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Abstract
In flue-cured tobacco N fertilizer is commonly applied during pre-planting, and very often applied again later as a
growth-starter. It is generally held that the efficiency of N-fertilizer use can be improved by evaluating the leaf N-
status after transplanting and until flowering stage. N use efficiency in this context does not refer merely to the
yield but also to the quality, in the meanwhile minimizing the negative effects on the environment. To investigate
these aspects, we evaluated the capacity of a Minolta model SPAD-502 chlorophyll meter to estimate the N-status
in flue-cured tobacco. The aims was to verify if a relationship exists between SPAD readings and leaf N content,
and if a single leaf, in a well defined stalk position, could represent the nitrogen content of the whole plant. Dur-
ing the years 1995 and 1996, a pot experiment was conducted using two flue-cured tobacco varieties. SPAD values,
total chlorophyll, total N contents and leaf area were measured throughout the growing season, on each odd leaf
stalk position. SPAD values were well-correlated with both total chlorophyll and total N leaf concentration, and the
regression coefficients were higher when relationships were calculated on a leaf-area basis. For both relationships,
SPAD-total chlorophyll and SPAD-total N, the best fittings were obtained with quadratic equations.
One leaf stalk position alone is able to monitor the N-status of the whole plant during the first six weeks after
transplanting, without distinction of year and variety effects. The SPAD measurement of one leaf per plant, through-
out the vegetative growing season, is therefore a valid tool to test the N-status of the crop in a period when a re-
quired N supply is still effective.

Key-words: chlorophyll, N-status diagnosis, SPAD, Specific leaf nitrogen.

Introduction

The cultivation of flue-cured tobacco (Nicotiana
tabacum L.) requires careful regulation of ni-
trogen availability with respect to both the
quantities and the timing. The most acceptable
results from a tobacco crop are to be expected
from nitrogen fertilization practices that ensure
a high availability of soil nitrogen during the
early plant growth stage. Soil nitrogen depletion
soon after topping is desirable to ensure that
leaves can ripen correctly, to avoid a corre-
sponding decrease in tobacco quality and an in-
crease in production costs (McCants and Woltz,
1967; Goenaga et al., 1989; Flower, 1999). It

should be added that excessive nitrogen appli-
cation may contribute to groundwater pollution.

Recent studies on flue-cured (Marchetti et
al., 2001) and Burley tobacco (Contillo et al.,
2001) in Italian tobacco growing areas have
shown that the mineral N content of cultivated
soil, far from having a spatially uniform and
temporally steady level, shows patchy distribu-
tion and fluctuates rapidly, with localized bursts
of very high values lasting for a few days. This
episodic behaviour, combined with sudden
heavy rainfalls in late spring or early summer,
can increase the risks of nitrate leaching. The
risk of environmental pollution is high in the ar-
eas most suited to flue-cured production, as they
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are characterized by light sandy soil and fre-
quent rain or a plentiful supply of irrigation wa-
ter (Akehurst, 1981).

Strategies for improving N use efficiency
should not be aimed at attaining the highest
yield per unit of fertilizer applied, but rather at
identifying the lowest fertilization rate required
to achieve a satisfactory yield in a given envi-
ronment. To minimize costs and the potential
quantity of N that may escape the root envi-
ronment, N-fertilizer should be applied only af-
ter it has been determined whether it will be
beneficial (Turner and Jund, 1991), possibly us-
ing a plant need-based application of N, to im-
prove yields and N use efficiency (Singh et al.,
2002). The application of N-fertilizer on an “As
Needed” basis, rather than using a “Lump Sum”
approach, has advantages which are both envi-
ronmentally friendly and economic (Schepers et
al., 1992). For example, N fertilization can be im-
proved through side-dressing, avoiding applica-
tion before transplanting when demand is low.

In flue-cured tobacco, current N fertilization
rates are not based on the level of nitrogen in the
soil, but on other properties of the soil, such as
depth, clay content, amount of percolating water,
and finally also according to personal experience
(Smith and Wood, 2005). To fine-tune plant-need
based N application, a quick, in-field method of
determining the N-status of the crop was envis-
aged, to detect the need for added N applications
till flowering/topping time, i.e. during the period
when applications are most beneficial. Since a
large portion of the N in a leaf cell resides in the
chloroplast (Makino and Osmond, 1991) it should
be possible to use total leaf chlorophyll content
to estimate crop N-status.

The green colour of a leaf canopy perceived
by the human eye under natural light depends
on the relative quantities of light transmitted
through the leaves and reflected by the leaf epi-
dermis, the position of the sun, cloudiness of the
sky, and many other unpredictable factors
(Turner and Jund, 1991). Visual observations are
therefore a relative and non-quantitative
method to determine the need for more N. The
Munsell Color Chart for Plant Tissues, proposed
by Kelley et al. (1990) to determine the pigment
concentrations (chlorophyll a, chlorophyll b,
etc.) in senescing leaves of burley tobacco
through a visual colour rating, was not success-
ful when a more accurate estimation was re-

quired. Currently, the most widely-used instru-
ment for non-destructive total leaf chlorophyll
content determination is the chlorophyll meter
SPAD-502 (Soil-Plant Analysis Development,
Minolta Camera Co., Osaka, Japan). The ability
to predict total chlorophyll content on a leaf-
area basis from a chlorophyll meter reading has
been demonstrated for several crops and also
used to estimate N-status in corn and cotton,
both fertilised with different nitrogen rates. In
corn experiments, one chlorophyll reading per
leaf has been made, at a defined growing stage
(six leaf stage, before silking, after silking, from
the end of August to mid-September), on one
to four leaves per plant (some bottom leaves,
ear leaf, uppermost fully expanded leaf), and on
five to sixty plants per plot (Piekielek and Fox,
1992; Piekielek et al., 1995; Schepers et al. 1992).
On cotton, Feibo et al. (1998) made measures
of leaf chlorophyll content at seven to eight suc-
cessive growth stages, one reading on the fourth
full expanded leaf from the apex, on twenty
plants per plot. In this study, the authors found
that the relationship between leaf N concentra-
tion and SPAD was stronger when N was ex-
pressed on a leaf-area rather than on a dry-
weight basis. The ability to monitor leaf N-sta-
tus and to predict the need for N-fertilizer top
dressing through the relation between chloro-
phyll meter readings and N concentration on a
dry-weight basis has also been demonstrated for
rice (Hussain et al., 2000; Singh et al., 2002). A
study to predict N-status and sucker growth in
flue-cured tobacco claimed that the SPAD can
be considered a valuable tool for non-destruc-
tive N determinations in tobacco leaves (Yelver-
ton, 1995). More recently, Kowalczyk-Jusko and
Koscik (2000) demonstrated that a SPAD
chlorophyll meter could be used, with relative-
ly high precision, in fixing the N doses used in
growing flue-cured tobacco. In these experi-
ments no attempt has been made to specify the
reason for the leaf, or leaves, chosen for chloro-
phyll measures, other than possibly an a priori
selection of an easy to identify leaf (some bot-
tom leaves, ear leaf, uppermost fully expanded
leaf, fourth leaf from the top), in a reproducible
physiological status (six leaf stage, before silk-
ing, after silking). Furthermore, to related leaf
SPAD measurements with N-status of the crop,
chlorophyll data were normalized relative to an
adequately N-fertilized area of the field.
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Therefore, in the above-mentioned studies
the feasibility of using the SPAD to determine
leaf N concentration was confounded by: (i) leaf
age; (ii) its metabolic state (sink or source); (iii)
the intrinsic discrepancy between in vivo mea-
sures of optical absorbance of chlorophyll in fo-
liar tissue and actual pigment concentration de-
termined in vitro after extraction from the fo-
liar tissue in a suitable solvent. We used a new
approach, based on an accurate description of
the relationships between SPAD measurements
and chlorophyll or nitrogen leaf contents along
all the leaf stalk positions, i.e., varying leaf de-
velopment stages, in plants growing in optimal
conditions, during the vegetative growing sea-
son. The objectives of our study were: (i) to ver-
ify the relationships between SPAD chlorophyll
meter readings and total chlorophyll content de-
termined by solvent extraction, and total N con-
tent; (ii) to test the validity of the above rela-
tionships in a range of different conditions, such
as variety, crop phenological status, leaf position
on the stalk, i.e. leaf physiological status; (iii) to
verify if the SPAD reading on a single leaf, in
a well defined stalk position, could represent the
nitrogen content of the whole plant, allowing
the use of a chlorophyll meter as an in-field di-
agnostic tool in estimating N-status of the crop.

Materials and methods

Plants of tobacco were grown in 1995 and 1996
at CRA, Consiglio per la Ricerca e la speri-
mentazione in agricoltura, branch of Bovolone,
near Verona, Italy. Two varieties, K 326 and NC
27 NF (No Flowering), were used in the study.
The variety K 326 has a day-neutral flowering
habit and NC 27 NF requires a short photope-
riod for flowering (Jones and Reed, 1991). The
two varieties also differ in the onset of maturi-
ty-senescence processes, presenting a wider
range of chlorophyll and possibly N content,
mainly in proximity to the topping and har-
vesting time. For each variety 20 pot-grown
plants were grown under a plastic shield, to
avoid any uncontrolled rainwater supply in ex-
cess of the pot water holding capacity and pos-
sible leaching of nutrients from the pot. The 40
plastic pots, each measuring 0.014 m3, were
spaced at a distance of 1 m between rows and
at 0.5 m within the row, thus forming a density

of 20,000 plants per hectare. Pots were filled us-
ing a substrate prepared by mixing field topsoil
with 10-20% oligotrophic peat with P and K fer-
tilizer as detailed below. The peat was added to
increase the water holding capacity of the sub-
strate, to avoid water stress due to the finite vol-
ume of the pots. The main traits of the substrate
were: sand 46%, silt 33%, clay 11%, organic C
4%, N 1‰, P2O5 56 mg kg-1, K2O 180 mg kg-1,
pH 7, water retention capacity 21%.

Plants were transplanted into the pots on 17
May in 1995 and 16 May in 1996. In addition to
the nitrogen content of the substrate, N fertiliz-
er in the form of CaNO3 was side dressed 20
days after transplanting, as usual in tobacco
flue-cured crop, at a rate of 20 kg ha-1. Irriga-
tion was applied as needed to avoid water stress;
a volume corresponding to 10 mm of water was
added each time the soil surface was dry. Pests
and diseases were effectively controlled by
Acephate and Metalaxyl + Mancozeb treatment
(1 in 1995, 2 in 1996). The sampling procedures
during the two years of experiment were: start-
ing at 41 days after transplanting in 1995 and
26 days in 1996, two plants for each variety were
randomly selected and odd leaves (minimum
150 mm length) were measured and sampled
every 15 days in 1995 and every week in 1996.
Samplings were suspended at the appropriate
time for topping, when almost all of the N had
been absorbed (Peedin, 1999). For K 326 top-
ping (at 20-22 harvestable leaves) occurred at
flowering time, and for NC 26 NF when plants
had reached the same number of harvestable
leaves, according to the usual cropping practices
in this area. In 1995 there were 3 sampling dates,
at 41, 57 and 72 days after transplanting (DAT);
in 1996 the samples were collected at 5 DAT, at
26, 33, 40, 47, 50 days. It was not possible to per-
form the SPAD measurements on the last sam-
ple of 1995 (72 DAT).

Two measurement methods of the total
chlorophyll leaf content were compared: in vi-
vo using the SPAD, and in vitro using spec-
trophotometrical analysis. SPAD determines the
relative quantity of total chlorophyll present in
leaf tissue by measuring the transmittance of the
leaf in the red region at a wavelength of about
650 nm, and in the infrared region at about 940
nm (Minolta, 1989). Given the very small area
of the SPAD sensor compared to the large sur-
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face of a tobacco leaf, ten chlorophyll readings
were taken around each blade (20 mm from the
edge) of the leaves in the odd positions before
they were removed from the stalk, and averaged
to represent the mean SPAD value of each leaf.
The large number of leaves consequently pro-
vided a wide range of SPAD measurements. Af-
ter the SPAD readings were recorded, each
measured leaf was detached from the stalk and
subjected to further investigations. Three disks
of leaf lamina, close to the position of SPAD
readings, each with a diameter of 8 mm and a
total surface area of 151 mm2, were taken for
analytical determination of total chlorophyll
content. To determine the specific leaf weight
(SLW) and calculate the specific leaf N content
(SLN), 3 leaf lamina disks with a diameter of
33 mm and total surface area of 2566 mm2, were
collected from the leaves, close to the position
of the samples used for chlorophyll extraction.
The dry weights of disks were measured after
oven-drying at 70 °C for 48 h.

For total chlorophyll content determination,
the 8 mm leaf disks were placed in vials con-
taining 5 mL of N,N-dimethylformamide (DMF)
for pigment extraction. Chlorophyll concentra-
tion was determined via spectrophotometer
reading at 647 nm and 664 nm, in accordance
with the method proposed by Moran and Po-
rath (1980) and ascertained on tobacco by De
Simone and Lombardi (1982). Subsequent con-
version into total chlorophyll content was per-
formed using Moran’s formula (Moran, 1992)
and expressed as mg dm-2. After samplings and
midrib removal, the remaining lamina of the de-
tached leaves were stored at -20 °C and then
freeze-dried and ground. Total N was deter-
mined on the obtained powder using an auto-
matic chemical analyzer Technicon AutoAna-
lyzer II. The analysis of total ammonium N, pro-
duced after Kjeldahl digestion of the leaf tissue,
was based on a colorimetric method in which
an emerald-green complex is formed by the re-
action of ammonia, sodium salycilate, sodium ni-
troprusside and sodium hypoclorite in a
buffered alkaline medium at a pH of 12.8-13.0.
The ammonia-salycilate complex was read at
660 nm. The total N content calculated accord-
ing to unit weight was transformed into leaf
area estimate, using the SLW values.

Leaf area of sampled leaves was calculated

by fitted regression from the measurements of
length and width. The large size and wrinkled
surface of tobacco leaves would have caused
some difficulties in using a leaf area meter. Thus,
according to Suggs et al. (1960) and Farah (1974),
the area of individual leaves was calculated with
the relation LA = L x W x C, where LA is the
leaf area, L is the leaf length, W is the maximum
leaf width and C is a coefficient for assessing leaf
area of flue-cured tobacco. The C value (0.59)
used for calculations of leaf area has been pre-
viously determined at the same site for a similar
tobacco variety (unpublished data).

SPAD values correlation with leaf total
chlorophyll and total N contents, both referred
to leaf surface and to leaf dry weight unit, was
performed using the CORR procedure (SAS In-
stitute, 1989). To investigate the variety and year
effects over SPAD-total chlorophyll and SPAD-
total N leaf contents relationships, a mixed mod-
el was accomplished using SAS PROC MIXED
(Littell et al., 1996). In this model, year effect
was considered as random and variety as fixed
effect. In addition, existing correlation among
the leaves belonging to the same plant was ac-
counted for using the REPEATED statement
to state covariance parameters. Moreover, for
both SPAD-total chlorophyll and SPAD-total N
leaf contents relationships, orthogonal compar-
isons among different leaf positions on the stalk
were performed with the CONTRAST state-
ment with the aim to ascertain statistical differ-
ences between each single odd leaf and the
whole plant mean value. Finally, linear and qua-
dratic regression analyses were calculated using
the REG procedure (SAS Institute, 1989) to de-
fine the relationships between SPAD value as
dependent variable and total chlorophyll or to-
tal N content as independent variables.

Results and discussion

SPAD-total chlorophyll and SPAD-total N rela-
tionships

SPAD values were correlated (Pearson’s corre-
lation coefficient) to a large extent with total
chlorophyll content and the correlation coeffi-
cient was higher when total chlorophyll content
was referred to leaf surface unit (r = 0.96, n =
298) than in reference to leaf dry weight unit (r =
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0.84, n = 280). Two explanations for this are pos-
sible. First, given that SPAD readings are in-
trinsically on a leaf surface basis, it should be
expected that SPAD measurements correlate
better with total chlorophyll content on leaf sur-
face unit than on leaf dry weight unit. Second-
ly, total chlorophyll expressed as mg g-1 leaf dry
weight was actually a derived variable, obtained
by combining the measured total chlorophyll as
mg dm-2 with the measured SLW, each with its
own experimental error. The lower correlation
exhibited by SPAD-total chlorophyll as mg g-1

should thus be due to the higher variability of
the last variable (the variation coefficient for to-
tal chlorophyll was 54% when expressed as mg
dm-2, and 59% when expressed as mg g-1). The
two reasons should apply together. SPAD val-
ues showed a high correlation with total N leaf
content as well, although at a lower level than
with total chlorophyll. As for the SPAD-total
chlorophyll relationship, the SPAD-N relation-
ship was also better when total N content was
expressed in terms of SLN, i.e. on leaf surface
units (r = 0.79, n = 278) rather than in terms of
leaf dry weight unit (r = 0.51, n = 296).

The SPAD readings in response to both to-
tal chlorophyll and total N contents per leaf sur-
face unit were well expressed by polynomial re-
gressions (linear and quadratic components of
regression model significant at the 0.001 proba-
bility test), with notably higher R2 coefficients
for total chlorophyll (R2 = 0.93, n = 298) (Fig.
1) than for total N content (R2 = 0.77, n = 278)
(Fig. 2). These achievements demonstrated the
expected good relationship between two meth-

ods to measure the same quantity – leaf total
chlorophyll measured in vivo (SPAD) and in
vitro (via solvent extraction), compared to the
degree of association that exist between two dif-
ferent quantities, total chlorophyll and total N.

Considering the SPAD vs. total chlorophyll
relationship, a curvilinear trend is evident at
higher values of both variables, corresponding
to the leaves in higher stalk position (Fig. 1). A
curvilinear component between in vivo and in
vitro measurements of photosynthetic pigments
is expected, due to the so called “sieve effect”,
which is greater in younger leaves (higher leaf
stalk positions). It was already recognized that
a given quantity of pigment shows lower ab-
sorbance value when the pigment distribution is
uneven (the sieve effect), as occurs in the intact
leaf where chlorophyll molecules are organized
in green chloroplasts immersed in a colourless
matrix, in comparison with a homogeneous so-
lution of chlorophyll (Fukshansky, 1981; Vogel-
mann, 1994). The sieve effect is greater in
younger leaves of tobacco because they show an
higher chlorophyll density in the chloroplast,
rather than an higher number of chloroplasts
per cell, with a reduction in pigment distribu-
tion homogeneity, as hypothesized by Castelli et
al. (1996). On the contrary, cells of older leaves
have a less organized structure, and discrepan-
cies due to the sieve effect are less important.

Analytical total chlorophyll content, on a
leaf surface basis, showed a significant and pos-
itive correlation with SLN (r = 0.85, n = 332).
The good results of the polynomial regression
fitting (linear and quadratic regression model
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components significant at the 0.001 probability
test) of total chlorophyll on total N (Fig. 3), both
expressed in mg dm-2 (R2 = 0.79, n = 332), con-
firmed that the total chlorophyll content reflects
the total N content (Makino and Osmond, 1991)
as does SPAD-SLN.

The curvilinear trend observed in the SPAD
vs. total chlorophyll equation (Fig. 1) and as-
cribed to the sieve effect, was also evident for
the total chlorophyll-SLN relationship (Fig. 3),
as already pointed out in wheat by Evans
(1983), and even more so for the SPAD-SLN re-
lationship (Fig. 2). About the two relationships
involving nitrogen, total chlorophyll-SLN and
SPAD-SLN, the linear segment is related to ma-
ture, fully expanded leaves, whereas the curvi-
linear part, in the region of higher values, rep-
resent the younger leaves. The marked curva-
ture of total chlorophyll-SLN relationship imply
that younger leaves contain more N than ex-
pected from linearity. The lack of linearity in the
relationship between chlorophyll measurement
and total N leaf content at higher values, as al-
ready noticed by Porro et al. (2001) in a study
on grapevines, should be related to the lack of
a link between chlorophyll-pigments and N con-
tent. We hypothesized that the deviation from
linearity in younger leaves could depend on the
presence of a surplus of protein-N, in addition
to chloroplast-N and the normal metabolic stuff.
In fact, the younger leaves increase in size most-
ly through cellular expansion than through cell
multiplication (Salisbury and Ross, 1978). For
this, specific metabolic pathways involved in the
synthesis of new cellular components would be

active in the cells of those leaves and no longer
in fully expanded, lower leaves. The even higher
curvilinear component in the SPAD-SLN rela-
tionship, compared to the total chlorophyll-SLN,
was supposedly attributed to the adding up of two
causes, the sieve effect plus the extra N involved
in leaf expansion, both acting on the younger
leaves (higher leaf stalk positions in Fig. 2).

Validity of the relationships in different condi-
tions

The two different varieties did not produce dif-
ferent relationships, nor did the year (results of
the statistical analysis not shown). These results
led to the conclusion that the highly significant
relationships obtained are not sensitive to vari-
able year, or to plant genotypes. DAT and leaf
position were highly significant (P ≥ 0.001) in
influencing SPAD response to total chlorophyll
(n = 294) and total N (n = 278) content. DAT
effect was recognized as an important factor in-
fluencing the distribution of leaf status along the
stalk positions, due to aging. The SPAD re-
sponses were therefore divided by single DAT.

SPAD as a N-status diagnostic tool

The reliability of polynomial functions relating
chlorophyll meter values with total chlorophyll
and total N leaf contents would allow the use
of the SPAD instrument to estimate the total
chlorophyll and N-status of the plant. Never-
theless, the complexity of procedures used in
this work (measuring at least half of the leaves
per plant) is time and labour consuming, re-
sulting in an unfeasible diagnostic method. To
reduce the number of observations, it was eval-
uated on whether a single leaf in a defined stalk
position could represent the whole plant. How-
ever, it must be taken into account that during
the rapid growth phase each leaf of the tobac-
co plant is at a different physiological age (Mc-
Cants and Woltz, 1967) and then, at topping
time, the basal leaves are approaching senes-
cence whereas those in apical positions are still
in a very active growth stage. The evaluation
was performed using a set of orthogonal com-
parisons. Each single odd leaf was compared
with all other odd leaves, a first time using the
whole data set and then separately for each
sampling date (i.e. DAT values). The analysis
was repeated, with the same layout, for SPAD-
SLN content relationship.
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For the SPAD-total chlorophyll relationship,
orthogonal comparisons showed that leaves
from 9th to 13th positions were not significantly
different from the whole subset of leaves at all
dates, with the exception of the 11th leaf posi-
tion at DAT 41 in 1995 (Tab. 1). Turning to the
SPAD-SLN relationship, the 7th leaf partially
meets an analogous condition, being not signif-

icantly different from the entire plant in the ear-
ly growth stages (DAT 41 in 1995 and DAT 26,
33, and 40 in 1996), i.e. during the first six weeks
after transplanting (Tab. 2). Thus, throughout
this time, the 7th leaf could be considered as rep-
resentative of the N-status of the whole plant.
This period is crucial for tobacco flue-cured be-
cause any N shortage would have a very un-
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Table 1. Orthogonal comparisons of SPAD-total chlorophyll (mg dm-2) content relation between each leaf stalk position,
from bottom to top, and the whole set of leaves, at different sampling dates (in brackets, degrees of freedom of F-tests).

Leaf All data Days after transplanting
position 1995 1996

41 57 26 33 40 47 50

1 NS (191) NS (29.2) NS (18.5) NS (17.9) NS (24.7)
3 NS (186) NS (28.9) NS (10.7) NS (19.0) NS (25.1) NS (15.9) NS (28.3)
5 * (202) ** (29.5) NS (8.0) NS (18.2) NS (25.8) NS (22.6) NS (21.0) NS (29.2)
7 NS (211) NS (30.4) NS (8.6) NS (17.1) * (25.8) NS (27.5) NS (22.0) NS (31.4)
9 NS (221) NS (30.7) NS (10.2) NS (18.1) NS (23.9) NS (22.7) NS (23.9) NS (31.5)
11 NS (228) * (30.8) NS (14.3) NS (19.0) NS (25.6) NS (21.6) NS (28.0) NS (32.7)
13 NS (234) NS (30.8) NS (23.6) NS (18.7) NS (25.7) NS (21.0) NS (32.3) NS (33.8)
15 NS (241) * (30.7) NS (25.9) NS (25.9) NS (20.4) NS (34.3) NS (33.6)
17 NS (236) NS (30.1) NS (20.8) NS (24.6) NS (21.1) NS (34.9) NS (33.5)
19 NS (251) NS (27.2) NS (17.5) * (25.8) NS (29.9) NS (33.0)
21 ** (246) NS (26.5) NS (13.9) NS (21.8) * (27.5) NS (32.2)
23 ** (262) NS (12.1) NS (25.8) * (24.0) NS (31.6)
25 NS (253) NS (11.8) * (23.1) NS (27.8)
27 NS (236) NS (12.2) NS (24.4) NS (25.0)
29 NS (247) NS (10.6) * (35.1) NS (33.5)
31 * (267) NS (14.0) * (36.2)

*, ** Significant at the 0.05, 0.01 and 0.001 probability level, respectively. NS No significant differences at P ≤ 0.05.

Table 2. Orthogonal comparisons of SPAD-SLN (specific leaf N, mg dm-2) content relation between each leaf stalk position,
from bottom to top, and the whole set of leaves, at different sampling dates (in brackets, degrees of freedom of F-tests).

Leaf All data Days after transplanting
position 1995 1996

41 57 26 33 40 47 50

1 *** (212) *** (21.2) NS (15.6) ** (19.5) ** (27.9)
3 *** (223) NS (24.4) ** (30.8) * (16.0) * (21.2) ** (27.8) *** (29.8)
5 *** (221) NS (25.9) *** (30.5) * (15.4) NS (21.8) * (28.0) *** (21.5) *** (30.4)
7 *** (219) NS (27.1) *** (31.2) NS (14.8) NS (22.0) NS (27.8) ** (23.2) *** (32.3)
9 * (204) NS (27.7) *** (31.4) NS (15.7) ** (21.9) *** (27.9) *** (31.1) * (32.9)
11 * (197) * (27.8) ** (31.6) NS (15.9) * (22.0) *** (27.4) *** (32.6) * (32.7)
13 NS (202) * (27.3) * (31.7) * (15.8) * (21.8) *** (27.9) *** (32.4) NS (31.3)
15 NS (207) ** (26.2) NS (32.0) NS (21.1) *** (27.9) ** (33.0) NS (30.4)
17 NS (220) * (25.0) * (31.6) NS (21.6) ** (27.5) NS (32.8) * (31.4)
19 NS (229) NS (26.9) * (31.5) NS (27.5) NS (32.9) *** (32.9)
21 * (241) NS (27.4) *** (32.0) * (27.3) *** (32.1) *** (33.0)
23 *** (248) *** (31.7) *** (31.4) *** (33.0)
25 *** (232) ** (31.1) *** (31.8) ** (29.1)
27 * (234) ** (28.8) ** (32.4) NS (32.2)
29 * (130) NS (30.7)
31 * (80.9) NS (27.7)

*, **, *** Significant at the 0.05, 0.01 and 0.001 probability level, respectively. NS No significant differences at P ≤ 0.05.
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favourable effect on yield and quality (Miner
and Tucker, 1990). Moreover, Raper and Mc-
Cants (1967) reported that about 60% of N was
absorbed during the three-week period follow-
ing transplant recovery. SPAD readings on the
7th leaf for a representative number of plants
would allow an easy way to control the N-sta-
tus of the crop, in a period when an additional
N supply is still profitable.

Conclusions

In this study, the distribution of total chlorophyll
and total N contents in the leaves of flue-cured
tobacco plants has been determined during the
growth cycle. The two methods adopted for to-
tal chlorophyll content determination (in vivo
by SPAD and in vitro by extraction) are well
related to each other and the results are con-
sistent with previous studies on tobacco and
other species (Markwell et al., 1995; Castelli et
al., 1996). Moreover, our data show that good
relationships also exist between total chloro-
phyll measurements and total N content of to-
bacco leaf. In both relationships, SPAD-total
chlorophyll and SPAD-SLN, the best fittings
were obtained when total chlorophyll and total
N were calculated on a leaf-area basis, as had
already been observed by Peng et al. (1995).

All the three relationships examined showed
an evident curvilinear trend, as a result of using
second degree polynomial regressions. Variety
and year did not affect either SPAD-total
chlorophyll or SPAD-N relationships, at least
during a period when a diagnostic tool is useful
for corrective N side-dressing.

By splitting the analysis performed using the
whole set of leaves into individual analyses for
each DAT and each leaf stalk position, a strong-
ly uniform pattern was revealed in the way the
leaves behaved in the intermediate positions of
the tobacco stalk. More precisely, for SPAD-to-
tal chlorophyll relationship in both years the
leaves from the 9th to 13th position were not sta-
tistically different from all plant leaves consid-
ered as a set, without distinction between vari-
ety and during the entire growing season. The
same analysis method applied to the SPAD-
SLN relationship revealed less effective behav-
iour uniformity among leaves and DAT. Never-
theless, it was possible to find a specific leaf po-
sition, the 7th, as being representative of the

whole set of leaves, even if only during the
phase of active growth, i.e. during six weeks af-
ter transplant.

Notwithstanding these limitations, the use of
SPAD instruments was revealed to be extreme-
ly practical, permitting the evaluation of the N-
status of tobacco plant through the monitoring of
only one single leaf per plant. SPAD intrinsically
relative performances require repeated measure-
ments not to discover point values, but trends; this
objective is positively coherent with the reduced
labour required, allowing the number of plants
tested to be multiplied to cope with soil and crop
heterogeneity.

A method of fine-tuning side-dressing N fer-
tilization requirements based on the proposed cri-
terion is effective during that particular period of
plant growth, i.e. when N absorption reaches its
maximum level and, mainly, when side-dressing is
still useful for increasing quality and yield.

In conclusion, this study shows a new ap-
proach in tobacco N monitoring, based on a re-
al-time diagnosis of current N-status of the to-
bacco plant during the vegetative growing sea-
son, by means of a non-destructive tool. Our da-
ta show the feasibility of using a chlorophyll me-
ter on a single leaf per plant to asses plant N
content. Therefore, SPAD could be applied by
farmers and consultants in estimating N-status
of the tobacco crop to improve N fertilization
management in field conditions.
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