Effect of fertilization on yield and phenology of the
halophyte Sarcocornia neei as an emerging crop
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Sarcocornia is a vegetable crop that can be irrigated with highly
saline water. The objective of this research was to evaluate the
yield and study the phenology of the halophyte Sarcocornia
neei as an emerging crop. Trials were established in a tunnel-
type greenhouse and the open field, both including the same
fertilizer treatments with two doses of N (40 and 80 g N per
plant). The plants were harvested three times by collecting all
vegetative parts located 5 cm above the soil. Four plants per
replicate were observed once a week to determine the pheno-
logical stages through the seasons in Chile (fall, spring, and
summer). A two-way analysis of variance was performed for the
experimental data that revealed differences between treatments
and trials. The yields were significantly different between the
open field and greenhouse trials in all seasons. The summer
and spring harvests obtained the highest yields in treatments
with 40 g N per plant. The highest yield was obtained in the
greenhouse trial with 40 g N per plantat the summer harvest
(45.33 g dry matter per plant). The open field trial showed no
differences between the fertilizer treatments in all seasons.
According to the plant phenology, the greenhouse cultivation
was found to be advantageous in causing the plants to avoid the
winter dormant period. The yield of S. neei under greenhouse
conditions is the basis for further research.
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Sarcocornia es un cultivo vegetal que puede ser regado con
agua altamente salina. El objetivo de la presente investigacién
fue la evaluacion del rendimiento y el estudio de la fenologia
de la haléfita Sarcocornia neei como un cultivo potencial. Se
establecieron ensayos dentro de un invernadero y en campo
abierto; ambos ensayos incluyeron los mismos tratamientos de
fertilizacién con dos dosis de N (40 y 80 g N por planta). Las
plantas se cosecharon tres veces recolectando todas las partes
vegetativas ubicadas 5 cm por encima del suelo. Se evaluaron
cuatro plantas por réplica una vez por semana para determinar
las etapas fenoldgicas durante las estaciones en Chile (otoflo,
primavera y verano). Se realiz6 un andlisis de varianza bifacto-
rial paralos datos que revel6 diferencias entre los tratamientos
y entre ensayos. Se observaron diferencias significativas en el
rendimiento entre los ensayos a campo abierto y de invernadero
en todas las estaciones. Las cosechas de verano y primavera
obtuvieron el mayor rendimiento para los tratamientos con
40 g de N por planta. El mayor rendimiento se obtuvo en el
ensayo de invernadero con 40 g de N por planta en la cosecha
realizada en verano (45.33 g de masa seca por planta). El ensayo
de campo abierto no mostro diferencias entre los tratamientos
de fertilizacion en todas las estaciones. Seguin la fenologia dela
especie, el cultivo bajo invernadero presentd ventajas, obser-
vandose que las plantas evitan el periodo de receso invernal.
El rendimiento de S. neei bajo condiciones de invernadero es
la base para futuras investigaciones.
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Introduction

Climate change affects agriculture worldwide and Chile is
also compromised. This context demands a higher water
use efficiency through improved technologies and more
efficient water management in the field (McKersie, 2015;
Boisier et al., 2018). There is a growing interest in irrigation
with saline water, which offers a broad possibility to start
intensive and commercial cultivation of various halophyte
species (Basilio et al., 2018; Mota et al., 2021). Glassworts
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(genera Salicornia and Sarcocornia of the Amaranthaceae
family) are halophytes widely distributed and studied as
edible and non-edible crops that can be used for rehabili-
tation of wetlands, glass manufacture, and ruminant and
human consumption. The edible species have different
characteristics such as a low quantity of external inputs
for their cultivation, high nutritional value, and pharma-
ceutical benefits, turning these crops into a sustainable
food source in the context of climate change (Patel, 2016;
Loconsole et al., 2019). Moreover, other species of the
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Sarcocornia genus have been recently described as a good
source of antioxidants (Antunes et al., 2021).

Chilean coastal marshes are able to develop sustainable
halophyte agriculture with low financial involvement.
This provides opportunities for productive diversifica-
tion and resilience to small-scale fisheries and families of
coastal farmers within the integrated aquaculture systems
(Buschmann et al., 1996). There are three species of wild
glassworts in Chile, all belonging to the genus Sarcocornia.
Sarcocornia neei (Lag.) M.A. Alonso & M.B. Crespo is the
only species distributed along the coast. The other two spe-
cies (S. pulvinata and S. magellanica) are adapted to extreme
environments and could be found in the Atacama Desert
and Patagonia, respectively (Alonso & Crespo, 2008). S.
neei has the potential to be cultivated in many bays along
the coastline of Chile.

S. neei is a small shrub with a height up to 80 cm, erect
to decumbent stem, and wide morphological variations
in its habitats (Alonso & Crespo, 2008). Its potential for
human consumption has been barely studied. However,
recent studies have been carried out to determine the seed
germination requirements and nutritional value of the wild
and cultivated plants as well as the plant’s potential to serve
as an indicator of heavy metal pollution in central Chile
(Riquelme et al., 2016; Alonso et al., 2017; Meza et al., 2018).
In southern Chile, the wild plant sprouts are collected in
summer. Additionally, thelocalslet their cattle graze on the
S. neei natural pastures in coastal marshes. These informal
practices are evidence of both the potential of S. neei as an
emerging crop and the need to develop agricultural prac-
tices for its use while avoiding the ecological depletion of
these fragile ecosystems.

The cultivation of S. neei could be one of the first attempts
to establish saline agriculture in Chile. Thus, this research
aimed to study the yield and phenology of the halophyte S.
neei as a potential novel crop in Chile. This study evaluated
the effect of different fertilizer treatments on the species
performance under controlled and natural conditions.

Materials and methods

Plant material and location

Whole plants were collected from the coastal marshes of
Chamiza, Puerto Montt, Chile (41°29°18.9” S, 72°51’45.8”
W). Trials were established in a nearby location (Lenca,
41°36'20.7” S, 72°41'20.6” W) characterized by a tempe-
rate rainy climate with coastal influence according to
Koéppen classification (Sarricolea et al., 2017). The average

temperature is 10.6°C; the warmest month, January, hasan
average maximum temperature of 19.8°C and the coolest
month, July, has an average minimum temperature of 3.5°C.
The total average rainfall reaches up to 1,613 mm with 218
rainy days (World Weather Information Service, 2018).

Trial management

Two trials were established, the first one in a tunnel-type
greenhouse (Fig. 1F) and the second one in the open field
next to the greenhouse. The maximum temperature insi-
de the greenhouse was 41.9°C in January and the average
air humidity was 90% in summer. Each trial consisted of
nine platforms of 3.2 m long, 1.2 m wide, and 0.2 m high,
with an individual area of 3.84 m”* containing a mixture of
50% decomposed leaf litter with soil and 50% sand. Plants
were collected directly from the marsh and the stems were
cut 10 cm above the crown before planting. Within the
platforms, the plants were arranged at a distance of 0.35 x
0.40 m from each other (16 plants per platform, Fig. 1E) to
distinguish each plant at harvest. Both trials had the same
fertilizer treatments: 40 g N per plant, 80 g N per plant, and
a control without fertilization, with three replicates of 16
plants each. The fertilizer source was potassium nitrate
(15N -0 P - 17 K), and 50% of the total dose was applied
at plant establishment (November 2018) in each treatment.
The second half of the N fertilizer was split into three appli-
cations, and each dose was applied two weeks after each
harvest. All platforms received the same management and
were irrigated with saline water (30 g L™ NaCl) according
to soil friability. The total water volume applied through
the entire period was 3,046 L. Soil analysis at the end of the
trial revealed a sandy soil texture, 88.4% sand, 5.4% clay,
6.2% silt, pH 6.5, and cation exchange capacity (CEC) of
45.65 cmol kg

Yield evaluation

All plants were cut in January 2018 to obtain uniform
growth before the yield evaluation. This practice was not
considered for the analysis but employed the same crite-
rion used for the regular harvest. Thus, for yield evaluation,
four plants from each platform were randomly selected;
the same plants were harvested in three seasons: April
(fall harvest), September (spring harvest), and February
2019 (summer harvest). Based on preliminary results, we
determined the best timepoint to harvest when 50% of the
shoots were larger than 10 cm. The plants were harvested by
collecting the above-ground vegetative biomass, including
all plant parts located 5 cm above the crown, where the
roots originate. Results were expressed in grams of fresh
matter per plant (g FM per plant). Then, all plant material
was dried in a drying chamber (model F23, BINDER,

Murioz-Araya, Alonso, and Flérez-Méndez: Effect of fertilization on yield and phenology of the halophyte Sarcocornia neei as an emerging crop 301



Tuttlingen, Germany) at 70°C until constant weight to
determine the water content (%) and dry matter weight
per plant (g DM per plant).

Determination of phenological stages

Four plants per replicate were randomly chosen (excluding
those selected for yield evaluation) and examined once a
week to determine the phenological stages throughout
the seasons; these were identified when 50% of the chosen
plants in each trial had the same stage. Trained personnel
determined the phenological stages by visual inspection,
based on the available bibliography (Alonso & Crespo,
2008). Additionally, wild plants growing in Lenca coastal
marsh were assessed once a week along a random 100 m
transect to compare the phenological stages in both expe-
rimental trials with those recorded in wild plants. Winter
dormancy period (w, plants with no vegetative growth),
vegetative growth (v, plants with active growth but without
flowers), flowering (f, plants at flowering), and fructifica-
tion (x, plants with fruits) were registered.

Statistical analysis

A two-way analysis of variance (ANOVA) was performed
for the experimental data, considering the environment
(open field, greenhouse) and fertilizer treatments (0, 40,
and 80 g N); the effects were considered significant with
a P-value <0.05. The Tukey’s test was used to compare the
treatments for each analysis. A repeated measures analy-
sis was performed to analyze the effect of the seasons.
Statistical analyses were performed using the software R
version 3.4.1.

Results and discussion

Yield evaluation

The yields were significantly different between the open
field and greenhouse environments in all studied seasons.
The highest yield was obtained in the greenhouse trial in
summer, reaching 45.33 g DM per plant in the treatment
with 40 g N per plant, which significantly differed from
the 15.25 g DM per plant obtained in the same treatment
in the open field (P<0.001). The treatment with 40 g N per
plant yielded the highest biomass for both trials and at all
harvests (Tab. 1). Table 1 shows the P-values of the analysis
and the interaction between the environment, fertilization
level, and harvest season. An experiment carried out in
Brazil obtained 21.4 g FM per plantin an aquaculture
system (Pinheiro et al., 2020). Our results indicated that,
in the 40 g N treatment, the fresh biomass reached 462.5 g
per plantin summer. Therefore, the area near Lenca could
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be a suitable environment to establish a crop of halophytes
under temperate conditions.

Greenhouse trial

The greenhouse environment showed no differences bet-
ween treatments in the fall, with a mean of 12.80 g DM per
plant (Tab. 1). The spring harvest obtained a significantly
higher yield in the 40 g N treatment and, surprisingly, the
yields from the plants fertilized with 80 g N were no di-
fferent from those treated with 0 g N. Finally, the summer
harvestin the 40 g N treatment showed the highest yield in
the experiment, which was significantly different from the
yields obtained in the 0 and 80 g N treatments (Tab. 1). The
season effect was significant in this trial, with the highest
yield registered in summer, followed by the fall and spring
yields (P<0.001). The greenhouse-grown plants collected
at the three harvests showed an average water content of
90.2% (Supplementary material 1). The treatment with 40 g
N produced the highest yield at all harvests. This confirms
a need for the agronomic management of S. neei. Also, the
yields were lower in the 80 g N treatment than in the 40 g
N treatment, probably because of phytotoxicity. Recently,
ammonium regulation was found to be an important trait
in Salicornia europaea, and its detoxification plays a role
in the tolerance to high salinity in these halophytes (Ma
et al., 2020).

Open field trial

The open field trial showed no differences between the
fertilizer treatments in all seasons, obtaining a mean of
3.71 g DM per plant. However, the season effect was signi-
ficant, revealing the differences between the fall, spring,
and summer harvests (Tab. 1). The plants from the open
field trial had an average water content of 88.3% when all
samples were pooled (Supplementary material 1).

Phenological stages

Figure 1 shows the four phenological stages observed in
Lenca: winter dormant period (w), vegetative growth (v),
flowering (f), and fructification (x).

Vegetative growth in the open field trial extended for six
months, from July to December. Then, flowering occurred
during January and February, and fructification was ob-
served in March and April. The winter dormancy period
was reduced in the plants from the greenhouse trial com-
pared to wild plants, and it only lasted two months from
May to June. The greenhouse conditions forced plants to
avoid winter dormancy, flowering, and fructification peri-
ods during the season 2017-2018, and the vegetative growth
was maintained throughout the year. According to previous
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TABLE 1. Mean yield of the Sarcocornia neii shoots (g dry matter per plant = standard error) in each trial, fertilization treatment, and trial*fertilization
at the fall, spring, and summer harvests.

Fall harvest Spring harvest Summer harvest
Effect
P-value
Trial
Open field 1.51 £0.94Db 1.82 =0.40b 7.81 £298b
Greenhouse 12.80 + 1.02a 5.53 =043a 24.35 +322a
P-value <0.0001* <0.0001* 0.0005*
Fertilization (g N per plant)
0 5.27 =115 2.31 £0.49b 393 +£365¢
40 8.83 =115 501 =049a 30.29 = 3.65a
80 746 = 1.29 3.35=0.55b 11.96 = 4.09b
P-value 0.0966 0.0012* <0.0001*
Trial*fertilization
Open field
0 N per plant 147 =1.63¢ 171 =070¢ 517 =160b
40 N per plant 145 +1.63¢c 225+070¢c 156.25 +517b
80 N per plant 161 +1.63¢ 151 = 0.70¢ 6.59 +516b
Greenhouse
0 N per plant 9.07 = 1.63b 2.91 +0.70 be 6.25 + 517D
40 N per plant 16.21 =+ 1.63a 776 = 0.70 a 4533 +517a
80 N per plant 13.31 = 2.00ab 6.10 = 0.85ab 20.01 =6.3b
P-value 0.0967 0.0078* 0.0518*

Different letters indicate significant differences between treatments or trials according to the Tukey’s test (P<0.05). Asterisks indicate a P-value lower than 0.05.

FIGURE 1. Phenological stages and trial management of Sarcocornia neii in the southern region of Chile: A) winter dormant period, B) vegetative
growth, C) flowering, D) fructification, E) planting platforms, and F) greenhouse trial.
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studies, phenological stages are conditioned by day length
and repetitive harvest regime (Ventura et al., 2011). Thus,
our results demonstrated better crop performance in the
greenhouse trial since commercial standards for S. neei
depend on its vegetative growth and a requirement of year-
round cultivation.

Conclusion

The results confirm the potential of the south of Chile to
diversify its commercial matrix, through the inclusion of
halophyte cultivation in greenhouses in the coastal areas.
Here, we introduced the general framework to establish a
successful crop, including the fertilization management
and better environment. However, further research is
needed to fully understand the challenges of this new crop,
especially related to the inputs required through the differ-
ent stages of crop development and the sustainability of the
production. Overall, halophytes could become new crops to
support the development of small farmers and fishermen
along the coast of Chile.

Acknowledgments

This study was supported by Fundacién parala Innovacién
Agraria and Universidad de Santiago de Chile through Pro-
ject FIA PYT-2017-0173. The authors would like to thank
the CEUS team for their support in the establishment of
the research trials and data collection.

Conflict of interest statement

The authors declare that there is no conflict of interest
regarding the publication of this article.

Author’s contributions

MMA and MA designed the experiments and performed
the statistical analyses. MMA wrote the initial draft.
MMA, MA, and JFM wrote the final version of the article.

Literature cited

Alonso, M. A., & Crespo, M. B. (2008). Taxonomic and nomencla-
tural notes on South American taxa of Sarcocornia (Cheno-
podiaceae). Annales Botanici Fennici, 45(4), 241-254. https://
doi.org/10.5735/085.045.0401

Alonso, M. F,, Orellana, C., Valdes, S., & Diaz, F.J. (2017). Effect of
salinity on the germination of Sarcocornia neei (Chenopodia-
ceae) from two contrasting habitats. Seed Science and Technol-
ogy, 45(1), 252-258. https://doi.org/10.15258/sst.2017.45.1.20

Antunes, M. D., Gago, C., Guerreiro, A., Sousa, A. R, Julido, M.,
Miguel, M. G., Faleiro, M. L., & Panagopoulos, T. (2021).
Nutritional characterization and storage ability of Salicornia
ramosissima and Sarcocornia perennis for fresh vegetable

304

salads. Horticulturae, 7(1), Article 6. https://doi.org/10.3390/
horticulturae7010006

Basilio, A. G. S., Sousa, L. V,, Silva, T. ., Moura, J. G., Gongalves, A.
C. M., Melo Filho,J.S., Leal, Y. H., & Dias, T. J. (2018). Radish
(Raphanus sativus L.) morphophysiology under salinity stress
and ascorbic acid treatments. Agronomia Colombiana, 36(3),
257-265. https://doi.org/10.15446/agron.colomb.v36n3.74149

Boisier, J. P., Alvarez-Garreton, C., Cordero, R. R., Damiani, A.,
Gallardo, L., Garreaud, R. D., Lambert, F., Ramallo, C.,
Rojas, M., & Rondanelli, R. (2018). Anthropogenic drying in
central-southern Chile evidenced by long-term observations
and climate model simulations. Elementa: Science of the An-
thropocene, 6, Article 74. https://doi.org/10.1525/elementa.328

Buschmann, A. H., Lopez, D. A., & Medina, A. (1996). A review of
the environmental effects and alternative production strate-
gies of marine aquaculture in Chile. Aquacultural Engineering,
15(6), 397-421. https://doi.org/10.1016/S0144-8609(96)01006-0

Loconsole, D., Cristiano, G., & De Lucia, B. (2019). Glassworts: from
wild salt marsh species to sustainable edible crops. Agriculture,
9(1), Article 14. https://doi.org/10.3390/agriculture9010014

Ma, J., Cirillo, V., Zhang, D., Maggio, A., Wang, L., Xiao, X,, &
Yao, Y. (2020). Regulation of ammonium cellular levels is
an important adaptive trait for the euhalophytic behavior
of Salicornia europaea. Plants, 9(2), Article 257. https://doi.
0rg/10.3390/plants9020257

McKersie, B. (2015). Planning for food security in a changing climate.
Journal of Experimental Botany, 66(12), 3435-3450. https://doi.
0rg/10.1093/jxb/eru547

Meza, V., Lillo, C., Rivera, D., Soto, E., & Figueroa, R. (2018). Sar-
cocornia neei as an indicator of environmental pollution: a
comparative study in coastal wetlands of Central Chile. Plants,
7(3), Article 66. https://doi.org/10.3390/plants7030066

Mota, A. F,, Gurgel, M. T., Travassos, K. D., Miranda, N. O., Costa,
L.R., Ferreira Neto, M., & Dias, N. S. (2021). Naturally colored
cotton irrigated with saline water at different growth stages.
Agronomia Colombiana, 39(1), 68-77. https://doi.org/10.15446/
agron.colomb.v39n1.79860

Patel, S. (2016). Salicornia: evaluating the halophytic extremophile
as afood and a pharmaceutical candidate. 3 Biotech, 6, Article
104. https://doi.org/10.1007/s13205-016-0418-6

Pinheiro, I., Carneiro, R. F. S., Vieira, F. N., Gonzaga, L. V., Fett,
R., Costa, A. C. O., Magallén-Barajas, F. J., & Seiffert, W. Q.
(2020). Aquaponic production of Sarcocornia ambigua and
Pacific white shrimp in biofloc system at different salinities.
Aquaculture, 519, Article 734918. https://doi.org/10.1016/j.
aquaculture.2019.734918

Riquelme, J., Olaeta, J. A., Gélvez, L., Undurraga, P., Fuentealba,
C., Osses, A., Orellana, J., Gallardo, J., & Pedreschi, R.
(2016). Nutritional and functional characterization of wild
and cultivated Sarcocornia neei grown in Chile. Ciencia e
Investigacion Agraria, 43(2), 283-293. https://doi.org/10.4067/
S0718-16202016000200011

Sarricolea, P., Herrera-Ossandon, M., & Meseguer-Ruiz, 0. (2017).
Climatic regionalisation of continental Chile. Journal of Maps,
13(2), 66-73. httpS://dOi.Org/lO.1080/17445647.2016.1259592

Ventura, Y., Wuddineh, W. A, Shpigel, M., Samocha, T. M., Klim,
B. C., Cohen, S., Shemer, Z., Santos, R., & Sagi, M. (2011).

Agron. Colomb. 39(2) 2021


https://doi.org/10.5735/085.045.0401
https://doi.org/10.5735/085.045.0401
https://doi.org/10.15258/sst.2017.45.1.20
https://doi.org/10.3390/horticulturae7010006
https://doi.org/10.3390/horticulturae7010006
https://doi.org/10.15446/agron.colomb.v36n3.74149
https://doi.org/10.1525/elementa.328
https://doi.org/10.1016/S0144-8609(96)01006-0
https://doi.org/10.3390/agriculture9010014
https://doi.org/10.3390/plants9020257
https://doi.org/10.3390/plants9020257
https://doi.org/10.1093/jxb/eru547
https://doi.org/10.1093/jxb/eru547
https://doi.org/10.3390/plants7030066
https://doi.org/10.15446/agron.colomb.v39n1.79860
https://doi.org/10.15446/agron.colomb.v39n1.79860
https://doi.org/10.1007/s13205-016-0418-6
https://doi.org/10.1016/j.aquaculture.2019.734918
https://doi.org/10.1016/j.aquaculture.2019.734918
https://doi.org/10.4067/S0718-16202016000200011
https://doi.org/10.4067/S0718-16202016000200011
https://doi.org/10.1080/17445647.2016.1259592

Effects of day length on flowering and yield production of =~ World Weather Information Service. (2018). Climatological informa-
Salicornia and Sarcocornia species. Scientia Horticulturae, tion of Puerto Montt city. https://worldweather.wmo.int/en/
130(3), 510-516. https://doi.org/10.1016/j.scienta.2011.08.008 city.html?cityld=104

SUPPLEMENTARY MATERIAL 1. Mean water content of the Sarcocornia neii shoots (% fresh matter (g) + standard error) in each trial, fertilizer
treatment, and trial*fertilization at the fall, spring, and summer harvests.

Fall harvest Spring harvest Summer harvest
Effect
P-value
Trial
Open field 88.3 = 0.973 75.2 +3.34 87.2 =0.76
Greenhouse 89.6 = 0.966 88.1 = 3.65 90.7 = 0.83
P-value 0.4316 0.1244 0.0939
Fertilization (g N per plant)
0 88.8 = 0.732 745+ 514 89.8 = 1.29
40 89.3 = 0.732 85.6 += 5.14 88.7 = 1.29
80 88.7 = 0.756 85.8 = 5.53 881 +1.42
P-value 0.5321 0.1022 0.5847
Trial*fertilization
Open field
0 N per plant 89.7 + 1.06 63.3 = 4.79 873 =1.32
40 N per plant 89.9 + 1.06 801 +4.79 86.7 = 1.32
80 N per plant 89.2 = 1.06 82.2 =479 87.7 £1.32
Greenhouse
0 N per plant 87.9 + 1.06 85.7 = 4.79 92.2 +1.32
40 N per plant 88.6 = 1.06 91.0 = 4.79 90.7 +1.32
80 N per plant 88.3 + 1.06 87.3 + 6.60 88.2 +1.82
P-value 0.7066 0.2923 0.3547
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