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MINERALIZATION OF MICROALGAL CARBON AND NITROGEN IN SODIC SOILS

Mineralizacion de carbono y nitrégeno microalgal en suelos sodicos

Ileana CASTRO-GONZALEZ!, Héctor Ivan BEDOLLA-RIVERA,
Maria de la Luz,Xochilt NEGRETE-RODRIGUEZ!, Omar S. CASTILLO?,
Dioselina ALVAREZ-BERNAL?® and Eloy CONDE-BARAJAS!*

! Tecnoldgico Nacional de México/IT de Celaya, Antonio Garcia Cubas 600, Celaya, C.P. 38010, Guanajuato,
México.

2 Universidad de Guanajuato, Mutualismo 303, Celaya, C. P. 38060 Guanajuato, México.

3 Centro Interdisciplinario de Investigacion para el Desarrollo Integral Regional, Unidad Michoacan, Instituto
Politécnico Nacional, Justo Sierra 28, Jiquilpan, C.P. 59510, Michoacan, México

* Author for correspondence: eloy.conde@itcelaya.edu.mx

(Received: October 2022; accepted: May 2023)

Key words: bioremediation, organic matter, microbial activity, dairy wastewater.

ABSTRACT

Sodic soils pose a challenge for the agricultural production due to their lack of nutrients,
poor structure, low organic matter content, and susceptibility to erosion (water and wind).
Their recovery is carried out by soil washing and applying calcium salts, which are
sometimes unprofitable processes. A low-cost and environmentally friendly alternative
to remedy adverse soil conditions is bioremediation using microorganisms or organic
amendments. For this reason, this study intended to evaluate the effects of the addition
of dry microalgal biomass on sodic soils and suggest its use as an organic amendment.
The effect of the microalgal biomass was studied through the mineralization dynam-
ics of carbon and nitrogen sources in short-term experiments. All experiments were
performed at laboratory scale. Microalgal biomass was obtained from a consortium grown
in dairy wastewater and subsequently dried and pulverized. Four different treatments of
dry microalgal biomass were applied to 50 g of sodic soil, and high microbial activity was
observed in the soil (obtaining a production of 240 mg C-CO»/kg dry soil), along with the
production of nitrates (presenting values 33.8-1.45 mg N-NOs*/kg dry soil) via the release
of ammonia (obtaining 5.46 mg N-NH;3'/kg dry soil), and mineralization of organic N
into ammonium (producing 1071.92 mg N-NH.4'/kg dry soil). The microalgal biomass
as an organic amendment showed to be prone to mineralization and release of carbon
and nitrogen sources, improving the microbial activity in a soil with sodicity problems.

Palabras clave: biorremediacion, materia organica, actividad microbiana, agua residual lactea.

RESUMEN

Los suelos sddicos representan un reto para la industria agricola debido a su fal-
ta de nutrientes, mala estructura, poca materia organica y susceptibilidad a sufrir
erosion hidrica y edlica. Su recuperacion se realiza mediante lavados y aplicacion
de sales de calcio, los cuales a veces resultan ser procesos poco rentables. Una
alternativa de tratamiento de bajo costo y amigable con el ambiente es la aplicacion de
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microorganismos y enmiendas organicas con la finalidad de mejorar las condiciones
adversas del suelo. Por tal motivo, este estudio se propuso evaluar los efectos de la
adicion de biomasa microalgal seca en suelos sodicos y sugerir su uso como enmienda
organica. Se estudio el efecto de la biomasa microalgal mediante dindmicas de mine-
ralizacion de fuentes de carbono y nitréogeno en experimentos a corto plazo. Todos los
experimentos se realizaron a escala de laboratorio. Microalgal biomass was obtained
from a consortium grown in dairy wastewater and subsequently dried and pulverized.
En frascos de vidrio con 50 g de suelo sddico, se aplicaron cuatro concentraciones dis-
tintas de biomasa microalgal seca, observandose en el suelo una actividad microbiana
alta (produccion de 240 mg C-COo/kg suelo seco), mineralizacion de nitratos (de 33.8
a 1.45 mg N-NO;~ /kg suelo seco) via liberacion de amoniaco (5.46 mg N-NH3"/kg
suelo seco) y mineralizacién del nitrégeno organico a amonio (1071.92 mg N-NH4"/
kg suelo seco). La biomasa microalgal resultd ser una enmienda organica susceptible
a la mineralizacion y con liberacion de fuentes de carbono y nitrégeno, mejorando la

actividad microbiana en el suelo con problemas de sodicidad.

INTRODUCTION

Soils naturally contain salts that participate in the
cycling of minerals; however, when these salts in-
crease, they cause problems for the structural prop-
erties and agricultural production of soil (Romano-
Armada et al. 2020). The excessive salt accumula-
tion in the soil and its relationship with the decrease
in plant growth is known as soil salinization (Noori
et al. 2021). Based on the electrical conductivity
(EC), the exchange sodium percentage (ESP), and
the sodium adsorption ratio (SAR) of the soil, soils
can be classified into one of the following catego-
ries: sodic-saline with EC > 4 dS/m, ESP > 15%,
SAR > 13; saline with EC > 4 dS/m, ESP < 15%,
SAR < 13; sodic with EC < 4 dS/m, ESP >
15%, SAR > 13; or regular with EC <4 dS/m, ESP
< 15%, SAR < 13 (Osman 2018). Sodic soils are
characterized by structural decline, clay dispersion,
organic matter (OM) solubility, and nutrient deficit,
among other adverse conditions (Noori et al. 2021).
Because of high agricultural activity, sodicity in the
soil has become a problem in Mexico and the world
due to the excessive use of fertilizers, inadequate
irrigation water, inadequate soil management, and
lack of crop rotation (Bedolla-Rivera et al. 2020).
The remediation of sodic soils is carried out by
physical methods such as washing, where large
quantities of water are applied in order to leach
excess salt—provided the soil has adequate drain-
age (Osman 2018). Chemical methods are also
used, such as the addition of lime, organic gypsum
(CaS04-2H>0), and calcium chloride; this method
allows calcium ions (Ca*") to replace sodium ions
(Na"), thus counteracting the dispersion of clays
(Brusseau et al. 2019). An environmentally friendly

strategy is bioremediation (biostimulation), which
consists of using organisms, parts of organisms or
their products to eliminate, contain or transform
harmful substances in the environment, thus modi-
fying adverse environmental conditions (Romano-
Armada et al. 2020). In the case of sodic soils,
OM contributes to the improvement of aeration
and water holding capacity, moderation of climatic
changes, stabilization of soil structure, aggregate
formation, nutrient storage, pH regulation, and
microbial activity (Datta et al. 2019). Examples
of low-cost sources of OM that are easy to apply
include organic amendments, organic fertilizers,
and fruit peels (Wijitkosum 2020). Regarding bio-
technological strategies, the use of dry microalgal
biomass as an organic amendment in sodic soils
has improved crop yields, fertilityl, and nutrient
supplies, by increasing the population of beneficial
microorganisms and stabilizing soil structure and
aggregates (Chatterjee et al. 2017).

Microalgae are unicellular, autotrophic and het-
erotrophic organisms, ranging in size from 0.5 to
200 um. They are part of phytoplankton on aquatic
and terrestrial surfaces in a wide variety of agroeco-
systems worldwide (Alvarez et al. 2021). Among
the microalgae genera whose application has been
associated to the improvement of soils with sodicity
problems are Cyanobacteria, Nostoc (Alvarez et al.
2021), and Nannochloropsis (Ammar et al. 2022).
In such soils, microalgae contribute to the formation
and stabilization of soil aggregates, increasing the
pore size and improving infiltration, water holding
capacity, and aeration. Microalgae also provide a
large number of diverse carbohydrates, proteins,
enzymes, fatty acids, organic acids, vitamins, hor-
mones, and other biomolecules, which contribute
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to plant protection against soil salinity or sodicity
(Nichols et al. 2020).

In this regard, microalgae production in liquid
cultures has been carried out in open ponds (natural
or artificial) or closed photobioreactors. The former
proves to be less expensive in large-scale biomass
production, while the latter provides a controlled
environment in which external contamination is
avoided (Ammar et al. 2022). Photobioreactors op-
timize light use through tubular or flat-plate designs,
control temperature, and culture medium condi-
tions, and prevent extreme evaporation (Nichols et
al. 2020). Likewise, autotrophic and mixotrophic
cultures can be used in photobioreactors, providing
the microalgae with adequate nutrients, light, and
CO; for growth and reproduction (Daneshvar et al.
2019). Microalgae have also been characterized by
their capacity to absorb large amounts of phosphorus
(P) and nitrogen (N) during their production in liquid
media; therefore, it has been beneficial to cultivate
them in photobioreactors, in mixotrophic culture
with wastewater (Daneshvar et al. 2019). While dairy
wastewater (DW W) presents high concentrations of
P and N, and—upon reaching the aquifer mantle—it
may disrupt the balance of the ecosystem (Daneshvar
et al. 2019); several studies have reported the use of
DWW to produce different species of microalgae,
for example Scenedesmus quadricauda, Tetraselmis
suecica (Daneshvar et al. 2019), Anabaena ambigua,
Chlorella pyrenoidosa, Scenedesmus abundans (Brar
et al. 2019), and Chlorella vulgaris (Handayani et
al. 2020).

As the use of DWW to produce microalgae
has been evidenced and there is the need to gain
knowledge about the application of organic amend-
ments in soils, experiments were carried out in the
present study in order to analyze the first stages of
the addition of dry microalgal biomass (produced
in DWW) as an organic amendment in sodic soils.
Microorganisms present in the soil are responsible for
processes that sustain soil fertility—such as aggre-
gation and mineralization of OM—thus influencing
biogeochemical and nutrient cycles (Alvarez et al.
2021). In addition, these microorganisms, together
with plants, need rapidly assimilated sources of C
and N for their utilization. In view of the above, this
study aimed to obtain effective doses of microalgal
biomass in terms of C and N mineralization. A di-
rect relationship was hypothesized between the rate
of addition of dry microalgal biomass (produced in
DWW) and the increase in the rate of release of C
compounds (production and accumulation of CO»)
and N mineralized from OM in the short term (hours).

MATERIALS AND METHODS

Microalgal biomass production

The microalgal consortium—obtained from the
Department of Agroindustrial Engineering of the
University of Guanajuato, Mexico—was subjected to
an adaptation process under controlled conditions (pH
7.0, room temperature 25 °C, constant aeration and
photoperiod 16/8 h) for 30 days, placing the microalgal
inoculum in flat-plate reactors (5 L), with 80:20 v/v
Bold’s Basal Medium (BBM) and inoculum (Barsanti
and Gualtieri 2014). After the adaptation period, mi-
croalgal biomass production was performed, using
60% v/v BBM culture medium (Barsanti and Gualtieri
2014), 40% v/v DWW, in incubation periods of 10
days under mixotrophic conditions, with the avail-
ability of organic and inorganic C during the process.
The 21 physical and chemical indicators evaluated for
DWW characterization are listed in table I.

Microalgal growth

Growth and nutrient consumption kinetics were
conducted during the production of microalgal bio-
mass. The microalgal biomass concentration was
established by spectrophotometry, following the
methodology of Garcia-Gozalbes et al. (2015), re-
ported in g/L. The indicators pH, chemical oxygen
demand (COD), soluble organic C (SOC), N-NOs",
and phosphates (P-PO4~) were determined as reported
in table I1. All indicators were evaluated in triplicate.

Characterization of the microalgal biomass

The microalgal biomass was collected by floc-
culation with 1.0 g of chitosan (B-(1-4)-2-amino-2-
desoxy-D-glucopyranose), 20% glacial acetic acid
(CH3COOH) and 80% drinking water (H20) v/v
(Terkula Iber et al. 2022). Subsequently, 40 mL of
flocculating agent per liter of microalgal culture was
subjected to agitation, first at 200 rpm for 30 s, then
at 100 rpm for 10 min, and finally it was left to stand
for 10 min. Afterward, it was centrifuged in 50 mL
Falcon tubes at 6000 rpm for 10 min, using a Thermo
Scientific® Myspin 12 centrifuge. The precipitate
was oven-dried at 80 °C for 72 h, and then pulverized
using an agate mortar. The biomass obtained was
characterized using the 17 physical, chemical and
nutritional indicators described in table III.

Sampling and physical chemical characterization
of the soil

The samples of soil were obtained in Guana-
juato, Mexico, at coordinates 20°60°22.22”° N,
101°02°30.56” W, in compliance with the standards
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TABLE I. INDICATORS FOR THE PHYSICAL AND
CHEMICAL CHARACTERIZATION OF DAIRY
WASTE WATER.

Indicator Reference

TS

TS5 (USEPA 2001)

pH

EC (Baird R.B. et al. 2017)

BODs
COD (Hach 1999)
P-PO4~

TOC (Hach 2015)

TN (Simonne et al. 1997)

N-NOs3~ (Alef and Nannipieri 1995)

N-NH4" (Keeney and Nelson 1983)

P

B

K
Ca
Mg
Na
Fe
Cu
Mn

Zn

(Falciani et al. 2000)

TS: Total soluble solids (mg/L), TSS: Total suspended solids
(mg/L), pH: Hydrogen potential, EC: Electric conductivity
(dS/m), BODs: Biological oxygen demand at five days (mg /L),
COD: Chemical oxygen demand (mg/L), P-PO4: Phosphate
(mg/L), TOC: Total organic C (%), TN: Total N (%), N-NO3:
Nitrate (mg/L), N-NH4": Ammonium (mg/L), P: Phosphorus
(mg /L), B: Boron (mg /L), K: Potassium (mg/L), Ca: Calcium
(mg/L), Mg: Magnesium (mg/L), Na: Sodium (mg/L), Fe:
Iron (mg/L), Cu: Copper (mg/L), Mn: Manganese (mg/L),
Zn: Zinc (mg/L).

TABLE II. INDICATORS EVALUATED TO DETERMINE
BIOMASS PRODUCTION AND NUTRIENT
CONSUMPTION IN MICROALGAE GROWTH

KINETICS.
Indicator Reference
pH (Thomas 1996)
COD
P-PO4~ (Hach 1999)
N-NOs~
SOC (Cook et al. 2017)

pH: Hydrogen potential, COD: Chemical oxygen demand
(mg/L), P-PO4: Phosphate (mg/L), N-NO;: Nitrate (mg/L),
SOC: Soluble organic C (pg SOC/L).

TABLE III. INDICATORS USED IN THE PHYSICAL,
CHEMICAL AND NUTRITIONAL CHARAC-
TERIZATION OF MICROALGAL BIOMASS.

Indicator Reference
Ash (Schulte and Hopkins 1996)
M (Black 1965)
oM (Schulte and Hopkins 1996)
TOC (Schulte and Hopkins 1996)
™ (Simonne et al. 1997)
N-NO3~ (Alef and Nannipieri 1995)
N-NH4" (Keeney and Nelson 1983)
C/N (Medina-Herrera et al. 2020)
P
K
Ca
Mg
Na (Falciani et al. 2000)
Fe
Cu
Mn
Zn

Ash (%), M: Moisture (%), OM: Organic matter (%), TOC:
Total organic C (%), TN: Total N (%), N-NO3™: Nitrate
(mg/kg dried microalgae), N-NH4": Ammonium (mg/kg dried
microalgae), C/N: Carbon/Nitrogen ratio, P: Phosphorus (mg/kg
dried microalgae), K: Potassium (mg/kg dried microalgae), Ca:
Calcium (mg/kg dried microalgae), Mg: Magnesium (mg/kg
dried microalgae), Na: Sodium (mg/kg dried microalgae), Fe:
Iron (mg/kg dried microalgae), Cu: Copper (mg/kg dried mi-
croalgae), Mn: Manganese (mg/kg dried microalgae), Zn: Zinc
(mg/kg dried microalgae).

described in ISO 18400-104:2018 (ISO 2018). The
sampled soil was divided into three subplots of 600 m?.
In each area, a systematic zig-zag sampling pattern
was followed starting from one corner of each subplot
and performing excavations with an auger drill every
18 m, with 30 cm depth and 40 cm diameter. At each
sampling point, 2 kg of soil was taken. In total, 30 kg of
composite samples were taken per subplot. The samples
were transported in plastic bags to the laboratory and
stored at 4 °C until analysis. The soil characterization
was carried out with the determination of 34 physical
and chemical indicators, as shown in table IV.

Short-term C and N mineralization dynamics of
soil-microalgae systems
Experimental design

To monitor the mineralization dynamics of C and
N sources from the dry microalgal biomass in the short
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TABLE IV. INDICATORS APPLIED FOR THE PHYSICAL AND CHEMICAL CHARACTERIZA-

TION OF THE SOIL.

Indicator Reference Indicator Reference
M (Page et al. 1982) Niin (Diez Lopez 1999)
HC (Ankeny et al. 1991) CO572 (Chaney et al. 1982)
BD (Blake and Hartge 1986) P (Olsen and Sommers 1982)
Texture (Bouyoucos 1962) B
WHC (Alef and Nannipieri 1995)
pH (Thomas 1996) Ca
EC (Hendrickx et al. 2002) Mg
CEC (Cottenie 1980) Na
ESP Fe

(USDA 2017)
SAR Cu

(Falciani et al. 2000)

oM (Read and Ridgell 1922) Mn
Norganic (Cristobal-Acevedo et al. 2011) Zn
TOC (Walkley and Black 1934) S
TN (Bremner 1996) Ca/K
C/N (Medina-Herrera et al. 2020) Mg/K
N-NO;~ (Ca+tMg)/K
—  (Alef and Nannipieri 1995)
N-NH4* Ca/Mg

M: Moisture (%), HC: Hydraulic conductivity (cm/h), BD: Bulk density (g/cm?), Texture (clay, silt,
sand), WHC: Water holding capacity (%), pH: Hydrogen potential, EC: Electric conductivity (dS/m),
CEC: Cation exchange capacity (mEq/100 g dry soil), ESP: Exchangeable sodium percentage (%),
SAR: Sodium adsorption ratio, OM: Organic matter (%), Norganic: Organic N (%), TOC: Total or-
ganic C (%), TN: Total N (%), C/N: Carbon/Nitrogen ratio, N-NO3: Nitrate (mg/kg), N-NH4": Am-
monium (mg/kg), Nmin: Mineral N (mg/kg), CO3 % Carbonate (%), P: Phosphorus (mEq 100/g),
B: Boron (mEq/100 g dry soil), K: Potassium (mEq/100 g dry soil), Ca: Calcium (mEq/100 g dry
soil), Mg: Magnesium (mEq/100 g dry soil), Na: Sodium (mEq/100 g dry soil), Fe: Iron (mEq/100 g
dry soil), Cu: Copper (mEq/100 g dry soil), Mn: Manganese (mEq/100 g dry soil), Zn: Zinc (mEq/100 g
dry soil), S: Sulfur (mEqg/100 g dry soil), Ca/K: Calcium/Potassium ratio, Mg/K: Magnesium/Potassium
ratio, (Ca+Mg)/K: (Calcium+Magnesium)/Potassium ratio, Ca/Mg: Calcium/Magnesium ratio.

term, a completely randomized block (CRB) experi-
mental design, five treatments, and three replicates (60
experimental units) were established. Treatments were
designed based on adding dry microalgae as a function
of N-NH4" concentration, as follows: T0 (50 g soil +
0 mg microalgae [control]), T1 (50 g soil + 500 mg
microalgae [25 mg N-NH4/kg dry soil]), T2 (50 g soil
+ 1000 mg microalgae [50 mg N-NH4 "/kg dry soil]), T3
(50 g soil +2000 mg microalgae [100 mg N-NH,4'/kg
dry soil]), and T4 (50 g soil + 3000 mg microalgae
[150 mg N-NH4/kg dry soil]).

Soil pre-incubation

Prior to the mineralization dynamics, the soil was
pre-incubated under controlled humidity conditions
for a period of 7 days. Soil moisture was adjusted
to a water holding capacity (WHC) of 40% at room
temperature. The soil was placed in plastic contain-
ers together with a flask of distilled water to avoid
desiccation, and amber flasks with 1.0 M sodium
hydroxide (NaOH) were placed in order to capture
the C-CO» produced by the microbial activity present
in the soil (Conde et al. 2005).
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C and N mineralization dynamics

The experimental units consisted of 1.0 L capacity
glass jars with 100 mL distilled water. Two amber
glass vials were placed inside the jars, one with 30 mL
of 1.0 M NaOH, and the other with 20 mL boric acid
(H3BO3 2% v/v) to evaluate the mineralization of C
(C-CO») and the volatilization of N as ammonia (N-
NH;5"). Subsequently, glass flasks with a capacity of
125 mL were also placed inside the jars, to which
a dry soil-microalgae mixture (WHC at 40%) was
added according to the treatments used in this study
(Gougoulias et al. 2018).

Indicators analyzed during the dynamics of C and
N mineralization

The dynamics of C and N mineralization in the soils
were monitored during a period of 360 h in triplicate
under the short-term experiments (STE) treatment
model. The indicators analyzed were C-CO., pH,
EC, N-NH3", N-NH4", and N-NO3 ™ at 0, 72, 168, and
360 h. Total N (TN), total organic C (TOC), and OM
were analyzed at the beginning of the mineralization
dynamics of C and N. The determinations of pH, EC,
N-NH4", N-NO3~, TOC, OM, TN, Npin, and Norganic
were carried out following the same methodology
mentioned for the physical and chemical characteriza-
tion of the soil, which is shown in table IV.

Determination of N-NH3" was performed by ti-
tration of H3BO3 2% v/v with sulfuric acid (H2SO4)
0.5 N (Beltran-Hernandez et al. 2007), reported in
mg N-NH3'/kg dry soil. Soil extracts were made
with potassium sulfate (K2SO4 0.5 M) and stored

at -15 °C until analysis (Conde et al. 2005). The
evolution of C-CO> emission over time was deter-
mined according to the methodology of Alef and
Nannipieri (1995), by titration of 1.0 M NaOH with
hydrochloric acid (HC1 1.0 N and 0.1 N), reported
as mg C-COy/kg dry soil.

Statistical analysis

Statistical analyses were performed using R sta-
tistical software version 3.6.2 (RCT 2019). It began
with a Shapiro normality analysis, followed by a
Kruskall-Wallis nonparametric analysis of variance,
and subsequent Dunnett’s mean contrast test with
the Bonferroni adjustment method at a significance
level p < 0.05. Correlations between the indicators
analyzed were established using a Spearman correla-
tion matrix (1), with those indicators with a Spearman
correlation (r >+ 0.6) being considered significant
correlations (Zhang et al. 2016). Finally, a Friedman
analysis was performed with a significant difference
of p <0.05 (Zimmerman and Zumbo 1993).

RESULTS

Characterization of dairy wastewater

The results of DWW characterization can be
found in table V, where the indicators pH, COD,
and biological oxygen demand at 5 days (BODs)
presented values considered normal for DWW: pH
of 4.7-11, COD of 80-95 000 mg/L, and BODs of
40-48 000 mg/L (Daneshvar et al. 2019).

TABLE V. VALUES OF THE INDICATORS ANALYZED IN THE PHYSICAL AND CHEMI-
CAL CHARACTERIZATION OF DAIRY WASTEWATER.

Indicator Results Units Indicator Results Units
pH 10.90 + 0.08 - P 50.00 + 6.20 mg/L
EC 2.80 + 0.01 dS/m K 100.00 + 1.36 mg/L
TN 0.007+ 0.002 % Ca 90.00 £ 1.15 mg/L
TOC 0.10 £ 0.01 % Mg 20.00 £ 2.65 mg/L
COD 2441.66 + 23.40 mg/L  Na 700.00 + 23.69 mg/L
BODs 269.66 £+ 4.33 mg/L  Fe 229 + 0.12 mg/L
TS 6874.00 +£112.26 mg/L  Cu 0.04 + 0.03 mg/L
TSS 3619.00 + 26.10 mg/L  Mn 0.69 = 0.04 mg/L
N-NOs~ 287.00 + 29.36 mg/L  Zn 0.32 + 0.02 mg/L
P-PO4~ 40.00 + 1.02 mg/L B 0.34 + 0.02 mg/L
N-NH4" 721 £ 0.74 mg/L - --- -

pH: Hydrogen potential, EC: Electric conductivity, TN: Total N, TOC: Total organic C, COD:
Chemical oxygen demand, BODs: Biological oxygen demand at five days, TS: Total soluble
solids, TSS: Total suspended solids, N-NOs: Nitrate, P-PO4™: Phosphate, N-NH4": Ammonium,
P: Phosphorus, K: Potassium, Ca: Calcium, Mg: Magnesium, Na: Sodium, Fe: Iron, Cu: Copper,

Mn: Manganese, Zn: Zinc, B: Boron.
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Microalgal growth and microalgal biomass

The values for the indicators that were monitored
during the microalgal growth kinetics are shown in
table VI. The pH ranged from 8.6 to 9.2, being 9.02
the initial value and 9.10 the final value. An inverse
trend was observed between the amount of biomass
(which increased from 0.43 to 0.80 g/L) and the
values of N-NO3~, P-PO4, SOC, and COD, all of
which decreased during the 10 days of growth as a
consequence of the metabolism of the microalgal
consortium.

Characterization of the microalgal biomass

The microalgal biomass presented TN values of
8.3%, TOC of 50.6%, a C/N ratio of 6.1, and 2.03%
P (Table VII). Regarding the macronutrient content,
the microalgal biomass presented 3000 mg/kg of dry
microalgae for K, 23 900 mg/kg of dry microalgae
for Ca, and 4600 mg/kg of dry microalgae for Mg.
The presence of these elements is of great importance
because, in their cationic form, they replace the Na*
ions present in the soil aggregates, improving their
structure (Leogrande and Vitti, 2019).

TABLE VI. VALUES OF THE INDICATORS DETERMINED IN BIOMASS PRODUCTION
AND NUTRIENT CONSUMPTION IN MICROALGAL GROWTH KINETICS.

DV
Day
pH Biomass N-NO3~ P-PO4 SOC COD
0 9.02ab 0.43¢ 62.63a 89.00a 276.58a 674.00a
1 8.60b 0.45bc --- - - -—-
2 8.93ab 0.50bc 38.70ab 79.13a 53.30ab 529.67ab
3 9.05ab 0.56bc - - -—- -—-
4 8.95ab 0.65ab 32.6ab 70.00ab 44.50ab 177.70abc
5 8.83ab 0.71ab --- - - -
6 9.03ab 0.73ab 25.83bc 69.33ab 40.50bc 118.33bc
7 8.93ab 0.77ab - - -—- -—-
8 9.02ab 0.80a 16.67bc 64.33b 38.00bc 99.30bc
9 9.17a 0.80a — - - -
10 9.10ab 0.80a 12.60c¢ 62.15b 32.60c¢ 95.50¢
X2 23.00 29.15 16.25 13.87 16.02 15.44
P 0.010 0.001 0.006 0.016 0.006 0.008

DV: Dependent variable, X>: Chi-square value, p: Significance value, pH: Hydrogen potential,
Biomass: (g /L), N-NO3: Nitrate (mg/L), P-PO4: Phosphate (mg/L), SOC: Soluble organic C
(ng /L), COD: Chemical oxygen demand (mg /L). Equal letters in the columns indicate no sig-
nificant difference (p < = 0.05). Bold values indicate the maximum and minimum values of the

analyzed indicator.

TABLE VII. VALUES OF INDICATORS USED IN THE PHYSICAL, CHEMICAL AND NUTRITIONAL CHARACTER-

IZATION OF MICROALGAL BIOMASS.

Indicator Results Units Indicator Results Units

M 5.85+ 0.31 % K 3000.00 + 135.39 mg/kg dried microalgae
Ash 12.70 £ 2.51 % Ca 23900.00 +1142.87 mg/kg dried microalgae
OM 87.30 £ 0.15 % Mg 4600.00 = 264.75 mg/kg dried microalgae
TOC 50.60 £ 0.91 % Na 024+ 0.02 mg/kg dried microalgae
N 8.30 £13.80 % Fe 1.00 + 0.12 mg/kg dried microalgae
P 203+ 0.11 % Cu 179.00 £  3.42 mg/kg dried microalgae
C/N 6.10 £ 0.07 - Mn 316.00 £ 491 mg/kg dried microalgae
N-NO3~ 198.00 +17.42 mg/kg dried microalgae Zn 303.00 +  1.59 mg/kg dried microalgae
N-NH4* 2506.00 +£10.26 mg/kg dried microalgae - - -

M: Moisture, Ash, OM: Organic matter, TOC: Total organic C, TN: Total N, C/N: Carbon/Nitrogen ratio, N-NO3: Nitrate,
N-NH4": Ammonium, P: Phosphorus, K: Potassium, Ca: Calcium, Mg: Magnesium, Na: Sodium, Fe: Iron, Cu: Copper, Mn:

Manganese, Zn: Zinc.
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Soil characterization

According to the physical and chemical character-
ization of the soil (Table VIII), it presented alkaline
pH conditions (9.4), low EC (0.37 < 2.0 dS/m), and
high ESP (41 >15%). The OM present was considered
within the normal range for agricultural soils (4.95%)
but with a high C/N ratio (47.9), which indicated an
N deficit. Macro- and micronutrients and their vari-
ous ratios were found in amounts considered low.

C and N mineralization dynamics

Figure 1 shows the results for C and N miner-
alization dynamics. The evolution of pH (Fig. 1A)
ranged from 8.09 to 9.16, remaining in an alkaline

range in all treatments. There were significant dif-
ferences between T2, T3, and T4, with respect to
TO during all the C and N mineralization dynamics
(p < 0.05), but no differences between T1 and TO
at 168 h (p > 0.05).

The EC indicator (Fig. 1B) presented values in
the range of 0.37-1.04 dS/m, being T3 the one with
the highest EC. Despite the increase in EC observed
in T3, in general, the addition of microalgal biomass
did not significantly (p > 0.05) increase the EC.

The dynamics of C-CO; emission (Fig. 1F)
showed values in the range of 0-240 mg C-COy/kg
dry soil, with an increase in C-CO2 observed in all
treatments as a function of the application rate and

TABLE VIII. VALUES OF THE INDICATORS APPLIED FOR THE PHYSICAL AND CHEMICAL CHARACTERIZA-

TION OF THE SOIL.

Indicator Results Units Indicator Results Units
pH 94 +0.21 N-NOs3~ 6.05 + 0.19
EC 0.37 £ 0.02 dS/m N-NH," 1.96 + 0.21 mg/kg dry soil
HC 0.5 +£0.01 cm/h Ninin 8.01 + 0.20
H 11.7 +2.80 P-Olsen 0.13 + 0.01
Norganic 98.6 +4.50 K 2.6 + 0.13
%
TOC 2.87 £0.26 S 0.09 + 0.02
mEq/100 g dry soil
OM 4.95 £ 0.55 Ca 18.58 + 0.67
™ 0.06 £+ 0.02 Mg 1.84 + 0.37
mg N/kg dry soil

Na 16.31 + 0.07
C/N 479 +2.61 Ca/K 715 +2.84
BD 1.02 £ 0.03 g/em’ Mg/K 0.71 + 0.03
Texture Clay (CatMg)/K 7.85 + 0.80
WHC 31 +£8.44 Ca/Mg 10.10 + 0.21
Carbonate 5.19 £ 1.90 % Fe 0.02 £ 0.01
ESP 41  £1.90 Cu 0.002 + 0.001
SAR 16.28 +4.30 Mn 0.01 + 0.01 mEq/100 g dry soil
CEC 39.4 +£4.50 Zn 0.07 + 0.007

mEq/100 g dry soil
B 0.22 + 0.002

pH: Hydrogen potential, EC: Electric conductivity, HC: Hydraulic conductivity, H: Moisture, Norganic: Organic N, TOC: Total
organic C, OM: Organic matter, TN: Total N, BD: Bulk density, WHC: Water holding capacity, ESP: Exchangeable sodium
percentage, SAR: Sodium adsorption ratio, CEC: Cation exchange capacity, N-NOs: Nitrate, N-NH4": Ammonium, Nin:
Mineral N, P-Olsen: Phosphorus determined by the Olsen method, K: Potassium, S: Sulfur, Ca: Calcium, Mg: Magnesium,
Na: Sodium, Ca/K: Calcium/Potassium ratio, Mg/K: Magnesium/Potassium ratio, (Ca+Mg)/K: (Calcium+Magnesium)/
Potassium ratio, Ca/Mg: Calcium/Magnesium ratio, Fe: Iron, Cu: Copper, Mn: Manganese, Zn: Zinc, B: Boron.
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over time. TO (control) showed lower C-CO3 emis-
sions than the rest of the treatments.

The N-NH4" indicator (Fig. 1D), showed values
in the range of 35.18-1071.92 mg N-NH4'/kg dry
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soil, with an increase in N-NH4" over time for all
treatments, except for TO (1.96 mg N-NH4 /kg dry
soil). In the same context, T4 and T3 presented higher
N-NH4" values at most experimental time points
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Response of the physical and chemical indicators (A-F) evaluated during the 360 h mineralization dynamics for the different
treatments tested. Red dotted line for TO (50 g soil + 0 mg microalgae [control]), yellow dotted line for T1 (50 g soil + 500 mg
microalgae [25 mg N-NH4"/kg dry soil]), blue dotted line for T2 (50 g soil + 1000 mg microalgae [S0 mg N-NH4"/kg dry soil]),
green dotted line for T3 (50 g soil + 2000 mg microalgae [100 mg N-NH4/kg dry soil]), orange dotted line for T4 (50 g soil
+ 3000 mg microalgae [150 mg N-NHy4/kg dry soil]). Gray area refers to standard deviation with 95% confidence interval. A:
pH; B: EC (electrical conductivity); C: N-NOs~; D: N-NH4"; E: N-NH;"; F: C-COa.



158

(1071 mg N-NH4"/kg dry soil for both). No loss of
N-NH;" by volatilization was observed with p > 0.05
(3.46-5.46 mg N-NH3"/kg dry soil), in figure 1E.

Regarding N-NOs~ dynamics (Fig. 1C), values
in the range of 33.8-1.45 mg N-NOs /kg dry soil
were observed, showing a decrease in N-NO3™ in
all treatments over time. There were no significant
differences (p > 0.05) between TO and the other
treatments at any of the treatment time points, and
the concentration decreased or remained equal in the
following order: T1 >T0 > T2 =T3 =T4.

The values of TOC, TN, and C/N are shown in
figure 2. The TOC results (Fig. 2A) were in the
range of 0.41-2.95%, and its increase was directly

1. Castro-Gonzalez et al.

proportional to the amount of microalgal biomass
that had been added: T4 > T3 > T2 > T1 > TO. The
TN results (Fig. 2B) presented values in the range
0f508.41-2375.65 mg/kg dry soil, which implied an
increase in TN at the beginning of the experiment,
which was also directly proportional to the amount
of microalgae added: T4 > T3 > T2 > T1 > TO. The
variation of C/N (Fig. 2C) was in the range of 8.17—
-20.44, and the concentration decreased in the follow-
ing order: T2 > T3 > T1 > T4 > TO, highlighting the
absence of significant differences (p > 0.05). In all
treatments, the C/N ratios were below or close to 24,
which is considered optimum for applying organic
amendments (Ammar et al. 2022).
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Fig. 2. Kruskall Wallis analysis of variance
with subsequent Dunnett’s mean contrast
test with Bonferroni adjustment for the
treatments used. Dotted black line denotes
the mean of the indicator. A: TOC (Total
organic C); B: TN (Total N); C: C/N ratio.
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DISCUSSION

Microalgal biomass production

The production of microalgae in wastewater is of
great relevance worldwide due to the high content of
nutrients present in wastewater, which facilitates the
growth of microalgal consortia. During their growth,
these consortia undergo bioremediation processes,
metabolizing large amounts of N and P (Brar et al.
2019, Talapatra et al. 2021). However, the physical
and chemical characteristics of DWW may vary,
and this will influence the production of microalgal
biomass. For example, Chlorella vulgaris grown in
DWW reached 1.2 g/L of biomass in 18 days (Han-
dayani et al. 2020), whereas Scenedesmus quadri-
cauda and Tetraselmis suecica in DWW reached
0.39 g/Land 0.51 g/Lin 12 days, respectively (Danesh-
var et al. 2019), and Chlorella pyrenoidosa and
Scenedesmus abundans in DWW reached 0.043 g/L
in 312 h and 0.019 g/L in 6 days (Brar et al. 2019).
Therefore, the biomass obtained in the present work
0f 0.8 g/Lin 10 days (Table VI) is within the range of
values reported in previous studies.

Furthermore, during their growth, microalgae
consume N-NOj;~ and P-PO4~, which are important
compounds to eliminate from wastewater before its
final disposal. Regarding N-NO3™ removal, values of
89.52% have been reported for Anabaena ambigua,
88.91% for C. pyrenoidosa, and 84.72% for S. abun-
dans after 25 days in DWW (Brar et al. 2019). Con-
cerning P-PO4™ removal, values of 87.83% have been
reported for A. ambigua, 79.02% for C. pyrenoidosa,
and 86.51% for S. abundans after 25 days in DWW
(Braretal. 2019). In the case of S. quadricauda and T.
suecica, values of 71.20% and 41.63% —respective-
ly—have been reported for theremoval of P-PO4 ina
period of 12 days (Daneshvar et al. 2019). In the pres-
ent study, in 10 days the percentage of N-NO3 ™ removal
by the microalgal consortium was 79.88% (going from
62.63 to 12.60 mg/L) and the P-PO4™ removal was
30.17% (going from 89 to 62.15 mg/L) (Table VI).
N and P removal has been related to microalgal
biomass production because these elements are vital
for protein and nucleic acid biosynthesis (Patel et al.
2020). Specifically, microalgae perform the assimi-
lation process of N-NOj3~, reducing it to N-NH4",
which is finally incorporated into amino acids
(Daneshvar et al. 2019, Handayani et al. 2020). In
addition, P is used to generate compounds such as
astaxanthin and polyunsaturated fatty acids through
orthophosphate assimilation (Brar et al. 2019).

Another important indicator is the chemical oxy-
gen demand (COD). COD removal is an indicator

directly related to the mixotrophic cultivation of
microalgae, where, apart from utilizing C-CO3, they
can metabolize more organic compounds (Brar et al.
2019). In other studies, Tetraselmis indica showed
77.03% COD removal in 10 days (Talapatra et al.
2021) and C. vulgaris 92% removal in 10 days
(Handayani et al. 2020). The microalgal consortium
analyzed in this study presented a percentage of COD
removal between the values previously mentioned,
with 85.8% (going from 674 to 95.5 mg/L) in 10 days
as well (Table VI).

P and N contents in microalgal biomass have been
reported to be 1.3% and 6.6%, respectively (Lage
et al. 2018). In the case of the microalgal biomass
obtained in this study, the values of the indicators N
and P exceeded what had been reported by 0.73% and
1.70%, respectively (Table VII). Likewise, there are
reports of organic fertilizers with 0.7% P and 1.09%
N (Mahapatra et al. 2018). Therefore, the use of
microalgal biomass as an organic amendment would
be a good alternative, since it supplies the soil with a
higher amount of P and N than an organic fertilizer.

Finally, when applying microalgal biomass to
soils, high contents of C and N and a low C/N ratio
of < 25 (Table VII), can favor microbial activity
(Liyanage et al. 2022), which is essential for the
improvement of soil quality, increasing the C of mi-
crobial biomass (CMB) and improving the nutrient
cycling and enzyme production (Alvarez et al. 2021).
Moreover, the contents of macro- and micronutrients
found in this study (Table VII) suggests that microal-
gal biomass could be a complementary amendment to
traditional chemical fertilizers, since the latter do not
include this type of micronutrients in their formula-
tion (Yilmaz and Sénmez 2017).

Sampled soil and dynamics of C and N minera-
lization

The sampled soil in this study could be classified
as sodic, with values corresponding to: EC <4 dS/m,
ESP > 15%, SAR > 13 (Osman 2018, Brusseau et
al. 2019) (Table VIII). Such values of EC, ESP, and
SAR compromise soil structure, reducing its WHC,
as well as its ability to supply nutrients to microorgan-
isms and crops. Besides, the growth and development
of microorganisms and plants can be affected by the
high C/N ratio (Brusseau et al. 2019, Medina-Herrera
et al. 2020). In sodic soils, a high Na* concentration
increases osmotic stress in plants and microorgan-
isms, affecting both systems’ correct development
and activities (Srivastava 2020, Noori et al. 2021).
In addition, a deficit of nutrients, such as Mg, K, P,
Fe, and B (Table VIII), can affect the growth of the
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plant cover, preventing it from carrying out essential
functions such as photosynthesis (Villegas Hurtado
etal. 2016). In this regard, organic amendments can
solve this deficit due to their macro- and micronu-
trient contents, which are available to improve soil
fertility (Sulok et al. 2021). Concerning the results
of the dynamics of C and N mineralization, a lower
pH (Fig. 1A) in the treatments with respect to TO
can be explained by their high microbial activity,
since microbes produce organic acids during the
mineralization of additional sources of C and N due
to their metabolism (Leogrande and Vitti 2019). The
increase in pH at 168 h in treatments T2 and T4 was
related to the mineralization processes of nitrogenous
compounds, carbonates, and silicates (Castro-Alonso
etal. 2019, Oviedo 2020). When the initial pH of the
soil is alkaline, it is beneficial if the applied amend-
ment does not promote an increase in soil pH, an
effect reported in the application of compost, Gliri-
cidia, charged biochar, tea waste, and raw biochar
(Liyanage et al. 2022), as well as organic amend-
ments made from residues of Phaseolus vulgaris L.
and Cajanus cajan (Abera et al. 2012), all of which
increased the soil pH. Likewise, the importance of
avoiding an increase in soil pH lies in the fact that
alkaline values (pH > 8) promote N-NHj3 " release and
inactivation of enzymes, disfavoring the activity of
actinomycetes and bacteria (whose ideal pH is 6.5-
8), which is important in nutrient cycling (Zhao et al.
2018, Neina, 2019). In contrast, not increasing the pH
favors the mineralization of the added OM, as well
as that of the soil, thanks to the breaking of its bonds
with clays and its high solubility, thus increasing the
mineral N and the release of C-CO; (Neina 2019).
The values of the EC indicator increased, possibly
due to the rapid decomposition of OM and the release
of salts contained in the added microalgal biomass.
The increase in EC has been considered a disad-
vantage in organic amendments (Noori et al. 2021);
therefore, monitoring this indicator is suggested for
applying microalgal biomass as an amendment to not
considerably affect the soil with the effects of salinity.
In this regard, the increase in EC concentration in T3
(Fig. 1B) could be an atypical form of accumulation
or release of salts in the soil sample. However, it re-
mained at an EC value <4 dS/m, which is expected
not to affect the mineralization of added OM (Osman
2018). With respect to C-CO», release (Fig. 1F), the
addition of microalgal biomass biostimulated micro-
bial development and metabolism, which could be
observed in the decrease in N-NOj3™ and the increase
in C-COz production. This could probably lead to an
increase in soil quality indicators of the microbial

biomass, such as C and N, microbial diversity, and
enzymatic production (Alvarez et al. 2021).

Regarding N-NH4", the results shown in figure 1D
suggest that the addition of microalgal biomass
promoted ammonification processes. The added N
could be exploited by microorganisms present in
the soil for the development of cellular structures
and production of intra- and extracellular enzymes
(Liyanage et al. 2022). As for N-NH3" volatiliza-
tion (Fig. 1E), it involves chemical reactions where
N-NH4"—in the presence of high concentrations of
OH ™ ions—releases protons, resulting in the produc-
tion of N-NH3" and water molecules. Such reactions
are maintained in equilibrium when the pH is neutral,
however, at an alkaline pH and above, the release
of N-NH;" is favored, with maximum volatilization
peaks at pH 8.6; in contrast, when the pH decreases,
the opposite reaction is favored (Neina 2019). On the
other hand, the organic N applied and mineralized
(via production of N-NH4" and N-NO;") into N-NO3~
(Fig. 1C) can be quickly taken advantage of by the
microorganisms through either biotic immobilization
or abiotic immobilization, thus avoiding its loss via
leaching processes, which explains the decrease in
N-NOs ™ in the period evaluated in this study. Simi-
larly, according to the pH values obtained (9.16-8.09),
N-NOs™ could also be used by denitrifying bacteria,
which grow at pH values of 6.5 to 8.3, and from this
compound, they can release N> or accumulating NO2 ™
and producing N>O (Neina 2019). In the same context,
an alkaline pH in the soil, if there is no increase in
N-NOs™ concentration over time during mineralization
dynamics, could result in low activity by nitrifying
microorganisms (Zhao et al. 2018).

For basal respiration (Fig. 2), as well as for C and
mineralizable N concentrations, it was confirmed that
the values of these indicators increase in soils treated
with microalgal biomass, which corresponds to what
had been reported by Aytenew and Bore (2020). The
advantage of applying microalgal biomass to the
soil was thus highlighted because C and N appear in
bioavailable forms to be used immediately by micro-
organisms, a situation sometimes not observed with
other amendments such as composts, in which C can
be found in the form of lignocellulose or molecules
that are difficult to degrade and be used by microor-
ganisms (Sulok et al. 2021). Moreover, the utilization
of'the N applied to the soil by the microbial biomass
is evidenced by the decrease of N-NOs ", the increase
of N-NH4" and the release of C-CO; (Fig. 1).

Since the indicators analyzed during the short-
term C and N mineralization dynamics did not pres-
ent a normal distribution, non-parametric analyses
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(Spearman correlation and Friedman analyses) were
performed. Figure 3 shows the Spearman correla-
tion analysis, with the highest positive association
between N-NH4" and C-COz (0.85), and the lowest
positive association for N-NH3" and N-NH4" (0.26),
the latter confirming the reversible chemical reaction
between both compounds. The existence of a positive
correlation of 0.43 between pH and N-NH;3 —indica-
tors which are noteworthy—would indicate that, at
a higher pH, soils tend to lose N by volatilization,
a characteristic of sodic soils. The fact that the ad-
dition of microalgal biomass did not increase the
pH reduced the N loss from the soil by volatiliza-
tion. In addition, there are positive correlations
between the C-CO indicator with the N-NH4" and
N-NH;" indicators, and a negative one with the
N-NOs3™ indicator, which would support what was
mentioned in previous paragraphs about possible
ammonification and denitrification processes car-
ried out by the microorganisms present in the soil
(Liyanage et al. 2022), since both microbiological
processes are confirmed by the negative relationship
(0.56) between N-NH4" and N-NOs . This negative
relationship also confirms the absence of nitrify-
ing bacteria mentioned in previous paragraphs and
explains why N-NH4" is not being transformed into
N-NOs ", and thus the transformation rates between
the two indicators differ.

A Friedman analysis was performed for the vari-
ous treatments with respect to the indicators analyzed

O": Q\h Qo O’L
& e,% eﬁ e,% 0,0 1
0.9
pH -0.57 0.8
0.7
0.6
0.5
EC 0.66 0.56 0.4
0.3
0.2
0.1
N-NO;-| -0.57 -0.58 -0.77 0
-0.1
-0.2
-0.3
N-NH,* 0.85 -0.4
0.5
-0.6
-0.7
N-NH,* 0.61 -0.8
-0.9
-1

Fig. 3. Spearman correlation matrix for analyzed indicators (+1:
Perfect positive association, -1: Perfect negative associa-
tion, 0: No association). EC: electrical conductivity.

against time and the results of this analysis are shown
in figure 4. An increase in the concentration of the
TOC, TN, and C/N indicators can be observed as a
function of the treatment. It is worth noting that TO
presented a very marked area in reference to the pH
and N-NH;" indicators; as the dose of microalgal
biomass added increases, the area expands towards
the other indicators. This would indicate an adjust-
ment in relation to the nutritional conditions of the
soil, allowing for the development of microorganisms
and nutrient cycling processes (Alvarez et al. 2021).

Likewise, as can be seen in figure 4, all treatments
presented significant differences in pH; where the
highest alkalinity was observed in TO and the pH
decreased as a function of the dose of microalgal
biomass applied. The above result could be related to
the production of organic acids by microbial activity,
which was favored by the increase in the application
dose of the organic amendment (Leogrande and Vitti
2019). Also, the initial concentration of Ca>*" present
in the microalgal biomass could help to lower the pH
by replacing part of the H' present in the soil solution,
as well as reacting with bicarbonates (Ca(HCO3)as),
precipitating calcium carbonates (CaCOs3), and re-
leasing H" (Noori et al. 2021).

There were differences between T1 and T2 when
compared to the other treatments in terms of N-NO3 ",
showing a tendency to decrease with increasing doses
of organic amendment application (Fig. 4). This sug-
gests that, due to the low concentration of available N
in the soil, microorganisms could be using the avail-
able N-NO3 ™ and maintaining the N immobilization
processes by the microbial biomass (Leogrande and
Vitti 2019, Liyanage et al. 2022). The above is sup-
ported by the Spearman correlation matrix shown in
figure 3, specifically by the negative association be-
tween N-NOs3™ and the N-NH4 and C-CO; indicators.

In the case of N-NH4 (Fig. 4), it was observed
that the greater the addition of microalgal biomass,
the greater the production of this compound. Its
release through ammonification processes allows it
to be absorbed by plants via a simple route with low
energy consumption (Liyanage et al. 2022). It should
be noted that microalgal biomass has been reported
to be a quick-use amendment for crops. Furthermore,
there was no significant difference in N volatiliza-
tion via N-NH3" production, which prevented the
release of greenhouse gasses (Chavez-Garcia and
Siebe 2019).

Finally, in figure 4, the increase in C-CO2 concen-
tration as a function of the increase in the application
rate of microalgal biomass could be due to the bios-
timulation of microbial activity in soils when organic
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Fig. 4. Friedman analysis for the treatments
used in the dynamics of C and N mi-
neralization. A: TO, B: T1, C: T2, D:
T3, E: T4. Different letters between
the same vertices refer to significant
differences (p < 0.05). N-NO3~, Ni-
trate N-NH4", Ammonium N-NH;",
Ammonia EC: Electrical conductivity,
TN: Total N, TOC: Total organic C,
C/N ratio.
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amendments are applied as sources of rich and more
available C and N (Medina-Herrera et al. 2020). This
biostimulation is the basis for improving soil condi-
tions because it contributes to nutrient cycling, since
the microbial biomass generated will become part of
the available OM and the C from the microbial biomass
will be available for use (Alvarez et al. 2021).

CONCLUSIONS

Since microalgal biomass is a source of N and C,
it is viable to use it as a short-term organic amend-
ment to improve the microbial activity in soils with
sodicity problems on a laboratory scale. Moreover,
this non-conventional organic amendment is a low-
cost and environmentally friendly alternative to tradi-
tional soil remediation methodologies because waste-
water is taken advantage of to produce microalgae
that will not only be used to improve the conditions
of sodic soils but, during their growth, they will also
help to reduce the contamination of the wastewater in
which they are cultivated. The treatments in this study
established a direct relationship between the applied
doses of dry microalgal biomass and the increase in
soil concentrations of the indicators CO3, Nmin, TOC,
and TN. For this reason, this investigation may serve
as the foundations for further field research on the
benefits of adding microalgal biomass to sodic soils,
benefits which in this laboratory study have been re-
flected in the release of C-CO; and C and N sources.
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