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Abstract An improved method is described for incubatl-t -
e : ) . X . roduction
ing intact soil cores in the field, which permits concurrent
measurement of net mineralization, nitrification, denitrifiRecent advances in the use of the stable isotope nitrogen-
cation and leaching. Cores were enclosed in PVC tub#s (*°N) using pool dilution methods (Barraclough 1991;
with minimal disturbance to the physical state or to thBarraclough and Puri 1995) have enabled measurements to
natural cycles of wetting/drying, soil temperature and aerde made ofgrossrates of some of the major processes in-
tion during an incubation lasting 4-5 days. An example @blved in N cycling in soils, particularly mineralization. It
the application of the method is given in which soils witlis generally accepted (Barraclough 1991; Stark and Fire-
contrasting drainage characteristics were compared. Ovestene 1996) that gross rates of transformation allow a
64-day experimental period, 58% of the mineralized nitrorore mechanistic explanation of the processes concerned
gen (N) in a freely drained soil was nitrified and 36% ofhan can be derived from net rates. However, because of
the nitrate-N (NG@-N) was denitrified. In a poorly drainedthe requirement for expensive materials and complex ana-
soil, 72% of the mineralized N was nitrified and 63% olytical equipment, these methods are most effectively em-
the NG;-N was denitrified. In both soil types, 18% of theployed in short-term investigations. Incubation periods are
remaining NG-N was leached. Rates of nitrification werelso necessarily limited by the need to avoid remineraliza-
significantly correlated with net mineralization®0.41 tion of immobilized **N (Kirkham and Bartholomew
and 0.52) and also closely correlated with denitrificatioh954), and Barraclough (1995) has suggested that incuba-
(r?=0.67 and 0.68) in the freely and poorly drained soilsions lasting from 3 to 5 days are appropriate in soils with
respectively. Independent measurements of these paotemperature of up to 28. The**N technique provides
cesses, using alternative techniques (for the same periedjpowerful tool for the researcher to add to the other meth-
compared favourably with measurements obtained with thds available for field measurements, but is less suited to
improved incubation method. Adoption of this method hdeng-term (seasonal) evaluations which may be needed in
a number of advantages with respect to field net N minesder that balances of flows of N in agricultural systems
alization, and also allows interpretation of the impact thisan be constructed. Whilst gross rates provide basic me-
may have on other N transformation processes. chanistic information, a better understandingnet rates is
needed to enable practical outcomes to be demonstrated
and explained.
Key words Net mineralization - Nitrification - In order, therefore, to obtain net measurements of N
Denitrification - Leaching - Field incubation transformation processes and to be able to relate these to
seasonal losses of N from the soil, improved field incuba-
tion techniques are required. The existing methods rely
generally on an assessment of incremental (net mineraliza-
tion) changes in soil inorganic N, i.e. ammonium (NH
nitrate (NQ), or decremental changes in inorganic N (net
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undisturbed soil cores. Disturbed soil samples, eithen
crumbled by hand or sieved, have been incubated in the
field by burying samples in polyethylene bags (e.g. Eno
1960; Westerman and Crothers 1980; Raison et al. 1987).
The advantage of this approach is the prevention of losses
of NOj3 by leaching, which otherwise might be overlooked
in the evaluation; however, inaccuracies can be caused by
the disturbance to the soil structure. The use of relatively
undisturbed soil samples as intact soil cores helps to over-
come some of the disadvantages associated with the use of
disturbed soil (Cabrera and Kissel 1988; Sierra 1992), but
losses can still occur as a result of denitrification, which
can result in an under-estimate of mineralization. For this
reason, Hatch et al. (1990, 1991) used acetylengifCin
the headspace of the incubation vessel to inhibit nitrifica-
tion and, therefore, avoid the production of §Qvhich
might otherwise be denitrified to largely unquantifiable
gaseous forms, i.e., nitrogen monoxide (NO), nitrous
oxide (N,O) and dinitrogen (B). The assessment of net
mineralization, in this case, relied upon the change in inor-
ganic N during an incubation of 14 days.

A problem common to all these methods is that sam-
ples are often isolated during incubation from normal fluc-
tuations in soil moisture (due to precipitation, transpiration
and evaporation) and ambient soil temperature, although
the effect on the latter is generally not great. Gill et al.
(1995) attempted to minimize these effects by using a rela- =L
tively short incubation period of 7 days, but they were un- Tnnef core
able to find any significant effect of soil water content ony, ...
mineralization rates, although the literature would suggest *
that wetting and drying of soil is a major influence in de-9
termining process rates (Birch 1964; Stanford and Epstein
1974). In addition, the surfaces of the soil cores are ex-
posed during incubation so that any increase in aeratiQQnm
may also elevate rates of mineralization. As well as a CORew T
tinued need to improve methods for the measurement of N L'E bag N B o
mineralization in the field, there is increasing evidence in Gypsum block || [l
support of the proposal (Knowles 1978) that there is a  ——
close coupling between some processes (e.g. nitrificatigig. 1a—d The field (tube) incubation systera.Incubation tube and
and denitrification). An improved understanding of the exoil core.b Metal soil corer for extracting incubation tube together
tent to which interdependence/regulation exists WOUYcho;:?:tse(e(jllZ%ifggége(‘zggéiﬁeqfallrrl((:ju?rfgll?k?;tail;n (‘:’égzv)r?guﬂgzg'g’
greatly enhance OL_” ab'“_ty to predict the rgsponse O_f th aI§S§e (containing soil core anghytostatto suppress plant growth)
processes under given circumstances. An improved iNCUB@ed into incubation vessel above I-E bag and gypsum block
tion system was, therefore, developed to address some of
the problems associated with existing methods and to en-
able simultaneous measurements to be obtained of the mece of soil cores, (3) natural changes in soil water/temperature, (4)
jor N transformation and loss processes. We used the ingipultaneous measurements of processes and (5) extended (seasonal)

; ; i ati e 6o evaluations. The incubation system (see Fig. 1) incorporated a PVC
bation system to evaluate net mineralization, nltrlflcauoﬁmubation tube (length 200 mm. i.d. 38 mm, o.d. 49 mm) which

denitrification and potential leaching during the first perizcieqd hoth as the coring tool (when fitted with a sharp/detachable cut-
od of winter drainage (1996/7), immediately following theing ring) and as a permanent sheath in which the soil core was held
return of the soil to field capacity_ during incubation (Fig. 1a). In this way, exposure of the cut soil sur-

faces to abnormal aeration was avoided and compaction of the soil
core was minimized. A set of four equally spaced holes (3 mm diame-
ter) was drilled around the tube (50 mm from the top and 150 mm

from the base of the tube) to provide outlets for excess surface water
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Materials and methods to drain by lateral flow from the soil, as would occur in the field. A
soil core was obtained by driving the PVC tube into the ground,
Incubation system design features using a club hammer and metal striking cap (herbage was trimmed to

a height of 40 mm before coring). The correct depth of core (150 mm
The design features of the improved incubation system had to satiifggth) was determined when these holes reached just above the sur-
the following criteria: (1) in situ field incubation, (2) minimal distur-face of the soil in the tube. An O-ring (neoprene, 5 mm diameter)
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was positioned in a groove cut on the outside of the tube immediat&lith wax and the two halves were pressed lightly together. Coating of
below the drainage holes. There were four further holes (3 mm diantke CaG granules was achieved by immersing the filled capsules in a
ter), equally spaced around the tube (125 mm from the top asithilar mixture of molten wax. The granules were coated evenly by
75 mm from the base of the tube) and inclined af 3@ the tube rolling the capsules around in the molten wax until the wax inside
(sloping upwards to discourage leachate from leaking out) which p&as thoroughly dispersed (air inside the capsules escaped from be-
mitted some exchange of gases between the core and the externaltg@ién the unsealed halves). The capsules were then removed and any
(see below). wax adhering to the outside was removed and the two halves were
The PVC incubation tube containing the soil core was extract#ften pressed together fully to engage the built-in sealing device. After
from the ground by means of a larger, metal soil corer (80 mm i.d&:oling, the capsules were stored in a desiccator until needed. Expo-
300 mm length). The metal corer was placed over the top of the pgure to water softens the capsule, distorting the wax matrix so that
truding incubation tube and driven into the ground to the same dejiie carbide granules become wetted progressively; the subsequent re-
as the soil core (Fig. 1b) and used to extract both the tube and an action leads to the release obK, which further disrupts the wax
ditional outer core consisting of an annular ring (30 mm widthand enables the ingress of more water. Four types of controlled-re-
around the incubation tube (Fig. 1c). The soil from the outer core wigsise capsules were prepared which were coated differently to pro-
peeled away carefully from the PVC tube and retained as a closely deéice a steady release ofi; gas throughout a 7-day incubation peri-
presentative sample of the inner soil core sample. The mineral N coek
tent of the outer core provided a baseline “starting”
guent comparisons with the field incubated soil core.
An incubation vessel, consisting of a larger PVC tube (leng
175 mm, 50 mm i.d., 60 mm o.d.), provided a receptacle for the tu
(Fig. 1d) and was inserted into a suitably sized hole in the ground u
til the top of the vessel was level with the soil surface. A groove, ma- e 4: Coated in beeswax. with a delaved gas release from day 6 to
chine cut in the top end of the incubation vessel, accepted the O-ri "dav 7 ’ yed g y
seal on the incubation tube so that a gas-tight connection was formed ay
between the two tubes. A cylindrical block (47 mm diameter, 15 mm The gas release times are nominal and the success of the capsules
deep) of gypsum (pre-wetted under tension on a dampened sand-kggh dependent upon the persistence sfi£ which acts as a nitrifica-
was placed at the bottom of the vessel. The purpose of the gypstioh inhibitor, and on a considerable degree of overlap between re-
block was to make good contact with the undisturbed soil at 175 mease times for the different types of capsules. The pre-drilled holes in
from the soil surface, providing an inert medium for the transmissi@ach gypsum block held four capsules: one of each type, which to-
of soil water between the incubated core and surrounding soil. Thejgher generated a total of 30 ml oM. In one set of incubations,
were five holes (6 mm diameter) drilled into the gypsum: one througbur hard-shell gelatine capsules containing a@re placed in the
the centre to prevent water (leaching from the soil core) from “pongoles in the gypsum blocks to maintain a steady infusion gf.C
ing” on top of the block, and four further holes positioned around thato the incubated soil cores. Nitrification was inhibited by the infu-
periphery which connected with the centre hole. These were usedsion of GH, and denitrification was also curtailed when de novo
supply GH; as described later. _ ) NO; production ceased. The resolution of both processes was then
The remaining space (10 mm) between the incubation tube am@de possible from comparisons with cores which weseinfused
the gypsum block was occupied by a nylon bag, filled with ion-eXsee calculations). Preliminary tests on the persistenceldg @ soil
change resin (I-E bag) and sandwiched between two filter paper digeses were carried out under controlled conditions (data not shown)
(47 mm diameter, grade 40; Whatman) which protected the resin agti demonstrated that concentrations >0.01%, which are effective at
improved contact between surfaces. The function of the I-E bag wasibiting nitrification (Berg et al. 1982), persisted within pore spaces
to intercept any N@which passed through the soil core, thus providn the soil core after a 5-day incubation at°@0 Field incubations
ing an estimate of potentially leached N. The I-E bag was construcigére arranged using four replicate cores held in incubation vessels,
in the shape of a tea-bag from two circular layers of fine nylon mesfither with or without controlled-release capsules (i.e;Hg.
(355um, 48 mm diameter, Lockertex, Warrington, UK) sewn together During field incubations (normally lasting <7 days, but on one oc-
with nylon thread. The bag contained 4 g of wet anion-exchange regision extended to 11 days), plant growth in the soil core was sup-
beads (Dowex 1-x 8, 20-50 mesh: a strongly basic resin suppliedpiessed by means of a device (referred to here as a “phytostat”)
the chloride form by Fluka Chemicals, Gillingham, UK). The bagvhich prevented light from entering the incubation tube (Fig. 1d). It
was sealed before use by welding together the layers on each sided¥sisted of a pair of PVC discs (37 mm diameter) centrally mounted
the opening, using a hot soldering iron. When the I-E bag wa® a metal shaft (6 mm diameter, 50 mm length), each of which had
wetted, it occupied fully the 10 mm space above the gypsum blofur holes (3 mm diameter) drilled through the discs and spaced
and helped to maintain capillarity between it and the incubated setjually around the perimeter, 5 mm from the outer edge. The discs on
core. The physical separation provided by the gypsum ensured #hf shaft were rotated to place them eccentrically, with no vertical
any NG intercepted in the leachate came only from the incubategignment between the holes. This permitted water movement both
soil core and not from the undisturbed soil layer. into and from the tube (through precipitation and evaporation, respec-
tively), but light was excluded and plant growth curtailed during incu-
bation.

value for SUbSﬁ?pe 1: Uncoated, with rapid gas release from day 0 to day 1

Wpe 2. Coated in paraffin wax, with a delayed gas release from day

t 2 to day 3

jpe 3: Coated in a mixture of paraffin wax/beeswax (50/50), with a
delayed gas release from day 4 to day 5

Controlled-release of &,

Hard-shell gelatine capsules (size 3; Farillon, Romford, UK) wefEemperature and soil water effects

used to encapsulate granules of wax-coated calcium carbide,YCaC

and provide a controlled infusion of 8, into one set of the incu- Tests on the effect on temperature within the soil cores in the PVC

bated soil cores. The capsules were pre-treated for 72 h in a desitahes were carried out. Platinum resistance (9 thermometers were

tor by exposure to formaldehyde vapour which made them insolubieserted into two separate cores at 100 mm depth from the soil sur-

but still porous to water. To restore their original shape and rigiditiace and readings were compared with those of thermometers placed

the open halves were heated at AOG@or 30 min. at the same depth in the undisturbed soil. Continuous recordings,
Wax-coating of the Caggranules was by a simplified version ofmade over two separate 7-day periods, showed that the mean tem-

the method described by Banerjee and Mosier (1989) using either gaerature of the sheathed soil cores was GC26°< 0.001) lower than

affin wax, beeswax, or a mixture of both. The waxes were first refrihat of the undisturbed soil: this discrepancy occurred following the

gerated and fine shavings obtained which were placed in the basge#fk in diurnal fluctuations of temperature (noon). Incubated soil

a treated gelatine capsule so that it was about 1/4full, and, @edh- cores were, therefore, slightly less buffered against heat loss than un-

ules (approximately 100 mg, 1-2 mm diameter) were packed abadisturbed soil. If the @ of the rate of nitrification is taken to be

the wax to the brim of the capsule. The capsule top was also fillfdm 1.7-3.0 (Belser 1979), then this process could be slowed by up
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Table 1 Soil particle size distri-

T : Soil series Clay Silt Fine sand Coarse sand oM
pution (%) In the Crediton and 4 inage) (<0.002mm)  (0.002-0.02mm)  (0.02-0.2mm)  (0.2-2.0mm) (%)
(0-150 mm depth)OM Organic o ;i 24.2 103 14.9 51.7 5.6

matter (not including living

(freely)
g%oitg)n%isnessed by loss of mass [\ cworth 485 12.7 16.3 7.7 14.1

(poorly)

Table 2 Percentage by volume of
soil, stone, water- and air-filled
pore spaces at field capacity in

Soil series Fine soil Stone Pore space (% volume) Dry bulk density
(drainage) (%) >2 mm (g soil cr)

freely and poorly drained soils at Water Air Total
Loon) North Wyke, UK (January e ion 44.9 5.0 357 144 501 119
(freely)
Hallsworth 27.2 0.5 46.8 25.5 72.3 0.72
(poorly)
;;22',3 2n§g?§|§rgpgsé%sstg”tshe Soil series Inorganig N NHZ:NO3 Total N . Organic E: C:N pH
(0-150 mm depth) measured at (drainage) (g Ng") (mg N g") (mgCg)
the end of the experimental peri- .
od (oven dry weight basis) grrggl')tf)’n 3.4 3.8 3.3 24.0 7.3 5.3
Hallsworth 5.9 3.9 6.3 57.8 9.2 5.1
(poorly)

to 8% during that part of the day when the temperature of the incother without GH,. The 16 cores were then incubated in the field in

bated soil core falls by ca. 0.26. incubation vessels with an I-E bag and gypsum block placed beneath
The effect of gypsum blocks on the water-holding capacity of ireach core: half of the blocks (8) contained controlled-release capsules

cubated soil cores was also investigated using four replicate tuljeEubations with GH,). At the end of each incubation period, the

over 28 days. During this period, 152.3 mm precipitation was reeil core was removed and NHN and NG-N were extracted using

corded, and no significant difference in water contents was found &M KCI extractant [5:1, KCl:fresh soil (v/w)]. The NHN and NG-

tween incubated cores and undisturbed soil. N of a new set of outer cores were extracted in the same way to pro-

vide baseline values for the succeeding incubation. Recovery of ab-

sorbed N@ from the I-E bag was by extraction with 50 ml of 1.5 M

H,SO, for 1 h with shaking, followed by two further rinses with

50 ml batches of the extractant; the samples were made up to stan-

) ) ] ] dard volume (200 ml) with rinses of deionized water. This procedure

Two soil types of SW England, with contrasting drainage characterigas found to consistently recover 90% of the absorbed, N@der

tics, were selected at the farm of the Institute of Grassland and Enyéntrolled laboratory conditions. A factor of 1.11 was used to adjust

ronmental Research, Okehampton, to test the performance of #@imates of leaching, based on those from I-E bags, to take account

method. The first was a freely drained, reddish gravelly loamy sqjf the NG5 which was recovered.

over Permian breccia from the Crediton Series: a typical brown earth

(England and Wales classification, Findlay et al. 1984); USDA dystro-

chrept or eutrochrept; FAO dystric or eutric cambisol. The secofdransformation calculations

was a poorly drained clay loam soil of the Hallsworth series, derived

from the carboniferous Culm measures: a typical pelo-stagnogley sfile major processes of net mineralization, nitrification and leaching

(England and Wales classification, Findlay et al. 1984); USDA typigere determined by direct measurements. An estimate of denitrifica-

haplaquept; FAO dystric gleysol (USDA SCS 1975; FAO 1990). Bolfion was obtained by the difference in the levels of N&xcounted

soil types had been under a three-cut grass silage management SYRieny paired incubations (x§4,). Thus, denitrification was inhibited

with similar inputs of N for the last 5 or 4 years, but previously hag, the first (+GH,) and allowed to proceed in the second §Hg) in-

been under continuous arable cropping and long-term grassland, dgsation, as shown in Fig. 2. The following relationships could then
spectively. Some important physical characteristics of the soils &g gerived:

presented: soil particle distribution (Table 1), water/air-filled porosities

(Table 2) and relevant chemical properties (Table 3). Each soil type M=m+ D + L, thereforeD=M — (m + L),

was represented by four replicate plots (50%).nm 1996, N applica-

tions to freely drained and poorly drained soils amounted to 285 %so

fertilizerr-N ha'l and 297 kg fertilizer-N hd, respectiveley and M=[increase in NE-N (+C;Hy)],

128 kg slurry-N ha® and 98 kg slurry-N, respectively. Three silage

cuts were made in 1996, the last being on 1 October for both sand

types. From 31 October 1996 to 3 January 1997, two paired soil \—r: ; _ T ; N

cores (each including associated outer cores) were taken at randomN [increase in NE-N (+CoHy)] - [increase in NE-N (-CoHy)],
from within each of the field plots every 4-5 days (11 days on or(this assumes immobilization is the same for incubationsHs;
occasion) in incubation tubes: one to be incubated witH Gand the where M=net mineralization;m=increase in inorganic N (NH+

Experimental
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Fig. 2 Diagram showing paired incubations (#d) used to derive
N transformation rates of net mineralizatioM)( denitrification D)

and leachingly). Increase in inorganic N conterin) at end of incu-
bation (-GHy) is net value (after removal of NN by D and/orL).

Change in original NgN content (+GH,) is net of any removal in
denitrification @) and/or leachingl}, where de novo N®N produc-
tion is inhibited 0

kg N ha' d?

-0.5 -

NOz3) less removal inD and L; D = denitrification (of original plus
new sources of nitrate)#;, = leaching potential (obtained from I-E
bags)*;N = net nitrification.

For controls: # is not adjusted byd (to give actual N denitrified
in measurement period)L*is adjusted by | (to givepotential leach-
ing of new NG only), defined as (see Fig. 2 = denitrification
(confined to original N@ at start of incubation);] = leaching of
original NGs (from I-E bags to check effectiveness ofHG). esults

Denitrification was also measured independently over the expelsl-

mental period by the jar incubation method (Ryden et al. 1987), usi ; At 1 :
eight cores (100 mm deep25 mm diameter) per jar, and four repli-th rates of mineralization (kg N hhday ) in the soils

cate jars per soil type. At the end of the experiment, winter herba¥€asured by tube incubation (Fig. 3a, b) ranged from 0.28
production from the swards on the two soil types was assessedtbyl.64 (freely drained) and 0.55 to 1.17 (poorly drained).
taking four replicate quadrats (13ncut to a height of 40 mm. The The mean daily rates of mineralization (kg N~ ajay—l)
herbage was dried at 85 for 12 h in a forced-draught oven, grouncli:tor the two soils over the measurement period were signif-

and analysed for total N content using a Carlo Erba CN analyser. Po- . . ;
tential nitrifying activity was estimated in soil obtained at the end deantly different P<0.001): 0.59 (+0.064) compared with

the experiment using a soil corer (four replicates of ten bulked corés88 (10-056). respectively. CUmU|atiVe_ totals for the net
the cores were 150 mm dee87 mm diameter). The soil was sievedrelease of mineralized N from soil organic matter (Table 4)
(6 mm mesh) and fresh soil (equivalent to 10 g dry weight) was InCépmpared favourably with independent measurements

bated in a water bath at 256 as a slur 50ml) of 2mM . P . .
(NH,),SOs, 2 mM phosphate buffer (pH 7.5)“‘;]& 15 %M NaHgIo USing the jar incubation technique over the same measure-

(an inhibitor of the oxidation of N@to NO3). The rate of N@ pro- ment period. Coeffici(_ents_ of variation were high, but of
duction over 8 h was evaluated (Belser and Mays 1980) using a sithe order expected with field measurements (mean values
ple linear regression. Total C and N and pH of oven-dried sub-sagf 52% and 38%, for freely and poorly drained soils, re-

ples of the bulked soils were also measured. . . . 0 . !
Leaching of NG-N was independently assessed using ceramic s spectively). In the freely drained soil, 58% of mineralized

tion cups (25 mm diameter, 55 mm length) inserted at a depth f Was nitrified, compared with 72% in the poorly dr_"iined
600 mm in the freely drained soil and at 300 mm in the poorly drain&Dil. Daily rates of nitrifying activity (kg N ha day™)

soil (12 replicates for each soil type). Estimates of net mineralizatipanged from 0.03 to 0.82 (Fig. 3a) and from 0.37 to 0.95
were also independently obtained using the method of Hatch et @'tig. 3b), with mean daily rates for the whole period of

(1990) with a 7-day field incubation of four cores (125m . .
deepx 37 mm diameter) per incubation vessel, wittH to inhibit ni- "0.24 (+0.072) and 0.60 (£0.074), respectively. No indepen-

trification. There were four replicate incubations for each soil type. THé€Nt method for assessing nitrifying activity in the field
original method was altered slightly so that the assessment of net mivas available, but measurements of potential nitrification

eralization was based only on the change in soiM\Hduring incuba- made in the laboratory gave rates of 14.7 and 8.3 nmol
tion, rather than the overall change in inorganic N (i.e./NHNO3). @Iéé

Fig. 3a,b Mean daily rates (kg N ha day™?) of net mineralization
(closed circles+ SEM) and nitrification ¢pen circles+ SEM) in: a
freely andb poorly drained soils over an experimental period (64
days) in autumn/winter 1996/ €4)

This was based on the assumption that, as shown in previous stu 4 oxidized g™ (dry soil) h™" in the freely and poorly

(Hatch et al. 1991; Gill et al. 1995),,8, is an effective inhibitor of drained soils, respectively. Thus, higher nitrifying rates
nitrification and, thus, there should be no increase irgN@els. were found in the field in the poorly drained soil, but the



328

Table 4 Comparison between
the tube incubation method and

alternative methods of measuring . ) . ) ) ) . )
several N transformation pro- Tube incubation/  Jar incubation/ Tube incubation/  Jar incubation/

cesses over 64 days (31/10/96-3/ resin bags ceramic cups resin bags ceramic cups
1/97). Data are means with

Process Freely drained soil (kg Nfia Poorly drained soil (kg N h&)

+ standard error of the mean Net mineralization 34.8 (1.29) 56.1 (0.58) 53.9 (0.39) 43.2 (1.17)
shown in parentheses Nltl’lflc.a.tIOH. 20.2 (2.42) - 38.7 (0.97) -
Denitrification 7.2 (3.39) 5.3 (0.15) 24.2 (3.51) 7.1 (1.76)
Leaching 3.7 (0.71) 3.7 (1.73) 6.9 (0.88) 3.8 (2.05)
a) ha™ day™) differed between the two soil$€0.01): i.e.,

0.05 (+0.086) compared with 0.40 (+0.079), respectively.
Daily rates of denitrification were closely correlated with
rates of nitrification in the freely drained soiP€0.001),
with r>=0.67 and 66% of the variance accounted for. How-
ever, rates of denitrification also included some negative
values (Fig. 4a) which were assumed to be zero (i.e. at or
near a rate below the level of detection) in the calculation
of the cumulative total (Table 4). In the poorly drained
soil, there were fewer negative values (Fig. 4b) and the
‘ two processes were significantly correlateB<Q.001),
a4 with r?=0.68 and 68% of the variance accounted for. The
cumulative total was >3-fold that of the freely drained soll
(Table 4).
b) The cores remained tightly fitted in the incubation
tubes during incubation, so that leakage down the sides
was unlikely and shrinkage of the soil within the tubes did
not occur. Both methods for leaching (by I-E bags or cera-
mic suction cups) and for denitrification (by difference in
the tube incubation or by jar incubation) gave results
which were in close agreement, in the case of the freely
drained soil (Table 4). In the poorly drained soil, however,
the estimates of leaching and denitrification were greater
with the tube incubation method (Table 4). The N which
_ ! was unaccounted for in our methodology (i.e. net mineral-
05 - ization minus losses from denitrification and leaching)
Fig. 4 Mean daily rates (kg N ha day™) of denitrification in a amounted to 24.0kg N and 22.8kg N, respectively, of

freely andb poorly drained soils over an experimental period (64¥vhich 26_-2 (+1.60) kg N and 55.8 (+6.81) kg N were re- _
days) in autumn/winter 1996/199Vertical barsare + standard error covered in the herbage at the end of the measurement peri-

of the meant = 4) od. It is possible that more herbage N was present in re-
growth immediately following the last silage cut on the

_ . . _ poorly drained soil (due to the wetter soil conditions), and
greater potential activity was in the freely drained sofas therefore over-estimated, whereas growth on the drier
(P<0.001). Other factors which might have been expectggdil had ceased after cutting, and regrowth only occurred
to correspond with different rates of nitrification were simafter the soil moisture level had returned to field capacity.
ilar (Table 3), e.g. soil pH and the ratio of NHOs. As  This discrepancy would have been carried forward into the
might be expected, nitrification was related to rates @fsessment of N taken up during the winter from N miner-
mineralization P<0.001) in both the freely drainedalized during the measurement period, but nevertheless
(r*=0.41) and in the poorly drained“€0.52) soils, with provides an estimate of N removed from the soil by the
40% and 51% of the variance accounted for, respectivef¢rbage. Losses of N through senescence and transport
Also, NH; contents exceeded those of B both soils, into roots, which were not accounted for, would also con-
which confirmed that the rate of nitrification lagged betribute to errors in the estimates for both soil types.
hind that of net mineralization.

Daily rates of loss of N by denitrification (kg N ha

day™?) (estimated by differences in inorganic N from tube
incubations *GH,) ranged from 0.04 to 0.52 (Fig. 4a:
freely drained) and from 0.17 to 1.08 (Fig. 4b: poorly
drained). The mean daily rates of denitrification (kg N

01-Nov  11-Nov 21-Nov 01-Dec 11-Dec 21-Dec  31-Dec  10-Jan
2 —

01-Nov  11-Nov 21-Nov 0l-Dec 11-Dec  21-Dec  31-Dec  10-Jan
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necessary in such circumstances to re-wet the gypsum
blocks periodically to ensure that the reaction with the
The tube incubation method allows concurrent measuf@aG granules proceeds satisfactorily.
ments of the major N transformation processes to be madeDifferences in assessments of nitrifying activities (ac-
which would not be possible using existing techniqueiial and potential) are less easy to reconcile. The greater
Foremost amongst the advantages associated with tmgential nitrifying activity in the freely drained than in
method is the opportunity to extend the period of measutbe poorly drained soil suggests that a more active and/or
ment indefinitely; this would not be practicable whembundant population of nitrifiers may have developed in
using other methods, particularly those usiity method- the former in response to aerobic conditions more favour-
ology for gross measurements. An additional benefit of tlabdle for growth of the bacteria. The higher (actual) field
improved incubation method is that integrated estimatesrate of nitrification found with the poorly drained soil is,
the various processes are obtained for defined periodshowever, compatible with having a higher rate of net min-
contrast to estimates obtained by extrapolating from “spagtalization (since the supply of NHsubstrate will be the
measurements, when using the alternative methods. Thge-limiting step). It is also possible that the pH in the mi-
present experiment, which was designed to illustrate theosites of the undisturbed, poorly drained soil were high-
use of the technique under field conditions, showed that which would also favour nitrification despite the appar-
the processes of net mineralization, nitrification and derént similarity in pH of the two soils, measured on dis-
trification were closely associated. Such associations mightbed soil samples. Such differences would not be a fac-
be expected, given the substrate/product relationships in the laboratory incubations, which were based on soll
which exist, although supporting evidence is limited. Hlurries buffered at pH 7.5.
has been shown recently (Hatch et al. 1996) that antece-Estimates of N leached using both I-E bags and cup-
dent fertilizer inputs can lead to an increase in the rate sdimplers were low; they reflected the generally lower
nitrification; this has implications for the supply, distribulosses associated with cut (as opposed to grazed) swards
tion and fate of N in soils. Further possible correlation®yden et al. 1984) and were also due to the unusually
might also have been expected between nitrifying activitry conditions of the 1996/7 winter. It would, therefore, be
and the removal of nitrate through leaching. However, tltd interest to assess leaching under grazed swards in a
lack of drainage in December 1996 (driest December sintmre typical drainage period, but a considerable increase
1959) precluded meaningful comparisons between thesdhe number of replicates would be required to overcome
data. the greater variability in the soil inorganic N content in-
Errors associated with the measurements were generdiiced by N returned via excreta. The paired sampling
within acceptable limits for field experimentation; howapproach, adopted in the present method, has an advantage
ever, some negative values were found for nitrification, dever random sampling since spatial variation is largely ac-
nitrification and leaching (negative rates for mineralizatiocounted for by closely linking the cores taken initially
are correctly defined as net immobilization). The reasavith the incubated cores. I-E bags also have the advantage
for this was probably the combination of inherently lovover cup-samplers of operating in a passive mode with re-
rates in the measured processes and the high spatial vaspeect to the passage of soil water, whereas cup-samplers
tion between replicates. Greater replication (e.g. 6—8 inamay modify the flow characteristics of soil water and are
bation tubes to each treatment) would be required to betiess satisfactory in heavier soils (Hatch et al. 1997).
resolve temporal changes in these processes. In overallThe tube incubation method also overcomes many of
terms, the values obtained with tube incubation and othtee other problems associated with enclosed incubation
methods compared well, with the exception of denitrificaressels, by causing only minimal disturbance to the soil
tion in the poorly drained soil. Lower than expected valwhich allows natural wetting/drying processes to proceed
ues in heavier soils are a recognized problem with the gnd avoids large changes in the soil atmosphere/tempera-
incubation method (Smith and Arrah 1990) because of emre status. Finally, the low cost of the equipment involved
hanced aeration and an inability to ensure satisfactory info-the tube incubation method enables large-scale monitor-
sion of GH, to inhibit fully nitrous oxide reductase activ-ing for prolonged periods of experimentation to be under-
ity (i.e. reduction of NO to N,). Marked advantages oftaken, as well as providing the opportunity for examining
the tube incubation method are, therefore, the enclosurettog linkage between N cycling processes.
the soil core in a sheath to prevent premature exposure of
soil surfaces, and the improved method of providing a sus-
tained infusion of GH,. Degradation of gH, by CH,- Acknowledgements This project was funded by the Ministry of
metabolizing populations is a recognized problem (wi riculture, Fisheries and Food, London. The Institute is supported
the possibility of wider effects on C cycling processes y the Biotechnology and Biological Sciences Research Council. The
| . uthors wish to thank P. Owen, M. Davies and A. Stone for technical
but is one which usually only develops after a lag phasesistance and A. J. Rook for statistical advice.
of up to 8 days (Terry and Duxbury 1985). The greater
variability in the data relating to denitrification in the
freely drained soil, however, was probably caused by an
inadequate supply of £, from the controlled-release
capsules, because of very dry soil conditions. It may be
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