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ABSTRACT

The production of vegetable crops has been characterized as a highly intensive activity in the use of soil,

water, inputs and labor in semi-arid regions, being practiced mostly by small family farmers as a way of

subsistence, or in the small-scale commercialization of surplus production.Among the agricultural practices

that have been successfully used by vegetable producers are intercrop systems that, when implemented

with adequate management, present gains in productivity, nutritional, economic, and environmental value.

The aim of this study was to estimate the optimal plot sizes of plantings of carrot (Daucus carota L.)

intercropped with arugula (Eruca sativa L.) in bi-cultivation in three spatial arrangements, as well as to

determine bio-agroeconomic revenues from associations between these vegetable crops in a semi-arid

region. Estimates of optimal sizes of experimental plots in intercropping systems, provided by the methods

of bootstrap resampling and of sampling intensity (10%), were four, four and three basic units, respectively,

for the spatial arrangements 2R:2C, 3R:3C, and 4R: 4C, between rows of arugula (R) intercropped with

carrot (C), and by the Hatheway method, all spatial arrangements were of four basic units. The best

bio-agroeconomic performance of carrot intercropped with arugula in bi-cultivation was obtained in the

spatial arrangement 2R:2C.

Key words: Daucus carota, Eruca sativa, Plot size, Intercrop, Bio-agroeconomic index.

INTRODUCTION

The intercrop system constitutes a viable option

for establishing and developing vegetable crop
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agricultural systems in semi-arid regions (Almeida

et al. 2015). This practice is characterized by the

planting of two or more cultures in the same area

(Lima et al. 2014). These may or may not be seeded

simultaneously, and their harvest times may or may

not be different. The main benefit of the system
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is that, for a significant part of the cycle of both

cultures, they can share the same area.

Intercrop is mainly used by small farmers,

who seek to make the most of limited areas

that are manually cultivated, including weeding,

fertilization, pesticide application, and other

cultural practices (Coelho et al. 2000), and which

enable greater diversification of diet, and increased

profitability per acre.

The success of research involving such

vegetable crop systems depends on methods that

are able to detect small, but significant, variations,

thus requiring continuous improvement of the

experiments, and a high level of accuracy. In

order to perform experiments on intercrop with

high precision, it is necessary to have a plan

that adequately defines what will constitute the

experimental unit, or plot, and that aims to increase

experiment efficiency by reducing experimental

error (Paranaíba et al. 2009a).

Previous works that have studied optimal

vegetable monocrop plot sizes include those

concerning pumpkin (Curcubita pepo L.: Mello

et al. 2004, Hernández et al. 2006), zucchini

(Curcubita pepo L.: Feijó et al. 2006), carrot (Vieira

and Silva 2008), watermelon (Citrullus lanatus

(Thunb.) Matsum. & Nakai: Neppl et al. 2003),

strawberry (Fragaria x ananassa Duch.: Cocco et

al. 2009), and tomato (Lycopersicum esculentum

upL.: Lúcio et al. 2010). There are no papers in the

literature concerning the determination of plot size

for intercropped vegetable crops.

Methodologies with different characteristics

for determining the size of experimental plots

can be found in the literature, such as a method

for maximum curvature (Silva et al. 2003),

the Hatheway method for maximum modified

curvature (Santos et al. 2012), segmented linear

models with plateau (Paranaíba et al. 2009b),

bootstrap resampling (Espinosa et al. 2006), and

sampling intensity (Augustynczik et al. 2013).

One of the classic ways used to study plot size

is the assay, blank experiment, or uniformity. Muniz

et al. (2009) considered that this is one of the best

ways to study the optimal size of plots. According

to Lúcio et al. (2004), a blank assay is where a given

species is grown throughout the plot, submitting the

entire area to the same cultural practices. Then, the

area is divided into subplots, and the production of

each subplot is measured separately. The yields of

nearby subplots can be used to add together subplots

to form parcels of different sizes and shapes. Thus,

we can evaluate, and compare the variability of, soil

and other factors that influence plant yield.

Various evaluation indices of intercrop systems

have been used in research on crop intercrop. The

land equivalent ratio is that most frequently used

by researchers in this subject. Land equivalent ratio

is a relatively simple concept and, when properly

calculated, gives a measure of the biological

efficiency and physical of the intercrop system.

Indices and experimental models need to be

carefully tailored to the specific goals of the

experiments because certain widely-used methods

can lead to erroneous evaluation of aspects of

interspecific interaction and of the advantages of

intercrop (Bezerra Neto et al. 2007).

In this context, the objectives of this study

were to estimate the optimal plot size for a

planting of carrot intercropped with arugula, in

bi-cultivation, in three spatial arrangements, as well

as to determine the bio-agroeconomic revenues

from associations between these vegetable crops in

a semi-arid region.

MATERIALSAND METHODS

SITE AND CLIMATE

Three assays of uniformity (A1, A2, and A3) were

conducted at the Experimental Rafael Fernandes

Farm in Alagoinha, 20 km of the city of Mossoró

- RN, NE Brazil (5◦11´S, 37◦20´W; altitude, 18

m). The climate of the region is semi-arid and,
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according to the Köppen climate classification

scheme, designated as ‘BShw’ – dry and very hot,

with two seasons: a dry season, which usually runs

from June to January; and a rainy season, from

February to May (Almeida et al. 2015). The soil is

classified as oxisol argisolic (EMBRAPA 2006).

EXPERIMENTAL LAYOUT

The blank assays (A1, A2, andA3) were constituted

of three spatial arrangements of planting, formed

by strips of two, three or four arugula (R) rows,

interplanted with strips of two, three or four carrot

(C) rows in an intercrop system (Figures 1-3).

Assay A1 was composed of the planting spatial

arrangement 2R:2C, where strips formed by two

rows of arugula plants were alternated with strips

of two rows of carrot plants. Side and head

borders were placed around the edges of the assay

(Figure 1). Assay A2 was composed of the spatial

arrangement 3R:3C, where strips formed of three

rows of arugula plants were alternated with strips of

three rows of carrot plants. The assay was flanked

by side and head borders (Figure 2). Assay A3 was

composed of the spatial arrangement 4R:4C, where

strips of four rows of arugula plants were alternated

with strips of four rows of carrot plants. Lateral and

head borders were also placed on each side of this

assay (Figure 3).

Assay A1 was composed of 17 basic

experimental units, formed by two rows of arugula

and two of carrot (2R:2C). Each basic unit had a

total area of 0.96 m2 (0.8 m x 1.2 m), with a harvest

area of 0.8 m2 (0.8 m x 1 m), containing 80 arugula

plants, spaced at 0.2 m x 0.05 (with two plants per

hole), and 40 carrot plants, also spaced at 0.2 m x

0.05 m. Assay A2 was also composed of 17 basic

units, in the arrangement 3R:3C, formed by three

rows of arugula and three rows of carrot, with a total

area per basic unit of 1.44 m2 (1.2 x 1.2 m), and a

harvest area of 1.2 m2 (1.2 m x 1 m), containing 120

arugula plants, spaced at 0.2 m x 0.05 m (with two

plants per hole), and 60 carrot plants, spaced at 0.2

m x 0.05 m. Assay A3 consisted of 17 basic units in

the spatial arrangement 4R:4C, with four rows of

arugula and four of carrot, and a total area per basic

unit of 1.92 m2 (1.6 m x 1.2 m), and a harvest area

of 1.6 m2 (1.6 m x 1 m), containing 160 arugula

plants, spaced at 0.2 m x 0.05 m (with two plants

per hole), and 80 carrot plants, spaced at 0.2 m x

0.05 m. Plots with single crops of arugula and carrot

were planted on the sides of each assay, and had a

total area of 1.44 m2, with a harvest area of 0.8 m2,

with 80 arugula plants, spaced at 0.2 m x 0.05 m,

and 40 carrot plants, spaced at 0.2 m x 0.1 m.

The plant population of each planted vegetable

crop recommended by research in the region is of

500,000 plants ha-1 for carrot (Barros Júnior et al.

2005) and 1,000,000 plants ha-1 for arugula (Freitas

et al. 2009).

CHARACTERISTICS EVALUATED IN THE CULTURES

In the arugula culture, we evaluated plant height

(cm), number of leaves per plant, green mass

yield (t ha-1), and dry mass of shoot (t ha-1),

while that in carrot culture, we evaluated plant

height (cm), number of stems per plant, shoot

dry mass (t ha-1), root dry mass (t ha-1), total

and commercial productivity of roots (t ha-1) and

classified productivity of the roots into: a) long

(length 17-25 cm, diameter less 5 cm); b) medium

(length 12-17 cm, diameter greater 2.5 cm); c)

short (length 5-12 cm, diameter greater 1 cm); and

d) scrap (roots that did not fit into any of these

categories) (Lana and Vieira 2000).

INDICES OF COMPETITION, AND EFFICIENCY OF

INTERCROPPED SYSTEMS

The following abbreviations were used in

calculating different competitive functions. Ycr

and Yrc are the individual crop yields (carrot and

arugula) in the intercrop, and Ycc and Yrr are their

yields as sole crop. Zcr and Zrc are the proportions
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Figure 1 -Graphical representation of the blank assayA1, formed by intercropping between arugula (R) and carrot (C), in the spatial

arrangement 2R:2C.

Figure 2 -Graphical representation of the blank assayA2, formed by intercropping between arugula (R) and carrot (C), in the spatial

arrangement 3R:3C.

of land area occupied by the intercrop, compared to

the sole crops for carrot and arugula, respectively.

Relative crowding coefficient of the system (K)

This is a measure of the dominance of one species

over another in the intercrop. When a species

produces more biomass in the intercrop than in the

sole crop, its K is greater than one. According to

Williams and McCarthy (2001), a higher value of K

implies a greater ability of a culture to compete; it

is calculated using Equation 1 below:

K = KcrKrc (1)

where Kcr =
Ycr
Ycc

−Ycr and Krc =
Yrc
Yrr

−Ycr, and Kcr

and Krc are the relative crowding coefficients for

carrot and arugula, respectively. When the product

of the coefficients is greater than one, there is a yield

advantage in the intercrop; when K is equal to one,

there is no benefit in intercrop; and when K is less
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Figure 3 -Graphical representation of the blank assayA3, formed by intercropping between arugula (R) and carrot (C), in the spatial

arrangement 4R:4C.

than one, there is a disadvantage in the intercrop of

the crops.

Land equivalent ratio

Land equivalent ratio is defined as the area of

monocropped land, is required to provide the

same productivity as the intercropped land, and is

obtained by the following expression:

LER = LERr +LERc (2)

where LER is the land equivalent ratio, LERr =

Yrc/Yrr is the partial land equivalent ratio of arugula

in the intercrop, and LERc = Ycr/Ycc is the partial

land equivalent ratio of carrot in the intercrop.

When the LER is greater than one, intercrop favors

the development and yield of a species; when the

LER is less than one, intercrop adversely affects

the yield and development of the intercropped crops

(Cecílio Filho et al. 2013).

Aggressivity

Aggressivity is an index for measuring the

dominance of one culture over another. This index

is used to indicate to what extent the increase in

the relative yield of a given crop is larger than

another, when they are produced under intercrop.

The equations used to determine this index are:

Ac =

(
Ycr

Ycc
×Zcr

)
−
(

Yrc

Yrr
×Zrc

)
(3)

and

Ar =

(
Yrc

Yrr
×Zrc

)
−
(

Ycr

Ycc
×Zcr

)
(4)

where Ac is the carrot aggressivity, and Ar is the

arugula aggressivity. If the value of A is zero, both

cultures are equally competitive; if A has a positive

sign, then it is the dominant crop component; and

if it is negative, then it is the dominated culture

(Bhatti et al. 2006).

Competitive ratio

The competitive ratio is another way to evaluate

the competition between different cultures because

it gives a better measure of the competitiveness

between the cultures. The competitive ratios CRc

and CRr, for carrot and arugula, respectively, were

obtained by the following expressions:

CRc =


(

Ycr
Ycc

)
(

Yrc
Yrr

)
×

(
Zrc

Zcr

)
(5)

CRr =


(

Yrc
Yrr

)
(
(Ycr)
Ycc

)
×

(
Zcr

Zrc

)
(6)

An Acad Bras Cienc (2018) 90 (4)



3498 FRANKW.A. DE CARVALHO et al.

In intercrop, the culture with the largest competitive

ratio has the greater ability to use environmental

resources, compared to the other component culture

(Dhima et al. 2007).

Actual yield loss

The actual yield loss is an index that provides

more information about competition, in relation to

other indices (Banik et al. 2000). With regard to

the behavior of each species in the intercropping

system, it is based on yield per plant. The

actual yield loss is determined by the gain or

loss of yield of the intercrop, compared to the

respective single culture, i.e., when considering the

actual sown proportion of the component cultures,

in comparison to the respective sole crop. The

equation for determining the actual yield loss is:

AY L = AY Lr +AY Lc (7)

where AY L is the actual yield loss from

intercropping; AY Lr is the actual yield loss of the

arugula, and AY Lc is the actual yield loss of the

carrot.

Intercropping advantage

The intercropping advantage is an indicator of

economic viability, expressing the actual yield loss

in monetary terms, and indicating the advantage

of an intercrop system over another (Dhima et al.

2007). It is obtained by the expression:

IA = IAr + IAc (8)

IAr = AY Lr ×Pr (9)

and

IAc = AY Lc ×Pc (10)

where IA is the intercropping advantage, IAr and

IAc are the intercropping advantages for arugula and

carrot, respectively, and Pr and Pc are the prices for

arugula and carrot, respectively, at R$ kg-1.

ECONOMIC INDICATORS

Production cost

The costs were calculated and analyzed at the end of

the production process, in January 2011, proceeding

to the cost analysis ex post. The cost method used

in this study corresponds to the total expenditure

(total cost) per hectare of cultivated area, which

covers the services provided by stable capital, i.e.,

the contribution of working capital and the value

of alternative costs (also called cost opportunity).

Similarly, revenue refers to the production value of

one hectare.

Costs associated with stable capital

Depreciation

Depreciation is defined as a non-monetary fixed

cost that reflects the loss of value of producted

goods, as a function of their age, use and

obsolescence. The method used to determine the

depreciation value was linear (method of fixed

quotas), which determines the annual value of

depreciation from the lifetime of the durable goods,

from its initial value to scrap value. The latter was

not considered, since the considered capital goods

show any residual value.

Opportunity cost and alternative cost

For the stable capital items (buildings, machinery,

equipment, etc.), the opportunity cost is the annual

interest that reflects the alternative use of the

capital. According to Silva et al. (2015), the interest

rate chosen for the calculation of the alternative cost

must equal the rate of return of the best alternative

application. As it was impossible to determine this

value, we decided to adopt the rate of 6% per year,

equivalent to the gain in savings. As capital goods

depreciate over time, the interest focuses on half of

the current value of each of the goods. Regarding

the opportunity cost of land, we considered the lease

An Acad Bras Cienc (2018) 90 (4)



OPTIMUM PLOT SIZE INARUGULA-CARROT INTERCROPS 3499

of a hectare in the region as the equivalent of the

alternative cost of the land used in the search.

Fixed manual labor

It is destined to the management of the productive

activities, corresponding to the payment of a

minimum wage per month during the production

cycle.

Cost associated with working capital

Purchase cost

The purchase cost is obtained by multiplying the

price of the variable input used (seeds, fertilizer,

pesticides, potential labor, etc.) by the amount of the

respective input used.

Conservation and maintenance

These variable costs are for the maintenance and

upkeep of facilities, machinery, and equipment

directly related to production. The value set for

these expenses was 1% per year of the construction

cost value; in the case of the pump and irrigation

system, the percentage was 7% per annum.

Deadline

The period between the application of resources

and the response of the same as a product refers

to the duration of the production cycle of activity

(harvest). In this case, a single production cycle was

considered to be 90 days.

Economic outcome measures

Analysis of the income through indicators of

economic output was used to assess the efficiency of

the administrator and the workforce. The economic

analysis also enabled us to verify whether, and

how, the resources allocated to a production activity

were being paid, and allowed us also to check

performance in relation to the profitability of the

activity in question, compared to alternatives for

the use of the time and capital. Thus, the indicators

analyzed were:

Gross income. This corresponds to the value

of the obtained output per hectare in the intercrop

system, and the price paid to producers in the

region. For the carrot and arugula, the values paid

were R$1.89 kg-1 and R$4.60 kg-1, respectively.

Net income. The difference between gross

income per hectare and the total cost involved in

achieving it.

Return rate. Defined as the relationship

between gross income and total cost, corresponding

to how much reals are obtained in return for each

real invested in the evaluated intercrop system.

Profit margin. The ratio between net income

and gross income, expressed as a percentage.

Modified monetary advantage. An indicator of

the economic advantage of the intercrop, obtained by:

MMA =
(Intercroppingvalue)× (LER−1)

LER
(11)

STATISTICALANALYSIS

The optimum plot size for each assay was estimated

by five methods, using the land equivalent ratio,

which is the most used in assessing intercrop

systems, as outlined below.

Bootstrap resampling

Each basic unit was considered as sample unit. The

process was based on the resampled bootstrapping

non-parametric technique (Efron and Tibshirani

1993). It was performed on 1,000 resamplings with

replacement, generating 1,000 new datasets for

each value of n (number of basic units), where n =

1, 2, ..., 17 basic units. To determine the size of the

plot, an adaptation of the methodology presented

by Xie and Mosjidis (1997) was performed.

A confidence interval was constructed for the

variance of the average in the original dataset (20

plants), according to the methodology presented

by Barbin (1993), with the confidence level β =
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95%. The sample size via bootstrap resampling

was determined from counting the number of

average variance estimates, which are positioned

within the confidence intervals constructed with the

population values (values obtained with itn = 17

basic units).

Segmented linear models with plateau

The theory of segmented linear models with plateau

was applied in the context of the plot dimensions.

For this, we adopted the model:

CV(X) =

{
β0 +β1X + ε se X ≤ X0

CV P+ ε se X > X0
(12)

CV(X) is the coefficient of variation of each

established sample size; X is the size of the plot; X0

is the optimum plot size at which the linear model

turns into a plateau, in relation to the abscissa;

CVP is the coefficient of variation at the point

corresponding to the plateau (junction of the linear

segment and plateau); β0 and β1 are the intercept

and slope, respectively, of the linear segment; and

εx is the error associated with theCV(X), supposedly

normal and independently distributed with mean 0
and variance σ2 constant. To achieve continuity, the

two segments (linear and plateau) must meet at the

point X0. Thus, β0 +β1X0 =CV P:

X0 =
(CV P−β0)

β1
(13)

To obtain fit through least squares it is necessary

to obtain the partial derivatives with respect to the

parameters (β0,β1,CV P) model. The parameter X0

is a function of the parameters β0,β1,CV P. Thus,
the partial derivatives are given by:

∂CV (X)

∂β0
= Z(X) (14)

∂CV (X)

∂β1
= XZX (15)

∂CV (X)

∂CV P
= 1−ZX (16)

The partial derivatives, at first, appear not to be

functions of the parameters β0, β1, CV P, which
will classify the model as linear in the parameters;

however, we found that these functions are ZX ,

which depends on X0, which in turn is a function

of the parameters β0, β1 and CVP. Thus, we used

the Gauss-Newton method for the adjustment of

this model. For this, we utilized the method of least

squares for non-linear models of Gauss-Newton.

The valueX0 was regarded as the optimum plot size,

to stabilize the CV(X) to a minimum level of CVP.

Maximum modified curvation method

The method of modified maximum curvature

(Silva et al. 2003) consists of representing the

relationship between the experimental variation

coefficient (CV%) and the size of the plot, using a

nonlinear regression equation in which y represents

the coefficient of variation, and x corresponds to

the size of the plot in basic units. In this study,

we used the function CV = aXb, where the value

of the abscissa at the point of maximum curvature

is given by the following expression, adapted by

Nunes et al. (2006):

Xc =

(
2b′+2(a′)2 (b′)

)
(b′)3 (17)

where Xc is the value of the abscissa, corresponding

to the point of maximum curvature (sample size);

and estimates were obtained from the regression

model Y = a′/Xb′ . In this method, 1,000 samples

were generated by resampling for sample sizes of

basic units from 1 to 17, as described in item 2.2.

Sampling intensity method

To determine the amount of plots of a certain size,

the intensity method of sampling uses the number

of basic units of each spatial arrangement. The
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minimum sample size is achieved by the following

expression (Cochran 1977):

n0 =
t2
α .(CV )2

(LE)2 (18)

where n0 is the minimum sample size (minimum

number of spatial arrangements); tabulated t value

with v degrees of freedom and a significance

level α; CV% is the coefficient of variation as

a percentage; LE is the admitted sampling error

limit (usually 10%). Given a finite population, it

is necessary to apply a correction to populations

with these characteristics, so that you can get the

final sample size (n), given by the expression below

(Cochran 1977):

n =
n0

1+ n0
N

(19)

The sampling intensity has as initial characteristic

to estimate the coefficient of variation of the

variance analysis of the plot, where the number of

units (n0) that originated is arbitrary, and obtaining

the value of n with v0 = n0 − 1 degrees of

freedom, we needed to thereby adjust the calculated

intensity. The adjustment was made from the first

approximation in calculating the sampling intensity

(n1), by taking the new value of n for v1 = n1 −
1 degrees of freedom to get the second approach

(n2); then we used the new value of n for v2 =

n2 − 1 degrees of freedom to determine the third

approach (n3). The process is repeated until the

value of the sampling intensity becomes constant

(Nunes et al. 2006).

Hathaway method

The method Hathaway (1961) is based on the

following equation:

Xb =
2(t1 + t2)2CV 2

rd2 (20)

where X is the size of the plot in basic units; b

is the coefficient, or soil heterogeneity index; t1

is the critical value of the Student’s t distribution,

with probability α1; t2 is the critical value of the

Student’s t distribution, with probability α2=2 (1 -

P), where P is the probability selected to obtain a

significant result; CV is the coefficient of variation

as a percentage, selected from earlier tests, or

arbitrary; r is the number of repetitions; d is the

difference to be detected, measured as a percentage

of the average.

In estimating the size of the plot by thismethod,

we adopted the precision level α1 = 5% and P =

0.80%, for various combinations of the number of

replications (3, 4, and 5), number of treatments (5,

10, and 15), coefficients of variation (5, 10, 15, 20,

and 25%) and detected differences between means

of 10, 15, and 20%.

Considering the number of replications 2, 3,

4, and 5, with the heterogeneity index (b), and the

coefficient of variation of each blank assay, we

determined the detected significant difference for

plot sizes (X) ranging from 1 to 30 m2, as the

following expression:

d2 =
2(t1 + t2)2CV 2

rXb (21)

The agronomic characteristics of each component

culture of the intercrop system, aswell as the indices

of competition, and efficiency and economic

indicators, were analyzed, using the following

mathematical model:

yi j = µ + τi + εi j (22)

where i = 1, 2, and 3; j = 1, 2, 3, ..., 17; yi j

= observed value of basic unit that received the

spatial arrangement ‘i’ in the repetition ‘j’; µ =

general average; τi = effect of spatial arrangement

’i’ applied to the basic unit; εi j = effect of factors

not controlled in the basic unit. The tested spatial

arrangements were compared using the Tukey test

at 5% probability. A joint analysis was performed

for the arugula characteristics as a function of the
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studied spatial arrangements and their cultivations

in the intercrop, as the following statistical model:

yi jk = µ + τi +ρk + τρ(ik)+ εi jk (23)

where i = 1, 2, 3; j = 1, 2, 3, ..., 17; k = 1, 2;

yi jk = observed value in the basic unit that received

the i-th spatial arrangement in the j-th repetition of

the k-th arugula cultivation; µ = general average;

τi = effect of the i-th spatial arrangement applied

to the basic unit; ρk = effect of the k-th arugula

cultivation in the basic unit; τρ(ik) = eEffect of the

interaction of the i-th spatial arrangement with the

k-th arugula cultivation in the basic unit; ε̄i jk =mean

random error associated with observation yi jk, such

that εi jkÑ (0, σ2).

RESULTS

OPTIMAL SIZE OF PLOTS

The number of basic units necessary to optimize the

size of the experimental plot of carrot intercropped

with arugula in bi-cultivation was four basic units

for the spatial arrangements 2R:2C and 3R:3C,

and three basic units for the spatial arrangement

4R:4C, determined by the bootstrap resampling

method (Table I). Using the segmented model with

plateau, the quantities in basic units were seven

for the spatial arrangements 2R:2C and 3R:3C,

and six for the spatial arrangement 4R:4C (Table

I). Using the model modified maximum curvature,

these values were one basic unit for all spatial

arrangements (Table I).

The number of basic units obtained with the

sampling intensity method (when it established

a maximum error of 5%) was nine for spatial

arrangements 2R:2C and 3R:3C, and seven for the

spatial arrangement 4R:4C (Table I). When the

error was 10%, the amount of basic units was

approximately four for the spatial arrangements

2R:2C and 3R:3C, and approximately three for the

spatial arrangement 4R:4C (Table I).

The Hatheway method has the characteristic

of providing not one estimate of the optimal size

of an experimental plot, but several optional sizes,

and so we have the opportunity to choose the

one that is most convenient (Henriques Neto et al.

2004). Settling various combinations of values of

the CV equal to 10%, 20%, and 30%; the number

of repetitions (r) equal to 2, 3, 4, and 5; of treatment

(t) equal to 10, 15, and 20; and the mean percentage

difference to be detected (d), equal to 5%, 10%,

15%, 20%, 25%, and 30%, appropriate tables for

determining the optimal plot size were obtained.

ARUGULA AND CARROT - PRODUCTION AND ITS

COMPONENTS

There was significant interaction between the

types of spatial arrangements of the arugula and

carrot intercropped, and the arugula crops in the

height of the arugula plants (Table II). Partitioning

the interaction, types of spatial arrangements

within each arugula crop, we observed significant

differences in the heights of the arugula plants in the

second crop, with arrangement 2R:2C standing out

from the rest. There was no significant difference

in the heights of arugula plants between the spatial

arrangements in the first crop. Moreover, unfolding

the arugula crops within each spatial arrangement,

we observed that the heights of arugula in the first

crop stood out from the second crop only in the

spatial arrangement 3R:3C (Table II).

We did not find significant interaction between

the types of spatial arrangements of intercropped

arugula and carrot and the arugula crops in the

number of leaves per plant, in the yield of

green mass, and shoot dry mass of the arugula;

however, the arrangement 2R:2C stood out from the

others, and the first arugula crop stood out from

the second crop in these evaluated characteristics

(Table III). Considering the accumulated yields

of green mass and shoot dry mass from the two

arugula crops, we observed a significant difference

between the spatial arrangements of the arugula,
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TABLE I

*Number of basic units needed to optimize results, as a function of the spatial

arrangement of carrot intercropped with arugula in a bi-cultivation, using the

methods of bootstrap resampling (BRs), segmented model with plateau (SMP),

modified maximum curvature (MMC), and sampling intensity (SI).

Spatial Arrangment BRs SMP MMC (Xc)
SI

5(%) 10(%)

2R:2C 4 7.38 0.18 8.6 3.5

3R:3C 4 6.54 0.12 8.8 3.6

4R:4C 3 6.36 0.10 6.7 2.4

TABLE II

*Mean values of plant height (PH), number of leaves per plant (NL), green mass yield (GMY), and shoot dry

mass (SDM) of arugula, as a function of the spatial arrangements of intercropped arugula and carrot, and two

successive crops of arugula.

Spatial Arrangement
PH (cm)

NL GMY (t ha-1) SDM (t ha-1)
First crop Second crop

2R:2C 13.92 aA 14.71 aA* 7.129 a 4.944 a 0.818 a

3R:3C 13.60 aA 11.41 bB 6.363 b 3.448 b 0.697 b

4R:4C 12.86 aA 11.62 bA 6.394 b 3.009 b 0.695 b

Arugula crops

First crop 6.902 a 4.601 a 0.937 a

Second crop 6.356 b 3.000 b 0.536 b

CV(%) 14.63 12.75 28.77 22.70

*Means followed by the same small letter in the column and capital letter in the row do not differ by Tukey test at 5%

probability.

with arrangement 2R:2C standing out from the

others (Table III).

Among the indices of competition, significant

differences were observed between the spatial

arrangements in the relative crowding coefficient

of the arugula (Ksubscriptr), in the aggressivity of

carrot and arugula, and in the competitive ratios

for arugula and carrot, with the spatial arrangement

2R:2C excelling from the others in the relative

crowding coefficient of the arugula and in the

competitive ratio of arugula (Table IV). The spatial

arrangements 2R:2C and 3R:3C stood out from

the 4R:4C in the aggressivity of the crops, and

arrangements 3R:3C and 4R:4C excelled from the

2R:2C in the competitive ratio of carrot. We did

not observe any significant difference between

the spatial arrangements in the relative crowding

coefficients of the carrot and system, and in the

competitive ratio of the system (Table IV).

Significant differences between the spatial

arrangements of planting in all agronomic indices

of arugula and carrot were observed (Table

V), with the arrangement 2R:2C standing out

from the others in the land equivalent ratios of

arugula and the system, in actual yield losses of

arugula and the system, and in the intercropping
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TABLE III

*Mean values of green mass yield (GMY) and shoot dry mass

(SDM) of arugula from two successive crops, as a function of

spatial arrangements of intercropped arugula and carrot.

Spatial Arrangement GMY (t ha-1) SDM (t ha-1)

2R:2C 9.888 a* 1.636 a

3R:3C 6.895 b 1.395 b

4R:4C 6.018 b 1.390 b

CV(%) 23.41 16.60

*Means followed by the same small letter in the column do not differ by

Tukey test at 5% probability.

TABLE IV

Mean values of relative crowding coefficients of arugula (Kr), carrot (Kc), and the system (K), aggressivity of

arugula (Ar), carrot (Ac), competitive ratios of arugula (CRr), carrot (CRc), and the system (CR) in different spatial

arrangements of intercropped arugula and carrot.

Spatial Arrangement Kr Kc K Ar Ac CRr CRc CR

2R:2C 0.60 a* 26.00 a 15.60 a -2.21 a 2.21 a 1.09 a 0.96 b 2.05 a

3R:3C 0.31 b 17.39 a 5.39 a -2.19 a 2.19 a 0.82 b 1.30 a 2.12 a

4R:4C 0.23 b 11.91 a 2.74 a -1.89 b 1.89 b 0.83 b 1.25 a 2.08 a

CV(%) 59.59 261.78 482.02 -16.68 16.68 22.79 14.71 5.06

*Means followed by the same small letter in the column do not differ by Tukey test at 5% probability.

advantage of arugula and the system. The spatial

arrangements 2R:2C and 3R:3C also excelled over

the arrangement 4R:4C in the land equivalent ratio

of carrot, actual yield loss of carrot, and in the

intercropping advantage of carrot (Table V).

ECONOMIC INDICATORS

With respect to economic indices, significant

differences were observed in gross income, net

income, modified monetary advantage, rate of

return, and profit margin, respectively, between

the spatial arrangements, with the arrangement

2R:2C standing out from the others (Table VI).

On the other hand, comparing arrangement 3R:3C

with arrangement 4R:4C, we also noted that the

former stood out from the latter in all evaluated

characteristics. Despite significant differences in

these economic indices among the different spatial

arrangements, we observed that, in general, there

is economic efficiency in the use of intercropped

systems based on all of the spatial arrangements

studied.

DISCUSSION

OPTIMAL SIZE OF PLOT

Bootstrap

Herein, 1,000 samples were generated, with values

of the land equivalent ratio determined from the

productivities (in t ha-1) of intercropped arugula

and carrot. Thus, in each of the basic units (1, 2,

..., 17) of each of the spatial arrangements (2R:2C,

3R:3C, and 4R:4C) an averaged variance estimation

was generated; i.e., 1,000 estimates of the mean
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TABLE V

Mean values of the land equivalent ratios of arugula (LERr), carrot (LERc), and the system (LER), actual yield losses

of arugula (AYLr), carrot (AYLc), and the system (AYL), and intercropping advantages of arugula (IAr), carrot (IAc),

and the system (IA) in different spatial arrangements of intercropped arugula and carrot.

Spatial Arrangement LERr LERc LER AYLr AYLc AYL IAr IAc IA

2R:2C 0.52 a* 0.99 a 1.51 a 0.58 a 0.48 a 1.06 a 2.67 a 0.89 a 3.56 a

3R:3C 0.36 b 0.91 a 1.27 b 0.10 b 0.35 a 0.45 b 0.47 b 0.66 a 1.13 b

4R:4C 0.32 b 0.78 b 1.10 c -0.04 b 0.16 b 0.12 c -0.17 b 0.31 b 0.14 b

CV(%) 23.43 13.21 12.94 132.15 53.48 67.78 53.49 53.49 88.50

*Means followed by the same small letter in the column do not differ by Tukey test at 5% probability.

TABLE VI

Mean values of gross income (GI), net income (NI), modified monetary advantage (MMA), return rate

(RR), and profitability index (PM) in different spatial arrangements of intercropped arugula and

carrot.

Spatial Arrangement GI NI MMA RR PM

2R:2C 105,124.35 a* 86,663.84 a 29,414.67 a 4.51 a 82.15 a

3R:3C 86,250.17 b 67,789.67 b 14,623.79 b 4.02 b 78.16 b

4R:4C 74,759.65 c 56,299.14 c 5,165.75 c 3.57 c 75.03 c

CV(%) 13.59 17.16 60.59 10.64 3.45

*Means followed by the same small letter in the column do not differ by Tukey test at 5% probability.

variance were generated. We observed a reduction

of the mean variance with an increase in sample

size, as reported by Gomez and Gomez (1984).

As a consequence, we observed a smaller number

of estimates of the mean variance outside the

confidence interval, according to Barbin’s (1993)

methodology. The average of the 1,000 estimates

of the mean variance in each plot size tended to be

close to the parametric value of the total of 17 basic

units. This fact has been observed in sugarcane

(Saccharum officinarum up L.: Leite 2007) and

melon (Cucumis melo L.: Nunes et al. 2006, Moura

2008) in studies involving bootstrapping.

In the present study, it was possible to

determine the plot size of four units for the 2R:2C

and 3R:3C arrangements, and three units for the

4R:4C arrangement to estimate the land equivalent

ratio for the intercropped carrot with arugula in

bi-cultivation. From the results obtained in this

research, we can confirm the usefulness of the

bootstrap method to define plot size, adding another

utility for this technique. The method performs well

and allows a high number of iterations. Studies

using bootstrapping to determine plot size, or

sample size, are still in the early days (Nunes et

al. 2006, Silva 2009, Cargnelutti Filho et al. 2012,

Toebe et al. 2014); the relevant aspect of our work

is that we pioneer the application for intercropped

cultures.

Segmented model with plateau

The use of segmented models with plateau is

relatively recent for plot size determination studies.

A few studies have considered this method, but only
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in monocultures (Paranaíba et al. 2009a, Peixoto et

al. 2011, Sousa et al. 2015); however, there are no

studies on intercropped crops.

In our study, the number of basic units for

the plot size of carrot intercropped with arugula in

bi-cultivation, in each of the special arrangements

studied, using the segmented model with plateau,

were, respectively, seven basic units for the spatial

arrangements 2R: 2C and 3R:3C, and six basic units

for the 4R:4C arrangement. These values are higher

than those obtained from the bootstrap method.

In the only report we could find in the

literature, comparing the bootstrap resampling

method and the segmented model with plateau,

Moura (2008) observed a small superiority of

bootstrapping for three characters of melon

evaluated in monocultured yellowmelon hybrids.A

possible explanation for this relates to the intrinsic

mathematical characteristics of the equations that

make up the method, since the point of junction

between the linear method and the plateau is

usually at coordinates of greater value; however,

further studies are needed to safely compare the

performance of the two methods in determining

plot size.

Maximummodified curvation method and sampling

intensity method

The sample size values obtained by the modified

maximum curvature method were small, with a

basic unit in each spatial arrangement studied (Table

I). It is true that the plot sizes estimated by the said

method are not consistent with the sensible sizes

of experimental plots. Reduced or underestimated

values of plot size determined by the modified

maximum curvature method, have been observed

on several occasions (Henriques Neto et al. 2009,

Lima et al. 2007, Moura 2008).

The modified maximum curvature method

(Meier and Lessman 1971) is the one most used

in studies to determine sample size or plot size.

This method can be used to compare one or more

methods (Bakker 1988). The property of themethod

consists of determining the point of maximum

curvature, algebraically, considering the maximum

curvature and the vertex of the curve, but not

the point of stabilization of the values of the

experimental coefficient of variation.

Thus, an increase in the number of plants in the

plot promotes significant gain in the experimental

precision, since the vertex of the curve of the

coefficient of experimental variation tends to occur

always in the region of the small plots. Thus, this

method has, in its conception, an inconvenience,

and tends to underestimate the optimal number of

plants per plot (Silva et al. 2003). According to

Chaves (1985), the values found by the modified

maximum curvature method should be interpreted

as theminimum limit of plot size, and not as optimal

size.

The plot size estimated in this work by the

modified maximum curvature method was smaller

than that from the linear model segmented with

plateau, a fact observed in several other works

(Moura 2008, Paranaíba et al. 2009b, Brito et

al. 2012). According to Brito et al. (2012), the

explanation lies in the fact that the abscissa value

at the point of maximum curvature tends to occur in

the region of smaller parcel sizes.

In other studies, however, the opposite result

was observed, that is, the segmented linear model

with plateau presented smaller sizes of plot than

those obtained by the modified maximum curvature

method (Cargnelutti Filho et al. 2011, Sousa et

al. 2015). This discrepancy is probably due to

the occurrence of a ‘false’ plateau. According to

Peixoto et al. (2011), a possible false plateau can be

obtained when using segmented models, since there

is not always sufficient amplitude in the simulated

plot sizes to reach a plateau response, i.e., when the

domain (different sizes of simulated plots) is limited

or small, something that did not occur in this work.
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The size of the plot by the modified maximum

curvature method, of course, was also smaller than

that obtained by the bootstrap method, as observed

by Moura (2008) in melon.

Regarding the method of sampling intensity,

considering 5% error, we verified that the plot

size estimates were high, when compared to

the estimates obtained by other methodologies.

This result was expected, and is related to the

modeling of the method that produces elevation

in the estimate, as the level of error is reduced.

Moura (2008), in melon, also found similar results,

although the estimates from the intensity method of

sampling, considering 5% error, have magnitudes

that would make trials with the melon culture

unfeasible.

On the other hand, considering an error of 10%,

the estimates were very similar to the bootstrap

method, and lower than the linear model segmented

with plateau method. This result differs, in part,

from that observed by Moura (2008), since the

author reported lower values when compared to the

bootstrap method and the linear model with plateau.

Hatheway method

For the three spatial arrangements (2R:2C, 3R:3C,

and 4R:4C), the relationship between plot size and

Hatheway method variables was clearly observed.

It has been found that a reduction of the convenient

size of the experimental plot is provided by the

increase in the number of repetitions, increase in

the number of treatments, increase in the difference

to be detected between treatments, and by the

reduction of the coefficient of variation.

Among these factors, the coefficient of

variation was the one that most influenced the size

of the plot, since increases in the magnitudes of said

factor provided significant increases in plot size,

reaching impractical values in some combinations

of number of replications, number of treatments,

and difference between treatments. Similar results

were observed by Viana et al. (2003), Muniz et

al. (2009), Oliveira et al. (2011), and Sousa et

al. (2016). This fact is very important because it

confirms that the coefficient of variation is the

measure most used as indicative of the quality of

the experiments (Le Clerg 1967, Gomez andGomez

1984, Petersen 1994).

Moreover, the increase in the accuracy and

precision required, as a reflection of the reduction

in the difference to be detected between treatments,

also gives rise to dramatic increases in the plot

size. On the other hand, increases in the number of

repetitions and treatments are the least influential,

the latter having less weight than the former.

Thus, the size of the plot decreased with

less experimental precision (lower coefficient

of variation) and a smaller difference between

treatments, maintaining a constant number of

treatments and repetitions, justifying the use of

fewer basic units in each spatial arrangement

under these conditions. The adoption of smaller

plots reduces the costs of research on intercropped

crops in relation to area, inputs, labor, and time

(Henriques Neto et al. 2004).

When compared to the other methods

studied herein, the Hatheway method agrees

with the bootstrap resampling method, and with

the sampling intensity with 10% error when

using a 10% variation coefficient, difference

between treatments of 10%, four replicates and 10

treatments. In addition, the Hatheway values agree

with the modified maximum curvature method,

when using a coefficient of variation of 10%,

four replications, 10 treatments, and a difference

between treatments of 30%, a fact that may weaken

the statistical validity of the estimates obtained.

Similar results were obtained in melon for fruit

weight, soluble solids, pulp firmness, and pulp

thickness.
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YIELD AND COMPONENTS OF ARUGULA AND

CARROT

Variations in plant distribution patterns in the

spatial arrangements (also called planting settings)

significantly affect the production of the component

cultures of intercropping. The distribution of plants

in the spatial arrangements is what determines

the form of the available area to the individual

plant (Lima et al. 2014). On the other hand,

one of the factors that affects the yields of

the component cultures in intercropping systems

more is the proximity of these crops because this

directly affects the degree of intra- and interspecific

competition between them, so that this competition

is greater the more closely arranged they are. Thus,

low interspecific competition is essential so that

cultures can express all their productive potential

when intercropped (Schuster et al. 2013).

Higher yields of dry mass, green mass, and

number of arugula leaves, and yields of dry

mass of shoot and roots of carrot, obtained in

the spatial arrangement 2R:2C, are due to less

competition between the arugula and carrot plants,

when compared to the competition in spatial

arrangements 3R:3C and 4R:4C, with the best

use of environmental resources by the crops. For

commercial root yield of carrot, the highest values

were obtained in the spatial arrangements 2R:2C

and 3R:3C, where the lower intra- and interspecific

competitionswere recorded, compared to the spatial

arrangement 4R:4C, i.e., better use was made of the

environmental resources in these two arrangements.

The sum of the percentages of long and medium

roots was higher in spatial arrangements 3R:3C

(87.02%) and 4R:4C (82.76%), values which differ

from those obtained by Bezerra Neto et al. (2003),

who studied the intercropping of lettuce (Lactuca

sativa L.) and carrot in the spatial arrangements

3R:3C and 4R:4C, obtaining the percentages

70.16% and 67.25%, respectively, in these spatial

arrangements.

The values of carrot aggressivity were positive,

and the values of arugula aggressivity negative,

indicating that the carrot is the dominant culture

and arugula is the dominated culture in the

intercropping (Lima et al. 2010). The relative

crowding coefficient is an agronomic indicator

of interspecific competitive relationships that are

established in the intercropping system. Thus, the

results obtained in different spatial arrangements

were all greater than one, indicating the advantage

of the intercropping system, with carrot producing

more than the expected production. For the

competitive ratio, the results obtained were around

two in the different spatial arrangements. This

competition index expresses the exact degree of

competition between the species, by the number

of times that the dominant species is more

competitive than the dominated species (Eskandari

and Ghanbari 2010). In the arrangement 2R:2C, the

competitive ratio values of the cultureswere similar,

whereas in the arrangements 3R:3C and 4R:4C,

the competitive ratio of the carrot was about one

and half times that of the arugula. This is due to

the proximity of cultures in the spatial arrangement

2R:2C.

The values obtained for land equivalent ratio

were greater than one, especially for the spatial

arrangement 2R:2C (1:51). The land equivalent

ratio measures the efficiency of the intercropping

system in the use of environmental resources,

compared to monocrops (Oseni 2010). Land

equivalent ratio values larger than one in an

intercropping system indicate that the intercropping

was advantageous compared to single crops.

Cecílio Filho et al. (2013) reported that the

advantage of intercropping via land equivalent

ratio comes from two different sources – the

land factor (area occupied by each component

culture) and biological/agronomic factor (arising

from factor-tested treatments). In this research,

the biological/agronomic factor was what gave the

advantage to the intercroppings.
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The value of the real yield loss in the different

spatial arrangements was positive, with the spatial

arrangement 2R:2C (1.06) also standing out from

the rest. It is important to note that the real

yield loss values provide more accurate information

concerning intra- and interspecific competition

among species in the intercropping system (Dhima

et al. 2007). Real yield loss values greater than

one indicate that the intercropping system is

advantageous in relation to the sole crop.

The intercropping advantage values in the

spatial arrangements studied in this work were

positive, with the value of the spatial arrangement

2R:2C (3.56) excelling that of spatial arrangements

3R:3C (1:13) and 4R:4C (0.14). The intercropping

advantage is an indicator of the economic viability

of the intercropping system (Banik et al. 2000).

The higher the positive value of the intercropping

advantage, the higher the economic advantage of

the intercropping system.

ECONOMIC INDICES

The highest values of gross income, net

income, modified monetary advantage, return

rate, and profit margin were obtained from the

spatial arrangement 2R:2C, being, respectively,

R$105,124.35, R$86,663.84, R$29,414.67, 4:51,

and 82.15%. Net income is an indicator that

expresses the economic value of an intercropping

system better than gross income because the

production costs are deducted in that (Oliveira

et al. 2004); however, the modified monetary

advantage translates the biological productivity of

the intercropping, confirmed by the land equivalent

ratio, in terms of economic advantage, indicating

that the most profitable value of the intercropping

system was obtained in the arrangement 2R:2C.

Both the return rate (4:51), and the profit margin

(82.15%) also expressed the superiority of the

spatial arrangement 2R:2C, indicating that, for

every R$1.00 invested in the intercropping of

arugula with carrot in the arrangement 2R:2C, there

was a return of R$4.51 or, in terms of economic

advantage, a profitability of about 82%. These

results express a biological advantage in monetary

terms, indicating that the agronomic superiority

obtained in the spatial arrangement 2R:2C was

translated into economic advantage.

Finally, it is also important to mention that

all economic indices obtained in the spatial

arrangements 3R:3C and 4R:4C were high,

and useful to express the agronomic/biological

performance of the tested intercropping systems,

thus placing at the disposal of the small producer

other options for profit or monetary advantage with

the practice of the intercropping of arugula and

carrot.

CONCLUSIONS

Estimates of optimal sizes of experimental plots

in intercropping systems given by the methods

of bootstrap resampling and sampling intensity

(10%) were of four, four and three basic units,

respectively, for the spatial arrangements 2R:2C,

3R:3C, and 4R:4C between rows of arugula (R)

intercropped with carrot (C). Using the Hatheway

method, all spatial arrangements were of four basic

units. The best bio-agroeconomic performance of

carrot intercropped with arugula in bi-cultivation

was obtained in the spatial arrangement 2R:2C.
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