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ABSTRACT: Optimization of the use of water and the possibility of using residues as substrate 
in the black pepper production chain can yield economic and environmental benefits. The 
objective of this study was to evaluate the biometric and physiological traits of black pepper 
plantlets (Piper nigrum L.), cv. Bragantina, at different irrigation levels and soilless substrates. 
Plantlets were grown for 120 days on three substrates [biosolid + crushed coconut fiber (3:1, 
by volume); biosolid + granitic rock powder (3:1, by volume); and biosolid + crushed coconut 
fiber + granitic rock powder (2:1:1, by volume)] and at five irrigation levels [36 % (very low); 
55 % (low); 85 % (moderate); 100 % (well-irrigated); and 126 % of the reference irrigation level 
(over-irrigated)]. The biometric traits evaluated increased as the irrigation levels increased, with 
the exception of root dry mass, which was not influenced by this factor, nor water use efficiency, 
which decreased as the irrigation levels increased. In general, plants grown with a mixture of the 
three wastes (biosolid + crushed coconut fiber + granitic rock powder) exhibited higher values 
for biometric variables and chlorophyll content when they were moderately, well or over-irrigated, 
in comparison with the other two substrates. It was possible to achieve the plantlet commercial 
standard using this three waste mixture and the moderate irrigation level.
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Introduction

Black pepper (Piper nigrum L.) is a vine widely used 
in the pharmaceutical, cosmetic and food industries 
(Takoore et al., 2019), which justifies its economic 
importance. Brazilian production is among the five most 
important in the world (FAO, 2018), despite the fact 
that Brazilian farmers face several diseases throughout 
the country, as well as the lack of water availability in 
parts of the main production regions. Root rot disease 
caused by the soil fungus Fusarium solani (Mart.) Sacc. 
f. sp. piperis Albuq. (Albuquerque and Ferraz, 1976) 
is the most important, since it can lead to the demise 
of entire plantations. Because there is no effective 
chemical control or resistant cultivar registered in Brazil 
(Benchimol et al., 2017), its control must be based on 
preventive actions, such as the use of healthy plantlets, 
which can be produced on substrates free from sources 
of phytopathogen propagation.

In this respect, waste has the potential to be used 
as substrates in nurseries, which can also result in 
environmental benefits, and prevent the inappropriate 
disposal of these materials in the environment (Sharma 
et al., 2017). However, its chemical and physical 
characteristics, costs and availability must be considered 
too (Schindler and Müller, 2017); otherwise its use is 
economically unfeasible. Studies have demonstrated 
the feasibility of several types of alternative materials 
as components of substrates for plants including: agro-
industrial residues (Abad et al., 2005; Fermino et al., 
2018), biosolid (Abreu et al., 2017) and granitic rock 

powder (Paradelo et al., 2016), but rare are those that 
deal with the use for the production of black pepper 
plantlets.

The seedling and plantlet production systems are 
also affected by the availability of water which requires 
its more efficient use and the recycling of run-off in 
nurseries (Beeson Jr. et al., 2004). Despite the importance 
of black pepper to Brazilian agriculture, there are no 
studies relating to the crop water requirement under 
tropical conditions, especially in the plantlet phase. 

The objective of this study was to evaluate the 
effects of different irrigation levels (IL) and soilless 
substrates on the biometric and physiological traits of 
black pepper plantlets (Piper nigrum L.), cv. Bragantina.

Material and Methods

Study conditions description

The experiment was conducted between Mar and July 
2018, in an East-West facing greenhouse, located in 
the metropolitan region of the state of Rio de Janeiro, 
Brazil, using black pepper plantlets, cv. Bragantina. 
During the experiment, the greenhouse’s control system 
was adjusted to cool the environment whenever the 
temperature reached 30 °C, lowering it to 28 °C. To 
monitor the experimental climatic conditions, a weather 
station was installed inside the greenhouse. The daily 
temperature and relative humidity data are shown in 
Figure 1A while solar radiation and photosynthetically 
active radiation (PAR) data are shown in Figure 1B.
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Treatments and experimental design

The experimental design was completely randomized 
in a 3 × 5 (substrates × IL) factorial scheme with ten 
replicates. Plantlets were grown for 120 days on three 
substrates [BC = bissolid + crushed coconut fiber (3:1, 
by volume); BG = biosolid + granitic rock powder (3:1, 
by volume); and BCG = biosolid + crushed coconut 
fiber + granitic rock powder (2:1:1, by volume)] and 
five irrigation levels [36 % (very low); 55 % (low); 85 % 
(moderate); 100 % (well-irrigated); and 126 % (over-
irrigated) with IL reference (RIL)]. Water was applied at 
flow rates of 1.4 (very low), 2.1 (low), 3.3 (moderate), 3.9 
(well-irrigated) and 4.9 L h–1 (over-irrigated).

Plantlet production

The plantlets were obtained by a rooting process of 
single-node leafy stem cuttings collected from three-
year-old plants in a property located in São Mateus 
county (18°43’49” S, 40°14’11” W, altitude of 117 m) 
in the northern region of the state of Espírito Santo, 
Brazil for 60 days in a sand medium. Before planting 
in the sand medium, the cuttings were immersed in 
a fungicide solution based on carbendazim (2 g c.p. 
L–1) for 5 min, dried in the shade for 30 min, and 
subjected to basal application of indole-butyric acid 
diluted to 5.0 g kg–1 of inert powder (Secundino et 
al., 2014).

Transplantings

On Mar 5, 2018, the plantlets were transferred to 
280-cm3 tubes, filled with the substrates, which were 
arranged on plastic trays in such a way that the planting 
density was equal to 68 plants per m2. At the time of 
transplanting, the humidity of the substrates was 
standardized, rising to the capacity of the container, by 
applying water manually.

The biosolid used was provided by the Rio de 
Janeiro state Water and Sewage Company (CEDAE) 
and is obtained by the stabilization of the sludge 
produced during the sewage treatment process at the 
sewage treatment plant located in Ilha do Governador, 
in the municipality of Rio de Janeiro. The crushed 
coconut fiber was a commercial product normally 
recommended for the sowing of coffee and vegetables 
and production of clonal eucalyptus plantlets. The 
granitic rock powder was provided by an ornamental 
rock industrial plant located in Vargem Alta county 
(20°40’16” S, 41°00’27” W, altitude 596 m), in the state 
of Espírito Santo, Brazil. This powder comes from the 
primary processing of granite blocks by the gang saw 
method using abrasive solution.

Table 1 shows the bioavailable chemical 
properties, volumetric density on dry basis and total 
porosity of the formulated substrates.

Table 1 – Chemical and physical properties of substrates used in the cultivation of black pepper plantlets.

SUBS pH (H2O) EC N* P K+ Ca2+ Mg2+ Na+

mS cm–1 ---------------- mg dm–3 ---------------- ---------------------------------------------- cmolc dm–3 ----------------------------------------
BC 3.9 1.6 26.0 36.1 1.1 11.5 1.2 0.4
BG 5.4 2.0 16.3 27.4 0.9 15.1 0.8 0.4
BCG 4.6 1.8 13.2 25.9 1.0 14.4 0.7 0.4
SUBS Al3+ H+ + Al3+ S CEC T V Ds TP

------------------------------------------------------------ cmolc dm–3) ---------------------------------------------------------------- % g cm–3 %
BC 0.3 11.2 14.1 14.4 25.7 55.8 0.64 61.4
BG 0.00 4.3 17.3 17.3 21.5 80.1 0.77 63.0
BCG 0.00 5.1 16.5 16.5 21.6 76.5 0.53 72.9
SUBS = substrates; BC = biosolid (BS) + crushed coconut fiber (CF) (3:1, by vol.); BG = BS + granitic rock powder (GR) (3:1, by vol.); BCG = BS + CF + GR (2:1:1, by 
vol.); EC = electrical conductivity; S = sum of exchangeable bases; CEC = Effective cation exchange capacity; T = total cation exchange capacity; V = base saturation 
percentage; Ds = volumetric density; TP = total porosity; *total Kjeldahl N.

Figure 1 – Daily values of minimum, mean and maximum 
temperatures, mean relative humidity (A) and daily accumulated 
values of solar radiation (SR) and photosynthetically active 
radiation [PAR] (B) recorded inside the greenhouse throughout the 
experimental period.
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Irrigation management

Shortly after transplanting, the ILs were started through 
a drip irrigation system operated at a pressure of 60 
kPa. According to the test performed, Christiansen’s 
uniformity coefficient was equal to 96.0 % and the 
distribution uniformity coefficient was equal to 93.9 %. 

Irrigation management was carried out 
automatically at 4 kPa through the installation of 
simplified irrigation controllers (Medici et al., 2010) 
in two reference plants which were grown in the BC 
substrate and were well-irrigated. The porous capsule 
used as an irrigation controller sensor was made from 
domestic water filter candles in such a way that the 
dimensions were reduced (Bezerra et al., 2019) so as to 
enable installation in the tubes. Thus, the plants’ water 
requirement was taken into consideration when defining 
RIL, facilitating the establishment of the ILs tested. 

The volume of water applied per treatment 
over time was estimated from daily readings of an 
analogical water meter installed on the main line of the 
irrigation system. There were 27 automatic actuations 
of the irrigation system which applied a total of 0.282 
(very low), 0.424 (low), 0.666 (moderate), 0.787 (well-
irrigated), and 0.988 L of water per plant (over-irrigated).

Data collection and analysis

Main stem height (H), number of leaves (NL), shoot (stem 
+ leaves) and root system dry masses (SDM and RDM, 
respectively), leaf area index (LAI) and chlorophylls a 
(CHLa) and b (CHLb) contents were evaluated at 120 
days after transplanting (DAT). H and NL were measured 
directly prior to harvest based on a cut close to the 
substrate surface. Chlorophyll measurements were also 
taken before harvest, using a portable chlorophyll meter 
(Falker Automação Agrícola Ltda., Porto Alegre county, 
in the state of Rio Grande do Sul – Brazil), sampling 
three plants per treatment, randomly chosen before the 
beginning of the experiment. Three measurements were 
taken at different points on each leaf which were always 
the newest and fully expanded ones on each plant.

Immediately after harvest, all fully expanded 
leaves of each plant were collected to determine the 
areas in a leaf area meter which made it possible to 
determine LAI. The plants were then divided into stem 
and root systems which, together with the leaves, were 
dried in a forced circulation oven for 72 h and then 
weighed on an analytical scale to determine SDM (stem 
+ leaves) and RDM. Water use efficiency (WUE), in kg 
m–3, was calculated as the relationship between total dry 
mass production (SDM + RDM), in kg, and the total 
volume of water applied in each IL (m3).

Statistical analysis

The normality and equality of variances of residuals 
were assessed by the Shapiro-Wilk test and Bartlett’s 

test, respectively, at a 5 % probability level. According 
to the results, the traits NL, LAI, RDM and WUE were 
transformed to x  .

The analysis of variance was performed by the 
F-test (p < 0.05) for all traits evaluated.

After rejecting the null hypothesis, regression 
analyses were performed with linear and quadratic 
regression models charting all traits against ILs except 
for RDM as this trait was not significantly affected 
(p > 0.05, F-test) by ILs. For the traits LAI, NL, CHLa 
and CHLb interaction between substrates and ILs 
was significant (p < 0.05, F-test). In these cases, the 
regression analysis was sliced in each substrate.

The regression models were analyzed using the 
minimal squares method by matrix algebra (Ferreira, 
2019). The significance of the models coefficients was 
tested by t-test (p < 0.05 and p < 0.01). The best models 
were chosen considering the higher determination (R2) 
and adjusted determination coefficients (Radj

2 ) in addition 
to the lower significance level of the models’ coefficients 
by the t-test and non-residual significance by the F-test 
(p > 0.05). 

For the substrate factor, Tukey’s means comparison 
test was performed with a 5 % significance level.

All statistical analyses in this study were conducted 
using the R software package, version 3.6.0, and Sisvar 
software, version 5.6.

Results and Discussion

The traits H, SDM and WUE were influenced by the 
ILs regardless of the substrates (Figures 2 and 5). The 
substrates, in turn, influenced the values of H and 
RDM regardless of the ILs (Table 2). The traits LAI 
(Figure 3A), NL (Figure 3B), CHLa (Figure 4A) and 
CHLb (Figure 4B) were affected by the interaction 
between both factors.

There were positive responses of H and SDM as 
a function of the increase in ILs in all substrates. The H 
values ranged from 11.8 to 20.3 cm, and increased at a 
rate of 1:10; thus an increment of 1 unit in H required 
a 10 % increase in IL, while the increase of each gram 
of SDM was promoted by the increase of approximately 
74 % in the percentage of RIL which ranged from 1.3 
(very low irrigation) to 2.6 g per plant (over irrigation) 
(Figure 2).

Table 2 – Mean and standard deviation of main stem height and root 
system dry mass of black pepper plantlets, cv. Bragantina, at 120 
days after transplanting as a function of three soilless substrates.

Characteristics BC BG BCG
Main Stem Height (cm) 16.4 ± 4.7 b* 16.0 ± 6.1 b 18.9 ± 7.3 a
Root Dry Mass (g) 0.23 ± 0.13 b 0.57 ± 0.38 a 0.45 ± 0.22 a
BC = biosolid (BS) + crushed coconut fiber (CF) (3:1, by vol.); BG = BS + 
granitic rock powder (GR) (3:1, by vol.); and BCG = BS + CF + GR (2:1:1, by 
vol.); *Means followed by the same letter in the row did not differ statistically 
by Tukey’s test (p > 0.05).
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The increase in the values of H and SDM may 
be related to the reduction of stomatal resistance in 
plants satisfactorily supplied with water (Sezen et 
al., 2019), resulting in higher transpiration rates and 
assimilation of carbon dioxide, the latter being used 
in the photosynthesis process, generating products 
that are essential to plant development (Taiz et al., 
2014).

Figure 4 – Chlorophyll a (A) and chlorophyll b (B) indexes of black 
pepper plants, cv. Bragantina, subjected to different irrigation 
levels and soilless substrates, at 120 days after transplanting. 
FCI = Falker chlorophyll index; RIL = reference irrigation level; () 
BC = biosolid (BS) + crushed coconut fiber (CF) (3:1, by volume); 
() BG = BS + granitic rock powder (GR) (3:1, by vol.); and () 
BCG = BS + CF + GR (2:1:1, by vol.). **Significant coefficients by 
t-test (p < 0.01). nsNon-statistical difference between the means 
by F-test (p > 0.05). nmCoefficients of linear and quadratic models 
non-significant by t-test (p > 0.05).

Figure 5 – Water use efficiency (WUE) of black pepper plantlets, 
cv. Bragantina, at 120 days after transplanting, as a function of 
irrigation levels. RIL = Reference irrigation level. **Significant 
coefficient by t-test (p < 0.01).

Figure 3 – Leaf area index (A) and number of leaves (B) of black 
pepper plants, cv. Bragantina, at 120 days after transplanting 
subjected to different substrates and irrigation levels. LAI = leaf 
area index; NL = number of leaves; RIL = reference irrigation 
level; () BC = biosolid (BS) + crushed coconut fiber (CF) (3:1, by 
volume); () BG = BS + granitic rock powder (GR) (3:1, by vol.); 
and () BCG = BS + CF + GR (2:1:1, by vol.). **, *Significant 
coefficients by t-test (p < 0.01 and p < 0.05, respectively) .

Figure 2 – Morphological characteristics of black pepper plantlets, 
cv. Bragantina, at 120 days after transplanting as a function of 
irrigation levels. H = Main stem height; SDM = shoot dry mass; 
IL = irrigation level; RIL = reference irrigation level; **Significant 
coefficients by t-test (p < 0.01).

Regardless of the ILs, the highest H value (18.9) 
was observed in plants grown with BCG while the 
highest RDM value (0.57 g) was observed in plants 
submitted to BG, followed by BCG (0.45 g) (Table 2).

The most positive responses of plants submitted 
to BCG and BG, although BC has been defined as a 
standard substrate for irrigation purposes, may be 
associated with a phosphorus deficiency that occurred in 
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BC since the pH of this substrate was equal to 3.9, with 
the presence of 0.30 cmolc dm–3 of Al+3 (Table 1). These 
conditions are favorable to the formation of aluminum 
phosphate which may make a considerable fraction 
of P unavailable. This deficiency can be identified by 
the root system, giving rise to a series of changes in 
plants, which leads to increases in remobilization and 
recycling of P, reduction in photosynthetic rate, delay 
in shoot growth and reduction in the growth of lateral 
roots (Zhang et al., 2014).

There was an increase in LAI and NL according 
to the increase in IL in plants grown with all substrates 
tested. For both traits, the greatest variation occurred 
in the BCG substrate (increment of 0.17 m2 m–2 and 
0.6 leaves, respectively, for each 10 % increase in IL), 
in contrast to BC, which had the smallest variation 
(increment of 0.05 m2 m–2 and 0.21 leaves, respectively) 
(Figure 3A and B).

Black pepper plantlets with H between 20 and 
30 cm and six to eight leaves are considered suitable 
by Brazilian farmers for planting in the field (Serrano 
et al., 2012). According to these criteria, only plants 
moderately, well- or over-irrigated and cultivated 
using BCG had adequate H (21.6, 22.0 and 25.1 cm, 
respectively) and NL (5.9, 6.1 and 7.7, respectively) 
(Figures 2 and 3B). 

There was no significant effect (p > 0.05, by F-test) 
of ILs on CHLa and CHLb for BC. For BCG, there was 
no significance (p > 0.05, by t-test) of the adjustment 
of the linear or quadratic model. For BG substrate the 
variations in chlorophyll content followed a quadratic 
pattern. According to this fitted model, approximately 
91 % (CHLa) (Figure 4A) and 93 % (CHLb) (Figure 4B) 
of the variation could be explained by the variation in 
the ILs. In this case, the highest values were found in 
very low- and over -irrigated plants. In the first case, 
there may have been a concentration of photosynthetic 
pigments in the leaves due to the fact that plants 
submitted to these treatments had low LAI values 
(Anjum et al., 2011; Valença et al., 2018). In the second 
case, the increase in indexes may be due to the relatively 
high quality development of plants, without suffering 
degradation, concentration or dispersion of chlorophyll.

With regard to plants grown using the BCG 
substrate, it is noteworthy that they had the highest 
chlorophyll contents under very low, moderate 
and well-irrigated conditions contrasting with the 
strong reduction experienced when they were over-
irrigated. This may be related to the dilution effect of 
photosynthetic pigments in the leaves due to the high 
leaf area that these plants exhibited (Figure 3A and B).

As for the chlorophyll content registered in 
plants cultivated with BC, in general they were low, 
with the smallest oscillations due to the ILs (Figure 
4A and B). In this case, degradation of photosynthetic 
pigments may have occurred since plants subjected to 
stress due to lack of P (see discussion on Table 2) may 
have reduced photosynthetic rates (Zhang et al., 2014).

The generally higher values of biometric traits 
and chlorophyll content of plants grown with BCG 
and BG, compared to BC, even though the latter is 
defined as a reference for irrigation purposes, may be 
associated with the capacity of granitic rock powder 
for acid neutralization, supply of Ca and Fe (Barral 
Silva et al., 2005), and the capacity to increase water 
retention in the formulated substrates (Paradelo et al., 
2016), conditions that favor the availability of nutrients 
to plants. In addition, due to the irrigation management 
adopted, depending on the water demand of plants 
cultivated with BC as previously discussed, provided 
unfavorable conditions for vegetative development, 
it is likely that the BG and BCG substrates did not 
express their full potential as a result of the reduction 
in water supply.

There was a negative linear relationship between 
ILs and WUE, and approximately 96 % of the variation 
in WUE could be explained by the variation in ILs. A 
10 % reduction in the IL was equivalent to an increase 
of approximately 0.3 kg of total dry mass per cubic 
meter of supplied water. In absolute values, the highest 
WUE was found in very low irrigated plants (5.86 kg 
m–3). Compared to this IL, there were reductions of 
5.9 % (low irrigated), 33.9 % (moderate), 37.1 % (well-
irrigated) and 48.5 % (over-irrigated) in WUE values 
(Figure 5).

Although the two lowest ILs led to higher 
WUE values compared to the others, these levels 
also promoted the lowest values for H, SDM (Figure 
2), LAI (Figure 3A) and NL (Figure 3B). On the other 
hand, considering these same characteristics, except 
for SDM, small differences were observed in the 
values of moderately and well-irrigated plants. These 
results suggest that a deficit irrigation strategy of up 
to 15 % during the stage of production of black pepper 
plantlets, cv. Bragantina, may be feasible as it does not 
cause significant changes in the quality of the plantlets 
produced (Figure 5). Similar results were obtained by 
Valença et al. (2018), who observed higher water use 
efficiency in lettuce plants grown in organic systems in 
pots when about 83 % of the RIL was applied through 
a device similar to that employed in the present study.

Almost half of all Brazilian black pepper is 
produced in the state of Espírito Santo where plantations 
are concentrated in regions with water deficits close 
to 277 mm per year. In addition, this state produces 
approximately 34 % of all Brazilian ornamental rocks, 
generating a large volume of waste which can cause 
serious environmental problems. On the other hand, 
only 41 % of the sewage produced is collected and 
treated in Espírito Santo. Therefore, it is important to 
have options to use the waste especially in a scenario 
of increased sewage treatment in the state. Under this 
scenario, improvements in the use of water and residues 
in the black pepper production chain are important and 
can contribute to the competitiveness of the activity and 
environmental preservation in the region.
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Conclusions

Black pepper plantlets, cv. Bragantina, produced with 
the use of substrate produced by mixing biosolid, 
crushed coconut fiber and granitic rock powder, and 
irrigated with not less than 85 % of the RIL, presented 
acceptable biometric traits.
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