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a  b  s  t  r  a  c  t

The  efficiency  of  an  intercropping  system  depends  mainly  on the cropping  system  and  on the  crops,  which
should  complement  each  other.  However,  the  choice  of  crops  and  factors  of production  are  extremely
important  for  maximizing  the advantages  of  intercropping,  which,  in  turn,  means  maximizing  the bio-
agro-economic  performance  of the  system.  The  present  study  sought  to assess,  based  on  appropriate
indexes  and indicators  and  using  univariate  and  bivariate  analysis,  the agronomic/biological  and  eco-
nomic  returns  from  a system  in which  salad  rocket  was  intercropped  with  carrot  at  different  population
densities  and  one  of  spontaneous  species  of  the  semi-arid  region  of  Brazil,  namely  hairy  woodrose  (Mer-
remia aegyptia  L.), was  used  as  green  manure.  The  population  densities  of  both  the  crops  were  maintained
at  40%,  60%,  80%,  or 100%  of  the recommended  population  for  a sole  crop  (RPSC).  The  following  values  were
recorded  or  calculated:  green  biomass  of rocket,  biomass  of  carrot  roots,  aggressivity  indexes,  competi-
tive  ratio,  land  equivalent  ratio, productive  efficiency  index,  canonical  variable  score,  and  four  economic
indicators,  namely  gross  and net returns,  rate  of  return,  and  net  profit  margin.  The  most  effective  com-
bination  was  carrot  at 40%  of  its  RPSC  intercropped  with  rocket  at 100%  of its  RPSC  with  hairy  woodrose

as  green  manure  because  the  combination  resulted  in  the highest  values  of  land  equivalent  ratio  (1.72),
productive  efficiency  index  (0.91),  canonical  variable  score  (1.68),  gross  returns  (R$  41,186.91  ha−1), net
returns  (R$  18,621.64  ha−1), rate  of  return  (1.84),  and  net  profit  margin  (52.77%),  making  it  a  highly
profitable  combination  for the  north-eastern  semi-arid  region  of Brazil.  The  most  effective  indicators  of
economic  value  were  yield  and  the  rate  of  return.
. Introduction

In evaluating intercropping systems, besides biological and
hysical criteria as yield and nutrient status of soil, we  also need

conomic criteria that measure income and profitability. Planting
ensity, or the number of plants per unit area of each species that
ake up the system, is particularly important because of its impact
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on the productivity of land and conservation of natural resources
(Richetti and Ceccon, 2009).

Generally, the analysis of agronomic-biologic efficiency of inter-
cropping systems is limited to the land equivalent ratio (LER).
However, Hinkelmann and Kempthorne (2008) maintain that no
simple statistical analysis can assess the performance of intercrop-
ping systems adequately because of the number of parameters
that need to be taken into account, including yield, competition,
and economic efficiency of different components that make up an
intercropping system.

Therefore, a number of indexes need to be used in univariate

analysis of variance to evaluate the agronomic-biologic efficiency
and also the competitive abilities of the components of a given
intercropping system including the relative crowding coefficient,
which determines the dominance of one species over the other
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value of A is the crop that is dominant over the crop with a negative
value of A.
T.M.d.V. Batista et al. / Ecolog

n intercropping; the aggressivity index, which measures the rela-
ive increase in production of one component crop of at the cost of
nother; and the competitive ratio, which measures the competi-
ive ability of the crops that are grown together as intercrops.

The productive efficiency index (PEI) of intercropping systems
s currently measured through data envelopment analysis (DEA),

hich incorporates both biological and economic benefits of inter-
ropping (Gomes et al., 2008). Models based on DEA calculate the
elative efficiency of productive units and use linear programming
roblems, which improves each individual observation to estimate
nits that present the best practices of intercropping (Bezerra Neto
t al., 2007a).

In addition to univariate analysis of variance of the yields of
omponent crops separately and together, the yields of component
rops can also be subjected to multivariate analysis. The distinc-
ion between univariate and multivariate analysis is, mainly, that
he latter takes into account the correlations between yields of the
wo crops grown together on the same plot. In general, multivari-
te analysis is believed to provide better interpretation of results
y describing the relative superiority of treatments through ‘inter-
ropping yield’ that takes into account the incomes from both the
rops that make up the trial, so that researchers can bring together
omponent crops that have similar characteristics and study the
orrelations between them (Cruz et al., 1991).

It is against this background that the present study sought to
ssess, based on appropriate indexes and indicators and using
nivariate and bivariate analysis, the agronomic/biological and
conomic returns from a system in which salad rocket was
ntercropped with carrot at different population densities after
ncorporating hairy woodrose (one of the spontaneous species of
he semi-arid region of Brazil) into soil as green manure.

. Materials and methods

.1. Site and climate

The study was conducted in the experimental area of the
afael Fernandes Farm of the Universidade Federal do Semi-Árido
UFERSA), Mossoró, RN, Brazil (5◦11′ S, 37◦20′ W;  altitude, 18 m),
rom August 2011 to February 2012 in a semi-arid region of north-
astern Brazil. The climate of the region is semi-arid and, according
o the Köppen climate classification scheme, designated as ‘BShw’,
ry and very hot, with two seasons: a dry season, which usually
uns from June to January, and a rainy season, from February to
ay  (Almeida et al., 2015).
The soil of this area was classified as an Alfissol eutrophic

EMBRAPA, 2006) and an analysis of its samples yielded the
ollowing results: pH = 6.8, N = 1.54 g kg−1, P = 6.3 cmolc dm−3,

 = 85.2 mg  dm−3, Ca = 2.01 cmolc dm−3, Mg = 1.09 cmolc dm−3,
a = 35.9 mg  dm−3, Sum of bases = 3.47 cmolc dm−3, and base

aturation = 91%.

.2. Experimental layout

The experiment was laid out using the randomized complete
lock design with the treatments arranged in a 4 × 4 factorial
cheme with four replications. The first and the second factors were
he four population densities of carrot and rocket, namely 40%,
0%, 80%, and 100% of the recommended population for a sole crop
RPSC). The values of RPSC for the region are 500,000 plants per

ectare for carrot (Bezerra Neto et al., 2012) and 1,000,000 plants
er hectare for rocket (Freitas et al., 2009). Each crop occupied
0% of the total area as alternating strips. Each plot consisted of
wo strips of four rows of each crop, flanked by two rows of one
dicators 67 (2016) 458–465 459

vegetable on one side and two rows of the other vegetable on the
other side.

The total area of the intercropping plot was  2.88 m2 and the
harvest area was  1.60 m2. The spacing between rows was 0.20 m
and that within a row varied according to the spacing required to
attain the desired population density. The harvest area consisted of
two central strips of plants, excluding the first and the last plants
of each row of the strips used as borders. In each block, carrot and
rocket were also grown as sole crops to obtain the data required to
calculate the indexes and indicators of system efficiency. The total
area under sole crop was  1.44 m2 and the harvest area was 0.80 m2.
For rocket, the spacing was 0.20 m × 0.05 m and for carrot, it was
0.20 m × 0.10 m.  The cultivars of carrot and rocket were ‘Brasília’
and ‘Cultivated’, respectively.

2.3. Management

The preparatory operations consisted of manual cleaning of
the experimental area, followed by harrowing, making raised
beds, and solarisation of soil (Góes et al., 2014; Oliveira, 2012).
Hairy woodrose (Merremia aegyptia L.) was used as green manure
for all the treatments. Samples of the green manure in dry
basis yielded the following results: N = 31.90 g kg−1, P = 3.20 g kg−1,
K = 46.40 g kg−1, Ca = 1.8 g kg−1, Mg  = 3.3 g kg−1, Fe = 428 mg  kg−1,
Zn = 20 mg  kg−1, Cu = 11 mg  kg−1, and Mn = 48 mg kg−1. The choice
of the green manure was based on intercropping of tuberous and
leafy vegetables such as beet, lettuce, carrot, coriander, and rocket
in the same region. Hairy woodrose biomass incorporated into
soil at 40 t ha−1 proved optimal for beet intercropped with lettuce
(Silva, 2013), at 13 t ha−1 for a sole crop of carrot, and at 15 t ha−1

for a sole crop of rocket (Bezerra Neto et al., 2014; Linhares, 2007).
Weeds were controlled manually and the crops were irrigated

twice a day using a micro-sprinkler system (Porto et al., 2011).
Carrot was  sown on 10 and 11 October 2011 and harvested 105

days later; rocket was  sown twice, on 10 and 11 October 2011 and
on 9 and 10 January 2012, and harvested 35 days after sowing.

2.4. Evaluated indices and indicators

Yields were recorded in terms of green biomass of rocket and
roots of carrot (the commercial products in each case) and the fol-
lowing indexes were determined: aggressivity, LER, competitive
ratio, PEI, and score of the canonical variable; the economic indi-
cators were gross returns, net returns, rate of return (RR), and net
profit margin (NPM).

Aggressivity index indicates the relative increase in produc-
tion of the c component crop (carrot in this case) over that of
the r component crop (rocket) in an intercropping system and is
given by the following expressions: Ac = (Ycr/YcZcr) − (Yrc/YrZrc) and
Ar = (Yrc/YrZrc) − (Ycr/YcZcr), where Ac and Ar are the aggressivity
indexes of carrot and rocket, respectively; Ycr is the yield of car-
rot roots and Yrc is the yield of green biomass of rocket (sum of
the 1st and the 2nd harvest) when both are grown as intercrops;
Yc is the yield of carrot roots and Yr is the yield of green biomass
of rocket (sum of the 1st and 2nd harvest) when both are grown
as sole crops; and Zcr is the proportion of plant number of carrot
intercropped with rocket and Zrc is the proportion of plant number
of rocket intercropped with carrot. If A is zero, both crops are sim-
ilarly competitive; if it is not, the component crop with a positive
The LER was obtained by the following expression:

LER = Ycr

Ycc
+ Yrc1

Yrr1
+ Yrc2

Yrr2



4 ical In

w
r
c
t
c
a
c
r
d
r

g
C
w
i
c

w
w
m
k

v
t

u
o
r
e
a
(

w
W
p
t
i
Z
(
E
o
t
t
c
A
t
v

d
i
f
d
t
t
i
r

d
i

N

60 T.M.d.V. Batista et al. / Ecolog

here Ycr = yield of carrot roots when carrot is intercropped with
ocket; Ycc = yield of carrot roots when carrot is grown as a sole
rop; Yrc1 and Yrc2 = yield of green biomass of rocket in the first and
he second harvest, respectively, when rocket is intercropped with
arrot; and Yrr1/Yrr2 = yield of green biomass of rocket in the first
nd second harvest, respectively, when rocket is grown as a sole
rop. The ratio was obtained for each plot when the average of the
epetitions of the plots in sole crop over blocks was  used in the
enominator of the partial LERs for each crop (LERc and LERr), as
ecommended by Federer (2002).

The competitive ratio was obtained by the formulae sug-
ested by Willey and Rao (1980), namely CR = CRc + CRr,
Rc = [(LERc/LERr) × (Zrc/Zcr)], and CRr = [(LERr/LERc) × (Zcr/Zrc)],
here CRc is the competitive ratio for intercropped carrot, CRr

s the competitive ratio for intercropped rocket, and CR is the
ompetitive ratio for the intercropping system as a whole.

To calculate the PEI of each treatment, we used the DEA model
ith constant returns to the scale (Charmes et al., 1979) since there
as no significant difference in the scales. The model has a mathe-
atical formulation: Xik is the input i value (i = 1, . . .,  s) for treatment

 (k = 1, . . .,  n); Yjk is the output j value (j = 1, . . .,  r) for treatment k;
i and uj are the weights attributed to inputs and outputs, respec-
ively; and O is the treatment being analysed.

Max
∑r

i=1vixio

∑s
j=1ujyjo = 1

∑s
j=1ujyjk = 1

∑r
i=1vixik = 1 ≤ 0, k = 1, . . .,  n uj, vi ≥ o,

i  = 1, . . .,  s, j = 1, . . .,  r

The evaluation units were the treatments, a total of sixteen pop-
lation combinations and the outputs were the green biomass yield
f rocket (sum of the 1st and the 2nd harvest) and the yield of car-
ot roots. To evaluate the yield of each plot, it was assumed that
ach plot utilized a single resource with a unitary level, following
n approach similar to that used by Soares de Mello and Gomes
2004), since the outputs incorporated the possible inputs.

A bivariate analysis of variance was performed on crop yields,
here each source of variation was tested by the criterion of
ilks (�). Once the significant treatments were identified, we

roceeded to the analysis of the canonical variable score or
he canonical discriminant function Z, which consisted of find-
ng a linear combination of p original variables (Xi) as follows:

 = E1X1 + E2X2 + . + EpYp. The characteristic roots of the matrix HE−1

H = matrix of sums of squares and cross-products for treatment and
−1 inverse of the matrix of sums of squares and cross-products
f the experimental error) were then extracted, using the itera-
ive method for calculating the eigenvalues and autovectors, being
he matrix coefficients of the autovectors of the solution for the
oefficients Ei, where I = 1, 2, . . .,  p of the linear combination in Z.
fter this, the scores of the function Z were obtained from the vec-

ors registered in each experimental unit, reducing it to a single
alue.

The gross return (GR) was obtained through the value of the pro-
uction per hectare based the price paid to producers in the region

n February 2012. For carrot, the amount paid was R$ 0.80 kg−1 and
or rocket, it was  R$ 1.40 kg−1. The current exchange rate of the US
ollar is $1 = R$ 4.00, as on February 2016. The GR is represented by
he following expression: GR = Ycr·Pc + Yrc·Pr, where Ycr and Yrc are
he yields (tonnes per hectare) of carrot and rocket, respectively, as
ntercrops, and Pc and Pr are the prices of 1 kg of carrot and rocket,
espectively, charged by the region’s producers.
Net return (NR) was calculated as NR = GR − PC, where PC (pro-
uction costs) is the summation of all expenses (input and labour)

n each intercropping system.
The RR was obtained as RR = GR/PC (Beltrão et al., 1984) and the

PM as the ratio of NR to GR expressed as a percentage.
dicators 67 (2016) 458–465

2.5. Data analysis

A univariate analysis of variance was performed using SISVAR
3:01 (Ferreira, 2000) to assess the yields of the component crops,
aggressivity, competitive ratio, LERs, PEI, the first canonical dis-
criminant function (Z), gross income, net income, RR, and NPM.
Three assumptions of the univariate analysis were tested. To test
for the additivity of the model, Tukey’s test for non-additivity was
applied to yield residuals data of each of the component crops.

The assumption of bivariate normality was performed by plot-
ting the squared Mahalanobis distances against the chi-square
percentiles (Lavorenti, 1998). The assumption for equality of
covariance matrices was verified by Box’s M test statistics (Norusis,
2006), and the hypothesis that the crop yields are independent was
tested by Bartlett’s test of sphericity based on residual correlations
(Pallant, 2001).

Regression analyses were performed on the evaluated variables
by fitting the response surface between the variable and the pop-
ulation densities through Table Curve, a software package (Jandel
Scientific, 1991).

3. Results and discussion

3.1. Assumptions of univariate and multivariate analysis

The validity of each of the three assumptions was tested by a dif-
ferent method: the assumption of homoscedasticity was assessed
by Bartlett’s �2 test: the value of �2 varied from 0.190 to 0.337; that
of normality, by the W-statistic of Shapiro–Wilk: the value varied
from 0.520 to 0.717; and that of additivity, by the F-test of Tukey:
the value varied from 0.053 to 0.668. In the residuals of the uni-
variate analysis of variance of the variables Ac, Ar, CRc, CRr, LERc,
LERr, LER, PEI, Yc, and Yr and in the first canonical discriminant
function (Z), the probability values were higher than 0.052. These
results mean that none of the three assumptions can be rejected
(p > 0.05) through univariate analysis of variance of the residuals
of all variables. The results of the Bartlett’s �2 test suggest that
the treatment variances of each variable are homogeneous to an
acceptable degree.

The results of Shapiro–Wilk’s W-statistic yielded non-
significant values for all the variables analysed, suggesting that
the residuals of these variables are normally distributed, obviating
any need to transform them. Tukey’s F-test for additivity showed
that differences between any two  treatments were similar for all
the blocks and for all the variables, thus eliminating the possibility
of any interaction between the blocks and the treatments.

The tests for checking the validity of the assumptions for mul-
tivariate analysis of variance in the yields of crops were performed
using Box’s M statistic, the correlation coefficient (r) for the plot,
and Bartlett’s test for sphericity. The test of equality of group covari-
ance matrices, based on 45 degrees of freedom, yielded a value of
73.959, which is non-significant (p = 0.168) and therefore does not
invalidate the assumptions of the analysis. This indicates that the
covariance matrices of the yield residuals were similar among the
treatments.

The coefficient of correlation of the Q–Q plot between the yields
of the two crops was  of 0.994 and therefore significant at 1% prob-
ability level in relation to the critical value of 0.974, based on 45
degrees of freedom. It is therefore accepted that the yields of car-
rot and the green biomass of rocket conform to a bivariate normal
distribution. Bartlett’s test of sphericity showed that �2 = 18,969

(p = 0.000, with two  degrees of freedom), leading to the rejection of
the hypothesis that the yields of the two  crops are independent of
each other – a rejection that, in turn, leads to the inference that the
assumptions for the bivariate analysis were valid.
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Bivariate analysis of variance of the yields led to the follow-
ng latent or canonical roots extracted from the matrix HE−1:
1 = 6.293, accounting for 97.96% of the variation and �2 = 0.131,
ccounting for 2.04% of total variation under intercropping. These
esults are consistent with those reported by Bezerra Neto et al.
2007b) in that, among all canonical roots, the first was the more
mportant and explains most of the total variation found in the orig-
nal data. Thus, the coefficients of the first canonical vector obtained
f these roots were: Z = 0.038Yc + 0.034Yr.

.2. Hairy woodrose as green manure

Using several spontaneous species of the Caatinga biome as
reen manure for intercrops involving tuberous and leafy vegeta-
les has proved successful. One such species is hairy woodrose
Merremia aegyptia L.), native to north-eastern Brazil; juicy and
ith a pleasant smell, it is relished by animals. The species is widely
istributed, found in forests, fences, clearings in the woods, and
elds and grows in soils of different textures (Góes, 2007). Hairy
oodrose is an annual climber, herbaceous, with a cylindrical,

rooved, and glabrous stem, with shaggy pubescence. The leaves
re yellowish, membranous, and alternate; the inflorescence con-
ists of bunches of 6–9 lily-like flowers; and the fruit is a subglobose
apsule.
Hairy woodrose can produce 36 t ha−1 of green biomass, which
ontains in term of dry basis 2.62% N, 0.17% P, 1.20% C, 1.2% K, 0.90%
a, and 1.08% Mg,  making the plant a good source of green manure
or use on family-managed farms (Linhares, 2009).
he carrot (C) and rocket (D) in bicropping of rocket intercropped with carrot under

Hairy woodrose has proved its agronomic and economic effi-
ciency not only in intercrops – beet and lettuce (Silva, 2013),
carrot and rocket (Carvalho, 2011; Paula, 2011), carrot and corian-
der (Fernandes, 2012), rocket and coriander (Moreira, 2011), and
rocket, carrot, and lettuce (Oliveira, 2012) – but also in sole crops,
the optimal amount of green manure to be worked into soil being
13 t ha−1 for carrot (Bezerra Neto et al., 2014), 45 t ha−1 for beet
(Silva, 2013), 15 t ha−1 for rocket (Linhares, 2007), and 7 t ha−1 for
lettuce (Góes et al., 2011).

The results of these studies are being disseminated widely and
growers are being encouraged to adopt the practice as an impor-
tant strategy for more efficient use of resources and more efficient
production of intercrops or polycultures in north-eastern Brazil.

3.3. Indices of competition and agronomic/biological performance

There was no significant interaction between population densi-
ties of carrot and rocket with respect to aggressivity coefficients (Ac

and Ar), competitive ratios of carrot and rocket (CRc and CRr), LER,
the ratio for carrot (LERc) and that for rocket (LERr), PEI, and the
score of the canonical variable (Z). As the next step, the response
surface was  adjusted for each index or indicator of efficiency of the
intercropping system as a function of the population densities of
the components crops.
The response surface was adjusted to the aggressivity coefficient
of carrot with the maximum value of 0.10 obtained by decreasing
the rocket population and increasing the carrot population such
that the combination was  100% of the RPSC for carrot and 40% of
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core  of the canonical variable (F) of the rocket in bicropping intercropped with car

he RPSC for rocket (Fig. 1A). The corresponding maximum value
f the aggressivity coefficient of rocket was 0.34, obtained in the
ombination consisting of 40% of the RPSC for carrot and 100% of the
PSC for rocket (Fig. 1B). In carrot, most of the determined values
ere negative, which makes carrot as the crop over which the other

ntercrop, namely rocket, is dominant. In rocket, these values were
ositive, confirming its status as the dominant of the two crops for
he population combinations tested. The dominance of rocket in

ost combinations is related to the yield of its two  harvests and

o the pattern of development of carrot, which offers rocket the
pportunity to be dominant.

The largest competitive ratios for carrot and rocket – 7.39
nd 1.67, respectively – were obtained by decreasing the carrot
 rocket in the first (C) and second cropping (D), productive efficiency index (E) and
der different population combinations.

population and increasing the rocket population such that the com-
bination consisted of 40% of the RPSC for carrot and 100% of the RPSC
for rocket (Fig. 1C and D). The form of the economic product of each
intercrop and its proportion,  namely underground tuberous roots
in the case of carrot, at 40% of its RPSC, and above-ground green
biomass in the case of rocket, at 100% of its RPSC – ensured that each
component used the environmental resources such as water, sun-
light, and nutrients with maximum efficiency. This index expresses
the exact degree of competition between the species by indicating

the number of times the dominant species is more competitive than
the dominated species (Eskandari and Ghanbari, 2010).

For LER of the intercropping system and of its individual compo-
nents (LERc, LERr1, and LERr2), response surfaces were also adjusted
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o populations of both the crops. For the LER, it was found that the
opulation combination of higher biological efficiency consisted of
arrot at 40% of its RPSC and rocket at 100% of its RPSC, with a
alue of 1.72 (Fig. 2A). This result demonstrates a better produc-
ive performance of the intercropped system in terms of utilization
f environmental resources and shows that the two grows as sole
rops would need 72% more area to reach the yields from the inter-
ropping system.

For the LER for carrot (LERc), the maximum value of 1.07 was
btained in the population combination consisting of 40% of the
PSC for carrot and 100% of the RPSC for rocket (Fig. 2B), whereas
he corresponding figure for rocket was 0.50 for the first harvest
LERr1) and 0.16 for the second harvest (LERr2), obtained in the com-
ination consisting of 40% of the RPSC for carrot and 100% of the
PSC for rocket (Fig. 2C and D).

The consistently low values of LER in the case of rocket, irrespec-
ive of the strength of its population, showed that rocket was  more
roductive as a sole crop. In comparing the proportions – in terms
f area occupied – of different components that make up an inter-
ropping system, the advantage of intercropping as reflected in the
ER is derived from two different sources, generally confounded:
a) the land factor (area occupied) and (b) biological or agronomic
actor (the treatments tested) (Montezano and Peil, 2006).

Recently, PEI has been used for evaluating intercropping sys-

ems by means of DEA, which incorporates the biological and
conomic advantages of these systems (Gomes et al., 2008). In the
resent experiment, the PEI increased with increase in rocket pop-
lation and decrease in carrot population and peaked at 0.91 in the
t in bicropping intercropped with carrot under different population combinations.

combination consisting of 40% of the RPSC for carrot and 100% of
the RPSC for rocket (Fig. 2E). This pattern matched that of LERs,
showing that the most efficient combination consisted of a smaller
population of carrot and a higher population of rocket.

It must be kept in mind that PEI, besides crop yields, also takes
into account the rate of return as an indicator of the economic value
of a treatment. Similar results were observed by Bezerra Neto et al.
(2007b) in carrot and lettuce as intercrops: when evaluated using
univariate and multivariate methods, the PEI worked equally well
for different cultivars of carrot and lettuce.

Combining indexes to reduce what is essentially a multivari-
ate problem to one that is univariate always involves some loss
of information contained in the original data. What is important
is that the chosen method of analysis examines the relationship
between two or more component variables of the system (Gomes
et al., 2008). Therefore, Bezerra Neto et al. (2007a,b) maintain that
the LER and the PEI are indexes that provide some indication of the
magnitude of advantage gained from combined production, and can
be applied to any intercropping situation. Furthermore, the anal-
ysis performed by PEI (through the DEA models) coincides with
the classical analysis of variance for univariate responses and sim-
plifies statistical analysis in multidimensional cases. The use of PEI
appears to be relevant to the analysis of intercropping experiments
set up to identify the best combination of two or more crops.
The assumptions of homogeneity, normality, and additivity of
the errors of the univariate analysis of variance of the yields of
carrot (Yc) and rocket (Yr) and of the score of the canonical vari-
able (Z) were shown to be valid, and so were the assumptions of
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omogeneity of covariance matrices, of bivariate normality, and
artlett’s sphericity. The correlation coefficient (Q–Q plot) between
he two yields was 0.9937 and therefore significant (p = 0.000).
hus, it can be safely assumed that the yields of carrot and rocket
onform to a bivariate normal distribution. The test for equality of
ovariance matrices, based on 45 degrees of freedom, was 73.95 and
herefore not significant (p = 0.168) and did not violate the assump-
ions of the analysis. This result indicates that the covariance

atrices of the yields of carrot and rocket are similar between treat-
ents. The test of Bartlett’s sphericity was �2 = 18.969, p = 0.000,

eading to rejection of the hypothesis that the crops yields are
ndependent. Therefore, the assumptions for the bivariate analy-
is were reasonably satisfied, which, according Lavorenti (1998), is
ecessary for validating confidence intervals.

The scores obtained in each experimental unit after a univariate
nalysis of variance yielded the following results. A response sur-
ace was observed for the scores of the canonical variable: as their
alues increased, the carrot population decreased and the rocket
opulation increased; the maximum value (1.68) was  reached in
he combination consisting of 40% of the RPSC for carrot and 100%
f the RPSC for rocket (Fig. 2F). In other words, the intercropping
fficiency was maximum when the population density of carrot
as the lowest and the population density of rocket was the high-

st, confirming the obtained values of PEI and LER of 0.91 and 1.72,
espectively.

According to Bezerra Neto et al. (2007a), the bivariate method
s superior because of its greater discriminating capacity and its
bility to show the behaviour of factors – treatments through the
anonical variable technique.

.4. Economic indicators

There was no significant interaction between population den-
ities of carrot and rocket that was reflected in gross returns,
et returns, RR, and NPM. Therefore, response surfaces were also
btained for each of the economic indicators: again, the value of
ach indicator increased with an increase in the population of
ocket and a decrease in the population of carrot. The highest values
ll the four indicators were attained in the combination consist-
ng of 40% of the RPSC for carrot and 100% of the RPSC for rocket:
ross return (R$ 41,186.91 ha−1), net return (R$ 18,621.64 ha−1), RR
1.84), and NPM (52.77%) (Fig. 3A–D). The superiority of this combi-
ation must be attributed to the crop yields, made possible by more
fficient use of environmental resources and inputs and seen in the
ndexes of agronomic/biological efficiency and competitiveness.

Bezerra Neto et al. (2005) analysed the agro-economic viability
f an intercropping system comprising carrot and lettuce: because
oth the components were members of the family Oleraceae, the
our economic indicators peaked when the populations of both
he components were maximum: gross return, R$ 73,560.40 ha−1;
et return, R$ 55,613.20 ha−1; RR, 4.10; and NPM, 75.32%. The
conomic indicators reflected the advantages observed in the
gronomic/biological indexes of efficiency, deriving maximum
conomic advantage from the agronomic superiority of the com-
ination of lower densities of carrot and higher densities of rocket.

. Conclusions

The combination that led to maximum agronomic/biological
fficiency and economic advantage consisted of carrot at 40% of the
PSC and rocket at 100% of the RPSC. It was this combination, grown

fter incorporating hairy woodrose as green manure in the soil,
hat resulted in maximum values of all the critical indexes and eco-
omic indicators: land equivalent ratio (1.72), productive efficiency

ndex (0.91), score of the canonical variable (1.68), gross returns
dicators 67 (2016) 458–465

(R$ 41,186.91 ha−1), net returns (R$ 18,621.64 ha−1), RR (1.84), and
NPM (52.77%). Therefore, this particular combination can be rec-
ommended highly to those who  grow vegetables on family farms
in north-eastern Brazil. Bivariate analysis of variance of the yields of
carrot and rocket and data envelopment analysis using these yields
and the rate of return as an indicator of the economic value of the
factors-treatments were effective in identifying the best intercrop-
ping system. These results will be used as an important strategy for
using environmental resources more efficiently and for deriving
maximum benefits from intercropping systems involving carrots
and rocket on family-owned farms in north-eastern Brazil.
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de Pessoal de Nível Superior for financial support to this research
and to the research group that develops technologies for grow-
ing vegetables on family farms. We  would also like to thank the
Conselho Nacional de Desenvolvimento Cientifico e Tecnológico by
providing a research grant.

References

Almeida, A.E.S., Bezerra Neto, F., Costa, L.R., Silva, M.L., Lima, J.S.S., Barros Júnior, A.P.,
2015. Eficiência agronômica do consórcio alface-rúcula fertilizado com flor-de-
seda. Rev. Caatinga 28, 79–85.

Beltrão, N.E., Nobrega, M.L.B., Azevedo, D.M.P., Vieira, D.J., 1984. Comparaç ão entre
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de  Classificaç ão de Solos, Centro Nacional de Pesquisas de Solos, Rio de Janeiro,
Embrapa, pp. 306.

Eskandari, H., Ghanbari, A., 2010. Environmental resource consumption in wheat
(Triticum aestivum) and bean (Vicia faba) intercropping: comparison of nutrient
uptake and light interception. Not. Sci. Biol. 2, 100–103.

Federer, W.T., 2002. Statistics issues in intercropping. In: El-Shaarawi, A.H., Pergorsh,
W.W.,  Piergorsch, W.  (Eds.), Encyclopedia of Environmetrics. Wiley, New York,
pp. 1064–1069.
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