
 

 

 

INTRODUCTION 

 

The permanent raised bed (PRB) farming is comprised of a 

bed-furrow system in which the beds and furrows are kept 

permanently in place and soil disturbance is minimized during 

sowing operations (McGarry, 1995; McKenzie, 1998; 

Cooper, 1999). Bed and furrow renovation is conducted only 

when necessary to restore them to optimal dimensions, loosen 

the subsided or slumped beds and control weeds, diseases and 

pests (Wightman et al., 2005). Complete reworking and 

reforming, or “knocking down”, of beds is done only when 

judged to be necessary, and this ranges from once in two years 

(Cooper, 1999) to once in 18 years (Hulugalle et al., 2004). 

By including the principles of conservation agriculture, PRB 

farming minimises soil structural degradation and losses due 

to seepage and evaporation (Hulugalle and Daniells, 2005). 

Notwithstanding this, irrigated PRB systems should be in 

their infancy (Roth et al., 2005) and the benefits of 

refinements to PRB management practices need to be 

demonstrated to accelerate adoption. 

The PRB renovation methods vary around the globe (Roth et 

al., 2005) and depend on traditional practices, farmer 

preferences, crop and available machinery. In majority of 

cases, PRB renovation involves surface soil disturbance and 

inversion. However, soil disturbance/inversion degrades soil 

structure and biology (Soane, 1976; Tullberg and Murray, 

1988; McHugh et al., 2009; Wang et al., 2012). Deep blade 

(horizontal blade that cut the bed at their base) loosening, a 

form of bed renovation with effectively little to no soil 

inversion has been shown to improve and deepen root 

proliferation and increase soil organic matter in the duplex 

soils of Western Australia (Hamilton et al., 2005) and in the 

sandy clay loams of Asia (Jin et al., 2007; Akbar et al., 2009). 

Studies on impact of renovation practices on irrigation 

performance and productivity of heavier clay soils, such as 

Vertisol, have not been recorded. Hence, this study has sought 

to quantify the impact of PRB renovations on irrigation, soil 

infiltration and production performance of PRBs on a Vertisol 

in Australia. 

 

MATERIALS AND METHODS 

 

Site description: The research site was located near 

Cambooya in South East Queensland (27.734900○S, 

151.828062○E). A brief description of the research site 

including topography, soil type and climatic conditions is 

given in Table 1. Prior to the experimentation the field was 

under conservation agriculture for the last 35 years with 2 m-

spaced beds and furrows 10 cm deep, with 40 cm top widths 

and 465 m lengths. Irrigation water was applied to the furrows 

from the distribution canal through seven metre long siphon 

tubes (50 mm diameter). 
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Renovating permanent raised beds (PRB) generally aims to restore shape and increase water infiltration. However, their impact 

on irrigation performance and productivity in clay soil are unknown. Therefore, no-tillage (NT), shallow cultivation (SC) and 

blade loosening (BL) renovation methods were evaluated on a corn crop in clay (Vertisol). Results showed optimal irrigation 

performance (irrigation efficiencies and uniformity >70%) for the NT treatment and significantly lower application efficiency 

(Ea) for the SC and BL treatments. However, the BL treatment significantly increased the lateral infiltration thus wetted the 2 

m wide beds during the normal irrigation periods. Similarly, the 0-30cm bulk density profiles of the BL treatment were 

significantly less than that of the NT and SC treatments throughout the experimental period. However, BL treatment has shown 

the potential to increase water productivity (WP) up to 7% when compared with NT treatment. Modelling showed Ea for the 

SC and BL treatments could be improved to effectively equal that of the NT treatment by increasing (up to double) the inflow 

rate (Q) and reducing (up to half) time to cut-off (Tco). Thus, the BL treatment can quickly enhance lateral infiltration in 

subsided wide beds in Vertisol at no significant trade-off and has the potential to enhance productivity. 
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Table 1. Location and description of research site. 

Characteristic Description 

Country, Province Australia, south east Queensland 

Location 27.734900○S, 151.828062○E 

Elevation above msl 

Field slope 

454 m 

0.002 m m-1 

Ann. mean rain (mm) 737 

Ann. median rain (mm) 620 

Ann. mean max. temp 23○C 

Ann. mean min. temp 12.5○C 

Soil type Heavy clay Vertisol with shrink-

swell properties 

Cropping systems Wheat, corn, millet, beans, hemp 

 

Soil and crop management: The details of the three PRB 

renovation treatments employed were: 

No tillage (NT) - furrows reshaped and the only soil 

disturbance in the bed occurred in the sown rows, (Fig. 1a). 

Shallow cultivation (SC) - furrows reshaped and the top of the 

bed cultivated to a depth of about 10-15 cm before seeding 

(Fig. 1b). 

Blade loosening (BL) - furrows reshaped and the soil was 

loosened by the action of sharp horizontal blades that are 

passed through the base of the bed at a ~30 cm depth. This 

operation lifted and dropped the soil without disturbing the 

roots of the previous crop or causing any soil inversion 

(Fig. 1c). 

 

 
Figure 1. Layout of three PRB renovation methods 

including (a) NT: no tillage, (b) SC: shallow 

cultivation and (c) BL: blade loosening 

treatments.  

 

The soil management treatments were imposed in a 

randomized (block) design with three replicates. The corn 

crop was planted on 3 October 2011 and harvested on 15 

February 2012. The same crop agronomy (seed rate, fertilizer, 

and weedicide) was applied to all treatments.  

Agronomic data collection included (land preparation 

practices, inputs applied, grain yield), local weather data from 

an automatic weather station, furrow slope and shape before 

irrigation. Three plant biomass samples from head, middle 

and tail sections of each treatment, with their three 

replications, were collected at crop harvest. The number of 

plants and the weight of the 1 m crop row were also recorded. 

The samples were dried in an oven at 45°C for one to two 

weeks before the final dry weight was recorded. 

Irrigation management: Two irrigations were applied during 

the season. Irrigation applications were managed by 

controlling inflow rate (Q) and time to cut-off (Tco). 

Applications were stopped when the furrows were filled with 

water before the beds overtopped at the bottom end of the 

field. Irrigation management aimed to maximize the water 

productivity (WP) based on experience. Particularly, the Q to 

the BL furrows was increased relative to the other treatments 

by increasing the head in the supply channel. 

Experimental methods 

Soil Structure: The soil bulk density was used as an index of 

the porosity and the stability of soil structure by the timing 

(pre-seeding and post-harvest). The soil bulk density was 

recorded at sowing, before each irrigation and at harvest, 

using a gravimetric method and soil cores (5 cm x 5 cm) 

collected from 0-30 cm profile depth at 10 cm intervals. A 

total of nine samples (3 per replicate) were collected from the 

head, middle and tail sections of each treatment, positioned 

near the centre of the bed. The soil moisture and bulk density 

were calculated on oven dry mass basis after drying at 105°C 

for 48 hours. 

Soil moisture and infiltration: The bulk density samples 

collected at sowing, before irrigations and at harvest were also 

analyzed for gravimetric soil moisture content during the crop 

season. Additional soil moisture data of 100 cm profile across 

the bed during irrigation was collected using soil moisture 

meter (Micro-Gopher) with a set of three access tubes (2 cm 

diameter) installed at 33 cm, 67 cm and 100 cm distance from 

furrow centre. This set up was replicated thrice for each 

treatment during both irrigation applications. The soil 

moisture data of 100 cm profile at 10 cm depth interval was 

recorded at 15 minutes intervals during the first hour of 

irrigation, 30 minutes during the second and third hour and 

then at one hour interval till the end of irrigation. This soil 

moisture data was used for identifying lateral wetting 

potential of the three renovation treatments. 

Irrigation application and water productivity: The irrigation 

data collected included each furrow Q, water advance time at 

100 m intervals along each furrow length and Tco. These were 

measured by the IRRIMATETM suite of equipment developed 

at the National Centre for Engineering in Agriculture 

(NCEA), University of Southern Queensland (USQ), 

Toowoomba. 

The water productivity (WP) was calculated as the ratio 

between the dry weight of crop yield (grain or straw) per unit 

area and the total seasonal water input per unit area. The total 

water input was calculated as the sum of seasonal rainfall and 

irrigation applications. 

Irrigation performance modeling: The measured furrow 

dimensions (top, middle and bottom widths and furrow 

depth), Q, water flow advance readings and furrow slope were 

used to parameterize the inverse solution, volume balance soil 

infiltration model IPARM (Gillies and Smith, 2005) to 

determine the infiltration parameters a, k and f0 in the 
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modified Kostiakov cumulative infiltration equation (Khatri, 

2007; Gillies, 2008).  

The IPARM output along with the furrow spacing, Tco and 

root zone soil moisture deficit (SMD) were used to 

parameterize the surface irrigation model SIRMOD III 

(Dalton et al., 2001; Walker, 2003; Smith et al., 2005). 

SIRMOD was matched with field data by adjusting the 

Manning n value from the default (i.e. n = 0.04) until the 

simulated advance time at the end of the field equaled the 

measured advance time (McClymont and Smith, 1996). In all 

cases, the adjustments were small within the range of values 

for bare furrows.  

The matched SIRMOD model was then used to evaluate each 

irrigation event in terms of: (i) Application efficiency (Ea) - 

the ratio of irrigation water available to the crop in the root 

zone and the water received at the field inlet (ii) Requirement 

efficiency (Er) - the ratio of volume of water stored in the root 

zone immediately after irrigation to the pre-irrigation root 

zone soil moisture deficit and (iii) Distribution uniformity 

(DU) - the average depth of infiltrated water in the lower one 

quarter of the field divided by the average infiltrated depth of 

water over the whole field (Merriam and Keller, 1978). Deep 

drainage potential due to irrigation excess (DD) was 

calculated using the procedure of Smith et al. (2005). 

SIRMOD was also used to optimise irrigation performance by 

changing the Q and Tco in the model to maximize Ea and Er 

values. Water reached the tail end of the furrow and did not 

overtop the beds. The optimization required meeting the SMD 

and maximizing lateral infiltration, to maximize the use of in-

season rainfall and minimize the occurrence of dry sections 

within the field.  

Data analysis: ANOVA analysis was conducted on all data 

collected using IBM SPSS version 19. A general linear model 

(univariate) was used along with multiple comparisons using 

Tukey analysis, to identify significant differences between 

treatments as groups. 

 

RESULTS 

 

Soil Structure: The bulk density data (Fig. 2a) over the season 

(means from the samplings at sowing, before each irrigation 

and harvest) illustrates the effects of varying degrees of soil 

disturbance on the stability of soil structure. Average bulk 

density of BL was consistently lower than that from the SC 

and NT treatments, indicating a comparatively more loosened 

and stable structure. The bulk density of the BL treatment was 

significantly less than the SC and NT treatments over the 0-

20 cm depth interval (Fig. 2b) but was not considerably 

(P=0.05) different in the 20-30 cm depth interval. Comparing 

data at sowing and at harvest indicated ~5%, ~9% and ~7% 

increase in average bulk density of 0-30 cm layer for the NT, 

SC and BL treatments, respectively.  

 

 
Figure 2. Temporal changes in average soil bulk densities 

of 0-30 cm profile during the season (a) and at 

sowing and harvest (b) under three PRB 

renovation treatments (vertical bars show SD). 

 

Soil moisture and infiltration: The soil moisture deficit 

(SMD) ranged 61 to 74 mm before the first irrigation and 106 

to 134 mm before the second irrigation. There was sufficient 

time before the first and second irrigation for the renovation 

methods to influence the SMD. Therefore, the SMD in the BL 

treatment prior to the second irrigation was significantly less 

(~21% or ~28 mm less) than the SMD of the SC and NT 

treatments (Fig. 3). 

The renovation method also affected the lateral infiltration 

rates to the centre of the beds. For instance, during the first 

irrigation the average times to wet the bed middles to field 

capacity were; BL = 7 hrs; SC = 9 hrs and NT > 10 hrs 

(Fig. 4). The soil moisture of the entire bed was relatively 

even for the BL treatment when the wetting front reached the 

centre of the bed as compared to the NT and SC treatments.  

The differences in cumulative infiltration (Fig. 5) among the 

treatments show the effect of bulk density and SMD of the 

renovation methods. The BL infiltration was significantly 

larger than the SC and NT treatments, which are not 

statistically different. The soil in the beds of the SC and NT 
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treatments had a consolidated core and a similar or equal 

SMD, therefore with similar infiltration properties. 

 

 
Figure 3. Average soil moisture deficit (SMD) in 100 cm 

root zone profile prior to two irrigations of corn 

crop under three PRB renovation treatments 

(vertical bars show SD).   

 

 
Figure 4. Volumetric soil moisture content of 100 cm 

profile at given distances from furrow centre 

during first irrigation to corn crop showing 

lateral infiltration potential of three PRB 

renovation treatments. 

 

 
Figure 5. Average cumulative infiltration during two 

irrigations to corn crop under three PRB 

renovation treatments at given wetting time 

(Vertical bars show SD).   

 

Irrigation application: Irrigation applications and rainfall 

during the cropping season is summarized in Table 2. The 

amount of extra irrigation water added to the BL and SC 

treatment remained well more than that applied to the NT 

treatment. For example, the average amount of water applied 

to the renovated treatments was significantly more than that 

applied to the NT treatments was; BL 13 mm (or 12%), SC 10 

mm (or 9%). The enhanced lateral infiltration and extra water 

added caused the BL beds middle to be ~4% moister than the 

NT treatment during the season. 

 

Table 2. Irrigation applications to corn crop under three 

PRB renovation methods on a Vertisol (SD in 

brackets). 

Treatment / 

attributes 

Irrigation # NT SC BL 

Irrigation duration 

(minutes) 

1st  857  828 857 

2nd 1013 1040 867 

Irrigation depth (mm) 1st  100  107 126 

2nd  124  137 122 

Rainfall (mm)  302  302 302 
*TWI (mm)  526  546 550 

*TWI =Total Water Input 

 

Irrigation performance modeling: Average irrigation data 

(Table 3) illustrate that more water was applied to the BL and 

SC treatments despite some increase to the Q on the BL and 

SC treatments to account for their greater sorptivity (Q for 

NT, 1.85 L s-1 compared to SC 2.02 L s-1 and BL 2.251 L s-1). 

The average irrigation volumes absorbed by the BL and SC 

treatments were 124 mm and 122 mm, compared to the NT 

treatment of 112 mm. The average deep drainage losses over 

those experienced by the NT treatment were 41 mm for BL 

and 18 mm for SC treatments. In consequence, the irrigation 

performance (Ea) of these treatments was substantially poorer 

compared with the NT treatment. 

When the irrigation data was subjected to optimization 

modelling, the need and value of increasing Q and decreasing 

Tco for highly sorptive soil conditions became apparent. To 

produce equal or greater values for Ea, Er and DU; Q rates 

effectively had to be doubled and Tco times more than halved. 

If such optimized practice was adopted for the BL and SC 

treatments it would make the amounts of water applied and 

lost in deep drainage effectively equal to those of the NT 

treatment.  

Crop growth and production: There were slight increases in 

plant density, straw yield, and grain yield in favour of the BL 

treatment (Fig. 6), but none of these differences was 

statistically significant. The WP data (Table 4) shows that 

both the biomass and grain yield WP of the BL and SC 

treatments were comparable to the NT treatment. Had the 

irrigation practice been optimized on the BL treatment, the 

water applied would have been 95% (206 mm) of that applied 

to the NT treatment (218 mm) and the biomass and grain yield 
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WP would have been 29 kg.ha-1.mm-1 and 18 kg.ha-1.mm-1 

(7% and 6% higher than NT), respectively. 

 

Table 4. Water input, crop yield and water productivity 

(WP; on dry biomass and dry grain yield basis) 

for corn crop under three PRB renovation 

methods on a Vertisol. 

Crop 

Yield 

Treat. Water 

input (mm) 

Yield 

(ton.ha-1) 

WP (kg.ha-1. 

mm-1) 

Dry 

biomass 

NT 526 14.07a 27a 

SC 546 14.59a 27a 

BL 550 15.14a 28a 

Dry grain  NT 526 8.94a 17a 

SC 546 9.13a 17a 

BL 550 9.24a 17a 
*Figures followed by different letters in columns for each crop 

season show significant (P=0.05) differences between treatments 

within the season. 

 

 
Figure 6. Comparative performance of corn crop on three 

PRB renovation treatments (vertical bars show 

SD). 

DISCUSSION 

 

Effect of bed renovation on irrigation management: The 

different bed renovation treatments resulted in different bulk 

densities (i.e. different pore size distributions and hydraulic 

properties), and soil structure stabilities. The increased 

structure stability and greater sorptivity of the BL treatment 

was due to non-inversion (McGarry, 1993) and the resulting 

undisturbed root material that acted as reinforcing rods 

(Hamilton et al., 2005) and provided greater shear resistance 

during wet soil conditions (Hamilton et al., 2014). This 

combination of factors that affected soil hydraulic properties 

provided the opportunity to assess the relative impact and 

importance of soil conditions that need to be considered when 

choosing the best irrigation practice to suit a particular set of 

circumstances. 

The BL treatment produced the lowest BD profile, which 

enhanced lateral infiltration. The logical adjustment to 

irrigation practice to accommodate such conditions and 

maximize irrigation efficiency is to increase the inflow rate 

and reduce the time to cut off. This will shorten the 

opportunity time required for bed centres to reach field 

capacity. Similarly, the greater soil moisture holding capacity 

reduced irrigation demand before the second irrigation as 

evidenced through low soil moisture deficit for the BL 

treatment. This irrigation strategy ensures greater lateral 

infiltration, thus reducing the likelihood of deep drainage 

losses. The SC treatment with a shallower, similarly loose but 

less stable soil (Dunn et al., 1998; Coquet et al., 2005; 

Bormann and Klaassen, 2008) required intermediate 

adjustments to the optimum inflow rate and cut-off time. 

The main practical advantage of the BL treatment is the speed 

and visibility of lateral infiltration of water to the bed centre. 

This allows the person managing the irrigation to use the 

Table 3. Impact of three PRB renovation methods and optimized (Q and Tco) on irrigation performance (DD = deep 

drainage potential, Ea = application efficiency, Er = requirement efficiency and DU = distribution 

uniformity) during two irrigations to corn crop on a Vertisol (SD in brackets). 

Irrigation performance 

parameter 

Field measured Q & Tco optimized 

NT SC BL NT SC BL 

Field Length (m) 465 465 465 465 465 465 

Furrow top width (cm) 53 49 61 53 49 61 

Furrow middle width (cm) 35 32 39 35 32 39 

Furrow bottom width (cm) 15 16 19 15 16 19 

Furrow depth (cm) 12 11 14 12 11 14 

Q (L s-1) 1.85a (0.1) 2.02a (0.1) 2.25a (0.2) 3.00b (0.1) 3.5b (0.2) 4.00b (0.3) 

Tco (min) 935a (22) 934a (45) 862a (67) 564b (21) 483b (12) 399b (19) 

Inflow (mm/irrigation) 112a (12) 122a (13) 124a (15) 109a (42) 109b (27) 103b (50) 

DD (mm/irrigation) 26a (3) 44a (3) 67a (3) 15a (5) 15b (4) 22b (5) 

Ea (%) 74a (2) 59a (3) 47a (2) 86a (4) 86b (2) 79b (3) 

Er (%) 98a (2) 99a (1) 99a (1) 94a (1) 95a (2) 99a (1) 

DU (%) 79a (3) 78a (4) 80a (3) 82a (3) 84a (3) 86b (2) 
*Figures followed by different letters for the same treatment in rows are significantly different (P = 0.05) between strategies. 
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merging of opposed wetting fronts in beds at the tail-end of 

the field, as a signal for the time to cut off the inflow. Also, 

the more rapid the inflow the lesser will be the time for 

infiltration of excessive amounts of water once the supply is 

cut off. Notwithstanding the reduced impact of management-

induced sorptivity differences in moist soil conditions, the 

enhanced lateral infiltration they will provide would still 

allow for the merging of wetting fronts at the tail-end of the 

beds to be used as a signal to cease the inflow. 

Effects of bed renovation on crop production and WP: The 

measurable build-up of organic matter and soil structure 

stability resulting from enhanced root growth stimulated by 

the imposition of BL or the like treatments has been reported 

on many soils, farming systems and countries (Hassan et al., 

2005; Hamilton et al., 2007; Jin et al., 2007), the assumption 

is reasonable that, over time, organic matter will increase and 

production benefits will derive from such a practice. Based on 

these reports and its proven ability of blade loosening to 

enhance the benefits of no-tillage conservation agriculture, 

the practice of such a bed renovation method is worth 

adopting for the long term. Combined with the knowledge of 

improved irrigation strategies for loose, structurally stable 

soils gained from this research, longer term improvements in 

WP should be assured, because improvements will occur in 

both the production and irrigation efficiency, as the optimized 

irrigation modelling has illustrated. 

Increased crop yield and WP with reduced tillage compared 

with the conventional tillage intensive farming systems has 

been reported by Sayre et al. (2005) and Malhi et al. (2006). 

However, water availability to crops is the most yield limiting 

factor (Wang et al., 2011) and yield on the NT treatment 

under wider beds is more sensitive to lateral infiltration, as 

yield may be limited by the non-availability of nutrients 

(Wang et al., 2012) and lack of water for fulfilling the plant 

evapo-transpiration and metabolism needs. Reduced crop 

yield and WP due to the poor lateral infiltration was also 

reported in several past studies, (Akbar et al., 2007; Jin et al., 

2007) in sandy clay loam and by Lucy (1993) in Vertisol.  

Although the BL and SC treatments mechanically loosened 

the subsided bed for improved infiltration, yield and WP were 

only slightly improved when compared with the NT 

treatment. One of the reasons may be the maize rows were on 

bed shoulders, thus the lack of wetting front movement to the 

bed middle in NT and SC treatments did not impacted on 

maize yield. Other reason may be the excessive irrigation 

application to SC and BL treatments may have negative 

consequences on crop yield and WP, as analytical correlations 

between crop yield and different irrigation performance 

parameters were established in many studies (Solomon, 1984; 

Holzapfel et al., 1985; Juan et al., 1996; Zhang et al., 1999). 

Therefore, improving irrigation performance with better 

management for both treatments will not only save water but 

may also contribute in yield increase, which can lead to 

improved WP. Higher yields, soil water storage, and WP on 

BL were also reported in several studies (Eldridge and 

Robson, 1997; Hamilton et al., 2005; Jin et al., 2007; Akbar 

et al., 2009). 

Research by Waldron and Dakessian (1981) and Tobias and 

Rickson (1994) has shown that roots significantly increase the 

shear strength of saturated soil and thereby increase soil 

stability, and this information has been used by Hamilton et 

al. (2005) to retain undisturbed roots in the top soil of BL 

treatment where they mimic reinforcing rods and maintain a 

stable structure during the wetting and draining. 

 

Conclusions: The renovation practice of permanent raised 

beds can significantly impact on irrigation performance due 

to their influence on soil hydro-physical properties, thus may 

significantly influence the water productivity. The stable soil 

structure due to controlled renovation of permanent raised 

beds, e.g. blade loosening, may provide better rooting 

environment, which can be instrumental for increased crop 

production. Furthermore, the changed soil properties due to 

renovation practice requires optimized irrigation 

management, as per site specific conditions, for ensuring 

improved irrigation performance. However, further work is 

required to assess the benefits of different renovation methods 

over a longer period, to better define the optimal irrigation 

practice over a wider range of antecedent soil moisture 

conditions and the soil structure and crop production benefits 

that should result from enhanced root proliferation and 

retention. 
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