe soil-planl-animal syslem in Ihe difIerenl SP
lrealments. since it aecollnteo for < 10% of lhe r
intake hy gr;azing animals (Tahle 3).

t:xcrcla/ pllOsp/¡onts OIlIPIIf (//u/ pllOsphorus !OSI h_r
excrela/ Irans/ér

Since < 1·5 kg P/ha per year of the animal P intake
\\as retained in \\'001 ano animal lisslles. c. 5·9. 22·1
and 34·3 kg P/ha per year ingesled hy grazing animals
was returned as excrela lo pastllres in lhe O. 188 alld
376 kg SP/ha per year lrealmenls respeclively. This
excrcla \Vas suhjecl to lransrcr losses. since a
,i~niliranlly highcr al1lounl 01' faCl'al DI\-! \Vas
J"cllIrlH:d lo camp lhan lo lIolH.:amp arcas (Tahk 4).

Since camp arcas accollnlcd ror 18 o~, 01' lhe 10lal
~razing arca in each replicale. lhe proporlions 01'
,'aecal DM relllrned lo camp areas 01' lhe O. 188 and
.'76 kg SP/ha lrealments wcre eSlimaled lo he :15. 26
and 250

0 respectivcly ITahle 5). The higher excrelal
lransfer ohserved inthe conlrol trcalmen!. particularly
dllring lhe spring and late aUlumn-early winter periods
,Table 5). collld be duc lo lhe lo\\' SR (8 e\Ves/ha) in
lhis lrcalmen!. as other workers (Taylor 1980; Morlon
& Baird 19(0) have sho\Vn thal with a lo\V SR. animals
Icnd lo spend more lime in camp arcas. This efIeel is
likely lo he more pronounceo when pasture growlh is
:lelive in the spring and aulumn periods.

Paslure DM produelion and paslure P uplake on a
~g P Iha basis \Vere found lo be significanlly higher in
c'amp lhan in non-eamp arcas (Table 6). This enuld he
,Iuc lO higher exerela oeposilion and hence higher
:'elurns 01' excretal nUlricnls such as nitrogcn (N).
:'nlassiUIll IK). P and S lo lhe former areas (Nguyen
e\: Goh 198R: Nguvcn 19(0).

Shcep faeees deposited in paslures with annual SP
Il'plicalions 01' O. 188 ami _~76kgjha \\'ere found lo
:ontain bel\Vcen 0,52 and 1'07"0 P. and c. 5ó-X2"'o 01'
';lee;t! P \Vas prescnl in lhe inorganie fraction ITable
- l. The ohser\"ed inereasc in faeeal P, eoneenlration
ind faeeal P, fraetion Wilh an incrcase in Ihe rate 01'
'iP application ITahle 7) prohahly rclleels lhe inerease
In herha!!e " uplake and henee animal P inlake (Tahle~ I

/

3). This is supported by resulls obtained from other
studies. \Vhieh showed lhat faeeal P, concentralion
(Floate & Torranee 1970; Ro\Varth el al. 1988) and
lhe faecal P fraetion (Bromlield 1961; Barrow &
Lambourne 1'962) inereased with inereasing herbage P
coneenlration.

The transfer of exeretal P to stock camps eould
account for the annual P gains in camp areas. where
the annual eSlimated amounts 01' faecal P returns
(FaPe; Table 8) \Vere higher than the annual amounls
of animal P inlake (APef; Table 8) from these areas.
These P gains in eamp areas were found to be at Ihe
expense of P losses in non-eamp areas. where Ihe
amounts 01' faecal P relurns (FaPnc; Table 8) \Vere
lower Ihan lhose ingested by grazing animals from
lhese areas (APnef; Table 8). The proportions 01'
excretal P lha't were subjeeted lO lransfer losses from
non-camp lo stock eamp arcas in pastures wilh
annual sr applications of O. 188 and 376 kgjha were
estimaled lo be 21'4. 13·9 and 13·7% respeelively
(Plnc %: Tables 1. 2 and 8). Thus the estimaled
amounls 01' excrelal P Iransfcr to stock eamps in Ihe
0.188 and 376 kg SPjha Irealments were 1'3,3'1 and
4·7 kg "/ha per year respeetively. These transfer
losses in lhe 188 and 376 kg Sr/ha Irealmenls \Vere
similar lo lhose (12'5 %) qlloled in Ihe New Zealand
MAF P and S models (Cornforth & Sinclair 1984;
Sinclair & Saunders 1984) for pastures under intensive
rOlalional grazing syslems where lhe ralio 01'
SR: polenlial earrying eapacity is > ()·75 (Metherell &
Morrison 1')84). However. lhe eSlimaled lransfer loss
in lhe control pastures reeeiving no SP appliealions
\Vas substanlially higher. probably beeause nI' lhe low
SR (S ewes/ha) in lhese paslures.

In Ihe developmenl 01' the P Iransfer model for
estimaling exeretal P transfer to stoek camps (Table
8). horder lev~es heing on lop ora mound ofsoil (Fig.
1) and nol in direel conlacl wilh irrigation waler were
nol eonsidered lo be lhe major souree or sink of P in
nutrienl eycling in grazed pastures beca use of their
laek 01' adequale soil moistllre for paslure growth
(Nguyen 19(0). In addition. very limiled camping
oceurred on horder levees heeause oflhe fence running
along lhe top 01' Ihese levees.

The abo\"e assumption is juslified. since Nguyen
(1990) in another study on horder strip. irrigated.
grazed paslures \Vilh a similar soillype observed lhal
P transter losses lo slock eamps wilh Ihe inclusion of
horder levees as a souree or sink 01' " in grazed
paslures were similar to lhose where border levees
\Vere not eonsidered to be invol\ed in P eycling in
grazed paslures.

In addilion lo lhe exeretal P lransfer to stock
eamps. so me exerelal P \Vas also 10Sl from Ihe grazing
lrial lo cither lhe olf-trial area (Fig. 1) whenever
grazing animals were shifted from one replicate lo
annt her. or lo Ihe shearing shcd rol' LTUtchi ng. sheari ng
or drcnching (i.c. olf-rarlll losses). Sincc lhe period nI'

\tiS 119
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-----_._----~ -_ _ .. -----_----_ ..
-- - - -- ---

Sampling
tllne
Imonthl

Scptelllher
Octoher
NOVClllher
Dccemhcr
January
f\larch
:\pril
:\1ay

rotal

Scptelllher
Octoher
Novelllher
Decclllher
January
March
April
May

Total

Scplelllher
( )ctohcr
N""cmher
[)ccclllhcr
Janllarv
March
April
May

Total

P
DM concentration

(kgjha) IO~,)

146
600
780
974

1015
765
627
IXO

50S7

595
2356
1733
20X3
3607
1473
1110
Ll9

1309(J

(,X3
.\ 145
1750
21XO
4140
1955
1465
225

15543

/
Arca Icamp " non-camp)
SP inputs
Salllpling month

0·21
0·25
1),24
()·27
1)'24
()·28
()·20
0·21

IH7
0·45
0·38
0,37
0·35
(J,35
0·29
0·30

1),50
048
0·53
0-47
0·.\1;
()'45
0·47
0·43

- ';". _)

Camp

P lIptakc P uptake

(kg on area
lkgjha) hasis)'

P
DM concentration

Ikgjha) 1%)

Non-camp

(kg on arca
(kgjha I basis)*

-~-------- -_._--- ---_._----~-~---------

o kg/ha SP input
0,.,1 0'06
1·50 0,27
I'X7 0·34
2-63 0,47
2-44 ()'44
2·14 0·39
1·25 0·23
O·.\X (I.f)7

125 2·3

IS8 kgjha SP input
2·20 0-40

10·60 1·91
6·59 1·19
7·71 1·39

12·62 2·27
5·16 0,93
3·22 0·58
0-42 0·08

48·5 X'X

376 kgjha SP input
.1-42 0'61

15·10 2·72
9·2X 1,('7

10·25 I'X4
15·73 2'X3
X'XO 1',\8
(I·8X 1·24
0,97 O,I~

70-4 12·7

DM

D.F. S.E.

46·9
72-1

126·1

73
405
520
695
620
450
375
114

3252

384
1885
1284
1488
2060
" 33
926
110

9270

1),19
0·23
0·26
0·24
0·21
0·27
0,22
()'16

0·35
0,39
0·40
0·35
0,33
0·33
()-31
0·31

4XX 0·45
2030 0-49
1400 0·50
1615 ()'4X
2325 0-41
1448 0·46
1045 0-43

ISO 1)·39
10530

D.F,

P coneentration

S.E.

9
6

126

0'003
IHI07
0,011

0·14
0·93
1-35
1'67
1·30
1·21
0·83
0·18
7-61

1·34
7·35
5·14
5·21
6·80
3·74
2·87
1)·34
32,8

O·11
0·76
1,11
1·37
1'1)7
0·99
0,68
0·15
6·2

1,10
6·03
4·21
4,27
5,57
l07
2,35
O·lB

26·9

2·20 I·XI
9,95 X,16
7'00 5·74
7·75 6·J¡,
9,5.1 H2
6·66 5·46
4·49 3-6X
0·70 0·58

48·3 J%

P uptake <kgjhal

D.F.

9
6

126

S.E.

0·1:5
0·130
0·198

.. _--~------~------ _. __ ._---~--------------~----
- -- ----- -------- _-_ --- ---- - .- ------------ ----------- -----_ ---------------

9
(\

126

* Bascd (In <Inarca hasis 01' IX% Icarnpl and 82 % (non-campl nI' total grazing area.

Tablc 6. Dn' lIlalle/' p/'Odllclion <kg DM j/¡a). /¡erhage pllOspllOrlls cO/lcenl/'(/lio/l (% P i/l D/l1) (//1(1pllOspllOrlis
IIplake (kg P j Iw)/i'olll ('(//1'1' {//I(IIIOIH'illllp a/'cas slllllpled al ditl'ere/ll lillles in gra::ed pllSll/res lI'il/¡ I/¡ree difIerenl

sllperpllOsplwle (S P) i/lpl/IS

time in which the grazing animals were invol\'cd in
these activities accounted ror c, 10 days per year.
potential amounts of off-trial and off-rarm P losses
were estimated to be 2,7 % 01' lhe total excreta P
nlltpllt per year (Table 8) or 0,15. 0'61 and 0·94 kg
Pjha per year for pastures with annual SP applications
nI' O. 188 and 376 kgjha respectively,

P/¡OSphO/'llS IIp/ake in p/all/ roo(s a1ll1 phospllO/'liS
refllrlls lO soils fro/ll roo( residlies

Most of lhe paslure root DM production to a depth
01' 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 lhat soil sampling to a
depth 01' 300 mm for P and S analyses was adcquate
when assessing soil P status for predicting pasture P



PllOspllOrus c_rcli/lg (//I{llosses i/l gra::ed pus/l/res 97

••••••••••••••••••••••••••••••••••••••••••••••••••••••

. ; ,"-

.•_ •••••• ;...!t r..;' --¡."" .•••.", h.~ •.•._ .•._.•--.>~ __"',_ •.

-;thle 7. F(/c('{[I,o/a/ (p,) iI/I{l i/lorgil/lic pllOsp/lOrl/s (p,) CO/lcc/I/r{[/io/lS {[/I{I/he proportio/l ol'/(/('cu/ p/lOsphorl/.I'
./.1 illorg(//lic fi'{[c/io/l ill .\hccp /úecc,\' co!/cc/l'tlti'oll1 !'(/,\'/l/res u';/h /hree ditrere/l/ .l'l/perphospllll/e (SP) i/lpllls

Faecal P,

SP input
Ikg/ha per year)

----------------------
Faecal P,

("" P in DM)
Cllncentration
(°'0 P in DM)

Proportion
(% faecal P,)

--~~._----_._~------_._--------- -----------------------~-
o 0·52 0·29 56

I~S O·SO ()'60 75
376 1·07 O·XS 82

S.E. (6 D.F.) 1}()O3 ()-()O3
--- ~--_._--

thle 8. AIIIOI/II/S (kg Plha) o/'herhage phospllOnts Ulili::ed hy gra::ing sheep (/nd relllrned asfaeces /0 camp alld
'O/1-('{//IIP areas ,\'(/lIIpled al differen/ lillles in gra::ed pas/l/res u'i/II Ihree diflerelll superphvspllll/e (SP) inpu/s

, Animal P intake' Faecal P to'Sampling ------ Proportion (%) oflime Camp Non-camp Total Faecal P* faecalDM in Camp Non-camp(monlh) (APel) (APncl) IAP (IFaP) camp areas (De)t (FaPc) FaPnc)-------------

1)kg/ha SP input
September 0·05 0'09 ()'14 0·13 40·0 0·05 O'OSOctooer 0·22 ()'hl O'X3 0·75 40·0 (HO 0·45Novernner o·n 1),89 1'16 1·04 4(HJ 0-42 0'62December ()·3X 1·10 I-IX l," 40'0 053 O'ROJanuary 0·35 II'X6 1·21 1·09 31·5 1)·34 ()·75March 1).31 ()'79 1·10 0·99 32·1) 0·32 0·67.\pril I}'I~ 0,'4 11-72 1)'65 n5 O'N 0·41Mav IHJ6 0·12 ()'I X 0·16 37·5 0·06 0·10Total I·X2 '-00 6·82 h·14 2·26 _HR

1XXkgjha SI' input
Seplemher 11-32 11XX 1 20 I'OR 31·3 0·34 1)-74Ocloner 1·'3 4-X2 6·35 5·72 31·3 1·79 )-'13~o"emner 0·95 3-37 4.11 3-X9 31'3 1·22 2'67()eeemner 1·11 3-4~ 4·53 4-0S 31'3 1·2X 2·XO.lanuar\· I·X2 446 6·2X 5'65 21'5 1·22 4,4_1March ()·74 246 }20 2.X'X e_) 24·7 0·71 2·17"\pril ()'46 I-XX 2·.l4 2·11 24·R 0·52 1·5'lM:IV fH)(, O'~2 O·2X 0-2" 24-S fH)(, ni'))otal ( •.t)() 21-<;1 2X'50 25-(>(> 7'14 IX·52

376 kg/ha SP input
S~plcrnoer 0·49 1·45 1,<)4 1·74 30·4 O-53 1·21October 2·IX 6·53 :-;,71 7-S4 30-4 2·3X 5-46\1o"crnner 1·34 4 59 )'93 5·34 30·4 1'62 3·72Dcccmoer 1-47 5'09 1\·56 5·90 30·4 1·79 4·11January 2·26 6·26 X·52 7'66 24·5 I·RX 5·78\1areh 1·26 4·37 5'63 5·07 22·4 1·13 3-'14'\pril f)'99 2·94 3·93 3·54 23·5 O'X3 2·71May 0·14 f)'46 O'ÓO 0·54 23·5 1)·13 0-41Total lO 13 31'69 41'X2 .\7'63 10·29 27-34

-- ~
-.dculated using parametcrs and equations rrorn Tables 1 and 2. Sce Table 1 ror abbrevialíons.
)ntained from Table 5.

.uiremenl. ROOI D!\1 production was higher in
'Ing and alllumn lhan in Sllml11er or winler (Tahle
fhis seasonal pattcrn \Vas similar lo lhat ,hown hy

paslllre herbage (Ngllyen 1'1 al. 1(89). Lower rOOI
DM production in lhe SP-treated paslllres compared
with the control (Tahlc 9) was attrihuted lo the higher

~- '
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rabie 10. qj'cc/s IIr /II/'(.'e dillérell/ sl/perpllOsplw/e (S P) /rCl//lllell/S l/mI /(>I/r .Hllllplillg sea.HI/lS (!985 /86) (1/1 rOIl/
p/¡ospllOrl/S co"ce"/ralin,, l//l(! rool pllOspllOrl/s l/plake

------- _._.,---,--------

SP input (kgjha per ycar)

Root P concentration Root P uptake
(% P in DM) (kg Pjha)

_,._--_._ ---- - ._-- -- _._-
Salllpling date O IR8 376 O 188 376

-------

Spring (October 19R5) 1)·13 0·20 0·24 11·4 I!~'I IR'5
SUlllmer (February 19R6) 0·12 0·19 0·21 11·<) 1J·R 13·5
¡\ulumn (¡\pril 1986) 0·12 0·15 O·IX 11'0 14·5 11,8
Winter (June 1986) 1),12 0·20 0·24 10·5 1(,.4 16'X

Mean 0·12 0·19 0·21 11·2 15·7 15·2
D.F. S.E. D.F. S.E.

Salllpling date n 0·012 27 0·1<)
Treatment 6 0'009 6 0·12, Treatlllcnt x salllpling date 27 0·014 27 0·30

rabie 11. ..JIIIOl/llIS (¡tg P/g) ol' soi! lo/a! phosphorlls a/ jólIr ditl'erent soi! dep/hs or Ihe /1laill gra:illg area
f hort/er s/rips) prior lO (/952) l//l(! 35 ,l'cars a/fer (1987) rcceil'illg //¡rcc dijferelll {l/mI/a! slIperphosphate (SP)
/Ilpl/IS, illcll/dillg soi! hl/lk dC'llsily am! mll/cs of' soil /(l/al phosphorl/s (kg/ ha) alter corrcc/ioll for bl/lk dellsily

1987
Soil

salllpling
depth
(mlll)

Soil
bulk

dcnsit\'
(gjcm·i)

SP input (kgjha per year)

1952 o IXX 376 S.E. (61).1.)

0-75
75-150

150-225
225-300

1·01 (_~'I)t
1·11 (2·:1)
1·23 (1'5)
1·24 (2·2)

Uncorrected for soil bulk density
710± 13* 750 930 1150
670± 10 715 RR5 1010
600±16 625 680 740
505::: 11 SOO 500 510

Corrected for soil bulk dcnsity
538 568 704 X71
558 595 737 841
5~ M3
470 474

10·1
12·1
11·5
8·7

!) 75
75 150

150--225
225--JOO

50il P, (O 300 mm) 2120
Changes in P, ({)-JOO mm)

Oyer a J5-year period
Annually

577 627
465 465

2205 2533

85 413
2-4 11·8

2869

9·2
10·1
8·7
8·7

21·7

749
21·4

- --------- -----------~---_._-_._-------_._------ ----------_--- ------ -------~--

Mean ± S,E.

Coelficient 01' variation in parenthcses.

1):V! produelinn 01' Ihe planl 10ps at the expense al' lhe
ronl DM prodllction in lhe former.

Phosp,li~rlls eantenl in pastllre roots was IOllnd lo
retlect lhe previous SP lop-oressing history (Table 10)
.1I10 was higher in SP-lreated paslllres that in the
c:ontrol. A similar pattern was obser"ed for herbage P
Cl)ntent (Table -,).

The mean annllal P lIplakes hy pastllre roots in Ihe

(l. 188 and 376 kg/ha lrealmenls were 11'2.15·7 ano
15·2 kg Piha respecti"ely (Tahle 10). Puhlished data

• ,c::;ggests Ihat there is a 50 % lurnover of root hiomass
each year in freqllently grazeo paslures (Middletan &
Smith 1978; Parfitt 1980). Thlls lhe annual roal P
residlles in the O. 188 and 376 kg SP/ha treatments
were estimated to he 5'6. 7·9 and 7·6 kg P Iha. Since
o\'cr 98 filO 01' root P in these SP treatments was
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pn:s.:nl as P" (dala nol pr.:s.:nl.:d). almosl all 1'001 P
residu.:s were consid.:r.:d lo b.: assimilaled inlo lhe
snil P, pool.

C/W/lges i/l soil phosplwrus orl'/' IOllg-lc'/'I/I pllslure
d('I'('loplllelll (//1(1superp/lOsp/lclle applicaliolls

Signilicanl amounls orsoil P, accull1ulated lo a úeplh
01' 0-225 mm in all trealmenls aft.:r 35 years 01'
paslure developmenl Wilh or wilhnul annual SP
applicalions (Tahle 11). Changes in soil P; and P" with
time in lhe lopsoil (0-75 mm) nver a 35-year period
have also been reponed (Condron & Goh 1989:
Nguyen el (/1. 1989). Excepl ror lhe 7-year period
following lime applicalion in 1972. lhe accllmulation
nI' soil 1', in alllrealmenls \Vas linear (Quin & Rickard
1981: Nguyen el al. 1(89). Annual rales 01' P
accumulalion in lhe major planl rooling zone
(O .100 mm) in lhe conlrol. 188 and .176 kg SP Iha
lreatmenls measured by the increase in soil P, (kg
P/ha) after ]5 years 01' lhe grazing experiment.
rclalive to lhat in lhe soil al the heginning (1952) 01'
this experimento were eslimated to be 2-4. 11·8 and
21·4 kg PIha per year respectively (Tahle 11). Soil
bulk density at each sampling deplh 01' the lllain
grazing arca (border slrips) was round lo be unatfecled
by ditferent SP lreatlllents (dala not presenled) and
unchanged over ]5 years (D. S. Rickard & B. F. Quin.
lInpublished). Thus only data 01' lhe Illean 01'soil bulk
density lor these SP lreatments (Table 11) was used in
the conversion 01'soil 1', rrom Ilg l' Ig to kg PIha basis.

The accumlllated soil P, in Ihe main grazing arca
(1l01l-Call1p snil) 01' lhe control lrcalmenl was attri-
huled lo an increase in lhe soill'" rraclion (Tablc 12).
whilc SP applicalions enhanced the accllmulalion 01'
!J()lh soill'" ami P, rraclions and increascd Ihe ratio 01'
soil P,: soil 1'" in lhc 0·225 lTIllldeplh (Tahlc 12). The
higher soil P,: P" in SP-Ireated paslllres was attribuled
lo a higher accumlllation 01' soil P; relalivc lo soil Po>
in lhese paslures (Table 12).

Thc higher accllmlllation of bOlh soil Po>and P;
fraclions evcn lo lhe dcpth 01' 150-225 llllll (Tahle 12)
in SI' trcatments rclative lo that in the control.
suggests some leaching 01' cither or bolh P fractions
rrom soil 1'" and P; pools in ¡he topsoil (0-75 mm).
applied P rertilizers. and faecal P (Bromfield & Jones
1970: Campbell & Racz 1975: Schoenau & Bettany
1987). This could also be due to a nllmbcr of
other ractors sllch as the preterential tlow of
dissolved particulate soil organic matter or raecal
materials down soil lllacropores by irrigation water
(Kanchanasut el al. 1978: Kanchanasut & Scotter
1982: Blair 198:1). lhe distrihution and decomposilion
01' plant root l' residues (C1ark el e/l. 1(80) and the
incorporation and transportation 01' raccal P. planl
litter P and soil P rrom Ihe 0-75 mm deplh to Ihe
lo\\'er soil depth (150-225 mm) by carlhworms and
olhcr soil rauna (Syers & Springett 1984). These

/
I

I

.h'.·~_·_·_ .~__.. 4_·.._.•_ ..•...•.".•........._..,¡ __ ~· !~ ,'''';''.

sllggestions werc further supported by the ¡¡nding
that. compared with the control trcatment. higher
DM production in SP-treatcd pastures (Nguyen e/al.
1989) allowed higher SR to be carried and hence there
was higher relllrn of animal excreta and plant litter
(Tables 3. 4 and 8). Consequently the alllounts of
plant and raccal P residllcs that wcre likely to be
cxposcd to earthworm activity. lcaching or prcfcr-
ential f10w frolll soil surface to a dcpth 01' 225 mm
would be higher in SP-trcated pastures than in the
control trealmen!. This P movelllent is unlikely to
occur beyond a dcpth of 225 lllm since there was no
significant diffcrence in soil P" soil P or soil P at
225-300 111mbctwccn dilfcrent trcatm~~ts. '

Acclllllulation o{ soil p/lOspllOrtls in calllp a/'eas

Amounts (~lg P/g) 01' soil P" soil P; and soil P"
within 0-225 111msoil depth 01' the camp arcas wcre
sigllllicantly higher in SP-trealed paslllres Ihan in Ihe
control (Tablc 12). probably rellecting the higher
faccal P retllrn in the SP trcatmenls (Table 8). The
presence 01' higher soil p¡ al Ihe 0-225 mm depth in
the camp arca 01' Ihe 376 kg SP Iha trealment. relative
to thal in the 188 kg SI' Iha treatment (Table 12) was
in agreement with Ihe rcsult obtained from the non-
camp soil (Table 12). This showed thal an increase in
annllal SP applications rrom 188 to 376 kg SP Iha
enhanced the accumulation nI' soil P, in both camp
and non-camp arcas. This was attributed lo Ihe
oversupply 01' P inpuI rrom Ihe 376 kg SP Iha
treatmcnt ror pasturc mainlcnance P requirelllent
(Ngllyen el (/1. 1989), leading lo an acculllulation 01' p¡
in la hile and Ca-hound forlllS (e.g. NaHCO,,-cx-
traclable P and HCI-extractable P) (Condron & Goh
1989). The mean of soil bulk density ror each sampling
depth in camp arcas (border crlltches) 01' the thrce SP
Ireatments (Table 13) was llsed in the conversion 01'
soil P, rrom Ilg PIg to kg PIha. since it was found Ihal
Ihese trealmenls did nol significanlly atfect soil bulk
densily in camp areas (data nol presenled).

Amounts of soil P,. soil P; and soil Po>al the depth
01' 225-300 mm in the camp arcas were found to be
unaffccted by differenl SI' inpllts (Tables 12 and 13.).
In addition. these amollnts were similar to those in
non-camp areas at Ihe same soil depth (Table 11). The
results suggest Ihal leaching of bolh P, and P" beyond
225 mm depth in this low phosphate-retaining soil is
unlikcly to occur not only in the non-camp hut also in
camp arcas. although the lalter rcceivcd higher faecal
P returns (Table 8) and showed higher soil P; and P"
in Ihe lop 225 mm soil dcpth Ihan that 01' non-camp
areas (Table 12).

By comparing the amounts (kg P/ha) 01' soil P,
wilhin thc major rooling zone (0-300 mm) in camp
and non-eamp arcas. the estimated amounts of P
gains in camp arcas of the control. 188 and 376 kg
SP Iha trcatmenls dlle to excrelal P transfer (Table 8)
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Table 13. AII101I11ISni .mil IOlal phos(lhorus (kg PIha) correclcc!./(¡r .millmlk c!c/1sily at /áur dil!cre/1t .wil deplhs
i/1 ClIIllp arcas o(gra:::ed paslures aficr 35 rClIrs It'itll IlIrcc dijTcrc/lt sllpcrpllospllatc (SP) inputs

.._- --~._----- -_._----_ --- ---- ------ ----- ._--__ . ~._-

Tahlc 14. AlI1ou/lls olsoi{ 10101(lIIO.I(llIol"IIs (P,) al 0-3()() 111111de(llll i/l mlllp a/l(//l0I1-camp arcas o(llIrce di/l(>rc/11
supl.'rpl/()sphale (SP) Ireallllc/llS !>cf(¡re allllatia correclio/l./ár the prap0r/io/l o( Ihese areas i/1 eaclI Irealme/l!

allll eSlill1aled Irllllstá gai/ls ni pllOspllOl"IIs i/l C{lIIIP soils

• Ohtaincd from Tahks 11 ami IJ.
t Based on camp ane! 110n-camp arcas occupv;ng 1X ami X2% 01' the total grazing arca respectively.

Estilllatcd as the propnrtiol1 oi" the uilkrence bctwecl1 (1'." + p,,) anu p," llVer a pcriou 01' 35 years.

So;1 sampling e!cpth
Imm)

Soil hulk
dcnsity
(g/cm")

0-75
75 150

150-225
225-300

Total (0-300)

1·01 (2·7)'
I'()I (24)
1·15 (l''})
1 19 (1'5)

• Cocllicient 01' variation (%) in parcnthcses.

kg P Iha hasis'
SP input
(kg/ha per
year)

Nlln-camp
p,"

o
IXX
376

2390
310R
354!;

2205
2533
2869

were 0·9. 2·9 ami 3·5 kg P/ha per year (Tahle 14)
respectin:ly. These estimates ha seu un soil P, were
similar to those (1'3. 3·1 anu 4·7 kg P/ha per year)
eSlimated earlier using lhe P transl"er mouel.

,,
I Rc("ol'l'rr nI ap/?!i"c! pho.<¡i/llmIS i/1 soil plalll -il/limal

SI'Sle/Jls

The proportion 01" applieu P recovcrcu in lhe major
soil moting zone (O-30() mm depth) \Vas fOllnd lo be
lInalfeclcd by lhe rale 01" SP applicalion ami was
eSlllnated to range frol11 53·6 lo 54·2 '~'" (Table 15). By
including the annual amounts 01' P cycling in hoth
plant ancl animal P pools. lhe proportions 01' applieu
l' recovered in the soil-plant-animal system ín lhe 188
and J76 kg SP/ha lreatmenls were estimaleu to he
94· J anu R3'1 '~/o respectivcly (Table 15). These results
slIggcsted thal 5'7··1(,.9% nI' lhe applied P \Vas not
rccovcred. Approximately 11·7 -12'6 '\, o" lhe applicu
P \Vas estimated to he transrerred to stock call1ps or
lost lo off-lríal anu olf-rarm sites (Table 15). Thus lhe
remaining applicd P lhat was not accounted lor in lhe
,oil~-plant-animal syslem (i.e. 0-5'2 u/u 01' applied P:

SP input (kg/ha per year)

() 18R 376 s.E. (60.1'.)
- ..-._-----~-----------------_ .._----~---_._-----

697 10ól 1265 20':!
621 871 1042 18·8
612 712 772 14-4
460 464 469 10·1

2390 3108 3548 24·6

Soill',

kg P 011area basist

Non-camp Total
p,," (P'II +P,,)

P lransfer!
(kg/ha

per year)

430 IS08 223R 0·9
559 2077 2636 2·9
ú)9 2353 2992 3-5

------- - --~

Table 15) was pnstulaled lo he losl hy lateral P
transICr via the Iloating 01' dry faeces in irrigation
waler as it moveu along lhe border strip from lhe
headrace lo lhe hottolll nI' lhe horuer strip (Fig. 1).
elose & Woods (1986) recordeu a significant increase
in P concentralion in irrigation waler as il Illoveu
frolll lhe top to lhe bottom 01' the border strip.

Practica/ illlplicatiolls

As shown in lhis stuuy. long-term SP applications
to irrigated. sheep-grazeu pastures resulteu in the
accllmulalion 01' both soil p¡ and P" rractions to a
uepth 01' 225 111m. This accumulation was mainly
from plant litter. sheep excreta. microbial P immobili-
zation and ausorption 01' rertilizer P on soil colloids.
The accul11ulateu soil P may playa significant rolc in
sustaining both pasture anu animal prouuction.
especially afler the withholding 01" SI' applications.
The degrec 01' this P sustainability needs to be
examineu in the light 01' lhe increasing econolllic
pressure on Australasian farmers to reduce fcrtilizer
inputs.
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rabie 15. Phosphortls poo/s l/1Il11'11IISl'hortls illpllts fo l/1Il/ O/l(pUfSFOIIl fhe soi/-p/lIllf-lInimul s.I'sfem in gra=ed
pasfllres l1'ifh f/¡ree difierenf superpllOsplwle frcalmCIllS

P pools. inpllts and P Olltputs

Amounts 01' P (kgJha)

SP input (kgJha pcr year)
O 188 376

4 4 4

O 17·5 35
O 612·5 1225

2205 2533 2869

S5 413 749
2-4 11·8 21·4

328 664
53'6 54·2

8:1 29·1 44,(>
0,(> 1·2 1·4
5·9 22·1 34·3

1·3 3·1 4·7
0·2 0'6 0·9
1·5 3·7 (12,(»· 5·6 (11'7)·
1·6 5·R 8·9
5·6 7·9 7·6

10·2 26·7 39-3
94·3 83·1

• Excretal P transfcr expressed as a percentage 01' applied P arter taking into account lhe amount of excretal P transfer
111 Ih~ control Ircatlll~nt.

Soil weathering
SP rertilizer

per year basis
over 35 years

Soil P pool
Il soil P due lO pastllrc devclopmcnt and SP applications

m'cr -'5 years
per year basis

el sl1il P over 35 years due to SP applications
Rccovcry (o~,) 01' applied P in soil
Hcrhage P pool
Animal P rcmoval
Excretil P outpllt
Excrelal transrcr to

stock camps
ofr-farm and off-Irial sites
lotal transrcr Insscs

Plant P residue
Ront P rcsidlle
P in soil plant ..animal pools
Rccovery (''lo) 01' applied P in soil plant-animal pools

The accumulated soil P" and P, to a depth 01'
225 mm suggests that both P, and P" from SP fertilizer.
plant rcsidues. sheep facces and soil P may be leaehcd
"1' transported by earthworms frum the topsoil
11) 75 mm depth) to lowcr soil depths (75-225 mm).
Howe\'er. this P movement was unlikely lo occur
heyond Ihe major rooling zone (0-300 mm dcpth).
;Ind hence mosl of the applied P e"en at the highest
rale 01' 376 kg SP Iha. which exceeded paslure plant P
re4uiremenls. was accounted for in the soil ..plant ..
"nilllal syslem. Phosphorus losses in surface run-otf
\\cre unlikely lo be lhe major concern on lhese
'ITigaled. sheep-grazed pastures since lhese losses
.ICl:ounted/for < (,% 01' lhe applied P.

Grazing animals played a signifieant role i'n lhe
I'ccycling 01' P from paslure herbage to lhe soil via Ihe
rcturn 01' sheep faeces, Sheep faeces consisted 01' both
1', and P" fraclions. and lhe proportion 01' faecal P as
i' increased with increasing SP inpuls. The return 01'
:'aecal P lo lhe soil may play a significanl role in
i'rO\iding P for pasture plants. Future studies on the
.kcnmposition 01' sheep raeces anel the planl avail-
¡hility of P in sheep facces of irrigated. grazed
i'a st u res élre wa rran ted.

Allhough grazing animals might playa major role
In P rccycling in grazed paslures. lhey were also

responsible ror a considerable arnount (14-22 ''/o 01'
excretal P) 01' P lransfer as excreta rrom lhe main
grazing arcas lo stock camps. This lranster may be
reduccd by managemenl practices such as rolalional
grazing at high SRs. In addilion. lhe elficiency 01' lhe
utilizalion nI' P rertilizers in irrigated. sheep-grazed
paslures can be improved when P rertilizers are
applied only lo the main grazing areas (border strips)
and not lo lhe enlire grazing area which ineludes the
animal camp (border crulches) area.

CONCLUSIONS

.P:.is sludy shows lhal long-lerm sr applications
resulted in the accumulation of both soil P; and P"
rraclions. The accumulatcd soil P provided significant
amounls 01' P for pasture requirements. Leaching
losses of P from SP fertilizer. plant litter. root residues
and sheep faeces were unlikely lO occur beyond the
major soil rooling zolle (O--3{)() mm) in Ihis lo\\'
phosphatc-retentive soil. Most 01' lhe applicd P was
accounted for in the border strip 01' Ihe irrigated .
sheep-grazed pasloral syslel11. To improve lhe ctTIcient
use 01' applied P. SP should be applied lo border strip~
(non-camp) and not lo the enlirc grazing area. The
excretal P transfer loss may be reduced by man-
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Soluble organic nitrogen in agricultural soils
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Abstraet 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-1 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
elearly an important pool in N transformations and
plant uptake, but there are still many gaps in our un-
derstanding.

Key words Dissolved organic nitrogen . Soluble
organic nitrogen . Nitrogen transformations
Nitrogen loss . Leaching
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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-1 and mostIy < 1 kg N ha-1 out of a total
leached of 50 kg N ha -1, 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 -1, 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 progre ss 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-1 (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 inelude organic N which is virtually
inert (Hsieh 1992) as weIl 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
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fertiliser, manure and atmospheric deposition, and de- Measuring SON and DON
pleted by plant uptake and immobilisati.on by micro-
organisms, by denitrification and by leachmg ..AIt~oug? Extraction of SON from soil
microbial N comprises only 3-5% of total N m s011,ml-
neralisation, immobilisation and denitrification are all
microbially mediated processes. . .

The importance of NH:t-N and NOj-N m crop nu.tn-
tion and the environmental and possible health Im-
pac;s of NO) in groundwater has focused attention on
the study of mineral N (Archer et al. 1992). H?wever, .a
pool of soluble forms of organic N of equal slze 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, KC1, 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 si~e
nor of the same composition. Soluble pools of orgamc
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:t-N (Men-
gel et al. 1999). SON is therefore likely to be an impor-
tant pool in N transformation pathways aild 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 ~nd
crop nutrition is essential for .a proper under~tandmg
and prediction of the produchon, transformatlon and
fate of N in agricultural systems. .

In forest systems increased leveis of atmosphenc
deposition have increased the N content o~ soil and
brought many forest soils close to N saturatlOn (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 ~ leachi~g
through a deciduous forest soil was present m orgamc
formo 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), s~ggestmg 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 smce Lawes
and Gilbert (1881) first analysed rain and drainage wa-
terso We review methods of extraction, pool sizes and
the role of SON and DON in N transformations and
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Soluble forms of N can be extracted from soils by shak-
ing with water. However, such ~x~ractions ca~se the
dispersion of clays and it can be dlfflcult to obtam 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 CaCh, KCl and
K2S04• Salt extracts may disturb adsorption equilibria
on soil surfaces and release organic N, which was not
originally dissolved (Fig. 1). The SO~ pool in .soils ca~-
not be measured directly by extractlOn, but mstead IS
determined by subtracting the mineral N concentration
from the total soluble N (TSN) concentration. Kjeldahl
digestion was fírst used in this way to .deter~ine TSN in
seawater; it has also been used for s011solutlOns (Beau-
champ et al. 1986). This method is based on the reduc-
tion of N to NH:t-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 SC?N ~o be mad~ i~
recent years. Persulphate (K2S20R) OXldatlOn was ongl-
nally used for the analysis of seawater (D'Elia 1977;
Koroleff 1983) but has been modified to determin~
TSN in fresh water (Solórzano and Sharp 1980) and s011
extracts (Ross 1992; Cabrera and Beare 1993; SI:>ar~ing
et al. 1996). K2S20S oxidation is based on the pnnclple
that, in the presence of a strong oxidising agent, both
NH+-N and SON are converted to NOj-N. Complete

4 '1oxidation is achieved by autoclaving the SOl 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-
pies (100 per day) and require only simple labo~atory
equipment. This technique has become popul.ar m re-
cent years for determining 5MB-N from the dlfference
in TSN between chloroform-fumigated and non-fumÍ-
gated soils (Ross 1992; Sparling and Zhu 1993; Murphy
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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). lt 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 K2S20¡¡ 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 K2S04 soil ex-
tracts, comparing Kjeldahl digestion and K2S20g 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
K2S20¡¡ 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 K2S208 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 KCI)
or 5MB-N (0.5 M K2S04) 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 day loam and
day loa m (Fig. 1) suggest that water and KCI extract
comparable amounts of SON from non-day soils, but
that day soils contain TSN only extractable with KCI.
This is likely to be NH:j-N or organic N adsorbed on
cation exchange surfaces on the day.

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-
N03) and organic (EUF-Norg) 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 termo 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 CaCh were
highly correlated, and conduded that the two tech-
niques were interchangeable. Feng et al. (1990) found

that the EUF-Norg fraction was larger than the pool of
N extracted with CaCh 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 Norg fraction than CaCh 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).
AII 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
ando by some, Iysimeters) are made of a hydrophilic
material containing small pores, typically kaolin day.
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 NO_3-Nleaching, 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 Iysimeters is in dose agreement (Webster
et al. 1993). They do not work well on poorly drained,
heavy day 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 use fui 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 remo ve 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 POl- (Hansen and Harris
1975). Because DON contains molecules that adsorb
and absorb strongly, ceramic suction cups are unlikely



Table 1 Mineral amI soluhle organie N pools (kg N ha-1) extraeteu in 2 M KCI for 12 soils (0-30 cm) unuer arable eropping in spring
1999. Values in parcntheses are SEMs (11 =3). BD Bulk density, SON soil organie N

Soil Soil suhgroup USDA great Texture Previous erop BD Mineral SON
(SSLRC) group (g em-3) N

1 Typieal hrown earth Dystroehrept Sanuy loam Winter wheat 1.01 26 (6) 29 (8)
2 Typical argillie hrown earth Hapluualf Silty loam Winter wheat 1.44 35 (3) 33 (3)
3 Stagnoglcyie argillic Hapludalf Sandy clay loam Winter oilsceu 1.42 37 (3) 22 (4)

hrown carth rape
4 Stagnoglcyic argillie Hapluualf Sanuy clay loam Winter wheat 1.27 81 (8) 30 (1)

hrown earth
5 Gleyie argillie hrown earth Hapluualf Silty clay loam Cclcry 1.31 26 (1) 34 (1)
6 Typical humie-alluvial Haplaquoll Clay loam Winter wheat 1.41 32 (2) 28 (3)

glcy soils
7 Brown renuzina Eutrochrept Clay loam Fielu pcas 1.31 21 (3) 33 (1)
8 Brown renuzina Eutrochrept Clay loam Wintcr whcat 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 Wintcr wheat 1.26 33 (2) 27 (2)
11 Typieal ealcareous pelosol Haplaquept Clay Wintcr wheat 1.36 27 (2) 33 (3)
12 Typical calcareous pelosol Haplaquept Clay Winter harley 1.08 27 (2) 23 (3)
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to be suitable for measuring DON. QuartzlTeflon
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 Iysimeters
(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 los s from a block of soillarge 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-

377

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 K2S04-extractable SON varied seasonally
between 8-20 kg SON-N ha-1 in a coarse sand and
15-30 kg SON-N ha-t 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-t) and pasture (28 kg SON-N ha-t) on a loa-
my sand (0-10 cm) of low organic matter content. As-
suming a bulk density of 1.5 g cm-3 for the O to 30-cm
layer, Mengel et al. (1999) removed a CaCh-extractable
SON pool (fraction 1, 20°C) of approximately 30-45 kg
N ha-t from 17 arable soils. Our data (Table 1) show,
for a wide range of soil types (O to 30-cm layer), a KCI-
extractable SON-N content of generally 20-30 kg SON-
N ha-t 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-a rabie experiment (described by Johnston 1973) we
measured SON contents in the O to 25-cm layer ranging
from 7 kg SON-N ha-t under continuous arable crop-
ping to 18 kg SON-N ha-t after 8 years of grass ley.
These accounted for between 33% and 60% of the
TSN. Our measurements of SON in the O 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-t, 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-
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Fig,2 Thc dynamics through ayear (1 October 1996-30 Septem-
ber 1997) of the mineral N and soluble organic N (SON) pools
(cxtractcd in 2 M KCI) in thc surfacc soil (0-23 cm) under a con-
tinuous arable plot (a) and a short-term ley ploughed up immedi-
atcly 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-I) 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-
lOns, and the relative concentration of hydrophilic
acids increases in drainage from upland soils as the
thickness of the mineral horilOns 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 2 + 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, ami no 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 Trust y 1997), Fourier-
transform infrared spectroscopy (Candler et al. 1988;
Gressel et al. 1995a; Kaiser et al. 1997), 13C-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.
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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 NHt-N or only to SON is im-
portant.

Appel and Mengel (1993) have suggested that
CaCIz-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-Norg to the
appearance of mineral N by using 15N-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-Norg fraction was not
sufficient to account for all of the production of 15N_
labelled mineral N. The authors also found that a large
(but unknown) fraction of the EUF-Norg derived from
the rape was not easily mineralisable.

Murphy et al. (1998b) found that changes in the size
of the KCI-extractable SON pool in a loamy sand under
pasture and wheat paralleled gross N mineralisation
rates. We have recently found that the production of
KCI-extractable SON during aerobic incubation is sig-
nificantly correlated to gross (r=0.73, P<O.OOl) and
net N mineralisation rates (r=0.68, P<O.Ol) 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 NOj'-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 0111-

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)
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measured a decline in the size of the soluble amino-N
pool in soil under tallgrass prairie that coincided with
an increase in 5MB 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 (ami no-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 rales.
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

NHt 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
NOj"-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 CN ratio of the
substrate utilised by heterotrophic micro-organisms in a
forest soil was similar to that of the K2S04-extractable
organic pool in that soil. They also showed that the
K2S04-extractable SON pool declined when the chloro-
form-labile N pool (i.e. 5MB-N) increased, and sug-
gested that extractable SON is a major so urce 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 NHt-N, while all of the am-
ino-N disappeared from the soil, presumably due to di-
rect assimilation by the 5MB (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 5MB, and Jensen et
al. (1997) found no significant increase in the amount of
SON in soil after amendment with 4 and 8 t 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 SONI
DON. This is further supported by studies of nutrient
dynamics on tropical soil amended with green manures,
which showed tile 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 CN 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 CN 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, suluble organic N SON or dissulved organic
N (DON) contcnts (kg N ha-I) in thc soil profilc (0-75 cm) and
drainage solution collccted from tile drains (Scptembcr-Novcm-
ber 1998) located at a soil depth of 65 cm undcr plots of thc
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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

Bruadbalk whcat experimcnt. Valucs in parcntheses are SEMs
(n =4) NO No N applied, N144 144 kg ~NH.)zN03-N ha-I year-I,
N288 288 kg (NH.)zN03-N ha-I year- , FYM farmyard manure
with a N contcnt equivalent to ca. 240 kg N ha-I year-I

Mcthod Mcasurement NO N144 N288 FYM

Soil extractiuna Mineral N 19.3 (1.3) 35.9 (1.3) 49.3 (2.2) 82.9 (3.0)
SON 46.9 (8.9) 23.7 (8.7) 55.3 (11.7) 60.5 (11.9)

Total drainagcb Mineral N 9.9 6.3 29.0 52.0
DON 1.2 1.1 2.5 7.0

a Soil profiles (0-75 cm) sampled on 7 Dccembcr 1998 and ex-
tractcd using 2 M KCI
b Assumes that 200 mm of total drainagc (tilc drains plus Icaching
thruugh to chalk) occurs over the total leaching pcriod (Scptem-

ber-March). Valucs calculated using an average concentration of
mineral N and DON concentration from the tile drains over (he
period September-November 1998
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Wales. They found that, within the organic horizons,
DON was >90% of TSN, but that deeper in the soil
profile N03-N predominated, suggesting the transfor-
mation of DON to NOj-N during percolation.

The current perception is that, in agricultural soils in
temperate climates, NOj-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-
pies collected from the drains and suction cups. DON
in drain waters is compared with SON measured in KCI
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 stilllost in an organic formo 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 (NO=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 Iysimetcrs 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 NOj-N,
or whether it is retained in the soil. It is also unclear
whether DON leaving soils can be transformed to N03-
N in surface- or groundwaters. If SON is being mineral-
ised during percolation through soil then it is included
in measured losses (as NH;t-N, always small. and NOj-
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 NOj leach-
ing studies, and leached DON may partially explain the
imbalance that is sometimes calculated in experiments
tracing the fate and recovery of 15N-Iabelled fertiliser
(Glendining et al. 1997). This is supported by findings
of Németh (1985), who found that fertiliser N was re-
covered in both EUF-N03 and EUF-Norg fractions, and
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concluded that it is necessary to measure the easily mi-
neralisable EUF-Norg fraction in fertiliser-recovery
studies. However, Appel and Mengel (1992) did not
measure an increase in the size of the EUF-Norg 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
NHt-N and N03-N, with N03-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 NOj-N or
NH;t-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 1 year of measure-
ments, NH;t-N and amino acids were the dominant
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forms of N under sub tropical 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 NHt-N. Appel and Mengel
(1990, 1992) found that the size of the organic N pool
extracted by EUF or CaCI2 did not decline in sandy
soils during the growth of rape plants, although this
lack of change in the size of the SON pool do es 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 15N 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-1) increased both the EUF-N03 and EUF-Norg

fractions compared to soils given no N. Mercik and Né-
meth (1985) also found that leaching of EUF-N03 was
greater under potato monoculture compared to rye
monoculture. On the Broadbalk experiment at Roth-
amsted, less SON was present where wheat followed
potatoes compared 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 Dorr
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 mineralisationJimmobil-
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-1 (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-1 (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 growthlturnover and exudates) ap-
pea red 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 Ca2+ and Mg2+ 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
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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 rni-
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-N03 and EUF-Norg 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-N03 plus EUF-Norg)

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 beca use the processes and conditions
which promote and consume SON are not, as yet, well
defined.

Conclusions

Concerns over the environmental and health impacts of
N03"-N leached from agricultural soils, as well as the
importance of NHt-N and N03"-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 N03"-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 wiU stimulate
research and enable workers to begin to answer these
questions.
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NATURAL ANO ARTIFICIAL SOCRCES OF ~ITROGEN A~D PHOSPHATE
POLLUTION OF SURF ACE WATERS IN THE NETHERLANDS

J.H.A.M. 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.

l. INTRODUcrION

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 1n 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 -3 N (~1inisterie 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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rabie 1 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

3.0 LO 3A 7.8

2.0 <0.5 2.1 6.0

4.0 2.0 5.6 O '-.,

0.3 0.05 1.2 lA
'.

Kjeldahl-N
NH;
NO;
Total-P

(g.m-3N)
(g.m-3N)
(g.m-3 N)
(g.m -3 P)

pollution source is to blarne for this and what can be done to minimize pollution. A
necessary and use fui 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 Rhme
is transported directly to the sea. Moreover, large differences in nitrogen and phosphorus
¡oad 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.

e
POLLUTION SOURCES OF NITROGEN AND PHOSPHATE

2.1. 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. lt therefore is not correct

to ascribe this pollution to rain alone.

rabie 2 Nitrogen (g.m -3 N) and phosphate -:ontents (g.m -3 P) of precipitation

~easuring Number of Nitrogen Phosphate Literature

period stations
mineral· total· • ortho total

"'.

'32-'37 0.6 Leeflang (1938)

'73-'75 2.4 3.1 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 NO;; "Kjeldahl-N and NO;; - not analyzed.
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1ñe chemical composition of the precipitation (table 2) has changed considerably as
a resuIt of increasing agricultural and industrial activities and traffic intensity. In the
period 1932 through 1937 an average concentration of 0.6 g.m -3 N has been measured.
Now a total-nitrogen concentration of 3.0 g.m -3 N seems to be an acceptable value.
For total-phosphate the average concentration is 0.10-3 P. The yearly arnount 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
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 loado 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 groundwate.r 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~s for one
type of soil was rather wide. For sandy soils total-phosphate concen trations of 0.15 g.m-

3

P as well as 0.01 g.m-3 P have been found. Therefore the calculation of the natural
mineral load of groundwater in a certain area should be b'lsed 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 ofsaline groundwater (table 4).

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

Soil type Number of Nitrogen (g.m -] Nl Phosphate (g.m -] P)

nature
areas Kjeldahl-N NO~ total ortho total

Sand 3 0.9 0.3 1.2 0.02 0.05

River clay 0.5 0.4 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.l5

Mesotrophic low moor peat 4 5.l 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 (10 m _ 100 m) of some
areas in The Netherlands. The number of analyses placed between brackets

Area Nitrogen
(g.m -3 N)

Phosphate
(g.m-3p)

Literature

Groningen, Friesland *
North-Hollar.d**

6.6 (240)
l8 (88)

0.9 (156)
2.9 ( 88)

Bots et al. (1978)
Toussaint 3.1ld
Boogaard (1978)
Steenvoorden (I976)
lCW

Mid-westem Netherlands.
Zeeland (South-west :"letherlands)

8.0 (600)
lL8 ( 52)

1.0 (430)
2.3 ( 49)

*NH; and ortho-P; • ·total-N and total-P

In marine sediments the groundwater gene rally can be characterised not onIy by high
ch10ride concentrations but also by high nitrogen and phosphate concentrations. The
contents can reach values of 5 g.m-3 P and 50 g.m-3 N or even more. This eutrophic
groundwater can be found in a small strip along the coast of the provinces Gro'ningen
and Friesland in the northern Netherlands and in the largest part of the provinces North-
Holland, South-Holland (mid-westem NetherIands) and Zeeland in the westem part of the
country. For the provinces Groningen and Friesland only groundwater samples have been
used with a e 1- concentration of 200 gm -3 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
way when an impermeable layer is perforated to win gas or cooling water. In the province
North-HolJand this has been done on a large scale and the average yearIy load per
square meter of water in the polder Schermerboezem. having an arca of 80,000 ha, is
roughly 16 g N and 1.7 g P (Toussaint and Boogaard, 1978).

2.3. Leaching offerrili::ers

The application of phosphate fertilizers on grassland and arable land has not yet had a
measurable effect on the transpon 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 g.m-'P Grassland g.m -3p

Sand 0.02 Sand 0.04
River clay 0.04 River clay 0.05
Old cut-o~er high moor peat 0.02 Low moor peat 0.11
Newly cut-over high moor pea! 0.73

••••••••••••••••••••••••••••••••••

groundwater under grassland and in drainage water from arable land (table 5) 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 m3 .ha-I .year-I 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
depenoent 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 NO;. 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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a finer texture, Iike clay soils (table 6). The same effect has been noted for arable land by
Kolenbrander (I 971).

The drainage situation has a large influence on the leaching of nitrogen. For average
clima tic conditions in The NetherIands 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 Oosterom, 1977)

Soil type
Fertilization (N kg.ha -1 .year-I

) NO,

fertilizer manure total N g.m-'

350 205 555 29

335 165 500 1 .""-

435 170 605 5

360 130 490 O

Sand
Loamy and peaty sand
Clayey sand
Heavy clay

situation amounts to a loss of 50% of the mineral nitrogen wlúch is present at the end of
the growing season. For a modera te 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 plan ts, 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 poten tial con tribu tion on a sandy soil is higher than on a c\ay
soil. For the c\imatic 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 ín the percolated soil layer and on the amount of runoff water. The nitrogen
concentratíon, in contrast to that of phosphate, will be in the same range as the con-
centratíon in the shallow groundwater. At higher precipítatíon surplusses the concentra-
tíon will decrease because of the limíted quantity of míneral nitrogen in the soil (Kolen-

brander and Van Dijk, 1972).

2.4. Domestic waste water

The quantíty of nutrients yearly produced as domestic sewage by the average
individual inc\ude 5 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.

f
li
r!
f



•..__•••••••••••••••••••••••••••••••••••••••

8

conc P In 50il mOl5ture
(g m-3)
40

36

An
of bi(
the al
(Beun
disch;
avera¡
areas

Fa
the v.
reduc

2.5. J

Th
suppl:
Ta e(
quant

e Tab/e

32

28

24

20

16

12

8

4

o

ltem

/'
,/

,/.....-
//

c;,OIl~/---
I __....-----

I _--- marine clay _

-~-~-~-~--------------------------------

Total·:
Total·:
Water
N--disc
P--disc!
Numb,

advice

Tab/e

Soil t,

4)

Low n
:\1arin,
Low n
River
Sand

500 1000 1500 2000 2500 3000 3500
P205 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 verticalline indicates the cumulative
fertilization advice



••••••••••••••••••••••••••••••••••••••••

i

9

An impression of the contribution to the nitrogen and phosphorus 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). '-,
For the scattered inhabited sites sometimes a septic tan k 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 in/et

The inlet of fresh water has several reasons. Rather general motives are the water
supply of agriculture and horticul tu re 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 Sc';lermerboezem and the Barneveldse Beek

"

ltem Dimension Scherrnerboezem Barneveldse
Beek

TotaJ·N
N g.m·) 35 27

TotaJ-P P g.m-3 13.5

Water discharge l.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 saJine 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 are as

(Van Boheernen. 1977)

Soil type Number of Flushing Other purposes

supply areas

Low moor peat 2 O 123

Marine clay
35 36

Low moor peat and marine clay 4 106 120

River clay 3 O 63

Sand 6 O 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-3N and 1 g.m-3p (RWSIRlV/RlD,
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 totalload of surface waters.

2.6. Discharge al 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 mineralload of surface waters. The
high concentrations in spread liquid manure, however, can have an important temporary
influence on local water quality. These concen trations can be in the order of some
thousands g.m -3 for nitrogen and some hundreds g.m -3 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. OISCHARGE OF NITROGEN ANO PHOSPHATE

The nitrogen and phosphorus compounds added to open water by pollu tion 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 NH3-evaporation.
The importance of denitrification mainly depends on the availability of a biochemical
oxidizable substrate and on water temperature. Especially in wate rways receiving
effluents of purification plants favourable denitrification conditions will exist. In such
a situation denitrification rates have been measured of 35 g.m-2

. year-1N at 4°C and
of 330 gm -2 .year-1 N at 21°C (Tiren et al., 1976; Van Kessel, 1976).

Little is known about the quantitative importance of NH3 -evaporation. In watery
solutions ammonium is dissociated as follows: NH: ~ NH3 + 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 O°C still all NH: is undissociated. At a pH-value of 9 and a temperature of
20°C already 30% of the NH: is in the dissociated formo In surface waters with high
ammonium concentrations, for example in eutrophic polders, important quantities
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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 tloating particles and dead water organisms and plants.

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

A11 processes by which accumulation can occur in principie 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 -1 P
and 1.2 g.m -2 .day-I 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 tSharpley 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.
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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 periodo
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 eharaeteristics of the Frederikspolder, the Veenderpolder and the polder near Oranje·
plaat

Charaeteristie Dimension Frederikspolder Veenderpolder Polder near
Oranjeplaat

Are'a " ha 68 156
Land use:

grassland % 85 96
arable land %
water % 15 4

Population density inhabitants.ha -1 0.20 0.25
Animal density agríe. soil:

cattle* eu.ha-I 2.1 2.4
total stock * eu.ha -1 2.3 2.7

Seepage mm.day-I -0.1 0.1

40

99
1
0.10

l.0

*1 cu (e:Htle·unit) is the added value equivalent with that of 1 milk eow

Table 10 Load and diseharge of nitrogen and phosphate in surfaee waters in three polders

Polder Nitrogen Phosphate
(N kg.ha -1 .year-I) (P kg.ha -1 .year-I)

load diseharge load diseharge

22 18 6.0 4.3
46 21 12.3 3.8

110 52 19.3 9.1

e
Frederikspolder
Veenderpolder
Polder near Oranjeplaat

natural soil resources. The sarne holds for phosphate (see chapter 2.3). In grassland
polders a part of the dung-water produced in the stabling penod can reach the ditches
when storage facilities are lacking. Frorn a census of storage facilities at farms in the
north·westem part of The Netherlands it appeared that roughly 8% of the farms had no
facilities at all (Hoogheernraadschap, 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 periodo 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 rnanagernent is rnuch 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 roleo In the Frederikspolder and Veender·
polder the conditions for NH3 ·volatilization have been favourable as in surnmertime
pH-values between 8 and 9 frequently have been measured.
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The N/P ratio of the totalload 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 totalload 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. EspecialIy in polders without seepage of saline water and in
soil consisting of mesotrophic or oligotrophic peat this source will be of great concem.
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 NetherIands.

•._
•

~•••••••••••',.J ••••••••••••••••••••••••••

4.2. Nitrogen and phosphate balances in catchment areas

The nitrogen and phosphate balances have been calculated for the brooks Bameveldse
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 poli ution Frederikspolder Veenderpolder Polder near
Oranjeplaat

N P N P N P
Natural sources:

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

'domestic waste water 4 4 2 4 <1gas wells
32 29leaching of fertilizers O O O O Odischarged stable water 14 2 7 1inlet water 57 32 25 29sub-total 75 38 66 63 1 1Total 100 100 100 100 100 100
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Oosterom. 1973), all sítuated in the eastem sandy pan: of The Netherlands.
The soil in an important part of the catchment afea of the Bameveldse Beek consists

of fine loarny sandy soils. In combination with abad draínage 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 f10w 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 grave!. The thíckness of the layer varies from nearly O to 10 meters. The
underlying sediment is a clay layer with a very low permeability. The f10w in the brook
reacts very quickly on precipitation.

The top 40 cm of the sandy soil in the catchment area of Raalterwetering is slightly
loarny. At greater depths the soil consísts of a well·permeable coarse sandy soil. The
groundwater f10w pattem is rather deep as compared with the two previous catchment"
areas and the response of the f10w on precipitatíon is slow.

The discharge of the three areas in the years of investigation was 300, 145 and
150 mm.year-1 for respectively Bameveldse 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
usíng this method one neglects the processes in the waterways by which nitrogen and

Table 12 Some eharaeteristies of the eatehment areas of the Barneveldse Beek, the Hupselse Beek and
the Raalterwetering

Charaeteristie Dímension Barneveldse Hupselse Raalter-
Beek Beek wetering

Area ha 15,400 650 1525
Land use:

grassland % 59 64 94
arable land % 6 16 5
water %
other % 34 19

Population density inhab.ha-' 2.8 0.4 0.3
Animal density agríe. soiJ:

eattle * cU.ha -, 2.7 2.0 2.2
total stock * cU.ha-, 12.4 4.1 4.5

* 1 cu (cattle-unit) is the added value equivalent with that of 1 mílk eow
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Table 13 Annualload and discharge of nitrogen (N kg.ha -1 .year -1 ) and phosphate (P kg.ha -1 .year -1 )

for the surface waters of the three sandy catchment areas: Bameveldse Beek (BB), Hupselse
Beek (HB) and Raalterwetering (RW)

of agri
same t

are: tÍ

heaviel
The

the mt
sedirne
dispos;
10ss of
the COI
in the
the ol
effluer
move t

The
sewage
this so
is 95, I

this ea
been n
stream
analysE
1979).
confirr
The cc
flows (
in tabl
estimat
can or
bottorr
popula

Sources of pollution Nitrogen Phosphate

BB HB RW BB HB RW

Natural sources:
precipitation on open water 0.2 0.2 0.2 0.01 <0.01 <0.01
leaching of natural soil constituents 3.0 1.5 1.5 0.3 0.07 0.15
sub-total 3.2 1.7 1.7 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 f 13.0 f 23.5 fO.9

O O O
surface runoff and agrie. discharges -0.2 0.03 -0.01
sub-total 22.5 24.0 1.2 3.4 0.18 0.09

Total discharge 25.7 25.7 2.9 3.7 0.25 0.24

phosphorus can disappear from the water. As a firs t approximation ~ is allowable,

however.
The natural leaching of P from the soil via the graundwater has been calculated fram

the total water discharge and the average concentration in the groundwater of the catch-
ment areas. These concentrations are O.lOg.m-3p for the Barneveldse Beek and the
Raalterwetering are as and 0.05 g.m-3p' for the Hupselse Beek area. For nitrogen the
natural content is roughly 1.0 g.m-3N 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 domes tic 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 fOI algal growth. An important part of the
artificial nitrogen pollution originates from agricultural sources. For the Bameveldse
Beek, the Hupselse Beek and the Raal terwetering the share is respec tively 51 %,91 % and
31 %. The much higher contribution by agriculture for the Hupsele Beek as compared
with the RaaIterwetering 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
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of agricultural sources in the N-load is much smaller than for the Hupselse Beek with the
same total loado 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 contributiori by agriculture to the N-Ioad in sandy soil areas is underestimated by
the method used, because the N-losses to the atmosphere by denitrification of bottom
sedinlents 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-I N on average for the whole area. Introducing this correction,
the contribution by agricultural sources increases from 13.0 to 18.5 kg.ha -1 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 HupseIse Beek sometimes high peak flows occur which re-
move the bottom deposits.

The phosphate load of the Bameveldse Beek is highly influenced by the disposal of
sewage-plant efflue'nts and domestic sewage of the scattered population. The share of
this source in the total P-Ioad of Bameveldse Beek, Hupselse Beek and Raalterwetering
is 95, 60 and 40% r~spectively. The share of domestic sewage is overestimated by using
this calculation meC~od bec:mse 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 presen t (Hoekstra,
1979). So the con tribution 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 -3 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 fram 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. Hü\vever. in order to determine the
full impact ofN loading to surface \vaters: the relative contributions ofboth dissolved
inorganic and organic fractions must be clQnsidered. Fev,; studies have so far addressed
either the losses of the organic N fraction or the hydrological path\vays through \vhich
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
substantiallosses of nitrogen (N) could occur from grassland receiving inorganic
fertilizer inputs exceeding 250 kg ?'-J ha-l. Additionally. a large proportion (50-80%) of
the N ingested by grazing cattle is retumed to the soil in their excreta and in particular
urine (Bristow, 1992)
As yet. fevv- 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 analvsis~ ~ .
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 sho\v that losses of
organic N mav be 40 % of the total N lost. This suggests that there mav be a serious•... . ..........,

shortfall in previous estimates of bio-available N in downstream \vaters. 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.
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l'vkthods

HydrologicalIy isolated plots (1ha) were set up on grassland with a poorIy drained
clay loam soil. The plots were grazed continuously by beef cattIe. were either drained
or undrained and were managed under ditIerent fertilizer regimes (O. 200. 300 kg
mineral N ha ·1 yr ·1 ). Water movement pathways (drainage to 85cm. or runotI and
surface lateral tlO\V to 30cm). were separatdv"channelIed to Y-notch \\"eirs. More. ,

details of lhe grassIand management and drainage treatments are given in Tyson el al.
(1992) and Armstrong & Garwood (1991).
Water samples were colIected from the outtlO\vs of field drains and surface weirs

once per day throughout the winter drainage period (Oct-Mar) and more intensively
during storm events. The samples \vere separately analysed for soluble inorg:ll1ic N
and total l:Y digestible N both before and after filtering «0.2 microns). The total N
fraction \\ as determined using an automated continuous flow method based on
conversion of organic N to nitrate b.y digestion with di-potassium peroxodisulphate at
70ve. catalysed by UV. The nitrate was colorimetricaIly determined as nitrite by the
Griess reaction folIowing reduction by a cadmiumlcopper reductor. The organic N
fraction of the sample was determined by ditIerence.

e
Results

Preliminary resuIts show" that losses of total N from pasture receiving 300 kg N ha ·1

yr -1 \vere higher from drained swards compared with undrained swards (88.8 kg N ha
-1 and 31.7 kg N ha -l. respectively). The largest organic N concentration (-W mg NI'
1) was in drainage to 85cm from drained pasture receiving 300 kg N ha ·1 yr -l.

Overall. the proportion of organic N was generally larger (38% compared \vith 19%)
in runotI and surface lateral flo\v fram undrained grassland receiving the same mineral
N input. The largest organic N losses (18.6 kg organic N ha ·1 yr -1) were from
undrained grassland receiving 200 kg N ha ·1 yr -1 and represented 22% of the total N
lost.
The largest proportion of N lost in the organic form (60%) \vas in runoff and surface
lateral tlow from undrained grassland \vith ryegrass/white clover s\vards.
There were insignitlcant 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 periodo It shows that although the overaIl organic N contribution to
total N is smaIler than that of inorganic N, initial organic N concentrations may be
relatively large.
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fig. 1 Concentration profilc of inorganic and organic N in surface lateral runoffto
cm from grazed grassland receiving 300 kg N ha ·1 yr -l. . ~,C~:::.'''''.''-'

- 30

(....
e 10
:::e

O

Undrained grassland ma)' 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 ofN balances and models of the N cycIe in pasture systems.
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Leaching of dissolved organic N from grass-white c10ver pasture in
SW England.

Jane Hawkins and David Scholefield

Institute of Grassland and Environmental Research, North Wyke Research Station.
Okehampton, Devon, EX20 2S8. lJK

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
drainin2: !lrass and grass-\vhite clover !lrazed Ivsimeters. The results show that as.... -..... "- '"

much as 66% of the total N lost from grass-white clover swards is in an organic formo
Organic N represents a significant proportion of total N losses from grazed grassland
which has not previously been accounted for in existing estímations of N balances and
models of the N cycle in pasture systems.

Keywords: Organic N. N Cycle, total :'-J, grass-\vhite cIover, grassland_

Introduction

The use of legumes. and in particular white cloveL 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. Consequently. models of the N
cycIe 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 shortfalI 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
2:razed 2:rass-\vhite clover and 2:rass swards in SW En2:land. under different hvdrolo2:v"- •... .... "- - .,_ ..
regimes over two winter drainage periods bet\veen 1995-97.

Method

HydrologicalIy isolated pasture Iysimeters (1 ha) were set up on poorly draining cIay
loam soil in SW England. The Iysimeters were continuously grazed by beef cattIe.
typicalIy from March to October, and received either an application of 200 or O kg N
ha -1 yr -1 (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



Results

y{1 and 34 kg N ha-I y(1 respectively. The lysimeters receiving mineral
were drained and the grass-white clover lysimeters were either drained or
Each fertilizer treatment \vas replicated. Water movement pathvvays

to 85cm. runoff and surface lateral tlow to 30 cm). were separately
through V-notch weirs. More details of the grassland management and

treatments are given in Tyson el al. (1992) and Armstrong & Garwood
).
samples were collected from the outflows of field drains and surface weirs once

'. day throughout the winter drainage period (October-dY[arch). The samples \vere
.separately analysed for soluble inorganic N and total UV digestible N after filtering
'.«0.2 microns). The dissolved organic N fraction 01' the sample was determined by

" difference. The drainage volumes for the two winters of the study were 383 and 364
mm respectively.

••••••••.._'•••••••••••••••••

Results from both vvinter drainage periods sho\v that total N losses were larger from
drained grass swards receiving 200 kg ha -1 yr -1 comp~red with those from drained
grass-white clover. The largest proportion of organic N lost was in runoff and surface
lateral flow from grass-\vhite clover grassland. vvhich contained up to 66% of total N
lost in an organic form (Table 1.) Total N losses (19.8 kg:.ha -1yr -1, 8.28 kg ha -1yr -
1) from the drained grass-vvhite clover swards in 1995-9'b and 1996-97 amounted to
30.6% and 24.35 ~/oof the N fixed respectively. Organic N concentrations in surface
runoff from grass-vvhite clover exceeded those of 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 clO\'er is
present in the sward. Although organic N exports from grass-white clover swards are
smaller than those from svvards receiving fertilizer. the proportion lost effectively
doubles the total N exporto 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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Table l. Total N and percentage organic N leaching from grass-\vhite c10ver and grass
receiving 200 kg N ha-I yr-I.

••••••• 1995-96 1996-97
Treatment Total N Percentage

(kg N ha-I) organic N
Total N

(kg 'N ha-I)
Percentage
organic N

Grass-cIover undrained
Grass-cIover drained
200 kg N ha-I y(1 drained••••••••••••••••••••••••••••••••••

8.94
19.84
84.66

60
r_)

22

5.35
8.28
44.9

66
22
13

Figure 1. Patterns of inorganic N (solid line) and organic ~ (broken line) inrunoff
from an undrained grass-white cIover sward.
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Mineralization of nitrogen in permanent pastures amended
with fertilizer or dung

Rcn:i\ul: I~ JUIIL'~1I1)1I

Abstraet Nitro¡!cn minerali/ation was measured in
three permancnt pastures - cither fertilized or unfertil-
ized grass, or a Illixed ¡!rass-c1over sward - which werc
furthcr alllemkd ",ith cither fertilizcr or cattle dun¡!
over a sUllllller ¡!rll\\'in¡! season, l'vIeasurelllents \Vere
Illaue at 4-wcekl\' intcrvals from June to October.
Rates 01' net Illineralization were similar in cach 01' the
hackground treatlllenls (ovcrallmcan O.l)9±O,Ol)! kg N
ha 1 ~!ay 1) ami did not change markedly during the 'ex-
perimen!. rrom Ihe second sampling (July) onwards,
ralL's 01' mineralizalion in all Ihe dung trealmenls \\ne
higher Ihan in Ihe conlrol hy a raclor 01' up lo 2. In Ihe
fertilizer-amended Irealmenls, rales were also consis-
lenlly (huI nol signiricanlly) higher Ihan in Ihe control.
Ilowever. Ihe relali\elv small dfecl 01' Icrtilizer dc-
teeted at e;)ch sampling h;ld a si¡!nirieanl cumulalive d-
Icet hy thc cnd 01 the cxperilllen!. There \\as no inter-
aetion hct\\'ccn tllL' hack¡!rllUnd ami current trcatmcnts,
I'otcntial mincrali/ation, Illeasun:d hy anacrohie incu-
h;ltion. incrcased in ;111thl' treatmL'nts ovcr the period
01 the cxperiment. shm\ing an accumulation 01 readily
mineralizahlc residues. Total N mineralized ami the N
aecumulaled during the experinlL'nt were calculated
;lI1d eompared. This approach suggests Ihat polential
Illeasuremenls c()lIld I'rll\'ide a good estillla1e 01
changes in suil N supply that wOllld nol he olhel'\\ise
dctcctahlc in chan¡!es in soil lolal N in Ihe short-Ierlll,

Kepwrds Soil fertility , Nel mineralizalion
Polenlial Illineralizalioll . Fertilizer . DlIng

Jts, AlIlil • " )
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Inlroduclion
Soils vary widely in Iheir physical. chemical and biolog-
ical properlies and in their ahility lo support plant
growth. Thc tillle taken rol' a soil to recoyer to the equi-
valenl structure 01' a long-Ierm pasture. rollowing long-
tcrm arahlc cultivation. can he more Ihan 50 years
(Low 1955). Along with Ihe physical changes, increas-
ing ranges in complex chcmical ami hiological pmc-
esses \ViII also hecome estahlished. These changes in
soil eharacteristics may he accompanied hy a gradual
acclllllulation 01' soil organic matter (SOM) and \ViII
comhine lo uelermine the oyerall soil fertilily (Clemcnt
ami Williallls 1%4: Tyson el al. 1l)9().

Soil fertility Illay also he thought 01' in terllls 01' the
rclationship hetween the nutrient requirements 01' a
crop and the ahility 01' the soil to satisry these rCl)uire-
IIlcnts. Sincc the produclivitv 01' soil is onen driycn h\'
the supply 01' N. an estimation 01 the relcasc 01' N from
SOI\I 11Iay hc regardcd as a primc indicator 01' suil fer-
tilit~,. Thc capacity ul soils lIndcr ¡!rassland managc-
ment to aecllmulate organic N can bc largc, c,g, equi-
valenl lo I(¡() kg N ha 1 year 1 (Ckmcnl ami Williams
19(7). Ilo\\'e"cr. at any une time. only a small propor-
tion (gcncrally <2";,01' total soil N) is present in inor-
ganic rorllls that \\ill hc rcadily a"ailabk to plants
(Brelllncr Il)(15). Thc proportion 01' thc total soil or-
ganic N that is rclcascd annually \'arics widely rmlll
<2');, lo morc Ihan 10%. dcpcnding on soil type and
cunuitiuns (Barlholomew ami Kirkham 19(10). Thus,
the acculllulation 01' organic N in Ihc longcr tcrm n];)\
not hc rl'lated dircctly to thc ahility uf the soil to sus-
tain thc rate 01' N rl'lcascd. Ilowcver. thc net alllount nI'
N llIineralized (i.c. thc dilTcrl'nL'C hetween ¡!rllSS llIiner-
alization ami gross illlmuhilization) will inuicate the
ahility 01' the soil to satisry the imlllcdiate rClluirclllcnts
01' thc plan!.

('hangcs in soilorganic N llIay hc rclati\'L'ly rapid in
thc rirst ycars rollowing culli\'ation and Ihc cstahlish-
mcnt 01' a nc\\' sward. but thc trcnd bccoll1cs asymptotic
arter SOIllC 10-15 "cars as ¡!rassland approachcs an
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equilihrium (Tyson el al. Il)l)(). During the last 15 years
of a J()-year study on grass/clover swards, Tyson el al.
(Il)l)() found an increase of only about 0.001 % in soil
total N per annum to 15 cm depth (equivalent to 25 kg
N ha I year 1). Even though this rate of change repre-
sents an annual increase of ahout O.5'X) of the total N
present. much of whieh may he readily decomposable,
such changes are still difficult to deteet in the shorl
termo without a large-scale soil sampling programme
and a high degree of analytical resolution. The process
nf N accumulation may be accelerated by the applica-
tion of fertilizer N ami also under grazed as opposed to
cut swards, since much of the organic N will be re-
turned in excreted waste (Whitehead et al. 19l)().

The recycling of organic materials from both animal
excreta and plant residues are important sources 01' N
in grassland production, but their contribution to plant
growth is difficult to quantify. Potential mineralization
measures the component 01' SOM that is likely to he
Illin,eralized (1lassink 1l)92) and can therdore be con-
sidéred to provide a useflll Illeasur~ 01' lát~~1ty. Pre-
violls llleaSllrements lIsing ficld incllhation techniqlles
(Hatch el al. 1l)91: (¡ill el al. 1(95) have shown lhal in
long-term grassland the annual release 01' mineral N
from SOM is considerable. There is a need lo improve
the predictive capahility for mineralization so that ex-
ternal N inputs can he optimized (Jarvis el al. 1l)l)6).
J lere we report on hoth nel and potential mtes 01' mi-
neralization in grass swards. Measurements were made
over several months, from the time when fresh dung
was deposited lInlillhe pals had beglln lo fragmenl and
these were compared wilh the cffecls 01' periodic appli-
calions 01' krtilizer N.

Materials and methods

Thc: sludv was conduclc:d hc:lwc:c:n June and Oclohcr 111')7lUI an
c:slahlish~d experimc:nlal ,ile (Rowden Drainage Experimenl) on
lhe farm 01' J( iFR. Norlh Wyke Rc:search Slalion, Devon in S.\V.
Fngland. Further dctails C<l1ihe found in lIalch el al. (20m) huI
hri~·lh. long-lo:nn grazed swards were divided inlo I-ha lrealmenl
padd;>eks \~'hich I{ad heen mainlained under lhe same manage-
menl s"slems since I'.)X2. Three hackground S\'slems were used in
lhe pr~senl c:xperimenl: (1) a láliliz'ed pererínial ryegrass sward
(predominanlly [."¡¡II111 !}(,I'ml/I' 1..) receiving 200 kg N ha '
Yc:ar r «il'): (2) a grass-clovc:r sward conlaining ahoul 20% dover
¡(je): (J) an unfcrlilizc:d grass sward (conlaini;lg mixed grass spc:-
cies dOlllinaled hy ¡Igroslis 1.. spp .. 111/1110.1'(/1/11111111"df)/'i/IIIIII 1..
and I/"/CII,\' //11111111.1L.) rc:ceiving no ferlilizer N «iO). ¡\II lhrc:e
lrealmenls had heen grazed hv hed callle and reeeived 25 kg P
and 50 kg K ha ' in April: ferlilizer N was also applied al lila 1
lime lo lhe (i¡: sward al a rale 01' ~O kg N ha '.

Four replicalc field plolS. approxir;'alely JO m'. were fenced
off wilhin each nI' lhe hackground lrcalmenls lo excludc callle
during lhe 11)'.)7grazing seasZl11. Wilhin lhese field plols. lhree in-
di\'idual suh-plols (eaeh 01' (¡ m') \Vere eSlahlished lo provide
lhree eurrenl lrealmenls. namel\':
1. Conlrol: unamended backgn;und lrealmenl i.e. no addilional

fertilizer added (e). '
, Fertilizer: N-krlilizt:l' applied in lhree or fom applicalions. lo-

laling 2m kg N ha ' as NH"NO, (F).
3. Dung: arlifi'Cial dung pals prm iding lhc equivalenl 01' 660 kg

(lolal) N ha ' \\ilhin lhe dung pal area (D).

11.1

Then: wne. lherdore. nine cUlTenl lrealmenls: (iH·. (iFF.
(iFD. (iCe. (in:. (iCD. (iOC. (illl· and (iOD. each separalely
repliealed h\' four field plols wilhin lhe hackground lrealmenls.

¡\fter lhe s\Vards had hecn cul lo a ul1ifonn heighl P cm) on
JO Mav. fertilizl'1' was added lo lhe lhree clIITenl 'ferlilized (1')
lrealmcnls al a rale 01' (lO kg N ha 'for lhe (iFF (which had airea-
d\' received ~O kg N ha ,): ami 11M)kg N ha ' 1'01 lhe (iCF ;1Ild
(¡OF. Fresh dung'fmm dairy callle w;,,'applied as pals lolhe dung
lrealmenl plols (iFIJ. (ieD and (iOD) on 2) June. ¡\liquols 01'
dung (-1 kg) \Vere formed inlo eirTlrlar pals (0.125 m') on 101' 01'
5(M)-mm squares 01' open plaslic mesh (10 mm x lO mm) lhal had
heen posilioned on lhe s\Vard. In lhis way, dung malerial could
pass inlo lhe soil \Vhilsl lhe residual malerial. supporled on lhe
plaslic mesh. collld he lifted periodieally lo allow soil C()res lo he
laken from henealh lhem. The fresh dung comprised 7.<)% dry
maller. 3~.5% e and 2.6% N (dry "'eighl hasis) wilh a C:N ralio
01' D.I. The swards \Vere cul again on 21 July. after which lhe
(iFF. (iCF ami (iOF plols recei\'ed (lO kg N ha ' and cul once
more on I Seplemher. foll()\\'(:d hy a fml her ~ll kg N ha 'lo eaeh
nI' lhe fertilized plols.

Measuremenls "'ere made al approximalely ~-week inlervals
fmm f(, June lo 13 Ocloher (17 weeks in lolal). Rales 01' nel mi-
nerali/alion \Vne delermined using lhe lechnique desnihed h\
lIalch cl al. (11)1)0). Four (.'\7 mm diameter) pairs 01' soil cores
were laken lo a deplh 01' 70 mm from cach lrealmenl suh-plol:
one core from eaeh pair \Vas placed in a 1-1 Kilner jar and lhe
remaining four cores ",ere hulked and analysnl for NII :-N. The
Kilnerja~s (four per lrealmenl) were sealed'aml acet\'lene ('.11,)
was added as a nilrificalion inhihilor lo produce a 2% eOIKl'nlra-
lion (Y/v) in lhe headspace. The jars \Vere lhcn incuhalcd in holes
in lhe ground. adjacenl lo lhe experimenlal arca. for 7 days be-
fore analysis.

On lhe day 01' sampling. lhe hulked soil from each suh-plol
\Vas Cl'umhled. mixed hy hand and lhe aho\'e-ground planl male-
rial (shools and sluhhle) pllls IImlceomposed rool malerial ami
slones werc removcd. Moisl soil samples (50 g) \Vere shaken \Vilh
2 M K('I (250 mi) on an orhilal shakcr 1'01 2 h. The suspension
\Vas lhen fil1ered lhrnugh Whalman No. I paper and lhe fillrale
was colleeled after lhe firsl :'i cm' had heen discarded. The con-
cenlralions 01' NII: and N(), in lhe exlracls \Vere delermined by
aulom:rled segmenled-f1ow eolorimetrv (Searlc Il)X~: KemI'L'r:s
and Luft Il)XX). Nel mineralizalion was ealculated from lhe dilkr-
enee in NHJ-N conlenls 01' lhe soil cores al lhe slar! and end 01'
lhe incuhalion periodo

I'olenlial Illineralizalion rales \VL'lL' llclL'llllilled h\' an anal'-
rohic incuhalion Illelhod (I.oher and Reeder IlJll3) I~ased on a
modificalion 01' an carlier lechniquc (Waring and Bremner IlJh~).
Soil was air-dried al 30ne and ground lo pass a 2-mm sie\e: ) g
was placed in 60 mi polypropylene syringes filled wilh l.uer-I.ok
lapso Ikionizcd waler (13 mi) was added and air was eliminaled
hy genllc shaking ami advaneing lhe plunger. IInlil lhe soil slulT\'
reached lhe I.lIer lip. The syringes wne clalllped needle-l'n~1
down lo a sland ami plaeed in an incuhalor al 37 "( '. After 7 days
01' incuhalion, J7 mi 01' 2.7 '" KCI \Vas added lo each s\Tinge r'e-
sulling in a 2 M KCI lo soil exlrael ralio 01' 10: 1. Th": pll;ngers
werc pulled down lo inlrodul'C headspaee and lhe syringes \Vere
shaken vigorouslv for I h. The soil solulions \Vere fillcred amI
analysed I~)r NI Üand N(), as prC\iollsly descrihed. Minerali/ahlc
N \Vas calculaled as Ihe diflcrenee hetween poSl- and pre-incuba-
lion NI U-N values.

¡\n aliquol 01' cach soil salllple \Vas dried al lO) 0(' o\ernighl
for gravimelric soil Illoislure delerminalion. Sub-sal11ples 01' air
dried soil \Vere ground lo pass a 2 111msieve ami analysed for lolal
e and lolal N. lIsing a Carlo Erha N¡\ 151M) anal\'ser (Frha
Scicnce lIK I.td). liulk densih' was calculaled fmin lhe dn'
weighl 01' soil in lhe cores divid~d hy lheir volume. .

A randomized design \Vas adoPled ror replicales wilhin eaeh
01' lhe hackground lrealmenls. Dala \Vere examined 1", analysis 01'
variance (/\NOV ¡\), grouped regression analysis ando Studcnt's 1-
lesl (using (¡enslal 5 software) and an anledepcndence analysis
was emploved for lhe repealed measurcmenls 01' nel mineraliza-
lion on lhe hackground lrealmenls (Kenward II)X7).
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Results

Tahle I shows some 01' the soil characteristics 01' the
hackgrounu trealments measureu at the heginning 01'
Ihe expcriment. Total soil (' anu N contents incrcased
in the order GO«iC<CiF (/'<0.05). hut therc \Vnc
no dilTcrl'nces in soil C:N ratio hetween the Ireatmcnts.
Inorganic N (NI-U + NOn conlenl \Vas similar in each
nf the backgrounu trealmenls (5.<)± 1.16. 5.5 ± 0.75 ami
5.2 ± 0.% mg kg l. respectively) hut the NHj: NO, ratin
\Vas lower (P<O.05) in Ihe GC anu GF soils (Table 1).
Three weeks after Ihe dung pats had been applied (14
.Iuly). there was an increase in soil (' conlent of IWX,
and 30% in (iOD anu GCD. respectivcly (P<O.05).
!Iowever. although inorganic N increased. no signifi-
cant change in tolal snil N content \Vas detecteu at this
time ami Ihere \Vas a corresponuing increase in soil
C: N in GOD anu GeD wilh ralios 01' lJ.3 anu 10.2: 1.
respeclively (P < 0.(5). The increase in soil C conlent
with uung was shorl-liveu: subsequent measuremenls
showed no uifferences hetween Irealments in soil C. or
in soil C: N. Soil hulk densily (BD) \Vas similar in each
01' the hackground Irealments ando as reponed earlier
(Hatch et al. 200{)). the efTect of dung was to lower the
BD in GOD anu GFD. A similar eITect was found for
GeD (/)<0.05) in this study. No crfect 01' fertilizer N
(C10F. GCF anu GFF treatments) was found in terms 01'
snil total e ami total N or BD. The dung pats (in (lOD.
(iCn anu (iF!)) hecame progressively deplt:ted in hoth
e anu N and hy September had hegun to fragment and
were penetrateu by ne\\' grass shools. By Ihe enu of Ihe
experiment. Ihe lolal C anu N conlenls 01' Ihe remnanls
nI' Ihe dung pats hau fallen hy 52% ami 42%. respec-
lively. with a change in C:N ratio from 1.1: I lo 11: I
(during the experimenl). Soil water contenl was similar
in all Ihe Ircatmcnls ami is shnwn as a mcan (01' all Ihe
tn/atmenls) logcthlT ",ilh soil tcmperall~r~J on each
snmpling Ilccasion (Fig. 1).

Highcr (P<0.05) soil inorganic N (Nlll+ NO.)
conlcnts (Fig. 2) \\'cre mcasurcd in Ihe N trealmcnls
(GOF. GCF and GFF) in the weeks following Iwo nf the
krtilizer applications (30 May anu I Septemher).
Where the interval was more than 3 wecks belween fer-
tilizer N applicatinn (21 July) and sampling (llJ Au-
gUsl). levels 01' inorganic N were no longer significanll)'
different. excepl in the long-lerm fertilized (GFF) Ireal-

"'llhl~ I SClil characlt:ristics Clf thrce grass swards. lIllkrtilized
(( iO). ¡!rass/d()\'er (( ie) ami fátiliZl:d ((iF). Vallles are Illl"ans
(1I=4±SEM) anu relate to dry \VI. soil

Back¡!rollnd (íO (ie ( ír
treatlllent

(~~) (' 4 ..~() (0.1 SX) S.17 (O.23A) S.l)X (0.332)
(~~J N 0.:"4 (O.OIA) 0.63 (1)'()24) 0.73 (0.037)
C:N X.I (O.2S) X.::' (0.14) X.I (O.U)
pH I"'ater) :'U :",S :'i,6
NH~:N(), 7,1 (I"S_, ) 3.X (0,34) 3.2 (O.l)1 )
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menl (/'<O.lJ)). On 14 .lulvo higher levds of soil inor-

• ganic N (1'<0.0)) were fOlind L(nder all lhe dung lreal-
emenls (GODo GeD and (¡FD). By lhe nexl sampling

date (19 AuguSl)o Ievels had fallen and were similar lo
.lhe conlrols. However ClFDo which had lhe highesl val-
.,e on 14 .lulyo remained significanll)' higher lhan GFC

(P < ().O)). Over lhe period of lhe experiment. N H":-:
-'¡O, ralios in lhe conlrols were. on average. X.I: lo
•. 7: 1 and J.9: 1 for Ihe (,oe. (iCe and (iFe soils. re-

speclively, bul Ihe dislribulion belween Ihe Iwo fonns
.)f N beca me more even wilh Ihe addilion of eilher fer-
.ilizer or.dung. Thus al Ihe end of Ihe experiment. N.li~:

NO, rallOS were 1.):1. IA:I and 1.6:1 lor Ihe (JOI' .
• ;eF and GFF soils and 5.1: 1. 4.5: 1 and J.9: 1 for Ihe
• iODo (iCD and (iFD soils. respeclively.

Rales of nel mineralizalion were similar on each
.ampling occasion in Ihe Ihree conlrol Irealmenlse( ¡1Ie. GCe and (¡Fe) lhroughoul lhe experimenl
....;L overall mean 11.99± O.()t.)1 kg N ha 1 di): each fol-
.¡wed lhe same seasonal pattern wilh a small increaseel Seplember followed by a den'ease in Oclober
..,L.Fig.J). From 14 .lul)' onwards. nel mineralizalion was
"'igher (I'<O.OS) in lhe dung lrealmenls (GODo GeDe1d GFD) lhan lhe conlrolso wilh lhe highesl rales in
~lCh case recordcd in Scplember. Arter lhis. conlrol
~ld dung values lended lo converge. The ferlilized
eealmenlS «(JOFo GCF and GFF) recorded consislenlly
.J¡igher rales 01" nel mineralizalion Ihan Ihe conlrols on
"1ch sampling occasion, bul lhe dil"ferences were nol
• nificant. wilh lhe exceplion of GFF on lJ Oclober
~) < O.OS). However. anledependence analysis showed
~al slarling from Ihe Augusl sampling. a cumulative
.lerence in all background lrealments was eslablished
a Ihe amendmenls of N. as wdl as dung (P<O.OIlI)o
Wflich persisled lhrough lo Ihe final sampling in Oclo-el'. Mean rales oblained from fittcd rcgressions were
~ed lo compare rales of mineralizalion, and eslimalcs
~Ihe lolal amounls of N mineralized in each lrealmenl
.re oblainetl fOl"Ihe experimenlal period of 119 days
i'lble 2). Wilhin each of Ihe background Irealmenls

•'!,;¡¡Jllc 2 Bulk densily (measured ill Seplemher 1')')7) alld lIlean
l. 01increase in rolenlial lIlincralizalion (11 = 4 ± SEM) O\'cr <In
t' crimenlal reriod 01 11') days lrom which Ihe ovcrall
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Fi~, Ja-c Net minlTalizalion in soil lrom background Irealmenls:
a unfertilized (¡O). h ~rass/cl(l\er (¡(') allll e ferlilized (in
s,,"ards which n:cei\'ed ~ither ¡ero N ( '.• ). Icrrilizer N on .'lO
May. 21 .1u 1\' ami I Seplemher (/': []). 01' dung applicd 2:" .lune
(n. /\) ± SI' M (, tTl;c(/{ ha/'.\)

inlTease in pOlenlial ()\'er the same period is dcri"ed for coml'ar-
ison wilh nel mineralizalion,

I'olenlial mineralizalion
Nt:! mineralizal ion
(kg ha ')"

Bulk densily

e Rale of inlTeasc
(fl.g g 1 day ,)"

O,X)
O,X')
0,71
0.77
O,X-l
O,(,7
(),7X
(j),1

0,62

0.42 (0.04'))
os, (0.0(,1)
0.71 (0.104)
0.X3 (0.140)
O.X:" (0,27,)
1,43'(IUOX)
0,)2 (0,153)
O,(¡() (0,110)
1.03 (O.2X6)

/

()vcrall increase
(kg ha 1)

30
.1')
42
S"
(,O
7')
33
40
53

92
134
212
142
1'11
25')
120
If¡S
233

" _Iaineu from Ihe slores 01' Ihe regressions using the dala shown in Fig,4
";,ained from Ihe mean 01Ihe rates o\'er Ihe experimenlal period (Fig, 3)
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"-í¡:.4a-c I'olential Illincralizalion in soil frolll hackground Ire;ll-
menls: a unlálilized ((jO). h grass/cluver ((jel and c fertili/cd
((in s\\'ards \\'hich recei\t~d eiiher znu N (e. .). fertilizer N un
,,1) 1\la\. ~I .1u'" and I Sel'lL'lIIhcr (,.._ r-ll. nr dung al'plied ~'i .lune
(/l. /,) ± SF1\! (I'('/(/m/ I>I/n)

((JO. GC ami ('F). the alllel1ded suh-treatlllents were in
the order C<F<D (P«l.OOI). There was no interac-
tion between the background treatlllents and the
alllended treatlllents.

At the start 01' the experilllent. potentiallllineraliza-
tion in the hackground treatlllents (Fig. 4) \Vas in the
order 301. 30X ami 3X3 J..LgN g-I (dry soil) 1'01' (iO. GC
ami GF. respecti\'ely. hut the values were not signifi-
cantly different. On any particular salllpling date. no d-
fect 01' fertilizcr 01' dung could be detccted, but there
\Vas a consistent trcnd 1'01' an increase in potential mi-
ncralization in all trcatmcnls during Ihe cxperiment. In
Ihe control trcatlllenls. the incrcases were he!ween 14
ami 33'1. •. lhe largest heing in (iCe. rrom 30K lo -l1O J..Lg
N g 1 (dry soil). llsing a groupeu regression analysis. il
\Vas eslahlished that Ihe lrend ror increasing polential
Illineralizalion wilh time \Vas significanl (I'<O.()OI) in
all Irealmenls (Fig. -l). Fitted regressions showed thal
although Ihe rales 01' increase (i.e. slopes) were similar
in all Ireatments. the dung trealments had consislently

higher values (1'<0.05) than Ihe olher two trealments
(i.e. significanlly dilkrent inlercepts). In Table 2. over-
all increases in polential mineralization 1'01' the period
nI' the experilllent (caleulatcd 1'1'0111 the slnpes nI' Ihe re-
gressions) an: cOlllpared with the ne! N mineralized
(measllred hy jar incuhation). There was an increased
polential in Ihe conlrols (GOC ami GFC) 01' ahollt 30 kg
N ha l. hut a nearly Iwo-fold illcrease in Ihe control 01'

the clover-hased s\Vard ( i( '( ') ami in all treallllenls re-
ceiving eilhcr Icrtilizer 01' dung. NeI Illineralizalion val-
ues were sOllle 3-5 times grealer Ihan potentialmeaslIr-
elllenls.

Discussion

Soil characleristics 01' the background Ireatments were
rclated to their long-lcrm Illanagemenl in Ihal soil C
anu N contenls increased with Ihe scale 01' previous N
inputs. i.e, unfcrlilized < c10ver < fertilized. The greater
alllounts 01' N Illineralized in the GCC and GFC treat-
menls probahly rdlecled Ihe return 01' higher l(lIalily
plant residues (wilh a lower C: N ratio) than Ihose in
Ihe (lO(_, trealmenl (Ledgard el al. Il)l)K). There were
also high levels 01' inorganic N in the soils following Ihe
applicalion 01' fertilizer. Soil sampling \Vas limed to be
at leasl 2 weeks arter krlilizer was applieu and there
was no indication that high levels 01' inorganic N inler-
fered wilh Ihe measuremenls 01' mineralizalion. Inor-
ganic N was also higher in Ihe soil under dllng and this
persisteu for the firsl few weeks. rollowing placement 01'

Ihe dung pals. Dickinson ami Craig (llJlJO) ami Lovell
ami .Iarvis (llJlJ6) also found thal an increase in inor-
ganic N under dung pals lasled 1'01' only a few weeks
al'tl.:r deposition. Despite large inputs 01' N. in the pres-
ent sludy the relative stahilily in Ihe soil inorganic N
pOllls \\'ould suggest rapid immohili/;It ion by plants
allll/m spil microhiota. as found by .Iackson el al.
( IlJK9).

Iligher rates 01' nel mineralizalion wcre measured in
all the dung Ireallllents from .Iuly lo Seplember. arter
which rales began to converge. This patlern is consis-
tenl with the hreakdown 01' a finite amount of readilv
a"ailable labile C substrale (i.e. from dung) and reselll-
hled the same patlern 01' increaseu microbial respira-
lion when uung was added to soil. as reported by Lo\'ell
allll .Iar\'is (19<)6). In a grazed pasture. the cffect 01'

dung \Viii be localized. e.g. over a grazillg seasoll (1KO
days), alld asslltlling average stockillg rates 01' catlle
allllno overlapping. dllng would cover abolll 260 m~ in
al-ha paslure. This represenls less Ihan 3'X, cll\'erage
01' the I-ha grazed arca ami so the considerahle in-
crease in nel mineralizalion Ihat was found in Ihe dung
treatments \Vollld Iranslate inlo only a small change in
the aclual alllounl nI' N lllincralized. Although Ihe in-
creases in rales 01' nel Illineralization \\'ere 10\Vcr in lhe
N treatlllents than wilh dung. the elTect 01' N applies lo
the \\'hole arca 01' sward allll woulu. Ihercfore. result in
larger lotal amounts 01' N mil1eralilcd per unit arca. For

••••••••••••••••••••••••••••••••••••••••••••••
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ee~ampk, Gill el al. (1l)95) roul~d Iha~ ne.l.annual miner-

altzallon was 317 kg N ha I In a lerllltzed amI only
e135 kg N ha I in an unferlilized grass sward.
e Wher~as uUI~g hau. a ~l1a:ior impacl on. miner,~liz~ll.ion

rales bv IIlcreaslIlg sotl ( dlrecllv, Ihe elleel of lerllltzer
• was 'kss pronocunceu since il' increased e only indi-
•. eclly by improving planl growlh ami increasing Ihe re-

lurn 01' planl residues. as was sho\Vn in arahlt: «lIendin-
.ng el al. 19l)2) amI paslure «¡ill el al. 1995) soils. Ilow-
e:ver, over Ihe course 01' Ihis experimenl a slalislically

significanl difference was found in Ihe overall increase
.n

c

mies 01' nelmineralizalion in N Irealmenls compared
e\Vilh Ihe conlrols. Therdore. smalL bul consislent

changes in Ihe shorl lerm Ihal are difficult lo dclecl be-
ecaus~ 01' soil helerogeneity \ViII contribute lo the eslab-
elishment of longer-lerm changes that develop in 'im-

proveu' grasslanu systems. This dfect has also been de-
escribeu recently (Hatch et al. 20()() for two 01' these
esame backgrounu treatments (GO and GF).

POIeI)tial mineralization is usually measureu only as
.an index 01' the general nutrient supplying abiriflof a
.soil. For exampk, Ihere is a range 01' soil tests that are

inlended lo indicale the amounl 01' N thal may hecotlle
eavailahlc ror crop growth hy mineralizaliol1 01' SOM
eduring Ihe gro\Ving season « iianello ami BremlH:r

Il)X6). Ilo\Vever, it is unlikely Ihal any one parlicular
elest will be able lo preuict accuralely the release 01' soil
eN. since the contil1ual return 01' plant litter and recy-

cling 01' N call11ot be accounlt:u for auequalely. A
estandaru test was not iuentifieu in the revie\V 01' mcth-
eods undertakel1 by Meisenger (Il)X4). The situatiol1 is

further cot11plicateu by changes in the composition anu
eactivity 01' the soillllicrobiola in response to the compo-
esition 01' SOM residues, or during seasonal variations.

There is unlikely lo be a simple relationship between
eSOM accumulation ami suhsequenl net relcase because
eor Ihe many physical. chemical and c1imalic/seasonal

condiliol1s Ihal \ViIIallecl soil microhiola (Nannipieri el
eal. Il)l)()). Only moueralc or poor cotTelalions \Vere
erounu wilh uilTerent chemical indexes 01' soil N availa-

hility (1long et al. I l)l)(), but more promising results
ehave been obtained with soil incubations (both aerobic
eand anaerobic) when compared wilh planl uplake

(F"les et al. liNO). Soil incuhation has also heen used to
em~asure potentialmineralization in whole soil anu light
efractions 01' SOM. which can he used to assess the lahile

component 01' SOM thal is biologically meuiatcu (Bar-
.rios ct al. 1l)96).
e In the present study, potential mineralization (anae-

robic incuhation) \Vas measureu rcgularly anu in paral-
elel with net mineralization. It was possible. therefore, to
eexamine changes over an extended period and lo iden-

tify a clear increase in potential mineralization in all
etreatments. represenling an accllmulation 01' reauily Illi-
encralizahlc (i.c. lahile) residues. This trenu occutTeu

concutTentlv with Ihe net release 01' NHl rrom SOM,
ecstimated b~· measurements of net mineralization. With
eno addilional 'inpuls' (see CiOC amI (,rC). polenlial

mineralizalion mighl he eXllecled lo remain unchanged.e C C

e
e
e

1.17

or even lo decline over a season. hut returns 01' organic
N from planl shools amI rools conlribule lo the nel ac-
cumlllalion 01' SUM, particularly in lIndislurbed grass-
land soils (Jarvis el al. 11)lJ6).

From previous rccorus (K. Tyson, personal comlllu-
nication) covering the IO-year pcriod (llIX7-1l)l)6) prior
lo Ihis cxperiment. Ihe lolal soil N hau increased. on
average. hy 41. -1-1anu X:~kg N ha I year I in Ihe (,O.
(i(' amI (ir swards, respectively. II is reasonable lo as-
sume Ihal these amollnls are prohably somewhat high-
er than when our sluuy was made (1997). since the rate
01' accumulation lessens in a soil as it approaches an
equilibrium (Tyson et al. Il)l)(). Therdore. Ihe rates de-
rived from soil analysis over the long term appear to be
very similar to those calculated from the increasc in po-
Icntial mineralization values Ihat wcre measured in the
present study (Table 2). We thercfore suggest that the
periodic assessment of potential mineralization could
be used as an inuicator 01' the accumulation 01' readily
mineralizable residues which then cOlltribute to the re-
lease 01' inorganic N over the succeeding growing sea-
son(s).

The clInlrasling resull 01' nd Illineralizalion. whilsl
al Ihe same time regislL'ring an increase in lahile resi-
dues (i.e. potelllial mineralization) is an enigma which
is rrequenlly encountered in Ihe N cycle 01' soils under
semi- or permanenl grassland. Thus. il is quile possihle
to have a positive nel mineralization combineu with a
positive accumulation 01' organic N. This can be ex-
plaincu if Ihe tolal inputs 01' N from fertilizer. atmos-
pheric ueposilion, in precipitation anu N fixation. ex-
ceed the total oulputs 01' N in animal prouucts ami
losses through denitrificalion. ammonia volatilization
and leaching (Jarvis el al. 1l)l)5: Whiteheau 1l)95).
l'vIoreover. measurements 01' nel mineralization. based
on fluxes Ihrough Ihe inorganic N pool. will include N
Ihal has heen recycled pcrhaps several limes Ihrough
Ihe sllil syslcm (1lalch el ;11 .• in IUL'SS). (·onsequelllly.
nel values mav nol necessarilv relate directlv lo Ihe. . .
overall change in organic N when expressed on an an-
nual basis.

Whilsl Ihe aclual mineralizalion rale 01' ne\\' lahile
residues over succeeding seasol1s slillneeds lo he eslah-
lished (depending on local climalic conditions ctc.). the
similarities bctween increases in soil organic N anu po-
lential mineralization warrant further investigalion.
Regular assessments using polent ial mcasuremenls
could provide a more accurate estimate 01' changes in
soil N supply (ami perhaps other aspects 01' soil fertili-
Iy) than would be idcntifiable from soillotal N analyses
in the short term. 01' from other mclhods which rely on
chemical exlraclillll.
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Rebt ionships bCl\\'CCn soil thcrll1al units, nilrogcll
111illcralization and dry 111attcr production in pasturcs

\h'II';'l'l, '\il r"~,'n ( '\ ) is 01' ,'111irol1lllel1lall'OlHTrIl i l' il le1< hes 01' is rdeased as nil wus o\idl' ( '\ _,(l) 1n onkr lo
IIlili/e'\ ,Ifit'll'nlh in !!r;'/,'d paslure S\slems, Ihe IlU\l'S 01' 's fwm larious souln's l1eed lo he quanliried, (lne
1111\is '\ Illilln,di/alion fr(lm ori!al1ic sources, I'rnious \\ork has l'\amillt'd incuh,lIiol1 alld dH'lllicall",tracti"l1
,,1 ,,,d, ,lS 1llt'lhod, lo dcltTlIlint' '\ minnali;atiol1 POlt'111ial, This papl'l' IT-namil1es I1C\\ ;,nd pr('\ ioush puh-
lisht'll ,b!., "11 IH'I lllinnali/;'Iiol1, Ililh Ihe aim ofl'\amillilli! Ihe rdalinl1ships hcl\\l'l'l1 soillhnmalul1ils, IIt'I '\
mllln,d'/;Il"lfl (IllLISUl'l'IllISin!! alTI\kl1e incuhalions)and dn malter p""dul'fiol1 in pasllIITs, "el:\ mineraliza-
1iOI1is ('\ pressed as '\ Iurl1m n (l1el !\i mil1eralizaliol1 ;'s a "" of 101al soi! :\), Rl'lal iOl1ship' are d('\l'iopcd helwlTI1
'ni! IhnnLd UI1IIs, dn llIattn producI iOI1,ami :\ IUrJ1m n, Tht'se rdat innships h;1\ e polel11 ial in ;Hh lSil1!! farl1H'rs
011p"Iel11i,d '\ I1II1HTali/;1I10n lrom soil oq,('lIIic mattlT ,\ st'col1d use ofsllch re)alionships is Ihe I1lOddlil1g of:\i
ILlllsl"rIlL'Ii"l1s ill paslure SISlems, FlIrlher ",ork should l'\plon'lhe efll'l'l ofs"ilmoi"ure "11such n')alionships
;lI1d "\;II11;lIe t1w rt'lali"lIship hel\\'t'l'lI soil Ihermalunils "lid uplake "1''\11,, paslure

"l'~\\onls: '\1IJ'('~l'lI, l1Iil1t'r;,lizali"n, IIlOdcls, prnlil'lioll, soillel1lllt'r;IIIIlT, pasllllTs
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SIoil iIH'I'!!al1il-'\ mal he dlTiH'd rr<llll ti:rlilí).:}, 1lit' miner-
ali/all(Jlllllor~anic lllaftlT and deposlfloll on to Ihe pas-

ture ti'OIl1 'lIIlH"phnic and allimal sources, (irassland soils
are oltell hi)!h III org,11l1l' IllaftlT alld I he poll'nl ial sllpply 01'
iIH.rganic-'\ rl'lt-asl'll 1)\ l11illerali/alion can he c'.rrl'spolld-
lllgly lar).!e (Jar\ l' t'/ "f., 1'1'11.), Illor!!anie-~ tlla\ under!!o
l'unhlT Iranslorrllallon, 'lit h ," denilririLlIion, nitrale kach-
in~, planl upl"ke "lld illll1H1hilizaliol1, In lhe il1tl'rl'sls 01'
dricil'nl IÚlllillg pLll I ilTS, 101' hol h cm ironml'l1lal and l'CIl-
nllfllic ~lIals, il "dt',irahk 1111'illllr)!"l1il'-'\.' from alt SOlllU'S to
he lIIilr/nl etfilll'lIlh h\ p,,,,IIIIT plall", '\, is orem ironllll'nl,,1
l'IlIll'lTn ir il leatlll's ,IS 11111'''le ( '\, ( ); ), (Jan is, 1'1(12), or i f;\;/ )
i, prlldllCl'd ,illl'l' il IS im"hnllll ~Iohal "armill)! ami O/OlH'
deplel ion (.rUI/l'II, I'ISI, RllhnlSoll, 1"'!3): hOl h emissions
111;" he SlIhs!;1tl 11,,1ill ~r""LIll" l'specialh "hell g:rued ( Jan is
1" ,,¡, I'I!J:,) 'Ii, ;Il "inl' dril iell I 's 111 i 1i lal ion ;lml a\ oid l'\cess
'\ in Ihe ""11.1I1e rall'lIfsllrlltlllf'~ani('-'\ production from soil
IIr~""1C 1ll,IftlT I1ll"I he kll"ll 11.

\ "'1 hod, 1" dl'I lTlI'"Il' I he 1'"1 l'lI I ia 1 111iIll'L¡J i/" 1 illll illdices
01 ,orl, lIil'ltllk I.lhllr"IIII'\ "lid tú'ld illlllh,,,iIlIlS, l'flt'lllll'al
t'\Ira!'!Il.II'., mt',I'iII'l'III('1I1 ," '\,' lllllH'Llli/"Iioll in Ihl f'il'ld,
'IIHI I''\,' J.d"lll'Il klfrll/n In hniqlll's (};In is 1'/ ,d, JlI'lh)
\IlOIhlT IIIl'Iir"d lo I'rl'l Ircl '\,' 1111l1lTali/alfOll e\alllillnl Ihl'

,kll,il\ Ir,"ll{lllS {l1 ,or! llI'I'To-lIr).!anie lllattl'r (1Iassillk.
1'1'/);1) \\ IHIt- ~o"d agrl'l'f11l'lIt l'llllw al hln l'll hel\\l'l'n dini:r-
l'I11 LlhoLltorl I'I{lll'l11ll'es ( ¡Iandlo & BITfllnlT, 1'J.'{ú; (imlll
& Ilouha, 1'1'1,1. Inl " '1111 I,'s" rd"Ie Ihe inllr)2:;llllc-:'\I lllea-

\\..d{t'''I·;11l h. R1Llkll1.1 \~Ih 1111111.11 Rc,t',lrth (.{'Illn- 11.1I11l1ll1n. "n\
/.',ll.llld

111.••11I11!t- t,l (ll.I-_,.I.!llo! .111.1 I fI\IIlllIlllt'IJ1.d J{c·.Llrlh, '\..lnl1 \\\~l'.

()kt'h;lI11pIIIIl, I )t-\l!l~. , \.~II-'SH. l t-._

\ddrt' hlr t 11rJt·..•I""1dt 11\1 1',' (_lfltI~h. 1)("(1;11' IIH'III .d SlId ~:.I('IHT. }l()

!tl)\ "·l, 1.llh,.,111 I 11I\t-r'-1!·. (.,11111,,11111"\. '-n\ 1.I';lhnd_ FI\ ~ Id -3-.'}'.'(,0"'7
I -m.ul (.I'l\l~h I ::¡: !ti>, ,dI! ,1' ;1/

surnl, dllrill~ incuhalioll 01' l'\lLIClioll, lo l'ilhlT lhe relcasl'
ullt!n ril'ld l'llfldiliollS 01' lo 'Iclual " lIpuke alld dn malll'r
(1)\1) produl'Iion 01' pasllllT, \t hesl Ihese lahoratory tesis
prO\ idl' ml'asu renH'n Is ,,1' I he pOlcn I ia 1 lo rdeasc N ml'aSlI rnl
lIndn specifinlcolldil ions (_lan is (', II/., 1IIIIh l,

hll'Iors "hieh infltll'lllT Ihe rale ot soil :\ tllinnalizalion
incllldl' soillllOisllllT, soil pll ami sotlll'lllpeLllure(l',)2:, Slan-
timl t'/ ,d, 1'1,3), S"illhl'f'fIlalllllils (STl ') han' heen usl'l1 lo
prnliel ;\J IllflllTali/,niofl ifl sh)(I~l's (1Iofll'\Clllf "/11/" IIJSX),
mallllres amlnop ITstdues addl'll lo soils 11ndn ficld condi-
I iOflS (1loflel nlft & 1'''1 aro, 1'1(10), The 'Ipproaeh has heen fllr-
Ihndndopnl, lo l'sIim'IIe Ihe a\ailahili" "n\ lo plaflls from
soi lor!!a fl ic ma" lT a fl d 01 I1l'f or)!a fl ic '\ SI111rccs, a nd lo im prm e
1\ U'l' dl'iciefln l!lLToppin~ ""Il'fIlS (111I1ll'\l'Ull (/II/., 1«J'I4),

Thl' fIll'Illlld has hl'l'fl u,nl ""'1' a liflliled ran~e 01' cOfldi-
lions afld has nol hcefl applicd 1" ).!Ll/ed paslurc systl'ms,
ThlTe arl' k" ulfllprehl'flsi,,' dataseis, l'onlainin)! ridd data
on '\ miflnall/alion r,tll'S 'Ind soillCfIllll'J';lllftT, "hich al1o\\
rl'LtlioflShips hel"l'l'fl '\ fIliner.dlt,tI ion '1I'Id STl'Io hl' cxam-
ifln! (¡ill ('/ ,d. (1'1'1:;) "nd llalrh ,', ,d (1'1'10, 1'1(11) tlll'aslIrcd
nel fIlilllTJIi/alioll 111 pasIlIlTs lI'll1!! sllil l'1I1T il1l'11hatiofl
" i Ih 'IlTI I km' 111h ihlf iOI1 01 11i11'11i"'J1 ""1. In I h l"e sil Id ies \ a r-
ialioll ifl soil Il'fllJ'lTalUrl' '11l'I'" 111l'!1 101',1 sl;Jllstil'alh si¡miri-
canl proportiol1 ot Iht' \"ri"II"11 111 'll'I Illil1l'rali/alion r"les
reellrdt'l! The ohjl'l!lll' ot 11>" ,IIIIIt "," lo rl'-l'\'lnlÍfll'
lI11'se daLlsl'IS, afld ,'Otlll' fll'\\ '\,'l'll le'ILltld d;I1;I, lo In afltl
dl'ILTtllilH' reLtlioflshil's hl'll\('l'fl 1111 '\,' minl'f'ali/alion, tln

Ill"ftlT pr""III,'lio" and ,or! Il'mplT'IIlIIT 1111""1 1liT slsll'ms,

.\I.\TERI \I.S ,\'\,I> \lETIIOJ)S

\1 _;"1,',,, ill Ihe \\alblo r,:~ioll ol''\nl le'ILlnd Ilel '\ minn-
,di/"Iiofl 11'" l1le'I'Ilred lIndn 1'1,'gr.Iss/llhitl' d,,\n (1,11/11/1/1

pon/ll,' J ,,-lil/"/I//l1/ l'I'f>O/l 1..) 1l.1"IItTS, These paslures \\ere
on " frTI' drainin!! sill 1";lIil ,or! ,Iílll IL,d IT(l'i,,'d SI'IiI dress-



S"il IhtTllI.d '"111'-. \. IllllltT,rll/,IIII'" ,11Id ¡\;I,llIn',

III~'" ,,1 1I!'l'.1 1"1 .rll! m: O. ~IIO. flr 400 kf! \. ha pl'l -' l';il'. \.l'I \.
11IIIllT.rli/.IIIIIII 11.1' IllLhllrnl. al l';lch ...ite, IIsinf! IIll' Illl'II",d
,,1 Il.lIt h ,1 ,ti (I'I"II), In hril'f', 12 sod Cflres (7~ l'm x 2,~ tllll

IInt' Illlllh.lIl'd lIi .1 ~J;¡" jar lIilh ;11Tldelle (2"" -' :1). in Iht'
Ill'ld. 1111;11,1 d.lI l'lTIOd (1latch (Ir/l., PillO), repllLllnl lhnce,
_I.Ir..."1LTl' pLlll'd 111hllks in 1 he f!rouJ1d adjalTnl to npnillll'll-
Lrl .11('.1', \ Il tT 1,1d.lI'" t he l'fll"l'S 11lTe sil'led ;1 nd 1'\1 ractcd \\ i l h
~\I J.".(,1 .Ind 1 hl' ,lid lI;lIl'1l'Olltenl delermined, Thl' ;l1llOlInl 01

111111':-:.111"- \. 111Ihl' ""d ("ores a ftn incuhat ion. le", Iha I in il ia 111
l'IC't'nl, \\;10., I;lkt'll ;IS Ihe amOUJ1t miJ1LTal- i/nl. .\lclhods
used lo detnlllllll' soil iJ1organic-f\: and soil total i\ are
dcsnihl'lllírlh in Ilalch el al. (1990), Prniollsly puhlishnl nl'l
lllilllTali/atioll dala rm:aslIrcd in Ihe el\: (¡ilJ l'I,d, 11111:;;
I Ltlch el,d 1119I,P)'IO) I\cre namined as descrihed helow,

1>\1 pr"duclion dal;¡ (coinciding \\ilh the H day lllillcral-
i/ali"ll llll'asurelllellts) "lTe also a\ailahlc fi)l' part, or lhe
\\hole, 01" Ihese npcrimCJ1IS, In 10lal13 dalascls Wcrl' alail-
ahle, lan inf! Wilh limc of sampling, soill\pe, paSIUrl' com-
posilion, \. li:rtilill'r hislory ami sampling deplh ([¡¡hle 1)
Soi 1 IelllpeLlIu n's ;11 10 cm dept h were eil her reconlnl
dllrillg I he n pLTi 1lI1'1IlS or ohlaincd from meleorological sI a-
lion record, al lhc SlUlh siles,'Jillal soil organic-!\: was caku-
lalul "'1' Ihe s;11l1plill¡! tkplh llsnl, frolll Ihe lolal \.
L'OlltTIlILlIiOll 111 Ihe soil and Ihe soil hui),; dellSil\~ \.el \.
lllinnalllalioll is npressed as a percenlage of Ihe lolal soil
org:anic-\. pool and is rcfi:rred lo as]'o.; Iurnmcr:

"el N minerali;r,alion IIN)lO,,\. Illrnl)\er = '--'---,--~~--~~ __~ x , _
Tolal soil organic i'\ 1

'¡"il IhlT1l1alllnih (STl ) mcr Ihe \lholc orlhe measurellll'lll
,{llTiods IHTl' l'alnrlaled In sUlllming Ihe ;I\'e'dgl' daih soil
ll'lllpnalllre ah"'eO <:(llone\'L'llll"ltll.,II)XH), Rclalionships
hellll'l'n STl'. 1)\1 produrtion and N tllrnOHT \H'n' delcr-
millul lrolll holh Ihe dala ohlained in j\;e\\ Zcalalld ami Ihe
l " (Lrhk 1)

Ill1I1l1.r1l/,1I101l r,IIl' 1l1ll'llIalnl IOIl,idl'l'ahll 1I111r lime (¡:¡~
1.11 ( ollll"lllll~ 11t'1 \. l1lilll'l'alr/,lIioll lo \. IurllOIl'!" alld plol-
111l~ llllllilLlIllt' \. IlIrllllll'l' IlT,II' STL prodlllTd ;1 tlO'l'
1"('1;1111111,1111'"('IIIITII 11ll' 1\10 1;lriahlcs (Fif!, Ih) 1I is tlc;ir
I hal 111 IhlS l'\;1I1Ipk Irom ;\ IOIl~-llTlll Pl'ITIlI1I;r! n ef!L\"
sll.ml. Ih,1I \Iillr 'Illlfl' illili;¡J l'h;IL\Cleri/alioll 01' Ilre "Ir!
(hllH, dll"ill ;llld lOl;r! ",il \. 1, STl l'Olrld he ;111clf"l'lli,,' pl"l'-
d Il 101"01 \. 1111"1101 lT

'klllpLT.lIllIT i, als,,;\ cOlllrollillf! LIl'lor Ifll' pJalll )!l"fIlllh
(1,;IIIf!lT, I'!~,,; I)ollm (\ 1lcllmlTs, j1II,~), I'lollillf! Ilre llle;I-
"Ired 1>\1, as l'llllllllali\l'»\I protlul'lion, \ersus STt also
rl'sultnl ill;1 d"'e rdalionship (Fig, le), ,'\s \\dl as l"lllIlUlalill'
\. 11Il"llm lT amlulIllulal i\l' 1),\ 1 prodllclion bl'ini! npressed

1111h rcspell lo STt a corrdal ion also ex iSls \I'hen cllllllllal i\ e
\. IlIrll()\l'l' is plollnl \lTSUS cUllluhlli\l' 1);\1 produclioll
(¡:¡~,2), h'r calh of llre 13 dalasl'Is considercd, O\lT a rani!c
01' lllanai!l'lllclll l'OIHlilions, rdalionships could be dC!lloll-
,Iralnl lin l"llllllllatill' \i IlIrnOll'f \crsus STl"; l'lllllulalill'
dn lllalll'f prodlll'lioll \l'rsus STL' ami cUlllulalin' 1'\ IUfll-
IIIn Insus curlllllali\l' 1)1\1 produclion ('E¡hlc 3), \\ hile a
Slrolli! corrdalion occurs helwcl'n Cllllllllali\c »,\1 produc-
lion ;llltl '\ turnml'f Ihis do"s nol Ill'ccssarih- Illcall Ihnc is a
LIlIsallink 1 1"'1 (,Il'!, ifolhel" LIl'lors are al all oplil1llllll (t',f!
soi!llloisIlIre.lllllf'lelll suppl~, lelllperalurc) Ilrcll \i ;nailabil-
ill could hc a Illajor L¡C!or in delcrmining »:\1 produclion,

"oo!ill!! alJlhe dalasels ami plollini!CUlllulalill' \i IUl"llIlll'f
IlTSUS STl prodllccd no clear OIl'ralJ rdalionship, SUi!¡!I'Sl-
illi! 111;\1\. IUl"llOlLT \las silc or soil spccific I'lolling poolnl
dala 01 clllllulalill' 1>,\1 produclion IlTSlIS CUlllUlali\l' '\
lIIrIlOll'f dl';nh slrl)\lnl Ihrce dislincI sllhSCls (Fi¡!, 3), 1)\1
I idd pLT llllil 01' '\ IlIrnOler \las IOllcSI in Ihe ¡!rollped \inl
Zealalld dala (i!rass/ dOler pasIlIre) ami hit;hcsl in thal ffll'
Ihe all grass onh I rea Illll'llI S (seIS I 1,11, 10), \lilh Ihl' l'\cep-
111111of dalasel 11, a f!rass/dml'!" sile, IIIIermnlialc hel\IlTll
Ihese 1110 grollpillf!S \las a Ilrinl sllhsCI of dala (S) frolll a
:-:1'.1", l'1CJ\l'l' ..,ile Tire,,' )!l"IIupin¡!s Sll)!¡!t'Sl IIr;\I Ihe cOlTeJa-
11011"l'1\1 tTII1 )\1 \idd .llId \. 11Il"llOln mal hl' ill!lucllcnll"
pasllln' composilioll, possihh dul' lo the plalll lllalerial
rel u l'lled lo I hl' pasl u re dl'COlllposi ni! and Illi ncrali/i nt; a I di f-
ff:ll'nl r.lll", \ltel"llalill'h difll:rcllCCS could be rd'llnl lo Ilrl'

RLSLI.TS ,\\iD DISCLTSSIO\l

,\ Sllllllllan 01 Ilre lolal STL, »,\1 produclion, i\ tlll"llmLT
alld a\CLlf!C \. l'Illllelll "f 1),\1 is presenled in 'Ii¡blc 2. r\CI \.

'Elhk 1 SIIII1I1l;ln 01 11ll' l., dala'l'ls lIsed lo dt:sc:riht',h(' rdalioll,hip' ht:I\\tTIl •.•enl thlTflLd tlllll •.•.tln IILIITt'r produclioll and 'tUrTlo\l'r

Rdut'Iu( "aLtq" 1)all' 01' l'\1I1111ll'r01 'li,!;,1 ,,,d '\ l\l'IlIIT '\ .,)')'II<,d; ,'-;,,11"'I11)'ll' So" Prl4lr
•••tan of days IlH:asun:d Ik~ "- Ir,11 1\ pel Ik~ '\ ha pe!" \l'al) dl'!,lh Inll) tl'\lure IlLllla~l"Illl"l1t

l'\periIllCIlI
hi'llJl"\~'~~-----'-"-----~'----- - ---_._- --------~-_.- -----~-

( idLf,d p,"::; 24 \pr 1'1'/2 217 ;'Jl(l 1" 21111 111 da, 21111,r~
24 \)'r 1'/'/2 217 ..pI'IO 1\1 ellll 111 da~ 21111,r~
24 \)'r 1'/'11 21, ."I.!fI 1" (1 111 d,tI 11,r~

! 1.111 h ,1,1/.1'11111 111\ lar I'IXII 1211 4ft!11 1" 11 1; 111;111\ -~!f '. \2 \1.11"I'/XI s; H,_?!t 1" IJ 1; 111,1111 4ell, r~
" 2 \ lal 1'/~7 S" "1.'1: 1" \1, I1 1'; 10,1111 11,,~

" \ l." I'!SI 1~.", ~1",11 1" (1 1'; \1.1\ (1,le

11.11\11,/,11 1""1 :0 \lar I'IX.~ 210 "'''.!II 1" \1, 11 1; 1";1111 11,'e
" lO \Iar I'/x~ 2111 '11I1In 1\1 11 1, 100lm 4211,I"~(11 111\1.". 1'lxX 2111 ')0'111 1" DI 1, l"al11 ,-t~o.r~

'-t'n /c,d.llld \1.11,1 11 \('II'/'Ih 1.~2 "'\-;0 1" \1, 11 l.,' "Ir 1",1111 11,I"~
I:JI1!'llbl, ....hn!1

I~ \pr IqqlJ 1.,,2 4~H!I 1" '" 1I . ' ,di 10,1111 2011, r).!
l' \)'r l'l'lh 1;2 ,\lfH' 1" '.\, 11 ,, ,dt 10.1111 11111,r¡:

---~ - ------ ------ -------
1'1" I't'T"l'lllll.tln, '_:_",b ~ r I "/lIln: P,'l'O,,¡(j; \\l' ;- \\hill'clo\l'r(/i'¡/"JIJIII"'''II'-'',I, '\. .q'pln't! 1.1'-. '- 11. '-( ),' dlll'JlI'.! 111l'.I'lIITlllclll l'l"ri1Id. § '\. ;lpp"nl (k~ h.1 "el' \ TI
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dirti:renl salllplin!! lillle" ,lid salllpllll¡! deplhs and rainLtIl
l'\l'nl s (sn' helo\\),

()nel' " is mil1nalizcd 111Ihe snil onh a proportion of il
Illa\ aClllalh he laken IIp 1)\ Ihe P,ISllIIT planls, Iloneynltl /'/
II/. ( I'I'H) sho\\ ed I hal il1 a LTllppin¡! S\slem, " recO\ lT\ frolll
soil or¡!anic malln alHllT01' residlll' \\as a lhnamic prol'ess
rcfh-crin¡! L'han¡!in~ nlllrielll ,I\ailahilil\ ami planl demand,

l 'sin!! STL I 1011l'\l'll 1I ,/ I¡/. (J<I'H) delcrlllined Ihe "
upLlke l'Ifil'il'lll'\ frolll hi'lo1'll',tI ¡!rm\lh d,ILI 01' cmps ,Ind
comparl'd il lo prl'lhcIl'l1 Ilel " mincralizalioll, Nilro¡!l'11
lIpLlh' requirelllel1ls il1 l'\n'SS 01''' lllilllTalizaliol1 COllld he
mel 1)\ Inlili/n" "ilro~enuse dlil'ielll'\ il1mi,cd paSllllTs
is more l'(,mpll'\ \\ il h Illlllt Iple " SOllrces ('omprisil1¡! i\ fi\a-
lion 11\ dmlT, lllil1nali/allon 01''' Ir(lm soil or¡!al1i(' malllT
,1' \\l·1I ,1' li:nili/l'l' " alld !!rol/ill)!: al1imal ITIlIrns, This ma\
he hlrlhn (,olllpliL',lled 11\ Ihe possihilil\ of mi\ed paslllre
'I'n ies, Ilaldl (/ Id (I'¡III) ,IIId (illl t'I al (¡t¡'I:;) IÚlIl1d Ihe

101.tllIpLlkl' 01' 1111IIL'rorl1Il'll "lo a\l'l'a!!l' 7i ,ulll Hi"" re'Ill'l'-
li\l·h O\l'l' Ihe l'\pnilllel1lal plTiods, 111 I Iolleh (/ ti/. (1'1'10)
allll al Ihe "L'\\ Zeahlld srtl'S 10UIUpLlkl' of:'\ 1)\ 11ll' pasllIlTs
,I\l'rol¡!ed 1)1 alld ,~O"" rl'Spl'l'li\l'h The apparelllh Im\ dfi-
cil'lll'\ olllq' 01 Ihe minlTali/l'l1 " ,11 Ihe "l'\\ Zl'aland ,iles,
ml'aslIrl'd durill~ al1 al\pil',tlh \\el aUIlIIIlll/\\iI11l'1' pniod,
ma\ he dlle lo Ihe 'l',ISlII1 in \lhich dala l'olleelion com-
1lll'1lL'l'd, \ka"Ill'lllo"l" III";h k;llhin!! and denilrilil'alion
\\l'IT ,i!!l1ilic;1I11 (I,nl!!ard (/ ,d, 1'1'1(,) n:slIltillg ill a rnllllTd
amollnl of" .I\adahle tm planl lIl'lakl'. In conlrasl Ihe l'J.,:
dala l'olll'lli,,1lS L'OIllIlll'lllTd in sprin!!' ami coincidl'll "ilh
rapid planl t!rll\' Ih ;lnd "lIPlake and 111\\ Plllenlial ti,r Ieal'h-
in!!, For l'\;lmplc. loLtI Llint.tll (mn X~ lo 1.:;.:; d;I\') dllrin!! Ihe
l'ollel'llCln ,d 11ll' I Iolllh (1"'10) d;llaSl'lS \;II'1l'!1 hel\\lTI1 ,ile,
trolll liX lo 32'1111111\\hne.l' ;11 Ihe "l'\\ Zealal1d siles 101011
rail1t.tll \1;1' ,\.?OIlIIll lor 11ll' L~2d;1\ ,IUth I'niod Ir is likch
Ih;lI " IlIrll(1'L'1' \101' I)\lT-l'~I1111;1lcd Sllll'l' ,hllrt-llTIlI i, ••b-
liol1 ,,1' Ihe ,,,il 11'0111l1;lIl1r;tI \lellill!! dn 111!! l'\cles durill!!
,1L'el"elll' inlllh;lIl"l1l.111 L·lil11il1alc Ihe pOlclllial li,r Icachill!!
.Ind rultlll' dl'lIllnlit.lIi"l1 1,,\'0. antl -;(,tI lonll~ l.ln polel1-
li;tlh ill! rl'.h" 111<' "\\~('n sl;lIl1s ;Illd ;lnl011111 "t 'lIh,lrall'
a' ;lIlahk ;111" 1h lis lllllllT.d 1/;111011 IIlTIIITIIl!_! i11Ihl' ,,,i 1. 1'"ll'l1-
li;dh, 11\l'I'-t',1 1n 1.111111101" IlIrlll1\l'I' l"uld ha\L' "lTUrrl'l1 al
;dl ,ile, dlll' 111 I'(';ISII¡" Illt'nli'1I1nl .lh",,· 1 111\1('\l'1'. in ;111
l'\11'l'111eh \\('1 "',1'0011. \\llh ('\el1l\ di,lrihllll'l1 1';11I1LtI I '11lh
lI\l'1' ,'slil11l:i"l1 nl.l\ he ,11t'l'I1III,llnl U,illt! 11ll' aceldl'lll'

/

111l'llhali"ll ledl11lqUl'. Tht· Illllhllll' (1I11Il'111 ,,1' Ihl' slId al
;111\ !!i\l'11 11I11l' C;lll ;IUlTI " 111I11LT;tll/.llllll1. 1 )"eI (/ ¡(l. (JlIIJO)
tillll1d Ihal ",il Ihl'l'malllllll' ,IPIll'.dnIIO ;Idnlllaleh prnlicl
llL'1 '\ lllilll'1'ali/;lIioll lrol11 IIrt!;111il 1'l'sldlles ,11 soil \\;1In
I'lIlel1lial, ,,1 o.m lo 0.111 \II'a hlll \ll'l'l' 11111\;tlid lúr pro-
1"11~l'l1 dn l"l1dil iOllS,

Thl' rcl.lI iOllships dt"l nhnl ;lh"" tllllld h;l\l' 1'111ell 1ial
r"les in alhlsin~ Llrllll'l'S "11 liLe l'\1'l'llnl l'onlrihlllioll IIf"
111illl'1';lliZ;lIiolllo Illl'ir p,lSllIrc .lI1d 111lll"dl:llil1~" d~llal1lics
in pasllIre.11l ;ln alhisor~ silll;1IiOll Ihe prediclioll 01':\ IllrJl-
lI\er \\'ollld hl'limilnllH Ihl' lil11e l'ol1'llmill!! acelyklll' lech-
niqlll'. '1,1 ;I\oid Ihis 1c1l¡!11l\ alld li111e COllSllll1ill¡! proCl'SS 111'
charaCIl'I'i/illl,( '\; IlIrJlml'(' rale Ihne 11l'l'lls lo he a Iahoralol'\
inL'llh;l1iolllllelhod "fsoilc;tlihraliolllinked lo Ihe liL"id Ihl'l'-
111011dala, rl'adil~ IIhlaillahlc Ir0111 111l'leOwlo¡!ical records.
1101le\nlll I'/al. (llIXX) SlIl'L'l'ssflllh IIsnl lahoralol'\ illcuha-
lions lo prnlicl Ilel ~ 111innali/aliol1 in Ihe fidd from papl'f'
mili sllld¡!l', indicalin¡!;1 pOlel11iallúr linkin!! lahoralOry allll
fiL"id sllldies. Such an approaeh sllOlIld he namilll'll t(,r dlar-

aCIl'I'i/in¡! !\i IlIrnll\Tr from soil orl,(anic malllT in Ihe fidd.
N IlIrnml'l' fi,lltmin¡! applicalion of sllld¡!es ami slllrries lo
¡!razed paslllres cOllld also he l"\amilled IIsin¡! similar prou'-
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) I!,!. (UllllIl.lIl\t 1)\ 1 \ldd, plOl1l"d a~ail1~t Cllnll1b ••i{~' lurno\t'r Itll

p""lnl daLI "lIh't'h \. B and ( (\:-..: daLISl'(S I 7, (J antl I(J~ B _ d;ILI •..•t·' X.
( tI.1 l.", t' r •.• 'i ,~)

dlln·,. IIlClIha11t11l ofa p.ISllIrL· slIil salllpk al sCH'rallllolsllllT
1IIJlll'Jlt, \1" h ,lllTl"'1I c whsalllpliJl¡! túr Ilcl lllilltTali/al illll.
11I1~..dil <l1n·t 1" l'llk 's lurnllnT ill Ihe "Ihoralon to soil telll-
pn"llIrl· ... ,lIltlllltl"flln' ,"nICII'" in Ihl' fidd. TlllS illlonll,l-
1"'11 \\11111.1ul.lhlr LIrIIICI", lo e~lilllalc Ihe supph IIflllilllT.d
's 1'1'11\Ilicd t Iw'. hall "lll'" 111data 011 STL.' ami sllill1lOi,IUrc
I Ll ', ...i11k (It)t).,t,) dClIltlll',lr,llnl that inlTcascs ill Illillcr,di/nl

's C,lIl rn!lI'T Intdl/lT 's rCllllirclllcllls. aher C\'II11inill¡.! dal;l
Irlllll ..:'1 11111\\11 Ilcld ,ites il lIas tilund Ihal increases in 111111-

Inl di/LT 's '111'1''' ('s ¡'-'sS) resllltnl in delTeases in Ihe 01'1 i-
1l111l11IUI di/U .ll'phl'.lti(l1l ralcs relluircd. For a IO() k¡! 's Ih,1
IIIlIL·.I"'C 111 's I 'sS, krlilizcr 's clluld hc n:duced In S() k¡.!
's h.1 .11 .i 1I1.1r~ill'" 's l'ffiLielll'~ 01' /.::' k¡.! 1>\1 plT k~ 's
'lf'l'li nI. 's 1: 's~, \\ a ... I he lh tll-retILT i11's Upl ake hCI\\ l'l'n fcn i-
h/nl.lIld IlIlllrlrli/l'd 1'111'" ami \\oldd ha\c undn-eslilllatnl
lOi,tI 's IIliIlLT.dl/,llioll "'''1''1' kal'hill¡.! 01' dCllilrifll',lIillll 01 's
\\IIldd 11111",1'.,' "lell a, "'IIIllcd IIIr.
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The n'lat illllships hcl\\l'l'n STU, '\i lurno\er ami 1)\1 prll-
dUclioll n1;l\ also han' Ihe potcntial ti,r usc in modelling N
llIineralinlion ami pronlOtin¡! Ihe dficient use ofN, Call1p-
hell <'/lIl. (!IJ!J.~) suggcsted couplin¡! Ihe potentially mineraliz-
ahft- 's conccpl \\ith dClerministic Illodcls (such as CERES
alld I.I-:\CII \ 1) ami lo quid routine lahoratory Illcthods
(such as hOI 2\1 )o.;(:J ntraclion), Iherehy enahling prcdielion
111''s Illinl'l'ali/alioll . .-\Iso, Ihc '\iCYCLE modcl (Schokfield
,-/ ,11., 1')'11) includcs a lIIincrali/alioll suh-llIodcl \\hich pre-
dios '\i lllimTJli/al ion in paslurcs (111an annllal cyclc. (:ur-
ITllt llc\clllplllcnls 01' :'\CYCLE (Scholcfidd e/ 11/.. 11)%)
indlldc shllrtn t ¡IllC stcps (c.~. I1lllnlhh). Oncc Ihc millLTali-
/,11 illn plllCllt i,¡) has hl'l'n l'slinutcd 1111'a soil al a gi\cn nlllist-
111'1' '·"'"Cllt. Inllll I'rcdillnl soil Iherlllal ullilS, olhn
Icalhill~ ,llId/or dCllitrificalioll suh-modds could also hc
!lIdlldnllll nallllllC Ihc hlc 01''' millnali/t'll.

(:()'s(:I.LSI{):"';S

Thls '"1,d\SlS IIIdicatcs Ihal ilma~ hc possihle lo prt'llicl I nI
prodllL'lilln and 's lurtlon:r li)r ;1 spccific site or soil usin¡!
silllple prtlCCdUITS. Thc sludics dl'fincd hLTC indil'ale that
Ihc ke~ LILtOIS rnlllircd arc soil tClllperatllrc. lotal soil '\i ami
hulk dCIISil\ ,11 tlll' hc~innin~ 111'Ihc pcriod in qllcstilln ami
pastufl' l'llllll'0sililln. Thc rclatillnship of STL \\ilh 1)\1
\icld 'lIId 's IUrllmcr prmidl's a 11sl'fu I corrclaliot1 Ihat l'ollld
ptlsSlhh he lI'nl in thc Illflddlin¡! of's usc in paslurc sySlcllls.
hllUIC \\ork ,IWllld first l'\alllillC lillkin¡.! a lIuick L1hor;llon
h."ld 1I11Ilh,lllIIlllnhlliqll" 111Ihe atTI\IcIll'llThniqul' so tlH'
1'('l.ltloll,llIl' hl·t\\lTIl STl alld \. 11Irlltl\l'I' l'an he lIsed lo
charoltlLTI/" a Llrllln\ "oil 's slipph frolll IIr¡.!;lIlic 111,1111'1'
alld t hll' hL' 111lI'C !Il prl'llictlll¡.! 's lllillCralizalilln. Sccolldh,
1hl' rl·l.lllolIShll'S sl1<luld hc turl hn t'\l'lllrcd li,r 1l1Oddlillf! \.
lh llallllC' h\ 1'\,II11illlll~ difti:rclll thrcshold IClllpcralurcs.
h" ...•·tI tlll limi" 01 l1linohl,¡) aCli\ il\ 01' p;ISllIl't' spccics, ami
I'tJs ...ihlc rdolliollSlllps 1>1'1\\ tTIl '\; Ul'loIh' ami STl'.

\(,)0.; 's ()" L ElHi E .\1E 'sTS

TI", \\Olk \\.IS 11I1Idn! 1)\ \1.\1,'1" 1.lIlIdoll Thc Sl'llior oIuthor
\\I,Ilt' ... 111ih,lIIk 1111'(),!.:;JI1IS,1I1111l 101' El 01111111iL' (:Illlpnalillll
,lIltll )(,\I'I"I'n1UII, tl,l'lIlill"h (.ounul.m" Ihc 'sl'\\ /\'al;llId
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/:,"'.1 I'Sft'l1l I-./kl l'i "" liillt' (;11\1) (fll.l ("//11'11.' (.'Imllllt' (:!,¡/11_!!.f' •.. \nll'rican SOl'il't~
'If \~nI1101ll\ ~pl'l-i." l'uhlH ;ltioll '\,1I111hl'l _"."I. \LHli,on, \\,io..;nmo.;ill.PP
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SI 11"11111I l', 11,1ni f,.\t 1;,11R , \\ 11111lit \1" 11( & '1'\so "-, ,,( 1'1'11
,-\ 1110dd lo prnht1lranslorTn:lIiIlTl" "nI! 1110..;••••.•.., (lfllltrfl~('Tl inl.1\. pasturc.· ....
!!r;I/t.'lIIl\ hl't'f Llttle. /'/lIlIlllI,.I'\/lt! 131. I"~ 1-;~

.s( "' '1.1.1.'11,1.1',1),HI~('11'<.,1" 111\f,.1S,1 ( 1\. I'HI 11'1, , 1'1'1(,Inl"l!r;lInl
,oil ll'",ill~ ;1Ild llloddlill~ .1... ;1 h,l ....i·, lor It-rlili/t.'r HTIIIllI1H·IHLlIiollo..; f¡lr

~ra bTld 111"I'Il1ni, •.. \icld ~lIld ("11\11'1111111('111:11 IIlIP:ll"l. -¡;iI"''¡,ll/1l1_~ o(Iht
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.sTI'<.FI'Kll,(i, FRIKI, \111 & SI 1I\\""'dR,llIl I'I~,; 1t'lIlpn;lIl1'T
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1)CCp soil C0111pact ion

I )e,n Sir,

SlIlli\'11l 1\ \1"11~~"I11<'1I(I""S) llll1SI,kr 1\\11 1t\1'''lhes('s lo

c\l'lain deel' ,"1",,11 l "llll'<l11 illl1 (LII I I'<lnslol',1I illn and I r<lr-

li(' IlIadlll!.': Thnl' SlTI1" 111hl' al kasl 1111\'I11I1ITI'"ssihk

,,111'" ,,1 IhlS l"U'I111I1UI""1
TI", ",il, l 1111'('1IU" II,I\(' l LII ('''111('11'' ,,1 ,() h()"",

SII}l1(' slld •.•\\llh 11.1\ IlIllllllls '1' III~h ," IllIs shrink dllrill~

11ll' dn ,,'<1'''11 ,111111"1111,I,U k, n"I\hil1!_! tlf ¡;~l' sllrLllT,

'"11,,'11111'" 11ll"'" II,I'~' ,11" \\I,k "11"11\',111" ',!tI';I h.ll1d il1ll1,

\1111<',;1111(,11111','''1111 ,11"',!SI ,,1 1111''''SI,d•.."ITak "1' ,11l!te

,"rLlll' 1', 1"1'111,,",tllll,'~II""" \1"Il" 111.11he ""11\'.2 ,l tllltl

,111''''', Thl"C 11.1~1l1l'11" l"ldd e;lSlh t.dl dlll\ 11 11110Ihe

LT;llks: '111d11", 1('I1<kl1'1 111dll '" Illi~hl he hi!.':hn IIl1dn

<lrahk 1II<In IIl1dn 1',1,1,"" 11,TlIIIl¡'S did 1.11111110'I'<lcks 111

1111'\1,11,Ihn \1"ld.l 111'1,('(k ,l\l'lIlll~ dUI il1~ 11", Ill'l SLI'''It,

k,ldllll! 1', Ih, .11'1,1"1"11\'111lit III!_!h 10"1'1/('11"" ,Irl'>se',

\\hich nlit:hl in Iurlt rl'"dl lit l'IIIlll'al'l11l1t (al1d slH',Ir), lit I'ar-

lindar, Ihe high hulk dl'll,illl'S ,11(1.., I ()111111dl'l'lh ul1dn

collOI1 al I'illit:a (Fig Ih ilt Ihe IIrJ!_!ill<drCI'"1I) \\(lltld hl' C(lI1-

siSlcI11 \\ilh Ihe 111p"lhcsis IILlI rra~I1H'It" 01' SltrLI('l' sotl

hel'OIllC IlId~nl ilt I he l LIl ks al I IlIs dqll h,

Peter Slllart
Civil Engilleerill<J Departlllent
Glrtsgow LJniversity
Glasqow G 12 800
UK
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SYSTEM 2

FARM STATl JS

Arca
Stocking rate
ivlilk "-
Silage "
Concentrates

Volume of wastcs: hOllsed winter
Volume of wastes: summer
Volume of dirty water

(Volumes from Code of Good Agricultural Practice)

N INPUTS

Atmosphere
o

Concehtrates ú) 3.00% N (SP)

Fertilizers (from systems description Appendix
1C and 20 kg ha to maize)

Total for system

N IN CROP

Harvested for silage: 91.1 t (DM)
- grass 39.8 t (DM) @ 2.55% N (SP)
- maize 51.3 t (DM) @ 1.4% N (SP)

Present in grazed grass
93.0 t (DM) @ 2.7% N (SP)

(grazed grass yield estimated from Mi/k j1-om Grass
at appropriate N fertilizer input)

Total for system

N IN MILK

21600 1 @ 0.% (SP)
(uses 1.03 x 1 to kg conversion)
Assume some maintenance/eonversion as system 1)

Total for system

19 ha
1.9 LU/ha = 36 eows
6000 lIeow = 216000 1
2.53 t DM/eow = 91.8 t (DM)
1400 kg/eow = 42.8 t (DM)

57/LU/d (200 d) = 410.4 m3

10 IILU/d (165 d) = 59.4 m3

18 IILU/d (200 d) = 129.6 m3

kg/ha
30.0

total t
0.570

67.3 1.285

175.4 3.325

272.6 5.180

53.4
37.8

1.015
0.718

132.1 2.511

223.4 4.244

kglha total t
58.5 1.112

23.8 0.453

82.8 1.567



Leaehing and denitrifieation: estimated (exeept where indicated) from NCYCLE for loam soil:
good drainage: long term grassland: 2-10 year swards.

30.6J
64.5J 47.5

66.2
30.0*

••••••••••••••••••••••••••••••••••••••••••••••

EXCRETED N DURING HOUSING

Total N intak~ by eattl~
(grazed + ensiled grass+maize+concentratcs)

Excreted N calculated as difkrence bet\\"\:en intake
and utilised.
(i) Assume 67% 01' N utilised during housing (SP)
(adjusted to 200 d) [(5.529 - 1.567) x 0.67J
(ii) Assum~ 4 hrs spent at milking during grazing
[(3.962 - 2.650) x 0.17]

Total N excreted in house for system

N STORED IN W ASTES

469.8 m3 slurry @ 0.5% N
129.6 m3 dirty water @ 0.1 % N

Total for system

N LOSSES FROM SYSTEM

(i) from euttin~/grazin~ ete.

Leaclzinu,...,

(a) 2 cut silage 3 ha (0 245 kglha
(b) 1 cut silage 4.5 ha @ 245 kg/ha

(e) grazing 5.5 ha C?P 250 kg/ha
(d) maize 6 ha @ 20 kg/ha

Total for system
(*uses Bridgets best estímate)

DenÍlrijic([t ion

(a)
(b) 10.2 J

21.5 }
(e)
(d)

Total ror systcl1l
(*NC'YCLE valuc [or cut grass)

139.5

11.5

150.9

k~/ha
30.6

10.2 0.031

15.9 0.071
,y) ! 0.122.:.....:::....-

1 ..,* 0.078.j

12.2 0.232

2.855

o.~19

total t
0.092

0.214
0.364
0.180

0.850



••••••••••••••••••••••••••••••••••••••••••••••

(h) 5.5 ha grazed at 250 kg/ha 9.9
(e) 4.5 ha grazed at 245 kg/ha 9.5

0.054
0.043

NH; vo!utilizatiol1: ca!clI!u!ec! (IS hcji)rc
(i.e. NI-!: N volatilizcd = 0.000347 x ku N/ha I S'7 )-' ~

Total ror s\ stcm :;.1 0.097

(ii) from \vastcs etc. (all calculated as per Jarvis. 19(3)

(a) leaching (no run-otl assumed)
Assume 57.5% ol' slurry N applied to maize (see Appcnd 1B)
i.c. 1.413 tN applied to maizc and 1.066 tN to grass.
105s 1'rom maize:- taken into account in calculation aboYe.
loss from gras5 @ 5% of total N in wastes 0.053

(b) deni trification: (assumc 20% o f applied NH~' and that
NH~' N = 45% of total N: same rate of loss from maize as
for grass 11.7 0.223

(c) \"olatilization - spreading
- from grass (assume 18.6~o 01' total N applied) 10.4
- from maize (assume 10% 01' total N applied) 7.4
- 1'rom shed + store (calculated as ditlerence between -;-..;

excreted during housing and stored N) 20.8

0.198
0.141

0.395

38.6 0.734
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