
Abstract

The demand for sources of nutraceuticals has led to the rediscovery
and diffusion of traditional crops such as chia (Salvia hispanica L.),
whose leaves and fruits are rich in W3 fatty acids and anti-oxidants.
Chia originates in Central America but it is rapidly expanding to new
areas. A field experiment conducted at Atella in Basilicata (Southern
Italy) was set up to test the response of chia to N top-dress fertilisation
(0 and 20 kg ha–1) and to sowing density (D1=125, D2=25, D3=8 and
D4=4 plants m–2) in a split-plot design with three replications. First
results show maximum leaf area index values up to 7.1 and fresh veg-
etative biomass production at early flowering ranging between 50.87
(D4) and 59.71 (D1) t ha–1. Yield increased with plant density: a sig-
nificantly (P<0.01) higher production (398 kg ha–1) was reached in
D1. N top-dressing had a detrimental effect on yield and corresponded
to higher lodging and lower maturation percentage of seeds, though

non-significant. Based on our first results it seems worthwhile to con-
tinue agronomical trials for chia in herbaceous systems of southern
Italy for leaf production based on traditional genotypes, while fruit pro-
duction might be pursued by adopting high sowing density and the
search for longer-day genotypes. 

Introduction

Salvia hispanica L, known as chia, is a multifunctional plant whose
food use may be traced back as far as 2500 B.C. Domesticated in
Mesoamerica around 2600 B.C. it has been a staple food in Mexico
between 1500 and 900 B.C. (Pozo Pozo, 2010). It is an annual herba-
ceous species belonging to the Labiatae family, and its fruits were one
of the four main food source traditionally used in pre-Colombian
times. It has recently been re-discovered (Ayerza and Coates, 2009)
due to its high content of nutraceuticals and therefore the potential for
a functional food and a feed capable of increasing the nutritional value
of milk and meat products (Ayerza and Coates, 2006; Peiretti and
Meineri, 2008). Fruits (Ayerza and Coates, 2009) and leaves (Peiretti,
2010) are rich in poly-unsaturated fatty acids, anti-oxidants, vitamins,
minerals. The oil contained in chia fruits in high percentages (>30%)
is the richest natural source of W3 fats (Ayerza and Coates, 2002). The
market price of the fruits is therefore quite high both for human con-
sumption and for feed.
The plant is a macro-thermal short-day species undergoing a rapid

diffusion from the traditional growing areas to new regions of the
world (e.g., Australia). 
The use of chia for human consumption has recently been approved

by the European Parliament and the European Council (European
Commission, 2009) but fruit production has never been reported in
Europe.
Ayerza and Coates (2009) have studied the crop in different areas in

Central America, but research results on agronomic techniques for
chia are still few (Bochicchio et al., 2015). 
An experiment was set up in Basilicata (Southern Italy) to study the

effect of agricultural management on leaf and fruit production of chia.
This paper reports the first results of the experiment.

Materials and methods

Site
The experiment was set up at Masserie Saraceno (Atella - PZ,

Southern Italy, Lat. N 40° 51’ 37.59”, Long. E 15° 38’ 49.43”) on a Luvi-
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vertic Phaeozem (Iuss working group, 2006) loam soil with the following
characteristics: sand (50-2000 mm) 43.6%, silt (2-50 �mm) 34.2%, clay
(<2 mm) 22.1%; pH 6.8; N 1.9 g kg–1; phosphates (P2O5) 50.3 g kg–1;
potassium oxide (K2O) 1430 g kg–1. The site has an average annual
rainfall of 678 mm concentrated mainly during October-May. 

Experimental design
A chia (Salvia hispanica L.) accession from Peru was sown on

21/06/2013 and grown with non-limiting water supply. The soil was
amended with 25 t ha–1 of the solid fraction of biogas digested materi-
als with the following characteristics: dry matter 8.5%; carbon 20.4 kg
t–1; nitrogen (N) 2.8 kg t–1; ammonium (N-NH4) 0.6 kg t–1; P2O5 1.4 kg
t–1; K2O 2.5 kg t–1. Soil tillage consisted of ploughing at 35 cm and accu-
rate seedbed preparation with chain and rotary harrows given the small
seed size (100 seed weight =1.26 g). The crop was hand-weeded. 
Top-dress nitrogen fertilisation and sowing density were tested with

the following treatments: i) N top-dress fertilisation applied at 60 days
after sowing (DAS) with ammonium nitrate (13.5% NH4

+ and 13.5%
NO3

–) at two levels (N0 and N20, respectively corresponding to 0 and 20
kg N ha–1); ii) sowing density at four levels (D1=125, D2=25, D3=8 and
D4=4 plants m–2) with a fixed distance of 0.8 m interrow; iii) in a split-
plot design with three block replications where the N top-dressing was
assigned to main plot and sowing density was assigned to the split
plots. Elementary plots were 5x8 m. 

Plant measurements
At 44, 73 and 103 DAS the area of leaves and the plant fresh biomass

were measured on samples of 1 m along the row. Leaf area was deter-
mined through the Winrhizo pro (Regent Instruments, Inc., Québec,
QC, Canada) image analysis software after acquiring images with a
desktop scanner installed at the field premises. At harvest (180 days
after sowing) the number of plants m–2 was measured and the yield of
the chia product, consisting of dry indeiscent fruits commonly called
seeds, was determined on a fresh basis. The ratio of ripe to unripe
fruits was determined on a subsample of 15 inflorescences per plant on
5 plants per plot where fruits were manually separated based on colour
and degree of filling. The water content was measured after oven dry-
ing at 70°C.

Statistical analysis
The effects of plant density and nitrogen fertilisation were assessed

by a mixed effect model estimated by restricted maximum likelihood. A
mixed effects model incorporates both fixed effects, associated to the
levels of the experimental factors, and single or multiple levels random
effects that allow grouping effects as random variations around the
population mean (Pinheiro and Bates, 2000). As a consequence of
including of one or more random terms a correlation structure between
observations belonging to the same group is incorporated in the model;
this is called induced correlation (Zuur et al., 2009). Scouting analysis
was performed to assess data normality and the presence of possible
interactions between factors. To test the effects of plant density and
mineral top-dressing fertilisation on plant biometric variables several
models were computed. A multilevel mixed effects model was used and
since residuals analysis revealed the presence of heteroschedasticity a
variance function was used to model the within group error variance
structure. For yield,  a mixed effects analysis of covariance (ANCOVA)
model using N top-dressing and the effective plant density at harvest as
a continuous covariate was computed, while the effect on seed matura-
tion was tested within a mixed effect model using the block as a ran-
dom effect.
Models with or without a variance structure were compared through

the Akaike information criterion (AIC) and the Bayesian information

criterion (BIC). Post hoc comparisons for mean separation were con-
ducted with the test of Tukey.
Statistical analysis was performed by R software (R Development

Core Team, 2008) using the library nlme for mixed effects modelling
(Pinheiro et al., 2013) and library multcomp (Hothorn et al., 2008) for
post hoc comparison. 

Results and discussion

The production of leaves was very high in all treatments, on average
10.96 t ha–1 at 18.9% dry matter content, and this resulted in high val-
ues of leaf area index (LAI) (Figure 1). For the randomised block
design with repeated measures, used in this study, LAI and plant bio-
mass were modelled as a function of plant density and DAS as fixed
effects. The N-fertilisation treatment was not significant therefore it
was retained only as a random term, to account for the lack of inde-
pendence between sub-replicates at the block level. In the mixed model
a three level random effect was included, where N-fertilisation was
nested within the block effect, the third level of grouping was given by
the plant densities in order to account for the auto-correlation due to
the repeated measures. 
The resulting model therefore was: 

Yidjk = b0+�bi+�bd + bj + bjk + bjki + eidjk                                                              (1)

where:
b���is the intercept;
bi is the vector of fixed effect of plant density, with the index i=1,…4
representing the four plant densities (D1, D2, D3, D4);
bd is the fixed effect of the days after sowing (DAS) d=1 …3;
bj and bjk �and bjki are the random effects terms respectively:
bj the block effect with i=1,…3 
bjk the nitrogen fertilisation effect k=1…2 nested within the block
j=1,…3; 
bjki the plant density nested within each nitrogen fertilisation level,
nested within each block; 
eidjk�denotes the within group errors.

Since residuals were found heteroschedastic, with the variability
increasing with time, a variance function was included using DAS as a
variance covariate. We used the variance function belonging to the
class varFixed (available in the Rcran nmle library) that assumes
ed��N(0, �s2�x DASd) allowing within-group variance to increase linearly
with DAS. The models, with or without the variance function, were
compared in terms of both AIC and BIC criteria. The new model showed
better performances having lower AIC and BIC. This procedure was
applied to all of the models yielding consistent results. 
Results of statistical models show that plant biomass and LAI

increased up to 103 DAS, the top-dressing mineral fertilisation treat-
ment was not significant while plant density significantly affected all
measured variables, no interactions between fixed factors was found to
be significant. 
Aboveground biomass and LAI increased with time until the begin-

ning of flowering (103 DAS) and values of D1 were not significantly dif-
ferent than those of D2 and values of D3 were not significantly differ-
ent than those of D4. An example for LAI is shown in Figures 1 and 2.
Fresh and dry vegetative biomass production had a similar trend and
reached values ranging respectively between 50.87 (D4) and 59.71
(D1) t ha–1 and between 4.26 (D4) and 5.04 (D1) t ha–1 at the begin-
ning of flowering (103 DAS). 
Peiretti (2010) reports that leaves of chia may represent a valuable
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forage due to the high percentage of �3, especially in early stages of
development. Also, use as a fresh vegetable may be explored. Values of
biomass are in line or higher than that reported for other environments
(Bochicchio et al., 2015). The large canopy values found in this exper-
iment are linked to a late flower induction due to photoperiod sensitiv-
ity. On the other hand, due to late flowering (first week of October)
peaks of low temperature in autumn interrupted maturation processes
and only about 1/4 of the total fruit weight was made of ripe fruits. 
All plants survived at harvest at the lowest sowing density D4 (and

this corresponds to null death or lodging) whereas plant death
increased with sowing density up to 55%, with a lower number of sur-
vived plants in the treatments with N top-dressing in D1 and D2. The
effect of fertilisation however was not significant.
The yield of ripe fruits at 5.4% water content ranged between 133.7

kg ha–1 (D4 N20) to 518.4 kg ha–1 (D1 N0). Yield for treatment D1 was
significantly higher than that of D3 and D4 (P<0.05). 
A reduction of yield was recorded in plots fertilised with N in top-

dressing, but it was non-significant at the analysis of variance where
sowing density and nitrogen top-dressing where used as covariates.
Nevertheless, the detrimental effect of N20 on yield was significant at
P<0.05 when it was tested using the effective plant density at harvest
as a continuous variable through a mixed effect ANCOVA that yielded
the following equation: 

Y = 76.75 + 4.769*Pdh + 104.73*N0T R2adj = 0.56                                              (2)

where:
Y = yield (kg ha–1); 
Pdh = plant density at harvest (plants m–2) (P<0.001); 
N0T = treatment with no nitrogen in top-dressing (P<0.05).
In general the response of chia to nitrogen is reported to be contro-

versial (De Kartzow, 2013). In our experiment lack of response to N top-
dressing for LAI and biomass can be explained by the nitrogen content
of organic amendment, whereas a yield reduction with N top-dressing
can be only partly commented in terms of plant death or lodging. Other
effects, e.g., linked to phenology need to be further investigated. In our
case for instance the rate of mature seed to total seed production was
higher in unfertilised plots (26% in N0 versus 21% in N20) however the
P-value corresponding to this difference was only 0.11. Lodging also
increased the variability of data: for instance coefficients of variation
of plant density at harvest ranged from 0 in treatment D4 to as high as
65.7% in treatment D2 with nitrogen top-dressing. 

The production level of D1 was in line with lower limits of yield
attained in some environments of Central America where it is tradi-
tionally grown, but below those reached in the best growing conditions
(Ayerza and Coates, 2009). As mentioned, the combination of phenolo-
gy, winter kill and lodging affected fruit yield, therefore our data are
only indicative of the chia production potential outside the geographic
region of origin, and effects of N-fertilisation need to be further inves-
tigated. 

Conclusions

First results indicate that growth and yield of chia were highest at
high sowing density. A reduction in yield as an effect of N top-dressing
was detected; this corresponds to controversial reports on the effect of
N on chia and needs to be investigated further. 
Based on first results, pursuing agronomical trials for Salvia hispan-

ica L. in herbaceous systems of southern Italy seems worthwhile: it
might represent an interesting summer crop for the production of
fruits, in particular if longer-day genotypes can be found in order to
obtain earlier flowering. In spite of late flowering, a short-day genotype
from traditional growing areas used in this experiment produced fruit
yields comparable to those attained in low productivity environments of
Central America, but only at the highest sowing density. On the other
hand, a high leaf area and biomass were produced, with possible per-
spectives for forage or even fresh consumption. 
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Figure 2. Chia (Salvia hispanica L.) leaf area index as a function
of days after sowing (averages of 3 sowing densities). Values with
different letters are significantly different at the test of Tukey
(P<0.01).

Figure 1. Chia (Salvia hispanica L.) leaf area index as a function
of sowing density treatment (averages of 4 sampling dates).
Values with different letters are significantly different at the test
of Tukey (P<0.005). 
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