
REVIEW OF RESEARCH ON THE MICRONUTRIENT REQUIREMENT 
OF SUGARCANE IN SOUTHERN AFRICA 

' South Africarl Sugar Associatiorz Experinzerzt Station, Private Bag X02, Mourlt Edgeconlbe, 4301), South Africa 
Bureau of Sugar Experir~zerzt Stations and Cooperative Research Centre for Sustnirznble Sugar Prorlrrctioi~. Australia 

'35 Darl Pienaar Road, Klo!f; 3610, South Africa 

Abstract 

A review is given of the research on micronutricnts in  the 
South African sugar industry, with special reference to zinc 
(Zn), iron (Fe) and manganese (Mn). The results of a num- 
ber of field experiments are summarised and the rncasured 
responses related to tlie micronutrient content of third leaf 
samples. The main outcomes of a recent survey of the 
micronutrient status of 2 000 fields throughout the industry 
are reported and compared with the results of other surveys 
conducted between 1967 and 1990. 

Introduction 

While much is known about the nitrogcn (N), phosphorus (P) 
and potassium (K) requirements of sugarcanc, relative1 y lit- 
tle has been published about tlie micronutrient nccds of this 
crop in South Africa, despite the fact that a number of invcs- 
tigations have been carricd out over the past four decades in 
various parts of the industry. Of tlie 16 elements that are 
known to be essential for v~gorous, hcalthy growth, the 
micronutrients iron (Fe), copper (Cu), zinc (Zn), boron (B), 
manganese (Mn) and molybdenum (MO) are considered as 
important as the other macro and secondary micronutrients. 
An important charactcristic separating micronutrients from 
macronutrients is the high efficicricy value of micronutri- 
ents, since very small amounts are sufficient to produce opti- 
mum effects while slight dcficicncies or excesses can result 
in severe yicld decline. 

NLLrient supply (eg kglha) 

Figure l. Yield response curves for nitrogen (+), phosphorus (0) 
and micro nutrients (a) (Marschner, 1986). 

Ever sincc thc discovery by von Sachs i n  1860, that plants 
would grow satisfactorily on mineral salts and water, 
research workers have remaincd alert to the possibility of 
micronutrient del'iciencies i n  crops. In sugarcane, i t  was not 

unti l  the early 1930s that some of the first dcficiency symp- 
toms wcrc p]-oduced by Martin (1 934) in "controlled" nutri- 
ent culturc solutions. Since these pioncering investigations, 
instances of micronutrient deficiency have been reported 
from a number of cane producing countries and, in recent 
ycars, trace elements such as Zn, Fe, Mn and Cu have 
received considerablc attention (Bowen, 1975; Meyer, 1977; 
Reutcr and Robinson, 1 997). 

Several possibilities may account for the increased frequen- 
cy of micronutrient deficiencies: 

Declining soil fertility under a system of monocropping. 
Sugarcane is a gross feeder of nutrients and the produc- 
tion of largc tonnages of cane over many years on the 
same soil has rcsulted in a net export of soil nutrients in  
the Ii>rni of molasses and filtcrcakc. As very few countries 
rccycle these by-products back to the fields, the capacity 
of the soil to supply nutrients is greatly diminished. 
Introduction of highcr yicld potential varieties which tend 
to havc highcr nutrient requirements. 
Micronutrient del'iciencies could havc cxisted but Inay not 
have been sufficiently scvcrc to produce visible symp- 
toms. 
Concentrated fertilisel-S with fcwcr trace element impuri- 
ties are being more widely used. 
Rapid advances in analytical methods for the detection 
and quantitative nicasurcment of small quantities of ele- 
ments in  plants and soils. 

The objectives of this paper arc threefold: 
to highlight Ihc role of Zn. Cu, Fe, Mn and B in sugarcane 
nutrition 
to review tlie resul~s of both published and unpublished 
work, with spccial rel'el-ence to quantifying the yield 
I-csponscs to con-ectivc applications of micronutrients i n  
past field trials in South Al'rica 
to summarise the the results ol' past nutrient surveys to 
assess the micronu~rient status of sugat-canc growing on a 
range of soils in  the main extension areas of the sugar 
industry. 

Discovery of micronutrient deficiency symptoms 

Zi t~c  
It is most likely that a combination of the above factors led 
to the discovery of Zn dellcicncy in the Upper Tongaat area. 
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(Du Toit, 1962). Subsequent field cxpcrimcnts conducted on 
acid soils in the Upper Tongaat and Doornkop areas of the 
sugarbclt showed marked responses to both soil and foliar 
applied tl-eatments ol' zinc sulphate. The greater awareness of 
a zinc dcl'iciency hazard in pal-ticularly acid soils has led to 
an increase usage of fertiliser mixtures containing ~ i n c  not 
only in the sugar industry but also in maizc and other crops. 

A deficiency of Zn disturbs the development of chloroplasts, 
causing the leaves to initially assume a very pale grccn 
colour, followed by an overall chlorosis of the leaves as the 
dcficicncy progl-csses (Anderson and Bowcn, 1990). 
Phosphate metabolism is also impaired resulting in an accu- 
mulation of phosphate compounds, phosphatases and phe- 
noloxydases (Marschner, 1986). In severe stages of the dcfi- 
cicncy, leaf deformation may result through the inhibition of 
indolacctic acid which is fol-med fl-om tryptophan by an 
enzymatic reaction (Schrotri, 1983). 

Irorl 
Of all micronutricnt deficiencies, that of Fe is probably the 
most frequently cited in the literature, perhaps because of the 
dramatic symptoms that develop. Initially a pale striping 
occurs i n  the youngest Icavcs, which in time progresses to 
pronounccd intcrvcinal chlorosis along the entire length ol' 
the leaf. Somctinics the chlorophyll between the vascular 
bundles disappears complctcly and thc leaves turn almost 
white (Anderson and Bowen, 1990), while the middle leaves 
remain striped and the older leaves green. In South Africa 
this condition is comnionly referred to as 'ratoon chlorosis' 
and is frequently seen in young canc grown on Rcccnt Sands, 
particularly where the pH of the soils has been artificially 
incl-eased to above a value ol' 8, due to the incorporation of 
large quanti tics of lime-enriched fi ltcrcakc (Anon, 1965). It 
also occurs on the high pH soils (8,0-8,s) associated with 
I'ormcr termital-ies (isidulis [Zulu]) The chlol-otic symptoms 
generally disappear hut occasionally cane stools do not 
recover. Although Fc is not a constituent of chlorophyll, i t  is 
essential for the synthesis of chlorophyll and is also an 
essential constituent of various enzytncs as well as an impor- 
tant rcdox catalyst, controlling the oxidation ol' cal-bohy- 
dratcs (Marschner, 1986). 

While Fe dcficicncy may be induced by excessive Ca, P or 
nitrate dressings (Saniucls 1968), a fourth mechanism due to 
excessive uptakc of Mn has been confirmed in canc gl-owing 
on acid soils in  the Natal Midlands. The prcscncc of toxic 
lcvcls of Mn i n  the soil leads to an imbalance ol' Fc, and in  
some instances an ~~nhvourablc ratio of Ca and Mg i n  the 
plant. Mn toxicity in the early stages I-esembles a mild iron 
del'icicncy, as high lcvcls ol' Mn tend to inhibit absorption 
and translocation ol' Fe in the plant. Leaf analysis from a 
number ol' sites has indicated that, in  the chlorotic canc, Mn 
levels ranged I'rom 200 to 500 ppm compared with 50 to 1 50 
ppm in  healthy, non-chlol-otic canc (Meyer and Wood, 1985). 

The typical symptoms of interveinal chlorosis in young 
ratoon canc arc best seen between October and December, 
pat-ticularly following periods of cool, wet growing condi- 
lions which favour [he seduction of Mn fl-om the trivalent to 

the mobile divalent form. Obsel-vations indicate that NI2 is 
morc susccptiblc than otlicr varieties to induced Fc chlorosis 
through excessive Mn uptakc (Anon, I99 I ) .  The condition is 
also known as 'acid chlorosis'. 

Mnrlgarre.se 
Mn, together with iron, forms an csscntial triad in numerous 
rcdox reactions i n  the soil. It is absorbcd by sugarcane main- 
ly as Mn" and is translocated predominantly as the free diva- 
lent cation in the xylem from the roots to the shoot (Evans, 
1960). An important role ol'Mn is Lo act as a bridge between 
ATP and enzyme con~plexes such as in  phosphokinases. Mn 
activates a number of enzymes iri vitro, particularly dccar- 
boxylascs and dehydrogenases ol' the trical-boxylic acid 
cycle (Marschncr, 1986). Another important role of Mn is its 
involvement in  photosynthetic oxygen evolution. Below a 
critical level of 15 ppni in  matul-e leaves, dl-y matter produc- 
tion, net photosynthesis and chlorophyll content decline rap- 
idly, whereas rates of' respiration and transpiration remain 
unaffected (Ohki, 198 1). 

The symptoms of Mn dcficicncy arc somewhat similar to 
those of Fc dcl'icicncy in the early stages, and consist of yel- 
lowish green to whitish longitudinal stripes alternating with 
the not-mal green colour. It can bc distinguished from Fe 
deficiency in that the chlorotic stripcs arc ol' unil'orni width 
and usually confined to the middle and tips of leaves and sel- 
don1 extend the ful l  length oi' the leal' (Samuels, 1968). 
Unlike Fe deficiency, Mn deficiency is far less common and 
has been identified liiainly in  canc grown under irrigation in 
the lowveld. 

As previously mentioned, instances ol' Mn toxicity are far 
morc common, leading to an induced Fe deficiency. A mild 
form of fl-cckling has also been obscrved i n  cane affected by 
Mn toxicity in the Midlands. Leaf analysis has indicated that 
this form of freckling is associated with low lcvcls of Si in  
the plant (<0,50%) (Clcmcnts, 1967). In Hawaii (Gascho et 
al., 1977) and Mauritius (Halais and Parish, 1964), Icaf 
Mn:Si02 I-atios arc used on a routine basis to diagnose poten- 
tial Mn toxicity problems. Ratios higher than 100 indicate 
likely I-csponscs to treatment with silicate slag or lime. 
Excessive Fc and Mn uptake is also associated with soluble 
divalent Ibrms that arc prcscnt under Ihc reducing conditions 
that develop with waterlogging of soils, such as extended 
pet-iods ol' i'looding (Marschncr, 1986). 

Bor-or l 
B is an essential nutrient involved in  sugar translocation, 
pl-otcin synthesis, seed and cell wall I'ormation (Anderson 
and Bowen, 1990). The necessity Ihr B in crop development 
has been I-ccogniscd l i ~ -  a long time from nutrient culture 
studies (Martin, 1934). However. i t  was only in  1969 that the 
distinctive symptoms of long parallcl intcrvcinal streaks 
which disintegrate or split into ladder-like lesions, coupled 
with scn-ations of the Icaf cdgc, was first observed i n  the 
field in  Ecuadot- (Tollcnaal-, 1969). B deficiency symptoms 
were also identified Ihr the first time in  Africa at Dwangwa 
sugar eslatc i n  Malawi. With advanced B deficiency, the api- 
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cal meristcrn o f  the main shoot dies and sidcshooting gives green colour of the Ihliagc. Foliar diagnosis was also used 
thc appeal-ance of bunching resetting, as well ;IS the dc\,cl- for the first time to monitor Ihc cll'ects of' the various treat- 
opmcnt of a lar-gc number ol'tillers. Although numerous ]cal' ments on Zn uptake by the crop. Third leaf values improved 
samples Il-om growth affected arcas and healthy fields from an avcragc 0 1 '  5 ppln 1.01' the untreated plots to over 10 
showed little dil'l'erence in B content, average leaf B values ppm where ZII had bccn applied. 
at Dwangwa (3,7 ppni) were less than half o? those found on the t r i a l s  collducted, a number ol .  
other irrigated canc estates such as at Sucoma (7,s ppm) i n  ,.cl,licated tr ials  which includecl Zn as a haVC been 

and Sirnunye ppm) and Ubombo Ranches ( 7 3 7  out as part ol'tllc Upper T(>ngaat co-ordinated 131-ojcct 
ppm) in Swaziland (Wood and Meyel-, 1991). For many (Thompson, 19X5)$ mainly on humic Inanda Ibrm and series 
years the generally accepted cl-itical value for B in the third soils i n  UppcrTOngaat and Dool.nkop areas oi. t l le  sugar- 
leaf ranged lroni 1 to 4 ppm, but recent evidence belt, A sulnmclry of [he I-esponscs to [hc appl icat ion 
research conducted in Florida placed the optimal value for B a t  an ol. 50 kg 
in the third leaf at 4 ppm (Anderson and Bowen, 1990). On hectare i n  furrow sol- plarl t  as a top-dl-essing i n  
this basis, at least 30% of the cane fields a1 Dwangwn were ratOOn callc. is I O  t r ials  i n  ~ ~ b l ~  1. ~h~ responses 
dccmcd to be dcl'icient in B (Wood and Meyer, 1991). Hot cxprcssctl both i n  tons cane hectare (,clha) and as a 
water solublc B levels at Dwangwa (0.42 ppm) werc also on increase i n  tc,ha [llc control. 
avcragc substantially lowcl- than those Iouncl at Suconia 
(0,63 ppni), Ubombo Ranches (0,74 ppm) and Simunyc 
(0,84 ppm). Based on this evidence and the presence ol' B 
deficiency in b;~~lanas, pawpaws anti other subsistence rclat- 
ed crops on the estate, a progl-animc of boronating the il-I-i- 

gation water- was implemented, in corijunction with regular 
monitoring ol'the B content of irrigation watcl- and uptake by 
sugarcanc through rou~inc leaf sampling. 

Cu is essential to the activity of various enzymes such ;IS 

phenolases, ascol-bic acid oxidasc, cy(ocl1rome oxidasc and 
several respiratory and photosynthetic osidoreductascs 
(Marschncr, 1986). Cu dcl'icicncy was first recognised i n  
1932 in the Florida sugar inclustry (Allison, 1932) but almost 
20 year-s elapsed bcl'ore it was seen in Australia. where the 
term 'droopy top' was coined to describe the tendency of 
leaves to droop, togclhe~- with the reluctance ol'thc spindle to 
unroll (Anderson, 1956: Egan and Whitaker, 1961). In 1956, 
in South Africa, a small area of canc growing on granite 
dcrivcd soils near Sczcla was I'ound to be deficient in  Cu and 
a foliar application ol'copper sulphatc gavc a quick and spcc- 
tacular response (Du Toit, 1956). 

OF the remaining micronutrients, MO deficiency still remain\ 
a glasshouse curiosity, although an unconfirmed report ol' a 
I'ield deficiency cmanatcd I'rom British Guiana in 1939 
(Arnon and Stout, 1939). 

Sugarcane yield responses to micronutrient treatment 
in the South African sugar industry 

The first experiments with Zn were established i l l  l96 l ,  
when four observation trials in the Upper Tongaac area were 
conductcd whcl-c yields were poor despite adequate I'crtilisa- 
tion with N, P and K. Dramatic responses were obtained to 
furrow applications and top-dressings 01.55 kg zinc sulphatc 
per hectarc and to a foliar spray of 1% zinc sulphate in solu- 
tion applied at u rate of 160 litres per hectarc. Altho~~gli  (he 
foliar treatments produced the quickest I-esponsc the cll'ccts 
were not as long lasting as the soil applied treatments. The 
main effect of the Zn treatments was to improve stalk elon- 
gation to increase stalk populations and to restore the healthy 

T a l k  l .  Summary of' Weld responses to treatments with zinc 
sulphate. 

>'l *a"es' / t canetha % change 1 
Plant 1.0 + 2 

17.5 +l 1 
18.0 +l0  
6.0 

Thr~ngs Post Ult~sols 14'4 +33 
5 2  + 7 

UpperTongaat Lithosol (:!v",',"g, Plant -2,25 - 3 

Upper Tongaat Ult~sol , , Plant 24.5 
+39 

Kearsney ( Lithosol (F,",":,";) Plant 1 

1 9 UpperTongaat Ult~sol ( ,/:ii:i, Plant 17.0 +l7  1 

7 

-. 

Eston 
/ lnanda Plant 

(lnandai 1R / 

Upper Tongaat 

UpperTongaat 

Average response 

Although significant responses to Zn wcl-c obtained in the 
plant cl-013. in  thrcc cxpcrimcnts i t  is evident that the I-espons- 
cs varied widely, I'rom +39% in the case ol'thc Inanda series 
soil o n  sitc 5 to -3%) for the shallow loamy Glenrosa f'orm 
(Trcvanian series) soil o n  sitc 4. Overall, tlic cl'fcct of Zn in 
the plant crops in nine of the trials rcsul~ed in an average 
increase of 12'%,, with an  additional avcragc residual 
response ol' 10%) mcasul-cc1 in the subscqucnt I'irst ratoon 
crops in I'our of the cxpcrimcnts which werc continued 
beyond the plant crop stage. 

In thrcc ol' the cxpcrimcnts the cl'l'icacy ol'Zn trealmcnts was 
also tested i n  combination with Mo? B, Cu, Mn and Fc with- 
out any apparent additional benefits. Tlic results of past tri- 
als in which a range ol' micronutricnts were tested, arc sum- 
marised in  Table 2. Although substantii~l benefits were 
obtaincd I'rom treatment with Fe ( l 0  to 28R1), the responses 
wcrc 1101 a11 significant. Rcsults li)r ollicr micronutrients 

Ultisol 1 ,I,:":) 
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were less convincing, and were often negative. In general, 
foliar applied treatments were more effective than soil 
applied treatments in correcting Fe deficiency. 

Table 2. Summary of field responses to treatments with other 
micronutrients. 

Treatment Avera e ~eld 1 Area I sol1 order 1 crop I cane,ha \ iChange 
Control I 1 1 1 1 49 23 l D 

t B 
t c u  Doornkop t M n  

1 t M o  

In another co-ordinatcd project conducted by the Experiment 
Station, known as the Weak Sands project (Thompson, 
1983), 21 replicated field trials were established on the low 
clay coastal sands (Hutton and Fernwood forms) to identify 
the causes of poor cane growth on these soils. The main 
treatments included nematicide with and without micronutri- 
ents (B, Mo, Cu, Mn, Fe and Zn), compared with a standard 
Fertiliser Advisory Servicc (FAS) trcatmcnt. Somc micronu- 
trients were applied in  the furrow as potassium borate (25 
kglha), sodium molybdate (0,s kglha), coppcr sulphatc (25 
kglha) and manganese sulphate (50 kglha), whilc Zn and Fe 
were applied as foliar applications of zinc sulphate (I '3,) and 
iron sulphate (2%). 

~ S I  
t Zn 

Control 
tZn  
tCu  
+MO 
+B 

Control 
t z n  

tZntCu 
tZntMn 

ZntCutMntMotBtFe 
Control 

tFe (SO,) 
+Fe (Cl,) 
Control 

Although overall there was a large response to nematicide 
(average 52%), there was no additional benefit where the 
nematicide trcatmeni was augmented by micronutrients. 
Howcvcr, in the fivc trials situated on the south coast, estab- 
lished on Fernwood or Kroonstad form soils, there was some 
advantage irom the combined nematicidc micronutrient. The 
responses ranged from 5 to 15%, but no trials reached statis- 
tical significance. 

Foliar diagnosis and crop response to micronutrient 
treatment 

l t F e s 0 4 t 2 ' b ~  ~ ~ Alf~sol l &:A::al) l l l l tFeSO, 61b split 
tFe SO, 61b S 111 

Control 
tWuxal6 Uha Tarnbankuu Shortlands 

18 Uha Estates 0x1~01  (Shortlands) 104 
110 Uha 105 -10 
Control 

Urnhlanga 
23,13 

tOxlcoaI Fernwood 2R 21.72 
twuxal Rocks Entlsol (Fernwood) (chlorot~c) 22.50 -3 
tFeSO, NS 22.50 -3 

Tr~ange 
NS 

upper 
Tongaat 

Cornub~a 
Estates 

NS 

Foliar diagnosis based on the analysis of the central portion 
of the third leaf laminae has played an invaluable role in 
nutritional studies throughout the cane growing world 
because i t  often perinils the nutritional problems to be dis- 

covered and corrected before the visual symptoms appear in  
thc plant. 

L~thosol 

Ult~sol 

Alf~sol 

Du Toit (1962) used this technique 10 great advantage in 
interpreting the responses to Zn treatment in the early trials, 
as well as delineating the extent of the Zn deficiency prob- 
lem in the industry. He showed that rcsponses to Zn were 
common whcrc thc third leaf Zn content was less than 15 
ppm, but rare above this figure. This value was subsequent- 
ly adopted as the threshold value for routine advisory pur- 
poses and showed good agreement with values used in other 
countries. 

An assessment of accumulated yield and leaf data from all 
available trials confirmed Du Toit's observation that 15 ppm 
gives the best separation between Zn deficient and non-defi- 
cient cane. Leaf samples from the control treatments in five 
trials indicated Zn deficiencies, and the average response 
obtained to treatment with Zn in  the plant crop of these trials 
was 14 tons per hectare cane (Meyer, 1976). Considering 
that a minimum response of only one ton of cane per hectare 
is needed to cover the cost oC 50 kg of Zn fertilising materi- 
al, it may bc concluded that the application of Zn can be 
highly profitable where this treatment is needed. 
Similarly, threshold values have been established for the 
other mlcronutrients by intcrpolalion from response curves, 
and these arc summarised in Table 3 (Samuels, 1968; 
Schl-oeder et al., 1992; 1999). 

Genrosa 
iGlenrosa) 

i\l:l:i, 

(Clansthal) 

Table 3. Leaf threshold values currently used by FAS. 

Thresho ld  th i rd  (or t o p  visible dewlap)  leaf  va lues  1 1 (%i m a c r o  a n d  secondarv  nutrients: b o r n )  Cu. Zn. M n  8 F e  1 

5R 

Plant 

1 R  
(chlorot~c) 

(3-7 months )  

47,68 
45.82 
182,7 
164.5 
175,6 
171,4 

1 8 1 . 2  
30.3 
41,4 
39.9 
38,s 
38.8 
622 

. .  . 

Coas ta l  

N o v - D e c  

M a r  

V a r ~ e t y  
Areas  & c r o p  a g e s  

a s  s h o w n  for N 
n ifi 

-3 1 -7 

0 
-10 
-4 
-6 
-1  
0 

+37 
t32 
t27 
t28 
0 

1;; 

of Areas c r o p  1 variety 1 E a g e s  a s  ~ 
Sampling 1 s h o w n  for N 

(3-9 months )  

(3-7 months )  

C r o p  a g e  
(months) 

3 - 5 

Area 

N o r t h  

(3-7 months )  
(3-7 months )  
(3-7 months )  
(3 -7  m o n t h s  0.12 
(3 -7  months )  
(3-7 m o n t h s  

M n  (3-7 months )  
Fe (3-7 m o n t h s  50 

(3-7 months )  

Soil testing and crop response to applied micronutrients 

M o n t h  o f  
samp l lng  
O c t - D e c  
Jan-Feb  
Mar -Apr  
N o v - D e c  

The use of soil tests to predict the micronutrient requirement 
of crops have generally proved to be less reliable than foliar 
diagnosis (Bczdicck, 1973; Reghenzani, 1990). Although 
foliar diagnosis can bc usclul in  assessing the nutrient status 

p 

1,9 
1,8 
1,7 
1.9 
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of an existing crop, a rapid and reliable method for deter- 1967 S~rt- i ,e .~ 
mining the Zn requirement of soils prior to planting is also This involved the sampling and analysis of third leaf lam- 
considered essential. inae from about I90 fields sited mainly on soils derived 

A range of soil extractants was evaluated i n  a pot trial to 
study the relationsliip between the amount of Zn extracted 
from the soil and that taken up by the plant. An extractant 
comprising 1 N (NH,), CO3/0,0I M EDTA (Trierwcilcr and 
Lindsay, 1969), showed the best correlation between the 
amounts of Zn extracted from the soil and the amount taken 
up by ryegrass (Meyer, 1976). In the paired soil/lcaf sample 
trace element survey of 500 cane fields, soil EDTA Zn levels 
also showed the closest relationship with third leaf Zn val- 
ues. Regression analysis confirmed this relationship and 
indicated that leaf zinc was positively correlated with EDTA 
Zn (R=0,68"'). The prediction of leaf Zn improved by includ- 
ing soil factors such as clay, soil pH, organic matter and 
plant available phosphorus into the regression equation 
(R=0,75). The equation ihr the relationship was formulated 
as follows: 

Leaf Zn (ppm) = 17,32 + 1,92 (EDTAZn-2,02) + 0,034 (Clay %-30) 

The nutrient survey results from 500 cane fields was used to 
establish a provisional soil EDTA critical value that showed 
the best agreement with the leaf threshold value. A value of 
1,00 ppm Zn i n  the soil provided the best separation between 
leaf samples del'icient (<IS ppm) or sufficient in Zn (>IS 
ppm). A subsequent validation exercise conducted at the 
Experiment Stationis Pongola I'arm confirmed that 1,00 ppm 
was a reliable value to use for diagnosing Zn deficicncy in  
the soil. On a site where the amount of extractable Zn in the 
soil was 0,53 ppm, a substanlial responsc of 2 ts/ha (P=0,05) 
was obtained to side-dressing ratoon cane with S0 kg of Zn 
fertiliser per hectare, with no increased responsc when 
greater arnounts ol' Zn werc applied. On a second site, where 
the amount of extractable Zn was 1,40 pprn, no response was 
obtained to applied Zn. At a third site, where there was I,O 
ppm of soil Zn, and where very high cane yields ol' 170 
t/ha/an were obtained, small but consistent I-esponscs (ns) 
were measused to side-dressing of Zn I'ertiliser and to Ihliar 
sprays of zinc sulphate. Where high yields arc anticipated 
and the soil Zn level is about I ,O ppm or Icss, there sccms a 
reasonable probability of obtaining a worthwhile responsc to 
applied Zn, and this valuc has been adopted for determining 
the Zn requiremcnt of soils with morc than 15% ciriy. For 
soils with less than 15% clay a threshold value of0,S ppm is 
used for advisory pul-poscs. 

In Australia, Rcghenzani ( l  990) indicated that the use of 0, I 
M HCI was superior to the other extractants testcd and estab- 
lished a soil threshold value ol'0,6 mg/kg. 

Nutrient survey investigations 

Having established that tliarked responses to Zn and Fe we{-e 
possible whcrc deficiencies occurred, a number of leal' 
analysis surveys have been conductccl since 1967 to deter- 
mine the micronutrient status of sugarcane in various parts ol' 
the sugar industry. The results are summarised below. 

from Table Mountain Sandstone (TMS). One of the main 
findings w,~s a fairly widespread Zn deficiency on the 
TMS Mistbelt humic acid clayey Inanda series soils 
occurring at higher alt~tudcs, which was consistent with 
Du Toit's prcvious observations (Alexander, 1967). 
Deficiency symptoms such as chlorosis, smallness of the 
leaves, patchy growth and stunting werc identified in a 
number of ficlds later found to be low in Zn, particularly 
i n  the higher altitude Paddock, Mid Illovo, Upper 
Tongaat, Doringkop, Entumeni and Eshowe areas. Apart 
Irom four instances where leaf Cu contents were margin- 
al, no othel- nutrient dcficiencics were recorded. 

In a more col-nprehensive survey which was conducted by 
Experiment Station staff in  197 1 ,  soil and leaf samples 
were systematically taken Srom almost S00 I'ields distrib- 
uted throughout the industry, including not only the 
coastal lowlands and Midlancls . but also the lowveld 
arcas of Pongola, Swaziland and the Eastern Transvaal 
(Meyer ct ol . ,  197 I ) .  
The proportion of I'iclds sampled generally cort-esponded 
with the percentage area represented by the ten most com- 
mon soil parent materials in the sugat-belt. and covered at 
least 30 soil set-ics. 
Leaf samples I'rom all I-cgions apparent1 y contained ade- 
quate arnounts of B, Cu and Fe. Almost 12% of all the 
samples wcrc deficient in  Zn, the highesl incidence of 
deficiency (1 3%)  once again being detected i n  the higher 
altitude Midlands area whcrc acid soils prevail. 
Sul-prisingly, 8% of all the coastal lowlands samples also 
indicatecl a Zn deficicncy, together with several hsms i n  
the Pongola area. 
Mn values ranged 1'1-om 25 pprn in  the irrigated areas of 
Swaziland to over 70 ppm in  the elevated Midlands mist- 
belt area. I n  all, l I samples were found to bc deficient in 
Mn, ancl live ol' thcsc originated I'rom Swaziland. A fur- 
thel- 20% of the Swaziland samples bordered on deficicn- 
cy. 
Third Ical' Zn values were found on average to be the 
highest in  alluvial soils, reprcsentcd mainly by the hydro- 
morphic Katspruit form and scrics soil, and thc lowest i n  
thc TMS-derived Cartrel' fomi and scl-ics soils. 
Fol-ty pcr cent ol' the Icaf samples associated with the 
sandy Cartrcf form soil wcrc f'ound to be deficient com- 
pal-cd with less than 20% 4'0s the lnanda I'orm soil. This 
implied that the Cartrcf form soil is morc prone to Zn 
dcl'iciency than the Inanda form soil, and Zn deficiency 
may thcrcl'orc be morc extensive than original l y thought. 
The relationship between Mn in  the Icaf and soil types 
proved to bc interesting. High third leal' Mn contents were 
associatccl with acid soils i n  the Inanda, Hutton and 
Clovelly form while the lowest contents werc associated 
with more alkaline soils occuring in the Shortlands form. 
The literaure indicates that the availability ol' Mn is I-elili- 
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ed to soil I-eaction. and lineal- regression analysts con- 
firmed a significant inverse relationship bctwccn sot1 pH 
and leaf Mn content i n  this study. 

that comprised analytical data I'rom about 100 000 soil 
samplcs and 35 000 leaf samples. 
Bascd on a thrcshold valuc ol' 0,SO ppm f'or sandy soils, 
about 7% of all samplcs analyscd were deficient in  Zn. 
Morc than hall' of these dcl'iciencies occurred in  the 
Umzinto coast lowlands systcm and wcrc associated 
mainly with TMS (ord), Cartcrl'and Hutton I'orm soils ancl 
Reccnt Sands, Hutton and Fernwood I'or~n soils. Using a 
1,0 ppm threshold value Ihr soils with tnorc than 15% 
clay, 22% of the samples werc marginal to deficient in  Zn. 
'Thcsc dcficicncics wcl-c conl'inccl mainly to Shortlands 
Ihrm soils dcrivcd I'rom Swaziland Basic Rocks and 
dolet-itc in the Komatipool-t systcm. 

1989 Survey 
A programme rcfcrrcd to as the Nutrient Inl'ormation 
Retrieval Systc~n (NIRS) was developed specifically to 
capture and storc computerised analytical data from soil 
and leaf samples, i n  order to carry out surveys in  which 
the frequency distribution of important soil and plant 
nutrients are categorised into various stages of sufficiency 
for dil'fcrcnt cxtcnsion arcas (Meyer et al., 1989). 
Thc programme was applied tbr the first timc to a data sct 

1 Inc rea sed  risk of de f i c i ency  l Level Soil f a c t o r s  

High 
c h e m i c a l  

P H  
Salinity/sodicity 
A m m o n i u m  N 
B i c a r b o n a t e  
C a r b o n a t e  
Chlor ide  
Nitrate 
S u l p h a t e  

Aluminium 
Calc ium 
M a g n e s i u m  
P o t a s s i u m  
P h o s p h o r u s  

C o p p e r  
lron 
M a n g a n e s e  
Z inc  
P H  

A m m o n i u m  N 
Nitrate  
S u l p h a t e  

Ca l c ium 
M a g n e s i u m  
P o t a s s i u m  
P h o s p h o r u s  

c h e m i c a l  

C o p p e r  
lron 
M a n g a n e s e  
Z inc  
M o l y b d e n u m  
High s a n d  c o n t e n t  

Phys ica l /  
M a n a g e m e n t  

High s e s q u i o x i d e s  

Overliming 
Heavy  c o m  pos t i ng  
Low o rgan i c  m a t t e r  
P o o r  d r a i n a g e  
Mois ture  s t r e s s  

Figure 2. Risk of nutrient deficiency in relation to soil factors and management practices. 

68 Proc S A,fr S~rg Techr~ol Ass (1999) 73 



Revier~l of I-esetlrch orr tlle rrlicror~~ltrietrt J H  Meyer; A CV Sclz~rrlrrrr~rr, BL Sclrroeder, KA I.i+j'ocld C !  AL Kanipelsod 

1996 Survr?, 
This covcred the analysis ol' Icaf samples froni ncarly 
2 000 fields from l0  extension arcas in the industry. 
The mean I-esults for Zn, Fe, Mn and Cu and the propor- 
tion of samplcs deficient i n  each region is summarised in 
Appendix 1. 
In the case of Zn, overall only 4%. of the fields showed 
deficicnt lcvels of Zn with the Durban-North Coast grow- 
ers showing the highest incidence and tlie Mpumalanga 
the lowcst. This is wcll down I'rom the 12% level of Zn 
deficiency recorded in the 197 1 survey. 
With Fe, thcrc was a marked incrcasc in the proportion of' 
samplcs deficient in Fe, Rom 1 % in 197 1 to 6% in 1996. 
Regions with the highest incidencc of Fe dcl'iciency 
included the Soutli Coast and Durban-North Coast arcas. 
For Mn and Cu thcrc was very little change from the 197 1 
survey with only 1%) ol' the saniplcs showing a Cu del'i- 
ciency and no samples with deficient levels of Mn. 

In 1998, further results were reported of comparative 
changes in nutrient availability over a 17-year pel-iod, I'or 
the main extcnsio~i regions in  relation to four hioclimatic 
regions, six soil parent materials, using the NIRS FAS 
data base, compl-ising well ovcr 200 000 soil ancl 75 000 
leaf samplcs. 
Industry widc there was a lnarkcd increase in soil acidifi- 
cation with average soil pk-I valucs declining from a value 
of 6,17 in 1980-82 to 5,6 1 in 1996-97. This I-cprcsented a 
5,6-fold incrcasc in acidification in tcrms of hydrogcn ion 
activity ovcr this period. The cxtcnt of acidification may 
also be assessed I'rom the incrcase in the proportion ol'soil 
samples that were below pH 5,0, I'rom 18% in 1980 to 
43% in l997 (Mcycr et cl[., 1998). 
The survcy results showed that thc coastal arcus had acid- 
ified at a niorc rapid rate than their Midlands countcrparts. 
Since l980 arcas that havc shown thc biggest incrcasc in 
the proportion of samplcs that arc strongly acid (below a 
pH of 5,0), included tlic South Coast (l'rorn 13 to 5 l%),  
North Coast small scale gl-owcrs (I'rom 19 to 61 ' X ' ) ,  
Zululand South (from 14 to 48%) and Zululand North 
(froni 13 to 42%). 
Sub-optimal pH conditions will inl'lucncc micronutl-icnt 
availability in both the acid and alkaline rangc (Figure 1 ) .  
To this end, Zti delicicncy has increased in areas showing 
the greatest soil acidil'ication rates, such as thc South 
Coast and Durban-North Coast ( 1  2 and 13% Zn dcficicnt, 
rcspcctivcly), as well as in the irrigated arcas prone to 
alkalinisation such as Mpunialanga and Pongola (9 and 
12% Zn deficient. I-espcctively). 
Compared with tlic 1980-89 pcriod, tlie proportion of  Icaf 
samples del'icicnt in S declined on a n  industry wide basis 
from l 0  to 1% owing to the rc-intt-oduction o f S  in  a num- 
ber of fcrtiliscr blends. Average soil S lcvcls over thc 
same period initially increased l'roni 23 to 42 ppni but 
since 1989 hsvc stabilised at around 25 ppm. 

Future opportunities for research 

Unfortunately micr-onutricnt deficiencics arc frequently 
induced by other morc fundamental chemical imbalances in  
the soil, especially pH. high salinity and rcdox potential, 
often caused by waterlogging. Over-application of lime or 
agricultural products such as filtercakc and poultry manure, 
the use of poor quality irrigation watcr, and imhalanced fer- 
tigation programmes under drip irrigation can also cause 
imbalanccs in micronutrient uptake. TIILIS corrective appli- 
cations ol' micl-onutrients in such situations may only pro- 
vide temporary growth improvement, or no response a1 all; 
thc underlying causc l'ot- the nutrient imbalance lnay be 
overlooked by the growcr. Fe dcl'icicncy in sugarcane is a 
typical example where soil rcscl-vcs of this nutrient are 
inevitably high, but dcl'iciecics arc commonly induced by 
extr-cmcs in soil pH, both in  thc high and low pH range. 
Under stt-ongly acid conditions, Fc dcl'iciency can be 
induced through an cxccssivc uptake ol' Mn, especially 
undcr wct cool conditions. Exaniplcs of othcr soil factors 
[ha( incrcasc thc risk ol'nutricnt dcl'icicncy arc illustrated in 
Figurc 2. 

An irnpol-t~uit challenge to I'uturc rcscarchcrs is to develop a 
modcl that will quantify the risk of a micronutrient deficien- 
cy bascd on the factors shown in Figurc 2. To this end the 
rncrits of DRIS (Meycr, 1981), particularly in terms of the 
nutrient ratios rathcr than thc I'ull DRIS indiccs suggested by 
Bc~~ul'ils (1973) for intcrpreting Icuf analysis should be re- 
assessed as a mcruis of detecting incluccd micronutrient defi- 
ciencies. Othcr avenues of I'~1rthcr rcscach includc: 

determining and modelling micronutrient uptake curves 
I'or sugarcane growing on spring, summer, autumn and 
winter cycles fhr tlic main bioclirnatic rcgions i n  the sugar 
industry 
assessing the nccd l'or val-ictal col-I-cction factors when 
intcrpreting Icul' rnicronutricnt analyses 
improving the rcliability of soil extraction PI-ocedures fbr 
predicting Cu, Fe and Mn dcl'icicncy 
scudying thc rcsidual cl'l'ccts ol' micronutricnt fertiliser 
applications on a rangc of soils and cstablishing micronu- 
tricnt toxicity lcvcls for both crop and environmental 
rcquircmcnts 
calibrating the hot water test l'or plant available B in soils 
studying the Mo rcquirenicnt ol' sugarcane in relation to 
ni~ratc rcductasc activity i n  solution cultul-c. 

Conclusions 

It rnay bc concluded fi-on1 the work presented in this review 
that there is little justil'ication for suspecting widespread 
micronutl-icnt deficiencics in the So~lth Al'rican sugar indus- 
try, but that ncvcrthclcss zinc ~uicl iron deficiencies arc 
iniportant growth limiting Il~ctors in certain areas of the 
sugar industt-y. Field trials with Zn ancl Fe have indicated 
that substantial yield responses may bc obtained to treatment 
with thcsc nutrients. Nutrient surveys bascd on Ihliar analy- 
sis havc conl'irmcd that Inanda I'orln soils arc prone to Zn 
tlel'icicncy and that certain othcr morc sandy soils in the 
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Fernwood, Cartrcf, Glenrosa and Longlands form also fall 
into the high deficiency risk category. Unlike some occul-- 
rences of C11 deficiencies that have been noted in the 
Australian sugar industt-y, few have been notccl in the South 
African sugat- be1 t .  

With the prospect ol. declining reserves of micronulricnts i n  
soils due to factors such as monocropping, introduction ol' 
high yielding varieties, the use of concentrated fet-tilisers and 
anti-pollution legislation, there can be little doubt that 
micronutrients other than Zn are destined to become more 
important in  the sugar industry. Nutrient surveys should be 
carried out on a regular basis to monitor changes in soil fer- 
tility and consideration given to conducting further research 
as previously discussecl. 
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APPENDIX 1. 
Leaf analysis assessment summary 

Area Of samples 
l 

Mpumalanga/Kom 30 
Zululand North 160 
Zululand Central 60 
Zululand south 143 
Midlands North 1 350 
North Coast 184 
Durban North 281 
Midlands South 1 216 
South Coast 
Lower South . - - - - - - - - .  

1804 

IRON 

Lowest 

15 
15 

Area 

MpumalangdKom 
Zululand North 

Highest 

27 
29 

ZUIL and Central 
Zul- and Soutn 
M.alanas horth 
North Coast 
Durban North 
Midlands South 

Mean 

2 1 
19 

South Coast 
Lower South ..----------....-. 
Average Trend 

NO. of 
samples 

30 
160 
60 
143 
350 
184 
281 
276 
227 
93 .---------. 

1804 

Percentage ot l otal 

Lowest / Highest 

High 
>25.0 

5 
10 

Deficient 
<12.0 

0 
4 

Mean 

MANGANESE 

Marginal 
12.0-15.0 

5 
14 

Adequate 
15,O-25.0 

90 
72 
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Area 

Mpumalanga/Kom 
Zululand North 
Zululand Central 
Zululand South 
Midlands North 
North Coast 
Durban ~ o r t h  
Midlands South 
South Coast 
Lower South 
Average Trend 

30 
160 
60 
143 
350 
184 
281 
276 
227 
93 

1804 

COPPER 

Lowest 

24 
30 
33 
33 
25 
23 
19 
3 1 
23 
18 
26 

Area 

MpurnalangdKom 
Zululand North 
Zululand Central 
Zululand South 
Midlands North 
North Coast 
Durban North 
Mldlands South 
South Coast 
Lower South 
Average Trend 

Highest 

58 
114 
76 
116 
137 
149 
90 
110 
114 
90 
131 

Percenta e of Total 
Deflclent Marginalg Adequate High s s  

30 
160 
60 
143 
350 
184 
281 
276 
227 
93 

1804 

Mean 

37 
6 1 
49 
60 
67 
61 
50 
59 
55 
51 ............................................................................................................. 
55 

1 2  
0 
0 
2 
2 
1 
0 
0 
0 
0 
0 
1 

L o s t  

3 
3 
2 
2 
2 
3 
3 
3 
3 
3 
3 

15.0-25.0 
57 
35 
27 
35 
47 
39 
42 
55 
40 
52 
42 

12.0-15.0 
43 
65 
7 1 
63 
52 
6 1 
58 
45 
60 
48 
57 

Percenta e of Total 
Deflclent Marginalq Adequate High 

>25.0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Highest 

7 
9 
7 
8 
8 
7 
7 
9 
10 
7 
8 

>25.0 
0 
4 
0 
3 
2 
5 
0 
2 
3 
0 
2 

<12.0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Mean 

5 
5 
5 
5 
5 
5 
5 
6 
5 
5 ............................................................................................................. 
5 

12.0-15.0 
20 
1 
0 
0 
1 
2 
9 
0 
5 
10 
5 

15.0-25.0 
80 
95 
100 
97 
97 
93 
91 
98 
92 
90 
93 
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NEAR-INFRARED SPECTROSCOPY 
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There is increasing demand for intensive soil sampling, 
which facilitates soil mapping, site specific water, fertiliser, 
pesticide and herbicidc recommendations as specified i n  thc 
rapidly developing management system known as precision 
agriculture. The high cost of soil sampling and analysis in 
conventional laboratories has restricted the full implementa- 
tion of this tcchnology, and Near-Infrared Spectroscopy 
(NIRS) could be a cost effective solution. Recent improve- 
ments in NIRS instrument design have produced models that 
arc small, light, vibration resistant and fast, capable of col- 
lecting a complete scanned spectrum in one second. 

Intensive topsoil grid sampling (n=575) of a small 0,342 ha 
field and subsequent analysis on a laboratory NIR spectroni- 
eter NIRS6500 was conducted to test the fcuGbilitv ol' in- 

mapped as shown l'or clay (Figure 2) and discussed in rela- 
tion to sampling strategies, precision agriculture (lime and 
herbicidc application), and simulation modelling (soil nitro- 
gen proccsses). A portable NIRS u n i l  would allow intensive 
fresh in-field sample analysis, which is essential for measur- 
ing biological processes, and eliminate the need for costly 
sample collcction, transpol-t, preparation and storage. 

Keycvor-(Is: grid sampling, near-infrared, prccision agricul- 
turc, soil mapping 
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Figure 1. Prediction of soil clay content by NIRS using independent Figure 2. NIR-predicted soil clay map constructed from the 575 grid 
validation samples. sample points. 

field portable NIRS sampling and on-line analysis of soils. 
Good calibrations were obtained with IS1 softwarc using 
modified partial Icast squares regression on a smaller sample 
subset (for example? clay O/o RL=0,97, n=72). Othcr soil 
properties including gt-avi~iietric soil watcr, buf'fer capacily, 
pH, electrical conductivity, titratablc acidity, organic matter, 
mineralisablc nitrogen, potential ammonia volatilisation 
from urea, potcn~ial nitrification rate, and ureasc activity 
could be calibrated despite the use of field-moist unprepared 
soils in thc NIR instrument. Validation of the clay equation 
demonstratcd that an acceptable standard error of 2,1% clay 
(Figurc 1) may bc possible with this technique. Predicted 
NIRS results for the complete samplc sct (n=575) were 
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ROBUST LEAF N THRESHOLDS FOR FOLIAR DIAGNOSIS 
BASED ON EXPONENTIAL - FOURIER FUNC'TIONS 

AW SCHUMANN A N D  JH MEYER 

Soutli Africczr~ Sugar Associariot~ Experinzerlt Statior~, Private Bag X02. Moiltlt Edgrcorr~De, 4300, Soutlz A,friccl 

The importance of sampling scason and crop age for cor- 
rectly interpreting sugarcane Icaf nitrogen (N) analysis is 
well established, hut restricts this useful diagnostic mcthod 
to about five months of the ycar and 1.0~1- to seven month old 
crops when using the currcnt Fertiliser Advisory Services 
(FAS) thresholds. Leaf testing is particularly useful for 
ratoon crops since accurate diagnosis ol' short term soil N 
deficiency is not available. Therc is also renewed interest in 
crop fertigation through drip irrigation systems, where sus- 
tained N supply according to crop demand would be greatly 
assisted by u more complete leaf diagnosis system covering 
all months of the year and from 1 to 12 months of age. Ea1-1y 
diagnosis of N deficiency (<4 months) would also enahlc 
more eft'ectivc I'ertilisation to correct N deficiency i n  the cur- 
rent crop, since yield response is more likely and access to 
the crop for fertilisation is improved. 

A continuous modcl l'unction describing the concentration of 
leal' N in relation to cl-op age and scason was developed for 
the coastal and Lowvcld areas by least squares fitting of the 
exponential - fouricr equation N(%))= AGE""'(A+B'''sin 
(2:I:pi:':(MONTHE)/W)), using 14 000 FAS leal' samples of 
known age, season and variety (NCo376) covering the peri- 
od 1981 to 1997. These mostly ratoon leaf data wcrc rcsrrict- 
ed to exclude samples whcrc P, K, Ca or Mg levels wcl-c 
deficient according to FAS thl-csholds. The resulting N func- 
tion values cycle through a minimum i n  April and a maxi- 
mum in October and decrease exponentially with age (Figuse 
1). Small a~jus tments  (S  to 30%) to the function coefficients 
A and C were made until calculated N values col-responded 
with existing FAS thrcsholds for the same scason and crop 
age (Figure 2). 
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Figure 2. Correspondence between existing FAS leaf nitrogen 
thresholds for ratoon cane and new continuous thresholds devel- 
oped for sugarcane variety NCo376. 

New N thrcsholds (Tablc 1) were tcstccl with trial data that 
included samples bcyond the scope of thc FAS thresholds. 
Results suggest that these thrcsholds could be used for early 
(Icss than three months) and late (greater than seven months) 
Ical' N diagnosis, making them ideally suited for recom- 
mending corrcctivc N t'ertiliscr early enough l'or economic 
rcsponsc of the currcnt crop, or late enough to be useful for 
the following crop. Improved diagnoses should also be pos- 
sible for any month of the ycar such as during continuous 
l'crtigation, pl-ovidcd that the crop is not stressed. 

Tentative cod'ficicnts were derived by l inear interpolation 
from FAS leal' sample data I'or application of thesc thresh- 
olds to three othcr sugarcane varieties. Values in Table I 
sho~lld be ~nultiplicd by 0,943 l'or N 12, 0,942 for N14, and 
0,988 Ihl. N 16. 
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Figure l. Relationship between sugarcane variety NCo376 leaf 
nitrogen, crop age and season. 
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Robust leaf N thresholds for~foliar diagnosis based on expotzerztal -~burierfiltzctioti.~ A W Sclz~~rnat~rz & J H  Meyer 

Table l. Leaf N thresholds (% N) for sugarcane variety NCo376 at different crop ages and seasons. 
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