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Abstract The paper presents a study on the effect of
soil matric suction on the variation of leaf chlorophyll index and
nitrogen concentration of canola. Results showed that chlorophyll
index increases exponentially with soil matric suction, especially
at the late season of canola growing time. At moderate matric
suction (200 and 300 kPa soil suction heads), chlorophyll index
remains nearly constant, but in drier soil (matric suction >300 kPa),
chlorophyll index increases gradually with time. Despite the va-
riation of the total leaf nitrogen with the soil matric suction, itis simi-
lar to the variation of the chlorophyll index, but the results showed
that the chlorophyll index — nitrogen concentration curve has a de-
marcated bi-modal shape. We suggest that 2.7% of nitrogen and
69.8 of the chlorophyll index value represent the upper limit of
the chlorophyll meter reliability for estimation of canola nitrogen
under a wide range of soil moisture levels. These results confirm
that the chlorophyll meter can be used as an effective tool for rap-
id and non-destructive estimation of the relative chlorophyll and
nitrogen content in canola leaves at a wide range of soil moisture
content, except for nearly wilting coefficient or extremely high
drought stress.

K ey words: chlorophyll index, crop demand-driven real-
time N management, soil moisture, stress

INTRODUCTION

To tolerate many environmental stresses, plants set a ple-
thora of adaptation mechanisms, from early responses to
longer term metabolic and physiognomic alterations (Gunes
et al., 2006). Water shortage stress is one of the most im-
portant abiotic stress factors which seriously limits plant
growth and field crops production, more than any other
environmental stresses.

*Corresponding author e-mail: fatemeh.meskini@znu.ac.ir

Since the plant leaf is the one of the most responsive
organs to environmental conditions, the symptoms of envi-
ronmental stress are exhibited more clearly than in the case
of the stem and the roots. Considering that the chlorophyll
content of leaf is a primary requisite for plant photosynthe-
sises (Arjenaki ef al., 2012), consequently, its shortage can
result in many crises, such as chlorosis, reduction in growth
rate and crop yield.

The variation of chlorophyll content under drought
stress is studied by many researchers. For instance, Jaleel
et al. (2008) showed that under the drought stress plant
growth can be limited, with variation of chlorophyll con-
tent (or photosynthesis), respiration and nutrient meta-
bolism. On the other hand, Mensah ef al. (2006) found that
a slight drought stress increases the leaf chlorophyll content
in sesame, however any additional stress does not change
it anymore. The effects of drought stress on plant growth
depend on the plant species, plant growth stage, the stress
intensity (soil matric suction) and duration, and finally on
the soil hydraulic properties (Mittler and Blumwald, 2010).

Since leaf chloroplasts contain about 70% of the leaf
nitrogen (N), the leaf chlorophyll and N contents are closely
correlated (Wood et al., 1992). Since plant growth reflects
the total N supply from all sources, the plant N status can
be considered as an indicator of the soil N availability
(Varinderpal-Singh et al., 2010). An easily available instru-
ment, the chlorophyll meter (eg SPAD-502 chlorophyll
meter), is used widely to evaluate the plant chlorophyll
content and, hence, to estimate the plant N status and defi-
ciencies and, subsequently, to determine the real-time based
need for N fertiliser with introducing a proper calibration
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(Jifon et al., 2005). Experimental relationships between N
concentration and SPAD reading values are expressed with
linear (Chang and Robison, 2003) or curvilinear (Dwyer
et al., 1995) models depending on the crops, the species,
the cultivars and the crop growth stage (Esfahani et al.,
2008). In addition, any biotic (eg pests, diseases, weeds)
and abiotic stresses (eg drought, heat, cold, salinity) may
influence the SPAD reading values and, subsequently, the
chlorophyll or N estimates (Balasubramanian ez al., 2000).
Thus, it would be convenient to develop a specified func-
tional relationship between the SPAD values and leaf N
contents to improve the accuracy of interpretation of the
SPAD value (Balasubramanian ef al., 2000; Van den Berg
and Parkins, 2004).

Despite many studies performed on plant leaf chloro-
phyll, the soil hydro-physical properties and the range of
matric suction of the experimented soils were not reported,
and thus an apparent inconsistency between the results may
be suspected due to the limited and incomparable range of
soil moisture conditions. Based on our knowledge, there
are a few studies relating quantitatively the variation of the
chlorophyll content and plant nitrogen to the soil matric
suction and hydro-physical properties (Boutraa, 2010).

Therefore, the objectives of this study are:

- to study the effect of a wide range of soil matric suction
on the variation of the leaf chlorophyll content of canola
measured with the use of a SPAD-502 chlorophyll meter at
different plant growth stages, and

- to evaluate the reliable range of the SPAD-502 for the
estimation of canola N concentration under different soil
moisture conditions.

MATERIALS AND METHODS

The variation of canola leaf chlorophyll and nitrogen
content under a wide range of controlled soil moisture con-
tent in the greenhouse conditions was studied ina completely
random blocks design experiment with 3 replicates and 14
soil moisture treatments including 2, 4, 6, 8, 11, 30, 50, 200,
300, 500, 800, 1000, 1 500 and 2 000 kPa of matric suction
heads. Plastic pots (0.27 m height, 0.26 m internal diameter)
were filled with dried and sieved (0.008 m) soil material with
volume of 0.011 m?® and weight of 17.2 kg, collected from
the Ap horizon of an agricultural sandy loam soil common
in Zanjan, Iran. The pots were packed with the aid of a vibra-
tor to reach the same bulk density as for the undisturbed

Table 1. Some soil properties

soil in the field (Table 1). Ten canola seeds were planted in

each plastic pot. Once the seeds germinated and emerged,

three plants were kept on which the trial was continued.

Soil moisture treatments were begun after the plant estab-

lishment stage, using:

- homemade tension tables (tensiometers) for 2 to 11 kPa
of matric suction heads,

- tensiometers for 30 and 50 kPa of matric suction heads,

- gypsum blocks for 200 to 2 000 kPa of matric suction
heads.

The ‘hanging water principle” was used to apply suc-
tion (2-11 kPa) to the pot soils. The difference in height
between the water filled in the bottle (as the suction reg-
ulator) and the middle of the soil surrounding the porous
cap determines the amount of matric suction (Fig 1). The
suction regulator was adjusted to apply the required matric
suction to the soil samples. The soils reached equilibrium
at a specific suction head shortly after each irrigation event
and remained constant afterwards. The excess water under
each soil suction head was drained through the tube and
collected in the suction regulator while the influent and
effluent water was measured on a daily basis to calculate
total water use.
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Fig. 1. Schematic of the homemade tensiometer and its function-
ing as a matric suction regulator.
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For high matric suction (h>200 kPa) treatment: as the
water treatment begun, the matric suction was monitored
until the required value was reached. This time course
elapsed quickly. After that, to maintain the matric suc-
tions steady, we compensated daily plant water uptake via
measurement of soil water content by gypsum blocks. The
gypsum blocks data were converted to the soil matric suc-
tion and water content using a calibration curve obtained
experimentally. The tensiometers and gypsum blocks were
installed in the centre of each pot, 0.1 m below the soil
surface.

During the experiment period, supplemental incandes-
cent lighting was provided to extend the day length to14 h
with 154 to 196 pmol s m?of photosynthesis active radia-
tion (PAR), while the night and day air temperature was
maintained about 289.15-291.15 and 295.15-299.15 K,
respectively. This experiment was conducted from October,
2012, to March, 2013, and repeated from October, 2013, to
March, 2014, under greenhouse conditions at the University
of Zanjan, Iran (36°41°N 48°24’ E, altitude 1 651 m).

The soil moisture characteristics curve (SMC) of the
used sandy loam soil are shown in Fig. 2. The SMC was
obtained using a hanging water column (0.1-15 kPa), pres-
sure plate (30-100 kPa), and pressure membrane apparatus
(100-1500 kPa) (Dane and Hopmans, 2002). The soil PSD
was determined using a hydrometer and the sieving method
(Gee and Or, 2002). Some physical and chemical proper-
ties of the soil used are shown in Table 1. Based on soil
test, the complementary requirement of essential elements
was supplied with splash method at three different growth
stages of the plant.

The Minolta SPAD-502 chlorophyll meter was used to
acquire a rapid estimate of leaf chlorophyll content index
(CCI) (Van den Berg and Parkins, 2004). The measurements
were taken on the second leaf which was fully matured. Six
measurements were taken per pot (two measurements per
plant). The results were then averaged to result in a single
value to represent the pot at each stage. To access the effect
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Fig. 2. Soil moisture characteristic curve of the soil used in green-

house experiment. The moisture contents of low suction heads are
given on the top of each point.

of drought stress duration on the leaf chlorophyll content
reasonably, the results were presented for five life times; 30,
40, 50, 60 and 65 days after water treatments application.

At the end of the growing stage, plant shoots and grains
were harvested separately. All samples were oven-dried at
343.15 K for at least 72 h and then weighted. The plant nitro-
gen concentration was determined by digesting the samples
in sulphuric acid (H,SO,) followed by analysis of total N by
the Kjeldahl method (Bremner and Mulvaney, 1982).

A one-way analysis of variance (ANOVA) and Duncan
test (p<0.05) were used to analyze the effects of water
availability on the leaf chlorophyll content of canola plants.

RESULTS AND DISCUSSION

The variation of measured shoot dry weight (SDW) as
a function of the soil suction heads is shown in Fig. 3. The
SDW curve has a demarcated uni-modal bell shape. The
first part starts with a relatively low SDW (about 0.04 kg)
at 2 kPa matric suction, and then slightly increases to
0.066 kg at 7 kPa matric suction. This part of the curve
starts when the increase of soil respiration rate as well
as the soil matric suction become more pronounced. The
first part of the curve may correspond to a restriction of
soil respiration rate (oxygen deficit) which controls the
root water uptake at high soil moisture content (low soil
matric suction heads) (Mohammadi et al., 2010). However,
the oxygen consumption rate or the oxygen transport to
the plant root depends on many abiotic and biotic condi-
tions (eg soil temperature, soil texture, plant growth stage
and microbial activity), but the soil moisture content (air
filled porosity) controls mainly the gas exchange between
the root and the air (Feddes et al., 1978). Since the soil
drainage enhances the connectivity of the air filled pores,
this restriction becomes less at high matric suction heads.
The second part of the curve starts from 6 kPa matric suc-
tion (maximum yield) onwards, where the SDW drastically
decreases. This part may correspond to soil water shortage
due to high matric suction head, which restricts the uptake
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Fig. 3. Measured dry mass of canola shoot (SDW) as a function of

the soil matric suction head for the sandy loam soil at greenhouse
conditions.



86 F. MESKINI-VISHKAEE et al.

of water by plant root and subsequently reduces the shoot
dry weight (Fig. 3). The shoot is affected by the drought
stress. In response to drought stress, plants generally regu-
late the number and area of leaves to decrease the water
demand (Schuppler et al., 1998).

As expected, by the time of imposing the water treat-
ments, the CCI values are about 30 for all plants and there
is no significant difference between CCI of plants growing
under different soil moisture conditions (Fig. 4a). As the
treatments start, the CCI values increase exponentially with
the soil matric suction, h, especially at the late season of
canola growing time (Fig. 4b-f). The slope and the inter-
cept of the relationship between the log-transformed h and
CCl increase with the duration of the water treatments. This
variation can confirm the pronounced effect of soil mois-
ture conditions on the canola CCI. The minimum CCI was
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observed for the lowest soil suction heads. The small value
of CCI at the high soil moisture content can be attributed
to soil oxygen shortage, leaching of soil N (Nishihara et
al., 2001), and finally to the enhanced denitrification rate
(Valé et al., 2007). The eventual effects of these mecha-
nisms are further evaluated. Since there is no significant
difference between the CCI for canola planted at low soil
suction heads (2 to 11 kPa) (results of statistical analysis
not shown) and, moreover, since the aeration conditions
between these soil suction heads are completely different
(Fig. 2), we argue that the canola CCI is not influenced
largely by the respiration stress or soil oxygen shortage.
Fig. 5a-d shows that there is no significant difference
between the CCI of canola grown at low soil suction heads
(less than 50 kPa), while under higher soil suction heads
(>200 kPa), the canola CCI increases significantly with
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Fig. 4. CCI of canola as a function of soil suction heads at different growing stages: a— 0, b — 30, ¢ — 40, d — 50, e — 60 and f— 65 days

after treatment imposing, respectively.
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Fig. 5. CClI as a function of time course for the different soil suction treatments. Water treatment at: a—2,b— 11, ¢ — 30, d — 50, e — 200,
f—300, g — 500, h — 1000, i — 1500, j — 2000 kPa soil suction heads). Different letters on the points indicate significant differences
(p < 0.05) between the CClIs. Error bars indicate + standard deviation (n = 18).

time course of water treatment (Fig. 5e-j). However, for the
canola grown at moderate water stress (200 and 300 kPa
soil suction heads), the CCI increases in the later stage of
plant growth (60 days after imposing the water treatment)
(Fig. 5e and f), but the variation of the CCI starts earlier
(40 days after the treatment start) under severe drought

stress (higher soil suction heads) (Fig. 5h-j). Cell elonga-
tion of the higher plants can be retarded by restriction of
water flow from the xylem to the surrounding elongating
cells (Nonami, 1998). Impaired mitosis, limited cell elon-
gation and expansion result in reduced plant height, leaf
area and the crop yield of plants growing under drought
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stress. Therefore, the increased chlorophyll content under
drought stress may be related to a decrease in the leaf area
(Rahbarian et al., 2011).

Figure 6 shows that the concentration of leaf N remains
nearly constant from 2 kPa suction head up to 200 kPa suc-
tion head. We can argue that eventual N loss mechanisms in
wet soils (eg N leaching, denitrification, respiration stress)
did not influence N uptake by canola. At the high matric
suction (>300 onward), the concentration of the leaf N was
raised pronouncedly (Fig. 6).

Since the variation of total leaf N with the soil moisture
regime is similar to the variation of the CCI in same condi-
tions (Figs 5 and 6), we examined a potential experimental
relationship between the leaf N and the CCI and we found
a strong significant curve linear relation (R*=0.64) and its
validity range (Fig. 7). Figure 7 shows that the relation
between CCI and canola leaf nitrogen concentration curve
has a demarcated bi-modal shape. The first part starts with
alow CCI (33.8) at 0.61% N which exponentially increases
to 69.8 at 2.7%. The second part starts from 2.7% N and
then remains nearly constant, ie the SPAD reading value is
not affected by the leaf N where the concentration of N is
higher than 2.7%.
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Fig. 6. Variations of canola leaf nitrogen (%) at the end of grow-
ing season as a function of soil suction heads.
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Fig. 7. Variation of SPAD readings as a function of canola leaf N
content. The black smooth line is the best line (corresponding to
the filled circle markers) and the black straight line is the plateau
part of the curve (corresponding to the empty circle markers).

A close relationship between chlorophyll and nitrogen
content is reasonable, because nitrogen is a structural ele-
ment of chlorophyll and protein molecules, and therefore
affects the formation of chloroplasts and accumulation of
chlorophyll in them (Daughtry et al., 2000). Moreover,
the leaf N content can influence the monochromatic light
reflex-absorb pattern which is related to SPAD reading
values (Takebe et al., 1990). In the present study, we also
visually observed the darker green colour of leaves of can-
ola plants grown at higher soil suction heads.

Further correlation analysis shows that 65.76% of the
variation of the leaf N content could be estimated with the
SPAD reading values (r = 0.811, p < 0.01). Variation of the
leaf position (Neilsen ef al., 1995), the time of sampling
(Loh et al., 2002) and the leaf thickness (Jifon et al., 2005)
are suspected factors influencing the relationship between
the SPAD reading values and the leaf N content. Indeed,
this relationship can be improved by calculating the spe-
cific leaf weight or considering the leaf N content per the
leaf area unit (Chang and Robison, 2003).

Figure 7 shows that as the leaf nitrogen concentration
increases, the sensitivity of the SPAD to detect leaf N con-
tent decreases. This result is consistent with the observations
reported by Dwyer et al. (1995) and Wood et al. (1992).
Van don Berg and Perkins (2004) also observed that the
accuracy of the portable chlorophyll meters decreases at
high readings values. We suggest that this value (2.7% N,
69.8 chlorophyll meter reading) represents the upper limit
of the chlorophyll meter reliability to estimate canola N
concentration under a wide range of soil moisture condi-
tions (form very wet to very dry).

The curvilinear response of the SPAD values to canola
N concentration may be attributed to:

- increase in the proportion of nitrate-N in the total N form
at high N levels, which is included in assays of total N,
whereas, it is not detected by the chlorophyll meter (Dwyer
et al., 1995), and

- the effect of drought stress which partially increases the
leaf vacuolar pigments affecting the SPAD values (Schepers
et al., 1996).

The reduced cell turgor induced by drought stress influ-
ences the leaf intercellular spaces and, subsequently, the
transmittance of near-infrared light through the leaf tissue,
because the SPAD reading value is the leaf transmittance
for the red and near infrared radiation spectrum (650 and
940 nm). Therefore, the SPAD meter may underestimate
chlorophyll content and subsequent N content at drought
stress (Schlemmer et al, 2005). This attribute partially
reveals why the SPAD underestimates the high N levels
which occur under severe drought stress.

Since the plant N was measured at the end of canola
growth season (65 days after the treatment application),
a smaller proportion of the data was in the plateau part
of the curve (Fig. 7), because at later plant growth stages
a larger proportion of the leaf N is eventually associated
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with the chloroplasts, and there is less nitrate-N in the
leaves (Dwyer et al., 1995). Similar results are reported by
investigators who studied the relationship between chloro-
phyll meter readings and plant N concentration at different
plant growth stages (Wood et al., 1992).

In this study, a wide range of canola N (0.61-3.64%)
corresponded to the SPAD reading at a wide range of soil
moisture conditions (2-2 000 kPa matric suction). Thus, it
is probably appropriate to conclude that the SPAD read-
ings provide a reasonable approximation of the total N
except at a drought stress (more than 1 500 kPa soil suction
head). So, the chlorophyll meter can be used to estimate the
real-time based N fertilizer need with the aim to decrease
insect pest incidence to plants and, possibly, to reduce gas-
eous emission of nitrous oxide and harmful effects on the
groundwater (Varinderpal-Singh et al., 2010).

Since the objectives of this study were to evaluate the
variation of the chlorophyll index, measured by the port-
able chlorophyll meter, and plant nitrogen content under
a wide range of soil moisture conditions, the relationship
between the CCI and measured leaf chlorophyll content
was not considered.

CONCLUSIONS

From the analysis of the variation of the SPAD reading
value (as an index of chlorophyll) and N content of canola
leaf under a wide range of controlled soil moisture content
(from nearly saturated soil to very dry soil) it was found
that:

1. Regardless of the SPAD reading value and the N
content increase with the soil matric suction head, their
relationship follows a curvilinear model with a plateau at
high N content.

2. The SPAD is an effective tool for rapid and non-
destructive estimation of the relative chlorophyll and N
content in canola leaves. Once general relationships are
established for a particular species, it should be possi-
ble to use the chlorophyll meter as a tool for a variety of
management and research applications for which precise
chlorophyll or nitrogen values are not required, includ-
ing the assessment of relative health status, physiological
changes over time and delineating the effects of manage-
ment practices such as fertilization.

3. Under drought stress, the use of the SPAD to esti-
mate canola leaf N content may be accompanied by some
uncertainties.
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