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Variations in the natural abundance of 15N in ryegrass/white clover shoot material as influenced by cattle grazing 
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Abstract

Biological N2 fixation in clover is an important source of N in low external-N input farming systems. Using the natural 15N-abundance method, variations in N2 fixation were investigated in grazed and mowed plots of a ryegrass/white clover field. Ryegrass (15N varied considerably, from 0.2 to 5.6‰ under mowed conditions and from -3.3 to 11.6‰ under grazed conditions. Variations in (15N in white clover were lower than in ryegrass, especially in the mowed plots (SE = 0.05‰, n = 20). The variations in the percentage of nitrogen derived from the atmosphere (%Ndfa) in white clover were highest in the grazed plots where it ranged from 12 to 96% (mean = 64%) compared with the mowed plots where it ranged from 64 to 92% (mean = 79%). Thus, the N2 fixation per unit white clover DM in the grazed ley was lower and more variable than under mowing conditions.


Urine from dairy cows equivalent to 0, 200, 400 and 800 kg N ha-1 was applied to a ryegrass/white clover plot 6, 4 or 2 weeks before harvest. Without urine application (15N of ryegrass was positive. By increasing urine application ((15N = -1‰) two weeks before sampling, the (15N of ryegrass decreased strongly to about -7‰ (P<0.001). However, this effect was only observed when urine was applied two weeks before sampling. When applying 800 kg N four and six weeks before sampling, (15N in ryegrass was not significantly different from the treatment without urine application. White clover (15N was unaffected by whatever changes occurred in (15N of the plant-available soil N pool (reflected in (15N of ryegrass). This indicates that within the time span of this experiment, N2 fixation per unit DM was not affected by urine. Therefore, newly deposited urine may not be the main contributing factor to the variation in %Ndfa found in the grazed fields. This experiment suggested that the natural abundance method can be applied for estimating %Ndfa without disturbance in natural animal-grazed systems.
Introduction

Biological N2 fixation (BNF) in forage legumes is an important source of N in low external-N input farming systems for beef or dairy production. In mowed grassland BNF has been estimated to range from 13 to 682 kg N ha-1 and under grazing conditions to range from 55 to 296 kg N ha-1 (Ledgard and Steele, 1992). 


It is well-known that access to inorganic N depresses the N2-fixation process in clovers and BNF may be significantly depressed after a urination (Marriott et al., 1987). Under grazing conditions, ruminants distribute the dung and urine unevenly (Richards and Wolton, 1976). Urine patches from larger ruminants may apply amounts equivalent to 800 kg N ha-1 in one urination (Haynes and Williams, 1993) which will affect the clover/grass ratio but also depress the N2 fixation rate on a patch level. Additional effects are physical disturbance of the sward by grazing animals and plant scorching caused by the high N concentrations in urine (Lantinga et al., 1987).


In ryegrass/clover mixtures the ryegrass competes efficiently for inorganic N and will absorb most of the available inorganic N (Høgh-Jensen and Schjoerring, 1997). Hence, the N2-fixing activity is restored when the soil concentration of inorganic N decreases, which may be after one to two month (During and McNaught, 1961; Ledgard and Steele, 1992; Marriott et al., 1987) or more (Afzal and Adams, 1992; Vinther and Aaes, 1996).


Biological N2 fixation has been assessed using 15N-isotope methods: Enriched 15N-dilution and 15N natural abundance (Bolger et al., 1995; Ledgard and Steele, 1992; Whitehead, 1995). The advantages of the enriched 15N-dilution method are that high analytical sensitivity is not required and that potential influence of isotope fractionation processes in the soil and in the N2 fixation process is reduced. However, the application of 15N causes a disturbance of the agroecosystem and due to the high cost of 15N, this isotope can only be applied to a limited area. The natural 15N-abundance, on the other hand, requires a very high analytical sensitivity and care during the sampling process but it can be used in established agroecosystems. The enriched 15N-method is difficult to use in grazed pastures as the 15N-labelled areas often have to be protected against animal excreta (Ledgard, 1991; Marriott et al., 1987; Murphy et al., 1986) affecting the grazing behaviour of the animals and favouring the protected areas (Murphy et al., 1986). Such biases are avoided by the natural 15N-abundance method. However only few have reported on the effect of grazing on BNF using the natural 15N-abundance. For both methods it is important that the reference plant is grown in close proximity to the N2​fixing plant because of large variations in soil isotopic composition even at the micro-scale (Androsoff et al., 1995; Sutherland et al., 1991).


The objective of the present study was 1) to determine the variations in N2 fixation in ryegrass/white clover fields under grazed conditions, and 2) to investigate how N2 fixation is affected by urination in a grazed ley. The natural 15N-abundance method was utilized to estimate the N2 fixation.

Materials and methods
Experimental site

The experimental plots were located in a six-year organic dairy crop rotation at Research Centre Foulum, in the central part of Jutland (9°34'E, 56°29'N); mean annual rainfall is 770 mm and mean annual temperature is 7.7°C. Some properties of the soil, classified as a  Typic Hapludult, are given in Table 1. The experiment was carried out on ryegrass (Lolium perenne L.)/white clover (Trifolium repens L. cv. Milkanova) in its second production year in the crop rotation. 

Experimental design

Plant sampling took place in three parts of the field with different pre-treatments:

1) Grazed ley: Four plots of 15×18 m were chosen randomly in a part of the field grazed by cattle until two weeks before sampling at a stocking rate of 12 animals ha-1. This stocking rate was used on average for 45 days per year. During the two years of ryegrass/white clover the field had not received any fertilizer apart from the excreta distributed by grazing cattle. Each year one cut for silage was removed before cattle-grazing.

2) Mowed ley: A plot without cattle-grazing was selected, where ryegrass-clover biomass was mowed three times during the first production year. This plot had 19 tons of cattle slurry ha-1 applied at the beginning of the growing season in April and again in June after the first cut (65 kg NH4-N ha-1 in total), using trail hose application. 

3) Artificial urine patches: In an area excluded from grazing cattle, urine patches were established in the ryegrass/white clover using urine (0.96% total-N, 0.67% urea-N and 0.009% NH4-N) from dairy cows grazing under similar conditions as in the grazed experimental plots. The urine was stored at 2°C from collection until use. At 6, 4 and 2 weeks before ryegrass/white clover sample collection, urine was applied in four replicates to plots of 0.5×0.5 m (0.5 m apart) using a watering can with a 50 cm spreading bar. All applications were in a volume of 2 L (dilution with deionized water) followed by 0.5 L of deionized water. Before every application, the ley was cut at a height of 2 cm and the herbage removed in all patches. Thus herbage was removed every 2 weeks. Amounts equivalent to 800 kg N ha-1 were applied at 6, 4 or 2 weeks before sample collection while amounts equivalent to 0, 200 or 400 kg N ha-1 were applied at two weeks before sample collection. Since total N concentration of the urine decreased from 1% at sampling to 0.96% at application, the effective application rates were 0, 192, 384 and 768 kg N ha-1.


Ryegrass/white clover was sampled in the three parts of the field on the same day in mid-September 1996 in 0.25 m2 patches using a cutting height of 2 cm. Twenty patches were sampled from the four plots in the grazed ley and the plot in the mowed ley along two diagonal transects with a set distance of 2 m between every patch. One 0.25 m2 area was harvested from the middle of each artificial urine patch. Where the sampled patch had been rejected by grazing animals, the approximate area within the patch that was rejected (0, 50, or 100%) was recorded.

Plant analysis and determination of N2 fixation
The sampled plant biomass was separated into white clover and ryegrass, dried at 80°C to constant weight and ground in a ball mill. The plant material was analysed simultaneously for 15N and total-N using the Dumas combustion method (Preston and Barrie, 1991) in a system consisting of an ANCA-SL Elemental Analyser coupled to a 20-20 Tracermass Mass Spectrometer (Europa Scientific Ltd., Crewe, UK). 


The (15N value was calculated as the deviation from atmospheric N2 (0.3663 atom% 15N), which by definition has (15N = 0‰. As standard was used (NH4)2SO4 (Merck 99.5%) with an enrichment of 0.36666 atom% ((15N 0.98)​. This standard had been calibrated against ambient air and against reference material from IAEA, Vienna. The analytical SE for 15N concentration in the plant material (n = 3) was typically 0.015%. 


The fraction of N derived from the atmosphere in the harvested clover material (%Ndfa) was then calculated (Shearer and Kohl, 1986) using ryegrass in the mixture as reference plant:




(1)

where B is the (15N-value of white clover grown with atmospheric N2 as the only source of N. 

Determination of the B value
Ten surface-sterilized white clover seeds (Trifolium repens L. cv. Milkanova) were placed on a plastic net, which was glued onto a plastic tube (3.5 cm high and 3 cm in diameter). Six of these tubes were fixed into the lid of a 4 dm3 plastic container with nutrient solution. The nutrient solution was changed initially once a week and latter twice a week and continuously purged with ambient air. The solution, adjusted to pH=6.2, had the following composition (mmol m-3): 420 CaSO4, 180 MgSO4, 645 K2SO4, 90 KH2PO4, 80 NaCl, 50 H3BO3, 50 FeC6H5O7, 50 MnSO4, 1 ZnSO4, 1 Na2MoO4, 0.5 CuSO4, 0.5 NiSO4, and 0.5 CoCl3 (Steiner 1984).  


Seed germination and plant growth took place in a greenhouse under natural light conditions. Until three weeks after germination, the emerging roots were fully immersed in the nutrient solution. Thereafter, the holders were raised 1 cm above the nutrient solution to ensure that the developing nodules had good access to O2. T. repens was inoculated with a Rhizobium leguminosarum biovar trifolii strain WPBS5 (IGER, Aberystwyth, Wales). Sub-samples of the plant material were taken every week; one tube from six different containers that were analyzed separately. The final sampling took place 90 days after germination.


At sampling the roots of each tube were rinsed in deionized water and blotted dry. The plant material was immediately frozen (-20(C), freeze-dried to constant weight and milled to a fine powder (mesh size 0.2 mm) and analyzed simultaneously for 15N and total-N as described above. 


The B value was estimated following Bergersen and Turner (1983) to be -1.40‰ (SE=0.24‰). This value was used throughout the calculations.
Results

Variations in grazed and mowed ley  

Due to the randomized sampling strategy in the four grazed plots some of the plant samples were, collected in patches of ryegrass/white clover that were rejected by grazing animals. The dry matter (DM) yield in shoot material of both ryegrass and white clover from these rejected patches was higher than in those “not rejected” (P<0.001). However,  the N concentration and the 15N concentration in the dry matter did not differ between the rejected and “the non-rejected”. In the four grazed plots on average 24% (15-35%) contained 50% material from rejected patches and on average 11% (0-20%) contained 100% material from rejected patches.
Yield: Dry matter yield of ryegrass and clover was natural-log (ln) transformed to stabilize the variance and fulfil the assumption of normality based on the linearity of theoretical quantiles plotted against empirical quantiles (Table 2). Yield in ryegrass was very variable from 12 to 388 g DM m-2. In grazed plot no. 4 where the lowest intensity of rejected patches occurred, the lowest variation was also observed. However, the variations were still higher than in the plot under mowing conditions. The DM yield of white clover was stable. Even where the highest frequency of rejected patches occurred (grazed plot no. 3) the variations were of the same range as in the mowed plot. In the plot with lowest intensity of rejected patches (no. 4) the yield was low (12 g DM m-2) and the variations very small (SE = 2 g DM m-2; n = 20). 


The white clover accounted for approximately 20% of the plant biomass in grazed plots and 40% in the mowed plot. A considerable variation (2-61%) in white clover content of the harvested herbage was observed. This variation in the grazed plots was almost entirely due to variations in ryegrass DM yield (Table 2).

N-concentration: The N concentration of ryegrass was log-normal distributed, whereas the N concentration of clover was normal distributed. Concentrations ranged from 1.66 to 4.68% and 3.00 to 5.52% in ryegrass and clover, respectively. In both ryegrass and white clover the N-concentration was lower in plant material from the ungrazed plot than in material from the grazed plots.

(15N: The  (15N values followed a normal distribution. In both mowed and grazed plots the (15N of ryegrass varied considerably, from 0.2 to 5.6‰ and -3.3 to 11.6‰, respectively (Fig. 1). Variations of (15N in white clover in grazed plots were smaller than in ryegrass and with a mean close to the atmospheric composition (0‰). In the mowed plot the variation in  (15N was very low (SE = 0.05; n = 20).

%Ndfa: When using equation [1] to calculate %Ndfa, the precision is determined by the enrichment of the reference plant and the analytical resolution of  (15N (Unkovich et al., 1994). Thus, a soil N-isotopic enrichment (as measured by the reference plant) of at least 0.6‰ is required with an analytical precision of ±0.1‰, as obtained in the present case, to detect a change in %Ndfa of 5% (with a B-value of -1.4‰). Therefore, certain criteria must be established for calculating %Ndfa in the collected samples. The %Ndfa in paired samples that fulfil the three requirements 1) (15Ngrass > 0.6‰, 2)  (15Nclover > -1.4‰ and 3)  (15Ngrass > (15Nclover are summarized in Table 3. The %Ndfa was 15 percentage-units lower in average of the four grazed plots compared to the mowed plot. Furthermore, variations were on average two times higher in the grazed plots than in the mowed plots.

Artificial urine patches

Yield: Dry matter accumulated in the shoot material of ryegrass was not significantly affected by urine application (Fig. 2). The DM accumulated in white clover decreased by increasing N application in urine (P<0.01). However, the time of application of 800 kg N ha-1 (2, 4, and 6 weeks) before sampling did not significantly influence DM accumulation in white clover.

N-concentration: The N concentration in ryegrass DM increased with increasing N-application in urine (P<0.001) but decreased with increasing time since application (P<0.01). The concentration of N in white clover DM was in contrast not affected by urine application (P>0.05).


N-uptake (Fig. 2) was significantly affected by N-application in urine in both ryegrass (P<0.01) and white clover (P<0.05) whereas time since application did not have any effect. Total N-uptake in ryegrass and white clover increased from 61 kg N ha-1 at 0N application in urine to 75-83 kg N ha-1 in the urine-applied plots, but with no N rate effect.

(15N:  (15N of urine was -1.0‰. Without urine application (15N of ryegrass was positive. By increasing urine application two weeks before sampling, the (15N of ryegrass decreased strongly to about -7‰ (P<0.001). However, this effect was only observed when urine was applied two weeks before sampling. When applying 800 kg N four and six weeks before sampling, (15N in ryegrass was not significantly different from the treatment without urine application.

%Ndfa: The use of equation [1] to calculate %Ndfa did not produce meaningful results where urine was added 2 weeks before sampling because the three requirements listed in the previous section was not fulfilled. This was caused by the temporary strong decrease in (15N of ryegrass after urine application. Where no urine was applied %Ndfa was 86 and where 800 kg N was applied 4 and 6 weeks before sampling %Ndfa was 50 and 59, respectively.

Discussion
The ryegrass-clover field had been grazed at a stocking density of 540 animal days ha-1 year-1 for two consecutive years prior to the time of sampling. Assuming a daily urination frequency of 10 times and 12 faecal excretions per day (Whitehead, 1995) and the area covered being 0.4 and 0.07 m2, respectively (Haynes and Williams, 1993), then without overlapping, urine would be deposited on 22% of the grazed area and 5% of the area would be covered by dung each year. The uneven return of excreta in grazed leys results in a spatial heterogeneity in soil concentration of inorganic N (Afzal and Adams, 1992), which will affect the N2 fixation in the legume as well as the balance between white clover and ryegrass. This study shows that the N concentration of ryegrass in grazed pasture was log-normal distributed. This agrees with White et al. (1987) who found that the concentration of inorganic N under pasture was log-normal distributed. As ryegrass is a strong competitor for inorganic N, such a distribution must be reflected in the N concentration in the shoots and thus also in dry matter accumulation (Table 2).


Ledgard et al. (1982) estimated that the influence of animal excreta would decrease BNF by at least 10% annually compared with areas not influenced by excreta. Under grazing conditions the N2 fixation rate has been estimated at 60-95% (Bolger et al., 1995; Ledgard, 1991; Steele, 1983). In this study, using the 15N natural abundance method, the %Ndfa was lower and considerably more variable under grazing conditions than under mowing conditions.

Variations in grazed and mowed ley  

The spatial variability of  (15N in ryegrass was high even in the mowed plot, and jumps of several (15N-units were observed within just a few meters. This is similar to the variations found in soil (Selles et al., 1986) and in other reference plants (Sutherland et al., 1991, 1993; van Kessel et al., 1994; Androsoff et al., 1995; Bremer and van Kessel, 1990). Using the 15N natural abundance, Kerley and Jarvis (1996) showed that the isotopic composition of ryegrass could be highly affected by association with dung pats. Thus, for a satisfactory determination of N2 fixation using the natural 15N-abundance method, it is of utmost importance that the reference crop and the N2-fixing plants are grown in close proximity. The use of ryegrass and white clover in a mixed stand may lower (15N of the reference plant as a result of transfer of fixed N from clover to ryegrass (Ledgard, 1991; Høgh-Jensen and Schjoerring, 1997; Pate et al., 1994). However, as transfer generally is considered slow (Ledgard and Steele, 1992) and if %Ndfa is high, then transfer will not influence the estimate of %Ndfa significantly. Irrespective of such transfer, other researchers working with 15N-enriched conditions have advocated using the grass in the mixed stand as the reference (Boller and Nösberger, 1987; Chalk and Smith, 1994; Harderson et al., 1988).


Furthermore, it is important that the (15N of the reference plant differs significantly from that of atmospheric N2 or from the B value in case of isotopic discrimination associated with N2 fixation. As the B value in this study was determined to -1.4‰, it was decided that (15N-values of ryegrass below 0.6‰ would render these samples unsuitable for the determination of %Ndfa with a precision of 5% (Unkovich et al., 1994). Out of 100 samples, 18 ryegrass samples had (15N below 0.6‰. Most of the white clover samples had (15N below 0‰ (Fig. 3). This clearly indicates that fractionation must have occurred during fixation, otherwise values below 0% would not be possible. It was therefore not surprising to find an experimentally determined B value of -1.4‰. This B value is in good agreement with earlier reports of B values usually being in the interval -1 to -2‰ (Shearer and Kohl, 1986). With the exception of two very low values of -2.5 and -2.7‰, which are considered artifacts, all white clover samples had a 15N-abundance higher than the B value (Fig. 3). Thus, under conditions where the N2 fixation is high, the lowest (15N values of the white clover samples would suggest a B value very close to the experimentally determined one. This is important for the wider application of these methods because it suggests the possibility of avoiding the laborious determination of the B value. However, this will need to be investigated for more cultivars and under a range of different circumstances.


The present results show that variations in DM accumulation and %Ndfa in white clover were considerably higher under grazed conditions than under mowed conditions. Under grazed conditions %Ndfa ranged from 12 to 96% (mean=64%) compared with mowed conditions where %Ndfa ranged from 64 to 92% (mean=79%). These differences indicate that N2 fixation per unit clover DM in grazed leys is generally lower than in systems under mowing conditions, and thus using the latter for predicting N2 fixation in grazed leys may result in a considerable overestimation.


Only few have reported on the effect of grazing on %Ndfa. Sandford et al. (1993) found, when examining 184 Australian grass-clover pastures using the natural abundance method, that although the %Ndfa ranged from 0-100% (SD=21.7) this was not significantly influenced by stocking rate or by grazing system (intermittent or continuous grazing). However, this study involved a very wide range of different pasture and soil characteristics and management practices which may have biased the effect of any single factor.

Artificial urine patches
In ryegrass/white clover swards, ryegrass generally absorbs the major part of the available soil N, and under ample N conditions white clover is out-competed (Haynes, 1980). Pastures under low N fertilization management receive their main N input via N2 fixation. Under grazing conditions, a major part of the removed herbage N is returned because ruminants excrete approximately 50-60% of the ingested N in the form of urea and 20% as other organic N forms. Excreta are often deposited in localised areas, which can receive an amount of urea that is equivalent to 300-600 kg N ha-1 (Haynes and Williams, 1993). The plant communities in these areas are seriously disturbed including a depression of the N2-fixing activity for 1-2 months (Haynes and Williams, 1993). The proportion of the ley that is affected by excreta depends on stocking density, length of grazing period, frequency and uniformity of excretion, and areas covered by the excreta. The area affected by urine is much higher than by dung (Afzal and Adams, 1992).


Urine is relatively depleted of 15N compared with the diet but also compared with faeces (Steele and Daniel, 1978). Thus, a ryegrass/white clover mixture with a high proportion of clover and a high BNF is expected to give 15N-abundance in the urine that is similar or depleted relative to atmospheric N2. 



A strong depression in (15N-values was observed two weeks after application of 400 and 800 kg N ha-1, exceeding that of urine. This may be explained by the exchange of urine ammonium with depleted soil adsorbed ammonium as described by Karamanos and Rennie (1978) or by fractionation during urea hydrolysis. Karamanos and Rennie (1978) found that equilibration of fertilizer ammonium with clay colloids resulted in 15N depletion of the ammonium fraction in the soil solution and used this to explain the strongly negative δ15N values observed by Rennie et al. (1976) in the leached portion of fertilizer-N. The analyzed plant material only represented 2 weeks growth (herbage was removed  every 2 weeks) so presumably the depression of (15N lasted less than 2 weeks as it disappeared when urine was applied 4 or 6 weeks before sampling.

Some reports have suggested that the N form can affect the inhibition process which the N imposes on the N2-fixation process with nitrate-N being more inhibitory than ammonium-N (e.g. Murphy et al., 1986). When urea is applied it is rapidly degraded (half-lives of 3-4 hr) with a subsequent rapid increase in NH4+ and to a smaller extent in NO3-. However, already after three weeks the inorganic N levels may be back to normal (Marriott et al., 1987). 


The fact that white clover (15N was unaffected by whatever changes occurred in (15N of the plant-available soil N pool (reflected in (15N of ryegrass) suggests that within the time span of this experiment, white clover N2 fixation per unit DM was not affected by urine. However, this is only valid if the assumption of the method are not invalidated by e.g. slower initial clover growth relative to grass or by differences in remobilization of N from within the plants. It has been observed that urine causes a depression in N2 fixation activity (Ledgard et al., 1982; Marriott et al., 1987; Vinther and Aaes, 1996). However, generally, the reduction in BNF is a combination of 1) a reduction in N2 fixation rate as the uptake of inorganic N is favoured at the expense of N2 fixation, and 2) a reduction of the clover to ryegrass ratio in the sward. 

Conclusions

This study showed that grazing by larger ruminants considerably increased the spatial variability of the N2 fixation in ryegrass/white clover shoot material and on average decreased the %Ndfa by 15 percentage-units compared with mowing conditions. In this study the single factors determining the N2 fixation efficiency were not determined but results from artificial urine patches suggest that newly deposited urine was not the only contributing factor to variation. This experiment suggested that the 15N natural abundance method can be applied for estimating %Ndfa without disturbance in natural animal-grazed systems. However, excreta considerably increased the complexity in using the method and more research is needed, particularly on aspects of temporal variability. Thus, it may be considered an attractive tool for future more detailed studies which include the temporal variability of N2 fixation in grazed systems as well as on-farm measures of N2 fixation.

References

Afzal M and Adams W A 1992 Heterogeneity of soil mineral nitrogen in pasture gazed by cattle. Soil Sci. Soc. Am. J., 56, 1160-1166.

Androsoff G L, van Kessel C and Pennock 1995 Landscape-scale estimates of dinitrogen fixation by Pisum sativum by nitrogen-15 natural abundance and enriched isotope dilution. Biol. Fert. Soils, 20, 33-40.

Bergersen F J and Turner G L (1983) An evaluation of 15N methods for estimating nitrogen fixation in a subterranean clover-perennial ryegrass sward. Aust. J. Agric. Res., 34, 391-401.

Bolger T P, Pate J S, Unkovich M J and Turner N C 1995 Estimates of seasonal nitrogen fixation of annual subterranean clover-based pastures using the 15N natural abundance technique. Plant and Soil, 175, 57-66.

Boller B C and Nösberger J 1987 Symbiotically fixed nitrogen from field-grown white and red clover mixed with ryegrass at low levels of 15N-fertilization. Plant and Soil, 104, 219-226.

Bremer E and van Kessel C 1990 Appraisal of the nitrogen-15 natural-abundance method for quantifying dinitrogen fixation. Soil Sci. Soc. Am. J., 54, 404-411.

Chalk P M and Smith  C J 1994 15N isotope dilution methology for evaluating the dynamics of biologically fixed N in legume-non-legume associations. Biol. Fertil. Soils, 17, 8084.

During C and McNaught K J 1961 Effects of cow urine on growth of pasture and uptake of nutrients. N. Z. J. Agric. Res., 4, 591-605.

Hardarson G, Danso S K A and Zapata F 1988 Dinitrogen fixation measurements in alfalfa-ryegrass swards using nitrogen-15 and influence of the reference crop. Crop Sci., 28, 101-105.

Haynes R 1980 Competitive aspects of the grass-legume association. Adv. Agron. 33, 227-261.

Haynes R J and Williams P H 1993 Nutrient cycling and soil fertility in the grazed pasture ecosystem. Adv. Agron. 49, 119-199.

Høgh-Jensen H and Schjoerring J 1997 Interactions between white clover and ryegrass under contrasting nitrogen availability: N2 fixation, N fertiliser recovery, N transfer and water use efficiency. Plant Soil 197, 187-199.

Karamonos R E and Rennie D A 1978 Nitrogen isotope fractionation during ammonium exchange reactions with soil clay. Can. J. Soil Sci., 58, 53-60.

Kerley S J and S C Jarvis 1996 Preliminary studies of the impact of excreted N on cycling and uptake of  N in pasture systems using natural abundance stable isotopic discrimination. Plant Soil 178, 287-294.

Lantinga E A, Keuning J E, Groenwold J and Deenen P J A G 1987 Distribution of excreted nitrogen by grazing cattle and its effects on sward quality, herbage production and utilization. In Animal Manure on Grassland and Fodder Crops. Eds.: H G v d Meer, Unwin R J, Dijk T A van and Ennik G C. pp. 103-117. Martinus Nijhoff Publishers, Dordrecht.

Ledgard S F, Steele K W and Saunders W H M 1982 Effects to cow urine and its major constituents on pasture properties. N. Z. J. Agric. Res., 25, 61-68.

Ledgard S F 1991 Transfer of fixed nitrogen from white clover to associated grasses estimated using 15N methods in swards grazed by dairy cows. Plant Soil, 131, 215-233.

Ledgard S F and Steele K W 1992 Biological nitrogen fixation in mixed legume/grass pastures. Plant Soil, 141, 137-153.

Marriott C A, Smith M A and Baird M A 1987 The effect of sheep urine on clover performance in a grazed upland sward. J. Agric. Sci., 109, 177-185.

Murphy P M, Turner S and Murphy M 1986 Effect of spring applied urea and calcium ammonium nitrate on white clover (Trifolium repens) performance in a grazed ryegrass-clover pasture. Irish J. Agric. Res., 25, 251-259.

Pate J S, Unkovich M J, Armstrong E L and Sanford P 1994 Selection of reference plants for 15N natural abundance assessment of N2 fixation by crop and pasture legumes in South-west Australia. Aust. J. Agric. Res., 45, 133-147.

Preston T and Barrie A 1991 Recent progress in continuous flow isotope ratio mass spectrometry. pp. 31-34. International Laboratory Sept 1991.

Rennie D A, Paul E A and Johns L E 1976 Natural nitrogen-15 abundance of soil and plant samples. Can. J. Soil Sci., 56, 43-50.

Richards I R and Wolton K M 1976 The spatial distribution of excreta under intensive cattle grazing. J. British Grassland. Soc., 31, 89-92.

Selles F, Karamanos R E and Kachanoski R G 1986 The spatial variability of nitrogen-15 and its relation to the variability of other soil properties. Soil Sci. Soc. Am. J., 50, 105-110.

Sanford P, Pate J S and Unkovich M J 1993 A survey of proportional depencence of subterranean clover and other pasture legumes on N2 fixation in South-west Australia utilizing 15N natural abundance. Aust. J. Agric. Res., 45, 165-181.

Shearer G and Kohl D H 1986 N2-fixation in field settings: Estimations based on natural 15N abundance. Aust. J. Plant. Physiol. 13, 699-756.

Steele K W and Daniel R M 1978 Fractionation of nitrogen isotopes by animals: further complication to the use of variations in the natural abundance of 15N for tracer studies. J. Agric. Sci., 90, 7-9.

Steele K W 1983 Quantitative measurements of nitrogen turnover in pasture systems with particular reference to the role of 15N. In Nuclear Techniques in Improving  Pasture Management. IAEA, Vienna. pp. 17-35.

Steiner A A (1984) The universal nutrient solution. In Proceedings of the 6th International Congress on Soilless Culture, Luntern. pp. 633-649. ISOSL, Wageningen.
Sutherland R A, van Kessel C, Farrell R E and Pennock D J 1993 Landscape-scale variations in plant and soil nitrogen-15 natural abundance. Soil Sci. Soc. Am. J., 57, 169-178.

Sutherland R A, van Kessel C and Pennock D J 1991 Spatial variability of nitrogen-15 natural abundance. Soil Sci. Soc. Am. J., 55, 1339-1347.

Unkovich M J, Pate J S, Sanford P and Armstrong E L 1994 Potential precision of the  15N natural abundance method in field estimates of nitrogen fixation by crop and pasture legumes in South-west Australia. Aust. J. Agric. Res., 45, 119-132.

Van Kessel C, Farrell R E and Pennock D J 1994 Carbon-13 and nitrogen-15 natural abundance in crop residues and soil organic matter. Soil Sci. Soc. Am. J., 58, 382-389.

Vinther F P and Aaes O 1996 Effects of urine on biological nitrogen fixation in a grass-clover pasture. Transactions of 9th Nitrogen Workshop, 9-12 Sept., Braunschweig, Germany, p. 173-176.

White R E, Haigh R A and Macduff J H 1987 Frequency distribution and spatially dependent variability of ammonium and nitrate concentrations in soil under grazed and ungrazed grassland. Fert. Res., 11, 193-208.
Whitehead D C 1995 Grassland Nitrogen. CAB International, Oxon, UK. 397 pp.

_931237377

