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Abstract. Salinity stress is among the major abiotic stresses prevailing in arid and
semiarid areas such as the southern high plains of the United States. In these areas, both
declining quality of groundwater and cultivation practices have resulted in increased
accumulation of salts in the root zone. The occurrence of excessive salts in the root zone is
detrimental for plant growth and economic yield. Recently, biochar has received a great
consideration as a soil amendment to mitigate the detrimental impacts of salinity stress.
However, the effectiveness of biochar to mitigate the salinity stress depends on the
feedstock type, pyrolysis temperature and time, soil type and properties, and plant
species. Therefore, a pot experiment in a greenhouse was conducted to 1) examine the
effects of salinity stress on physiology, shoot and root growth, and yield of eggplant
(SolanummelongenaL.), and 2) evaluate the potential of hardwood biochar and softwood
biochar to mitigate the damaging effects of salinity stress on eggplant. The experiment
was conducted in a split-plot design with three salinity levels of irrigation water [S0
(control, 0.04 dS·mL1), S1 (2 dS·mL1), and S2 (4 dS·mL1)] as main-plot factor and three
biochar treatments [B0 (control, non-biochar), Bh (hardwood biochar), and Bs (softwood
biochar)] as subplot factor with four replications. Results showed that stomatal conduc-
tance (gS) and photosynthesis rate decreased significantly, while leaf temperature and
electrolyte leakage increased significantly with increase in irrigation water salinity levels.
Root growth (root length density and root surface area density), shoot growth (plant
height, stem diameter, and leaf area), and yield of eggplant declined with increase in
levels of salinity stress. Biochar application helped to enhance gS and photosynthesis rate,
and to decrease leaf temperature and electrolyte leakage in leaf tissues of plants. This
resulted in better root growth, shoot growth, and fruit yield of eggplant in treatments
amended with biochar than non-biochar (control) treatment. There was no significant
difference in the effect of two types of biochars (hardwood and softwood biochar) on
physiology, root growth, shoot growth, and yield of eggplant. Therefore, it can be
concluded that softwood and hardwood biochars could be used to minimize the
detrimental impacts of salinity stress in eggplant.

Salinity, drought, and heavy metal stresses
are themajor abiotic stresses affecting the crop
production throughout the world (Ali et al.,
2017; Osakabe et al., 2014; Parihar et al.,
2015; Rizwan et al., 2016; Saifullah
et al., 2018). However, salinity and drought
stresses are the most abundant abiotic
stresses that limit the crop production in the
world. In a survey, it was found that on a
global scale, around 1128 million hectares

land is degraded due to soil salinization and
sodification (Wicke et al., 2011). Soil salinization
is more prevalent in arid and semiarid areas, such
as the southern high plains (SHP) of the United
States. In theSHP, annual rainfall is usually lower
than the crop evapotranspiration, and growers use
supplemental irrigation to fulfill the crop water
requirements (Bhattarai et al., 2020a, 2020b). The
Ogallala aquifer is the main source of supple-
mental irrigation in the SHP. Electrical conduc-
tivity (EC) of irrigationwaterwithdrawn from the
Ogallala aquifer ranges between 0.25 and 3
dS·m–1, and about 40% of wells in the SHP are
reported to have EC of water more than 0.75
dS·m–1 (Hudak, 2001). Hudak (2001) also men-
tioned that irrigation water with EC above 0.75
dS·m–1 is detrimental for soil health and plant
growth. Continuous application of irrigation wa-
ter with high EC could result in increased accu-
mulation of salts in the root zone. Excessive salts
in the root zone negatively affect the soil phys-
icochemical and biological properties, and sub-
sequently they affect the plant growth and yield
(Qadir et al., 2014).

The presence of the excess amount of Na
in soil causes dispersion of soil colloids and
thus deteriorates the soil physical properties,

such as soil aggregate stability, porosity,
permeability, and infiltration (Kim et al.,
2016). Salinity not only affects the soil prop-
erties, but it also influences the ecological
balance of an area, and it reduces the crop
productivity and economic returns. Under
higher salinity conditions, the plant faces
two key stresses, i.e., 1) osmotic stress and
2) ionic stress. Osmotic stress occurs in plants
when there is an increased accumulation of
salts in the soil solution in the root zone,
resulting in inhibition of the water uptake by
the roots. Because of reduced root water
uptake, root and shoot growth declines.
Along with this problem, a plant undergoes
changes in several metabolic and physiolog-
ical processes. These metabolic and physio-
logical changes are similar to the ones caused
by the water stress, such as decreased enzyme
activity, protein synthesis, CO2 assimilation,
gS, leaf water status and efficiency of photo-
system II, and increased leaf temperature
(Behboudian et al., 1986; García-Legaz
et al., 1993;Munns, 2002). Ionic stress occurs
due to the accumulation of ions in plants’
tissues beyond the threshold limits at which
the ions produce toxic effects. These thresh-
old limits for ion toxicities are specific for
each plant species, and sometimes they are
specific for each genotype as well. Ionic
stress results in premature leaf senescence,
chlorosis, necrosis, and decreased cellular
metabolic activities—including photosyn-
thetic activity (Glenn et al., 1999; Panuccio
et al., 2014; Yeo and Flowers, 1986; Zahir
et al., 2012). Another detrimental effect of
salinity on metabolic and physiological ac-
tivities is the exacerbated synthesis of reac-
tive oxygen species (ROS). The ROS are
detrimental to DNA, protein synthesis, chlo-
rophyll content, and membrane functioning.
Reduction in these metabolic activities leads
to inhibition of photosynthesis activity
(Sahin et al., 2018). Additionally, under sa-
linity stress, an increased accumulation of
salts in the cells increases the cell wall per-
meability, which causes substantial increase
in electrolyte leakage from the stricken cells
(Ashraf and Harris, 2004; Lloyd et al., 1990).
The major constituent of electrolyte leakage
is K, and K is a crucial element for the cation
balance, protein synthesis, enzyme activity,
osmoregulation, phloem transport, stomatal
regulations, and photosynthetic activity
(Wang et al., 2013). Thus higher electrolyte
leakage from plant cells is harmful for plant
processes and ultimately for plant growth.

Overall, salinity stress produces detri-
mental effects on plant physiology, growth,
and yield. Therefore, to mitigate the effects of
salinity stress, it is imperative to adopt prac-
tices that have the potential to remove excess
soluble salts and/or exchangeable Na from
the soil solution (Saifullah et al., 2018).
Comprehensive research has been done over
the years to find potential soil amendments to
reclaim the salt-affected soils. Organic soil
amendments such as compost, press mud,
poultry manure, and farm-yard manure are
extensively used to enhance the physical,
chemical, and biological properties of the
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salt-affected soils in an effort to increase the
soils’ crop productivity (Lax et al., 1994; Oo
et al., 2015; Srivastava et al., 2016; Walker
and Bernal, 2008; Yaduvanshi and Swarup,
2005). However these organic amendments
contain a high amount of decomposable or-
ganic substrates, necessitating their frequent
reapplication. Repeated use of such organic
amendments at high application rates is
not economically feasible and also is not
environment-friendly (increased emission
of CO2) (Al-Wabel et al., 2019). However,
biochar, which is an extremely stable organic
material, has not been extensively studied to
determine its potential to reclaim salt-
affected soils.

Biochar is a carbon-rich material with a
strong antidecomposability characteristic.
Biochar is commonly produced by pyrolysis
(thermal degradation) of biomass, especially
agricultural residues under limited supply or
the absence of oxygen in a closed furnace
(Inyang et al., 2016; Lehmann and Joseph,
2009; Wang et al., 2017). The pyrolysis
temperature can vary from 200 �C to
1000 �C, and a slow pyrolysis is preferred
for the biochar production (Lian and Xing,
2017). Biochar as a soil amendment has
received much consideration in recent years.
Biochar can increase crop productivity by
improving the soil physical properties (ag-
gregate stability, porosity, saturated hydrau-
lic conductivity, water holding capacity, bulk
density and particle density), chemical prop-
erties [nutrient retention, cation exchange
capacity (CEC), EC, and pH], and biological
properties (microbial population in the rhi-
zosphere, microbial biomass C and N, and
enzymatic activities) (Lehmann and Joseph,
2009; Sohi et al., 2010). Another unique
characteristic of biochar that makes it a suit-
able soil amendment for salt-affected soils is
its high salt adsorption capacity (Thomas
et al., 2013). Its high salt adsorption capacity
is by virtue of its high surface area and CEC.
Thus, biochar can be used to mitigate the
negative impact of salt stress by minimizing
the Na+ uptake by plants (Akhtar et al.,
2015a). For example, Akhtar et al. (2015a)
found that a biochar application was quite

effective to mitigate the salinity stress in
potato, resulting in higher potato yield under
salinity stress. In another study on wheat,
Akhtar et al. (2015b) observed that the biochar
transiently binds the Na+ to reduce its uptake
by the plant. Moreover, biochar application
reduced osmotic stress by increasing soil water
availability. Also, biochar application en-
hanced the supply of K+, Ca2+, and Mg2+ in
the soil solution. It is also reported that biochar
enhances the leaching of salts, thereby reduc-
ing the EC of the soil solution in the root zone
(Chaganti et al., 2015; Lashari et al., 2015;
Yue et al., 2016). Based on this review of the
literature, it is interpreted that biochar has the
potential to mitigate the salt stress by improv-
ing soil properties. But all types of biochar are
not equally effective in mitigating the salt
stress. Biochar effectiveness highly depends
on the feedstock type, pyrolysis temperature
and time, soil type and properties, and plant
species (Saifullah et al., 2018). Consequently
it is vital to evaluate the effectiveness of
different types of biochar to mitigate the
salinity stress in a wide range of crop species
(especially in salt stress sensitive, high-value
vegetable crops) for making general recom-
mendations for biochar as a soil amendment to
mitigate the salinity stress in crops.

Eggplant is a high-value vegetable crop.
Its nutritional value is comparable to to-
mato, both being a rich source of vitamins
and minerals (Abbas et al., 2010). Eggplant
has a low production cost and a high anti-
oxidant value (Hegazi et al., 2015). Egg-
plants are cultivated around the world; the
area under their cultivation is around 1.86
million hectares (FAO, 2018). Eggplant is
moderately sensitive to salt stress (Abbas
et al., 2010; €Unl€ukara et al., 2010). The
recommended threshold EC for eggplant
cultivation ranges from 1.1–1.5 dS·m–1

(Heuer et al., 1986; €Unl€ukara et al., 2010).
Being an important crop, it is essential to
understand its response and adaptation to
increased levels of salinity stress, to develop
efficient crop cultivation practices and
breeding strategies.

From the literature review, it became
evident that a very limited number of studies

have evaluated the effect of salinity stress on
physiology and root growth parameters of
eggplant. Additionally, to the best of our
knowledge, there is no study on the effect
of biochar to mitigate salt stress in the egg-
plant. Therefore, the objectives of this study
were to 1) examine the effects of salinity
stress on physiology, shoot and root growth,
and yield of eggplant, and 2) evaluate the
potential of hardwood biochar and softwood
biochar to mitigate the damaging effects of
salinity stress on eggplant.

Materials and Methods

Growing conditions and planting
material. A two-season study was con-
ducted from 26 June 2019 to 8 Oct. 2019
(Expt. 1) and from 19 Oct. 2019 to 3 Mar.
2020 (Expt. 2) in a greenhouse located at
Horticulture Gardens and Greenhouse
Complex of Texas Tech University, Lub-
bock, TX (lat. 33�35#2.72$ N, long.
101�53#12.95$W). The average air tem-
perature inside the greenhouse wasmaintained
at 30 �C during the day and 25 �C during the
night for both experiment periods. The green-
housewas sun-lit, andmost of the sunlight was
transmitted inside the greenhouse.

A sandy-clay-loam soil, which is a com-
mon soil type around the study site, was used
in our study. The soil was collected from
the upper 0- to 20-cm layer of a field located
at New Deal Research farm, Texas Tech
University (lat. 33�44#13.76$ N, long.
101�43#58.04$W). The soil was air-dried,
sieved using 2-mm sieve, and thoroughly
hand-mixed before use. Two biochars that
differ in feedstock type, i.e., 1) hardwood
biochar made from oak and 2) softwood
biochar made from pine, were procured from
Wakefield Biochar, Columbia, MO. Chem-
ical properties of the two types of biochar are
reported in Table 1. This study included three
biochar treatments: 1) control (non-biochar,
B0); 2) hardwood biochar (Bh); and 3) soft-
wood biochar (Bs). Each biochar was applied
at 5% by weight and thoroughly mixed into
the soil. An application rate of biochar at 5%
by weight was used based on the review of

Table 1. Chemical properties of hardwood and softwood biochar.

Attribute Hardwood biochar Softwood biochar

Feedstock Oak Pine
Total organic matter (% total mass) 82.07 95.12
Total carbon (% total mass) 62.96 88.01
Total ash (% total mass) 17.93 4.88
pH 8.6 7.4
Nitrogen (N) (% weight) 0.64 0.59
Total phosphate (mg/kg) 3.52 4.53
Potassium (K) (mg/kg) 2960 614
Sulfur (% weight) 0.011 0.031
Hydrogen (% weight) 2.09 0.4
Oxygen (% weight) 16.37 6.09
Calcium (mg/kg) 64,900 4128
Copper (mg/kg) 1.72 3.57
Iron (mg/kg) 1770 595
Magnesium (mg/kg) 4540 1225
Manganese (mg/kg) 1040 234
Zinc (mg/kg) 23.2 4.59
Surface area correlation (m2/g) 17.74 375.76
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the literature, which suggests that a 5%
application rate was most commonly used;
and suggests that at this application rate,
biochar was effective in mitigating the salin-
ity stress (Akhtar et al., 2015a, 2015b, 2015c;
Farhangi-Abriz and Torabian, 2018a; Ham-
mer et al., 2015; Kim et al., 2016; Nikpour-
Rashidabad et al., 2019). A total of 12.5 kg of
soil–biochar mixture was placed into plastic
pots of 12-L capacity. For control treatment,
only soil was filled in the pots. A woven
groundcover cloth was placed inside, at the
bottom of the pot, to prevent the soil from
draining out through drainage holes. River
pebbles that had a diameter of about 2 cm
were placed in a single layer over the cloth
and underneath the soil to allow the free
drainage of excess water. While filling, the
pot was tapped after every 5-cm depth incre-
ment of soil filled in the pot, to achieve the
homogenous soil profile. After filling, pots
were saturated with water to stabilize the soil
in the pots.

Seeds of Jaylo variety of eggplant were
purchased from Johnny’s Selected Seeds,
Winslow, ME. Eggplant seeds were sown in
multicell trays filled with soilless potting
mix. Homogenous and disease-free seedlings
were transplanted into main pots at 25 and
38 d after sowing during Expt. 1 and Expt. 2,
respectively. The recommended dose of Fert-
max Grow A and B fertilizer (CleanGrow
Inc., Sacramento, CA) was applied equally to

each pot. During Expt. 1, the crop was
infested with red spider mites (Tetranychus
urticae), and infestation was severe during
the fruiting stage. A recommended dose of
Agropest insecticide (Agro Research Inter-
national LLC) was used to control the red
spider mites. Due to severe red spider mite
infestation, crop growth and fruit yield was
severely affected during Expt. 1.

Salinity treatments. Salinity treatments
consisted of three salinity levels of irrigation
water, i.e., 1) tap water (control, 0.04 dS·m–1,
S0); 2) 2 dS·m

–1 (S1); and 3) 4 dS·m
–1 (S2). An

estimated amount of NaCl was dissolved in
tap water to prepare the required salinity
levels of irrigation water, and the final EC
of the solution was checked with an ECmeter
(an Orion Star A325 pH/Conductivity Porta-
ble Multiparameter Meter). Manual applica-
tion of salinity treatments was started at 7 d
after transplanting in each experiment. After
that, saline irrigation water treatments were
continuously applied at a 2–4 d interval.

Physiological parameters. Photosyn-
thetic rate (Pn), gS, and leaf-air temperature
difference (LATD) were measured from the
youngest, fully expanded, illuminated and
disease-free leaf between 11:00 and 14:00 h
using Portable Photosynthesis System
(Model LI-COR 6800; Lincoln, NE). Mea-
surements were taken from a 6-cm2 leaf area
by maintaining 400 mmol·mol–1 of CO2, 500
mmol·m–2·s–1 of photosynthetic active radia-

tion (PAR), and 65% relative humidity inside
the measuring chamber. Physiological mea-
surements were taken four times in Expt. 1
and five times in Expt. 2 at different days
after transplanting.

Electrolyte leakage was measured twice
at a 1-week interval during the fruiting stage
in both the experiments. For measurement of
electrolyte leakage, leaf discs were excised
from two of the youngest, fully expanded,
and disease-free leaves of a plant. A total of
10 leaf discs (5 discs from each of the two
leaves) per plant were excised using a single-
hole paper punch (a Staples 1-hole punch)
and were put into a 50-ml falcon tube con-
taining 30 ml of Milli-q water. Falcon tubes
containing the leaf discs were brought to the
laboratory and were kept on a platform
shaker (125 rpm) for about 30 min to com-
pletely wet leaf discs to allow electrolytes to
diffuse into the water solution. Leaf discs
samples were then left at room temperature
for 5–6 h to allow the electrolytes to diffuse
into the water, and then initial EC (EC1) of
the solution was measured with an EC meter.
After taking the EC1, samples were boiled for
1 h by keeping them in a water bath, and then
samples were allowed to cool to room tem-
perature for final EC (EC2) measurements.
The electrolyte leakage was estimated using
the following formula: electrolyte leakage
percent (EL%) = EC1/EC2 · 100 (Sahin
et al., 2018).

Shoot growth and yield parameters. Plant
height from the soil surface to the tip of a plant
was measured at the end of the experiments.
Stem diameter was also measured at the end of
the experiments. Eggplant fruits were picked at
3–4 d intervals when they had achieved the
harvestable size. The number of fruits per plant
and fresh fruit weight were recorded for each
plant at each harvest. At the end of each exper-
iment, each plant was harvested, and leaves were
separated from stem and branches tomeasure the
leaf area using a bench-top leaf areameter (anLI-
3100CAreaMeter). Leaf and stem samples were
oven-dried to a constant weight at 70 �C, and dry
shoot weight for each plant was recorded.

Root growth parameters. To collect root
samples, soil core samples were taken using a
split-core sampler (with a 5-cm diameter and
a 30-cm length) from one complete depth (22
cm) of the pot at the end of each experiment.
Samples were collected 3 cm away from the
base of the stem. Soil core samples were
placed in Ziploc bags and stored at 4 �C until
the roots were washed out (Kage et al., 2000;
Singh, 2019). Each sample was washed sep-
arately by placing the soil core sample on the
fine-mesh sieve strainer. Another strainer
was placed vertically below the strainer
containing the soil core sample to collect
the roots escaping from the upper strainer.
Water with little pressure was used to drain
the soil from the meshes. After draining the
soil from both the meshes, roots were man-
ually taken out using a forceps and stored in a
15% ethanol (cm3·cm–3) solution in 50-ml
falcon tubes at 4 �C for later root analysis
(Singh, 2019). Washed root samples were
scanned using a flatbed scanner (STD 4800,

Fig. 1. Effect of salinity treatments (A andB) and biochar treatments (C andD) on stomatal conductance of
eggplant measured at different days after transplanting in Expt. 1 (A andC) and Expt. 2 (B andD). Bars
indicate least significant difference at P # 0.05.
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EPSON V800 Photo Dual Lens System; Re-
agent Instruments Inc.) at a 600-dpi resolution.
Scanned images were analyzed for root length
density (RLD) [root length per unit volume of
soil, (cm·cm–3)], root surface area density
(RSAD) [root surface area per unit volume of
soil (cm2·cm–3)], and root fineness classification
(percentage of total root length in a given diam-
eter class) using WinRHIZO Pro version 2016a
software (Regent Instruments Inc., Quebec,
Canada). Total root lengthwas divided into three
diameter classes, i.e., 1) 0–0.5 mm, 2) 0.5–
1.0 mm, and 3) >1 mm, to get the percent of
total root length lying in given a diameter class.

Statistical analysis. The experiment was
laid-out in a blocked split plot design and all
experimental units were replicated four times.
Irrigation salinity levels (control, 2 dS·m–1 and 4
dS·m–1) were the main-plot factor; and biochar
treatments [non-biochar (control, B0), hardwood
biochar (Bh), and softwood biochar (Bs)] were
the subplot factor. Data for each parameter were
analyzed using ANOVA in R version 3.5.2,
using Agricolae package version 1.2–8. The
least significant difference test at 5%significance
level was used to separate means. Figures were
created using SigmaPlot version 14 (Systat Soft-
ware, San Jose, CA).

Results and Discussion

Plant physiology. The gS of eggplant de-
clined with increased levels of salinity
(Fig. 1). The gS of the S0 treatment did not

differ significantly from the S1 treatment on
most of the measurement days in both exper-
iments. However, gS of the S0 treatment was
significantly higher than the S2 treatment on
all measurement days. Biochar addition had a
significant positive effect on gS compared
with the control (non-biochar) (Fig. 1). The
gS of Bh and Bs treatments was significantly
higher than the gS of B0 on most of the
measurement days in both experiments.
There was no significant difference in gS
between Bh and Bs.

A decline in gS in higher salinity levels
can be attributed to reduction in root water
uptake. In higher salinity treatments, increased
accumulation of salts in the root zone decreased
the osmotic potential of soil, which inhibited
root water uptake. A decline in gS with in-
creased levels of salinity is also observed in
other studies (Akhtar et al., 2015a; Baath et al.,
2017; Colla et al., 2006; Delfine et al., 1999;
Singh et al., 2014). Biochar addition improves
soil properties that ultimately enhances water
holding capacity of the soil. So, higher gS in
treatments amended with biochar, compared
with non-biochar (control), can be attributed to
an increase in plant water availability under
biochar application. Higher plant water avail-
ability with biochar application under salinity
stress is reported in several studies (Akhtar
et al., 2015a; Lehmann and Joseph, 2009; Sohi
et al., 2010).

Increased levels of salinity had a sup-
pressing effect on Pn. The Pn of the S0

treatment was significantly higher than the
S1 and S2 treatments on most of the measure-
ment days in both experiments (Fig. 2). The
Pn of treatments amended with biochar
was significantly higher than control (non-
biochar) treatment on all the measurement
days. The Pn of Bh and Bs was comparable
with each other (Fig. 2).

Photosynthesis is among the important
complex physiological processes impacted
by the salinity stress (Sahin et al., 2018).
Generally, Pn decreases in response to de-
creased gS (Baath et al., 2017; Parkash and
Singh, 2020; Singh et al., 2016; Stępie�n and
K1bus, 2006). In the current study, we also
found a decrease in Pn with the corresponding
decrease in gS. In both experiments, differ-
ences in Pn among salinity treatments became
significant as crop approached maturity. This
can be due to an increased concentration of
accumulated salts in the root zone over time,
which might have increased the osmotic
stress. Increased osmotic stress resulted in a
decreased gS, which ultimately led to the
reduced CO2 supply to leaves for photosyn-
thesis in the higher salinity treatments. Re-
sults of this study, that Pn declined with
increased salinity level, were consistent with
the results of other studies on salinity stress
(Akhtar et al., 2015a; Baath et al., 2017; Colla
et al., 2006; Delfine et al., 1999; Singh et al.,
2014). Higher Pn in treatments amended with
biochar can be attributed to higher water
availability for transpiration (higher gS and
an increased supply of CO2 to the leaves) in
these treatments, compared with the control
(non-biochar). Increased Pn in biochar
amended treatments under salinity stress
was also observed in other studies (Akhtar
et al., 2015a, 2015b).

Leaf temperature increased with in-
creased levels of salinity, resulting in less
negative LATD in higher salinity treatments
(Fig. 3). Less negative LATD means more
warm leaves. The LATD was significantly
less negative in the S1 and S2 treatments,
compared with S0 on most of the measure-
ment days, in both experiments. Biochar
addition helped to maintain a lower leaf
temperature, resulting in significantly more
negative LATD in treatments amended with
biochar than the control (non-biochar)
(Fig. 3). The LATD was not significantly
different between the Bh and Bs treatments.

Reduced transpiration rate might have
increased the leaf temperature in the higher
salinity treatments. With an increase in sa-
linity levels, osmotic stress in the root zone
increases, which results in a reduction in
transpiration rate (Testi et al., 2008). Because
of reduced transpiration, latent heat of vapor-
ization is not withdrawn from the leaf,
resulting in a higher leaf temperature and
less negative LATD in stressed plants. In this
study, LATD became less negative with in-
creased levels of salinity, which suggests that
the leaf temperature was comparatively
higher in stressed plants. Higher leaf temper-
ature inhibits the activity of photosystem II,
inactivates Rubisco, and disintegrates plas-
malemma (Camejo et al., 2005). All these

Fig. 2. Effect of salinity treatments (A and B) and biochar treatments (C and D) on photosynthesis rate of
eggplant measured at different days after transplanting in Expt. 1 (A andC) and Expt. 2 (B andD). Bars
indicate least significant difference at P # 0.05.
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metabolic activities have a direct effect on
photosynthesis activity, which subsequently
affect crop yield. More negative LATD
values were found in the treatments amended
with biochar than the control (non-biochar),
which can be attributed to an increase in plant
water availability for transpiration in treat-
ments amended with biochar compared with
the control.

In this study, electrolyte leakage was
higher in higher salinity levels. Electrolyte
leakage did not differ significantly between
S0 and S1, while it was significantly higher in
S2 than S0 in Expt. 1 (Fig. 4). In Expt. 2,
electrolyte leakage was significantly higher
in S1 and S2 compared with S0. Treatments
amended with biochar had significantly
lower electrolyte leakage than the control
(non-biochar) (Fig. 4). In Expt. 1, electrolyte
leakage was not significantly different be-
tween Bs and Bh, but it was significantly
higher in Bh than Bs in Expt. 2.

Electrolyte leakage occurs in response to
stress-induced injuries to plant tissues (Bajji
et al., 2002; Blum and Ebercon, 1981; Levitt
and Levitt, 1987). Electrolyte leakage is an
indirect method to measure the integrity and
stability of the cell membrane. The cell
membrane acts as a barrier, and its disinte-
gration results in the death of the cell (Mcneil
and Steinhardt, 1997). Under salinity stress,
an increase in the accumulation of salts in the
plant cells occurs, which results in an in-
crease in cell wall permeability. Because of

increased cell wall permeability, a substantial
increase in electrolyte leakage occurs from
the stricken cells (Ashraf and Harris, 2004;
Lloyd et al., 1990). Cell wall permeability
increases, probably due to increased genera-
tion of ROS under stress conditions. The
ROS cause oxidative damage to lipids, which
are the main component of the cell membrane
(Dionisio-Sese and Tobita, 1998). The major
part of electrolytes leaking from the cells
consists of K; and K is the primary element
for cation-anion balance, energy transfer,
osmoregulation, phloem transport, protein
synthesis, enzyme activity, stomatal adjust-
ments, and photosynthesis activity (Wang
et al., 2013). Thus increased electrolyte leak-
age is detrimental for plant metabolic activ-
ities and physiological processes, and it
exerts a negative impact on the plant growth
and yield. Biochar has high adsorption ca-
pacity, which helps to mitigate the detrimen-
tal impact of salinity by minimizing the
uptake of Na+ (Akhtar et al., 2015a). Due to
this function of biochar, there was less accu-
mulation of salts in plant tissues, resulting in
lower electrolyte leakage in treatments
amended with biochar in comparison with
the control (non-biochar), even under higher
salinity levels. Lashari et al. (2015) found
that electrolyte leakage was reduced in maize
with biochar application in salt-affected soil.

Shoot growth and fruit yield. The salinity
and biochar treatments had a considerable
effect on plant growth and yield parameters.

Effects of salinity and biochar treatments on
plant height of eggplant are shown in Table 2.
In Expt. 1, plant height did not differ signif-
icantly between S0 and S1, while it was
significantly higher in S0 and S1 than in S2.
In Expt. 2, plant height was comparable
between S0 and S1 and also between S1 and
S2. It was significantly higher in S0 than in S2.
The plant height was significantly higher in
the treatments amended with biochar than the
control (non-biochar) in both experiments
(Table 2). The plant height was not signifi-
cantly different between Bh and Bs in both
experiments. In similar studies by Usman
et al. (2016) on tomato and Akhtar et al.
(2015b) on wheat, it was found that salinity
stress decreased the plant height while bio-
char addition enhanced the plant height.

Increased levels of salinity suppressed the
stem diameter growth (Table 2). In Expt. 1,
the stem diameter of the S0 treatment was not
significantly different from S1, while the stem
diameter of the S0 treatment was significantly
higher than S2. In Expt. 2, the stem diameter
was significantly higher in the S0 treatment
than in the S1 and S2 treatments. The treat-
ments amended with biochar had signifi-
cantly greater stem diameters than the
control (non-biochar) treatment, and Bh and
Bs had a comparable effect on the stem
diameter growth (Table 2). Agbna et al.
(2017) also observed that the stem diameter
was greater in treatments amended with
biochar than the non-biochar (control) treat-
ment under salt stress.

The leaf area of eggplant decreased with
increased levels of salinity. Leaf area was
significantly higher in S0 compared with S2,
while it did not differ significantly between
S1 and S2 in both experiments. Biochar had a
positive effect on the leaf area. However, the
leaf area did not differ significantly between
Bh and Bs in both experiments. Akhtar et al.
(2015c) found that the leaf area of maize
decreased with increased salinity levels,
while biochar addition enhanced the leaf area
under salt stress.

Plants grown at higher salinity levels ac-
cumulated less dry shoot biomass (Table 2). In
both experiments, dry shoot weight was sig-
nificantly higher in S0 than S2, while it was
comparable between S0 and S1 and also be-
tween S1 and S2. In the treatments amended
with biochar, dry shoot weight was signifi-
cantly higher compared with the control (non-
biochar), while dry shoot weight was not
significantly different between Bh and Bs. A
decrease in dry shoot biomass and a positive
effect of biochar application on shoot biomass
under salt stress are supported by the results of
other studies (Agbna et al., 2017; Akhtar et al.,
2015b, 2015c; Usman et al., 2016).

The number of fruits produced per plant
was less in higher salinity levels (Table 2). In
Expt. 1, the number of fruits per plant did not
differ significantly between S0 and S1 and also
between S1 and S2, but it was significantly
different between S0 and S2. In Expt. 2, the
number of fruits per plant was significantly
different among the salinity treatments. The S0
had the highest number of fruits per plant, and

Fig. 3. Effect of salinity treatments (A and B) and biochar treatments (C and D) on leaf-air temperature
difference (LATD) of eggplant measured at different days after transplanting in Expt. 1 (A and C) and
Expt. 2 (B and D). Bars indicate least significant difference at P # 0.05.
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S2 had the least number of fruits per plant. In
Expt. 1, the number of fruits per plant did not
differ significantly among the biochar treat-
ments. In Expt. 2, the treatments amended
with biochar produced significantly more
number of fruits per plant than the control

(non-biochar), but it was comparable between
Bh and Bs. Average fruit weight did not differ
significantly among the salinity treatments and
biochar treatments in both of the experiments.
Fresh fruit yield was significantly different
among the salinity treatments. In Expt. 1, fresh

fruit yield decreased by 27% in S1 and by 51%
in S2 compared with S0; while in Expt. 2, yield
decreased by 15% in S1 and by 34% in S2
compared with S0. Biochar addition had a
significant beneficial effect on fruit yield. Both
types of biochar had a comparable effect on
the fruit yield. In Expt. 1, fresh fruit yield was
higher by 29% and 61% in Bh and Bs, respec-
tively; while in Expt. 2, it was higher by 141%
and 146% in Bh and Bs, respectively, com-
pared with the control. Based on these results,
it can be interpreted that relative differences in
total fruit yield per plant among the treatments
were more affected by differences in number
of fruits per plant than average fruit weight. A
negative effect of increased salinity level and a
positive effect of biochar application on fruit
yield and yield parameters (the number of
fruits per plant and average fruit weight) are
also reported in other studies (Agbna et al.,
2017; Akhtar et al., 2015a; Usman et al.,
2016).

A decrease in plant growth with increased
levels of salinity of irrigation water can be
ascribed to increased osmotic stress and re-
duced water uptake by plants in higher salin-
ity treatments, which is evident from reduced
gS in higher salinity treatments. A decrease in
gS reduces CO2 assimilation (Baath et al.,
2017; Stępie�n and K1bus, 2006). Other than
stomatal closure effect, CO2 assimilation is
also affected by increased leaf temperature.
Increased leaf temperature negatively influ-
ences the activity of photosystem II. Photo-
system II provides reducing power and
energy for CO2 assimilation (Camejo et al.,
2005). Results of LATD suggest that leaf
temperature was relatively more in the higher
salinity treatments, which had reduced CO2

assimilation in the stressed treatments. Addi-
tionally, increased electrolyte leakage under
salinity stress results in oxidative damage,
which disturbs the membrane system and
negatively affects the photosynthesis and
respiration (Sahin et al., 2018). The results

Fig. 4. Effect of salinity treatments (A and C) and biochar treatments (B and D) on electrolyte leakage of
eggplant in Expt. 1 (A andB) and Expt. 2 (C andD). Error bars indicate standard errors of mean (n = 4).
Bars with the same letter are not significantly different at P # 0.05.

Table 2. Effect of salinity (S) and biochar (B) on growth, yield parameters, and yield of eggplant in experiments 1 and 2 at Lubbock, TX.

Treatments
Plant
ht (cm)

Stem diam
(mm)

Leaf area
(cm2/plant)

Dry shoot wt
(g/plant)

Number of
fruits

Avg fruit
wt (g)

Fresh fruit yield
(g/plant)

Expt. 1
Salinity level (S)
S0 (control) 82.9 az 9.8 a 4369 a 55.2 a 2.3 a 99.3 a 218 a
S1 (2 dS·m–1) 78.4 a 9.2 ab 3193 ab 39.9 ab 1.8 ab 92.7 a 160 b
S2 (4 dS·m–1) 64.1 b 7.9 b 1978 b 25.0 b 1.4 b 74.4 a 107 c

Biochar (B)
B0 (non-biochar) 61.4 b 7.5 b 1654 b 20.7 b 1.6 a 84.4 a 128 b
Bh (hardwood) 79.8 a 9.2 a 3485 a 44.2 a 1.8 a 91.5 a 165 ab
Bs (softwood) 81.9 a 10.1 a 4285 a 54.9 a 2.2 a 92.8 a 206 a

(SXB)z NS NS NS NS NS NS NS
Expt. 2
Salinity level (S)
S0 (control) 90.3 a 11.5 a 7199 a 65.9 a 6.1 a 124.4 a 755 a
S1 (2 dS·m–1) 84.8 ab 10.4 b 6008 ab 56.5 ab 5.2 b 121.5 a 645 b
S2 (4 dS·m–1) 80.8 b 10.3 b 5439 b 49.5 b 4.3 c 119.1 a 498 c

Biochar (B)
B0 (non-biochar) 70.3 b 8.4 b 3469 b 29.7 b 2.8 b 118.8 a 326 b
Bh (hardwood) 93.3 a 11.8 a 7723 a 74.9 a 6.3 a 124.8 a 785 a
Bs (softwood) 93.0 a 12.2 a 7586 a 68.2 a 6.6 a 121.4 a 802 a

(SXB) NS NS NS NS NS NS NS
zValues within a column followed by same letter are not significantly different according to a least significant difference test at P # 0.05.
NS = nonsignificant at P # 0.05.
SXB = salinity into biochar interaction.
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of electrolyte leakage measured during the
fruiting stage demonstrated that there was
higher electrolyte leakage in the higher sa-
linity treatments, which could have also af-
fected the photosynthesis rate. Overall, all the
physiological measures suggest that in-
creased levels of salinity negatively affected
CO2 assimilation. Because of reduced CO2

assimilation in the higher salinity treatments,
plant growth was suppressed in the higher
salinity treatments. However, reduced plant
growth in the higher salinity treatments might
not be only due to reduced photosynthesis
rate per unit leaf area. It might have also
decreased in response to a decrease in net
photosynthetically active leaf area per plant
in the higher salinity treatments (Munns and
Tester, 2008). Under salinity stress, reduced
water uptake results in a decline in leaf
turgor. Cell expansion depends on the cell
turgor. So, under salinity stress, cell expan-
sion is inhibited, which further leads to a
reduction in leaf elongation rate, subse-
quently reducing the leaf area growth rate
(Jones, 1990). Leaves are the prime interface
for mass exchange and energy between plants
and the atmosphere. Most of the key plant
processes such as canopy light interception,
respiration, transpiration, element deposi-
tion, and CO2 assimilation are highly depen-
dent on the leaf area (Pokovai and Fodor,
2019). Overall, in the higher salinity treat-
ments, plant growth decreased due to a de-
crease in photosynthesis rate per unit of leaf
area and also due to a reduction in leaf area
per plant, which further affects the key plant
processes important for plant growth and
yield. In the present study, leaf area and Pn
decreased in the higher salinity treatments,
which could have further caused the reduc-
tion in plant growth and fruit yield in the
higher salinity treatments.

Previous studies have demonstrated that
biochar addition enhances the crop produc-
tivity by improving the soil’s physical, chem-

ical, and biological properties (Lehmann and
Joseph, 2009; Singh et al., 2019; Sohi et al.,
2010). Improved soil properties (such as soil
aggregate stability and saturated hydraulic
conductivity) enhance the removal of salts
from the root-zone through increased leach-
ing of excess salts (Chaganti et al., 2015).
Biochar has a high adsorption capacity, and it
adsorbs Na+ to inhibit its uptake by the plant
(Akhtar et al., 2015b; Thomas et al., 2013).
Biochar application enhances soil exchange-
able Ca2+, which displaces Na+ from ex-
change sites—and thus the leaching of Na+

gets enhanced, and the uptake of salts by
plants gets reduced (Chaganti et al., 2015).
Moreover, biochar application increases the
soil water availability, which may cause the
dilution of the comparatively concentrated
soil solution (Akhtar et al., 2015b). Thus
biochar addition reduces osmotic stress and
enhances the water uptake for better plant
growth. In the present study, the effective-
ness of biochar addition to mitigate the neg-
ative impact of salt stress is evident from the
increased gS and photosynthesis rate, and
more negative LATD in treatments amended
with biochar. Reduced electrolyte leakage in
the treatments amended with biochar further
supports that biochar reduces the uptake of
salts by the plants; and thus biochar helps to
mitigate the ionic stress in plants. A better
physiological status of plants in the treat-
ments amended with biochar led to better
plant growth (plant height, stem diameter,
and leaf area). Subsequently these enhance-
ments led to a better fruit yield in the treat-
ments amended with biochar, with respect to
non-biochar (control).

Root growth. The RLD was negatively
affected by increased salinity levels
(Table 3). In Expt. 1, RLD was not signifi-
cantly different between the S0 and S1 (and
also between the S1 and S2), while it was
significantly different between the S0 and S2.
In Expt. 2, RLD was not significantly differ-

ent among the salinity treatments. It was the
highest in S0 followed by S1, and it was found
to be the lowest in S2. Biochar addition
boosted the RLD. In Expt. 1, RLD was
significantly higher in Bs than B0, but it did
not differ significantly between Bh and B0. In
Expt. 2, the RLD of Bs and Bh was signifi-
cantly higher than B0, while it was not
significantly different between Bh and Bs.

The RSAD was negatively impacted in
higher salinity levels. The RSAD was statis-
tically similar between S0 and S1 and also
between S1 and S2, while it was significantly
higher in S0 than S2 in both experiments.
Biochar addition enhanced the RSAD. In
Expt. 1, RSAD was significantly higher only
in Bs; while in Expt. 2, RSAD was higher in
both Bh and Bs than B0. It was not signifi-
cantly different between Bh and Bs in both
experiments.

Root length distribution (percent of total
root length) in different diameter classes is
reported in Table 3. In both experiments and
in all the treatments, the most fraction (83%
to 94%) of total root length was lying in the
diameter class of 0.0–0.5 mm, while 6% to
13% and 0% to 4% of total root length were
lying in diameter classes of 0.5–1.0 mm and
>1 mm, respectively. This means that egg-
plant had more percentage of fine roots (0.0–
0.5 mm diameter), and it had very few com-
paratively thicker roots (>0.5 mm diameter).
In Expt. 1, among the salinity treatments, S0
had allocated the highest fraction (93.57%) of
total root length to a diameter class of 0.0–
0.5 mm, while S2 had allocated the highest
fraction to 0.5–1.0 mm (9.068%) and >1 mm
(1.413%) diameter classes. Similarly, in
Expt. 2, among the salinity treatments, S0
and S2 had allocated the highest fraction
(87.129% and 12.685%, respectively) to di-
ameter classes of 0.0–0.5 mm and 0.5–
1.0 mm, respectively. Also, S2 had allocated
the highest fraction (3.409%) to >1 mm di-
ameter class. Based on these results, it can be

Table 3. Effect of salinity (S) and biochar (B) on root growth parameters of eggplant in experiments 1 and 2 at Lubbock, TX.w

Treatments RLD (cm·cm–3) RSAD (cm2·cm–3)

% total root length in a diam class

(0.0–0.5 mm) (0.5–1.0 mm) (>1.0 mm)

Expt. 1
Salinity level (S)
S0 (control) 1.025 az 0.085 a 93.570 a 6.231 a 0.198 a
S1 (2 dS·m–1) 0.860 ab 0.068 ab 92.632 a 6.844 a 0.524 a
S2 (4 dS·m–1) 0.392 b 0.039 b 89.519 a 9.068 a 1.413 a

Biochar (B)
B0 (non-biochar) 0.597 b 0.050 b 89.396 a 8.675 a 1.929 a
Bh (hardwood) 0.771 ab 0.065 ab 91.721 a 8.130 a 0.149 a
Bs (softwood) 0.881 a 0.076 a 94.245 a 5.541 a 0.214 a

(SXB)x NS NS NS NS NS
Expt. 2
Salinity level (S)
S0 (control) 6.062 a 0.678 a 87.129 a 10.122 b 2.749 b
S1 (2 dS·m–1) 5.246 a 0.583 ab 85.332 ab 11.400 ab 3.268 a
S2 (4 dS·m–1) 4.971 a 0.546 b 83.907 b 12.685 a 3.409 a

Biochar (B)
B0 (non-biochar) 1.710 b 0.183 b 84.595 a 11.366 a 4.039 a
Bh (hardwood) 7.760 a 0.852 a 85.896 a 11.290 a 2.814 b
Bs (softwood) 6.952 a 0.788 a 85.926 a 11.564 a 2.51 b

(SXB)x NS NS NS NS NS
zValues within a column followed by same letter are not significantly different according to a least significant difference test at P # 0.05.
NS = nonsignificant at P # 0.05.
RLD = root length density; RSAD = root surface area density; SXB = salinity into biochar interaction.
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interpreted that with an increase in salinity
levels, root thickness increased to some ex-
tent. Biochar addition had no significant ef-
fect on root length distribution. In Expt. 1,
among the biochar treatments, Bs had allo-
cated the highest fraction (94.245%) of total
root length to diameter class of 0.0–0.5 mm,
while B0 had allocated the highest fraction to
0.5–1.0 mm (8.675%) and >1 mm (1.929%)
diameters classes. In Expt.2, among the bio-
char treatments, Bs had allocated the highest
fraction (85.926%) of total root length to
diameter class of 0.0–0.5 mm, while Bs and
B0 allocated the highest fractions (11.564%
and 4.039%, respectively) to diameter classes
of 0.5–1.0 mm and >1 mm, respectively.
Salinity inhibits the root extension by directly
inhibiting the cell wall extensibility (Bressan
et al., 1990). Cell expansion is a key factor
affecting plant morphogenesis. The Ca2+ in-
flow from an extracellular store is needed for
cell elongation in roots (Cramer and Jones,
1996). However, an increased concentration
of Na+ in the root zone causes a decline in
Ca2+ influx. Additionally, an increase in ac-
cumulation of salts in the root zone induces
oxidative stress, which further results in the
generation of ROS (Hernandez et al., 1993;
Shalata and Tal, 1998). These ROS cause
lipid peroxidation in root cells and subse-
quently cause the death of roots cells
(Katsuhara et al., 2005). Furthermore, salts
stress results in a decline in cell turgor, which
causes a reduction in cell elongation and root
growth rate. In the present study, RLD de-
creased with increase in the salinity levels. In
a study on tomato, Snapp and Shennan (1992)
had observed that RLD decreased with in-
creased salinity levels. Caines and Shennan
(1999) had also observed that root length was
lower in higher salinity treatments. It can be
inferred that generally RLD decreases under
salinity stress. The RSAD of eggplant also
decreased with increased salinity levels,
which was due to a decrease in RLD.
Mohammad et al. (1998) also observed that
the RSAD of tomato decreased with in-
creased salinity levels. A decrease in RLD
and RSAD reduces the net absorption area for
water and nutrient uptake. Thus, a decrease in
root growth negatively affects plant growth
and yield. Biochar application significantly
enhanced the root growth, possibly by im-
proving the soil properties and by inhibiting
the uptake of Na+ through the roots. In studies
on common bean, it was observed that bio-
char application had considerably enhanced
the root growth (Farhangi-Abriz and Tora-
bian, 2017, 2018b; Luo et al., 2017).
Farhangi-Abriz and Torabian (2018b) found
that biochar addition reduced Na+ content in
the roots under salt stress. Lower Na+ content
in roots is favorable for root growth. Conse-
quently biochar addition increases the root
growth and ultimately enhances plant growth
and yield under salinity stress.

Conclusions

The increased salinity levels of irrigation
water significantly decreased gS and photo-

synthesis rate, while the higher salinity levels
increased leaf temperature and electrolyte
leakage in leaf tissues. Additionally, a con-
siderable decrease in root growth, shoot
growth, and yield components was observed
in the higher salinity treatments. However,
biochar addition was effective to reduce the
suppressing effect of increased salinity stress.
Biochar application to the soil enhanced the
physiological processes, root growth, shoot
growth, and yield of eggplant. Both types of
biochar had a comparable effect on physiol-
ogy, growth, and yield of eggplant. Based on
these results, it can be concluded that soft-
wood and hardwood biochar have the poten-
tial to mitigate the negative impacts of salt
stress in eggplant.
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