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Abstract

:

Modern agricultural farming systems acidify the soil profile due to application of fertilisers with acidifying properties. In most parts of Australia, lime has been used to improve agricultural soil conditions and restore its productive potential. The observed response of crop yield to applied lime often varies with soil type, acidity profile and seasonal conditions, so it is difficult to specify the expected yield response in a given situation. We conducted a meta-analysis of 86 agricultural field trials from Western Australia (WA), New South Wales (NSW) and Victoria (VIC) where various rates of lime had been applied to the soil surface and crop yield (wheat, barley, canola, lupin or field pea) measured for a number of years after the initial application. Information from the meta-analysis was then paired with output from a crop simulation model, where the water-limited yield potential was estimated for both a neutral and acidified soil profile. The average increase in yield to applied lime across all locations and crops was 12%, but the response ranged from 0 to 185%. A trend was observed, where sites with topsoil pH (CaCl2) < 5 and subsoil pH < 4.5 had the greater benefit to liming. Soil type had little effect on the percentage yield increase. Overall, responses to applied lime were most likely when the yield of the trial site was at 50% of water-limited yield potential (or less), the quantity of lime applied was greater than 2.5 t ha−1 and the time since lime had been applied was greater than three years (with the maximum response occurring from four and sometimes up to eight years after liming). Therefore, soil pH measurements, combined with an assessment of actual yield relative to potential yield, provide the best guide to the response to surface applied lime and this response is likely to take more than four years to be realised.
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1. Introduction


The soil in the wheat belt of Western Australia (WA), New South Wales (NSW) and Victoria (VIC) has many attributes that limit crop production. Most soil is derived from ancient granitic rocks and sediments. Weathering and leaching of these rocks have resulted in predominately sandy textured soil with acidic pH, low nutrient levels and low buffering capacity. The agricultural system has magnified these problems. Processes such as the removal of grain, use of legume crops and pastures, application of fertiliser with acidifying properties, and leaching processes have increased the rate of soil acidification, particularly under more intensive crop production [1,2].



Soil acidification in the agricultural and cropping areas affects an estimated 14.25 million hectares (~80%) in WA [3,4], 16–20 million hectares (~50%) in NSW [5] and 3 million hectares (23%) in VIC [6]. The combined impact of surface and subsurface acidity has been estimated to be responsible for an annual loss of income to the grains and agricultural industry of $500–1600 million in WA [7], $378 million in NSW [8] and $470 million in VIC [8].



The basic processes of soil acidification are well understood (e.g., [1,9,10]). Factors which affect acidification rates (product removal, nitrate leaching, acidifying fertilisers) and the response of soil pH to the application of lime (time, rate, lime source and incorporation) have been identified and quantified [11]. Other chemical effects of low pH such as nutrient availability and aluminium toxicity as well as biological effects in the soil have also been studied (e.g., [12]). The agricultural industry has utilised this information on soil acidity to develop management strategies for acidic soil using lime; for example, farmers and consultants in WA aim to keep the soil pH (CaCl2) above 5.5 in topsoil and 4.8 in subsoil [13,14,15].



However, farmers are unsure about the economic value of lime application due to uncertainty of the yield response. In trials, the yield response to surface applied lime has been variable and ranged from a negative response to up to 400% of control yield [11]. This may explain why farmers applied lime at 1-1.5 t ha−1 depending on available income [16], despite much higher rates being recommended by consultants. Farmers need additional, detailed and specific information about the lime requirements for a particular field, the likely yield and pH response to applied lime and insights into the economics of applying lime [17].



Predicting a yield response to applied lime is complex and requires a detailed understanding of plant–soil interactions with regard to soil pH. In Australian trials, research has focused on the relationships between yield and root growth to changes in soil properties such as pH, Al, exchangeable Al, Na/Al and Mn [18,19,20,21,22,23,24,25,26,27]. Unfortunately, many of the relationships between soil properties and crop yield are site specific, so that relationships between applied lime, soil properties and yield developed at one location or region often deteriorated when information from other locations was included in the analysis. Consequently, Edmeades and Ridely [11] suggested that more work was required to predict plant responses to applied lime so as to develop simple diagnostic criteria for farmers.



The aims of this study were to analyse responses in crop yield to surface applied lime from field trials carried out in three agricultural areas of southern Australia with a winter-dominant growing season and, by relating these data to simulations, to quantify the impact of season, rate of lime and time since lime application on the response, and to determine factors which may enable better prediction of yield response to surface applied liming.




2. Materials and Methods


2.1. Overall Approach


We analysed a database of medium- and long-term lime trials from the Department of Agriculture Western Australia (now known as Department of Primary Industries and Regional Development) as well as results from published papers in combination with crop growth simulation to dissect the factors associated with yield responses to lime. The crop model was used as a “bioassay” to quantify the severity of the soil acidity constraint by varying root growth parameters. This enabled the identification of interactions with season and soil type (as characterised by plant-available water capacity). Responses to lime were expressed as the percent increase over the unlimed control and also relative to the water-limited yield potential for that site and season. Responses were then related to the distribution and severity of low pH down the soil profile, the plant-available water capacity (PAWC), the seasonal conditions, time since liming and crop type.




2.2. Historical Trials


The WA lime trial database contained 69 trials, conducted from 1991 to 2012, which have soil information and yield (Table 1). The trials included treatments for lime rates (25) and re-liming (13), types of liming products (15), lime rates and ripping (7), lime and non-wetting agents (3), and lime rates and nutrient rates (6). The trials involved repeated assessments of crop yield following the initial application of lime. Most of these trials (61 of the 69) were used previously in a preliminary yield analysis [28] and some have been reported on an individual trial basis [29]. Additional information for each trial (soil pH profile, rates and climate) were collated for use in this analysis.



Yield responses from the WA trial database were compared with those recorded elsewhere in Australia (Table 1). We sourced data from NSW and Victoria, from trials conducted between 1980 and 2000 which had both yield and soil pH data and had been published in journal papers or at the Australian Agronomy Conference. There were few data from South Australia published in journals or conferences, possibly due to the majority of the soil in that state (57%) being alkaline and calcareous soil types [30]. Our search found limited data in NSW as many results are published in agency and other reports and did not have sufficient information for this analysis.



There were 232 ‘cases’ in the WA trial database from 69 trials, 13 cases from three trials in NSW and 76 cases from 20 trials in Victoria. A ‘case’ was identified where yield of a specific crop in the unlimed and lime treatments were recorded at a trial site in a particular year. The data from the year the lime was applied was not included in the analysis so that there were 176 cases in Western Australia and 10 case in NSW and 71 cases in Victoria (Table 1). A case was defined by trial identification, year of crop, crop type, year lime applied, time since lime had been applied, and soil type. For each case the data extracted may have included (1) yield in the unlimed treatment, (2) yield at other rates of lime (often 0.5, 1, 1.5, 2, 2.5, 3, 4, 5 t ha−1 lime), (3) pH and Al at zero lime treatment, (4) pH and Al in the rates of lime treatment(s) and (5) time since lime was applied. Soil was generally sampled at 0–0.1 m, 0.1–0.2 m, 0.2–0.3 m, and 0.3–0.4 m and these samples were used to measure pH in CaCl2 [31] and CaCl2-extractable total aluminium [32]. A trial may have included a range of treatments such as rates of lime applied, lime type applied, ripping, other products applied (such as gypsum and nutrients) and different crops in the same year. A case may have multiple rates of lime applied over previous years.



The WA trials were generally established on sandy soil with Australian soil classification [38] and WA classification called Mysoil classes (https://www.agric.wa.gov.au/mysoil (accessed on 1 November 2019)) of: Tenosol—Pale sand, coloured sand and sandy earth, Kandosols—gravel and some sandy earth and sandy duplex soil. The NSW soil was Kandosol and Sodsol [40]. The Victorian soil was all classed as duplex soil in the Northcote classification [41], with likely Australian soil classification of Chromosol and Kurosol, and local classification of sandy clay loam.



Soil sampling practices varied between the trials. Soil pH was not measured in every plot in every year and was measured in both the limed and unlimed treatments in 119 of the 176 cases for WA and 41 out of the 81 cases in NSW and VIC. It was measured in neither unlimed nor limed treatments in 20 cases in WA. There were a number of cases from WA where the pH was measured in the limed plot but not in the unlimed plots in the same year (21), so we estimated the pH in the unlimed plot using a neighbouring plot or from the previous year. There were a number of years where the pH was not measured on the limed plot (16 in WA and 48 VIC) as pH was often measured every 2 years and cannot be extrapolated from other plots nor years.



A soil layer was classified as acidic if pH (CaCl2) was less than 5 (for the 0–0.1 m layer) or pH (CaCl2) less than 4.5, in subsurface layers. Using these criteria, soil was allocated to classes, such as topsoil acidic, topsoil and subsoil acidic, subsoil acidic, and non-acidic, based on the unlimed pH and limed pH in the different layers. Limed soil was defined as “ameliorated” if the pH in the topsoil had increased from less than 5 to above 5, and/or the subsoil pH had increased from less than 4.5 to 4.5 or higher. This created profile classifications after liming that were defined by amelioration: topsoil fixed, topsoil and subsoil fixed, subsoil fixed or no change.




2.3. Estimation of Trial Site Yield Potential


The yield potential was estimated at each site in order to express the observed yield (from both unlimed and limed treatments) relative to a water-limited potential. The water-limited yield potential (YP) was estimated using APSIM (v7.6) [42], except where the yield generated by APSIM was significantly lower than the trial yield (which usually occurred in drought years, such as 2000). In these latter types of years, a modified version of French and Schultz [43]) with PAWC set at 150 mm [44] was used to estimate YP. The rainfall from the closest station to the trial sites over the years of the trials was obtained from the patched point dataset of the SILO historical climate database [45] for use in these predictions of YP.



For the WA sites, three soil types were chosen from the APSOIL database [46], https://www.apsim.info/apsim-model/apsoil/ (accessed on 16 May 2016)) with sandy topsoil, contrasting PAWC and distribution of soil moisture down the profile (Table 2). Generic APSOIL profiles were chosen for the NSW sites [47] for loamy sand (Kandosol and Sodsol) and the VIC sites (Birchip Cropping Group) with sandy clay loam and loam soil.



Crop management had not been recorded at most of the trial sites, so the APSIM runs applied a standardised management for the sowing rule, seeding rate and nitrogen fertiliser applications for the different types of crops. For cereals, we used a medium-maturing wheat cultivar (Wyalkatchem), which was sown at 100 plant m−2, and the barley cultivar Bass sown at 100 plants m−2. Sowing of cereals occurred between 1st May and 30th June each year, either once 15 mm of rain had fallen over 10 days, or on the 30th June if this rainfall threshold had not been reached. For the lupin, the cultivar Belara was sown at 100 plants m−2 and for canola, the cultivar Pinnacle was sown at 30 plants m−2. For lupin and canola crops, sowing each year occurred between 25th April and 30th May, either when 15 mm rain had fallen over 10 days, or on 30th May if insufficient rainfall had been received.



The wheat and canola crops were fertilised with 90 kg ha−1 nitrate-N (nitrogen) at sowing, and 90 kg ha−1 urea-N at 40 days after sowing with all other nutrients non-limiting (the latter being an assumption of the APSIM model). These levels of N applications were used to ensure that the water-limited yield would not be affected by the supply of N. While this rate of N is higher than those used commercially, we checked that this did not result in unrealistic reductions in grain yield that can occur with a large crop biomass in dry seasons (due to early crop senescence). Simulations were reset on 1st January each year to remove the effect of carry-over of soil water, N, organic matter and surface residues conditions from the previous years. The previous crop stubble was reset to 2 t ha−1 of wheat stubble with a C:N ratio of 70, soil water was reset to the crop lower limit for wheat, and the mineral nitrogen in the soil profile was reset to 56 kg ha−1 NO3−-N and 8 kg ha−1 NH4+-N.




2.4. Analysis of Yield Response


Cases with one or more years since the lime had been applied were used in the analysis of the relationship between yield and time since lime, whereas the yield–lime rate responses curves only used data where there were more than three rates of lime (nil and at least two rates; 102 cases in WA and 51 NSW, VIC, respectively. A range of crops had been used in the trials, sometimes as part of crop rotation, but sometimes grown in the same year. The majority of the data were from wheat, then lupin with less data for canola, barley and field pea (Table 1).



The percentage yield increase from liming (%YILR) was defined by the comparison of the yield obtained from plots with a lime rate greater than zero (YieldLR) to the yield obtained from objects without liming (YieldL0) (Equation (1))


%YILR = (YieldLR − YieldL0)/YieldL0 × 100



(1)







The water-limited potential yield (Yw) was used to define the relative yield of the trial data at each lime rate (RYLR, Equation (2)) and the relative yield increase (%RYILR, Equation (3)).


RYLR = YieldLR/Yw



(2)






%RYILR = (RYLR − RYL0) × 100



(3)







In each case, the greatest increase in yield from liming (%YImax and %RYmax) and the lime rate at which this greatest yield increase occurred (LRmax) were determined. This may not have been the highest rate of lime applied in the trial as the yield increase had plateaued. A site was considered responsive to lime when the % RYI was greater than 5%.



Most of the acidity literature uses only %YI to express yield response to lime, but both %YI and %RYI were used in this paper. Using %RYI to normalise the yield increase for the YP was expected to help to overcome biases in analyses that occur from soil type and seasons, such as when a high %YI occurs with low yield.



A relative yield greater than 0.75 was classed as high yielding, as 0.75 was considered to be near the attainable yield potential [48]. A medium yield was defined as being between 0.51 and 0.75 relative yield and low yield as relative yield less than 0.5.




2.5. Estimating the Effect of Soil Acidity and Amelioration with APSIM


While many biophysical factors have been invoked as the underlying cause of the negative effect of soil acidity on yield (see Section 1), we made the assumption that the primary effect is on poor root growth and associated constraints to extracting soil water. The crop model APSIM was used as a “bioassay” for the impact of acidity on crop yield by modifying the parameters controlling root growth rate (since APSIM does not model the pH nor does it include a pH-root reduction function).



APSIM simulates the potential daily root growth in a soil layer at 30 mm/day and discounts this for the effects of temperature and the water content of the soil layer that the deepest roots are currently passing through. For example, root growth through a layer will be slowed if the soil water content is less than 25% of the holding capacity between the lower limit and drained upper limit.



The rate of growth of the roots in different soil layers in APSIM can be reduced to simulate a soil constraint by imposing a root growth rate reduction factor (xf) on the potential root growth rate. The “xf” is set between 0 and 1, where 0 is no growth in that layer and 1 is unconstrained. An xf of 0.1, for example, means that the roots grow at 10% of the potential root growth rate in that soil layer. This approach has been used to model acidity [49] and compacted layers of soil [50].



In the individual site and long-term scenarios, acidity in different layers was simulated by varying xf in the 0–0.2 m or 0–0.3 m layer. The xf of the 0–0.1 m layer was not varied as APSIM is not sensitive to xf reduction in that layer (due to the simulated root front being at 0.1 m not long after emergence and, since there is no need for roots to extract water and N before that time, plant growth is not affected by that layer).



Each case from the trial database (WA, NSW and VIC) was assigned an xf value for the acid layers based on the difference in the measured and water-limited potential yield, with the depth(s) at which xf was adjusted being based on the pH of the soil profile. The %RYI was then estimated using APSIM for (1) complete amelioration of the profile (2) partial amelioration the acidity—the roots growth rate increases but not to potential or (3) ameliorating part of the profile (e.g., 0–0.3 m acidic profile now only acidic at 0.2–0.3m).




2.6. Estimating the Effect of Season on Yield Increase from Amelioration Using APSIM


The shape of the relationship between relative yield and the fraction of potential root growth (xf) for each season (year/rainfall) within each case (soil, pH profile) was used to define the year in terms of the likelihood of an increase in yield from amelioration. Seasons were defined as unlikely to have a yield response to amelioration if the RY was near YP (RY > 0.9) regardless of root growth rate (xf values). Seasons that had an increase in RY as the root growth rate is increased (increasing xf) (Figure 1) were defined as likely to have a yield response to amelioration.



The following example will help to illustrate this approach. A sandy soil with acidity in the 0.1–0.3 m layers at Bodallin, WA demonstrates two different seasons (1991 and 2000) (Figure 1). The year 1991 at this location was an example of a season unlikely to exhibit a yield increase in response to amelioration, i.e., with little yield increase from an increase in the root growth rate below 0.1 m, unless the site was severely acidic (xf ≤ 0.1). This could be explained by the rainfall distribution as there was little early season rainfall (22 mm Jan–April), therefore minimal stored soil water at depth, but there was above average rainfall in June and July (60 mm each month). This meant that the crop was able to grow using water near the soil surface. In contrast, the year 2000 was an example of a season likely to exhibit a yield increase in response to amelioration, i.e., with an increase in RY as the root growth rate increased (increasing xf) (Figure 1). There was a large amount of rain in January and March (120 mm and 90 mm, respectively) which increased the stored soil water at depth. This was followed by low rainfall in May and June (only 25 mm) which meant that the crop may have needed to access water stored deeper in the profile, thus being responsive to a restriction in root growth (xf).





3. Results


3.1. Yield and Yield Increase from Surface Applied Lime


The average increase in yield to surface applied lime for all crops across WA, NSW and VIC was 12%, but the range in response was large (0 to 185%, Table 3). When the yield increase was expressed relative to the potential yield, the range of increase in relative yield was 4 to 25% RYI. The highest increase in yield was for barley with the lowest for lupin (data not shown). This is expected due to the susceptibility of barley to aluminium toxicity induced by soil acidity and the relative tolerance of lupin [35].



In WA, the average yield increase when lime had been applied for one year or more was 0.22 t ha−1 (n = 176) which is a 14% yield increase or 7% RYI (Table 3). The results were similar for other trials around Australia, although the NSW and VIC sites had higher absolute increases in yield than WA. Greater responses in yield occurred in trials from NSW and VIC that included the effect of lime and ripping/tillage [20,31,32,33,34,35,36,37]. Small yield increases (YI < 10% or RYI < 5%) were common in the trial data from WA and occurred in 58% of cases. Large yield increases greater than 25% YI or 15% RYI occurred in 20% of the cases from WA (Figure 2). Yield increases were more common in the NSW and VIC trials with 70% of cases having a greater than 10% YI or 5% RYI.




3.2. Using Relative Yield and Responsiveness Matrix


There were 37% of WA, NSW and VIC cases where the unlimed treatments were at 0.75 of yield potential or greater, which may indicate that acidity was not a major constraint for those cases in those years (Table 3). In 23% of cases in WA, NSW and VIC the unlimed treatments were severely constrained as the yield was less than 0.5 of potential (Table 3).



In WA 58% of the cases and 29% of the cases from NSW and VIC were unresponsive to lime (%RYI < 5%, Table 3). It was common for lupin to be unresponsive in WA (39 out of 53 lupin cases) but we could not compare to the NSW and VIC as there was only one trial in the dataset in which lupin was grown. Responsive cases (42% of those in WA and 71% of those in NSW and VIC) had an increase in percentage of relative yield of 13 to 21%.



In WA, the responsive sites had yield increases of 49, 24 and 16% in the low, medium and high yield classes, which suggests that the highest gains were from lower-yielding cases. The yield gains in the most responsive cases were 13–16% when compared on a relative yield basis (%RYI, Table 3). Cases classed as unresponsive had yield increases of 4–6%, which converted to 1% on a relative yield basis. Low, medium and high yield potential related mainly to the severity of the acidity constraint, while responsive or unresponsive cases related to the lime rate, years since lime was applied and season (Table 3).



APSIM was able to model the yield for the severest constrained cases (RY < 0.5) by reducing the root growth rate to 10% of potential (xf of 0.1). When topsoil was ameliorated and root growth increased to maximum (xf 1) in the 0–0.2 m layer, but still constrained below, the estimated %RYI from simulation was 21%, which was close to the 16% found in the trials. When amelioration was to 0.3 m then the %RYI was 35% for an increase in root growth rate (xf from 0.1 to 0.2) and up to 61% for full amelioration (maximum root growth rate; xf = 1). The medium-yielding range, RY of between 0.5 and 0.75, was best simulated using xf 0.1 and 0.2. In the medium-yielding responsive cases, the acid constraint had mostly been removed but the observed yield responses (13–17%, Table 3) were lower than those estimated by simulation for the range of profile amelioration (17–34%). This suggests that higher rates of lime were still required to reach yield potential. The higher-yielding cases, RY greater than 0.75, were best simulated with an xf of 0.2 to 0.3. The estimated response in %RY from simulation with the topsoil ameliorated was similar to the observed %RYI of 16–21%.




3.3. Effect of Lime Rate


The impact of rate of lime varied with the severity of the pH constraint. Cases where the soil pH was close to the target level in the top 0.1 m of soil tended to demonstrate a low yield response and were classed as unresponsive (Table 3). Cases in which the soil pH was well below the target level had a low yield response but were classed as responsive as some lime had been applied, average 2 t ha−1, which was sufficient to ameliorate the topsoil, but the subsoil was still acidic.



Lower application rates of lime (average of 0.4 t ha−1 less) in cases with a medium yield response (RY between 0.5 and 0.75) were classed as unresponsive to lime as the application rate was too low to address the acidity constraint, or soil acidity was not the main constraint to yield (Table 3).



For cases that were near yield potential (RY > 0.75), the unresponsive ones had the lowest rate of lime (0.8 t ha−1), or lime that had been recently applied and were sampled in unresponsive seasons compared to the responsive cases (Table 3). This also occurred in cases that were not constrained by acidity, or where more tolerant crops were grown.



In WA, where lime was applied more than one year previously, the pH in the topsoil (0–0.1 m) increased, on average, by 0.25 pH unit for a 0.5 t ha−1 lime rate, and by 1 pH unit for at 4 t ha−1 lime rate (Figure 3a). The NSW and VIC data showed an average 0.5 pH unit at a 1 t ha−1 rate, with greater than 1 pH unit change for 4–5 t ha−1 lime (Figure 3b).




3.4. Effect of Time Since Lime Application


The responsive, high-yielding cases had the longest time since lime had been applied—eight years compared to three to four in the other cases. In the WA cases that had the greatest yield response to lime, the pH increased in the topsoil after the first year of lime application, and the maximum increase in pH (of 1.2 pH unit on average) occurred after four years (Figure 4a). The pH of the subsoil had a small average increase in pH of 0.25 unit in the 0.1–0.2 m layer and 0.1 unit in the 0.2–0.3 m layer (Figure 4a), with the maximum pH change occurring by the second year after lime had been applied (Figure 4a). The pH changes for the NSW and VIC cases were similar to WA with an average increase in pH of the topsoil (0–0.1 m) of 1.16 pH unit and 0.3 pH unit in the 0.1–0.2 m layer with a 5 t ha−1 lime rate (Figure 4b).




3.5. Effect of Soil Type and Soil pH


The soil type was not the cause of low yield and low yield increases due to lime. Using %RY instead of %YI, with the exception of pale sand, the WA soil had similar %RYI (6–8%) (Table 4). The highest relative yield and lowest yield benefits (%YI = 3% or %RYI = 2%) were for pale sand, possibly due to the high rainfall at these trial sites (Table 4). In NSW trials the Sodsol had the lowest %RY and %RYI compare to the sandier Kandosol. However, the NSW cases with Sodsol soil had much higher rainfall and may have constraints other than acidity. In VIC, the sandier soil, sandy clay loam, had higher %RYI than the heavier clay and clay loam soil. From this analysis, it appears that in WA, the soil type per se has little effect on the relative yield increase due to lime application. However, in NSW and VIC, sandier soil had the greater yield increase from lime application. This may be related to greater variation in soil texture and greater loam and clay content at the sites from NSW and VIC sites compared with those in WA.



In the WA trials, the topsoil was acidic in the majority of cases (118 or 67% of cases), while the topsoil was classed as non-acidic with acidic subsoil in 27 (15% of cases). In 11 cases (6%) the whole profile was non-acidic and 20 cases (11%) pH was not measured (Table 5). Acidity was commonly found to a depth 0.3 or 0.4 m (93 or 54% of cases), and was less common in the 0–0.2 m layer (29 or 17% of cases) or just the topsoil 0–0.1 m (21 or 12% of cases).



In NSW and VIC, the soil was mostly acidic in the top 0–0.1 m (79 out of 89 cases), with 55 of these also acidic to 0.2 m (Table 5). There were only 10 cases where the topsoil was classed as non-acidic. However, in these cases, the subsoil pH was unknown, as it was not measured.



The soil pH values in the untreated soil were not able to predict the yield at a site. There was no correlation between yield or relative yield in the limed and unlimed treatments and soil pH in the 0–0.1 m, 0.1–0.2 m and 0.2–0.3 m layers for WA, NSW and VIC (data not shown). Only 45 out of 176 sites have extractable aluminium (mg kg−1) measured, so it was not used for correlations but used as a explanatory factor for individual cases.



Soil pH may be a guide to the likelihood of a yield response to lime application, where the lower the soil pH, the greater the chance of a yield increase. The %RYI was negatively correlated to soil pH in unlimed plots in the 0–0.1 m and 0.1–0.2 m layers (Figure 5a,b). There was a trend for sites with topsoil pH < 5 and subsoil pH < 4.5 to have a greater likelihood of an increase in relative yield due to liming (Figure 5a,b). The pH of the topsoil was below 5 and subsoil pH below 4.5 in most of the cases that were classed as responsive (Figure 5a,b).




3.6. Seasonal Response to Lime Application


There was no relationship between yield increase, %YI, or %RYI and GSR or water supply (GSR + 30% of summer rainfall) for canola, wheat, lupin and barley (data not shown). It is likely that the distribution of rainfall is more important than the total rainfall where access to subsoil water is increased by liming and required in periods of drought in the growing season.



The cases defined as unresponsive (Table 3) occurred in a season classified as unlikely to exhibit a yield increase in response to amelioration in 31 cases out of the 102 in WA and five out of the 26 case in NSW and VIC. Therefore, the lack of response in the majority of cases in WA and NSW was likely due to an insufficient amount and/or time since lime application or limited amelioration at depth rather than season.



There were a number of cases which we defined as occurring in seasons unlikely to have a yield increase from amelioration that were actually responsive. This occurred in 14 cases out of the 74 responsive cases in WA and 12 out of 63 responsive cases in NSW/VIC. For eight of these WA cases and nine of the NSW/VIC cases the relative yield was low or medium, had 2–4 t ha−1 of lime applied and were modelled with an xf of less than 0.1. This is similar to the 1991 example (Figure 1), which shows that yield increases only occurred at an xf of less than 0.1. This indicates that if the acidity is severe, there will be a benefit to amelioration in all seasons as long as the lime rate is high. For the other responsive cases in seasons unlikely to have a yield increase from amelioration (six in WA and three in NSW/VIC), the relative yield was high and had the topsoil and/or subsoil to 20–30 cm had been ameliorated, so is likely that the increase in yield included a nutrient response [51].




3.7. Amelioration


The ability of lime to ameliorate part of the soil profile, defined by raising soil pH(CaCl2) above 5 in the 0–0.1 m layer and 4.5 in the subsoil, occurred in 124 WA cases (70%) and 36 NSW and VIC cases (40%, Table 5). In seven of the WA cases (4%) liming did not ameliorate any acidic layer of the soil, while in another 11 WA cases (6%) there was no change in pH as it was already above the cut-off values. There were 36 cases (20%) in WA which did not have pH measured in either the limed or unlimed treatments and 49 cases from NSW and VIC in which the data for pH on the limed plots was not reported.



The topsoil (0–0.1 m) was most commonly ameliorated (104 or 60% of WA cases and 29 cases in NSW and VIC) with an average increase across all cases of 1.2 pH unit. Amelioration from the topsoil to depth was less common, with the applied lime increasing the pH at 0–0.2 m in 21 cases in WA and seven in NSW and VIC and 0–0.3 m in nine cases in WA (none for NSW and VIC). If the topsoil was classed as non-acidic but the subsoil was acidic, the soil was ameliorated to 0.2 m in three cases and to 0.3 or 0.4 m in 15 cases (Table 5).



Using the matrix, we noticed that the low-yielding sites had only the topsoil ameliorated and were often still acidic below 0.1 m (data not shown). The medium-yielding sites were more commonly ameliorated in the topsoil and some to 0.3 m, but still had acidic subsoil. The high-yielding sites often had the acidity ameliorated and, for the responsive cases, it was the major constraint, while in the unresponsive cases, we speculate that there were other constraints to production.



The change in pH in any soil layer between the untreated and limed treatments was not a good indicator of the expected yield increase. There was no relationship between change in pH in a layer (0–0.1 m, 0.1–0.2 m and 0.2–0.3 m) and yield increase from liming (data not shown). This was expected, as the change in pH does not account for the pH profile type and the starting pH.



There was also no relationship between the pH of the soil profile nor the change in pH of the soil profile after liming and increase in relative yield. This may be due to the confounding relationship between pH and aluminium. For example, there were three cases in WA which had acidic subsoil and no class change in the pH profile but showed a 7–16% yield increase. This was likely due to the aluminium concentration reducing from 9 to 2 mg kg−1 in the 0.2–0.3 m layer and from 9 to 4 mg kg−1 in the 0.3–0.4 m layer. Similarly, in NSW and VIC, the highest RYI (34%) was in a situation where the soil was acidic to 0.2 m, there was no change in pH class following liming, but there was a decrease in the exchangeable aluminium due to the lime application [20].





4. Conclusions


The biggest drivers of the yield response to lime application on acidic soil are the lime rate and the time since lime was applied. The season may play a part in low yield responses at moderately constrained sites, but seasonal differences were not found to be the basis behind the lack of response at highly constrained sites.



This meta-analysis of 71 trials, which collectively cover some twenty years, indicates that rates of lime greater than 2.5 t ha−1 and four years or more are required to achieve maximum changes in both soil pH and yield to surface lime application. The largest increase in yield from liming occurred when at least 3 t ha−1 of lime was applied in trials conducted in WA and greater than 2.5 t ha−1 in trials conducted in NSW and VIC. Difficulties occur in attributing a yield response to applied lime because of the time required for lime to take effect (commonly 3–4, but up to 8 years) and the limited time after application that trials are monitored. Often the amount of lime applied to a constrained soil was too small to ameliorate the soil acidity, especially in cases with subsoil acidity when it may require larger rates of lime to reach maximum yield benefit.



The majority of the lime in these experiments was applied to the surface, even though half of the sites had subsoil acidity. This may explain why lower rates of applied lime failed to generate a yield response. Higher rates of lime and/or deeper incorporation may generate greater pH changes and therefore greater yield responses to applied lime [52].



We have found that soil pH test values are a poor predictor of yield response to lime. We suggest a combined approach which uses pH classes (pH < 4.5 or 5), acid profile type (acid in 0.1–0.3 m layers) and the degree of yield constraint as quantified by the yield relative to a water-limited potential. Such an approach could improve confidence for decision makers trying to identify when soil pH is constricting yield and when they are likely to obtain a response to surface applied lime or if more aggressive intervention is required to incorporate lime directly into the deeper acidic layers.
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Figure 1. Examples of the relative yield (RY) with decreasing xf (or reducing severity of root reduction) showing a flat response in 1991 (O) and a sharp response in 2000 (X). Data for a sandy soil at Bodallin (WA) with acidity at 0–0.3 m depth. 
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Figure 2. Frequency of relative yield increase after one or more year of lime applied for WA, NSW and VIC. 
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Figure 3. Change in soil pH (CaCl2) after liming in the 0–0.1 m (◊). 0.1–2 m (o) and 0.2–0.3 m (∆) layers with lime rate in WA cases (a) and NSW and Victoria cases (b). Error bars indicate +/− 1 standard deviation. 
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Figure 4. Change in soil pH (CaCl2) after liming in the 0–0.1 m (◊), 0.1–2 m (o) and 0.2–0.3 m (∆) layers with years since lime applied for the WA cases (a) and NSW and VIC cases (b). Error bars indicate +/− 1 standard deviation. 
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Figure 5. Relationship between relative yield increase and pH in 0–0.1 m (a) and 0.1–0.2 m (b) for trials in WA, NSW and VIC with wheat (X), barley (○) canola (□), lupin (∆), and when cases were responsive to lime (RYI > 0.05). Dotted lined indicates the pH cut-off values of pH 5 in the 0–0.1 m layers and pH 4.5 in the 0.1–0.2 m layers. 
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Table 1. Australian lime trial data from WA, NSW and Victoria arranged by crop type showing the number of cases (N), average yield, average pH in the unlimed treatment, average yield increase, maximum yield increase and increase in relative yield (one year after lime was applied). The references for the data from NSW and VIC are noted in the last column.
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State

	
Crop

	
Number of Cases

	
Average Yield

	
Average pH Unlimed (0–0.1 m)

	
Average Yield Increase (%)

	
Maximum Yield Increase (%)

	
Increase in Relative Yield (%)

	
Reference






	
WA

	
Wheat

	
85

	
2.33

	
4.86

	
12%

	
56%

	
8%

	




	
Barley

	
16

	
1.86

	
4.72

	
37%

	
185%

	
13%

	




	
Canola

	
19

	
1.51

	
4.81

	
19%

	
126%

	
7%

	




	
Lupin

	
56

	
1.51

	
4.91

	
11%

	
51%

	
4%

	




	
NSW

	
Wheat

	
5

	
2.75

	
4.29

	
36%

	
144%

	
13%

	
[20,33,34]




	
Barley

	
3

	
4.22

	
4.32

	
43%

	
82%

	
25%

	
[20]




	
Canola

	
2

	
2.17

	
4.29

	
12%

	
88%

	
6%

	
[33,34]




	
VIC

	
Wheat

	
62

	
2.89

	
4.8

	
31%

	
180%

	
13%

	
[26,35,36,37,38,39]




	
Barley

	
7

	
3.16

	
4.53

	
27%

	
80%

	
14%

	
[35]




	
Field pea

	
1

	
0.95

	
4.4

	
59%

	
59%

	
10%

	
[39]




	
Lupin

	
1

	
1.77

	
4.4

	
12%

	

	
5%

	
[39]
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Table 2. Soil used in the APSIM simulations for each state with their Australian classification, PAWC and APSOIL number.
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State

	
MYSoil Name

	
Australia Classification

	
PAWC to Depth

	
APSOIL No






	
WA

	
sand

	
Bleached Orthic Tenosol

	
79 mm to 1.8 m

	
422




	
loamy sand

	
Kandosol

	
109 mm to 1.8 m

	
400




	
deep sandy duplex

	
Chromosol

	
Sand = 28 mm to 0.4 m

zLoam = 46 mm 0.4 m to 1.8 m

	
508




	
NSW

	
loamy sand

	
Kandosol

	
129 mm to 1.8 m

	
1035




	
loamy sand

	
Sodsol

	
113 m to 1.5 m

	
1037




	
VIC

	
sandy Clay Loam

	

	
171 mm to 1.6 m

	
525




	
loam

	

	
121 mm to 1.6 m

	
499
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Table 3. Number of cases and increase in yield (%YI, %RY and L Max) with lime application from field trials from WA or NSW/VIC defined by relative yield of unlimed treatments as low (<0.5), medium (0.5–0.74) or high (>0.75)) yield potential and whether they were responsive to lime treatments.
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Yield Response

	
Region

	
Number of Cases

	
YI (%)

	
RYI (%)

	
L Max (t/ha)

	
Years

	
Season

	
Soil Amelioration

	
Interpretation






	
Low RY < 0.5




	
Unresponsive

	
WA

	
22

	
5

	
1

	
1.23

	
4.9

	
6

	
Most ameliorated 0–0.1 m layer

	
Severe constraint—not enough lime or multiple constraints.




	
NSW/VIC

	
6

	
2

	
1

	
1.92

	
2.2

	
0




	
Responsive

	
WA

	
19

	
49

	
16

	
2.08

	
4.8

	
4

	
Majority had topsoil ameliorated but was still acidic at depth

	
Severe constraint some amelioration by lime.




	
NSW/VIC

	
14

	
52

	
13

	
2.68

	
2.4

	
4




	
Medium RY 0.51–0.74




	
Unresponsive

	
WA

	
41

	
6

	
1

	
0.62

	
3.4

	
11

	
Many had topsoil or subsoil ameliorated

	
Not enough lime, or acidity was not the major constraints.




	
NSW/VIC

	
11

	
4

	
3

	
1.64

	
1.4

	
3




	
Responsive

	
WA

	
31

	
24

	
13

	
2.6

	
3.8

	
4

	
Majority had the topsoil ameliorated but still had an acid subsoil

	
Acid constraint mostly removed—higher rates of lime at these sites.




	
NSW/VIC

	
25

	
43

	
17

	
2.44

	
3.0

	
5




	
High RY > 0.75




	
Unresponsive

	
WA

	
39

	
4

	
1

	
0.79

	
2.9

	
14

	
Many had topsoil or deeper ameliorated

	
Acidity not constraining yield, or tolerant crops.




	
NSW/VIC

	
9

	
2

	
2

	
1.11

	
1.4

	
2




	
Responsive

	
WA

	
24

	
16

	
16

	
2.46

	
8.1

	
5

	
Many had ameliorated both topsoil and subsoil

	
Mild acid constraint—mostly removed, with longest average time since lime




	
NSW/VIC

	
24

	
36

	
21

	
2.27

	
3.8

	
3
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Table 4. Effect of soil type on response to lime. Each case was classified for local soil type, average growing season rainfall (GSR), yield and relative yield on the unlimed treatments, and the yield increase and increase in relative yield on the limed treatments.
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Local Soil Type

	
Number of Cases

	
Number Responsive

	
Average of GSR

	
Yield Unlimed

	
RY

	
%YI

	
%RYI






	
WA




	
Sandy earth

	
58

	
24

	
255

	
1.87

	
0.72

	
13

	
7




	
Coloured sand

	
47

	
31

	
259

	
1.83

	
0.71

	
17

	
8




	
Sandy duplex

	
32

	
10

	
275

	
1.99

	
0.76

	
9

	
6




	
Gravel

	
26

	
10

	
329

	
1.79

	
0.64

	
22

	
8




	
Pale sand

	
6

	
1

	
454

	
2.59

	
0.77

	
3

	
2




	
Heavy soil (clay)

	
7

	
4

	
285

	
1.40

	
0.62

	
12

	
6




	
NSW




	
Red kandosol

	
8

	
4

	
284

	
3.03

	
0.64

	
38

	
17




	
Sodsol

	
5

	
3

	
445

	
2.00

	
0.39

	
21

	
4




	
VIC




	
Sandy clay loam

	
49

	
42

	
354

	
2.93

	
0.54

	
40

	
17




	
Sandy clay loam, with a dense hardpan

	
7

	
4

	
333

	
3.01

	
0.56

	
26

	
12




	
Clay loam

	
4

	
2

	
338

	
1.86

	
0.41

	
15

	
5




	
Loam

	
16

	
8

	
317

	
2.97

	
0.72

	
9

	
5
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Table 5. The effect of soil pH profile type and change in pH following liming on the unlimed yield and yield increase from liming (as %yield and %increase in relative yield) in trials from WA and NSW and VIC.
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Unlimed pH Profile

	
Profile Change after Liming

	
Number

	
Yield Unlimed

	
%YI

	
%RYI






	
WA




	
Topsoil acidic

	
Topsoil ameliorated

	
21

	
1.65

	
26%

	
8%




	
Topsoil + subsoil acidic

	
Topsoil ameliorated

	
53

	
1.87

	
17%

	
9%




	

	
Top and subsoil ameliorated

	
30

	
1.97

	
15%

	
9%




	
Subsoil acidic

	
Subsoil ameliorated

	
20

	
1.69

	
9%

	
2%




	

	
No change

	
5

	
2.64

	
10%

	
8%




	
Non-acid

	
No change

	
11

	
1.77

	
3%

	
2%




	
Not measured

	
-

	
36

	
1.95

	
11%

	
5%




	
Vic and NSW




	
Topsoil acid

	
Not measured

	
24

	
2.95

	
13%

	
8%




	
topsoil + subsoil acid

	
Topsoil ameliorated

	
29

	
2.31

	
40%

	
14%




	

	
ameliorated to 0.2 m

	
7

	
2.23

	
60%

	
25%




	

	
no change

	
4

	
2.13

	
76%

	
34%




	

	
Not measured

	
15

	
2.57

	
25%

	
11%




	
Non-acid top, rest unknown

	
Not measured

	
10

	
2.52

	
20%

	
10%
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