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Jatropha curcas is a tree species introduced in Niger as a trial experiment to offset land degradation
and for biofuel production. The objective of this study is to contribute to the understanding of this
species’ potential for adaptation under the edaphic and climatic conditions of Niger through analysis
and modeling of the leaf area dynamics. The nondestructive method is used to evaluate the leaf area
growth using four provenances and 120 samples of leaves of J. curcas plants. The results show that
leaf area is optimal during the wet season of the year with non-significant difference (P > 0.05), while
during other periods it is significant (P < 0.05) between provenances. The logarithmic model is the most
accurate, and the models developed have a correlation coefficient between 0.95 and 0.99. The error
analysis shows a mean absolute percentage of error between 5.92 and 27.43%, depending on the
provenances. The accuracies of the developed models were appreciated, with root mean square of error
varying from 0.72 to 2.06 cm?. Contrary to the expectation, for production of J. curcas in Niger’s
Sahelian climate and soil, it is necessary to ensure additional irrigation water to the plants, especially
during the dry period of the year.

Key words: Exotic species, Jatropha curcas, adaptation, leaf area models, Niger.

INTRODUCTION

Jatropha curcas is a latex shrub, native to America, from
the family of Euphorbiaceae. This species is widespread
in Africa in the Sudanian and Guinean savannas
(Arbonnier, 2009). The tree species is considered for its
multifaceted socioeconomic and environmental importance
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to society (Pandey et al., 2012; Bazongo et al., 2015;
Traore et al., 2015). It improves the physicochemical
properties of soils and crops’ vyield. Its action in
environmental protection through soil and water erosion
control and the potential for carbon sequestration and
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biofuel production is quite remarkable (Openshaw, 2000;
Berchmans and Hirata, 2008; Pandey et al., 2012; Bayen
et al., 2016). In Niger, this species was introduced in
2000 in the research centers to understand its cycle of
growth and development (Zakari, 2013). J. curcas can
tolerate less than 300 mm of rain per annum and up to 40
°C in temperature (Pandey et al., 2012). The
development of this species in the edaphic and climatic
conditions of Sahel Niger, marked by less than four moist
months and a high maximum temperature in the year, is
led necessarily by its adaptation. In semi-arid and arid
areas, woody species seek a compromise between
survival and safety through leaf and twig shedding during
the hard period of the year (Gleason et al., 2016). The
transpiring area is an important indicator of the growth
and development of the plant. The plant total leaf area
provides information on the photosynthetic capacity and
on the assessment of water losses by the flow of
perspiration (Nemecek-Marshall et al., 1995; Lamade,
1997). Some studies indicate that the leaf area index can
be a useful parameter for predicting the effects of
vegetation upon microclimate, which could be used to
make small-scale climate predictions (Hardwick et al.,
2015).

In addition, the leaves are organs oriented for the
interception of light, which is necessary for the
photosynthesis mechanism. The light is captured by a
wide range of chloroplasts straddling the air and the
vascular tissues that drain water and export the products
of photosynthesis (Lambers et al., 1998). Preliminary
observations have shown that J. curcas eliminates leaves
and twigs or reduces leaf area during periods of limited
humidity (Ouédraogo, 2006; Moussa et al., 2017).
Ouédraogo (2006) explained this phenomenon as an
adaptation of the plant to the conditions of the
environment. This kind of physiological mechanism
aspect of drought stress could have an impact on the
productivity of the species because reducing the leaf area
would induce a reduction in CO, assimilation rates and
photosynthetic activities (Reddy et al., 2004). Despite its
wide distribution throughout the world and its tolerance to
drought (Ouédraogo, 2006), the development of J. curcas
is still problematic in the arid conditions of Sahel Niger
(Moussa et al., 2017). Thus, it is necessary to refine our
knowledge of biology, especially the dynamic and foliar
production of J. curcas in the edaphic and climatic
conditions of Sahel Niger, so as to make better decisions
when managing agrosystems. It is specifically necessary
to understand the dynamic of the leaf area of this species
and to model it according to the time of growth. The
modeling of the leaf area of J. curcas plants will make it
possible to predict and, especially, to determine its
rhythm of growth in order to better understand its
elasticity. To carry out this study, two hypotheses were
posed: (i) the growth of the leaf area in J. curcas plants
depends on the period of the year (wet, dry, cold) in the
Sahel and (ii) the dynamic of the leaf area in J. curcas
plants follows an appropriate distribution that the analysis

makes possible to determine.

MATERIALS AND METHODS
Site

The trial was conducted at the Faculty of Agronomy in Abdou
Moumouni University of Niamey, on a site located at latitude 2° 08'E
and 13° 30'N. The meteorological data used were those of Niamey
airport station. The data covered a period of ten years. The main
climatic ~ factors analyzed were rainfall, temperature,
evapotranspiration, and relative humidity. The annual average
rainfall was 535 + 127 mm. The annual average temperature was
29.8 + 0.98°C. The number of months during which water was used
by the roots of plants was three months from July to September
(Moussa et al., 2017). Winds were of two types: the harmattan
blowing in the hot weather with high intensity from October to March
and the monsoon wind of the rainy season. The soil was the
leached ferruginous tropical kind. Analysis of soil samples from the
site showed a sandy loam texture with a relatively neutral pH equal
to 6.46. The total exchange capacity of the soil was 11.33 me/100
g. The available phosphorus and C/N were 36.44 ppm and 11.35%
respectively.

Biological and experiment material

The biological J. curcas seed materials used in this study came
from four provenances, namely Guinea-Bissau, Mali, Mexico, and
Senegal. These materials were planted in a randomized complete
block design. The block was composed of five lines of seed holes,
each measuring 1m x 1m. Along each line, three seeds per
seedling from each origin were sown in alphabetical order. The total
number of seed holes was twelve on a line and sixty on the block.
The block size was 13 m x 6 m.

Trial implementation and monitoring operations

Direct seeding was conducted on August 25, 2008 at four seeds
per hole. After seed germination and seedling emergence, thinning
to one plant per hole and resowing were carried out on September
25, 2008. In October 2008, corresponding to the inception of the dry
season, the setting up of the trial was completed. During the dry
period (October 2008-May 2009), regular watering was conducted
every three days at twelve liters for three seed holes. In the next
rainy season (June-September 2009), weeding was carried out. A
phytosanitary treatment was carried out on September 15, 2009
with the Pyrical 480 EC. It was applied at a concentration of 70 ml
of Pyrical in 15 L of water using a backpack sprayer or about 470
mg/L according to the standard, which was 480 mg/L. The purpose
was to limit the damage caused by termites.

Measurement of leaf area

The measured sample was composed of ninety leaves including
thirty each from the basal, median, and apical. Leaf area was
measured by a nondestructive method. This method determined
directly the leaf area without cutting (Lamade, 1997). To do this, the
leaf of J. curcas was spread carefully on graph paper. The contour
of the leaf was drawn using a criterion of 0.5 mm diameter. The
area was given by counting the number of mm?2 intercepted by the
leaf. These measures were assessed monthly from July to
September. The data were used to calculate the average leaf area
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Table 1. Correlation coefficient between series of leaf area and time of measurement used for four

models.

Provenances R (Xi, Yi) R (Xi, InYi) R (InXi, Yi) R (InXi, InYi)
Guinea 0.85 0.77 0.97 0.93
Mali 0.87 0.78 0.95 0.93
Mexico 0.89 0.78 0.96 0.94
Senegal 0.89 0.78 0.95 0.93

All 0.88 0.78 0.96 0.94

for the four provenances based on the measurement period. The
total leaf area of a plant gives information on its photosynthetic
capacity and the assessment of water loss by transpiration stream
(Lamade, 1997; Hardwick et al., 2015). One-way ANOVA was used
to compare the location mean of leaf area according to the same
period of measurement at 95% of confidence level.

The leaf growth of J. curcas from a young age to maturity was
followed. The measurements were carried out at the beginning of
the rainy season on July 10, 2009 and ended on August, 2009,
after leaf area growth remained constant. A sample of thirty young
leaves (two days old after identification of the bud) was selected by
location. These were labeled using a sewing thread to be
distinguished. The area of each sampled leaf was determined every
two days at the same hour by the direct method as described
earlier. To illustrate the degree of leaf growth, the rate of leaf area
multiplication by the time was calculated using the following formula

(2):

(€

With R;: rate of leaf area development on time i, LA;: leaf area on
time i and Ti: day of measurement.

Modeling of leaf growth

Leaf area growth monitoring data were used to develop models
based on time (day). Thus, initially, four types of models were
tested to assess their suitability for the distribution of cloud point.
This approach is similar to that of Cai et al. (2017). The linear,
exponential, logarithmic, and power models were tested by carrying
out the following transformations (2, 3, 4, 5):

Y =a+bTRXT,Y)

@
Y = aexp®T ey InY = Inc + TR? (T, InY) 3
Y = a + bInT R*(InT,Y) @
Y = aT® 0y InY = Ina + bInT R?(InT, Y) )

With Y: leaf area (LA) at a time T in day, a, b and c: the model
coefficients and R% the correlation coefficient between Y and T.
The best fit of the model was sought on the basis of the strong
correlation between leaf area and number of growth days. The
logarithmic model of the form Y = a + bInT was used because of the
greater correlation between the Y (leaf area) and InT (numeric
logarithm of number of days) recorded parameters (Table 1). Thus,
the model was developed using the R Commander Software
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version 2.15.3. The generalized linear model with Gamma link
function was used to prevent the back-transformation problem
(Ketterings et al., 2001; Packard, 2013). All leaf areas with
standardized residues that deviated from the majority of individuals
were considered outliers and discarded. This approach has been
widely used in many biomass modeling studies (Zuur et al., 2010;
Bayen et al., 2016; Moussa and Larwanou, 2018). This resulted in
two series of data (leaf area and time), whose variance of residues
was relatively homogeneous. Finally, the modeling was based on
these last data.

Analysis of error

The model reliability was assessed by examining the mean
absolute percentage of error (MAPE) and the root mean square of
error (RMSE). The MAPE expresses the average percentage of
error in absolute value, which may be misleading when predicting
leaf area for a model. The RMSE is a model selection parameter
used to aggregate errors into a single predictive power (Fayolle et
al., 2013; Yao et al., 2013). The MAPE and RMSE were calculated
using the following formulae:

MapE = 1yn  |Lcb-lapred
o (6)

RMEE

I'i ® By (LAch — LAped )*
A (7)

Where, n is number of measurements, LApred is predicted leaf area
and LAob is observed leaf area.

The model is considered to be reliable when MAPE and RMSE are
weak. In some cases, according to Sileshi (2014), errors are
tolerable in a model with a MAPE less than 10.

RESULTS
Leaf area

Table 2 shows that it was only in August and, to a lesser
extent, in July that J. curcas plants carried basal, median,
and apical leaves. During the other months of the study
(September and October), only apical leaves were
reported. In July gainy season), the apical leaf area was
71.31 + 20.33 cm* for Guinea, 69.19 + 15.16 cm? for Mali,
51.02 + 21.57 cm? for Mexico, and 50.14 + 16.06 cm? for
Senegal. Statistical analysis showed a highly significant
difference between leaf areas in the apical position of
these provenances (P =0.000). The Guinea and Mali
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Table 2. Average leaf area (cm?) by month, position and provenance of J. curcas.

Positions Provenances July August September October
Guinea 71.31 +20.33° 64.10 + 25.213 50.07 + 23° 43.46 + 15.01¢
Avical Mali 69.19 + 15.16¢ 67.64 + 30.05° 52.33 + 23.12° 50.45 + 20.32°
P Mexico 51.02 + 21.57° 62.86 + 18.60° 44.85 + 18.98¢ 4452 +16.15°
Senegal 50.14 + 16.06° 73.74 + 35.86° 61.20 + 18.60° 57.56 + 25.452
ANOVA F =097, df= 3/112, F=0.49,df=3/76, F=3.44,df=3/110, F=5.26, df=23/115,
P = 0.0000 P =0.68 P =0.019 P =0.002
Guinea 12.47 £+ 7.72° 14.57 +7.02¢ Fallen Fallen
Median Mali 13.82 + 6.27° 35.96 + 29.66° Fallen Fallen
Mexico 25.02 + 18.28% 19.67 +5.47° Fallen Fallen
Senegal 20.32 +11.64° 30.90 + 13.77° Fallen Fallen
F =4.91, df = 3/79 F = 2.67, df =3/53
ANOVA ‘ ’ ' ’ - -
P =0.003 P =0.057
Guinea Fallen 7.83+4.21¢ Fallen Fallen
Basal Mali 3.57 +1.93" 16.21 + 5.53° Fallen Fallen
Mexico 13.40 +9.11% 12.44 + 8.50° Fallen Fallen
Senegal Fallen 32.93 +27.65% Fallen Fallen
ANOVA F=1130,df=1/13, F=1.63, df=3/16, i )

P =0.005

P =0.221

Data in the same column with the same letter are not statistically different at 0.05 probability level.

provenances had the largest apical leaf area compared to
Mexico and Senegal in July 2009. The median leaf area
was 12.47 + 7.72 cm? in Guinea, 13.82 + 6.27 cm? in
Mali, 25.02 + 18.28 cm?in Mexico, and 20.32 + 11.64 cm?
in Senegal. Statistical analysis of variance showed a
significant difference between leaf areas in the median
position of these provenances (P < 0.05). In July, the leaf
areas of Mexico and Senegal in the median position were
wider than those of Guinea and Mali. In the basal
position, the leaf area was 3.57 = 1.93 cm? in Mali and
13.40 + 9.11 cm? in Mexico. The Guinea and Senegal
provenances did not carry basal leaves in July. The
statistical analysis of variance expressed a significant
difference between the leaf areas in the basal position of
the Mali and Mexico provenances (P < 0.05). Mexico had
the widest basal leaf area compared to Mali. In August,
the leaf area varied slightly compared to the previous
month, and no significant differences were found in the
apical position (P > 0.05). Therefore, significant
differences were found in the median and basal positions
(P < 0.05). In September and October, the apical leaf
area of the plants decreased. It was 43.46 + 15.01 cm?
for Guinea, 50.45 + 20.32 cm” for Mali, 44.52 + 16.15 cm®
for Mexico, and 57.56 + 25.45 cm? for Senegal in October
(the period marking the end of the rainy season). The
ANOVA showed a significant difference between the

apical leaf areas of these provenances (P < 0.05). The
leaf area of Senegal had the highest apical area of the
four countries in October.

Growth of leaf area

Figure 1 shows sigmoid curves in three phases: During
the first phase, A, young leaves grew slowly. This lasted
about six days. Thus, on the sixth day, the leaf area
reached 8.53 + 2.67 cm® for Guinea, 7.65 + 4.86 cm? for
Mali, 8.50 + 4.49cm” for Mexico, and 6.09 + 3.08 cm? for
Senegal. The growth rate of the leaf area was 1.42 cm?/d
for Guinea, 1.27 cm?®d for Mali, 1.41 cm?®day for Mexico,
and 1.01 cmzlday for Senegal. The ANOVA showed a
significant difference among provenances on the sixth
day of leaf growth (F = 3.1, df = 3/96, P = 0.031). The
second phase, B, was marked by a strong growth of the
leaf area. This phase extended from the seventh to the
twentieth day. On the twentieth day, the leaf area
reached 57.14 + 13.37 cm?® (Guinea), 62.30 + 9.70 cm”’
(Mali), 73 + 18 cm” (Mexico), and 58.78 + 22.70 cm”
(Senegal). The growth rate of the leaf area, which
increased strongly and reached its maximum at the
twentieth day, was 2.85 cm®/d (Guinea), 3.11 cm?/d
(Mali), 3.65 cm?/day (Mexico) and 2.94 cm?®/day (Senegal).
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Figure 1. Evolution of leaf area of J. curcas by day.

The ANOVA showed a statistically significant difference
between provenances (F = 3.68, df = 2/95, P = 0.015).
On the twentieth day of growth, the leaves of J. curcas
plants from Mexico and Mali were wider than those from
Guinea and Senegal. Finally, a third phase, C, was
marked by the appearance of a plateau with a more or
less stationary growth of the leaf area. Thus, until the
thirty-fifth day, marking the end of measurement, the
average leaf area hardly exceeded 63.98 + 20.67 cm?
(Guinea), 63.71 + 10.23 cm? (Mali), 78.83 + 23.93 cm’
(Mexico), and 71.90 + 23.86 cm? (Senegal). During this
phase, the growth rate of the leaf area decreased and fell
on the thirty-fifth day to 1.82 cm?/d (Guinea), 1.82 cm*d
(Mali), 2.25 cm?/d (Mexico), and 2.05 cm?/d (Senegal).
ANOVA showed a nonsignificant difference between
provenances (F = 0.38, df = 3/55, P = 0.766). On the
thirty-fifth day of measurement, the variation in leaf area
growth of J. curcas plants from Guinea, Mali, Mexico, and
Senegal was not significant.

Model of growth of leaf area

The logarithmic models expressing the leaf area as a
function of the measurement time were statistically
representative for each provenance. The correlation was
between 0.95 and 0.99. For the five models, the MAPE
was 5.92, 27.43, 9.13, 13.11, and 7.09% for Guinea,

Phase 2

> € ->

Phase 3

Mali, Mexico, Senegal, and all provenances, respectively.
It was highest for Mali and Senegal. The RMSE was
equal to 0.81 cm? (Guinea), 2.06 cm? (Mali), 1.14 cm?
(Mexico), 1.82 cm® (Senegal), and 0.72 cm?® (all
provenances). This error was highest in Mali and Senegal
(Table 3).

DISCUSSION

The introduction of new plant material in an environment
presupposes knowledge of its growth and development
cycle. J. curcas is a plant known for its ability to produce
biofuel and contribute to improving the living conditions of
rural communities. This plant has behaved well in the
western part of West Africa (Ouedraégo, 2006). In Niger,
in the Sahelian region, the first experiments showed an
additional need for irrigation water for this species to
complete its development cycle (Moussa et al.,, 2017,
Zakari, 2013). Analysis of seasonal variation of leaf area
is an important indicator in understanding the degree of
adaptation of the plant to the environment (Cai et al.,
2017).

A good compromise between water losses and gas
exchange, particularly carbon dioxide, is a good indicator
for improving biomass production and climate adaptation
(Tardieu, 2005; Kim et al, 2017). Very often these
exchanges take place through the leaf area. The
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Table 3. Statistical parameters of model according to provenances.

N a b R® MAPE (%) RMSE (cm® Models P-value
Guinea 20 -20.45 24.33 0.98 5.92 0.81 -20.45+ 24.33InT ~ ***
Mali 31 -32.7 30.10 0.95 27.43 2.06 -32.7+30,10InT  ***
Mexico 21 -29.4 31.50 0.99 9.13 1.14 -29.4 +31.50InT  ***
Senegal 31 -41.4 31.50 0.98 13.11 1.82 -41.4 +31.50InT  ***
All 104 -27.7 28.20 0.95 7.09 0.72 -27.7+28.20InT  ***

N: number of leaf, a and b: coefficient of model, R* coefficient of correlation, MAPE: mean absolute percentage of error, *** P < 0.001, ** P <0.01, *

P <0.05, NS P > 0.05.

development of the leaf area of J. curcas was most
important during the wetter period (August) of the year.
From a general point of view, the water deficit leads to
an architectural adjustment in the plant, which begins
with the reduction of the transpiring area. In the worst
case, leaves are eliminated, and small branches are
taken to ensure survival (Gleason et al., 2016). Under
the conditions of this study, where the water balance
shows that the humber of months during which the water
is usable by the roots does not exceed three, namely
July, August, and September (Moussa et al., 2017), the
development of J. curcas under the dependence of rain
water is of great concern. Despite a significant correlation
being established between growth and adaptation in
Euphorbiaceae, (Gleason et al., 2016), it nonetheless
remains the case that J. curcas production requires water
supplementation. Such observations of other growth
parameters were made by Moussa et al. (2017), in
particular on the growth in height, diameter, and
multiplication of leaves and branches of J. curcas in
Niger. In general, when the moisture decreases as in
October, the plants lose water by perspiration through the
leaves, and the leaf area decreases. Then, when water
deficit is observed, the rate of cell division of the plant
decreases; the cell walls, which have to deform to allow
cell growth, become more rigid; and turgor decreases
(Smith et al., 1997; Francois et al., 2006). This variability
of leaf area by the season of the year for the same
species has been observed elsewhere in Ulmus japonica
(Cai et al., 2017). Even if the two species are different,
this reflects the natural behavior of certain plant species
in relation to the climatic conditions of the environment.
The same observations were made between the dry
periods of the year and the reduction in leaf area in many
plant species by Kim et al. (2017). For the growth of
young leaves of J. curcas, there are three phases: a slow
phase, a phase of strong growth, and a stationary phase.
The slow phase of early growth is due to the introduction
of the compounds or structures necessary for growth.
The active phase can be explained by accelerated cell
divisions and growths. Finally, the stationary phase is the
result of growth arrest and senescence of the cells
(Heller, 1985). The peak of leaf growth is reached on
average on the thirtieth day and usually there are fallen

leaves after two months of growth. Ouédraogo (2006)
observed a stunting of the leaves of J. curcas in a
nursery on the forty-third day. The growth of leaves could
also depend on environmental conditions and the intrinsic
nature of the species. This has been demonstrated by the
fact that leaf life and physiological function increase from
deciduous to evergreen species and can ranged from
165 to 509 days, respectively (Brodribb et al., 2002;
Athokpam et al., 2013).

Moreover, Humphries (1966) observed three
relationships between area and cell number of
successive leaves with the photoperiod: in phase (1), cell
number increased at a greater rate than leaf area; in
phase (2), leaf area decreased while cell number
increased; in phase (3), cell number and leaf area
decreased proportionally. These results corroborate
those found in this study. For the data collected during
this experimentation period, the logarithmic model
responded the most compared to the other models. For
the same species, leaf growth variation was confirmed by
Cai et al. (2017). Depending on the time of year, the leaf
area growth models developed by these authors can
move from a linear model to a power model. The models
developed in this study gave high correlation coefficients
of close to 1. The validation of these models is not limited
to the simple estimation of the correlation coefficient. A
model can have a high coefficient of correlation and hide
important errors. The analysis of MAPE revealed high
errors between 5.92 and 27.43% in each of these models
(Sileshi, 2014). These errors were higher in the Mali and
Senegal provenances. This reflects the variability of leaf
growth of these two provenances under the conditions of
the experiment, which seemed more homogeneous in
Guinea and Mexico. The low MAPE values of less than
10% indicate that these models were performing well.
Even if these errors were high in Mali and Senegal, it is
still possible to use the generic model of which they are
weak. The accuracy of these models also remains
significant with the low values of the RMSE, especially for
the generic model and the provenances of Guinea and
Mexico. Indeed, it is highly rare in the literature to find
leaf area growth patterns. However, in some cases leaf
area growth models have been developed with precisions
of 93.96% and 96%, depending on the season of the year



(Cai et al., 2017).

Conclusion

This study illustrated the dynamics of the leaf area of J.
curcas plants in sandy soil and the Sahelian climate of
Niger. The growth of J. curcas leaves was more effective
during the wet period of the year, including July and
August, with a nonsignificant difference between
provenances. At the lowest water deficit (September and
October), J. curcas plants lost their medial and basal
leaves and also reduced their transpiring area. To ensure
the production of J. curcas under these conditions, it is
necessarily important to provide the plant with a
supplement of irrigation water at the end of the rainy
season. The present study also saw the development of
models of leaf area growth of J. curcas plants. To reach
its full growth, the leaf took thirty days, following a
sigmoid curve. The logarithmic model was chosen as the
most efficient among the four types of tested models.
These results are useful in understanding the cycle of
growth and development of this plant in Niger. Better still,
they will guide its management in agrosystems by the
knowledge of its critical period of water need. The model
thus developed can improve the production process of
the species by predicting its leaf area to ensure good
water efficiency.
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