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S U M M A R Y  

K i k u y u  (Pennisetum clandestinium Hochst)  grew re la t ive ly  poorly on the  
Wol longbar  krasnozem at  soil p H  values below 4.36. At  these low p H  values  
d ry  m a t t e r  yields were increased by  raising the  p H  or by  appl icat ion of high 
rates  of phosphate .  Bott l  t r ea tmen t s  decreased the  concent ra t ion  of soluble 
soil-A1 on which the  concent ra t ion  of A1 ill tops was l inearly dependen t  
(r = 0.95). 

The  inverse re la t ionship found be tween  p lan t  growth and A1 concentrat ion,  
when present  in excess of ~ 1.5 ~zg/g soil and ~ 90 ~zg/g tops, is suggest ive 
of A1 toxici ty .  However ,  at  A1 concent ra t ions  causing severe yield reductions,  
the  Ca concent ra t ion  in k ikuyu tops was approaching  deficiency levels. The  
A1-Ca an tagonism was fur ther  demons t ra ted  by the  reduct ion  in C a - u p t a k e  
caused by  increased concent ra t ions  of soluble soil-A1 under  cons tan t  con- 
dit ions of exchangeable  Ca and of pH.  The yield-reducing effects of A1 tox ic i ty  
per se and Al - induced  Ca deficiency are therefore confounded.  

I N T R O D U C T I O N  

Nitrogen fertilization is an important method used to increase 
yield and extend seasonal distribution of kikuyu (Pennisetum clan- 
destinium Hochst) pastures grown on the krasnozems of the sub- 
tropical north coast of N.S.W. s. In this region, (NH4)2S04 is the 
cheapest and therefore the commercially preferred form of N-fertil- 
izer. It has been applied commercially at annual rates equivalent to 
300 kg N/ha and experimentally to 1000 kg N/ha. 

On experimental plots four annual treatments of (NH4)2SO4 (336 
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kg N/ha) decreased pH of the Wollongbar krasnozem from 5.0 to 
4.36. This acidifying side-effect 35 was a cause of concern because it 
could aggravate the deficiencies of No 2 31, p2 11 30, N 2 and Ca 11 30 
which have been reported on this soil and could induce Mn 21 and 
A114 2s 34 toxicities. The occurrence of A1 toxicity on sensitive species 
is suggested by a recent report that  Glycine wighlii grew poorly 
although adequately supplied with Mo, P and Ca 26. 

Some studies on A1 toxicity in soil have related plant performance 
to soluble A1, but most have used exchangeable A1 as the criterion. 
E v a n s  and K a m p r a t h  12 determined both soluble and exchange- 
able A1 and concluded that  the most consistent measurement in 
terms of plant response to liming, on a range of soils, was soluble AI. 
Apart from this advantage, the determination of soluble A1 allows 
direct comparisons to be made with the many solution culture ex- 
periments in which only soluble A1 is present. Soluble rather than 
exchangeable A1 can also be expected to reflect more precisely the 
environment at the soil solution - plant root interface. For these 
reasons we prefer to relate plant performance to soluble A1. 

The current experiment was undertaken to s tudy the interaction 
of soil pH with soluble A1 concentration in the Wollongbar krasno- 
zero and their effects on the growth and chemical composition of 
kikuyu. 

MATERIALS AND METHODS 

The soil used in this s tudy  was collected f rom the  upper  15 cms of the  field 
plots  ment ioned  in the  In t roduct ion .  Aside f rom its n i t rogen fert i l izer history,  
this basal t ic  red loam (krasnozem) is typica l  of the  soils which cover  an ex- 
tens ive  area on the  well-drained uplands of the  no r th  coast  of New South  
Wales. The  chemical  propert ies  of these soils have  been described by  Co l -  
w e l l  o. 

Pot technique 

Crushed, a i r -dry soil was filled into 15-cm d iamete r  pots  (1600 g/pot) l ined 
wi th  po ly thene  bags. Fert i l izers  were applied on a surface area basis, 1.8 mg/  
po t  being equiva len t  to 1 kg/ha.  The exper iment  was designed as a factor ia l  
combina t ion  of six p H  levels and three phospha te  t rea tments ,  wi th  four 
replications.  

The p H  levels (4.09, 4.24, 4.36, 4.84, 5.44 and 6.19) were obta ined  by  using 
three  A12(SO4)a t r ea tmen t s  (6.2, 3.1 and nil tollnes/ha) and three  CaCOa 
t r ea tmen t s  (2.5, 5.0 and 7.5 tonnes/ha) .  The P t r ea tmen t s  were 22 (P1), 225 
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(P2) and 450 (P3) kg P/ha applied as Na2HPO4.12H20. A dressing incorpo- 
rating (NH4)2SO4 (split into three equal amounts totalling 672 kg N/ha) and 
the following salts at the rates (kg/ha) indicated in parenthesis: KC1 (105), 
ZnSO4.7H20 (22), Na2BaOT. 10H20 (22) and Na2MoO4.2H20 (1.3), was ap- 
plied to each pot. Lime was mixed throughout the soil volume and all other 
treatments were applied as solutions to the soil surface. 

Four kikuyu plants were established in each pot. Soil moisture was adjusted 
to 90 per cent of field capacity by the daily addition of deionised water. The 
plant tops and roots were harvested 70 days from planting and dried in a 
forced-draught oven at 85°C for 24 hours. 

Analysis of variance was performed by standard statistical methods. Curves 
in the Figures were fitted by inspection. 

Methods o/ chemical analysis 

Soil p H  a n d  soluble  A110 were d e t e r m i n e d  on  a 1:2  (w/v) e x t r a c t  in 0.01 M 
CaC12. Ava i l ab le  P was e x t r a c t e d  b y  N H 4 F  so lu t ion  and  d e t e r m i n e d  color ime-  
t r i ca l ly  as i ts  r educed  p h o s p h o r n o l y b d a t e  complex  6. E x c h a n g e a b l e  bases  were 
l eached  us ing  0.025 M BaC12 a n d  Ca, Mg, N a  and  K m e a s u r e d  b y  a tomic  ab-  
so rp t ion  s p e c t r o p h o t o m e t r y  2o. 

P l a n t s  were ana ly sed  for N b y  a K j e l d a h l  m e t h o d  a n d  for Mo b y  a colo- 
r ime t r i c  d i th io l  p rocedure  fol lowing HC104/HNOa diges t ion 13. The  HC1 ex- 
t r a c t  of m a t e r i a l  a shed  a t  450°C was ana ly sed  for Ca, Mg a n d  Mn b y  a tomic  
a b s o r p t i o n  s p e c t r o p h o t o m e t r y  a n d  for P and  A1 b y  color imetry20 a n d  fluo- 
r i m e t r y l 0  respect ive ly .  N i t r a t e  was  m e a s u r e d  p o t e n t i o m e t r i c a l l y  2v. 

RESULTS* 

Raising the soil pH  above 4.36 increased exchangeable Ca (Table 
1), bu t  lowered the concent ra t ion  of soluble A1 (Fig. 1). There  was a 
similar effect on the Ca and A1 concentra t ions  in the  plant  (Table 2). 
The  concentra t ions  of Mo, N and NOa-N in k ikuyu  tops were in- 
creased (Table 2). Above pH  4.8 plant  growth was not  affected (Fig. 
2). 

Decreasing the soil p H  (below 4.36) increased exchangeable K and 
soluble A1 concentra t ions  in the soil (Table 1). Concentrat ions of Ca 
and Mo in tile plant  tops were decreased and those of A1 and Mn 
increased. Each  p H  drop caused a significant decrease in growth of 
tops (Fig. 2). Root  growth  followed similar t rends  bu t  was less af- 
fected by  t r ea tmen t s  (Fig. 2). 

Applications of N a 2 H P 0 4  increased the concentra t ions  of ex- 

* Statements in the Results and the Discussion regarding significant effects refer tr 
the 95% confidence level except where specified to the contrary. 
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TABLE 1 

Effect of pH level and P t rea tment  on soil chemical properties: 
available P (~tg/g), and exchangeable bases (meq/100 g)* 

P t reatments  

I 2 3 1 2 3 1 2 3 1 2 3 1 2 3 Soil 

pH 
P Ca Mg Na K 

4.09 8.4 34.2 50.7 1.8 2.0 1.9 0.8 0.9 0.8 0.4 1.8 3.8 0.46 0.25 0.27 
4.24 8.4 35.0 38.2 2.2 2.1 2.4 0.9 0.8 1.0 0.4 2.1 4.2 0.45 0.26 0.23 
4.36 9.1 34.0 36.4 2.4 2.3 2.6 0.9 0.8 0.8 0.5 2.0 3.7 0.31 0.24 0.23 
4.84 6.7 22.4 38.2 10.0 9.9 10.8 1.0 0.7 0.9 0.4 1.6 3.9 0.24 0.22 0.21 
5.44 7.4 I7.5 43.1 19.3 17.6 17.9 1.0 0.8 0.7 0.4 1.5 3.9 0.21 0.18 0.16 
6.19 10.8 I9.0 37.5 2~.1 25.3 22.9 0.8 0.8 0.8 0.4 1.8 3.4 0.17 0.16 0.14 

* Means of four replicates presented on a dry weight basis. 
** LSD 5% = 0.048. 

changeable Na and available P and decreased that of soluble A1 
without affecting soil pH. Growth of tops and roots was significantly 
increased to the P2 treatment level at each pH. However, at pH 
< 4.36 top growth continued to increase to the Pa treatment level 

TABLE 2 

Effect of pH level and P t rea tment  on chemical composition of k ikuyu tops* 

P t rea tments  

1 2 3 1 2 3 1 2 3 1 2 3 
Soil 
p i t  % P % N % Ca % Mg 

4.09 0.261 0.233 0.270 4.69 4.50 4.85 0.10 0.11 0.09 0.33 0.33 0.27 
4.24 0.212 0.228 0.299 4.67 4.67 4.60 0.16 0.10 0.11 0.36 0.35 0.32 
4.36 0.188 0.258 0.377 4.21 4.71 5.01 0.16 0.14 0.11 0.30 0.29 0.34 
4.84 0.154 0.242 0.353 5.62 5.27 5.37 0.36 0.36 0.40 0.33 0.39 0.41 
5.44 0.152 0.253 0.395 5.32 4.24 5.63 0.44 0.45 0.41 0.33 0.36 0.36 
6.19 0.182 0.275 0.375 5.11 5.05 5.15 0.66 0.60 0.50 0.30 0.36 0.37 

[~g/g Mo [zg/g NOa-N P'g/g Mn g.g/g A1 

4.09 0.20 0.28 0.30 
4.24 0.35 0.20 0.20 
4.36 0.28 0.32 0.20 
4.84 0.80 0.62 1.02 
5.44 1.12 1.04 0.80 
6.19 0.98 0.82 0.82 

5,227 1,750 530 
3,500 1,131 620 
2,853 2,816 3,583 
6,915 6,170 5,900 
7,230 6,853 6,416 
6,630 4,507 4,538 

355 262 191 442 267 183 
373 183 183 365 145 112 
211 178 195 142 100 118 
258 206 206 50 67 83 
145 176 131 42 60 65 
136 187 138 40 40 50 

* Means of four replicates presented on a dry weight basis. 
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Fig. 1. 
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(Fig. 2). Concentrations of P were increased in tops (Table 2) and in 
roots (data not presented). 

DISCUSSION 

Published data on chemical composition of kikuyu and other 
grasses suggest that Mg, N, Mo and Mn were in adequate supply to 
permit maximal growth during the experiment. Mg in tops exceeded 
0.25 per cent, the level considered to cause no growth-limitation for 
kikuyu 7. Values for N were well above the 3.11 per cent reported to 
be non-limiting for kikuyu 5. There are no data available on the defi- 
ciency levels ot Mo for kikuyu. However, all Mo levels exceeded the 
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Fig. 2. Growth of kikuyu as a function of pH and P treatments. 

0.1 Fg/g concentration reported I to be generally sufficient for grasses 
and the critical range reported for ryegrass tops (0.1-0.3 lxg/g)~5 
The highest Mn level found (373 Fg/g), is lower than the levels re- 
ported to be toxic to sensitive legume species a ~1. Since grasses are 
generally less sensitive to Mn toxicity is, it is therefore unlikely that  
kikuyu growth was restricted by excessive ~ n  concentrations in this 
experiment. 

Increasing the pH and the phosphate applications increased the 
available P (Table 1) and P uptake. However, because of the effects 
of these treatments on plant growth, the minimum concentration of 
P in the tops (0.15-0.18 per cent) and roots (0.15-0.17 per cent) 
occurred at the lowest P treatment in combination with pH > 4.36 
(Table 2). These P concentrations are lower than the critical level 
(0.22 per cent) reported for tops of 45-day-old kikuyu plants 5. The 
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plants in this experiment could be expected to have a slightly differ- 
ent critical P concentration because they were 70 days old. But since 
critical P concentrations usually decline with age, as reported for 
Tri/olium subterranemn 16, it would be expected that  the critical 
value for the 70-day-old plants harvested in this experiment would 
be less than the value of 0.22 per cent P reported for 45-day-old 
plants. It  is therefore suggested that P is limiting growth only in the 
P1 treatments at pH values > 4.36. Hence, the yield increases as- 
sociated with the higher levels of applied P at pH < 4.36 are at- 
tributed to the reduction in soluble A1 concentration that  they 
caused and not to improved P nutrition. 

The observed P accumulation in kikuyu tops under conditions of 
low pH (<  4.36) and low P supply is consistent with results previ- 
ously reporLed for other species which show a considerable degree of 
tolerance to Ai toxicity 4 14 28. This behaviour contrasts with thaL 
reported in species sensitive to A1 toxicity, e.g. lucerne 4 14 2s and 
phalaris 2s, in which P accumulation in the tops is reduced. Although 
the present experiment provides some evidence of increased P accu- 
mulation in kikuyu roots at the lower pH values, there is no evidence 
that  A1 retards growth by rendering the plant tops P deficient. 

Aluminium toxicity 

The rapid increase in the concentration of soluble A1 in the Wol- 
longbar krasnozem with decreasing pH (Fig. 1) parallels previously 
reported results 14 81. At all pH levels where soluble A1 was detected, 
A1 concentration was depressed by increasing applications of phos- 
phate. The lower tile pH, the greater the depression caused by any 
given phosphate increment (Fig. 1). These effects have usually been 
attributed to rapid precipitation of A1 phosphates 17 or to surface 
chemisorption 15 

The yield of kikuyu tops was limited in those treatments in which 
the soluble A1 concentration was greater than about 1.5 ag/g soil. 
This value is of tile same order as that  reported by several other 
workers for A1 toxicity in plants grown both in soils 14 and nutrient 
solutions 4 2s at specified A1 concentrations. Solution A1 concentra- 
tions above 0.5 ~zg/ml have been shown to restrict the growth of 
those legumes considered to be sensitive to A1 toxicity 4 2s while 
tolerant legumes have shown no growth reduction at 2.0 ag/ml4 or 
higher is. Growth of Al-sensitive barley varieties has been restricted 
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by soluble A1 concentrations as low as 0.5 ~zg/m123 24. Similarly, yield 
reductions in kikuyu tops were associated with plant A1 concentra- 
tions above ~-~ 90 ~zg/g, since A1 concentration in tops (Y) was corre- 
lated (r - 0.95) with the concentration of soluble so i l -  A1 (X) in the 
equation, Y = 19.24X q- 62.64. Al-tolerant species such as rice 33 
and subterranean clover 2s did not exhibit a yield reduction until 
concentrations in excess of 300 ag/g and 400 v~g/g respectively were 
reached. Consistent with A1 concentrations increasing beyond 90 ag/ 
g in kikuyu tops, it was observed that the top/root ratios declined, 
particularly in the low P treatment. A similar decline in top/root 
ratio of Al-sensitive species has been observed previously 4 2s. There- 
fore the current data do not allow any firm conclusions to be drawn 
regarding the AI tolerance of kikuyu. 

The almost linear, inverse relationship between top growth and 
A1 concentration when in excess of about 90 ag/g, was modified 
when phosphate supply limited growth (Fig. 3), i.e. in the P1 treat- 
ments at pH values > 4.36. Excluding the latter treatments, which 
involved a phosphate response per se, the major portion of the 
growth responses caused by phosphate treatments can be at tr ibuted 
directly to their action in depressing the concentration of soluble A1 
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in the  soil (Fig. 1). The negative interaction between A1 and applied 
P is in agreement with literature pertaining to A1 toxicity on acid 
soils~S. However, the data do not provide unequivocal evidence of 
A1 toxicity per se, because A1 affected Ca nutrition. 

Calcium deficiency 

The relationship between Ca concentration and growth of tol;s 
(Fig. 4) is characterised by two distinct regions. When Ca was < 0.11 
per cent (which occurred only at pH < 4.36), yield increased sharply 

Fig. 4. 
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with very little increase in Ca concentration; thereafter, Ca concen- 
tration increased rapidly with little increase in top yield. The pover- 
ty  adjustment at pH < 4.35 suggests that  Ca was limiting kikuyu 
growth when present at < 0.11 per cent in the tops, although slight- 
ly lower functional requirement values (0.05-0.10 per cent Ca) have 
been reported for several other grasses 22. 

Plant growth responses to liming materials ~9 a0 al together with 
the low exchangeable Ca levels 9 of the Wollongbar krasnozem have, 
in the past, given rise to speculation that  the soil is Ca deficient. 
Even though our results show similar trends, we question the validity 
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Fig. 5. Ca-uptake at three levels of exchangeable  Ca (1.9 -o- ,  2.2 -×-  and 
2.5 -D- meq/100  g) as affected by  the concentrat ion of soluble soil -A1. 

of the logic behind this speculation, on the basis of the well known 
concomitant effect of liming on the solubility of soil A115 32 

Aluminium-calcium interaction 

The negative interaction between A1 and Ca is clearly demon- 
strated by the hyperbolic relationship between their respective con- 
centrations in the aerial portion of the plants (Table 2). More im- 
portantly however, this experiment allows us to show the antagonis- 
tic effect of soluble A1 on Ca uptake at a constant level of exchange- 
able Ca, because P treatments affected soluble A1 concentration but 
not pH or exchangeable Ca. Thus at any one exchangeable Ca level 
and at the corresponding pH (1.9, 2.2 and 2.5 meq Ca/100 g and pH 
4.09, 4.24 and 4.36 respectively), increasing the level of applied P 
and thereby decreasing the level of soluble A1, resulted in a propor- 
tionate increase in Ca uptake by plant tops (Fig. 5). It  is therefore 
evident that  excess soluble A1 was the principal cause of both de- 
pressed growth and Ca uptake in this experiment. This result sub- 
stantiates previous proposals that  A1 depresses the uptake and 
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t r ans loca t i on  of Ca 19 a2, a nd  t h a t  in ac id  soils, A1 excess a n d  Ca 

def ic iency  are  in t e r r e l a t ed  ~2. 
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