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Abstract
Nitrogen is crucial for plant growth, but deficiency and excess can harm plants. Fertilizers like Diammonium 
Phosphate (DAP), which releases ammonium (NH4

+), are common, yet over-application can cause NH4
+ toxicity, 

resulting in stunted roots and leaf damage. This study investigated the impact of NH4
+ toxicity on strawberry 

growth, yield, and fruit quality to inform better fertilization practices. The experiment was conducted at The 
Islamia University of Bahawalpur, Pakistan. Five treatments with varying DAP rates (0 g, 4 g, 7 g, 10 g, and 13 g per 
plant) were applied to strawberry plants in a completely randomized design with four replications. Photosynthetic 
pigments, hydrogen peroxide (H2O2), malondialdehyde (MDA), electrolyte leakage (EL), and yield parameters 
were measured. The 4 g DAP treatment yielded the highest chlorophyll-a (0.5775 mg/g FW) and total chlorophyll 
content (0.705 mg/g FW). However, increasing DAP doses led to a decline in chlorophyll-a, chlorophyll-b, and 
total chlorophyll content, with the 13 g DAP treatment exhibiting the lowest levels. H2O2 content increased with 
higher DAP doses, with the 13 g DAP treatment showing the highest value (75 µmol/g FW). Higher DAP doses 
also increased MDA content and EL, indicating oxidative stress and membrane damage. The 4 g DAP treatment 
showed minimal changes in H2O2 and MDA content. Moderate DAP levels (4 g per plant) enhanced strawberry 
growth, yield, and photosynthetic activity, while higher doses caused significant stress, leading to reduced growth 
and yield. Managing NH4

+ levels in fertilization is crucial for optimizing strawberry production. Therefore, moderate 
doses of DAP (ammonium ion) should be used to avoid ammonium toxicity.
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Introduction
Nitrogen is an essential nutrient for plant growth and 
productivity, but its availability can be both limiting 
and toxic to plants [1]. To optimize nitrogen utilization 
efficiency, fertilizers containing ammonium (NH₄⁺) are 
widely used. However, excessive NH₄⁺ application can 
lead to its rapid accumulation in plant tissues, causing 
root stunting and leaf damage [2, 3]. NH₄⁺ toxicity has 
long been a significant challenge in agriculture, nega-
tively affecting plant growth and yield [4]. While NH₄⁺ 
plays a crucial role in amino acid and protein synthesis, 
excessive levels are harmful to plant cells [5]. Even plants 
that prefer NH₄⁺ as a nitrogen source can suffer toxicity 
when exposed to high concentrations [6].

NH₄⁺ toxicity manifests in several physiological impair-
ments, including reduced shoot biomass and chlorosis, 
particularly in young plants under hydroponic conditions 
[5]. Additionally, NH₄⁺ stress leads to shortened roots, a 
common phenotype observed across various plant spe-
cies [7]. Strawberries (Fragaria × ananassa), in par-
ticular, prefer nitrate over ammonium. An increased 
ammonium ratio in fertilizer solutions has been shown 
to significantly reduce flower production in long-day 
strawberry cultivars such as ‘Albion,’ while still promoting 
daughter plant formation. Previous studies suggest that 
elevated ammonium levels may inhibit flowering due to 
reduced nitrate uptake and metabolic imbalances. Fur-
thermore, ammonium-based nutrition has been reported 
to impair photosynthesis in strawberries compared to 
nitrate-based nutrition [8, 9]. Direct exposure of root tips 
to NH₄⁺ is both necessary and sufficient to inhibit pri-
mary root growth, with approximately 70% of this inhi-
bition attributed to reduced cell elongation [10]. Auxin, 
a key regulator of root development [11, 12], has been 
implicated in NH₄⁺-mediated root elongation inhibition, 
as auxin-resistant mutants exhibit reduced sensitivity to 
NH₄⁺ [13]. Additionally, NH₄⁺ influences root gravitrop-
ism, with moderate concentrations enhancing and high 
concentrations suppressing this response in Arabidopsis 
[14]. Given the broad impact of NH₄⁺ stress, strawberries 
warrant special attention in this context.

Strawberries are a highly nutritious fruit, rich in dietary 
fiber, fructose, essential fatty acids, and micronutrients 
such as vitamin C and folate [15–17]. Additionally, they 
contain diverse phenolic compounds, including flavo-
noids, hydrolyzable tannins, phenolic acids, and con-
densed tannins, contributing to their strong antioxidant 
capacity and health benefits [18, 19]. Studies indicate 
that strawberries possess greater antioxidant activity 
than other fruits such as apples, peaches, and oranges, 
largely due to their high vitamin C and phenolic content 
[20]. Compared to various fruits, vegetables, and cere-
als, strawberries consistently rank among the highest in 
total antioxidant capacity and phenolic content [21]. As a 

result of their nutritional significance, global strawberry 
production has increased by 142% over the past two 
decades, reaching 7.7 million tonnes in 2013. Major pro-
ducers include China, the United States, Mexico, Turkey, 
and Spain [22].

To meet increasing demands, farmers extensively apply 
fertilizers to enhance strawberry yield. Diammonium 
phosphate (DAP) [(NH₄)₂HPO₄] is one of the most widely 
used phosphorus fertilizers, providing 18% nitrogen and 
46% phosphate [23]. In 2019, global DAP consumption in 
agriculture reached 17.2 million tonnes, with India being 
the largest consumer, followed by the United States, Paki-
stan, Bangladesh, and Turkey. Together, these countries 
account for over 92% of global DAP use. Due to its high 
solubility and favorable physical properties, DAP is an 
effective source of nitrogen and phosphorus for plants 
[24].

However, excessive DAP application can lead to NH₄⁺ 
stress in strawberries, potentially reducing growth and 
yield. While NH₄⁺ toxicity has been extensively studied 
in other crops, its specific effects on strawberries remain 
underexplored. This study aims to investigate the impact 
of NH₄⁺ concentration on strawberry growth, yield, and 
fruit quality. It is hypothesized that moderate DAP lev-
els will enhance plant performance, while excessive NH₄⁺ 
will induce oxidative stress and suppress growth. By opti-
mizing nitrogen management in strawberry cultivation, 
this research seeks to promote sustainable agricultural 
practices, mitigate environmental pollution from over-
fertilization, and improve overall crop productivity. The 
findings will benefit strawberry growers and contribute 
to a broader understanding of plant nutrition and stress 
physiology across multiple crop species.

Materials and methods
Experimental site
The study was conducted at the Green Belt, The Islamia 
University of Bahawalpur (IUB), Pakistan, (29°22’11.5” 
N, 71°45’49.0” E) during November 2018-19. The meteo-
rological conditions during the study period are given in 
Fig. 1.

Treatments
The levels of fertilizer (DAP) applied in the study were 
selected based on previous research and practical consid-
erations to assess the effects of varying ammonium con-
centrations on strawberry plant growth. The treatments 
included a control (0  g/plant) and four levels of DAP 
application (4  g/plant, 7  g/plant, 10  g/plant, and 13  g/
plant). The application of these treatments was repeated 
three times during the study period. The first treatment 
was applied after three weeks of transplantation of plants 
followed by another treatment after three weeks and last 
treatment applied after two weeks of second treatment. 
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These levels reflect common concentrations used in agri-
cultural practices for strawberry cultivation and were 
designed to assess the impact of ammonium toxicity and 
its effects on plant health. The selection of these fertilizer 
levels was also influenced by the soil’s nutrient status and 
the potential for plant tolerance to ammonium, as well 
as by previous studies on fertilizer application rates for 
strawberries under similar conditions.

Soil preparation
The soil mixture was prepared using two parts silt, one 
part peat moss, and 5–10% perlite. Each pot was filled 
with 1  kg of this prepared soil mixture. The physico-
chemical properties of the soil are detailed in Table  1. 
Soil and water analyses, as presented in Tables 1 and 2, 
were conducted by a certified laboratory at the Cholistan 
Institute of Desert Studies (CIDS), The Islamia University 
of Bahawalpur (IUB), Pakistan.

Plant transplantation, irrigation, and growth conditions
Uniform strawberry plants (cv. Chandler) were sourced 
from a commercial field nursery in Upper Dir District, 
Kohat, Pakistan, and disinfected before transplantation. 
The plants were immersed in a 0.1% solution of sodium 
hypochlorite for 5  min, followed by thorough rinsing 
with distilled water to remove any residual disinfectant. 
The disinfected plants were then transplanted into plastic 
pots on November 23, 2018, containing the prepared soil 
mixture (Fig. 2).

The plants were maintained in a controlled envi-
ronment in the Green Belt of The Islamia Univer-
sity of Bahawalpur (IUB), Pakistan, with the following 
growth conditions: average day/night temperatures of 
25  °C/18°C, relative humidity ranging from 60 to 80%, 
and natural light exposure for 12  h per day. The plants 
were irrigated twice weekly or as needed and fertil-
ized with Phostrogen, a balanced nutrient solution, on 
December 7, 2018, and January 11, 2019. Phostrogen 
comprises potassium nitrate, ammonium phosphate, 
urea, calcium, magnesium sulfates, and trace elements. A 
0.5% Phostrogen solution was uniformly applied to each 
pot. Weeds were removed regularly, and hoeing was per-
formed five weeks after fertilization to mix the soil and 
ensure adequate irrigation and aeration. Harvesting com-
menced on March 25, 2019, approximately four months 
after transplantation.

Photosynthetic pigments
To determine chlorophyll content, 0.5  g of fresh leaves 
were extracted with 10 mL of 80% acetone. The resulting 
solution was then analyzed using a spectrophotometer, 
and the concentrations of chlorophyll a and chlorophyll 
b were calculated [25]. This method allows for the precise 
measurement of chlorophyll pigments, which is essential 
for understanding plant growth and development.

Table 1  Physicochemical properties of the soil used in the study
Depth
(cm)

Electrical 
conductivity
mS/m

pH Organic matter 
(%)

Available phosphorus 
(mg/kg)

Available potas-
sium (mg/kg)

Saturation 
(%)

Tex-
ture

0–6 260 7 0.91 24.7 179 34 Loam

Table 2  Chemical analysis of the irrigation water used in the study
EC
(mS/m)

Calcium + magne-
sium (mmol/L)

Sodium 
(mmol/L)

Carbonate
(mmol/L)

Bicarbonate
(mmol/L)

Chloride
mmol/L)

Sodium 
adsorption
ratio

Residual 
sodium 
carbonate
(mmol/L)

80 2.1 3.8 Nill 4.1 0.21 2.62 Nill

Fig. 1  Monthly average maximum and minimum temperatures (°C), humidity (%), and precipitation (mm) in Bahawalpur during the study period (No-
vember 2018 to April 2019)
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Hydrogen peroxide (H2O2), malondialdehyde (MDA), and 
electrolyte leakage (EL)
Lipid peroxidation was assessed by measuring MDA con-
tent. A 0.5 g leaf sample was homogenized in 10 mL of 
0.1% TCA, centrifuged, and the supernatant collected. 
One mL aliquot was mixed with 4 mL of 0.5% TBA in 20% 
TCA, heated at 95 °C for 30 min, and then cooled. After 
centrifugation, the absorbance was measured at 532 nm, 
subtracting the non-specific absorption at 600 nm. MDA 
content was calculated using its extinction coefficient 
and expressed as nmol/g fresh weight [26]. Additionally, 
H2O2 content was measured spectrophotometrically at 
390 nm using KI and an H2O2 standard curve [27].

Electrolyte leakage was measured in leaves using the 
method of Lin et al. [28]. Leaf segments were submerged 
in distilled water for 2 h, and initial electrical conductiv-
ity (EC1) was recorded. Then, samples were heated to 
120 °C for 20 min, cooled, and final electrical conductiv-
ity (EC2) was measured. EL was calculated as (EC1/EC2) 
× 100, providing a percentage value.

Data analysis
A one-way analysis of variance (ANOVA) was performed 
to evaluate variability across treatment groups, followed 
by Tukey’s Honest Significant Difference (HSD) test for 
post hoc mean comparisons at a 5% significance level. 
The assumptions of ANOVA, including normality and 
homogeneity of variances, were validated before analysis. 
Additionally, Pearson correlation analysis was applied to 

determine relationships between ammonium concentra-
tion, chlorophyll content, oxidative stress markers (H₂O₂, 
MDA), and electrolyte leakage. Pearson correlation was 
chosen because it measures the strength and direction 
of linear relationships between continuous variables, 
providing insights into how increasing ammonium lev-
els affect physiological parameters in strawberry plants. 
This analysis helps to identify key associations, such as 
whether higher ammonium concentrations correspond 
to increased oxidative damage or decreased chlorophyll 
content. All statistical computations were performed 
using OriginPro software (version 2024b), and results are 
presented as means ± standard error (SE).

Results
Growth and morphological parameters
The 4  g DAP treatment showed optimal growth, with a 
notable increase in the mean number of leaves (7.25) 
compared to the control (5.25) (Fig. 3A). This treatment 
also resulted in the widest leaf width, indicating a positive 
response to moderate DAP levels. Additionally, the 4  g 
DAP treatment showed the longest leaf length (3.05 cm), 
suggesting enhanced cell elongation and division. In 
contrast, higher DAP doses led to progressive declines 
in these parameters. The 7  g DAP treatment resulted 
in a decrease in leaf width (2.94  cm) and leaf length 
(2.73 cm) (Fig. 3B and C), while the 10 g DAP treatment 
showed further reductions in these parameters. The 13 g 
DAP treatment showed the lowest values for leaf width 

Fig. 2  Experimental setup for evaluating the effects of ammonium toxicity on strawberry plants, illustrating the stages of plant development from seed-
ling to maturity, along with treatment application and its impact on growth. (A) Seedlings before planting, (B) seedlings two weeks after transplantation, 
and (C) plants three weeks after the application of DAP treatments. T1 = Control, T2 = 7 g DAP/pot, T3 = 4 g DAP/pot, T4 = 13 g DAP/pot, T5 = 10 g DAP/pot
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(2.49 cm) and leaf length (2.35 cm), indicating significant 
stress-induced damage.

Moreover, the number of rotten leaves increased with 
increasing DAP doses, indicating stress-induced dam-
age. The control group showed no rotten leaves, while the 
7 g DAP treatment had a mean of 0.25 rotten leaves, the 
10 g DAP treatment had a mean of 0.5 rotten leaves, and 
the 13 g DAP treatment had a mean of 1.25 rotten leaves 
(Fig.  3D). Furthermore, the 4  g DAP treatment resulted 
in the longest shoot length, indicating enhanced stem 
elongation (Fig.  3E). However, higher DAP doses led to 

progressive declines in shoot length, with the 13 g DAP 
treatment showing the shortest shoot length. Regarding 
crown diameter, the 4  g DAP treatment resulted in the 
largest crown diameter, indicating enhanced root growth. 
However, higher DAP doses led to progressive declines 
in crown diameter, with the 13 g DAP treatment showing 
the smallest crown diameter (Fig. 3F).

Photosynthetic parameters
The 4  g DAP treatment showed a notable increase in 
chlorophyll-a content compared to the control, indicating 

Fig. 3  Comparison of parameters at harvesting stage: (A) number of leaves, (B) leaf width (cm), (C) leaf length (cm), (D) number of rotten leaves, (E) shoot 
length (cm), and (F) crown diameter (cm). Means with different letters (e.g., ‘a’, ‘b’, ‘c’) indicate statistically significant differences (p ≤ 0.05)

 



Page 6 of 13Sarwar et al. BMC Plant Biology          (2025) 25:243 

enhanced photosynthetic activity (Fig.  4A). Chlorophyll 
b content also showed a similar trend, with the 4 g DAP 
treatment resulting in the highest value and the 13 g DAP 
treatment showing the lowest value (Fig. 4B). The control 
group had a moderate chlorophyll b content (0.1025 mg/g 
FW). This treatment also resulted in the highest total 
chlorophyll content, suggesting optimal photosynthetic 
capacity (Fig. 4C). In contrast, higher DAP doses led to 
progressive declines in chlorophyll-a and total chloro-
phyll content, with the 13 g DAP treatment showing the 
lowest values (0.1225 and 0.1625 mg/g FW, respectively).

Hydrogen peroxide (H2O2), malondialdehyde (MDA), 
electrolyte leakage (EL)
The accumulation of oxidative stress markers and mem-
brane damage indicators increased with higher DAP con-
centrations. Hydrogen peroxide levels were significantly 
elevated in the 13 g DAP treatment, reaching 75 µmol/g 
FW, compared to 20 µmol/g FW in the control (Fig. 5A). 

Similarly, malondialdehyde content, an indicator of lipid 
peroxidation, was highest in the 13 g DAP treatment (7.5 
nmol/g FW) and lowest in the control (2.8 nmol/g FW) 
(Fig.  5B). Electrolyte leakage, a measure of membrane 
integrity, followed the same trend, with the highest value 
recorded at 51% in the 13 g DAP treatment, whereas the 
control exhibited the lowest leakage at approximately 
15% (Fig. 5C). These results indicate that excessive DAP 
application induces oxidative stress and membrane dam-
age, whereas moderate DAP levels help maintain cellular 
stability.

Yield related parameters
The 4  g DAP treatment showed optimal yield, with the 
highest number of buds (2.75) and fruit biomass (9.71 g), 
indicating enhanced reproductive growth and productiv-
ity. This suggests that moderate ammonium ion stress 
can stimulate strawberry plant yield. In contrast, higher 
DAP doses led to progressive declines in yield. The 13 g 

Fig. 4  Comparison of parameters at harvesting stage: (A) chlorophyll a content (mg/g FW), (B) chlorophyll b content (mg/g FW), and (C) total chlorophyll 
content (mg/g FW). Means with different letters (e.g., ‘a’, ‘b’, ‘c’) indicate statistically significant differences (p ≤ 0.05)
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DAP treatment showed the lowest number of buds (0.5) 
and fruit biomass (3.83 g), indicating reduced reproduc-
tive growth and productivity. The control group showed 
average values for both parameters, indicating normal 
yield in the absence of ammonium ion stress. Notably, the 
number of buds was significantly higher in the 4 g DAP 
treatment compared to the control, indicating enhanced 
flower initiation and development under moderate 
stress. However, excessive stress (higher DAP doses) led 
to a decline in bud formation and fruit production. The 
results suggest that moderate ammonium ion stress can 
stimulate strawberry plant yield, while excessive stress 
leads to reduced yield. These findings have implications 
for optimizing fertilizer application and stress manage-
ment strategies in strawberry cultivation to maximize 
yield and productivity (Fig. 6A and B).

Agronomic parameters at the harvesting stage
The application of 4  g DAP resulted in significant 
improvements in various growth parameters at the har-
vesting stage compared to the control and higher DAP 
treatments. Shoot length was highest in the 4  g DAP 
treatment (7.2  cm), followed by the control (6.1  cm), 
while the 13  g DAP treatment showed the lowest value 
(4.3 cm) (Fig. 7A). A similar trend was observed for root 
length, where the 4 g DAP treatment recorded the maxi-
mum value (4.8  cm), whereas the 13  g DAP treatment 
had the shortest roots (3.9 cm) (Fig. 7B). Plant length was 
also significantly enhanced under the 4 g DAP treatment 
(12.5 cm), whereas the 13 g DAP treatment exhibited the 
lowest plant length (8.1  cm) (Fig.  7C). Shoot biomass 
reached its peak at 5.6 g in the 4 g DAP treatment, while 
it declined to 2.6 g in the 13 g DAP treatment (Fig. 7D). 
Similarly, root biomass was highest at 1.2  g under 4  g 
DAP but was significantly reduced under 10 g and 13 g 
DAP (0.1 g and 0.08 g, respectively) (Fig. 7E). Total plant 

Fig. 5  Comparison of parameters at the harvesting stage: (A) H₂O₂ (µmol/g FW), (B) MDA (nmol/g FW), and (C) electrolyte leakage (%). Means with dif-
ferent letters (e.g., ‘a’, ‘b’, ‘c’) indicate statistically significant differences (p ≤ 0.05)
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biomass followed the same trend, with the 4  g DAP 
treatment exhibiting the highest value (7.1  g), whereas 
the 13 g DAP treatment had the lowest (3.8 g) (Fig. 7F). 
These findings suggest that a moderate DAP dose (4  g) 
enhances growth and biomass production, whereas 
higher concentrations exert adverse effects, likely due to 
ammonium toxicity (see Fig. 8).

The Pearson correlation reveals strong positive correla-
tions between growth traits (e.g., leaf area, shoot length, 
and chlorophyll content) and yield parameters like fruit 
and plant biomass, indicating their vital role in straw-
berry productivity. In contrast, stress markers such as 
H2O2, MDA, and EL show strong negative correlations 
with photosynthetic pigments and biomass. The num-
ber of rotten leaves negatively correlates with key growth 
traits, further reflecting stress impacts.

Discussion
Nitrogen (N) is an essential macronutrient for plant 
growth and development, playing a pivotal role in various 
physiological and metabolic processes. As a core compo-
nent of proteins, enzymes, and nucleic acids, nitrogen is 
integral to plant structure and function [29]. However, 
when N supply exceeds crop demand, it disrupts physi-
ological homeostasis, negatively impacting plant health 
and yield quality [30]. One of the major concerns associ-
ated with excessive nitrogen, particularly in the form of 
ammonium (NH₄⁺), is ammonium toxicity, which leads to 
metabolic imbalances and physiological stress [31]. This 
study examined the effects of ammonium stress induced 
by varying Diammonium Phosphate (DAP) concentra-
tions on the growth, development, and yield of straw-
berry plants.

Results revealed that moderate DAP application (4  g/
pot) significantly enhanced strawberry plant growth, 
reflected in increased leaf number, leaf width, leaf length, 
shoot length, and crown diameter. These findings align 
with previous studies, which have shown that nitrogen at 
optimal levels improves plant biomass accumulation by 
supporting protein synthesis, chlorophyll formation, and 
enzymatic activities essential for growth [32–34]. The 
improved growth at this DAP level can be attributed to 
a balanced nitrogen supply, which promotes cell division 
and expansion while ensuring efficient nutrient assimila-
tion. Additionally, moderate nitrogen levels facilitate the 
synthesis of phytohormones such as auxins and cytoki-
nins, which regulate cell differentiation and shoot elonga-
tion [35].

Conversely, higher DAP doses (7 g, 10 g, and 13 g/pot) 
led to a progressive decline in these growth parameters, 
suggesting ammonium-induced stress. The observed 
increase in the number of rotten leaves at elevated DAP 
levels further supports this, as excessive NH₄⁺ can cause 
nutrient imbalances, leading to chlorosis, necrosis, and 
overall leaf senescence. High ammonium concentrations 
have been reported to disrupt nitrogen metabolism, lead-
ing to excess accumulation of free amino acids and toxic 
nitrogenous compounds, which impair cellular func-
tion and retard growth [36–38]. The reduction in shoot 
length and crown diameter at high DAP doses may also 
be attributed to root damage caused by ammonium tox-
icity, which hinders water and nutrient uptake, leading to 
reduced turgor pressure and growth inhibition.

Similarly, moderate DAP application (4  g/pot) 
enhanced photosynthetic activity, as indicated by 
increased chlorophyll-a and total chlorophyll content. 
This improvement in chlorophyll content can be linked 

Fig. 6  Comparison of parameters at the harvesting stage: (A) number of buds and (B) fruit biomass (g). Means with different letters (e.g., ‘a’, ‘b’, ‘c’) indicate 
statistically significant differences (p ≤ 0.05)
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to the adequate availability of nitrogen, a crucial com-
ponent of chlorophyll molecules, which ensures efficient 
light capture and energy conversion for photosynthesis. 
These findings are in agreement with studies on other 
crops, where optimal nitrogen levels have been shown 
to enhance photosynthetic efficiency and overall plant 
productivity [39, 40]. However, at higher DAP doses, 
chlorophyll-a and total chlorophyll content exhibited 
a significant decline, indicating stress-induced damage 
to the photosynthetic apparatus. One possible explana-
tion is that excessive NH₄⁺ disrupts the uptake of essen-
tial nutrients such as magnesium (Mg²⁺), calcium (Ca²⁺), 
and potassium (K⁺), which are vital for chlorophyll 

biosynthesis and chloroplast stability. Additionally, NH₄⁺ 
stress can impair stomatal function, reducing CO₂ uptake 
and photosynthetic efficiency, further contributing to 
growth inhibition. This phenomenon has been previously 
reported in ammonium toxicity studies on various crops, 
including cauliflower, broccoli, and citrus [41–43].

The observed trend in chlorophyll-b content, where the 
4  g DAP treatment resulted in the highest values while 
the 13  g DAP treatment exhibited the lowest, suggests 
that excessive ammonium inhibits accessory pigment 
synthesis [44]. Chlorophyll-b plays a vital role in light 
absorption and energy transfer within the photosynthetic 
system, and its reduction under high ammonium stress 

Fig. 7  Comparison of parameters at the harvesting stage: (A) shoot length (cm), (B) root length (cm), (C) plant length (cm), (D) shoot biomass (g), (E) root 
biomass (g), and F) plant biomass (g). Means with different letters above bars indicate statistically significant differences (p ≤ 0.05)
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indicates compromised light-harvesting efficiency [45]. 
This is in line with previous research demonstrating that 
ammonium toxicity disrupts pigment stability, leading 
to photoinhibition and reduced photosynthetic capacity 
[46–47].

Furthermore, a significant increase in H₂O₂ con-
tent with increasing DAP doses indicates that excessive 
ammonium induces oxidative stress. NH₄⁺ toxicity has 
been shown to disrupt nitrogen metabolism, leading 
to an energy imbalance that affects mitochondrial and 
chloroplast electron transport chains, thereby generat-
ing excessive reactive oxygen species [48–50]. The con-
current increase in malondialdehyde levels suggests 
that lipid peroxidation and membrane damage occur 
under excessive NH₄⁺ stress, further compromising cell 
integrity. The marked increase in electrolyte leakage at 
higher DAP doses reinforces this notion, as excessive 

ROS production leads to oxidative damage of membrane 
lipids, proteins, and ion channels, ultimately causing 
membrane destabilization and ion leakage. These find-
ings are consistent with previous reports indicating that 
ammonium stress accelerates ROS accumulation, result-
ing in oxidative damage and reduced plant performance 
[51–54].

In contrast, the 4  g DAP treatment exhibited mini-
mal changes in H₂O₂ and MDA content, along with a 
moderate increase in EL. This suggests that a moderate 
ammonium supply induces a controlled stress response, 
potentially activating antioxidant defense mechanisms 
without causing severe cellular damage [55–58]. Plants 
have evolved adaptive strategies to manage mild stress, 
such as upregulating antioxidant enzyme activity (e.g., 
catalase, superoxide dismutase) to detoxify ROS and 
maintain cellular homeostasis [59–62]. However, beyond 

Fig. 8  Pearson correlation for different growth attributes of strawberry plants. The intensity of the blue color shows a negative correlation while the inten-
sity of the red color shows a positive correlation. NOL = number of leaves; LW = leaf area; LL = leaf length; NORL = number of rotten leaves; SL = shoot length; 
CrD = crown diameter; NOB = number of buds; H2O2 = hydrogen peroxide content; EL = electrolyte leakage; Cha = chlorophyll a content; Chb = chlorophyll 
b content; Tchl = total chlorophyll; FrW = fruit biomass; SL-II = shoot length at harvesting; RL-II = root length at harvesting; PL-II = plant length at harvesting; 
SW-II = shoot biomass at harvesting; RW-II = root biomass at harvesting; PW-II = plant biomass at harvesting
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a critical threshold, excessive NH₄⁺ overwhelms these 
defense systems, leading to oxidative stress, membrane 
degradation, and overall growth suppression [63].

These findings collectively suggest that strawberry 
plants have a specific tolerance threshold for ammonium 
ions, beyond which physiological and metabolic disrup-
tions become severe. The optimal growth and develop-
ment observed at 4  g DAP/pot indicate that moderate 
ammonium levels support plant productivity, whereas 
excessive DAP application induces oxidative damage, 
membrane instability, and reduced growth performance. 
This highlights the importance of precise nitrogen man-
agement in strawberry cultivation to optimize yield while 
avoiding ammonium toxicity-related stress. Future stud-
ies should explore the role of ammonium detoxification 
pathways and antioxidant enzyme activities in mitigating 
ammonium toxicity in strawberries.

Conclusion
This study establishes that excessive ammonium ions, 
resulting from high DAP doses, induce stress in straw-
berry plants by disrupting physiological and biochemi-
cal processes. These results underscore the critical role 
of ammonium ion management in strawberry cultiva-
tion. Implementing moderate DAP doses and regular 
monitoring of soil ammonium levels can prevent toxic-
ity and optimize nutrient efficiency. We recommend the 
use of moderate levels of DAP fertilizer to avoid ammo-
nium toxicity. Applying DAP in split doses, monitoring 
soil ammonium levels regularly, and timing fertilization 
during active growth phases can help optimize nutrient 
uptake and prevent toxicity. Additionally, considering 
ammonium-tolerant cultivars may enhance resilience 
under varying fertilization conditions. This work empha-
sizes the importance of balancing ammonium-based 
fertilization to minimize stress and maximize crop per-
formance, contributing to the broader understanding of 
nitrogen management in horticultural crops.
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