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Nitrous oxide production and denitrification in 
Scottish arable soils 

J .  R. M. A R A H ,  K .  A. SMITH, 1. J .  C R I C H T O N &  H. S .  LI' 
The Edinburfih School ofAgriculrure. Wesr Mains Road. Edinburgh E H 9  JJG. UK 

S U M M A R Y  

Nitrous oxide (N,O) emissions and concentrations in the soil atmosphere were measured 
at a number of sites ofdiffering soil type in south-east Scotland between 1985 and 1988. 
Concentrations followed log-normal distributions and were significantly affected by soil 
type, tillage treatment. and nitrate application rate. The shape of the profiles suggested 
significant consumption in the upper 5cm, making calculations of emission rates using 
Fick's Law unsatisfxtory. Emission rates measured using closed flux chambers wcrc at 
least one order o f  magnitude smaller from heavier-textured arable soils than from lighter 
ones. 

Denitrification fluxes measured by field application of the acetylene inhibition 
technique wcrc lowest in a clay loam, and highest in an  alluvial sandy loam; this was 
attributed to a failure to achieve a satisfactory distribution o f  acetylene in the heavier soil. 
Denitrification rates in soil cores generally exceeded measured surface fluxes: incubation 
at decreased oxygcn concentrations typical of those measured in the field produced a 
further significant increase. Core incubation should be used as an alternative l o  ii! siru field 
measurement only i f  the oxygen concentration in the incubation vcssels i s  adjusted to 
mimic that in the field: otherwise denitrification rates may be significantly underestimated. 

I N T R O D U C T I O N  

There i s  a need to quantify thc emission o f  N,O from soils because o f  i t s  contribution to the 
greenhouse effect (Bouwnian. 1990) and i t s  role in the destruction o f  stratospheric ozonc (Crulzen. 
1981). Denitrification in poorlyaeratcd soils i s  a rnajorsourceofN,O(Bouwman. 1990). Quiteapart 
from i t s  effects on the almosphcre. dcnitrification results in a diminution of the pool of soil-N 
available to the plant or for leaching. Soil structure, texture and water content. and  the concen- 
tration and form of mincr;il-N are all significant factors: denitrification occurs when nitrate is  
present in anaerobic micrositcs, which dcvelop wherever the microbial demand for 0: exceeds the 
diffusion-mcdiatcd supply (Arah &Smith. 1989). This may occur where 0, diffusion i s  impeded by 
watcr. eitherat thecciilresofsoil ;iggregalcs(Smith, 1980) or insaturated regionswilhina structure- 
less soil (Arah, 196'K). or whcrcvcr thc local 0, demand is  cxccptionally high (Parkin. 19x7). Losses 
can he considerable (Rydcn ?I nl., 1978: Egginton &Smith. 1986b; Myrold. 1988). Hetween 1985 
and 1988 we invcstigatcd N:O production and denitrification in Several arable soils in south-cast 
Scotland. This followed an ciirlicr study in grassland soils (Egginton & Smith. 1986a.b). 

Production and cmission o f  N,O do not necessarily occur in step; N20 produced z i t  depth can be 
reduced to niolccular nitrogcn (N,) on i ts  way up the soil profile, especially when diffusion is  slow. 
Concentrations recorded at depth rcflcct the outconie o f  a competition between N,O reduction and 
csc;ipe. Hcrc we rcporl measurcd N,O concentr;ttion profiles and surfacc nuxcs mc;rsurcd using 

'Pcrmancnl iiddrcrr: I>ep:irumcnl 01 Soil Science ;md Agrochcrnislry. Nurlhwcs~crn Uiiivcrsity of 
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closed chambers. Fluxes estimated from Fick's Law are  compared with those measured at  the 
surface. 
We proposed to monitor denitrification rates in the field using a modification of the standard 

acetylene inhibition technique (Ryden el 01.. 1979a.b: Ryden & Dawson, 1982). In response to 
problems that became apparent as  the work progressed. in 1986 we supplemented the field method 
with a core incubation technique similar lo that described by Aulakh CI a/. (1984) and Ryden era/.  
(1987). Our results are presented in this paper, together with a critical review of the measurement 
techniques employed. 

E X P E R I M E N T A L  S I T E S  A N D  M E T H O D S  

Fie/dsires 
Four sites werc employed, all on the Edinburgh School ofAgriculture's land at the Bush Estate near 
Penicuik, 13 km south of Edinburgh. Meteorological data were obtained from the Bush Estate 
weather staiion. Site characteristics are listcd in Table 1. 

Table 1. DescriM6n ofexnerimental sites n 
/ 

Bush Croft' South 
Site House Field Mains Road Road 

NT262633 
1985-1988 

47.5 
35.3 
17.4 
3.3 
6.5 

winter 
L 

Map reference NT246633 ~ ~ 2 4 6 6 5 2  ~ ~ 2 3 6 6 2 7  NT262633 
Dale 1986 1988 1987-1988 1985-1988 
Soil series Darvel 'AllWi"," Winton ' 
Topsail texture SL SL CL L 

sand (%) 66.5 59.9 43.0 49.5 

clay(%) 9.8 12.0 24.0 15.2 
Organic matter (%) 3.3 4.6 4.8-6.0 4.4 

silt (%) 23.1 28. I 33.0 35.2 

PH 5.9 6.0 6.2-6.7 6.6 
Crop spring Il0"C' spring winter 

b;,dey barley barlcy 

W 
'Unclassified alluvial dwosil 

Bush Hoiisr. This cxpcrimental plot wds divided into eight sub-plots, half of which were 
compacted by tractor wheels after sowing to investigate the effect on aeration and denitrification. 
Fertilizer was applied as ammonium nitratc :It two rates (100 kg N hd-l and 160 kg N ha- ') .  

Cro/i Fidd This site is locatcd on the School of Agriculture's Boghall Farm. Equipment was 
installed on an area ofbare unrertilized soil adjacent to a potato crop. Fertilizer was later applied as 

G/r,icorse Muins. This sile is divided into hydrologically isolated plots (Rcdman el 01..  1989; 

4 calcium nitrate at 0 kg N ha- '  and 100 kg N ha-'. ko GYOP. 

as organic N from a lcguminous ercen m e  (To rare peas) in September 1987 

Sosrh Rond. This is the site ora  long-term tillage experiment with two main blocks (Pidgeon, 
1980; Smith el a/., 1984. 1988: Ball el d.. 1988, 1989). One block is located prcdominantly on the 
Macmcrry soil scrics. the othcr is a WintonIMacmerry complex. Invcstigations on thc latter block 
were located on areas of Winton soil. During the period or this study the crop was winter barley. 
Most o f the  work reported here took pluce on plots under two tillage treatments (long-term direct- 
drilling and conventional ploughing) and two spring N-application rates. which we termcd Low N 
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and High N.  A l l  plots received 60 kg  N ha.' I the end ofOctober and 50 kg N ha- '  i n  mid-March: 
in c;trly April the Low N plots rcccived ;in a&litional 100 kg  N ha.' and the High N plots received 
175 kg  N he-' .  Fertilizer was applied as ammonium nilrate. 

, t ~ ~ , ~ l , ~ , , ~ ~ ~ , , , ~ , , l  of ,v>o ~, , , ,~eHlr l , l ;o , l  /,rq/il?s 
Probes wcrcconstructed loal low sampling of  the soil almosphere. Consisling ofcylindrical sintered 
bronze chamhers some IOcm'  in capacity attached to 3 nim (outside dkiinctcr) copper tubcs 
equipped with laps at 1he soil surface. these probes were smallerand cheaper lliitn those employed in 
previous studies(Dowdellero1.. 1972; Fgginton & Smith, 1986a). thcycaused lessdisturbance to thc 
soil. and they more closely approximated to the volumc o f  real pores. Gas ssmplcs taken in I em' 
glasssyringes. which were found to bcsatisf~c1orily;iirtight whengrcascd. ucrciinalysed within 24 h 
of sonipling by gas chromatography. A Philips PU4500 instrumcnt cquippcd with a Porapdk Q 
colun~n and an  clectron capturc dctcctor (ECD) was used for measuring N1O. Conccntra[ions of0:. 
CO: and acetylcne wcre mcasurcd using it thermal conductivity dctcctor (TCDI  aflcr scparaiion u11 

parallel columns ofPorapnk Qand niolccularsievc 5A (Smith & Arah. 1990): ;in autoni;iied sample 
injector hascd on a 2 x 20-port rotary valve perniittcd the unaltendcd analysis of up to 40 samples. 

Conccnlr;ttion gradients were detcrniined by sampling the soil atmosphere a i  depth (USudlly 5. 
20 and 40 em). A separate series of experiments was performcd l o  dctermine lhe gaseous dilfusion 
constants of intact soil cores at various moisture tensions (Ball er "1.. 19811. These data werc 
employed 10 citlculiite N?O Ruxcs using Fick's Law. 

F-/,,,v cho,,rh<v.,../ir Ill',(l.sl,l'~',,rP,lI ,!f yareot,., Pnli.~.sio>,., 
Closed chambers wcrc employed for the present study.  The Iurger the chxriiher the inore represen- 
~ i t t i ~ c  i s  the area i t  COY we madc our chamhcrs iis large as possible subject 10 the constrdints of 
port;ihilily. Sixteen cha err. 70 ct i i  sqo;irc. were constructed in two parts: il sheet steel frame I 5  cni 
(lccp pcrninnently installed to :I depth ol';~boul 5cm. arid a lid which could he cl;impcd onto the 
f r imc  to fum, i t n  airtight sciil. Fhngcd exleiision sections ('chimneys') sonic 10 c n i  high could he 
inscrtcd hctwccn the l id itnd thc frame IO accommodate tlic crop a s  i t  grew Each l id w i s  equipped 
with :I sampling port and ii flexible pl;istic window tu lliiiisinit atmosphcric prcssurc tluctuations to 
ihcsuil (Hutchinson & iMosier. 1981). No;iccount was taken o f the  possibleelkcrs ofhcating of thc 
soil, since thc ch:imhcr lid w i i s  usu;illy in posilion for nu more than ii fciv hours. Samplcs for gas 
uhromatograpliic ;in;tlysis were extr;ic1ctl a t  rcgu1;tr intervals (usu;illy 0. 30. b0 iind 120 minl al-tcr 
cIosurc of !he lid. N,O f lux  wiis cii lculatcd fruin the init ial l i i t c  at which thc  c m c e i i i r A o n  i n  thc 
ch;imhcr increased. 

/Id,/iliO~~ r ( / o ~ ~ < ~ , l ~ / t w  
0111cr I'ranics. I iii squiirc. WUIC inst;illcd around the 70 ctii square flus chamhtrs. To lhcsc fr;inics 
c.0~11d hc :att;ichcd ir;tnsp;trcnt pcrspcx anupics 1:111 cnough (40 em) to  :tcconinioiliitc thc crop 
thmugl io i~ l  ~ i i o s i  of the growing su:~son. Acctylcnc wiis passed through thc canopies at a rate 
sullicicnt t o  Ini;iint:iin a conccriti,iii~ni tihove t he  microplots of ;ipproim;itcI! 20% by volunic. 
I l i l l i ision of i iccty lcnc inio tlic soil was monitored hy gas sxiipling :it depths of 5. 20 ;tnd 40cm. 
S;iniplin: prohcs wcrc ~nst:illcd i n  1lic guxrd iircit hctwccn t h e  inner ;in11 the oulcr frames. Thc 
comhincd ;tcclylcnc acldit i<ui/l lu ch:imhcr ;ipp;iliiliis i s  illus1r;itcd in Fig. I 

IC Kilncr-type preserving jars wcrc equipped with s i s  s:impling purls :ind 
~i i : ic t  cores. sonic 3.5cm i n  dianictcr. takcii from 0-IOcm and 10-?0cni 
ar. Ibr ii pcriod 0124 11 i i t  the niciin temperature recorded in  the l ic l t l  over 

~ l i c  prcvioiis few (hys. The cncloscd : I I I I ~ ~ ~ S ~ ~ ~ ~ I . ~ C O I I ~ I I ~ I I ~ ~  IO'% ;~cctylcnc hy w l u n i c .  At lhu u n d  of 
t he  inciihit ion pcriod dupliu:itc I on,' gas sitmplcs wcrc wilhdrawn by syringe for N1O ;in;tlysis hy 
::is c1ironi:itogr;iphv. For coriil~,irison with nic:wrctl surkicc fluxes. core dcnitritic:nion r:i[cs ' ,  , 

sc:tIcd 111) on :in :irc:tl hasis. Wc I I S S L I ~ C ~  ; in itctivc layer or 20cni. laking no iiccount of  1pr 
hckw this dvplh: our imciis~ircnicnis represent lower l i i i i i l s  t o  the licltl t lcnitri l imiinn Ilus. In thc 
ini:ijority ~11ci iscs no :tt[cm,n w:ts 1n1:dc t o  control 1111: O! conccntli11inn i n  the incuhation 
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Fig. 1. Apparatus lor field application of acetylene and measurement of gaseous emissions from soil: (a) 
'exploded' view showing perspex canopy lor covering soil and crop during application ofacetylene: (b) plan view 
showing location of gas sampling probes in guard area between lrames. 

which remaincd close to atmospheric throughout. However, in an exploratory investigation 
conducted on soils from the South Road and Croft Field sites, the 0, concentration in the vessels 
was manipulated by flushing with standard O,/N, mixlures to cover the range of 0, concentrations 
(3-21%) encountered atcoringdepth in the field. 

R E S U L T S  A N D  D I S C U S S I O N  

N.,O concenrrorions 
Concentrations of N,O in I cm' gas samples taken from duplicate sampling probes installed at 
depths of 5,  20 and 40cm in 16 experimental plots a t  the South Road site were determined at  
intervals between24 May 1985and21 August 1986.Theprobes were removedso that thccropcould 
be harvested at  the end of July 1985, and re-installed after sowing the next crop in OclOber. 
Measurcd concentrations showed a highly skewed, approximately log-normal distribution; such 
a distribution was also observed by Egginton & Smith (1986a). Separate four-way analyses Of 
variance were performed on the log-transrormed concentrations recorded at  each depth in order to 
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N?O producriotz and denirrifcation 355 
Table 2. Analysis of variance of log-translormed N,O concentrations 

Depth Degrees of Sum a i  Variance 
(cml Source ofvariation rrecdom squarer ratio 

5 Date 
Soil 

Nitrate 
Tillagc 

Dnte.Soil 
SdTillage 
Date.Soil.Tillage 

Residual 
Total 

Tillage 
Nitrate 

Date.Soi1 
Date.Tillage 
Date.Nitrate 
Tillage.Nilrate 
Diitc.Soil.Tillagc 

Residual 
Total 

40 Date 
Soil 
Tillage 
Nitrate 

Datr.Tillage 
Tillage.Nitrate 
I)iite.Soil.Tillage 

Residual 
'TOti i l  

25 
I 
I 
I 

25 
I 

25 

648 
830 

25 
I 
I 
I 

25 
25 
25 
I 

25 

649 
831 

25 
I 
I 
I 

25  
I 

25 

649 
831 

147.3 
1.7 
I .0 
- 

14.5 
1 . 1  
7.7 

129.9 
327.0 

367.9 
2.9 

19.3 
0.2 

30.7 
24.5 
18.4 
3.0 

18.7 

271.4 
776.7 

301.6 

3.0 
0.7 

37.7 
12.5 
19.6 

327.7 
753.1 

- 

29.4'. 
8.4,. 
4.9' 
- 

2.9.- 
5.3' 
1.5' 

34.9.r 
6.9.' 
45.8" 

0.5 

2.9'. 
7 ,I* 

1.7' 
7.1.. 
1.8. 

23.9.. 

5.9' 
I .5 

3.0" 
24.8'. 

1.6' 

- 

'Prohiihili1yol;irising byuh;inccleisih;in0.05: '.probabilityofarising hychenculesrthan0.01 

dctcl-mine the rcI:itivc significance or the cll'ccts of sampling date (Date). soil type (Soil). nitrate 
application rate (Nitrate) and tillage ire:ttment (Tillage). Rcsults are summwizcd in Tahlc 2. 

Soil type Ihxl II highly sipnilicant cffcct (1'<0.01). tillage treatment was signilicant ( P  <0.05). 
and the rate of nitrate application had no signi1ic;tnt efFect on the N,O concentrittiin at 5 cm. There 
W:IS a highly signilicant interaction hetwccn Date and Soil (an cll'ccl of soil type which 
altcrcd with t i inc). atid significant intcriictions between Soil and Tillage ( a n  cffcct o f  thc tillage 
1re:ttmcnt dill'cring hctwccn the two soil types) and hctween Dale. Soi l  and Tilhgc (thc sztmc, hut 
wrying with lime). Fig. ?;I sliows the N,O concentration a t  5 em as a function ol'sampling occasion 
f i r  the  four soil/lill:tgc combinitlions i n  the 19x6 growing season, during which most ofthe trcnds 
visihleclscwhcrc wcrc hest represented. Each point rcprcscnts the geometric inmiln (appropriate for;t 
1og-norm;tlly distrihutcd wri:thIe) of cight individual mc;tsurements. I t  is ;ipp;ircnt that in a11 casus 
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Fig. 2. N,O conccnlrdtions recorded in soil atrnoapherc. South Road. 1986 (a) 5cm depth: (b) 20cm depth: 
(c) weekly precipitation. 
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thew was a fall from high conccntrations bctween January and March. a transient increase between 
M.l;irch and Apri l  possibly in rcsponsc to the application on 18 March of50 kg N ha-( of nitrate to 
:dl plots. and a more gradual increase followed by a fairly steady decline after the final ;ipplication 
01 krl i l izcr on 9 April. The highest conccntrations were found in the direct-drilled plots on the 
Macinerry soil. and the lowest generally on the direct-drilled Winton. Ploughing decreased Ihe N,O 
conccnlrations recorded at 5 cm in the Macmerry soil and increased i t  in thc Winton. 

N,O concentrations a1 20 cm (Fig. 2b) were highly significantly affected by sampling OCcdSiOn, 
soil lypc. and tillagc lrcatment. There were also highly significant interactive effects bctween Date 
and Soil, Datc and Tillage, Tillage and Nitrate. and significant interactions hctween D a t e  and 
Nilrateand between Daie.SoilandTillage. Fig. Zbshowsthesamegeneral trendsofrisc;,nddecline 
:is Fig. 2a, with the addition o r a  second transitory increase in N,O concentration in June. This 
second summer peak was not reflected in the concentrations recorded at 5cm. perhaps bccause the 
s u r i x c  soil by this linic may havc been too dry lo restrict the escape ofN,O to thc atmosphere. 
Conccntrations at 20 cm were, in general. about an order of magnitude greater than thosc recorded 
at 5 cm. reflecting the greater rate o f  N 2 0  production at depth and the increased dilficulty i t  has in 
escaping. Concentrations in thc Macmerry soil tended to be higher than those in the Winton. and 
concentrations in the direct-drilled plots generally exceeded those in the corresponding ploughcd 
ones. in contrast 10 what was observed at 5 cm. 

Concentrations a t  40cm (not shown) w r e  generally slightly higher than thosc recorded at 
20cm. and remained elevated for longer: thcre was a third peak at thc end o f l u n c  which was not 
observed at 20cm. There was. a s  a t  5cm and ZOcm, a highly significant effect of Dale. and a 
significant Tillage clTccl. Interactive efects between Datc and Tillage and hetwecn Tillage and 
Nitrate were also highly significani. Soil type. however, had no discernihlc effect. 

I 

I 

N,O,flr,.u,s 
Fich:r Lon, cdculuiion.?. DifTuiion coeflicients measured at a moisture tension of  6 kPa are 

prescntcd a s  dimcnsionlcss diffusion coelficicnts (diffusion cocficients mensured in the soil divided 
by that in free air) in Tablc 3.  Dilfusion coefficients in the Macmerry and Winton soils are not 
particularly sensitive functions of moisture tcnsion around field capacity, and moisturc contents at 
South Road tend 10 be closc l o  ticld c;ipacity throughout most of the growing season (13. C. Ball. 
pcrsonal communication). The values in Tablc 3 rcprcsent average values for the whole season: ihcy 
were cmployed l o  calc~ilate N,O fluxes from the Fick’s Law relationship: 

J(r.1) = D(Z,/)JC(Z,/)/JZ ( 1 )  

whcrc : is the depth. I is thc time. .J(z,r)  is thc flux per unit surface arca. D ( z , / )  i s  thc dilfusion 
coctlicicnland C(r.r~istheconccntr~it iono~tl~edi~usingsuhstance.Thc hulkconcentration (?(:,/)is 
proportional to the conccntration Cp(z.i) measured in the sampling probes, assuming that thcse arc 
represcntative ofthc air-lillcd porcs i n  i h c  soil: 

C(T.1) =,;(2,1)Cp(2,/) (2) 
where I;(:.I) is the air-lilled porosity of  the soil, 

C;ilcula~ed N . 0  flu= s hctwccn 20 and 5cm were integratcd by linear inlcrnolation to obtain 
total N,O losscs during Ihc 19% growing season. The 20-5cm. rathcr than the surfacc (5-Ocm). 

uxcs wcrccniploycd hccausc thcdinlision cocllicicnts rcportcd in Table 3 refer tocorus takcn from 

depths of 10-1 5 cm. Losscs from thc Macrnerry-soil amounted to some 6 to 7 kp N ha-’.  and by thc 

x ,  
I ~ 6 i l i i c ~ o T n ( . - . i )  iind /:(:,I) uscd in ihc ciilculiiiion. and thcsc could no1 he mcasurcd a t  the same 

I 
tinicas thcconccntralion profilcs. ;tnd (i i) highdunitrification fluxes need notcn1:iil high N,O Buxcs. 
Whcn ;in;~logous c:iIcitliitions wcrc pcrformcd using thc 5-0cm conccntr:ition gradicnt t l i ~ t i t  Ihc 
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apparent losses amounted to  no more than half of those above, suggesting that N,O consumption 
occurred in the upper few cm of the field. 

Fick's Law has been used to  calculate field N,O fluxes by Rolston el a/.  (1976), Mosier & 
Hutchinson (1981) and Egginton & Smith (1986a). amongst others. The necessary equipment is 
relatively cheap, and thereisvery littledisruption lo thesoil i n  thecourse of an investigation(serious 
disruption occurs only when the probes are installed). Fluxes at  depth may be estimated from 
concentration profiles; the depth of the most significant zone of N,O production may thus be 
determined (Goodroad & Keeney, 1985). offering some insight into the mechanics ofdenitrification. 

Table 3. Diffusion coefficients and air-filled porosities at South Road (23 May 
1986); moisture tension 6 kPa 

Diffusion Air-filled 
coefficient. porosity, 

Soil Tillage DID, c 

Macmerry Ploughed 0.0541 0.232 
Macmerry Dircc-drilled 0.0254 0.187 
Winton Ploughed 0.0182 0.1 IS 
Winton Direcl-drilled 0.M186 0. I22 

From Ball CI  a/ .  (I 989). 

'Table 4. Measured aurlice N,O Rux at South Road, 1-8 July 1985 

N,O flux (g N ha-' d-') 

Plough Direct-drill 

Soil Low N High N \& Low N High N 

Macmerry 1.1 (2.5) 1.6(2.5) 1.6 (-0.5) 1.6 (-0.5) 
Winton 1.1 (0.1) O.S(O.1) 1.1 (-1.5) 1.1 (-1s) 

tween 20 and 5 cm. Figures i n  parentheses arc calculated 

The method is not cntircly appropriate, howcvcr. for the determination of Auxes through a 
heterogeneous medium (such as an aggregated soil) of a substance (such as N,O) thdl is both 
produced and consumed in discrete microsites. In such a medium, coherent variation occurs on 
scales smaller than the minimum practicable disrdnces (about 5 cm) between sampling points, and 
the rckdlionship between measured concentration (CJ and bulk concentration (C) is unlikely to be 
a s  simple as that in Equation (2). The evidence cited above for consumption of  N,O near the soil 
surface at  the South Road sile suggests that Fick's Law calculation is an unsatisfactory method of 
estimating fluxes in these soils. The method is likely to be more successful in more physically 
homogeneous soils. It is intended to test this hypothesis a t  the Croft Field and Bush House sites. 
The method ideally calls for the simultaneous measurement of  diffusion coefficients, air-filled por- 
osities and concentration gradients in the field: a technique for the field measurement ofgaseous 
diffusion coefficicnts has becn evaluated by Jellick & Schnabel (1986). but i t  has yet to be widely 
adopted. 
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Fig. 3. Surhce N,O flux measured usingclnsed chambers. Glencorse Mains. autumn 1987. 

'Table 5. Measured surface N,O flux 81 Croft Field in 
autumn 1988 

I 
I 

N , O ( g N h a - ' d - ' )  

Date Zero N 100 kg N ha-' 

25/8  0.5 
ZV/X 1 . 1  
30/8 0.2 

119 I .4 
719 224 

1319 0.5 
1/10 I .6. 8 .  

10/10 18.7. 85' 
18/10 5.4 167. 
Z5/ I0 17.1 89. 

1 / 1 1  2.1 143. 

Flii.v-clwiiiher i i i ~ ' ~ , s ~ ( r P , i ~ c ) ~ f s .  N,O fluxcs from thc soil surPacc wcrc measured a t  South Road 
using closcd chambers 111 intervals during 1985. Results from early July. lhc only occasion on 
which the fluxcs were mcasurablc. arc prescntcd in Tablc 4. togcther with the 20-5 c m  Fick's Law 
flurcs calculalcd for Ihc samc datcs. The rcsolulion of thcsc measurements is ;tpproximaicly 
0 . 6 g  N h~t~id".Thcrcwalittlcrcliitionshipbc~wcenmc~isuredandcalculatcdfluxcs.iilthoiigh the 
numbers wcrc ill lcasl all o f  Ihc same ordcr of magniludc. No flux cxcecded I .6 g N hi!.' d- ' .  I 1  i s  
apparenl from Ihc high conccnlrations recorded at depth that lhcrc was significanl production o f  
N,O in lhesc plots; the f k l  that il was not obscrvcd cmcrging from the soil surface strongly suggests 
tliiil i t  was furlhcr reduccd lo N2 bcforc i t  could cscapc. 
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Table 6. Surfacedenitrification flux at South Road in spring 1985 

Denitrification flux (g N ha-' d-') 

Macmerry Winton 

Normal Dircct- Normal Direct- 
Date plough drill plough drill 

___ ~ 

2414 1.3 1.3 4.0 
316 1.4 5.4 

2116 
2416 3.4 2.1 

3.4 2.1 

4.1 4 4 

0 Uncampacted - IOON 

5/5 14/5 I, 27/6 I I /€  

Date 11986) 

Fig. 4. Surface denitrification flux measured using acetylene inhibition. Bush House. 1986 

Fig. 3 shows the geometric means of duplicate N,O surface flux measurements made at the 
Glencorse Mains site following removal o f  the crop in autumn 1987. These fluxes arc marginally 
greater than those recorded in  early summer 1985 at South Road, and except on one occasion are 
greatest from the green-manured (organic N) plots. Nitrate concentrations at the start of the 
measurement period ranged from 1.0 l o  1 .5pgNg- '  soil, with no significant diKerence between 
treatments; moisture contents were also similar. Flux differences were probably attributable to 
diflcrent concentrations of oxidizablc organic matter in  the various treatment areas, and also 
perhaps to enhanced nitrification in  the organic N plols. 
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Fig. 5. Surlacedenitrificatian Aux.measured using acetylene inhibition. Crolt Field. 1988 

N,O flux measurements made on the alluvial soil at Croft Field in autumn 1988 are shown i n  
Table 5. Once again, these are geometric means of  duplicate measurcments. Nitrate concentrations 
in the unfertilized plots averaged 6.4 pg N g-'  soil over the course o f t h e  investigation, with a peak 
of 9.4 pg N g-'  coinciding with the exceptionally high flux of 225 g N ha- '  d - '  recorded on 
7 Scptcmbcr. Thc gravimetric moisturecontent on thisdate was also high, at 25.3%. Fluxes from the 
lertilized plots. to which 100 kg N ha-' was added as calcium nitrate at the beginning of October. 
werealmost twoordersofmagnitudegrcaterthan those recorded on the heaviersoilsat South Road 
and Glencorsc Mains. 

Both 'closed' and 'open' chambers for flux measurement have their protagonists. Matthias er ni. 
(1980) favoured the closed chamber (used in our work) on  account of its simplicity and its relatively 
lowcost,asdidHutchison& Mosier(l98I),providedthataventisincludedtoallowtransmissionoT 
pressure fluctuations lo the atniosphcre inside the chamber and an alteration (to allow lor the 
accumulationofN,O)isniadein theequalion forcalculatingflux. Rydenernl.(1978)and Dcnme;id 
(1979) prclerrcd open c l imber s  in which N,O is not allowed lo  accumulalc. Jury e r  ni. (1982) 
concluded. after iniathcmatical siniulation o f  the processes involved in both open- and closed- 
chamber Icchniqucs, that 'in many cases, neither measurement relates well to thc N,O production 
ratc' bccausc diffusion through the soil is so slow. They suggested that it might be necessary to 
monitor thesoil forseveral weekslotrapall  theproductsofasingletransientdenitrificationcvcnl at 
depth. The log-normal spatial distributionofN,Ofluxexpectcd in mostsoils(I'olorunso& Rolston. 
1984) calls for considerable replication in any experiment designed to evaluate field emission r a t a  
with any degree ofconfidence. Where resources arc limited the simpler and cheaper closed-chamber 
method seeins prefcrable. 
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Fig. 6. Denilrification flux measured by core incubation, South Road, 198688.  
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Fig. 7. Denitrification flux mezsured by core incubation, Clcncorre Mains, 1987-88. 

Denirrt$carion r a m  
Flux-chamber measuremenls. N,O fluxes recorded following acetylene treatment at South Road 

are presented (geometric means of duplicate measurements) in Table 6. Soil type, tillage treatment 
and fertilizer application rate produced no significant effects, and on no occasion did the rate exceed 
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Fig. 8. Dcnitrilicalion Rux measurcd by core incubation. Soulh Road. Winlon soil. summcr 1988: (a) corer 
incubnled a1 atmospheric oxygen concentration: (b) cores incubalcd ill decreased oxygcn concentr:tlions 
(3-12% by volume). 

5.5gN ha- 'd - ' .  This was somewhat surprising in view o f  the nature of the soils at this site (an 
imperfectly-drained loam and a poorly-drained clay loam) in which leaching was unlikely 10 have 
been a very important cause o f  N loss; in a parallel study (Smith el a/., 1988) very low recoveries o f  
"N-labellcd nitrate fertilizer hythcbarleycropwercrncasured(l2-5I% in 1985,andonlyX-24% in 
1986). The probable explanation ofthese small recorded fluxes is a failure to inhibit N,O reduction. 
Sampling and analysis o f  the soil atmosphere beneath the chambers in spring 1985 showed that 
inhibitory conccntrdtions (0. I % by volume) o f  acctylenc were not obtained at 20 cm until sonic 9 h 
had elapsed. Morcover, these wcrc not necessarily reprcsentative ofthose i n  the soil as a whole; if i t  
takes 9 h for acetylene to diRuse through the large pores. then i t  is likely to take even longer for i t  to 
dilTuse through the snialler (and possibly saturated) pores within denitrifying aggregates. A period 
of acelylcnc treatnicnt o f  at least 1211 i s  indicated. I n  addition to possihlc effects on the soil 
microflora. this poscsscvcral practical prohlems: thecropcan be damaged; small portableacetylene 
cylinders run out in a matter o f  hours: i t  is  difficult to transport larger cylindcrs to Ihe field and 
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fig. 9. Relationship between oxygen concentration in incubation vessel and measured denitrification rate, South 
Road and Cran Field, 1988. 

unwise to leave them overnight in a site accessible to the public. A further problem is that ifacetylene 
diffusiondown through thesoilisaslowprocess, thensowillbethediffusionofN,Oupfromdepth. 

The Darvel soil at Bush.House is sandier;stonicr, and lcss aggrcgatcd than thc two South Road 
soils. We established early in April 1986 that acetylene diffusion was much more rapid at this site. 
N,O fluxes following a period (between I h and 3 h) of treatment with acetylene are presented in 
Fig. 4. There was no consistent pattern to these fluxes, except that they were generally 10 to 20 times 
greater than those recorded at South Road. 

Geometric means of duplicate measurements of denitrification flux made on the alluvial soil at 
Croft Field in autumn 1988 are shown in Fig. 5 .  This soil, intermediate in texture between those a t  
South Road and the Darvel soil at Bush House, permitted relatively rapid diffusion of acetylene 
down the profile. Measured rates were considerably higher than those in the sandier soil, and more 
than two orders of magnitude greater than those obtained at South Road. 

Acetylene is usually added in the field by radial diffusion from vertical supply tubes installed 
around the edge of the flux chamber (e.g. Ryden & Dawson, 1982). However, where the area to be 
treated is as large as 70cm square, this method offers no advantage over addition by downward 
diffusion f roma reservoirat thesoilsurface. Ineithercase themaximumdistancebetween thesupply 
and the target area of interest is about 30 cm (assuming that denitrification is largely confined to  
the upper horizons of the soil). Addition of acetylene by downward diffusion has the potential lo 
achieve more uniform concentrations in the soil under the reservoir because the entire surface is 
exposed lo the gas. The soil is not physically disturbed: some damage to the crop is unavoidable, but 
it may be minimized by increasing the number of replicate plots and treating each one infrequently. 
Moreover, with no vertical supply tubes inserted into the soil there is no possibility that these may 
act as 0, sources, altering the aeration of the soil under the chamber, or as preferred routes for the 
escape of N,O. We therefore added acetylene by downward diffusion. Our  data  show that this 
appeared10 beasatisfactorymethodinthemorepermeable Bush H o u x a n d C r o f t  Fieldsoils, but a t  
South Road it failed to  work. In view o f  the low diffusion coefficients and air-filled porosities 
reported in Table 3, there is no reason to suppose that addition by lateral diffusion would have been 
any more successful-for some soil conditions no satisfactory method exists. 
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Core incuholims. The core incubation technique was employed to measure denitrification rates 
at south Road at  intervals during 1986, 1987 and 1988. Only the High N (285 kg N ha- ')  plots were 
examined. Noattempt wasmadetoduplicaleintheincubationvesselsthe0,regimeofthefield;thus 
the results presented in Fig. 6 represent lower limits to the true denitrification rates. Denitrification 
rates in cores taken from the direct-drilled plots were consistently higher than those in cores taken 
from the ploughed plots; all were around an order of magnitude greater than the surface fluxes 
recorded above. I t  is difficult to account for the exceptionally high rate (580 g N ha-' d- ') recorded 
in the direct-drilled Winton plots in November 1986; such apparently inexplicable variation, 
presumably caused by the chance conjunction ora  number of interactive controlling variables, is 
typical of denitrification. 

Denitrification fluxes fromcores taken fromtheClencorse Mainssitein autumn 1987. andonone  
occasion in 1988, are presented in Fig. 7. Rates were high immediately following removal of the 
crop in September. especially so in the organic N plots, to which 300 kg N hac '  had been added 
as a green manure. Again, the 0, concentration in the incubation vessels was atmospheric 
(approximately 21% by volume), so these measurements represent lower limits to the true flux. 

In summer 1988 we investigated the effects ofdecreasing the 0, concentrations in the incubation 
vessels to reproduce thosemcasured in the field. Wesetupasmall-scaleexperiment in the guardarea 
on the Winton soil a t  South Road: two microplots received 100 kg N ha- '  a s  ammonium nitrate on 
5 July; one of these and one of the unfertilized microplots were saturated with water (50 mm) on 
I I July. Wecarried out parallel incubationsat atmosphericandat decreased Oiconcentraiions.The 
decreased 0, concentrations we employed were intended to be representative of those obtaining in 
the field a t  the time of (he incubation; in practice this was difficult to achieve. because of the 
essentially unrepresentative nature of any gas sampling probe, because of the enormous spatial 
variability o f 0 ,  concentrations measured in the field, and because ofconstraints on analysis time. 
Thus, our adopted procedurc was to incubate the cores at a range o f 0 ,  concentrations typical of 
those we had observed over the preceding weeks (these were occasionally a s  low as 3% by volume). 
Results are shown in Fig. 8. Core denitrification rates in the fertilized plots were significantly higher 
than those in the unfertilized ones, and the peak occurred sooner and did not last as Ion3 in the plot 
we watered to saturation (labelled Wet in Fig. 8). This was so both for those cores incubated at  

.atmospheric 0, (Fig. Ba).and.for those incubated at  decrcascd 0, concentrations (Fig. 8b). Rates in 
thelatter, presumablycloser totheratesin the field, were roughlyfour timesgreater than thosein the 
former. 

We also incubated cores from the Macmerry and alluvial soils a t  decreased 0: concentrations. 
Acetylene was present at a concentration of 10% in all incubation vessels. Denitrification rates i n  
cores incubated at  atmospheric 0, concentrations ranged from 0 to 500 g N ha- '  d- ';  those in cores 
incubated at decreased 0, ranged from 0 to 1700 g N ha - ' d - ' .  Results are presented in Fig. 9. in 
u,hich the denitrification rate measured at decreased 0, concentrations is normalized (by dividing 
i t  by that measured at  atmosphcric 0,) in an attempt lo isolate the effect of  02. Decreasing 
the concentralion i n  the incubation vessel had a major inipact on the denitrification rate of the 
incubated cores; the rate increased sharply a s  external 0, concentrated decreased. The magnitude 
of this effect d i k e d  from soil to soil, being greatest in the most coarsely structured. The shape of 
the curves in Fig. 9 is similar to that obtained by Parkin & Tiedje (1984) using a continuous flow 
incubation technique. although the concentrations at  which the denitrification rate rises sharply are 
different. This is probably due partly to the tcchniquc (cores incubated i n  a static atmosphere are 
more likely to develop anaerobic microsites even in a comparatively well-aerated matrix than cores 
incubated i n  ii continuous flow system) and partly lo thc slructurcs o f thc  different soils employed. 

C O N C L U S I O N S  

Soil type. tillage treatment, and nitrate application rille were statistically significant influences on 
the concentrations of N,O mcasured in the soil at South Road in 1985 and 1986. These concen- 
trations were log-normally distributed. Fick's Law calculations indicatcd N,O fluxes from the 
Macmerry(loam)plots lo to  IOOtimcsgrcaterthan those from the Wintonsoil(cla).loam), whercils 
no significant dilrercncc was observed betwoen the measured surfilce emission rates from t h e  two 
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j o i i i .  T h i s d i s c r y z q  z ~rcablyat t r ibutablc  loa  combinationoffactors: the useofinappropriate 
diffusion coeff icjrz xi ~ - 5 I l e d  porosities in the Fick's Law calculations; and the consumption of 
~ : O i n a n a e r o b i : ~ ~ ~ ~ ~ ~ ~  atheupper 5cniofthesoil. Although Fick'sLawisnotasalisfactory 
basis for calcul?G- i~<ii: duses of N:O from aggregated soils, concentration profiles are of 
interest in their o=z zc: l e ~ u s s  they indicate zones o f N ? O  production and consumption. 

Measuremen-;- :i:i:r :?emission ofanyp;is from thesoilsurfacearebedevilled by the problem 
of spatial variabi':? Kk-> xsourcc.( are limited. refinement should be sacrificed in the interest of 
replication: the >=::e: z e  t k t e s t  nieasuretll~nt technique (a large closed chamber) is the best. 
S.0 fluxes meac-52 2-1 :.A9 m'flur chamh'rs showed great spatial and temporal variations. At 

. .  

There i s  no u::-.f.<.: ~ i j s f ; inory  method for measuring denitrification. Field application of 
the acetylene inY:co'z :ziaique depends on achieving an acetylene concentration greater than 
0. I YO by volume :::I: the soil under study: this is no1 always possible, and should always be 
checked. At  Soui; % : ~ 2  :.:in and clay loam) in spring 1985 the maximum observed denitrification 
flux was 5.j ;D S ~ L -  C'.. 1: the Bush House site (sandy loam) in 1986 i t  was 100 g N ha-' d-'; 
fluxes from the C::? F c : ~  s t e  (sandy loam) in iiutunin 1988 reached 900 g N ha-' d-'. Measured 
fluxes from the k ~ . - ~ e : . : t ~ : - x d  arable soils wcre at ledst a factor often lower than those from the 
lighter ones. This 72: % ~ 5 b u t a b l e  to a failurc ofthc measurement technique (non-penetration of 
acetylene througk:::: <:e .:r?fiie) in the hedvicr soils. 

Denitrificarior x:?s 1:. vi1 cores taken from South Road and incubated at atmospheric 0, 
concentrations ex.:?:& :toss rneasurcd at tlic surkicc. presumably because of more complete 
acetylene penetr:-r:z. l:::>ation at dccreascd 0, concentrations (typical of those measured in 
the soil) produ& 1 %::.t: significant increase. suggesting that core incubation i s  a satisfactory 
alternative to fie12 =e%C . d y  where the O2 concentration in the incubation vessel is adjusted to 
that obtaining in :% %I?. 
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