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Summary. Denitrification (using the acetylene block 
method) was determined in earthworm casts and soils 
from permanent, drained or undrained pasture plots fer- 
tilized with 0 or 200 kg N ha-  l year- i as ammonium ni- 
trate. Rates of N20 production from soil cores were 
about three times higher from the fertilized than from the 
unfertilized plots while drainage had a relatively small ef- 
fect. Denitrification rates from casts were 3 - 5  times 
higher than those from soil irrespective of the drainage 
treatment. Casts generally had higher N O r ,  NH~,  and 
moisture contents, and higher microbial respiration rates 
than soil. Rates of N20 production were determined pri- 
marily by NO~- supply, secondarily by moisture; avail- 
able C did not appear to limit denitrification in these pas- 
tures. Estimates of the potential contribution of casts to 
denitrification ranges from 10.1% of 29.3kg ha -1 
year -1 from the unfertilized, drained plot to 22% of 
82.5 kg ha-1 year-1 from the fertilized undrained plot. 

Key words: Denitrification - Earthworms - Casts - 
Pasture - Rate determinants - Acetylene blockage tech- 
nique 

Denitrification is an important route of N losses from ag- 
ricultural systems (Ryden 1986; Scholefield et al. 1988) 
but the number of rate determinants and the interactions 
between them have made it very difficult to predict 
fluxes. The proximate variables regulating denitrification 
are the availability of labile C and NO~- (Myrold and 
Tiedje 1985; Parkin 1987; Lalisse-Grundman et al. 1988; 
Van Klemput et al. 1988) and low 0 2 tensions or anaero- 
bic conditions (Bremner and Blackmer 1981; Aulakh et 
al. 1987; Klemedtsson et al. 1988). Indirect, or more dis- 
tal factors, which affect the development of anaerobic 
microsites include temperature, organic matter content, 
soil texture, and rainfall. As the spatial scale of the inves- 
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tigation increases denitrification rates are generally relat- 
ed to these distal factors (Groffman et al. 1988). A major 
source of variation in flux estimates is the fine spatial 
scale at which conditions for denitrification may be opti- 
mized (Folorunso and Rolston 1984; Christensen and 
Tiedje 1988). Field estimates of N20 production usually 
involve bulking soils to reduce this variation as the loca- 
tion of microsite "hot spots" cannot generally be identi- 
fied. Earthworm casts, however, have been shown to con- 
stitute important microsites for denitrification (Svensson 
et al. 1986; Knight et al. 1989; Elliott et al. 1990) and 
hence contribute to the spatial variability of these fluxes 
from soils. The present paper reports measurements of 
N O r ,  moisture, and available C as potential rate deter- 
minants of denitrification in casts and soils from perma- 
nent pastures. Microbial respiration is used as a measure 
of available C since Burford and Bremner (1975), Reddy 
et al. (1982), and Burton and Beauchamp (1985) suggest 
that it is correlated with water-soluble C. The potential 
contribution of cast material to denitrification losses 
from the pastures is also estimated. 

Materials and methods 

The studies were carried out within the Rowden experimental plots at 
the Institute for Grassland and Environmental Research (formerly IG- 
AP), North Wyke, Okehampton, Devon. Each plot is hydrologically iso- 
lated and is fertilized with 0, 200 or 400 kg N ha-1 year-1 as ammoni- 
um nitrate. A second series of plots, with and without fertilizer 
treatments, has been drained using mole drains 0.5 m deep and 2 m 
apart. The soil is a pelostagnogley of the Hallsworth series with an A 
horizon of approximately 0.3 m depth. Annual rainfall is about 
1000 mm and grass growth may continue throughout the winter period 
since mean soil temperatures rarely fail below 4~ 

Samples were collected from plots fertilized with 0 or 200 kg N 
ha -1 year -~ which were undrained or drained. Three areas of 1 m 2 
each were pegged out on each of the four plots at the beginning of Octo- 
ber 1988 (referred to as the autumn series). At weekly intervals, for a 
period of 9 weeks, all the surface cast material within these quadrats 
was collected. Soil cores (15 mm diameter by 50 mm deep) were also 
taken at random outside the quadrats as controls. A second series of de- 
terminations (winter) was made for 8 weeks from January 1989. 
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The cast and soil material was returned to the laboratory and the to- 
tal wet weight of the casts was determined. Aliquots of 5 g casts or soil 
were weighed into 30-ml serum bottles, taking care to maintain the mac- 
ro-aggregate structure of the material. The bottles were then fitted with 
caps which had been drilled so that the butyl rubber seal could be used 
as an injection septum. C2H 2 was injected into each bottle to 10 KPa 
(ca. 10%, v: v) and the samples were incubated at 10~ for 24 h. After 
incubation the headspace volume of each bottle was sampled and ana- 
lysed for N20 using a Pye-Unicam Series 104 gas-liquid 
chromatograph fitted with a 63Ni electron detector at 300~ The col- 
umn (2.2 m) was packed with Poropak Q and maintained at 55~ with 
the N 2 carrier gas flowing at a rate of 40 ml min -1. After the N20 
analysis was complete, the cast and soil material was dried at 40~ for 
48 h to avoid mineral-N losses (Allen et al. 1974) and dry weights and 
moisture contents were calculated. Estimates of N20 production were 
corrected for dissolved N20 (Moraghan and Buresh 1977) and rates of 
denitrification were calculated as gg N g-1 (dry weight) day -1. 

CO 2 production by the cast and soil material during incubation was 
determined as a measure of available C. A second series of 5 g aliquots 
was prepared and a vial containing 4 ml 0.1 M KOH was introduced into 
each serum bottle before it was sealed. Bottles without casts or soil ma- 
terial were used as controls. The bottles were incubated at 25~ for 24 h, 
after which the vials were removed and titrated against 0.1 M HC1 using 
a capillary microburette (Anderson 1973). 

Samples of soil and casts used for N20 determinations were 
rehydrated in 1 M KCI and shaken for 1 1/2 h. The solutions were then 
filtered (Whatman 42 ashless filter paper) and analysed colorimetrically 
for nitrate and ammonium concentrations (by the sulphanilamide/cop- 
per hydrazine and alkaline phenate/nitroprusside methods, respectively) 
using a Bemas autoanalyser (Burkhard Instruments, UK). Results were 
expressed as NOr -N or NH~--N concentrations (gg N g-  ~ dry weight). 

Data for N20 production were log10 transformed (Parkin and Rob- 
inson 1989), and percentage moisture contents were arcsin transformed, 
to normalize distributions in calculations for analysis of variance, Stu- 
dent's t-tests and correlation coefficients. The values for NO~--N pre- 
sented here were obtained by summing the NO 3-N determined by ex- 
traction and N losses through denitrification, in order to give an esti- 
mate of initial NO 3 contents in the cast and soil material. 

Results 

M e a n  rates o f  den i t r i f i ca t ion  for the  a u t u m n  and  winter  
pe r iods  are shown in Fig. 1 A and  B, with da t a  given for 
CO2 p roduc t ion ,  N O r  and  NH~- concent ra t ions ,  and  
mois tu re  contents  for  the  a u t u m n  per iod.  The  general  
t rends  were closely s imi lar  for  b o t h  da t a  sets except tha t  
the  NO~- and  N H ~  concen t ra t ions  were much  lower 
dur ing  the winter  per iod .  

N20 production 

Rates o f  N20  p r o d u c t i o n  were general ly  three t imes 
h igher  f rom casts t han  soil, i r respective o f  fert i l izer t reat-  
ment ,  d ra inage  regime or  season.  Both  casts and  soil  
f rom the fert i l ized plots  p r o d u c e d  two to three t imes 
more  N20  than  samples  f rom the unfer t i l ized plots.  
M e a n  rates o f  den i t r i f i ca t ion  f rom casts ranged  between 
0.2 and  0.9 gg  N g-1  (dry weight) day  -1 dur ing  the au- 
t u m n  pe r iod  and  f rom 0.3 to 1.1 g g N g  -1 (dry weight) 
day -1  dur ing  the winter  per iod.  M e a n  rates for  the  soil 
were 0 . 0 5 - 0 . 3  ~ g N g  -1 (dry weight) day  -~ dur ing  the 
a u t u m n  and  0 . 1 -  0.4 gg N g-1  (dry  weight) day-~  dur ing  
the winter. Den i t r i f i ca t ion  rates in bo th  cast  and  soil  ma-  
ter ia l  f rom bo th  fert i l ized and  unfer t i l ized  plots  were un-  
af fec ted by the d ra inage  regimen.  

NO~ concentrations 

N O f - N  concent ra t ions  in the  a u t u m n  (Fig. 1 C) were two 
to three t imes higher  in casts t han  soil in the  ferti l ized, 
und ra ined  and  d ra ined  plots.  In  the  dra ined,  unfer t i l ized 
plot ,  NO~--N concen t ra t ions  were five t imes  higher  in 
casts t han  soil a l though  in the  unfer t i l ized,  und ra ined  
p lo t  there  were no  s ignif icant  differences between mater i -  
als. The  casts con ta ined  s imi lar  N O f - N  concent ra t ions  
o f  3 . 5 - 4 . 0  ~tg N g-1  d ry  weight in the  fert i l ized, d ra ined  
and  undra ined  plots,  bu t  casts f rom the undra ined ,  unfer-  
t i l ized p lo t  had  s igni f icant ly  lower concen t ra t ions  
(t = 2.62, P -- 0.02) than  casts f rom the dra ined,  unfer t i l -  
ized plot .  

Concen t ra t ions  o f  N O f - N  were general ly  lower dur-  
ing the winter  t han  dur ing  the au tumn,  ranging f rom 0.29 
to 1.11 g g N g  -1 d ry  weight in casts and  0 .12 -0 .36~ tg  
N g-1 d ry  weight in soil mater ia l .  N O r  concen t ra t ions  
were s igni f icant ly  h igher  in cast  t han  soil  mate r ia l  f rom 
bo th  fert i l ized plots  bu t  not  f rom ei ther  unfer t i l ized plot .  
NO~- concent ra t ions  were also higher  in casts and  soil 
f rom fert i l ized plots  t han  f rom unfer t i l ized plots,  except 
in soil f rom the undra ined ,  fer t i l ized and  unfer t i l ized 
plots  where concen t ra t ions  were similar.  

NH] concentrations 

Concen t ra t ions  o f  N H ] - N  in casts were higher  on  the 
unfer t i l ized than  the fert i l ized plots  (Fig. 1 D). Soil  con- 
cent ra t ions  were s imi lar  for all t rea tments ,  except for  the  
fert i l ized, undra ined  p lo t  where concen t ra t ions  were low- 
er. On ly  casts and  soil  f rom the unfer t i l ized,  d ra ined  p lo t  
showed s ignif icant  differences in NH~- concen t ra t ions  
(t = 3.88, P_< 0.01). Mean  values ranged  between 0.20 and 
0.32 mg N g -  1 (dry weight). 

Dur ing  the winter  pe r iod  levels o f  N H ~ - N  were simi- 
lar  in bo th  mater ia l s  and  in all plots.  Only  the  fert i l ized, 
d ra ined  p lo t  showed any s ignif icant  difference, with casts 
con ta in ing  higher  concen t ra t ions  t han  soil  ( t =  2.74, 
P = 0 . 0 1 ) .  M e a n  values ranged  be tween 0.17 and 
0.25 mg N g -  1 (dry weight).  

Moisture content 

Mois tu re  contents  dur ing  the a u t u m n  were s igni f icant ly  
h igher  in casts t han  soil by  8 -  10~ on  the fert i l ized plots  
and  by  a b o u t  3~ on  the unfer t i l ized plots  (Fig. 1 E). 
Casts  f rom the fert i l ized plots  were 2-5~ wetter  t han  
casts f rom the  unfer t i l ized plots ,  bu t  the  soils showed the 
reverse t rend with  higher  mois tu re  contents  on the unfer-  
t i l ized plots.  

Dur ing  the winter  casts mate r ia l  was genera l ly  wetter  
t han  soil, except on  the unfer t i l ized,  d ra ined  p lo t  where 
levels were similar.  Cas t  ma te r i a l  was s igni f icant ly  wetter  
(t = 6.98, P_<0.001) on  the fert i l ized, d ra ined  p lo t  t han  
on  the unfert i l ized,  d ra ined  plot .  Soil, however, was wet- 
ter  on  the  unfer t i l ized,  d ra ined  p lo t  (t = 2.88, P = 0.007). 
There  was no s ignif icant  difference between the mois ture  
contents  o f  soil ma te r i a l  on  the  unfer t i l ized  and  fertil-  
ized, d ra ined  plots.  
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F i g . A - E  Rates of  N20 production from casts (Ca) and soil (So) in 
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are shown or horizontal bars, and differences between the same material 
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<P_<0.05; ** 0.001<P_<0.01; *** P_<0.001). Values shown are 
means  +_ SE 
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CO2 
Rates o f  CO2 product ion  followed similar trends to the 
other  variables, with higher rates in cast material than 
soil during the au tumn  (Fig. 1 F). Only  the unfertilized, 
undrained plot  showed little difference between cast and 
soil material. Da ta  for CO2 produc t ion  are not  presented 
for the winter as the trends were similar to those in the 
au tumn  and the statistical analysis (see below) showed no 
significant relationships between CO2 product ion  and 
denitrification. 

Correlations between denitrification and 
rate determinants 

Correlat ions between rates o f  N20  and CO2 product ion,  
concentrat ions o f  mineral-N species, and moisture con- 
tents were not  significant for soils. P roduc t ion  o f  N20  in 
casts was correlated with NH~- (r = 0.5, P = 0.03) and 
the moisture content  (r = 0.5, P = 0.03) on both  unfertil- 
ized plots, and with NO~- on both  fertilized plots 
(r = 0.6, P = 0.01). On  the fertilized and drained plot 
N20  product ion  showed a higher correlat ion (r = 0.7, 
P_< 0.01) with the moisture content.  No  significant corre- 
lat ion was found  between N 20  and CO2 product ion.  

No  correlat ion was found between N20  product ion  
and N H ~ - N  concentrat ions for casts over the winter pe- 
riod. N20  was, however, correlated with NO~--N on both  
drained, fertilized and unfertilized plots (r = 0.5, 
P = 0.03) and with moisture on the fertilized, undrained 
plot (r = 0.6, P = 0.01). 

Relative importance o f  rate determinants 

The results o f  analyses o f  variance o f  main  effects (drain- 
age, fertilizer and material) and co-variates (NO~--N, 
CO2, and moisture) for the au tumn data  set are shown 
in Table la .  The effects o f  drainage, CO 2, and interac- 
tions, with the exception o f  drainage x material (cast or  
soil), were not  significant. A second analysis o f  variance 
excluding non-significant  variables (Table l b) showed 
that  material,  moisture content,  and the interactions 
moisture xmater ia l  were the main  determinants o f  
denitr if ication rates during the au tumn.  

The same procedure was used for analysis o f  the win- 
ter data  set. The results in Table 2a  show that  only fertil- 
izer, material  and N O f - N  were significant. Further  anal- 
ysis using these variables showed that  material and NO3 
regulated denitr if ication during the winter. 

N losses f rom the pasture by denitrification 

Values for potential  N losses th rough  denitrif ication were 
calculated f rom mean casting rates and mean  N20  pro- 
duct ion rates (Table 3). Annua l  rates o f  casting were 
based on observations that  ear thworms only produce sur- 
face casts for about  26 weeks o f  the year. Extreme weath- 
er condit ions often prevented casting during the summer  
and winter months.  Denitr if icat ion f rom soil, however, 
was calculated assuming that  N losses potentially occur 
over the whole year. 

The results show that  denitr if ication in soil f rom the 
fertilized plots accounted  for 41% and 48% o f  the ap- 

plied fertilizer for the drained and undrained plots, re- 
spectively. Estimates o f  denitrif ication rates in cast mate- 
rial ranged f rom 2 .97 -6 .98  k g N  ha -1 year -~ in the un- 
fertilized plots to 10 .23-18 .70  kg ha -a year -1 in the fer- 
tilized plots, the drained plot  representing the lower value 
in each case. Hence, the contr ibut ion f rom casts to the to- 
tal fluxes could be as high as 10.1% of  29.3 kg ha -1 
year-1 f rom the unfertilized, undrained plot to 22.5% of  
82.5 kg ha -1 year -1 f rom the fertilized, undrained plot. 

Discuss ion  

The most  striking feature o f  these results is that  mean  
denitrif ication rates were three times higher f rom casts 

Table 1. Analysis of variance for factors and co-factors affecting 
denitrification in earthworm casts and soil over the autumn period 

Factor/co-factor Degrees of Variance ratio Significance 
freedom (F) (P) 

Analysis of main effects and co-variables 
Fertilizer 1 28.51 < 0.001 
Drainage 1 0.00 NS 
Material 1 7.53 NS 
Drainage x fertilizer 1 1.57 NS 
Fertilizer x material 1 1.23 NS 
Drainage • fertilizer 1 3.59 NS 

x material 
NO 3- 1 4.77 0.03 
Moisture 1 3.91 NS 
CO 2 1 0.97 NS 
Error 90 

Analysis excluding non-significant effects 
Material 1 29.47 < 0.001 
Moisture 1 8.82 0.004 
Material x moisture 1 34.93 < 0.001 
Error 122 

Table 2. Analysis of variance for factors and co-factors affecting 
denitrification in earthworm casts and soil over the winter period 

Factor/co-factor Degrees of Variance ratio Significance 
freedom (F) (P) 

Analysis of main effects and co-variables 
Fertilizer 1 39.82 < 0.001 
Drainage 1 1.30 NS 
Material 1 4.8i 0.03 
Drainage x fertilizer 1 0.53 NS 
Drainage x material 1 0.05 NS 
Fertilizer • material 1 0.02 NS 
Drainage x fertilizer 1 0.39 NS 

x material 
NO~- 1 7.92 0.006 
Moisture 1 2.34 NS 
Error 130 

Analysis excluding non-significant effects 
Fertilizer 1 39.92 < 0.001 
Material 1 15.02 < 0.001 
Nitrate 1 8.55 0.004 
Fertilizer • material 1 0.25 NS 
Error 139 
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Table 3. Mean rates of casting and denitfification for a 9-week period in autumn 1988 followed by an 8-week period in winter 1989 

Cast production Denitrification 

Daily (g m-2 day- 1) Annual Daily (~tg N g- 1 day- 1) Annual Total 
(t ha- 1 year- 1) (kg N ha- 1 year- 1) (kg N ha- 1) 

Autumn Winter Autumn Winter 

Cast Soil Cast Soil 
Cast Soil 

No fertilizer 
Drained 5.16 5.68 9.89 0.20 0.07 0.40 0.12 2.97 26.35 29.32 (10.1) 
Undrained 8.37 7.73 14.69 0.33 0.07 0.29 0.15 6.98 30.51 37.49 (18.6) 

200 kg N ha- 1 year - l 
Drained 3.48 8.69 11.37 0.71 0.26 1.10 0.36 10.23 85.99 96.22 (10.6) 
Undrained 8.50 15.50 21.50 0.87 0.26 0.86 0.29 18.70 63.80 82.50 (22.5) 

Values are calculated for cast turnover per year; estimated annual rates of denitrification are also shown. Soil mass to a depth of 0.1 m was 
calculated using a mean value for bulk density of 0.76 g cm-3. Values in parentheses indicate percentage contribution of casts to total denitrifica- 
tion 

than soil and three times higher from the fertilized than 
the unfertilized plots. 

The main factors accounting for these differences in 
denitrification rates were NO~- availability and moisture 
content, as shown by other studies in agricultural grass- 
land systems (Myrold and Tiedje 1985; Lalisse-Grund- 
man et al. 1988). Differences between casts and soil can 
be explained in terms of  the ecology of  the earthworm 
species in relation to the main plot treatments. 

The experimental plots were permanent  pastures 
which were grazed during the summer months to main- 
tain a constant sward height. On the fertilized plots be- 
tween five and eight cattle were required to maintain 
sward height compared with three to six head on the un- 
fertilized plots where grass growth was slower. The effects 
of  these stocking densities are important  when consider- 
ing the quality of  the food resources available to the 
earthworms. Dung coverage of the fertilized plots was 
calculated as 550 m 2 or 5.5~ of  the total plot area com- 
pared with 360m 2 or 3.5O7o of  the unfertilized plots 
(Richards and Wolton 1976) during the growing season. 
Hence, the effect of  the fertilizer was to increase the input 
of  dung as well as to improve the quality and quantity of  
herbage production. The high input of  these resources to 
the soil may account for the absence of any C limitation 
to denitrification, in contrast to findings from other stud- 
ies (Myrold and Tiedje 1985; Wheatley and Williams 
1989). 

The main species of  earthworm casting on the surface 
of  the soil in the North Wyke plots was Lumbricus 
rubellus, which is active in the organic horizons, and 
Aporrectodea caliginosa, which also occurs in mineral 
soil horizons (Edwards and Lofty 1977). In these soils, 
however, high water tables in the winter force A. 
caliginosa to the surface horizons (D. Knight, unpublish- 
ed data). Both species selectively ingest organic matter  
with L. rubellus exploiting less decomposed material such 
as dung (Bolton and Phillipson 1976). The casts pro- 
duced by the earthworms are high in labile organic N and 
C, resulting in higher rates of  N and C mineralization rel- 

ative to the bulk soil (Lunt and Jacobson 1944; Reddy et 
al. 1982; Syers et al. 1979; Scheu 1987). The generally 
higher moisture content of  the casts and their particular 
physical properties also results in an greater prevalence of  
anaerobic conditions and more complete reduction of 
NO~- to N 2 than in the surrounding soil (Elliott et al. 
1990). 

The results of  the present study support  the findings 
of  other workers who have identified the variables that 
directly control denitrification (Groffman et al. 1988) 
and indicate the relative importance of these variables to 
denitrification rates from pasture systems. In the autumn 
the growth of  grass slows as the days become shorter. N 
mineralization in warm soil is then in excess of  plant de- 
mand  and denitrification is determined by water satura- 
tion of  soil pores. During warm winter and spring condi- 
tions in Devon, however, leaching of mineral N by high 
rainfall, and continued grass growth acting as a sink for 
slower rates of  N mineralization, results in a switch to 
NO~- limitation of  denitrification. Earthworms are often 
active throughout these periods in Devon and we have 
shown that they influence the spatial heterogeneity of  
denitrification in a pasture and may make a significant 
contribution to the total gaseous N losses from these sys- 
tems. Maximum effects were recorded in the fertilized 
(200 kg N ha -1 year- l ) ,  where surface casts from worm 
populations of  173 m -2 (Elliott et al. 1990) were estimat- 
ed to have contributed 22.5% of  82.5 kg N m -2 year -1 
lost through denitrification, a value closely similar to es- 
timates of  denitriflcation losses from this plot of  90 kg N 
m -2 year -1 reported by Garwood (1988). The similarity 
of  these independent estimates of  total denitrification 
provides support  for our methodology and for the extrap- 
olation of  these results to indicate the potential magni- 
tude of earthworm effects on gaseous N losses from these 
pastures. 
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