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Abstract
The industrial tomato (Solanum lycopersicum) is subject to weed interference that depends, among other factors,
on plant density. This work aimed to quantify the competitive interactions and competitive indexes between
industrial tomato and slender amaranth (Amaranthus viridis L.). An additive experiment for the two monocultures
(pure stands) that varied from 20 to 100 plants m-2 was used to determine the value at which the production of each
species became independent of the density. A replacement series experiment was also used, with a total density of
60 plants m-2 and five intercropping ratios (tomato: slender amaranth with 100:0, 75:25, 50:50, 25:75 and 0:100
ratio), both experiments used a completely randomized with four replications. Regression and coefficient of
competitiveness analyses were performed. Tomato showed a higher competitive ability for resources than slender
amaranth, and the intraspecific competition was more important than interspecific competition for the industrial
tomato.
Keywords: Lycopersicon esculentum, Solanum lycopersicum, Amaranthus viridis, interference, replacement
series
1. Introduction
Tomato (Solanum lycopersicum) is one of the most important crops in the world, with the worldwide production
in 2009 being more than 151 million tonnes, including a cultivated area of more than 4 million hectares. China,
the United States and India are the biggest producers of tomatoes. In Brazil, the ninth largest producer, tomato is
one of the most important commercial horticultural crops, with an annual production of 4.1 million tonnes in an
area of approximately 65,000 ha, with an average productivity of 63 t ha-1 (Agrianual, 2012).
However, similar to other crops, tomatoes are subject to losses in productivity due to ecological factors,
particularly weed interference. Weeds are responsible for productivity losses due to both direct and indirect
effects: directly, by competing for environmental resources (light, water, nutrients, space and CO2), and
indirectly, by acting as hosts of insect disease vectors and influencing the operation efficiency of the harvest.
The emergence of weeds in tomato crops throughout the entire lifecycle is favored mainly by the architecture of
the canopy and row spacing (Nascente et al., 2004). Weeds change the growth and development of tomatoes,
causing reduction in the quantity, size and weight of the produced fruits, and may also interfere with fruit
maturation and increase the amount of rotten fruits, depending on the duration of coexistence (Hernandez et al.,
2007).
Slender amaranth (Amaranthus viridis L.) is one of the main species that affects the development of tomato
plants. This species has a high potential to interfere with agricultural crops due to its efficient use of resources
during the early stages of growth (Carvalho et al., 2008).
Evaluating the interference of weeds in tomato, Silva et al. (2010) found that slender amaranth accumulated
more dry matter and grew better than purple nutsedge (Cyperus rotundus), hairy beggarticks (Bidens pilosa) and
American black nightshade (Solanum americanum), demonstrating the greatest potential interference.
Furthermore, slender amaranth, along with American black nightshade, reduced the production of tomato fruits
and was the species that most negatively affected the accumulation of nutrients in the tomatoes.
Plant density is a major factor to the weed community in culture: the greater the density of the weeds, the greater
is the number of individuals competing for the same resources, and the competition suffered by the cultured
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plants is more intense (Pitelli & Karam, 1988). Furthermore, plant density is an important management factor
that influences the yield of crops (López-Bellido et al., 2005; Dong et al., 2010; Ciampitti & Vyn, 2011). The
crop yield per unit area responds to plant density in a curvilinear mode, with the maximum yield occurring at the
optimum plant density, which depends upon the crop species, environmental conditions and agronomic factors
(Hiltbrunner et al., 2007; Dong et al., 2010; Ciampitti & Vyn, 2011). As plant densities are decreased, the
reduction in the number of plants per unit area is partially compensated by an accompanying increase in the
productivity of each plant.
Replacement series (Harper, 1977; Wit, 1960) are often employed for the study of weed competition, especially
when considering the effect of density and the ratio of the plants. This type of experimental design is based on a
constant total plant density in the potted culture and a variable proportion of the two species or biotypes in
competition (Harper, 1977). Isolated populations of the examined species, called monocultures, are also included
in the experiment at the same density. The basic principle of this experimental design is to determine the yield of
mixed competing species and to compare it with the yield of the monocultures. The assumption is that the total
pot density is sufficient to capture all of the resources available for growth considering the “constant final yield
law”. In these studies, the dry mass production and leaf area are basic variables that are evaluated when studying
plant growth (Radosevich, 1987).
The present study aims to quantify the relative competitiveness between industrial tomato and slender amaranth
by measuring the effects of the density and proportion of the plants.
2. Materials and Methods
Two experiments were conducted, additive monocultures (tomato and slender amaranth) and replacement series,
in an area located in Jaboticabal, state of Sao Paulo, Brazil (21°15'22'' S, 48°18'58'' W and an elevation of 595
m), from January to September of 2011.
The first experiment consisted of additive monocultures containing only treatments with each species at
equivalent densities (20, 40, 60, 80 and 100 plants m-2) for the determination of the threshold density, above
which the productivity for both species does not increase. This density was used in the second experiment, a
replacement series, in which the two species coexisted in different proportions of tomato plants: slender
amaranth (100:0, 75:25, 50:50, 25: 75 and 0:100).
The experiments were conducted in pots of fiber cement, with a capacity of 108 liters (area 0.36 m2) filled with a
typical Oxisol. Tomato (HEINZ 9553) and slender amaranth (Amaranthus viridis) seeds were sown in
polystyrene trays of 128 cells filled with horticultural substrate (Plantmax®), and the seedlings were transplanted
to the pots described above.
The experimental design for the two experiments consisted of randomized blocks, with five treatments and four
replicates.
The evaluations of the monocultures and replacement series were performed at 60 days after transplanting by
measuring the height, number of leaves, flowers and fruits, fruit fresh mass, dry mass of the leaves, stems and
fruits and total mass for the tomato plants. Meanwhile, for the slender amaranth plants the height, leaf number,
dry mass of the leaves, stems and inflorescences and the total mass were measured. The dry mass of each species
was obtained by drying the plants in a forced-air oven at 70°C; the leaf area of these plants was obtained using
the LiCor 3000A device.
The data obtained in the additive monoculture experiment were analyzed using nonlinear regression. The
characteristics of the two species affected by the interference among the individuals were then represented
graphically by including the values expressed by the plants as compared to the density of 20 plants.m-2 (lowest
density). Therefore, the density values of 20 plants m-2 was considered as the reference (100%), and all of the
other absolute values obtained for other densities were calculated from the values of the lower density. A linear
regression analysis was performed using the reciprocal of the dry mass of the shoots (DMS: leaves + stems) as
the dependent variable (1/DMS) and the reciprocal of the density as the independent variable (1/D).
The data for the reciprocal of the dry mass of the shoots produced by the plant population per square meter were
subjected to regression analysis using the sigmoidal model of Boltzman: [Y=(A1-A2)/(1+e^((x-x0)/dx) )+A2],
where A1 = the minimum production of dry mass, A2 = the maximum production, x = the population size, dx =
the speed of the species increase with increasing density and x0 = the coefficient Kn. In this regression function,
the theoretical maximum production (Ymax) was determined, and the population that is reached at a production
of 50%, the coefficient Kn, determines the sensitivity of the species to the competition among the individuals.
Following the procedure proposed by Wit and Van Den Bergh (1965), this model best fit the data.
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The data from the replacement series were further subjected to analysis proposed by Wit (1960), and the results
were interpreted visually using a graph that included the response of the relative production of the shoot dry
mass in relation to the proportion, comparing the expected production (hypothesis of non-interaction between the
plants) with a obtained yield for both of the species (Harper, 1977; Wit, 1960; Wit & Van Den Bergh, 1965).
We also calculated the Relative crowding coefficient (RCC) proposed by Wit (1960), which measures the
aggressiveness of the two species for each ratio of plants at the adopted critical density, using the following
formula: [(DMS tomato plants in coexistence / DMS of slender amaranth plants in coexistence) / (DMS of
tomato plants in monoculture / DMS of slender amaranth plants in monoculture)].
3. Results and Discussion
Figures A.1 and A.2 present the relative values of the characteristics expressed by the plants at a relative density
of 20 plants m-2 measured in the monoculture assays of slender amaranth and tomato. The regression results for
the absolute values are provided in Table A.1.
Table A.1. The absolute values of regression analysis for tomato and slender amaranth plants monocultures
Characteristic

Equation

R2

Number of leaves

y = 17.1 - 0.2x + 0.00123214x²

96.99*

Number of flowers

y = 3.5 - 0.1x + 0.00047321x²

99.38*

Number of fruits

y = 5.8 - 0.1x

92.89**

Leaf area (cm )

y = 589.13 - 4.39x

90.62**

Fresh mass fruits (g)

y = 21.5875 - 0.2231x

84.79**

Stem dry mass (g)

y = 7.4950 - 0.1189x + 0.0007x²

93.85*

Leaf dry mass (g)

y = 4.9000 - 0.0840x + 0.0005x²

97.09**

Inflorescence dry mass (g)

y = 0.0293 - 0.0007x + 0.00000424x²

97.39**

2

Tomato

Fruit dry mass (g)
Total dry mass (g)

y = 1.1250 - 0.01125000x
y = 13.9100 - 0.2307x + 0.0012x²

Height (cm)

y = 73.16 - 0.23x

Number of leaves

96.46*
86.38**

y = 62.9 - 0.9x + 0.00461607x²

99.61**

Leaf area (cm )

y = 563.32 - 10.650x + 0.06x²

99.76**

Stem dry mass (g)

y = 7.2603 - 0.1376x + 0.0007x²

99.91**

Inflorescence dry mass (g)

y = 4.6009 - 0.0903x + 0.0005x²

2

Slender amaranth

91.01**

Leaf dry mass (g)
Total dry mass (g)

96.63**

y = 2.6021 - 0.0488x + 0.00028x

2

95.60**

y = 14.4635 - 0.2768x + 0.0016x

2

95.50**

**P < 0.01; *P < 0.05.
The increase in plant density of the slender amaranth plants negatively affected the number of leaves, leaf area,
dry mass of the stems, inflorescences, leaves and total mass (Figure A.1 and Table A.1).
Through the regression analysis to the slender amaranth height (Table A.1), it was recorded that the height of
amaranth was a less-responsive characteristic, such that when the density increases from 20 to 40 plants m-2, the
height was affected by approximately 9% compared with the calculated value for the density of 20 plants m-2. At
the density of 60 plants m-2, the achieved reduction was 13%, and reductions also occurred at 60 plants m-2 but at
a lower rate that did not exceed the average value of 24%.
While, the leaves number of slender amaranth recorded 27% reduction at the density of 40 plants m-2 that
calculated by the equation (Table A.1). Moreover, at 40 to 60 plants m-2, the reduction was approximately 45%
of the lower density, whereas the reductions did not exceed the average value of 60% at the densities exceeding
60 plants m-2.
The leaf area, leaf dry mass and total mass of slender amaranth showed similar sensitivities to the increasing
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plant density, such that the median reduction at the density of 40 plants m-2 was 38%. The reductions were
approximately 62% at the density of 60 plants m-2, and essentially no further reductions were observed with
further density increases, with mean values not exceeding 73%.
The inflorescence dry mass and the stem dry mass characteristics were more affected by the intraspecific
interaction, with reductions of 40% in density at 40 plants m-2. At the density of 60 plants m-2, the reductions
were approximately 70% compared with the density of 20 plants.m-2; whilst at 80 plants m-2 the reduction
reached values higher than 80%.
The increase in the density of the tomato plants resulted in a decrease in the number of leaves, flowers, fruits,
leaf area, fruit fresh mass, dry mass of the stems, leaves, flowers and fruits as well as the total dry mass (Figure
A.2 and Table A.1).
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Figure A.1. Variation of slender amaranth (Amaranthus viridis L.) when in coexistence at increasing intraspecific
densities relative to the density of 20 plants m-2
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Figure A.2. Variation of tomato (Solanum lycopersicum.) when in coexistence at increasing intraspecific densities
relative to the density of 20 plants m-2
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Regarding the number of leaves for the tomato plants, the reduction in density at 40 plants m-2 was 20%
compared to the calculated value for the density at 20 plants m-2, according to the equation presented in Table
A.1. The reductions stabilized at approximately 30% at the density of 40 plants m-2.
For the stem and leaf dry mass of the tomato plants, decreases at the density of 40 plants m-2 by 30%. For the
density of 60 plants m-2, the reductions observed for both of these characteristics did not exceed 50%. The
reductions are practically constant at densities of 60 plants m-2, reaching a value not exceeding 60%.
The leaf area was found to be as sensitive to the intraspecific interference as the stem and leaf dry mass, with the
reductions increasing from 18% at the density of 40 plants m-2 to 70% at the highest density (100 plants m-2).
The total dry mass of tomato was also sensitive to an increase in the number of plants per area, such that when
the density increased from 20 to 40 plants m-2, a reduced of 32% was recorded. At the density of 60 plants m-2,
the calculated reduction was 55%; above this density, the reduction rate decreased, reaching 70% at a density of
100 plants m-2.
The number of flowers and fruits, fresh mass of the fruits, and flower and fruit dry masses for tomato were the
most sensitive characteristics to intraspecific interference, such that the reductions were less more than 50% at
the densities of 40 and 60 plants m-2. There wasn't significant production, with reductions exceeding 90% above
60 plants m-2.
By comparatively evaluating the curves in Figures A.1 and A.2, which provide the reductions in the absolute
values, the tomato was more sensitive to the competition among individuals than the weed, with a highly
numbers of characteristics being affected and the reductions more pronounced.
Moreover, the regression analysis of the reciprocal of the dry matter yield for both species using the reciprocal of
the density confirms the higher susceptibility of tomato to intraspecific interference, as demonstrated by the
angular coefficients of 0.05 for tomato and 0.04 for slender amaranth (Figure A.3).
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Figure A.3. Responses of tomato and slender amaranth monocultures represented by the reciprocal of the dry
matter per area (MS) in relation to the reciprocal of the density
In some studies that evaluated the effect of plant density using cultures of tomato (Hernandez et al., 2002),
eucalyptus (Toledo et al., 2001; Dinardo et al., 2003, Costa et al., 2006) and coffee (Dias et al., 2004; Marcolini
et al., 2009), the leaves were found to be sensitive to intraspecific competition, responding to a significant
increase in the number of plants per m-2. In the present work, the dry mass of the leaves of slender amaranth and
tomato were found to be more sensitive to intraspecific competition.
Hernandez et al. (2002) found that weed species were more sensitive to a variation in the density in relation to
the stem dry mass than a crop species. The data obtained in the present study confirm those obtained by these
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authors in that A. viridis was more sensitive to the increased density of plants. m-2 in relation to the production of
stem dry mass.
Evaluating the effect of plant density Lesquerella fendleri, Brahim et al. (1998) observed that an increasing
density resulted in a significant decrease in the width, mass and number of branches. Moreover, the increased
density of plants of the same species in the area may be beneficial, as observed by Zhang et al. (2012) who
reported that the seed yield and seed oil yield of Brassica napus L. were significantly higher with increasing
plant density.
On the other hand, the data from the reciprocal of dry mass produced by the population of plants per square
meter were subjected to the sigmoidal regression analysis of Boltzman [Y=(A1-A2)/(1+e^((x-x0)/dx) )+A2],
where A1 indicates the minimal mass production and A2 indicates the maximum mass production, which is
279.1 g.m-2 for tomato and 159.6 g.m-2 for slender amaranth, and x indicates the density. The maximum
theoretical production (Ymax) was determined according to this regression equation, and the population that is
reached at the production of 50% (coefficient Kn) is represented by x0 in the equation. The densities that
produce 50% of the constant final yield were 12.3 plants m-2 for tomato and 12.7 plants m-2 for slender amaranth.
Although the differences between the values of Kn were small, due to its lowest value, the results show that
tomato was more sensitive to intraspecific interference in comparison to slender amaranth (Figure A.4).
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Figure A.4. Responses of tomato and slender amaranth monocultures, as represented by the dry matter production
of the shoots (leaves + stems) in relation to the density
Our results corroborate those obtained by Christoffoleti and Victoria Filho (1996) who found that a cultivated
species (maize) was more sensitive to intraspecific competition and that a weed (Amaranthus retroflexus) was
more tolerant to competition among individuals of the same species. However, Yamauti et al. (2011) observed
that a cultivated species (triticale) showed a lower sensitivity to intraspecific competition than a weed (turnip). In
addition, Carvalho et al. (2010) found that Alexander grass (a weed) was more sensitive to intraspecific
competition than wheat plants.
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For tomatto and the slennder amaranthh, the yield obbtained at thee density of 440 plants m-2 was similar to
o the
maximum productivity (Ymax).
(
Howeever, due to the variability of the tomato ddata (Figure A..4) and considering
that, at a ccertain plant deensity, the masss production bbecomes indeppendent of the density, the "cconstant final yield
law" was aadopted at a density of 60 pllants m-2, whicch is the densiity that most cclosely matches the constant final
productivity. Thus, as thhe essential reqquirement of tthis type of exxperiment, thee experiment w
was designed at
a the
replacement density of 60
6 plants m-2 (JJolliffe et al., 11984).
By analyzzing the relativve crowding ccoefficient (CR
RS) proposed by Wit (19600), it is possibble to measure the
aggressiveeness of the tw
wo species wheen they coexistt in different prroportions usinng a replacemeent series. Wh
hen in
coexistencce with slendeer amaranth inn the proportioon of 75:25 (toomato: slenderr amaranth) att the density of
o 60
plants m-2, the tomato pllants presentedd CRS = 2.07, i.e., was twicee as aggressivee as the weed. H
However, whe
en the
proportionn was changedd to 50:50 or 225:75 at this saame density, thhe tomato agggressiveness w
was reduced to 1.11
and 1.23 (C
CRS); yet, the tomato was m
more aggressive than slender amaranth wheen in mutual cooexistence.
From the results presentted in Figure A.5, there is a similarity with the model IIa described by Harper (1977),
indicating that the interaaction betweenn industrial tom
mato and slendder amaranth occurs by the saame environm
mental
resources in which theyy live but that a species will capture thesee resources moore efficiently than other spe
ecies.
Thus, the ttomato was moore aggressivee and contributted to the total more than exppected, whereaas slender amaranth
contributedd less than exppected. Thereffore, at the dennsity of 60 plannts m-2, tomatoo prefers to coeexist with a sle
ender
amaranth plant rather than
t
another tomato plant;; in other woords, the intraaspecific interrference was more
important than the intersspecific interfeerence to the cuultivated plantt. Note that, allthough the com
mpetitive abiliity of
the weed hhas been more efficient in moonoculture, sleender amaranthh proved to bee a less effectivve competitor when
w
in coexisteence with tom
mato, confirmiing the resultss obtained by Christoffoletii and Victoriaa Filho (1996)) and
Carvalho aand Christoffooleti (2008) that evaluated thhe interferencee imposed by species of Am
maranthus. In other
studies, thhe cultivated species
s
was allso the more aaggressive com
mpetitor than the weed (M
Moraes et al., 2009;
2
Passini et al., 2001, Sanntos et al., 19977; Yamauti et al., 2011). Thuus, the compettitiveness of w
weeds may be more
related to tthe high densitties in which thhey occur thann to the intrinsiic competitivee ability of the species.

Figure A.55. Relative shooot dry mass off tomato and sleender amaranthh (Amaranthuss viridis) at a fiixed total densiity of
6 plants m-2 (ddashed lines reepresent the noo-interaction hyypothesis)
60
Furthermoore, it may be that the most critical resourrce competitionn has been thee light availabiility for the tomato
plants beccause of its arcchitecture and high-utilizatioon capacity off light, shadow
wing the slendder amaranth plants
p
when in ccoexistence. The
T fact that the weed preesents C4 phootosynthesis annd, therefore, requires a higher
incidence of light for thee production oof photoassimiilate may havee attributed to the competitivve advantage of
o the
tomato plaants (C3 plants)), which are m
more adapted too shaded enviroonments.
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4. Conclusions
Tomato exhibited a higher competitive ability for resources than slender amaranth, and the intraspecific
competition was more important than interspecific competition for the cultivated plants.
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