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Abstract. Saltwater intrusion driven by climate change increasingly imperils Florida’s
coastal ecosystems. This study investigated whether silicon amendments can buffer
cabbage palm (Sabal palmetto) seedlings against saline stress. One-year-old seedlings
were irrigated with seawater analogues at 10, 30, or 50 ppt (ranging from freshwater
to hypersaline conditions) and supplemented with soluble silicon at 1%, 3%, or 5%
(m/v). Vigor was quantified nondestructively using SPAD-502 and atLEAF+ meters
that estimated the chlorophyll content and measurements of height and leaf number.
Salinity alone decreased all growth variables, with the steepest declines observed with
50 ppt. Silicon markedly mitigated losses in chlorophyll content, height, and leaf pro-
duction at 10 through 30 ppt and partially preserved performance at 50 ppt; how-
ever, overall survival remained poor at the highest salinity. The results revealed a low
inherent salt-tolerance threshold during early ontogeny; however, they demonstrated
that silicon can extend that threshold and improve the physiological status under
moderate intrusion scenarios. These findings furnish actionable guidance for nursery
production and restoration of cabbage palm as the rise in sea level accelerates saltwa-
ter encroachment in Florida’s coastal landscapes.

Climate change continues to drive sub-
stantial environmental shifts globally, and
one of its most immediate threats to Florida’s
ecosystems is saltwater intrusion resulting
from a rise in sea level. Broader biodiversity
loss and ecosystem degradation have been
well-documented and global temperatures have
increased by 0.8 �C over the past century
(Almond et al. 2022; Papacek et al. 2020);
therefore, the regional consequences for coastal
systems in Florida are particularly acute.
Rising sea levels, which are projected to in-
crease along US coastlines by 25 to 30 cm
over the next 30 years (Wdowinski et al.
2016), are altering hydrological balances
and allowing seawater to penetrate freshwa-
ter zones. Florida’s highly porous limestone
geology, with naturally high hydraulic con-
ductivity, exacerbates this process by facili-
tating deep inland movement of saltwater

through the aquifer systems (Bayabil et al.
2022).

This phenomenon poses a critical threat to
native plant communities and nursery opera-
tions in coastal Florida. Saltwater intrusion
degrades soil and water quality by increasing
salinity levels, thus negatively affecting plant
growth and development. Coastal soils in this
region are often sandy and low in organic
matter, thus making them particularly suscep-
tible to nutrient leaching and chemical imbal-
ances under saline stress. Essential nutrients
such as nitrogen (N) and phosphorus (P) be-
come less available, thereby compounding
the physiological challenges that plants face
in saline environments (Abd-Elaty et al. 2022;
Sweet et al. 2022).

Sabal palmetto, commonly known as the
Cabbage Palm, is a key species in tropical
and subtropical regions such as Florida, Cuba,

and the western coast of Mexico (Henderson
et al. 1995). Economically, the Cabbage Palm
contributes significantly to ornamental trade
because it generates $10 to $13 billion annu-
ally and supports Florida’s nursery and land-
scape industries, which collectively generated
$31.4 billion and more than 260,000 jobs in
2020 (Novakovic 2022). The Cabbage Palm
is culturally significant and was declared
Florida’s state tree in 1953 (Johnson et al.
2017); it provides food for wildlife as well as
edible “swamp cabbage” for humans (Anderson
2020; Martin et al. 1961). This palm species oc-
cupies a diverse ecological niche, spanning from
coastal marshes to hardwood hammocks and xe-
ric scrub, and is noted for being moderately resis-
tant to short-term saltwater inundation when
fully mature (Chaerle and Van Der Straeten
2000; Martin 2018; Zona 1990).

In response to these challenges, this study
investigated the role of silicon amendment in
mitigating the effects of saline infiltration on
Cabbage Palm growth. Silicon is considered
a quasi-essential element and is typically ab-
sorbed by plants in the form of silicic acid
(Luyckx et al. 2017; Souza Costa et al. 2024).
Extensive research has shown that silicon en-
hances plant resistance to both biotic and abi-
otic stresses (Azeem et al. 2015; Sharma et al.
2023). The species Butia capitata (Arecaceae),
for instance, underwent testing using a 1% sil-
ica solution, and the results showed that the
added solution increased photosynthetic and
transpiratory rates and improved growth in the
leaf and root areas. Silicon, applied here as a
superabsorbent polymer, has a sponge-like
ability to retain water, thus making it a biode-
gradable and nontoxic amendment for crops
(Coskun et al. 2016). Silicon enhances growth
by improving physiological processes such
as enzyme regulation and photosynthesis
(Zellner et al. 2021) and by strengthening
plant cell walls through increased produc-
tion of cellulose and pectin (Behera and
Mahanwar 2020).

Using optical sensor technology for plant
health assessments aids in evaluating the im-
pacts of various stressors, including drought,
disease, and nutrient loss (Qin et al. 2023).
Nondestructive optical sensor technology is
important in the horticultural field because it
allows cost-effective assessments of plant
health parameters, including soil readings,
biotic/abiotic stress detection, and canopy
data. Some sensors used are handheld devi-
ces, including GreenSeeker, a nondestruc-
tive reflective handheld crop sensor that
measures normalized difference vegetation
index (NDVI) values by taking canopy
light readings 2 to 3 ft above the highest
point of the plant (Khoddamzadeh and Dunn
2016; Souza Costa et al. 2023). The soil plant
analytical development (SPAD) sensor is a
handheld sensor that clamps onto small leaves
and helps estimate nitrogen and chlorophyll
content (Khoddamzadeh and Dunn 2016; Khod-
damzadeh and Souza Costa 2023; Souza Costa
and Khoddamzadeh 2025). The SPAD-502m
was the specific sensor used in this study to
measure transmittance of red and infrared radia-
tion at wavelengths between 650 and 940 nm
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(Minolta 1989), which can be correlated to
the amount of chlorophyll contained in the
leaf (Uddling et al. 2007). The atLEAF1 is a
noncontact handheld sensor that is considered
a less expensive alternative to SPAD that takes
the same measurements at similar wavelengths
(Costa et al. 2023; Khoddamzadeh et al. 2016).
The LI-COR 600 is a portable contact sensor
that is clamped onto the leaf to record measure-
ments of stomatal conductance and chlorophyll
fluorescence on an LCD screen to determine
any changes caused by different stressors such
as salt and drought (Adhikari 2022). Addition-
ally, the LI-COR 600 measures the electron
transport rate, ambient light, leaf temperature,
and vapor pressure of each plant. Other sensors
are larger-scale, including the PSR 3500 Spec-
troradiometer, which is used to measure light
reflectance and absorbance ranging from 350
to 2500 nm (Maimaitiyiming et al. 2016).

By examining these physiological and
phenotypic responses of seedlings treated
with silicon, this research aimed to provide
insights into effective strategies for enhanc-
ing the resilience of these ecologically and
economically important species in the face of
climate change. Given the increasing threats
posed by saltwater infiltration to Cabbage
Palm seedlings, it is critical to explore how
silicon additions can affect natural leaf growth.
Therefore, this study addressed the role of silicon

in reducing the effects of saline stress in 1-year-
old Cabbage Palm seedlings.

Materials and Methods

For this project, 96 1-year-old potted seed-
lings of Cabbage Palm were used at Montgom-
ery Botanical Center’s “Greenhouse 1” in Coral
Gables, FL, USA. The seedlings, originally
10 months old, were collected from Jupiter,
FL, USA, and Hendry County, FL, USA,
and sent to Montgomery Botanical Center
in Oct 2021. Then, the seedlings were trans-
ferred from 3-gallon community pots into in-
dividual 7 in tubes. The growing medium
was a commercially available ProMIX BX
gardening mixture composed of 79% to 87%
sphagnum peatmoss, 10% to 14% perlite,
limestone, and mycorrhizae (Rhizophagus
irregularis), which helps improve nutrient
uptake, expand root development, and pro-
mote plant vigor. A low dosage of 14–4–14
N–P–K Nutricote slow-release fertilizer was
applied at the beginning of the experiment.

Saline solutions were measured in parts
per thousand (ppt), with salinity calculated by
grams of dissolved salt per thousand grams
of water. Instant Ocean commercial sea salt,
composed of 47.5% Cl, 6.6% SO4

2-, 26.3%
Na1, and 3.2% Mg21, was used to create sa-
line treatments. Reverse osmosis (RO) water
was used because of its purity. Concentra-
tions ranged from 0 ppt (control) to 10 ppt,
30 ppt, and 50 ppt. These levels were deter-
mined based on measuring local salinity levels
in Montgomery Botanical Center’s numerous
lakes and surrounding areas in the Coral Ga-
bles region, which yielded similar salinity con-
tents in ppt as well as by considering a high/
lower buffer to capture fringe effects. Solu-
tions were prepared by adding 60 g of sea salt
for the 10 ppt treatment, 120 g for the 30 ppt
treatment, and 240 g for the hypersaline treat-
ment to 1 gallon of RO water. A commercial-
grade aquarium refractometer was used to
confirm salinity levels.

The silicon amendment was applied in the
form of a superabsorbent silicic acid polymer,
with concentrations based on the soil volume
to achieve 1%, 3%, or 5% m/v ratios. These
were calculated as 0.24 g, 0.58 g, and 0.84 g,
respectively. The silicon amendment was
added at the beginning of the project in Nov
2022. Irrigation was conducted at least two to
three times weekly, depending on tempera-
ture and weather conditions, with 50 mL of
the respective water treatment applied for
each specimen during each irrigation cycle.
This meant that each plant received 100 to
150 mL of their respective treatment water
each week.

A factorial randomized complete block
design was used with four salinity treatments
(0, 10, 30, and 50 ppt) and four silicon treat-
ments (0%, 1%, 3%, and 5%) in 16 combina-
tions, with each replicated six times, totaling
96 seedlings. Treatment groups mentioned in
this text may be referred to using a code
name corresponding to the different saline
treatments and silicon amendments. The S0,
S1, S2, and S3 treatments correspond to 0

ppt, 10 ppt, 30 ppt, and 50 ppt saline treat-
ments, respectively. The D0, D1, D2, and D3
treatments correspond to 0 g, 0.24 g, 0.58 g,
and 0.84 g of silicon treatment, respectively.
For example, S0D3 treatment refers to no sa-
line water and only 0.84 g of silicon amend-
ment added to the treatment.

Leachate was collected from the soil using
the pour-through method once each month
(Wright 1986). Then, the samples were ana-
lyzed to understand how salt and silicon
amendments affected the concentrations of
various nutrients, soil pH, and electrical con-
ductivity (EC). Phenotypic properties of the
seedlings were closely monitored to see how
added salinity and silicon additions affected
the observable physical properties of the plant
through changes in nutrient contents and defi-
ciencies. Leaf initiation and heights were re-
corded to see how silicon amendment affected
natural leaf growth. Chlorophyll content was
recorded by using a color value from 0 to 5,
with 0 indicating complete decay of the seed-
ling and 5 indicating a deep green color indica-
tive of a high chlorophyll count in the leaves.
This protocol was adapted from the Interna-
tional Rice Research Institute leaf color chart,
which is an inexpensive diagnostic tool origi-
nally used to determine greenness of rice
leaves to indicate the plant’s nitrogen status
(Alam et al. 2005).

Leachate extraction was performed monthly
using the pour-through method, with RO water
applied until saturation and 25 to 30 mL of
leachate collected from each seedling. The ex-
periment ran from Nov 2022 to Nov 2023,
with baseline data collected in Oct 2022. So-
dium, nitrate, potassium, and calcium ion levels
were measured using the Horiba Instruments
LAQUAtwin series of nutrient sensors. Three-
point calibration was conducted before each
test to ensure the most accurate readings.

The SPAD, atLEAF1, and GreenSeeker
NDVI handheld sensors were used each
month for 1 year, with readings taken 2 ft
above the canopy under clear, sunny condi-
tions for accuracy. Initial LI-COR-600 read-
ings were recorded in Feb 2023, at 3 months
into the experiment, and repeated in Feb
2024 for comparison. Additionally, a PSR
3500 spectroradiometer was used in Oct 2023
(month 11), with calibration and artificial
lighting used for accurate readings because of
overcast weather conditions.

Phenotypic characteristics, including height,
leaf count, chlorophyll content, and light read-
ings, were measured monthly to assess physical
changes in the seedlings under salt and silicon
amendment treatments. Chlorophyll content
was rated using a scale from 0 (dead) to 5
(excellent pigmentation). Light flux was mea-
sured using an iPower 3-in-1 soil moisture/
light/pH probe. The leachate analysis in-
cluded measurements of nutrient content
(potassium, calcium, sodium, nitrate) and
pH using Horiba Ltd. sensors and an Extech
Instruments waterproof pH meter to deter-
mine EC and pH levels.

Data were analyzed using GraphPad Prism
10. A one-way analysis of variance assessed
differences among treatments, and Tukey’s

Received for publication 22 May 2025. Accepted
for publication 30 Jun 2025.
Published online 19 Aug 2025.
We gratefully acknowledge the support of the
Montgomery Botanical Center (MBC) Conserva-
tion Horticulture Fellowship and the US Depart-
ment of Agriculture (USDA) National Institute
of Food and Agriculture (NIFA) Hispanic-Serving
Institutions (HIS) Higher Education Grant Pro-
gram (bREAL no. 800016181). Special thanks to
the MBC staff, particularly Vickie Murphy and
Xavier Gratacos, for their invaluable assistance
throughout the project. We also extend our appreci-
ation to the staff and students of the Florida Inter-
national University Conservation and Sustainable
Horticulture Laboratory, Luis Cendan, Angelina
Ibarra, John Betancourt, Aniela Cabrera, Milagros
Mu~noz-Salas, and Sofia Lopez Farina, for their
valuable contributions. Additional thanks go to
Dr. Ivan Oyege and Dr. Adam Roddy for their
guidance and feedback. Finally, we sincerely thank
the Ornamental Plant Laboratory at the USDA Ag-
ricultural Research Service (ARS) Subtropical
Horticulture Research Station in Miami, FL, USA,
especially Dr. Sukhwinder Singh, for support and
contributions to this study. This is contribution
#2014 from the Institute of Environment at Florida
International University.
The authors declare no competing interests.
No human participants or animals were involved in
this study; therefore, ethical approval was not re-
quired. All experimental procedures followed insti-
tutional and national guidelines for plant research.
The authors confirm that the data presented in
this study are available within this article and its
supplementary materials.
A.A.K. is the corresponding author. E-mail:
akhoddam@fiu.edu.
This is an open access article distributed under
the CC BY-NC license (https://creativecommons.
org/licenses/by-nc/4.0/).

1548 HORTSCIENCE VOL. 60(9) SEPTEMBER 2025

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-04 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
license (https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/

mailto:akhoddam@fiu.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


test was used for the post hoc analysis. Corre-
lation matrices using Pearson R were con-
structed monthly and paired observations were
reported (N5 6).

Results

The results reflect the averages of all phe-
notypic parameters assessed, including leaf
count, plant height, and chlorophyll content
(Fig. 1). Cabbage Palm plant heights did not
show significant (P < 0.05) differences dur-
ing the first 2 months of treatment. However,
by the third month, a significant decline in
average heights was observed in the 50 ppt
salt treatment group (P < 0.05). A similar de-
cline was noted with some 30 ppt treatments,
including the 30 ppt 1 0.58 g group (Fig. 1).
By the fourth month, height measurements
for the 50 ppt control group were discontin-
ued because of the complete mortality of
seedlings. By the fifth month, the 30 ppt treat-
ment groups exhibited a more pronounced
decline that persisted until most of the speci-
mens died by the eighth month. For the re-
mainder of the experiment, only the control
and 10 ppt treatment groups survived. Within
these groups, a significant difference in height
was observed, with the control group showing
notably lower average heights (P < 0.05). No
significant differences (P < 0.05) were ob-
served between the remaining control and
10 ppt groups (Fig. 1).

A significant decline began in month 2,
with both the 30 ppt and 50 ppt treatments
showing a steady decrease in the average
number of healthy leaves (P < 0.05) (Fig. 2).
By month 3, this decline became more pro-
nounced, particularly in the 50 ppt hypersa-
line treatments. However, the 50 ppt 1 0.84
g (S3D3) treatment group exhibited signifi-
cantly higher leaf averages during this month
(P < 0.05) (Fig. 2). In month 4, leaf numbers
in this group sharply declined, along with all
other hypersaline treatments. A similar trend
was observed in the 30 ppt treatment groups,
with significant (P < 0.05) decreases in leaf
numbers recorded from months 5 through 7,
regardless of the silicon amendment. By
month 8, all 30 ppt treatment group plants

had died. Among the remaining control and
10 ppt treatment groups, a significant differ-
ence in leaf numbers was noted within the
S0D1, S0D2, and S0D3 groups, all of which
were control treatments with no salt added
and only silicon amendments (P < 0.05)
(Fig. 2).

There were no significant differences in
chlorophyll values until month 2, when the
S3D1 treatment group exhibited significantly
higher chlorophyll values compared with those
of other groups (P < 0.05) (Fig. 3). However,
in the following month, a sharp decline in
chlorophyll values was observed for this group
and all 50 ppt groups (Fig. 3). In the 30 ppt
treatment groups, a similar decline occurred in
month 4 and continued until the groups’ com-
plete mortality in month 8. As expected, by
the end of the experiment, chlorophyll values
were most significant (P < 0.05) among the
S0D1, S0D2, and S0D3 treatment groups. No
significant differences (P < 0.05) in chloro-
phyll averages were observed among the re-
maining treatment groups at the end of the
experiment (Fig. 3).

Leachate samples were evaluated monthly
for NO3

-, Na1, K1, and Ca1 contents. Sodium
levels in the 10 ppt to 50 ppt treatments in-
creased sharply following the first saline water
applications (Fig. 4). In treatments without
added saltwater, concentrations remained neg-
ligible from the first month, ranging from 5 to
15 ppm. Sodium levels increased progressively
with each saline treatment, although fluctua-
tions were observed, particularly at the 4-month
mark (Fig. 4). For instance, the 30 ppt1 0.24 g
treatment showed an average of 8817 ppm in
month 3 that dropped to 3500 ppm in month 4
(Fig. 4). Potassium levels were highest in all
50 ppt treatments until month 4, after which
the 30 ppt treatments exhibited the highest
potassium concentrations for the remainder
of the study. Calcium levels were initially
higher in control groups but averaged higher
in the 50 ppt treatments during the first 4 months
and in the 30 ppt treatments for the remainder
of the experiment. Nitrate levels showed con-
siderable variation across all treatment groups
throughout the study; however, by the end, the

10 ppt treatment groups had the highest aver-
age nitrate readings (Fig. 4).

There were significantly high P values
(P < 0.05) between sodium and potassium
concentrations throughout much of the experi-
ment. In contrast, P values between calcium
and sodium were mostly insignificant (P <
0.05), indicating a stronger correlation (Table 1).
Higher significance (P < 0.05) was observed
between nitrate and sodium levels, suggesting
a stronger relationship between these concen-
trations (P < 0.05). Calcium and sodium cor-
relations were generally weak, while calcium
and potassium correlations fluctuated between
low and high significance (Table 1). High sig-
nificant (P < 0.05) P values of nitrate and pH
were recorded in months 3, 9, and 10. The pH
showed low significance for calcium and po-
tassium in month 6, but high significance for
sodium and nitrate (P < 0.05). A significant
correlation between pH and nitrate was ob-
served in months 6 and 7 (P < 0.05). Nitrate
only showed high significance between nitrate
and sodium in month 3, nitrate and potassium
in month 4, and nitrate and sodium in month 6
(P < 0.05) (Table 1). The EC had the highest
significance with pH in month 2 and with cal-
cium and potassium in month 3 (P< 0.05).

Although soil pH showed no significant
(P < 0.05) changes early in the experiment,
EC readings for 0 ppt plants averaged between
0.00 and 1.99 mS/cm. The EC levels in 10 ppt
plants ranged from 11.00 to 19.00, with peaks
in months 4 through 6 (Table 1). For 30 ppt
plants, EC readings started lower but increased
to 16.00 to 18.60 mS/cm by month 3. Although
the 50 ppt treatment plants died early, their EC
levels initially increased, peaking at 20.0 mS/cm
before plant mortality occurred because of
excessive salinity (Table 1).

Overall, Cabbage Palm seedlings exposed
to 50 ppt salinity and treated with 1%, 3%, and
5% silicon amendments ultimately exhibited
no survivability. While silicon amendment ex-
tended survival by approximately 2 weeks to
1 month, population decline was still rapid, with
untreated plants dying within 2 to 3 months af-
ter the initial application (Fig. 5). By 3 months,
NDVI readings for hypersaline specimens

Fig. 1. Average height of seedlings by salinity and silicon treatments. Error bars represent standard errors. Letters denote significant differences (P < 0.05).
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showed a predictable decline, paralleling chlo-
rophyll readings from SPAD and atLEAF1
sensors. Control and 10 ppt treatments exhib-
ited no significant differences throughout the
experiment, while 30 ppt and 50 ppt saline
treatments experienced a sharp decline by
month 9 (P < 0.05). By the final month, only
low-silicon-dosage plants remained, with the
highest average readings observed in nonsaline
treatments with high silicon dosages (Fig. 5).
The 10 ppt seedlings had significantly lower
NDVI values by the end of the project, and
low P value significance (P < 0.05) was noted
between leaf count and NDVI values in months
2 and 3 (Table 2). Additionally, high dosages
of silicon did not significantly increase seed-
ling SPAD values independent of saline, as
noted in Fig. 6.

Initially, there were no significant (P <
0.05) differences in atLEAF1 readings across
all treatments during the first 3 months, regard-
less of salinity or silicon concentration. How-
ever, by month 3, the 30 ppt1 0.58 g treatment
group showed a notable increase in atLEAF1
readings. From month 4 onward, higher silicon

concentrations in S3 treatments were associated
with significant interactions (P < 0.05) (Fig. 5).
All plants in 50 ppt treatments without silicon
died by month 5, although 50 ppt 1 0.24 g
and 50 ppt1 0.84 g treatments showed slightly
higher survival rates, although not enough
to persist through the experiment (Fig. 5).
Similarly, 30 ppt treatments began experiencing
losses during this period, with higher silicon lev-
els associated with increased chlorophyll read-
ings, plant heights, and leaf counts. However,
by month 9, 30 ppt treatments began dying at a
rapid rate, starting with low-silicon treatments;
by month 10, all 30 ppt specimens had died.
Survival rates were not significantly improved
with silicon dosages of 0.24 through 0.84 g
(P < 0.05). Chlorotic readings for control and
10 ppt 1 0.84 g treatments showed no signifi-
cant differences (P < 0.05) throughout the ex-
periment. While plants with 10 ppt salinity
experienced steady declines in height and
leaf numbers, those treated with silicon ex-
hibited physiological improvements. By the
end of the experiment, there were no signifi-
cant differences (P < 0.05) between the

remaining seedlings in the 0 ppt and 10 ppt
treatments, regardless of silicon dosage (Fig. 5).
Significant P values were observed between
atLEAF1, SPAD, and leaf count measure-
ments in months 2, 3, and 10 (P< 0.05).

The SPAD readings followed trends simi-
lar to those of atLEAF1 results, as expected,
because of the similarity of the measure-
ments. No significant differences (P < 0.05)
in SPAD P values were observed during
the first month of treatment (Fig. 5), but
significance was recorded between atLEAF1,
chlorophyll content, and SPAD readings in
months 2 and 3 (P< 0.05) (Table 2). No hyper-
saline plants survived beyond 6 months, includ-
ing the 50 ppt 1 0.58 g and 50 ppt 1 0.84 g
treatments (Fig. 5). A significant difference
(P < 0.05) was observed between low salin-
ity and 30 ppt treatments in month 8, with
the latter group surviving until month 10. By
month 4, all 50 ppt only treatment plants had
died, with further significant declines ob-
served in silicon-supplemented 50 ppt plants.
By month 5, most 50 ppt seedlings had peri-
shed. During this same period, the 30 ppt

Fig. 2. Average leaf count of seedlings by salinity and silicon treatments. Error bars represent standard errors. Letters denote significant differences
(P < 0.05).

Fig. 3. Average chlorophyll content values by salinity and silicon treatments. Error bars represent standard errors. Letters denote significant differences
(P < 0.05).
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treatment plants began to decline, starting
with the 30 ppt1 0.84 g group. A notable in-
crease in SPAD values was observed at
month 6 for the 0.84 g only and 30 ppt 1
0.58 g treatments. By month 9, most 30 ppt
plants had died; by the final month, SPAD
values for control and 10 ppt treatments were
not significantly different (P < 0.05). Only
the control and brackish seedlings survived
the entire experiment, with little to no variation

in SPAD means, which ranged from 40 to 60
throughout the study (Fig. 5).

Across all salinity treatments, silicon sup-
plementation displayed diminishing returns
beyond the initial increment of 1% m·v�1

(0.24 g/pot). As illustrated in Fig. 6, neither
the 3% dose nor the 5% dose yielded statisti-
cally significant improvements in SPAD chloro-
phyll indices, relative to the 1% treatment.
Accordingly, the growth response plateaued at

$1% silicon, indicating that higher concentra-
tions confer no additional measurable benefit.

The experiment followed a randomized com-
plete block design to minimize any unintended
environmental effects, meaning each treatment
group’s replications were placed in a random or-
der within each group. Sixteen combinations of
salt and silicon amendment treatments were
tested, with six replications per group. Treatment
groups are denoted as “S” for saltwater and “D”
for silicon treatments. The control group (S0D0)
received no amendments, while other groups re-
ceived varying levels of salt (S0 for no salt, S1
for 10 ppt, S2 for 30 ppt, and S3 for 50 ppt) and
silicon (D1 for 0.24 g, D2 for 0.58 g, and D3 for
0.84 g). Pots were randomly arranged within a
5-m� 5-m area in the greenhouse.

Data analysis was conducted using Graph-
Pad Prism 10 software. Sensor data collected
each month was grouped into cohorts, with
each cohort analyzed independently from the
others. For each cohort, data from the differ-
ent sensor suites were analyzed using a one-
way analysis of variance, followed by a Tukey
test for post hoc multiple comparisons. The
means of each treatment group were compared
against each other. Additionally, a correlation
matrix was generated for each cohort by calcu-
lating the Pearson R values of the averages for
each treatment group and comparing P values
across sensor data for NDVI, SPAD, Light
Flux, AtLEAF1, and leaf counts (N 5 6 rep-
licates at maximum).

Discussion

The present study provided a comprehen-
sive, empirically grounded assessment of how
chronic saline intrusion influences early devel-
opmental stages in Cabbage Palm and simulta-
neously demonstrated the mitigating effects
conferred by silicon supplementation. Pheno-
typic data clearly delineated a salinity thresh-
old because seedlings exposed to 30 ppt and
50 ppt experienced sharp declines in height,
leaf initiation, and chlorophyll content, ulti-
mately resulting in complete mortality within
8 months and 6 months, respectively. In con-
trast, seedlings subjected to 10 ppt main-
tained growth rates indistinguishable from
those of controls, thereby identifying 10 ppt
as a critical ecological limit for 1-year-old
seedlings in this species. Crucially, silicon
treatments, applied at concentrations ranging
from 1% to 5%, provided measurable allevia-
tion of salt stress, which was evident through
improved chlorophyll retention, leaf production,
and growth persistence. Although silicon sup-
plementation significantly improved physio-
logical performance at higher salinity levels,
survival was prolonged rather than indefinite,
suggesting that silicon’s protective effects,
while substantial, have upper bounds defined
by salinity intensity and exposure duration.
The low salinity tolerance of young Cabbage
Palm seedlings underscores their vulnerability
to saltwater infiltration, which could se-
verely impact future populations of this
ecologically and economically important
species. Because these palms mature, their
resistance to salinity increases (Chaerle and

Fig. 4. Average sodium (left) and nitrate (right) readings by salinity and silicon treatments.

Table 1. Correlation coefficients among leachate parameters (N 5 6 per treatment) for months 1, 6, and
12.

K Ca NO3
� pH EC

Month 1
Na 0.946**** 0.973**** 0.328 20.506* 0.261
K 0.961**** 0.445 20.636** 0.069
Ca 0.336 �0.478 0.183
NO3

� �0.373 �0.258
pH �0.050

Month 6
Na 0.833**** 0.877**** 0.610* 20.762* 0.823***
K 0.961**** 0.937**** 20.903*** 0.821***
Ca 0.883**** 20.832*** 0.795*
NO3

� 20.807* 0.644*
pH 20.907****

Month 12
Na 0.988**** 0.984**** �0.548 20.745* 0.996****
K 0.994**** �0.559 20.760* 0.990****
Ca �0.593 20.757* 0.983****
NO3

� 0.040 �0.537
pH 20.729*

Asterisks denote significance levels (****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05).
Ca 5 calcium; EC 5 electrical conductivity; K 5 potassium; Na 5 sodium.
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Van Der Straeten 2000; Martin 2018), ex-
plaining their prevalence in naturally saline
coastal soils.

The underlying physiological mechanisms
responsible for the observed responses in-
volve complex ionic dynamics within the rhi-
zosphere. Leachate analyses revealed marked
elevations in sodium ion concentrations under
saline conditions accompanied by significant
correlations among sodium, potassium, and
calcium ions. These ionic relationships high-
light competitive and antagonistic interactions
inherent to salt stress, potentially disrupting nu-
trient absorption, ion homeostasis, and overall
metabolic stability in plant tissues. Additionally,
a clear inverse relationship between sodium
concentration and rhizosphere pH indicated
acidification resulting from increased saline
irrigation, a condition known to impair nitro-
gen availability. This was further supported
by highly significant correlations observed
between sodium and nitrate levels across
multiple assessment intervals. Silicon sup-
plementation appeared to mitigate these ef-
fects by reducing sodium uptake, stabilizing

rhizosphere pH, and correcting nutrient im-
balances. Consequently, seedlings that received
silicon amendments demonstrated improved
chlorophyll content and sustained photosyn-
thetic activity, as quantified through estab-
lished optical sensor indices such as SPAD,
atLEAF1, and NDVI, consistent with findings
reported by prior studies of silicon-enhanced
salt tolerance in various plant species. This re-
search underscores the value of optical sensors
for efficient and nondestructive monitoring of
plant health under saline stress conditions. Simi-
lar trends correlating improved NDVI and
SPAD readings with reduced saline stress
have been documented in related palm species,
including Pseudophoenix sargentii and Thrinax
radiata (Khoddamzadeh et al. 2023).

The ecological implications of saline in-
trusion on seedling recruitment and survival
in natural environments are profound, espe-
cially for foundational species such as the
Cabbage Palm, which play critical roles in
coastal and subtropical ecosystems. While
mature Cabbage Palms typically exhibit higher
salinity tolerance, younger seedlings remain

particularly vulnerable to environmental
stressors. Consequently, chronic saline ex-
posure initially manifests through reduced
juvenile recruitment and regeneration ca-
pacities rather than immediate adult mortal-
ity. Over extended periods, this demographic
shift threatens genetic diversity, compro-
mises population structure, and diminishes
resilience to additional stressors, including
diseases and extreme weather events. Persis-
tent reductions in seedling recruitment also
risk altering community composition and
ecosystem stability, thereby potentially di-
minishing overall biodiversity.

The current study indicated that silicon soil
amendments can effectively address these con-
servation challenges by enhancing seedling
resilience to saline conditions. Specifically,
increased survivorship observed at moderate
salinity levels (30 ppt) suggests that integrat-
ing silicon treatments into ecological restora-
tion protocols could significantly improve
establishment success rates. By supporting
seedlings through critical early growth stages
until deeper root penetration into freshwater

Fig. 5. Average soil plant analytical development (SPAD), atLEAF, and normalized difference vegetation index (NDVI) readings by salinity and silicon
treatments. Error bars represent standard errors. Letters denote significant differences (P < 0.05).
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strata occurs, silicon amendments offer a stra-
tegic approach to bolster reforestation efforts
and assisted migration initiatives, particularly
in coastal areas susceptible to fluctuating sa-
line intrusion.

Moreover, enhancing seedling establish-
ment via silicon treatments has extensive eco-
logical benefits that extend beyond individual
species conservation. Cabbage Palm serves
as a foundational species in Florida’s coastal
ecosystems, providing structural habitat, nest-
ing opportunities, and essential food resour-
ces for diverse fauna. Consequently, reduced
seedling survival rates could trigger cascad-
ing ecological consequences, potentially
resulting in biodiversity loss and altered

community structures. By promoting seedling
tolerance and survival, silicon amendments
indirectly support broader ecological stability,
facilitating sustained trophic interactions and
overall ecosystem functionality. Furthermore,
seedlings exhibiting enhanced physiological
vigor contribute to maintaining primary pro-
ductivity and carbon sequestration capabilities
under saline conditions, underscoring the
broader ecological value of silicon-based in-
terventions in promoting ecosystem resil-
ience and sustainability.

From a horticultural perspective, the find-
ings of this research offer critical insights and
practical benefits for commercial growers and
landscape managers operating within Florida’s
economically significant green industry. Given
the widespread commercial use of Cabbage
Palm in ornamental landscaping and ecologi-
cal restoration projects, optimizing nursery
practices to enhance seedling resilience di-
rectly translates to substantial economic and
environmental benefits. Experimental out-
comes indicated that silicon amendments ad-
ministered at an economically viable and
physiologically optimal concentration of ap-
proximately 1% delivered maximal growth
and physiological enhancements. Adoption of
this optimized concentration is likely to reduce
seedling mortality rates, improve transplant suc-
cess, and enhance the overall quality of nursery
stock. Additionally, leveraging nondestructive
optical sensor technologies, such as SPAD,
atLEAF1, and NDVI indices, enables real-
time monitoring and adaptive management of
nursery operations. This technological integra-
tion allows more precise resource allocation,
lowers operational costs, and maximizes nurs-
ery productivity and profitability.

Despite rigorous experimental control pro-
vided by greenhouse conditions, inherent limi-
tations in replicating natural environmental
variability must be acknowledged. Greenhouse

experiments typically exclude important envi-
ronmental variables such as periodic flooding,
temperature fluctuations, and herbivore pres-
sure. Therefore, future research should prioritize
field-based trials to validate the effectiveness of
silicon amendments under more realistic fluctu-
ating environmental conditions. Moreover, ex-
amining the potential synergistic effects between
silicon amendments and beneficial soil microor-
ganisms, especially mycorrhizal fungi, represents
an essential avenue for future investigation. Such
studies could explore improvements in nutrient
uptake efficiency and enhanced stress tolerance
conferred by microbial interactions. Addition-
ally, genomic analyses comparing silicon-treated
and untreated seedlings would provide valuable
insights into molecular mechanisms underpin-
ning salt tolerance, potentially guiding future
breeding initiatives aimed at developing geneti-
cally resilient palm cultivars.

Conclusion

This study underscored the practical effi-
cacy and conservation significance of silicon
amendments in enhancing resilience among
Cabbage Palm seedlings exposed to saline
stress, particularly at low to moderate salinity
levels. While elevated salinity inevitably led
to seedling mortality, silicon supplementation
substantially delayed this outcome, main-
tained growth, and improved physiological
parameters, thereby demonstrating silicon’s
capacity to mitigate abiotic stress. These find-
ings hold considerable relevance for horticul-
tural management and conservation efforts
targeting the Cabbage Palm, a species of no-
table ecological value and economic value in-
creasingly threatened by sea-level rise and
saltwater intrusion. Additionally, unexpected
mortality within control groups highlighted
the complex interplay of factors that influence
plant stress, including temperature fluctua-
tions, pest pressures, and nutrient dynamics,
emphasizing the need for integrated manage-
ment strategies over isolated interventions.
Silicon amendments thus present a robust
component within broader land management
frameworks, enhancing ecosystem resilience
amid climate-driven challenges and offering
potential broader applications for improving
crop and ecosystem sustainability under preva-
lent saline conditions. Practically, the results
advocate incorporating silicon amendments
into nursery and landscape management pro-
tocols at an economically and ecologically
optimized dosage of 1% because higher con-
centrations demonstrated diminishing returns.
Despite these promising outcomes, inherent limi-
tations from controlled greenhouse conditions
necessitate field validations to address real-world
variability, such as groundwater fluctuations,
temperature extremes, and humidity variations.
Future research should evaluate silicon interven-
tions across broader developmental stages, ge-
netic diversity, and environmental gradients to
comprehensively harness silicon’s strategic po-
tential in bolstering plant stress resilience amid
global climate change.
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Fig. 6. Average soil plant analytical development (SPAD) readings by silicon treatments for months 1,
6, and 12. Letters denote significant differences (P < 0.05). Incongruous lines indicate that the co-
hort completely died. Saline is not a factor in this figure.

Table 2. Correlation coefficients among optical
and phenotypic parameters (N 5 6 per treat-
ment) for months 1, 6, and 12.

NDVI AtLEAF1
Leaf
count Flux

Month 1
SPAD 0.202 0.337 0.452 �0.137
NDVI 0.309 0.269 �0.101
AtLEAF1 0.291 �0.033
Leaf count 0.083
Light

Month 6
SPAD 0.954 0.989 0.968 0.704**
NDVI 0.960 0.947 0.651**
AtLEAF1 0.980 0.705**
Leaf count 0.586*
Light

Month 12
SPAD 0.964 1.000 0.919 0.887****
NDVI 0.966 0.984 0.818****
AtLEAF1 0.923 0.883****
Leaf count 0.724**
Light 0.02

Asterisks denote significance levels (****P <

0.0001, ***P < 0.001, **P < 0.01, *P < 0.05).
NDVI 5 normalized difference vegetation index;
SPAD 5 soil plant analytical development.
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