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ABSTRACT 

This.project was carried out to evaluate the feasibility of using of biuret as a plant growth 

and/or soil microbial activity regulator at low concentrations, and as a slow-release N 

fertiliser at high concentrations. 

Biuret stimulated Douglas-fir seedling growth at low concentrations, but inhibited it at high 

concentrations. The stimulation of biuret on seedling growth in sand and solution culture 

was associated with increased net photosynthetic rate and nutrient uptake and when grown 

in the soil it was also related to the improvement of soil N availability and therefore the 

uptake of N by seedlings. Provenance 93 (relatively fast growing) was more responsive to 

lower concentrations of biuret, but more sensitive to the toxicity of biuret at high 

concentrations than provenance 98 (relatively slow growing). Yellow-tip (chlorosis) in 

needles was a typical symptom of biuret toxicity. 

Applied nitrogen had a much greater effect on Douglas fir seedling growth than biuret. 

Provenance 93 grew faster at lower N supply due to its greater ability to absorb more 

nutrients and further to distribute more into the shoot. 

Biuret at lower concentrations had a positive real priming effect on net mineralisation of 

native soil N in both soils. The causes for the positive priming effects were related to the 

stimulation of microbial growth and activity at an early stage of the incubation and/or the 

death of microbes at a later stage, which was biuret-concentration-dependent. Biuret 

additions increased gross rates of soil N mineralisation and nitrification and affected the 

turnover rates of mineral N pools. The biuret-15N tracing technique further confirmed that 

biuret addition stimulated the mineralization of native soil N by increasing the turnover rate 

constant (k value). The potential of biuret as a slow-release N source at high concentrations 

(especially in the Burnham soil) was related to the slow mineralisation, nitrification and 

more immobilisation of biuret-N, which reduced the potential of N losses by volatilisation 

and denitrification. 



1.1 Background 

1.1.1 Plantations of Douglas fir 

Chapter One 

Introduction 

2 

Douglas fir (Pseudotsuga menziesii (Mirb) Franco) is native to the Pacific Northwest 

(PNW) of United States and British Columbia, Canada, and now is widely grown as a 

plantation tree in many other counties over the world. Douglas fir is already one of 

Europe's major softwood species (mainly in Britain, France and Netherlands) (Belton, 

1998) In New Zealand, Douglas fir is ranked as the second most important plantation tree 

and there is an expectation that the plantation area of Douglas fir will expand due to its 

having a suitable climate and available sites suitable for Douglas fir growth (Belton, 1998). 

1.1.2 Nitrogen deficiency in Douglas fir pla'!tation 

Similar to other plantation forests, it is well established that nitrogen (N) is the key nutrient 

most commonly limiting the growth of Douglas fir stands (Brix, 1993). Several major 

projects were carried out in the Pacific Northwest (PNW) of the United States and British 

Columbia, Canada, to study the effects of nitrogen (N) fertilisation and thinning on 

Douglas fir ecosystems. Nitrogen deficiency occurs in this species due to low soil N 

availability associated with soil properties and the high CIN ratio in the forest floor under 

Douglas fir stands (Edmonds and Hsiang, 1987). Most stand sites in these areas were found 

to have a good economical response to N fertilisation, especially on poor site quality soils 

(Miller and Tarrant, 1983; Barclay and Brix, 1984; Stegemoeller and Chappell, 1990; Brix, 

1993; Hopmans and Chappell, 1994). 

Although large-scale operational application of nitrogenous fertilisers to a range of ages of 

Douglas fir stands is routine in the PNW (Miller et al., 1988b; Stegemoeller and Chappell, 

1990; Chappell et al., 1991) and British Columbia (Brix, 1991; Marshall, 1991), accurate 
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predictions of response have not been obtained (Turner and Olson, 1976; Shumway and 

Atkinson, 1978; Turner et al., 1988; Miller et al., 1989; Carter et al., 1998) due to the 

complex interconnected processes leading to Douglas fir ecosystem responses to N 

fertilisation and other silvicultural practices. Direct responses of coniferous plantation 

forests to nitrogen fertiliser are usually short-lived because only a small proportion of the N 

applied «20%) is taken up by the tree (Hulm and Killham, 1990; Preston et ai., 1990; 

Preston et al., 1994) and this N is available to the tree for less than a year (Mead and 

Pritchett, 1975a, 1975b; Nambiar and Bowen, 1986; Mead and Preston, 1994; Chang et al., 

1997). Growth responses may continue longer if the N added changes the N cycling within 

the tree andlor soil substantially since both internal and external N cycling are largely 

responsible for the growth response to N fertiliser. It has been demonstrated that the N 

stored in the root and the current needles of conifers is remobilized for new spring growth 

(Miller, 1986; Nambiar and Fife, 1991; Millard and Proe, 1992, 1993), but growth later in 

the growing season is dependent on further N uptake from soil (Millard and Proe, 1991). 

The available N in soils is dependent on the processes involved in N transformations and 

cycling. The flux of N through the mineralisation-immobilization pathways in soils is a 

major determinant of the N supply for plant uptake and for loss processes (Jansson and 

Persson, 1982). However, N availability in forest soils after canopy closure generally 

decreases with stand age for the following reasons (Marshall, 1991): 

1. The rates of decomposition decline due to biotic and abiotic factors. 

2. Litterfall nutrient quality declines with age as the litter contains more woody detritus 

relative to leaf materials. 

3. The combination of low quality and rates of N transformations can greatly reduce N 

availability in older stands 

4. With age a greater fraction of N may become poorly available as it becomes bound in 

humic compounds in the soil. 

To sustain productivity of Douglas fir ecosystems, it is necessary to maintain and enhance 

N availability through regulating N transformations in soils. N fertilisation, thinning, and 

other silvicultural practice can have a significant influence on soil N availability and stand 
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growth and productivity. However, the efficiency of traditional fertilisers, such as urea, 

generally is low and the effect is not long-term due to volatilisation, leaching, 

denitrification and immobilization (Morrison and Foster, 1977; Pang, 1984a; Gouveia et 

al., 1995; Aamio et aI., 1996). Therefore, the supply of soil available N often cannot meet 

the N requirement for tree growth, quantitatively and temporally. 

1.1.3 The possible roles of biuret in tree growth and N nutrition 

Biuret (CzHsN30 z), discovered over one hundred years ago, is the parent compound of a 

large and interesting class of organic substances. It was first obtained by Wiedemann, who 

isolated the new compound from the products of the thermal decomposition of urea or urea 

nitrate (Kurzer, 1956). Pure biuret contains 23.3% C, 40.8% N, 30.0% 0, and 4.9% H. 

Commercial fertiliser urea usually contains small and variable amounts of biuret as an 

impurity, which is formed during the prilling or granulation of crystalline urea when it is 

heated near its melting point (l32°C). 

1.1.3.1 Plant responses to the application of biuret 

Biuret has been shown to be both stimulatory and inhibitory to plant growth. 

In agriculture, high concentrations of pure biuret or biuret in urea fertiliser can be toxic to 

crops whether applied to soil or foliage (Jones, 1954; Kilmer and Engel and, 1973; 

Mithyantha et aI., 1977; Abdel-Hadi et al., 1983). Yellow-tip in leaves is a symptom of 

biuret toxicity. A general guideline for the safe use of urea would permit a maximum 

0.25% biuret for foliar sprays and 2% biuret in soil application (Mithyantha et al., 1977; 

Mikkelsen, 1990). However, it is difficult to clearly define the permissible limit because 

crop sensitivity to biuret depends on species, soil properties, method and timing of 

fertiliser, and both the concentration and amount of biuret applied (Mikkelsen, 1990). 

Biuret can be readily absorbed by plant roots (Clark and Wallace, 1962) and leaves (Irnpey 

and Jones, 1960) but metabolized slowly (Webster et aI., 1957; Impey and Jones, 1960). 

Accumulation of biuret in plants can have detrimental effects on plant growth and 
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development through interfering with N metabolism (Webster et ai., 1957; Carles, 1960; 

Impey and Jones, 1960; Krisper et ai., 1972). 

By contrast, biuret can stimulate plant growth, especially in tree crops, presumably either as 

a plant growth regulator (Miller et ai., 1988a), as a slow release N fertiliser (Ogata and 

Yoshinouchi, 1958; Sahrawat, 1981; EI-Shahawy and Amer, 1989), or both. Application of 

appropriate amounts of biuret or biuret-contaminated urea stimulated the growth of 

Douglas fir seedlings and mature stands at 57-years of age (Miller et al., 1988a; Miller et 

ai., 1996), and other crops, especially fruit trees (Matula and Knop, 1973; Ahmed et ai., 

1979; Balakhontsev et al., 1981; Ali and Lovatt, 1994; Rabe, 1994). Miller et ai. (1988a) 

reported that biuret functioned as a plant hormone in promoting the tree growth, and soil 

application of biuret was consistently more effective than foliar application, especially for 

hemlock growth. Later, they further demonstrated that only biuret of the three fertilisers 

applied at 224 kg N ha- I stimulated the growth within the mixed strip of Douglas fir stand 

in a N-deficient plantation in SW Washington and biuret had no visible toxic effect on 

competing vegetation (Miller et al., 1996). 

1.1.3.2 Soil reactions to the addition of biuret 

Biuret is not resistant to breakdown in soil. The ability to degrade biuret appears to be 

widespread among soil microorganisms. Of 120 strains of Rhizobium from 23 genera of 

host plants, all contained urease and most were able to utilize biuret as the sole N source 

(Jensen and Schroder 1965). Other experiments also confirmed that biuret was decomposed 

by many commonly found fungi and bacteria as a N source (Wheldon and MacDonld 1962; 

Jenson and Koumaran 1965). However, the bacterial growth was only half as fast as when 

supplied with urea. The combination of fungi with optimum pH 4.5 and bacteria with a 

growth range extending beyond pH 8 offers possibility of biuret degradation under 

conditions found in all cultivated soils (Jenson 1966). Ogata and Yoshinouchi (1958) 

reported that mineralisation of biuret in the soil was slow and relatively rapid under 

waterlogged soils. Only 18% of added biuret was mineralised in a sandy loam soil duringa 

period of 5 weeks under aerobic conditions, but 47% of added biuret under anaerobic 

conditions (Sahrawat, 1981). El-Shahawy and Amer (1989) demonstrated that 
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mineralisation of biuret was higher in heavy (clay) than light textured (sandy and sandy 

loam) soils and nitrification of biuret-N was inhibited at high soil moisture content (400% 

w.h.c). Biuret influences the nitrification of the accompanying urea applied to soils. It was 

reported that biuret inhibited nitrification of the hydrolyzed urea and the inhibition 

increased with the increased concentration of biuret in the urea (Bhargava and Ghosh 

1976). Sahrawat (1977) found that biuret had no effect on the hydrolysis of associated urea 

but inhibited conversions of NH/ to N02- and of NO£ to N03-, which was confirmed by 

Abdel-Hadi et al. (1980, 1983). 

It appears that biuret may function at different levels in affecting tree growth. Biuret might 

stimulate growth at low concentration as a plant growth regulator and/or soil microbial 

activity regulator, at higher concentrations as a slow release N fertiliser and inhibitory and 

ultimately toxic at even higher concentrations. However, little information is available on 

the mechanisms of stimulation by biuret of tree growth. If biuret acts as a plant growth 

regulator it is important to determine whether it is a direct metabolically regulated plant 

response or the results of enhancing soil N availability through microbially mediated soil 

processes or both. 

1.2 Objectives of the study 

The research presented in this thesis was conducted to study the effects of biuret addition 

on soil N transformations and the growth of Douglas fir seedlings. More specifically, the 

objectives of this research were to: 

1. Study the effects of different levels of biuret on Douglas fir seedling growth and 

nutrient uptake. 

2. Investigate the possible interactions between biuret and N supply on the growth of 

different Douglas fir provenances. 

3. Determine the critical external concentrations of biuret in relation to Douglas fir 

seedling growth. 
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4. Investigate the impacts of different levels of biuret on soil net N mineralisation and 

microbial growth and activity. 

5. Determine the gross N mineralisation, immobilization and nitrification in biuret-treated 

soils and explore the possible mechanisms of biuret in regulating N transformations and 

availability. 

6. Study the fate of biuret-N in different soils and quantify the priming effect of biuret on 

mineralisation of native soil N. 

7. Comparatively study the effects of biuret, urea and atrazine on soil C and N 

transformations. 

8. Evaluate the potential use of biuret as a slow-release N fertiliser in forest soils. 

1.3 Hypothesis and scope of the study 

The functions of biuret were hypothesised as a plant growth and/or soil microbial activity 

regulator at low concentrations, and as a slow-release N fertiliser at high concentrations. 

The hypothetical action model of biuret was developed conceptually as follows (Figures I

I and 1-2): 

/rrpowmIrt in 
tree~ 

and/or 
PlartN 

~N 
rrlnerallsatIorY 

kJoMlr N 
IrnrdJjlisallon 

la.wr 
anmoria 

VIlIaIIIIlBJon 

Figure 1-1 The hypothesised action model of biuret on plant and soil. 
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Figure 1-2 Possible action mode of biuret concentrations on seedling growth. 

The scope of this study covered the physiological (net photosynthetic rate, quantum yield 

and nutrient uptake) and growth responses of seedlings of two common Douglas fir 

provenances, and changes in soil biochemical and chemical properties for two contrasting 

soils in soil organic matter and texture from North Island and South Island of New Zealand. 

Six experiments, including one sand culture in glasshouse, one solution culture, one soil 

pot experiment and three soil incubation experiments in controlled environment growth 

cabinets, were designed and carried out to address some of the questions about the mode 

and fate of biuret in soil and plant. 

1.4 The structure of the thesis 

This thesis consisted of seven chapters. Except for chapters one and seven, each of the 

others is written in its form of an original paper available for submission to a journal. 

Chapter one is a general introduction, which describes the research background, objectives, 

hypotheses and thesis structure. 
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Chapter two is a paper that investigates the physiological and growth responses of two 

Douglas fir provenances to biuret and N supply under glasshouse and controlled 

environment conditions, which included the biuret, N and provenance effects and their 

interactions on seedling growth, net photosynthetic rate, nutrient uptake and biuret toxicity 

symptoms in needles and roots. 

Chapter three is a paper that studies effects of soil-applied biuret on plant growth, soil 

nitrogen availability and other chemical properties in the rhizosphere of Douglas fir 

seedlings under controlled environment conditions in order to distinguish the indirect effect 

of biuret on plant growth as a N fertiliser from its direct effect as a plant growth regulator. 

Chapter four is a paper that investigates the C and net N mineralisation in two forest soils 

amended with biuret and studies the priming effect of biuret on native soil N 

mineralisation. This paper includes the effects of biuret on soil microbial biomass C and N. 

Chapter five is a paper that comparatively studies the effects of biuret, urea and atrazine on 

soil N mineralisation and nitrification, microbial respiration and biomass C and N, 

determines the impact of biuret concentrations on gross N mineralisation and nitrification 

rates and their relationships to soil C mineralisation, and investigates the potential of biuret 

used as a slow-release N fertiliser. 

Chapter six is a paper that studies the dynamics and distribution of biuret-15N in different 

soil N pools and quantifies the priming effect of biuret on native soil N mineralisation. 

Chapter seven is general conclusions and recommendations, which synthesises the 

conclusions from the five original papers that evaluated the use of biuret as a potential 

plant growth and/or soil microbial activity regulator at low concentrations, and as a 

potential slow-release N fertiliser at high concentrations. The relevant recommendations 

for further research and the implications of the findings from this study are also discussed. 
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Chapter Two 

Effects of Biuret and Nitrogen on Growth of and Nutrient 

Uptake by Douglas fir Seedlings in Sand and Solution Culture 

Abstract 

The effects of biuret and nitrogen (N) on growth of and nutrient uptake by two provenances 

(93 and 98) of Douglas fir seedlings were examined in sand culture in a glasshouse and in 

solution culture in controlled environment growth cabinets. 

Biuret stimulated the growth of Douglas fir seedlings at lower concentrations from 0.1 to 

10 mg biuret L-1
, but inhibited and even killed the seedlings at higher concentrations from 

100 to 1000 mg biuret L-1
. Nutrient uptake by seedlings and the net photosynthetic rate in 

needles were improved with the application of lower concentrations of biuret. Biuret 

stimulation of growth was more effective at 100 than at 40 mg L-1 of applied nitrogen. 

Provenance 93 was more responsive to lower concentrations of biuret, but more sensitive 

to the toxicity of biuret at high concentrations. Yellow-tip (chlorosis) in needles was a 

typical symptom of biuret toxicity. 

The growth of Douglas fir seedlings in sand culture was greater at 100 than at 40 mg L-1 of 

applied nitrogen and was greater in provenance 93 than 98. Provenance 93 had relatively 

greater growth at the lower N supply due to its greater ability to absorb more nutrients and 

further to distribute them into the shoot. Growth was improved at the higher N level due to 

more nutrient uptake and distribution into shoots, especially in the needles, which 

increased the net photosynthetic rates in different types of needles. 

Key words: biuret; nitrogen; Douglas fir seedlings; provenance differences; nutrient uptake 

and distribution; net photosynthetic rate 
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2.1 Introduction 

The objective of the experiments described in this chapter was to determine the effect of 

biuret on the growth and N nutrition of Douglas fir seedlings under conditions where there 

were little soil microbes. This was necessary in order to separate any direct effects of biuret 

on plant metabolisms from indirect effects on the plant mediated by biuret effects on soil 

micro-organisms. We hypothesised that biuret treatments would not have an interaction 

with N treatments if it was decomposed as a mineral N before uptake. These were achieved 

by growing the plants in pure sand culture and in nutrient culture with combination 

treatments of biuret and N. The specific objecti ves were: 

1. To study the effects of biuret concentrations on Douglas fir seedling growth and 

nutrient uptake and distribution; 

2. To explore the possible interactions between biuret and N supply on the growth of 

Douglas fir seedlings and to the extent to which biuret might substitute for N 

fertilisation; 

3. To investigate the provenance differences of Douglas fir seedlings in responses to 

biuret and N. 

2.2 Materials and methods 

Two experiments were conducted to address the objectives. 

2.2.1 Sand culture in glasshouse 

This experiment consisted of a factorial of 4 biuret concentrations x 2 N concentrations by 

2 provenances, with 7 replicates per treatment. The biuret concentrations were 0, 0.1, 1.0 

and 10 mg L-1
; the N concentrations were 40 and 100 mg L-1

; and the Douglas fir 

provenances were 93-273 (relatively fast growing) and 98-514 (relatively slow growing). 

Biuret used in this thesis study was analytical reagent-grade (99% purity, Sigma). The ratio 

of N03--N to NRt+-N in the treatment solutions was 40:60. 
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One-year-old seedlings (ca. 11-14 em in height) were selected from a nursery in central 

Canterbury, New Zealand. The seedlings were washed clean of soil and planted in PVC 

pots (12 cm in diameter and 30 cm in height), each of which was filled with 3.80 kg of 

well-washed fine river sand packed to 1.3 g cm-3 dry bulk density. The bases of the pots 

were drilled with 7 equally distributed holes (7 rnrn diameter) to facilitate free drainage. 

The pots were arranged randomly in a glasshouse where the temperature ranged from 15-

25°C, and the photosynthetic photon flux density (PPFD) from 500-850 JAmol m-2 
S-l. There 

was a 16h/8h day/night cycle and the pots were re-randomised every two weeks. 

The water content in the pots was maintained close to field capacity by periodic irrigation 

with the treatment solutions from above to excess drainage. The seedlings were irrigated 

with deionised water for the first two weeks, with 114 strength nutrient solution in the third 

week, with half strength in the fourth week, and with full strength plus the nitrogen and 

biuret treatments from the fifth week. The nutrient solution was modified from Ingestad 

(1971) and contained P 14, K 65, Ca 7, Mg 8.5, S to, chelated 0.7, Mn 0.4, Zn 0.03, Cu 

0.03, Mo 0.007, B 0.2, CI 0.03, Na 0.003 and Ni 0.006 mg L-1
• The seedlings were pre

treated with modified nutrient solution containing no N because of the high N regime 

applied in the nursery. The pH of the nutrient solution was adjusted to pH 4.9 - 5.0. 500 ml 

of solution was added on each irrigation occasion to make sure that all prior nutrients in the 

soil solution were eluted. Irrigation with solutions was initially weekly but later twice per 

week. If necessary, just sufficient volumes of deionised water were added at intervals 

between the solution irrigations to bring the sand to field capacity (i.e. just at the point of 

drainage commencing). 

After 6 months, the seedlings were harvested and separated into different pruts, which were 

dried at 70°C for 72 h in an oven, weighed and sampled for nutrient analysis. 

2.2.2 Solution culture in controlled environment growth cabinet 

The growth conditions in the cabinet were controlled at 600 JAmol m-2 
S-l PPFD with 16 

hours photo-period, 22117°C (day/night) temperature and 60170% (day/night) relative 

humidity. 
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Seeds of two provenances (93-273 and 98-514) of Douglas fir were sterilized in 30% H20 2 

for 1 h, washed for 12 h in deionised water and placed in the plastic bags for stratification 

for 4 weeks in a refrigerator at 4°C. After stratification, the seeds were germinated in Petri 

dishes lined with moistened filter paper in an incubator at 20°C. The germinated seeds then 

were cultured in 0.05 M CaS04 solution for one week and then transferred into 114 and 

then 112 strength Ingestad's complete solution until the seedlings had 7-9 true leaves. The 

roots of two seedlings of each provenance were suspended through the cover of 16.5 x 16.5 

x 18.5 cm (4 litres) plastic pots so that they were immersed in the treatment solutions 

which were aerated continuously and changed weekly during the experiment. The solution 

was free from alga growth by covering the top of plastic pot with aluminium foil and the 

rest of the pot with black plastic. 

There were 6 biuret concentrations (0, 0.1, 1, 10, 100, and 1000 mg C 1
) for each of the two 

provenances (93-273 and 98-514). The treatments were randomly placed in two growth 

cabinets with three replicates per treatment in each cabinet. The light environment in the 

cabinets was 16 hours, 600 )lmol m-2 
S-1 PPFD, 22°C, 60% relative humidity; and the dark 

period was 8 hours, l7°C and 70% relative humidity. 

2.2.3 Measurement and analytical methods 

Seedling height, basal diameter and branch number were measured periodically. The time 

when each flush of new needles and stem from the apical bud occurred was also recorded. 

The relative growth rate (RGR) of seedling height was calculated as follows: 

(2.1) 

where hi is the initial height at time (ti) and hr is final height at time (tr). 

Chlorophyll fluorescence was measured on needles that had a 20 min dark adaptation, 

using a Heinz Walz fluorimeter (actinic light 90 )lmol m-2 
S-l, and a 500 ms saturating 

pulse of 3000 )lmol m-2 
S-1). In all the treatments, four fully expanded needles were selected 
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from each of 1st (6 months old), 2nd (4 months old) and 3rd (half month old) flush needles 

located on the same branch, for each seedling. Maximum and minimum chlorophyll a 

fluorescence emissions (Fm and Fo) of the needles were measured. Quantum yield of PSII, 

the amount of electron flow per unit energy absorbed by the photosynthetic apparatus, was 

estimated as directly proportional to (Fm-Fo)fFm (Genty et ai., 1989). The net 

photosynthetic rate of needles at 20GC at a light saturated PPFD of 1000 J..lmol m-2 
S-1 was 

measured with an LI-6400 portable photosynthesis system (Li-Cor, Lincoln, Neb., USA). 

The surface area of the needles was measured by using portable LI-300 area meter (Li-Cor, 

Lincoln, Neb., USA). 

2.2.4 Statistical analysis 

Analyses of variance (ANOV A) or covariance (ANOCV A) were conducted to determine 

the effects of biuret, N levels and their interactions using SAS software package (version 

8.01, 2000). The adjusted means were used for presenting the results if covariate analysis 

was significant. Otherwise, the results were presented with unadjusted means. Duncan's 

mUltiple range test was used at the 95% probability limit (P < 0.05) to assess the 

differences among the treatments for main effects and their interactions. 

2.3 Results 

2.3.1 Sand culture 

2.3.1.1 Seedling growth 

Effect of N and provenance 
N and provenance as main effects were significant at P < 0.001 for almost all growth 

parameters (Tables 2-1 and 2-2). All growth parameters were greater (except the root/shoot 

ratio which was less) in provenance 93 than 98 and at 100 mg L-1 N than 40 (Tables 2-3 

and 2-4, Figures 2-1 and 2-2). The N x provenance interactions for those parameters where 

P < 0.05 are shown in Table 2-4 and Figure 2-4. Provenance 93 appeared to be more 

efficient at using N at low concentrations (Figure 2-3): at the low level of N (40 mg L-1
), 

provenance 98 was smaller (but with higher root/shoot ratio) than 93, but this difference 
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was removed at the higher N level of 100 mg L-1
• The N effect and the provenance 

difference in response to N were well reflected by the dynamic changes in the relative 

growth rates of seedling height (Figure 2-5). 

Effect of biuret 
Biuret main effect was significant at P < 0.05 for basal diameter, stem volume, stem and 

root dry weights and root/shoot ratio (Tables 2-1 and 2-2). There were significant 

interactions (P < 0.05) between biuret and provenance in seedling height, basal diameter, 

stem volume and stem and root dry weights (Figure 2-1 and Table 2-3). In provenance 93, 

biuret increased height, and stem and root dry weights up to a maximum at 1 mg C 1 biuret, 

and diameter and volume to a maximum at 10 mg L-1 biuret, but there were no effects of 

biuret in provenance 98. 

Significant interactions (P < 0.05) were also found between biuret and N for height 

increment and stem volume (Figure 2-2). Both height increment and stem volume were 

greatest at 10 mg C 1 biuret under the higher N concentration (lOa mg L-1
). Height 

increment under the lower N supply (40 mg C 1
) was greatest at 1 mg biuret C 1 and there 

was no effect of biuret on stem volume (Figure 2-2). This was because biuret at 10 mg L-1 

had different effects on seedling height and basal diameter (Figure 2-1 and Table 2-3) and 

stem volume was calculated from the product of seedling height and diameter squared. 

The overall effects of biuret on seedling growth were much smaller in magnitude than that 

of N and provenance. 

2.3.1.2 Flush times and branch number 

There were three periods of flushing during the experiment. Differences were found 

between the two provenances in flush time: provenance 93 flushed 3 days earlier than 98. 

Biuret and N had no effect on the time of flushing (data not shown). The number of 

branches was greater in provenance 93 than 98, and at 100 mg L-1 than 40 mg L-1 nitrogen. 

Biuret did not show any effect on branch number in both provenances. N had a very 

significant influence on the branch number both at upper and lower positions (Table 2-2). 

The interaction between N and provenance was only significant for the branch number at 
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the upper position (Table 2-4 and Figure 2-6). The upper branch number at low N supply 

was only 25% of that at high N supply in provenance 98 while in provenance 93 it was 

63% (Table 2-4). 

Table 2-1. P values of main effects and interactions for growth parameters at the time of 

harvest in sand culture in the glasshouse a. < 0.05 shown in bold type. 

Factors Seedling bRGR-Ht CHeight Basal d Stem 

height increment diameter volume 

Biuret (B) > 0.1 >0.1 > 0.1 <0.05 <0.05 
Nitrogen (N) < 0.001 <0.001 < 0.001 <0.001 <0.001 
Provenance (P) <0.001 < 0.01 < 0.001 <0.001 < 0.001 
BxP <0.05 0.057 0.061 <0.05 < 0.05 

BxN 0.069 >0.1 < 0.05 >0.1 < 0.05 

NxP 0.056 <0.05 0.059 >0.1 <0.05 

PxBxN >0.1 >0.1 >0.1 >0.1 >0.1 

a. All the other parameters except stem volume were analysed by covariate analysis using 
the initial diameter as a covariate; 
b. RGR-Ht: Relative growth rate of seedling height during the period of experiment, 

i.e = [ In (Htf) -In (Hti) ]I time; 
c. Height increment: The final seedling height at the time of harvest minus the initial 
seedling height; 
d. Stem volume, calculated by the equation of 0.5 (D/2)2n h. 

Table 2-2. P values of main effects and interactions for dry weight and some other 

parameters at the time of harvest in sand culture in the glasshouse a. < 0.05 shown in bold 

type. 

Factors Dry weight (gram) Root/shoot Branch Number 

Shoot Stem Root ratio Upper Lower 

Biuret (B) >0.1 <0.05 <0.05 < 0.05 >0.1 >0.1 

Ni trogen (N) < 0.001 <0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Provenance (P) < 0.001 <0.01 < 0.05 < 0.001 < 0.001 < 0.001 
BxP >0.1 <0.05 <0.05 >0.1 >0.1 > 0.1 

BxN >0.1 >0.1 >0.1 > 0.1 >0.1 > 0.1 

NxP >0.1 >0.1 >0.1 <0.01 <0.05 > 0.1 

BxNxP >0.1 >0.1 >0.1 >0.1 >0.1 > 0.1 

a. Analysis of variance (ANOV A) was applied to the parameters above because covaIiate 
analysis was not significant. 
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Table 2-3. Interactive effects of biuret x provenance on growth parameters of Douglas fir 

seedlings at the time of harvest in sand culture in the glasshouse. Values in the same 

column followed by different lowercase letters are significantly different (Duncan's 

mUltiple range test, P < 0.05). 

Proven Biuret a Seedling a Basal bStem bDry weight 

-ance level height diameter volume (g) 
(mg L-1

) (mm) (mm) (mm3
) Stem Root 

93 0 618 bc 9.95b 26141 b 5.98 b 9.27b 

93 0.1 607 bc 9.90b 25278 b 5.84 b 9.96 ab 

93 1 677 a 10.26 ab 29503 ab 7.33 a 11.49 a 

93 10 652 ab 10.85 a 32371 a 7.04 a 10.10 a 

98 0 561 c 9.26 c 20768 c 5.31 c 9.23 b 

98 0.1 574c 9.34 bc 21761 c 5.31 c 9.22b 

98 1 550c 9.44 bc 22323 c 5.83 c 9.43b 

98 10 609bc 9.42 bc 23980 bc 5.74c 9.78 ab 

a. Adjusted means were used for seedling height and basal diameter because covariate 
analyses were significant; 
b. Means were used for stem volume and dry weight because covariate analyses were not 
significant. 

Table 2-4. Interactive effects of nitrogen x provenance on growth parameters of Douglas fir 

seedlings at the time of harvest in sand culture in the glasshouse. Values in the same 

column followed by different lowercase letters are significantly different (Duncan's 

multiple range test, P < 0.05). 

Proven- N level aRGR-Ht b Stem volume b Root/shoot bTotal upper 

ance (mg L-1
) (mm3

) ratio branch number 

93 40 0.011 b 16964 c 0.38b 15.0 b 

98 40 0.009c 10393 d 0.51 a 4.1 c 

93 100 0.013 a 41723 a 0.23 c 23.7 a 

98 100 0.013 a 30594 b 0.26c 16.4 b 

a. Adjusted means were used for RGR-Ht because covariate analysis was significant; 
b. Means were used for stem volume, root/shoot ratio and total upper branch number 
because covariate analyses were not significant. 
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Figure 2-1 Effect of biuret concentrations on adjusted mean seedling height (a) and basal 

diameter (b), and mean stem volume (c) of two Douglas fir provenances (D93 and D98) 

grown at two N (40 and 100 mg L-1
) and four biuret (0, 0.1, 1 and 10 mg C 1

) treatments in 

sand culture in the glasshouse. Error bars represent 1 S.E. 
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Figure 2-2 Effects of biuret concentrations on adjusted mean seedling height increment (a) 

and mean stem volume (b) of two Douglas fir provenances grown at two N (40 and 100 mg 

L-1
) and four biuret (0, 0.1, 1 and 10 mg C 1

) treatments in sand culture in the glasshouse. 

Error bars represent 1 S .E. 
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Figure 2-3 Provenance differences of Douglas fir (D93 and D98) in response to N 

concentrations in sand culture in the glasshouse. 
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Figure 2-4 Effect of N concentrations on adjusted means of relative growth rate of seedling 

height for two Douglas fir provenances (D93 and D98) grown at two N (40 and 100 mg 

L,l) and four biuret (0,0.1,1 and 10 mg L,t) treatments. Error bars represent 1 S.E. 
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Figure 2-5 Effects of N concentrations on dynamics of relative growth rate of seedling 

height for two Douglas fir provenances (D93 and D98) grown at two N (40 and 100 mg 

L,1) and four biuret (0, 0.1, 1 and 10 mg L,l) treatments. 
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Figure 2-6 Effect of N concentrations (40 and 100 N mg L- 1
) on branch numbers of 1 st and 

2nd order at different positions of two Douglas fir provenances (D93 and D98) at the time 

of harvest in sand culture in the glasshouse. Error bars represent 1. S.E. (1 st_ first order 

branch; 2nd
_ second order branch; LP-lower position; MP-middle position; UP-upper 

position) 

2.3.1.3 Net photosynthetic rate and quantum yield of the needles 

There were no significant differences in net photosynthesis (Pn) between provenances but 

there were significant differences (P < 0.001) between N treatments at all the measurement 

times. Pn was greater at the higher N level in both first and second flush needles (Figure 2-

7). Differences in Pn between the two N treatments commenced at about 500 )..lmol m-2 
S-I 

PPFD and the differences were maximal at the light saturated value of Pn of 800-1000 

)..lmol m-2 s -I PPFD (Figure 2-8). There were no significant main effects of biuret but a 

biuret x N interaction was significant (P < 0.05) for the second flush needles (Table 2-5). 

At low N supply, biuret had no effect on Pn. At high N supply, however, different biuret 

concentrations had different effects . Compared with the control, biuret applied at a 

concentration of 0.1 mg C l significantly increased Pn, but inhibited it slightly at a 

concentration of 10 mg L- 1 (Table 2-5). The net photosynthetic rate also varied with 

different needle flushes. The third flush needles, about 10 days after emergence, had lower 
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Pn than the second flush needles, both of which were measured on the same day (Figure 2-

8a, b). 

The measurement of the fluorescence parameters of needles did not show any difference 

between provenances, biuret treatments or N treatments. Significant differences were only 

found among different types of flush needles. The third flush needles, the youngest needles 

(about half month old), had a greater quantum yield than the first (6 months old) and 

second (4 months old) flush needles (Table 2-6). Although the interaction between biuret 

and provenance was not significant (P ::: 0.0699), the quantum yield of the needles 

appeared to increase with biuret concentrations in provenance 93, from 0.6712 in the 

control to 0.7188 in the treatment with 10 mg biuret L- l
. However, it decreased in 

provenance 98 from 0.7246 in the control to 0.6771. 

2.3.1.4 Nutrient uptake and. distribution 

Only the samples from 0 and 10 mg biuret L- l treatments were selected for nutrient 

analyses. Significant differences (P < 0.001) were found between N treatments, but not 

between biuret treatments, for nutrient concentrations in needles, stems and roots (data not 

shown). Nutrient concentrations, except N, in needles, stems and roots were lower at 100 

than 40 mg N L- l due to the dilution effect of seedling growth. 

Significant N and biuret main effects and their interaction were found for total contents of 

some nutrients in whole seedlings (Table 2-7). The interaction mainly resulted from the 

increased nutrient uptake by seedlings in 10 mg biuret L- l treatment under high N supply, 

especially by the seedlings of provenance 93. Of the nutrients analysed, the total contents 

of N, C, Band Mg in whole seedlings were significantly increased at 10 mg biuret L- l
. 

(Table 2-7). Significant differences were also found between N treatments and between 

provenances for the uptake rate of most nutrients (Table 2-8). Although the biuret main 

effect was not as significant as the N main effect, addition of biuret improved the nutrient 

uptake rates ofN, Band Mg (Table 2-8). 
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There were very significant N and provenance mam effects and N x provenance 

interactions (P < 0.001) in nutrient distribution among different plant parts (Table 2-9). 

Greater proportions of the nutrients were retained in the roots at the 40 mg N C 1 treatment 

than 100 mg N C 1
, especially in provenance 98. Although no significant differences were 

found between the biuret treatments in nutrient distribution, it appeared that more nutrients 

were translocated into the needles and sterns from the roots of the seedlings at the 10 mg 

biuret L-1 treatment while greater proportions of the nutrients were retained in the roots at 

the 0 mg biuret C 1 treatment (data not shown). 

18 
'; 

(/) 

~ 16 
E 

N (p<0.001) 
P ns 
N*P ns 

N 
14 0 

0 
0 12 

I 

E 
-3, 

10 
Q) 
+-' 
co 

I J I T 
I 

"-
() 8 

:;::; 
Q) 
..c 6 +-' 
C 
>. 
(/) 
0 4 
+-' 
0 
..c 
0.- 2 
+-' 
Q) 

Z 
0 

11 _ N40D93 

I c::J N40D98 I 

N100D93 I 
I 

I 
II c::::::J N100D98 I 

I' 

1 sl flush needles, 2nd flush needles, 
on Dec. 20, 1999 on Jan. 29, 2000 

Figure 2-7 Effect of N concentrations (40 and 100 N mg C 1
) on net photosynthetic rate of 

151 and 2nd flush needles of two Douglas fir provenances (D93 and D98) grown in sand 

culture in the glasshouse. EITor bars represent 1 S.E. 
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Table 2-5. Interactive effects of biuret x N on mean net photosynthetic rate in the first and 

second tlush needles of two Douglas fir provenances in sand culture in the glasshouse, 

measured on 20th Dec. 1999 and 29th Jan. 2000, respectively. Values in the same column 

followed by different lowercase letters are significantly different (Duncan's multiple range 

test, P < 0.05). 

Biuret N Net photosynthetic rate Net photosynthetic rate 

level level in first tlush needles in second tlush needles 

(mg L-1
) (mgL-1

) (~mol CO2 m-2 S-l) (~mol C02 m-2 S-l) 

0 40 9.42 a 9.68 cd 

0 100 12.15 a 12.69 b 

0.1 40 10.27 a 9.40 d 

0.1 100 12.92 a 15.83 a 

1 40 10.80 a 10.26 cd 

1 100 12.50 a 13.41 b 

10 40 10.73 a 9.81 cd 

10 100 12.98 a 11.70 bc 

Table 2-6. Mean net photosynthetic rate and quantum yield of different tlush needles in 

Douglas fir in sand culture in the glasshouse, measured on 7th Feb. 2000. Values in the 

same column followed by different lowercase letters are significantly different (Duncan's 

multiple range test, P < 0.05). 

Needles 

1 st tlush (oldest) 

2nd tlush 

3rd tlush (youngest) 

Net photosynthetic rate 

n.d. 

12.01 a 

9.26 b 

Relative quantum yield 

0.6498 b 

0.6727 b 

0.7664 a 
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Table 2-7. Effects of biuret and nitrogen (N) treatments on mean nutrient contents in whole 

seedlings of two Douglas fir provenances at the time of harvest in sand culture in the 

glasshouse. Values in the same column followed by different lowercase letters are 

significantly different (Duncan's multiple range test, P < 0.05). 

Prove N Biuret Nutrient content (per plant) 

nance level level N B C Ca Mg 

(P) (mg L- t ) (mg L- l ) (mg) (I-lg) (g) (mg) (mg) 

Biuret main effect 

0 260b 627b 13.9b 102 a 23 b 

10 301 a 714 a 15.7 a 113 a 28 a 

N main effect 

40 167b 498 b 1O.0b 92 b 20b 

100 395 a 842 a 19.6 a 123 a 32 a 

P main effect 

93 294 a 731 a 16.1 a 110 a 27 a 

98 268 a 610b 13.4 b 105 a 24 a 

N x biuret interaction 

40 0 163 c 511 c 9.9 c 90 a 19 c 

40 10 171 c 486c 1O.0c 94a 20c 

100 0 358 b 742b 17.8 b 115 a 28 b 

100 10 432 a 942 a 21.3 a 131 a 36 a 

Table 2-8. Effect of nitrogen (N) and biuret on nutrient uptake per unit mass of root by two 

provenances of Douglas fir during the period of experiment in sand culture in the 

glasshouse. Values in the same column followed by different lowercase letters are 

significantly different (Duncan's multiple range test, P < 0.05). 

Prove Nor Nutrient uptake (mass per gram root) 

nance biuret N P K C Mg Cu B Zn Mn 
(P) level (mg) (mg) (mg) (g) (mg) (f.lg) (f.lg) (f.lg) (mg) 

(mg L-l ) 

N main effect 

40 20b 4.7 a 18 b 1.2b 2.4 b 17 b 61 b 53 b 0.43 b 

100 39 a 5.0 a 24 a 1.9 a 3.1 a 20 a 82 a 67 a 0.52 a 

P main effect 

93 31 a 5.1 a 24 a 1.7 a 2.9 a 19 a 79 a 61 a 0.54 a 

98 28 a 4.5 b 17 b 1.4 b 2.6 b 18 a 64 b 59 a 0.42b 

Biuret main effect 

0 28 a 4.7 a 20 a 1.5 a 2.6 b 18 a 69b 61 a 0.48 a 

10 31 a 5.0a 21 a 1.6 a 2.9 a 19 a 74a 60 a 0.48 a 
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Table 2-9. Percentage distribution of nutrient contents in roots and needles of two Douglas 

fir provenances at the time of harvest in sand culture in the glasshouse, as affected by N, 

provenance and N x P interaction. Values in the same column followed by different 

lowercase letters are significantly different (Duncan's mUltiple range test, P < 0.05). 

Prove N a Percentage nutrient distribution in roots 

nance level 

(P) (mg L-1
) N P K C Mg Na B Zn Mn 

N main effect 

40 53 a 54 a 38 a 42 a 51 a 73 a 39 a 52 a 36 a 

100 34 b 37 b 17 b 26b 37 b 64 b 29b 40b 24 b 

P main effect 

93 37b 39b 21 b 30b 40b 65 b 30b 41 b 23 b 

98 51 a 51 a 34 a 38 a 48 a 72 a 38 a 52 a 37 a 

P x N interaction 

93 40 43 b 43 b 25 b 35 b 43 b 65 b 31 b 43 b 26b 

98 40 64a 64 a 51 b 49 a 59 a 80 a 46 a 61 a 46 a 

93 100 30 c 35 b 16 b 24 c 37 b 64 b 28 b 38 b 20b 

98 100 38 b 38 b 18 b 28 c 37 b 64 b 31 b 43 b 28 b 

Prove N b Percentage nutrient distribution in needles 

nance level 

(P) (mg L-1
) 

N P K C Mg Na B Zn Mn 

N main effect 

40 29b 28 b 30 b 26b 25 b 13b 36b 19b 39b 

100 45 a 36 a 41 a 38 a 35 a 17 a 41 a 25 a 52 a 

P main effect 

93 43 a 37 a 40 a 36 a 35 a 17 a 42 a 25 a 52 a 

98 31 b 27 b 31 b 28 b 26b 13b 35 b 19b 38 b 

P x N interaction 

93 40 38 c 37 a 40 a 33 b 33 a 17 a 43 a 26 a 49 a 

98 40 20 d 18 b 21 b 20 a 18 b 9b 30b 13b 28 b 

93 100 48 a 37 a 41 a 39 c 36 a 17a 41 a 25 a 55 a 

98 100 41 b 35 a 41 a 36 c 34 a 17a 40 a 25 a 49 a 

a. calculated as (nutrient contents in roots/ total nutrient contents in whole seedlings) x 100; 
b. calculated as (nutrient contents in needles/ total nutrient contents in whole seedlings) x 
100. 
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2.3.2 Solution culture 

2.3.2.1 Seedling height and diameter 

Generally, the height and diameter of seedlings were improved at lower concentrations of 

biuret up to 10 mg L-1
, but were inhibited at high concentrations of biuret (Figure 2-9, 

Figure 2-10). The seedlings with 1 mg biuret L-1 had the greatest seedling height and basal 

diameter while those with 10 mg biuret L-1 were slightly inhibited but still greater than the 

control (Table 2-10). The biuret concentration at 100 mg L-1 severely inhibited the seedling 

growth while the concentration at 1000 mg biuret L-1 killed the seedlings after two months 

(Figures 2-9 and 2-10). The provenance difference was only found for basal diameter, but 

not seedling height. The biuret and provenance interaction was significant in seedling 

height (Table 2-10). The typical symptoms in the needles due to high concentrations of 

biuret were yellow-tips, which commenced from the tip of needles and further expanded to 

the base with increasing biuret dosage and exposure time. At the later stage, chlorosis 

progressed to necrosis and the needles became distorted and the stems severely stunted 

(Figure 2-11). The roots of biuret-toxic seedlings were shorter and thickened, with a few 

branches and with swollen tips (Figure 2-12). 

2.3.2.2 Seedling dry weight 

Biuret at a concentration of 1000 mg L-1 killed the seedlings after two months and therefore 

is not included in Table 2-10 for the dry weights at the time of harvest (120 days after 

treatment). A significant biuret main effect was found for both shoot and root dry weight. 

Compared with the control, biuret at concentrations from 0.1 to 10 mg biuret L-1 increased 

the seedling dry weight, especially shoot dry weight and 1 mg biuret L-1 treatment had the 

greatest seedling dry weight (Table 2-10). The seedlings with 100 mg biuret L-1 were 

severely inhibited and had the lowest dry weight. Significant provenance difference and 

biuret x provenance interaction were only found for shoot dry weight. The provenance 93 

had a greater shoot dry weight at 1 mg biuret L-1 while provenance 98 at 10 mg biuret L-1
• 
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Figure 2-9 Effect of different biw'et concentrations on Douglas fir seedling growth in 

solution culture in a controlled environmental growth cabinet (60 days after treatment). 
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Figure 2-10 Dynamics of mean seedling height and basal diameter of two Douglas fir 

provenances, as affected by biuret concentrations in solution culture in a controlled 

environmental growth cabinet. Error bars represent 1 S.E. 
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Table 2-10. Effect of biuret concentrations on seedling height, basal diameter and dry 

weight of shoot and root of two Douglas fir provenances at the time of harvest under 

controlled environment growth cabinet. Values in the same column followed by different 

lowercase letters are significantly different (Duncan's multiple range test, P < 0.05). 

Biuret Proven- Seedling Basal Dry weight (g) 

(mgLI) ance (P) Height (cm) Diameter (mm) Shoot Root 

Biuret main effect 

0 29.5 c 4.1 b 5.85 c 2.18 b 

0.1 33.5 ab 5.2 a 6.90 ab 2.47 b 

1.0 35.9 a 5.5 a 7.69 a 2.97 a 

10 32.7b 5.1 a 6.33 bc 2.45 b 

100 20.4 b 2.5 c 1.34 d 0.30c 

P main effect 

93 30.8 a 4.7 a 6.02 a 2.06 a 

98 30.1 a 4.3 b 5.14 b 2.03 a 

Biuret x P interaction 

0 93 30.7 c 4.3 a 6.30 bc 2.24 a 

0 98 28.4 c 4.0 a 5.40 c 2.13 a 

0.1 93 35.3 ab 5.5 a 7.97 a 2.47 a 

0.1 98 31.8 bc 4.8 a 5.83bc 2.48 a 

1.0 93 37.9 a 6.0 a 8.83 a 3.25 a 

1.0 98 34.0b 5.0 a 6.54 b 2.67 a 

10 93 32.4 b 5.2 a 6.00bc 2.22 a 

10 98 33.0b 4.9 a 6.65 b 2.68 a 

100 93 17.6 e 2.4 a 1.09 d 0.26 a 

100 98 23.3 d 2.7 a 1.58 d 0.34 a 



7 days after treatment with 
1000 mg biuret L-1 

60 days after treatment with 
100 mg biuret L-1 

Figure 2-11 Development of yellow-tip symptom (left) and distorted chlorosis/necrosis needles (right) at high 

concentrations of biuret in solution culture under controlled environmental conditions 
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Figure 2-12 stunted roots of Douglas fIr seedlings grown at the high concentration of biuret (100 rng biuret L"') 
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2.4 Discussion 

2.4.1 Biuret effects on Douglas fir seedling growth 

The sand and solution cultures demonstrated that biuret concentrations lower than 10 mg 

rl could improve Douglas fir seedling growth. Although biuret within plants was not 

analysed and a direct biuret effect could not be differentiated from any indirect effect of 

biuret-N, such low concentrations of biuret may have excluded the nutritional effect of N 

from biuret. In addition, the stimulation of seedling growth at low concentrations of biuret 

was only effective under sufficient N supply, which further implies that biuret might have a 

function different from N within the plants. This study supports Miller's report that biuret 

functioned as a plant growth regulator in stimulating Douglas fir growth (Miller et al., 

1988a). The stimulation of biuret on plant growth has also been reported in some 

agricultural and horticultural crops (Matula and Knop, 1973; Ahmed et al., 1979; 

Balakhontsev et ai., 1981; Ali and Lovatt, 1994; Rabe, 1994). However, the physiological 

mechanisms for the promotion of biuret on seedling growth are not clear. Although the 

stimulation of biuret on seedling height and root growth at lower concentrations suggests it 

may have a role in promoting the cell elongation, direct evidence needs to be found through 

further study of cells in tissue culture. Besides this, it is possible that the stimulation of 

biuret on seedling growth at lower concentrations was associated, to some extent, with the 

increased nutrient uptake and changes in distribution, especially for N, Band Mg, and this 

is likely to result in increased photosynthesis in needles and a larger root system. Biuret 

could increase the rates of uptake of some nutrients. This is similar to the atrazine effect, 

which was reported to increase the rate/efficiency of ion uptake (Ebert and Dumford, 1976; 

Sands and Zed, 1979). However, it is not clear whether there are any similarities or links 

between them although atrazine can be decomposed into biuret (Karns and Eaton, 1997). A 

further study of biuret effects on the kinetics of ion uptake or the relevant enzyme activity 

would be helpful in exploring the primary processes affected by lower concentrations of 

biuret on nutrient uptake. 

Differences existed between two provenances in responses to biuret concentrations. The 

provenance 93, a fast growing genotype, was more responsive to lower concentrations of 
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biuret but was more sensitive to biuret toxicity. On the contrary, provenance 98, a slow 

growing genotype, seemed not responsive to lower concentrations of biuret but was more 

tolerant to biuret toxicity. Possibly the provenance differences in responses to biuret were 

related to their capacity for biuret uptake. Provenance 93 could be more effective than 

provenance 98 in uptake of biuret. Assuming the critical concentrations of biuret within 

plants are similar between two provenances, then provenance 93 would be more 

susceptible to the biuret toxicity due to greater biuret uptake. However, further studies are 

needed on the physiological and biochemical processes relevant to the provenance 

differences, which could provide an insight for the functional role of biuret within plants. 

Besides the provenance differences, there were some differences between different plant 

parts in response to the concentration of biuret. The growth of needles and roots was 

stimulated at a relatively lower concentration of biuret (1 mg biuret L-1
) while the stern 

diameter at a relatively higher concentration of biuret (10 mg biuret L-1
). Photosynthesis in 

needles seemed to be more sensitive to biuret concentrations: it was stimulated by biuret at 

0.1 mg biuret L-1
, but inhibited at 10 mg biuret L-1 

Biuret toxicity in Douglas fir seedlings was similar to the previous reports in other crops 

(Jones, 1954; Sanford et al., 1954; Webster et al., 1957; Mithyantha et ai., 1977; 

Mikkelsen, 1990). Yellow-tip is a typical symptom of biuret toxicity, which results from 

the inbalance of nutrients, especially some N-derived compounds within the plants 

(Webster et al., 1957; Carles, 1960; Impey and Jones, 1960; Krisper et al., 1972). 

2.4.2 Effect of nitrogen on seedling growth of two Douglas fir provenances 

Nitrogen had a profound effect on most of the growth parameters measured in this study. 

This clearly indicates that N is involved in the important plant metabolic processes and has 

an important role in the growth and productivity of Douglas fir seedlings. The major role of 

N on shoot growth of Douglas fir seedlings is well reflected on the reduction of root/shoot 

ratio for two provenances at high N supply. Nitrogen also markedly affected the nutrient 

uptake and distribution. The Douglas fir seedlings at high N supply had a larger root 

system, which in tum improved the nutrient uptake 
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The increased net photosynthetic rate at high N supply reflects the important role of N in 

photosynthesis. However, the lack of N effect on quantum yield of PSII in the needles 

implies that N might have a greater effect on enzymatic processes, but smaller effect on 

photochemical processes in photosynthesis. In this study, the net photosynthetic rate in the 

third flush needles (the youngest one) did not achieve the same level as in the second flush 

needles, which could be interpreted as the physiological immaturity of those needles. 

Despite the lower photosynthetic rate in the third flush needles, the quantum yield of non

cyclic electron transport (PSII), i.e. the electrons transferred per quantum of light absorbed 

by chlorophyll as estimated from fluorescence parameters (Genty et al., 1989), was higher 

in those needles. This indicates that even though the younger needles did absorb as much 

light as the older needles, those protons that were absorbed by the photosynthetic apparatus 

in the younger needles were used more efficiently. 

Differences existed between provenances in response to N. Among the growth parameters 

measured in this study, the relative growth rates (RGR) of seedling height seems to be the 

most sensitive indicator to discriminate the provenance difference in response to N. The 

percentage of N distribution in the plant parts was a good indicator too, although it may be 

costly to use it in practice due to the analysis of this nutrient for all plant parts. The 

differences between two Douglas fir provenances in response to N are associated with their 

capacity in N and other nutrient uptake and the distribution among different plant parts. 

Provenance 93 absorbed more nutrients and retained a smaller amount in the roots. This 

seems an effective strategy for its survive at lower N supply. However, the other 

physiological mechanisms, such as the efficient utilisation of N at limited N supply or 

lower functional N requirement, might also contribute to the difference between these two 

provenances, which needs to be confirmed by further study. 

2.4.3 The interaction of biuret and N on Douglas fir seedling growth 

Significant interaction between biuret and N was found for some growth parameters 

(Tables 2-1, 2-5 and 2-7; Figure 2-2). The interactions mainly resulted from the increase of 

growth or net photosynthetic rate or nutrient uptake at different concentrations of biuret 

treatments (from 0.1 to 10 mg biuret L-1
) under high N supply. At low N supply, lower 
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concentrations of biuret had no significant effects on Douglas fir seedling growth. This 

indicates that N was a major limiting factor on the seedling growth. Biuret was more 

effective under sufficient N supply, which implies that biuret might function differently 

from N within plants and therefore could not substitute N in nutrition of N-deficient 

Douglas fir. However, lower concentrations of biuret did have a non-nutritional effect on 

promoting seedling growth under a sufficient supply of nitrogen in solution. We are not 

clear if this type of interaction or non-nutritional effect of biuret would still exist when it is 

applied to soils. Further test is required to confinn this beneficial effect of biuret in soil pot 

trials or field status. 

2.5 Conclusions and further study 

Biuret stimulated Douglas fir seedling growth at lower concentrations particularly 

provenance 93. Increased net photosynthetic rate and nutrient uptake were associated with 

this stimulation of biuret. High concentrations of biuret were toxic to the seedlings and 

yellow-tip in needles was a typical symptom of biuret toxicity. 

Nitrogen had a dominant effect on Douglas fir seedling growth. The provenance 93 grew 

faster at lower N supply due to its greater ability to absorb more nutrients and further to 

distribute more into the shoot. 

Further study needs to be done on the effect of soil-applied biuret on Douglas fir seedling 

growth to discriminate the indirect effect of biuret through soil N transfonnations from its 

direct effect on the plant. 



Chapter Three 

Effects of Biuret Concentrations on Soil Chemical and 

Biological Properties and Seedling Growth of Douglas fir 

under Controlled Environment Conditions 

Abstract 
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The effects of different concentrations of biuret on soil chemical and biological properties 

and the seedling growth of two Douglas fir provenances (93 and 98) were examined in a 

soil pot experiment in controlled environment growth cabinets. Soil nitrification and N03- -

N concentration increased while the bulk soil and rhizosphere pH decreased with increased 

concentrations of biuret applied to the soil. There were high correlations between soil N03-

-N concentration and bulk soil pH (R2 = 0.87) or rhizosphere pH (R2 = 0.84), and between 

biuret concentration and soil N03- concentration (R2 = 0.997). The lower concentrations of 

biuret of 2 and 10 mg biuret kg -1 dry soil (B2 and B 10) increased the soil respiration and 

microbial biomass while the higher concentrations of biuret of 100 and 1000 mg biuret 

kg -1 dry soil (B100 and BlOOO) significantly inhibited them. Potentially mineralisable N 

was significantly reduced in BlOO, but increased in BlOOO. B2 and BlO had some positive 

priming effects on net mineralisation of native soil N and improved N availability in the 

soil. 

B2 and BlO increased the seedling height, basal diameter and stem volume while B100 

inhibited height growth and B1000 killed the seedlings. The stimulation of Douglas fir 

seedling growth at lower concentrations (B2 and BlO) was linked with the improvement of 

soil N availability while the inhibition of growth at high concentrations (B100 and B1000) 

could have multiple causes, from the elevated Wand/or A13
+ toxicity to biuret toxicity. 

There were provenance differences in response to the soil-applied biuret. Provenance 93 

was more responsive to lower concentrations of biuret but was more susceptible to biuret 

toxicity while provenance 98 was more tolerant of high concentrations of biuret but less 

stimulated by the lower concentrations of biuret. 
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3.1 Introduction 

The results of the sand culture and solution culture experiments (Chapters 2) confirmed 

that biuret could stimulate the growth of Douglas fir seedlings at a range of concentrations 

from 0.1 to 10 mg biuret L-1 in solution. However, it is not yet clear why soil-applied biuret 

was more effective in promoting the tree growth than foliar-applied, which was reported by 

(Miller et al., 1988a). Could biuret indirectly affect tree growth by enhancing soil nutrient 

availability, mainly available nitrogen (N), through microbially mediated soil processes? 

The objectives of this study were: (1) to confirm or otherwise Miller's (1988a) report, i.e. 

the stimulation of soil-applied biuret on Douglas fir seedling growth; (2) to explore the 

external critical concentrations of biuret for the growth of Douglas fir seedlings in soil; (3) 

to investigate the provenance difference of Douglas fir in response to soil-applied biuret; 

and (4) to determine the effect of soil-applied biuret on soil biological and chemical 

properties. The aim was to get a better insight into the processes resulting from the 

application of different biuret concentrations to the soil. 

3.2 Materials and methods 

3.2.1 Experimental design 

This experiment consisted of a factorial of 5 biuret concentrations x 2 provenances with 4 

replicates per treatment. The biuret concentrations were 0, 2, 10, 100 and 1000 mg biuret 

kg -1 dry soil (referred as BO, B2, BID, BIOO and BlOOO); and the Douglas fir provenances 

were 93-273 (relatively fast growing) and 98-514 (relatively slow growing). The 

concentrations of biuret applied in this study were equivalent to the rates of 0, 5, 25, 250, 

and 2500 kg biuret ha-1 based on the standard soil mass of 2500 t ha-1 in 20 em depth. 
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Some of the rates in this study were comparable with 2.24, 22.4 and 224 kg biuret ha-1 in 

the study of Miller et aI. (1998a). 

Forty PVC pots with sealed bases (12 cm diameter x 30 cm height) were used to prevent 

drainage loss of soil-applied biuret. Each pot was packed with the equivalent of 1.48 kg dry 

soil at a dry bulk density of 0.68 kg cm-3 and wet to field capacity (The low bulk density 

was due to the low particle density of the pumice parent material). The soil used was taken 

from a research experimental site with a lO-year old radiata pine stand (270 stem ha-I) at 

Kinleith (38°14'S, 175°58'E), which is located in the central North Island, New Zealand at 

an elevation of 490 m. The soil was collected from the upper 20-cm after the litter layer 

was removed. The collected soil was sieved through a 1 cm sieve to remove moss, stone 

and coarse roots, and then mixed thoroughly before potting. The soil basic properties are 

shown in Table 3-1. 

Table 3-1. Basic properties of the forest soil used in this study. 

Site 

Soil type 

NZ classification 

US Taxonomy 

Total N (g 100 g-l) 

Total C (g 100 g-I) 

Total C/N 
Bray-P (mg kg-I) 

Exchangeable K (cmole kg-I) 

Exchangeable Ca (cmolekg-I) 

Exchangeable Mg (cmole kg-I) 

CEC (cmole kg-I) 

pH 

Kinleith 

Taupo sandy loam 

Immature Orthic Pumice Soil 

Vitrand (Andisol) 

0.32 

6.44 

20 

4.9 

0.37 

1.73 

0.36 

29.38 

4.7 

Seeds of Douglas fir were sterilized in 30% HzOz for Ih, washed for 12 h in deionised 

water and placed in plastic bags for stratification for 4 weeks in a refrigerator at 4°C. After 

stratification, the seeds were germinated in Petri dishes lined with moistened filter paper in 

an incubator at 20°C. The germinated seeds were then planted into the pots, which were 
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covered with a plastic film to conserve soil moisture. Later, all the pots were arranged 

randomly in a controlled environment growth cabinet. The growth conditions in the cabinet 

were controlled at 600 J-tmol m-2 
S-l PPFD with 16 hours photoperiod, 22/17°C (day/night) 

temperature and 60/70% (day/night) relative humidity. After the seedlings grew to 4-6 cm 

height (with 7-9 true leaves), enough pots with uniform seedlings were selected and then 

different rates of biuret were applied in solution onto the surface of the pots. The soil water 

content in pots was maintained at around field capacity by weighing the pots. Water lost 

due to evapotranspiration was regularly replenished by adding deionised water to the pots 

from once every week at the early stages increasingly to once every two days at the later 

stages. The pots were arranged in a completely randomised block design and re-randomised 

every week. 

After 7 months, all plants were harvested and separated into different parts, which were 

dried at 70°C for 72 h and then weighed. 

3.2.2. Measurement and analytical methods 

Seedling height and basal diameter were measured periodically. The stem volume was 

calculated from the following equation: 

Stem volume = 0.5 J1 D2 h/4 (3.1) 

where h is seedling height, D is basal diameter and 0.5 is a calibration factor 

for stem volume of the seedlings 

Chlorophyll fluorescence of the needles was measured as in Chapter 2. 

After harvesting, the soil was sampled at the depths of 0-10 and 10-27 cm for soil 

biological and chemical analyses. A 10 g soil sample from each treatment was placed in a 

500 ml sealed jar fitted with a septum and incubated for three days at 22°C. The CO2 

concentration in the headspace was sampled and analysed through injecting a 5 ml sample 

into an infra-red CO2 analyser (IRGA Model LI-6252, LI-COR, USA), which was in a 
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temperature-controlled room at 22°C. The results were expressed as CO2-C. Soil microbial 

biomass C was measured by the chloroform fumigation-extraction method (Vance et al., 

1987; Wu et al., 1990). One portion of soil was fumigated for 24 h with ethanol-free 

chloroform in a glass desiccator at 25°C in the growth cabinet. After removal of the 

chloroform, fumigated samples were immediately extracted with 0.5 M K2S04 on an end

over-end shaker (160 rev min-I) for 0.5 h, followed by filtration through Whatman No 42 

filters. Another portion of soil was directly extracted as an unfumigated control. The first 

10 ml filtrate from both fumigated and unfumigated samples was discarded and the rest 

was analysed for Total Organic Carbon (TOC) using a Shimadzu TOC-5000A analyser. A 

kEe-factor of 0.38 (Vance et aI., 1987) was used for converting extractable-C flush (the 

difference in TOC between the fumigated and unfumigated samples) to microbial biomass 

C. 

Soil mineral N was extracted with 100 ml 2 M KCl (Keeney and Nelson, 1982) on an end

over-end shaker (160 rev min-I) for 1 h, followed by filtration through Whatman No 42 

filters. The extractable ammonium (NH/-N), nitrate (N03--N) and nitrite (N02--N) were 

analysed by using a flow injection analyser (Alpkem FS3000 dual channel analyser, Texas, 

USA). Potentially mineralisable N was measured according to Kandeler's method 

(Kandeler, 1996). A brief procedure was described as follow. A soil sample was incubated 

anaerobically for 7 days at 40°C. Under these conditions mineralisation occurs, but 

nitrification was prevented by lack of oxygen. The increase in NH/-N was measured by 

extraction and a flow injection analyser. Rhizosphere soil pH and bulk soil pH were both 

measured using 1:2.5 ratio of air-dry soil to distilled water (Blakemore et al., 1987). Shoots 

were cut off at the base, and roots were collected by hand-picking. After air-drying the root 

system in a large plastic tray for half an hour, rhizosphere soil was collected by shaking and 

brushing the roots (Olsthoom et al., 1991). All concentrations in the soil were expressed on 

an oven-dried (105°C, 48h) basis. 

3.2.3. Statistical analysis 

Analyses of variance (ANOV A) or covariance (ANOCV A) were conducted to determine 

the effects of biuret, provenance and their interactions using SAS software package 
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(version 8.01, 2000). The adjusted means were used for presenting the results if covariate 

analysis was significant. Otherwise, the results were presented with unadjusted means. 

Duncan's multiple range test was used at the 95% probability limit (P < 0.05) to assess the 

differences among the treatments for main effects and their interactions. 

3.3 Results 

3.3.1 Soil chemical and biological properties 

Significant differences (P < 0.001) were found in soil mineral N among the treatments and 

between soil layers at the end of the experiment (Table 3-2). In the BO, B2, BlO and B100 

treatments, a small amount of NH/-N was present at both soil depths while N03--N was 

present in larger amounts. Concentrations of NH/-N and N03--N were much greater at 

B 1000 than at lower concentrations of biuret, especially in the upper layer (Table 3-2). 

Concentrations of N03--N increased with increasing concentrations of biuret. A highly 

positive correlation was found between the amount of biuret applied and the soil N03- -N 

concentration (R2 = 0.997). More NH/-N was present in the upper layer, especially in the 

B1000 treatment, which was due to biuret being surface-applied and the mineralised NH/

N being less mobile in the soil. Relatively more of the mobile N03--N was found in the 

lower layer of the pots, where it moved with the net downward movement of water (Table 

3-2). Based on the calculation of priming effects, extra mineralisation (i.e. positive priming 

effect) of 0.43 and 1.1 mg N kg- l dry soil (not including the biuret-N input) was found from 

the soil N in treatments B2 and B 10, respectively, when compared to the BO. However, 

much biuret-N in the B100 and B1000 treatments was not accounted for from the mineral 

N left in the soil at the end of the experiment (Table 3-2). The potential mineralisable N 

was significantly higher in the B 1000 treatment but lower in treatment B 100 when 

compared with the other treatments (Table 3-2). 
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Table 3-2. Effect of buiret concentrations on soil chemical and biological properties at the 

end of the experiment. Data are averaged over four replicates and two provenances; values 

in the same row followed by different lowercase letters are significantly different (Duncan's 

multiple range test, P < 0.05). 

Soil Soil Biuret concentration applied 

parameters layer (mg kg-! dry soil) 

(cm) 
BO B2 BlO B100 B1000 

0-10 4.05 a 3.97 a 3.91 ab 3.74 b 3.50 c 

Bulk soil pH 10-27 4.09 a 4.01 a 3.95 ab 3.81 b 3.52 c 

Average 4.07 3.99 3.93 3.78 3.51 

Rhizosphere 

(Rhiz.) soil pH 0-27 4.46 a 4.35 ab 4.26 b 3.93 c 3.52 d 

Differences 

between Rhiz. and 0.39 a 0.36 a 0.33 a 0.15 ab 0.01 b 

bulk soil pH 

NB4+-N 0-10 0.52 b 0.34 b 0.36 b 0.49b 11.57 a 

(Jl g g -1 dry soil) 10-27 0.35 b 0.26 b 0.28 b 0.29b 6.65 a 

N03--N 0-10 16.79 d 18.11 cd 21.77 c 31.67 b 174.4 a 

(Jlg g-1 dry soil) 10-27 17.38 d 18.77 d 22.83 c 33.41 b 62.74 a 

aTotal mineral N 0-27 17.57 de 18.82 d 22.75 c 33.13 b 112.6 a 

bBiuret-N input 0 0.82 4.1 41 408 

cPriming effect 0 + 0.43 + 1.1 - 25.14 - 312.7 

(Jlg g-1 dry soil) 

Potentially 0-10 6.43b 6.42b 6.38 b 5.30 c 19.06 a 

mineralisable N 10-27 6.28b 6.22b 6.12 b 5.14 c 11.80 a 

(Jlg g-1 dry soil) 

Soil respiration 0-10 6.05 a 6,41 a 6.82 a 6.32a 4.31 b 

(Jlg COz-C gol 10-27 5.11 ab 5.99 a 6.31 a 5.81 a 4.62b 

dry soil dail) 

Microbial 0-10 603 ab 697 a 702 a 558 ab 435 b 

biomass C 10-27 571 abc 651 ab 711 a 531 bc 397 c 

(Jlg g-' dry soil) 

Total mineral N = -N +N03 -N; Biuret-N input: calculated from the biuret 
amount applied x the N content in biuret (40.77%); 
c. Priming effect: calculated as (Total mineral N in biuret treatments - Total mineral N in 
the control) (Biuret-N input in the corresponding treatment); sign "+" means positive 
priming effect, and sign "_" means negative priming effect. 
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There were significant differences (P < 0.05) among the treatments in bulk soil pH and 

rhizosphere pH (Table 3-2). In both bulk soil and rhizosphere, the pH decreased with 

increased biuret concentrations. A significantly negative correlation was found between 

biuret concentration applied and the bulk soil pH (R2 = 0.71) or rhizosphere pH (R2 = 
0.78). The soil N03 - -N concentration was also negatively highly correlated with the bulk 

soil pH (R2 = 0.87) and rhizosphere pH (R2 = 0.84). For all the other treatments except 

BlOOO, the pH was higher in rhizosphere than in the bulk soil. The pH difference between 

rhizosphere and bulk soil tended to decrease with increased concentrations of biuret. 

The B 1000 treatment significantly decreased the soil respiration rate and microbial biomass 

C while treatments B2 and BlO tended to increase both soil respiration rate and microbial 

biomass C (Table 3-2). 

3.3.2 Growth of Douglas fir Seedlings 

At the time of harvest, a very significant (P< 0.001) biuret main effect was found for all the 

growth parameters of Douglas fir (Table 3-3), which mainly resulted from the inhibitory 

effect of high concentrations of biuret. The biuret x provenance interaction was significant 

(P < 0.05) for seedling height, stem volume and the shoot/root ratio. 

Table 3-3. Analysis of variance showing significance of main effects and their interactions 

at the end of the experiment. 

Factors Seedling Basal Stem Dry weight (g) 

height diameter volume Shoot Root Shoot/root 
(mm) (mm) (mm3

) 

Biuret (B) *** a *** *** *** *** * 
Provenance (P) * ns ns ** ** ns 

BxP * ns * ns ns * 
a * = P < 0.05; ** = P < 0.01; *** = P < 0.001. 

Different concentrations of biuret had different effects on seedling growth of Douglas fir. 

Lower concentrations of biuret (B2 and BlO) increased seedling height, especially in 
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provenance 93 (Figure 3-1) while high concentrations of biuret (BIOO and BlOOO) severely 

inhibited seedling growth (Figures 3-1 and 3-2). The effect of biuret concentrations on 

basal diameter and stem volume of the seedlings was similar to that on seedling height 

(Figures 3-3 and 3-4). However, both low and high concentrations of biuret had less 

influence on basal diameter than on seedling height. In BlOO, seedling height and basal 

diameter initially increased up to day 81 and day 123 after treatment, respectively, and then 

gradually declined thereafter (Figures 3-5 and 3-6). However, the BlOOO treatment killed 

all the seedlings of provenance 93 and almost all of provenance 98 after about two months. 

When 5000 mg biuret kg-1 dry soil was added to the surface of the soil, the seedlings of 

provenance 93 were killed within two weeks (Figure 3-7) and provenance 98 at about one 

month. Differences were found between the two provenances in response to the range of 

soil-applied biuret. Based on seedling height and yellow-tipping of the needles, provenance 

93 was stimulated more at lower concentrations of biuret but was more susceptible to 

biuret toxicity at higher concentrations. By contrast, provenance 98 was more tolerant to 

high concentrations of biuret but less responsive to lower concentrations of biuret. 

There were no differences in fluorescence parameters of needles between provenances, and 

among BO, B2, BlO and BlOO. Only the BlOOO treatment significantly decreased the 

chlorophyll fluorescence (expressed as the quantum yield) in the upper part of the needles 

that showed yellow-tipping (Table 3-4). Biuret concentrations had marked effects on shoot 

and root dry weight (Table 3-4). Treatments B2 and BlO tended to increase both shoot and 

root dry weights, with 11 % increment in total dry weight in the BlO treatment. However, 

treatments BlOO and BlOOO significantly decreased the shoot and root dry weights. The 

BIOO treatment significantly decreased the shoot/root ratio due to its greater inhibition of 

shoot production. There were no differences in the shoot/root ratio among the other 

treatments. The B 1000 treatment did not change the shoot/root ratio because both shoot 

and root were severely inhibited to a similar extent. 
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Figure 3-1 Effect of biuret concentrations on mean seedling height of two Douglas fir 

provenances (D93 and D98) at the time of harvest, which were grown at five biuret (0, 2, 

10, 100 and 1000 mg kg-I my soil) levels in a soil pot expeliment in a conh'olled 

environment growth cabinet. Standard bars indicate 1 S.E. 

Provenance 93 

mg biuretlkg dry soil 

Figure 3-2 Differential responses of two Douglas fir provenances (D93 and D98) to soil

applied biuret after 5 months in a soil pot experiment in a controlled environment growth 

cabinet. 
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Figure 3-3 Effect of biuret concentrations on mean basal diameter of two Douglas fir 

provenances (D93 and D98) at the time of harvest, which were grown at five biuret (0, 2, 

10, 100 and 1000 mg kg-1 dry soil) levels in a soil pot experiment in a controlled 

environment growth cabinet. Standard bars indicate 1 S.B. 
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Figure 3-4 Effect of biuret concentrations on mean stem volume of two Douglas fir 

provenances (D93 and D98) at the time of harvest, which were grown at five biuret (0, 2, 

10, 100 and 1000 mg kg-1 dry soil) levels in a soil pot experiment in a controlled 

environment growth cabinet. Standard bars indicate 1 S.B. 
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Figure 3-5 Mean seedling height of Douglas fir grown at five concentrations of biuret (0, 2, 

10, 100 and 1000 mg kg"l dry soil) in a soil pot experiment in a controlled environment 

growth cabinet. Data are averaged over four replicates and two provenances_ Standard bars 

indicate 1 S.B. 
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Figure 3-6 Mean basal diameter of Douglas fir grown at five concentrations of biuret (0, 2, 

10, 100 and 1000 mg kg-' dry soil) in a soil pot experiment in a controlled environment 

growth cabinet. Data are averaged over four replicates and two provenances. Standard bars 

indicate 1 S.E. 
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3-7 Toxicity symptoms in the needles of two Douglas fir provenances (Dfir93 and Dfir98) 

grown in soil with the equivalent of 5000 mg bimet kg-I my soil added to the slU"face of the 

soil in a controlled environment growth cabinet. 

Table 3-4. Effect of bimet concentrations on quantmn yield of the needles one month after 

treatment, and shoot and root dry weights at the time of harvest in a soil pot experiment in 

a controlled environmental growth cabinet. Data are averaged over fom replicates and two 

provenances; values in the same colmnn followed by different lowercase letters are 

significantly different (Duncan's multiple range test, P < 0.05). 

Bimet treatment Relative quantum yield of the Dry weight (g) 

needles ( Fm-FoIFm) 
(mg kg-I dty soil) Upper part of a Low part ofa Shoot Root Shoot/root 

needle needle 

0 0.6740 a 0.6542 a 5.85 a 2.34 a 2.50 a 

2 0.6657 a 0.6570 a 6.29a 2.53 a 2.49 a 

10 0.6811 a 0.6627 a 6.34 a 2.72 a 2.33 a 

100 0.6014 a 0.6235 a 2.69b 1.56 b 1.72 b 

1000 0.4795 b 0.6079 a 0.47c 0.21 c 2.74 a 



Cluwter 3 
52 

3.4 Discussion 

3.4.1 Impacts of biuret concentrations on soil nitrification and available N 

The distributions of NH/-N and N03--N in the soil in all the treatments clearly indicated 

the soil had a strong nitrification capacity. In BO, B2, B 10 and B 100, almost all the NH4 + 

was nitrified or taken up during the experimental period, resulting in N03 - being the main 

N source of the seedlings at the end of the experiment. The maximum nitrification rate was 

found in the B 1000 treatment. The accumulation of NH4 + -N in this treatment at the end of 

the experiment was probably due to the inhibitory effect on nitrification of protons (pH 

3.51) generated during the nitrification of the biuret-derived NH4+. The fact that no plants 

survi ved in this treatment also contributed to the accumulation of NH4 + -N. The inhibition 

of nitrification by low pH was previously reported in other studies (Dancer et al., 1973; 

Kuenen and Robertson, 1988; Stenger et al., 2001). In this study, the high correlations 

between soil N03--N concentration and pH and between biuret concentration and soil N03-

-N concentration clearly indicate that the bulk soil pH change across the treatments was 

mainly determined by their nitrification intensity, which was closely related to the biuret 

concentrations in the soil. 

Even though the positive priming effect was small, the addition of biuret into the soil at 

lower concentrations (B2 and BlO) accelerated the net mineralisation of native soil N, 

resulting in improved N availability. The extra mineralisation of soil N (i.e. positive 

priming effect) could be larger in B2 and BI0 if the N taken up by the seedlings during the 

period of the experiment was considered. The increases in soil respiration rate and 

microbial biomass C in B2 and BI0 further confirmed the positive effect of lower 

concentrations of biuret on soil microbial N transformations. The significant negative 

values of the priming effect observed in BlOO and BlOOO (Table 3-2), were not real 

negative priming effects, but apparent negative priming effects (Kuzyakov et aI, 2000). The 

unaccounted biuret-N in the BlOO treatment at the end of the experiment was supposedly 

due to the N uptake by the seedlings during the period of the experiment. However, the 

main reason for the unexplained biuret-N balance in the BlOOO treatment could be the 

incompleted mineralisation of the applied biuret, which was reflected in a much higher 
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potentially mineralisable N of the soil in this treatment. The presumably increased 

denitrification due to the excessively high concentration of N03- -N accumulated in the soil 

(with little uptake by the seedlings), to some extent might also contribute to the 

unaccountable N in this treatment. 

The measurement of soil potentially mineralisable N under anaerobic incubation has been 

reported as a good index of soil N availability (Powers, 1980; Fyles et al., 1990; Kraske 

and Fernandez, 1990; Weetman et al., 1992; Chang et aI., 1999), which measures the NH/ 

flush from the decomposition of obligate aerobic microorganisms by anaerobic bacteria 

during the incubation (Smith et al., 1985; Adams and Attiwill, 1986; Myrold, 1987). In this 

study, the smaller value of potentially mineralisable N in the B100 treatment could be 

explained by the lower microbial biomass in this treatment at the end of the experiment. 

The lower microbial biomass in B1000 treatment than BlOO treatment should have resulted 

in a smaller value of potentially mineralisable N in BlOOO. However, significantly higher 

values of potentially mineralisable N were found at both soil depths in the BlOOO 

treatment. Although biuret in the soil was not measured, the high values of potentially 

mineralisable N might mainly result from the mineralisation of residual biuret in this 

treatment during the anaerobic incubation. It has been reported that biuret decomposed 

rapidly in waterlogged soils (Ogata and Yoshinouchi, 1958; S ahraw at, 1981; EI-Shahawy 

and Amer, 1989). 

3.4.2 Effect of biuret concentrations on nitrogen uptake 

In almost all the treatments, the rhizosphere soil pH was higher than the bulk soil pH. This 

indicates the N uptake by seedlings was mainly in the nitrate form in this study. A similar 

finding was reported by Olsthoorn et al (1991) in a sand soil experiment. This phenomenon 

does not indicate that Douglas fir shows a preference for N03 - rather than NH/ but that 

both soils had a strong nitrification capacity, resulting in N03- being the main N source in 

soils. It has been found that Douglas fir prefers NH/ to N03- in solution culture (Keltjens 

and van Loenen, 1989). Our preliminary solution culture experiment also confirmed a 

similar result (data not shown). 
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In this study, the difference between the rhizosphere soil pH and the bulk soil pH decreased 

with increased concentrations of biuret. In treatments BO, B2 and BlO, the dominant N 

source was N03 -. This is why the pH increase in the rhizosphere of those treatments was 

larger. Although the NH/-N concentration in treatment BlOO was similar to BO at the end 

of the experiment, it is not surprising that a higher NH/ IN03- ratio could occur during the 

period of the experiment due to more mineralisation of biuret. This could result in more 

N14 + uptake by the seedlings in this treatment and therefore a smaller increase in 

rhizosphere pH. It has been found that the rhizosphere pH change is dependent on the NHt + 

IN03 - ratio in this zone (Gijsman, 1990a, 1990b; Olsthoom et al., 1991; Wang et al., 

1998). Despite a much higher ~+ IN03- ratio in BlOOO, no significant difference was 

found in pH between the rhizosphere and bulk soils. This is because the seedlings in this 

treatment hardly survived with little growth and uptake of ~ + from the soil. In this study, 

the difference between the treatments in the NHt + IN03- ratio absorbed by the seedlings 

could not be quantified. 

3.4.3 Effect of biuret concentrations on seedling growth of two Douglas fir 

It was demonstrated in this study that lower concentrations of biuret (BO and BlO) 

increased the seedling growth of Douglas fir while high concentrations of biuret 

significantly inhibited growth. There were provenance differences in response to the soil

applied biuret. Provenance 93 was more responsive to lower concentrations of biuret but 

was more susceptible to biuret toxicity while provenance 98 was more tolerant to high 

concentrations of biuret but less stimulated by the lower concentrations of biuret. These 

observations are consistent with the previous report in solution culture (see Chapter 2). 

However, the stimulating mechanisms of biuret on seedling growth in soil could be 

different from that in solution culture. Biuret is readily absorbed by roots or leaves from 

solution (Jmpey and Jones, 1960; Clark and Wallace, 1962), and so the stimulation of 

seedling growth in solution culture seemed to be linked with the biuret-regulated 

physiological processes, e.g. root growth, nutrient uptake and photosynthesis as reported in 

Chapter 2. In the soil, although biuret could be taken up by the roots, the concentration of 

biuret within the plants might be much lower due to decomposition by soil micro-
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organisms. Therefore, the stimulation of seedling growth could be mainly from the indirect 

effect of soil-applied biuret. The improved N availability caused by the priming effect of 

biuret, especially in the B 10 treatment, might mainly contribute to the better growth of the 

seedlings. The increment in seedling growth and dry matter production seemed not to be 

large enough, which could be partially attributed to the limited priming effect of biuret and 

also the good N availability in this soil (still about 17 f,.Lg N03-N g-l dry soil left in the 

control at the end of the experiment). In this study, the statistically not significant 

stimulation of biuret on Douglas fir seedling growth (at lower concentrations) was partially 

attributed to the relatively larger variation among the replications and the limited number 

of replicates. Four replications are not enough to strictly test the relatively small effect of 

some regulators like biuret on whole tree seedling growth. 

The inhibitory effect of high concentrations of biuret on seedling growth in the soil could 

be complex. In the B 100 treatment, a measurable stimulation of seedling growth at the 

earlier stage was presumably due to the priming effect of soil N by biuret addition. 

Although the dynamics of soil N transformation was not investigated in this study, the next 

experiment (Chapter 4) found that the BIOO treatment had the greatest priming effect, 

which started from week 2 and peaked at week 8. The shifting from the stimulation to the 

inhibition of the seedlings in B 100 might be caused by the gradual accumulation of biuret 

within the plants or by the elevated concentrations of Wand/or Ae+ due to high 

nitrification. In soils, H+ ions may be released from nitrification and/or the uptake of NI4 + 

by roots. The excess W in acid soil (pH < 4.2 in H20) is buffered by aluminium hydroxide 

(van Breemen et al., 1982), resulting in an elevated concentration of AI3+. The inhibitory 

effect of Wand AI3+, resulting from the nitrification of ammonium sulphate deposited in 

soils, on Douglas fir seedling growth was reported by Olsthoorn et al. (1991) and Gorissen 

et al. 1993. The bulk soil pH dropped to 3.8 and 3.5 in treatments BIOO and BlOOO, which 

suggests some risk of Wand Ae+ toxicities on the root growth. Also, the inhibition of 

seedling growth in the BlOOO treatment could be attributed to the toxicity of biuret itself, 

where the plants showed the same yellow-tip symptom as in solution culture. 

The critical external concentration of biuret could not be established from this study 

because of a big gap between the treatment B 10 and B 100. This value might lie between 
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above 10 and less than 100 mg biuret kg-1 dry soil. To refine this value, further work needs 

to be done on the concentrations between 10 and 100 mg biuret kg-1 dry soil and on 

different soils. The lethal concentration of biuret on the Douglas for seedlings is similar in 

two provenances in this study. The higher the concentration of biuret, the quicker the 

seedlings dies. 

3.5 Conclusions and further study 

Biuret stimulated Douglas fir seedling growth at lower concentrations but inhibited it at 

high concentrations of biuret. The stimulation of the seedling growth at lower 

concentrations of biuret was linked with the improvement of soil N availability while the 

inhibition of biuret on the growth at high concentrations could have multiple causes, from 

the elevated Wand/or A13
+ toxicity to biuret toxicity. 

A soil incubation experiment is needed to study the dynamics of N transformations and C 

mineralisation along with the microbial biomass in soils amended with different 

concentrations of biuret in order to provide an insight into the mechanisms contributing to 

the priming effect of soil-applied biuret. 
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Chapter Four 

Carbon and Net Nitrogen Mineralisation in Two Forest Soils 

Amended with Different Concentrations of Biuret 

Abstract 

Carbon (C), net nitrogen (N) mineralisation and soil microbial biomass C and N dynamics 

were measured in the Kinleith soil (a sandy loam soil) and the Burnham soil (a silt loam 

soil) during a 16-week long incubation following application of biuret at concentrations of 

0, 2, 10, 100 and 1000 mg kg-1 (oven-dried) soil. Lower concentrations of biuret 

specifically increased C mineralisation and soil microbial biomass C in the Kinleith soil, 

but not in the Burnham soil. A decrease of microbial biomass C was found in both soils at 

4 and 16 weeks after biuret was applied at higher concentrations. C mineralisation declined 

with time of incubation in both soils due to decreased C availability. Biuret at 

concentrations from 2 to 100 mg kg-1 soil had a positive real priming effect on net N 

mineralisation in both soils. The causes for the priming effects were related to the 

stimulation of microbial growth and activity at an early stage of the incubation and/or the 

death of microbes at a later stage, which was biuret-concentration-dependent. The patterns 

in NH/-N accumulation differed markedly between the two soils. Net N mineralisation 

and nitrification were much greater in the Kinleith soil than in the Burnham soil. However, 

the onset of net nitrification was earlier in the Burnham soil. Biuret might be a potential 

slow-release nitrogen source in the Burnham soil. 

Key words: C and net N mineralisation; microbial biomass; priming effect; biuret 

4.1 Introduction 

In the last soil pot experiment (Chapter 3), it was demonstrated that soil-applied biuret 

stimulated Douglas fir seedling growth at lower concentrations. The stimulation of the 

seedling growth at lower concentrations of biuret was linked with the improvement of soil 
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N availability. This result confirmed Miller's report that soil application of biuret could 

stimulate the growth of Douglas fir and hemlock seedlings (Miller et ai., 1988a). 

However, it was not clear from the last experiment which soil processes were affected by 

the addition of biuret in relation to N availability. Understanding the dynamics of N 

transformations and C mineralisation along with the microbial biomass and activity in the 

soils amended with different concentrations of biuret may provide an insight into the 

causes of and mechanisms for the priming effect of soil-applied biuret on N. 

Biuret mineralisation in soils is slow although biuret may be used as a N source by many 

commonly found fungi and bacteria (Wheldon and MacDonald, 1962; Jensen and 

Koumaran, 1965; Jensen and Schroder, 1965). Only 15-21% of added biuret was 

mineralised during a 5-week period under aerobic conditions (Sahrawat, 1981; EI-Shahawy 

and Amer, 1989), which varied with soil texture (EI-Shahawy and Arner, 1989). 

Mineralisation of biuret in soils is greater under anaerobic conditions compared to aerobic 

conditions (Ogata and Yoshinouchi, 1958; Sahrawat, 1981; EI-Shahawy and Amer, 1989). 

The slow rate of biuret-N mineralisation has indicated its potential as a slow-release N 

fertiliser. However, further study needs to be done to evaluate potentially harmful effects of 

biuret, particularly on those implicated in the N transformations in soils, before it can be 

recommended as a slow-release N fertiliser. Until recently, little information was available 

on soil microbiological properties, especially on soil microbial biomass and its activity 

during the decomposition of biuret in forest soils. 

Therefore, the objectives of this study were: (1) to investigate the extent and dynamics of 

net N mineralisation in two forest soils amended with a range of concentrations of biuret; 

(2) to determine the effects of biuret on soil microbial biomass and respiration, and their 

relations to net N mineralisation; (3) to explore the priming effects of biuret on soil net N 

mineralisation; and (4) to preliminarily evaluate the potential use of biuret as a slow-release 

N fertiliser at high concentrations. 
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4.2 Materials and methods 

4.2.1 Site description and soil characteristics 

Soil samples were collected from the top 20-cm of two forest sites after the surface little 

and debris were removed. The Kinleith soil was collected from a research experimental site 

with lO-year old radiata pine stand (270 stem ha-I) at Kinleith (38°14'S, 175°58'E), which 

is located in the central North Island, New Zealand with an elevation of 490 m. Annual 

precipitation is approximately 1420 mm and mean monthly temperatures are 18.4°C in 

February (summer) and 7.4°C in July (winter). The Burnham soil was sampled from a field 

trial site with 12-year old radiata pine stand (666 stem ha-I) at Burnham (43°37'S, 

1700 19'E), which is located at Canterbury, Central South Island, New Zealand and has an 

elevation of 70 m. Annual precipitation is about 640 mm. Mean monthly temperatures are 

16.6°C in February (summer) and 6.0°C in July (winter). Selected soil properties are listed 

in Table 4-1. 

Table 4-1 Selected properties for the two forest soils used in this study. 

Site Kinleith Burnham 

Soil type Taupo sandy loam Lismore stony silt loam 

NZ classification Immature Pallic 

Orthic Pumice Soil Orthic Brown Soil 

US Taxonomy Vitrand (Andisol) Usiochrept (Inceptisol) 

Total N (g 100 g-I) 0.36 0.25 
Total C (g 100 g-I) 6.69 3.66 

Total CIN 19 15 

Extractable NH/-N (mg kg-I) a 9.96 5.30 
Extractable N03--N (mg kg-I) a 8.00 7.03 
Bray-P (mg kg-I) 4.9 5.3 

Exchangeable K (cmolc kg-I) 0.37 0.30 

Exchangeable Ca (cmolckg-I) 1.73 3.20 

Exchangeable Mg (cmolc'kg-I) 0.36 1.40 

CEC (cmolc kg-I) 29.4 23.0 

pH 5.3 4.9 

a Soils were sampled and extracted by 2 M KCl at day 0 of the incubation 
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4.2.2 Soil preparation and incubation procedure 

The collected soil was sieved through a 2 mm sieve to remove coarse root, and then mixed 

thoroughly. The sieved soil was stored in a polyethylene bag for 2 weeks at 4°C prior to the 

study to reduce the effect of sample mixing on soil microbial processes. 

Moist soil (equivalent to 100g oven-dried soil) was weighed into 250-ml polypropylene 

containers and a known volume of biuret solution was added to each container to get the 

rates of 0, 2, 10 100 1000 mg biuret kg- l soil. All the samples were adjusted to 60% water 

holding capacity (WHC) (about the water held at - 0.01 MPa soil matric potential) of the 

soils. The soil samples were mixed thoroughly and the containers were covered with 

polyethylene film and then placed in the dark in a growth cabinet at 25°C and 70% relative 

humidity (RH). Each treatment had four replicates and sufficient containers were prepared 

to allow for destructive sampling at several times over the 16-week incubation. During the 

incubation, water content was checked every two weeks and deionised water was added as 

necessary to adjust the containers to their original weights. In addition, 109 soil from each 

replicate samples at 60% WHC was placed in a 500 ml sealed jar fitted with a septum for 

carbon dioxide (C02) evolution measurement. The CO2 concentration in the headspace was 

measured 20 times by sampling more frequently at the early stages of the incubation 

period. After measuring CO2 concentrations each time, all the jars were opened and 

deionised water was added if necessary to replenish any water loss. The jars were then 

flushed with ambient air, resealed and incubated in the dark at 25°C and 70% RH again. 

4.2.3 Analytical methods 

The CO2 concentration was analysed through injecting a 5 ml sample into an infra-red CO2 

analyser (IRGA Model U-6252, LI-COR, USA), which was in a temperature-controlled 

room at 22°C. The results were expressed as CO2-C. Soil microbial biomass C and N were 

measured by the chloroform fumigation-extraction method (Brookes et al., 1985; Vance et 

aI., 1987; Wu et al., 1990). One portion of soil was fumigated for 24 h with ethanol-free 

chloroform in a glass desiccator at 25°C in the growth cabinet. After removal of the 

chloroform, fumigated samples were immediately extracted with 0.5 M K2S04 on an end-
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over-end shaker (160 rev min-I) for 0.5 h, followed by filtration through Whatman No 42 

filters. Another portion of soil was directly extracted as an unfumigated control. The first 

10 ml filtrate from both fumigated and unfumigated samples was discarded and the rest 

was analysed for Total Organic Carbon (TOC) using Shimadzu TOC-5000A analyser and 

for total N by Kjedahl digestion and colorimetric analysis (Havilah et al., 1977). The 

determination of ammonia in Kjedahl digestion is based on a reaction that ammonia reacts 

with an alkaline mixture of sodium salicylate and sodium dichloroisocyanurate to produce 

an emerald green colour at room temperature, which is read at a wavelength of 667 nm. A 

kEc-factor of 0.38 (Vance et al., 1987) was used for converting extractable-C flush (the 

difference in TOC between the fumigated and unfumigated samples) to microbial biomass 

C, and a kEN-factor of 0.54 (Brookes et al., 1985) was used for converting extractable-N 

flush (the difference in total N between the fumigated and unfumigated samples) to 

microbial biomass N. 

Soil mineral N was extracted with 100 ml 2 M KCl (soil: extractant ratio = 1: 10) on an 

end-over-end shaker (160 rev min-I) for 1 h, followed by filtration through Whatman No 42 

filters. The extractable ammonium (NH/-N), nitrate (N03--N) and nitrite (N02--N) were 

analysed by using a flow injection analyser (Alpkem FS3000 dual channel analyser, Texas, 

USA). All concentrations in the soil were expressed on an oven-dried (105°C, 48h) basis. 

4.2.4 Statistical design and analysis 

The five treatments of biuret and two soils were replicated four times in a 5 x 2 x 4 

completely randomised design. Repeated measure analysis of variance (ANOV A) was 

conducted to determine the effect of (incubation) time on biuret treatments, soil types and 

their interactions by SAS software package (version 8.01,2000). ANOVA was also carried 

out at individual times when specific time x treatment interactions were found to be 

significant. The Duncan's multiple range test was used at the 95% probability limit (P < 

0.05) to assess the differences among the biuret treatments and between the soils. 



Chavter4 
62 

4.3 Results 

4.3.1 Carbon mineralisation 

In the Kinleith soil, cumulative amounts of CO2 were significantly higher (P < 0.05) in the 

treatment with the highest concentration of biuret (i.e. 1000 mg biuret kg-1 soil) before 

week 9, but not thereafter when compared to the control. Although significant differences 

were not found, the biuret treatments generally tended to have higher cumulative amount of 

CO2 than the control (Figure 4-1a). A decline in cumulative CO2 in the 1000 mg biuret kg-1 

soil treatment was observed at week 9 and afterwards. 

In the Burnham soil, no significant differences were found among the treatments in 

cumulative amount of CO2 although the treatments at 100 and 1000 mg biuret kg-1 soil 

tended to have lower values, especially at the later stage of the incubation (Figure 4-1b). 

For all the treatments in both soils, the CO2 evolution generally declined with time (data 

not shown), indicating a decreased C availability in soils. 

The soil extracts were not analysed specifically for residual biuret, however, the TOC 

concentrations of the unfumigated samples could be used to follow the dynamics of this 

dissolved C-source (Table 4-2). TOC concentrations dropping to background levels 

indicated the completion of the gross mineralisation of biuret (decomposition). Significant 

differences (P < 0.05) were found in TOC concentrations between soils, weeks, biuret 

treatments and their interactions. In the Kinleith soil, the TOC concentration in the 

treatment with the highest biuret addition was significantly higher than the other biuret 

treatments at week 1 and 4, but not at week 16, which indicates that the mineralisation of 

biuret-C was completed after week 4 and before week 16 for this treatment. No measurable 

differences were found between all the other biuret treatments due to the very small amount 

of C input from biuret addition. In the Burnham soil, the TOC represent about 28% of 

biuret-C still left at week 16, which implies that the mineralisation of biuret-C was not 

completed at week 16 for this treatment. 
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Figure 4-1 Effect of biuret concentrations on cumulative amount of COz-C released from 
microbial respiration in a) Kinleith soil, and b) Burnham soil during the incubation in a 
growth cabinet at 25°C and 70% relative humidity. Data are means ± 1 S.D. (n = 4). Where 
no S.D. bars are shown in the figures, the S.D. is smaller than the symbol. BO to BlOOO 
represent the biuret concentrations (mg biuret kg- l oven-dried soil) applied to the soil. 
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Table 4-2 K2S04-extractable total organic carbon (TOe) in the unfumigated and fumigated 

soils amended with different concentrations of biuret; all the measurements are the means 

of n :=: 4 (± S.D.); values in the same column followed by different lowercase letters are 

significantly different (Duncan's multiple range test, P < 0.05). 

Biuret Unfumigated Fumigated 

treatment 

(mg biuret Incubation time (weeks) Incubation time (weeks) 

kg-1 soil) ------------------------------------ ---------------~---------------------

0 1 4 16 0 1 4 16 

Kinleith (Taupo sandy loam) 

Before 

treatment 395 ± 1 595 ±5 

0 NDa 503 b 377 b 375 a ND 755 d 526 a 539 a 

2 ND 510 b 372 b 373 a ND 782 cd 519 a 545 a 

10 ND 509 b 365 b 392 a ND 811 bc 526 a 539 a 

100 ND 518 b 380 b 405 a ND 831 b 547 a 521 a 

1000 ND 555 a 420 a 393 a ND 922 a 557 a 482 b 

Burnham (Lismore stony silt loam) 

Before 

treatment 197 ±4 422±7 

0 ND 193 b 193 b 187 b ND 468b 399 b 387 a 

2 ND 189b 187 b 189 b ND 464 b 413 b 383 a 

10 ND 210 b 196 b 184 b ND 454 b 393 b 391 a 

100 ND 215 b 197 b 192 b ND 477b 404 b 372 a 

1000 ND 388 a 325 a 252 a ND 653 a 533 a 387 a 

a ND: no detennination 
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4.3.2 Inorganic nitrogen 

The dynamics of extractable ammonium nitrogen (NH/-N) was markedly different 

between the two soils, especially for the treatment with the highest concentrations of biuret 

(Figure 4-2a, b). In the Kinleith soil, the concentration of NH/ -N in the treatment with the 

highest concentration of biuret increased sharply and peaked in week 2 (about 160 mg 

NH/-N kg- l soil), and thereafter declined quickly to a constant level at week 8. The 

decreasing concentration of NF4 + -N in this treatment was immediately reflected in a 

concomitant increase in nitrate nitrogen (Figure 4-3a). The treatment with 100 mg biuret 

kg- l soil had its NH/-N concentration peak at week 1 and then decreased steadily to the 

background level at week 4. From week 4 to 16, there were no significant differences in the 

concentration ofNF4+-N among all the other treatments except the 1000 mg biuret kg- l soil 

(Figure 4-2a). In contrast, the N~ + -N concentration in the Burnham soil increased steadily 

through the incubation and reached a concentration of 110 mg NF4+-N kg- l soil at week 16 

in the treatment with the highest concentration of biuret while nearly consistent 

concentrations of NF4 + -N were found from week 2 to 16 for all the other treatments, which 

had much lower values than the treatment with the highest concentration of biuret (Figure 

4-2b). 

The patterns in dynamic changes of extractable nitrate nitrogen (N03--N) were similar in 

the two soils, but the concentration of N03 --N was about 2-fold higher in the Kinleith soil 

than in the Burnham soil (Figure 4-3a, b). The concentrations of N03--N in all treatments 

increased steadily with time of incubation and reached their highest at week 16, when the 

concentrations of N03--N in the treatment with the highest concentration of biuret were 

about 460 and 170 mg kg- l soil for the Kinleith soil and the Burnham soil, respectively. In 

both soils, the net N03--N production rate in the treatment with the highest concentration of 

biuret was significantly (P < 0.05) higher than that in the control from week 1 to 8, but 

afterwards, they were similar. Unlike the Burnham soil, net nitrification did not start in the 

Kinleith soil until week 2 despite its higher concentrations of NF4 +-N for all the treatments 

from the beginning, which suggests that the nitrifying activity in this soil was inhibited by 

other strong heterotrophic processes at week 1, when a higher C availability in this soil was 

favourable for the heterotrophs. At the end of incubation (week 16), the concentration of 
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N03 --N in the control for both soils was significantly (P < 0.05) lower than that in the 

treatments with 10, 100 and 1000 mg biuret kg-1 soil, respectively. 
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Figure 4-2 Dynamics of NH/-N production in a) Kinleith soil, and b) Burnham soil during 
the incubation in a growth cabinet at 25°C and 70% relative humidity. Data are means ± 1 
S.D. (n = 4). Where no S.D. bars are shown in the figures, the S.D. is smaller than the 
symbol. BO to BlOOD represent the biuret concentrations (mg biuret kg-1 oven-dried soil) 
applied to the soil. 
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Figure 4-3 Dynamics of N03 --N production in a) Kinleith soil, and b) Burnham soil during 
the incubation in a growth cabinet at 2SoC and 70% relative humidity. Data are means ± I 
S.D. (n = 4). Where no S.D. bars are shown in the figures, the S.D. is smaller than the 
symbol. BO to BIOOO represent the biuret concentrations (mg biuret kg-1 oven-dried soil) 
applied to the soil. 

The difference (referred to as /). TMN) between the biuret treatments and the control in soil 

total mineral N (TMN) at the end of incubation, was calculated to represent the combined 

result of N mineralised from biuret and extra release of soil organic matter. Assuming all 

added biuret-N (BN) was completely mineralised and the released N existed in soil mineral 

N (except in the treatment with 1000 mg biuret kg-1 soil), the extra mineralisation of soil 

organic matter (i.e. positive priming effect) could be distinguished by further subtracting 
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the biuret-N applied to the corresponding treatments (Table 4-3). It was demonstrated that 

biuret, applied at the concentrations of 10 and 100 mg kg-I soil, had a significantly (P < 

0.05) positive priming effect on soil organic N mineralisation in both soils, particularly in 

the Kinleith soil (Table 4-3). This corresponds to additional mineralisation of 12-21 kg N 

ha-I in the Kinleith soil and 10-11 kg N ha-I in the Burnham soil based on the standard soil 

mass of 2500 t ha-I in 20 cm depth. Biuret added at 2 mg kg-1 soil tended to have a smaller 

positive priming effect. In the Kinleith soil, the priming effect in this treatment (2 mg 

biuret kg-1 soil) was 3.5 mg N kg-1 soil (equivalent to 8.8 kg N ha-1
), which is nearly 

significant (P = 0.052; LSD = 3.6 mg N kg-1 soil). In the treatment with the highest 

concentration of biuret (1000 mg kg-1 soil), however, only 97% and 48% of the added 

biuret-N were recovered as mineral N at week 16 in the Kinleith and Burnham soils, 

respectively, i.e. the priming effect was negative. 

Table 4-3 Biuret priming effect (assuming a complete mineralisation of all added biuret-N 

except in the treatment with 1000 mg biuret kg-1 soil) on organic N mineralisation in the 

two forest soils during the period of incubation (16 weeks); all the measurements are the 

means of n = 4 in (mg kg-I); values in the same column followed by different lowercase 

letters are significantly different (Duncan's multiple range test, P < 0.05). 

Biuret BNa 

treatment 

(mg biuret (mgN 

kg-1 soil) kg-1 soil) 

0 0 
2 0.8 

10 4.1 
100 40.8 

1000 407.7 

Kinleith 

(Taupo sandy loam) 

125.8 d 
130.1 cd 4.3 + 3.5 

134.7 c 8.9 +4.8 * 
174.9 b 49.1 + 8.3 * 
522.7 a 396.9 - 10.8 * 

aBN: Biuret-N applied to the soil. 
b TMN: Total mineral nitrogen in the soil. 

Burnham 

(Lismore stony silt loam) 

87.9 d 
89.6 d 1.7 + 0.9 

95.9 c 8.0 + 3.9 * 
132.9 b 45.0 +4.2 * 
284.8 a 196.9 - 210.8 * 

C LlTMN: The differences between the biuret treatments and the control in TMN. 
d PE: Priming effect, calculated as the difference between Ll TMN and BN for the 
corresponding treatments; sign "+" means a positive priming effect, sign "-" means a 
negative priming effect and sign "*,, means that the value with it is significantly different 
(P < 0.05) from zero by LSD test. 
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4.3.3 Soil microbial biomass carbon and nitrogen, and metabolic quotient 

The soil microbial biomass C and N were measured at week 1, 4 and 16. For both soils, the 

microbial biomass C was highest at week 1 and then declined with the incubation time. In 

the Kinleith soil, the additions of biuret led to significant increases (P < 0.01) in soil 

microbial biomass C for all the biuret treatments at week 1 (Figure 4-4a). However, this 

positive effect shifted to a negative effect at week 4 and 16, especially 1000 mg biuret kg-1 

soil (Figure 4-4a). In the Burnham soil, there were no differences among the treatments in 

soil microbial biomass C at week 1 and 4. However, significantly lower soil biomass C was 

found at week 16 in the treatments with 100 and 1000 mg biuret kg-1 soil (Figure 4-4b). 

The changes in soil microbial biomass N differed markedly between the two soils. In the 

Kinleith soil, biomass N was significantly higher (P < 0.05) in the treatment with 1000 mg 

biuret kg-1 soil than in the other treatments at week 1; however, there were no differences 

among the treatments at week 4 and 16 (Figure 4-5a). In the Burnham soil, microbial 

biomass N was significantly higher (P < 0.05) in the treatment with 1000 mg biuret kg-1 

soil than in the other treatments at week 1,4 and 16 although the biomass N values for all 

the treatments declined with the time (Figure 4-5b). 

No significant differences in microbial metabolic quotient were found among the biuret 

treatments. However, there were significant differences between the two soils (P < 0.05) 

and significant interactions (P < 0.05) between the week (incubation time) and soil for 

microbial metabolic quotient. The metabolic quotient values (mg COz-C g-l biomass C h-1
) 

at week 1,4 and 16 were 1.07, 2.39 and 0.62 in the Kinleith soil while they were 0.93, 1.13 

and 0.30 in the Burnham soil. 

4.3.4 Relationships between C and N mineralisation 

The relationships between C and net N mineralisation rates in the control were weak in 

both soils, with RZ = 0.29 (P < 0.05) in the Kinleith soil and 0.09 (P > 0.05) in the 

Burnham loam soil. However, a better correlation between C and net N mineralisation rates 

was observed with increasing biuret concentrations applied to the soils (Figure 4-6a and b), 
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which indicates the relationship between C and N mineralisation interacted with the input 

of biuret. The regression coefficients between C and net N mineralisation rates in the 

treatment with the highest concentration of biuret were R2 = 0.64 (P < 0.05) in the Kinleith 

soil and 0.50 (P < 0.05) in the Burnham soil, respectively. 
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Figure 4-4 Effect of biuret concentrations on microbial biomass carbon in a) Kinleith soil, 
and b) Burnham soil during the incubation in a growth cabinet at 25°C and 70% relative 
humidity. Data are means plus 1 S.D. (n = 4). Where no S.D. bars are shown in the figmes, 
the S.D. is smaller than the symbol. BO to B 1000 represent the biuret concentrations (mg 
biuret kg·' oven-dried soil) applied to the soil. 
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Figure 4-6 Relationships between net N mineralisation and C mineralisation rates in a) 
Kinleith soil, and b) Burnham soil during the incubation in a growth cabinet at 25°C and 
70% relative humidity. BO to BlOOO represent the biuret concentrations (mg biuret kg-1 

oven-dried soil) applied to the soil. 

4.3.5 Soil pH 

In all the treatments, pH values at the end of the incubation were lower than before 

treatment due to nitrification (Table 4-4). The pH values decreased with increasing biuret 

concentrations due to nitrification, resulting in a greater amount of H+. A significantly 

negative correlation was found between biuret concentration applied and the soil pH, with 

R2 = 0.72 (P < 0.05) in both soils. The soil pH values were also negatively correlated with 
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soil N03--N production (concentration) in both soils, with R2 = 0.85 (P < 0.05) in the 

Kinleith soil and R2 = 0.97 (P < 0.05) in the Burnham soil. There was a difference between 

the two soils in the pH change after treatment. The larger decline of pH in the Kinleith soil 

was related to a much stronger nitrification (Figure 4-3).and possibly a lower buffering 

capacity in this soil. 

Table 4-4 pH values 16 weeks after application of biuret into the two soils; all the 

measurements are the means of n = 4; values in the same column followed by different 

lowercase letters are significantly different (Duncan's multiple range test, P < 0.05). 

Biuret treatment Kinleith Burnham 

(mg kg-1 soil) (Taupo sandy loam) (Lismore stony silt loam) 

-------------------------------------- --------------------------------

week 0 week 16 week 0 week 16 

0 5.26 a 4.35 a 4.93 a 4.80 a 

2 5.26 a 4.27 ab 4.93 a 4.77 a 

10 5.27 a 4.22b 4.93 a 4.76 a 

100 5.27 a 4.07 c 4.94 a 4.70 a 

1000 5.28 a 3.81 d 4.95 a 4.56 b 

4.4 Discussion 

4.4.1 Biuret mineralisation and its priming effect 

This study revealed that the mineralisation of biuret was complete during the period of 

incubation when applied at lower concentrations and was faster in the Kinleith soil than in 

the Burnham soil. The result confirms previous studies that biuret is not resistant to 

breakdown in soil (Wheldon and MacDonald, 1962; Jenson and Koumaran, 1965; Jenson, 

1966). However, the mineralisation rate of biuret-N in the Kinleith soil in this study (80% 

of the applied biuret-N was mineralised during the first 4 weeks in the treatment with 1000 

mg biuret kg-1 soil, equivalent to 408 mg biuret-N kg-1 soil) was much greater when 

compared with the results of Sahrawat (1981) and El-Shahawy and Amer (1989) from 

arable sandy loam soils, in which only 16-18% of added biuret-N (at 100-200 nig biuret-N 
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kg-1 soil) was mineralised during the 5-8 week incubation under 30°C and 50% WHC of 

the soils. The considerably greater total soil C in the Kinleith soil in our study (6.69%) than 

in their studies (0.39-0.58%), could be mainly responsible for the greater mineralisation 

rate of biuret-N in this study presumably due to more labile C for microbial growth and 

activity. 

In this study, the significant difference between the two soils in the mineralisation rate of 

biuret was related to their chemical, biological and physical properties. Compared to the 

Burnham soil, the Kinleith soil had greater extractable organic C and respired more C 

(Table 4-2 and Figure 4-1), which indicates more readily available C to microorganisms in 

this soil. Therefore, the input of biuret to the Kinleith soil triggered faster and greater 

mineralisation of biuret itself (Figures 4-2 and 4-3) because the released C andlor N from 

biuret was utilised as C andlor N source for microbial growth andlor activity. The 

significant increases of microbial biomass C for all the biuret treatments in the Kinleith soil 

at week 1 (Figure 4-4a) clearly indicate a stimulation of microbial growth by biuret 

addition. However, this effect was over at week 4 when soil extractable organic C dropped 

to a relatively constant level in the Kinleith soil. This implies that the pool size of readily 

available C in this soil was small and quickly depleted. The greater metabolic quotient 

values reflect an increase in the ratio of active:donnant components of the microbial 

biomass or younger microbial communities that rapidly turnover (Saggar et aI2001), which 

could be partially responsible for the greater mineralisation of biuret in the Kinleith soil 

(than the Burnham soil). Soil texture might be another factor for the difference between the 

two soil types. Although the detailed information on the texture was not available in this 

study, the Burnham soil would have a higher clay content, which could provide stronger 

protection from the microbial accessibility of biuret by adsorption on clay surface as 

reported in other studies (van Veen and Kuikman, 1990; S0rensen and Jensen, 1995a, 

1995b; Stenger et ai., 2001). 

The impact of biuret on soil N mineralisation was related to its quantity applied to the soil. 

Lower concentrations of biuret had less influence while the higher concentrations exerted a 

more persistent and significant impact. In both soils, a range of biuret addition (from 10 to 

100 mg kg-1 soil) had a significantly positive priming effect on soil-derived N 
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mineralisation, but not on soil C mineralisation. The extra mineralisation of soil organic 

matter (9-21 kg N ha-I) to some extent improved the soil N availability. It is likely that this 

increased N supply would be beneficial for seedling growth, as was observed in the 

previous study (Chapter 3). This might explain why soil application of biuret is consistently 

more effective than foliar application for seedling growth (Miller et ai., 1988). The 

significant negative value observed in the 1000 mg kg-I soil biuret treatment, especially in 

the Burnham soil (Table 4-3), was not a real negative priming effect, but an apparent 

negative priming effect (Kuzyakov et aI, 2000). This occurred due to the incomplete 

decomposition of the added biuret during the experiment. So even though immobilisation 

was important (Figure 4-5b), NlLt-N dynamics (Figure. 4-2b) and the changes in K2S04-

extractable TOC (Table 4-2) for the Burnham soil suggest that in the 1000 mg biuret kg-I 

soil treatment biuret mineralisation was incomplete at week 16. Any N losses by 

volatilisation and denitrification were likely to be negligible in this soil due to the low soil 

pH, lower N03- -N and C availability (compared to the Kinleith soil). 

A comparison of the dynamics of C and N release with the dynamics of microbial biomass 

size and activity can provide an insight into the mechanisms of the priming effects. The 

causes of the biuret priming effects appeared to be (biuret) concentration-related. In both 

soils, especially in the Kinleith soil, the stimulation of microbial growth and/or activity at 

an early stage (week 1) was mainly responsible for the positive priming effects of biuret at 

the lower concentrations (2-10 mg kg-I soil) while the reduction in the microbial biomass at 

the later stages of the incubation (week 4-16) also contributed to the positive priming 

effects in the 100 mg biuret kg-I soil treatment due to the release of N from the dead 

microorganisms. These findings agree with the explanations on the mechanisms of priming 

effects by Kuzyakov et ai. (2000), who describe three types of priming effects as 1) 

priming effect independent from microbial activity/amount, 2) priming effect induced by 

microbial activity/amount, and 3) priming effect after dying of microorganisms. In this 

study, however, the exact reasons for increased microbial growth and/or activity in the 

biuret treatments in the Kinleith soil at week 1 are not known. One hypothesis is that the 

response of microbial biomass to higher concentrations of biuret (100-1000 mg kg-I) is 

related to the C and/or N released from biuret, which meets microbial demand, facilitating 

a greater microbial biomass. However, perhaps the biuret-triggered response at its trace 
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concentrations (2-10 mg kg-I) was similar to the effects of trace quantities of amino acids 

and root exudates on soil metabolic activity of the microbial biomass as reported by De 

Nobili et al. (2001). They suggested that the mechanism for the priming effect by the 

addition of a 'trigger solution' was under biological control and it was very unlikely that 

stabilised soil exocellular enzymes were significantly involved. As for the reason for 

microbial death in the treatments with higher concentration of biuret at the late stages of 

the incubation in both soils, it might be related to the development of a toxic osmotic 

potential created by mineralisation of added biuret, a similar mechanism as reported in 

other studies in a closed environment (Broadbent, 1965; Soderstrom et al., 1983). The 

more acidic soil pH due to stronger nitrification could to some extent contribute to the 

decline of microbial biomass in the treatments with higher concentration of biuret, 

especially in the Kinleith soil. In contrast to the Kinleith soil, increases in microbial growth 

and respiration were not found in the biuret treatments in the Burnham soil during the 

incubation. This implies that the microorganisms in this soil were C-limited and 

consequently the ratio of active to stable microbial biomass was lower (van Veen et al., 

1985). This was also reflected in the lower microbial metabolic quotient in the Burnham 

soil throughout the period of the incubation. In the Burnham soil, perhaps exocellular 

enzymes were significantly involved in N mineralisation. In some cases, microorganisms, 

especially fungi, produce specific protease, which can release ~ + -N without a related 

large quantity of C release (Paul and Clark, 1996). In this study, the priming effects at 

different stages of incubation could not be precisely quantify and nor could the source of 

released N in the priming effect be clearly stated without using labelled biuret. 

4.4.2 Nitrification and nitrate nitrogen accumulation 

Similar to the results of Scott et al. (1998), who observed that N03--N accumulated readily 

in the three forest mineral soils during the laboratory incubation, this study also 

demonstrated that net nitrification occurred in the two forest soils soon after the start of the 

incubation and net N03--N accumulation increased with the biuret concentrations applied 

to the soil. This indicates that autotrophic nitrifier were present in both soils and that the 

competition of microbial heterotrophs for N~ + -N was relatively low due to the limited C 

availability, which was reflected in the rapid decline of microbial biomass in both soils at 
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week 4, especially in the Kinleith soil. In contrast, net nitrification is often delayed until the 

late stages of the incubation in long-term laboratory incubations of soils from relatively 

undisturbed forest ecosystems (van Miegroet et al., 1990; Hart et al., 1994; Aarnio et al., 

1996). In their studies, the marked decline of microbial biomass and activity also did not 

occur until late stages of the incubation (Hart et al., 1994; Aarnio et al., 1996). This 

indicates the pool size of labile C in their soils is larger and consequently the demand of 

microbial heterotrophs for NH/-N is relatively stronger, which may result in a late onset of 

net nitrification in their studies. The long lag period of net nitrification has been interpreted 

that the nitrifying population sizes are very small initially and need to build up adequately 

during the incubation (van Miegroet et al., 1990). The small nitrifying population size is 

usually the result of competitive processes and the nitrifier population increases as the 

demand of microbial heterotrophs for NH/-N declines presumably due to the decreased C 

availability (Martikainen, 1985; Aarnio et al., 1996). 

In this study, the net nitrification was greater in the Kinleith soil than in the Burnham soil 

for all the treatments, especially in the treatment with the highest concentration of biuret. 

The difference between the two soils in nitrification was at least partly related to the NH/

N production from the mineralisation of biuret, which varied between the two soils due to 

the different soil properties mentioned before. The production of great amounts of NH/-N 

in the Kinleith soil facilitated its nitrification because this is a NH/-N dependent process 

mainly carried out by chemolitho-autotrophic bacteria as nitrifying agents in most acid 

soils (Hart et al., 1994; Paul and Clark, 1996; De Boer and Kowalchuk, 2001). In the 

Kinleith soil, the increase in the N03--N concentration (Figure 4-3a) occurred at a time 

with a concomitant decrease in the NH/-N concentration in the treatments, especially in 

the higher concentration biuret treatments, which clearly indicates nitrification was a 

predominant process in this soil after week 4. A one week lag in net nitrification (no 

difference between the biuret treatments at week 1) in the Kinleith soil was probably 

limited by the small population of nitrifiers at the beginning of the incubation (Johnson et 

al., 1980; van Miegroet et al., 1990; Scott et al., 1998). In contrast, the earlier onset of net 

nitrification (showing the differences between the biuret treatments at week 1) in the 

Burnham soil (Figure 4-3b) indicates that an adequate population of nitrifiers was present 

initially. Nitrification in the Burnham soil was generally lower than in the Kinleith soil. 
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This was especially so in the treatment with the highest concentration of biuret. More than 

likely, this was due to the inefficient nitrifier populations in the Burnham soil. In the 

Burnham soil, the steady increase in the NH/-N accumulation in the treatment with the 

highest concentration of biuret was certainly related to the slow and continuous 

mineralisation of residual biuret. However, this also indicates that the nitrification was not 

a dominant process in this treatment. It is not clear if the residual biuret in this treatment 

had any inhibitory effect on its nitrification. But the soil pH change, which was shifted 

from 4.9 at initial to 4.6 at the end in this treatment, should not have a major impact on the 

plethora of microorganisms that are already adapted to an acidic environment. 

4.4.3 Biuret interaction on C and N relationship 

In accordance with a greater overall C mineralisation, which was related to a larger pool 

size of readily mineralisable C and a greater amount of microbial biomass, the Kinleith soil 

had a greater overall N mineralisation when compared with the Burnham soil. However, C 

mineralisation and net N mineralisation was not well correlated in the control for both 

soils, especially in the Burnham soil. This was similar to previous studies (Johnson and 

Edwards, 1979; Burke et aI., 1989; Hart et al., 1994). A better correlation between C and N 

mineralisation was observed with increasing amounts of biuret applied to the soils, which 

indicates that the heterotrophic microorganisms in both soils shifted to some extent to 

decompose the added biuret for acquiring C and/or N and therefore the C mineralisation 

was linked with N mineralisation through the input of biuret. However, the correlation 

coefficients for the C and N mineralisation in both soils were still low under biuret 

additions, which reflected a common issue that using measurements of net rates to 

elucidate the controls on individual processes is not possible unless the controlling factors 

affect the individual processes in a similar manner (Hart et aI., 1994). So the measurement 

of gross N mineralisation rate may be needed to gain additional insights for links between 

C mineralisation and gross N mineralisation under biuret additions. 
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4.5 Conclusions and further study 

The experiment demonstrated that biuret had a positive real priming effect on soil N 

mineralisation when applied at lower concentrations and could be used as a slow-release N 

fertiliser at a higher concentration in some types of soil like the Burnham soil used in this 

study. Excessively high concentrations of biuret had some negative effects on soil 

microbial biomass, but did not show any significantly detrimental effects on the activity of 

micro-organisms that are involved in N transformations. The causes for the priming effects 

were related to the stimulation of microbial growth and activity at an early stage of the 

incubation and/or the death of microbes at a later stage, which was biuret-concentration

dependent. The lower nitrification of biuret-N in the Burnham soil is of great importance to 

its role as a slow-release N fertiliser and would then reduce the potential nitrate nitrogen 

leaching to the ground water. 

Further work needs to be done to precisely quantify the priming effects at different stages 

of incubation and investigate the source of released N in the priming effect using a labelled 

biuret-15N. 
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Chapter Five 

Comparative Effects of Biuret, Urea and Atrazine on Soil 

Nitrogen Mineralisation, Immobilisation and Nitrification in 

Two Forest Soils Incubated under Laboratory Conditions 

Abstract 

Dynamics of carbon (C) and net nitrogen (N) mineralisation, nitrification and soil 

microbial biomass C and N were measured in the Kinleith soil (a sandy loam soil) and the 

Burnham soil (a silt loam soil) during a 112-day long incubation following application of 

biuret and urea at concentrations of 0, 4.1, 41 and 408 mg N kg- l (oven-dried) soil, and 

atrazine at concentrations of 0, 1, 10 and 100 mg a.i kg- l soil. Gross N mineralisation rate, 

nitrification rate and their relationships with C mineralisation rate were also determined in 

the biuret-treated soils. No significant effects were found on cumulative CO2-C evolution 

of biuret, urea and atrazine treatments in both soils due to the limitation of soil available C. 

In the Kinleith soil, all three substances had no significant effect on soil microbial biomass 

C except at day 2 when it decreased at high concentrations of biuret (B408) and atrazine 

(AlO and AlOO). In the Burnham soil, the microbial biomass C tended to increase at high 

concentrations of biuret (B41 and B408) and urea (U41 and U408) whereas it decreased 

with atrazine in the early stages of the incubation. In both soils, the microbial biomass C in 

B408 tended to decrease at the later stages. Soil C mineralisation and microbial biomass C 

generally declined over time in both soils due to decreased C availability. 

Significant differences in N transformations were found among the soils amended with 

different concentrations of biuret, urea and atrazine. Generally, low concentrations of each 

substance had lesser effects and were more temporary in nature, while high concentrations 

of each substance exerted larger and more persistent impacts. Biuret was slowly 

mineralised in the soils with a steady increase in soil NJ4 + -N while urea was readily 

hydrolysed with a sharp increase in soil NJ4+-N. The immobilisation of N occurred 

immediately and generally declined with the time. However, it was significantly higher in 

the biuret-treated soils than the urea-treated soils at the later stages of incubation. 
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Generally, the biuret-treated soils had lower nitrification than the urea-treated soils, in 

which the soil NH/-N concentration sharply decreased with a concurrent increase of soil 

N03--N. In the biuret-treated soils, nitrification was slow in the early stages and increased 

quickly at the later stages of the incubation. Atrazine did not significantly affect the soil N 

mineralisation, but inhibited the soil nitrification during the first 7 days. Due to the lower 

mineralisation, nitrification and greater immobilisation, more biuret-N remained in the 

soils compared to urea-No Biuret was a potential slow-release nitrogen source in the 

Burnham soil. 

Biuret treatments significantly increased the soil gross N mineralisation and nitrification 

rates, which were biuret-concentration-dependent and changed during the incubation. In the 

control, the gross N mineralisation rate was well correlated to the C mineralisation rate. In 

the biuret-treated soils, however, the gross N mineralisation rate was more related to the 

soil residual biuret-C (i.e. residual biuret). Biuret at concentrations from 2 to 100 mg kg-1 

soil had a positive real priming effect on net N mineralisation in the Burnham soil, but not 

the Kinleith soil. The causes for the priming effects were related to the stimulation of 

microbial growth and activity at an early stage of the incubation and/or the death of 

microbes at a later stage, which was biuret-concentration-dependent. 

Differences were found between the two soils in the N transformations for the biuret, urea 

and atrazine treatments, respectively. The soil type had a larger effect on N transformations 

of biuret than on those of urea and atrazine. The greater net N mineralisation in the Kinleith 

soil than the Burnham soil, especially for the biuret treatments, was related to a larger 

initial microbial biomass and the possible diversity of the microbial community. 

Key words: Gross and net N mineralisation; microbial biomass; priming effect; biuret, urea 

and atrazine 
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5.1 Introduction 

In this study, three contrasting but related organic substances i.e. biuret, urea and atrazine 

were investigated to compare their effects on soil nitrogen mineralisation, immobilisation 

and nitrification in two forest soils. Biuret is a product of the thermal decomposition of 

urea or urea nitrate (Kurzer, 1956). It is formed from two molecules of urea with one 

molecule of ammonia release. Although both urea and biuret are small in molecular weight, 

they seem to have quite different behaviour in the soil. Urea is rapidly hydrolysed in soils. 

In contrast, the decomposition of biuret in soils is slow. The mechanism for the hydrolysis 

of biuret is not clear, however, an inducible enzyme or enzyme system called biuretase is 

involved in hydrolysing biuret (Wheldon and MacDonald, 1962). It is concluded that the 

dissimilation of biuret has little in common with that of urea (Wheldon and MacDonald, 

1962). Biuret can be used as a N source by many commonly found fungi and bacteria, but 

the growth of microorganisms was only half as fast as when supplied with urea (Jensen and 

Koumaran, 1965; Jensen and Schroder, 1965). Only 15-21% of added biuret-N was 

mineralised during a 5-8 week period under aerobic conditions (Ogata and Yoshinouchi, 

1958; Sahrawat, 1981; EI-Shahawy and Amer, 1989). The slow rate of biuret-N 

mineralisation has indicated its potential as a slow-release N fertiliser. The previous study 

(Chapter 4) also confirmed that biuret at high concentrations might be a potential slow

release nitrogen source, especially in the Burnham soil where only 48% of biuret-N applied 

was mineralised in the treatment with 1000 mg biuret kg-1 dry soil during Il2-day 

incubation. To further evaluate the suitability of biuret as a slow-release N source, a direct 

comparison on the N transformations in soils amended with biuret and urea is warranted, 

which would provide additional information on the differences between these two N 

sources in N availability and the potential of N losses from different soil types. 

The previous study (Chapter 4) also found that biuret had a positive real priming effect on 

net N mineralisation in both Kinleith and Burnham soils at low concentrations (2-100 mg 

kg-l), which was due to stimulating soil microbial growth and activity at earlier stages 

and/or causing microbial death at later stages. Similarly, it was reported that atrazine 

increased soil mineral N at sub-herbicidal concentrations (Theodorou and Sands, 1980). 

Evidence is available that biuret is an inter-metabolite during the microbial decomposition 
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of atrazine (Radosevich et aI., 1995; Karns and Eaton, 1997). It is not clear, however, if 

there is any link between biuret and atrazine in enhancing soil N mineralisation and 

improving N availability through a priming effect. In order to compare biuret and atrazine, 

it is theoretically necessary to add high enough atrazine to the soil to generate high biuret 

concentrations similar to the directly applied amounts of biuret. However, the highest 

concentration of atrazine comparable to biuret will not be applied in this study considering 

the practically severe inhibition due to its toxicity to soil microorganisms. 

Soil C availability seemed to be a main factor affecting the net mineralisation rate of 

biuret-N, which generally declined with incubation time and was lower in the Burnham soil 

that had less KzS04 extractable organic C and C mineralisation. However, net N 

mineralisation rate was not well correlated with C mineralisation rate in both the control 

and biuret treatments in each soil. It has been reported that measurement of net 

mineralisation and nitrification rates may not accurately retlect the relationship between C 

and N cycling (Hart et al., 1994). So the measurement of gross N mineralisation rate is 

needed to gain some insights into the C control on soil N mineralisation under biuret 

additions. In addition, an improved understanding of N mineralisation and immobilisation 

processes is important for our ability to predict the net mineralisation of biuret-N and 

estimate the plant availability of this organic N. 

The objectives of this study were: (1) to investigate and compare the extent and dynamics 

of soil N transformations in two forest soils amended with a range of concentrations of 

biuret; urea and atrazine (2) to determine the effects of these three substances on soil 

microbial biomass C and COz-C evolution (C mineralisation); (3) to quantify the gross 

rates of N mineralisation, immobilisation and nitrification in biuret-treated soils; and (4) to 

explore the relationships between soil C mineralisation rate and gross N mineralisation rate 

in the biuret-treated soils. 
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5.2 Materials and methods 

5.2.1 Site description and soil characteristics 

The two soils (Kinleith soil and Burnham soil) used in this study were from the same soil 

samples collected from the field sites as described in Chapter 4. The soils had been stored 

in a refrigerator at 4°C for several months. During storage, greater mineralisation and 

nitrification occurred in the Kinleith soil, which resulted in high concentrations of N03--N 

in this soil with a low pH. Selected soil properties are listed in Table 5-1. 

Table 5-1 Selected properties for the two forest soils used in this study. 

Site Kinleith Burnham 

Soil type Taupo sandy loam Lismore stony silt loam 

NZ classification Immature Pallic 

Orthic Pumice Soil Olthic Brown Soil 

US Taxonomy Vitrand (Andisol) Usiochrept (Inceptisol) 
Total N (g 100 g-l) a 0.35 0.25 
Total C (g 100 g-l) a 6.73 3.85 

Total CIN 19 15 

Extractable NH/-N (mg kg-l) b 2.12 36.33 
Extractable N03 --N (mg kg-I) b 67.69 20.48 

Bray-P (mg kg-l) 4.9 5.3 

Exchangeable K (cmole kg-I) 0.37 0.30 

Exchangeable Ca (cmolekg-I) 1.73 3.20 

Exchangeable Mg (cmolekg-l) 0.36 1.40 
CEC (cmole kg-I) 29.4 23.0 

pH 4.1 4.9 

a Soils were sampled and analysed just before this incubation experiment 
b Soils were sampled and extracted by 0.5 M K2S04 at day 0 of the incubation 
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5.2.2 Soil preparation and incubation procedure 

The collected soil was sieved through a 2 mm sieve to remove coarse roots, and then mixed 

thoroughly. The sieved soil was stored in a polyethylene bag for 14 days at 4°C prior to the 

study to reduce the effect of sample mixing on soil microbial process. 

Table 5-2 The amounts of nitrogen and carbon applied to the soils with different 

concentrations of biuret, urea and atrazine. 

Name and formulas N input (mg kg-l dry soil) C input (mg kg-l dry soil) 

of three substances aRate 1 a Rate 2 a Rate 3 Rate 1 Rate 2 Rate 3 

Biuret 4.08 40.8 408 2.33 23.3 233 

C2HSN30 2 b (0.57) 

Urea 4.08 40.8 408 1.75 17.5 175 

C14N2O b (0.43) 

Atrazine 0.325 3.25 32.5 0.446 4.46 44.6 

C8Hl4ClNs b 0.4) 

a. Rate 1 means biuret, urea and atrazine were applied at concentrations of 10.0, 8.74 and 
1.00 mg kg-l dry soil, respectively; rate 2 means biuret, urea and atrazine were applied at 
concentrations of 100, 87.4 and 10.0 mg kg-1 dry soil, respectively; rate 3 means biuret, 
urea and atrazine were applied at concentrations of 1000, 874 and 100 mg kg-l dry soil, 
respectively. 
b. The ratio of CIN. 

Moist soil (equivalent to 140g oven-dried soil) was weighed into 500-ml polypropylene 

containers and a known volume of biuret, urea and atrazine solutions were added 

respectively, to each container to get rates of 4.1,40.8 and 407.7 mg biuret-N (i.e. 10, 100 

and 1000 mg biuret) kg-l soil (referred as B4, B41 and B408) or mg urea-N (i.e. 8.74, 87.4 

and 874 mg urea) kg-l soil (referred as U4 B41 and B408), and 1, 10 and 100 mg a.i 

atrazine kg'lsoil (referred as AI, AlO and AI00). AlO and A100 were added at the 

comparable N amounts with B4 (or U4) and B41 (or U41). Atrazine at 1000 mg a.i kg-lsoil 

was not applied in this study due to its known toxic effect on soil microorganisms. For the 

control, the same volume of deionised water was added. The Nand C input into the soil 

from application of these three substances are shown in Table 5-2. All the samples were 

adjusted to 60% water holding capacity (WHC) of the soils. The soil samples were mixed 
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thoroughly and the containers were covered with polyethylene film and then placed in the 

dark in a growth cabinet at 25°C and 70% relative humidity (RR). Each treatment had three 

replicates and sufficient containers were prepared to allow for destructive sampling on six 

occasions (days 2, 7, 14, 28, 56 and 112) over the 112-day incubation. During the 

incubation, water content was checked every two weeks and deionised water was added as 

necessary to adjust the containers to their original weights. In addition, 10 g soil from each 

replicate at 60% WHC was placed in a 500 ml sealed jar fitted with a septum for carbon 

dioxide (C02) evolution measurement. The CO2 concentration in the headspace was 

measured 10 times by sampling more frequently at the early stages of the incubation 

period. After measuring CO2 concentrations each time, all the jars were opened and 

deionised water was added if necessary to replenish any water loss. The jars were then 

flushed with ambient air, resealed and incubated in the dark at 25°C and 70% RH again. 

5.2.3 Analytical methods 

The analytical methods and the calculations for CO2, microbial biomass C and Nand 

mineral N were the same as described in Chapter 4 except soil mineral N was extracted 

with 0.5 M K2S04 on an end-over-end shaker (160 rev min-I) for 0.5 h. The soil biuret-C 

for a given time was calculated as the difference between a biuret treatment and the control 

in 0.5 M K2S04-extractable total organic carbon (TOC) of unfumigated soil samples, which 

represents the amount of residual biuret in the soil. The microbial metabolic quotient 

(qC02) was calculated as the amount of CO2-C produced per unit microbial biomass C per 

day. 

Gross rates of N mineralisation and nitrification were determined by the I5N isotope 

dilution technique (Barraclough, 1995; Zaman et al., 1999a). At each sample time (except 

day 2) as specified above, four sub-samples of soil (equivalent to 25 g oven-dry soil) from 
\ 

each replicate of the control, B41 and B408 were taken. To determine the gross 

mineralisation rate, two of the sub-samples were mixed thoroughly with 1 ml I5N-Iabelled 

(N~hS04 (99.7% enrichment) solution giving 3 Ilg I5N g-I soil. To determine the gross 

nitrification rate, the other two samples were mixed thoroughly with 1 ml I5N-Iabelled 

KN03 (99.4% enrichment) solution giving 3 Ilg I5N g-I soil too. The I5N-Iabelled soil 
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samples were then put into an incubator in a 250 ml plastic container at 25°C to allow N 

transformation to occur. Two of the sub-samples, one each of 15N-Iabelled (~hS04 and 

K]\f03 soil, were taken out after 24 h and extracted with 2 M KCI to determine soil NH/-N 

or N03--N by using PIA (Alpkem FS3000 dual channel analyser, Texas, USA). The 

remaining 15N-Iabelled sub-samples were taken out after 4 days of incubation, and 

extracted in a same way. The 15N content of the mineral N in the KCI extracts was 

recovered by the diffusion method described by Brooks et al. (1989), and determined using 

isotope ratio mass spectrometry (Europa Scientific, UK). The gross rates of mineralisation 

and nitrification was calculated from changes in atom percentage of 15N excesses (APE) 

above background values determined using soil unenriched in 15N, and N pool sizes of day 

1 and 4 following the equation developed by Kirkham and Bartholomew (1954). 

where m = gross N mineralisation rate (mg N kg-1 soil d-1); c = ~ + consumption rate (mg 

N kg-1 soil d-1); [NH/] = soil ~ + concentration (mg N kg-1soil); d1 and d4 = day 1 and 

4, respectively; .APE = atom percent 15N excess of the N~-N. Gross nitrification rate and 

N03- consumption rate were calculated in a similar way by replacing with N03-

concentrations and atom percent 15N excess of the N03--N in above equations, and the 

symbol of m replaced by n. The NH/ immobilisation rate was then determined by 

subtracting the gross nitrification rate from the gross ~ + consumption rate. The gross 

rate of N03- immobilisation is equivalent to the gross N03- consumption rate (Hart et a!., 

1994). The mean residence time (MRT) for the mineral N pools was calculated as the 

amount of ~ +-N or N03- -N per unit gross N mineralisation or nitrification (Hart et al., 

1994). All concentrations in the soil were expressed on an oven-dried (105°C, 48h) basis. 

5.2.4 Statistical design and analysis 

The ten treatments including the control and 3 levels of biuret, urea and atrazine, 

respectively, were replicated three times for each soil in a completely randomised block 
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design. Repeated measure analysis of variance (ANOV A) was conducted to determine the 

effect of (incubation) time on treatments, soil types and their interactions. ANOV A was 

also carried out at individual times when specific time x treatment interactions were found 

to be significant. The Duncan's multiple range test was used at the 95% probability limit (P 

< 0.05) to assess the differences among the treatments for each sampling time. Pearson 

correlation coefficients were used to assess the significance of the inter-relationships 

between different parameters and the factors influencing these parameters. Multiple 

stepwise regression was used to derive the equations to describe gross mineralisation and 

nitrification rates. All the analyses were performed by using SAS software package 

(version 8.01, 2000). 

5.3 Results 

5.3.1 Soil carbon pools 

5.3.1.1 Soil respired carbon 

No significant difference was found among the treatments in the cumulative amount of 

C02-C respired by soil microbes in both Kinleith and Burnham soils (Figure 5-1a, b). 

However, it appeared that B408 had the largest amount of CO2-C evolution while AlOO 

had the least at the end of the incubation. U408 tended to have a greater C02-C evolution at 

day 2 in the Kinleith soil and also for the first 7 days in the Burnham soil. 

There was a significant difference (P < 0.001) between the two soils in the cumulative 

amount of CO2-c. At all the sample times, the Burnham soil had a greater cumulative 

amount of CO2-C than the Kinleith soil (Figure 5-1a, b). For all the treatments in both 

soils, the CO2-C evolution rate generally declined with time (Figure 5-1a, b), indicating a 

decreased C availability in the soils. 
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5.3.1.2 Soil extractable carbon 

Mean concentrations of KzS04-extractable TOC in the unfumigated soils amended with 

different concentrations of biuret, urea and atrazine are shown in Table 5-3. Although the 

soil extracts were not analysed specifically for residual biuret, urea and atrazine, the TOC 

concentrations of the unfumigated samples could be used to follow the dynamics of these 

dissolved C-sources. The reduction in TOC concentrations to the control levels indicates 

the completion of the gross mineralisation of biuret, urea and atrazine (decomposition). 

Significant differences were found in TOC concentrations between the treatments (P < 

0.001), soils (P < 0.001), (incubation) time (P < 0.001), and their interactions (P < 0.001), 

respectively. In the Kinleith soil, the TOC concentration in B408 was significantly higher 

(P < 0.05) than the other treatments up to day 56, and tended to be higher at day 112 (Table 

5-3). This implies that the mineralisation of biuret-C approached completion in this 

treatment at the end of the experiment. Compared to the control, a significantly higher (P < 

0.05) concentration of TOC was found in AlOO only at day 2. No measurable differences 

were found among all the other treatments. In contrast to biuret and atrazine, the treatment 

U408 did not result in any TOC increase in this soil although about 175 mg urea-C kg-1soil 

was applied to this soil. In the Burnham soil, the TOC represent about 55% of biuret-C still 

left in B408 at day 112 (Table 5-3), which indicates that the mineralisation of biuret-C was 

not completed in this treatment at the end of the experiment. Compared with the control, 

the TOC in AlOO was significantly higher (P < 0.05) at day 2 and day 7 but not thereafter, 

so the net mineralisation of atrazine-derived C was considered complete. The significant 

increase (P < 0.05) in TOC at B41, U41 and U408 was only found at day 2 and then 

disappeared when compared to the control. 

There was a significant difference (P < 0.001) in the overall TOC between the two soils. 

For all the treatments, the Kinleith soil had a higher TOC concentration than the Burnham 

soil, and this followed the same trend as its total soil C contents (Table 5-1). Generally, the 

TOC concentration in both soils decreased with time up to day 56, but increased at day 

112, especially in the Kinleith soil (Table 5-3). 



Chanter 5 
90 

a. Kinleith soil 

600 -+-Control -'0 - B4.1 
I/) 

500 B41 
~ 
"0 ~B408 

";' 

400 C) -lIE- U4.1 ~ 

~ - U41 - -I- U408 
() 

I - A1 N 

0 200 () - A10 

100 A100 

20 40 60 80 100 120 

Days after treatment 

b. Burnham soil 

600 -+- Control 

- - B4.1 
'0 500 B41 I/) 

~ ~ B408 
"0 

400 -lIE- U4.1 
C) 
~ - U41 
C) 300 E -I- U408 -() ~A1 
I 200 0 - A10 

() 

100 A100 

0 
0 20 40 60 80 100 120 

Days after treatment 

Figure 5-1 Effect of biuret, urea and atrazine concentrations on cumulative amount ofCOz

C released from microbial respiration in a) Kinleith soil, and b) Burnham soil during the 

incubation in a growth cabinet at 25°C and 70% relative humidity. Data are means ± 1 S.E. 

(n = 3). Where no S.E. bars are shown in the figures, the S.E. is smaller than the symbol. 

Control- nil; B4.1, B41 and B408 - biuret applied at 4.1, 41 and 408 mg N kg- J dry soil; 

U4.1, U41 and U408 - urea applied at 4.1,41 and 408 mg N ktl dry soil; AI, AI0 and 

AI00 - atrazine applied at 1, 10 and 100 mg a.i kg-I dry soil. 
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Table 5-3 K2S04-extractable total organic carbon (TOC) in the unfumigated soils amended 

with different concentrations of biuret, urea and atrazine; all the measurements are the 

means of n = 3; values in the same column followed by different lowercase letters are 

significantly different (Duncan's multiple range test, P < 0.05). 

Period of incubation (days) 

Treatment a --------------------------------------------------------------------------------

2 7 14 28 56 112 

Kinleith soil 

Control 327 c 317 bc 334 bc 298 b 302 b 373 a 

B4.1 319 c 317 bc 322 bc 281 b 298 b 387 a 

B41 330 c 342 bc 335 bc 310b 303 b 387 a 

B408 511 a 482 a 492 a 425 a 402 a 405 a 

U4.1 322 c 312 c 326 bc 303 b 312 b 387 a 

U41 317 c 333 bc 317 c 302 b 317 b 392 a 

U408 324 c 338 bc 322 bc 305 b 325 b 378 a 

Al 324 c 319 bc 317 c 306 b 317 b 385 a 

A10 346 c 328 bc 308 c 304 b 307b 385 a 

A 100 416 b 355 b 362 b 314 b 319 b 378 a 

Burnham soil 

Control 194 fg 184 c 167 b 153 b 142 b 187 c 

B4.1 188 g 176 c 160b 145 b 135 b 196 bc 

B41 224 bcd 184 c 167 b 153 b 146 b 237b 

B408 425 a 403 a 364 a 304 a 270 a 314 a 

U4.1 188 g 192 bc 168 b 139b 133 b 190 c 

U41 226 bc 180 c 167 b 139 b 149 b 201 bc 

U408 215 cde 193 bc 162 b 149 b 129 b 183 c 

Al 212 de 196 bc 165 b 141 b 133 b 187 c 

AlO 205 ef 194 bc 158 b 139b 129 b 214 bc 

A100 233 b 207b 169 b 165 b 143 b 201 bc 

a. Treatment: Control - nil; B4.1, B41 and B408 - biuret applied at 4.1,41 and 408 mg N 
kg- l dry soil; U4.1, U41 and U408 - urea applied at 4.1,41 and 408 mg N kg- l dry soil; AI, 
AlO and AlOO - atrazine applied at 1, 10 and 100 mg aj kg-1 dry soil. 
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5.3.1.3 Soil microbial biomass carbon 

Significant differences were found between soils (P < 0.001), (incubation) time (P < 

0.001), treatments (P < 0.05) and the interactions of treatment x time (P < 0.001) and soil x 

time (P < 0.001). The Kinleith soil had a greater overall size of microbial biomass C than 

the Burnham soil. However, the dynamics of soil microbial biomass C showed different 

patterns in the two soils (Figure 5-2a, b). In the Kinleith soil, the microbial biomass C was 

generally highest at day 2 and then gradually declined with the incubation time, with its 

smallest size of microbial biomass at day 112 (P < 0.05) (Figure 5-2a) while in the 

Burnham soil the microbial biomass C size was greatest at day 28 and did not decrease 

consistently with time (Figure 5-2b). Compared to the control, the soil microbial biomass C 

significantly decreased (P < 0.05) at B408, AlO and AlOO in the Kinleith soil at day 2 but 

not afterwards. There were not significant differences among the treatments in the Kinleith 

soil from day 7 to 112, however, B408 tended to reduce the microbial biomass C again at 

day 112 (Figure 5-2a). In the Burnham soil, the soil microbial biomass C in B4.1, B41, 

B408, U41 and U408 was significantly greater (P < 0.05) than that in AlOO at day 2 and 

tended to be greater up to day 14 when compared with the control (Figure 5-2b). Atrazine 

treatments (AI, AlO and AlOO) tended to decrease the soil microbial biomass C at day 2, 

but this effect disappeared after day 7. The inhibition of soil microbial biomass C by 

atrazine in both soils was concentration-dependent, with a greater and longer effect at 

higher concentration. Compared to the control in this soil, the microbial biomass C in B408 

appeared to increase from day 7 to 28 but to decrease from day 56 to 112, when it also 

decreased in B41 (Figure 5-2b). 

Significant differences (P < 0.05) were found in the microbial metabolic quotient between 

the soils and among the incubation times. The Burnham soil had a greater overall microbial 

metabolic quotient than the Kinleith soil. In both soils, the overall microbial metabolic 

quotient was significantly greater at the early stages of the incubation and declined to a 

stable level after day 28 (data not shown). A significantly greater (P < 0.05) microbial 

metabolic quotient was found in the B408 for both the soils at day 112 (Table 5-4). 
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Figure 5-2 Effect of biuret, urea and atrazine on microbial biomass carbon in a) Kinleith 

soil, and b) Burnham soil during the incubation in a growth cabinet at 25°C and 70% 

relative hmuidity. Data are means ± 1 S.E. (n = 3). Where no S.E. bars are shown in the 

figures, the S.E. is smaller than the symbol. Control - nil; B4.1, B41 and B408 - biuret 

applied at 4.1, 41 and 408 mg N kil dry soil; U4.1, U41 and U408 - urea applied at 4.1, 

41 and 408 mg N kg-] dry soil; AI, A10 and A100 - atrazine applied at 1, 10 and 100 mg 

a.i kg-] dry soil. 
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Table 5-4 The microbial metabolic quotient (mg CO2-C biomass C dail) in the two 

soils amended with different concentrations of biuret, urea and atrazine at day 112; all the 

measurements are the means of n = 3; values in the same column followed by different 

lowercase letters are significantly different (Duncan's multiple range test, P < 0.05). 

Treatment a Kinleith soil Burnham soil 

Control 12.1 ab 7.9 de 

BIO 13.5 ab 8.7 cde 

B100 12.5 ab 13.2 ab 

BlOOD 31.3 a 15.1 a 

UI0 9.4 b 8.8 cde 

U100 11.0 b 12.0 abcd 

UI000 11.8 ab 73 e 

Al 19.6 ab 9.8 bcde 

AlO 15.6 ab 123 abc 

A100 18.8 ab 13.4 ab 

a. Treatment: Control nil; B4.1, B41 and B408 - biuret applied at 4.1, 41 and 408 mg N 
kg'l dry soil; U4.1, U41 and U408 urea applied at 4.1, 41 and 408 mg N kg'l dry soil; AI, 
AlO and AlOO atrazine applied at 1, 10 and 100 mg a.i kil dry soil. 

5.3.2 Soil nitrogen pools 

53.2.1 Soil ammonium nitrogen 

There were significant differences between soils (P < 0.001), incubation times (P < 0.001), 

and treatments (P < 0.001) in concentrations of NH/-N and their interactions were also 

significant (P < 0.001). The Duncan's multiple range test for the treatments is listed in 

Appendix 1. Generally, the concentration of NH/-N was higher in the Burnham soil than 

the Kinleith soil, especially at early stages of the incubation, which was relevant to the' 

difference of background levels between two soils (before treatment). However, the 

changes of NH/-N pool size in both soils were subject to the treatments, and biuret, urea 

and atrazine treatments showed different patterns (Figure 5-3 and 4). In Kinleith soil, the 

NH/-N concentration in B408 increased considerably and linearly up to day 56 and 

declined slightly afterwards (Figure 5-3a), The NH/-N concentration in B41 showed a 
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small but significant (P < 0.05) increase from day 2 to day 14 when compared to the 

control. No significant differences (P < 0.05) were found between B4.1 and the control 

throughout the period of incubatiop (Figure 5-3a). The soil NH/-N concentration increased 

immediately after addition of urea, especially the treatment U408, in which it increased 

sharply at day 2, peaked at day 7 (365 mg NH/-N kg- 1 soil) and thereafter declined rapidly 

to a constant level at day 56. The decreasing concentration of NH/-N in this treatment was 

immediately reflected in concomitant increase in N03--N (Figure 5-5b). The soil NH/-N 

concentration in U41 was highest at day 2 and then declined gradually to the control level 

at day 28. Similar to B4.1, no significant increase was found for U4.l in soil NH/-N 

concentration (Figure 5-3b). Of the three atrazine treatments, only AlOO temporarily but 

significantly (P < 0.05) increased the soil Nf4 + -N concentration during the first 7 days and 

gradually dropped to the control level from day 28 to 112 (Figure 5-3c). 

In the Burnham soil, the soil NH/-N concentration in B408 increased considerably and 

consistently with a greater rate during the first 14 days while in B41 it increased steadily 

from day 2 to 14 and then decreased gradually with no significant difference to the control 

at day 56 and thereafter. Similar patterns were found for the B4.1 and the control, with a 

significantly higher concentration of NH/-N in B4.1 at day 7 and 14 (Figure 5-4a). In 

U408, the soil Nf4 + -N concentration increased dramatically and peaked at day 14 (around 

400 mg Nf4 + -N kg'1 soil), and thereafter declined quickly to a constant level at day 56. 

Similar to the Kinleith soil, the decreasing concentration of Nf4 + -N in this treatment in the 

Burnham soil resulted in a concun-ent increase in N03--N (Figure 5-6b). The soil Nf4+-N 

concentration was significantly higher (P < 0.05) in U41 than in the control during the first 

56 days, and steadily declined to the control level after day 56. In the treatment U4.1, the 

soil Nf4 +-N concentration changed in a similar pattern to that in the control. However, 

U4.1 had a significantly higher (P < 0.05) soil Nf4 +-N concentration than the control 

during the first 14 days (Figure 5-4b). Compared to the control, the A1.had no effect on 

soil Nf4+-N concentration whereas the A10 increased it significantly (P < 0.05) at day 2· 

but thereafter had no effect. The soil Nf4+-N concentration in AlOO increased from day 2 

to day 14 and declined thereafter, with no difference to the control from day 56 to 112 

(Figure 5Ac). 
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5.3.2.2 Soil nitrate nitrogen 

Significant differences were found between soils (P < 0.001), incubation time (P < 0.001), 

treatments (P < 0.001) and their interactions (P < 0.001) in soil N03"-N concentration. The 

Duncan's multiple range test for the treatments is listed in Appendix 2. In contrast to NH/

N, the concentration of N03"-N was higher in the Kinleith soil than in the Burnham soil 

due to the difference in the background levels of the two soils before treatment. However, 

the changes of N03"-N pool size in both soils were subject to the treatments and the 

incubation time (Figure 5-5 and 6). In the Kinleith soil, the N03"-N concentration in B408 

increased slowly up to day 56 and then increased sharply with its peak at day 112. The 

N03--N concentration in B41 showed a steady increase throughout the period of incubation 

and was significantly higher (P < 0.05) than that in the control and the other biuret 

treatments between day 14 to 56. However, a significantly higher (P < 0.05) concentration 

of N03 -N was only found at day 2 but not thereafter in B4.1 when compared to the control 

(Figure 5-5a). The soil N03--N concentration in U408 increased relatively slowly in the 

first 14 days but abruptly from day 14 to 56, and levelled off afterwards. The soil N03--N 

concentration in U41 increased steadily to the end of incubation and was significantly 

higher (P < 0.05) than that in the control except at day 2. Similar patterns were found for 

U4.l and the control in soil N03--N concentration, which, however, was significantly 

higher (P < 0.05) in U4.1 at day 7 and 14 (Figure 5-5b). Compared with the control, AI00 

significantly (P < 0.05) inhibited the soil N03 -N production, which completely 

disappeared at day 56. Both Al and AI0 tended to reduce the soil N03"-N concentration 

but not significantly (Figure 5-5c). 

Generally, the patterns of N03"-N dynamics in the Burnham soil were the same as in the 

Kinleith soil for biuret, urea and atrazine treatments, respectively (Fig. 5-6a, b, c). 

Compared to the control, both B4.1 and B41 significantly increased (P < 0.05) the 

concentration of N03"-N in the Burnham soil over the period of the incubation. However, . 

the effect of biuret on soil N03 -N production disappeared after day 28 in B4.1 but lasted to 

the end of the incubation in B41. In contrast, the B408 inhibited the soil N03--N production 

at early stages, especially at day 14 and 28, but increased it after day 28, with its greatest 

rate of nitrification between the day 56 to 112 (Figure 5-6a). The soil N03"-N concentration 
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in U408 increased relatively slowly in the first 14 days but abruptly from day 14 to 56, and 

levelled off thereafter. The soil N03--N concentration was significantly higher (P < 0.05) in 

both U4.1 and U41 (than in the control) over the period of incubation except during the 

first 7 days. However, the nitrification rate in the control and three urea treatments 

approached the same after day 56, reflecting that the effect of the urea-N on nitrification 

was complete (Figure 5-6b). Compared with the control, all three atrazine treatments 

significantly reduced the soil NO}--N concentration at day 2. This inhibitory effect 

disappeared after day 2 in Al and AlO and after day 28 in AlOO (Figure 5-6c). 

The dynamics in total soil mineral N in both soils (Figure 5-7 a, b) showed that urea-N was 

completely mineralised at the beginning of the incubation while biuret-N was slowly 

mineralised with time, resulting in a steady increase in total soil mineral N. Compared to 

the control, atrazine showed little effect on soil total mineral N. Only AlOO tended to 

decrease the total mineral N in the Kinleith soil at early stages and tended to also increase 

the total mineral N in both soils at day 112. At the end of the incubation, the total mineral 

N concentration in the treatments followed the following order: B408 > U408 > U41, B41 

> AlOO, B4.l, AI, AlO, U4.l and the control in the Kinleith soil, and U408, B408 > B4l > 

U41 > B4.1, U4.1, AlOO, the control, AlO and Al in the Burnham soil. Even though the 

residual biuret in the soils was not accounted for, biuret-N provided similar (in B408) or 

larger (in B41) available N (pool size) at the end of the incubation, compared to the 

corresponding urea treatments. Some differences were found between the two soils in 

response to the biuret, urea and atrazine treatments. Urea hydrolysis was almost similar in 

the two soils, but the mineralisation of bi uret and atrazine was slower in the Burnham soil 

than in the Kinleith soil. In this study, I12-day incubation was not long enough to 

investigate the complete decomposition of biuret in the soils, especially in the Burnham 

soil (Table 5-3). 
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Figure 5-3 Dynamics of NH/-N production in the Kinleith soil treated with a) biuret, b) . 

urea and c) atrazine during the incubation in growth cabinet at 25°C and 70% relative 

humidity. Data are means ± 1 S.E. (n 3). Where no S.E. bars are shown in the figures, the 

S.E. is smaller than the symboL Control nil; B4.1, B41 and B408 biuret applied at 4.1, 

41 and 408 mg N kg-I dry soil; U4.l, U41 and U408 - urea applied at 4.1, 41 and 408 mg 

N kg-I dry soil; AI, AlO and AI00 atrazine applied at 1,10 and 100 mg a.i kg-I dry soiL 
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Figure 5-4 Dynamics of NH/-N production in the Burnham soil treated with a) biuret, b) . 

urea and c) atrazine during the incubation in a growth cabinet at 25°C and 70% relative 

humidity. Data are means ± 1 S.E. (n = 3). Where no S.E. bars are shown in the figures, the 

S.E. is smaller than the symbol. Control - nil; B4.1, B41 and B408 biuret applied at 4.1, 

41 and 408 mg N kg- 1 dry soil; U4.1, U41 and U408 - urea applied at 4.1,41 and 408 mg 

N kg- 1 dry soil; A1, AlO and A 100 - atrazine applied at 1, 10 and 100 mg a.i kg-I dry soil. 
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Figure 5-5 Dynamics of N03--N production in the Kinleith soil treated with a) biuret, b) . 

urea and c) atrazine during the incubation in a growth cabinet at 25°C and 70% relative 

humidity. Data are means ± 1 S.E. (n = 3). Where no S.E. bars are shown in the figures, the 

S.E. is smaller than the symbol. Control - nil; B4.1, B41 and B408 - biuret applied at 4.1, 

41 and 408 mg N kg- l dry soil; U4.1, U41 and U408 - urea applied at 4.1, 41 and 408 mg 

N kg-' dry soil; AI, AlO and A 100 - atrazine applied at 1, 10 and 100 mg a.i kg-' dry soil. 
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Figure 5-6 Dynamics of N03 -N production in the Burnham soil treated with a) biuret, b) 

urea and c) atrazine during the incubation in a growth cabinet at 25°C and 70% relative· 
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Figure 5-7 Effect of biuret, urea and atrazine concentrations on total mineral N in a) 

Kinleith soil, and b) Burnham soil during the incubation in a growth cabinet at 25°C and 

70% relative humidity. Data are means ± 1 S.E. (n = 3). Where no S.E. bars are shown in 

the figures, the S.E. is smaller than the symbol. Control - nil; B4.l, B41 and B408 biuret 

applied at 4.1, 41 and 408 mg N kg- l dry soil; U4.1, U41 and U408 - urea applied at 4.1, 

41 and 408 mg N kg-' dry soil; AI, AlO and AlOO atrazine applied at 1, 10 and 100 mg . 

a.i kg-! dry soil. 

Assuming biuret, urea and atrazine were completely mineralised and the released N existed 

in soil mineral N (except in BIOOO, AIO and AlOO treatments), then a positive priming 
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effect (extra mineralisation of soil organic N) was only found in U4.1, B4.1 and B41 in the 

Burnham soil, but not in the Kinleith soil (Table 5-5). It was demonstrated that B41 

(i.e.lOO mg biuret kg" I soil) had.a greater positive priming effect than B4.1 (i.e. 10 mg 

biuret kg'l soil) on soil organic N mineralisation in this soil. In contrast, only 79% and 78% 

of biuret-N applied in B408 were left in the mineral N pools in the Kinleith soil and the 

Burnham soils, respectively. These values should be greater if the residual biuret in the 

soils would have been mineralised. From the N balance (Table 5-5), it was found that only 

76% and 81 % of urea-N applied in U408 were left in mineral N pools in the Kinleith soil 

and the Burnham soils, respectively, which suggested some N losses by volatilisation and 

denitrification. In AlOO, only 20% and 7.4% of atrazine-N were recovered in mineral N 

pools in the Kinleith soil and the Burnham soils, respectively. 

Table 5-5 Priming effects of biuret, urea and atrazine on net N mineralisation in the 

Kinleith and Burnham soils during the period of the incubation (112 days); all the 

measurements are the means of n = 3 in (mg kg-I); values in the same column followed by 

different lowercase letters are significantly different (Duncan's multiple range test, P < 

0.05). For the treatment abbreviations, see Table 5-4. 

N input Kinlei th soil Burnham soil 

Treatment from 

treatments TMN u ATMN b PE C TMN u ATMN b PE C 

Control 0 137.1 d 106.9 d 0.0 

B4.1 4.1 141.3 d 4.2 + 0.1 114.1 d 7.2 +3.2 

B41 40.8 175.7 c 38.6 - 2.2 181.8 b 74.9 + 34.2* 

B408 407.7 458.0 a 320.9 - 86.8* 425.3 a 318.4 - 89.3* 

U4.1 4.1 137.5 d 0.4 - 3.7 112.6 d 5.6 + 1.6 

U41 40.8 178.0 c 40.9 +0.1 144.7 c 37.8 - 2.9 

U408 407.7 446.2 b 309.1 - 98.6* 438.7 a 331.8 - 75.8* 

Al 0.3 138.3 d 1.2 +0.8 104.8 d -2.1 -2.4 

AI0 3.3 138.2 d 1.1 - 2.2 106.6 d -0.3 - 3.5 

AlOO 32.5 143.7 d 6.6 - 25.9* 109.3 d 2.4 - 30.1 * 

a TMN: Total mineral nitrogen in the soil. b ATMN: The differences between the biuret, or 
urea, or atrazine treatments and the control in TMN. C PE: Priming effect, calculated as the 
difference between ATMN and N input for the corresponding treatments; sign "+" means 
positive priming effect, sign "_" means negative priming effect and sign "*" means that the 
value with it is significantly different (P < 0.05) from zero by LSD test. 
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5.3.2.3 Soil microbial biomass nitrogen 

Significant differences were founci between soils (P < 0.001), incubation time (P < 0.001), 

treatments (P < 0.001) and their interactions (P < 0.001) in soil microbial biomass N. The 

Kinleith soil had a greater overall size of microbial biomass N than the Burnham soil. The 

overall microbial biomass N, which declined with the incubation time, was greatest at day 

28 and smallest at day 112. However, the changes of microbial biomass N in both soils 

were influenced by treatments and incubation time (Figure 5-8a, b) in much the same way 

as for microbial biomass C (Figure 5-2a, b). In the Kinleith soil, B408 significantly 

increased (P < 0.05) the soil microbial biomass N for up to day 112 and U408 for up to day 

56 while all the other treatments did not significantly affect the soil microbial biomass N 

when compared to the control (Figure 5-8a). In both the B408 and U408, the soil microbial 

biomass N was considerably greater during the first 14 days, indicating a greater 

immobilisation of N in the initial stages (Figure 5-8a). In the Burnham soil, a significantly 

higher (P < 0.05) microbial biomass N was found in U408 for the first 56 days and in B408 

from day 28 to 112 (Figure 5-8b). Similar to the Kinleith soil, a stronger immobilisation of 

N was found in U408 in the Burnham soil during the first 14 days. However, the soil 

microbial biomass N in B408 did not increase considerably until day 28. The lag during the 

first 14 days coincided with the slow mineralisation of biuret (Table 5-3) and smaller 

microbial biomass C (Figure 5-2b). Compared to the control, no significant difference was 

found for all the other treatments in soil microbial biomass N in this soil (Figure 5-8b). 

In both soils, the microbial biomass N was significantly greater (P < 0.05) in the B408 

treatment than any other treatment during the day 56 to 112, which, however, did not 

coincide with the difference between the treatments in the microbial biomass C (Figure 5-

2). Consequently, the B408 treatment had a significantly lower (P < 0.05) microbial C/N 

ratio at a range of 4-6 at the later stages of the incubation. The microbial CIN ratio changed 

from 4 in the early stages to 15 at later stages in U408 while it was in a range of 8-15 for all . 

the other treatments (data not shown). 
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Figure 5-8 Effect of biuret, urea and atrazine concentrations on microbial biomass N in a) . 

Kinleith soil, and b) Burnham soil during the incubation in a growth cabinet at 25°C and 

70% relative humidity. Data are means ± 1 S.E. (n ::: 3). Where no S.E. bars are shown in 

the figures, the S.E. is smaller than the symbol. Control - nil; B4.I, B4I and B408 - biuret 

applied at 4.1, 41 and 408 mg N kg-I dry soil; U4.1, U41 and U408 urea applied at 4.1, 

41 and 408 mg N kg- t dry soil; AI, A10 and AlOO - atrazine applied at 1, 10 and 100 mg 

a.i kg"l dry soil. 
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5.3.3 Soil pH 

Generally, the Kinleith soil had. a lower initial pH than the Burnham soil due to the 

nitrification during the storage of this soil sample (Table 5-1). However, the Burnham soil 

had a larger reduction in pH during the period of the experiment (Figure 5-9a, b), which 

was due to more nitrification of the background NH4 + from before treatment. The overall 

correlation coefficients between soil pH and N03--N concentration were R2 = 0.65 (P < 

0.01) in the Kinleith soil and R2 0.59 (P < 0.01) in the Burnham soil. In both soils, the 

changes of soil pH were subject to the treatments and the incubation time. Generally, the 

soil pHs in the treatments declined with the incubation time. In the Kinleith soil, B4.1 and 

B41 tended to reduce the soil pH at the end of the experiment but were not significantly 

different to the control. The soil pH in B408 gradually increased up to day 28 and then 

decreased to 0.16 pH units less than the control at day 112 (Figure 5-9a). Compared to the 

control, U4.l and U41 tended to increase the soil pH at day 2 but decrease it at the end of 

the incubation while U408 significantly increased (P < 0.05) the soil pH during the first 14 

days and decreased (P < 0.05) it at day 112 with 1.39 pH units less than its initial pH. No 

significant differences in pH were found between the control and the atrazine treatments 

(Figure 5-9a). In the Burnham soil, biuret treatments did not show any significant effect on 

soil pH compared to the control. However, the soil pH in B41 tended to be lower due to 

relatively stronger nitrification in this treatment, especially during the first 56 days (Figure 

5-9b). Compared to the control, U4.1 and U41 did not show any significant effect on soil 

pH, however, the soil pH in U408 was significantly higher (P < 0.05) during the first 14 

days and significantly lower (P < 0.05) at day 112, with 1.47 units less than its initial pH. 

No significant differences were found between the control and the atrazine treatments 

(Figure 5-9b). 
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Figme 5-9 Effect of biuret, mea and atrazineconcentrations on soil pH in a) K.inleith soil, 

and b) Bwnham soil dming the incubation in a growth cabinet at 25°C and 70% relative 

hwnidity. Data are means ± 1 S.E. (n = 3). Where no S.E. bars are shown in the figmes, the 

S.E. is smaller than the symbol. Control - nil; B4.1, B4I and B408 - bimet applied at 4.1, 

41 and 408 mg N kit dry soil; U4.1, U41 and U408 - mea applied at 4.1,41 and 408 mg 

N kit dry soil; AI, AlO and AIOO - atrazine applied at 1, 10 and 100 mg a.i kg- 1 dry soil. 
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5.3.4 Soil gross mineralisation and nitrification 

Gross N mineralisation and nitrification rates in the control, B41 and B408 are shown in 

Table 5-6. Significant differences were found between soils (P < 0.001), incubation time (P 

< 0.001), treatments (P < 0.001) and their interactions (P < 0.001) in both gross N 

mineralisation and nitrification rates. The Burnham soil had greater (P < 0.05) overall gross 

N mineralisation rate (across the time and the treatment) than the Kinleith soil. The overall 

gross N mineralisation rate (across the soil and the treatment) significantly (P < 0.05) 

declined with time, having the lowest value at day 112. However, the gross nitrification 

rate varied with the incubation time, having greater values at day 14 and 112 (P < 0.05). 

Among the treatments, the overall gross N mineralisation rate (across the soil and time) 

decreased in the order BO < B41 (P < 0.05) < B408 (P < 0.05) while the overall gross 

nitrification rate in the order BO < B408 (P < 0.05) < B41 (ns, P > 0.05) 

In the Kinleith soil, the gross N mineralisation rate was about 2-3 times greater in B41 than 

in the control during the first 14 days and approached a similar level to the control after day 

28 in both treatments (Table 5-6). Similarly, the gross nitrification rate was about 2-3 times 

greater in B41 than in the control during the corresponding times. In both the control and 

B41 in this soil, the gross nitrification rate was greater than the gross N mineralisation rate 

throughout the incubation, which resulted in the decreased concentration of NH/-N over 

time with the concurrent increase in N03'-N concentration (Figure 5-3a and 5-5a). The 

gross N mineralisation rate in B408 in the Kinleith soil, which generally decreased over 

time, was about 7-16 times greater than that in the control during the period of the 

incubation (Table 5-6). In contrast, the gross nitrification rate in B408 in this soil, which 

increased over time, was only significantly greater (P < 0.05) than that in the control from 

day 56 to 112 (Table 5-6). The greater gross N mineralisation and lower gross nitrification 

in this treatment well reflected the net increase of soil NH/-N concentration in this 

treatment during the first 56 days. After day 56, the gross nitrification rate was much· 

greater than the gross N mineralisation rate in B408, which coincided with the sharp 

increase of net N03'-N concentration in this treatment (Figure 5-5a). In the Burnham soil, 

the patterns of gross N mineralisation and nitrification rates in the control, B41 and B408 

were similar to the corresponding ones in the Kinleith soil (Table 5-6). However, the 
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greater proportions of the gross N mineralisation rate to the gross nitrification rate were 

found for the biuret treatments in the Burnham soil than the Kinleith soil, especially at the 

later stages of the incubation, which coincided with the slow mineralisation of biuret in the 

former soil (Table 5-3). In both the control and B41 in the Burnham soil, the changes of the 

gross N mineralisation and nitrification rates over time resulted in the concurrent changes 

of the net NH/-N and NO) '-N concentrations (Figure 5-4a and 5-6a). In B408, the greater 

gross N mineralisation rate occurred at day 28 when gross nitrification rate was relatively 

low, which did not result in the concurrent increase of net N~+-N concentration in this 

treatment (Figure 5-4a). The gross nitrification rate in this treatment consistently increased 

with time and was greater than the corresponding gross N mineralisation rate only at day 

112 (Table 5-6). 

Table 5-6 Gross rates of N mineralisation and nitrification in the two soils amended with 

different concentrations of biuret; all the measurements are the means of n = 3; values in 

the same row followed by different lowercase letters are significantly different among the 

treatments (Duncan's multiple range test, P < 0.05). 

Gross N mineralisation rate Gross nitrification rate 

(mg N kil soil d- 1
) (mg N kg-1 soil d- 1

) 

Control a B41 a B40S a Control B41 B40S 

Kinleith soil 

Day 7 0.6 c 2.0 b 5.6 a 0.9 b 2.2 a 1.4 b 

14 0.5 c 1.2 b 3.7 a 1.6b 3.8 a 1.6 b 

28 0.3 b 0.8 b 4.S a 1.4 b 2.4 a 1.8 a 

56 0.2 b 0.3 b 2.S a 1.3 c 1.Sb 4.0 a 

112 0.2 b 0.3 b 1.3 a 1.2 b 1.7 b 6.2 a 

Burnham soil 

Day 7 1.5 c 3.5 b 5.5 a 1.6 a 1.6 a 1.8 a 

14 1.3 b 1.7 b 4.5 a 3.2 b 4.6 a 2.1 c 

28 0.5 c 1.4 b 6.5 a 1.4 c 3.4 a 2.2 b 

56 0.2 c l.5 b 3.3 a 1.0 c 2.2 b 3.1 a 

112 0.3 b 0.6 b 2.1 a l.lc 2.0 b 4.1 a 

a Control - nil; B41 and B408 - biuret applied at 41 and 408 mg N kil dry soil. 
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In both soils, the control had a small NH/-N pool that turned over very quickly, with 

shorter mean residence time (MRT) throughout the period of incubation while the MRT for 

N03 -N pool increased with the, incubation time and was the largest among the three 

treatments at the end of the experiment (Table 5-7). In contrast, the biuret treatments, 

especially the B40S, had a larger MRT for NH/ -N pool over the period of incubation but a 

smaller MRT for the N03 -N pool at the later stages of the incubation. The difference 

between B40S and the control generally increased with the incubation time in MRT for 

both NJ-4 + -N and N03 --N pools. 

Table 5-7 Mean residence time of N (in days) in mineral N pools in the two soils amended 

with different concentrations of biuret; all the measurements are the means of n = 3; 

values in the same row followed by different lowercase letters are significantly different 

among the treatments (Duncan's multiple range test, P < 0.05). 

NJ-4 +-N pool N03--N pool 

Control a B41 a B40S a Control B41 B408 

Kinleith soil 

Day 7 1.3 c 3.7 b S.7 a 4.9 b 4.0 b 9.0 a 

14 3.5 c 5.9 b 14 a 6.0 a 5.0 a 4.6 a 

28 2.7 b 2.4 b 17a 13a 18 a 19 a 

56 6.S b S.8 b 73 a 76 a 87 a 47 b 

112 7.1 b 6.6 b 91 a 123 a 84 b 44c 

Burnham soil 

Day 7 0.5 c 3.0b 4.4 a 1.8b 3.9 a 3.3 a 

14 1.2 b 9.6 a lOa 1.9 a 2.2 a 2.7 a 

28 1.7 b 4.2 ab 7.S a 26 a 17 b 24 a 

56 3.3 b 5.4 b 30 a 63 a 46 b 45 b 

112 5.5 b 6.6 b 51 a 103 a 66 b 78 b 

a Control - nil; B41 and B408 - biuret applied at 41 and 408 mg N kg-I dry soil. 
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5.3.5 Inter-relationships 

Correlation analysis of the selecte.d variables was carried out for each soil with the control 

and two biuret treatments combined, using data from all the samplings at different times 

(Tables 5-8 and 9). Generally, the patterns for the correlations between the variables were 

similar in both soils. The soil biuret-C, which reflected the amount of residual biuret in the 

soil, was very highly correlated to the biuret concentrations applied to the soils. Both 

biuret-C and biuret concentration were positively and highly correlated with gross N 

mineralisation rate, which was also significantly correlated to the soil C mineralisation rate, 

microbial C and N and the NH/-N concentration. In both soils, biuret concentration or 

biuret-C was significantly correlated with the concentration of soil NH/-N, but not N03-

N. Significantly negative correlations were found between the soil N03--N concentration 

and the C mineralisation rate or microbial C in both soils. However, a significant 

correlation between the NH/-N and N03--N concentrations was only found in the Kinleith 

soil (Table 5-8 and 5-9). 

A multiple stepwise regression was applied to generate equations that could best describe 

gross N mineralisation and nitrification rates in each soil. The partial R-square within 

parentheses in Table 5-10 and 5-11 was an index accounting for the variation by a 

corresponding variable. In both soils, the gross N mineralisation rate was best described by 

the soil C mineralisation rate in the control, and by the soil biuret-C when all the treatments 

were considered together. In the Kinleith soil, the gross N mineralisation rate in the biuret 

treatments was best described by the soil biuret-C while in the Burnham soil it was best 

described by the interaction of biuret-C and microbial biomass C (Table 5-10). Unlike the 

gross N mineralisation rate, no single variable could singly explain the variation for the 

gross nitrification rate in different treatments (Table 5-11). Besides soil NH/-N, one or 

more other variables were responsible for the variation in gross nitrification rate. 
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Table 5-8 Pearson correlation coefficients (r values) between the variables in all three treatments (Control, B41 and B408) of the Kinleith soils (n = 45). 

Variables C min. rate Biuret conc. Biuret -C ~+-N N03" -N Mic-C Mic-N Gross min. rate Gross nitri. rate 

C min. rate 

Biuret conc. 0.02 

Biuret-C 0.25* 0.87*** 

NH4+-N -0.22 0.86*** 0.58*** 

N03" -N -0.54*** 0.24 -0.13 0.45** 

Mic-C 0.60*** 0.02 0.31 * -0.15 -0.77*** 

Mic-N 0.25 0.53*** 0.58*** 0.38** -0.23 0.50** 

Gross min. rate 0.30* 0.84*** 0.91*** 0.66*** -0.17 0.35* 0.62*** 

Gross nitri. Rate -0.22 0.45** 0.05 0.60*** 0.64*** -0.39** 0.12 0.13 

Total mineral N -0.48** 0.57*** 0.18 0.79*** 0.91 *** -0.61 *** 0.02 0.20 0.73*** 

Note: * P < 0.05, ** P < 0.01, *** P < 0.001 
C min.rate = C mineralisation rate; Biuret conc.= biuret concentrations applied into the soil; Biuret-C = the difference between the biuret treatments 
and the control in TOC of unfumigated soil samples; NH4+-N = soil ~+-N concentration; N03"-N soil N03 -N concentration; Mic-C soil 
microbial biomass C; Mic-N = soil microbial biomass N; Gross min. rate = soil gross N mineralisation rate; Gross nitri. rate = soil gross nitIification 
rate; total mineral N = total soil mineral N. 
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Table 5-9 Pearson correlation coefficients (r values) between the variables in all three treatments (Control, B41 and B408) of the Burnham soils (n 

45). 

Variables C min. rate Biuret conc. Biuret -C NH/-N N03- -N Mic-C Mic-N Gross min. rate Gross nitri. rate 

C min. rate 

Biuret conc. 0.14 

Biuret-C 0.22 0.94*** 

NH/-N 0.14 0.84*** 0.72*** 

N03 -N -0.62*** 0.16 0.11 0.26 

Mic-C 0.20 0.11 0.06 -0.06 -0.48** 

Mic-N 0.03 0.55*** 0.42** 0.48** -0.03 0.52*** 

Gross min. rate 0.48*** 0.79*** 0.77*** 0.60*** -0.30* 0.39** 0.70*** 

Gross nitri. Rate -0.03 0.19 0.06 0.45** 0.24 -0.18 0.05 -0.02 

Total mineral N -0.39** 0.54*** 0.45** 0.70*** 0.87*** -0.39** 0.21 * 0.08 0.40** 
Note: * P < 0.05, ** P < 0.01, *** P < 0.001 
C min. rate = C mineralisation rate; Biuret conc.= biuret concentrations applied into the soil; Biuret-C the difference between the biuret treatments 
and the control in TOC of unfumigated soil samples; NH/-N = soil NlLt-N concentration; N03 -N = soil N03--N concentration; Mic-C = soil 
microbial biomass C; Mic-N = soil microbial biomass N; Gross min. rate = soil gross N mineralisation rate; Gross nitIi. rate = soil gross nitrification 
rate; total mineral N = total soil mineral N. 
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Table 5-10 Stepwise regression analysis of gross mineralisation rate with the variables and 

their interactions in the two soils. The values are constants or coefficients in the fitted 

equation: Y = a + bXl + cX;!. + dX3 + ... , where Y is gross mineralisation rate; XI" X;!., X3 are the 

independent variables. All the models are significant at P < 0.0001. 

Kinleith soil 
C min. rate 

Variables Constant Biuret-C *Biuret-C 
*Mic-C a 

All three 
treatments 
Gross min. -0.099 0.036*** -0.000002*** 

rate (0.82***)b (0.03*) 
Control 

Gross min. 0.033 
rate 

Biuret 
treatments 
Gross min. -0.135 0.037*** -0.000002** 

rate (0.76***) (0.04*) 
Burnham soil 

Variables Constant Mic-N Biuret-C 

All three 
treatments 
Gross min. -1.506 0.022*** 0.012*** 

rate (0.17***) (0.59***) 

Control 
Gross min. -0.356 

rate 

Biuret (Biuret-C 
treatments *Mic-Ct 
Gross min. -0.180 0.021*** 0.00002*** 

rate (0.12**) (0.66***) 
Note: * P < 0.05, ** P < 0.01, *** P < 0.001 

C min. 
rate 

0.071** 
(0.03**) 

0.055 
(0.91 ***) 

0.094* 
(0.04*) 

Cmin. 
rate 

0.091 *** 
(0.11 ***) 

0.161 *** 
(0.79***) 

0.078*** 
(0.09***) 

Cmin. Model 
rate R2 

*Mic-Ca 

0.88 

-0.00003 
(0.02) 0.93 

0.84 

Cmin. Model 
rate R2 

*Mic-Na 

0.87 

-0.001* 
(0.08*) 0.87 

0.87 

aFor the abbreviations, see Table 5-8; C min. rate *Biuret-C *Mic-C, etc means the' 
interaction of the variables; 
bThe values within parentheses are the partial R-square (R2) contributed from the 
corresponding variables; 
cThis value is the mean of the Biuret-C *Mic-C interaction, but not the mean of biuret-Co 
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Table 5-11 Stepwise regression analysis of gross nitrification rate with the variables and their interactions. The values are constants or coefficients in 

the fitted equation: Y = a + bXI + c'X:2 + dXJ + ... , where is gross nitrification rate; Xl. 'X:2, XJ are the independent variables. All the models are significant 

at P < 0.0001. 

Variables Constant NH/-N Biuret-C * Gross min. rate * Mic-N C min. rate Mic-C Biuret-C * Model 
-N a -N a *Mic-C a Mic-C a R2 

Kinleith soil 
All three treatments 

Gross nitri. rate 1.307 0.052*** -0.0004*** 0.008 
(0.36***) b (0.32***) (0.03) 0.71 

Control 
Gross nitri. rate -0.052 0.353*** -0.0001 *** 0.002 

(0.30*) (0.23*) (0.31 **) 0.84 
Biuret treatments 

Gross nitri. rate 0.616 0.058*** -0.0002 -0.006* 0.003* -0.00001 
(0.24**) (0.49***) (0.03) (0.03*) (0.03*) 0.82 

Burnham soil 
All three treatments 

Gross nitri. rate 1.647 0.038*** -0.00008* -0.004** 
(0.18**) (0.07*) (0.23***) 0.48 

Control 
Gross nitri. rate 0.852 0.259* -0.147* 

(0.41 **) (0.20*) 0.61 
Biuret treatments (Gross min. ratet 

Gross nitri. rate 1.783 0.017*** -0.564*** 0.004* 
(0.26**) (0.30**) (0.10*) 0.66 

Note: * P < 0.05, ** P < 0.01, *** P < 0.001 
a For the abbreviations, see Table 5-7; Biuret-C* Nf-4 +-N, etc means the interaction of the variables; b The values within parentheses are the partial 
R-square (R 2) contributed from the corresponding variables; cThis value is the mean of Gross min. rate, but not the mean of Gross min. rate * N84 + 
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5.4 Discussion 

5.4.1 Effect of biuret, urea and atrazine on soil microbial biomass and activities 

The biuret effect on soil respired C (microbial C mineralisation) and microbial biomass C 

in the Burnham soil in this study was similar to that in the last experiment (Chapter 4). 

Biuret tended to increase the soil microbial biomass C at the early stages of the incubation, 

which was supposedly due to the effect of biuret as an N source for the microbial growth. 

The increased microbial biomass N with increased concentration of biuret (Figure 5-8) 

supports this assumption. However, the lack of significant increases in microbial biomass 

C and C mineralisation implies this soil was to some extent under the limited supply of 

(readily) available C, which is the necessary energy source for microbial growth (Clarholm, 

1985; Kuzyakov et ai., 2000). The converse effect of high concentration of biuret 

(especially B408) on microbial biomass C in this soil at later stages (day 56 to 112) was 

assumed to be related to the toxic effects of some metabolites like cyanate from the 

decomposition of biuret (Sahrawat, 1981). In both soils, the lower decomposition of biuret 

(with lower concentrations of biuret-derived metabolites) in this experiment compared with 

the experiment in Chapter 4, coincided with reduced inhibition of microbial biomass C. 

This supports the assumption of a toxic metabolite effect. In the Kinleith soil in this study, 

no significant increases were observed in C mineralisation and microbial biomass C during 

the period of the incubation after addition of biuret, which implies that this soil was C

limited too. This result was contrary to the experiment in Chapter 4, which showed that the 

biuret had a significant effect on C mineralisation and microbial biomass C in this soil 

(Chapter 4). The main reason for this difference is supposedly that most of the readily 

available C was consumed during the storage period of this soil, which was reflected to 

some extent on the lower K2S04 extractable organic C and much larger amount of N03--N 

in all the treatments in this soil at the beginning of the incubation when compared to the 

last experiment. That the significant inhibition of B408 on microbial biomass C was only' 

found at day 2 but not afterwards indicated that the microorganisms in the Kinleith soil 

were quickly adaptable to xenobiotics probably due to the diversity of soil microbial 

community structure. A reduction of microbial biomass C in B408 at the end of the 

incubation implies a similar inhibitory effect by the metabolites from biuret decomposition 
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as observed in the Burnham soil. The pH drop (0.2 units) in this treatment may not 

significantly affect the plethora of micro-organisms that are already adapted to an acidic 

environment (Thirukkumaran and Parkinson, 2000). In both soils, biuret treatments 

(especially B408) enhanced the immobilisation of N by the existing microbial populations 

(Figure 5-8), although they did not significantly increase the new microbial growth due to 

the C limitation. 

Generally, the metabolic quotient (qC02) reflects the efficiency of soil microbial biomass 

in using the organic C compounds (Anderson and Domsch, 1989). So the decline of qC02 

in both soils from the early to later stages of the incubation suggests the soil microbial 

community was becoming more efficient in incorporating C compounds over time as a 

result of the decrease in the labile C pool. However, from another aspect, the qC02 data 

may provide means of determining whether microbial biomass in the treated soil is 

metabolically more acti ve (Saggar et al., 2001). The greater qC02 values in the B408 in 

both soils at the end of the experiment suggests an increase in the ratio of active: dormant 

components of the biomass or younger microbial communities that rapidly turn over 

(Anderson and Domsch, 1990). The greater gross N mineralisation maintained in the 

biuret-treated soils at the end of the incubation (discussed in detail later) supported this 

biuret effect. Although the soil microbial community structure was not specifically 

characterised in this study, the narrowing of microbial biomass CIN ratio to the low values 

of 4-6 in B408 at the end of incubation implies a build up of the bacteria population during 

the incubation, as the CIN ratio of fungi ranges from 7 to 12, whereas that of bacteria from 

3 to 6 (Jenkinson, 1978; Anderson and Domsch, 1980). 

Urea at higher concentration (especially U408) caused immediate increase in soil pH (up to 

day 14 to 28) and the subsequent CO2-C evolution (for day 2-7) in both soils, which was in 

accordance with the previous studies (Salonius and Mathendrappa, 1975; Roberge, 1976; 

Foster et al., 1985; Aarnio et al., 1996; Thirukkumaran and Parkinson, 2000). This increase· 

in respiration was attributed to the availability of easily utilisable C source resulting from 

the alkalisation of the soil with urea addition and not to the N in urea (Thirukkumaran and 

Parkinson, 2000). The smaller magnitude and insignificant increase in COz-C production in 

this study might partially be attributable to the loss of C during the time (one day lag) 
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needed for thoroughly mixing the soil samples before starting the incubation of the 

experiment. The microbial biomass C showed no significant increase whereas microbial N 

significantly increased in the urea. treatments (especially U408) for both soils (Figure 5-8), 

indicating a urea effect on the existing microbial populations. This agrees with a report by 

Aamio et ai. (1996), who also found that urea treatment did not increase the microbial 

biomass C but enhanced immobilisation of N. The lack of microbial biomass increase 

(growth) in the urea treatments further confirmed there was a C limitation in these two 

soils, especially the Kinleith soil. From the changes in microbial CIN ratios during the 

period of the incubation, microbial community structure in urea-treated soils was expected 

to change a little with a high population of fungi, which has their CIN ratios in a range of 

4.5-15 (Paul and Clark, 1996). 

The inhibition of microbial biomass C and activity (C02-C evolution) by atrazine was 

concentration-dependent and disappeared with time in both soils, which agreed with a 

previous study on the herbicide bentazon applied at the same concentrations (AUievi et ai., 

1996), but different from a report on atrazine by Lafrance et al. (1992). The higher 

concentration used in this study might be the main reason for the difference. Similar to the 

urea-treated soils, the microbial CIN ratios in atrazine-treated soils imply that the microbial 

community was composed of a high proportion of fungi. 

In the Kinleith soil, the significant decline of soil microbial biomass C (and N too) over the 

time in all the treatments probably resulted from the exhaustion of the small soil available 

C pool, which is well documented in the literature for prolonged incubation without 

continuous C inputs (Hart et aI., 1994; Aamio et ai., 1996; Scott et ai., 1998; Zaman et aI., 

1999a, 1999b). In the Burnham soil, a smaller reduction of soil microbial biomass Cover 

the course of the incubation was probably related to its relatively larger labile C pool, 

which also supported a greater C mineralisation in this soil (Figure 5-1b). Although the 

Kinleith soil had a higher concentration of 0.5 M extractable C (Table 5-3), it is not' 

necessarily indicative of a larger "labile" C pool. The lack of a significant relationship 

between 0.5 M extractable C and C mineralisation rate (data not shown) agrees with the 

previous observation that extractable C is not a good index for estimating C availability to 

the soil microflora (Wolters and Joergensen, 1991; Scott et ai., 1998). 
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5.4.2 Impact of biuret, urea and atrazine on soil N transformations 

The impacts of biuret, urea and atrazine on soil N mineralisation-immobilisation and 

nitrification are related to their quantities applied to the soil. Lower concentrations of 

biuret, urea and atrazine' had less influence while the higher concentrations exerted a more 

persistent and significant impact. The patterns of N transformations were quite different 

with these three organic substances. 

5.4.2.1 Urea 

In the urea-treated soils, the added N was instantly released by hydrolysis to the 

exchangeable NRt-N pool (Figure 5-3, 4b), part of which was immediately immobilised 

by the existing microbial population and re-mineralised after day 14. The immobilisation of 

N, which increased with the increased concentration of urea, temporarily protected the 

urea-derived N from the loss. However, there was still a large quantity of NH/-N present 

in the soils with U408 due to the ready hydrolysis of urea. Together with the high pH 

induced by the addition of urea this presents a high risk for N loss by volatilisation and for 

NH3 toxicity to plants. The sharply decreasing concentration of NH/-N in the urea 

treatments (especially U408) coincided with concomitant increase in N03'-N after day 14 

(Figure 3-6b), which indicates a rapid nitrification process due to the high NE-I/-N 

produced. During the first 14 days, the nitrification started slowly in all the three urea 

treatments, although there were considerable differences in soil NRt-N concentration. 

This suggests the nitrification during this time was probably limited by a small size of the 

nitrifier population (Johnson et ai., 1980; Vitousek and Matson, 1985; van Miegroet et al., 

1990), but not by the inhibition induced by the strong heterotrophic competition for a small 

pool of N&+-N when C availability was high (Hart et al., 1994; Scott et ai., 1998). In the 

urea-treated soils, especially in U408, the high concentration of N03'-N might increase the 

risk of N leaching and denitrification. As a result, all the above soil processes contributed' 

to the low efficiency of urea-N (Morrison and Foster, 1977; Aarnio et ai., 1996). The 

relatively higher recovery of the urea-N in this study was probably related to the lower 

initial soil pH, which could result in lower volatilisation of ammonia. 
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The urea-N transformations showed little difference between the two soils. Urea was 

readily hydrolysed in both soils, with only a 7-day lag observed in the soil. The relatively 

smaller immobilisation of N in the Burnham soil at the early stages and in the Kinleith soil 

at the later stages are attributed to their microbial biomass differences, which were related 

to the available C in the soils. The difference among the urea treatments in net nitrification 

started a little earlier in the Kin]eith soil than in the Burnham soil, which was probably 

related to a larger nitrifier population existing in the Kinleith soiL 

5.4.2.2 Biuret 

In the biuret-treated soils the added N was slowly mineralised and released into the NH/-N 

pool, which was then nitrified gradually in the early stages and more rapidly at the later 

stages of the incubation. The gross mineralisation and nitrification, which generally had the 

trends similar to the net N mineralisation and nitrification, showed a considerable effect of 

biuret on soil N transformations and turnover rates (Table 5-6 and 7). Although the gross 

rate of N immobilisation could not be accurately measured in this study due to the strong 

nitrification (Wang et aI., 2001), the patterns of gross and net N mineralisation rates, 

together with the changes in soil microbial N, could reflect the turnover of N 

mineralisation-immobilisation in the biuret-treated soils. In both soils, the addition of 

biuret increased the gross N mineralisation more than N immobilisation, which resulted in 

consistent accumulation of N& + -N in the soils. However, the dynamics in net 

accumulation of N&+-N in the soils was also related to the changes in soil nitrification 

rates in the corresponding treatments. All the rates of these processes were bi uret 

concentration-dependent, with a smaller and temporary effect at low concentration and a 

larger and persistent impact at high concentration. The increased soil N mineralisation

immobilisation was probably due to the effect of biuret-N as a N source for the microbial 

biomass while the increased nitrification in the biuret-treated soil was attributed to the 

increased biuret-derived N&+-N in the soils. In the B408 treatment, the toxic effect of· 

biuret itself or the high osmotic stress related to biuret addition might be responsible for the 

inhibition of nitrification during the early stages of the incubation. The biuret-derived N~ + 

and/or N03' in this treatment (B408) were not high enough to cause any osmotic stress or 

toxicity to the nitrifying bacteria and other microbes in the early stages of the incubation 
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because the inhibition of nitrification and microbial biomass was not observed in U408 that 

had the highest concentrations of NH/-N and N03--N. Compared to the effects on 

microbial biomass and mineralisation, a stronger inhibition of biuret on nitrification was 

probably due to the greater sensitivity of soil nitrifiers to the unfavourable abiotic soil 

conditions including osmotic stress (Paul and Clark, 1996). 

Mean residence time (MRT) indicates the average length of time that an N atom resides in 

a given pool (Hart et al., 1994). Compared to the control, the biuret treatments reduced the 

N recycling in NH/-N pool throughout the incubation, but increased the N turnover rate in 

N03 -N pool at the later stages of the incubation (Table 5-7), the latter of which might 

reduce the risk of N losses by leaching or denitrification. Although maintaining a larger 

pool of NH/-N for longer in the biuret-treated soils may increase the risk of N 

volatilisation and leaching in the absence of vegetation, this in turn may have a positive 

effect for plant N uptake, especially during some crucial stages of plant growth such as in 

spring. Unlike urea, the biuret application may not produce a high risk of NH3 toxicity to 

the plants due to the slow mineralisation. In this study, the biuret effect on the N turnover 

rates in mineral N pools generally agreed with the previous reports that the available N was 

recycled more efficiently in the control than in the fertiliser-treated soils (Scott et ai., 1998; 

Hatch et al., 2000). However, the larger MRT values in this study and the improvement of 

biuret treatments on the N recycling in N03 -N pool at the later stages of the incubation 

was different from the above reports. These differences could be related to the different 

effect of biuret on the N transformations in the soils with organic matter of lower CIN ratio 

as in this study, which resulted in larger size of mineral N pools and the greater but delayed 

increases in nitrification rates. 

A significant difference was observed between the two soils in the transformations of 

biuret-N, which could be related to the soil physical, chemical and microbiological 

properties. The relatively slower mineralisation of biuret in the Burnham than in the· 

Kinleith soil could to some extent be due to the "preservation capacity" of the former soil. 

The Burnham soil had a greater clay content, which retarded the decomposition of biuret by 

stabilising it through adsorption into the clay particles. The slower N mineralisation in finer 

soils (i.e. silt loam, clay soils) than in coarse soils (i.e. sandy soil) is well documented in 
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the literature (van Veen and Kuikman, 1990; S0rensen and Jensen, 1995a; Stenger et at., 

2001). Compared to the Burnham soil, the faster mineralisation of biuret in the Kinleith 

soil, may be partially due to a larger microbial biomass that existed at the initial stages of 

the incubation. As well the diversity of the community stmcture may have possibly resulted 

in the larger differences among the biuret treatments in soil NH/-N pool size (Figure 5-3a, 

4a), which in turn caused the larger differences in nitrification during the first 28 days 

(Figure 5-5a, 6a). Compared to the Kinleith soil, the difference between B408 and the other 

biuret treatments in N immobilisation was much smaller in the Burnham soil during the 

first 14 days, which was related to the limited available NH/ -N released from the slower 

mineralisation of biuret in this soil (Table 5-3). The greater overall gross N mineralisation 

rate in the Burnham soil than in the Kinleith soil (Table 5-6) may not tmly reflect the 

dynamics of biuret mineralisation in these two soils. The gross N mineralisation was not 

measured at day 2, when, however, a greater value would have been expected in the 

Kinleith soil than in the Burnham soil based on subsequent changes in the biuret-C in soils 

(Table 5-3). 

Compared to the urea-treated soils, more N was immobilised into the microbial biomass in 

the biuret-treated soils, especially in B408 at the late stages of the incubation. This not only 

could protect the biuret-N loss from mineral N pools by volatilisation, leaching and/or 

denitrification, but also maintain the availability of biuret-N for a longer time because the 

microbial biomass is a labile pool for the nutrients of N, P and S (Jenkinson and Ladd, 

1981). The preference of microbes for freshly mineralised N (Paul and Clark, 1996) may 

have been responsible for the difference between the biuret and urea treatments. Compared 

to the urea-treated soils, the lower mineralisation, stronger immobilisation and lower 

nitrification in biuret-treated soils (especially in B408), ensured an adequate and 

continuous release of N into the Nf4 + -N pool but less to the N03 -N pool in soils. 

Economically and environmentally, this could have a significant importance if biuret is 

applied as a N fertiliser. 
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5.4.2.3 Atrazine 

In the atrazine-treated soils (especially in AIOO), the inhibition of N03 -N production at the 

early stages of the incubation (Figure and 6c) indicated a toxic effect of atrazine on 

soil nitrification. This toxic effect of atrazine was temporary and concentration-dependent, 

which increased with the concentration of atrazine. The higher concentration of ~ + -N in 

this treatment (AlOO) did not mean a truly improved N ammonification rate because the 

total mineral N and microbial N in the atrazine-treated soils did not differ significantly with 

those in the control (Figure 5-7a, b). Therefore, the increased ~ +-N in this treatment was 

attributed to the feedback from its lower nitrification rate. There was no significant atrazine 

effect on improvement of soil N ammonification and mineralisation in AlOO. The lack of 

positive effect of atrazine on soil ammonification rate was reported by Lafrance et al. 

(1992). Haney et al. (2002) also observed that addition of atrazine alone (at 94 mg kg-1 

soil) only mineralised 55% of the N added although 67% more C than the amount of C 

added as atrazine was mineralised. A positive effect of atrazine on increasing soil mineral 

N was observed by Theodorou and Sands (1980); however, they concluded that the 

increase in soil mineral N was too small to account for the beneficial effect of atrazine on 

the radiate pine growth. 

Compared with the urea (U41) and biuret (B41) treatments (based on the similar N input), 

atrazine treatment (AlOO) showed much less effect on soil N transformations in both soils. 

The relatively more C input from added atrazine in AlOO (Table 5-2) did not result in any 

greater C and N mineralisation in this treatment than B41 and U41, indicating a slower 

mineralisation of atrazine in soils. The mineralisation rate of atrazine could not be 

accurately quantified in this study, but it is usually low in most soils, especially in the soils 

that have not been previously in contact with atrazine, in which the half-life for atrazine 

mineralisation is about 1 year (Franzmann et al., 1998). The mineralisation rate of atrazine 

varies with soil types due to the different microbial biomass size, the contents of soil' 

organic matter and clay, and soil pH. It was reported that the mineralisation rate of atrazine 

was higher in agricultural soils, especially in the soils that had been treated with atrazine 

before (Abdelhafid et al., 2000). Atrazine adsorption is well correlated with soil organic 

matter and clay content (Walker et al., 1994; Mersie et al., 1999). Usually, a fertile soil has 
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a greater potential for mineralisation of atrazine (Franz mann et at., 1998). However, the 

relationship between the soil adsorption and mineralisation of atrazine is more diverse. 

Greater mineralisation of atrazine. in the soils with higher organic matter and clay contents 

is thought to be related to the more adsorption sites in that soil for hydrolysis, microbial 

attachment and growth (Mersie et al., 1999). 

In this study, a real positive priming effect was only observed in B4.l and B41 treatments 

(i.e. the treatments applied with 10 and 100 mg biuret kg-1 soil) in the Burnham soil (Table 

5-5). This was different with the observation in the last experiment (Table 4-3). No biuret 

positi ve priming effect in the Kinleith soil in this study could be attributed to the less 

readily available C left in this soil after a long storage, which was confirmed from the 

much smaller C mineralisation and K2S04-extractable organic C in the Kinleith soil in this 

study. The significant negative values of the priming effects observed in B408 and AlOO 

(Table 5-5), were probably not real negative priming effects, but apparent negative priming 

effects (Kuzyakov et aI, 2000). This occurred due to the incomplete decomposition of the 

added biuret or atrazine during the experiment. However, the significant negative value in 

U408 in both soils (Table 5-5) could be due to the N loss by volatilisation during the first 

week, when there were high concentration of NH/-N (Figures 5-3b and5-4b) and high pH 

(Figure 5-9a, b) in this treatment. 

In the Burnham soil, the causes of the biuret priming effects appear to be (biuret) 

concentration-related. The stimulation of microbial growth andior activity at an eady stage 

was mainly responsible for the priming effect of biuret at the lower concentrations (e.g. 

B4.1) while the death of the microbial biomass at the later stages of the incubation also 

contri buted to the priming effects in the treatments with higher concentrations of biuret 

(e.g. B41). The possible mechanisms for the biuret priming effect were similar to that as 

described in Chapter 4. 

5.4.3 Effect of biuret on the relationships between C and N and the other variables 

In both soils, the gross N mineralisation was significantly correlated to the C mineralisation 

rate, biuret-C (or biuret concentration), microbial C and N, and soil NRt-N while the gross 
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nitrification mainly correlated to the soil NH/-N concentration. This reflects the fact that 

N mineralisation involves a sequence of microbially mediated decomposition processes, 

whereas nitrification is typically associated the chemoautotrophic bacteria and is dependent 

on the soil NH/-N concentration (Paul and Clark, 1996). Both C mineralisation and gross 

N mineralisation rates declined exponentially over time (data not shown), and were well 

correlated (Tables 5-8, 9). The multiple stepwise regression analysis further reveals that, 

for the control in both soils, the gross N mineralisation rate was highly related to the C 

mineralisation rate, especially in the Kinleith soil. The stronger relationship between the C 

mineralisation and gross N mineralisation rates suggests that C availability, an energy 

source for the microbial activity, is an important control on N cycling rates in the soils and 

measurement of CO2 efflux may be useful as an index of soil N cycling (Hart et ai., 1994; 

Scott et ai., 1998). However, this relationship was different in the biuret-treated soils, in 

which the gross N mineralisation rate was only explained to a small extent by the C 

mineralisation rate, but was well accounted for by the biuret-C in the Kinleith soil or by the 

interaction of biuret-C and microbial biomass C in the Burnham soiL This indicates the 

complexity of the relationship between C mineralisation and gross N mineralisation in 

different soil conditions. In the biuret-treated soils, the balance of the relationship between 

gross N mineralisation and C mineralisation was probably related to the limited available C 

and excessive biuret-N in the soils, which interacted with the impact of biuret on soil 

microbial biomass and activity. Relating mineralisation and immobilisation strictly to C 

metabolism, as is so often now done, is an oversimplification (Paul and Clark, 1996). Many 

soil organisms like fungi produce specific extracellular proteases, which should be able to 

release N~ + without a related mineralisation of CO2 (Paul and Clark, 1996). 

The inter-correlations among the biuret-C (or biuret concentration), gross N mineralisation 

and microbial C and N suggest that biuret simultaneously affected the N mineralisation and 

immobilisation. The lower correlations between biuret-C and microbial biomass C than 

between biuret-C and microbial biomass N suggest the lesser effect of biuret on microbial' 

biomass growth was probably due to the limitation of soil available C. The simple 

correlation analysis showed that soil gross nitrification was significantly related to the soil 

N~ + -N. However, the multiple stepwise regression analysis indicated that the soil gross 

nitrification could be partially explained by the soil NH/-N (R2:::: 0.36) and partially by the 
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interactions between the soil NH/-N and the other variables. The minor effect of soil 

NH/-N on gross nitrification reflects a close association of soil nitrification with N 

mineralisation and the restricted effect of the on-going N mineralisation on the next 

nitrification through soil NH/-N production in both soils, especially the Burnham soil, in 

which the mineralisation of biuret-N was not complete at the end of the incubation. The 

lower correlations between gross nitrification and soil N03 -N in the Burnham soil than in 

the Kinleith soil indicate that the two soils were at different stages of this soil process. 

The significant correlations between biuret-C (or biuret concentration) and soil NH/-N but 

not soil N03--N indicate that the soil N transformations in both soils were dominated by the 

ammonification of biuret-N and nitrification was not an overwhelming process. The 

significant inter-correlations among gross nitrification, soil NH/-N and N03--N in the 

Kinleith soil reflect the relationship that a decrease of NH/-N concentration was 

associated with a concurrent increase of N03 -N concentration, which, however, was not 

observed in the Burnham soil due to the limitation of the slow mineralisation of biuret. 

5.5 Conclusions and further study 

This study confirmed that biuret at lower concentrations had a positive priming effect on 

soil N mineralisation in the Burnham soiL Biuret could also be used as a slow-release N 

source at higher concentration and C availability was a main factor controlling the 

mineralisation of biuret-N in the soils. The slower mineralisation, nitrification and greater 

immobilisation in the biuret-treated soils contributed to the higher recovery of biuret-N in 

soils. Due to its high pH, NH/-N and NO)--N concentrations, urea-N could be easily lost 

from the soils by NH3 volatilisation and/or denitrification if other soil conditions favour 

this. Atrazine did not have a significant effect on soil N mineralisation due to its very slow 

degradation in the soils. 

Further work could be done to precisely quantify the priming effects at different stages of 

incubation and investigate the source of released N in the priming effect using a labelled 

biuret- 15N. 
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Chapter Six 

Fate of Biuret~N in Two Forest Soils and its Priming Effect on 

Native Soil N Mineralisation under Laboratory Conditions 

Abstract 

The dynamics of biuret- 15N and native soil N in different soil N pools, soil C 

mineralisation and microbial biomass C were measured in the Kinleith soil (a sandy loam 

soil) and the Burnham soil (a silt loam soil) during a 16-week long incubation following 

application of biuret at concentrations of 0 (BO), and 100 (BlOO) mg kg-I dry soil. Addition 

of biuret significantly (P < 0.05) increased C02-C evolution rate at day 2 in the Kinleith 

soil, but not in Burnham soiL During the initial 70 days, C mineralisation was greater in the 

Kinleith than in the Burnham soiL In both soils, biuret addition decreased the microbial 

biomass C at the late stages of the incubation. 

Addition of biuret caused a sharp increase in the accumulated NH/-N in the Kinleith soil 

but only a slight increase in the Burnham soiL In both soils, BIOO generally had greater 

nitrification than BO. A 14-day lag in nitrification was found in the Kinleith soiL Biuret 

addition decreased the microbial biomass N at the later stages and the stabilised N at the 

early stages of the incubation. Biuret-N was decomposed faster in the Kinleith soil than in 

the Burnham soil. In the Kinleith soil, a greater recovery of 15N was found in the stabilised 

N pool, which was a strong sink of 15N throughout the incubation and fixed about half of 

the applied 15N at the end of the incubation. In the Burnham soil, most of the 15N applied 

was recovered in the mineral N pool and the stabilised N pool only fixed about 25% of the 

applied 15N at the end of the incubation. In both soils, negligible 15N was left in the Nf4 +-N 

pool at the end of the incubation due to rapid nitrification. The microbial biomass N acted. 

as a sink of 15N at the early stages and a source of 15N at the late stages of the incubation. 

The change in microbial biomass 15N over time was much larger in the Burnham soil than 

in the Kinleith soil. Addition of biuret had a positive real priming effect on native soil N 

and increased the turnover rate constant of soil organic matter in both soils. The causes for 

the priming effects were related to the acceleration of soil organic matter decomposition by 
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increased microbial activity at an early stage and the death of and decay of microbes at a 

later stage of the incubation. 

Key words: C and net N mineralisation; priming effect; biuret- l5N; native soil N 

6.1 Introduction 

Biuret was confirmed in the last two experiments (Chapter 4 and 5) to have a positive 

priming effect on native soil N mineralisation when applied at lower concentrations and to 

act as a potential slow-release N source at high concentration. Soil C availability was one 

of the main factors controlling the N mineralisation in the two soils amended with biuret at 

different concentrations. However, it is impossible to follow the fate of biuret-N in the soils 

so as to precisely quantify the priming effects of biuret addition on net mineralisation of 

native soil N and to state clearly the source of released N in the priming effect without 

using lSN labelled biuret. 

Therefore, the objectives of this study were: (1) to investigate the distribution and 

dynamics of biuret-derived ISN in different soil N pools, and its contribution to soil N 

availability; (2) to quantify the priming effect of biuret on net mineralisation of native soil 

N; (3) to study the possible source of N released in the priming effect from the soils 

amended with biuret. 

6.2 Materials and methods 

6.2.1 Site description and soil characteristics 

Freshly collected soils from the same sites as described in Chapter 4 were used in this 

experiment. The samples from these two soils (Kinleith and Burnham soils) were only re

analysed for total C and N, extractable ammonium and nitrate nitrogen, and soil pH. 

Selected soil properties are shown in Table 6-1. 
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Table 6-1 Selected properties for the two forest soils used in this study. 

Site Kinleith Burnham 

Soil type Taupo sandy loam Lismore stony silt loam 

NZ classification Immature Pallie 

Orthic Pumice Soil Orthic Brown Soil 

US Taxonomy Vitrand (Andisol) Usiochrept (Inceptisol) 
Total N (g 100 g-I) a 0.29 0.30 
Total C (g 100 g-I) a 5.86 4.30 

Total C/N 20 14 

Extractable NH/-N (mg kg-I) b 2.95 3.98 

Extractable N03 -N (mg kg-I) b 0.08 7.79 
Bray-P (mg kg-I) 4.9 5.3 

Exchangeable K (cmolc kg-I) 0.37 0.3 

Exchangeable Ca (cmolckg-I) 1.73 3.2 

Exchangeable Mg (cmolckg-I) 0.36 1.4 

CEC (cmolckg-I) 29.38 23.04 

pH a 5.0 4.8 

a Soils were sampled and analysed just before this incubation experiment 
b Soils were sampled and extracted by 0.5 M K2S04 at day 0 of the incubation 

6.2.2 Soil preparation and incubation with lsN-biuret 

The collected soil was sieved through a 2 mm sieve to remove coarse roots, and then mixed 

thoroughly. The sieved soil was stored in a polyethylene bag for 2 weeks at 4°C prior to the 

study to reduce the effect of sample mixing on soil microbial processes. The 15N3-biuret, 

which was labelled in all three N atoms to give an isotopic enrichment of 99 atom% 15N 

abundance, was purchased from ISOTEC, USA. 

Moist soil (equivalent to 90 g oven-dried soil) was weighed into 500-ml polypropylene· 

containers. Treatments consisted of: 1) no biuret - control (BO) and 2) with biuret - applied 

at 100 mg biuret kg- I dry soil (B 100). A known volume of 15N-biuret (24.409 atom% 15N 

excess) solution was added to each container of the biuret treatment to get the rate of 41.18 

mg biuret-N (i.e. 100 mg biuret) kg-1 soil. For the control, the same volume of deionised 

water was added. All the samples were adjusted to 60% water holding capacity (WHC) of 
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the soils. The soil samples were mixed thoroughly and the containers were covered with 

polyethylene film and then placed in the dark in a growth cabinet at 25°C and 70% relative 

humidity (RH). Each treatment ha,d three replicates and sufficient containers were prepared 

to allow for destructive sampling at six times (day 2,7, 14,28,56 and 112) over the 112-

day incubation. During the incubation, soil water content was checked every two weeks 

and deionised water was added as necessary to adjust the containers to their original 

weights. In addition, 10 g soils from each replicate samples at 60% WHC were placed in a 

500 ml sealed jar fitted with a septum for carbon dioxide (C02) evolution measurement 

according to the procedure mentioned in Chapter 4. 

N Volatilisation were estimated at 3-14 days intervals, for each replicate using a 25 ml 

glass vessel trap containing 1.5 ml 2.0 N H2S04• The acid from the traps was analysed for 

total N, which was lower than the detection limit in both the control and biuret treatment 

samples. Therefore, it was concluded that in this study N volatilisation was negligible. This 

was expected from the low amount of biuret-N amended in the soils, which had low pH. 

6.2.3 Analytical methods 

The analytical methods and the calculations for pH, CO2, microbial biomass C and Nand 

mineral N were the same as described in Chapter 4 except soil mineral N was extracted 

with 0.5 M K2S04 on an end-over-end shaker (160 rev min'l) for 0.5 h. To save the cost 

and labour, 0.5 M K2S04 was used as an extractant in this study for mineral N 

measurement. However, the preliminary experiment showed the results from two different 

extractants were well comparable. 

The total extractable NH/-N and N03'-N were analysed by using FIA (Alpkem FS3000 

dual channel analyser, Texas, USA), and the total Kjedahl N for unfumigated and 

fumigated samples was determined by colorimettic analysis (Havilah et ai., 1977). The 15N · 

content of the mineral N in the extracts was recovered by the diffusion method desctibed 

by Brooks et ai. (1989) while the 15N content in the Kjeldahl digests of unfumigated and 

fumigated samples were recovered by the diffusion method described by Stark and Hart 

(1996). All the diffused samples were packed into tin capsules for analysis of 15N 
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abundance by isotope ratio mass spectrometry (Europa Scientific, UK). Air-dried soil 

samples from each sampling time were milled in a Benchtop ring mill (Rocklabs Ltd, 

Auckland) and then analysed for .total Nand 15N by isotope ratio mass spectrometry. All 

the concentrations in this paper were expressed on the basis of oven-dried soil (105°C). 

Calculations were as follows: 

The (0.5 M K2S04 extractable) organic 15N:: 

(Total 15N in the digested extract of unfumigated soil Inorganic 15N in the non

digested extract of unfumigated soil) 

The microbial biomass 15N :: 

(Total 15N in the digested extract of fumigated soil - Total 15N in the digested 

extract of unfumigated soil)/ kEN 

The stabilised soil 15N (non-biomass organic 15N + clay-fixed 15N) was modified from 

Robertson et al. (1997) and calculated as follows: 

Total soil 15N - (Inorganic 15N + extractable organic 15N + microbial biomass 15N) 

The proportion of biuret-derived N (% Ndfb) in each N pool was calculated using the 

following equation presented by Hauck and Bremner (1976). 

p (c - b) 
% Ndfb:: 100 x ----------

B (a - b) 

where p:: m moles of N in each N pool 

B :: m moles of N in the biuret applied 

c :: atom % 15N abundance in each N pool 

a:: atom % 15N abundance in the biuret applied 

b = atom % 15N abundance in the corresponding control 

(6.1) 
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The priming index (PI) proposed by Shen and Bartha (1996, 1997) for C mineralisation 

was modified in this study for soil N mineralisation, as introduced by Kuzyakov et at. 

(2000). The PI was calculated as follows: 

(TMNBIOO TMNBo) I BNinput X 100 
PI ::: 

15N 1 15 
B 100 Ninput X 100 

where TMNBloo::: total mineral N in BIOO treatment 

TMNBo::: total mineral N in BO treatment (the control) 

BNinput ::: biuret-N applied in B 100 treatment 

15NBI00 ::: 15N in total mineral N pool in B100 

15Nnput ::: biuret)5N applied in BIOO treatment 

6.2.4 Statistical design and analysis 

(6.2) 

The two treatments of biuret and soil each were replicated three times in a 2 x 2 x 3 

completely randomised design. Repeated measures analysis of variance (ANOV A) was 

conducted to determine the effect of (incubation) time on biuret treatments, soil types and 

their interactions by SAS software package (version 8.01,2000). ANOVA was also carried 

out at individual times when specific time x treatment interactions were found to be 

significant. The Duncan's multiple range test was used at the 95% probability limit 

(P<0.05) to assess the differences between the biuret treatments and between the soils. 

The nonlinear regression using the Marquardt option of the NUN procedure in the SAS 

statistical software package was applied to solve the following first order kinetics equation 

for the potentially mineralisable soil N pool (No) and the turnover rate constant (k) 

(Thomsen et al., 2001). 

(6.3) 

where Nm is the amount of soil N mineralised at time t. 
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6.3 Results 

6.3.1 Amount of N in different N pools 

In the Kinleith soil, the extractable NH/-N concentration was considerably greater in BIOO 

than in BO during the initial 28 days but was similar in both treatments from day 56 to 112. 

In this soil, NH/-N concentration in both BO and BIOO increased gradually from day 2 to 

28 and then quickly decreased to a constant at day 56 (Figure 6-1a). In the Burnham soil, 

BIOO slightly increased the extractable NH4 +-N concentration, which was only significantly 

greater (P < 0.05) in BIOO than in BO during the initial 14 days. The extractable NH4+-N 

concentration in both BO and B 100 of this soil decreased over time and declined to the 

same level after day 14 (Figure 6-1a). For both BO and BlOO, the extractable NH4+-N 

concentrations were greater in the Kinleith soil than in the Burnham soil during the first 56 

days, but thereafter declined to similar levels for all the four treatments (Figure 6-1a). 

Generally, the concentrations of extractable N03'-N were different between the biuret 

treatments and between the soils but increased in all cases during the initial 56 days (Figure 

6-lb). In the Kinleith soil, the N03 -N concentrations in both BO and B100 increased very 

slowly during the initial 14 days and relatively fast thereafter from day 14 to 56 and then 

subsequently at a steady rate after day 56. A greater N03 '-N production (nitrification) rate 

in BlOO than in BO was only found in the early stages of the incubation, especially from 

day 14 to 56. In the Burnham soil, N03 -N concentrations in both BO and BIOO increased 

relatively rapidly during the initial 28 days, when BIOO had a greater nitrification rate than 

BO. After day 28, both BO and BIOO had a similar nitrification rate although the biuret 

treatment had a greater concentration of N03 -N than BO (Figure 6-1 b). 

The concentration of soluble organic N was significantly greater (P < 0.05) in B 100 than in 

BO during the first 56 days in the Kinleith soil, but this was only the case during the initial· 

7 days in the Burnham soil (Figure 6-1c). In both soils, the differences between the BO and 

B 100 in the concentration of soluble organic N gradually disappeared with the incubation 

time. The considerably greater concentration of organic N found at day 2 in the Burnham 
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soil, coincided with a larger proportion of organic 15N (Table 6-2). Generally, the Kinleith 

soil had a greater concentration of soluble organic N than the Burnham soil. 

The soil microbial biomass N pool tended to be larger in BI00 than in BO in the Kinleith 

soil during the initial 28 days and in the Burnham soil during the initial 7 days, but was 

significantly smaller (P < 0.05) in B 100 than in BO in the Kinleith soil from day 56 to 112 

and in the Burnham soil from day 28 to 112 (Figure 6-1d). During the incubation, the 

microbial biomass N pool was significantly larger (P < 0.05) in the Kinleith soil than in the 

Burnham soil, which coincided with the larger pool of microbial biomass C in the former 

soil (Figure 6-5c). For all the treatments, the microbial biomass N generally decreased over 

time, following the pattern of microbial biomass C (Figure 6-5c). 

The stabilised soil N was significantly lower (P < 0.05) in B 100 than in BO during the first 

56 days in the Kinleith soil and the initial 7 days in the Burnham soil (Figure 6-1e). In both 

soils, the size of the stabilised soil N pool decreased during the incubation and gradually 

approached similar levels in both BO and B 100. Throughout the period of the incubation, 

the Burnham soil had a significantly greater (P < 0.05) stabilised soil N than the Kinleith 

soil. 
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Figure 6-1 Dynamics of different N pool size in BO and B 100 of the two soils during the 

incubation in a growth cabinet at 25°C and 70% relative humidity. Data are means ± 1 S.E. 

(n = 3). Where no S.E. bars are shown in the figures, the S.B. is smaller than the symbol. 
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6.3.2 15 N in different N pools 

The atom% 15N excess in five Npools at B 100 treatment in both soils is shown in Figure 

6-2. In the accumulated NRt +-N pool, the atom% 15N excess generally decreased with time 

up to 56 days in both soils and was consistently greater in the Kinleith soil than in the 

Burnham soil although differences were small, especially at the later stages of incubation 

(Figure 6-2a). In the Kinleith soil, the greater atom% IS N excess, together with the larger 

NH/-N pool size reflected the fact that immediately after application of biuret (at day 2), a 

larger proportion (44.1 %) of the NRt+-N came from the mineralisation of biuret-N, which, 

however, was only 6.4% in the Burnham soil at this same time (Table 6-2). During the 

incubation, both the atom% ISN excess and the NH/-N pool size (Figure 6-1a) declined 

quickly over time, which resulted in a very low recovery of biuret-N (%Ndfb) in this pool 

for both soils for day 56 and 112 (Table 6-2). 

In the Kinleith soil, the atom% 15N excess in the accumulated N03--N pool sharply 

declined during the initial 28 days and gradually decreased afterwards while in the 

Burnham soil it increased slightly during the initial 14 days and then slowly decreased over 

time. During the initial 14 days, the atom% 15N excess in the accumulated N03--N pool 

was significantly greater (P < 0.05) in the Kinleith soil than the Burnham soil, but became 

significantly lower (P < 0.05) in the former soil than the later soil from day 28 to 112 

(Figure 6-2b). The %Ndfb, which increased considerably over time in both soils, was 

significantly greater (P < 0.05) in the Burnham soil than in the Kinleith soil throughout the 

period of the incubation (Table 6-2). 

The atom% 15N excess in the soluble organic N, which also declined over time, was 

significantly greater (P < 0.05) in the Burnham soil than in the Kinleith soil throughout the 

period of the incubation (Figure 6-2c). The %Ndfb, which decreased over time in both 

soils, was considerably greater in the Burnham soil than in the Kinleith soil, especially· 

during the initial 14 days (Table 6-2). 

In the microbial biomass N pool, the atom% 15N excess gradually decreased over time in 

the Kinleith soil, which generally had smaller values than the Burnham soil (Figure 6-2d). 



Cfuwter 6 
137 

In the Burnham soil, the atom% 15N excess in microbial biomass N decreased from day 7 

to 112 but sharply increased during the initial 7 days, when it coincided with the increased 

mineralisation of biuret-N (significant reduction in the proportion of 15N in organic N 

pool). The %Ndfb values clearly showed that the proportion of biuret-N in this pool 

consistently decreased in the Kinleith soil from 24% at day 2 to 5% at day 112 while in the 

Burnham soil, it increased considerably from day 2 to day 7 and then gradually declined 

over time (Table 6-2). 

The atom% 15N excess in the stabilised soil N pool increased sharply during the initial 14 

days and remained at a near constant level thereafter. The Kinleith soil had a significantly 

greater (P < 0.05) atom% 15N excess than the Burnham soil throughout the incubation 

(Figure 6-2e). Coincidently, the %Ndfb values were considerably greater in the Kinleith 

soil than in the Burnham soil throughout the sampling period (Table 6-2). In both soils, the 

stabilisation of 15N in soil organic matter and clay generally increased over time, however, 

this was most rapid during the initial 14 days (on average, 3.3% of applied 15N/day in the 

Kinleith soil and 2.2% of applied 15N/day in the Burnham soil). 

A good recovery of 15N was found in both soils (Table 6-2). During the period of the 

incubation, the total 15N recovery was in a range of 96-98% in the Kinleith soil and of 98-

101 % in the Burnham soil. The amount of 15N unaccounted for was insignificant compared 

to that recovered at the end of the incubation. This reflects the minimal loss of N from the 

both soils by volatilisation and/or denitrification during the incubation. 
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Table 6-2 The proportion of biuret-derivedN (% Ndfb) in different N pools in the soils amended with 100 mg biuret kil dry soil. All 

measurements are the means of n 3; values in the same column followed by different lowercase letters are significantly different 

(Duncan's multiple range test, P < 0.05). 

N NH4+-N N03' -N OrganiC N Microbial Stabilised N '-N recovery 

pools biomass 

Soil Kinleith Burnham Kinleith Burnham Kinleith Burnham Kinleith Burnham Kinleith Burnham Kinleith Burnham 

type soil soil soil soil soil soil soil soil soil soil soil soil 
-
Day 

2 a 44.1 a 6.4 1'0.4 f 6.9 a 11.6 a 72.6 a23.6 c 10.5 d 17.1 d2.4 a 95.6 a 97.9 

Day 

7 b 33.2 b 5.8 e 1.0 f 18.8 a 11.7 b 33.4 ab 21.5 a 37.1 c 29.4 d 3.8 a 97.2 a 100.3 

Day 

14 c 23.9 c 1.3 d 2.5 d 40.2 b 7.3 c 11.9 b17.5 os b 14.5 b45.7 a 31.0 a 97.5 a 101.2 

Day 

28 d 14.0 d 0.3 c 10.8 b 58.9 b 8.1 os d 8.6 b 18.1°S b 14.1 b 45.8 c 17.0 a 97.8 a 95.6 

Day 

56 eO.4 dO.2 b 27.3 c 54.6 c 4.7 d7.4 c 8.9 os d 5.8 a 55.5 a 30.9 a 96.1 a 99.9 

Day 

112 e 0.1 ns dO.1 a34.6 a68.3 c 3.6 e 4.5 c 5.1 e 1.8 a 53.5 b 24.1 a 97.5 a 98.1 

Note: For the comparisons between the two soils for a given N pool, differences are significantly (P < 0.05) except those indicated with ns. 
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Figure 6-2 Dynamics of 15N enrichment in different N pools in BIOO of the two soils 
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6.3.3 Mineralisation ofbiuret-15N and native soil N 

At the end of the incubation, 35% and 68% of the applied biuret-15N was recovered as 

mineral N in the Kinleith and Burnham soils, respectively (Figure 6-3a and Table 6-2). The 

patterns of net mineralisation of biuret- 15N were quite different in two soils. In the Kinleith 

soil, most of the biuret- 15N was mineralised immediately after addition of biuret to the soil 

and only 12% of applied 15N remained in the soluble organic N at day 2 (Table 6-2), which 

presumably was in the form of biuret. The decreased proportion of ISN in the mineral N 

pool during the initial 28 days (Figure 6-3a) in this soil coincided with the increased 

stabilisation of lsN by soil organic matter and clay (Table 6-2). After day 28, the proportion 

of ISN in the mineral N pool in the Kinleith soil increased slightly (Figure 6-3a), which 

coincided with the decreased amount of 15N in soluble organic N and microbial biomass N 

pools (Table 6-2). In contrast, the biuret)5N in the Burnham soil was gradually mineralised 

with a greater mineralisation rate during the initial 28 days (Figure 6-3a). This was 

reflected in the fact that a large amount of residual biuret-1SN was left in the soluble 

organic N pool at day 2 and this pool sharply decreased to a small size at day 28 (Table 6-

2). After day 28, the mineral lSN pool size remained large and increased slightly, which 

coincided with the decreased microbial biomass 15N and soluble organic lSN and less 

stabilisation of ISN in this soil. 

In both soils, the accumulated amount of 15N mineralised through time in BlOO was 

modelled with a first order kinetics model (equation 6.3) to give estimates of the potentially 

mineralisable biuret-N pool (No) and its turnover rate constant (k) (Table 6-3). However, 

the estimates of No and k could only be obtained for the Burnham soil because the !5N data 

in the Kinleith soil did not fit the same model as that used for the Burnham soiL This made 

it impossible to compare between the two soils in net mineralisation of biuret-N and 

between the net mineralisation of biuret-N and the native soil N in the Kinleith soiL In the 

Burnham soil, the potentially mineralisable pool (No) and the turnover rate constant (k) of 

biuret-N in BlOO (Table 6-3) were considerably greater during the period of the incubation 

when compared to the native soil N in the same treatment (Table 6-5). 
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The general pattern in net mineralisation of native soil N in BIOO was similar in the two 

soils, which showed a greater mineralisation rate at the early stages and a lower 

mineralisation rate at the later stages of the incubation (Figure 6-3b). The Kinleith soil had 

a slightly smaller mineral N pool during the initial 28 days, but a considerably larger 

mineral N pool from day 56 to 112 than the Burnham soil. However, similar net 

mineralisation rates were found in both soils during most times of incubation except from 

day 28 to 56, when the Kinleith soil had a significantly greater (P < 0.05) mineralisation 

rate than the Burnham soil (Figure 6-3b). At the end of the incubation, the Kinleith soil had 

mineralised 5.5% of its soil N, while the Burnham soil mineralised slightly less (5.0% of its 

soil N). 

Compared to the corresponding control (BO) of each soil, B 100 increased the 

mineralisation of native soil N (excluding biuret-N) (Table 6-4). In the Kinleith soil, the net 

mineralisation of native soil N in B100 was 4-fold as large as that in BO during the initial 7 

days, and thereafter this difference between the two treatments narrowed over time and had 

disappeared by day 112. The difference between BIOO and BO in net mineralisation of 

native soil N was relatively smaller in the Burnham soil than the Kinleith soil, especially 

during the first 14 days. However, the ratios of BIOO to BO in net mineralisation of native 

soil N declined to similar values in both soils at the end of the incubation (1.13 in the 

Kinleith soil and 1.14 in the Burnham soil, Table 6-4). Both BO and BIOO treatments for 

each soil were analysed separately with the first order kinetics model (equation 6.3) for the 

potentially mineralisable pool (No) and the turnover rate constant (k) of native soil N (Table 

6-5). It was found that biuret addition did not significantly (P > 0.05) affect the No values 

in both soils, but significantly (P < 0.05) increased the k values, especially in the Kinleith 

soil. 

From the dynamics of the priming index (PI), a positive priming effect of biuret on the 

mineralisation of soil native N was found throughout the period of incubation in both soils' 

(Table 6-6). Based on the PI values, the maximum positi ve priming effect was at day 56 in 

the Kinleith soil, which coincided with the maximum values of ~TMN (the difference 

between B 100 and BO in total mineral N) and ~nN (the difference between B 100 and BO in 

native soil N). In the Burnham soil, the PI values changed slightly over time, with the 
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relatively smaller one occurring at day 112. However, a larger positive priming effect was 

found at day 112 in this soil based on the increment in native soil N in B100 (t1nN). During 

the incubation, the Kinleith soil had a larger priming effect than the Burnham soil based on 

PI and t1nN (Table 6-6). The t1 TMN values were larger than the BNinput in the Kinleith soil 

at day 56 and in the Burnham soil at day 28 and 112, which reflected a positive real 

priming effect in both soils. 

Table 6-3 Estimates of turnover rate constant (k) and potentially mineralisable pool of 

biuret-N (No) in B 100 treatment of the Burnham soil during the period of 112 days 

incubation a. 

Soil Biuret Estimated k Estimated No 
type treatment (day -1) (% of total soil N) 

Mean 95% confidence Mean 95% confidence 
±SE limit ±SE limit 

Burnham BlOO 0.0788 0.0616 -0.0961 63.1 58.9 67.3 
soil ± 0.0081 ±2.0 

a The data from the Kinleith soil do not fit to the model Nm = No (1 - e - k I ), so the 
estimates are not comparable between the two soils. 

Table 6-4 Net mineralisation of native soil N (as % of soil N) in BO and B 100 treatments in 

two soils. All the measurements are the means of n = 3; values in the same column 

followed by different lowercase letters are significantly different (Duncan's multiple range 

test, P < 0.05). 

Soil Biuret Soil-derived mineral N pool size (% of soil N) 

type treatment --------------------------------------------------------------------------------

2 7 14 28 56 112 (days) 

Kin- BO 0.16 b 0.19 b 0.50 b 1.33 b 2.81 b 4.89 b 

leith BlOO 0.60 a 0.78 a 1.26 a 2.16 a 3.78 a 5.54 a 

soil BlOOIBO 3.8 4.1 2.5 1.7 1.4 1.1 

Burn- BO 0.47 b 0.57 b 0.92 b 1.73 b 2.74 b 4.35 b 

ham BI00 0.62 a 0.86 a 1.42 a 2.29 a 3.27 a 4.97 a 

soil BlOOIBO 1.3 1.5 1.5 1.3 1.2 1.1 
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Table 6-5 Estimates of turnover rate constant (k) and potentially mineralisable pool of 

native soil N (No) in BO and BlOO of the two soils during the period of 112 days 

incubation. 

Soil Biuret Estimated k Estimated No 
type treatment 

Mean 95% confidence Mean 95% confidence 
±SE limit ±SE limit 

BO 0.0026 0.0005-0.005 19.2 5.49-33.0 
Kinleith ± 0.001 ±6.5 

soil BlOO 0.014 0.011-0.017 6.98 6.20-7.76 
± 0.001 ± 0.37 

BO 0.012 0.009-0.015 5.78 4.92-6.63 
Burnham ± 0.001 ±0.4 

soil BlOO 0.019 0.014-0.023 5.54 4.85-6.22 
±0.002 ±0.32 
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Table 6-6 Priming effect of biuret addition on net mineralisation of native soil N in two 

forest soils during the period of incubation (112 days). All the measurements are the means 

of n 3; values in the same column followed by different lowercase letters are significantly 

different (Duncan's multiple range test, P < 0.05). 

Soil Para- Component of total mineral N (m moles kg"1 dry soil) 

type meter 

(days after incubation) 

2 7 14 28 56 112 

Kin- TMNBO 0.331b 0.411 b 1.05 b 2.80 b 5.92 b 10.3 b 

leith TMNBIOO 2.55 a 2.64 a 3.44 a 5.30 a 8.83 a 12.8 a 

soil f.,.TMN 2.22 2.23 2.39 2.49 2.91 2.50 
15 

NBIOO 0.321 0.246 0.190 0.179 0.200 0.249 

BNBIOO 1.29 0.989 0.762 0.717 0.802 1.00 

nNBIOO 1.26 1.65 2.68 4.58 8.03 11.7 

f.,.nN 0.931 1.24 1.63 1.78 2.10 1.43 

BNinput 2.89 2.89 2.89 2.89 2.89 2.89 
15 

Ninput 0.716 0.716 0.716 0.716 0.716 0.716 

PI 1.68 2.19 3.05 3.38 3.52 2.36 

Bum- TMNBO 1.06 b 1.27 b 2.06 b 3.88 b 6.13 b 9.74 b 

ham TMNBIOO 1.78 a 2.66 a 4.40 a 6.88 a 8.96 a 13.2 a 

soil f.,.TMN 0.717 1.38 2.34 3.00 .2.83 3.44 
15N BI00 0.096 0.177 0.299 0.426 0.395 0.493 

BNBIOO 0.386 0.710 1.20 1.71 1.59 1.98 

nNBIOO lAO 1.95 3.20 5.17 7.38 11.2 

f.,.nN 0.331 0.674 1.14 1.29 1.25 1.46 

BNinput 2.89 2.89 2.89 2.89 2.89 2.89 
15N input 0.716 0.716 0.716 0.716 0.716 0.716 

PI 1.81 1.89 1.89 1.71 1.73 1.69 

Note: TMNBO: the amount of total mineral N in BO; TMNBlOo: the amount of total mineral 
N in B100; f.,.TMN: the difference between B100 and BO in total mineral N; 15NB100: the 
amount of 15N in the total mineral N pool in B 100; BNB100: the amount of biuret-N in total 
mineral N pool in B100; nNBlOO: the amount of native soil N in total mineral N pool in 
B 100; f.,.nN: the difference between B 100 and BO in nati ve soil N; BNinput: the amount of 
biuret-N input in B 100; 15Ninput: the amount of 15N input in B100; PI: priming index, 
calculated according to Equation 6.2; PI 1, no priming effect; PI < 1, a negative priming 
effect; PI> 1, a positive priming effect. 
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Figure 6-3 Net mineralisation of native soil Nand biuret- 15N in BlOO of the two soils 

during the incubation in a growth cabinet at 25°C and 70% relative humidity. Data are 

means ± 1 S.E. (n = 3), Where no S.E. bars are shown in the figures, the S.E. is smaller· 

than the symbol. 
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Figure 6-4 Proportion of native soil Nand biuret- 15N in microbial biomass in BlOO of the 

two soils during the incubation in a growth cabinet at 25°C and 70% relative humidity. 

Data are means ± 1 S.E. (n == 3). Where no S.B. bars are shown in the figures, the is 

smaller than the symbol. 
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6.3.4 Microbial biomass 15 Nand N 

Except for day 2 in the Burnham ~oil, the proportion of 15N in microbial biomass (% of the 

applied 15N) significantly declined (P < 0.05) over time in both soils (Figure 6-4a). The 

microbial 15N was significantly larger (P < 0.05) in the Kinleith soil than in the Burnham 

soil at day 2 and 112. The sharp increase in the microbial biomass 15N at day 7 in the 

Burnham soil resulted from the considerable mineralisation of biuret-N in the organic N 

pool (Table 6-2), which temporarily resulted in a greater microbial biomass 15N in the 

Burnham soil than the Kinleith soil. At the end of the incubation only 5.1 % and 1.8% of 

applied 15N was recovered in the microbial biomass in the Kinleith soil and the Burnham 

soil, respectively. 

During the incubation, the proportion of native soil N in microbial biomass declined from 

4.4% to 1.76% in the Kinleith soil and from 3.0% to 0.92% in the Burnham soil (Figure 6-

4b). Throughout the incubation, the Kinleith soil had a significantly larger (P < 0.05) 

microbial biomass native soil N than the Burnham soil. 

6.3.5 Soil CO2 evolution, microbial biomass and pH 

In the Kinleith soil, cumulative amounts of CO2 were significantly greater (P < 0.05) in 

B100 than in BO during the initial 70 days, but not afterwards (Figure 6-5a). In the 

Burnham soil, no significant difference (P > 0.05) was found between BO and B100 in 

cumulative amount of CO2 although B100 tended to have lower values throughout the 

period of the incubation. A significant difference (P < 0.05) between BO and B100 in C02-

C evolution rate was only found at day 2 in the Kinleith soil although B 100 tended to have 

greater values during the incubation. There was no significant difference (P > 0.05) 

between BO and B100 in the Burnham soil for CO2-C evolution rate. For all the treatments 

in both soils, the C02 evolution rate generally declined with time (Figure 6-5b), indicating' 

a decreased C availability in soils. 

The soil microbial biomass C generally decreased with time in both soils (Figure 6-5c). In 

the Kinleith soil, a significantly lower (P < 0.05) microbial biomass C was found in B 100 
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than in BO at day 112 while in the Burnham soil at day 56 and 112. Throughout the period 

of the incubation, the overall microbial biomass C was significantly greater (P < 0.05) in 

the Kinleith soil than in the Burnham soil. 

In both soils, the overall pH decreased throughout the incubation, which, however, was 

more obvious in the Kinleith soil (Table 6-7). Addition of biuret (BlOO) significantly (P < 

0.05) reduced the soil pH from day 14 to 112 when compared to BO. The pH reduction of 

soil pH by biuret addition was larger in the Kinleith soil than in the Burnham soil. 

Table 6-7 Changes in soil pH in BO and B 100 treatments of the two soils during the period 

of the incubation. All the measurements are the means of n 3; values in the same row 

followed by different lowercase letters are significantly different (Duncan's multiple range 

test, P < 0.05). 

Days after Kinleith Burnham 

treatment (Taupo sandy loam) (Lismore stony silt loam) 

-------------------------------------- -----------------------------------

BO BlOO BO BlOO 

2 5.00 a 5.02 a 4.77 a 4.76 a 

7 5.04 a 5.00 a 4.63 a 4.54 a 

14 4.92 a 4.84 b 4.64 a 4.51 b 

28 4.52 a 4.47 b 4.51 a 4.35 b 

56 4.05 a 3.86 b 4.42 a 4.31 b 

112 3.85 a 3.73 b 4.33 a 4.28 b 
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Figure 6-5 Cumulative CO2-C (a), CO2-C evolution rate (b) and microbial biomass C (c) in 

BO and B 100 of the two soils during the incubation in a growth cabinet at 25°C and 70% . 

relative humidity. Data are means ± 1 S.E. (n = 3). Where no S.E. bars are shown in the 

figures, the S.E. is smaller than the symbol. 
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6.4 Discussion 

6.4.1 Microbial biomass and activity 

In accordance with the observation in Chapter 5, the addition of biuret at 100 mg (biuret) 

kg-I dry soil did not significantly increase soil microbial biomass C in the initial 7 days in 

the Kinleith and Burnham soils. This may be due to the limitation of available C for the 

microbial growth in both soils. The much lower 0.5 M K2S04 TOC concentration in the 

unfumigated soil samples in this study (data not shown) than in the last study (Chapter 4) at 

least partially support this assumption. In both soils, the significant decrease in microbial 

biomass C in B 100 found in this study was similar to those observed in earlier studies 

(Chapter 4 and 5), which was supposedly caused by the toxicity of inter-metabolites from 

the decomposition of biuret as described in Chapter 4 and 5. In both soils, the addition of 

biuret caused a reduction in soil pH (about 0.05 0.12 unit) due to stronger nitrification in 

this treatment. Compared to the control (BO), this small pH drop in the biuret treated soil 

may not significantly affect the plethora of micro-organisms that are already adapted to an 

acidic environment (Thirukkumaran and Parkinson, 2000). 

In the Kinleith soil, the very short-term considerable increase in CO2-C evolution (at day 2) 

after addition of biuret presumably came from CO2-C released partially from the extra 

decomposition of soil organic matter, which was induced by the decomposition of biuret-C 

by existing microbial biomass. However, it is impossible to precisely quantify the priming 

effect of biuret on soil-derived C in this study. 

6.4.2 Thefate ofbillret-N 

Generally, the patterns of N transformations were different between the two soils and also 

the two biuret treatments (BO and B100). (The comparison between the two biuret· 

treatments will be discussed later in the section on priming effect). In the Kinleith soil, the 

low proportion of [5N recovered in the organic N pool early at day 2 indicated a fast and 

considerable decomposition of the applied biuret (Table 6-2). In contrast, a similar amount 

of biuret was only decomposed after 14 days of incubation of the Burnham soiL The reason 
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for this difference is assumed to be related to the differences in the size of microbial 

biomass and the diversity of microbial community structure between the both soils. The 

greater TOe concentration and a larger total soil C in the Kinleith soil than in the Burnham 

soil implies a greater size of "labile" C pool for supporting a larger and more diverse 

microbial biomass in the former soil. The immediate release of NH/_15N (and CO2 too) 

from the added biuret in the Kinleith soil suggests that the microbial community in this soil 

did not have to adapt to the added substrate (biuret) while it took 1-2 weeks for the 

microbial community in the Burnham soil to adapt to the added biuret. The recovery of 15N 

in different N pools revealed the difference between the two soils in N transformations and 

turnover rate (Table 6-2). The slow accumulation of N03 -N in BI00 (and BO too) in the 

Kinleith soil during the first 14 days (Figure 6-lb) was probably limited by a low 

population of nitrifiers (Scott et al., 1998), but not by the competitive inhibition by 

heterotrophs for available NH/-N as described by Hart et al. (1994). In contrast, the larger 

and active population of nitrifiers in the Burnham soil lead to a small accumulation of 

NH/-N. 

The importance of particular pools as sources and sinks of 15N varied through the 

incubation time and between the two soils. In both soils, the microbial biomass acted as a 

sink of 15N at early stages and as a source of 15N at later stages of the incubation. Most of 

the immobilised 15N was re-mineralised over time, especially after day 28, which resulted 

in a concurrent slight increase in total mineral N pool in both soils (Figure6-3a). A larger 

pool of microbial biomass 15N in the Kinleith soil than in the Burnham soil was related to 

the corresponding difference in microbial biomass. The stabilised N pool represented N 

that had been stabilised with soil organic matter, clay and/or microbial residual (Robertson 

et aI., 1997). In the Kinleith soil, the stabilised N pool was a stronger sink throughout the 

incubation. The rapid stabilisation during the initial 14 days resulted in a reduction in the 

size of the mineral N pool in this soil. In the Burnham soil, the smaller stabilisation of 15N 

was responsible for the greater accumulation of 15N in the mineral N pool when compared· 

to the Kinleith soil. The consistently larger stabilisation of 15N in the Kinleith soil than in 

the Burnham soil during the incubation could be attributed to the relatively large quantity 

of C in the former soil. This observation agreed with the previous report (Robertson et ai., 

1994). Robertson et al. (1995b) further confirmed that incorporation of inorganic 15N into 
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the stabilised pool was increased by surface litter and live plants, and was positively 

correlated with microbial CO2 production (Robertson et al. 1995a). 

6.4.3 Priming effect of biuret addition on native soil N 

This study further confirmed the previous observations that biuret applied at low 

concentrations had a positive real priming effect on soil N mineralisation (Chapter 4 and 

5). The dynamics of priming index (PI) indicated the positive priming effect of biuret was 

throughout the period of incubation. However, the use of PI for assessing the priming effect 

may not distinguish a real from an apparent priming effect. In many studies with 15N 

labelled fertiliser, apparent positive priming effects were observed due to the displacement 

reactions and pool substitution of the applied 15N with soil derived N in different N pools 

(Jenkinson et al. 1985). The key difference between a real and apparent priming effect is 

that a change in the turnover rate of C and N are observed in a real priming effect, but not 

in an apparent priming effect (Kuzyakov et aI. 2000). The apparent priming effects must 

not be larger than the amount of mineral 15N applied, and they are usually less than 50% of 

it (Stout, 1995). The difference between BlOO and BO in the total mineral N was larger 

than the biuret-N applied in both soils, which provided a clear-cut evidence for a positive 

real priming effect (Table 6-6). The increased turnover rate constant of native soil N by 

biuret addition in both soils further supported a positi ve real priming effect observed in this 

study. To explain the mechanisms responsible for the priming effect in this study, it is 

proposed that an increased availability of microbial substrate from the biuret input (as C 

and N sources) induced enzyme production or enzyme activity leading to a co-metabolic 

decomposition of soil organic matter. This stimulation of biuret on soil N mineralisation 

was only significant at the initial stage of the incubation and lasted for a short term, which 

varied with the two soils. So the acceleration of soil organic matter decomposition induced 

by the addition of biuret was only partially responsible for the positive real priming effect 

in this study. In addition, the death of microbes at the later stages was linked with biuret· 

addition, which was presumably due to the toxic effect of biuret-derived inter-metabolites. 

This effect also contributed to the positive priming effect observed in this study. The 

sources of the extra mineralised native soil N was partly from the relatively easily 

decomposed fractions of soil organic matter and partly from the mineralisation of dead 
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microbial biomass. However, a methodology for labelling the soil N in different pools is 

desirable for elucidating clearly the source of the native soil N in this priming effect. 

6.5 Conclusions 

The experiment investigated the fate of biuret- 15N in different N pools and found that 

stabilised N pool was a major sink for 15N applied in the Kinleith soil while in the 

Burnham soil most of the 15N applied was recovered in mineral N pool due to less 

stabilisation. The difference between the two soils was related to their difference in total C 

and microbial community and activity_ This study further confirmed that biuret had a 

positive real priming effect on mineralisation of native soil N when applied at a 

concentration of 100 mg biuret kg- 1 dry soil. The increased turnover rate constant of native 

soil N in B 100 indicated a stimulation by biuret addition of net mineralisation of soil 

organic matter. The released native soil N in the priming effect was partially from the 

mineralisation of soil organic matter and partially from the mineralisation of dead soil 

microbial biomass. 
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Chapter Seven 

Conclusions and Recommendations 

7.1 Conclusions 

This thesis clearly demonstrated that biuret to some extent can be used as a potential plant 

growth and/or soil microbial activity regulator at low concentrations, and as a potential 

slow-release N fertiliser at high concentrations. 

In sand and solution culture experiments (Chapter 2), the direct effect of biuret and its 

interaction with nitrogen (N) on growth of and nutrient uptake by two provenances (93 and 

98) of Douglas fir seedlings were examined. Biuret functioned as a plant growth regulator 

on Douglas fir growth. Lower concentrations of biuret from 0.1 to 10 mg biuret L- 1 

stimulated growth, net photosynthetic rate and nutrient uptake of Douglas fir seedlings. 

Biuret stimulation of growth was more effective at higher N supply (100 mg N L-1
) than at 

lower N supply (40 mg N L-1
). Biuret functioned in the plants in a way different to simple 

N nutrition. High concentrations of biuret from 100 to 1000 mg biuret L-1 were toxic to the 

seedlings with typical symptoms of yellow-tipping evident in the needles. Provenance 93 

was more responsive to stimulation at lower concentrations of biuret, but more sensitive to 

the toxicity of biuret at higher concentrations. 

Applied nitrogen had a much greater effect on Douglas fir seedling growth than biuret. 

Growth was improved at the higher N level due to more nutrient uptake and distribution 

into shoots, especially in the needles, which increased the net photosynthetic rates in 

different types of needles. Provenance 93 had relatively greater growth at the lower N 

supply due to its greater ability to absorb more nutrients and further to distribute them into 

the shoot. 

In the soil pot experiment (Chapter 3), the effects of soil-applied biuret on Douglas fir 

seedling growth and soil chemical and biological properties were investigated to 

discriminate the indirect effect of biuret through soil N availability from its direct effect on 
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the plant (Chapter 2). Biuret stimulated Douglas fir seedling growth at lower 

concentrations (2 and 10 mg biuret kg-I dry soil) but inhibited it at high concentrations of 

biuret (100 and 1000 mg biuret kg- 1 dry soil). The stimulation of the seedling growth at 

lower concentrations of biuret was linked with the increased uptake of N due to the 

improvement of soil N availability while the inhibition of biuret on the growth at high 

concentrations could have multiple causes, from the elevated H+ and/or A13+ toxicity to 

biuret toxicity. Addition of biuret into the soil at lower concentrations accelerated the 

mineralisation of native soil N (positive real priming effect), though it was small, resulting 

in an improved N availability. As mentioned above, biuret appeared to stimulate growth of 

Douglas fir seedlings by (i) a direct effect on the plant, but also, and probably more 

importantly, by (ii) increasing soil N availability. 

In the first soil incubation experiment (Chapter 4), the dynamics of net Nand C 

mineralisation along with the microbial biomass in two soils amended with different 

concentrations of biuret were studied to understand the mechanisms contributing to the 

priming effect of soil-applied biuret and to evaluate the feasibility of using biuret as a slow

release N fertiliser at high concentrations. Biuret at concentrations from 2 to 100 mg kg- t 

soil had a positive real priming effect on net mineralisation of native soil N in both soils, 

especially in the Kinleith soil (a sandy loam soil). The causes for the priming effects were 

related to the stimulation of microbial growth and activity at an early stage of the 

incubation and/or the death of microbes at a later stage, which was biuret-concentration

dependent. Biuret could be used as a slow-release N fertiliser at higher concentrations in 

some types of soil like the Burnham soil (a silt loam soil) used in this study. Excessively 

high concentrations of biuret had some negative effects on soil microbial biomass, but did 

not show any significant detrimental effects on the activity of micro-organisms that are 

involved in N transformations. Biuret could be used as a slow-release N fertiliser in the 

Burnham soil because of the lower nitrification rate of biuret-N, which would reduce the 

potential nitrate nitrogen leaching to the ground water. 

In the second soil incubation experiment (Chapter 5), the comparative effects of biuret, 

urea and atrazine on soil nitrogen mineralisation, immobilisation and nitrification in two 

forest soils confirmed that biuret at concentrations from 10 to 100 mg biuret kg- 1 dry soil 
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had a positive real priming effect on net mineralisation of native soil N in the Burnham 

soil, but not in the Kinleith soil. Biuret could also be used as a slow-release N source at 

higher concentrations, especially in the Burnham soil. Soil C availability was a main factor 

controlling the mineralisation of biuret-N in the soils. The slower mineralisation, 

nitrification and greater immobilisation in the biuret-treated soils contributed to the higher 

recovery of biuret-N in soils. In contrast, the relatively lower recovery of urea-N was due to 

the resultant high pH, ammonium and nitrate concentrations, and smaller immobilisation of 

N, which resulted in N losses by NH3 volatilisation and/or denitrification. Atrazine did not 

have a significant effect on soil N mineralisation due to its very slow degradation in the 

soils. 

Biuret addition significantly increased gross rates of soil N mineralisation and nitrification 

and affected the turnover rates of mineral N pools, which were biuret-concentration

dependent and changed with the incubation time. Stepwise linear regression analysis 

demonstrated that in the control (no biuret) in both soils the gross N mineralisation rate 

was well correlated to the C mineralisation rate while in the biuret-treated soils the gross N 

mineralisation rate was well accounted for by the biuret-C (i.e. residual biuret) in the 

Kinleith soil or by the interaction of biuret-C and microbial biomass C in the Burnham soiL 

This indicates the complexity of the relationship between C mineralisation and gross N 

mineralisation in soils with organic amendment. 

In the third soil incubation experiment (Chapter 6), the distribution and dynamics of 15N 

and native soil N in different N pools was investigated to understand the fate of biuret- 15N 

and quantify the priming effect of biuret on net mineralisation of native soil N. This 

incubation study showed that biuret decomposed faster in the Kinleith soil than in the 

Burnham soil and th'e stabilised N pool was a major sink for 15N applied in the Kinleith soil 

while in the Burnham soil most of the 15N applied was recovered in mineral N pool due to 

the less stabilisation. The difference between the two soils appeared to be related to their· 

difference in total C and microbial community and activity. This incubation study further 

confirmed that biuret at a concentration of 100 mg kg· 1 dry soil had a positive real priming 

effect on net mineralisation of native soil N. At the end of the incubation, 0.65% more in 

the Kinleith soil and 0.62% more in the Burnham soil were mineralised from the native soil 
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N in BI00 when compared to BO due to an increased turnover rate constant The 

mechanisms for the priming effects were related to the stimulation of microbial activity at 

an early stage and the death of microbes at a later stage of the incubation. The native soil N 

released in the priming effect was partially from the mineralisation of soil non-biomass 

organic matter and partially from the mineralisation of soil microbial biomass. 

7.2 Recommendations 

In this study, biuret stimulated Douglas fir seedling growth and improved the uptake of 

nutrients and net photosynthetic rate. However, the physiological mechanisms for the 

promotion of biuret on seedling growth are not clear. Although the stimulation of biuret on 

seedling height and root growth at lower concentrations suggests it may have a role in 

promoting the cell elongation, direct evidence needs to be found through further study of 

celJs in tissue culture. Besides this, it is possible that the stimulation of biuret on seedling 

growth at lower concentrations was associated to some extent with the increased nutrient 

uptake and changes in distribution, especialJy for N, Band Mg, which is likely to result in 

an increased photosynthesis in needles and a larger root system. Biuret could increase the 

rates of uptake of nutrients in general (in addition to nitrogen). This is similar to the 

atrazine effect, which was reported to increase the rate/efficiency of ion uptake (Ebert and 

Dumford, 1976; Sands and Zed, 1979). However, it is not clear if there are any similarities 

or links between them although atrazine can be decomposed into biuret. A further study of 

biuret effects on the kinetics of ion uptake and/or the relevant enzyme activity in plasma 

membrane is helpful in exploring the primary processes affected by lower concentrations of 

biuret on nutrient uptake and then understanding whether or not the increased uptake of 

nutrients is the cause or result of the improvement of root growth by addition of biuret at 

lower concentrations. To address these questions, the short-term responses of Douglas fir 

seedlings to biuret addition are warranted. In addition, a methodology for extracting biuret· 

from plant samples and for determination of trace amounts of biuret within plants by 

HPLC-MS is needed to explore the functions of biuret in plants and to differentiate direct 

biuret effect from any indirect effect of biuret-N within plants. 
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It was demonstrated in this study that biuret could be used as a slow-release N source at 

higher concentration and C availability was a main factor controlling the mineralisation of 

biuret-N in the soils. However, further work is needed to explore the relationships between 

the soil C availability and the mineralisation rate of biuret-N in a wide range of soils with 

different soil C availability. This would provide some insights into the C control on soil N 

mineralisation-immobilisation under biuret additions and improve the ability to predict the 

net mineralisation of biuret-No In addition, the further study on the mineralisation of biuret

N in a range of soils with similar C availability but different textures will be useful to 

explore any texture effect on mineralisation of biuret-N and establish a relationship 

between the mineralisation of biuret-N and soil texture. 

7.3 Implication for the practical application of biuret 

It must be noted that this study was camed out under controlled environmental conditions, 

which are significantly different from the variable conditions in the field. Therefore, the 

use of findings from such controlled laboratory studies to predict field trends will require 

further research to quantify the effects of biuret application on Douglas fir stands and soil 

N transformations. 

In this study biuret was demonstrated to be a potential slow-release N fertiliser, however, 

the practical use of this N source might be limited by the cost of producing this N source. 

To be a cost-effective substitute for conventional urea fertiliser, at least 35% more gain 

(response kg- l N) would be needed to offset the additional costs for manufacturing (20%) 

and application costs (15%) (Miller et ai., 1996). 
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Appendix 1 

Soil ammonium nitrogen 

(1) The Duncan's multiple range test (p < 0.05) for the treatments in the Kinleith soil 

Treatment Incubation time (days) 

2 7 14 28 56 112 

Control 2.2 f 2.5 e 3.6 e 2.3 c 1.5 c 2.7 c 
B4.1 3.5 ef 2.8 e 3.6 e 2.2 c 1.0 c 4.4 c 

B41 6.2d 9.2 c 8.8 d 2.7 c 1.0c 3.8 c 
B408 15.3 c 33.2 b 53.0 b 84.2 b 126.7 a 120.6 a 

U4.1 4.1 ef 3.9 de 3.5 e 2.3 c 1.2c 4.0 c 

U41 36.2 b 32.0 b 24.6 c 3.2 c 1.0 c 3.8 c 

U408 351.6 a 365.5 a 324.5 a 173.0 a 89.3 b 75.5 b 

Al 2.7 ef 2.8 e 3.4 e 2.5 c 1.2c 3.3 c 

AlO 3.7 ef 3.2 e 3.4 e 2.7 c l.lc 3.2 c 

A 100 5.0 de 5.6 d 5.2 e 2.6 c 0.9 c 3.2 c 

(2) The Duncan's multiple range test (p < 0.05) for the treatments in the Burnham soil 

Treatment Incubation time (days) 

2 7 14 28 56 112 

Control 37.2 g 35.5 g 33.1 h 2.4 d l.0 e 3.0 c 

B4.1 37.5 g 37.7 f 36.3 g 2.5 d 1.1 de 3.4 c 

B41 4l.0 de 44.6d 50.9 d 20.4 c 3.4 c 4.5 c 

B408 44.9c 58.5 c 798.8 b 84.8 b 108.7 b 123.6 a 

U4.1 42.4 d 4L7e 39.8 f 2.3 d 0.8 e 3.0 c 

U41 76.8 b 73.6 b 69.6 c 20.4 c 2.0 d 4.2 c 

U408 357.7 a 382.9 a 398.1 a 255.5 a 120.5 a 90.0 b 

Al 37.4 g 34.4 g 32.4 h 2.4 d 0.9 e 3.2 c 

AlO 39.5 ef 34.7 g 30.8 h 2.2 d 1.0 e 3.3 c 

AlGO 38.6 fg 39.0 f 44.9 e 19.4 c 1.36 de 3.1 c 
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Appendix 2 

Soil nitrate nitrogen 

(1) The Duncan's multiple range test (p < 0.05) for the treatments in the Kinleith soil 

Incubation time 
2 7 14 28 56 112 

Control 68.0 cd 71.1 cd 76.5 f 85.6 def 107.2 e 134.4 d 
B4.1 70.3 a 72.9 be 80.1 e 91.0 de 110.8 e 136.8 d 

B41 69.6 abed 76.1 ab 86.8 c 111.4 c 138.1 c 171.9 c 

B408 70.1 ab 76.8 a 83.7 d 93.5 d 121.8 d 337.5 b 

U4.l 69.1 abed 75.0 ab 80.4 e 89.8 de 110.2 e 133.5 d 

U41 69.6 abed 76.3 ab 90.4 b 120.2 b 149.0 b 174.1 c 

U408 69.9 abc 78.2 a 106.0 a 258.8 a 253.6 a 370.7 a 

Al 68.2 bed 70.7 cd 74.9 f 82.9 ef 105.3 e 135.0 d 

AlO 67.6 d 68.6 d 74.2 f 84.4 ef 108.9 e 135.0 d 

A 100 65.5 e 62.8 e 70.2 g 80.2 f 106.2 e 140.5 d 

(2) The Duncan's multiple range test (p < 0.05) for the treatments in the Burnham soil 

Treatment Incubation time (days) 

2 7 14 28 56 112 

Control 20.8 b 25.9 e 36.1 f 70.9 e 87.3 f 103.9 e 

B4.1 21.5 a 27.0b 38.4 e 76.2 d 93.7 e 110.8 e 

B41 21.4 a 26.8 b 38.4 e 79.8 c 118.9 e 177.4 e 

B408 21.1 ab 26.2 c 35.1 g 63.4 g 111.9 d 275.8 b 

U4.1 20.9 b 26.1 e 37.4 d 76.1 d 92.5 e 109.5 e 

U41 21.1 ab 27.1 ab 40.2 b 86.9 b 122.3 b 140.6 d 

U408 21.2 ab 27.5 a 46.4 a 179.6 a 318.3 a 348.7 a 

Al 20.3 c 25.9 e 37.1 de 67.5 f 86.1 f 101.7 e 

AlO 20.2 c 26.1 e 36.7 ef 69.4 ef 84.8 f 103.3 e 

A 100 19.6 d 2l.0 d 26.0 h 53.9 h 92.0 e 106.2 e 
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