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Abstract 
This project aimed to identify factors limiting nodulation, N2 fixation and productivity of pulse crops grown 
on acidic soils in the high rainfall zone (HRZ) southern grain production region. To assess the extent and 
nature of limiting factors 45 commercial pulse crops, across a region extending from Woodstock in NSW to 
Frances in the Lower South-East of SA, were surveyed.  The survey assessed the level of nodulation and N2 
fixation achieved from a range of stunted and vigorous pulse crops. Differences in crop biomass and N2 
fixation were associated with seasonal variability while soil subsurface acidity was a major and widespread 
constraint to nodulation. Sixteen site/season combinations from SW Victoria and the Lower South-East SA 
are examined in greater detail to illustrate the complexity associated with pulse productivity and N2 fixation.     
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Introduction 
Acidic soils cover 50 Mha of the agricultural land of southern Australia and are a serious constraint to 
production of both crops and grazing animals (Dolling 2001). On the acidic soils of the south-east Australian 
HRZ there is a need to improve the reliability and productivity of pulse and leguminous forage crops. This 
would reduce reliance on N fertilizer, enhance cropping system diversity to increase weed control options 
and improve the integration of grazing animal production with cropping. Narrow-leaved lupin (Lupinus 
angustifolius L.) is the most important pulse in terms of production and area grown in the NSW section of 
this region primarily because of its superior acid soil tolerance. Conversely in south-west Victoria and SA, 
faba bean (Vicia faba L.), tends to be more important as this plant is tolerant of the winter waterlogging 
which is a common constraint. Through a survey approach, this study aimed to identify constraints to legume 
nodulation, N2 fixation and production across the acid soils of the south-east Australian HRZ.      
 
Methods 
A uniform area of approximately 20*20m was selected in each crop for sampling. In 2015 soils were 
sampled at the standard depths of 0-10 cm and 10-20 cm, with pHCa measured in 0.01M CaCl2, 1:5 soil: 
solution . More detailed soil sampling detected subsurface acidity, so in 2016 and 2017 soil cores were 
collected and divided into increments of 2.5 cm to a depth of 10 cm, and 5 cm increments from 10-20 cm to 
check for variation in soil pHCa within the surface 20 cm of the profile. Crop plants were assessed for 
effectiveness of nodulation (i.e. nodules formed and actively fixing N2) three to four months post-emergence 
and were scored for (1) plant growth and vigour, (2) nodule number, (3) nodule position, (4) nodule colour, 
and (5) nodule appearance; with all parameters of equal weighting and ‘25’ the maximum possible score 
using the British Columbia Protocol (Anon 1991). Peak crop biomass was measured, usually in late October, 
with plant samples at that time analysed to determine N2 fixation using the 15N Natural Abundance method 
(Unkovich et al. 2008). Grain yield of the sampling site was estimated assuming that the crop attained a 
previously published harvest index. An N budget was then calculated, incorporating net N addition or loss 
from the field after N content in the grain (assumed) and subsequent grain removal by harvesting, was 
accounted for.  
 
 
Results 
Analysis of the relationship between nodulation score and pHCa of the 0–10 cm soil profile across the 45 sites 
revealed a moderate correlation (R2=0.42, P=0.07) where pH<5.0 was associated with poor nodulation and 
higher pH indicative of better nodulation (Figure 1). This was as expected, because the survival of the strains 
of rhizobia specific for the pulse species sown is compromised at pH below 5.0 (Drew et al. 2011) while the 
growth of the major pulse studied, faba bean, is poor below pH 5.2 (Norton et al. 2018). 
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Figure 1. The relationship between soil pHCa in the 0-10 cm profile and nodulation in 45 commercial 
pulse crops  (R2=0.42) across SE Australia. The red dots show sites with satisfactory nodulation scores 
and the dark crosses sites with poor nodulation scores. Abbreviations F, Ky, Na, Wk and Wi represent 
sites at Frances and Kybybolite (SA) and Narrapumelap, Wickliffe and Willaura (Vic) respectively, 
with the numbers indicating the year, as shown in Table 1. 
 
The crops were divided into two categories: (i) vigorous, well nodulated crops; and (ii) those with a 
nodulation score below 18 (i.e. unsatisfactory nodulation), including extremely variable crops showing 
symptoms of N deficiency within 3 months of emergence. Crops to be discussed are marked with red circles 
to indicate satisfactory nodulation or black crosses where nodulation was unsatisfactory (nodulation scores < 
18). Nevertheless, nodulation was ‘satisfactory’ (i.e. score >18) at a number of sites where soil pHCa < 5.0, 
even though the risk of poor nodulation increased as pH declined (Figure 1). Satisfactory nodulation at sites 
with low pH (e.g. a nodulation score of 21 at WiP17 with 0-10 cm pHCa 4.5) coincided with favourable 
conditions during sowing and seedling establishment, which allowed effective nodule formation and 
function. We concluded that faba bean may nodulate effectively in moderate to severely acidic sites provided 
the establishing crop is free of additional stresses, such as waterlogging, cold temperatures, plant disease and 
herbicide injury. These crops were generally sown into free-draining soils and often early in the sowing 
window.  
In contrast, the 2016 crop at Kybybolite (Ky16 in Fig. 1, Table 1) is instructive because even though the soil 
pHCa was quite high (6.1) nodulation (14) and crop yield were poor (1.0 t/ha).  This poor result was attributed 
to the mixing of Zn with the inoculum slurry applied to the seed. Micronutrients such as Zn and Cu are toxic 
to rhizobia so these should not come into contact with the inoculum carrier. The Ky15 crop suffered from the 
dual constraints of Zn applied to the inoculum slurry and low soil pH, so its poor nodulation was expected. 
The 2015 crop at Wickliffe (Wk15) had sub-optimal nodulation and this is considered to be due to bridging 
of the granular inoculant in the sowing machine with the subsequent failure to apply much of the inoculum to 
the seed. The low nodulation score of 16 at F16 (Frances 2016) was unexpected as it was the only alkaline 
site monitored (pHCa 7.4 at 0-10 cm). However, the site became waterlogged for an extended period of time 
and although many plants had satisfactory nodule numbers most were small and of pale colour. Similarly, 
waterlogging during the seedling stage of the 2017 Wickliffe crop was the likely reason for the poor 
nodulation scores at both the WkG17 (18) and WkP17 (8) sites.  Nodulation scores for F16, WkG17 and 
WkP17 sites were taken during cold, wet winter conditions that restricted growth of plants and rhizobia.   
Nodules were concentrated in the shallow surface soil, suggesting that adverse conditions at depths below 
about 5 cm limited nodule development on deeper roots: specifically waterlogging at F16 and a combination 
of waterlogging and subsurface acidity at WkG17 and WkP17. However, the relatively high %Ndfa (the 
proportion of legume N derived from the atmosphere) for F16, WkG17 and WkP17 (73, 87 and 73%, 
respectively) indicates that nodule function and plant growth improved as soils dried and temperatures 
increased. This was confirmed by October visits to the sites, when large, active, dark-pink nodules, were 
concentrated in the better drained shallow surface soil. Our observations suggest faba bean can be reasonably 
productive in acidic soils, provided the shallow soil surface layers support healthy root and nodule 
development and seasonal conditions remain mild and conducive to growth during spring and pod-fill.  
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Table 1. Details of 16 site/season (6=2015, 5=2016, 5=2017) faba bean crop combinations, the estimated 
amount of shoot N fixed and N added to the soil N pool at Frances (F) and Kybybolite (Ky) in the 
Lower South-East of SA and Wickliffe (Wk), Willaura (Wi) and Narrapumelap (Na) in SW Victoria. 

Location/ 
Year 

Soil pH 
0‐10 
cm 

Nodulation 
score 

(max=25) 

Sowing 
date  %Ndfa 

Shoot N 
fixed 
kg N/t  
DM  

Est. 
grain 
yld# 
(t/ha) 

           N balance (kg N/ha)

N2

fixed 
N removed 
in grain 

Addition 
to soil N 

 

F15  5.2  21  22 May 43 13 1.0 45 37  8

F16  7.4  16  NA 73 18 3.0 161 101  60

F17  5.6  24  NA 68 25 0.8 64 30  34

Ky15  4.5  15  3 May 35 9 1.5 46 53  ‐7

Ky16  6.1  14  10 May 69 19 1.0 62 36  26

Na15  6.5  20  15 May 72 19  1.2 76 45  31

Na16  5.4  23  28 April 85 18 1.6 99 61  38

Wk15  5.8  15  14 May 57 16  1.5 76 54  22

WK16  5.2  21  12 May 83 18 3.2 194 120  74

Wk17‐Good   5.0  18  14 May 87 26 4.2 366 154  212

Wk17‐Poor   4.7  8  14 May 73 23 3.2 247 119  128

Wi15 a  5.8  23  28 April 74 15  1.9 91 68  23

Wi15 b  5.3  24  28 April 65 17  1.9 112 72  40

Wi16  6.0  23  29 April 78 15 4.8 243 178  65

Wi17‐Good   5.2  23  10 May 99 23 3.7 287 137  150

Wi17‐Poor   4.5  21  10 May 93 25 2.5 205 92  113

 
Soil pH stratification was commonly observed across the sites with the differences in pHCa between the 0-2.5 
cm (commonly pHCa>6.0) and 5-7.5 cm or 7.5-10 cm profile (commonly pHCa<4.5) often of the order of 
greater than 1.5 pHCa units. This means that the standard 0-10 cm sample used for analysis often gave a poor 
indication of the pH range present within the surface soil. Considering that pulse seed is often sown at depths 
below 5 cm this can have serious negative implications for nodulation and legume productivity because the 
seed is immediately placed into hostile soil. 
  
Nitrogen fixation and the nitrogen contribution to the next crop 

Variable yield and the unpredictable N2 fixation of pulse crops was raised as concerns during the project 
team’s 2015 consultation meetings with growers and advisors.  The ‘rule-of-thumb’ figure widely used to 
estimate the amount of N2 fixed by legumes is 20 - 25 kg of shoot N per tonne of above-ground (shoot) dry 
matter (DM). However, previous studies (Peoples et al. 2015) report large variation in the amounts of N2 
fixed for every tonne of above-ground dry matter (DM) produced by crop and pasture legumes. The amount 
of N2 fixed by faba bean in our study ranged from 13 - 25 kg N/t of shoot DM, with the total amount fixed 
per hectare ranging from 45 - 366 kg N (Table 1).   
Understanding the reasons for the variability in the amount of N2 fixed by the commercial crops surveyed 
creates opportunities to improve efficiencies of N2 fixation and the yield of pulses growing in acidic soils by 
adjusting current practices. The proportion of legume N fixed from the atmosphere (%Ndfa) for each site is 
shown in Table 1. This measure is an indication of the effectiveness of the nodulation process and the vigour 
of the plant.  The %Ndfa figures ranged from 35% for the poorly nodulated plants at Kybybolite (K15) to 
99% in the “good area” of the 2017 Willaura crop (WiG17).  
In ‘normal’ seasons of adequate moisture and mild temperatures, spring should be the time of maximum 
shoot growth and N2 fixation rates. The relatively dry conditions during spring of 2015 across the sites 
severely limited both. So it is not surprising that the %Ndfa measured in 2015 were the lowest for each of the 
locations and resulted in the lowest estimated net addition of N. In contrast, the mild, moist conditions during 
spring of 2016 (and 2017 in SW Victoria) were ideal for vigorous plant growth, dry matter accumulation and 
high N2 fixation rates.  
The net addition of N to the soil pool by the pulse crops ranged from a net loss of -7 kg N/ha at the K15 site 
to an additional 212 kg N/ha at the WiG17 site. The link between N accumulation in the shoot (N fixed), N 
exported in the grain and N remaining in the soil pool (N addition) is shown in Table 1. 
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Variability in soil condition, sowing times, management practices and seasonal conditions between sites, 
means we can only make general conclusions from the results. In general, the higher yielding sites fixed the 
most shoot N and added most to the soil N pool, but there are exceptions to this. For example the highest 
yielding site (estimated 4.8 t/ha grain at Wi16) had one of the lowest values for N fixed per tonne of DM 
(15kg N/t DM) with 78 %Ndfa, and contributed an estimated 65 kg N /ha to the soil N pool. The greatest soil 
N contribution (212 kg N/ha) was at the WkG17 site, which also had the highest amount of shoot N fixed (26 
kg N/t DM) and a high 87%Ndfa.  
 
Conclusions 
The key conclusions are : (1) soil acidity and pH stratification is a widespread problem in the south-east 
Australian HRZ and this contributes to the commonly observed suboptimal nodulation, N fixation and highly 
variable yield of faba bean; (2) We estimated N fixation and found a large variation between the paddocks 
sampled, highlighting that pulse performance is highly variable in the HRZ.  Ongoing monitoring of paddock 
soil pH stratification and soil acidity amelioration would appear beneficial to future pulse production in the 
HRZ.     
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