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Abstract

Occurrence of nutrient constraints is as old as history of citrus cultivation. Identifying multiple
nutrient constraints has always perplexed the nutritionists due to lack of consistency in
response to fertilization when executed in field. Such a discrepancy in diagnostic interpretation
has emerged on account of a variety of interpretation tools made under usage. For example,
when a leaf analysis dataset is subjected to different interpretation tools, highly overlapping
diagnoses are obtained. Analysis of different tools used in leaf analysis data interpretation
further warranted the necessity of working out the cultivar-specific nutrient diagnostic norms.
Large number of interpretation tools have been put forward to interpret the leaf analysis
data. Late DRIS (Diagnosis and Recommendation Integrated System), initially developed
for rubber crop, found its great utility to many of the annual and perennial crops, citrus
being one of them. Work done in India with reference to different citrus cultivars suggested
a strong cultivar-specific dependence of the diagnoses that agreed with field diagnoses.
Use of DRIS-based diagnoses provided replicating outcome under diverse soil types.
The detailed account of different leaf analysis interpretation tools is further discussed.
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productivity and to sustain the available soil nutrient status
at a desirable level, correct doses of manures, biofertilizers,

5.1 Background Information

Perennial crops are quite different from annual crops in their
nutritional requirement due to their plant size, density, rate
of growth and rooting pattern, and phenomenon of bud
differentiation and its relationship with the yield during the
following season/year. Determination of the nutritional needs
of fruit trees must be made prior to the renewed growth or
the determination of potential yield. To ensure high economic
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and chemical fertilizers must be applied, based on the use of
reliable diagnostic tools. Considering energy, economy, and
environment, it is imperative that manures, biofertilizers,
and chemical fertilizers be used efficiently. The best diagnostic
tool is one that recommends nutrient application in a direct
economic response of the fruit crop. Diagnostic tools are
designed to avoid nutrient shortage or excess, and if used
properly, no decrease in fruit production or quality should occur.
Leaf analysis seems to be the best method for identifying the
need for application of nutrients.

The interpretation of leaf analysis is based on the premise
that there is a significant biological relationship between the
elemental content in leaf, plant growth, and fruit yield with a
purpose to predict fertilizer requirement depending upon
site characteristics. This is popularly known as ‘critical value
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approach’ widely applied in citrus orchards with considerable
success. These relationships normally reflect a sigmoidal
response curve on which two critical values can be identified.
These values for each nutrient are the value below and
above which plant performance is reduced (Terblanche
and Du Plessis 1992).

5.2  History of Leaf Analysis

Justus von Liebig, the German chemist (1803—1873), was the
first to have an opinion that growth of plants was propor-
tional to the amount of mineral substance available in the
fertilizer and developed the “law of minimum” which states
that the “growth of plants is limited by the nutrient present
in the smallest quantity.” As it can be seen in The Book of
the Rothamsted Experiments (1905), Hall (2009) envisaged
plant analysis as a method for estimating the nutrient content
of soils.

Leaf analysis is based on the premise that “the plant
behaviour is related to concentrations of essential minerals in
leaf tissue” (Smith 1966). Leaf analysis, as a method for
assessing the nutrient requirements of crops, is based on the
assumption that “within certain limits, there is a positive
relation between doses of the nutrient supplied, leaf nutrient
content and yield and/or quality” (Smith op. cit.). Nutrient
supply in 1 year may have a major effect on both fruit tree
nutrition and crop production in subsequent years as the
plant responds to direct and residual soil fertility. The appli-
cation of the same dose year after year is thus irrelevant
(Bhargava and Chadha 1993). The crop, through leaf analysis,
informs the growers that the power of his soil to supply the
nutrient has not kept pace with the nutrient requirements of
the crop.

The diagnosis of the nutritional status of citrus, based
on the chemical analysis of some of its organs, has been
generalized since the middle of the past century. Among the
first and most complete works published on this subject,
Chapman (1961) refers those from Thorpe, in 1868, from
Wolf, in 1871-1880, from Ricciardi, in 1880, from Boschi,
in 1895, and from Olivieri and Guerrieri, in 1895. Still,
according to Chapman (op. cit.), in 1931, Barnette and his
collaborators published the results from the chemical analysis
of adult grapefruit trees, not only the chemical composition
of the different parts of the trees but also its weight.

Based on the fact that the leaves have an active “assimilatory”
function, being the “synthetic laboratory” that controls the
plant nutrition, in the first half of the past century, Thomas
(1945) referred that through the leaf analysis, it is possible
to control the nutritional status of the plants. In face of that,
the majority of the work done in this subject has incurred
mainly in the leaves. However, more recently, several authors
defend the analysis of other plant organs, such as flowers
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(Pestana et al. 2001) or fruits (Lacertosa et al. 2001), but
there are not yet reference values or even consensus about
the preference for one of those organs as the most adequate
base for the management of the fertilization in the following
cultural cycle or the correction of nutritional unbalances in
the same year.

According to Bould (1984), leaf analysis is based on the
following four assumptions: (1) leaf is the main site of plant
metabolism; (2). changes in nutrient supply are reflected on
the composition of the index tissue such as leaf or its
petiole; (3) changes are more pronounced at certain stages
of development than at others; and (4) concentration of the
nutrients in the leaf at the specific growth stage is related to
the performance of the crop.

For some authors, with the exception of N, that is slightly
different for the various commercial species (Embleton et al.
1978), the chemical composition of the citrus is identical
(Hanlon et al. 1995; Davies and Albrigo 1998). However,
other authors, as Legaz et al. (1995) and Dias et al. (2002),
indicate different reference values for N, P, and K for the
various citrus species. Besides the species, the concentration
of the nutrients in the leaves is dependent on, among other
factors, the age, the type, and the localization of the leaves
(Smith 1966; Embleton et al. 1978; Legaz et al. 1995; Davies
and Albrigo 1998; Carranca 1999).

The concentration of the different nutrients is more stable
in 4-7-month-old leaves and that is why this is the most
adequate period referred for leaf sampling (Smith 1966;
Embleton et al. 1978; Hanlon et al. 1995; Legaz et al. 1995;
Davies and Albrigo 1998; Carranca 1999; Correia 2000).
On the other hand, the presence of flowers or small growing
fruits, in a branch, diminishes significantly the leaf concen-
tration of the nutrients, as they are translocated to those
organs, once the leaves, besides its photosynthetic function,
also act as a storage organ (Smith 1966; Embleton et al.
1978; Legaz et al. 1995; Davies and Albrigo 1998; Carranca
1999). In fact, the nutrient concentration in nonfruiting shoot
leaves seems to be the best indicator of the nutritional status
of the tree, better than fruiting shoot leaves, since those are
the branches that will carry the flowers and subsequently the
fruits on the following year (Embleton et al. 1978; Legaz
etal. 1995; Carranca 1999). According to Davies and Albrigo
(1998), with the exception of South Africa (where the leaves
for chemical analysis are sampled from fruiting shoots), in
most part of the citrus production regions of the world, leaf
samples are collected in nonfruiting shoots from spring
flushes at 4-7 month old.

For foliar chemical analysis, Swietlik (1996), Alva and
Tucker (1999), Carranca (1999), and Dias et al. (2002)
recommend, per 2—4 ha, the sampling of 810 nonfruiting
shoot leaves per tree, collected from the four quadrants of the
canopy, in 15-20 trees randomly chosen and representative
of the general status of the orchard. The diagnosis of the
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Table 5.1 Reference values

for leaf nutrients concentration,
in nonfruiting shoot leaves, from
the spring flushes (5-7 month
old), for mature ‘Valencia Late’
orange trees

Nutrient

N (gkg™

P (gkg™)
K(gkg™
Ca(gkg™)
Mg (gkg™)
B (mgkg™)
Cu (mg kg™)
Fe (mg kg™')
Mn (mg kg™)
Mo (mg kg™)
Zn (mg kg™')

Adapted from Embleton et al. (1978)

Table 5.2 Reference values

for leaf nutrients concentration,
in nonfruiting shoot leaves, from
the spring flushes (4—-6 month
old), for mature citrus trees

Nutrient
N(gkg™)
P(gkg™
K(gkg™
Ca(gkg™)
Mg (g kg™)
B (mg kg™)
Cu (mg kg™)
Fe (mg kg™')
Mn (mg kg™)
Mo (mg kg™)
Zn (mg kg™')
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Deficient Low Optimum High Excess
<22 22-23 24-26 27-28 >28
<0.9 0.9-1.1 1.2-1.6 1.7-2.9 >3
<4 4.0-6.9 7-10.9 11-20 >237
<16 16-29 30-55 56-69 >70?
<1.6 1.6-2.5 2.6-6.0 7.0-11 >12?
<21 21-30 31-100 101-260 >260
<3.6 3.6-4.9 5-16 17-22? >227
<36 36-59 60-120 130-200? >250?
<16 16-24 25-200 300-500? >1,000?
<0.06 0.06-0.09 0.1-3.0 4-100 >100?
<16 16-24 25-100 110-200 >300
Deficient Low Optimum High Excess
<22 22-24 25-27 28-30 >30
<0.9 0.9-1.1 1.2-1.6 1.7-3.0 >3.0
<7 7-11 12-17 18-24 >24
<15 15-29 3049 50-70 >70
<2.0 2.0-2.9 3.0-4.9 5.0-7.0 >7.0
<20 20-35 36-100 101-200 >200
<3 34 5-16 17-20 >20
<35 35-59 60-120 121-200 >200
<17 1724 25-100 101-300 >300
<0.05 0.06-0.09 0.1-1.0 2.0-5.0 >5.0
<17 17-24 25-100 101-300 >300

Adapted from Hanlon et al. (1995)

nutritional status of the trees must be made comparing the
results from leaf chemical analysis with the reference values.
However, these values must be used as a general indication,
when compared with the results from the chemical analysis
of citrus leaf samples, once, as already referred, may exist
differences among rootstocks, cultivars, tree age, and phase
of the growth cycle. The results of leaf analysis in young
trees, for example, must be scrutinized very carefully, since
the concentration of Fe and Zn is lower in these leaves
(Swietlik 1996) and the content of N and K is higher, in rela-
tion to full production trees (Smith 1966; Swietlik 1996).
Most of the reference values of leaf analysis, existing on
the bibliography, were established based on the relation
between the concentration of the several leaf elements and the
development of the plant, standardized through experimental
studies on fertilization adequately delineated (Terblanche
and Du Plessis 1992; Hanlon et al. 1995) for orchards at full
production. Through the analysis of the results obtained in an
experimental study with young Navel orange trees, Thompson
et al. (2003) proposed that N concentration in young tree

leaves, when adequately supplied with this element, should
be around 28 gN kg™! dry weight instead of 25 gN kg™' dry
weight, which is the value established by Embleton et al.
(1978) as the optimum for adult trees.

In a long-term study (16 years) carried out in Portugal
including 38 orange orchards of different varieties, aiming
the establishment of critical levels for the several nutrients
contained in the leaves, based on a correlation with some
fruit quality indexes, Fragoso et al. (1990) observed that in a
general way, the values were within the intervals adopted by
Embleton et al. (1978) for mature ‘Valencia Late’ orange trees
(Table 5.1), concluding that will be adequate to adopt them
as reference values for orange trees in plain production.

More recently, Hanlon et al. (1995) published an actual-
ization of the reference values for leaf content of nonfruiting
shoot leaves for mature citrus trees (Table 5.2). These values
were confirmed in the work of Alva and Tucker (1999) and are
generally those adopted in Florida. In a recent publication
(Kallsen 2002), where reference values of nutrients for non-
fruiting shoot leaves in adult orange trees are available, it is
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possible to endorse the critical values (Table 5.1) that were
considered uncertain by Embleton et al. (1978). The comparison
between Tables 5.1 and 5.2 reveals some differences, being
the greater for K, for which the values considered by
Embleton et al. (1978), in any of the ranges, are lower than
those considered by Hanlon et al. (1995). In relation to Mg,
on the contrary, the values considered by Embleton et al.
(1978) for the ranges optimum, high, and excessive are
higher than those considered by Hanlon et al. (1995).
Maximum limits for the elements that Embleton et al. (1978)
considered uncertain (Table 5.1) were already established
(Table 5.2), with a clear difference in case of the Mo.

In Portugal (Fragoso et al. 1990), as well as in Spain
(Legaz et al. 1995; Agusti 2000), the tables from Embleton
et al. (1978), based on values obtained in California, are the
most adequate, probably due to the climatic identity. In any
case, these values were established for full production trees,
and there are no reference values for young nonbearing trees
when the chemical composition of the plant is different from
the mature tree (Smith 1966; Swietlik 1996).

Reference Values for N Confirmed
by Foliar Analysis, from Planting
till Full Production

5.2.1

As it was observed by Menino (2005) in a field experiment
with ‘Lane Late’ oranges planted in a sandy soil located at
Algarve (South of Portugal), during the first 4 years after
transplanting the N leaf concentration, although increasing
with increasing N rates, decreased from the first till the fourth
year, suggesting that the optimum concentration values for
leaf N content, for young nonbearing trees, with a vigorous
growth, should not be defined, in a general way, by a unique
value for all of the years (28 gN kg™! dry weight, as sug-
gested by Weinert et al. (2002)) but by a series of decreasing
values till the optimum recommended for mature trees
(25 gN kg™! dry weight, according to Embleton et al. (1978)).
Assuming that the mean values of leaf N concentration for
all treatments correspond to the adequate nutritional status of
the trees, the optimum leaf N concentration obtained in the
experiment carried out by Menino (2005), expressed as
g Nkg™! dry weight, could be evaluated in accordance with
the following logarithmic adjustment:

N=347- 7.4><10g10(x), with an 2 = 0.84 for p<0.029,

as it is shown in Fig. 5.1. According to this logarithmic
adjustment, the reference values for leaf N concentration,
during the first years in the field, would be the following:

34.7 gN kg™' dry weight, for the first year; 32.5 gN kg™
dry weight, for the second year; 31.2 gN kg™' dry weight, for
the third year; 30.2 gN kg™' dry weight, for the fourth year;
and 29.5 gN kg™' dry weight, for the fifth year.
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Fig. 5.1 Logarithmic adjustment for the mean N leaf concentration in
‘Lane Late’ orange trees, in the first 5 years after planting, with the
estimation of values for the following 5 years
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Fig. 5.2 Logarithmic adjustment for the mean N leaf concentration in
‘Lane Late’ orange trees, in the first 8 years after planting

Nevertheless, according to the abovementioned adjustment
(Fig. 5.1), the critical value suggested by Weinert et al.
(2002) for young trees (28 gN kg™' dry weight) would only
be reached in the eighth year, which means that in the
referred experimental conditions, the values were always
much higher than the optimum. On the other hand, the
optimum value referred by Embleton et al. (1978) for mature
trees (between 24 and 26 gN kg™!' dry weight) would only
be reached in the 15th year.

In the prosecution of the mentioned study (Menino op. cit.)
till the eighth year (Menino et al. 2008), the logarithmic
adjustment (Fig. 5.2) maintains very close to the previous, with

N=34.5-6.8xlog (x), with an * = 0.81 for p<0.001,

as it is illustrated in Fig. 5.2. According to this logarithmic
adjustment, the reference values for leaf N concentration,
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during the first years after transplanting in the field, would
be the following:

34.5 gN kg™' dry weight, for the first year; 32.5 gN kg™
dry weight, for the second year; 31.3 gN kg™' dry weight, for
the third year; 30.4 gN kg™' dry weight, for the fourth year;
29.7 gN kg™' dry weight, for the fifth year; 29.2 gN kg~' dry
weight, for the sixth year; 28.8 gN kg™! dry weight, for
the seventh year; and 28.4 gN kg™! dry weight, for the
eighth year.

These values reveal a straight adjustment with those
calculated earlier, for the first 5 years, and a perfect conver-
gence for the reference values suggested by Weinert et al.
(2002) for mature trees in full production.

5.3  Major Breakthroughs

A variety of interpretation tools (IT) have shown their appli-
cation in leaf analysis of citrus. These are: critical nutrient
concentration (Terblanche and Du Plessis 1992; Srivastava
et al. 1999); nutrient concentration range (Parent and Dafir
1992); nutrient balance using factorial method (Cantarella
et al. 1992), Kenworthy’s balance index (Kenworthy 1973),
Moller-Nielson balance concept (Moller Nielson and Friis-
Nielson 1976b); crop logging (Abaev 1977); and boundary
line concept (Walworth et al. 1986) — all suggesting only single
value concentration and diagnosis and recommendation
integrated system (DRIS) which considers the nutrient ratio
(Walworth and Sumner 1987; Beverly 1987). The utility of
these ITs in the past faced many limitations, especially in the
context of alternative to identify the nutrient constraint at any
growth stages during the season and, therefore, diagnoses
found application only to a specified growth stage due to
strong influence of leaf age.

Of different ITs, DRIS is claimed to have certain advantages
over other conventionally used ITs (Malavolta et al. 1993;
Li et al. 1999). The working premises of DRIS (Mourdo
Filho 2004) “are based on: (a) the ratios among nutrients are
frequently better indicators of nutrient deficiencies than iso-
lated concentration values; (b) some nutrient ratios are more
important or significant than others; (c) maximum yields are
only reached when important nutrient ratios are near the ideal
or optimum values, which are obtained from high yielding-
selected populations; (d) as a consequence of the stated in
(c), the variance of an important nutrient ratio is smaller in a
high yielding (reference population) than in a low yielding
population, and” “the relations of significant nutrient ratios
of high and low yielding populations can be used in the selec-
tion of significant nutrient ratios; (e) the DRIS indices can be
calculated individually, for each nutrient, using the average
nutrient ratio deviation obtained from the comparison with
the optimum value of a given nutrient ratio, hence, as pointed
by Jones (1981) and Walworth and Sumner (1987), the ideal
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value of the DRIS index for each nutrient should be zero.”
The efforts in the past have successfully established the DRIS
norms for ‘Valencia’ orange in USA (Beverly et al. 1984;
Wallace 1990), South Africa (Woods and Villiers 1992),
Venezuela (Rodriguez et al. 1997), Brazil (Mourao Filho and
Azevedo 2003); ‘Verna’ lemon in Spain (Cerda et al. 1995);
‘Sicilian’ lemon in Italy (Creste 1996) and ‘Pera’ sweet
orange in Brazil (Creste and Grassi Filho 1998); acid lime
(Varalakshmi and Bhargava 1998), ‘Kinnow’ mandarin
(Hundal and Arora 2001), ‘Nagpur’ mandarin, ‘Khasi’ man-
darin, and ‘Mosambi’ sweet orange in India (Srivastava et al.
2001; Srivastava and Singh 2003c, 2006).

Almost any conclusion can be drawn from the earlier
attempts on the development of leaf nutrient diagnostics in
countries like Argentina (Perez 1996), Australia (Jorgensen
and Price 1978), Brazil (Quaggio et al. 1998), China
(Koto et al. 1990), France (Marchal et al. 1978), India
(Chahill et al. 1991; Srivastava et al. 1999; Srivastava and
Singh 2002), Italy (Dettori et al. 1996), Japan (Terblanche
and Du Plessis 1992), Turkey (Saatci and Mur 2000), Spain
(Hellin et al. 1988), Costa Rica (Alvardo et al. 1994), USA
(Chapman 1949; Koo et al. 1984; Swietlik 1996), employing
a variety of diagnostic methods using different aged index
leaves from fruiting as well as nonfruiting terminals. Such
efforts have generated differential diagnostic capabilities in the
absence of uniformity in guidelines used in diagnosing the
nutrient constraints, e.g., a different set of optimum values
are obtained when specific leaf analysis data are subject to
contrasting ITs like multivariate quadratic regression analysis
(MQRA) or diagnosis and recommendation integrated
system (DRIS) using some commercial citrus cultivars of
India (Table 5.3). DRIS-derived values were further very
close to original values from high-performance elite orchards
than values obtained from MQRA (Wallace 1990; Woods
and Villiers 1992; Srivastava and Singh 2003c). Alves and
Mourio Filho (2005) observed that conventional sufficient
range approach (SRA) and DRIS were in agreement for
nutritional diagnosis of K, while other nutrients like Cu, Mn,
and Fe were diagnosed as deficient by DRIS and classified
adequate to high by SRA in ‘Valencia’ sweet orange orchards
on three different rootstocks in Sdo Paulo, Brazil.

Arguments are often put forward to support the view that
deficient, optimum, or excessive levels of nutrient concentration
cannot be determined by means of absolute figures (critical
levels) due to great deal of variation in vegetative activity.
Hence, a new concept of the above evolutionary balance of
bioelements and the critical area based on the links between
nutrients and the balance of all the bioelements was proposed
by Carpena-Artés (1978). According to this concept, the leaf
level of any nutrient for a given moment is determined by the
difference between the amount of nutrient which has reached
the leaf and, from there, the amount transported to other plant
organs. Hence, four diagnostic criteria of deficiency area,
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Table 5.3 Optimum leaf nutrient levels for three commercial citrus cultivars of India using two most common ITs

NM MSO KM
Nutrients MQRA DRIS MQRA DRIS MQRA DRIS
N (%) 22-2.4 1.7-2.8 2.4-2.5 2.0-2.6 22-25 2.0-2.6
P (%) 0.07-0.10 0.09-0.15 0.13-0.15 0.09-0.17 0.10-0.11 0.09-0.10
K (%) 1.2-1.6 1.0-2.6 1.6-2.3 1.3-1.7 1.9-2.1 0.99-1.9
Ca (%) 1.3-1.5 1.8-3.3 2.6-3.2 1.7-3.0 2.1-23 2.0-2.5
Mg (%) 0.48-0.67 0.43-0.92 0.32-0.49 0.32-0.39 0.28-0.38 0.24-0.48
Fe (ppm) 110-132 75-113 132-148 70-137 148-180 85-249
Mn (ppm) 49-43 55-85 52-112 42-87 72-85 42-87.6
Cu (ppm) 8-14 10-18 7-10 7-16 10-19 2-14
Zn (ppm) 18-30 14-30 25-43 12-29 24-39 16-27
Yield (kg tree™") 40-54 47-117 87-95 77-138 45-62 32-56

Adapted from Srivastava et al. (1999) and Srivastava and Singh (2003c)

NM ‘Nagpur’ mandarin, MSO ‘Mosambi’ sweet orange, KM ‘Khasi’ mandarin

critical area, normal area, and excess area were suggested for
determining nutritional requirement.

Du Plessis and Koen (1992) advocated different leaf
nutrient norms, based on climatic zones. The norms derived
for the small fruit area, of cool climate, like Nelspruit in
Mpumalanga province of South Africa (2.0-2.4% N,
0.95-1.50% K, and N/K ratio of 1.6-2.2) were different of
those for the large fruit size area of Citrusdal in the Western
Cape province (2.1-2.7% N, 0.70-0.90% K and N/K ratio of
3.0-4.5), having warm climate, with other nutrients like P
(0.11-0.16%), Ca (3.5-5.5%), and Mg (0.30-0.55%) showing
no significant difference. Most of the leaf nutrient diagnostics
have, therefore, failed to find any universal applicability
when tested over space and time under varying conditions.
A cultivar-specific nutrient standard to suit regional growing
conditions and comparing norms developed by different
sampling methods appears to be the best approach. Conversion
factors to relate norms that are developed for nonfruiting
terminals with those for fruiting terminals and vice versa
would be useful.

5.3.1 Critical Nutrient Concept

Over the past century, the pendulum of analytical diagnosis
has swung from soil analysis to plant analysis. The outstand-
ing contribution of Lundegardh (1951) has provided the use-
fulness of leaf analysis convincingly. Lagatu and Maume
(1926) were the first to adopt the new approach to which they
termed “Diagnostic Foliar.” Macy (1936) introduced the
concept of “critical nutrient percentage” in leaf dry matter
and visualized three ranges or portions of a curve relating
plant response to concentration percentages, namely the fol-
lowing: (1) a narrow minimal percentage range where both
response and internal concentration remain fairly stable, (2)
a poverty adjustment range where both response and internal

concentration rise, and (3) a luxury consumption range where
response is hardly noticed and concentration increases.

A critical nutrient level as “the range of concentrations at
which growth of the plant are restricted in comparison with
that of plants of higher nutrient level” was postulated by
Ulrich (1948). This approach is based on the establishment
of relationships between the concentration of different nutri-
ents in the leaves and plant performance, with the sigmoidal
response curve where two critical limits can be identified.
These values for each element are respectively the values below
and above which the plant growth is reduced (Terblanche
and Du Plessis 1992). The interpretation of results of leaf
analysis is based on the concept of critical values defined by
Ulrich (1948) as the range of concentrations at which the
growth of the plant is restricted in comparison to that of
plants at a higher nutrient level. The results showed that plants
with widely different nutrient consumption give similar
yields as long as these nutrient concentrations are well above
the critical level. Lundegardh (1951) described the physio-
logical basis of leaf analysis and named assimilating plant
leaf as “Central Laboratory of Nutrition.” The leaf analysis
became more widespread in 1955 when Kenworthy offered a
service to fruit growers in Michigan for monitoring nutrient
levels of their vineyards and orchards. In India, the first Leaf
Analysis Laboratory was established in the Indian Institute
of Horticultural Research at Hessaraghatta, Bangalore, in
1980 to conduct research and provide leaf analysis service to
growers in India.

In order to make the best commercial use of leaf analysis,
one must know the relative importance of the nutritional
problems existing in a given orchard as well as the potential
individual benefit or adverse effects of the nutrient’s applica-
tion. As early as Ulrich (1952) discussed the physiological
basis for assessing the nutrient requirement for plants, the
foundation on which the interpretation of leaf analysis was
established.
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The inability of the leaf analysis approach to deal ade-
quately with the variation in nutrient concentration on a dry
matter basis with age is probably its greatest disadvantage.
To overcome this inconvenience, three approaches have
been anticipated: in the first, sets of critical values for dif-
ferent stages of growth were proposed (Geraldson et al.
1973; Tserling 1974); in the second, the accumulation of
dry matter with age is monitored in order to correct the
nutrient concentration for increasing dry matter (Melsted
et al. 1969); and in the third, sufficiency ranges were
advanced such that the lower limit represents roughly the
critical level while the upper is set at a value corresponding
to an unusually high or toxic concentration (Small and
Ohlrogge 1973). Although sufficiency ranges are purported
to improve flexibility in diagnosis, they in fact decrease
diagnostic precision because the limits are often too wide.
Few of these attempts to improve the critical value approach
have met with great success.

Critical value approach was established by Cate and
Nelson (1965): the leaf analysis data are divided into two or
more classes for the purpose of making the nutrient recom-
mendation for a potential yield and fruit quality. However,
the basis of defining different classes, i.e., deficient, very
low, low, optimum, high, excessive, and/or toxic, is often
subjective or arbitrary. A number of methods are available
for setting the class limits. The procedure is to split the data
into two groups, using the successive critical levels to ascer-
tain that the particular critical level, which will maximize the
overall predictive ability (R*) with the means of two groups
(classes) as the predictor value. An example for using the
data, which is believed to be typical of this kind of problem,
is presented. Several continuous correlation models can also
be fitted to the same data. However, none gave as high as R?
as a single low high split according to the procedure described
by Bhargava and Singh (2001). The subsequent procedure is
followed to work out the critical limit of a nutrient in an
index tissue.

1. Correlation factor (CF) is calculated as (GT)¥n.
2. Calculation of the total sum of squares (TSS) (X, + X, +

X,+X,+..X)-CFE
3. Calculation of SSQI1 = (X, + X,) — CF, where CF =

X, +X,),/2.

4. Calculation of the SSQ, = (X, + X, + X, + X )/2 — CF,
where CF,= (X, + X, +..X)),/n

5. TSS =(8SQ, + SSQ,) =r.

6. R, =rx100/TSS.

According to the above technique, the orchards are divided
in two groups: one in which is expected to have a relatively
large response to a particular nutrient and another one in
which is expected to have little or no response, assuming
that the other nutrients were present in adequate amounts.
A dividing line between the two categories might be deter-
mined approximately by a graphical technique in which the

65

vertical and the horizontal lines are superimposed on the
scatter diagrams so as to maximize the number of points in
positive quadrants. The horizontal line is 90% probability
line, and the vertical line is so drawn that the maximum
points of the scatter diagram are on two positive quadrants.
The vertical line, which is determined by the eye judgment,
is known as critical levels.

Page and Martin (1964) suggested critical limit of leaf
K as 0.28-0.44%. Bar-Akiva et al. (1967) recommended
0.07% as critical limit of leaf P content for Persian lime.
Magnitskii and Takidze (1972) suggested critical level of
0.19% P and 1.6% K in mandarin trees in calcareous and
podzolic soils of Georgia. Wang (1985) suggested critical
limit of Ca, Mg, and Zn as mandarin grown on red earth
in China. Aso (1967) suggested critical limit of less than
1.7% N as critical limit in Tucuman, Argentina. Bar-Akiva
and Lavon (1968) recommended critical limit of leaf P
as 0.075% for grapefruit. Primo et al. (1969) suggested
critical limit of B, Mn, Fe, and Zn as less than 30, 18, 60,
and 19 ppm, respectively, for sweet orange. While Ishihara
et al. (1972) suggested critical limit based on various plant
organs and accordingly, critical limit of Cu was found as
4.0, 3.0, 3.8, and 10.0 ppm for leaves, shoots, fruits, and
fine roots, respectively. Rodriguez and Gallo (1961)
observed the critical level of N, P, K, Ca, and Mg as 2.20%,
0.12%, 1.00%, 3.00%, and 0.30%, respectively. Coetzee
(1980) suggested critical limit of K as 0.70-0.80% for
Valencia orange.

In Brazil, critical level of N and K was observed as 2.66%
and 1.87%, respectively, for foliar K diagnosis. In other stud-
ies, leaf K content of 1.0-1.7% has been suggested as opti-
mum K concentration and 0.87% as critical level in
6—7-month-old leaves from fruit-bearing terminals of
“Valencia’ orange (Rodriguez and Gallo 1961). In South
Africa, critical limit of leaf K was observed as 0.9% in
7-9-month-old leaves from fruits bearing terminals and leaf
K content of 0.55-0.80% associated with a N/K ratio of 3.3—
4.1 for maximum production and fruit size of Valencia’
orange in Citrusdal area (Du Plessis 1977). Studies con-
ducted on ‘Washington Navel’ oranges in Australia indicated
critical limit for leaf and juice K as 0.4% (0.80-1.10% opti-
mum) and 11,314-1,373 ppm (1,424-1,575 ppm optimum),
respectively, and suggested that fertilizer recommendations
can be made on the basis of undigested juice K content
(Gallasch et al. 1984). Shimizu and Morii (1985) suggested
critical limit of Mg, Mn, Zn, and B as less than 0.13%, less
than 16 ppm, less than 16 ppm, and 9-16 ppm, respectively,
for ‘Satsuma’ mandarin.

Liu et al. (1984) suggested critical limit for Zn, Mg,
and Ca as less than 25 ppm, 0.30%, and 3.0%, respectively,
for major citrus species, viz., Citrus reticulata, Citrus
tankan, Citrus sinensis, Citrus tangerina, and Citrus grandis
of Fujian province (China). Singh and Tripathi (1985)
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suggested 20 ppm leaf Zn as a critical limit for distinguish
chlorotic sweet orange from healthy trees, in Agra region of
Uttar Pradesh.

5.3.2 Critical Nutrient Range

Evidence shows that plant with somewhat different nutrient
concentration, well above the critical level, and changes in
nutrient balance adversely affect the growth and productivity
of the plant. The use of critical nutrient range (CNR) was,
therefore, suggested by Dow and Robert (1981) rather than
critical nutrient concentration (CNC).

There is generally a good relationship between concentra-
tion of the nutrients with the growth and yield. CNR is
defined as the range of nutrient, at a specified growth stage,
above the upper limit of which we are reasonably confident
that the crop is amply supported and below the lower limit of
which we are reasonably confident that the crop is deficient
in the nutrient. It seems more practical to deal with critical
concentration range rather than single concentration limit.

5.3.3 Nutrient Balance

5.3.3.1 Prevot’s Factorial Method

Based on a considerable amount of research and experience
with tropical crops, Prevot and Ollagnier (1961) developed a
system based on Liebig’s law of minimum, which takes
nutrient balance, synergisms, and antagonisms into account
using factorial experiments. The effect of increasing levels
of one or several factors is calibrated, keeping all other
conditions constant. From these calibrations, it is possible to
determine the relative proportions of nutrient for balanced
nutrition. In fact, the major problem with this approach is
that there may be interactions between the factors being
varied and those kept constant (Prevot and Ollagnier 1961).
Although it is a definite improvement over the single factor
approach used in the critical value system, it is unable to
take into account simultaneously the many nutrient factors
affecting growth, as is done in the DRIS approach (Bhargava
and Chadha 1988).

5.3.3.2 Kenworthy's Balance Index
The Kenworthy’s balance index (Kenworthy 1973) is calculated
by the following procedure:
1. If a simple value (X) is smaller than standard values (S),
then the balance index is calculated by:
B=(P+1])
P =(X/S) x 100
1 =(100 — P) x (V/100)
where B=balance index; I=influence of variation;
P=per cent of standard; V=coefficient of variation;
S'=standard value; X=value of sample under diagrams.
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2. If sample value (X) is larger than the standards value (S),
then calculation will be:

B=P-1

P =(X/S) x 100

I =(100 — P) x (V/100)

These calculations tend to move the percent value toward
a balance index of 100, based on the coefficient of variation
for each nutrient.

Balance index has been used by Awasthi et al. (1979) to
work out judicious nutrient doses for apple in Himachal
Pradesh. The concept of nutrient balance is possible to under-
stand when the composition values are converted into percent
of the standard values. Therefore, a way of adjusting percent of
the standard values is needed to account for normal variation.
This may be done with the use of coefficients of variation for
normal plants to develop a balance index. Awasthi et al.
(1979) transformed the balance index into nutrient status of
apples as indicated below:

Shortage — 17-50% index; below normal — 50-83% index;
normal or optimum — 83—117% index; above normal — 117-
150% index; excessive — 150—183% index.

Fertilizer treatments are not suggested until nutrient value
approaches the level below which the tree performance may
be reduced. In the case of N deficiency, applications may be
increased approximately by the same percentage by which
the balance index falls short of 100. A method was devised to
convert the observed values into balance indexes that would
eliminate these discrepancies of diagnosis. Mean of “normal
range” is taken as 100. The coefficient of variation for each
nutrient was selected as a means of adjusting the balance
index according to variability in composition associated with
normal plants. The method involved calculations that could
adjust the deviations from 100 or standard values toward 100
in accordance to the coefficient of variation. If the sample
value was below the standard value, the influence of vari-
ability was added to the percentage of standard to obtain the
balance index. If the sample value was above the standard
value, the influence of variability was subtracted from the
percentage of standard.

5.3.3.3 Moller-Nielson Balance Concept

A diagnostic system, which attempted to address problems

associated with physiological age and nutrient interactions,

was proposed by Moller Nielson and Friis-Nielson (1976b)
as follows:

* A series of curves are first generated from the nutrient
response experiments, which relate nutrient concentration
and accumulation of dry matter. The relationship of N
concentration and dry plant mass at different times is
determined from the trials and varied levels of added N.
Similarly, those of P concentration and dry matter are
worked out from P response experiments. With the aid of
these curves, individual plant samples are collated with a
standard plant mass. While this procedure theoretically
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eliminates variations in plant composition, due to stage

of maturity, there is little evidence to suggest that the

relationship of nutrient concentration and an increase of
dry plant mass during aging is universal.

* At a second step of Moller Nielson’s diagnostic method,
standard nutrient values are derived through analysis of
data from the factorial-designed fertilizer experiments.
A boundary line approach is used to determine the optimal
nutrient concentration. Only the uppermost points at
each foliar nutrient concentration are used to draw the
boundary line, which was called the “‘pure’-effect nutrient”
(Moller Nielson and Friis-Nielson 1976a).

 In the third step, boundary line curves for plots of inter-
acting nutrients are used to determine the optimum levels
of the other nutrients at the existing level of most limit
nutrient, as done at the second step.

» The final step in this process consists of the calculations
of the amount of the most limiting nutrient to be applied
and its effect on the status of other nutrients. The method
of calculating the required amount of nutrients is arbi-
trary, based on yield, level, plant uptake, soil fertility
status, soil reactions, availability of irrigation water, and
climate. After this, recommendations are made for the
supplement of nutrients.

Moller Nielson’s diagnostic system represents an innova-
tive attempt to overcome two major problems in foliar diag-
nosis, i.e., effect of physiological maturity and nutrient
interactions. On foliar composition and plant performance,
however, several questions remain unanswered about the
applicability of some of the relationships. Unfortunately, the
amount of data required for accurately defining these rela-
tionships and the factors, which affect them, is extremely
large which it is a serious obstacle to the widespread adop-
tion of the system. Due to the requirement of extremely large
data, it has not been used on a large scale. However, it has
great potential for the proper diagnosis of problems associ-
ated with nutrition.

5.3.4 Crop Logging

Crop log may be defined as the manipulation of the biotic
and abiotic factors relying on the information gleaned from
the growing crop. In crop logging, the maximum frequency
and thorough sampling are followed in 2-5 weeks. Leaf
blade is normally used for the estimation of nitrogen, phos-
phorus, and potash. Root system is used for the information
about the soil toxicities. Where salinity is a problem, water
levels and electrical conductivity both are determined. All
such data form the part of crop log. The sample collected
may be used to monitor the nutritional status of an individual
crop during its development, i.e., crop logging, therefore,
ensures that its nutrient requirements are being met satisfac-
torily (Clements 1961; Gartell et al. 1979). Abaev (1977)
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suggested various level of N, P, K according to critical growth
stages as: 2.1-2.3% N, 0.22% PZOS, and 1.8% KZO at
flowering; 2.4-2.7% N, 0.25-0.28% PO, and 1.85-2.0%
K,O at fruit formation; and 2.1-2.3% N, 0.25% P,O,, and
1.7-1.8% K,O at fruit ripening stage, for lemon grown in

Western Georgia.

5.3.5 Boundary Line Concept

A new approach to study the crop productivity has been
developed by Webb (1972) in which the performance of the
best, in the sample examined, is taken as a standard against
which to judge the remainder, on the assumption that there
are reasons other than chance which account for the inferior
performance by a part of the population. The line defining the
best performance in the population lies at the edge of any body
of data, hence the name Boundary Line, and occurs wherever
a cause-effect relationship between two variables exists.
As stated by Walworth et al. (1986), “whether utilizing a
critical value or a nutrient balance system such as the DRIS
for interpreting plant tissue composition, determination of
accurate optima is of paramount importance.” In this same
article, two procedures for determining such optima (within
the Boundary Line Approach) are proposed, “one using the
mean of a high yielding population, the second establishing
yield maxima at all nutrient values.” When the best perfor-
mance can be quantified, the overall deficiency in yield, due
to inferior performance, can be assessed. When it is allied to
the knowledge of the components of yield, the position of the
boundary line can be used to direct attention to the phase of
growth most likely to respond to better management
(Walworth et al. 1986; Bhargava and Sumner 1987).

Researchers have reasoned that if a unique relationship
between a single growth factor and crop yield or quality can
be defined, then optimizing that factor should permit the best
crop performance. As a result, the literature is replete with
regression relationships between such parameters as plant
and soil analyses data and crop yield. These have often been
used to establish critical values for diagnostic purposes.
Unfortunately, most of relationships are developed under
conditions where only one, two or, sometimes, three nutrients
are tested at two or three levels. Consequently, the relation-
ships so determined are specific to the condition unique to
the experiment(s) involved and often do not hold valid under
all conditions (Andrew 1968).

Nutritionists have attempted to identify and quantify the
factors that are closely related to plant performance. If the
expected relationship between growth factors and yield/
quality can be defined (through techniques as, e.g., analysis of
variance, correlation, and regression equations between plant
analysis and crop yield), then optimizing those factors should
permit the best crop performance. Using mean values of leaf
analysis data of high-yielding population (Kenworthy 1973;
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Cate and Nelson 1965; Schaffer et al. 1987), critical limits
have been fixed for diagnostic purpose in horticultural crops,
including citrus. Because the effect of a particular growth factor
may change under varying conditions, due to interactions
with other factors, critical values established in this way are
not unique or universally applicable. This is quite obvious by
wide variation in critical values published in literature
(Chapman 1967; Kenworthy 1973; Cook and Wheeler 1978;
Bhargava and Chadha 1988; Embleton et al. 1973). Use of
sufficiency range rather than single value as critical limit
(Dow and Robert 1981; Munsen and Nelson 1973; Bhargava
and Chadha 1988) will alleviate this problem, although the
dynamic nature of the relationship between mineral nutrition
and dry matter over time is certainly responsible for some of
the variations that exist.

Percentage yield (Nelson and Anderson 1977) has often
been used in an attempt to overcome some of these difficulties.
However, combining yields from different years or sites in
this way largely ignores the complexity of the relationship
between plant growth and environment. In the absence of
identification and quantification of parameters affecting plant
growth, regression approach is of limited value in interpolat-
ing to unknown situations and will simply remain on a pos-
teriori approach to organizing data. The boundary line
approach defines yields that may occur under a given set of
conditions and can be used to determine plant tissue optima,
offering an alternative to the conventional critical value sys-
tem. In addition, the maximum yield that is possible at any
given compositional value may be predicted from boundary
lines. A comparison of the optima determined via the bound-
ary line approach and those estimated by the mean of the
high-yielding population revealed extremely small differ-
ences indicating that either method is acceptable for estimat-
ing these parameters (Walworth et al. 1986).

If one consciously sets about varying controllable growth
factors as much as possible at many locations, a bank of
observations that represent the variability encountered in the
real world can be generated. This can also be achieved by
sampling the variability that occurs naturally in a given
crop industry under all conditions where that crop is produced.
A scatter diagram of yield plotted against a plant growth fac-
tor for such data usually peaks at the optimum level of that
particular growth factor. It became possible to develop a set
of norms from such data bank, i.e., quantification of a growth
factor to maximum yield level, that should be diagnostically
precise and more universally applicable (Walworth et al.
1986). This concept is equally applicable to the critical value
system, diagnosis, and recommendation integrated system
and also to nutrient sufficiency level. The boundary line
should be useful in diagnostic work in that the maximum
possible yield consistent with any growth factor could be
determined. The specificity of regression relationships of this
type is due to the unique characteristics of the large number
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of plant growth factors existent in the individual plots for the
particular growing season that produced the data. In different
years, the regression equations may be different because
other factors or interactions with other factors become more
important.

Once a boundary line has been defined, it is a simple matter
to locate the apex of that line, which corresponds to the
optimal level of the growth factor in question. Alternatively,
optima can be estimated by averaging the values of all
observations if the population of observations is distributed
normally. This method is essentially that used to calculate
foliar norms for use in DRIS. Kenworthy (1967, 1973) used
a similar technique to develop standard nutritional values for
diagnosis of fruit tree foliage.

5.3.6 Diagnosis and Recommendation
Integrated System

Development of soil-plant nutrient diagnostics has been the
popular area of investigation, world over using a variety of
diagnostic tools. A majority of the studies concentrated mainly
on sweet orange cultivars. The scope of conventional diagno-
sis is limited due to strong influence of leaf age. The critical
nutrient concentration and sufficiency range limit, developed
by using index leaves as interpretation tools, provide little time
in the growing season for fertilizer application to be really
effective. Therefore, the currently available diagnostic meth-
ods are applicable only to narrowly specified developmental
stage of crop. In this regard, it is difficult to draw any conclu-
sion from the earlier attempts in several countries (Australia
(Jorgensen and Price 1978), China (Wu et al. 1998), Turkey
(Saatci and Mur 2000), Spain (Hellin et al. 1988), Costa Rica
(Alvardo et al. 1994), USA (Swietlik 1996), Chile (Razeto
et al. 1988), and various parts of India (Sharma and Mahajan
1990; Chundawat et al. 1990; Srivastava and Singh 2003b,
2004b)), employing a variety of diagnostic methods and using
different aged index leaves from fruiting as well as nonfruiting
terminals, amounting to many discrepancies in the diagnostic
capabilities in the absence of any commonality in guidelines
used in diagnosing the nutrient constraints. The orchards,
hence, continue to produce suboptimally due to erroneous
identification of the nutrient deficiency that made it further
difficult to match the expanding gap emerged from the amount
of nutrients added to that of annual demand with orchard age.
The nutrient diagnostics available for commercial cultivars
(e.g., “Valencia’ and ‘Navel’ (Perez 1996), ‘Nagpur’ mandarin
(Srivastava et al. 2001; Srivastava and Singh 2003a), ‘Satsuma’
mandarin (Koto et al. 1990), ‘Mosambi’ sweet orange
(Srivastava and Singh 2003b, 2004a)) have not found their
universal applicability and often lacked severely in reproduc-
ibility when applied under different contrasting growing
conditions because of distinct regional differences.
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One of the major drawbacks of quantifying nutrient
elements in terms of concentration on total leaf dry weight
(DW) is that an increase in the leaf DW (as a result of sugar,
starch, or other nutrient accumulation) will reduce the con-
centration of the nutrient for the same weight (dilution effect)
with the opposite effect (concentration effect) when DW
decreases. “A nutrient concentration which changes due to
changing DW could then lead to inaccurate interpretation of
nutrients results when comparing with standard published
values or thresholds” (Schumann 2009). For this reason, in
such efforts, the type of shoot, period of sampling, and number
of leaves collectively affect the leaf sample and, therefore,
the analytical result for nutrient concentration.

Besides physiological causes (e.g., Moreno et al. (1996)
compared the DRIS indexes with standard methods to eval-
uate the effectiveness of DRIS in diagnosis Fe-chlorosis),
also pathogenic effects have been reported as interfering in
dilution/concentration effects. This is the case for the
Huanglongbing (HLB) infection in citrus leaves where one
of the recognized symptoms is a dramatic accumulation of
starch. In diseased tissues, accumulations of starch capable
of increasing the total leaf DW by nearly 50% have been
recorded. Consequently, most leaf nutrient concentrations
show apparent decline in HLB-infected blotchy-mottled
leaves due to dilution by the added weight of accumulated
starch. For example, in a replicated study of ten HLB-
infected and ten healthy Hamlin orange trees, the sulfur
concentration in symptomatic blotchy-mottled leaves was
13% lower than in asymptomatic leaves from the HLB trees
or the healthy trees. Analysis of the data with DRIS revealed
that the amounts of sulfur in the different leaf samples
were not significantly different. The same conclusion was
reached by converting the sulfur concentration data to a
leaf area basis (milligrams per square meter). It was con-
cluded that the sulfur “deficiency” in blotchy-mottled
leaves was false and likely caused by the accumulation of
starch (Schumann 2009).

Bias from undesirable nutrient dilution or concentration
effects, due to uncontrollable changes in leaf tissue DW, is
noticeably diminished when using nutrient interpretation
with DRIS, since this method calculates ratios of nutrient
concentrations, expressed as a fraction of DW, which being
common to all of them is annulated. There are variants of
the DRIS computations that can estimate an index of the
leaf dry weight.

DRIS diagnoses generally agreed the diagnoses made by
the sufficiency range method, with the advantage that DRIS
reflected nutrient balance and identified the order in which
nutrients are likely to become limiting. DRIS reflected
changes in nutrient concentrations due to alternate-bearing
or crop-load effects and agreed with the sufficiency range
method when concentration changes were sufficient to affect
this method (Beverly et al. 1984).
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Diagnosis and recommendation integrated system (DRIS),
although firstly developed for rubber trees (Beaufils 1973), is
claimed to have certain advantages over other conventional
interpretation tools (Beverly 1987; Malavolta et al. 1993;
Li et al. 1999). DRIS method expresses results of plant
nutritional diagnosis through indexes, which represent, in a
continuous numeric scale, the effect of each nutrient in the
nutritional balance of the plant. DRIS diagnoses generally
agree with diagnoses made by the sufficiency range method,
but with some additional advantages that DRIS reflects
the nutrient balance (fluctuates narrowly across different crop
developmental stage), identifies the order in which nutrients
are responsible for limiting the fruit yield, and its ability to
make diagnosis at any stage of crop development. These
merits impart DRIS to be able to identify nutrient constraint
early in crop growth and allow sufficient time for remedia-
tion of identified problem right in the same season of crop
(Walworth and Sumner 1987). The efforts in the past have
successfully established the DRIS norms for different citrus
cultivars (Sumner 1977; Beverly et al. 1984; Varalakshmi
and Bhargava 1998; Hundal and Arora 2001).

Several model modifications have been proposed to
increase accuracy in the nutritional diagnosis for several
crops. The calculation of the nutrient ratio functions is made
according to one of three methods, namely the following: (1)
the original method proposed by Beaufils (1973), (2) the
Jones (1981) method, and (3) the Beaufils (1973) method,
modified by Elwali and Gascho (1984). Although these nutri-
ent function ratio calculation methods have been evaluated in
some researches, there is not yet a clear definition for the
best recommendation. The three methods applied to rubber
trees revealed that Beaufils (1973) and Elwali and Gascho
(1984) procedures presented similar results, and that Jones
(1981) procedure showed dependence on the nutrient ratio
(Bataglia and Santos 1990). In some citrus databases, the
Beaufils (1973) method highlighted nutritional deficiencies,
the Jones (1981) method had advantage for presenting more
simple calculation and larger statistical formality, and the
Elwali and Gascho (1984) method showed lesser interpreta-
tion errors (Santos 1997).

According to Beverly (1991), there are two ways for the
second and last stage of DRIS indexes calculation (the func-
tion sum involving each nutrient), namely DRIS (Beaufils
1973) and M-DRIS (Hallmark et al. 1987; Walworth et al.
1986). The original DRIS method just uses the nutrient ratio
functions. On the other hand, the M-DRIS method, a varia-
tion and expansion of original DRIS, foresees dry matter
inclusion in the indexes calculation. The expressions are
identical to the ordinarily used; however, in this case, the dry
matter is treated as an additional constituent, and a new index
is calculated, in the same way as for the other plant constituents.
In fact, dry matter is, essentially, the sum of the concentration
of three nutrients usually ignored in nutritional considerations:
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C, H, and O. That additional index is the dry matter mass index,
a good indicator of the sampled tissue maturity regarding
the standard.

5.3.6.1 Brief Developments

DRIS has shown its application in both annual crops, viz.,
lettuce (Sanchez et al. 1991), tomato (Caron and Parent
1989), potato (Parent et al. 1994a), onion (Caldwell et al.
1994), cucumber (Mayfield et al. 2002), and carrot (Parent
et al. 1994b) as well as perennial crops, viz., apple (Goh and
Malakouti 1992), grapes (Bhargava and Raghupathi 1995),
pecan (Beverly and Worley 1992), peach (Sanz 1999), mango
(Schaffer et al. 1988), mango (Raghupathi and Bhargava
1999), pomegranate (Raghupathi and Bhargava 1998),
banana (Angeles et al. 1993), sapota (Appa Rao et al. 20006),
litchi (Hundal and Arora 1996), and papaya (Bowen 1992)
with equally reproducing results. To overcome perceived
weakness in the traditional DRIS approach to tissue nutrient
analysis interpretation, three revisions and two new methods
were applied to data for oranges cv Valencia. Use of logarith-
mic transformation, population parameters, and a single cal-
culation method removed systematic errors, simplified the
diagnostic method, and extended its applicability. The two
new methods are individual nutrient concentrations, rather
than the ratios. The changes produce diagnoses similar to
those given by DRIS or the sufficiency range approach, but
result in better recommendations, judging from a yield
response test (Beverly 1987). The below described is the
detail account of developments that have taken place with
regard to application of DRIS in citrus.

5.3.6.2 Steps Involved for DRIS Norms
DRIS technique consists of describing the nutrient status of
high-yielding populations, and to identifying variations from
those conditions in unknown samples. The observations were
divided into high- and low-yielding subpopulations, using
50 kg tree™" (averaged yield level usually obtained at grow-
ers’ field) as cut-off yield level to separate the subpopula-
tions. For the two subpopulations, the mean (x~), standard
deviation, and variance (S) were calculated for each nutrient
concentration as well as all the ratios between nutrient con-
centrations (N/P, N/K, P/K, etc.). A variance ratio (S? for
low-yielding population/S* for high-yielding population)
was calculated for each nutrient concentration, and of two
ratios involving each pair of nutrients, finally selecting the
one with the larger variance ratio. The mean and coefficient
of variation (CV) values in the high-yielding population for
the selected ratios were used for calculating DRIS indexes.
The nutrient with the most negative index is considered the
most deficient and most limiting to fruit yield and mutatis
mutandis in the opposite case.

The following procedure as initially developed by
Beaufils (1973) and modified by Bhargava (2002) was used
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through a PC-based program for the development of DRIS
norms, comprising: (1) definition of the parameters to be
improved and the factors likely to affect them, (2) collection
of all the reliable data available from the fields and experi-
mental plots, (3) study of the relationship between yield and
available nutrients in soil, (4) establishment of the relation-
ship between yield and leaf nutrient composition, using the
following steps: (a) each internal plant parameter is expressed
in so many forms as possible (e.g., N/DM, N/P, P/N, N xP);
(b) the whole population is divided into a number of sub-
groups based on the economic optimum; (c) the mean of
each subpopulation is calculated for the various forms of
expression; (d) if necessary, class interval limits between the
average and the outstanding yields are readjusted so that the
means of below average populations remain comparable; (e)
chi-square test is performed to know if the populations
confirm a normal distribution; (f) the variance ratios between
the yield of subpopulations for all the forms of expressions
are calculated together with the coefficient of variation; (g)
the forms of expressions, for which significant variance
ratios were obtained and essentially the same mean values
for the population were selected in expression with common
nutrient; and (h) the following equations were developed for
the calculation of DRIS indexes based on leaf analysis:

1. N=1/9 [f (N/P) + f (N/K) + f (N/Ca) + f (N/Mg) +

f (N/Fe) + f (N/Mn) + f(N/Cu) + f (N/Zn)]

N/P 1,000

where fIN/P)= | ———1 || —— | when N/P>n/p,
S [n/p )( CVJ "

for example,

and l_n/_p ﬂ when N/P>n/p,
N/P Ccv

where N/P is the actual value of the ratio of N and P in the

plant under diagnosis, n/p the value of the norm (the mean

value of high-yielding orchards), and CV the coefficient

of variation for population of high-yielding orchards.

1. P=1/9 [-f (N/P) + f (P/K) + f (P/Ca) + f (P/Mg) +
(P/Fe) + f (P/Mn) + f ( P/Cu) + f(P/Zn)]

2. K=1/9 [-f (N/K) + (K/P) + (K/Ca) + (K/Mg) + (K/Fe)
+ (K/Mn) + (K/Cu) + (K/Zn) ]

3. Ca= 1/9 [-f (N/Ca) — f(P/Ca) — f(K/Ca) + f (Ca/Mg)
+ f (Ca/Fe) + f (Ca/Mn) + f (Ca/Cu) + f (Ca/Zn) ]

4. Mg = 1/9 [-f (N/Mg) — f(P/Mg) — (K/Mg) — f(Ca/Mg)
+f (Mg/Fe) + f (Mg/Mn) + f (Mg/Cu) + Mg/Zn)]

5. Fe =1/9 [-f ( N/Fe) — f (P/ Fe) — f (K/Fe) — f (Ca/ Fe)
—f (Mg/Fe) + f (Fe/ Mn) + f (Fe/Cu) + f (Fe/ Zn)

6. Mn =1/9 [-f (N/Mn) — f (P/Mn) —f (K/Mn) — f (Ca/Mn)
—f (Mg/Mn) -f (Fe/Mn) + f(Mn/Cu) + f (Mn/Zn)]

7. Cu=1/9 [-f (N/Cu) — f (P/Cu) — f (K/Cu) — f (Ca/Cu)
—f (Mg/Cu) — f (Fe/Cu) — f(Mn/Cu) + f (Cu/Zn)]

8. Zn = 1/9 [-f (N/Zn) — f (P/Zn) — f (K/Zn) — f (Ca/Zn)
—f (Mg/Zn) — f (Fe/Zn) — f (Mn/Zn) — f ( Cu/Zn)]
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The norms for classification of nutrients in leaves are
derived using the mean of high-yielding orchards as the mean
for optimum. The range for optimum is the value derived
from —4/3 to +4/3 standard deviation from mean. The range
for low was obtained by calculating —4/3 to —8/3 standard
deviation from mean, and the value —8/3 standard deviation
below mean was considered deficient. The value above +4/3
standard deviation from mean was considered as an excess
(Bhargava 2002).

5.3.6.3 Leaf Analysis-Based Norms

Methods for nutritional diagnosis using leaf analysis consist
of critical value, the SRA, and DRIS. The last method, since
it uses the balancing concept (relationship among nutrients),
might be more precise in detection of nutritional disorders.

Early studies on DRIS were carried out at California
(USA) by Beverly et al. (1984) when preliminary reference
values were derived for nutritional diagnosis of N, P, K,
Ca, and Mg for ‘Valencia’ sweet orange. These values were
also used for subsequent comparisons with the SRA and,
overall, both methods presented similar results. However,
the DRIS diagnosis was affected by the sample tissue type
and maturation, and the indexes reflected the nutrient
concentration change related to the yield alteration or to the
presence of fruits in the shoots at sampling time. The DRIS
indexes were in agreement with the SRA diagnosis, only
when changes in nutrient concentration significantly affected
the second method.

In a subsequent work, Beverly (1987) suggested three
modifications on the DRIS method and proposed two new
methods for nutritional diagnosis for ‘Valencia’ sweet
orange. The logarithmic transformation, the use of standard
populations, and the adoption of a unique calculus procedure
are modifications introduced to avoid systematic errors and
simplify the diagnosis method, broadening its application.
The two new suggested methods were based on individual
plant nutrient concentrations instead of nutrient ratios.
The diagnosis resulted similar to the one obtained by DRIS
or SRA, but provided more precise recommendations
when evaluated by field tests. After this work, new researches
involving data collecting during five more years revealed that
SRA could be more advantageous than DRIS for ‘Valencia’
sweet orange (Beverly 1992). The author compared SRA,
DRIS, and three modifications of DRIS. The SRA showed
efficacy (not presenting false diagnosis) for N and P diagnosis
status in 75% and 90% of the cases, respectively, compared
to 50%, or less, obtained by the other methods.

The most advantageous of the three available procedures
for the DRIS indexes calculations was that proposed by Jones
(1981) which calculated the DRIS norms for N, P, K, Ca, Mg,
and S, using a reference subpopulation with productivity
equal or superior to 120 kg tree™'. All tested methods showed
efficacy for K diagnosis.
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Wallace (1990) carried out studies on DRIS for ‘Valencia’
sweet orange, from the established by Beverly et al. (1984),
investigating several N, P, and K ratios and interactions.
This author observed a 23% yield increase in response to K
supply which amount to a 69% increase when N and P were
also added. DRIS reveals to be an effective method for
nutritional diagnosis in this study. Woods and Villiers (1992),
in a research work developed at South Africa, obtained
well-succeeded DRIS results for ‘Valencia’ sweet orange, in
disagreement with the results reported by Beverly (1992).
Those authors observed good correlation between yield
(kg tree™") and fruit quality (fruit mass; g), with DRIS indexes
derived from 1,700 observations. The results were compared
with the conventional diagnosis method. The DRIS norms
were also evaluated in fertilization experiments, and the
increase in yield and fruit quality (fruit mass) was consistent
with DRIS diagnosis.

To develop DRIS norms for ‘Verna’ lemon nutritional
diagnosis, research was carried out by Cerda et al. (1995) at
Murcia and Alicante (Spain). The adopted reference popula-
tion presented yield equal to above 125 kg tree™!. The DRIS
determinations were influenced by the rootstock/scion
combination and leaf sampling period. The results of diag-
nosis agreed with those obtained by the SRA only when the
analyzed leaves came from the same period of sampling than
the ones for the DRIS norms. Under salinity conditions,
DRIS was not effective in detecting, if the cause of nutrient
deficiency, that is, whether the nutrient unbalance was due to
high salinity or fertilization deficiency. Results obtained in
hydroponics were used to establish a data bank for DRIS
indexes calculation for several citrus rootstock/scion combi-
nations in Spain (Moreno et al. 1996). Useful reference
values were determined for Fe availability evaluation and
its influence in the nutrition of studied citrus rootstock/
scion combinations, under sufficient and deficient Fe supply.
A lemon scion budded on Citrus macrophylla rootstock
showed less Fe-chlorosis deficiency symptoms compared to
the same lemon budded on sour orange. Citrus volkameriana
induced higher Fe-deficiency tolerance than Cleopatra
mandarin when used as rootstocks combined with sweet
orange scions.

DRIS norms were developed for ‘Valencia’ sweet orange
for a plant population with different plant ages, on various
rootstocks, at several regions for the four most important
citrus-producing states of Venezuela (Rodriguez et al. 1997).
The reference population was obtained through the selection
of the 20% most productive plants. The values obtained were
comparable to the previously determined, as referred in the
literature. The authors concluded that DRIS method might
be a low cost, timesaving, and trustful alternative for the
development of nutritional diagnosis norms.

In Brazil, there is a paucity of publications on DRIS
method investigation, especially in fruit crops. Apart from



72

the research carried out in other species, as, for instance, in
banana (e.g., Teixeira et al. 2002), few studies are reported in
citrus. Bataglia (1989) was probably the first author to report
the application of this method for citrus nutritional diagnosis
and indicated DRIS as an alternative diagnosis method,
pointing out the need of using it together with other diagnoses
criteria. Creste (1996) reported the first DRIS evaluation by
comparison with the SRA in groves of Brazil, studying
‘Siciliano’ lemon. Data were obtained from the analysis of
leaves of fruit branches of different plant ages and rootstocks,
collected in several harvesting years. The reference popula-
tion was derived from plants with productivity greater than
80 tha!. After the DRIS norm calculations, the method was
evaluated under field conditions. DRIS showed to be more
advantageous over the SRA, mainly because it was able to
discriminate the nutrient importance order of deficiency or
excess. Santos (1997) evaluated the DRIS method using
results of leaf analysis derived from a series of field experi-
ments with N, P, K fertilization in commercial groves of the
State of Sao Paulo. This author obtained superior results with
the DRIS compared to SRA, for detecting yield limitation by
nutrient deficiency. Mourdo Filho and Azevedo (2003) estab-
lished DRIS norms for the ‘Valencia’ sweet orange budded
on Rangpur lime, ‘Caipira’ sweet orange, and Poncirus trifo-
liata rootstocks. The nutritional balance and indexes calcu-
lated by the derived norms were highly correlated with yield
for the rootstock/scion combinations, from what it was
inferred that DRIS norms might be applicable always that
leaf sampling is collected from nonbearing fruit branches of
irrigated-plant groves.

DRIS indexes developed for different citrus cultivars in
India predicted optimum value of different nutrients as:
1.70-2.81% N, 0.09-0.17% P, 0.96-2.59% K, 1.73-3.43%
Ca, 0.24-0.92% Mg, 69.5-249.0 ppm Fe, 21.0-87.6 ppm
Mn, 2.13-17.6 ppm Cu, and 11.6-50.0 ppm Zn, in relation to
fruit yield of 31.6-37.9 kg tree™! and 15.7-19.4 kg tree™" for
mandarins and acid lime, respectively (Table 5.4).

Nutrient diagnostics popularly used in Australia differ
widely as per the diversity in citrus-growing regions.
Jorgensen and Price (1978) suggested leaf nutrient norms for
central coastal areas of Queensland which recommended
optimum limit of different nutrients reading 2.4-2.6% N,
0.14-0.16% P, 0.9-1.2% K, 3.0-6.0% Ca, 0.23-0.60% Mg,
60-120 ppm Fe, 25-100 ppm Mn, 5-10 ppm Cu, and
25-100 ppm Zn, while Gallasch and Pfeiler (1988) developed
a comprehensive leaf nutrient standard for Riverland District
of Victoria and Sunraysia District of New South Wales
(Australia) which suggested optimum limit of 2.4-2.7% N,
0.14-0.17% P, 0.70-1.49% K, 50-129 ppm Fe, 6-15 ppm
Cu, and 25-60% Zn ppm.

These limits turn out to be widely different in China using
optimum values measuring 3.0-3.5% N, 0.15-0.18% P, 1.0-
1.6% K, 2.5-5.0% Ca, 0.30-0.60% Mg, 50-120 ppm Fe,
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Table 5.4 Leaf nutrient indexes (derived from DRIS-based analysis)
for different commercial citrus cultivars of India

Indexes
Nutrients Low Optimum High
Nagpur mandarin (Citrus reticulata Blanco)
N (%) 1.12-1.69 1.70-2.81 2.82-3.38
P (%) 0.06-0.08 0.09-0.15 0.16-0.19
K (%) 0.22-1.01 1.02-2.59 2.60-3.38
Fe (ppm) 55.6-74.8 74.9-113.4 113.5-132.7
Mn (ppm) 40.2-54.7 54.8-84.6 84.2-98.7
Cu (ppm) 5.9-9.7 9.8-17.6 17.7-21.5
Zn (ppm) 5.5-13.5 13.6-29.6 29.7-37.7
Yield (kg tree™") 12.9-47.6 47.7-117.2 117.3-152.1
Khasi mandarin (Citrus reticulata Blanco)
N (%) 1.67-1.96 1.97-2.56 2.57-2.85
P (%) 0.06-0.08 0.09-0.10 0.11-0.13
K (%) 0.52-0.98 0.99-1.93 1.94-2.40
Fe (ppm) 22.6-84.5 84.6-249.0 249.1-331.3
Mn (ppm) 18.6-41.5 41.6-87.6 87.7-110.6
Cu (ppm) 1.83-2.12 2.13-14.4 14.5-20.6
Zn (ppm) 11.1-16.2 16.3-26.6 26.7-31.8
Yield (kg tree™") 19.1-31.5 31.6-56.3 56.4-68.8
Mosambi sweet orange (Citrus sinensis Osbeck)
N (%) 1.28-1.97 1.98-2.57 2.58-2.68
P (%) 0.050-0.090 0.091-0.17 0.18-0.21
K (%) 1.12-1.32 1.33-1.72 1.73-1.92
Ca (%) 1.09-1.72 1.73-2.98 2.99-3.62
Mg (%) 0.13-0.31 0.32-0.69 0.70-0.87
Fe (ppm) 25.9-69.4 69.5-137.1 137.2-200.1
Mn (ppm) 29.7-42.1 42.2-87.0 87.1-159.5
Cu (ppm) 2.0-6.5 6.6-15.8 15.9-20.5
Zn (ppm) 9.0-11.5 11.6-28.7 28.8-37.3
Yield (kg tree™") 45.9-76.5 76.6-137.9 138.0-168.5
‘Sathgudi’ sweet orange (Citrus sinensis Osbeck)
N (%) 1.32-2.00 2.01-2.42 2.43-2.60
P (%) 0.09-0.10 0.11-0.13 0.14-0.16
K (%) 0.72-1.11 1.12-1.82 1.83-2.01
Fe (ppm) 22.2-53.4 53.5-82.2 82.2-110.8
Mn (ppm) 18.2-48.6 48.7-79.3 79.4-116.2
Cu (ppm) 1.2-3.6 3.7-8.9 9.0-14.6
Zn (ppm) 10.2-16.4 16.5-23.2 23.3-35.8

Yield (kg tree™")

Adapted from Srivastava and Shyam Singh (2004a, 2008) and
Varalakshmi and Bhargava (1998)

25-100 ppm Mn, 4-100 ppm Cu, and 25-100 ppm Zn for
Satsuma mandarin grown on quaternary red earth (Alfisols)
using third leaf from vegetative terminals (Wang 1985).
On the other hand, the leaf nutrient standards have been
developed for citrus belts (concentrated in seven provinces) of
contrasting climates (the cool and warm regions separately)
and fruit sizes (small and large) in South Africa (Du Plessis
and Koen 1992).

It remains to be seen that the diagnostic norms derived
from specific index leaves and orchards, categorized into
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Table 5.5 Leaf analysis-based DRIS indexes for identifying nutrient constraints in different citrus cultivars

‘Nagpur’ Nutrients found deficient
mandarin (n=57) and low (n=27)

Zn P N Fe
Conc. (mg kg™'%) 9.2 0.06 1.56 68.3
DRIS indexes -166 -60 -28 =20

Nutrients found deficient
and low (n=32)

‘Mosambi’ sweet
orange (n=60)

N Zn K P
Conc. (mg kg™'¥) 1.28 9.1 1.14 0.08
DRIS indexes —185 -111 -82 -58

‘Khasi’
mandarin (n=108)

Nutrients found deficient
and low (n=68)

Zn P Ca N
Conc.(mg kg™'9) 10.5 0.06 1.66 1.60
DRIS indexes =201 -101 -91 -86

Adapted from Srivastava et al. (2007)
“Values of N, P, K, Ca, and Mg are given in %

deficient or optimum in different nutrients on the basis of
nutrient concentration, have the same utility as that of norms
developed through leaves sampled at other crop develop-
mental stages (leaving the index sampling period) in order to
make DRIS a more flexible monitoring tool without affect-
ing the production at any crop stage. The overriding influence
of physiography has a definite impact in dictating the rela-
tionship between the nutrient composition of index leaves,
nutrient composition of soil, and the time of fruit maturity,
when compared with the orchard conditions of valley versus
hill slopes or floodplains versus hill slopes (Gualiya and
Zonn 1990). Irrespective of such physiographical divergence,
DRIS norms developed in one specific region may be applied
to another region, if the elemental composition of high-
yielding orchards is nearly identical, with normal skewness-
free distribution of data.

5.3.6.4 Identification of Nutrient Constraints
and Their Frequency Distribution

DRIS indexes are expressed by positive or negative values,
which that the referred nutrient is in excess or deficiency
range, respectively. The closer to zero are the indexes for all
the nutrients. Occurrence of single or multiple nutrient
deficiencies in citrus orchards is reported from all the six
continents (Srivastava and Singh 2003a). These deficiencies
are if not addressed in time through suitable diagnostic
norms; the orchards coupled with reduced longevity continue
to impart recurrent loss in production and imbalances the
production economics. Works done for different commercial
citrus cultivars in India showed nutrient deficiencies of Zn,
P, N, and Fe due to their negative values in decreasing order
(Table 5.5) using leaf analysis data. While, other nutrients,
viz., Cu, Mn, Mg, K, and Ca with increasing positive indexes
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Nutrients found high Yield
and excess (n=30) (kg tree™")
Cu Mn Mg K Ca
19.2 91.6 0.92 2.62 3.34 32
16 42 55 63 98
Nutrients found high Yield
and excess (n=28) (kg tree™)
Mg B Ca Mo Fe Cu
0.70 28.2 3.01 1.1 138.1 18.1 39
38 40 48 74 92 144
Nutrients found high Yield
and excess (n=40) (kg tree™")
Mg Cu K Mn Fe
0.18 1.9 1.98 94.2 268.1 22
=78 -42 104 219 276

were observed in high to excess limit. A large positive
nutrient index (more negative an index, the more lacking is the
nutrient) indicates that the corresponding nutrient is present
in relatively excessive quantity. Using the progressive nutrient
diagnosis, if the first limiting factor Zn is corrected by its
supply, the next nutrient that will limit the yield is P. Further,
if Zn and P are satisfied, the next limiting nutrient is N
followed by Fe (Table 5.5).

The frequency distribution of nutrient constraints as diag-
nosed through DRIS-based plant-soil nutrient diagnostics
demonstrated a good complementarity between leaf and soil
analysis. This was further evident from different correlation
coefficient values between leaf and soil analysis values for
N (r=0.624 p=0.01), P (r=0.412 p=0.01), K (r=0.212
p=0.05), Ca (r=0.123, nonsignificant), Mg (r=0.181,
nonsignificant), Fe(r=0.416 p=0.01), Mn (r=0.512
p=0.01), Cu (r=0.458 p=0.01), and Zn (r=0.583 p=0.01).
The earlier studies have shown that nutritional problems of
citrus orchards are better identified with the combined use of
leaf and soil analysis than either of the two alone (Jorgensen
and Price 1978; Srivastava et al. 2001). The nutrient Zn was
estimated low to deficient (63.4-72.8%) followed by N
(52.3-66.3%), K (28.3-35.3%), P (28.1-31.3%), and Fe
(28.2-29.8%) irrespective of test methods used. Worldwide,
Zn is claimed to be the single most frequently limiting nutrient
impairing with the sustainable citrus production (Srivastava
and Singh 2004a). These nutrient constraints laid the basis
for fertilization to maximize the yield, and subsequently verify
the ability of DRIS indexes in identifying the nutritional
problems existing actually under the field conditions.

The utility of DRIS-based data is often questioned due to
less dynamic in nature over a growth period limited by many
interacting cofactors. This has resulted in limited work carried
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out in this direction. The studies undertaken with respect to
commercial citrus cultivars in India demonstrated that mean
DRIS indexes emerging deficient to low level of organic
carbon, Zn, P, Fe, N, and K due to their negative values in
decreasing order.

5.3.6.5 Validation of DRIS Indexes

Crop response studies are considered as the most reliable
method of establishing the nutrient constraints occurring in the
field. In an effort to validate DRIS norms in Nagpur mandarin
through a fertilizer response experiment, various DRIS-based
fertilizer treatments produced a significant response on
both leaf nutrient composition and fruit yield (Table 5.6).
The treatment (N, P, K, Zn, Fe) showed a significantly higher
fruit yield (31.6 kg tree™') over other treatments such as
N,P K Zn Fe (21.5 kg tree™"), NP K Zn Fe (23.2 kg tree™"),
and NP K Zn Fe, (22.2 kg tree™"), supporting as an evidence
to deficiency of N, P, and K, respectively. Such a fertilizer
response became more evident from the changes in leaf nutri-
ent concentration. The —N, —P, and —K respective treatments
registered 1.89% N, 0.06% P, and 0.70% K, significantly lower
over 2.04% N, 0.11% P, and 0.86% K.

The yield was further maximized to 43.3 kg tree™! with an
additional increment of N (N,P,K Zn Fe ) registering over
comparatively lower N rate (N P.K.,Zn Fe ) 36.4 kg tree".
Increasing Krate fromK,(N,P.K Zn Fe )toK,(N,P.K,Zn Fe )
was associated with corresponding increase in leaf K from
1.19% to 1.54% imparting a corresponding increase in fruit
yield from 43.3 to 58.8 kg tree™'. The fruit yield was com-
paratively higher, 38.9 kg tree™! with treatment containing Zn
(NP, K,Zn Fe ) against only 32.1 kg tree”' with no Zn treat-
ment (N, P,K.Zn Fe ). Likewise, absence of Fe treatment
(NP K Zn Fe ) showed a lower fruit yield of 25.8 kg tree™’
against 31.6 kg tree”! with presence of Fe treatment
(N,P K Zn Fe ), establishing the deficiency of both Zn as
well as Fe.

DRIS indexes for various nutrients demonstrated remark-
able changes under different treatments, e.g., NP K Zn Fe,
treatment registered much lower index —20 versus —52 with
treatment N P K Zn Fe, for N, —38 with N P K Zn Fe, ver-

17071

sus —08 with NP K Zn Fe, for P, and —43 with N P K Zn Fe,
versus =35 with N P K Zn Fe, for K. The K indexes reduced
from —43 with NP K ZnFe to as much as -04 with
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N,P.K,Zn Fe indicating that each additional level of K
brought down the negative index of K. Both the micronutri-
ents, Zn and Fe, registered a negative DRIS index as —18 and
—20 with NP, K, ZnoFel‘ and NP K Zn Fe, respectively,
which significantly improved with those treatments supply-
ing both the nutrients. It is important to recognize that an
individual nutrient is not necessarily present in optimum
concentration, if its indexes are equal to zero. A measure of
total nutritional balance in a plant is indicated by the sum of

nutrient indexes irrespective of sign. Increasing the nutrient
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doses reduced the sum of indexes from 164 (NP K Zn Fe )
to as low as 38 (N,P.K,Z Fe ) which registered the highest
yield (Table 5.6). The relationship between nutrient balance
and yield thus became more visible. The fruit yield decreased
substantially by increasing the sum of indexes (r= —0.729,
p=0.01) irrespective of their sign indicating that higher
fruit yield is not necessarily obtained with large sum of
indexes. Applying nutrient ratios instead of the isolated
concentration values of each nutrient in the interpretation of
leaf analysis, Mourao Filho and Azevedo (2003) reported a
high correlation between the DRIS-based nutritional balance
and fruit yield of ‘Valencia’ sweet orange orchards of Sdo
Paulo, Brazil.

5.4  Conclusion and Future Research

Often, the established standard sampling period many times
occurs too late in the growing season so that fertilizer appli-
cation will not be effective to correct the nutritional problem
or may not match the sudden symptoms of a nutritional dis-
order when the producer mostly need the information
(Walworth and Sumner 1987). To overcome this problem,
there is a need for precise definition, of the sampling time,
and important maturation stages of specific cultivar/variety.
In addition to these limitations, little research has been devel-
oped to determine the influence of the cultivars in the nutri-
ent concentration in a given maturation or developmental
stage. Finally, factors that affect the tissue aging rate might
also influence the relation between nutrient concentration
and maturation. An option for these diagnostic methods is
proposed through the DRIS (Beaufils 1973), which defined
that, in general, nitrogen, phosphorus, and potassium con-
centrations decrease with tissue maturation. Therefore, the
ratios N/P, N/K, and P/K (or reciprocal ratios) should remain
constant. In the same way, because the concentrations of Ca
and Mg generally increase with maturation, quotients
between these nutrients (Ca/Mg or Mg/Ca) should result in
constant values. Moreover, the product of two nutrients, with
concentrations running in opposite directions with the time
(N xCa, for example), also should remain constant.

There are controversies regarding calculation procedures
for the norms and DRIS indexes. One of the main questions
is about the method application validation and the data uni-
verse that the norms are expected or supposed to represent.
Most research results have indicated that the more specific is
the universe for DRIS norms derivation, the more effective
the method application is.

The criteria for the reference subpopulation definition also
demand further studies and are, to a certain extent, specifically
adjusted for each situation. In this way, DRIS norms should
be developed for specific conditions, in which all factors to be
correlated with yield or quality (or any other variable), to
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attain specific objectives, are known per se: cultivar, climate,
soil and crop management, productivity, etc.

Finally, it is highlighted that researches, both in a world-
wide basis, on DRIS method utilization are still in developing
stage. Further investigations are necessary, on the
identification and isolation of factors that significantly affect
productivity under several citrus cultivar-specific manage-
ment production systems, since DRIS reflects changes in
nutrients concentration, due to alternate-bearing or crop-load
effects in addition to age and type of tissue sampled.

DRIS-based nutrient diagnostic norms with further expansion
under diverse applications to different critical growth stages
of crop could prove an effective decision support system to
address multiple nutrient constraints in order of decreasing or
increasing influence on yield. A different nutrient diagnostic
is required for prebearing to bearing orchards, and probably
according to crop growth stages, since nutrients undergo a
definite redistribution as per nutrient demand by developing
fruits and supply form underground root system. Citrus
decline is now a threatening problem in the world; applica-
tion of DRIS holds a great promise in order to prioritize the
impact of different nutritional disorders.

DRIS has further proven to be a good precision tool in
extrapolating the nutrients level in relation to higher yield
targets which have found a genuine validation through soil/
leaf analysis values — crop response studies under long-term
multilocation experiments. Studies of late have demonstrated
good utility of DRIS for soil test studies, which will be very
useful in predicting the soil test values-leaf nutrient interac-
tion more gainfully to harness the consistency in production
pattern of perennial crop like citrus. DRIS is warranted to be
expanded to some nonessential nutrients like Na and Si.

Diagnosis of nutrient constraints based on DRIS analysis
showed a good agreement between leaf and soil analysis
data. All the nutrient constraints identified through original
orchard data analysis further indicated a significant field
response on fruit yield and improvement in respective nutri-
ent concentration in leaves. These observations lend strong
support for utility of DRIS in identification and management
of nutrient constraints in citrus.

References

Abaev MN (1977) Some results of studies on foliar diagnosis of lemon
trees. Subtropicheskie Kultury 5-6:150-153

Agusti M (2000) Citricultura. Ediciones Mundi-Presna SA, Madrid,
p 416

Alva AK, Tucker DPH (1999) Soils and citrus nutrition. In: Timmer LW,
Duncan LW (eds) Citrus health management, plant health manage-
ment series. APS Press/University of Florida, St. Paul, pp 59-71

Alvardo A, Araya R, Bornemisza E, Hernandez RL (1994) Nutritional
studies in eleven citrus cultivars and one local selection in the Atlantic
zone of Costa Rica: plant analysis major and minor elements.
Agronomia Costaricense 18:13—19

R. Menino

Alves FA, Mourao Filho A (2005) DRIS and sufficient range approaches
in nutritional diagnosis of ‘Valencia’ sweet orange on three rootstocks.
J Plant Nutri 28(4):691-705

Andrew CS (1968) Problems in the use of chemical analyses for diagnosis
of plant nutrient deficiencies. J Aust Inst Agric Sci 34:154-162

Angeles DE, Sumner ME, Lahav E (1993) Preliminary DRIS norms for
banana. J Plant Nutri 16:1059-1070

Appa Rao VV, Singh S, Sharma BD et al (2006) DRIS norms for sapota
(Manilkara achras M.) in western plains of India. Indian J Hortic
63(2):145-147

Aso PJ (1967) Foliar nitrogen values and yields in Valenica oranges.
Rev Indus Agric Tucuman 45(3):49-56

Awasthi RP, Dhuria HS, Karkara BK (1979) Nutritional status of apple
orchards in Himachal Pradesh. I. Macronutrients. Indian J Hortic
36:57-63

Bar-Akiva A, Lavon R (1968) Peroxidase activity as an indicator of the
iron requirement of citrus plants. Israel J Agric Res 18:145-153

Bar-Akiva A, Hiller V, Patt J (1967) Effect of phosphorus, chicken
manure on yield, fruit quality and leaf composition of grapefruit
trees. HortScience 2:51-53

Bataglia OC (1989) DRIS-Citros: uma alternativa pera avaliar a nutri¢do
das plantas. Laranja 10:565-576

Bataglia OC, Santos WR (1990) Efeito do procedimento de célculo e da
populagdo de referéncia nos indices do sistema integrado de diagnose
e recomendacdo (DRIS). R Bras Ci Solo 14:339-344

Beaufils ER (1973) Diagnosis and recommendation integrated system
(DRIS). Soil Sci Bull 1:1-132

Beverly RB (1987) Modified DRIS method for simplified nutrient diagnosis
of ‘Valenica’ oranges. J Plant Nutri 10:1401-1408

Beverly RB (1991) A practical guide to the diagnosis and recommendation
integrated system (DRIS). Micro-Macro, Athens, p 87

Beverly RB (1992) Prescient diagnostic-analysis shows sufficiency
range approach superior to DRIS for citrus. Commun Soil Sci Plant
Anal 23:2641-2649

Beverly RB, Worley RE (1992) Preliminary DRIS diagnostic norms for
Pecan. HortScience 27:217-272

Beverly RB, Stark J, Ojala C, Embleton TW (1984) Nutrient diagnosis of
Valencia oranges by DRIS. J Am Soc Hortic Sci 109(5):649-654

Bhargava BS (2002) Leaf analysis for nutrient diagnosis, recommendation
and management in fruit crops. J Indian Soc Soil Sci 50(4):352-373

Bhargava BS, Chadha KL (1988) Leaf nutrient guide for fruits and
plantation crops: a review. Fert News 33(7):21-29

Bhargava BS, Chadha KL (1993) Leaf nutrient guide for fruit crops.
In: Chadha KL, Pareek OP (eds) Advances in horticulture, vol 2.
Malhotra Publishing House, New Delhi

Bhargava BS, Raghupathi HB (1995) Current status and new norms for
nitrogen nutrition of grapevine (Vitis vinifera). Indian J Agric Sci
65:165-169

Bhargava BS, Singh R (2001) Leaf nutrient norms in fruit crops.
In: Singh R (ed) Proceedings of National Seminar horizons in
production and post-harvest management of tropical and subtropical
fruits, New Delhi, India, pp 113-114

Bhargava BS, Sumner ME (1987) Proposal for sampling grape (Vitis
vinifera L) petiole for nutritional diagnosis. Commun Soil Sci Plant
Anal 18(5):581-591

Bould C (1984) Diagnosis of mineral disorder in plants — principles.
Chemical Publishing, New York, pp 1-96

Bowen JE (1992) Comparative DRIS and critical concentration inter-
pretation of papaya tissue analysis data. Trop Agric 69:63-67

Cantarella H, Quaggio JA, Bataglia OC, van Raij B (1992) Response of
citrus to NPK fertilization in a network of field trials in Sao Paulo state,
Brazil. In: Tribulato E, Gentile A, Refergiato G (eds) Proceedings
of International Society Citriculture, vol 2, Catania, Italy, 8—13 Mar
1992, pp 607-612

Caron J, Parent LE (1989) Derivation and assessment of DRIS norms
for greenhouse tomatoes. Can J Plant Sci 69:1027-1035



5 Leaf Analysis in Citrus: Interpretation Tools

77

Carpena-Artés O (1978) Diagnosis of the nutritive status of citrus. In:
Cary PR (ed) Proceedings of International Society Citriculture,
Sydney, Australia, 15-23 Aug 1978, pp 295-296

Carranca C (1999) Diagnéstico do estado nutritivo dos citrinos. Métodos
de recomendagdo da fertilizagdo. Agron Lusit 46:1-9

Cate RB, Nelson LA (1965) A rapid method for correlation of soil test
analysis with crop response data. International soil testing series.
Technical Bulletin 1, North Carolina State University, Agricultural
Experiment Station, Raleigh, p 12

Cerda A, Nieves M, Martinez V (1995) An evaluation of mineral
analysis of Verna lemons by DRIS. Commun Soil Sci Plant Anal
26:1697-1707

Chahill BS, Dhatt AS, Singh R et al (1991) Studies on the leaf nutrient
standards in Kinnow. Indian J Hortic 48:315-320

Chapman HD (1949) Tentative leaf analysis standards. Calif Citrog
34:518

Chapman HD (1961) The status of present criteria for the diagnosis of
nutrient conditions in citrus. In: Reuther W (ed) Plant analysis and
fertilizer problems. American Institute of Biological Sciences,
Washington, DC, pp 75-106

Chapman HD (1967) Plant analysis values suggestive of nutrient status
of selective crops. In: Hardy GW et al (ed) Soil testing and plant
analysis. Special publications 2. Soil Science Society of America,
Madison, pp 77-92

Chundawat BS, Khiani RA, Kikani KP (1990) Nutritional survey of
elite acid lime orchards in Gujarat. Indian J Hortic 48:183-186

Clements HF (1961) Crop logging of sugar cane in Hawaii. In: Reuther
W (ed) Plant analysis and fertilizer problems. American Institute of
Biological Sciences, Washington, DC, pp 131-147

Coetzee JGK (1980) The role of potassium in citrus production. Citrus
Subtrop Fruit J 603:12-15

Cook JA, Wheeler WH (1978) Use of tissue analysis in viticulture.
In: Reisenauer HM (ed) Soil and plant tissue testing in California.
University of California Bulletin 1879, Berkeley, pp 14-16

Correia MP (2000) Caracterizagdo fisiolgica e nutritiva da clorose
férrica em citrinos. Tese de Doutoramento em Ciéncias Agrarias,
Faro, p 223

Creste JE (1996) Uso do DRIS na avaliacido do estado nutricional do
limoeiro Siciliano. UNESP/FCA, Botucatu, p 120

Creste JE, Grassi Filho H (1998) Estabelecimento de curvas de produ-
tividade para tr€s variedades e dois porta-enxertos citricos na regiao
sudoeste do Estado de Sdo Paulo, com énfase ao DRIS. In: Congresso
Brasileiro de Fruticultura, 15., Pocos de Caldas, Resumos. Pocos de
Caldas: Sociedade Brasileira de Fruticultura, 1:299

Davies FS, Albrigo LG (1998) Citrus. CAB International, Great Britain,
p 244

Dettori A, D’hallewin G, Aggabio M (1996). S.E.M. studies on
Penicellium italicum —*Star Ruby’ grapefruit intercation as affected
by hot water dripping. In: Manicom B, Robinson J, Du Plessis SF,
et al (eds) Proceedings of International Society of Citriculture, vol
2, Sun City, 12-17 May 1996, pp 1288-1289

Dias JCS, Duarte L, Calouro F et al (2002) Producio integrada de
citrinos. Fertilizacdo e outras préticas culturais. Direc¢ao-Geral
de Protecgdo das Culturas (DGPC), Oeiras, p 48

Dow Al, Robert S (1981) Proposal: critical nutrient ranges for crop
diagnosis. Agron J 74:401-403

Du Plessis SF (1977) Soil analysis as a necessary complement to leaf
analysis for fertilizer advisory purposes. Proc Int Soc Citricult
1:15-19

Du Plessis SF, Koen TJ (1992) Leaf analysis norms for lemons [Citrus
limon (L.) Burm]. In: Tribulato E, Gentile A, Refergiato G (eds)
Proceedings of Seventh International Citrus Congress, vol 2.
International Society of Citriculture, Acireale, pp 551-552

Elwali AMO, Gascho GJ (1984) Soil testing, foliar analysis, and DRIS
as guide for sugarcane fertilization. Agron J 76:466—470

Embleton TW, Jones WW, Coggins CW Jr (1973) Aggregate effect
of nutrients and gibberellic acid on Valencia orange crop value.
J Am Soc Hortic Sci 98(3):281-285

Embleton TW, Jones WW, Platt RG (1978) Leaf analysis as a guide to
citrus fertilization. In: Reisenauer HM (ed) Soil and plant-tissue
testing in California. Division of Agricultural Sciences, University
of California Bulletin 1879, Berkeley, pp 4-9

Fragoso MAC, Vicente MAF, Jordao PV et al (1990) Leaf analysis
as fruit composition in orange trees: II — Foliar indices and fruit
quality. Communicagdes do I Cong. Ibérico de Ciéncias Horticolas
3:166-171

Gallasch PT, Pfeiler GR (1988) Developing a unique leaf analysis
service, including a computer programme. In: Goren R, Mendel K
(eds) Proceedings of sixth International Citrus Congress,
International Society of Citriculture, vol 2. Balaban Publications,
Rehovot, pp 689-697

Gallasch PT, Dalton GS, Ziersch J (1984) The use of juice analysis to
define fertilizer requirements of citrus. Proc Int Soc Citricult
2:140-142

Gartell JW, Robson AD, Loneragan JF (1979) A new tissue test for
accurate diagnosis of copper deficiency in cereals. J Agric West
Aust (4th series) 20:86—-88

Geraldson GM, Klacan GR, Lorenz OA (1973) Plant analysis as an aid
in fertilizing vegetable crops. In: Walsh IM, Beaton JD (eds) Soil
testing and plant analysis. American Society of Agronomy, Madison,
pp 365-379

Goh KM, Malakouti MJ (1992) Preliminary nitrogen, phosphorus,
potassium, calcium and magnesium DRIS norms and indexes for
apple orchards in Canterbury, New Zealand. Commun Soil Sci Plant
Anal 23:1371-1385

Gualiya MV, Zonn SV (1990) Genetic differences and productivity
of red and yellow earths in relation to relief. Soviet Soil Sci J
22:16-27

Hall AD (2009) The book of the Rothamsted experiments (1905).
Cornell University Library, Ithaca, New York, USA, 364 p

Hallmark WB, Mooy CJ, de Pesek J (1987) Comparison of two DRIS
methods for diagnosing nutrient deficiencies. J Fert Issues 4:151-158

Hanlon EA, Obreza TA, Alva AK (1995) Tissue and plant analysis.
In: Tucker DPH, Alva AK, Jackson LK et al (eds) Nutrition of
Florida citrus trees. University of Florida, IFAS, Alfred, pp 13-16

Hellin E, Urena R, Sevilla F et al (1988) Effects of several Fe-chelates
on the iron leaf content of Verna lemon trees. In: Goren R, Mendel
K (eds) Proceedings of Sixth International Citrus Congress,
International Society of Citriculture, vol 1. Balaban Publications,
Rehovot, Israel, pp 555-560

Hundal HS, Arora CL (1996) Preliminary micronutrient foliar diagnostic
norms for litchi (Litchi chinesis S.) using DRIS. J Indian Soc Soil
Sci 44(2):294-298

Hundal HS, Arora CL (2001) Diagnosis and recommendation integrated
system (DRIS) approach for diagnosing the nutrient status of Kinnow
fruit trees. J Indian Soc Soil Sci 49:703-709

Ishihara M, Shimosako Y, Sakaguchi S et al (1972) Studies on copper
deficiency of citrus. I. In: Methods of diagnosing copper deficiency
from symptoms and from tree and soil analyses. Bulletin No 11.
Horticulture Research Station (Hiratsuka), Kanagawa, pp 41-76

Jones WW (1981) Proposed modifications on the diagnosis and recom-
mendation integrated system (DRIS) for interpreting plant analysis.
Commun Soil Sci Plant Anal 12:785-794

Jorgensen KR, Price GH (1978) The citrus leaf and soil analysis
system in Queensland. In: Cary PR (ed) Proceedings of International
Citrus Congress, International Society Citriculture, vol 1, Griffith,
New South Wales, Australia, pp 297-299

Kallsen C (2002) Fall leaf tissue samples important for maintaining
citrus growth, fruit quality and yield. http://cekern.ucdavis.edu/
Custom_Program


http://cekern.ucdavis.edu/Custom_Program
http://cekern.ucdavis.edu/Custom_Program

78

R. Menino

Kenworthy AL (1967) Plant analysis and interpretation of analysis for
horticultural crops. In: Hardy GW et al (eds) Soil testing and plant
analysis. Part II: Plant analysis, Special publication 2. Soil Science
Society of America, Madison, pp 59-75

Kenworthy AL (1973) Leaf analysis as an aid in fertilizing orchards. In:
Walsh LM, Beaton JD (eds) Soil testing and plant analysis. Soil
Science Society of America, Madison, pp 381-392

Koo RCJ, Anderson CA, Stewart I et al (1984) Recommended fertiliz-
ers and nutritional spray for citrus. Florida Agricultural Experiment
Station Bulletin 536D, Gainesville, Florida, USA

Koto M, Fujiwara S, Shengzhi S (1990) Leaf analysis standards for
determining fertilizer needs and its computerization. In: Huang
Bangyan, Yang Qien (eds) Proceedings of International Symposium
Citriculture, Guangzhou, China, pp 383-389

Lacertosa G, Giuffrida A, Mennone C et al (2001) Stato nutrizionale e
qualita dei fruti in agrumeti del metapontino. XVII Convegno SICA,
pp 387-394

Lagatu H, Maume L (1926) Diagnostic de 1’alimentation d’un végétal
par I’evolution chimique d’une feuille convenablement choisie.
C R Acad Sci Paris 182:633-655

Legaz F, Serna MD, Primo-Millo E (1995) Mobilisation of the reserve
N in citrus. Plant Soil 173:205-210

Li J, Li XX, Peng JC et al (1999) Effect of five mineral elements on
nutritional status of Navel orange tree. J Hunan Agric Univ
25(11):36-39

Liu XH, Zhao YQ, Zheng JJ et al (1984) A study of some mineral
nutrients in the leaves of major cultivars of citrus in Fujian province.
J Fujian Agric College 13(1):31-38

Lundegardh H (1951) Leaf analysis. Higher and Watts Ltd., London, pp
1-176

Macy P (1936) The quantitative mineral nutrient requirements of plants.
Plant Physiol 11:749-764

Magnitskii KP, Takidze RM (1972) The interrelationship of ions in
mandarin tree nutrition. Subtropicheskie Kul’tury 6:87-91

Malavolta E, Oliveira SA, Vitti GC (1993) The use of diagnosis recom-
mendation integrated system (DRIS) to evaluate the nutritional sta-
tus of healthy and blight affected citrus trees. In: Fragoso MAC, van
Beusichem ML (eds) Proceedings of eighth international collo-
quium for the optimization of plant nutrition. Kluwer Academic,
Dordrecht, 31 Aug—8 Sept 1992, pp 157-159

Marchal J, Cassin J, Favreau P et al (1978) Principal results of fertilizer
studies on clementines in Corsica. Fruits (Paris) 33:822-827

Mayfield JL, Simonne EH, Mitchell CC et al (2002) Effect of current
fertilization practices on nutritional status of double cropped tomato
and cucumber produced with plasticulture. J Plant Nutri 25:1-15

Melsted SW, Moto HL,, Peck TR (1969) Critical plant nutrient composition
values useful in interpreting plant analysis data. Agron J 61:17-20

Menino MR (2005) Eficiéncia da utilizagdo do azoto em jovens laranjeiras
‘Lane Late’ enxertadas em citranjeira ‘Carrizo’, na Campina de
Faro. Tese de Doutoramento em Engenharia Agrondémica. ISA,
Lisboa, p 248

Menino MR, de Varennes A, Tomas JC (2008) Leaf N concentration on
citrus trees during the first nine years in the field. In: Proceedings of
11th International Society of Citriculture 1:623-626

Moller Nielson J, Friis-Nielson B (1976a) Evaluation and control of the
nutritional status of cereals II. Pure-effect of a nutrient. Plant Soil
45:339-351

Moller Nielson J, Friis-Nielson B (1976b) Evaluation and control of the
nutritional status of cereals III. Methods of diagnosis and yield
prognosis. Plant Soil 45:647-658

Moreno JJ, Lucena JJ, Carpena O (1996) Effect of the iron supply on
the nutrition of different citrus variety/rootstock combinations using
DRIS. J Plant Nutri 19:689-704

Mourao Filho FAA (2004) DRIS concept and applications on nutri-
tional diagnosis in fruit crops. Sci Agric (Piracicaba, Brazil)
61(5):550-560

Mourdo Filho FDeA, Azevedo JC (2003) DRIS norms for Valencia sweet
orange on three rootstocks. Pesquisa Agropecuaria Brasileira 38:85-93

Munsen RD, Nelson WL (1973) Principles and practices in plant analysis.
In: Walsh LM, Beaton JD (eds) Soil testing and plant analysis.
Soil Science Society of America, Madison, pp 223-248

Nelson LA, Anderson RL (1977) Partitioning of soil test — crop response
probability. Soil testing: correlating and interpreting the analytical
results. ASA special publication 29. American Society of Agronomy,
Crop Science Society of America and Soil Science Society of
America 677, Madison, pp 19-38

Page AL, Martin JP (1964) Growth and chemical composition of citrus
seedlings as influenced by Na additions to soils low in exchangeable
K. Soil Sci 98:270-273

Parent LE, Dafir M (1992) A theoretical concept of compositional
nutrient diagnosis. J Am Soc Hortic Sci 117:239-242

Parent LE, Cambouris AN, Muhawenimama A (1994a) Multivariate
diagnosis of nutrient imbalance in potato crop. Soil Sci Soc Am J
58:1432-1438

Parent LE, Isfan D, Tremblay N et al (1994b) Multivariate nutrient
diagnosis of carrot crop. J Am Soc Hortic Sci 119:420-426

Perez GC (1996) Argentina. In: Manicom B, Robinson J, Du Plessis SF
et al (eds) Eighth International Citrus Congress, vol 2. International
Society Citriculture, Sun City, p 1279

Pestana M, Correia PJ, de Varennes A et al (2001) The use of flora
analysis to diagnose the nutritional status of orange trees. J Plant
Nutr 24:1913-1923

Prevot P, Ollagnier M (1961) Law of the minimum and balanced
mineral nutrition. In: Reuther W (ed) Plant analysis and fertilizer
problem. American Institute of Biological Sciences Publication,
Washington, DC 8:255-277

Primo E, Carrasco JM, Cunat P (1969) Trace element deficiencies in
orange trees. I. Relationship between deficiency symptoms and
trace metal content of orange tree leaves. Rev Agroquim Tecnol
Aliment 9:240-253

Quaggio JA, Cantarella H, Van Raiz B (1998) Phosphorus and potassium
soil test and nitrogen leaf analysis as a guide to citrus fertilization.
Nutr Cycl Agroecosys 52(1):67-74

Raghupathi HB, Bhargava BS (1998) Diagnosis of nutrient imbalance
in pomegranate by diagnosis and recommendation integrated system
and compositional nutrient diagnosis. Commun Soil Sci Plant Anal
29:2881-2892

Raghupathi HB, Bhargava BS (1999) Preliminary nutrient norms for
Alphonso mango using diagnosis and recommendation integrated
system. Indian J Agric Sci 69:648-650

Razeto MB, Lengueire MJ, Rojas ZS, Reginato MG (1988) Correction
of manganese and zinc deficiencies in orange. Agricultura Tecnica
48:347-352

Rodriguez O, Gallo JR (1961) Levantamento do estado nutricional de
pomares citricos de Sao Paulo pela andlise foliar. Bragantia,
Campinas (SP) 20:1183-1202

Rodriguez O, Rojas E, Sumner M (1997) Valencia orange DRIS norms
for Venezuela. Commun Soil Sci Plant Anal 19:1461-1468

Saatci N, Mur Y (2000) Relationships between the concentration of
iron, macro-and-micronutrients in satsuma mandarin leaves (Citrus
unshiu Marc.). J Plant Nutri 23:1745-1750

Sanchez CA, Snyder GH, Burdine HW (1991) DRIS evaluation of the
nutritional status of Crisphead. Lettuce. HortScience 26:274-276

Santos WR (1997) dos Avaliagdo do equilibrio nutricional dos macro-
nutrientes em citros com diferentes adubagdes. Piracicaba: USP/
ESALQ, p 112 (Dissertagdo-Mestrado)

Sanz M (1999) Evaluation of interpretation of DRIS system during
growing season of the peach tree: comparison with DOP method.
Commun Soil Sci Plant Anal 30:1025-1036

Schaffer AA, Sagee O, Goldschmidt EE et al (1987) Invertase and
sucrose synthase activity, carbohydrate status and endogenous IAA
levels during citrus leaf development. Physiol Plant 69(1):151-155



5 Leaf Analysis in Citrus: Interpretation Tools

79

Schaffer B, Larson KD, Snyder GH, Sanchez CA (1988) Identification
of mineral deficiencies associated with mango decline by DRIS.
HortScience 23:617-619

Schumann A (2009) Potential use of DRIS for leaf nutrient diagnosis
in Florida citrus. Citrus Industry. http://www.crec.ifas.ufl.edu/
extension/trade_journals/2009/2009%20April%20use%200f%20
DRIS%20for%20diagnosis.pdf

Singh V, Triphati BR (1985) Studies on chlorosis in sweet orange in
Agra region of Uttar Pradesh. J Indian Soc Soil Sci 33:333-338

Sharma VK, Mahajan KK (1990) Studies on nutrient status of mandarin
orchards in Himachal Pradesh. Indian J Hortic 47:180-185

Shimizu T, Morii M (1985) Influence of soil environment on nutrient
deficiency of Satsuma mandarin (Citrus unshiu). Environ Con Biol
23(4):77-87

Small HG, Ohlrogge AJ (1973) Plant analysis as an aid in fertilizing
soybeans and peanuts. In: Walsh IM, Beaton JD (eds) Soil testing
and plant analysis. American Society of Agronomy, Madison,
pp 315-328

Smith PF (1966) Leaf analysis of citrus. In: Childers NF (ed) Temperate
to tropical fruit nutrition. Horticulture Publication, Rutgers
University, New Brunswick, pp 208-228

Srivastava AK, Singh S (2002) Soil analysis based diagnostic norms for
Indian citrus cultivar. Commun Soil Sci Plant Anal 33:1689-1706

Srivastava AK, Singh S (2003a) Diagnostics of citrus nutrition. In:
Citrus nutrition. International Book Distribution Company, Lucknow,
pp 8-236

Srivastava AK, Singh S (2003b) Plant and soil diagnosis norms for
optimum productivity of Nagpur mandarin (Citrus reticulata
Blanco) grown in central India. Fert News 48:47-54

Srivastava AK, Singh S (2003c). Diagnosis of nutrient constraints in
citrus. In: Manual No. 2. National Research Centre for Citrus,
Nagpur, pp 1-70

Srivastava AK, Singh S (2004a) Zinc nutrition, a global concern for
sustainable citrus production. J Sustain Agric 25:1-20

Srivastava AK, Singh S (2004b) Nutrient diagnostics and management
in citrus. In: Technical Bulletin no. 8. National Research Centre for
Citrus, Nagpur, pp 106-111

Srivastava AK, Singh S (2006) Diagnosis of nutrient constraints in
citrus orchards of humid tropical India. J Plant Nutri 29(6):
1061-1076

Srivastava AK, Singh S (2008) DRIS norms and their field validation in
Nagpur mandarin (Citrus reticulata Blanco). J Plant Nutri
31(6):1091-1107

Srivastava AK, Kohli RR, Dass HC et al (1999) Evaluation of the nutri-
tional status of Nagpur mandarin ( Citrus reticulata Blanco) by foliar
sampling. Trop Agric (Trinidad) 72(6):93-98

Srivastava AK, Singh S, Huchche AD et al (2001) Yield based leaf and
soil interpretation for Nagpur mandarin in central India. Commun
Soil Sci Plant Anal 32:585-599

Srivastava AK, Singh S, Tiwari KN (2007) Diagnostic tools for cit-
rus: their use and implications in India. Better Crops India
1(1):26-29

Sumner ME (1977) Use of the DRIS system in foliar diagnosis of crops
at high yield levels. Commun Soil Sci Plant Anal 6:269-280

Swietlik D (1996) Responses of citrus trees in Texas to foliar and soil
Zn applications. In: Manicom B, Robinson J, Du Plessis SF et al
(eds) Proceedings of eighth International Citrus Congress, vol 2.
International Society of Citriculture, Sun City, pp 772-776

Teixeira LAJ, Santos WR, dos Bataglia OC (2002) The N and K diag-
nosis on banana plants using the diagnosis and recommendation
integrated system (DRIS) a critical value approach. Rev Bras Frutic
24:530-535

Terblanche JH, Du Plessis SF (1992) Summary of workshop on leaf and
soil analysis as a tool for determining fertilizer requirements of
citrus. In: Tribulato E, Gentile A, Refergiato G (eds) Proceedings of
International Society of Citriculture, vol 2, Acireale, 8—13 Mar
1992, pp 744-745

Thomas W (1945) Present status of diagnosis of mineral requirements
of plants by means of leaf analysis. Soil Sci 59:353-374

Thompson TL, White SA, Walworth J et al (2003) Development of best
management practices for fertigation of young citrus trees, 2003
Report. University of Arizona. Citrus and Deciduous Fruit and Nut
Report.

Tserling VV (1974) In: Principal results of investigations on nutritive
diagnosis of major crops in different natural zones of the USSR, vol
2. Seventh International Coll Plant and Fert Prob, pp 459—479

Ulrich A (1948) Plant analysis methods and interpretation of results. In:
Diagnostic techniques for soil and crops. American Potash Institute,
Washington, DC, pp 157-198

Ulrich A (1952) Physiological basis for assessing the nutritional
requirements of plants. Ann Rev Plant Physiol 3:207-228

Varalakshmi LR, Bhargava BS (1998) Plant nutrient status and leaf
diagnostic norms for acid lime (Citrus aurantifolia). Indian J Agric
Sci 68:375-376

Wallace A (1990) Nitrogen, phosphorus, potassium interaction on
Valencia orange yields. J Plant Nutri 13:357-365

Walworth JL, Sumner MW (1987) The diagnosis and recommendation
integrated system (DRIS). Adv Soil Sci 6:150-188

Walworth JL, Letzsch WS, Sumner ME (1986) Use of boundary lines
in establishing diagnostic norms. Soil Sci Soc Am J 50:123-127

Wang T (1985) Application of fertilizers to satsuma based on leaf
analysis. J Soil Sci (Turang Tongbo) 16:275-277

Webb RA (1972) Use of the boundary line in the analysis of biological
data. J Hortic Sci 47:309-319

Weinert TL, Thompson TL, White SA et al (2002) Nitrogen fertigation
of young Navel oranges: growth, N status, and uptake of fertilizer N.
HortScience 37:334-337

Woods DB, Villiers IM (1992) Diagnosing the nutrient status of ‘Valencia’
oranges in Southern Africa. In: Tribulato E, Gentile A, Refergiato G
(eds) Proceedings Seventh International Citrus Congress. International
Society of Citriculture, Acireale, Italy, pp 556-559

Wu Wer, LiuWengeng, LiVinguo et al (1998) Studies on relationship
between fruit yield, quality and microelements in leaves of citrus.
J Southwest Agric Univ 20:198-202


http://www.crec.ifas.ufl.edu/extension/trade_journals/2009/2009%20April%20use%20of%20DRIS%20for%20diagnosis.pdf
http://www.crec.ifas.ufl.edu/extension/trade_journals/2009/2009%20April%20use%20of%20DRIS%20for%20diagnosis.pdf
http://www.crec.ifas.ufl.edu/extension/trade_journals/2009/2009%20April%20use%20of%20DRIS%20for%20diagnosis.pdf

	5: Leaf Analysis in Citrus: Interpretation Tools
	5.1	 Background Information
	5.2	 History of Leaf Analysis
	5.2.1  Reference Values for N Confirmed by Foliar Analysis, from Planting till Full Production

	5.3	 Major Breakthroughs
	5.3.1	 Critical Nutrient Concept
	5.3.2	 Critical Nutrient Range
	5.3.3	 Nutrient Balance
	5.3.3.1 Prevot’s Factorial Method
	5.3.3.2 Kenworthy’s Balance Index
	5.3.3.3 Moller-Nielson Balance Concept

	5.3.4	 Crop Logging
	5.3.5	 Boundary Line Concept
	5.3.6	 Diagnosis and Recommendation Integrated System
	5.3.6.1 Brief Developments
	5.3.6.2 Steps Involved for DRIS Norms
	5.3.6.3 Leaf Analysis-Based Norms
	5.3.6.4 Identification of Nutrient Constraints and Their Frequency Distribution
	5.3.6.5 Validation of DRIS Indexes


	5.4	 Conclusion and Future Research
	References


