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High biomass yielding winter cover crops can 
improve phosphorus availability in soil

We investigated the effects of high biomass yielding winter cover crops, namely grazing vetch (Vicia 
dasycarpa L.) and oats (Avena sativa L.), on soil phosphorus (P) availability in low fertiliser input maize-based 
conservation agriculture systems. Soil samples were collected from the 0–50-mm depth of experimental 
plots after 4 years of maize–winter cover crop rotations. A sequential fractionation scheme was used to 
separate total soil P into labile, moderately labile and non-labile organic P (Po) and inorganic (Pi) pools. 
Labile P pools included microbial biomass-P as well as Pi and Po pools extracted using 0.5 M NaHCO3 and 
1.0 M HCl. The non-labile P pools were humic-P and 1.0 M H2SO4 extracted P. Soil on the maize–winter cover 
crop rotations had higher HCl-Pi and total P than the soil on the maize–fallow rotation. The cover crops had 
no significant (p>0.05) effect on NaHCO3-Po, NaHCO3-Pi, HCl-Po, fulvic acid-P and recalcitrant H2SO4-P 
fractions. Non-application of fertiliser increased accumulation of humic-P on the maize–oats rotation. Cover 
crop biomass input explained 73% of the variations in microbial biomass-P and 33% of variations in total 
labile P. Phosphorus concentration of young maize plants was significantly increased by the cover crops, 
with a positive correlation to HCl-Pi (rs=0.90). This contribution from winter cover crops to P availability in 
the surface soil suggests that, in the long term, fertiliser P could be reduced in such systems.

Introduction
Phosphorus (P) is an essential macronutrient required in almost every aspect of plant functions. It is a vital 
component of compounds required to build proteins, plant structure, seed yield and genetic transfer. Symptoms of 
P deficiency in maize include stunted growth, delayed maturity, purplish hues, poor root development and reduced 
yield potential. Phosphorus is the second most important fertiliser applied to soils for improving soil fertility after 
nitrogen (N) in maize production. Cultivated soils in South Africa are deficient in P and fertiliser compounds have 
to be supplied to soils in large quantity to meet maize P requirements. Meanwhile, it is reported that the world’s 
P stocks are dwindling and P production will not be able to meet half the world’s needs by the year 2050.1 Global 
P fertiliser prices are on the increase1,2 and eating into the profits of farmers. It is becoming increasingly imperative 
for maize farmers to adopt low-cost farming strategies that increase P availability in the soil, conserve soil P and 
optimise its use.

Conservation agriculture (CA) is an important farming practice for conserving soil resources, including P, through 
retention of crop residues and minimising soil erosion.3 In CA, the practices of crop rotation, no till and permanent 
cover through crop residues and cover crops contribute immensely to soil quality and nutrient dynamics. A number 
of winter cover crops, which are legumes or small grains, can be grown between regular grain crop production 
periods for the purpose of protecting and improving the soil through their high biomass production.4 Through their 
extensive root systems, leguminous winter cover crops can explore subsoil nutrient pools, whereas grass species 
can increase P uptake by both the cover crop and the succeeding crop through enhancement of viable mycelia of 
mycorrhizal fungi in soils.5,6 Almost no P is added to the soil by winter cover crops; they only take up P from the 
soil solution and return it to the same soil. However, high biomass yielding winter cover crops can increase surface 
organic matter significantly.7 

In warm temperate regions such as the Eastern Cape Province of South Africa, planting a winter cover crop before 
the summer maize crop is possible as an entry point into CA, provided irrigation water is available.7,8 Grazing vetch 
(Vicia dasycarpa) and oats (Avena sativa) are examples of fast-growing, winter hardy cover crops which can 
provide high biomass (> 6 t/ha) in this system.8 The maize is planted immediately after cover crop termination 
onto winter cover crop residue mulches. Decomposition of the winter cover crop residues and subsequent 
mineralisation of organic P (Po) plays an essential role in P-cycling and maintenance of plant-available P in this 
system.9 The major source of P in unfertilised low P soils is Po.

9,10 When no winter cover crops are used, biomass 
production tends to be lower, reducing the size of the Po pool. However, where high amounts of organic matter are 
generated in situ from winter cover crops, P may be temporarily immobilised in the organic matter accumulated on 
the soil surface, especially if the C:P ratio is greater than 300:1.11 There is therefore a need to investigate the effects 
of winter cover crops on maize P nutrition, especially during the early crop growth stages. Adequate P nutrition at 
the seedling stage in maize is critical because deficiency at this stage cannot be remedied by side-dressing as a 
result of a lack of P mobility in soils. 

The size of the Po pool that undergoes rapid mineralisation contributing to plant available P over at least one growing 
season, known as labile P, may be dependent on crop residue quality, soil and environmental characteristics, 
and the duration and type of the cropping system.12,13 Bicarbonate extractable P (NaHCO3-P) and microbial 
biomass-P fractions constitute labile P in the soil.10,14 The soil microbial biomass may be considered as a reservoir 
of potentially plant-available nutrients, including P.14 It is important to understand the effects of winter cover crops 
on these P pools in low fertiliser input CA systems for the development of effective fertiliser management strategies 
that maximise maize yield and profit. In this paper, we report the effects of winter cover crops on soil P pools and 
maize P nutrition during early growth in a low fertiliser input CA system. 
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Materials and methods
A long-term field experiment was established in 2007 on a research 
farm to study the effects of winter cover crops and fertiliser on biomass 
input, soil organic matter and maize yield under no-till and irrigation 
conditions.8 The farm is located at 32°46′ S 26°50′ E and at 535 m 
above sea level in the Eastern Cape Province of South Africa. The soil 
type and climate of this research site has been described previously.8 
The field trial was a split plot design and the winter cover crops oats 
(cv. Sederberg) and grazing vetch (cv. Max) were planted in the main 
plots. Control plots with no winter cover crops (fallow) were also 
included. Subsequent to winter cover crop termination, plots were split 
and summer maize was planted at two fertiliser levels (with and without 
fertiliser). Fertiliser was never applied to the cover crops or the fallow 
plots. There were thus two factors in this experiment – type of cover 
crop mulch and fertiliser application – resulting in a 3×2 split plot design 
which was replicated three times. The six treatment combinations and 
the amount of P fertiliser applied are presented in Table 1. 

Table 1:	 The treatments used in the study

Type of cover crop 
(main plots) 

Maize (subplots) Treatment 

Oats

60 kg N and 30 kg P per ha applied to 
the maize

1

No fertiliser applied 2

Vetch

60 kg N and 30 kg P per ha applied to 
the maize

3

No fertiliser applied 4

Fallow

60 kg N and 30 kg P per ha applied to 
the maize

5

No fertiliser applied 6

Detailed agronomic management of the field trial has been described 
previously.8 Twelve random soil samples were collected from the organic 
matter rich depths (0–50 mm) of the plots at the beginning of the 
fourth year using a precision auger (70 mm diameter) after cover crop 
termination and before maize planting. Soil samples were collected from 
the inner two thirds of each plot and the soil from each plot was bulked 
to form one sample. The samples were air dried and sieved (<2 mm) to 
remove coarse fragments and roots. At 6 weeks after maize planting, six 
maize plants per plot (two from each of rows 2, 7 and 8) were sampled 
by cutting near the soil surface. The plants were oven dried to a constant 
weight at 65 °C and dry matter was determined before the sample was 
ground (<2 mm). 

Soil P was separated into labile, moderately labile and non-labile organic 
and inorganic pools following the sequential fractionation scheme.12,15 
In this method, the labile P pool was extracted using 0.5 M NaHCO3 

at pH 8.5, while the microbial biomass-P was determined through a 
chloroform (CHCl3) fumigation–extraction technique.8 The moderately 
labile pool was extracted with 1.0 M HCl, followed by 0.5 M NaOH. 
The NaOH extract was acidified with concentrated HCl to separate the 
non-labile humic acid P fraction from the moderately labile fulvic acid 
P fraction. Residue from the NaOH was ashed at 550  °C for 1 h and 
dissolved in 1.0 M H2SO4 to determine the highly resistant, non-labile 
P fraction. Total P in all extracts was measured after persulphate 
digestion.16 Organic P in the extracts was calculated as the difference 
between total P and inorganic P (Pi). Plant tissue P concentration of 
maize plants was extracted using a wet digestion procedure with H2SO4 
and H2O2.

17 Phosphorus concentrations in all extracts were analysed 
by continuous flow analysis using the molybdenum blue colourimetric 
method on a Skalar San Plus System (Breda, the Netherlands).18 All data 
were subjected to an analysis of variance as a split plot design to test the 
effects of the winter cover crops and the fertiliser using GenStat Release 
12.1 statistics software. Separation of means was done by using 
the least significant difference at a 5% level of significance. Biomass 
inputs from the winter cover crops in this field trial have been reported 
previously.8 A Spearman’s rank correlation was used in the current study 
to analyse the biomass data.

Results and discussion
Winter cover crop type × fertiliser interaction effect on total soil P 
was not significant (p>0.05). Cover crop type effects were significant 
(p<0.05), that is, total P in soils was higher on maize–oats (619±32 
mg/kg) and maize–grazing vetch (634±41 mg/kg) rotations than in 
soils on maize–fallow rotation (524±27 mg/kg). This finding implies 
that winter cover crop residues can be a source of P in the low P fertiliser 
input no-till systems. This P is mined from larger soil volumes through 
their extensive root systems. When the cover crops are terminated, the 
crop residue P contributes to the total P levels in the surface soils of 
no-till systems. This soil P, however, occurs in different pools which vary 
in the level of P availability to plants. Fertiliser effects on total soil P were 
not significant (p>0.05).

Winter cover crop type × fertiliser interaction effects on all the labile 
and moderately labile soil P pools were not significant (p>0.05) 
(Table 2). However, winter cover crop type had a significant (p<0.05) 
effect on microbial-P and HCl-Pi, but not on NaHCO3-Po, NaHCO3-Pi, 
HCl-Po and fulvic acid-P (Table 2). The soil on maize–oats rotation had 
higher microbial-P than the soil on either the maize–grazing vetch or 
maize–fallow rotation (Figure 1). Oats residues tend to have a slower 
decomposition rate than vetch residues.7 In this case, most mineral soil P 
in the soil under oats residues may be converted into microbial biomass. 

Bicarbonate is thought to solubilise P that is adsorbed on surfaces of 
crystalline P-compounds, carbonates and oxides of Fe and Al.19 The 
lack of significant differences in bicarbonate-extractable P fractions 
(NaHCO3-Po, NaHCO3-Pi) among the cover crop treatments could be 
caused by low contents of crystalline minerals like carbonates and 
oxides of Fe and Al20 in the soil used for the study, which was a Haplic 
cambisol. NaHCO3-P also includes soluble P, which is often detected 
using ion-exchange resins.19 

Table 2:	 Summary of analysis of variance of the effects of winter cover crop type and fertiliser on phosphorus pools after 4 years of maize–winter cover 
crop rotation

Labile to moderately labile organic (Po) and inorganic (Pi) pools Non-labile Po pools

NaHCO3-Po NaHCO3-Pi Microbial-P HCl-Po HCl-Pi Fulvic acid-P Humic acid-P H2SO4-Po

Winter cover crop (main plot) ns ns ** ns ** ns ** ns

Fertiliser (subplot) * ns ns ns ns ns ns ns

Winter cover crop × fertiliser ns ns ns ns ns ns ** ns

Coefficient of variation (%) 16.3 16.2 19.3 16.9 18.4 17.3 16.9 5.3

ns, not significant; *p<0.05; **p<0.01
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Soil on the maize–oats and maize–grazing vetch rotations had higher 
HCl-Pi than that on the maize–fallow rotation (Figure 1). This high level 
of the inorganic pool of HCl-P fraction in the cover crop treatments 
suggests that when the large biomass decomposes a greater proportion 
of the mineral P produced forms calcium phosphates,20 and a portion 
is taken up by soil microbial biomass. Dissolution of these calcium 
phosphates makes moderately labile P (HCl-P) available to crops.21 
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Figure 1:	 Effects of winter cover crop type on labile and moderately labile 
soil P pools.

Fertiliser had no significant (p>0.05) effect on all the soil P pools except 
for NaHCO3-Po (Table 2) for which the fertilised maize rotations had a 
higher amount (6.78 mg/kg) than the non-fertilised ones (4.33 mg/kg). 
Winter cover crop × fertiliser interaction had a significant (p<0.05) 
effect on humic-P, but not on H2SO4-Po. Soil in the non-fertilised 
maize–oats rotation had the highest amount of humic acid-P while 
the fertilised maize–fallow had the lowest amount (Figure 2). Whereas 
humic-P in the maize–vetch rotation was not increased by fertiliser 
application, humic-P in the maize–oats and maize–fallow rotations was 
higher when unfertilised. Although humic-P and H2SO4-P are considered 
non-labile, their effects as a slow supply of plant available P over the 
long term could be significant. The high humic-P in the non-fertilised 
maize–oats rotation suggests an accumulation of humic acid fraction 
of organic matter which could be effectively locking up P over the 
short term. Decomposition of the humic fraction of soil organic matter 
proceeds at a slower rate than the material from which it was formed. A 
possible explanation for high humic-P under non-fertilised maize–oats 
rotation is the fact that N fertiliser application accelerates decomposition 
of the humic acid fraction to form HCl-Pi and/or microbial biomass-P. 
Application of fertiliser generally increases the soil organic matter 
mineralisation rate and reduces humic acid content.22
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Figure 2:	 Interaction effects of winter cover crop type and fertiliser on 
humic acid-P.

Winter cover crop × fertiliser interaction effect on maize plant 
P  concentration was not significant (p>0.05). However, winter cover 

crop type effects were significant and the maize planted after fallow had 
a lower tissue P concentration (1138±72 mg/kg) than that planted after 
either oats (1650±88 mg/kg) or grazing vetch (1759±103 mg/kg). It 
is possible that cover crop residues release organic acids that compete 
for P sorption sites with orthophosphate, thereby resulting in increased 
amounts of P in the soil solution for crop uptake. Soluble plant litter P 
can also be released to the soil from cover crop residues as an initial 
flush of Pi with rainfall or irrigation for utilisation by the maize crop during 
early stages of growth.23 Decomposition of the cover crop residues can 
further increase P availability by releasing CO2, which forms H2CO3 in 
the soil solution, resulting in the dissolution of primary P-containing 
minerals.24 Fertiliser effects on maize plant tissue P concentration were 
not significant (p>0.05).

A Spearman’s rank correlation analysis of the P data showed a strong 
positive relationship between HCl-Pi and the maize P concentration 
(rs=0.90) (Table 3). This result suggests that maize was dependent 
on these labile Pi pools for P nutrition during early growth. Correlations 
of maize tissue P concentration with microbial-P, HCl-Po, NaHCO3-Po, 
NaHCO3-Pi and fulvic acid-P were not significant (Table 3). Spearman’s 
rank correlation coefficients between winter cover crop biomass input 
(summed over 4 years) and soil P pools are presented in Table 3. Total 
biomass accumulation (maize stover + winter cover crop biomass) 
significantly correlated with HCl-Pi, microbial P, total labile P and maize 
plant tissue P (Table 3). Winter cover crop biomass input was correlated 
with humic-P, whereas total biomass input was correlated with HCl-Pi 
(Table 3). This finding suggests that at least some component of the 
humic-P was coming from the cover crops. Winter cover crop biomass 
alone explained 73% of the variations in microbial P and 33% of total 
labile P (Table 3).

Table 3:	 Spearman’s rank correlation matrixes for winter cover crop 
biomass and maize stover input (summed over 4 years) versus 
phosphorus pools and maize plant P concentration

Winter cover 
crop biomass 

Total biomass 
(maize stover 

+ winter cover 
crop biomass)

P concentration 
of maize plants

NaHCO3-Pi 0.211 ns 0.26 ns 0.146 ns

HCl-Pi 0.288 ns 0.379* 0.8965***

NaHCO3-Po 0.175 ns 0.1 ns 0.181ns

Microbial-P 0.73** 0.528* 0.0155 ns

HCl-Po 0.059 ns -0.027 ns 0.0283 ns

Fulvic acid-P 0.042 ns 0.213 ns 0.1941 ns

Total labile P 0.33* 0.399* 0.581*

Humic acid-P 0.353* 0.1 ns 0.11 ns

H2SO4-Po -0.22 ns -0.154 ns -0.1352 ns

Total P 0.228 ns 0.251 ns 0.318 ns

P concentration of 
maize plants

0.327* 0.47* –

ns, not significant; *p<0.05; **p<0.01; ***p<0.001

Under no-till, P tends to be stratified, which may partly explain these 
high values of NaHCO3-Pi (>40 mg/kg, Figure 1) in the surface soil. It is 
noted that elevated levels of plant available Pi in the soil can induce Zn 
and Cu deficiency.25 Further studies may therefore be needed to evaluate 
the effects of the winter cover crops on Zn and Cu availability.
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Conclusions
The maize–winter cover rotations increased total P and some labile P 
pools in the surface soil when compared with the maize–fallow rotation, 
and this effect was positively correlated to cover crop biomass. The HCl-
Pi pool was strongly correlated to maize seedling tissue P concentration 
and thus P supply for early maize growth. Non-application of fertiliser to 
maize, however, increased the accumulation of the recalcitrant humic-P 
fraction on the maize–oats rotation. Overall, the contribution from the 
winter cover crops to P availability in the surface soil suggests that, 
in the long term, fertiliser P could be reduced in low fertiliser input CA 
systems. Further work is recommended to evaluate the effects of winter 
cover crops on other soil nutrient pools such as Zn and Cu. 
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