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Abstract 

Nitrification and subsequent nitrate leaching have been recognised as major contributors to 

acidification of agricultural soil. It also has been shown by number of studies that 

acidification occurred due to nitrification and nitrate leaching was restricted to the surface soil 

layer. In contrast, nitrate uptake by plants can increase soil pH in the subsurface layers. A soil 

column experiment was carried out to study the effect of nitrate leaching on subsurface root 

growth and N capture by wheat plants and rhizosphere alkalisation. Nitrogen was supplied to 

the surface (0-10 cm) soil layer as Ca(NO3)2.4H2O at rates of 23.5, 47, 94 and 188 N-

mg/column. Four water levels were maintained for each of N treatments (40, 60, 80 

and 100% of field capacity).  Wheat was grown for 58 days. Plant highest, tiller 

numbers and water use were measures during plant growth. Shoot and root dry matter, 

root length and number of root tips, soil pH and soil nitrate were measured at the 

harvest. Excess anion uptake by plants and total hydroxyl release from roots were also 

calculated. The results show that nitrate leaching occurred in high N and high water 

treatments stimulated root growth in subsurface soil layers (below 10 cm). Higher 

root growth in turn increased N capture resulting a greater excess anion uptake. The 

high N supply resulted in a higher rhizosphere alkalisation compared to that of low N 

treatments. Changes of rhizosphere alkalisation in the soil profile were similar to the 

changes of root growth. Root activities affected lesser degree on bulk soil pH. 

However, a significant alkalisation occurred in the surface of dry soil water and the 

subsurface of wet soil treatments with high N supply compared to the corresponding 

layers of low N treatment. There was a strong correlation between total hydroxyl 

release from roots and excess anion uptake by plants. This study shows stimulatory 
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effect of nitrate leaching on subsurface root growth. The results further indicate the 

importance of nitrate capture from subsurface layers, which increases fertilizer use 

efficiency and soil pH. Nitrate capture from subsurface can be useful in combating 

subsoil acidity, where surface application of lime has limited influence. 

 

Key words:  

 

Introduction 

Nitrification and subsequent nitrate leaching has been recognised as a major 

contributor towards soil acidification (Helyar and Porter, 1989) and ground water 

contamination (Strebel et al., 1989). Nitrate leaching depends on several factors such 

as the type and rate of fertilizer application, soil type, rainfall or irrigation, crop type 

and initial soil pH etc (Milroy et al., 2008, Anderson et al., 1998, Smith, 1998, Diggle 

and Bowden, 1991, Adams and Pattinson, 1985). Nitrate leaching can be substantial 

even without fertilizer-N inputs in some agriculture systems. For example, Ridley et 

al. (2001) found that nitrate leaching losses under grazed subterranean clover- grass 

pastures, which received no nitrogen fertilizer, ranged from 0-33 kg N ha
-1

 year
-1

. 

There is a greater potential for nitrate leaching in areas where rainfall exceeds 

evatraspiration and water storage capacity of the soil profile (Arregui and Quemanda, 

2006, Anderson et al., 1998, Romulo et al., 1997). For instance, NO3
-
-N loss 

increased from 5 under dry condition (100 mm total water loss) to 8 kg ha
-1

 year
-1

 

under relatively wet conditions (200 mm total water loss) in an annual pasture (Ridley 

et al., 2001).  

 

The amount of N available at a certain time to plants in different root depths is proven 

to be a decisive factor for root proliferation in the soil profile in leaching 

environments (Diggle and Bowden, 1990b). These authors measured root mineral 

nitrogen and root length densities 3 and 6 weeks after seeding in a soil column 

experiment. There was a remarkable similarity between root density profiles after 6 

weeks and the mineral N profile at 3 weeks after seeding. The root length densities 

had increased in soil layers where mineral N was high at the earlier time. A deeper 

root system is highly effective not only in reducing nitrate movement beyond the 

rooting zone (Smith et al., 1998) but also in increasing fertilizer recovery efficiency 

(Liao et al., 2006). The low recovery of N fertilizer supplied to the surface in low 
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rainfall conditions was attributed to lack of nitrate leaching. (Liao et al., 2006). In this 

case, movement of nitrate down the profile increases the N uptake because of greater 

uptake efficiency of the subsurface (below 20 cm) root system.  

Rooting depth and root proliferation are restricted under acid subsoil conditions 

(Adams and Moore, 1983, Adams, 1984, Tang, 2003), which exacerbate nitrate 

leaching further downward until it reaches ground water in some cases (Anderson et 

al., 1998). However, the leaching can be minimised and the capture of N from deep 

soil layers can be increased, if there are sufficient root growth in the subsurface 

(Dunbabin, 2003, Thorup-Kristensen, 2001, Smith et al., 1998, Poss et al., 1995). It 

was also revealed that crops resistant to acidity or aluminium toxicity could be used as 

scavengers for nutrients deep in the profile (Romulo et al., 1997) or as ameliorators of 

subsurface acidity (Noble et al., 1997, Tang et al., 2000 and Weligama et al., 2008) 

because of their ability to proliferate roots in deep acid layers.  

 

When plant uptake of one type of charge exceeds the other, the plant maintains 

electroneutrality by excreting H
+ 

or OH
-
 (or H

+ 
uptake) leading to acidification or 

alkalisation of rhizosphere. The type of charge discharge by plants mainly depends on 

the form of nitrogen that is available to plants. A previous column experiment has 

shown that addition of nitrate in the top 10 cm layer and subsequent leaching followed 

by plant uptake decreased the degree of acidification at all depths in a 100 cm column 

(Tang et al., 2000). This was postulated as due to nitrate leaching and subsequent 

uptake of nitrate by plants from deep soil layers, the latter being accompanied by OH
-
 

release.  

 

Nitrification of excess ammoniacal nitrogen inputs coupled with leaching of nitrate 

with base cations (Ca
2+

 and Mg
2+

) largely contributes to acidification of upper soil 

layers and it does not contribute to subsoil acidification (Tang et al., 2000, Smith et 

al., 1998, Black, 1992). On the other hand, acid generated by nitrification is 

neutralised substantially by uptake of NO3
-
 by plants (Black, 1992) or by returning of 

crop residue (Poss et al., 1995), if NO3
-
 remained in the layers of the production. In 

contrast, nitrate uptake from lower parts of the soil profile can increase pH in deeper 

soil layers, where no acidification has occurred due to nitrification (Noble et al., 1997, 

Tang 2000 and Ridley, 2002). This mechanism can be useful in reducing subsurface 

acidity, which is hard to ameliorate by the surface application of lime. 
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The hypothesis was that the increased N availability in the subsurface stimulates root 

growth, which in turn would increase N capture. Secondly, the greater excess anion 

uptake (nitrate) by roots from the subsurface could lead to rhizosphere and bulk soil 

alkalisation in a soil with low pH buffer capacity. 

 

Materials and Methods      

The treatments                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

A soil column experiment was carried out under naturally lit glasshouse conditions at 

the La Trobe University farm (37
0
42’S, 145

0
02’E). The experiment was factorially 

arranged with 4 nitrogen treatments and 4 water treatments in five replicates. Two 

replicates were harvested early, before the final harvest (data from these two harvests 

are not presented in this paper). The air temperature was kept at approximately 25 
0
C 

for the day and 15 
0
C for the night. Nitrogen was supplied to the surface (0-10 cm) as 

Ca(NO3)2.4H2O at rates of 23.5, 47, 94 and 188 N-mg/column. These amounts were 

equivalent to 30, 60, 120 and 240 N-kg/ha on surface area basis. The minimal rate 

was selected based on a previous experiment with the same soil (Weligama et al., 

2008). Four water levels were maintained for each of nitrate treatments. Water was 

added up to 40%, 60%, 80% and 100% of Field Capacity (FC). There were 16 

treatments in the experiment (Table 1).  

 

Soil column construction 

The PVC tube with 10-cm diameter and 60-cm height consisted of two equal halves 

that were taped together. A 5-cm layer of high-density polyethylene (HDPE) beads 

was placed at the bottom of each column to facilitate any drainage.  Air-dried (4.8 kg) 

soil was filled up to 15 cm from the top of each column. The soil was compacted to a 

bulk density of 1.4 g cm
-3

.  Then an N supplied layer of 1.2 kg of soil was compacted 

to the surface. Two soil layers were marked with white HDPE beads so that they 

could be recognised at the end of the experiment. After wheat seeds were sown, the 

soil surface was covered with 2-cm layer of HDPE beads to minimize water 

evaporation. An extra 6 soil columns without plants were also included as a no-plant 

control. 

 

Soil and nutrient additions 
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A sandy soil with pH 3.76 (in 0.01 M CaCl2) and low pH buffer capacity (0.81 cmol 

kg
-1

pH
-1

) was collected from a virgin land in the Cranbourne area, Victoria. The site 

had no history of fertilizer application or any other agriculture practice in the past 50 

years.  The soil was air-dried, sieved through a 4 mm sieve and then mixed well 

before filling the columns. Some soil characteristics were presented in Weligama et 

al. (2008). The following types and amounts (mg kg
-1

) of basal nutrients were added 

in solution to the soil; MgCl2.6H2O-17, KH2PO4-175.8, K2SO4-87.5 (supplied total K 

was 89.8 mg), CaCl2-270, MnSO4.H2O-10, ZnSO4.7H2O-10, CuSO4.5H2O-2, H3BO3-

0.67 and Na2MoO4.2H2O-0.17. The basal nutrients were added uniformly through the 

entire soil column for all treatments.  The solutions of nutrients were pipetted directly 

onto the soil. The soil was air-dried, then well mixed before filling the columns. Each 

layer was brought to 60% of FC (20% w/w) at the time of filling.  

 

Planting and watering 

Ten pre-germinated seeds of an aluminium-tolerant wheat (Triticum aestivum L.) 

genotype (ET8) were sown per column. The seedlings were thinned to 5 plants per 

column at 9 days after sowing (DAS). No water was added until the water content of 

all treatments reached 40% of FC. Water was added every 7th day from 30 DAS until 

harvesting. The columns were weighed each time before adding water. The amounts 

of water added were recorded and used for calculation of water use by plants. The 

average water loss from columns without plants was deducted each time to calculate 

water loss by transpiration. Plant heights were measured seven times and the number 

of tillers was counted at 4 different stages of the plant growth. The plants shoots were 

harvested by removing them at soil level at 58 DAS. The shoots were washed three 

times in de-ionised water and then oven dried at 70 
0
C for 48 hours before being 

weighed.  

 

The soil was sampled by slicing the soil column into 0-10, 10-15, 15-25, 25-35 and 

35-50 cm soil layers. The roots were separated from the soil with care. The 

rhizosphere soil was collected by shaking soil adhered to roots into a container. The 

remaining soil was considered as bulk soil, which might be partly affected by root 

activities. The collected bulk and rhizosphere soils were air-dried and sieved through 

2 mm sieve for chemical analysis.  The separated roots were also washed. Root 

growth parameters were measured. The root samples were then dried at 70 
0
C for 48 
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h. Root measurements were normalised to 5 cm intervals in presenting their changes 

with soil depth. 

 

 

Analyses 

Root growth parameters including total root length and number of root tips from 

different soil layers were measured on a EPSON EU-35 scanner (Seiko Epson Corp., 

Japan) using the in Mac Rhizo Pro version 2003b Programme. Oven-dried shoot and 

root samples were weighed for dry weights. The pH in rhizosphere and bulk soil were 

measured using a Thermo Orion 720 pH meter after extraction in 0.01 M CaCl2 

solution (1:5 w/v soil: solution ratio) by shaking for 17 h on an end-over-end shaker. 

The following methods were used to analyse soil: extractable Al-pyrocatechol violet 

method (Conyers et al., 1991), organic carbon (Walkley and Black 1934), nitrate and 

ammonium nitrogen (Searle 1984), phosphorus (Colwell 1963) and Fe (Parfitt and 

Childs 1988). 

 

The shoot material was digested in 4:1 concentrated nitric: perchloric acids. 

Concentrations of Ca, Mg and P in digestion were analysed by an inductively coupled 

plasma atomic emission spectrometry (ICPAES). The concentration of K and Na was 

analysed in a Corning Clinical Flame Photometer 410C (Corning Ltd., England). 

Chloride was analysed using a Tosco 920 Chloride meter (TOSCO, Pty. Ltd., 

England) after extracting in water using the method described by Sargeant et al., 

(2006). The concentrations of N and S were determined using an Elementar Vario EL 

III (Elementar Analysensysteme GmbH, Germany). The excess anion concentration 

was calculated as the difference in the sum of the charge concentrations of cations 

(Ca
2+

 +Mg
2+

 + K
+
 + Na

+
) and anions (NO3

-
 + H2PO4

-
 + SO4

2-
 + Cl

-
). In this instance, 

it was assumed that all N was taken up in nitrate form. The net (excess) anion uptake 

by plants was calculated by multiplying shoot yield by net excess anion concentration 

in the shoots. Total hydroxyl release per column of soil was calculated by adding 

hydroxyl released to each layer to increase bulk soil pH (from the original soil pH). 

 

The data were statistically analysed using GenStat Release 4.2, Lawes Agricultural 

Trust, Rothamsted Experimental Station. Two-way ANOVA was performed for shoot 

yield, tiller numbers and water use.  ANOVA was also performed to test the 
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significance of main treatment effects and their interactions for pH, root 

measurements, nitrate concentrations and moisture contents in soil layers. Least 

Significant Difference (LSD) was used to compare any two individual means. Linear 

regression was conducted to correlate net anion uptake by shoots and total hydroxyl 

release to the soil columns. 

 

Results 

Shoot growth 

Shoot dry matter yield increased significantly (P<0.001) with increasing N rates and 

increasing soil water content in the columns (main effects not presented). However, 

significant (P<0.01) nitrogen by soil water interaction occurred for shoot dry matter 

yield (Figure 1A) resulting from increasing shoot response to high N rate with 

increasing soil water supply. The response, where N supply increased from 120 to 240 

kg/ha, changed from a 20% decline, to 35% increase in shoot yield, when soil water 

supply increased from 40 to 100% of FC. 

 

Tiller numbers responded to N and water treatments in a similar manner to shoot 

yields (data not presented). A significant nitrogen by water interaction resulted from 

greater increase in tiller numbers between 120 and 240 kg/ha of N, as soil water 

supply increased from 40 to 100% of FC. Plant height also responded to N and water 

treatments (data not presented); only the N and water treatment main effects were 

significant, with plant heights increasing as N and water supply were increased. 

 

Root growth 

Responses by the total root dry matter to N and water treatments were different to 

those of the shoots; with only the N and water main effects being significant (P<0.05). 

Total root dry matter increased with increasing water supply (Figure 1B). However, 

maximum root dry matter occurred with 60 and 120 kg/ha of N, with main effect N 

means decreasing with the supply of 240 kg/ha of nitrogen. The total root length and 

number of root tips per column were also affected by N and water treatments with 

significant N x water interactions occurring (data not presented) (P<0.05), because 

response in total root length and the number of root tips to the high rates of 120 and 

240 kg/ha of N depended on soil water status. In this case, root length and number of 
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root tips increased significantly, where soil water supply increased from 80 to 100% 

of FC. 

 

Water use 

The response in the total water use per column to nitrogen and water treatments was 

similar to that of shoot dry matter, with a significant N x water interaction (P<0.05) 

(Figure 1C). Wheat plants used more water when the columns were supplied with 

more water. When soil water was supplied at 40% of FC, the high 240 kg/ha of N 

treatment reduced total water use by 340 ml/column. In contrast, with 100% of FC 

treatment, the high N treatment increased total water use by 340 ml/column. 

 

Changes in root growth with depth 

The analysis of root dry matter production in soil layers revealed a significant N x 

water by soil layer second order interaction (P<0.01). The basis for this interaction 

was the different root dry matter responses to N supply, occurring at different depths, 

as the water supply to the columns was increased (Figure 2). Minimal responses to N 

supply through the column occurred with the dry 40% of FC treatment, whereas 

maximum N response in root growth occurred with the wet 100% of FC treatment. 

With this wet treatment, maximum root growth (significantly greater than the low 30 

kg/ha treatment) occurred in the 0-10 cm layer with 60 kg N /ha. In the deeper 15-25 

cm layer, maximum response occurred with 120 kg N/ha, while in 25-35 cm layer, the 

maximum response occurred with 240 kg N/ha.  

 

Root length changes with soil depth also indicated that a significant N x Water x Soil 

Layer interaction occurred (P<0.001) (Figure 3). Again, the reason for this interaction 

was the increased root length generated in deep soil layers (20-40 cm) with increased 

N supply and wet soil water treatment (Figure 3D). For example, root length per 5 cm 

layers in 25-35 cm soil layer nearly doubled from 950 cm to 1830 cm with the high N 

treatment (240 kg N/ha) compared to the 30 kg N/ha treatment where the soil water 

status of the column was maintained at 100% of FC; the opposite occurred with drier 

soil columns, where more root length occurred in this layer with the supply of 30, 60 

and 120 kg N/ha, where soil water was maintained at 40 or 60% of FC. A similar 

stimulation in root length occurred with the second highest N treatment (120 kg N/ha) 

in the shallower 15-25 cm soil layer with increase in soil water supply. Significantly 
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greater root length per 5 cm layer occurred in this layer with 120 kg N/ha compared to 

other N treatments, where soil water status was maintained at 80 or 100% of FC. 

There were no differences in root length in this layer between N treatments with the 

dry 40 or 60% of FC treatments. Soil water and N treatments had a consistent effect 

on root length in the surface layers. 

 

The results for the number of root tips provided in different soil layers were similar to 

the root length results. Again, the high N treatment had minimal effect on number of 

root tips in deeper layers in the dry 40 and 60% of FC treatments, producing 1000-

1200 root tips per 5 cm layer. The number of root tips in the high N treatment (N240) 

was less by 1500-2000 root tips per 5 cm layer than that in the N30, N60 and N120 

treatments in these deeper soil layers (30-50 cm), where water supply was maintained 

at 60% of FC. However, with high water supply, where the soil column was 

maintained at 100% of FC, there was massive root proliferation with 240 kg N/ha 

treatment in the 25-35 cm layer, producing 4900 root tips per 5 cm layer. Stimulation 

in number of root tips also occurred to a lesser degree with the N 120 treatment, 

compared to the lower N rates, in the 15-25 cm soil layer at 100% of FC, whereas, 

there was no difference in number of root tips in this soil layer with the dry W40 

treatment. 

 

Rhizosphere pH 

Rhizosphere alkalisation varied in different soil layers with the increasing supply of N 

and water (Figure 5A, B, C & D). High N treatment exerted a marked influence on 

rhizosphere alkalisation in upper soil layers in dry soil water treatments (Figure 5A). 

For example, the supply of high N (240 N kg/ha) was resulted in 0.5 and 0.7 pH 

increase in the surface (0-10 cm) and the subsurface layers (10-15 cm), respectively, 

compared to low N treatment in the driest soil water (40% of FC) treatment. A similar 

pattern of alkalisation occurred in treatments where water supply was maintained at 

60 or 80% of FC (Figure 5B and C). The differences in rhizosphere alkalisation with 

high and low N treatments were diminished in the surface layer in wet soil water 

treatments (100% of FC) (Figure 5D). However, a significant alkalisation occurred in 

both 10-15 and 15-25 cm layers with high N (240 kg N/ha) compared to low N 

supply. 
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The supply of N and water also affected bulk soil pH (Figure 5E, F, G & H). 

However, the overall pH increase was much smaller compared to the original soil pH 

at the beginning of the experiment. Nevertheless, the alkalisation occurring in bulk 

soil followed a similar pattern as seen in the rhizosphere for dry soil water treatments 

(Figure 5E). In this case, a significant pH increase occurred with high N supply (240 

N-kg/kg) in the surface (0-10 cm) and the subsurface (10-15 cm) layers, compared to 

30 N-kg/ha treatment. The pH difference between these two N treatments in the 

surface soil layer diminished in the bulk soil with the increasing water supply (Figure 

5F & G). However, the bulk soil pH in the high N treatment (240 kg N/ha) remained 

significantly higher than that in the low N treatment (30 kg N/ha) in the subsurface 

layer (10-15 cm). The pH variation in the bulk soil with wet soil water treatments 

differed from the dry soil water treatments due a significant alkalisation occurring in 

deeper soil layers (15-25 and 25-35 cm) with high N supply (Figure 5H). 

 

Soil moisture content at harvest 

The variation of soil moisture content in soil layers also depended on N rates and 

water treatments resulting in a significant interaction effect of N by water by soil 

layers (P=0.001) (Figure 6). The high N rate (240 kg/ha) with increasing water supply 

resulted in drier subsurface soil layers (Figure 6B, C & D). Interestingly, these drier 

soil layers moved downward with increasing water supply. For example, soil layers of 

10-15 and 15-25 cm had significantly 4% less moisture in the 240 kg/ha of N 

treatment compared to the low N treatment (30 kg/ha of N) where water supply was 

60% of FC. In comparison, the high N treatment resulted in 4% less moisture in the  

25-35 and 35 –50 cm soil layers compared to corresponding layers of the low N 

treatment, where water supply was increased to 100% of FC. 

 

NO3
- 
concentration in soil  

The content of NO3
-
-N in soil layers at harvest depended on N rates and water supply. 

This was evidenced by a highly significant interaction effect of N x water x soil layers 

(Figure 7). The high N supply created NO3
-
-
 
N enriched topsoil layers (0-15 cm), 

where supply of water was low (Figure 7A). In contrast, NO3
- 
-N content in all soil 

layers was quite similar under four different N supplies where soil water treatment 

was high (Figure 7D). In addition, NO3
- 

-N content in 20-50 cm layers of high N 
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treatments were higher by 2-3 mg compared to the low N treatment where water was 

supplied at 60 or 80% of FC. 

 

 

Plant N uptake and N balance in soil 

Total N uptake by plants was highly dependant on soil water and N supplies resulting 

in significant interaction between N and water (P=0.05) (Table 2). The basis for this 

interaction was increased N uptake by plants with increasing water supply. Total N 

uptake in the dry soil water treatment was levelled off at 120 kg/kg of N supply. 

There was a high N x water interaction for remaining nitrate in the soil (Table 2). The 

amount of nitrate left in soil was similar for all N treatments except for the high N 

(240 kg-N/ha) treatment at 40% of FC. In this high N treatment, remaining nitrate in 

soil dramatically reduced when water supply was increased from 40 to 100% of FC. 

For example, there was nearly 3 times more nitrate left in the dry soil treatment 

compared to the wet soil treatment. The N balance (remaining mineral N after plant N 

uptake) differed from the above two parameters. In this case, only main effects of N 

and water were significant. Remaining mineral N increased with increasing N supply. 

In contrast, remaining mineral N decreased with increasing water supply. 

 

Cations and anions concentration in shoots 

Increasing supply of NO3
- 
was associated with an increase of cation concentrations in 

the shoots (Figure 8). However, the increase of cation concentrations in the high N 

treatment was greater where soil water supply was low (Figure 8A) compared to the 

treatment with high soil water supply (Figure 8D). For example, there was a two-fold 

increase of Ca concentration in shoots when N rates were increased from 30 kg/ha to 

240 kg/ha where water supply was 40% of FC. There was only a 1/3 increase in Ca 

concentration between the above two N treatments when water was supplied at 100% 

of FC. A similar trend was observed for concentrations of K, Na and Mg in shoots. 

The total concentration of anions was substantially greater than the cation 

concentration in shoots resulting in negative cation-anion balance. The concentration 

of anions in shoots increased with increasing N rates mainly because of high nitrate 

concentrations. This has created significant main effects of N and water in the cation- 

anion balance in shoots. Increasing water supply decreased the cation-anion balance. 

In contrast, increasing N supply increased the cation-anion balance. 
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Discussion 

Effect of N and water supply on root growth 

This study indicates that high N supply at sowing can stimulate root growth in the 

subsurface layers in N-leaching conditions. The plants stimulate root growth in soil 

areas where the nutrient availability is high (Hackett, 1972, Robinson, 1994, Zhang et 

al., 1999, Forde and Lorenzo, 2001, Birgit et al., 2002). The basal nutrients including 

K and P were supplied uniformly in the whole column in this experiment. In addition, 

K and P are relatively immobile in the soil. Nitrogen in this experiment was supplied 

in nitrate form, which could easily move downward the soil profile with the mass 

flow. However, in dry soil conditions, the movement of NO3
-
 was low as indicated by 

high NO3
-
 concentrations in the upper soil layer of the high N and dry soil water 

treatment (Figure 7). In addition, the supplied N in treatments where N supply was 

low could be depleted quickly by plant uptake. Therefore, when the water regime 

started on 30 DAS, the possibility of leaching N from low N treatments was minimal. 

The root growth stimulation in the subsurface layers with high N and high water 

treatments can be attributed to high N availability in those layers as seen in previous 

studies (Diggle and Bowden, 1990a, 1990b and 1991).  

 

Nitrate concentrations in different soil depths at harvest suggest that most of the N 

supplied was removed from the soil either by plant uptake or leaching except for the 

surface layer of the high N with low soil water treatment (Figure7). The studies with 

wheat and other crops show a close negative correlation between residual N and root 

length density in the subsurface; cauliflower-Rather et al., 2000, maize-Wiesler and 

Horst, 1993/94, wheat-Diggle and Bowden, 1990a and 1990b). The root length 

densities could increase in soil layers where mineral N was high at an earlier time of 

plant growth as shown by Diggle and Bowden (1990b). This means that residual N at 

harvest is not necessarily an indication of the availability of N at an earlier time of 

plant growth in our study. Conversely, however, the root length densities in different 

soil layers at harvest give an indication of N availability at an earlier time of plant 

growth.  
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 The results of this study emphasise the importance of root proliferation for capturing 

of mobile nutrients such as nitrate and for reducing nitrate leaching beyond the 

rooting zone in soils with a greater leaching possibility (Dunbabin et al., 2003, 

Thorup-Kristensen, 2001). Early high rainfall in the field can lead to a greater nitrate 

leaching when root growth is limited to the surface layer in field conditions. The 

rooting front in columns passed 40 cm (as detected in early harvest of two replicates) 

when the water regime was started after 30 DAS in this experiment. It can be assumed 

that the roots in the subsurface layers proliferate more when the availability of N 

increased with nitrate leaching. Higher root length densities especially in the 

subsurface have a greater ability to increase NO3
-
 uptake (and to reduce NO3

-
 

leaching) as seen in previous studies with wheat (Liao et al., 2006) and maize 

(Wiesler and Horst, 1994). For example, Liao et al., (2006) found that fertilizer N 

recovery efficiency in the middle section (20 -70 cm) was much greater than in the 

surface (0-20 cm) in spite of more roots located in the surface. Further, there was a 

greater correlation between N uptake efficiency and root length density for the middle 

and the bottom soil layers than that of for the surface. Only 13% of the total root 

length of the column occurred in the surface 0-10 cm layer in high N and high water 

treatments in this experiment. In contrast, nearly half of the total root length of the 

column concentrated in the surface (0-10 cm) in the high N and dry soil treatment. 

However, the total N uptake by plants in the former treatment was increased by 72% 

compared to the latter treatment.  It is fair to assume that the contribution to N uptake 

from roots below 10 cm of the soil profile was much greater than that from the surface 

layer.  

 

N uptake and root-induced alkalisation 

Alkalisation in the rhizosphere can be related to excess anion uptake by wheat plants 

with increasing nitrate-N supply (Mengel et al., 2001). Although there was a 

considerable amount of ammonium in the original soil, that ammonium was 

distributed evenly throughout the column. In contrast, nitrate-N was provided in the 

surface 0-10 cm layer, which means plant had better access to nitrate from the early 

stage of growth. The variation of alkalisation occurred in different soil layers 

indicating that excess anion uptake differed in layers according to degree of N 

leaching (Moorby et al., 1985). In dry soil water treatments there was a strong 
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rhizosphere alkalisation in the upper soil layers, which indicates that the most of N 

uptake occurred in the surface layer. In contrast, root growth in these treatments was 

greater in the surface (0-10 cm) and the deepest (35-50 cm) layers than in the middle 

zone (10-35 cm) (Figures 3-5). However, greater root growth in the deepest layer did 

not result in corresponding rhizosphere alkalisation because of minimal N leaching in 

these treatments. This also points out an important feature of OH
-
 release (or H

+
 

uptake) from the root system of wheat. The release of hydroxyl ions occurred mostly 

in the same root zone where nitrate was taken up as seen with rape roots (Moorby et 

al., 1985) and wheat roots (Weligama et al., 2008) in previous studies. 

 

The alkalisation occurring in the bulk soil in this study was much smaller compared to 

the rhizosphere as observed in the previous studies (Weligama et al., 2008, Bagayoko 

et al., 2000, Gijman, 1990). At the same time, there was a greater rhizosphere 

alkalisation in dry soil treatments (40-80% of FC) than in wet soil treatments (100% 

of FC) (Figure 5) in spite of high total N uptake in wet soil treatments. Further, a 

significant alkalisation occurred in the surface layers of bulk soil with high N in dry 

soil water treatments and in the whole soil profile with high N in wet soil water 

treatment showing that a considerable portion of hydroxyl ions (OH
-
/HCO3

-
) released 

from roots evidently diffused to the bulk soil. This was further evidenced by a strong 

positive correlation (R
2
=0.70) between excess net anion uptake in plants and total 

hydroxyl release in bulk soil (Figure 9). Low pH buffering capacity of this soil is an 

important factor in extension of root-mediated pH changes from rhizosphere to bulk 

soil (Nye, 1986, Schaller, 1987, Schubert et al., 1990). The above correlation was 

stronger (R
2
=0.93) in wet soil treatments, which means more favourable conditions 

for OH
-
 diffusion. 

 

There can be two reasons for the greater diffusion of hydroxyl ions (OH
-
/HCO3

-
) 

released by roots in wet conditions; firstly, the pH gradient between rhizosphere and 

bulk soil definitely had been higher than in low water treatments due to greater uptake 

of nitrate due to the greater biomass production. Therefore, the flux of OH
-
/HCO3

-
 

from the rhizosphere could be greater in wet soil treatments. Further, soil alkalinity 

diffusion coefficient (DHS) increases with soil water fraction (Tinker and Nye, 2000). 

This also means that OH
-
/HCO3

-
 ions could diffuse faster in wet treatments than in 
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dry soil treatments resulting in lower ∆pH between the root surface and bulk soil 

(Figure 5H). 

 

This study also shows a highly significant interaction effect of nitrogen and water 

supplies on shoot growth of wheat. The maximum shoot yield was achieved by 

supplying high N where water availability was also high (Figure 1A). Even with 

adequate nitrogen supply, plants could not achieve the potential maximum growth 

when soil water was low. Most importantly, this study shows that wheat plants can 

utilise leached nitrogen more efficiently from deeper soil layers as evidenced by a 

greater biomass production in high N - wet soil treatments. Under field conditions, 

intense nitrogen leaching can occur early in the wetter season when N concentration is 

also high in the surface soil. Wheat has shown the ability of capturing the leached N 

reducing N stress in the latter part of the growing season (Halse et al., 1969, Diggle 

and Bowden, 1991). There is evidence that different parts of the root system in 

various soil layers vary in fertilizer recovery efficiency (Liao et al., 2006). The higher 

N-fertilizer recovery efficiency of the subsurface root system compared to the surface 

system can play an important role in grain production in leaching conditions. 

 

Wet soil treatments were more favourable for root growth than dry soil treatments in 

this experiment because of greater nutrient availability in general. Root water 

absorption is also an important factor for the transfer of even mobile nutrients to the 

root surface through mass flow (Barber, 1977). Therefore, the ability of plants to take 

up mineral nutrients from the soil depends on precipitation (including other climatic 

factors like temperature and solar radiation) during crop development (Maman et al., 

2006). However, high N supply had a decreasing effect on total root growth in 

columns as N availability apparently increased biomass partitioning to shoots at the 

expense of roots (Davidson 1969). On the other hand, dry soil water treatments had 

higher water use efficiency (WUE) (data not presented) than that of wet soil 

treatments. The low WUE in the wet soil treatments can be partly attributed to the 

greater biomass allocation to roots in these treatments. 

 

The results also indicate the risk of leaching loss of nitrates in sandy soils when 

supplied as a single application at sowing. Further, the amounts of remaining nitrates 

and total mineral N in the soil indicate the risk of nitrate leaching when plants were 
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harvested, especially in the high N - dry soil water treatment (Table 2). It was also 

possible that some of nitrate supplied at sowing already leached to the bottom of the 

column at harvest in the wet (100% FC) soil treatment. Therefore, it will be a 

challenging task to manipulate N leaching and N capture where we have no control 

over the amount of precipitation during crop development.  

 

 

Conclusion 

This experiment shows the stimulatory effect of nitrate leaching on subsurface root 

growth. A greater subsurface root growth has two fold benefits in soils with 

subsurface acidity; it increases N-fertilizer use efficiency by capturing more nitrates 

and it also increases soil pH in layers where surface supplied lime has limited 

influence. Further research need to be done in the field conditions to examine the 

benefit of nitrate capture from the subsurface in combating subsoil acidity. 
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