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Abstract:Studies on radiation use and physiological development such as leaf area of crops planted under screen-house and
ambient environments is very scarce in the sub-Saharan part of Africa. This research therefore was aimed at investigating the
radiation use of tomato under screen-house and ambient environment to determine its leaf area index (LAI) under different

irrigation water treatments: 100% Field capacity (100%FC), 75% FC, 50% FC and rain-fed condition in ambient environment.

AccuPAR LAI 80 Ceptometer (Decagon Device) was used for direct measurement of the above and below canopy
photosynthetic active radiation, fraction of beam interception (Fb), leaf distribution coefficient (chi), leaf area index (LAI),
zenith angle (@), and ratio of below canopy PAR and above canopy PAR (z). The radiation uses efficiency of tomato planted
in screen-house and under ambient condition was evaluated from the yield of tomato and fraction of beam intercepted by
tomato plant. Result showed RUE values of 0.29 +0.02 kg MJ'm2, 0.56 £0.002 kg MJ*m2, 0.6 +0.001 kg MJ*m and
0.21 £0.01 kg MJ*m2 for the tomato plant grown under 50%, 70%, 100% irrigation level, and control sample, respectively.
The highest LAI values (0.42) was obtained from tomato under 75% irrigation water level at the ninth weeks after
transplanting (9 WAT), which was found to be 22% higher than the tomato under the 100% FC irrigation water level (0.27).
The research information has revealed the yield potential and effectiveness of radiation utilization of tomato irrigated to 100%
FC in controlled environment when compared with tomato grown under ambient condition.
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Tomato (Solanum lycopersicum) is cultivated for its
nutritional and medicinal importance. Cooked tomatoes
and tomato products are the best sources of lycopene, a
very useful antioxidant helpful in preventing the
development of many forms of cancer (Mahajan and
Singh, 2006). In addition to this versatility, tomatoes
are also an important source of vitamins and minerals.


mailto:jtfasinmrin@futa.edu.ng

December, 2023

Radiation Use Efficiency and Growth Parameters of Tomato Plant

Vol. 25, No.4 47

The crop is an excellent source of phosphorus, iron and
vitamin A, B and C. They also contain small amounts
of the B complex vitamins; thiamin, niacin and
riboflavin (Varela.-Moreiras et al., 2013; Naika et al.,
2005). The leaf of tomato often serves as indicator to
either water stress or poor solar radiation interception.
Tomato farming is more successful where there are
long sunny periods. The

optimum  growing

temperatures are 21€ to 24<€. At these temperatures,

good quality seeds will take about seven days to emerge.

Temperature also affects flowering and pollination in
tomato. The hot and dry weather leads to drying of the
flowers and stops pollination. If temperatures are below
15€ or above 29<%€, pollen release is restricted
resulting in incomplete fertilization of ovules. This
causes collapsed fruit walls and the formation of deep
indentation in the fruit, a phenomenon called cat-face
(Bok et al.,, 2006). The importance of maintaining
adequate moisture supply to tomato, most especially
through drip system of irrigation cannot be over-
emphasized even when other environmental factors are
met for optimum growth and yield (Zhai et al., 2010;
Mukherjee et al. 2023)

At the crop level, radiation use efficiency (RUE)
can be defined as the ratio of dry matter production of
the crop to absorbed, intercepted or incident radiation.
Improving RUE at both leaf level and crop level
contribute to RUE at the level of the production system.
RUE can be improved by cultivation methods as well as
plant breeding. Improved RUE (expressed as the ratio
between total dry matter production and intercepted
radiation) is the main factor explaining why modern
cultivars have higher production rates than older
cultivars (Higashide and Heuvelink, 2009). Studies
have shown that plants use diffuse light more efficiently
than direct light (Gu et al., 2002; Mercado et al., 2009).
This suggests that improved crop RUE in screen-house
could be realized through diffusing the incident light in
the screen-house. Furthermore, in summer a large
amount of solar light is not used for production of

shade-tolerant pot plants such as anthodium, orchids
and bromeliads, because growers regularly apply
shading screens to prevent damage of leaves and
flowers. Growers often report that not more than about
5 mol m2d? of photosynthetic active radiation (PAR)
is realized in the greenhouse (in summer this is about
10-20% of the PAR outside the greenhouse). This
severe shading potentially limits crop photosynthesis.
This brings the question whether or not we can apply
less shading for cultivation of shade-tolerant pot plants
without negatively influencing their quality. In winter
when solar light levels are low, supplementary light is
widely applied in greenhouses at northern latitudes to
improve assimilation rate of the crop. Growers apply
large quantities of supplementary light, which costs a
lot of energy. The question can be raised if these high
levels of supplementary light are always efficient. More
light may not lead to more production if the crop is sink
limited, i.e., the source strength (assimilate production)
is larger than the sink strength (ability to utilize
assimilates). In these cases, less supplementary light
will not reduce crop growth and consequently it will
increase crop RUE. For crops such as tomato, the
source-sink balance may vary during plant development
and between cultivars, which often differ in sink size of
the fruits, while fruits are the major sink organs in
tomato (Heuvelink et al., 1995). Nevertheless, growers
often apply similar lighting regimes for different
cultivars and developmental stages. Despite all this
developments, relevant data on the radiation use of
crops and its attendant effects on leaf areas of crop is
very scarce. Therefore, this research is aimed at
evaluating the leaf area index of tomato as influence by
screen-house and ambient environment under different
water management strategies.

2 Materials and methods

2.1 Site description
The study was carried out at the Research and
Training Farm of the Department of Agricultural
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Engineering, Federal University of Technology, Akure,
Nigeria. Akure is located on latitudes 7°14'N and
7°17'N and within longitudes 5°08°E and 5°13°E.
Akure has a land area of about 2303 km? and is situated
in the humid rainforest region of southwestern Nigeria.
The general elevation is 300 - 700 m above the mean
sea level. Local peaks rise to 1000 m; other hill-like
structures which are less prominent rise only a few
above the elevations

hundred meters general

(Fasinmirin and Oguntuase, 2008). The pattern of
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AKURE STREET MAP SHOWING THE WATER BODIES

rainfall is bimodal, the first peak occurring in June and
July, and the second in September, with a little dry spell
in August. The mean annual rainfall ranges from 1300
mm to 1500 mm (Fasinmirin et al., 2018) with an
average temperature of 27C. The relative humidity
ranges between 85 and 100% during the rainy season
and less than 60% during the dry season. The soils are
light textured, fine sandy loam to fine sandy clay loam.
The location of experiment within Nigeria and Ondo
State is shown in Figure 1.

MAP OF ONDO STATE SHOWING AKURE SOUTHLGA

WGS_1984_UTM_ZONE_31N
Projection: Transverse_Mercator
Linear unit: Meters

Figure 1 Map showing Akure South (Study Area) in Nigeria.

2.2 Experimental Procedure

The screen-house used for this experiment was 3.4
m high, 4.6 m long and 3.0 m wide, Cherry tomato
seedlings was planted in nursery trey and allowed to
germinate for four weeks after which it was
transplanted into the soil media in the screen house.
The experiment was conducted in split plot design of
three different treatments i.e. irrigation application to

100% field capacity (100% FC) as treatment 1 (T1), 75%

FC as (T2) and 50% FC as (T3) of the soil field
capacity, replicated three times in the screen-house,
while tomato seedlings were planted under rain-fed
condition in three different plots (0.5 < 0.5 m?) in the
ambient environment just beside the screen house
(Control experiment, T4) to make a total of twelve plots
in all. Drip irrigation was solely used during this
experiment and water application to different plots was
carried out using drip lines which conducted water from
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a tank (30 L capacity) placed at a head of 1.2 m to the
plots.

2.3 Measurements

2.3.1 Photosynthetic active radiation (PAR)

Above and below canopy PAR of crop under
different water management was measured directly on
the field using LAI/PAR Ceptometer, model AccuPAR
LP-80 (Decagon device). Leaf distribution coefficient
(chi), leaf area index (LAI), zenith angle (6), fraction of
incident PAR, ratio of below canopy PAR and above
canopy PAR (z) were measured on the field using the
LAI/PAR Ceptometer.

2.3.2 Calculation of extinction coefficient (K) and RUE

Based on the measured values of LAI and PAR data
(incident PAR above the canopy and incident PAR
transmitted through the canopy), the extinction
coefficient, K of tomato was determined using the
Beer-Lambert equation, which is an exponential form
of the Equation (Thornley and France, 2007):

lf/lo= g K" 1)
where |; is the transmitted PAR (TPAR), | is the
incident PAR and K is the light extinction coefficient.

From this equation, we can calculate IPAR as:

IPAR = lo(1 — e—#4 * 1A 2)

RUE was calculated from the slope of the linear
regression of cumulative IPAR on cumulative dry
biomass obtained from the sequential samplings (Kiniry
etal., 2001; Ahmad et al (2008)

RUE = oM
IPAR

®)
where TDM is the total dry matter produced (g m);
IPAR is the intercepted photosynthetic active solar
radiation (MJ.m?); and RUE is the radiation use
efficiency of dry matter produced (g. MJ?).
2.3.3 Agronomic measurements
Crop agronomic parameters such as tomato plant
height, stem girth, fruit height and fruit diameter were
determined on function of weeks after transplanting.
The tomato plant height was measured using steel meter
rule from the soil surface at the base of the plant to the

apex of the plant, while the tomato stem girth was
determined using digital electronic venier caliper. Also,
the height and diameter of fresh harvestable fruits were
measured with the aid of venier caliper. All yield
parameters were measured from the 8 weeks after
transplanting (8WAT).
2.4 Statistical Analysis

All intercepted photosynthetic active radiation and
agronomic responses of tomato plant were subjected to
statistical analysis such as means, standard deviation
and analysis of variance (ANOVA). Models describing
the relationship of the intercepted photosynthetic active
radiation (IPAR), fraction of intercepted photosynthetic
active radiation (FIPAR) and RUE with irrigation levels
and time of harvest were established. The relationships
between tomato yield components, irrigation levels and
growing period were derived using multivariate
regression analysis. All statistical analysis were
conducted using Minitab 18 software

3 Results and Discussion

3.1 RUE of Tomato

The RUE of the plant is an important factor that
influences plant growth (Li et al. 2022). In the absence
of stress, RUE is strictly associated to the maximum
leaf photosynthetic rate (George-Jaeggli et al., 2013)
and correlates well with those effectors that increase the
photosynthetic activity such as the leaf nitrogen content
(Ding et al., 2021).

The radiation use of the tomato plant was obtained
based on the intercepted photosynthetic active radiation
(IPAR), fractional of intercepted photosynthetic active
radiation (FIPAR) as presented in Figure 2, IPAR
values of 3773 MJ m, 2230 MJ m?, 2147 MJ m*2, and
3956 MJ m2 were recorded for tomato plants grown
under 50%, 70%, 100% FC, and control samples,
respectively. FIPAR values of 8.90, 7.13, 5.79 and 3.33
were observed for tomato plants grown under 50%,
70%, 100% irrigation to FC and the control samples,
respectively. The implication of these results is that
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higher percentage of radiation received in the
greenhouse was absorbed by irrigated tomato plants
when compared with the tomato grown under ambient
condition (control sample). Also, the RUE values of
0.29 +0.02 kg MJ*m2, 0.56 £0.002 kg MJ*m=2, 0.6 =
0.001 kg MJ*m=2 and 0.21 + 0.01 kg MJ'm2 were
recorded for the tomato plants grown under 50%, 70%,
100% FC, and control samples, respectively (Figure 3).
The result clearly shows that plants under 100% FC
has the lowest IPAR and FIPAR compared to other
treatments in the greenhouse, whereas the highest RUE
was recorded from the tomato plant grown under 100%
irrigation to field capacity (100% FC).

The irrigation water level had no significant effect
(p< 0.05) on the radiation use of the tomato plant
among IPAR, FPAR and RUE (Table 1). Although the
result further shows that the combination of the
irrigation water level and the growing period can

significantly explain the change in the radiation use of
the tomato plant. Mathematical relationships were
established for the prediction of the radiation use of the
tomato plant (IPAR, FPAR and RUE) on function of
irrigation water levels and the harvesting period. Model
accuracy showed that the combination of the irrigation
water level and growing period can predict about 90%
(p<0.001) of the IPAR, FIPAR and RUE of the tomato
plant. The developed model is shown in Equations 4 — 6.

IPAR = —606.69 + 576.86t + 5.471 — 2.90¢I (4)
FIPAR(M]) = —1.85+ 1.29¢ + 0.015] — 0.0039¢/
(5)

RUE = 0.016 + 0.0061 (6)

Where, IPAR is the intercepted photosynthetic
active radiation, FIPAR fractional intercepted

photosynthetic active radiation and RUE is the radiation
use efficiency, t is the harvesting period (weeks) and |
is the irrigation level (%).
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Table 1 Analysis of variance for the radiation use of tomato under different treatments

50

Radiation use\ Source DF Sum of squares Mean squares F p>F
FIPAR Model 3 84.927 28.309 245,745 <0.0001
t 1 9.675 9.675 83.987 <0.0001
| 1 0.378 0.378 3.282 0.088
t* 1 0.523 0.523 4541 0.048
Error 17 1.958 0.115
Corrected Total 20 86.885
IPAR Model 3 11483142.035 3827714.012 38.024 <0.0001
t 1 1927750.483 1927750.483 19.150 0.0004
| 1 52316.002 52316.002 0.520 0.4808
t*1 1 293722.002 293722.002 2.918 0.1058
Error 17 1711307.277 100665.134
Corrected Total 20 13194449.312
RUE Model 1 0.145 0.1453 35.845 0.0005
| 1 0.145 0.1453 35.845 0.0005
Error 7 0.028 0.004
Corrected Total 8 0.174

Photosynthesis in plants depends on various vegetat
ive growth factors, such as leaf age, leaf areaand leaf nu
mber. Leaf area is related to canopy photosynthesis and
production of crops (De Pascale et al., 2015). In terms
of fruit quality, the fruit weight is dependent on leaf
area index and the higher the RUE, the heavier the fruit
weight. All indexes of tomato development in this
research point to the fact that the higher the leaf area,
the better the radiation use for photosynthesis and
consequently, the higher the yield.

3.2 Tomato fruit diameter

The fruit size is a very important factor in tomato
processing and production. Thus, the effect of water
supply on the fruit size is widely studied; also, the

variation in the level of irrigation and its effect on the
size of the tomato fruit is a key factor for enhancing its
production. The size of the tomato fruit was obtained
based on the fruit diameter, fruit height, tomato stem
girth and height. Weekly measurements under the
different irrigation water levels (100% FC, 75% FC, 50%
FC and control) are presented in Figures 4 and 5.
Tomato fruit diameter ranges from 34.03 mm - 35.63
mm, 33.73 mm - 35.1 mm, 33.53 mm - 35.73 mm and
33.57 mm - 34.27 mm for the tomato fruit harvested
under 100%, 70%, 50% and control sample respectively,
while fruit height ranges from 37.9 mm - 41.33 mm,
37.83 mm - 40.47 mm, 37.83 mm - 40.6 mm, 37.83 mm
- 38.67 mm for the tomato fruit harvested under 100%,
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70%, 50% and control sample, respectively. This
clearly shows that the tomato fruits obtained from the
100% irrigation are bigger in size in terms of length
when compared with other treatments. Based on the
result of the analysis of variance shown in Table 2, the

36

355

irrigation water level had no significant effect (p< 0.05)
on the size of tomato fruit (fruit diameter and length),
although the result further shows that the combination
of the irrigation water level and the harvesting period
can significantly explain the change in fruit size.
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Figure 5 Tomato fruit length on function of weeks after transplanting

However, a mathematical relationship was
established for the prediction of the fruit size (fruit
diameter and fruit height) on function of the irrigation
water level and the harvesting period. The model

accuracy showed that the combination of the irrigation

water level and harvesting period can predict fruit
diameter and fruit height to the 5% level of significance
(p = 0.0135)

The developed model is presented in Equations 7
and 8 for fruit diameter and fruit height respectively.
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FD = 35.39 —0.32t — 0.00571 + 0.002061t (7)
FH = 40.38—0.472t — 0.0012] + 0.00131t (8)

where, FD is the fruit diameter (cm), FH is the fruit
height (cm), t is the harvesting period (weeks) and | is
the irrigation level (%).

Table 2 Analysis of variance (ANOVA) for the variation in the fruit size

Fruit size Source DF Sum of squares Mean squares F p>F
Diameter Model 3 6.297 2.099 3.883 0.014
t 1 1.459 1.459 2.700 0.106
I 1 0.161 0.161 0.298 0.587
I*t 1 0.388 0.388 0.718 0.400
Error 57 30.811 0.541
Corrected Total 60 37.108
Height Model 3 32.737 10.912 12.138 <0.0001
T 1 3.256 3.256 3.622 0.062
| 1 0.007 0.007 0.008 0.928
I*t 1 0.155 0.155 0.172 0.679
Error 57 51.246 0.899
Corrected Total 60 83.983

3.3 Tomato Plant Height and Stem Girth

Tomato stem girth and plant height as affected by
the variation in irrigation level over the growing period
is graphically presented in Figures 6 and 7, respectively.
The growth of the tomato plant under different
irrigation levels (100%, 75%, and 50%) was
significantly different (p= 0.05) from the control, while
the values under 100% FC irrigation treatment were not
significantly different comparatively with both 75% and
50% FC irrigation treatments. Posthoc test carried out
on tomato growth parameters showed significantly
lower stem girth and plant height. These variations can
be attributed to the contribution of the use of screen-
house. Giuliani et al. (2016) reported a significant
difference in the values for the treatments restoring 100%
FC and 70% FC and this might be due to the fact that
the water was only supplied at extreme water stress of
the tomato plant, while predetermined schedule was
available to irrigate the soil to a desired field capacity in
the greenhouse.

The relationships between tomato yield components,

irrigation levels and growing period were derived using
multivariate regression analysis and the relationship
with two-factor interaction have a better prediction of
over 90% degree of accuracy at p< 0.05 significance
level (Table 3). From the regression analysis, the plant
growth parameters significantly depend on the growing
period after transplanting followed by the irrigation
water level, while the interaction between the growing
period and irrigation water level has no significant
effect (p<0.05) on the plant growth.

Nonetheless, some researchers suggested that the
optimal water supply might be around 60 —70% of crop
evapotranspiration in the future because the predicted
effects of climate change and heat stress identification
will reduce irrigation water availability. The study
emphasized the beneficial effects of moderate water
stress during the ripening stage of tomato (Giuliani et
al., 2019). The increment in growth rate induced by
water deficit can be genotype-dependent as well and not
only the effect of water deficit (Arbex de Castro Vilas
Boas et al., 2017).
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Table 3 Analysis of variance for yield components

Plant growth Source DF Sum of squares Mean squares F p>F
Stem girth Model 3 33.432 11.144 55.144 <0.0001
t 1 31.256 31.256 154.669 <0.0001
| 1 1.748 1.748 8.649 0.009
tl 1 0.428 0.428 2.116 0.164
Error 17 3.435 0.202
Corrected Total 20 36.867
Plant height Model 3 3904.411 1301.470 324.550 <0.0001
t 1 3827.250 3827.250 954.408 <0.0001
| 1 73.143 73.143 18.240 0.001
tl 1 4.018 4.018 1.002 0.331
Error 17 68.171 4.010
Corrected Total 20 3972.582

3.4 Leaf area index (LAI) of tomato

Effect of irrigation water level on LAI progression
is graphically presented in Figure 8. The highest LAI
value (0.42) was obtained in tomato irrigated to 75%
FC during the 9 weeks after transplanting. At this point
the LAI of tomato irrigated to 75% FC was 22% higher
than the tomato under 100% FC (0.27). Similar
observation was made by Harmanto et al. (2005) who
reported maximum tomato LAI of 4.8 in plots irrigated
to 75% of ETc (actual evapotranspiration) for
greenhouse grown tomato. Campillo et al. (2010) also
reported highest LAI for greenhouse grown tomato and
cucumber to be 3.7 and 3.66, respectively which is

4 Conclusion

The research suggested effective management of
scarce water resources based on the fact that the
irrigation application up to the 75% FC gave highest

LAI when compared with irrigation application to 100%

FC. The combination of the irrigation water level and
the growing period can significantly influence the
radiation use of the tomato plant. However, tomato
irrigated to 100% FC had greater yield comparatively
with other levels of irrigation during the research. The
research provided a mathematical model for the

consistent with the present study. However, in this
study, LAI values for crops irrigated to 50% and 75%
FC were found to be higher when compared with crops
irrigated to Field capacity (FC 100).

The LAI ceptometer gave reliable readings for
tomato in this study. Moisture status with the gas
exchange is favourable for the development of leaves’
stomata density, which functions in response to leaf
water status and has a correlation with specific leaf area
corresponding to LAI (Xu and Zhou, 2008). Moreover,
soil nutrients, climate and other factors like location
and management practices may have influenced LAI.

prediction of tomato fruit diameter and height on
function of irrigation water level and harvesting period.
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